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Abstract 
 

Structure determination of proteins is key to understanding their function and mechanism 

of action. In this thesis the structural characterization of three proteins by X-ray crystallog-

raphy is described. 

The human Aryl hydrocarbon Receptor (AhR) is an important transcription factor which 

has been known for a long time to be involved in several regulatory processes and immune-

system adaptation. Its first structural characterizations only emerged in very recent years as 

its stability in solution is precarious. Despite our numerous attempts to produce a soluble 

construct, it was not possible to conduct any structural characterization of AhR given its 

very low stability in solution.  

The Main Protease (Mpro) of SARS-CoV-2 is an essential enzyme for the virus maturation 

and replication. We extensively characterized this protein both in its wild-type variant and 

in several mutants developed in our laboratory with the aim to better understand its enzy-

matic mechanism and binding dynamics. A novel conformation of the wild-type variant of 

Mpro and several structures of mutants in presence of inhibitors and endogenous substrates 

are hereby described.  

The first experimental structure of murine Threonine Aldolase (Tha-1) enzyme was deter-

mined in presence and in absence of its PLP cofactor. These structures were important for 

the validation of a reverse-docking algorithm and provide the first structural evidence of a 

mammalian Threonine Aldolase enzyme. 
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Part 1 

The Aryl Hydrocarbon Receptor (AhR) 

Introduction 

AhR and the bHLH-PAS transcription factors 
The Aryl hydrocarbon Receptor (AhR) is a transcription factor of the basic He-
lix‑Loop‑Helix Per‑ARNT‑Sim (bHLH-PAS) family. bHLH‑PAS transcription factors are 
proteins that share a common architecture including – starting from the N-terminus – a 
bHLH DNA binding domain, two tandemly positioned PAS domains (PAS-A and PAS-
B) and a highly variable, protein-specific transactivation or transrepression domain 
(TAD)1,2. These transcription factors are widely spread among vertebrates and inverte-
brates and are involved in several regulatory processes. Hypoxia-inducible factor 1α 
(HIF‑1α), for example, is involved in angiogenesis and other physiological responses to 
low oxygen levels. CLOCK (Circadian locomotor output cycles kaput) instead plays a 
central role in circadian rhythm regulation. bHLH-PAS proteins can be divided in two 
classes (I and II, Table 1): all proteins belonging to Class I must form heterodimers with 
a member of Class II to be transcriptionally active. Furthermore, protein complexes that 
include ARNT adopt quaternary motifs that are structurally different from the ones that 
include BMAL1. 
 

Table 1. Classes of the bHLH-PAS transcription factor family. 

Class I Class II 

HIF-1α 
ARNT (HIF-1β) 

ARNT2 
HIF-2α 
HIF-3α 
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AhR 

AhRR 

NPAS1 

NPAS3 

NPAS4 

SIM1 

SIM2 

CLOCK BMAL1 (ARNTL) 
BMAL2 (ARNTL2) NPAS2 

 
bHLH transcription factors recognize an hexanucleotide sequence CANNTG (known as 
Ephrussi‑Box, or E‑box) where N can be any nucleotide3. In the transcription factor 
dimer, each monomer recognizes the first or the second half of the E‑box. Substrate 
affinity is determined by direct DNA binding of the first two, N‑terminal alpha helices 
of the bHLH domain, while the other two, following helices are involved in protein di-
merization.  
The Aryl hydrocarbon receptor (AhR) is expressed in a variety of tissues across the 
human body. As its name suggests, AhR mainly binds to polycyclic aromatic hydrocar-
bons (PAHs), like dioxin or tryptophan metabolites. Historically known as an environ-
mental sensor (it was known in the past as dioxin receptor), it is involved in the modu-
lation of the immune response and in several inflammatory diseases4. The PAS-A domain 
of all bHLH-PAS proteins in involved in the recognition and the dimerization of the two 
factors that form a given complex. In the case of AhR, the PAS-B domain is the envi-
ronmental sensor itself, as it contains the ligand binding pocket. 
AhR is mainly located in the cell cytosol in an inactive form in association with other 
proteins, with which it forms the receptor complex5. Such complex is constituted by the 
co-chaperone p23, XAP2 (also known as AhR-interacting protein, AIP), two molecules 
of the chaperone Hsp90 (Heat-Shock Protein 90 kDa), and the protein kinase SRC (Fig-
ure 1). Upon ligand entry in the cytosol and successive binding with the PAS‑B domain 
of AhR, the protein complex enters the cell nucleus. AhR then dissociates from its asso-
ciated proteins and dimerizes with the Aryl hydrocarbon Receptor Nuclear Translocator 
(ARNT) protein. Successively, the AhR‑ARNT transcriptionally active complex pro-
motes transcription for a variety of genes, most of which are involved in PAHs oxidation 
like CYP1A1 of the cytochrome P450 superfamily.  
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Figure 1. Activation mechanism of AhR. Upon ligand entry in the cytosol and suc-

cessive binding with the PAS‑B domain of AhR, the protein complex enters the cell 

nucleus. AhR then dissociates from its associated proteins and dimerizes with the Aryl 

hydrocarbon Receptor Nuclear Translocator (ARNT) protein. Successively, the 

AhR‑ARNT transcriptionally active complex promotes transcription for a variety of 

genes. Image from Rothhammer et al5. 

Some bHLH‑PAS transcription factors have been characterized by X‑ray crystallography, 
alone and in complex with their DNA responsive element (DRE)1,2,6. In all available 
structures, one or more domains among bHLH and PAS are resolved, while the intrinsi-
cally disordered TAD domain has not been structurally characterized for any transcrip-
tion factor so far. In the case of AhR two, independent crystallographic studies were 
published in 2017 by Schulte et al. and by Seok et al.7,8. In both cases the resolved 
structure included the bHLH and PAS‑A domains of AhR in complex with the corre-
sponding domains of ARNT and the DNA responsive element (Figure 2). AhR crystal 

structures published in 2017 both lack the PAS‑B domain. Schulte et al. explicitly men-
tioned in their work that “Since all attempts to produce a soluble AhR construct including 

the PAS‑B domain failed, we co-expressed truncated human AhR and mouse ARNT 

constructs without the PAS‑B and TAD”.7 Since the AhR PAS‑B domain contains the 
ligand binding pocket that activates the receptor complex in the cytoplasm and promotes 
the AhR‑related transcription program, the knowledge of its 3D structure is crucial for 
the comprehension of the activation mechanism and for the rational development of 
future drugs targeting AhR. Since different molecules can act either as an agonist or an 
antagonist toward AhR, a considerable amount of research has been dedicated in eluci-
dating the key features that determine ligand-induced effects on AhR transcription. Two 
computationally‑derived homology models of the PAS‑B domain have been published in 
2007 and 2011 by the Bonati group9.10. The two models are based on apo and holo HIF-
2α experimental structures, respectively.  
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⤸ 
90° 

 

Figure 2. Structure of the AhR‑ARNT complex interacting with the DRE. Side view 

(on the left) and front view (right) of AhR (in blue) in complex with ARNT (orange) 

and DRE (pink). On the front view, the two PAS‑A domains of AhR and ARNT are 

located on the upper left side, while the two bHLH domains are located on the right 

side, interacting with the DNA. Structure from Schulte et al.7 PDB ID: 5NJ8. 

HIF‑2α is another member of the bHLH‑PAS superfamily and it is the protein with the 
highest sequence identity and similarity compared to AhR (31% and 62%, respectively). 
More recently, Denison et al. exploited site-directed mutagenesis to pinpoint key residues 
in the PAS‑B domain which are important in substrate recognition and agonist/antago-
nist discernment11. The most important breakthrough came in 2022, when it was reported 
the first structure of the (partially) incomplete cytosolic AhR complex by cryogenic elec-
tron microscopy (Cryo‑EM)12. Such structure was the first experimental structure con-
taining the PAS‑B domain of human AhR, but lacked its PAS‑A, bHLH and TAD do-
mains, as well as the p23 co-chaperone (Figure 3). More recently, a new Cryo-EM struc-
ture was published with a more complete cytosolic AhR complex that included p23 but 
still only contained only the PAS‑B domain of AhR13.  
In the same period of time, some new structures were reported of the PAS‑B domain of 
AhR from D. melanogaster (Figure 4) by Dai and co-workers14. In their article, they 
screened the recombinant expression in E. coli of over ten AhR PAS-B homologs from 
different species (human and murine among them) but found that “only the PAS-B 

domain of Drosophila […] is soluble”. This is, to date, the only crystallographic structure 
of an AhR PAS-B domain, although it comes from an organism that is quite distant from 
the mammals from an evolutionary point of view. The sequence similarity and identity 
for such domain, when compared to the human homolog, are 67% and 44%, respectively. 
 



 5 

 

⤹	
90°	

 

⤸	
90° 

Figure 3. Cryo-EM structure of the AhR cytosolic complex. The PAS-B domain of 

AhR (in pink) is interwoven with the HSP90 dimer (in blue and purple) and with 

XAP2 (in green). Structure from Gruszczyk et al.12 PDB ID: 7ZUB.  

 
 

a  b  

Figure 4. Structure of the PAS-B domain of D. melanogaster. (a) The PAS‑B domain 

of Drosophila AhR forms a dimer with the PAS‑B domain of murine ARNT (PDB ID: 

7VNI). (b) α-Naphthoflavone is completely buried in the ligand binding pocket of Dro-

sophila AhR (PDB ID: 7VNH). 

 

AhR as a drug target 

AhR is involved in homeostasis as well as in a wide variety of inflammatory and neo-
plastic disorders, and as such has recently emerged as a promising target for cancer 
therapy and other diseases5,15. It is the only known member of the bHLH-PAS family to 
be activated by ligand (via the binding to the PAS-B domain). It was also found to be 
particularly important in adaptive immunity, because it creates a direct link between 
external insults (both endogenous and exogenous, including pollutants) and immune sys-
tem response4. A wide variety of AhR agonists and antagonists are known (Table 2), 
together with selective AhR modulators (SAhRMs) which are AhR agonists that do not 
show oestrogen-receptor affinity (which is instead common for the other AhR agonists).  
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Table 2. Compounds that affect AhR activity (from Murray et al.15). 

Agonists 

Xenobiotic 

Halogenated aromatic hydrocarbons: 

• 2,3,7,8-tetrachlorodibenzo-p-dioxin  
• Dibenzofurans 
• Biphenyls 
• Polyaromatic hydrocarbons 
• 3-methylcholanthrene  
• Benzo[a]pyrene  
• Benzanthracenes  
• Benzoflavones 

Pharmaceuticals:  

• Tranilast 
• Leflutamide 
• Omeprazole 

Dietary 

Flavonoids: 

• Quercetin 
• Galangin 

 Indoles:  

• Indole-3-carbinol 
• 3,3ʹ-diindoylmethane 
• Indolo[3,2b]carbazole 

Endogenous 

• Kynurenic acid 
• Kynurenine 
• 6-formylindolo[3,2b]carbazole  
• Indoxyl sulfate 

Microflora 

• Indirubin 
• 7-ketocholesterol  
• 3-methylindole 
• Trypthantrin 
• 1,4-dihydroxy-2-naphtoic acid 
• Malassezin 
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Antagonists 

Xenobiotic 

• 6,2ʹ,4ʹ,-trimethoxyflavone 
• GNF351  
• CH-223191  
• StemRegenin 1 

Dietary • Resveratrol 

Selective AhR 

modulators 
Xenobiotic 

• SGA360  
• 3ʹ,4ʹ-dimethoxy-α-naphthoflavone 
• 6-methyl-1,3,8-trichlorodibenzofuran 

 
AhR is involved in all stages of cancer development (initiation, promotion, progression 
and metastasis) but its role is emerging in increasing complexity. AhR overexpression is 
common in many tumor types, but the tumor development can be either favored or 

hampered by AhR antagonists (as it can be with agonists). Furthermore, in vivo studies 
are complicated by the fact that some ligands show different activities in mice compared 
to human cell lines15. The AhR-mediated response is dependent not only by ligand type, 
but it is cell-type specific and context-specific. On one side, the fact that AhR is involved 
in a plethora of metabolic pathways and malignant processes makes it a very attractive 
target for small-molecule drug design. On the other hand, its vast network of interactions 
and its ambivalent behavior towards different types of stimuli makes it hard to develop 
effective drugs with limited side-effects. 
 

Final remark. At the beginning of my PhD thesis, the main scope of my thesis was the 
resolution of the PAS‑B domain of AhR. The first Cryo‑EM structure of the human 
PAS‑B domain was published in late 202212, at the beginning of the third (and last) year 
of my PhD program. Our main focus for this project, however, did not change; we ana-
lyzed such structure and tried to extract some useful information to successfully create 
a new human PAS-B construct with potentially useful mutations and well-defined N‑ 
and C‑termini that would show a good solubility. Such construct would be - ideally - 
easier to produce and to handle compared to the whole AhR cytosolic complex; a small 
and soluble AhR PAS-B construct may well behave in biophysical assays and could 
crystallize easily, enabling faster and high-throughput structural studies to be conducted. 
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Results and discussion 

PAS-B-only constructs 

Initial construct design was based on PAS‑B structures available in 2019, in particular 
those regarding AhR most similar proteins: ARNT and HIF‑2α. Supposing that AhR 
may suffer from low solubility and low expression levels, we chose the pET-SUMO ex-
pression vector. This expression system has many advantages compared to more classical 
expression plasmids of the pET series. It is a low-copy number, lac-promoted and kana-
mycin-resistant plasmid that is designed to produce chimeric proteins with an N-terminal 
6xHistidine tag (HisTag), followed by the SUMO (Small Ubiquitine-like MOdifier pro-
tein) sequence and the desired protein sequence at the C-terminus. The main advantages 
of this expression system are the increased solubility of the chimeric protein and the 
possibility to cleave the 6His-SUMO moiety from the desired protein sequence at the 
exact end of the SUMO sequence (no amino acid linker is needed between SUMO and 
the desired protein). This precise cleavage is carried out by a highly specific enzyme 
(ULP-1 peptidase from S. cerevisiae, EC 3.4.22.68) which recognizes the 3-dimensional 
structure of SUMO and releases the desired protein without extra amino acids overhangs.  
For most bHLH‑PAS proteins it was reported the co-crystallization of heterodimers com-
posed of one PAS‑B domain of Class I and one PAS‑B domain of Class II. Since the 
PAS-B domain of murine ARNT was already well characterized and was known to crys-
tallize well, we cloned its sequence from M354 to E470 (ARNTa1, Table 3). For AhR we 
chose to test the PAS-B domain of both murine and human origin. Constructs AhRa1 
and AhRb1 comprise the canonical PAS-B domain of human, while AhRa2 and AhRb2 
have the same N-terminus but include about 30 more amino acids at the C-terminus. 
This longer constructs were designed on the basis of secondary- and tertiary structure 
computational predictions with the Phyre2 engine16, the Rosetta suite17 and, later, by the 
Alphafold algorithm18. All algorithms converged in predicting that part or all the ~30 
extra amino acids of the longer constructs would arrange in an α-helix ordered structure, 
thereby possibly leading to a more stable construct.  

Table 3. PAS-B-only ARNT and AhR constructs 

Code Source Sequence span Vector 

ARNTa1 murine M354-E470 

pET-SUMO 

AhRa1 human I280-E389 

AhRa2 human I280-N418 

AhRb1 murine I274-E383 

AhRb2 murine I274-S412 
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PAS-B-only AhR and ARNT constructs were cloned in linearized pET-SUMO plasmid 
with the TA cloning method (procedure details at p.77). This cloning method is fast and 
avoids the use of restriction enzymes. The desired DNA inserts are produced using ap-
propriate primers and the Taq polymerase in a PCR reaction.  The linearized pET-
SUMO vector presents thymine overhangs at the 3’ ends, while the insert presents 5’ 
adenine overhangs because it is produced with the Taq DNA polymerase (Figure 5). The 
linearized plasmid and the T4 DNA ligase are then added to the PCR product yielding 
the complete, circular plasmid. The main drawback of this process is the need for a 
linearized plasmid with 5’ thymine overhangs and the possibility on inserts being inserted 
in reverse direction. 
 

 

Figure 5. TA cloning procedure scheme. The DNA insert with adenine overhangs on 

5’ is obtained in a PCR reaction employing Taq polymerase. b) The DNA insert is 

added to the linearized pET-SUMO plasmid and ligated by T4 DNA ligase. 

 

a  b  

Figure 6. Selection of cloning results of the PAS-B-only constructs. a) Colonies visible 

on a Petri selection plate for AhRb1. b) Agarose gel of the colony PCR experiment 

with positive and negative samples. 

 

Parent DNA

Linearized
pET-SUMO

DNA insert

DNA insert
Complete plasmid

Primers

a)

b)

Taq
A-

A-

-A

-A

T4 ligase

PCR
+

+

-A-
-T-

-T-
-A

-

-T
 T-
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At the end of the cloning procedure, the ligated product is transformed in cloning-grade, 

highly competent E. coli bacterial cells (TOP10 strain) with the heat shock method at 
42 °C. Finally bacterial cells are plated on LB-agar Petri dishes with kanamycin re-
sistance and incubated overnight at 37 °C (Figure 6, a). Bacterial colonies appear by the 
next day and are screened by colony PCR (procedure details at p.79, Figure 6, b). The 
colonies that test positive at the colony PCR procedure are then sequenced to confirm 
the correct insertion of the DNA insert in the destination vector. In the case of TA 
cloning, it is to be expected a 50% incidence of false positives in the colony PCR proce-
dure as the DNA insert has the same probability of entering the destination vector in 
the correct or in the reverse direction. 
The cloning procedure for all constructs displayed in Table 3 proceeded without major 
delays except for AhRa2, for which no colonies appeared at the end of the procedure. 
For such construct, it was determined that the annealing temperature of the PCR cycle 
had to be lowered from 55 ° to 50 °C (even though all the primers used in this experiment 
had the same theoretical melting temperature).  
When all the constructs were confirmed positive, the plasmids were transformed in ex-
pression-grade E. coli cells (BL21(DE3) strain) and glycerol stocks were made to speed 
up subsequent experiments. Expression experiments were set up for all constructs (See 
details at page 81). Three main parameters have been screened: 

• Optical density at time of induction (0.6 – 1) 
• IPTG concentration (0.2 – 1 mM) 
• Expression temperature (20 °C, 30 °C, 37 °C) 

While ARNT expressed in very high yields under all conditions, the expression levels of 
all PAS-B-only AhR constructs were always low at 30 °C and 37 °C, while they were 
higher at 20 °C (Figure 7). Ideal IPTG concentration was found to be 0.5 mM, while the 
optical density at time of induction was not found to influence the expression levels 
significantly within the tested range.  
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Since the precipitation of AhR constructs happened in a dynamic fashion after the lysis 
of the bacteria, we tested the possibility of stabilizing such constructs with the aid of 
ARNT. The rationale behind this approach is that while the PAS-B domain of AhR 
alone may not be stable on its own, it may remain in solution if it forms a dimer with 
its natural partner ARNT. This process is normally done by co-expression approaches, 
that is, by transforming DNA sequences that codify both proteins of interest inside the 
same bacterial cell and then inducing the synthesis of both proteins at the same time 

(Figure 9, ii and iii). With this approach, known as co-expression, both proteins are 
produced in each cell simultaneously.  
 

 

Figure 9. Co-expression and co-lysis approaches. In the co-lysis approach (i), the two 

plasmids are transformed in two different bacterial cultures (a), which are then allowed 

to grow and express the two proteins separately (c). At the end of the expression, the 

two bacterial cultures are mixed and co-lysed together (d). Co-expression can be 

achieved in two different ways: ii) the two proteins are coded in two different plasmids 

that are transformed in the same bacterial cell (a, co-transformation). The two proteins 

are then expressed at the same time (c) and finally lysed (d). iii) the two proteins are 

coded in the same plasmid (on two different cloning sites) and are transformed (a) in 

the cells, which will express both proteins at the same time (c). 

Another approach is to grow two different bacterial cultures, each producing one of the 
desired proteins, and then mixing the bacterial cells prior to their lysis (Figure 9, i). 
With this approach, the two proteins come in contact with each other at the moment of 
the lysis procedure. We call this second method co‑lysis. While this second approach may 
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ii)

iii)
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seem more cumbersome, it is simpler to operate as the overall procedure is a simple 

parallelization of two, simple experiments. The co‑expression, on the other hand, requires 
cloning the two different proteins in two different plasmids with different antibiotic se-
lections. The co-expression thus requires more effort during the cloning procedure but is 
simpler at the expression stage. One additional benefit of this approach is that both 
proteins are produced inside every bacterial cell at the same time. This is particularly 
useful if one of the two proteins precipitates before the lysis procedure, which is of com-
mon occurrence. In our case, we wanted to test the potential stabilization effect of ARNT 
after the lysis procedure, so we opted to try the co-lysis approach with our existing 
plasmids. Unfortunately, our expectations were not met as we were not able to isolate 
significant amounts of AhR. In particular, at the end of the co-lysis experiments we only 
obtained pure ARNT, while AhR continued to precipitate after the lysis and during the 
purification procedures (data not shown). Since only AhR precipitated during our exper-
iments in presence of ARNT, we hypothesized that they could not dimerize effectively, 
otherwise they would either co-precipitate or form stable dimers in solution. 
 

pDUET co-expression approach 

Since our attempts to obtain a soluble AhR-ARNT complex with the co-lysis approach 
failed, we decided to test the co-expression method. We opted to use the pDUET cloning 
platform, as it allows to clone two different DNA sequences in a single plasmid that 
contains two multiple cloning sites (MCS). This approach is more complex on the cloning 
side compared to either the co-lysis method or the co-expression with two different plas-
mids. The TA cloning method is not viable – for example – as it is not possible to have 
a linearized plasmid with two different cloning sites. A common option is the use of 
different restriction enzymes for the two cloning sites (which indeed present several dif-
ferent restriction sites each). We instead opted for the so-called restriction-free cloning 
(RF cloning) which – as its name suggests – avoids the usage of restriction enzymes and 
is instead based on two PCR cycles and the exploitation of high-performance, high-
fidelity DNA polymerase enzymes (experimental details at page 78). By using the 
pDUET expression plasmid, we lost the benefits of the SUMO fusion proteins (enhanced 
solubility and no-leftover HisTag removal), aiming at the putative solubility enhance-
ment provided by the dimerization with ARNT.  
Since the co-lysis method suggested that the binding affinity of the PAS-B domains of 
AhR and ARNT may not be strong enough to yield a stable dimer, we opted to clone 
larger constructs in the pDUET plasmid. The rationale behind this choice is that by 
adding the PAS-A domain (and for some constructs even the bHLH domain), the affinity 
of the two proteins will increase, as the intermolecular forces attracting the two are 
generally additive (as are the possible interface areas). As for the length of the PAS-B 
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domain, we chose three different lengths: the first two being the same as AhRa1 and 
AhRa2 (sequences ending with E389 and N418, respectively), the third one being a longer 
version ending with S474 (Table 4). We avoided to test the murine homolog of AhR in 
pDUET, as it demonstrated to be less soluble than its human counterpart in our previous 
experiments. For ARNT we only designed two constructs: one with the PAS-A and PAS-
B domains (ARNTc4) the other also encompassing the bHLH domain (ARNTc1). We 
designed AhR constructs both with (AhRc1…6) and without (AhRc7…12) the HisTag, 
with the idea of trying to isolate the latter ones as a complex with the ARNT counterpart, 
which instead comprised the HisTag. 

Table 4. pDUET-based AhR and ARNT constructs. 6His indicates the presence of 

the 6xHisTag at the N-terminus. bHLH, PAS-A and PAS-B indicate the presence of 

the corresponding domain in the construct sequence. Notice that the PAS-B domain 

have been cloned in three different lengths (ending with E389, N418 or S474 respec-

tively). Constructs ARNTb1-b2 were prepared as a backup. 

Code Source Sequence span 6His bHLH PAS-A PAS-B Vector 

ARNTb1 murine Q81-E470 ✓ ✓ ✓ ✓ 
pET-SUMO 

ARNTb2 murine K155-E470 ✓ - ✓ ✓ 
AhRc1 human G30-E389 ✓ ✓ ✓ ✓ 

pDUET (MCS1) 

AhRc2 human G30-N418 ✓ ✓ ✓ ✓ 

AhRc3 human G30-S474 ✓ ✓ ✓ ✓ 

AhRc4 human G109-E389 ✓ - ✓ ✓ 

AhRc5 human G109-N418 ✓ - ✓ ✓ 

AhRc6 human G109-S474 ✓ - ✓ ✓ 

AhRc7 human G30-E389 - ✓ ✓ ✓ 

AhRc8 human G30-N418 - ✓ ✓ ✓ 

AhRc9 human G30-S474 - ✓ ✓ ✓ 

AhRc10 human G109-E389 - - ✓ ✓ 

AhRc11 human G109-N418 - - ✓ ✓ 

AhRc12 human G109-S474 - - ✓ ✓ 

ARNTc1 murine Q81-E470 ✓ ✓ ✓ ✓ 
pDUET (MCS2) 

ARNTc4 murine K155-E470 ✓ - ✓ ✓ 

 
 
We started the cloning procedure of constructs AhRc4-c6 with the successful synthesis 
of the corresponding megaprimers (Figure 10). We were then able to insert the megapri-
mers in the cloning site number 1 (MCS1) and confirm the current sequence by DNA 
sequencing. We also synthesized the ARNTc4 megaprimer successfully but failed multiple 
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times to insert it into the pDUET plasmid containing any of the AhRc4-c6 sequences. 
Optimization of the megaprimer amount (100, 200 or 400 ng) and of the annealing tem-
perature of the PCR cycle of the RF cloning did not yield any positive result. A close 
inspection of the flanking regions of the megaprimers confirmed that they were correctly 
designed, while the DNA sequencing of the destination pDUET vector confirmed the 
expected target sequence. We have not been able to track down the exact cause of the 
failed RF cloning of ARNT, and finally gave up un such attempts when we realized that 
the AhR sequences cloned in pDUET had very low expression levels (see next paragraph). 
 

 

Figure 10. Agarose gel of the AhRc4-c5-c6 megaprimers. Each megaprimer occupies 

three lanes as the volume of the PCR reaction (50 µL) exceeds the well size (~20 µL). 

Lane #7 is the DNA size marker (DNA ladder). At the end of the electrophoretic run, 

the megaprimer bands are excised from the agarose gel and the megaprimers are ex-

tracted with a commercially available kit. 

Since it was not possible to insert the correct sequence of ARNT in the MCS2 of pDUET, 
we started testing the expression levels of AhR alone in the pDUET plasmid. For these 
expression tests, another protein named NDUFAF (NADH:ubiquinone oxidoreductase 

complex assembly factor), was co-expressed with AhR as its sequence was located in the 
MCS2 of pDUET plasmid that we used as a template. NDUFAF is completely insoluble, 
and its presence has to be expected in the pellet fraction at a molecular weight of 38 kDa. 
Unfortunately, AhR expression levels were extremely low and very variable from batch 
to batch for all AhRc4-c5-c6 constructs. We then cloned the ARNTb2 construct (Table 
4) which contained the PAS-A and PAS-B domains of ARNT (thus the one correspond-
ing to the AhRc4-c5-c6 constructs) but in the pET-SUMO plasmid instead of the MCS2 
of pDUET. Since the pET-SUMO and the pDUET plasmids have different antibiotic 
resistances (kanamycin for the former, chloramphenicol for the latter) we were able to 
co-transform both plasmid in the same bacterial cells. It was thus possible to execute the 
co-expression of both proteins using the double plasmid method (see Figure 9, ii on 
page 13). In this experiment we obtained a good expression level for ARNT and 
NDUFAF only (Figure 11, left panel), but unfortunately no AhR overexpression was 







 19 

AhR‑ARNT complex by the two-plasmid co-expression method and then isolate such 
complex with the cleavable HisTag of the ARNT construct.  
The cloning process was executed with the restriction-free cloning method (experimental 
details at page 78) and started experimenting with constructs AhRd4-d5-d6, which con-
tained the PAS‑A and PAS‑B domains of human AhR.  

Table 5. pET-21d(+)-based AhR constructs. The HisTag at the C-terminus is pre-

vented by a stop codon insertion. bHLH, PAS-A and PAS-B indicate the presence of 

the corresponding domain in the construct sequence.  

Code Source Sequence span 6His bHLH PAS-A PAS-B Vector 

AhRd1 human G30-E389 - ✓ ✓ ✓ 

pET-21d(+) 

AhRd2 human G30-N418 - ✓ ✓ ✓ 

AhRd3 human G30-S474 - ✓ ✓ ✓ 

AhRd4 human G109-E389 - - ✓ ✓ 

AhRd5 human G109-N418 - - ✓ ✓ 

AhRd6 human G109-S474 - - ✓ ✓ 

 
After the successful cloning of the AhRd4-d5-d6 construct, we co-transformed them with 
ARNTb2 in E. coli BL21(DE3) competent cells. We have thus produced three cultures, 
each containing ARNTb2 and one of the aforementioned AhR constructs. We induced 
the co-expression of both proteins under AhR-optimal conditions (e.g. temperature of 
20 °C, 0.5 mM of IPTG, etc.), lysed the cells and analyzed the soluble and insoluble 
fractions of all cultures. We have then run the soluble fractions through an IMAC chro-
matography in order to capture the AhR‑ARNT complex via the ARNT HisTag. While 
we obtained a good over-expression of ARNT (in line with previous experiments), we 
were not able to detect any sign of AhR recombinant expression for any of the AhRd4-
d5-d6 constructs (Figure 13). Recombinant expression of the AhRd4-d5-d6 constructs 
without ARNT co-expression also did not produce any detectable over-expression (data 
non shown).  

We were puzzled by the absence of detectable expression levels of AhR constructs based 
on both pDUET and pET‑21d(+) plasmids. The presence of the AhR plasmids in the 
host bacteria is confirmed by the fact that the bacterial cultures grew rapidly under 
double antibiotic resistance (bacterial cultures grew in presence of chloramphenicol and 
ampicillin when transformed with pDUET and pET‑21d(+) plasmids, respectively). Fur-

thermore, pET‑SUMO, pDUET and pET‑21d(+) vectors all have the same lac inducer 
(activated by IPTG) and the same T7 promoter, thus the concomitant expression of 
ARNT (based on pET-SUMO) and missing expression of AhR is not related to protein 
synthesis induction issues. Finally, any cloning artifact have been excluded by careful 
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Table 6. pET-SUMO-based multidomain AhR constructs. bHLH, PAS‑A and PAS‑B 

indicate the presence of the corresponding domain in the construct sequence.  

Code Source Sequence span 6His bHLH PAS-A PAS-B Vector 

AhRe1 human G30-E389 ✓ ✓ ✓ ✓ 

pET-SUMO 

AhRe2 human G30-N418 ✓ ✓ ✓ ✓ 

AhRe3 human G30-S474 ✓ ✓ ✓ ✓ 

AhRe4 human G109-E389 ✓ - ✓ ✓ 

AhRe5 human G109-N418 ✓ - ✓ ✓ 

AhRe6 human G109-S474 ✓ - ✓ ✓ 

Table 7. pET-21d(+)-based multidomain ARNT constructs. bHLH, PAS‑A and 

PAS‑B indicate the presence of the corresponding domain in the construct sequence.  

Code Source Sequence span 6His bHLH PAS-A PAS-B Vector 

ARNTc1 murine Q81-E470 - ✓ ✓ ✓ 

pET-21d(+) 
ARNTc2 murine K155-E470 - - ✓ ✓ 

ARNTd1 murine Q81-E470 ✓ ✓ ✓ ✓ 

ARNTd2 murine K155-E470 ✓ - ✓ ✓ 

 

In the first experiment we tested the co-expression of all available AhR+ARNT con-
structs and the expression of the AhR constructs alone. When expressed alone, all AhR 
construct showed very high expression levels, in line with the predicted positive effect of 
the SUMO fusion partner (Figure 14, lanes 2-9). At the same time, the co‑expressions of 
the same AhR constructs with ARNT (under identical and concomitant experimental 
conditions) was not detectable (Figure 14, lanes 10-17). This result is in part positive 
because it demonstrates that the pET-SUMO vector is able to express difficult AhR 
constructs at high levels, but it puzzled us the negative effect of the co-expression with 
ARNT. We expected a slight decrease in the expression levels of AhR because of the 
increased metabolic burden given to the bacterial cells producing not one but two recom-
binant proteins at the same time. To give credit to this hypothesis, we should see at least 
some overexpression of ARNT in the range of 44 kDa in the SDS‑PAGE, of which un-
fortunately there is no trace. We then tested the recombinant expression of ARNTd1 
alone, finding that even in absence of AhR synthesis, there is no trace of ARNT overex-
pression (data not shown). Since ARNTd1 is the only ARNT construct that is not present 
in a pET-SUMO plasmid, and the only one not overexpressing, our best guess is that, 
similarly to AhR, also ARNT constructs are quantitatively overexpressed only in the 
presence of the SUMO fusion moiety. ARNTb1 and ARNTb2 which contain the same 
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sequences of ARNTd1 and ARNTd2 in the pET-SUMO vector (Table 4), were found to 
both co-express at high levels and be very soluble. 
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Figure 14. Co-expression of AhRe1-e2-e3-e4 constructs with ARNTd1. Over-expres-

sion of AhR constructs is only visible when they were expressed alone (lanes 2-9, AhR 

bands circled in orange), while in the co-expressions with ARNT (lanes 10-17) neither 

AhR of ARNT are detectable. 

 

Structure-inspired AhR constructs 

As it was previously described in the introduction section, the first experimental struc-
tures of a PAS‑B domain of AhR were published in 2022. The first structure was the 
crystallographic structure PAS-B domain from D. melanogaster alone and in complex 
with ARNT14, the other was the semi-complete cytosolic complex of human AhR solved 
by Cryo‑EM12. We took inspiration from both these structures in order to design new 
constructs with enhanced solubility. Starting from the Drosophila structure, we noticed 
a strong, hydrogen-bond-mediated interaction between the C-terminal Arginine 381 and 
residues Asp311, Asp312 and Ala333 (Figure 15). Such interactions likely stabilize the 
C‑terminal α‑helix of the AhR PAS-B domain and possibly stabilize the PAS‑B domain 

as a whole. We thus designed by sequence alignment two PAS-B-only AhR constructs 

with the human (AhRf1) and murine (AhRf2) sequences that have the same N- and 
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C-termini as the reported Drosophila structure (Table 8). We additionally designed 

mutants of AhRf1 with mutation L331E (AhRg1), I338Q (AhRg2) and with both mu-

tations (AhRg3). These mutations are intended to reduce the hydrophobicity of the F-α‑helix of AhR, which interacts with XAP2 in the cytosolic complex of AhR but is 

exposed to the solvent in the free PAS-B domain. The Cryo-EM structure of the AhR 

cytosolic complex also confirms that the C-terminal α‑helix of the human PAS-B ends 

with Arg398, while the following protein sequence is not structured. 

 

Figure 15. Arg381 interactions in AhR PAS-B from D. melanogaster. The C-terminal 

Arg381 residue creates hydrogen bonds with residues Asp311, Asp312 and Ala333, 

likely contributing to the stabilization of the C-terminal α-helix.		
 

Table 8. Structure-inspired AhR PAS-B constructs. AhRf1-f2 mimic the N- and C‑ter-

mini of the reported Drosophila PAS-B domain. AhRg1-g2-g3 are point-mutated ver-

sions of AhRf1. 

Code Source Sequence span PAS-B Mutations Vector 

AhRf1 human N284-R398 ✓ WT 

pET-SUMO 

AhRf2 murine N278-R392 ✓ WT 

AhRg1 human N284-R398 ✓ L331E 

AhRg2 human N284-R398 ✓ I338Q 

AhRg3 human N284-R398 ✓ L331E + I338Q 

 

Constructs AhRf1-f2 were obtained with the restriction-free cloning method, as previ-
ously described, while the mutants AhRg1-g2-g3 were obtained by site-directed muta-
genesis starting from the AhRf1 construct. The double mutant AhRg3, having two very 
close mutation sites, was obtained in a single mutagenesis reaction using a long primer 
encompassing both mutation sites (see “List of primers” on page 92).  
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amount of protein is recovered by IMAC chromatography (8,9), while the majority of 

it precipitates out of the IMAC flow-through fraction (6). 
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Figure 17. Recombinant expression of AhRg3. Condition A: 20 °C, 1 mM IPTG, 

overnight expression (ON). Condition B: 20 °C, 0.5 mM IPTG, ON. Condition C: 

37 °C, 0.5 mM IPTG, ON. Condition D: 37 °C, 1 mM IPTG, 4 hours. Arrows indicate 

that most recombinant protein is located in the insoluble fraction (pellet) of the bac-

terial lysate. 

 

Alternative approaches 

All of the AhR constructs described so far showed very serious expression and solubility 
issues. For the best overexpressing proteins (namely AhRa2 and AhRf1), despite all of 
the aforementioned attempts, we recognized that the protein was not stable after the 
bacterial lysis, since it quickly precipitates out of the extraction buffer. For these con-
structs – however – a small amount of chimeric protein with SUMO was isolated at the 
end of the IMAC 1 and Desalting chromatographies and samples suitable for circular 
dichroism (CD) were prepared. The CD spectra were recorded, together with the spec-
trum of His-SUMO alone (Figure 18). The spectra indicate that AhR is indeed present 
in an ordered state, and that its secondary structure is well defined and in line with its 
PAS domain nature.  
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Figure 18. CD spectra of selected AhR chimeric constructs. The secondary structure 

of His-SUMO-AhRa2 and of His-SUMO-AhRf1 is similar, with a superposition of α-
helix and β-sheet signals. The His-SUMO moiety was measured separately and showed 

mostly a random coil conformation, confirming that the signal seen for the SUMO-AhR 

chimeras is attributable mostly to the AhR moiety. 
 
The structured state of these AhR construct, together with their good expression levels, 
suggest that there could be the possibility of isolating the protein in good yields if their 
precipitation after the bacterial lysis is avoided. For this reason, we envisaged different 
expression and purification approaches that could allow us to isolate the protein in rea-
sonable amounts. 
 

Zinc supplementation. After being able to isolate a small amount of chimeric 6His-
SUMO-AhRa2 (cleavage of the SUMO moiety consistently resulted in complete AhR 
precipitation) we tested such construct in a thermal shift assay using the differential 
scanning fluorimetry method (DSF). We initially tested - in 96-well microplates – several 
chemical environments including various buffer systems, pH values, salt concentrations 
and various ions and organic additives. We also tested the DSF signal of 6His-SUMO 
protein alone to confirm that the melting curve is indicative of the AhR unfolding and 
not of SUMO. Initial results reported that salt (NaCl) concentration did not affect AhR 
stability significantly, while the optimal pH was 8 (although 7 and 7.5 were very similar). 
Of all tested additives, only zinc sulfate (ZnSO4, 2 mM concentration) showed a remark-
able stabilization effect, increasing the melting temperature from 37 °C to 55 °C (Figure 
19). The same effect was found in presence of zinc chloride (ZnCl2), excluding the SO4

2- 
anion as the determining stabilization factor. Other common divalent cations like mag-
nesium (Mg2+) and calcium (Ca2+) did not affect the melting temperature. Since the zinc 
cation is very like to be complexed by the HisTag, we also tested copper and nickel 
sulfates (CuSO4, NiSO4) but found that they instead lowered the melting temperature of 
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6His-SUMO-AhRa2 to ~33 °C. To further test the validity of our DSF data, we tested 
the 6His-SUMO protein alone and found that it does not show any DSF signal (Figure 
19) likely because of its intrinsically disordered structure. It must be highlighted, remark-
ably, that the melting temperature of 6His-SUMO-AhRa2 is indeed very low, in accord-
ance to all previously presented data, confirming its elevated instability. 
 

  

Figure 19. DSF melting curves of 6His-SUMO-AhRa2. Buffer A: 20 mM TRIS pH 8, 

150 mM NaCl. Buffer B: 20 mM TRIS pH 8, 150 mM NaCl, 2 mM ZnSO4. The presence 

of the zinc salt increases the melting temperature from 37 °C to 55 °C for 6His-SUMO-

AhRa2. 6His-SUMO does not show any melting process. 

The exploitation of the zinc stabilization in the protein synthesis, extraction and purifi-
cation process is not straightforward. The idea was to supplement the zinc during some 
stage of the AhR preparation, in order to increase its solubility and thus its yield. Adding 
zinc to any of such stages, unfortunately, presents its challenges: 

- Adding zinc in the bacterial broth during protein expression: zinc uptake by 
E. coli is tightly regulated, thus zinc concentration in the bacterial cytosol is 
likely not affected. 

- Adding zinc to the lysis buffer: zinc causes the DNA to precipitate, co-precipitat-
ing AhR (which is very basic and strongly binds to DNA). 

- Adding zinc after lysate centrifugation, prior to IMAC injection: the DNA is 
mostly removed, but the HisTag is completely saturated by zinc ions, making the 
IMAC isolation not possible. 

- Adding zinc after IMAC chromatography: not useful, as most of the protein is 
already lost at this stage. 

All of the above strategies were separately tested but were found to be ineffective as the 
protein yield was lower compared to similar experiments lacking the zinc supplementa-
tion (data not shown). We thus experimented adding the zinc after the lysate 
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centrifugation, when the DNA is mostly removed, and then isolating the protein by 
cationic exchange chromatography. Even under these conditions, we were only able to 
isolate a minimal amount of AhR protein of low purity, while most of it precipitated out 
of the lysate even in presence of the zinc ions (data not shown). The same result was 
obtained with the AhRf1 construct. We concluded that the stabilization effect seen on 
the DSF technique was either a specific experimental artifact or that it was not exploit-
able or effective on the whole bacterial lysate, compared to the isolated AhR protein.  
 
ITE supplementation. It has been reported in literature that the PAS-domain-con-
taining, bacterial protein LasR (which is unrelated to AhR, even though it contains a 
PAS domain) could be recombinantly expressed in E. coli only in presence of a suitable, 
high-affinity ligand in the expression broth19. Such ligand was then retained during all 
the purification procedure and eventually found at high occupancy in the LasR crystal-
lographic structures.  
The ligand-binding, PAS-B domain of AhR is a relatively small structure of ~110 amino 
acids. It does not have a solvent-exposed binding pocket, but instead - it was initially 
supposed - a binding site completely buried inside the PAS fold. The first experimental 
structures of AhR in 2022 later confirmed such hypothesis (Cf. Figure 4 on page 5). We 
hypothesized that the PAS-B domain of AhR may be stabilized, when not bound to other 
proteins comprising the cytosolic complex, by the presence of a small molecule located 
in its binding pocket. To validate this hypothesis, we tested the AhR expression and 
extraction in presence the commercially available AhR agonist 2-(1′H-indole-3′-car-

bonyl)-thiazole-4-carboxylic acid methyl ester (ITE, for short, Figure 20). ITE was 

chosen because it is one of the best known and strongest AhR binders, with a reported 

in-vitro PAS-B inhibition constant of 3 nM20. At the same time, contrary to many 

AhR ligands, it also has a “reasonable” water solubility.  

We initially tested the recombinant expression of AhRa2 with ITE added to the bac-

terial broth at a 1 mg/L concentration but found no significant increase in protein 

yield (data not shown). In later experiments we expressed AhRa2 in absence of ITE, 

but we added ITE to the lysis buffer in order for the ligand and the protein to combine 

before protein precipitation. In both cases the recombinant expression was high, but 

the protein being isolated at the end of the IMAC chromatography was very low and, 

most importantly, did not increase compared to experiments made in absence of ITE. 

We did not have the means to discern if AhR precipitated because ITE did not bind 

to the AhR (either in the bacterial cells for the first experiment, or in the bacterial 

lysate in the second experiment) or if ITE did in fact bind to AhR but it could not 

prevent its precipitation. 
 



 29 

 

Figure 20. Structure of ITE (2-(1′H-indole-3′-carbonyl)-thia-

zole-4-carboxylic acid methyl ester) 

 
Refolding. The refolding process is a well-established protocol for the expression and 
purification of recombinant proteins of low solubility21,22. On the expression step of pro-
tein production, the precipitation of the recombinant protein inside the bacterial inclu-
sion bodies (IBs) is desired and favored rather than prevented. This is usually achieved 
by inducing the protein synthesis with high concentrations of chemical inducer (e.g. of 
IPTG in case of lac promoters) and conducting the protein synthesis at high temperature 
(e.g. 37 °C for E. coli). The IBs are located in the insoluble fraction of the bacterial 
lysate, together with genomic DNA, insoluble proteins, bacterial membranes and more. 
IBs are isolated from the rest of the insoluble fraction by multiple washes with aqueous 
buffers containing small amounts of detergent (Figure 21). The washed IBs are then 
solubilized in a denaturing buffer containing guanidinium chloride or urea to bring the 
insoluble proteins in solution in a denatured state. The concentration of the denaturing 
agent is then slowly lowered in a matter of minutes or hours using dialysis tubes or 
chromatographic techniques in order for the protein to refold on its own. We attempted 
the refolding process with constructs AhRa2, AhRf1 and AhRg3, all expressed at 37 °C. 
We attempted the synthesis of AhRa2 in IBs by inducing the synthesis at 37 °C and 
20 °C. In the first case the protein was located primarily in the insoluble fraction of the 
bacterial lysate, as expected, but its overall yield was very low, while at 20 °C the protein 
yield was higher in the soluble fraction and comparable in the insoluble fraction (Figure 
7 on page 11). This result was not expected as a higher expression temperature is typi-
cally associated with higher expression levels. For all constructs, the inclusion bodies 
were resuspended in 6 M guanidinium chloride and loaded in an IMAC column. Subse-
quently, the denaturant concentration was gradually lowered with a linear gradient of 
100 column volumes lasting 14 hours. The refolded protein was then eluted with a buffer 
containing imidazole. Contrary to our expectations, the amount of protein isolated in 
AhRa2 and AhRf1 experiments was very low, much smaller than the amount obtained 
from a standard IMAC done in native conditions for the same constructs. This result is 
coherent with the fact that such construct tended to remain in the soluble fraction of the 
bacterial lysate. Construct AhRg3, on the other hand, had an intrinsically lower solubil-
ity than AhRa2 and AhRf1, and was found primarily in the pellet fraction at all 

H
N

O N

S

O

O



 
 

 30 

temperatures tested (cf. Figure 17 on page 25). For this reason, the refolding process was 
more successful with this construct. We successfully isolated AhRg3-rich inclusion bodies 
from a culture grown at 37 °C for 6 hours (Figure 22) and subsequently isolated and 
refolded in an IMAC column the desired fusion protein (His-SUMO-AhRg3). After re-
moval of the imidazole used to release the fusion protein, we cleaved the His-SUMO 
moiety by incubation with the Ulp1 protease. Unfortunately, all the released AhRg3 
precipitated out of solution while only His-SUMO was visible in the second IMAC chro-
matography.  
 

 

Figure 21. Washing process of the inclusion bodies. The crude insoluble fraction of 

the bacterial lysate (left tube) is washed multiple times in presence of detergent to 

isolate the inclusion bodies (tube on the right).  

In conclusion, while for the AhRa2 and AhRf1 the refolding method proved to be less 
efficient than the extraction from the soluble fraction, in the case of AhRg3 the isolation 
and refolding from the IBs was successful. Unfortunately, even in the case of AhRg3, the 
refolded and cleaved protein is still very unstable and readily precipitates in absence of 
the SUMO fusion partner.  
 
Chaperone co-expression. Foldases are a group of molecular chaperones that assist 
the folding process of nascent proteins. We experimented the co-expression of AhR con-
struct AhRf1 with two foldases systems: GroEl-GroES and dnaK-dnaJ-grpE. For each 
system, the two-plasmid co-expression systems was used (Figure 9, ii, on page 13) em-
ploying commercially available chaperone-containing plasmids. Such plasmids contained 
a different antibiotic selection (essential for the co-transformation process) and a different 
inducer for recombinant protein expression (ara promoter compared to the lac promoter 
of the AhR constructs). These features enable the chaperones to be expressed separately 
from AhR constructs, more specifically they can be produced prior to AhR in order to 
obtain an optimal folding-assistance and protein-stabilization effects. 
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well in absence their absence. Also in this case it is difficult to determine the exact cause 
of this behavior. Once again it is possible that the metabolic burden induced by multiple, 
concomitant protein expressions determines a lower yield of some proteins (some of which 
may be more susceptible than others).  

Conclusions 

Several approaches were tested in order to obtain a stable and soluble construct of AhR 
which also encompassed its PAS-B domain. Initial attempts were based on the synthesis 
of various constructs which only contained the PAS-B domain fused to the SUMO pro-
tein. Most of these chimeric constructs demonstrated a high overexpression and were 
localized in the soluble fraction of the bacterial lysate. Their fate – however – was to 
quickly precipitate out of the solution during subsequent chromatographic steps. For the 
most soluble construct (AhRa2), which could be isolated in small amounts and keeping 
its concentration low, the cleavage of the SUMO moiety resulted in the complete precip-
itation of the remaining protein. Nonetheless, this construct was the only one that we 
could initially isolate (even though in small amounts and as SUMO fusion proteins) to 
conduct some partial characterization such as the differential scanning fluorimetry that 
hinted to a possible stabilization effect of the zinc ions (Zn2+) towards AhR. Unfortu-
nately, such effect was either an artifact of the technique or it could not be fully exploited 
in our experimental conditions.  
Our approach then focused on the co-expression of AhR with its natural partner ARNT 
in an attempt to isolate our desired protein in a dimeric complex. From these experiments 
we demonstrated that SUMO is essential not only for the solubility of AhR, but also for 
its overexpression. The co-expression experiments of AhR and ARNT proved challenging 
both in the cloning and the expression processes. All the AhR constructs in these exper-
iments overexpressed less than their PAS-B-only counterparts and, more importantly, 
we noticed no sign of dimerization with ARNT. We could not conclude if this effect was 
caused because AhR precipitated before being able to bind to ARNT, or if the binding 
occurred but their association constant was not sufficient to counteract the AhR precip-
itation. We noticed, however, that ARNT never co-precipitated with ARNT.  
When the first structures of AhR including the PAS-B domain were reported, we took 
inspiration from them to design new constructs and take advantage of the newly available 
structural information. All the constructs optimized on the basis of known structures did 
not yield the desired results, albeit one of them (AhRf1) demonstrated comparable per-
formances to AhRa2. The double mutant AhRg3 was the construct that most overex-
pressed in the insoluble fraction of the bacterial lysate, and showed interesting results 
with the refolding method, but its solubility was still too low for any serious biophysical 
– not to mention structural – characterization. 
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Additional approaches like the addition of the strong agonist ITE and the co-expression 
with chaperones did not yield a soluble AhR PAS-B construct. 
Even though the complete AhR cytosolic complex has been solved structurally by Cryo-
EM, we believe that the availability of a small PAS-B-containing construct of AhR would 
still be very beneficial in the research activity around this important receptor. Moreover, 
there is not, to date, any experimental structure of the AhR-ARNT transcriptionally 
active complex which includes the PAS-B domains. Thus, an intrinsically stable AhR 
construct, which may be stable without the Hsp90 chaperone of the cytosolic complex 
would be desirable.  
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Part 2 

The SARS-CoV-2 Main Protease (Mpro) 

Introduction 

Between the end of 2019 and the first months of 2020, a new virus quickly spread all 
over the world starting from mainland China. The term coronavirus, once common only 
among virologists, quickly became ordinary. The family of Coronaviridae is a family of 
positive-sense single-stranded RNA (+ssRNA) viruses known since the 1960s and in-
cludes several viruses that infect primarily mammalian hosts, some of which (MERS-
CoV, SARS-CoV-1, SARS-CoV-2 and others) are infectious to humans23. Some corona-
viruses such as MERS-CoV are highly lethal, while others (such as HCoV 229E) circulate 
annually and are associated with the common cold symptoms, others – like SARS‑CoV‑2 
– lie in between. The quick outbreak of SARS‑CoV‑2 in 2020 found our society largely 
unprepared and inflicted large human and economic losses. Together with common hy-
giene and isolation practices, the most effective containment weapon developed against 
the new virus have been vaccines (especially those based on liposome-encapsulated mes-
senger RNAs)24,25. These vaccines have the great advantage of being very quick to develop 
and have a low cost per dose. They have the drawback of being more sensible to virus 
mutations, however, as the antibodies produced after their administration can be escaped 
by new viral variants (as it has happened with the delta and omicron variants). Antiviral 
drugs commonly target enzymes that are vital for the virus replication or maturation; 
they take longer to develop and have a higher cost per treatment, but in turn they are 
more resistant to virus mutations. Our research group, following many others around the 
globe, began to study one of the most important proteins of SARS-CoV-2: its main 
protease (Mpro), one of the key enzymes involved in the viral maturation process and 
thus an ideal target for antiviral drugs. Our research work on the SARS-CoV-2 main 
protease hereby described is a minuscule, yet relevant share among the gargantuan dis-
coveries that the pandemic stimulated in the scientific community worldwide. We believe 
that the results we obtained are meaningful and can support a deeper understanding of 
Mpro and can help the future discovery on new antiviral drugs.  
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 P6 P5 P4 P3 P2 P1 ↓ P1’ P2’ P3’ P4’ P5’ 

nsp4/5 T S A V L Q ↓ S G F R K 

nsp5/6 S G V T F Q ↓ S A V K R 

nsp6/7 K V A T V Q ↓ S K M S D 

nsp7/8 N R A T L Q ↓ A I A S E 

nsp8/9 S A V K L Q ↓ N N E L S 

nsp9/10 A T V R L Q ↓ A G N A T 

nsp10/11-12 R E P M L Q ↓ S A D A Q 

nsp12/13 P H T V L Q ↓ A V G A C 

nsp13/14 N V A T L Q ↓ A E N V T 

nsp14/15 T F T R L Q ↓ S L E N V 

nsp15/16 F Y P K L Q ↓ S S Q A W 

  

Architecture of Mpro 

The SARS-CoV-2 main protease adopts a structure remarkably similar to its SARS-
CoV‑1 homolog, with which it shares a 96% of sequence identity30. Mpro forms a ho-
modimer in solution (Kd≈2.5 µM) with two identical monomers oriented roughly per-
pendicular to each other with a ~90° tilt (Figure 24). Each monomer is composed by 306 
amino acids, weights 33.8 kDa and can be divided in 3 domains. Domains I (residues 8-
101) and II (residues 102-184) are dominated by antiparallel β-sheet secondary structures 

and adopt a chymotrypsin fold, similar to other viral 3C proteases. Domain III (residues 

201-303) is instead found exclusively in coronaviral proteases, it is structured with 5 α-

helices and is mainly involved in the dimerization of the two monomers. Domains II and 
III are connected with a long, relatively unstructured linker of 16 amino acids (residues 
185-200, Figure 24). A notable feature is the protrusion of the protein N-terminus (also 
known as “N-finger”) of each monomer into the domain II of the other monomer, pointing 
to the active site. This deep insertion is a key structural feature of this enzyme, as it 
helps to shape the active site (in particular the subsite S1, interacting with P1). The Arg4 

of the N-finger of each monomer also creates a salt bridge with Asp290 of the opposite 
monomer, increasing the association constant of the dimer. Key mutations on the dimer-
ization interface (R298A in SARS-CoV-1)31 or the deletion of Domain III in SARS-CoV-
2 (our work) prevent the dimerization of Mpro leading to its complete loss of enzymatic 
activity.  
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⤸	
90° 

Figure 24. Domain architecture of Mpro. The main protease is present in solution as 

an homodimer. Monomer B is drawn in white for clarity. β-sheet-rich domains I and II 

(pink and purple for monomer A, respectively) adopt a classical chymotrypsin fold, 

while the α-helical domain III (in blue for monomer A) is mainly involved in the di-

merization interface. The active site of monomer B is circled in red and is located 

between domains I and II. 

Mpro is a cysteine protease which operates the catalytic cycle mainly through the cata-
lytic dyad composed of Cys145 and His41 (Figure 25). Following the substrate approach, 
Cys145 is at first deprotonated by Nε-His41, then it operates the nucleophilic attack on 
the carbonyl of the peptide bond connecting position P1 and P1’ of the substrate. Asp187 
and His164 adjuvate this step increasing the basicity of His41 via a “catalytic” water 
molecule, facilitating the Cys145 deprotonation. The amidic nitrogen atom of P1’ receives 
a proton from Nε-His41 and another from the catalytic water molecule, leading the re-
lease of the P1’-side hydrolysis product and the formation of the acyl-enzyme. The latter 
then de-acylates in an intramolecular rearrangement leading to the release of the P1-side 
hydrolysis product.  
The catalytic efficiency (kcat/KM) of SARS-CoV-2 Mpro for the NSP4/5 substrate is not 
very high (28500 M-1s-1), but is comparable to that of SARS-CoV-1 (26500 M-1s-1)30. Cat-
alytic efficiencies for the other NSPs are lower and vary in a substrate-specific manner, 
suggesting that the recognition sequences have evolved together with the protease to 
regulate the polyprotein cleavage32.  
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Domain I (Monomer A)

Domain II (Monomer A)

Domain III (Monomer A)

Active site 

(Monomer B) 

Domain II-III 

linker 
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crystals (see Figure 58 on page 85). The best crystallization conditions for MproWT (and 
for all the other Mpro constructs, except MproCdel) were: 0.1 M MMT (DL-Malic acid, 
MES monohydrate, Tris at 1:2:2 molar ratio), pH 7, PEG 1500 20%. We initially crys-
tallized the MproWT in apo condition (that is, in absence of any ligand) and in presence 
of known, commercially available Mpro inhibitors reported in the literature from drug 
repurposing (Figure 27, entries 1-7).  
 

 

Figure 27. Known Mpro inhibitors from the literature, tested in our experiments. (1) 

Boceprevir, (2) Bedaquiline, (3) Manidipine, (4) Masitinib, (5) Ebselen, (6) Quercetine, 

(7) GC-376, (8) Nirmatrelvir. 
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Since the molecular replacement method used to solve the phase problem can introduce 
bias in the resulting structure, we repeated the MR with the same model but deprived 
of residues of ambiguous regions (Mpro∆1‑3,139‑144,H164A), as a search model. For most of the 
structures, a clear electron density was visible with all residues unambiguously in the 
active conformation (Figure 29, panel B). In some cases, the electron density was not 
sufficiently well-defined to consistently trace the mobile zones (Figure 29, panel C). For 
four structures, strikingly, it was possible to clearly model residues 1‑3, 139‑144, and the 

side chain of His163 in new conformations (Figure 29, panel D). We call this conformation 
‘new’ because there are no equivalents in Mpro structures deposited in the PDB. This 
novel conformation differs from the active conformations (both ours and previously re-
ported ones), but it also differs from the literature-reported, inactive conformations from 
SARS-CoV-1 Mpro (including PDB entry 2QCY, where the oxyanion loop adopts a 310-
helix conformation).  

Mpro was found in the new conformation only in crystals grown from the enzyme pre-
incubated with inhibitors masitinib, manidipine or bedaquiline. At the same time, the 
incubation with such inhibitors was not a determinant for the new conformation to de-
velop, as Mpro adopted the active or the destabilized conformations in several crystals 
grown under the same conditions. Interestingly, no clear trace of such ligands was found 
in any experimental structure (neither in the active site, or elsewhere in the crystal 
structure), although their absence can be justified by their relatively high IC50 values in 
the range of 2.5-19 µM and low solubility35,36. We hypothesize that the new conformation 
and the canonical conformation are both thermodynamically stable, and that the pres-
ence of selected small ligands is able to shift the equilibrium towards the new confor-
mation. 
By close inspection the new conformation (Data collection and refinement details are 
reported in Table 20 at page 96) of the oxyanion loop approximately appears as a twisted 
version of the canonical, more linear conformation. The structure is not α‑helical, but 
rather there are two successive β‑turns with hydrogen bonds between Leu141 CO and 
Ser144 NH and between Ser144 CO and Ser147 NH and an α‑turn with an hydrogen 
bond between Ser139 CO and Gly143 NH (Figure 30). This network of H-bonds clearly 
stabilizes the new conformation from a thermodynamic point of view. The twisting move-
ment that is necessary for the transition from the canonical conformation to the new 
conformation also comes with a destabilizing effect; the hydrophobic side-chain of Phe140 
is moved from a buried position to a solvent-exposed one (Cα is moved by 7.5 Å), while 
the opposite is true for the polar Asn142, whose Cα moves by 9.8 Å from solvent-exposed 
to a buried position (Figure 29, panels A, B and D).  
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advantage of such cavity would lock the protein in an enzymatically inactive confor-
mation, as the oxyanion loop would not be able to return to the canonical (enzymatically 
active) conformation. 
Our colleagues at the Department of Pharmacy took this opportunity to design novel 

Mpro inhibitors based on the new conformation. After a docking-based initial screening 
and a molecular dynamics secondary selection, they proposed a selection of ~30 com-
pounds (in two different series) which were then tested in a FRET-based enzymatic assay 
(a selection is reported in Figure 33). The compounds were then co-crystallized with 
MproWT, and in case it failed, the soaking technique was also used.  
 

 

Figure 33. Selection of compounds designed to bind the new conformation of Mpro. 

Compounds Vitas C1 and C2 were the only ones that co-crystallized with Mpro, but 

they also showed the least inhibitory activity in FRET-based enzymatic assays. Com-

pounds Vitas B2 and Molport A-23, on the other hand, were found to be strong inhib-

itors but we did not find them bound to Mpro either in co-crystallization of soaking 

crystallization experiments.  
 
Of all tested compounds, unfortunately, only two of them (Vitas C1 and C2) were found 
in the electron density of the crystallographic structures obtained from crystallization 
experiments (for both inhibitors only part of the overall molecule was visible). For the 

remaining compounds, only the enzyme in the apo form was present. The biggest dis-
crepancy, however, was that the compounds that showed the highest inhibitory activity 
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close proximity of the oxyanion loop, we deemed unlikely that even the unfragmented 

molecules could induce Mpro in the new conformation. 
The new conformation of MproWT here presented clearly represents a local minimum in 
potential energy as it could be crystallized, and the crystals obtained produced an un-
ambiguous electron density in the region of the oxyanion loop. At the same time, the 
global minimum in potential energy is found in the canonical conformation, as it is the 
only form found in apo condition and it is also the predominant form when substrates 
are present. As our experiments demonstrated, however, the new conformation is intrin-
sically inactive and can be reliably induced by the presence of suitable small molecules. 
These inhibitors would be part of a new class on their own and would open new possibility 
in the development of new drugs against SARS-CoV-2. 
The results obtained regarding the new conformation of MproWT have been published 
in an article37, a copy of which is attached in the final pages of this thesis. 

A helical oxyanion loop: MproF140P 

Since it was not possible to reproduce MproWT in the new conformation without co-
crystallizing it with selected small-molecule inhibitors (masitinib, bedaquiline or mani-
dipine) we designed a new mutant that would arrange in the new conformation in apo 
condition. The φ	dihedral angle of Phe140 in the canonical conformation is -137.8, while 
in the new conformation is -58.0°, which is very close to the -60° angle of the conforma-
tionally-constrained proline residue (Table 10). The ψ	dihedral angles of the canonical 

and the new conformation are also very different (+111.2° and -49.5°, respectively) but 
are both in the Ramachandran-allowed region of the proline amino acid. We hypothesized 
that the MproF140P mutant would adopt the new conformation of the oxyanion loop in an 
irreversible way, due to the conformational constraints of the proline amino acid. To 
assess possible perturbations of the oxyanion loop, we decided to clone MproF140P and 
MproF140A mutants, with the latter acting as a control. 
We successfully obtained both mutants in the pET-SUMO expression vector using the 
site-directed mutagenesis method starting from the MproWT construct (see Table 14 on 
page 90 and Table 17 on page 93). The constructs were then transformed and expressed 
in E. coli bacteria of the BL21(DE3) strain. Both constructs showed good overexpression 
levels, with yields comparable to the wild-type variant (~5 mg of purified protein per 
liter of bacterial culture). The last purification step of size-exclusion chromatography 
confirmed that both proteins are present in solution as dimers around the 1 mg/mL 
concentration range. The enzymatic activities of the two constructs were tested with the 
same protocol used for the wild-type variant (a FRET-based enzymatic assay); while 
MproF140A showed a reduced activity compared to MproWT, MproF140P did not show any 
enzymatic activity. The two proteins were then employed in crystallization experiments 
both alone and in presence of the same inhibitors tested for the MproWT (Figure 27 at 
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page 41 and Figure 33 at page 47). For both constructs various crystallization conditions 
were tested using commercially-available crystallization kits (PACT premiere and Mor-
pheus, Molecular Dimensions), but it was found that the ideal condition was identical to 
MproWT [0.1 M MMT (DL-Malic acid, MES monohydrate, Tris at 1:2:2 molar ratio), 
pH 7, PEG 1500 20% or 25%] with the exception of the protein concentration, which 
was 7 mg/mL for Mpro

F140A and 9 mg/mL for MproF140P versus 12 mg/mL for MproWT. 
Both proteins crystallize only using the micro-seeding technique, using a homologous 
seed stock solution or one obtained from MproWT crystals. The alanine mutant was found 
to be harder to crystallize, with crystals appearing as thin plates of small size. The proline 
mutant, however, crystallized more easily, almost on par with the wild-type mutant. 	

Table 10. Backbone dihedral angles of the oxyanion loop. From left to right, the 

dihedral angles (φ and	ψ) of the oxyanion region for the canonical conformation of 

MproWT, the new conformation of MproWT, and for MproF140P. The dihedral angles of 

residue 140 (Phe or Pro) are highlighted in red. Notice the high similarity of the new 

conformation and MproF140P, as opposed to the canonical conformation. Graphical plots 

of the dihedral angles are displayed below.	
Canonical conformation New conformation Mpro

F140P 

Residue φ ψ Residue φ ψ Residue φ ψ 

Ser139 -130.5 +98.5 Ser139 -86.2 +177.5 Ser139 -83.2 +172.1 

Phe140 -137.8 +111.2 Phe140 -58.0 -49.5 Pro140 -57.3 -42.8 

Leu141 -97.7 +175.3 Leu141 -63.2 -40.4 Leu141 -68.0 -36.8 

Asn142 -52.2 +135.1 Asn142 -54.5 -35.6 Asn142 -59.2 -30.5 

Gly143 +99.0 -9.9 Gly143 -113.5 +29.8 Gly143 -121.8 +54.4 

Ser144 -83.3 -10.8 Ser144 -51.8 +134.6 Ser144 -69.4 +147.5 

  

 
While both constructs were crystallized in presence of inhibitors and peptides mimicking 
the natural substrates of Mpro, all crystals obtained were in apo form. In the crystals of 
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This marked destabilization effect is both more pronounced (as it regards also residues 
145-146) and more ubiquitous (as it does occur also in absence of ligands) than what we 
observed for MproWT (see Figure 29, Panel C, at page 43). Since this destabilization effect 
is not dependent on the crystallization condition and is locally confined to the oxyanion 
loop, we hypothesize that it is likely caused by the F140A mutation. 
 

An Mpro with no partner: MproCdel 

Since the domain III of the SARS-CoV-2 main protease is necessary for the homodimer-
ization of the enzyme and is thought to be essential to retain its catalytic activity, we 
cloned a new construct deprived of such domain. The new construct, named MproCdel, 
lacks the α-helical domain III but retains the long linker that connects it to domain II 
(see Figure 24 on page 38). The linker was maintained as one of its residues, namely 
Asp187, coordinates the catalytic water in the active site of the enzyme (see Figure 25 
at page 39).  
MproCdel was cloned in the pET-SUMO expression vector with the restriction-free cloning 
technique (experimental details at page 78). The purification protocol was analogous to 
the other Mpro constructs and did not present significant differences. It was found, how-
ever, that the protein was present in solution uniquely as a monomer, as it eluted from 
the size-exclusion chromatographic step at higher retention volumes compared to the 
other Mpro constructs (Figure 37). 

 

Figure 37. SEC chromatograms of MproCdel and MproWT. The molecular weights of 

the MproWT dimer and the MproCdel monomer are 67.6 kDa and 21.9 kDa, respectively. 

The retention times for the two peaks correspond to ~65 kDa for the first one and 

~20 kDa for the second one, thus confirming that MproWT is present as a dimer and 

MproCdel as a monomer. The chromatograms were obtained using an HiLoad 16/600 

Superdex 75 size-exclusion chromatography column.  
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Figure 44. Interactions of peptide NSP4/5 with MproDM. The ✄ symbol indicates the 

cleavable bond. A dense network of interactions contributes to the strong binding of 

the substrate to the enzyme, with polar interaction being the main driver. 
At the C-terminal end of the interacting peptide, the Ser-P1' side chain interacts with 
the CO of Ala41 via a water molecule. The NH and CO groups of Gly-P2' make two 
hydrogen bonds with the backbone of Thr26. Phe-P3’ and Lys-P5’ are solvent-exposed 
and interact poorly with the protein. Arg-P4' interacts strongly, forming a hydrogen 
bond between the backbone NH and the carbonyl group of Thr24 and, more importantly, 
via three hydrogen bonds that connect its guanidinium group to the side chains of Gln69 
and Thr21. 
The interactions of the NSP4/5 peptide in subunit B are essentially the same. Notable 
differences are present for Thr-P6, which is slightly shifted, and for Lys-P5’, which is not 
visible in the electron density. 
The P-value computed by the PISA analysis on the interaction between NSP4/5 and 
MproDM is 0.46, meaning that the binding is mainly led by polar interactions, in accord-
ance to the aforementioned description.  
Even though the binding mode of the two subunits with the peptidic substrate is very 
similar, the Mpro dimer is not symmetric. The main differences are found in the different 
perturbation pattern of Domain I (which has higher B-factors in chain A – 59.0 – than 

in chain B – 54.2) and in the C-terminal tail (starting from residue number 300). Since 
these differences occur in regions of the enzyme that do not face the binding site of Mpro, 
it can be conclude that the asymmetry of the dimer is likely induced by the ligand 
binding. 
The pairwise alignment RMSDs measured between the MproDM complex and the apo 
wild-type homolog are a useful measure to assess the ligand-induced conformational var-
iations of the enzyme. For the complex of MproDM with NSP4/5, several regions show a 
distinct perturbation effect: beta-turn 22-26 (due to interactions with positions P2’ and 
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P4’ of the peptide), loop 166-172 (interactions with P-positions of the peptide) and loop 
44-50 (due to the insertion of Leu-P2 in sub-pocket S2). The domain II-III linker (residues 
187-199) is modified as well, but a similar movement was also present for the apo MproDM 
enzyme and it is not possible to clearly distinguish the effect induced by the peptide in 
this region. Interestingly, the oxyanion loop (residues 139-144) does not show relevant 
perturbations despite the numerous interactions with the peptide.  

 

Figure 45. Alignment RMSDs of MproDM (NSP4/5 complexes) vs apo MproWT. In 

black, the pairwise RMSDs of the MproDM-NSP4/5 complex obtained by co-crystalli-

zation (two chains are present as the ASU contains the Mpro dimer). In red, the pairwise 

RMSDs of the Mpro
DM-NSP4/5 complex obtained by soaking (only one chain is present 

as the dimer is crystallographic). Notice how the perturbation pattern is different be-

tween the two complexes, likely because in the soaking experiment the enzyme lacks 

several conformational degrees of freedom. 

The complex of MproDM with NSP4/5 was also obtained by soaking, starting from the 
apo enzyme crystallized in the C2 space group. In this structure the dimer is symmetric 
and crystallographic, as the ASU contains a single unit of the enzyme (Figure 46). The 
conformation of both the enzyme and the peptide are different from the complex obtained 
by co-crystallization. Regarding the protein, the perturbation pattern induced by NSP4/5 
shows significant variations, especially in loop 44-50 and at the C-terminal tail (now 
completely resolved) which are now very similar to the wild-type apo enzyme (Figure 45, 
red trace). Additionally, while perturbations in regions 22-25, 166-172 and 187-199 are 
similar in magnitude, they differ in geometry compared to the co-crystallization complex. 
The peptide network of hydrogen bonds with the enzyme is mostly conserved, but only 
the central amino acids Gln-P1 and Ser-P1’ are superimposable to the co-crystallization 
complex (Figure 46, panel C). Pronounced differentiation is visible at the extremities of 
the peptide, especially in the P’ positions, with the Arg-P4’ in a completely different 
position, with the side chain anchored to the CO of Gly23 instead of the side chain of 
Thr24.  
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back the chain due to the side chain interaction. This turn is stabilized by four hydrogen 
bonds internal to the peptide, involving positions P4, P5 and P6.  
Leu-P2' (instead of a glycine and an alanine in NSP4/5 and NSP5/6, respectively) is 
exposed to solvent. The side chain of the following glutamate in P3' is anchored to the 
carbonyl of Thr24 and the side chain hydroxyl of Thr25. The following Asn-P4’ is well 
anchored to Thr24, with hydrogen bonds involving both the backbone and the side chain 
of the two residues. Therefore, it seems that position P4’ is crucial for the successful 

anchoring of the substrate to the enzyme; the anchoring is possible for NSP4/5 (via an 
arginine) and for NSP14/15 (via a glutamine) but not for NSP5/6, which present a 
flexible lysine in such position.  
 

 

Figure 51. Interactions of peptide NSP14/15 with MproDM. The ✄ symbol indicates 

the cleavable bond. 

The mode of interaction of this region in NSP4/5 and NSP14/15 is different, due to the 
different properties of the residues involved (arginine and glutamine) but also due to the 
nature of the residue at position P3', a mobile phenylalanine in NSP4/5 and a fixed 
glutamate in NSP14/15. The PISA P-value of 0.42 is similar to those of the other sub-
strates. 
The perturbation signature for the two subunits follows a similar pattern to that of 
NSP5/6 (Figure 52). Residues 44-64 of both subunits, with loop 44-52 in particular, 
confirm to have the highest deviation compared to apo MproWT. A different behavior for 
the C-terminal tail is once again visible for this complex. Also in this case, the average 
overall perturbation of the enzyme is higher in subunit B (which does not show any 
evidence of substrate binding) than in subunit A (in which the binding process is very 
clear). 
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Figure 52. Alignment RMSDs of MproDM (NSP14/15 complex) vs apo MproWT. 

 
The results discussed so far on the MproDM-NSP complexes are in line with the literature-
reported structures29,38,39. A brief overview of published structures is presented on Table 
11. Considering both our structures and the ones reported in Table 11, we can conclude 
that the full perturbation effect induced by the peptide binding is visible with peptides 
of at least 11 amino acids in length (positions P6 to P5') and, most importantly, in co-
crystallization experiments only.  
 

Table 11. Mpro-NSP structures reported in the literature. Only structures with 

NSP4/5, NSP5/6 and NSP14/15 were included. 

PDB-ID Substrate Method Notes 

7T70 NSP4/5 Co-crystallization A longer, 12-mer peptide was used (additional residue at the 

C-terminus), the pose of the substrate is identical. Asymmet-

rical dimer. 

7N89 NSP4/5 Co-crystallization A shorter, 8-mer peptide was used (Ser-P5 to Phe-P3’). Arg-P4’ 

extensive interactions are not present as such residue was 

omitted. 

7MGS NSP4/5 Co-crystallization A shorter, 9-mer peptide was used (Ala-P4 to Lys-P5’). Sub-

strate is visible only up to Phe-3’. Mpro dimer is crystallo-

graphic (one subunit per ASU) meaning that the two subunits 

are identical. 

7DVP NSP4/5 Soaking A longer, 20-mer peptide was used with the soaking method but 

is visible only up to Arg-P4’. Mpro dimer is crystallographic 

(one subunit per ASU), in line with our complex obtained with 

the soaking method. 

7T8M NSP5/6 Co-crystallization A longer, 12-mer peptide was used (additional residue at the 

C-terminus). The pose of the substrate is identical, but the 

peptide is present in both subunits. This effect can be 
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explained with the increased solubility of the substrate used 

which – unlike ours – was not capped with protection groups at 

the extremities. The dimer is still asymmetric, and the same 

perturbations are visible when compared to our structure. 

7DVW NSP5/6 Soaking A longer, 20-mer peptide was used with the soaking method. 

Visible from Ser-P6 to Val P3’, as in our model. Mpro dimer is 

crystallographic (one subunit per ASU), with two identical 

subunits. 

7DW0 NSP14/15 Soaking A longer, 20-mer peptide was used with the soaking method. Mpro 

dimer is crystallographic (one subunit per ASU), with two iden-

tical subunits. 

 
The complete characterization of the structures of MproDM in complex with NSP4/5, 
NSP5/6 and NSP14/15 peptides is described in an article in preparation. 
 
 

Conclusions 

A variety of Mpro constructs were studied with different techniques, with a strong em-
phasis on their structural characterization. Besides the lessons learned on the single con-
structs discussed so far, a few important, more general considerations can be taken re-
garding all of them. The first conclusion is that the oxyanion loop of the active site is of 
crucial importance for the enzyme’s correct functioning: it has an intrinsic instability (as 
confirmed by several structures in which its mobility prevents its electronic density to 
be seen), but at the same time it interacts with the most conserved residues of the 
substrates cleaved by Mpro (especially Gln-P1). The new conformation, in which we 
found MproWT in presence of selected small molecules, proved to be evanescent and not 
easily druggable. Nonetheless, we were successful in faithfully reproducing its structure 
in an irreversible way thanks to the MproF140P mutant; such mutant constitutes a con-
venient and powerful platform for future studies regarding the oxyanion loop. 
The second important lesson was that relatively localized perturbations tend to spread 
out and influence distant parts of the protein, sometimes in unpredictable ways. While 
this conclusion is certainly valid for many proteins, its extent has likely not been fully 
understood for Mpro, for which - for example - no proof of allosteric modulation is known 
to date. The protein-wide domino-effect of Mpro perturbations is clear with the analysis 
of MproCdel mutant, where the absence of the dimerization-promoting Domain III forced 
the protein to: (1) remain in solution as a monomer, (2) to lose its catalytic activity, and 
also (3) to adopt a novel conformation of the oxyanion loop (neither new nor canonical), 
even though it is not in proximity of Domain III or crystal contacts. Another example is 
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the perturbation of the MproDM structure induced by the binding of peptide substrates: 
for such structures it is evident how the binding event of the peptide in the active site 
of a given subunit of the Mpro dimer can spread out to distant regions of the same chain 
but also (sometimes predominantly) to the other subunit. 
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Part 3 

Threonine Aldolase 1 (Tha1) 

Introduction 

Scientific development in recent years provided a large amount of information regarding 
gene identification (genomics) and protein function (proteomics), yet the structural in-
formation associated with several proteins did not keep up40,41. A familiar example is the 
Aryl hydrocarbon receptor (AhR, see first chapter), whose function, expression regulation 
and interaction network were known much earlier than the first experimental structural 
evidence. One of the consequences of the mismatch between functional and structural 
information is that some metabolic pathways present “holes” for which the protein or 
the gene responsible for its fulfillment is not known. One of such “metabolic holes” is the 
second step of the carnitine synthesis, namely the conversion of 3-hydroxy-Nε-trimethyl-
L-lysine to 4-N-trymethylaminobutyraldeide by an enzyme with 3-hydroxy-Nε-trimethyl-
L-lysine aldolase (HTMLA) activity42 (Figure 53).  
In some mammalians (such as rodents) HTMLA activity is thought to be carried out by 
the enzyme Threonine Aldolase 1 (Tha-1), while in other species (including humans) the 
gene associated with such enzyme is silent43. The activity of HTMLA in humans is likely 
replaced by serine hydroxymethyltransferase (SHMT1 and SHMT2, cytosolic and mito-
chondrial version, respectively). In both cases the HTMLA activity is protracted by en-
zymes known for other catalytic activities. 
To assess the identity of mouse and human HTMLA, our colleagues from the University 
of Parma (M. Malatesta, et al.) developed a reverse docking algorithm which fitted the 
transition state of reaction II of the carnitine synthesis onto a set of enzyme structures. 
Since the reaction is known to be dependent on the presence of pyridoxal 5-phosphate 
(PLP), the enzyme candidate list is limited to proteins which can bind PLP. In parallel, 
several ranking methods were tested with validated enzyme-substrate pairs to elect the 
best method. The transition state of reaction II of the carnitine synthesis was docked to 
a list of computationally generated enzyme structures from Alphafold18, and the poses 
obtained were ranked accordingly. Human SHMT1 and SHMT2 obtained a total of 116 
and 102 favorable poses, respectively, while murine Tha-1 obtained only 51 favorable 
poses ( 

Table 12).  
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Figure 53. Overview of the carnitine synthetic pathway. Nε-trimethyl-L-lysine (TML) 

is converted by Nε-trimethyl-L-lysine dioxygenase (TMLD) to 3-hydroxy-Nε-trimethyl-

L-lysine (HTML). A PLP-dependent enzyme, named 3-hydroxy-Nε-trimethyl-L-lysine 

aldolase (HTMLA) then converts HTML to 4-N-trymethylaminobutyraldeide 

(TMABA), which is then converted to γ-butyrobetaine by 4-N-trymethylamino-butyr-

aldeide dehydrogenase (TMABADH). Finally, reaction of γ-butyrobetaine with γ-
butyrobetaine dioxygenase (BBD) yields L-carnitine. The true identity of HTMLA in 

humans and other species is not known to date.	
 

Table 12. Enzymatic activities and docking scores of HTMLA candidates. The docking 

score of the reverse docking score of Tha-1 increases dramatically with the new exper-

imental structure obtained. The new score justifies the enzymatic activity measured 

experimentally. 

Source Enzyme Docking score kcat/KM (M-1s-1) 

Human SHMT1 116 (Alphafold structure) 32.4±4.3 

Human SHMT2 102 (Alphafold structure) 6.3±0.7 

Murine Tha1 51 (Alphafold structure) 
13700±890 

Murine Tha1 91 (Experimental structure) 

 
The reliability of the Alphafold model of murine Tha-1 was questioned, as only one 
experimental structure of Threonine aldolase was present on the PDB, from a distant 
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bacteria species (Thermotoga maritima). The availability of Tha-1 structures from a 
single organism severely limits the reliability of the model inferred on other organisms 
(mouse, in this case), especially if those organisms are evolutionarily distant.  

Results and discussion 

Murine Threonine aldolase was recombinantly produced in E. coli by the laboratory of 
Malatesta et al., which provided us the concentrated and purified protein for crystalliza-
tion experiments. Initial experiments of concentration optimization for crystallization 
(see experimental details at page 85) determined that a concentration of 2.5-3.5 mg/mL 
was ideal. Using both the Morpheus and PACT premier crystal screens (Molecular Di-
mensions), diffraction-quality crystals were obtained using the sitting-drop vapor diffu-
sion method. Diamond-shaped crystals appeared in conditions G9 (0.2 M Potassium so-
dium tartrate tetrahydrate, 0.1 M Bis-Tris propane pH 7.5, 20% w/v PEG 3350), H5 
(0.2 M sodium nitrate, 0.1 M Bis-Tris propane pH 8.5, 20% w/v PEG 3350) and H9 (0.2 
M Potassium sodium tartrate tetrahydrate, 0.1 M Bis-Tris propane pH 8.5, 20% w/v 
PEG 3350) of the PACT Premiere HT-96 screen within 24 hours. The crystallization 
experiment was then reproduced with larger drops (1 µL protein + 1 µL of precipitant, 
versus 0.2+0.2 µL used in the screening experiment) but no significant increase in crystal 
size was observed (about 20-30 µm in diameter). The employment of the crystal micro-
seeding technique did not improve the crystal size either, suggesting that the crystal 
growth may be hampered by some mobile regions of the protein construct, such as the 
histidine tag and the linker connecting it to Tha-1 (about 20 amino acids in total). 
Tha1 crystallized in two space groups: orthorhombic F222 and monoclinic C2, with one 
molecule and two molecules in the ASU, respectively (data collection and refinement 
statistics on Table 22 at page 98). The PLP cofactor is visible only in the monoclinic 
structure; however, the active site is very similar in the two cases, with only minor 
differences. The expected tetrameric quaternary structure is formed by crystallographic 
symmetries, with four identical units in F222 (related by a 222 symmetry) and two 
identical dimers in C2 (related by a two-fold axis). The RMSD values between the single 
units (around 0.26-0.28 Å) indicate that the monoclinic and orthorhombic structures are 
very similar (the tetrameric assembly is also conserved in the two space groups). As 
indicated by data from PISA44 analysis, the interface between units A and B (analogous 
to that between units C and D) is contributing stronger to the stability of the quaternary 
structure in comparison with the interface between units A and C (analogous to that 
between units B and D) (Figure 54, panels a, b). Hence, the tetramer can be considered 
a dimer (AB+CD) of dimers (A+B and C+D), with the first dissociation being ABCD 
to AB+CD. A comparison with the structure of the Thermotoga maritima threonine 
aldolase (PDB code 1M6S) returned RMSD values between 1.03 and 1.17 Å for the single 
units, indicating a significant structure difference even though the secondary structures 
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and the whole quaternary assembly are conserved. The major structural difference is 
related to an insertion of 13 residues in Tha1 between positions 346-260, residues absent 
in the T. maritima threonine aldolase. In the two enzymes the position of the PLP 
cofactor is mostly conserved: PLP is covalently bound to Lys242 in murine Tha1 and to 
Lys199 in bacterial Tha1 in a very similar pose (Figure 54, panel c). The Alphafold model 
of murine Tha1 is also very similar to our experimental structure, with minor movements 
of the side chains (Figure 54, panel d). The computational model lacks the PLP cofactor. 
 

  

 

Figure 54. Experimental structure of murine threonine aldolase. In panels A and B 

the front view and side view of the Tha1 tetramer are depicted, respectively. Panel C: 

superposition of the active site of Tha1 from T. maritima (in orange) and mouse (in 

purple); PLP is covalently bound to Lys242 in murine Tha1 and to Lys199 in bacterial 

Tha1 in a very similar pose . Panel D: superposition of the active site of Tha1 of the 

Alphafold model (in pink) and mouse (in purple).  

The docking screening was repeated by including in the data set the crystallographic 
structure of Tha1. The docking score of the catalytic cluster based on the new experi-
mental structure jumped to 91, compared with 51 in the previous analysis ( 
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Table 12). By comparing the two structures, some differences are observed in the side 
chains of the substrate binding residues. There are minor differences in the chain con-
taining the catalytic lysine (e.g. Arg372A), while differences in the position of the residues 
contributed by the other chains (Tyr168C, Tyr69B) are more pronounced, suggesting 
that they result mainly from subunit assembly.  

Conclusions 

We presented the first experimental structure of murine Threonine Aldolase at atomic 
resolution. We determined such structure both in presence and in absence of its co-factor 

PLP. The structure is overall similar to both the T. maritima homolog and the Alphafold 
model, but some small yet relevant differences are present. Such variations justify the 
measured HTML aldolase enzymatic activity and concurrently provide a validation for 
the Malatesta et al. reverse docking algorithm. The results hereby presented on murine 
Tha1 and further details on the characterization of enzymes exhibiting threonine 
HTMLA activity are fully described in an article under revision on Nature Communica-
tions. 
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Experimental methods 

In following chapter, the most common experimental methods employed in the different 
projects are described. The overall procedure is the same, while some specific details may 
vary in a subject-specific manner.  

Cloning methods  

TA-cloning 

The template of murine and human AhR and murine ARNT was generously provided 
by the Perugia laboratory (F. Fallarino) and were diluted 100-fold to a final concentra-
tion of 20 ng/μL for mARNT, 38 ng/µL for hAhR, 22 ng/µL for mAhR. Primers with 
code 1-8 (see Primers table on page 92) were provided by Invitrogen and a stock solution 
was produced at 10 µM concentration. 
PCR sample composition: 5 µL of template DNA, 0.75 + 0.75 µL of the forward and 
reverse primers (10 µM), 1.5 µL of MgCl2 25 mM, 1 µL of 10 mM dNTPs mix, 2.5 µL 
of 10x PCR buffer, 0.25 µL of GRS TAQ polymerase 5 U/µL, 13.25 µL of water.  
PCR cycling conditions: initial denaturation at 95 °C for 5 minutes followed by 30 
cycles each comprising: 95 °C for 30 seconds (denaturation), 55 °C for 30 seconds (an-
nealing) and 72 °C for 30 seconds (elongation). Finally, incomplete fragment completion 
was performed for 10 minutes at 72 °C. 

Ligation. Sample composition: 3 µL of PCR-amplified sample, 2 µL of linearized pET-
SUMO plasmid (0.025 µg/µL), 1 µL of ligation buffer 10x, 1 µL of T4 DNA ligase 
(5 U/µL), 3 µL of water. The samples were placed in the thermocycler at 15 °C over-
night to allow the ligation reaction to proceed. 
Transformation. For each sample, 7 µL of the ligated sample was added to a frozen 
aliquot of E. coli TOP10 competent cells. The samples were incubated for 30 minutes in 
ice, then heat shock was applied for 60 seconds at 42 °C, then again in ice for 30 seconds. 
Finally, 500 µL of SOC liquid culture were added and the sample was stirred for 1 h at 
37 °C. The liquid cultures were plated on 1.5% LB agar Petri dishes containing 
30 µg/mL of kanamycin and incubated overnight at 37 °C. Colonies appeared by the 
next day and were screened by colony PCR. 
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Restriction-free (RF) cloning 

DNA primers for restriction-free cloning are composed of two parts: the first one is com-
plementary to the DNA sequence that needs to be amplified (and is identical to the one 
used for the TA cloning). The second part is complementary to the destination vector 
and allows the DNA insert to anneal to the correct position of the destination plasmid. 

PCR 1 (megaprimer synthesis): 2 µL + 2 µL of the forward and reverse primers 
(10 µM), 0.1-0.2 µL of template DNA (50-100 ng total), 1 µL of 10 mM dNTPs mix, 
5 µL of 10x Thermopol PCR buffer, 0.5 µL of Vent DNA polymerase 2 U/µL, water to 
50 µL. 
PCR 1 cycling conditions: initial denaturation at 95 °C for 2 minutes. Then 30 cycles 
each comprising: 95 °C for 30 seconds (denaturation), 50-60 °C (depending on primers) 
for 30 seconds (annealing) and 72 °C for 90 seconds (elongation). Finally, incomplete 
fragment completion was performed for 5 minutes at 72 °C. 

Agarose gel electrophoresis and megaprimer extraction. An agarose gel with a 
concentration of 0.8-1.5% is prepared based on the expected megaprimer size. Just prior 
to gel casting, the EuroSafe dye was added. At the end of the PCR reaction the loading 
buffer (comprising glycerol and bromothymol blue) was added to each PCR tube. Each 
sample and a suitable DNA marker (ladder) are then loaded to the agarose gel, which is 
then run at constant voltage and visualized under UV light. The bands containing the 
megaprimers are then excised and the DNA is extracted with a suitable agarose gel 
extraction kit. Typical yields are in the range of 500-1500 ng of purified megaprimer per 
50 µL of PCR 1 reaction volume. 

PCR 2 (megaprimer insertion): 100-300 ng of megaprimer (this parameter needs to 
be optimized for every construct), 0.1-0.2 µL of template DNA (50 ng total), 0.5 µL of 
10 mM dNTPs mix, 5 µL of 5x Phusion HF PCR buffer, 0.5 µL of Phusion DNA poly-
merase 2 U/µL, water to 25 µL. 
PCR 2 cycling conditions: initial denaturation at 95 °C for 1 minute. Then 30 cycles 
each comprising: 95 °C for 20 seconds (denaturation), 50-60 °C (depending on primers) 
for 45 seconds (annealing) and 72 °C for 5 minutes (elongation). Finally, incomplete 
fragment completion was performed for 10 minutes at 72 °C. 
DpnI digestion and transformation: 1 µL of DpnI enzyme (20 U/µL) are added to 
10 µL of the reaction solution of PCR 2. The cleavage of methylated DNA is allowed to 
proceed for 37 °C for 1 hour. Of the obtained solution, 5 µL are then used to transform 
E. coli competent cells according to the transformation protocol (experimental details at 
p. 80). 
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Colony PCR 

Colonies that appear on the selection plate at the end of the cloning procedure (either 
TA or RF cloning) are screened by colony PCR prior to sequencing. First, a PCR master 
mix solution is prepared for each construct to be tested. Such solution contains adequate 
primers that bind only to the DNA insert being cloned in the destination vector and not 
to the vector itself.  
PCR sample composition: 0.5 + 0.5 µL of the forward and reverse primers (10 µM), 
1 µL of 10 mM dNTPs mix, 2 µL of 10x Thermopol PCR buffer, 0.3 µL of Vent DNA 
polymerase 2 U/µL, water to 20 µL. Each sample is placed in a single PCR tube. Each 
of the colonies to be tested is inoculated with a sterile loop in the PCR tube containing 
the master mix. The initial denaturation step of the PCR cycle breaks the bacterial cells 
releasing the plasmids contained therein and allowing the PCR screening to take effect. 
PCR cycling conditions: initial denaturation at 95 °C for 5 minutes. Then 20 cycles 
each comprising: 95 °C for 30 seconds (denaturation), 50-55 °C (depending on primers) 
for 30 seconds (annealing) and 72 °C for 30 seconds (elongation). Finally, incomplete 
fragment completion was performed for 10 minutes at 72 °C. 

Agarose gel electrophoresis. An agarose gel with a concentration of 0.8-1.5% is pre-
pared based on the expected PCR amplicon size. Just prior to gel casting, the EuroSafe 
DNA dye was added. At the end of the PCR reaction the loading buffer (comprising 
glycerol and bromothymol blue) was added to each PCR tube. Each sample and a suit-
able DNA marker (ladder) are then loaded to the agarose gel, which is then run at 
constant voltage and finally visualized under UV light (Figure 55). Since the amplicon 
size is known from the DNA cloning design, positive colonies must appear at the expected 
DNA size (a suitable positive control or a DNA ladder can be used for this purpose). 
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Figure 55. Example of agarose gel of a colony PCR. Colonies 4-10 appear positive at 

the colony PCR test. Colonies 4 and 7 were expanded and their plasmid DNA 
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sequenced. Both RF cloning procedures were successful, but colony 4 presented a non-

silent point mutation caused by an error of the DNA polymerase, which can only be 

detected by DNA sequencing. Furthermore, in our experience, bands with a fainter 

fluorescence (lanes 5 and 6) are typically confirmed to be false positives by DNA se-

quencing. 

 

Bacterial transformation 

In our laboratory we normally use both commercially available and “home-made” E. coli 
competent cells. We produce the home-made cells with the calcium chloride medium: 
this method is fast and inexpensive, but the obtained competency is relatively low. This 
makes these cells ideal to be transformed with already-purified plasmids (typically with 
50 ng of plasmid per cell aliquot). We use instead the TOP10 (Invitrogen) or E. cloni 
competent cells (Biosearch laboratories) for the transformation at the end of the TA- or 
RF-cloning. In such cases the competency of the cells must be very high as the amount 
of plasmid at the end of the cloning procedure is very low. The transformation process 
is the same for both types of cells.  
Transformation process. The centrifuge tube containing the competent cells is taken 
from the -80 °C freezer and put in ice for 20 minutes. The purified plasmid (about 50 ng) 
or the cloning product from the DpnI digestion of T4 ligation (5 µL of reaction mix) is 
added to the competent cells and allowed to incubate in ice for 20 more minutes. The 
tube is then transferred for 60 seconds in a heat block at 42 °C (heat shock), then again 
in ice for 3 minutes. 800 µL of recovery medium are added to the transformed cells and 
the tube is put under agitation for 60 minutes at 37 °C. The tube is then centrifuged at 
5000 g for 1 minute to precipitate bacteria. About ¾ of the supernatant is removed, 
while the precipitated bacteria are resuspended in the remaining medium (~200 µL total) 
to be plated on a suitable Petri selection plate. The Petri dish is then incubated at 37 °C 
overnight. If the transformation process is successful, bacterial colonies appear overnight 
(Figure 56) and are ready to be tested (e.g. colony PCR) or amplified (in a liquid broth).  
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Figure 56. Bacterial colonies on a Petri dish. Colonies typically appear after an in-

cubation period overnight at 37 °C.  

 

Protein expression in E. coli 

A bacterial glycerol stock is expanded in a preculture of 20 mL of LB with added anti-
biotic selection (kanamycin for pET-SUMO, ampicillin for pGEX, pGro7 and pET-21d, 
chloramphenicol for pDUET) and allowed to grow overnight at 37 °C under agitation. 
The following day, part of the preculture is diluted in fresh LB broth (typically 500 mL 
for expression tests and 1-2 L for larger scale production) at a dilution of 1:50 to 1:200 
depending on the experiment. The expression culture is then incubated at 37 °C under 
agitation until the desired optical density (OD, which is directly proportional to bacterial 
concentration) is reached. When the desired OD is reached (typically between 0.6-1), 
Isopropyl β-D-1-thiogalactopyranoside (IPTG) is added to the bacterial culture and ex-
pression is allowed to proceed at the desired temperature (typically 20 °C – 37 °C) for 
a given period of time (typically 4 h for expression at 37 °C and overnight for expressions 
at 20 °C).  

Protein extraction and purification 

Bacterial lysis 

Note: throughout all the steps described in this section, the sample is kept in ice. At the 
end of the protein expression, bacteria are pelleted from the culture by centrifugation at 
5000 g for 20 minutes at 6 °C. The supernatant (spent broth) is discarded, and the 
bacteria are resuspended in the lysis buffer. The composition of the lysis buffer largely 
depends on the recombinant protein being extracted, while its amount is proportional to 
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the quantity of bacteria being processed. The amount of lysis buffer used is normally 10 
to 20 mL per liter of culture, depending on the final optical density of the culture. Since 
the first purification step for all proteins described in this thesis is the immobilized cation 
affinity chromatography (IMAC), the lysis buffer coincides with the binding buffer of the 
IMAC itself plus different optional additives. We normally add DNAseI (Sigma-Aldrich) 
(plus a small amount of MgCl2 as a co-factor) to digest most of the DNA present in the 
bacterial lysate and simplify subsequent filtration steps. DNAse was essential in AhR 
purifications, because in its absence DNA associated with AhR was isolated in the IMAC 
binding step (AhR has an isoelectric point between 7.5 and 9.0 depending on the con-
struct). Cellular lysis is performed using the French press (Thermo-Fisher scientific) 
technique with 2 cycles at ~10000 psi (~690 bar). The cellular lysate is then centrifuged 
at 18000 g for 30 minutes at 6 °C to separate the soluble (supernatant) and insoluble 
(pellet) fractions. Depending on the experimental design, the recombinant protein is ei-
ther mainly located in the insoluble fraction (in the case of the refolding method) or in 
the supernatant. In the latter case, the supernatant is filtered at 0.45 µm and injected 
in the IMAC column. 
Variation in case of refolding. In the case of the refolding method, the intracellular 
precipitation of the recombinant protein is favored inside the so-called inclusion bodies 
(IBs). The IBs precipitate together with the cellular debris in the pellet fraction after the 
lysis. The pellet is then subject to a series of washing steps (inclusion bodies purifications, 
see Figure 21 on page 30). The purified inclusion bodies are the resuspended in a buffer 
containing 6 M guanidinium chloride for a few hours or overnight. The resuspended 
protein can then be refolded by gradually decreasing the guanidinium concentration using 
dialysis tubes or by immobilizing the denatured protein on an IMAC column (in the case 
of a protein with the HisTag) and applying a gradient with decreasing concentration of 
guanidinium ions.  

Purification process 

IMAC-1. All chromatographic purifications were carried out with ÄKTA purifier chro-
matographers (GE healthcare). For most of the constructs described in this thesis, the 
first chromatographic step consisted in an immobilized metal affinity chromatography 
(IMAC), more specifically the HisTrap HP of HisTrap FF columns (Cytiva). The bacte-
rial lysate is injected through the column. After sample injection, the column is washed 
for several minutes with a 98/2 ratio of binding and elution buffers (Buffer A and B, 
respectively). The mixture corresponds to an imidazole concentration in the eluent mix-
ture of 10 mM, which is necessary to reduce the amount of non-specific binding to the 
column. The other eluent components can vary based on the construct being purified, 
but they all contain NaCl (in variable concentrations), a buffering compound (typically 
phosphate, TRIS, HEPES, etc.) and a reducing agent, if necessary, to reduce protein 
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oxidation for delicate samples (e.g. DTT). After the column is washed, the recombinant 
protein is eluted by increasing the percentage of buffer B, either with a linear gradient 
or by concentration steps. The eluted protein is then collected and fractionated.  
 

Desalting. Imidazole contained in the eluted protein of the IMAC-1 step must be re-
moved to engage the protein in the following chromatographic steps. The process is ba-
sically a buffer exchange operated with an HiPrep Desalting column (GE healthcare). 
This column is a special size-exclusion chromatography (SEC) column optimized for 
buffer exchange, which separates all molecular entities above ~5 kDa (basically most 
proteins) from their buffers (whose components are smaller), replacing it with the buffer 
in which the column was equilibrated (i.e. a buffer not containing imidazole).  
 

Fusion protein/affinity tag cleavage. The fusion protein (i.e. SUMO, for pET-
SUMO constructs) or the affinity tag (the bare HisTag, for pET-21d, pDUET, pGEX) 
are removed from the recombinant protein by means of a suitable protease (Ulp-1 for 
SUMO, 3C-protease for pGEX, etc.). The protein and the protease are incubated over-
night at 4 °C or 12 °C, depending on the construct. 
 

IMAC-2. The aim of the IMAC-2 chromatography is to separate the cleaved recombi-
nant protein from the undesired leftovers, namely: the uncleaved protein, the protease, 
the fusion protein/the affinity tag. An IMAC chromatography is ideal as all the leftovers 
can be captured by the IMAC column (all proteases used for this purpose contain a 
suitable affinity tag themselves), while the cleaved, recombinant protein does not bind 
to the column and is collected in the column flow-through.  
 
SEC. As a last chromatographic step a size-exclusion chromatography (SEC) is carried 
out with HiLoad 16/600 Superdex 75 or Superdex 200 columns (Cytiva). This procedure 
fulfills several necessities at the same time: it separates the desired proteins from all its 
aggregates and from contaminants of different molecular weight, it gives an estimate of 
the molecular weight of the recombinant protein assembly (thus informing on its mono-
meric/multimeric nature) and it can be used for a final buffer exchange, if needed.  
 
Final concentration. The protein is subject to a concentration step to meet the re-
quirements of subsequent characterization techniques. For crystallization experiments, a 
concentration of ~8.0-12.0 mg/mL was reached for the various Mpro constructs and 
3.5 mg/mL for Tha1. The concentration step is done with centrifugal concentrators with 
a suitable molecular weight cutoff (MWCO), which was at least twice as small as the 
protein molecular weight (i.e. a 10000 MWCO concentrator was used for proteins of at 
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“Linbro” style plates using the hanging-drop vapor diffusion method. The drops are laid 
on glass cover slips, which are sealed onto the plate wells by means of silicone vacuum 
grease. Crystallization drops are composed of 1 µL of protein solution + 1 µL of precip-
itant solution + (optional) 0.2 µL of crystal seed solution. At the end of the dispensing 
procedure, the plate is incubated at controlled temperature (+4 °C, +9 °C or +18 °C) 
to allow crystals to grow. 
 

Crystal micro-seeding. This technique allows to obtain high quality single crystals 
from otherwise difficult-to-crystallize proteins. This procedure consists in adding a micro-
seed stock solution to the crystallization drop during its dispensation. Such solution is 
created by crushing previously obtained, low quality crystals (i.e. needles, spherulites, 
etc., which are unsuitable for single crystal X-ray diffraction) to sub-micrometric size to 
reduce the large, irregular crystals to very small, monolithic crystals. The seed stock 
solution is then diluted and tested in fresh crystallization drops at several dilutions, 
typically 1:1000 to 1:10000. The seed stock is then flash-frozen in liquid nitrogen or in 
an ethanol/dry-ice bath and stored at -80 °C for future use. The new crystals grown 
with the seed stock added typically grow in a more regular morphology, compared to the 
crystals used for the creation of the seed stock solution itself. If the new crystals present 
a better morphology but are not yet suitable for X-ray diffraction (e.g. they are too small, 
too thin, twinned, etc.) a new seed stock can be created from such crystals in a recursive 
way, in order to gradually improve the crystal quality. In the case of Mpro constructs, 
the use of a suitable seed stock solution was paramount for the obtainment of diffraction-
quality crystals (Figure 58), while for Tha-1 the seed stock solution did not improve the 
quality of the crystals. 
 

    

Figure 58. Effect of micro-seeding in MproWT crystallization drops. Comparison of 

manual crystallization drops of apo MproWT obtained in absence (on the left) and in 

presence (on the right) of the seed-stock solution. 

 

Concentration optimization. To test the optimal protein concentration for subse-
quent crystallization screenings or manual experiments, a specific experiment is dispensed 
using the Oryx Nano robot. Using a Swiss-CI MRC2 96-well plate, a grid of different 
crystallization conditions is laid down (Figure 59). On the x axis the protein 
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substrates, the two techniques produced different structures, with the one obtained with 
the co-crystallization experiments being more representative of the real complex that is 
formed in solution. 
 

 

Figure 60. Crystal damage induced by the soaking experiment. The soaking of the 

NSP4/5 peptide solution to the apo MproDM crystal caused the formation of longitu-

dinal cracks along the crystal structure, indicating a certain degree of internal stress. 

Despite the macroscopic damage, the diffraction quality of the crystal was sufficient 

for the resolution of the structure at high resolution. 

Crystal fishing and freezing. After the complete growth of the crystals in their mother 
liquor and a few days before data collection at the synchrotron facility, crystals are fished 
from their crystallization wells and flash-cooled in liquid nitrogen. A brief dip of the 
fished crystal in a cryoprotectant solution is sometimes done just prior to the flash-
freezing, but it was found to be negatively impact the quality of the crystal diffraction 
for most our samples. The large majority of the crystals that we tested were not cryo-
protected prior to their freezing. 
 
Diffraction data analysis. Data reduction of the diffraction data is protracted with 
XDS45 automatically by the ESRF automatic data analysis pipeline. Only for a limited 
amount of samples data reduction was done locally using the same software starting from 
the diffraction images with manual settings. For all datasets the molecular replacement 
method was used to solved the phase method with Phaser46 of the Phenix suite47. In the 
case of Mpro structures, the model for the molecular replacement was derived from de-
posited structures of the WT, apo enzyme (e.g. PDB ID 6Y2E). In the case of Tha1, the 
model used to solve the murine Tha1 structure was the deposited structure of Tha1 from 
T. maritima (e.g. PDB ID 1M6S). Refinement was finally done alternating automatic 
refinement with phenix.refine48 and manual refinement in Coot49. 
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Image rendering. All images presented in this thesis work were prepared by the author, 
unless otherwise stated. Protein structure illustrations were all prepared with the Chi-
meraX50 software.  
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List of plasmid constructs 

Table 13. AhR project plasmid constructs. *The G189R mutation of the AhRe2 con-

struct was casually obtained by an error of the DNA polymerase during the cloning process. 

# Name source Span 6His bHLH PAS-A PAS-B Mutations 

1 ARNTa1 murine M354-E470 ✓ - - ✓ WT 

2 AhRa1 human I280-E389 ✓ - - ✓ WT 

3 AhRa2 human I280-N418 ✓ - - ✓ WT 

4 AhRb1 murine I274-E383 ✓ - - ✓ WT 

5 AhRb2 murine I274-S412 ✓ - - ✓ WT 

6 ARNTb1 murine Q81-E470 ✓ ✓ ✓ ✓ WT 

7 ARNTb2 murine K155-E470 ✓ - ✓ ✓ WT 

8 AhRc1 human G30-E389 ✓ ✓ ✓ ✓ WT 

9 AhRc2 human G30-N418 ✓ ✓ ✓ ✓ WT 

10 AhRc3 human G30-S474 ✓ ✓ ✓ ✓ WT 

11 AhRc4 human G109-E389 ✓ - ✓ ✓ WT 

12 AhRc5 human G109-N418 ✓ - ✓ ✓ WT 

12 AhRc6 human G109-S474 ✓ - ✓ ✓ WT 

14 AhRc7 human G30-E389 - ✓ ✓ ✓ WT 

15 AhRc8 human G30-N418 - ✓ ✓ ✓ WT 

16 AhRc9 human G30-S474 - ✓ ✓ ✓ WT 

17 AhRc10 human G109-E389 - - ✓ ✓ WT 

18 AhRc11 human G109-N418 - - ✓ ✓ WT 

19 AhRc12 human G109-S474 - - ✓ ✓ WT 

20 ARNTc1 murine Q81-E470 - ✓ ✓ ✓ WT 

21 ARNTc4 murine K155-E470 - - ✓ ✓ WT 

22 AhRd1 human G30-E389 - ✓ ✓ ✓ WT 

23 AhRd2 human G30-N418 - ✓ ✓ ✓ WT 

24 AhRd3 human G30-S474 - ✓ ✓ ✓ WT 

25 AhRd4 human G109-E389 - - ✓ ✓ WT 

26 AhRd5 human G109-N418 - - ✓ ✓ WT 

27 AhRd6 human G109-S474 - - ✓ ✓ WT 

28 AhRe1 human G30-E389 ✓ ✓ ✓ ✓ WT 

29 AhRe2 human G30-N418 ✓ ✓ ✓ ✓ WT, G189R* 

30 AhRe3 human G30-S474 ✓ ✓ ✓ ✓ WT 

31 AhRe4 human G109-E389 ✓ - ✓ ✓ WT 

32 AhRe5 human G109-N418 ✓ - ✓ ✓ WT 

33 AhRe6 human G109-S474 ✓ - ✓ ✓ WT 

34 ARNTc1 murine Q81-E470 - ✓ ✓ ✓ WT 

35 ARNTc2 murine K155-E470 - - ✓ ✓ WT 

36 ARNTd1 murine Q81-E470 ✓ ✓ ✓ ✓ WT 

37 ARNTd2 murine K155-E470 ✓ - ✓ ✓ WT 

38 AhRf1 human N284-R398 ✓ - - ✓ WT 

39 AhRf2 murine N278-R392 ✓ - - ✓ WT 
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# Name source Span 6His bHLH PAS-A PAS-B Mutations 

40 AhRg1 human N284-R398 ✓ - - ✓ L331E 

41 AhRg2 human N284-R398 ✓ - - ✓ I338Q 

42 AhRg3 human N284-R398 ✓ - - ✓ L331E + I338Q 

 
 

Table 14. Mpro project plasmid constructs. 

# Name Source Span Vector Mutations 

1 MproWT SARS-CoV-2 S3264-Q3569 pGEX-6P-1 WT 

2 MproWT SARS-CoV-2 S3264-Q3569 pET-SUMO WT 

3 MproDM SARS-CoV-2 S3264-Q3569 pET-SUMO H41A+C145A 

4 MproCdel SARS-CoV-2 S3264-T3462 pET-SUMO WT 

5 MproF140A SARS-CoV-2 S3264-Q3569 pET-SUMO F140A 

6 MproF140P SARS-CoV-2 S3264-Q3569 pET-SUMO F140P 

 

 

Table 15. AhR project cloning and mutagenesis primers 

# name Vector Forward primer  Reverse primer 

1 ARNTa1 pET-SUMO mARNT.fw mARNT.rv 

2 AhRa1 pET-SUMO hAhR.fw hAhR_sh.rv 

3 AhRa2 pET-SUMO hAhR.fw hAhR_ln.rv 

4 AhRb1 pET-SUMO mAhR.fw mAhR_sh.rv 

5 AhRb2 pET-SUMO mAhR.fw mAhR_ln.rv 

6 ARNTb1 pET-SUMO pET-SUMO_Arnt_1.fw pET-SUMO_Arnt_1.rv 

7 ARNTb2 pET-SUMO pET-SUMO_Arnt_2.fw pET-SUMO_Arnt_1.rv 

8 AhRc1 pDUET (MCS1) His_AhR_1.fw His_AhR_1.rv 

9 AhRc2 pDUET (MCS1) His_AhR_1.fw His_AhR_2.rv 

10 AhRc3 pDUET (MCS1) His_AhR_1.fw His_AhR_3.rv 

11 AhRc4 pDUET (MCS1) His_AhR_4.fw His_AhR_1.rv 

12 AhRc5 pDUET (MCS1) His_AhR_4.fw His_AhR_2.rv 

12 AhRc6 pDUET (MCS1) His_AhR_4.fw His_AhR_3.rv 

14 AhRc7 pDUET (MCS1) AhR_7.fw His_AhR_1.rv 

15 AhRc8 pDUET (MCS1) AhR_7.fw His_AhR_2.rv 

16 AhRc9 pDUET (MCS1) AhR_7.fw His_AhR_3.rv 

17 AhRc10 pDUET (MCS1) AhR_10.fw His_AhR_1.rv 

18 AhRc11 pDUET (MCS1) AhR_10.fw His_AhR_2.rv 

19 AhRc12 pDUET (MCS1) AhR_10.fw His_AhR_3.rv 

20 ARNTc1 pDUET (MCS2) Arnt_1.fw Arnt_1.rv 

21 ARNTc4 pDUET (MCS2) Arnt_4.fw Arnt_1.rv 

22 AhRd1 pET-21d(+) pET-21d_bHLH_AHR.fw pET-21d_AhR_1.rv 
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# name Vector Forward primer  Reverse primer 

23 AhRd2 pET-21d(+) pET-21d_bHLH_AHR.fw pET-21d_AhR_2.rv 

24 AhRd3 pET-21d(+) pET-21d_bHLH_AHR.fw pET-21d_AhR_3.rv 

25 AhRd4 pET-21d(+) pET-21d_AhR_1.fw pET-21d_AhR_1.rv 

26 AhRd5 pET-21d(+) pET-21d_AhR_1.fw pET-21d_AhR_2.rv 

27 AhRd6 pET-21d(+) pET-21d_AhR_1.fw pET-21d_AhR_3.rv 

28 AhRe1 pET-SUMO pET-SUMO_AhR_1.fw pET-SUMO_AhR_1.rv 

29 AhRe2 pET-SUMO pET-SUMO_AhR_1.fw pET-SUMO_AhR_2.rv 

30 AhRe3 pET-SUMO pET-SUMO_AhR_1.fw pET-SUMO_AhR_3.rv 

31 AhRe4 pET-SUMO pET-SUMO_AhR_2.fw pET-SUMO_AhR_1.rv 

32 AhRe5 pET-SUMO pET-SUMO_AhR_2.fw pET-SUMO_AhR_2.rv 

33 AhRe6 pET-SUMO pET-SUMO_AhR_2.fw pET-SUMO_AhR_3.rv 

34 AhRf1 pET-SUMO pET-SUMO_AhRf1.fw pET-SUMO_AhRf1.rv 

35 AhRf2 pET-SUMO pET-SUMO_AhRf2.fw pET-SUMO_AhRf2.rv 

36 ARNTc1 pET-21d(+) pET-21d(+)_ARNT_1_fw pET-21d(+)_ARNT_1_rv 

37 ARNTc2 pET-21d(+) pET-21d(+)_ARNT_2_fw pET-21d(+)_ARNT_1_rv 

38 ARNTd1 pET-21d(+) pET-21d(+)_ARNT_1_fw pET-21d(+)_ARNT_2_rv 

39 ARNTd2 pET-21d(+) pET-21d(+)_ARNT_2_fw pET-21d(+)_ARNT_2_rv 

40 AhRg1 pET-SUMO AhRg1.fw AhRg1.rv 

41 AhRg2 pET-SUMO AhRg2.fw AhRg2.rv 

42 AhRg3 pET-SUMO AhRg3.fw AhRg3.rv 
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List of primers 

Table 16. Primer sequences for the AhR project. Stop codons are highlighted in red, 

start codons in green and mutations in purple. The vertical separator | highlights the 

formal separation between the flanking regions corresponding to the vector (plasmid) 

and the insert (for primers used in RF cloning method). 

# Name Sequence 

1 mArnt.fw 5’-ATGAGTAACATTTGTCAGCCAAC-3’ 

2 mArnt.rv 3’-TTATTCCTGGCTAGAGTTCTTCAC-5’ 

3 hAhr.fw 5’-ATCCGGACCAAAAATTTTATC-3’ 

4 hAhr_sh.rv 3’-TTACTCATCTGTTAGTGGTCTCTGAG-5’  

5 hAhr_ln.rv 3’-TTAGTTGGTTGCCTCATACAACAC-5’ 

6 mAhr.fw 5’-ATTCGAACCAAAAACTTCATC-3’ 

7 mAhr_sh.rv 3’-TTATTCATCCGTCAGTGGTCTC-5’ 

8 mAhr_ln.rv 3’-TTAGCTGGAGATCTCGTACAACAC-5’ 

9 pET-SUMO_Arnt_1.fw 5’-GCTCACAGAGAACAGATTGGTGGT|CAGAGCTCTGCGGATAAAGAGAGACT-3’ 

10 pET-SUMO_Arnt_2.fw 5’-GCTCACAGAGAACAGATTGGTGGT|AAGCCATCTTTCCTCACTGATCAGG-3’ 

11 pET-SUMO_Arnt_1.rv 3’-GCCGAATAAATACCTAAGCTTGTCT|TTATTCCTGGCTAGAGTTCTTCACATTGG-5’ 

12 His_AhR_1.fw 5’-GGCAGCAGCCATCACCATCATCACCAC|GGAATCAAGTCAAATCCTTCCAAGC-3’ 

14 His_AhR_4.fw 5’-GGCAGCAGCCATCACCATCATCACCAC|GGCCTGAACTTACAAGAAGGAGAATTC-3’ 

15 AhR_7.fw 5’-AACTTTAATAAGGAGATATACC|ATGGGAATCAAGTCAAATCCTTCCAAGC-3’ 

16 AhR_10.fw 5’-AACTTTAATAAGGAGATATACC|ATGGGCCTGAACTTACAAGAAGGAGAATTC-3’ 

17 Arnt_1.fw 5’-GTTAAGTATAAGAAGGAGATATACAT|ATGCAGAGCTCTGCGGATAAAGAGAGACT-3’ 

18 Arnt_4.fw 5’-GTTAAGTATAAGAAGGAGATATACAT|ATGAAGCCATCTTTCCTCACTGATCAGG-3’ 

19 His_AhR_1.rv 3’-ATGCGGCCGCAAGCTTGTCGACCTGCAGG|TTACTCATCTGTTAGTGGTCTCTGAGTTAC-5’ 

20 His_AhR_2.rv 3’-ATGCGGCCGCAAGCTTGTCGACCTGCAGG|TTAGTTGGTTGCCTCATACAACACAGC-5’ 

21 His_AhR_3.rv 3’-ATGCGGCCGCAAGCTTGTCGACCTGCAGG|TTAACTTGAAGCAGGATAGAGATAAATAGAC-5’ 

22 Arnt_1.rv 3’-GGTTTCTTTACCAGACTCGAGGGTACC|TTATTCCTGGCTAGAGTTCTTCACATTGG-5’ 

23 pET-21d_bHLH_AHR.fw 5’-TTTAAGAAGGAGATATACCATGGGA|GGAATCAAGTCAAATCCTTCCAAGC-3’ 

24 pET-21d_AhR_1.fw 5’-TTTAAGAAGGAGATATACCATGGGA|GGCCTGAACTTACAAGAAGGAGAATTC-3’ 

25 pET-21d_AhR_1.rv 3’-TCAGTGGTGGTGGTGGTGGTGCTCGAG|TTACTCATCTGTTAGTGGTCTCTGAGTTAC-5’ 

26 pET-21d_AhR_2.rv 3’-TCAGTGGTGGTGGTGGTGGTGCTCGAG|TTAGTTGGTTGCCTCATACAACACAGC-5’ 

27 pET-21d_AhR_3.rv 3’-TCAGTGGTGGTGGTGGTGGTGCTCGAG|TTAACTTGAAGCAGGATAGAGATAAATAGAC-5’ 

28 pET-SUMO_AhRf1.fw 5’-GCTCACAGAGAACAGATTGGTGGT|AATTTTATCTTTAGAACCAAACACA-3’ 

29 pET-SUMO_AhRf1.rv 3’-GCCGAATAAATACCTAAGCTTGTCT|TTATCGTTTTCGTAAATGCTC-5’ 

30 pET-SUMO_AhRf2.fw 5’-GCTCACAGAGAACAGATTGGTGGT|AACTTCATCTTCAGGACC-3’ 

31 pET-SUMO_AhRf2.rv 3’-GCCGAATAAATACCTAAGCTTGTCT|TTATCGCTTCTGTAAATGCTC-5’ 

32 pET-21d(+)_ARNT_1_fw 5’-TTTAAGAAGGAGATATACCATGGGA|CAGAGCTCTGCGGATAAAGAGAGACT-3’ 

33 pET-21d(+)_ARNT_1_rv 3’-TCAGTGGTGGTGGTGGTGGTGCTCGAGTTATTCCTGGCTAGAGTTCTTCACATTGG-5’ 

34 pET-21d(+)_ARNT_2_fw 5’-TTTAAGAAGGAGATATACCATGGGA|AAGCCATCTTTCCTCACTGATCAGG-3’ 

35 pET-21d(+)_ARNT_2_rv 3’-TCAGTGGTGGTGGTGGTGGTGCTCGAGTTCCTGGCTAGAGTTCTTCACATTGG-5’ 

36 AhRg1.fw 5’-GCAGCTGATATGGAATATTGTGCCGAG-3’ 
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# Name Sequence 

37 AhRg1.rv 3’-CTCGGCACAATATTCCATATCAGCTGC-5’ 

38 AhRg2.fw 5’-GCCGAGTCCCATCAACGAATGATTAAGACTGGA-3’ 

39 AhRg2.rv 3’-TCCAGTCTTAATCATTCGTTGATGGGACTCGGC-5’ 

40 AhRg3.fw 5’-GCAGCTGATATGGAATATTGTGCCGAGTCCCATCAACGAATGATTAAGACTGGA-3’ 

41 AhRg3.rv 3’-TCCAGTCTTAATCATTCGTTGATGGGACTCGGCACAATATTCCATATCAGCTGC-5’ 

 
 

Table 17. Primer sequences for the Mpro project. 

# Name Sequence 

1 Mpro_H41A.fw 5’-GTCTATTGCCCTCGTGCTGTCATCTGCACCTCT-3’ 

2 Mpro_H41A.rv 3’-AGAGGTGCAGATGACAGCACGAGGGCAATAGAC-5’ 

3 Mpro_C145A.fw 5’-TTCCTTAATGGCAGCGCTGGTTCGGTGGGCTTT-3’ 

4 Mpro_C145A.rv 3’-AAAGCCCACCGAACCAGCGCTGCCATTAAGGAA-5’ 

5 Mpro_F140P.fw 5’-ACGATCAAAGGCAGCCCCCTTAATGGCAGCTGT-3’ 

6 Mpro_F140P.rv 3’-ACAGCTGCCATTAAGGGGGCTGCCTTTGATCGT-5’ 

7 Mpro_F140A.fw 5’-ACGATCAAAGGCAGCGCCCTTAATGGCAGCTGT-3’ 

8 Mpro_F140A.rv 3’-ACAGCTGCCATTAAGGGCGCTGCCTTTGATCGT-5’ 

9 Mpro_DM.fw 5’-GCTCACAGAGAACAGATTGGTGGT|TCGGGGTTTCGCAAAATGGCGTTTCCG-3’ 

10 Mpro_DM.rv 3’-CCGAATAAATACCTAAGCTTGTCTTTA|CTGAAACGTGACACCGCTACACTG-5’ 
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List of crystallographic data collections 

Table 18. Summary of X-Ray data collections. 

# Date Beamline Nr. of crystals Constructs 

1 13-14/11/2020 ID23-2 32 MproWT + inhibitors 

2 09-10/12/2020 ID23-1 32 MproWT + inhibitors 

3 11-12/12/2020 ID30A3 - Same samples as above (recovery session) 

4 01-02/07/2021 ID23-2 32 MproWT + inhibitors (Masitinib, Vitas) 

5 02-03/03/2022 ID23-1 38 MproWT + inhibitors (Molport) 

6 04-05/06/2022 ID23-1 30 MproWT, MproDM + Inhibitors, peptides 

7 19-20/11/2022 ID23-1 26 MproF140P, MproF140A + Inhibitors, peptides 

8 28-29/01/2023 ID23-1 42 MproF140A, MproDM + Inhibitors, peptides 

9 11-12/03/2023 ID23-2 9 Tha1 

10 09-10/06/2023 ID23-2 48 MproF140P + Inhibitors 

 
All data collections were conducted remotely at the European Synchrotron Radiation 
Facility (ESRF), Grenoble, France. Crystals were manually fished from the crystalliza-
tion drops under a microscope and flash-frozen in liquid nitrogen. The frozen crystals 
mounted on their nylon loops were arranged either in SPINE pucks or in UNIPUCKs, 
put in a shipping dewar (dry shipper) and sent to ESRF. The crystals were maintained 
at 77 K from the flash-freezing process until the data collection at the beamline. 
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Data collection and structure statistics 

Table 19. Data collection and structure statistics for Mpro
Cdel 

Resolution range 28.47  - 2.17 (2.248  - 2.17) 

Space group P 21 21 21 

Unit cell 52.963 62.183 120.582 90 90 90 

Total reflections 39417 (3640) 

Unique reflections 21157 (1966) 

Multiplicity 1.9 (1.9) 

Completeness (%) 97.16 (91.85) 

Mean I/sigma(I) 9.19 (1.23) 

Wilson B-factor 45.19 

R-merge 0.05122 (0.5588) 

R-meas 0.07244 (0.7903) 

R-pim 0.05122 (0.5588) 

CC1/2 0.997 (0.626) 

CC* 0.999 (0.877) 

R-work 0.2158 (0.3446) 

R-free 0.2891 (0.4413) 

Number of non-hydrogen atoms 2775 

  protein 2712 

  ligands 5 

  solvent 58 

Protein residues 352 

RMS(bonds) 0.014 

RMS(angles) 1.34 

Ramachandran favored (%) 90.70 

Ramachandran allowed (%) 7.85 

Ramachandran outliers (%) 1.45 

Rotamer outliers (%) 2.61 

Average B-factor 54.57 

  protein 54.56 

  solvent 49.85 

 



 
 

 96 

Table 20. Data collection and structure statistics for Mpro
WT (new conformation) 

X-Ray source ID23-2, ESRF 

Wavelength (Å) 0.873130 

Resolution range 55.44  - 1.58 (1.61  - 1.58) 

Space group C2 

Unit cell 113.07 54.71 44.84 90.0 101.30 90.0 

Total reflections 145297 (7276) 

Unique reflections 36653 (1847) 

Multiplicity 4.0 (3.9) 

Completeness (%) 99.4 (99.5) 

Mean I/sigma(I) 9.2 (1.0) 

Wilson B-factor 23.7 

R-merge 0.070 (1.305) 

R-meas 0.081 (1.505) 

R-pim 0.040 (0.739) 

CC1/2 0.998 (0.357) 

R-work 0.1771 

R-free 0.2031 

Number of non-hydrogen atoms 2568 

  protein 2350 

  solvent 218 

RMS(bonds) 0.008 

RMS(angles) 0.868 

Ramachandran favored (%) 97.99 

Ramachandran allowed (%) 2.01 

Ramachandran outliers (%) 0.00 

Average B-factor  

  protein 32.6 

  solvent 43.1 

PDB code 7NIJ 
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Table 21. Data collection and structure statistics for Mpro
DM 

X-ray source ESRF ID23-1 

Wavelength (Å) 0.8856 

Sample Free form (apo) NSP4/5 co-cryst. NSP4/5 soak. NSP5/6 co-cryst. NSP14/15co-cryst. 

Space group C2 P1 C2 P212121 P212121 

N° molecule per ASU 1 2 1 2 2 

Cell dimensions      

   a, b, c (Å) 114.35, 53.24, 44.70 53.56, 61.36, 67.90 113.69, 52.19, 45.15 67.75, 99.04, 101.99 67.90, 99.03, 100.84 

   a, b, g (°) 90.00, 102.90, 90.00 92.21, 109.10, 108.38 90.00, 103.31, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00 

Resolution range (Å) 48.04-1.80 (1.84-1.80) 46.88-1.78 (1.81-1.78) 47.20-1.70 (1.73-1.70) 49.52-1.80 (1.84-1.80) 55.95-1.87 (1.91-1.87) 

Rmerge  0.076 (1.502) 0.038 (0.003) 0.068 (1.103) 0.077 (1.4607) 0.057 (0.907) 

Rmeas  0.083 (1.625) 0.045 (1.195) 0.075 (1.278) 0.081 (1.726) 0.067 (1.064) 

Rpim 0.031 (0.609) 0.024 (0.652) 0.031 (0.633) 0.025 (0.603) 0.034 (0.547) 

Total number of ob-

servations 

170902 (8756) 240323 (7094) 146742 (3491) 668786 (25605) 213122 (12099) 

Total number unique 24239 (1303) 68784 (2308) 26488 (911) 64002 (3564) 55875 (3408) 

Mean(I)/s(I) 11.3 (1.1) 13.8 (0.9) 11.9 (1.1) 16.1 (1.0) 10.5 (1.2) 

CC1/2 0.999 (0.495) 0.999 (0.665) 0.998 (0.487) 0.998 (0.485) 0.998 (0.536) 

Completeness (%) 99.4 (91.4) 93.1 (55.0) 93.3 (60.1) 99.5 (95.2) 98.4 (95.2) 

Multiplicity 7.1 (6.7) 3.5 (3.1) 5.5 (3.8) 10.4 (7.2) 3.8 (3.6) 

Wilson B estim. (Å2) 35.97 38.47 26.27 32.30 37.98 

Rwork/Rfree (%) 18.68/20.40 17.40/19.93 15.87/18.55 17.93/21.78 18.86/22.02 

Number of atoms 

   Protein 2365 4651 2376 4675 4710 

   Water 163 331 302 335 186 

Average B, all atoms  39.89 50.76 30.34 40.67 50.99 

RMSD      

   Bond lengths (Å) 0.007 0.018 0.004 0.014 0.006 

   Bond angles (°) 0.695 1.481 0.721 1.233 0.822 

Ramachandran statistics 

   Favored (%) 97.69 98.06 97.44 97.49 96.31 

   Allowed (%) 1.98 1.94 2.56 2.35 3.52 

   Outliers (%) 0.33 0 0 0.17 0.17 
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Table 22. Data collection and structure statistics for murine Tha1 

Data collection   

X-ray source ESRF ID23-2 

Wavelength (Å) 0.8731 

Space group F222 C2 

N° of molecules per ASU 1 2 

Cell dimensions   

a, b, c (Å) 83.69, 100.52, 171.26 83.97, 101.64, 95.96 

a, b, g (°) 90.00, 90.00, 90.00 90.00, 116.14, 90.00 

Resolution range (Å) 25.71 – 2.26 (2.33 – 2.26) 43.07 – 2.60 (2.72 – 2.60)  

Rmerge  0.084 (0.842) 0.104 (0.731) 

Rmeas  0.088 (0.887) 0.115 (0.804) 

Rpim 0.027 (0.272) 0.047 (0.325) 

Total number of observations 168470 (15409) 109798 (14100) 

Total number unique 17051 (1561) 21160 (2662) 

Mean(I)/s(I) 16.6 (1.5) 8.9 (1.4) 

CC1/2 0.998 (0.881) 0.996 (0.786) 

Completeness (%) 99.7 (99.9) 94.8 (98.0) 

Multiplicity 9.9 (9.9) 5.2 (5.3) 

Wilson B estimate (Å2) 46.4 65.3 

   

Refinement    

Resolution range (Å) 25.71 – 2.26 43.07 – 2.60 

Rwork/Rfree (%) 21.0/24.0 23.4/25.9 

Number of atoms   

Protein 2806 5536 

Water 57 29 

Average B, all atoms (Å2) 67.0 83.0 

RMSD   

Bond lengths (Å) 0.003 0.002 

Bond angles (°) 0.596 0.560 

Ramachandran statistics   

Favored (%) 95.4 95.8 

Allowed (%) 4.1 3.9 

Outliers (%) 0.5 0.3 

PDB entry 8PUS 8PUM 
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The SARS-CoV-2 main protease (Mpro) has a pivotal role in mediating viral

genome replication and transcription of the coronavirus, making it a promising

target for drugs against the COVID-19 pandemic. Here, a crystal structure is

presented in which Mpro adopts an inactive state that has never been observed

before, called new-inactive. It is shown that the oxyanion loop, which is involved

in substrate recognition and enzymatic activity, adopts a new catalytically

incompetent conformation and that many of the key interactions of the active

conformation of the enzyme around the active site are lost. Solvation/

desolvation energetic contributions play an important role in the transition

from the inactive to the active state, with Phe140 moving from an exposed to a

buried environment and Asn142 moving from a buried environment to an

exposed environment. In new-inactive Mpro a new cavity is present near the S20

subsite, and the N-terminal and C-terminal tails, as well as the dimeric interface,

are perturbed, with partial destabilization of the dimeric assembly. This novel

conformation is relevant both for comprehension of the mechanism of action of

Mpro within the catalytic cycle and for the successful structure-based drug design

of antiviral drugs.

1. Introduction

To face the global COVID-19 pandemic, besides prevention

via the use of vaccines, it is also essential to develop targeted

therapeutic options for patients infected by the SARS-CoV-2

betacoronavirus. In general, one of the most promising classes

of antiviral drug candidates are protease inhibitors, small

molecules that are able to inhibit enzymes involved in virus

replication within the cell. Very low sequence identity with

human proteases and distinct cleavage-site specificities suggest

that viral enzymes can be inhibited with very low associated

toxic effects (‘off-target’ effects), if any. Indeed, protease

inhibitors have already been efficient in the treatment of viral

pathogens such as hepatitis C virus (Pol & Corouge, 2014) and

human immunodeficiency virus (HIV; Skwarecki et al., 2021).

In coronaviruses, the main protease, Mpro, is a cysteine

peptidase that is essential for the replication cycle of positive-

sense, single-stranded RNA coronaviruses (Xia & Kang,

2011), including SARS-CoV-2. It is also known as 3C-like

protease or 3CLpro from the similarity of its active site and its

substrate specificity to those of the picornavirus 3C protease

(Anand et al., 2002). Mpro is involved in the proteolytic

processing of the two overlapping polyproteins pp1a and

pp1ab, with the formation of individual mature nonstructural
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proteins (Snijder et al., 2016), and as such it is a validated

antiviral drug target (Dai et al., 2020; Günther et al., 2021;

Ullrich & Nitsche, 2020). Currently, there are at least two

SARS-CoV-2 Mpro inhibitors in phase I clinical trials as

candidates with potent antiviral activity: the orally adminis-

tered PF-07321332 (Pavan et al., 2021) and the intravenously

administered PF-00835231 (Ahmad et al., 2021).

SARS-CoV-2 Mpro (nsp5), a 306-amino-acid polypeptide of

molecular weight 33.8 kDa (Wu et al., 2020), shares 96%

sequence identity and a very similar 3D structure with SARS-

CoV Mpro [0.53 Å r.m.s.d. between PDB entries 6y2e (Zhang

et al., 2020) and 2bx4 (Tan et al., 2005)]. Very similar 3D

structures have also been found for other coronaviral Mpros

such as those from Porcine transmissible gastroenteritis virus

(TGEV), which was the first structure of a coronaviral Mpro

(Anand et al., 2002), Human coronavirus (HCoV) strain 229E

(Anand et al., 2003), Infectious bronchitis virus (IBV; Xue et

al., 2008) and MERS-CoV (Ho et al., 2015). This structural

similarity, which is particularly relevant around the active site,

leads to the possibility of the development of pan-coronaviral

drugs.

Mpro exists in an equilibrium between a monomer and a

homodimer (with the two protomers roughly perpendicularly

oriented; Fig. 1a), with an apparent Kd of between 0.8 and

14 mM for the SARS-CoV enzyme, depending on the experi-

mental conditions (Chen et al., 2006). For SARS-CoV-2 Mpro,

the Kd has been estimated to be 2.5 mM by analytical ultra-

centrifugation (Zhang et al., 2020) and 0.14 mM by native mass

spectrometry (El-Baba et al., 2020). Unlike 3C protease, only

the SARS-CoV Mpro dimer shows enzymatic activity (Anand

et al., 2002) and the correct shape of the substrate-binding site,

particularly of the S1 subsite; the correct conformation for

productive catalytic events is linked to the dimerization

process. It has been proposed that the dimerization process

has a direct regulatory role of the activity of Mpro during the

coronaviral replication process (Hsu et al., 2005; Li et al.,

2016). Given the high structural similarity, particularly at the

dimeric interface, it was reasoned that dimerization of the

enzyme is also necessary for the catalytic activity of SARS-

CoV-2 Mpro (Zhang et al., 2020),

Each Mpro protomer is composed of three structural

domains (Fig. 1a; Anand et al., 2002). The chymotrypsin-like

and 3C protease-like !-barrel domains I (residues 1–99) and II

(residues 100–182) directly control the catalytic event. The

substrate-binding site is between these two domains and

comprises several subsites for substrate binding (from S1 to S6

and from S10 to S30), corresponding to the P1–P6 and P10–P30

amino-acid positions of the substrates (according to the

convention P6–P5–P4–P3–P2–P1#P10–P20–P30, where # indi-

cates the hydrolyzed peptide bond; Anand et al., 2003).

Enzymatic proteolysis by SARS-CoV-2 Mpro at the 11 clea-

vage sites on the viral polyprotein occurs on the C-terminal

side of a conserved glutamine in position P1, with the most

common consensus sequence being Leu-Gln#(Ser/Ala), indi-

cating that specificity is determined mostly by the P2, P1 and

P10 positions (Ullrich & Nitsche, 2020). Glutamine in position

P1 is fully conserved not only for SARS-CoV-2 but also in

substrates of SARS-CoV and MERS-CoV. Prime recognition

sites at the C-terminus of P10 are not conserved. Mpro subsites

S4, S2, S1 and S10 have been identified as the most relevant
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Figure 1
SARS-CoV-2 Mpro architecture, free form (PDB entry 6y2e). (a) Dimeric assembly of the protease with the main structural features discussed in the text
highlighted. Protomer A is in blue-based colors and protomer B is in yellow/red-based colors. The two oxyanion loops and the two catalytic cysteines 145
are shown in green. (b) Comparison between different oxyanion-loop conformations of Mpro: active in SARS-CoV-2 Mpro (PDB entry 6y2e) in pink,
collapsed-inactive in SARS-CoV Mpro (PDB entry 1uj1 chain B) in magenta and new-inactive in SARS-CoV-2 Mpro (this work) in green.



subsites for substrate binding, with regions in the S5, S4 and

S2 sites showing considerable conformational flexibility upon

binding different chemical groups (Kneller, Galanie et al.,

2020). The chymotrypsin-like fold, including domains I and II,

is connected by a 16-residue flexible loop to the extra "-helical

domain III (residues 198–306; Fig. 1a). Domain III is absent in

other RNA virus 3C-like proteases and plays a key role in

enzyme dimerization and activity regulation of Mpro (Anand et

al., 2002; Shi & Song, 2006).

At variance with the classical catalytic triad of chymo-

trypsin-like proteases, coronaviral Mpro has a catalytic dyad,

consisting of His41 and Cys145 in SARS-CoV-2 (Fig. 1a); a

conserved water molecule occupies a position analogous to

that of the side chain of the third member of the catalytic triad

(for instance, aspartate in chymotrypsin and asparagine in

papain) and forms hydrogen bonds to the side chains of His41,

His164 and Asp187. It has been proposed that this conserved

water is involved in the catalytic event (Anand et al., 2002).

A key role in the proper function of the enzyme is also

played by the N-finger (residues 1–7) as the N-terminal tail of

one protomer interacts and stabilizes the binding site (S1

subsite) of the other protomer (Verschueren et al., 2008).

Indeed, deletion of the N-finger hampers dimerization in

solution and abolishes the proteolytic activity. Both the

N-finger and the C-terminus are results of the autoproteolytic

processing of Mpro. Accordingly, in the mature dimeric enzyme

both termini of one protomer face the active site of the other.

The important conserved residues Phe140, Leu141, Asn142

and Ser144 (SARS-CoV-2 numbering) are part of a structural

element that is essential for a productive catalytic event, the

so-called oxyanion loop comprising residues 138–145, which

globally lines the binding site for glutamine P1. The central

role of the oxyanion loop in the catalytic reaction mechanism

of serine proteases and cysteine proteases has been exten-

sively characterized (Frey & Hegeman, 2007). The correct

positioning of the oxyanion hole, which is part of the oxyanion

loop (formed by the backbone of Gly143, Ser144 and Cys145

in SARS-CoV-2 Mpro), is essential for stabilization of the

transient tetrahedral acyl (oxyanion) transition state via the

hydrogen-bond donor properties of the amides (Anand et al.,

2002; Lee et al., 2020; Verschueren et al., 2008). In the known

crystal structures of SARS-CoV and SARS-CoV-2 Mpro, the

oxyanion loop adopts essentially the same ‘active’ conforma-

tion; here, we take PDB entry 6y2e as a reference for this

conformation (Douangamath et al., 2020; Jin, Du et al., 2020;

Jin, Zhao et al., 2020; Zhang et al., 2020). A specific confor-

mation is defined to be active when the amino acids known to

participate in the chemical reaction catalyzed by the enzyme

are properly positioned and oriented for the reaction to

proceed. We also term this conformation catalytically

competent.

Variations from the active conformation of the oxyanion

loop are found in a few forms of the enzyme, which were

consequently considered to be inactive or catalytically

incompetent, as in protomer B of SARS-CoV Mpro (PDB

entries 1uj1 and 1uk2; Yang et al., 2003), in the monomeric

R298A mutant of SARS-CoVMpro (PDB entry 2qcy; Shi et al.,

2008) and in the C172A mutant of 3Cpro from the picornavirus

hepatitis A virus (Allaire et al., 1994), as well as in IBV 3CLpro

(PDB entries 2q6f and 2q6d; Xue et al., 2008). In the inactive

monomeric R298A mutant (PDB entry 2qcy), the region of

the oxyanion loop, Ser139-Phe140-Leu141, is converted into a

short 310-helix. In PDB entry 1uj1 (SARS-CoV Mpro crystal-

lized at pH 6) the oxyanion loop of one of the two protomers

exists in a ‘collapsed’ conformation (similar to that found in

PDB entry 2qcy), which is considered to be catalytically

incompetent, in which the hydrogen bond between Glu166

and His172 that is important for activity is broken (Yang et al.,

2003). In the following, we will refer to these two inactive

conformations with similar oxyanion-loop conformations as

collapsed-inactive (Fig. 1b).

In the vast majority of SARS-CoV and SARS-CoV-2 Mpro

crystal structures, the dimer is crystallographic (Jaskolski et al.,

2021); that is, there is only one molecule in the asymmetric

unit and therefore the two protomers are perfectly identical.

In the very few inactive structures, apart from the artificially

induced monomeric forms, the dimer is formed by two

different molecules present in the asymmetric unit, one of

which is in the inactive state and the other of which is in the

active state. Based on molecular-dynamics simulations

coupled to activity data in solution, it was suggested that only

one protomer at a time is active in the dimer (Chen et al.,

2006).

Here, we describe a new inactive structure (called new-

inactive) of the main protease of SARS-CoV-2 that is clearly

distinct from both the active and the known collapsed-inactive

structures, with an oxyanion-loop conformation that is very

different from those previously described (Fig. 1b). In Section

4, we argue that this conformation has an important functional

role as part of the catalytic cycle of coronaviral Mpro.

2. Materials and methods

2.1. Recombinant protein production and purification

The plasmid PGEX-6p-1 encoding SARS-CoV-2 Mpro

(Zhang et al., 2020) was a generous gift from Professor Rolf

Hilgenfeld, University of Lübeck, Lübeck, Germany.

Recombinant protein production and purification were

adapted from Zhang et al. (2020) (where the structure of Mpro

in the active form was presented; PDB entry 6y2e). The

expression plasmid was transformed into Escherichia coli

strain BL21 (DE3) and then precultured in YT medium at

37"C (100 mg ml#1 ampicillin) overnight. The preculture was

used to inoculate fresh YT medium supplemented with anti-

biotic and the cells were grown at 37"C to an OD600 of 0.6–0.8

before induction with 0.5 mM isopropyl !-d-1-thiogalacto-

pyranoside (IPTG). After 5 h at 37"C, the cells were harvested

by centrifugation (5000g, 4"C, 15 min) and frozen. The pellets

were resuspended in buffer A (20 mM Tris, 150 mM NaCl pH

7.8) supplemented with lysozyme, DNase I and PMSF for lysis.

The lysate was clarified by centrifugation at 12 000g at 4"C for

1 h and loaded onto a HisTrap HP column (GE Healthcare)

equilibrated with 98% buffer A/2% buffer B (20 mM Tris,
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150 mM NaCl, 500 mM imidazole pH 7.8). The column was

washed with 95% buffer A/5% buffer B, and His-tagged Mpro

was then eluted with a linear gradient of imidazole from 25 to

500 mM. Pooled fractions containing the target protein were

subjected to buffer exchange with buffer A using a HiPrep

26/10 desalting column (GE Healthcare). Next, PreScission

protease was added to remove the C-terminal His tag (20 mg of

PreScission protease per milligram of target protein) at 12"C

overnight. The protein solution was loaded onto a HisTrap HP

column connected to a GSTrap FF column (GE Healthcare)

equilibrated in buffer A to remove the GST-tagged Pre-

Scission protease, the His tag and the uncleaved protein. Mpro

was finally purified using a Superdex 75 prep-grade 16/60 SEC

column (GE Healthcare) equilibrated with buffer C (20 mM

Tris, 150 mM NaCl, 1 mM EDTA, 1 mM DTT pH 7.8). Frac-

tions containing the target protein with high purity were

pooled, concentrated to 25 mg ml#1 and flash-frozen in liquid

nitrogen for storage in small aliquots at #80"C.

2.2. Protein characterization and enzymatic kinetics

The correctness of the Mpro DNA sequence was verified by

sequencing the expression plasmid. The molecular mass was

determined as follows: recombinant SARS-CoV-2 Mpro,

diluted in 50% acetonitrile with 0.1% formic acid, was

analyzed by direct infusion electrospray ionization (ESI) on

a Xevo G2-XS QTOF mass spectrometer (Waters). The

detected species displayed a mass of 33 796.64 Da, which very

closely matches the value of 33 796.81 Da calculated from the

theoretical full-length protein sequence (residues 1–306). A

representative ESI-MS spectrum is shown in Supplementary

Fig. S1. To characterize the enzymatic activity of our recom-

binant Mpro, we adopted a FRET-based assay using the

substrate 5-FAM-AVLQ#SGFRK(DABCYL)K (Proteo-

genix). The assay was performed by mixing 0.05 mMMpro with

various concentrations of substrate (1–128 mM) in a buffer

composed of 20 mM Tris, 100 mM NaCl, 1 mM EDTA, 1 mM

DTT pH 7.3. Fluorescence intensity (excitation at 485 nm and

emission at 535 nm) was monitored at 37"C with a VictorIII

microplate reader (Perkin Elmer). A calibration curve was

created by measuring multiple concentrations (from 0.001 to

5 mM) of free fluorescein in a final volume of 100 ml reaction

buffer. Initial velocities were determined from the linear

section of the curve, and the corresponding relative fluores-

cence units per time unit (!RFU s#1) were converted to the

amount of cleaved substrate per time unit (mM s#1) by fitting

to the calibration curve of free fluorescein. The catalytic effi-

ciency kcat/Km was 4819 $ 399 s#1 M#1, which is in line with

literature data (Ma et al., 2020; Zhang et al., 2020).

2.3. Crystallization and data collection

A frozen aliquot of Mpro was thawed in ice, diluted in a 1:2

ratio with buffer C (20 mM Tris, 150 mM NaCl, 1 mM EDTA,

1 mM DTT pH 7.8) to a final concentration of 12.5 mg ml#1

and clarified by centrifugation at 16 000g. The inhibitors

masitinib, manidipine, bedaquiline and boceprevir were

dissolved in 100% DMSO to a concentration of 100 mM. The

protein was crystallized both in the free form and in the

presence of inhibitors by co-crystallization. In all cases, final

crystal growth was obtained by microseeding starting from

small crystals of the free enzyme. The protein in the free form

was crystallized using the sitting-drop vapor-diffusion method

at 18"C, mixing 1.0 ml Mpro solution with 1.0 ml precipitant

solution [0.1 M MMT (dl-malic acid, MES and Tris base in a

1:2:2 molar ratio) pH 7.0, 25% PEG 1500] and 0.2 ml seed

stock (diluted 1:500, 1:1000 or 1:2000 with precipitant solu-

tion) and equilibrating against a 300 ml reservoir of precipitant

solution. Crystals appeared overnight and grew for 48 h after

the crystallization drops had been prepared. In the case of

co-crystallization, Mpro was incubated for 16 h at 8"C with a

13-fold molar excess of inhibitor (final DMSO concentration

5%). After incubation with masitinib, manidipine or beda-

quiline, a white precipitate appeared and the solutions were

clarified by centrifugation at 16 000g; as the protein concen-

tration was essentially unchanged after centrifugation, we

concluded that the precipitate is composed of the inhibitors,

which are poorly soluble in water. The fact that the protein

was later crystallized under the same conditions as described

for the free form further confirmed that its concentration was

not altered by the centrifugation process. For data collections,

crystals were fished from the drops, cryoprotected by a quick

dip into 30% PEG 400 (with 5 mM inhibitor in the case of co-

crystals) and flash-cooled in liquid nitrogen. The crystals were

monoclinic (space group C2), isomorphous to the crystals of

the free enzyme (PDB entry 6y2e), with one monomer in the

asymmetric unit; the dimer is formed by the crystallographic

twofold axis.

2.4. Structure determination, refinement and analysis

Data were collected on beamlines ID23-2 and ID23-1 at the

ESRF. Diffraction data integration and scaling were

performed with XDS (Kabsch, 2010) and data reduction and

analysis were performed with AIMLESS (Evans &

Murshudov, 2013). Initially, structures were solved by mole-

cular replacement (MR) with Phaser (McCoy et al., 2007) in

Phenix (Liebschner et al., 2019) using PDB entries 6y2e and

5rel (Mpro in complex with PCM-0102340; Douangamath et al.,

2020) as search models. To limit MR model bias in critical

zones (namely residues 139–144, 1–3 and the side chain of

His163) we then performed new MR runs using PDB entry

6y2e without residues 139–144 and 1–3, and with an alanine

instead of a histidine at position 163, as the search model. Only

for co-crystallization experiments with boceprevir was elec-

tron density for the ligand clearly visible from the beginning of

the refinement (Supplementary Figs. S2 and S3), and the three

final structures, modeled from residues 1 to 306 (compared

with the ‘new’ structure modeled to residue 301), are virtually

identical to those deposited in the PDB (Fu et al., 2020). In all

of the other cases, no electron density indicating the presence

of the inhibitors masitinib, manidipine or bedaquiline in the

active site (or elsewhere) was detectable. For four structures, it

was possible to efficiently model residues 139–144, 1–3 and the

side chain of His163 in ‘new’ conformations. The final struc-
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tures were obtained by alternating cycles of manual refine-

ment with Coot (Emsley et al., 2010) and automatic refinement

with phenix.refine (Afonine et al., 2012). At the end, the model

was submitted to phenix.ensemble_refinement (Burnley et al.,

2012) with default parameters. Data-collection and refinement

statistics for the structure obtained by a co-crystallization

experiment with masitinib (which was not visible in the final

electron density) are reported in Table 1. Secondary-structure

analysis was performed with DSSP (Kabsch & Sander, 1983;

Touw et al., 2015). Local energetic frustration analysis

was performed with the Frustratometer server (http://

frustratometer.qb.fcen.uba.ar; Parra et al., 2016). Interface

analysis was performed using PISA (Krissinel & Henrick,

2007).

2.5. Molecular modeling

The majority of the computational work was performed on

a Linux desktop workstation (Intel Xeon CPU E5-1620

3.60 GHz) running Ubuntu 16.04 LTS. Molecular-dynamics

trajectories were collected on a heterogeneous Nvidia GPU

cluster composed of 20 GPUs with models spanning from

GTX1080 to RTX2080Ti. For structure preparation, coordi-

nates of the active conformation of SARS-CoV-2 Mpro were

retrieved from the Protein Data Bank (PDB entry 6y2e).

Coordinates for both the active and the new-inactive confor-

mation were processed with the aid of the Molecular

Operating Environment (MOE) 2019.01 (Chemical

Computing Group) structure-preparation tool. Initially, the

functional unit of the protease (the dimeric form) was restored

by applying a symmetric crystallographic transformation to

each asymmetric unit. Residues with alternate conformations

were assigned to the highest occupancy alternative. Moreover,

missing residues that are present in the primary sequence were

added using the MOE Loop Modeler tool. The MOE

Protonate3D tool was used to assign the most probable

protonation state to each residue (pH 7.4, T = 310 K, i.f. =

0.154). Partial charges were then assigned using the

AMBER10 force field and H atoms were energy-minimized

until the gradient was below 0.1 kcal mol#1 Å#2. Finally, ions

and all co-crystallized molecules except for water were

removed before saving the structures. The system setup for the

MD simulations was carried out using the antechamber,

parmchk and tleap software implemented in the Amber-

Tools14 suite (Case et al., 2005). AMBER ff14SB (Maier et al.,

2015) was adopted for system parametrization and attribution

of partial charges. Protein structures were explicitly solvated

in a rectangular prismatic TIP3P (Jorgensen et al., 1983)

periodic water box with borders placed at a distance of 15 Å

from any protein atom. Na+ and Cl# ions were added to

neutralize the system until a salt concentration of 0.154 M was

reached. MD simulations were then performed using

ACEMD3 (Harvey et al., 2009), which is based upon an

OpenMM 7.4.2 engine (Eastman et al., 2017). Initially, 1000

steps of energy minimization were executed using the conju-

gate-gradient algorithm. A two-step equilibration procedure

was then carried out: the first step consisted of a 1 ns canonical

ensemble (NVT) simulation with 5 kcal mol#1 Å#2 harmonic

positional constraints applied to each protein atom, while the

second step consisted of a 1 ns isothermal–isobaric (NPT)

simulation with 5 kcal mol#1 Å#2 harmonic positional

constraints applied only to protein C" atoms. The production

phase consisted of three independent MD replicas for each

protein conformation. Each simulation had a duration of 1 ms

and was performed using the NVT ensemble at a constant

temperature of 310 K with a timestep of 2 fs. For both the

equilibration and the production stage, the temperature was

maintained constant using a Langevin thermostat. During the

second step of the equilibration stage, the pressure was

maintained at a fixed value of 1 atm with a Monte Carlo

barostat. MD trajectories were aligned using protein C" atoms

from the first trajectory frame as a reference, wrapped into an

image of the system under periodic boundary conditions

(PBC), and subsequently saved using a 200 ps interval

between each frame and removing any ions and water mole-

cules using Visual Molecular Dynamics 1.9.2 (VMD;

Humphrey et al., 1996). The protein radius of gyration (Rg),

the root-mean-square deviation (r.m.s.d.) and the root-mean-

square fluctuation (r.m.s.f.) of atomic positions along the

trajectory were calculated for protein C" atoms exploiting the
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Table 1
X-ray diffraction data-processing and model-refinement statistics.

Values in parentheses are for the highest resolution shell.

Data collection
X-ray source ID23-2, ESRF
Wavelength (Å) 0.873130
Space group C2
a, b, c (Å) 113.07, 54.71, 44.84
", !, # (") 90.00, 101.30, 90.00
Resolution range (Å) 55.44–1.58 (1.61–1.58)
Rmerge 0.070 (1.305)
Rmeas 0.081 (1.505)
Rp.i.m. 0.040 (0.739)
Total No. of observations 145297 (7276)
No. of unique observations 36653 (1847)
Mean I/$(I) 9.2 (1.0)
CC1/2 (%) 99.8 (35.7)
Completeness (%) 99.4 (99.5)
Multiplicity 4.0 (3.9)
Wilson B estimate (Å2) 23.7

Refinement
Resolution range (Å) 55.44–1.58
Rwork/Rfree (%) 17.71/20.31
No. of atoms
Protein 2350
Water 218

B factors (Å2)
Protein 32.6
Water 43.1

R.m.s.d.
Bond lengths (Å) 0.008
Bond angles (") 0.868

Coordinate error (maximum-likelihood-
based by Phenix) (Å)

0.21

Ramachandran statistics
Favored (%) 97.99
Allowed (%) 2.01
Outliers (%) 0.00

PDB code 7nij
Ensemble refinement
No. of models 60
Rwork/Rfree (%) 15.47/20.80



MDAnalysis (Gowers et al., 2016; Michaud-Agrawal et al.,

2011) Python module. Secondary-structure analysis was

carried out with the STRIDE package (Frishman & Argos,

1995) as implemented in VMD 1.9.2. The collected data were

then plotted using the Matplotlib Python library (Hunter,

2007).

Furthermore, two classic MD simulations were performed

on the complexes obtained by superposing the coordinates of

peptide ligands from PDB entries 2q6g and 7khp on the

new-inactive conformation of SARS-CoV-2 MPro using MOE

2019.01. For each peptide–ligand complex, a two-stage equi-

libration protocol followed by a single productive simulation

was carried out. The first equilibration step consisted of

a 0.1 ns canonical ensemble (NVT) simulation with

5 kcal mol#1 Å#2 harmonic positional constraints applied to

each protein atom, while the second equilibration step

consisted of a 0.5 ns isothermal–isobaric (NPT) simulation

with 5 kcal mol#1 Å#2 harmonic positional constraints applied

only to protein C" atoms. For both equilibration simulations,

the temperature was maintained constant (T = 310 K) using a

Langevin thermostat, while during the second equilibration

stage the pressure was kept at a constant value of 1 atm using a

Monte Carlo barostat. The productive simulation was carried

out for 10 ns in the NVT ensemble (T = 310 K).

3. Results

3.1. Identification of a new-inactive conformation of Mpro

In a campaign to obtain structural insights into SARS-CoV-2

Mpro, we analyzed 27 different data sets to determine crystal

structures of Mpro in complex with different inhibitors, among

which were masitinib, manidipine and bedaquiline (Ghahre-

manpour et al., 2020). As ‘positive’ controls (i.e. structures that

were already known), we considered ligand-free Mpro and

Mpro in complex with the known "-ketoamide covalent

reversible inhibitor boceprevir, an approved HCV drug that is

also able to bind to SARS-CoV-2 Mpro (Fu et al., 2020). Mpro

samples were produced and crystallized in parallel, with very

similar experimental procedures, analogous to those of the

active enzyme (PDB entry 6y2e; Zhang et al., 2020; see Section

2). Almost all tested crystals were monoclinic (space group C2,

with unit-cell parameters a ’ 113.1, b ’ 54.7, c ’ 44.8 Å,

" = 90.0, ! ’ 101.3, # = 90.0"), isomorphous to the crystals of

the free active enzyme (PDB entry 6y2e; Zhang et al., 2020)

and to most of the deposited Mpro structures, signifying the

same crystal contacts. After successful molecular replacement

and a first round of refinement, in most cases (including the

complex with boceprevir) electron density was clearly visible

for the entire sequence, indicating a protein matrix with a very

similar structure to the search models (PDB entries 6y2e and

5rel; Douangamath et al., 2020). However, there were a

significant number of cases, around ten, in which the electron

density was of much lower quality or was even absent in

particular portions of the protein, namely residues 139–144 of

the oxyanion loop, residues 1–3 of the N-finger and the side

chain of His163 in the S1 specificity subsite, all of which are

residues that are part of the active site. To cope with the

known molecular-replacement bias problem and to correctly

rebuild the ambiguous parts, we performed new MR runs

using PDB entry 6y2e deprived of residues 139–144 and 1–3,

and with an alanine instead of a histidine at position 163 (to

remove the His side chain), as a search model. This allowed us

to confirm perturbations in the conformation of the selected

areas for ten structures, while clear electron density was visible

for the remaining cases with the oxyanion loop unambiguously

in the active conformation (Supplementary Figs. S2 and S3). In

some cases, the electron density was so poor that the tracing of

the chain was very problematic, and it was not possible to

reliably rebuild the mobile zones entirely (Supplementary Fig.

S2b). For four structures, it was possible to efficiently model

residues 139–144, residues 1–3 and the side chain of His163 in

‘new’ conformations (‘new’ because there are no equivalents

in Mpro structures deposited in the PDB) that differ from the

active conformations and also from the collapsed-inactive

conformations, including PDB entry 2qcy, where the oxyanion

loop adopts a 310-helix conformation (Supplementary Fig.

S2c). In this regard, comprehensive analyses of the available

SARS-CoV and SARS-CoV-2 Mpro crystal structures have

recently appeared in the literature (Behnam, 2021; Brzezinski

et al., 2021; Jaskolski et al., 2021; Wlodawer et al., 2020). In no

case was a conformation analogous to that presented here

described, confirming our assessment of a new-inactive state.

The most relevant structures discussed here are reported in

Supplementary Table S1.

In summary, we found three different conformational states

for the oxyanion loop: active (Supplementary Fig. S2a), flex-

ible (i.e. with poor electron density; Supplementary Fig. S2b)

and, strikingly, a new-inactive state (Supplementary Fig. S2c).

A comparison of the known active and collapsed-inactive

conformations with the new-inactive conformation presented

here is shown in Fig. 1(b).

The new-inactive structures were derived solely from crys-

tals obtained using Mpro pre-incubated with the inhibitors

masitinib, manidipine or bedaquiline, but in no case was

electron density indicating the presence of the inhibitors

detected. This is explainable by the medium/high IC50 (in the

range 2.5–19 mM; Drayman et al., 2021; Ghahremanpour et al.,

2020) and the very low aqueous solubility of the molecules

(when inhibitors in 100% DMSO were added to the protein

solution, visible white precipitates appeared). It is tempting to

speculate that the presence of these inhibitors in solution plays

a role in favoring the selection of the new-inactive confor-

mation by the crystallization process. Some structures of

crystals from co-crystallization experiments with masitinib or

manidipine, again without any evidence for the presence of the

ligand in the binding site, show the oxyanion active confor-

mation. This indicates that these molecules, although favoring

the new state, are not strict determinants for its formation. In

the free form of the enzyme (from crystallization experiments

with no ligands), we obtained structures with very clear elec-

tron density for the oxyanion loop, as shown in Supplementary

Fig. S2(a), with low local B factors in the refined model, but

also structures with a very ‘destabilized’, mobile oxyanion
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loop, as in Supplementary Fig. S2(b), with much higher B

factors in the final model. This suggests that the high flexibility

of the oxyanion loop is an intrinsic property of the free

enzyme and is not artificially induced by the presence of

ligands in the crystallization experiments.

Here, we describe only one of the structures of Mpro

determined in the new-inactive conformation, which was

obtained by co-crystallization experiments with masitinib (no

relevant differences exist among the four new-inactive Mpro

structures). Data-collection and final model statistics are

reported in Table 1; final electron densities for the most

relevant regions discussed in the text are shown in Fig. 2.

Unlike in other inactive structures of the enzyme, in which

only one protomer adopts the inactive conformation, the

dimeric arrangement of the new structure is due to a crystal-

lographic symmetric axis, and the two subunits are therefore

identical and both inactive.

3.2. The oxyanion loop adopts a novel inactive conformation

The most striking property of the new structure is the

significantly different conformational state of the oxyanion

loop (Figs. 1 and 3), which is essential for stabilization of the

tetrahedral acyl (oxyanion) transition state during the cata-

lytic cycle. The loop backbone is stabilized by many hydrogen

bonds in the new state (Fig. 3a). According to the DSSP

standardized secondary-structure assignment (Kabsch &

Sander, 1983; Touw et al., 2015), in the new oxyanion loop
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Figure 2
Final electron densities for the most relevant regions of new-inactive Mpro. 2Fo # Fc maps contoured at the 1.0$ level are shown. (a) and (b) show two
views of the final electron density for the oxyanion loop in the new conformation. Leu141 and the solvent-exposed Phe140 and Lys137 side chains have
incomplete densities indicating various degrees of flexibility. (c) Simulated-annealing omit map (oxyanion-loop residues 138–146 were omitted) viewed
as in (b). (d) Electron density in the inter-protomer (intra-dimer) interaction area between the oxyanion loop of one protomer and the N-finger of the
other protomer (residues Ser10–Met60).



there are two consecutive ‘3-turns’ (!-turns) with hydrogen

bonds between Leu141 CO and Ser144 NH and between

Ser144 CO and Ser147 NH. This region is further stabilized by

a ‘4-turn’ ("-turn) with a hydrogen bond between Ser139 CO

and Gly143 NH. DSSP does not recognize any 310-helical

segments in the oxyanion loop (as present in the inactive PDB

entry 2qcy).

There are other hydrogen bonds involving the backbone

that stiffen the oxyanion loop: between Cys145 CO and

Asn28 NH, between His163 CO and Gly146 NH and between

Ser147 CO and His163 NH (Fig. 3a). As a result, the new

conformation appears to be quite stable and rigid, as

confirmed by the good quality of the local electron density

(Fig. 2 and Supplementary Fig. S2c).

To analyze the energetics of the local contacts, we

performed an energetic frustration analysis (Parra et al., 2016)

on the active and new-inactive conformations. The concept of

local frustration in protein structure refers to possible residual

energetic conflicts in local interactions in folded proteins,

using a ‘frustration index’ that measures how favorable a

particular contact is relative to the set of all possible contacts

in that location (Chen et al., 2020). The ‘principle of minimal

frustration’ assumes that proteins find their native state by

minimizing the internal energetic conflicts within their poly-

peptide chain (Bryngelson & Wolynes, 1987). The degree of

frustration is therefore dependent on the type of amino acids

involved in the interaction. Local violations of this principle

have been recognized to be important to exert the proper

biological functions, specifically around the active sites of

protein enzymes (Freiberger et al., 2019). Analysis of the local

configurational frustration of the most interesting contacts

around the active site of active and new-inactive Mpro is shown

in Supplementary Table S2. In both conformations, the cata-

lytic Cys145 is a minimally frustrated ‘hub’ (here we call a

position with %10 minimally frustrated interactions a mini-

mally frustrated hub), with a small prevalence of interactions

in the active conformation. On the other hand, the difference

for Phe140 is striking: eight minimally frustrated interactions

are present in active Mpro (where it is buried in a hydrophobic

pocket) as opposed to no interactions in new-inactive Mpro

(where it is solvent-exposed). Differences between the two

structures are also evident for other amino acids of the

oxyanion loop, namely Leu141, Gly143 and Ser144, indicating

their diverse involvement in the local energetic contributions.

The oxyanion loop of inactive Mpro has a larger number of

minimally frustrated interactions with Cys117. This residue is a

minimally frustrated hub in both conformations; however,

given the higher number of minimally frustrated interactions

in new-inactive Mpro (18 versus ten), Cys117 seems to play an

important role in the stabilization of the new-inactive

conformation. Internal to the oxyanion loop there is also a

highly frustrated (unfavorable) interaction involving Leu141,

with Ser139 in new-inactive Mpro and with Ser144 in active

Mpro. This suggests that Leu141 may be important in switching

between the two conformations.

3.3. Many key interactions of the active enzyme are lost in

new-inactive Mpro

The correct location of Phe140, Leu141, Asn142, Ser144,

Tyr161, His163, Met165, Glu166 and His172 (as seen in the

active PDB entry 6y2e, for instance) is an absolute require-

ment for the reaction catalyzed by Mpro to properly proceed,

with special reference to stabilization of the tetrahedral acyl-

intermediate (Anand et al., 2002;

Lee et al., 2020; Verschueren et

al., 2008). Notably, all of these

residues are conserved among

known coronaviral Mpros, under-

lining their importance. In the

new structure of Mpro most of

these residues move away from

the ‘active location’: Phe140,

Leu141, Asn142 and Ser144

because of displacement of the

oxyanion loop (Fig. 3b) and

His163 and His172 because of

rotation of their side chains

(Fig. 4).

Specifically, Asn142 C" and

the side chain of Phe140 are

remarkably shifted from the

active position by 9.8 and 7.5 Å,

respectively (Fig. 3b). Phe140,

which is buried in a hydrophobic

cleft in active Mpro with as

accessible surface area (ASA) of

14.79 Å2), is now exposed to the

solvent (ASA 143.29 Å2), while
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Figure 3
Details of the hydrogen-bond interactions in the oxyanion region of new-inactive Mpro. (a) The new
conformation of the oxyanion loop is stabilized by several backbone hydrogen bonds (blue dashed lines) as
described in the main text. The side chain of catalytic Cys145 has a double conformation. (b) Comparison
between the new-inactive (green) and active (light magenta; PDB entry 6y2e) oxyanion loops. There are
large movements (blue dashed lines) of the side chains of Asn142 and Phe140. In the new-inactive
conformation, Asn142 moves from an exposed position with an ASA of 153.74 Å2 to a buried position with
an ASA of 49.00 Å2 and Phe140 moves from a buried position with an ASA of 14.79 Å2 to an exposed
position with an ASA of 143.29 Å2. Gly143 NH (G-NH) of the oxyanion hole, which is involved in the
stabilization of the tetrahedral intermediate, moves 8.8 Å away.



Asn142, which is exposed in active Mpro (ASA 153.74 Å2), is

now buried (ASA 49.00 Å2). The side chain of Asn142 is

locked in the new position by hydrogen bonds to the side-

chain O# and backbone NH of Ser139. Markedly, the oxyanion

hole Gly143 NH, the correct positioning of which is essential

for the stabilization of the tetrahedral oxyanion intermediate

during catalysis, is moved 8.8 Å away.

As a consequence, many interactions that are recognized to

be important for stabilization of the active conformation are

lost, namely hydrogen bonds between Glu166 and His172 and

between Tyr161 and His163, as well as the aromatic stacking

between His163 and Phe140 (Verma et al., 2020). The rotation

of the side chain of His163 (located at the very bottom of the

S1 subsite), the hydrogen-bond properties of which seem to be

very important in determining both substrate specificity and

proper inhibitor binding (Deshmukh et al., 2021), is a note-

worthy characteristic of this new conformation of Mpro. His163

is no longer available for substrate binding as it rotates away

to avoid steric clashes with Gly143 CO (Fig. 4). Its position is

now ‘functionally’ occupied by His172, which moves towards

the S1 subsite (Fig. 4). The other three important residues,

Tyr161, Met165 and Glu166, essentially maintain the same

position as adopted in active Mpro. Despite the large displa-

cement of the oxyanion loop, the position of the catalytic dyad

His41 and Cys145 is not significantly altered, especially in the

backbone, even though the Cys145 side chain now shows a

double conformation (Fig. 5). The conserved water molecule

near His41 is still present in the same position, making

hydrogen bonds to the side chains of His41, His164 and

Asp187 as in active SARS-CoV-2 Mpro.

3.4. The N-finger, the C-terminal tail and the dimeric

interface are perturbed in new-inactive Mpro

In new-inactive Mpro, the dimeric interface is altered

compared with that of the active conformation. PISA analysis

of the interface shows that in new-inactive Mpro the interface

area is reduced (from 1661 to 1273 Å2), as are the number of

hydrogen bonds (from 33 to six) and the number of salt

bridges (from 12 to six). However, structural features that are

important for stabilization of the dimeric form are essentially

conserved, namely (i) the salt bridge between Glu290 of one

protomer and Arg40 of the other (Anand et al., 2002), (ii) the

hydrophobic aromatic interaction between Tyr126 and Met60

(Wei et al., 2006) and (iii) the interaction of Arg298 with the

N-finger and the C-terminus (Shi et al., 2008). This suggests

that although new-inactive Mpro is still able to form dimers, the

dimeric state is less stable compared with that of active Mpro.

At the dimeric interface, relevant changes in both the N-

and C-termini are present. In active Mpro, the N-finger of one

protomer interacts and stabilizes the S1 subsite of the other

protomer (Verschueren et al., 2008). For instance, in active

SARS-CoV-2 Mpro (PSB entry 6y2e) Ser1 of one protomer is

hydrogen-bonded both to the carboxylate group of Glu166

and to the main chain of Phe140 of the other protomer. In the

new-inactive structure, these interactions are lost as a conse-

quence of the different oxyanion conformation of one

protomer that ‘pushes away’ residues 1–3 of the N-finger of

the other protomer (Fig. 6), with Gly20 CO now at 3.2 Å from

Ser139 NH. The rearrangement of the oxyanion loop of one

protomer also influences the C-terminal tail of the other

protomer, the electron density of which is no longer visible

from residue 301 onwards, indicating high flexibility (Figs. 6b

and 7). Among the residues of the oxyanion loop, Leu141

shows major changes at the level of the dimeric interface

(Fig. 7b), also causing rotation of the side chain of Tyr118 to

avoid steric clashes, further supporting its possible central role

in switching between the new-inactive and active conforma-

tions.
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Figure 5
Catalytic dyad. In new-inactive Mpro (green) the position of the catalytic
dyad His41 and Cys145 is similar to that in the active enzyme (PDB entry
6y2e, light magenta) despite the large shift of residues 138–144. In new-
inactive Mpro Cys145 adopts a double conformation.

Figure 4
Comparison between new-inactive (green) and active (light magenta)
Mpro. In the new structure the side chain of His163 rotates away to avoid
steric clashes with the oxyanion loop: in the active conformation (PDB
entry 6y2e) the His163 side chain would be 1.2 Å from the new position of
Gly143 CO. Note also the movement of His172.



3.5. New-inactive Mpro can still bind substrates

Having established that the new structure is catalytically

incompetent, we tried to understand whether it is still able to

bind natural substrates. Superposition of the new-inactive

conformation with either the active conformation in complex

with the C-terminal acyl-intermediate (PDB entry 7khp; Lee

et al., 2020) or the SARS-CoV Mpro active conformation in

complex with its 11-mer substrate complex (PDB entry 2q6g;

Xue et al., 2008) does not show evident steric clashes for the

substrate. This is also valid for superposition of the new-

inactive conformation with two recent complexes between

SARS-CoV-2 Mpro and two peptide substrates corresponding

to the nsp4/5 (Kneller et al., 2021) and nsp8/9 (MacDonald

et al., 2021) cleavage sites. Additionally, a short molecular-

dynamics refinement of the complexes of the new-inactive

conformation of SARS-CoV-2 Mpro with either the C-terminal

acyl-intermediate or the 11-mer peptide substrate reveal

compatible binding modes, with only minor side-chain re-

arrangements (Fig. 8). The reshaped S1 site of the new-

inactive Mpro could still host a P1 glutamine, although the

rearrangement causes the loss of its interactions with

Glu166 O" and Phe140 CO in favor of a single hydrogen bond
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Figure 6
Displacements at the intra-protomer interface. New-inactive Mpro is in
green and active Mpro is in magenta. (a) The new oxyanion loop of one
protomer pushes away residues 10–30 of the other protomer; however, the
key salt bridge between Arg40 and Glu290, which is important for dimer
stabilization, is conserved. (b) Overall superposition of active and new-
inactive Mpro shows that besides those in the oxyanion loop (red
ellipsoid), major differences are located in the N-finger and in the
C-terminal tail, which is not visible in new-inactive Mpro.

Figure 7
Dimeric architecture of new-inactive Mpro. (a) The new conformation of
the oxyanion loop (labeled ‘loop’) causes changes in the interface
between protomerA (blue) and protomer B (light blue) at the level of the
N-finger (labelled ‘NF’) and the C-terminal tail (labeled ‘C-term’). (b)
Local differences between the new structure [blue-based colors as in (a)]
and the canonical structure (PDB entry 6y2e; brown-based colors, with
intact C-terminus): the shift of the Leu141 side chain seems to have major
effects in destabilizing the C-terminal tail of the new structure.



to Gly143 CO (Fig. 9). Aside from the alterations of the S1

subsite, which alter the recognition profile of the P1 glutamine,

the other interaction features are retained, namely the

hydrogen bonds to Glu166 and Gln189 and the hydrophobic

interactions of the P2 phenylalanine within the S2 subpocket.

This is a quite remarkable observation because it suggests that

the new conformation could be inactive not necessarily

because it is incapable of recognizing the substrate, but

because the catalytic machinery is not properly organized for

an efficient catalytic event, particularly in the oxyanion-hole

region, and is unable to stabilize the tetrahedral acyl inter-

mediate. The new conformation of the oxyanion loop gener-

ates a new cavity near position S20, as evident from

comparison of the new structure with the SARS-CoV-2 acyl-

enzyme (PDB entry 7khp; Lee et al., 2020) and the SARS-CoV

11-mer substrate complex (PDB entry 2q6g; Xue et al., 2008)

(Fig. 8).

3.6. The new-inactive conformation is stable and is in

equilibrium with the active conformation in solution

For SARS-CoV Mpro, it has been shown that the active-site

loops are very dynamic and sensitive to variations in the

environmental conditions (Lee et al., 2005; Tan et al., 2005;

Xue et al., 2007, 2008; Yang et al., 2003; Zheng et al., 2007).

Similarly, the oxyanion loop of SARS-CoV-2 Mpro showed

conformational flexibility as deduced from room-temperature

X-ray crystallography (Kneller, Phillips, Weiss et al., 2020;

Kneller, Phillips, O’Neill et al., 2020). To test the stability and

to model the dynamics of new-inactive Mpro, specifically of the
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Figure 8
Reshaping of the S1 and S20 subsites. Molecular-dynamics modeling of the hypothetical interaction of new-inactive Mpro with substrates is shown. Top,
putative interaction with the 11-mer pseudo-substrate peptide from PDB entry 2q6g: (a) new-inactive Mpro, (b) SARS-CoV Mpro from PDB entry 2q6g.
Bottom, putative interaction with the acyl-intermediate of the Mpro C-terminal autoprocessing site: (c) new-inactive Mpro, (d) Mpro in PDB entry 7khp.
As a result of the rearrangement of the oxyanion loop, a new cavity near the S20 site, labeled ‘NEW’, is formed.



oxyanion loop and regions involved in substrate binding, we

performed crystallographic ensemble refinement (Burnley et

al., 2012) and MD simulations.

The 60 structures generated by ensemble refinement of

new-inactive Mpro compatible with the crystallographic

restraints confirm the new conformation of the oxyanion loop

and reveal that its flexibility is comparable to that of other

portions of the substrate-binding region (residues 43–51 in

domain I and residues 188–198 in the flexible linker

connecting domains II and III; Fig. 10), as also found in the

literature. In four out of 60 structures the oxyanion-loop

conformation is similar to that in the active form, which is in

line with the experimental observation of a residual electron

density compatible with the presence of a small fraction of the

oxyanion loop and of the side chain of His163 in the active

conformation in the crystal state. In this respect, all structures

determined here, including new-inactive Mpro, were obtained

from batches of correctly autoprocessed protein (i.e. catalyti-

cally active towards itself at the N-terminus) which displayed

normal catalytic activity in solution towards substrate peptides.

This strongly suggests the presence of a dynamic equili-

brium in solution with the coexistence of different confor-

mations, including inactive conformations. In other words,

exhibition of the correct catalytic activity on the macroscopic

level (with the full ensemble of conformational states avail-

able in solution for Mpro) does not contrast with the possibility

of selection by the crystallization process (in this case prob-

ably favored by the presence of certain small molecules) of a

subpopulation of a catalytically incompetent form of the

enzyme as shown here and for the previous structure with

PDB code 1uj1. The conclusion that the dynamic equilibrium

in solution includes both the active and the new-inactive

conformation is supported by comparing the results of

ensemble refinement of the structure in the free state with

very poor electron density for the oxyanion loop (Supple-

mentary Fig. S2b). The refined ensemble conformations show

a highly dynamic oxyanion loop, with 20% of conformations

similar to the active conformation, 23% of conformations

similar to the inactive conformation and 57% of conforma-

tions in intermediate states.

To assess the structural stability of the new-inactive

conformation of SARS-CoV-2 Mpro and to compare it with the

active conformation, three independent 1 ms classical molecular-

dynamics simulations were performed for both conformations.

For the active state, PDB entry 6y2e was taken as a reference.

As depicted in Fig. 11, which summarizes the principal

geometric analysis performed along the MD trajectories, the

two structures show a similar degree of stability. The backbone

r.m.s.d. profile for PDB entry 7nij (Fig. 11b), representing

the new-inactive conformation of Mpro, displays moderately

higher fluctuations with respect to the active state (Fig. 11a).

As can be seen in the per-residue r.m.s.f. plots (Figs. 11c and

11d), this difference can mainly be attributed to major struc-

tural fluctuations in the same regions that were marked as

flexible by the crystallographic data, namely the three flexible

loops 43–51, 188–198 and 272–279 and the C-terminus (299–

306), while the rest of the structure is quite stiff, as in the active

state. Specifically, the C-terminus in the new-inactive confor-

mation of Mpro shows the highest amplitude of movement, as

denoted by the high r.m.s.f. values associated with these resi-

dues. This result agrees with the absence of electron density

for residues 301–306, which indicates high flexibility of this

region. Instead, the N-terminus (residues 1–4) shows more

limited fluctuations for both Mpro conformations, which is in

agreement with the presence of well defined electron density

in both structures. The overall structural stability of the new-
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Figure 9
Details of the putative interaction between new-inactive Mpro (green) and
the C-terminal acyl-intermediate peptide substrate from PDB entry 7khp
(orange). Hydrogen bonds between the substrate and the binding site are
depicted as dashed black lines. Aside from the P1 glutamine and its
interactions with the P1 pocket, other common interaction features such
as hydrogen bonds to Glu166 and Gln189 and hydrophobic interactions
of the P2 phenylalanine side chain within the S2 subpocket are retained.

Figure 10
Ensemble refinement. The 60 structures generated by ensemble
refinement highlight the mobile regions of new-inactive Mpro. The
oxyanion loop, which is confirmed in the new conformation, has a
flexibility similar to those of residues 43–51 and 188–198 involved in
substrate recognition as the S3 and S4 sites.



inactive conformation of Mpro is also confirmed by the time-

dependent evolution of both secondary-structure elements

and the protein radius of gyration (Rg), with only minor

oscillations, similar to those seen in the active conformation

(Supplementary Figs. S4, S5 and S6). Despite the slightly

higher fluctuations observed in the inactive conformation, no

sufficient motions were observed to shed light on a possible

transition mechanism between the two conformations. It is not

surprising that such rearrangement was not sampled even on a

1 ms scale, since such collective motions in proteins usually

involve longer timescales (i.e. millisecond to microsecond;

Orellana, 2019).

4. Discussion

We had the opportunity to capture a new and stable (as seen in

MD simulations) inactive state of Mpro, called new-inactive,

expanding the knowledge of the conformational space acces-

sible to the enzyme. Altogether, the movements in the

substrate-binding region and near the catalytic site result in a

significant reshaping of the reaction center (Figs. 3, 4 and 8)

that has never previously been observed and is much more

pronounced than in the previously described collapsed-

inactive Mpro conformation. The conformation adopted by

residues 139–144 of the oxyanion loop is potentially catalyti-

cally incompetent. The backbones of key residues in the

oxyanion hole are 8–10 Å away from the catalytically

competent position. Fundamental interactions for the proper

function of the enzyme are broken or absent, as illustrated in

the previous section. Among the residues of the oxyanion

loop, Phe140, Leu141 and Asn142 play a major role in the shift

between the new-inactive and active conformations. The new

state of the oxyanion loop of one protomer pushes the

N-finger of the second protomer away from the position

adopted in the active enzyme. The last six residues of the

C-terminal tail are not visible in the electron-density map and

were confirmed to be fully flexible by MD simulations. The

novel conformations of the oxyanion loop and of the N- and

C-termini result in a weakening of the dimeric architecture, as

shown by decreases in the interaction surface area and in the

number of inter-protomer interactions. Major variations in the

dimeric interface are connected to Leu141 of the oxyanion

loop.

This new structure is relevant for the analysis of the Mpro

catalytic cycle, which was recently investigated using biody-

namics theory under non-equilibrium conditions (Selvaggio &
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Figure 11
Results of MD simulations. Summary of the key geometric analysis performed along the MD trajectories for both the active (PDB entry 6y2e) and new-
inactive (PDB entry 7nij) conformations of SARS-CoV-2 Mpro. (a) and (b) highlight the time-dependent variation of the protein root-mean-square
deviation (r.m.s.d.) of C" atomic positions for PDB entries 6y2e and 7nij, respectively. (c) and (d) summarize the per-residue mean root-mean-square
fluctuation (r.m.s.f.) of atomic positions of protein C" atoms for PDB entries 6y2e and 7nij, respectively. The most relevant regions of the protein are
highlighted in the plot for visualization clarity as described in the legend. For both r.m.s.d. and r.m.s.f. analyses, each chain composing the crystallographic
dimer is considered separately.



Pearlstein, 2018), using the available crystal structures, which

show Mpro in different conformational states (Wan et al.,

2020). This novel approach tries to mimic in vivo conditions,

which depend on non-equilibrium structure–kinetics rela-

tionships. From this analysis a substrate-induced Mpro activa-

tion mechanism was developed, suggesting the existence of a

complex substrate-binding activation mechanism in both

SARS-CoV and SARS-CoV-2. The proposed catalytic cycle

involves transition from the collapsed-inactive conformation

of the oxyanion loop, represented by the free form of mono-

meric Mpro (PDB entry 2qcy), to the putative substrate-bound

form of monomeric Mpro, represented by one monomer of

PDB entry 2q6g (with an active oxyanion loop), and finally to

the dimeric fully active state, represented by dimeric Mpro

(PDB entry 6m03; very similar to PDB entry 6y2e). The new-

inactive structure presented here shows a new conformational

state with an accessible oxyanion loop, adding novel important

pieces of information to the structural dynamics of the

substrate-induced activation of Mpro in the context of its

catalytic cycle. In the non-equilibrium model, it was hypo-

thesized that transition of the oxyanion loop from the inactive

to the active conformation is triggered mainly by solvation/

desolvation effects. This also applies to transitions involving

our new-inactive structure, where, for activation, Phe140

moves from an exposed position (with no minimally frustrated

interactions) to a buried position (with eight minimally

frustrated interactions), while Asn142 moves from a buried

position to an exposed position. In the context of the

conformational dynamics of Mpro, the intriguing possibility

esists that the remodeling of the S20 subsite can be correlated

with the large amino-acid variation in position P20 of SARS

coronaviral nonstructural protein (nsp) cleavage sites, Mpro

autoprocessing included. Despite being catalytically incom-

petent, this new state (with a novel cavity in position S20)

seems to be able to bind natural substrates of Mpro (see Figs. 8

and 9). Among the 11 substrates of SARS-CoV-2 Mpro, posi-

tion P20 is highly variable, hosting nine different amino acids

with very different chemical and structural properties: small,

such as Gly and Ala, bulky hydrophobic, such as Ile, Val and

Leu, positively charged, such as Lys, negatively charged, such

as Glu, and polar and hydrogen-bond donor/acceptor, such

as Ser and Asn. It is conceivable that the flexibility of the

oxyanion-loop conformation is correlated to this variability of

the substrates, specifically in position P20, and to the necessity

to accommodate the different substrates during the matura-

tion process of the pp1a and pp1ab polypeptides, in the correct

succession of proteolytic events. We suggest that this new

conformational state is that preferred by the enzyme to effi-

ciently host substrates with bulky hydrophobic residues in

position P20, for instance for the processing of nsp7/8 (Ile),

nsp12/13 (Val) and nsp14/15 (Leu) cleavage sites. According

to the Mpro reaction scheme proposed by Wan et al. (2020), the

substrate-binding event triggers the conformational switch of

the oxyanion loop, which adopts the necessary conformation

for a productive catalytic event. Overall, the following scheme

can be proposed: (i) for the initial binding, specific substrates

(with bulky residues in position P20) select the new-inactive

conformation among a complex ensemble of different

conformations of Mpro in mutual equilibrium, (ii) the binding

event causes conformational changes of the oxyanion loop

and, mainly, of the side chains of Glu166, His172 and His163,

(iii) the dimeric architecture is stabilized because of rearran-

gements of the N-finger and the C-terminus and (iv) the

resulting activated enzyme is ready to properly hydrolyze the

substrate.

The new-inactive structure is also important for the structure-

based drug-discovery process that is currently being applied to

Mpro (Deshmukh et al., 2021). The approach of ‘repurposing’

already known drugs via classical docking methodologies on

the 3D structure of the protein target is interesting because,

methodologically, it is potentially fast and the safety profiles of

the tested compounds are already known. This justifies the

large amount of research devoted to repurposing known

antiviral drugs against Mpro (Cannalire et al., 2016). Obviously,

the success rate of these campaigns would greatly benefit from

the possibility of targeting significantly different, stable,

conformations. In this respect, the discovery of the new stable

inactive conformation of Mpro presented here, with the

remodeling of the S1 subsite and the formation of the nearby

new cavity near subsite S20 (poorly explored until now as

known inhibitors usually span the enzyme S1–S4 subsites),

offers solid attractive possibilities for the design of completely

new classes of antiviral drugs targeting Mpro. Indeed, a puta-

tive binder of the new-inactive form could reduce the popu-

lation of the active conformation by stabilizing the inactive

conformation. Also, a ligand able to bind the novel, readapted

site around the catalytic cysteine could sterically hamper the

recognition of the substrate. In addition, the possibility of

targeting a novel subpocket could increase the affinity by

establishing novel contacts and interactions. Most of the more

promising Mpro inhibitors were developed by optimizing

starting hits that were further decorated to explore the sub-

pockets located around the catalytic center, following the

classic route of fragment maturation in fragment-based lead

discovery (Yang & Yang, 2021). One notable example is

represented by the optimization of portions of parampanel on

S1 and S10 and its engagement of S3–S4, which lead to a

fourfold boost in IC50 activity (Zhang et al., 2021).

In conclusion, the new-inactive structure of Mpro is relevant

for better understanding of the function and mechanism of

action of this fundamental enzyme for SARS-CoV-2 repli-

cation in the cell, with a particular accent on the dynamics

within the catalytic cycle of the enzyme, which explores

different conformational states including that presented here

for the first time. Further, the discovery of this unprecedented

inactive conformation of Mpro provides a unique opportunity

for the more successful design of antiviral drugs with improved

pharmacological properties using both classical docking-based

and innovative non-equilibrium-based approaches.
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Balogh, P., Brandão-Neto, J., Carbery, A., Davison, G., Dias, A.,
Downes, T. D., Dunnett, L., Fairhead, M., Firth, J. D., Jones, S. P.,
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Table S1 
PDB codes and some significant pieces of information regarding the relevant structures of SARS-CoV-2 and SARS-CoV 
Mpro discussed in the paper. We used 6Y2E as reference structure for ligand-free, active SARS-CoV-2 Mpro. For recent 
comprehensive analyses of available SARS-CoV and SARS-CoV-2 Mpro crystal structures see Behnam, 2021; Brzezinski et 
al., 2021; Jaskolski et al., 2021; Wlodawer et al., 2020. 
*Structure 7NIJ is presented in this paper. 
 

PDB code Coronavirus Oxyanion loop 
conformation 

Ligands Mutations 

7NIJ* SARS-CoV-2 new-inactive no no 
6Y2E SARS-CoV-2 active no no 
6M03 SARS-CoV-2 active no no 
5REL SARS-CoV-2 active PCM-0102340 no 
7K40 SARS-CoV-2 active boceprevir no 
2BX4 SARS-CoV active no no 
1UJ1-B SARS-CoV collapsed-inactive no no 
1UK2-B SARS-CoV collapsed-inactive no no 
2QCY SARS-CoV collapsed-inactive no R298A 
2Q6G SARS-CoV active 11mer peptide substrate  no 
7KHP SARS-CoV active C-terminal acyl-intermediate no 
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Table S2 
Minimally frustrated energetic interactions involving selected amino acids of the active site in structure 6Y2E (“active”) 
and structure presented in this paper (“new-inactive”). 
 

  6Y2E new-inactive 
Cys145 Tyr25 O O 
 Tyr26 O O 
 Asn28 O - 
 Gly29 O O 
 Cys38 O O 
 Val42 O O 
 Cys117 O O 
 Phe140 O - 
 Gly143 O O 
 Ser147 O O 
 Met162 O O 
 His163 O O 
 His164 O O 
 Met165 O O 
 Glu166 O - 
 Gly174 O O 
 Total 16 13 
Phe140 Val114 O - 
 Ala116 O - 
 Ile138 O - 
 Cys145 O - 
 His163 O - 
 Met165 O - 
 Glu166 O - 
 His172 O - 
 Total 8 0 
Cys117 Val13 O - 
 Glu14 - O 
 Met17 - O 
 Val18 O O 
 Gln19 O O 
 Leu27 - O 
 Gly29 - O 
 Val114 O O 
 Leu115 O O 
 Asn119 - O 
 Gly120 O O 
 Pro122 - O 
 Ser123 - O 
 Leu141 - O 
 Gly143 - O 
 Ser144 O O 
 Cys145 O O 
 Ser147 O O 
 Val148 O O 
 Total 10 18 
Leu141 Ala116 - O 
 Cys117 - O 
Gly143 Cys117 - O 
 Tyr118 O - 
 Gly138 - O 
 Cys145 O O 
Ser144 Cys117 O O 
 Total 3 6 
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Abstract

The increasing availability of experimental and computational protein structures entices their
use for function prediction. We developed an automated procedure to identify enzymes
involved in metabolic reactions by evaluating substrate conformations docked to a library of
protein structures. By screening AlphaFold-modeled vitamin B6-dependent enzymes, we
found that a metric based on catalytically favorable conformations at the enzyme active site
performed best (AUROC score=0.84) in identifying genes related to known reactions.
Applying this procedure, we identified the mammalian gene encoding hydroxytrimethyllysine
aldolase (HTMLA), the second enzyme of carnitine biosynthesis. Experimental validation
showed that the top-ranked candidates, serine hydroxymethyl transferase (SHMT) 1 and 2,
catalyze the HTMLA reaction. However, a mouse protein (threonine aldolase; Tha1)
catalyzes the reaction more efficiently. Tha1 did not rank highest based on the AlphaFold
model, but its rank improved to second place using the experimental crystal structure we
determined at 2.26 Å resolution. We propose that mouse Tha1 be renamed as Htmla. Our
findings suggest that humans have lost a gene involved in carnitine biosynthesis, with
HTMLA activity of SHMT partially compensating for its function.

Introduction

In recent years, the enormous progress in the experimental determination 1,2 and
computational prediction 3,4 of protein three-dimensional structures is closing the gap
between the 1D and 3D protein information. However, there is still a large gap between
structural information and knowledge of protein functions 5,6.

Although the function of proteins is determined by their 3D structure, this information is far
less used than the sequence to predict protein function. Homology is the main evidence for
protein functional annotation, and the 3D structural information is especially used to extend
homology and identify residues important for function 7–11.

Yet, there is a well-established use of protein 3D structures in molecular docking screening,
in which a database of small molecules (ligands) is screened against a protein (receptor) by
assessing binding energy and binding mode. This technique is successfully used for
large-scale identification of potential drugs 12,13. In a complementary approach, a library of
receptors is screened against a particular ligand. This reverse docking technique is mostly
used for finding targets of a known drug 14. Computational models can be used in these
screenings in the absence of experimental structures 15,16.

A possible though more challenging use of docking is the matching of enzymes and
substrates by predicting the binding of molecules to an enzyme active site 17–19. Enzymes
generally bind with high affinity their substrate molecules 20,21. However, binding to an
enzyme active site is not sufficient to predict that a molecule would undergo reaction. Since
the enzymes have greater affinity for the reaction transition state, docking of molecules
mimicking the transition state have been proposed in substrate virtual screening 17. An
alternative strategy is to evaluate whether the binding mode of the docked molecule is
suitable for catalysis 19.
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Enzymes bind specific substrate conformations that are favorable to the catalyzed reaction.
According to the principle of stereoelectronic control, a substrate molecule assumes a
conformation at the enzyme active site that minimizes the electronic energy of transition
state 21. A textbook example are the enzymes depending on vitamin B6 (pyridoxal
5’-phosphate; PLP), which catalyze different reactions on amino acids by cleaving different
Cα bonds. Cleavage of a particular Cα bond by a specific PLP-dependent enzyme depends
on the bond orientation relative to the PLP ring 22–25. This allows to predict which substrate
conformations at the active site favor reactions such as, e.g., racemization, decarboxylation,
side-chain cleavage.

Enzymatic reactions for which no genes or proteins are known are present in various
metabolic pathways 26,27. The molecular identification of these 'pathway holes' through a
reverse docking approach has now become feasible thanks to the availability of high-quality
structures at the proteome level 28.

An example of a metabolic pathway involving a reaction that has not yet been assigned an
amino acid sequence is carnitine biosynthesis in mammals 29. Various eukaryotes synthesize
the mitochondrial fatty-acid carrier carnitine through a dedicated four-step pathway. At
variance with the fungus Candida albicans, in humans and other metazoans the molecular
identity of 3-hydroxy-Nε-trimethyllysine aldolase (HTMLA) catalyzing the second step of the
pathway is not established, although it is known that the reaction is PLP-dependent 29–31.
This information allows one to restrict the search to a subset of proteins whose full set
(PLPome) can be identified by homology 32. An additional advantage is that the active site of
PLP-dependent enzymes is readily identified from the position of the catalytic lysine 33,34.

Here we devised an in silico screening procedure (OSMES: one substrate-many enzymes
screening) to identify at the structure level enzymes able to bind a given substrate and
catalyze a particular PLP-dependent reaction. First of all, using experimentally known
enzyme-substrate combinations, we assessed the performance of metrics based on different
criteria (binding energy, statistical frequency, catalytically favorable conformation) for the
ranking of docked enzyme-substrate complexes. We then applied OSMES with the best
performing metric to the identification of HTMLA candidates in the human and mouse
PLPomes. The results of our screening and subsequent experimental validation allowed us
to identify mammalian genes responsible for HTMLA activity in the carnitine biosynthesis
pathway.
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Results

One substrate-many enzymes screening (OSMES) for
PLP-dependent enzymes
Here we develop an automated procedure to perform a reverse docking screening of a
substrate containing a primary amino group bound to PLP cofactor as a Schiff base (external
aldimine; substrate), against a set of 3D enzyme structures of a selected PLPome (enzyme
set) (Fig. 1).

As an enzyme set we used PLPomes of Homo sapiens and Mus musculus retrieved from
the B6 database (B6DB; http://bioinformatics.unipr.it/B6db) composed of 56 and 57 genes
respectively. For each RefSeq accession number we obtained the corresponding UniProt ID
to download the AlphaFold monomer 28 and mark the position of the catalytic lysine useful for
subsequent steps. In this first step, we discarded genes without a conserved catalytic lysine,
namely AZIN1, AZIN2, SPTLC1 and PDXDC1 in both sets and Ldc1 in the mouse set,
obtaining 105 enzyme targets for our analysis (Supplementary Table 1). The vast majority
of our targets have AlphaFold models of very high confidence (pLDDT>90 over 90% of
residues) for the overall (>80%) and active site (>95%) residues (Supplementary Fig. 1).

Since most PLP-dependent enzymes belong to fold-type I, which is characterized by obligate
dimeric association forming two identical active sites at the interface, we exploited models
available in the SWISS-MODEL Repository (SMR; https://swissmodel.expasy.org/repository)
as template to assemble AlphaFold monomers into oligomeric structures (Fig. 1, step 2). In
our set of enzymes, 96 structures were modeled as oligomers, mostly homomers (79 dimers,
13 tetramers) with the exception of SPTLC2 and SPTLC3, which were modeled as
hetero-dimers, both associated with SPTLC1. Once the enzyme set is prepared, the
procedure automatically builds the covalent adduct between PLP and a substrate molecule
with a given PubChem ID, and creates a 3D coordinate file of the external aldimine for
docking screening (Fig. 1, step 3). For each enzyme structure, the grid center for docking
calculation is positioned at the NZ atom of the catalytic lysine, and the grid size is defined
according to the size of the substrate (Fig. 1, step 4) (see Methods).

As a final step (Fig. 1, step 5) the pipeline runs the docking analysis of the substrate against
each enzyme structure with AutoDock for Flexible Receptors (ADFR)35, choosing as flexible
residue the same catalytic lysine used to place the grid. The results of the screening are
then parsed to rank targets according to different methods (see below).

Evaluation of catalytically favorable conformations is the best
performing metric in OSMES
Before proceeding with OSMES to our case study, we assessed the ability of different
ranking methods to identify enzymes involved in particular PLP-dependent reactions. We
considered 13 different substrates (Supplemetary Fig. 2) against the two PLPomes (human
and murine) for a total of 26 screenings evaluated with 7 ranking methods (Fig. 2). In each
screening, one or more positive controls represented by enzymes known to catalyze the
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examined reaction (validation set) were considered. The validation set consisted of a total of
42 positive controls divided into 14 decarboxylases, 6 aldolases, 14 aminotransferases and
8 other reactions encompassing 4 ammonia-lyases, 2 γ-lyases, and 2 hydrolases
(Supplementary Table 2).

Among the pose clusters obtained from ADFR analysis, we considered both the
lowest-energy cluster (representing the energetically favored cluster; best cluster, BC) and
the most populated cluster (representing the statistically favored cluster; largest cluster, LC)
(Fig. 2a). For both BC and LC, we ranked the results using three different ranking methods:
i) the number of conformations in the cluster (BCC and LCC); ii) the lowest binding energy of
the cluster conformations (BCE and LCE); and, to discount the contribution on the constant
moiety of the external aldimine, iii) the lowest binding energy of the cluster conformations
without the PLP atoms, considering only the amino acid (BCaaE and LCaaE).

In addition to these more canonical criteria, we introduced a ranking method that evaluates
the number of catalytically favorable conformations (CFC) based on Dunathan's
stereoelectronic hypothesis 22. According to this widely accepted feature of PLP catalysis,
when a compound containing a primary amine group binds covalently to the PLP cofactor to
form the external aldimine, the reaction proceeds by breaking the bond more parallel to the
π orbitals of the cofactor pyrimidine ring, or in other words, more orthogonal to the plane
formed by the latter. In the case of an α-amino acid, three different cases are possible (Fig.
2b, c), represented by the breaking of the Cα-COOH (as in decarboxylases), Cα-Cβ (as in
aldolases), and Cα-Hα bond (as in racemases, aminotransferases, and other lyases). On
this basis, for every substrate in our screenings we considered CFC conformations in which
the angle (χ) with the PLP ring is maximum for the bond cleaved during the reaction (χ1 for
Cα-COOH; χ2 for Cα-Cβ; χ3 for Cα-Hα; Fig. 2b, c). As an additional condition for a CFC, we
set an upper threshold of 5 Å for the distance between the NZ atom of catalytic lysine and
the imine carbon of external aldimine (Fig. 2c). The cluster with the maximum number of
CFC is considered the “catalytic cluster” (CC) and scored by the number of CFC it contains
(CC-CFC) (Fig. 2d).

The distribution of the validation test ranked with the 7 different ranking methods shows that
with the CC-CFC method the positive controls are generally ranked higher than with other
methods (Fig. 2e). Within the CC-CFC distribution, a difference in the performance emerged
by categorizing positive controls according to the reaction type, with aminotransferases (A)
achieving worse results with respect to other reactions (O) that break the Cα-Hα bond or
aldolases (B) and decarboxylases (D) (Supplementary Fig. 3a, b). The good performance
obtained by CC-CFC is supported by the area under the receiver operating characteristic
(AUROC) that confirms the CC-CFC as the most performing ranking method, with an
AUROC=0.84 compared with 0.7 of LCE, the second best method (Fig. 2f).

Application of OSMES to the identification of a missing gene in
carnitine biosynthesis
Carnitine biosynthesis begins with release of N6-trimethyllysine (TML) from the breakdown of
post-translationally modified proteins such as histones, calmodulin, cytochrome c, myosin,
etc. 36,37, and involves four enzymatic steps (Fig. 3a). Reactions 1 and 4 are catalyzed by
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two Fe2+-dependent dioxygenases: TML dioxygenase (TMLD) and γ-butyrobetaine
dioxygenase (BBD), which are related by homology; reaction 3 is catalyzed by
trimethylamino butyraldehyde dehydrogenase (TMABADH); reaction 2, the aldol cleavage of
HTML to generate glycine and TMABA, is catalyzed by HTMLA. Although there is evidence
that this activity requires PLP 38,39, the molecular identity of HTMLA in mammals and other
metazoans is unknown.

The pathway described above is not universally present in eukaryotes. For instance, it lacks
in species such as the yeast Saccharomyces cerevisiae and the darkling beetle Tenebrio
molitor, which require an external supply of carnitine for fat metabolism 40,41. The distribution
of the genes encoding TMLD and BBD in eukaryotes (Supplementary Fig. 4), shows that
the known pathway for carnitine biosynthesis is especially present in opisthokonts (fungi and
metazoa). However, absence of TMLD and/or BBD in several species, particularly in
protostomes, suggests multiple pathway losses, a suitable condition for the identification of
missing genes by coevolutionary analysis. This analysis, conducted with a sensitive method
of gene coevolution 42 in 1,952 eukaryotic genomes 43 did not reveal an obvious HTMLA
candidate, although the best signal among PLP-dependent enzymes was found for an
orthogroup annotated as threonine aldolase (Supplementary Table 3). Interestingly, a gene
belonging to this group has been previously implicated in Candida albicans as HTMLA 30. A
gene homologous to threonine aldolase (Tha1) is found in several mammals including mice,
but not in humans 44 nor in other species capable of synthesizing carnitine (Supplementary
Fig. 4).

Since homology and coevolutionary analysis provided inconclusive evidence on the
identification of mammalian HTMLA, we decided to use OSMES on the full set of
PLP-dependent enzymes of human and mouse to identify candidates on a structural basis.
To this end, we modeled the external aldimine PLP-HTML complex assuming free rotations
around rotatable bonds (Fig. 3b) and defined the condition for catalytically favorable
conformations of the docked substrate (Fig. 3c): a distance of ≤ 5 Å of the PLP aldehyde
carbon of the substrate from the NZ atom of catalytic lysine and a relative maximum for the
χ2 angle, as expected for the cleavage between Cα-Cβ that occurs in the HTMLA reaction
(Fig. 3a).

HTMLA candidates revealed by OSMES in the human and mouse
PLPome
The best performing method (CC-CFC) was used to rank the results of HTML-OSMES
against human and murine PLPomes (Fig. 4a). In the two rankings orthologous enzymes are
in similar positions, as confirmed by the correlation between the two sets (Spearman r =
0.83; Supplementary Fig. 5).

In both rankings, the first hit is the cytosolic serine hydroxymethyltransferase (SHMT1;
Shmt1); its mitochondrial version (SHMT2; Shmt2) ranks just after in second (human) and
third (mouse) position, as expected from the strong conservation of active sites residues
(Supplementary Fig. 6). Interestingly, it has been shown that E.coli SHMT can act as an
aldolase on β-hydroxylated amino acids, especially with erythro configuration 45 that is the
configuration adopted by HTML, and it has been proposed that SHMT could be responsible
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for HTMLA activity in mammals 31. Descending with the ranking, other potential candidates
with tested or predicted aldolase activity and belonging to the same KEGG Reaction Classes
as HTMLA (RC00312 and RC00721) are found. These are sphingosine phosphate lyase
(SGPL1, Sgpl1; EC: 4.1.2.27), an enzyme anchored to endoplasmic reticulum that catalyzes
aldol cleavage forming phosphoethanolamine, and the putative mouse L-threonine aldolase
(Tha1), not characterized experimentally but traceable by homology to the yeast low
specificity L-threonine aldolase (GLY1, EC: 4.1.2.48). A GLY1 paralog has been genetically
characterized as HTMLA in C. albicans 30. Another example of promising candidates is the
pair of paralogous enzymes called kynurenine aminotransferases (KYAT1, Kyat1, KYAT3,
Kyat3). These enzymes catalyze the transamination of kynurenine into the corresponding
α-keto acid. However, they are also able to catalyze β-lyase reactions toward
cysteine-S-conjugate substrates (EC: 4.4.1.13), although the reaction mechanism involves
deamination unlike HTMLA 46.

In the catalytic clusters of all the mentioned candidates, ADFR is able to position the PLP
cofactor in a binding mode similar to that observed in the available experimental structures
of homologous enzymes in complex with PLP (Supplementary Fig. 7). In all four SHMTs
and in Tha1, the lowest-energy conformations of HTML-PLP in the catalytic cluster have the
Cα-Cβ bond more perpendicular than in the other enzymes (Fig. 4b, Supplementary Fig.
8). By contrast, in the case of both SGPL1 and Sgpl1 (Supplementary Fig. 8), and all
KYATs (Fig. 4b, Supplementary Fig. 8), the Cα-COOH (χ3 < χ1 > χ2) and Cα-Hα (χ1 < χ3 >
χ2) bond, respectively, are the most perpendicular and therefore in an unfavorable
conformation for aldol cleavage.

In all four KYATs and Tha1, visual inspection of the docked complexes revealed the
presence of an aromatic cage (Fig. 4b, Supplementary Fig. 8), characteristic of proteins
that bind N-trimethylated substrates, establishing hydrophobic and cation-π interactions with
the trimethyl ammonium group 47. The constant presence of a quaternary amine group in the
intermediates of carnitine biosynthesis (Fig. 3a), suggests that an aromatic cage could be a
structural feature of all enzymes of the pathway, as evidenced by the BBD structure in
complex with γ-butyrobetaine 48, the conservation of the corresponding residues in its
homologue TMLD, and the binding mode predicted by docking of the substrate in the
TMABADH active site (Supplementary Fig. 9).

Biochemical validation of HTML-OSMES candidates
For the above reasons, screening candidates KYAT1, SGPL1, SHMT1 and SHMT2 from
Homo sapiens, and Kyat3 and Tha1 from Mus musculus were chosen for the experimental
validation. Each protein was produced using optimized conditions in recombinant form to be
assayed for HTMLA activity. Recombinant SHMT1, SHMT2, KYAT1, Kyat3 were obtained in
pure and soluble form after overexpression in E. coli (Supplementary Fig. 10a-d; insets). In
order to obtain recombinant SGPL1 and Tha1 in the soluble form (Supplementary Fig.
10e,f; insets), they were co-expressed with chaperones (GroEL/GroES) as truncated forms
without the N-terminal membrane anchor and mitochondrial signal (Supplementary Fig. 11;
see Methods). All the enzymes showed the typical spectrum of protein-bound pyridoxal
phosphate with a peak around 400-430 nm (Supplementary Fig. 10).
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Stereospecific (2S,3S) HTML for the activity assays was obtained enzymatically from
chemically-synthesized TML (see Methods) by exploiting the first reaction of the pathway
(Supplementary Fig. 12). The activity assays show that SHMT1, SHMT2 and Tha1 catalyze
the aldol cleavage of HTML; on the contrary, KYAT1, Kyat3, and SGPL1 are catalytically
inactive towards HTML (Fig. 5).

Human SHMTs catalyze the aldol cleavage of HTML
In the 1H NMR spectrum of HTML after addition of SHMT1, the increase of a singlet at 3.55
ppm corresponding to glycine α-protons is visible (Fig. 5a), clearly appearing after 60
minutes of reaction. TMABA formation is confirmed by 2 distinctive signals at 9.63 ppm and
5.05 ppm of the carbonyl proton and its hydrated form (geminal diol), respectively
(Supplementary Fig. 13a).

Kinetic characterization of HTML cleavage catalyzed by SHMT1, carried out by a continuous
spectrophotometric coupled assay that exploits NAD+ reduction signal at 340 nm in the
presence of the third enzyme of the pathway (TMABADH), shows a dependence of the initial
velocities on substrate concentrations following Michaelis-Menten kinetics (Fig. 5b). The
fitting of data to the Michaelis-Menten equation reveals a kinetic efficiency (kcat/Km) of 32.17 ±
5.34 s-1 M-1 (Supplementary Table 4). We also characterized the enzymatic activity of
SHMT2 by spectrophotometric assay (Supplementary Fig. 14g), and measured a lower
kinetic efficiency (6.23 ± 1.26 s-1 M-1) compared to SHMT1 (Fig. 5c). In fact, despite a lower
Km (0.80 ± 0.16 mM vs 3.79 ± 0.44 mM) SHMT2 is penalized by a worse kcat (0.005 ± 0.000
s-¹ vs 0.122 ± 0.006 s-1).

Mouse threonine aldolase (Tha1) shows higher HTMLA activity than human SHMTs
The 1H NMR spectrum of HTML after the addition of Tha1, shows peaks with the same
chemical shift observed in the reaction with SHMT1, but in higher quantities
(Supplementary Fig. 13b), suggesting the same enzymatic activity, but a different efficiency
for the two enzymes. A small upfield shift is visible in the main peak of the trimethylated
ammonium protons at 3.11 ppm (Supplementary Fig. 13b).

Kinetic characterization of Tha1 by the same spectrophotometric assay as SHMT1, and
fitting to the Michaelis-Menten equation (Supplementary Fig. 14a) resulted in a kcat of 2.311
± 0.029 s-¹ and Km of 0.169 ± 0.009 mM. Comparison with SHMT1 shows better values for
both Tha1 constants and a kcat/Km (1.36 x 104 s-1 M-1) about a thousand times greater (Fig.
5c). To test the substrate specificity of Tha1, we evaluated the activity of the enzyme with
other β-hydroxylated amino acids: L-threonine and L-allo-threonine (Fig. 5d). The enzyme
showed activity on both L-threonine and L-allo-threonine, but not with the D-enantiomers.
However, the preferred substrate of Tha1 is HTML with a catalytic efficiency in the order of
104 s-1 M-1, followed by L-allo-threonine (102 s-1 M-1) and L-threonine (101 s-1 M-1) (Fig. 5e).
These results suggest that Tha1 has a catalytic preference for β-hydroxylated L-amino acids
with the erythro configuration. With respect to L-allo-threonine, the reaction with HTML has a
similar kcat but a 50-fold lower Km (Supplementary Fig. 14a, b), suggesting a higher affinity
for the intermediate of the carnitine pathway. The two human SHMTs have a similar a
preference for substrates with the erythro (S,S) configuration, but are much more efficient
with L-allo-threonine (~104 for SHMT1, ~102 for SHMT2) than with HTML (Fig. 5e;
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Supplementary Fig. 14d, e; Supplementary Table 4), which possesses a bulkier side
chain (Fig. 5d).

To verify if the preference of Tha1 for the HTML substrate is a feature of threonine aldolase
proteins of organisms with the carnitine biosynthesis pathway, we tested the activity of the
low-specificity threonine aldolase eTA 49 from E. coli, which, like other bacteria, does not
have carnitine biosynthesis. Recombinant eTA was produced in intact form in the
homologous host. Characterization of its catalytic efficiency for L-allo-threonine and HTML,
showed high activity with both substrates with a slight preference for L-allo-threonine
(Supplementary Fig. 14f, h).

HTML is a competitive inhibitor of KYAT1
Although KYAT1 is unable to catalyze the aldol cleavage on HTML, the good binding
energies obtained with the screening suggest potential binding at the active site. We thus
wanted to test if HTML can inhibit KYAT1 activity on L-kynurenine.

In the presence of an α-keto acid, L-kynurenine is converted by KYAT1 to the corresponding
keto acid (4-(2-aminophenyl)-2,4-dioxobutanoate), which rapidly cyclizes to kynurenic acid
(Supplementary Fig. 15a). By measuring the spectrophotometric signal at 310 nm of the
final product, we were able to observe the progress of the reaction in the absence and in the
presence of HTML (Supplementary Fig. 15b, c). After the addition of 0.5 mM of HTML to
the reaction mixture, a slowdown of the reaction is observed (Supplementary Fig. 15c),
suggesting an inhibitory action. We characterized the initial velocity of kynurenine
transamination with increasing concentrations of HTML. The Lineweaver-Burk double
reciprocal primary plot shows a family of straight lines intersecting on the y axis, typical of
competitive inhibition with a constant Vmax and an increasing apparent Km (Fig. 5f). A Ki value
of 4 mM was determined by the secondary plot (Supplementary Fig. 15d).

Crystal structure of mouse Tha1 improves HTML-OSMES results
Although the AlphaFold models in our screening are of high quality overall, there is a
disparity in the dataset as evidenced by the different RMSD (root-mean-square deviations)
with respect to the templates used for oligomer reconstruction (Supplementary Fig. 16).
These differences depend on the availability of experimental structures from the same or
closely related species. For instance, in the case of KYAT, SGPL, and SHMT, PDB structures
are available from various mammals, including humans 50–53 and mouse 54,55, whereas in the
case of Tha1, only PDB structures from distant bacterial homologs are available 49,56. To
verify if the results of our screening for Tha1 are confirmed or improved with the availability
of an experimental structure, we decided to determine the crystal structure of mouse Tha1.

Mouse Tha1 crystallizes in two space groups, in orthorhombic F222 and in monoclinic C2,
with one molecule and two molecules in the ASU, respectively. The PLP cofactor is visible
only in the monoclinic structure; however, the active site is very similar in the two cases, with
only minor differences. The expected tetrameric quaternary structure is formed by
crystallographic symmetries, with four identical units in F222 (related by a 222 symmetry)
and two identical dimers in C2 (related by a two-fold axis). SEC-SAXS experiments
confirmed the presence of a single component with a MW compatible to that of the sum of 4
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units, indicating that the mouse enzyme, despite the lower stability (see Supplementary
Discussion 1 for details), is tetrameric in solution (Supplementary Fig. 17b). The RMSD
values between the single units (around 0.26-0.28 Å, Supplementary Table 5) indicate that
the monoclinic and orthorhombic structures are similar. Also the tetrameric assembly is
conserved in the two space groups, with two main interfaces (Fig. 6a). As indicate by data
from PISA analysis (Supplementary Table 6), the interface between units A and B
(analogous to that between units C and D, termed “main interface”) is contributing stronger
to the stability of the quaternary structure in comparison with the interface between units A
and C (analogous to that between units B and D, termed “secondary interface”). Hence, the
tetramer can be considered a dimer (AB+CD) of dimers (A+B and C+D), with the first
dissociation being ABCD to AB+ CD (as determined by PISA). A comparison with the
structure of the Thermotoga maritima threonine aldolase (PDB code 1M6S) returned RMSD
values between 1.03 and 1.17 Å for the single units (Supplementary Table 5), indicating a
significant structure difference even though the secondary structures and the whole
quaternary assembly are conserved. The major structural difference is related to an insertion
of 13 residues in Tha1 between positions 346-260, residues absent in the T. maritima
threonine aldolase. In the two enzymes the position of the PLP cofactor is essentially
conserved (Fig. 6b). Further details on the crystal structures are reported in the
Supplementary Discussion 1.

We repeated the docking screening by including in the data set the crystallographic structure
of Tha1. The HTML-OSMES results show an increase in CFCs compared with what was
obtained with the AlphaFold model. In the catalytic cluster, there are 91 CC-CFC within it,
compared with 51 in the previous analysis (Fig. 6d, f; Supplementary Table 7). By
comparing the two structures, some differences are observed in the side chains of the
substrate binding residues (Fig. 6c). There are minor differences in the chain containing the
catalytic lysine (e.g. Arg372A), while differences in the position of the residues contributed
by the other chains (Tyr168C, Tyr69B) are more pronounced, suggesting that they result
mainly from subunit assembly. In general, it is observed that many more conformations of
the entire docking analysis with the crystal structure have the relevant bond nearly
perpendicular to the plane of the PLP (0°) (Fig. 6e, g), most of which have |sin(χ2)| ≥ 0.95
(gray area). The number of CC-CFC obtained by HTML-OSMES with the experimental
structure would have allowed Tha1 to place second in the mouse ranking. Although to a
lesser extent, an increase of CC-CFC value was also obtained by the AlphaFold model57

built with the addition of the Tha1 experimental structure as template (Supplementary Fig.
18; Supplementary Table 7).

Discussion

The experimental characterization of genes and proteins is a severe bottleneck in biology.
As the availability of high-quality structural models is now at the proteome scale, there is a
need for computational methods able to exploit this information to advance the knowledge of
biological functions. Here we show that a structure-based screening can sensitively identify
proteins catalyzing a particular metabolic reaction and provide evidence for functional
assignments independently from sequence-based methods.
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Our OSMES procedure can be directly applied with modifications of the input parameters to
the functional identification of proteins catalyzing a restricted subset of enzymatic
(PLP-dependent) reactions. Nevertheless, PLP-dependent enzymes constitute a variegated
subset of biocatalysts present in a variety of metabolic pathways, responsible for more than
300 distinct activities, about 10% of which without an assigned gene
(http://www.kegg.jp/kegg/pathway.html; http://bioinformatics.unipr.it/B6db). By screening
known enzyme-substrate combinations, we observed that a ranking based on catalytically
favorable conformations performs best in identifying enzymes responsible for given
PLP-dependent reactions. Interestingly, however, an acceptable performance (AUROC=0.7)
was obtained even by scoring methods based on binding energy or statistical frequency,
which are generally applicable to docking screening. On the other hand, although our CFC
criterion is specific for enzymes using PLP as a cofactor, there are other classes of enzymes
in which catalytically productive substrate conformations at the active site can be devised as
for example in tryptophan tryptophylquinone (TTQ) and NAD-dependent dehydrogenases
58–60.

The application of OSMES to the identification of HTMLA candidates in the mammalian
carnitine biosynthesis pathway provides a proof-of-concept of the ability of the screening to
predict unknown enzyme-substrate associations on a structural basis. The two top-ranked
candidates, SHMT1 and SHMT2, were found to be able to catalyze the HTMLA reaction with
a measured catalytic efficiency of ~101 s-1 M-1 . However, the Tha1 candidate, which was
found in the top-10 mouse ranking and is absent in humans, had a HTMLA catalytic
efficiency (~1.4 x 104 s-1 M-1) about 3 orders of magnitude higher. At variance with SHMT and
other proteins of our set, experimental structures for Tha1 were only available for distant
bacterial homologs. Interestingly, the Tha1 ranking in our screening greatly improved by
using the crystal structure of the mouse protein or AlphaFold models built taking this
information into account.

A surprising result of our experimental validation is that different genes could be responsible
for the second step of carnitine biosynthesis in humans and mice. This conclusion, however,
is in line with previous observations of greater HTMLA promiscuity than in other reactions of
the pathway 31. In fact, deletion of other genes of the pathway results in the inability of C.
albicans to grow on fatty acids, whereas deletion of the gly1 paralog htmla only reduces
growth on this carbon source, and even the htmla/gly1 double null strain shows residual
growth 30. Our conclusion that rodents possess a more efficient HTMLA enzyme than
humans and other primates is also supported by the observations that administration of TML
to humans results in minimal synthesis of carnitine 61, whereas when TML is given to rats, it
is nearly entirely converted into carnitine 62. Also in line with our results is the observation
that the HTMLA activity in human tissues is the lowest amongst the enzymes of the pathway,
and is mainly observed in the liver 63, where both SHMT1 and 2 are abundantly expressed
(https://www.proteinatlas.org/search/shmt).

The Tha1 phylogeny suggests that this gene has a monophyletic origin in eukaryotes and it
has been duplicated only in recent branches of the eukaryotic tree (Supplementary Fig.
19). One of these duplications in Saccharomycetales gave rise to the paralogous gene
characterized as htmla in C. albicans. However, most other fungi possess a single copy of
the gene (gly1), which is probably responsible for HTMLA activity in fungi. On the other
hand, the putative animal ortholog Tha1 could be responsible for HTMLA activity in those
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animals in which the gene is present together with the other genes of the pathway. As we
found that the mouse enzyme has a strong preference (1,000 folds) for HTML towards
threonine, the name hydroxytrimethyllysine aldolase (Htmla) would be a better descriptor of
the mouse gene. It should be noted, however, that orthologous genes are maintained in the
budding yeast (YEL046C; gly1) and the beetle Tenebrio molitor (KAJ3617386) that are
known not to produce carnitine 40,41, and in several insect species, such as ants, bees, and
wasps, that should lack the biosynthetic pathway as deduced from the absence of TMLD
and BBD (see Supplementary Fig. 4). This evidence suggests that Tha1 fulfills additional
functional roles, as frequently observed in PLP-dependent enzymes 64,65. As suggested by
the enzyme in vitro activity (see Fig. 5), these additional functions could involve the aldol
cleavage of β-hydroxylated L-amino acids with erythro configuration.

While Tha1/Htmla is present in the majority of eukaryotes, it has been independently lost in
various groups of mammals. It is absent in marsupials and some orders of placentals such
as Primates and Chiroptera (bats) (see Supplementary Fig. 4). The loss of a functional
gene in marsupials is presumably ancient as no trace of the gene can be retrieved in their
genome by a tblastn search, whereas is more recent in placentals where pseudogenes are
readily identified in several species including humans 44 (Supplementary Fig. 20). The
relatively frequent loss of the gene during mammalian evolution can be explained by
sufficient supply of carnitine via the biosynthetic pathway ensured by the HTMLA activity of
SHMT and/or sufficient exogenous supply of carnitine via the diet. Interestingly,
pseudogenization of TMLD is also observed in bats (Supplementary Fig. 20), suggesting
loss of carnitine biosynthesis in these species.

Carnitine supply is crucial for energy metabolism as it enables the transport of fatty acids
into the mitochondria, where they are oxidized to generate ATP. Although not essential to the
body’s supply of carnitine, nutritional sources are very important in humans, with about 75%
of total body carnitine originating from food sources 66. The results of our study suggest that
humans and some other mammals, having lost a gene coding for an enzyme with efficient
HTMLA activity, may have a lower output from the biosynthetic pathway and a higher dietary
requirement for carnitine.
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Methods

Establishment of the human and mouse PLP enzyme set (step 1 and 2)
The PLPome of the considered organisms (Homo sapiens and Mus musculus) was obtained
with the B6DB (http://bioinformatics.unipr.it/B6db/tmp/) whole genome analysis tool, and
each RefSeq accession number was converted to the UniProt one with OSMES.convert_ac.
The enzyme set was built with AlphaFold models downloaded from
https://alphafold.ebi.ac.uk/ in monomeric form and then used for the construction of
homo-oligomeric structure with the function OSMES.build_homo_oligo that use the super
function of PyMOL (https://pymol.org/) to structurally superimpose the AF monomers to the
best template retrieved by the SWISS-MODEL repository
(https://swissmodel.expasy.org/repository).
The criteria to choose the best structure used as alignment template were as follows, in
order of priority: database source (first PDB, then SWISS-MODEL), oligomeric state (first the
template with the higher number of chain, excluding heteromers), structure resolution (Å or
QMEAN). Oligomers for SPTLC2 (AC: P97363, O15270) and SPTLC3 (AC: Q8BG54,
Q9NUV7) were built with the function OSMES.build_oligo_manual due to their heteromeric
association both with the same subunit SPTLC1 (AC: O35704, O15269), obtaining the two
heterodimers SPTLC2-SPTLC1 and SPTLC3-SPTLC1. Murine Nfs1 (AC: Q9Z1J3) was built
manually with PyMOL with the human template due to the absence of a homodimer in the
SWISS-MODEL repository. All the models obtained by the procedure were visually inspected
with PyMOL.

Substrate preparation (step 3)
The substrates used for the validation of the procedure were selected to represent amino
acids with different properties (negative, positive, hydrophobic, aromatic, etc). Amino acids
were ligated with a covalent bond (imine) between their Nα groups and the aldehydic group
of PLP in the external aldimine state. All the substrates used in the reverse docking
screening were constructed with an automated process that retrieves the 3D coordinate file
of a given PubChem ID (PID) from PubChem (https://pubchem.ncbi.nlm.nih.gov/), binds a
user-selected N atom to the PLP provided in SMILE format
(CC1=NC=C(C(=C1O)C)COP(=O)([O-])[O-]), adds hydrogens with the dimoprhite_df
program (https://github.com/UnixJunkie/dimorphite_dl) assuming a pH of 7.4, creates the
PDB file and performs energy minimization using the function MMFFOptimizeMolecule from
RDKit (https://www.rdkit.org/) with MMFF94s as forcefield. Once the PDB file is obtained,
charges are assigned according to Gasteiger and converted in the pdbqt format (e.g.
HTL_PLP.pdbqt) with the prepare_ligand script of ADFRsuite. An additional txt (e.g.
HTL_PLP.txt) file is generated that contains the atom ID for the plane, the bonds for the CFC
calculation, and the grid box sizes for AGFR obtained during the substrate preparation (see
below). The code for steps 1-3 is available in OSMES.ipynb.

Active site positioning and sizing (step 4)
The coordinates for grid positioning are obtained during the enzyme set preparation through
i) retrieval of the position of the post translational modification (PTM) lysine in the UniProt
database; ii) determination of corresponding the residue number in the PDB file through
pairwise alignment (OSMES.match_fasta_position) of the UniProt and the PDB sequence
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converted in FASTA format (OSMES.pdb2fasta), and iii) retrieval of the coordinates of the
catalytic lysine NZ atom, to be used as the center of the grid. The script output is a
tab-separated file (e.g. Homo_sapiens_coord.tsv) containing for each pdb file, the
coordinates to be used in the AGFR command and required by the OSMES procedure
(OSMES_submit.py). The box is defined as a cube with a size (S) defined during the
substrate preparation calculated based on the maximum distance (maxDist) among the
substrate atoms in the 3D coordinate file, imposing a lower limit of 14 Å .

Reverse-docking procedure (step 5)
The reverse docking procedure uses the files prepared in the previous steps, i.e. a substrate
in pdbqt format (HTL_PLP.pdbqt) with the corresponding txt file (HTL_PLP.txt) and a dataset
of enzyme structures in PDB format with the corresponding coordinates file for the grid box
center(Homo_sapiens_coord.tsv). These input files are defined in a configuration file
(OSMES.config) along with other docking parameters. This procedure uses the ADFR suite
from AutoDock (https://ccsb.scripps.edu/adfr/), to prepare the pdbqt file of the enzyme
structure and to run AGFR and ADFR command for every active site in the set. For each
enzyme, all the catalytic lysines of the different chains in the structure were used for docking
calculations, e.g. for a tetrameric structure we ran 4 different docking analyses for every
chain. For our procedure, we use 200 nbRuns, 50,000,000 maxEvals, 3 Å for
clusteringRMSDCutoff, 300 popSize and 0.2 Å for spacing. The procedure was performed in
the SkyLake node (4 INTEL XEON E5-6140 2.3GHz, 72 cores, and 384 Gb of RAM) of the
HPC facility of the University of Parma. A OSMES analysis took about 17 hours for each
organism considered (~100 active sites).

Ranking methods
For the classification of the results, 7 different ranking methods were considered: LCC, LCE,
LCaaE, BCC, BCE, BCaaE and CC-CFC. LCC and BCC were obtained directly from the
summary output file of ADFR command, and correspond to the number of conformations of
the largest and best cluster respectively. LCE and BCE were obtained directly from the
summary output file of ADFR command, and correspond to energy of the lowest-energy
conformation of the largest and best cluster respectively. LCaaE and BCaaE are based on
the non binding energies (VdW and electrostatic interactions) of the amino acid-related
atoms, excluding those of PLP. These were obtained with OSMES.calc_ade that exploits the
utility ade.py from ADFRsuite and considers only the atoms named with the three-letter code
chosen for every substrate in OSMES.config. To define the CFC in the docking results, we
took into account two specific conditions through OSMES.calc_run: i) the mean distance of
the catalytic cluster between the NZ atom of the catalytic lysine and the imine carbon of
external aldimine must be less than 5 Å and; ii) |sin(χ)| of the inspected bond should be
highest compared to those of the other bonds, and it was calculated by
OSMES.angle_plane_line with the following formula:

𝑠𝑖𝑛(χ)| | = 𝐴𝑎+𝐵𝑏+𝐶𝑐𝑎2 + 𝑏2 + 𝑐2 𝐴2 + 𝐵2 + 𝐶2||| |||
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where is the plane equation of PLP ring obtained with OSMES.planeEq𝐴𝑥 + 𝐵𝑦 + 𝐶𝑧 = 𝐷
and is the line equation of the inspected bond obtained with OSMES.lineEq.𝑎𝑥 + 𝑏𝑦 = 𝑐
|sin(χ)| represents the angle between the bond (line) and the PLP ring (plane) and for this
reason is [0;1], where 1 is the perfect orthogonality and 0 is the perfect parallelism. For each
conformation are calculated 3 different |sin(χ)| (i.e. χ1, χ2, χ3) for Cα-COOH, Cα-Cβ and
Cα-Hα bonds respectively. All the plots for the analysis of docking results have been
obtained with python code available in the OSMES_result.ipynb notebook that use Pandas
(https://pandas.pydata.org/), Matplotlib (https://matplotlib.org/) and Seaborn
(https://seaborn.pydata.org/) libraries.

HTML synthesis
HTML was synthesized starting from TML through enzymatic conversion to the hydroxylated
form. TML was obtained by chemical synthesis from
(2S)-6-amino-2-{[(tert-butoxy)carbonyl]amino}hexanoic acid (purchased from FCH) using a
previously described protocol 67.
For the enzymatic HTML synthesis, we recombinantly produced the TMLD enzyme
according to a published protocol 68. We prepared the reaction using triethanolamine instead
of the phosphate buffer, which in the presence of Fe2+ ion, immediately precipitates. We
prepared 100 mL of reaction mixture (α-keto glutarate 15 mM, ascorbate 5 mM, TML 5 mM,
FeSO4 200 µM, TEA 20 mM, DTT 1 mM, TMLD 10 µM) in a flask agitated for 30 min at
37°C. We finally purified the reaction mixture, that contained the enzyme and the other
molecules, with cation exchange chromatography, by exploiting the positively charged
N-trimethyl group to isolate HTML from the other negatively charged molecules such as
ascorbate, 2-oxoglutarate, and succinate. After reaching pH 5.0 with the addition of HCl, the
solution was firstly deprived by the enzyme TMLD through a Vivaspin™ centrifugation, then
the flow-through was loaded onto a 50 mL Superloop of ÄKTA pure system FPLC and
purified using HiTrap 5 mL SP column. We used 0.2 M HCl to elute the molecule with a
gradient of 7 CV. We followed the elution on 210 nm and the fractions of the corresponding
peak and flow-through of the column were analyzed by NMR spectra using the setting
described below.

Plasmid construction
For the construction of SGLP1 expression plasmid, the SGPL1 (NCBI GeneID: 8879) CDS
sequence (XM_006718053.1) inserted into pET-28b vector was purchased from GenScript
(USA Inc.). For the construction of Tha1 expression plasmid, the Tha1 (NCBI GeneID:
71776) CDS sequence (NM_027919.4) without the first 40 amino acids corresponding a
predicted mitochondrial signal, inserted into pET-28b expression vector was purchased from
GenScript (USA Inc.) The constructs were transformed by electroporation into E. coli BL21
with pGRO7 plasmid from Takara™ containing GroEL and GroES chaperons. The
authenticity of all constructs was verified by sequence analysis.

Protein expression and purification
Human SHMT1 and SHMT2 were recombinantly expressed and purified as previously
described 69. The E. coli clone expressing recombinant rat TMABADH was obtained from
Ronald J.A. Wanders (University of Amsterdam). TMABADH was recombinantly expressed
and purified as previously described 61. Tha1 and SGPL1 expression was performed by
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inoculating a single colony of every clone in a Liter of autoinducing LB broth obtained by
adding 0.5 g/L glucose and 2 g/L lactose to standard LB medium. Cells were grown at 20°C
for 16h after a pre-induction phase at 37°C for 8h. Cell pellets were resuspended in 50 mL of
Lysis Buffer (50 mM NaH2PO4 pH 7.6, 150 mM NaCl, 20 µM PLP), sonicated (1s on/off
alternatively at 40 W for 30 min) and centrifuged (14,000 rpm for 40 minutes at 4°C).
Supernatant was loaded onto a 50 mL Superloop of ÄKTA pure system FPLC and purified
by Affinity Chromatography (AC) using HisTrap 5 mL FF column. Proteins were washed with
Washing Buffer (50 mM NaH2PO4 pH 7.4, 100 mM KCl, 10% glycerol, 500 mM sucrose, 20
mM MgCl2, 5 mM ATP, 1 mM DTT) to rid of GroEL which would otherwise be found in the
elutions (see lane W in Supplementary Fig. 14e); eluted with AC Elution Buffer (20 mM
NaH2PO4 pH 7.6, 150 mM NaCl, 500 mM imidazole). Protein fractions were collected and
concentrated by Vivaspin™ centrifugation for dialysis in a Storage Buffer (50 mM NaH2PO4

pH 7.6, 150 mM NaCl, 1 mM DTT, 5 µM PLP). Tha1 was further purified with a size
exclusion chromatography (Supplementary Fig. 17a) using Superdex 200 10/300 Gl
column in 50 mM TEA pH 7.6, 150 mM NaCl, 1 mM DTT for crystallization experiments.
Human KYAT1 and mouse Kyat3 were recombinantly expressed and purified as previously
described 70. UV-Vis spectra were collected with JASCO V-750 spectrophotometer and
plotted with python code available in Source Data. Molar extinction coefficients (ε) for
protein quantification were calculated with ProtParam (https://web.expasy.org/protparam/)
using the corresponding sequences.

Aldolase activity assays
The HTMLA activity was measured by coupling the aldol cleavage of HTML with the
oxidation of TMABA by NAD+ catalyzed by TMABADH. The rate of the reaction was
calculated from the rate of appearance in absorbance at 340 nm, due to the formation of
NADH, using a value of ε340 = 6,220 cm−1·M−1. The reaction was carried out using 1 µM
SHMT1 or 4 µM SHMT2 in 50 mM potassium phosphate, pH 7.5, containing 1 mM EDTA, 5
mM 2-mercaptoethanol, 0.5 mM NAD+ and 8 µM TMABADH, at 37 °C. For Tha1 (1 µM) and
eTA (0.1 µM) we kept the same conditions but a different temperature (30 °C) due to their
low stability at 37°C. The rate of L-allo-threonine and threonine cleavage was measured by
coupling the reaction with reduction of the product acetaldehyde by NADH and alcohol
dehydrogenase 45. With L-allo-threonine as substrate were reduced the amount of SHMT
enzymes, 0.15 µM for SHMT1 and 1 µM for SHMT2.The rate of the reaction was calculated
from the rate of disappearance in absorbance at 340 nm, due to NADH depletion. Initial
velocities were collected in a quartz cuvette (l = 1 cm) with JASCO V-750 spectrophotometer
and plotted with python code available in Source Data.

Inhibition characterization of HTML towards human KYAT1
The rate of aminotransferase activity of KYAT1 was measured with a previously described
protocol 71. Briefly, through a continuous spectrophotometric assay at 310 nm (Δε = 3,625
M-1·cm−1) the increase of the signal was monitored due to the higher ε of kynurenic acid
compared to that of kynurenine (4,674 M-1·cm−1 and 1,049 M-1·cm−1, respectively). The
reaction mixture contains a saturating concentration of α-ketoglutarate as an acceptor of the
amino group. Different concentrations of HTML (0, 2, 4, 8 mM) were used for the
Lineweaver-Burk double reciprocal primary plot. Initial velocities were collected in a quartz
cuvette (l = 0.1 cm) with JASCO V-750 spectrophotometer and plotted with SigmaPlot 14.0
available in Source Data.
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NMR spectroscopy
1H NMR spectra were acquired with a JEOL ECZ600R spectrometer in no spinning mode at
25°C. Samples were loaded in Wilmad ECONOMY NMR tubes, solved in 600 μL of H2O:D2O
(9:1) with simple DANTE presat sequence for H2O suppression. The reactions were
monitored using a DANTE presat array sequence with periods of 300 s for 24h. NMR
experiments were acquired in 50 mM NaH2PO4 pH 7.0 to avoid signals of organic buffers in
1H NMR spectra. NMR spectra were processed and analyzed with MestReNova version
14.2.0 (Mestrelab Research).

Crystallization and data collection
A frozen aliquot of Tha1 was thawed in ice and concentrated to a final concentration of 3.1
mg/mL and cleared by centrifugation at 17000 g. To find the best crystallization conditions
crystal screens Pact Premiere HT-96 and Morpheus HT-96 (Molecular Dimensions) were
tested mixing 0.2 µL of protein with 0.2 µL of screen against a 40 µL reservoir in MRC 2-lens
plates (SWISS-CI) with an Oryx Nano crystallization robot (Douglas instruments). Initial hits
appeared in conditions G9 (0.2 M Potassium sodium tartrate tetrahydrate, 0.1 M Bis-Tris
propane pH 7.5, 20% w/v PEG 3350), H5 (0.2 M sodium nitrate, 0.1 M Bis-Tris propane pH
8.5, 20% w/v PEG 3350) and H9 (0.2 M Potassium sodium tartrate tetrahydrate, 0.1 M
Bis-Tris propane pH 8.5, 20% w/v PEG 3350) of the PACT Premiere HT-96 screen. The
protein was finally crystallized using the sitting-drop vapor-diffusion method at 18 °C, mixing
1 µL of Tha1 solution with 1 µL of precipitant solution (0.2 M sodium nitrate, 0.1 M Bis-Tris
propane pH 8.5, 20% w/v PEG 3350) and equilibrated against a 80 µL reservoir of
precipitant solution in MRC Maxi 48-drops crystallization plates (SWISS-CI). Crystals
appeared overnight and finished growing in less than 72 h after the crystallization drops
were prepared. For data collections, crystals were fished from the drops and flash-cooled in
liquid nitrogen.

SEC-SAXS measurements and analysis

The Tha1 sample was measured by SEC-SAXS at the ESRF bioSAXS beamline BM29,
Grenoble, France. A volume of 250 μL of protein sample at 5.5 mg/mL was loaded on a
Superdex 200 10/300 GL column (Cytiva) via a high-performance liquid chromatography
device (HPLC, Shimadzu) attached directly to the sample-inlet valve of the BM29 sample
changer. The sample was measured in buffer C at 20 °C. The column was equilibrated with
at least 3 column volumes to obtain a stable background signal before measurement. All
parameters for SAXS analysis are described in Supplementary Table 8. In the SEC-SAXS
chromatogram, frames in the region of stable Rg were selected with CHROMIXS and
averaged using PRIMUS to yield a single averaged frame per protein sample. Analysis of
the overall parameters was carried out by PRIMUS from ATSAS 3.2.1 package 72. The pair
distance distribution functions, P(r), were used to calculate ab initio models in Px symmetry
with DAMMIF/N. CRYSOL was used for evaluating and fitting the experimental scattering
curve of Tha1 with the corresponding atomic structure solved in this study. Plot and protein
model were generated using OriginPro 9.0 and UCSF Chimera software, respectively. SAXS
data were deposited into the Small Angle Scattering Biological Data Bank (SASBDB) under
accession numbers SASDSU8.
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Structure determination, refinement and analysis

Data collections were performed at ESRF beamline ID23-2. Diffraction data integration and
scaling were performed with XDS 73 and the DIALS data-processing package 74, data
reduction and analysis with Aimless 75. Structures were solved by Molecular Replacement
with Phaser 76 from Phenix 77, using as search model the structure of L-allo-threonine
aldolase from Thermotoga maritima, PDB code 1M6S. Two crystal forms were identified, in
space group F222, with one molecule in the asymmetric unit (ASU), and in space group C2,
with two molecules in the ASU. The final refined structures were obtained by alternating
cycles of manual refinement with Coot 78and automatic refinement with phenix.refine 79.
Statistics on data collection and refinement are reported in Supplementary Table 9.
Interface analysis was performed using PISA 80.

Construction of Tha1 models using crystal structure
Different AlphaFold models are obtained by using the best Tha1 crystal structure (F222) as
template using the Colab notebook from ColabFold 57. By setting pdb_100 to the parameter
template_mode with the UniProt sequence of Tha1, the PDB templates used for the
prediction were retrieved. The corresponding templates were manually downloaded from
PDB and Tha1 crystal structure was added. Then changing to custom the template_mode,
two different models were generated. The first by using as template all the structure
retrieved by pdb100 mode plus Tha1 crystal structure (AF_F222) and the second by using
as template only the Tha1 crystal structure (AF_only_F222).

Data availability
The datasets and computer code used in this study are available in GitHub at the address:
https://github.com/lab83bio/OSMES. Crystal structures were deposited in the PDB with
accession codes 8PUS and 8PUM for the orthorhombic (F222) and the monoclinic (C2)
form, respectively. SAXS data were deposited into the Small Angle Scattering Biological
Data Bank (SASBDB) under accession numbers SASDSU8. Source data are provided with
this paper.
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Figure Legends

Fig.1: One substrate-many enzymes screening (OSMES) workflow.
Scheme of OSMES. The pipeline consists of 5 main steps performed automatically: (i)
AlphaFold monomeric models for selected proteins are retrieved; (ii) oligomeric structures
are determined with SWISS-MODEL templates; (iii) the substrate is prepared for docking
and (iv) used to determine the gridbox size at the active site; (v) finally, the pipeline performs
docking analysis and the results are ranked using different methods.

Fig. 2: Evaluation of different ranking methods of OSMES with known substrates of
PLP-enzymes.
a, Representation of the 6 ranking methods related to the best cluster (BC; red tones) and
the largest cluster (LC; yellow tones). The bar plot represents the 200 conformations of a
single docking run clustered with a 3 Å RMSD threshold; LCC and BCC methods consider
the number of conformations in the respective cluster. The atoms of the substrate
considered in the energy-based ranking methods (BCE, LCE, BCaaE, LCaaE) are
highlighted in the insets. b, Scheme of the side view of the PLP pyrimidine ring and the three
Cα bonds with the respective angles (χ) with respect to the PLP ring plane. c, Catalytically
favorable conformations (CFC) in the three different PLP-dependent reactions. The
conformations from docking analysis are considered CFC if distance (d) between Nε of
catalytic lysine and imine carbon ≤ 5 Å in the catalytic cluster, and the bond cleaved in the
expected reaction (superior circumradius) is nearly orthogonal to the PLP ring (plane), that is
its angle χ has the maximum relative value (see Methods). d, Bar plot highlighting in blue
the number of CFC in different clusters. Black arrow indicates the Catalytic Cluster (CC)
which does not always coincide with BC (red) or LC (yellow). e, Letter-value plot showing the
distribution of the validation set colored according to the 7 ranking methods. BC related
methods are colored in red tones; LC related methods are colored in yellow tones; CC-CFC
is colored in blue. Individual dots representing ranking position of positive controls (i.e.,
enzymes known to act on the substrate) are colored according to substrate identity (legend);
black dashed line delimits the top 10 positions. f, Receiver operating characteristic curve
(ROC) for the different ranking methods colored as in panel e; the dotted diagonal
represents an area under curve (AUROC) value of 0.5.

Fig. 3: HTMLA, the missing aldolase in animal carnitine biosynthesis.
a, Carnitine biosynthetic pathway in animals. HTMLA, the missing enzyme catalyzing the
second step of the pathway is highlighted in yellow. b, Atomic model of the
energy-minimized conformation of the HTML-PLP external aldimine used for the OSMES
procedure. In yellow the carbon atoms of HTML, in white the carbon atoms of PLP.
Non-carbon atoms are colored according to CPK convention. c, Expected geometry of the
catalytic favorable conformation of the docked HTML-PLP substrate. The Cα-Cβ bond is
considered labile when χ1 < χ2 > χ3 and d ≤ 5 Å.

Fig. 4: HTMLA candidates identified by HTML-OSMES in human and mouse.
a, HTML-OSMES against human and mouse PLPomes ranked with CC-CFC method. Best
results (highest for LCC, CC-CFC, |sin(χ2)|; lowest for E) in the columns are highlighted with
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darker colors. |sin(χ2)|, d and E columns represent the mean values of CC. In orange are
highlighted the enzymes with known β-lyase or aldolase activity. b, Structural representation
of the lowest-energy binding modes among the catalytic clusters obtained by docking of
HTML-PLP substrate for SHMT1, Tha1 and KYAT1. Non-carbon atoms are colored
according to CPK convention. The conformations are shown with ball-and-sticks and are
composed of PLP cofactor (magenta) covalently bound to HTML (yellow), and flexible
catalytic lysine (green). The binding site residues (≤ 4.5 Å from HTML-PLP) are shown in
lines labeled with one-letter code and number. Polar interactions between substrate and
protein are indicated with orange dashes, while cation-π interactions are indicated with olive
dashes.

Fig. 5: Experimental validation of HTML-OSMES candidates.
a, Time-resolved 1H NMR spectra of SHMT1 activity in the presence of 5 mM HTML at 0, 35,
65 and 105 minutes. Cα protons singlet of glycine is assigned in the structure. b, Nonlinear
fitting to the Michaelis Menten equation of the dependency on HTML concentrations of the
initial reaction velocity of SHMT1 (1 μM). c, Kinetic parameters (kcat, Km, kcat/Km) of HTMLA
reaction of tested enzymes with mean and standard error values. d, Scheme of the broken
bond (magenta cross) in the aldol cleavage reactions of HTML, L-allo-threonine, L-threonine.
In red are the portions common to the three substrates. e, Bar plot in log scale of kcat/Km of
different enzymes (Tha1, SHMT1, SHMT2) with different substrates (HTML, L-allo-threonine,
L-threonine). f, Lineweaver-Burk double-reciprocal primary plot of the inhibition by HTML of
kynurenine aminotransferase activity of KYAT1. The kynurenine concentration ranged from
0.75 to 3 mM. The concentrations of HTML were 0, 2, 4, and 8 mM.

Fig. 6: Crystal structure of mouse Tha1 improves HTML-OSMES results.
a, Quaternary assembly of Tha1. The four PLP cofactors, one for each unit, are shown in
violet ball-and-stick. The main interface, between units A and B (orange/magenta) and the
secondary interface between units C and D (teal/pale cyan) are indicated. b, Active site of
Tha1. The main polar interactions of the PLP cofactor (violet) at the interface between
subunits A (carbon atoms in teal) and B (carbon atoms in pale cyan) are indicated.
Distances in Å. c, Comparison of AlphaFold model (dark colors) and the Tha1 crystal
structure (orthorhombic F222, light colors) docked with HTML-PLP substrate. Different
chains are colored in different colors. Non-carbon atoms are colored according to CPK
convention. HTML-PLP and flexible catalytic lysine are shown in ball-and-sticks. The binding
site residues (≤ 4.5 Å from HTML-PLP) are shown in sticks. Polar interactions are indicated
with orange dashes, cation-π interactions are indicated with olive dashes. d-g , Clustering of
the HTML-PLP conformations at the Tha1 active site obtained with HTML-OSMES applied to
AlphaFold model (d, e) or the crystal structure (f, g). Bar plots show the distribution of χ1

(blue), χ2 (emerald) and χ3 (kiwi) angles in each cluster, with the catalytic cluster highlighted
in light blue. Circular plots show the cumulative distribution of the three χ angles for all
clusters. |sin(χ)| ≥ 0.95 values are defined by gray areas.
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Supplementary Discussion 1: Tha1 structure
In Tha1 the PLP cofactor, covalently bound to the side-chain amine of Lys242, is stabilized in
the active site by a network of hydrogen bonds and salt bridges with the side chains of
Asp211, Arg214 and Thr98 from the same unit, and of Lys267 and Arg274 from the adjacent
unit (Fig. 6b). His123 is making an aromatic stacking interaction with the PLP pyridine ring
(the relative distance between the rings is 3.7 Å). All these residues are conserved in the T.
maritima enzyme. The PLP phosphate makes a hydrogen bond also with the backbone NH
of Asn97; in the T. maritima enzyme an analogous interaction is established with the
backbone NH of Gly58. While the main interface has similar characteristics for the mouse
and the T. maritima enzymes (as deduced by PISA analysis, see Supplementary Table 6),
the secondary interface shows a higher degree of variability. Despite with similar buried area
values, around 990-1060 Å2, it stronger contributes to the stability of the tetrameric assembly
in the T. maritima enzyme, with much higher values in ΔGint (the solvation free energy gain
upon formation of the assembly), ΔGint P-value (a measure of interface specificity, the lower
the value the more hydrophobic and interaction-specific the surface) and CSS (the
Complexation Significance Score, which indicates how significant for assembly formation the
interface is). The secondary interface has a more hydrophobic nature in the T. maritima
enzyme while it is more polar in the mouse enzyme, with a higher number of hydrogen
bonds and salt bridges. As a consequence, the tetrameric assembly of the T. maritima
enzyme has a higher stability with respect of that of the mouse enzyme, with ΔGdiss (the free
energy of assembly dissociation) values of 40.9 kcal/mol and 5-6 kcal/mol, respectively (for
the ABCD to AB + CD dissociation). The relatively low value of the mouse ΔGdiss prompted
us to verify the stability of the tetramer in solution. We performed SEC-SAXS experiments
that show the presence of a single component with a MW compatible to that of the sum of 4
units, indicating that the mouse enzyme, despite the lower stability, is tetrameric in solution
(Supplementary Fig. 17b).



Supplementary Table 1: PLP-dependent enzyme set used in OSMES

Entry Gene name EC number Organism

Q3UX83 Accsl N/A Mus musculus

Q8VCN5 Cth 4.4.1.1 Mus musculus

P05201 Got1 2.6.1.1; 2.6.1.3 Mus musculus

Q9Z2Y8 Plpbp N/A Mus musculus

Q9QZX7 Srr 5.1.1.18; 4.3.1.18; 4.3.1.17 Mus musculus

Q8BH55 Thnsl1 N/A Mus musculus

Q99K85 Psat1 2.6.1.52 Mus musculus

Q9WUB3 Pygm 2.4.1.1 Mus musculus

Q14CH1 Mocos 2.8.1.9 Mus musculus

Q8CI94 Pygb 2.4.1.1 Mus musculus

Q8QZR1 Tat 2.6.1.5 Mus musculus

A2AIG8 Accs N/A Mus musculus

Q8BG54 Sptlc3 2.3.1.50 Mus musculus

Q9ET01 Pygl 2.4.1.1 Mus musculus

Q9JLI6 Scly 4.4.1.16 Mus musculus

Q8R0X7 Sgpl1 4.1.2.27 Mus musculus

O35423 Agxt 2.6.1.51; 2.6.1.44 Mus musculus

Q6P6M7 Sepsecs 2.9.1.2 Mus musculus

P97363 Sptlc2 2.3.1.50 Mus musculus

P29758 Oat 2.6.1.13 Mus musculus

Q8R238 Sdsl 4.3.1.17; 4.3.1.19 Mus musculus

Q8VBT2 Sds 4.3.1.17; 4.3.1.19 Mus musculus

Q9CXF0 Kynu 3.7.1.3 Mus musculus

Q9Z1J3 Nfs1 2.8.1.7 Mus musculus

Q8BGT5 Gpt2 2.6.1.2 Mus musculus

Q71RI9 Kyat3 2.6.1.7; 4.4.1.13; 2.6.1.63 Mus musculus

P08680 Alas2 2.3.1.37 Mus musculus

Q9WVM8 Aadat 2.6.1.39; 2.6.1.7 Mus musculus

Q8VC19 Alas1 2.3.1.37 Mus musculus

Q8QZR5 Gpt 2.6.1.2 Mus musculus

Q91W43 Gldc 1.4.4.2 Mus musculus

Q7TSV6 Got1l1 2.6.1.1 Mus musculus

Q8BWU8 Etnppl 4.2.3.2 Mus musculus

O88986 Gcat 2.3.1.29 Mus musculus

Q8BTY1 Kyat1 2.6.1.7; 4.4.1.13; 2.6.1.64 Mus musculus



Q9CZN7 Shmt2 2.1.2.1 Mus musculus

P61922 Abat 2.6.1.19; 2.6.1.22 Mus musculus

Q8R1K4 Phykpl 4.2.3.134 Mus musculus

P00860 Odc1 4.1.1.17 Mus musculus

Q3UEG6 Agxt2 2.6.1.44; 2.6.1.40 Mus musculus

P50431 Shmt1 2.1.2.1 Mus musculus

Q80WP8 Gadl1 4.1.1.11; 4.1.1.29 Mus musculus

P05202 Got2 2.6.1.1; 2.6.1.7 Mus musculus

P48318 Gad1 4.1.1.15 Mus musculus

O88533 Ddc 4.1.1.28 Mus musculus

Q9DBE0 Csad 4.1.1.29; 4.1.1.11 Mus musculus

P24288 Bcat1 2.6.1.42 Mus musculus

P48320 Gad2 4.1.1.15 Mus musculus

P23738 Hdc 4.1.1.22 Mus musculus

O35855 Bcat2 2.6.1.42 Mus musculus

Q91WT9 Cbs 4.2.1.22 Mus musculus

Q80W22 Thnsl2 4.2.3.- Mus musculus

Q6XPS7 Tha1 N/A Mus musculus

P17174 GOT1 2.6.1.1; 2.6.1.3 Homo sapiens

Q4AC99 ACCSL N/A Homo sapiens

Q96QU6 ACCS N/A Homo sapiens

O95470 SGPL1 4.1.2.27 Homo sapiens

Q96EN8 MOCOS 2.8.1.9 Homo sapiens

O94903 PLPBP N/A Homo sapiens

Q9Y697 NFS1 2.8.1.7 Homo sapiens

P06737 PYGL 2.4.1.1 Homo sapiens

Q99259 GAD1 4.1.1.15 Homo sapiens

Q16773 KYAT1 2.6.1.7; 4.4.1.13; 2.6.1.64 Homo sapiens

O75600 GCAT 2.3.1.29 Homo sapiens

P00505 GOT2 2.6.1.1; 2.6.1.7 Homo sapiens

P13196 ALAS1 2.3.1.37 Homo sapiens

Q8N5Z0 AADAT 2.6.1.39; 2.6.1.7 Homo sapiens

Q8TD30 GPT2 2.6.1.2 Homo sapiens

Q8NHS2 GOT1L1 2.6.1.1 Homo sapiens

P11216 PYGB 2.4.1.1 Homo sapiens

P11217 PYGM 2.4.1.1 Homo sapiens

Q9HD40 SEPSECS 2.9.1.2 Homo sapiens



Q9GZT4 SRR 5.1.1.18; 4.3.1.18; 4.3.1.17 Homo sapiens

Q9NUV7 SPTLC3 2.3.1.50 Homo sapiens

Q9Y617 PSAT1 2.6.1.52 Homo sapiens

Q96I15 SCLY 4.4.1.16 Homo sapiens

P20132 SDS 4.3.1.17; 4.3.1.19 Homo sapiens

P04181 OAT 2.6.1.13 Homo sapiens

O15382 BCAT2 2.6.1.42 Homo sapiens

P80404 ABAT 2.6.1.19; 2.6.1.22 Homo sapiens

Q05329 GAD2 4.1.1.15 Homo sapiens

Q6YP21 KYAT3 2.6.1.7; 4.4.1.13; 2.6.1.63 Homo sapiens

Q16719 KYNU 3.7.1.3 Homo sapiens

P34897 SHMT2 2.1.2.1 Homo sapiens

P22557 ALAS2 2.3.1.37 Homo sapiens

P24298 GPT 2.6.1.2 Homo sapiens

Q6ZQY3 GADL1 4.1.1.11; 4.1.1.29 Homo sapiens

P23378 GLDC 1.4.4.2 Homo sapiens

Q9BYV1 AGXT2 2.6.1.44; 2.6.1.40 Homo sapiens

P34896 SHMT1 2.1.2.1 Homo sapiens

P11926 ODC1 4.1.1.17 Homo sapiens

Q8IUZ5 PHYKPL 4.2.3.134 Homo sapiens

P19113 HDC 4.1.1.22 Homo sapiens

Q8TBG4 ETNPPL 4.2.3.2 Homo sapiens

P32929 CTH 4.4.1.1 Homo sapiens

P35520 CBS 4.2.1.22 Homo sapiens

P20711 DDC 4.1.1.28 Homo sapiens

P54687 BCAT1 2.6.1.42 Homo sapiens

Q9Y600 CSAD 4.1.1.29; 4.1.1.11 Homo sapiens

P17735 TAT 2.6.1.5 Homo sapiens

Q96GA7 SDSL 4.3.1.19; 4.3.1.17 Homo sapiens

P21549 AGXT 2.6.1.51; 2.6.1.44 Homo sapiens

O15270 SPTLC2 2.3.1.50 Homo sapiens

Q86YJ6 THNSL2 4.2.3.- Homo sapiens

Q8IYQ7 THNSL1 N/A Homo sapiens



Supplementary Table 2: Enzyme-substrate combination used for OSMES validation.

codea Gene Entry Organism Reaction EC number

CSU

CSAD Q9Y600 Homo sapiens Decarboxylase 4.1.1.29; 4.1.1.11

Csad Q9DBE0 Mus musculus Decarboxylase 4.1.1.29; 4.1.1.11

GADL1 Q6ZQY3 Homo sapiens Decarboxylase 4.1.1.11; 4.1.1.29

Gadl1 Q80WP8 Mus musculus Decarboxylase 4.1.1.11; 4.1.1.29

CYT
CTH P32929 Homo sapiens Other 4.4.1.1

Cth Q8VCN5 Mus musculus Other 4.4.1.1

DMA
AGXT2 Q9BYV1 Homo sapiens Aminotransferase 2.6.1.44; 2.6.1.40

Agxt2 Q3UEG6 Mus musculus Aminotransferase 2.6.1.44; 2.6.1.40

EAP
ETNPPL Q8TBG4 Homo sapiens Other 4.2.3.2

Etnppl Q8BWU8 Mus musculus Other 4.2.3.2

GLU

GAD1 Q99259 Homo sapiens Decarboxylase 4.1.1.15

GAD2 Q05329 Homo sapiens Decarboxylase 4.1.1.15

Gad1 P48318 Mus musculus Decarboxylase 4.1.1.15

Gad2 P48320 Mus musculus Decarboxylase 4.1.1.15

HIS
HDC P19113 Homo sapiens Decarboxylase 4.1.1.22

Hdc P23738 Mus musculus Decarboxylase 4.1.1.22

ILE

BCAT1 P54687 Homo sapiens Aminotransferase 2.6.1.42

BCAT2 O15382 Homo sapiens Aminotransferase 2.6.1.42

Bcat1 P24288 Mus musculus Aminotransferase 2.6.1.42

Bcat2 O35855 Mus musculus Aminotransferase 2.6.1.42

KYN

AADAT Q8N5Z0 Homo sapiens Aminotransferase 2.6.1.39; 2.6.1.7

Aadat Q9WVM8 Mus musculus Aminotransferase 2.6.1.39; 2.6.1.7

KYAT1 Q16773 Homo sapiens Aminotransferase 2.6.1.7; 4.4.1.13; 2.6.1.64

KYAT3 Q6YP21 Homo sapiens Aminotransferase 2.6.1.7; 4.4.1.13; 2.6.1.63

Kyat1 Q8BTY1 Mus musculus Aminotransferase 2.6.1.7; 4.4.1.13; 2.6.1.64

Kyat3 Q71RI9 Mus musculus Aminotransferase 2.6.1.7; 4.4.1.13; 2.6.1.63

KYNU Q16719 Homo sapiens Other 3.7.1.3

Kynu Q9CXF0 Mus musculus Other 3.7.1.3

ORN
ODC1 P11926 Homo sapiens Decarboxylase 4.1.1.17

Odc1 P00860 Mus musculus Decarboxylase 4.1.1.17

PHL
PHYKPL Q8IUZ5 Homo sapiens Other 4.2.3.134

Phykpl Q8R1K4 Mus musculus Other 4.2.3.134

SER

SHMT1 P34896 Homo sapiens Aldolaseb 2.1.2.1

SHMT2 P34897 Homo sapiens Aldolaseb 2.1.2.1

Shmt1 P50431 Mus musculus Aldolaseb 2.1.2.1

Shmt2 Q9CZN7 Mus musculus Aldolaseb 2.1.2.1

SPL
SGPL1 O95470 Homo sapiens Aldolase 4.1.2.27

Sgpl1 Q8R0X7 Mus musculus Aldolase 4.1.2.27



TYR

TAT P17735 Homo sapiens Aminotransferase 2.6.1.5

Tat Q8QZR1 Mus musculus Aminotransferase 2.6.1.5

DDC P20711 Homo sapiens Decarboxylase 4.1.1.28

Ddc O88533 Mus musculus Decarboxylase 4.1.1.28

a three-letter code of the substrate used in the pdbqt files.
b SHMT catalyzes the transfer of Cβ of serine to tetrahydrofolate (THF) although it can catalyze an
aldolase reaction in the absence of THF.



Supplementary Table 3: Significant coevolutionary association of carnitine
biosynthesis enzymes TMLD and BBD with PLP-dependent enzymes according to cotr
analysis.

5485575at2759 (TMLD or BBD)

OG1 OG2 species t1 t2 c d k cotr_score P_value P_value(adj)

884390at2759 5485575at2759 1929 43 52 12 0 12 0.145 3.22E-10 7.56E-03 ornithine aminotransferase

345661at2759 5485575at2759 1929 67 52 15 2 13 0.123 7.20E-09 1.66E-01 ethanolamine-phosphate phospho-lyase

177349at2759 5485575at2759 1929 30 52 9 1 8 0.108 5.97E-07 1.00E+00 glycine decarboxylase

178754at2759 5485575at2759 1929 86 52 12 0 12 0.095 1.37E-06 1.00E+00 low-specificity L-threonine aldolase 2

5471916at2759 5485575at2759 1929 57 52 10 0 10 0.101 1.37E-06 1.00E+00 kynureninase

5474881at2759 5485575at2759 1929 53 52 9 0 9 0.094 6.62E-06 1.00E+00 Aminotransferase

TMLD

OG1 OG2 species t1 t2 c d k cotr_score P_value P_value(adj)

178754at2759 TMLD 1929 86 123 19 0 19 0.100 7.29E-07 1.00E+00 low-specificity L-threonine aldolase 2

884390at2759 TMLD 1929 43 123 13 0 13 0.085 1.09E-06 1.00E+00 ornithine aminotransferase

3024111at2759 TMLD 1929 37 123 12 1 11 0.0738 9.40E-06 1.00E+00 sphingosine-1-phosphate lyase 1

BBD

OG1 OG2 species t1 t2 c d k cotr_score P_value P_value(adj)

178754at2759 BBD 1929 86 77 16 0 16 109 9.22E-08 1.00E+00 low-specificity L-threonine aldolase 2

884390at2759 BBD 1929 43 77 12 1 11 101 4.10E-07 1.00E+00 ornithine aminotransferase

5487987at2759 BBD 1929 46 77 12 1 11 0.098 8.63E-07 1.00E+00 cystathionine beta-synthase-like

5471916at2759 BBD 1929 57 77 11 0 11 0.089 8.36E-06 1.00E+00 kynureninase

T_B (TMLD and BBD)

OG1 OG2 species t1 t2 c d k cotr_score P_value P_value(adj)

178754at2759 T_B 1929 86 147 23 0 23 110 2.79E-08 6.38E-01 low-specificity L-threonine aldolase 2



Supplementary Table 4: Kinetic parameters of Tha1, SHMT1 and SHMT2 with different
β-hydroxylated amino acids.

Enzyme Substrate kcat (s-1) Km (mM) kcat /Km (s-1 M-1)

Tha1

HTML 2.311 ± 0.029 0.169 ± 0.009 13,695.069 ± 892.495

L-allo-threonine 1.96 ± 0.039 8.236 ± 0.496 238.005 ± 19.055

L-threonine 0.375 ± 0.024 37.531 ± 6.278 10.005 ± 2.304

SHMT1

HTML 0.122 ± 0.006 3.792 ± 0.444 32.173 ± 5.34

L-allo-threonine 2.365 ± 0.034 0.226 ± 0.016 10,464.602 ± 889.49

L-threonine 0.153 ± 0.008 36.522 ± 4.153 4.199 ± 0.525

SHMT2

HTML 0.005 ± 0.000 0.803 ± 0.162 6.227 ± 1.256

L-allo-threonine 0.312 ± 0.012 1.345 ± 0.190 231.970 ± 41.69

L-threonine 0.035 ± 0.002 41. 224 ± 3.919 0.845 ± 0.089



Supplementary Table 5: RMSD values (in Å) calculated between Cα-atoms of matched
residues.

RMSD (Å) C2_chainA C2_chainB
C2_chainA - 0.262
F222_chainA 0.255 0.280
1M6S_chainA 1.172 1.148
1M6S_chainB 1.059 1.051
1M6S_chainC 1.119 1.110
1M6S_chainD 1.055 1.031

C2 and F222 refer to the Tha1/HTMLA structures in the two space-groups.
1M6S refers to the structure of Thermotoga maritima threonine aldolase.



Supplementary Table 6: Parameters relative to the interaction interfaces as
determined by PISA.

Protein Buried Area
(Å2)

∆Gint

(kcal/mol)
∆Gint

P-valuea HBa SBa CSSa T∆Sdiss

(kcal/mol)
∆Gdiss

(kcal/mol)
ABCD⇒ AB + CD
C2 14770 -31.5 - - - - 15.8 5.0
F222 14070 -34.7 - - - - 15.7 6.1
1M6S 13915 -67.6 - - - - 15.5 40.9
AB⇒ A + B or CD⇒ C+D (main interface)
C2 3762.9 -15.0 0.141 29 6 1.000 14.2 14.6
F222 3600.0 -16.8 0.085 28 6 1.000 14.2 15.9
1M6S 3680.0 -14.5 0.253 23 8 1.000 14.0 11.7
AC⇒ A + C or BD⇒ B + DC (secondary interface)
C2 2132.0 -5.3 0.409 6 6 0.225 nd nd
F222 1986.0 -0.9 0.679 10 4 0.144 nd nd
1M6S 1910.0 -18.0 0.017 7 0 1.000 13.7 7.4

a values determined only for single interfaces.
nd, “not determined” by PISA because of unstable interactions.
C2 and F222 refer to the Tha1/HTMLA structures in the two space-groups. 1M6S refers to the
structure of Thermotoga maritima threonine aldolase.
HB, number of hydrogen bonds; SB, number of salt bridges.
See main text for the significance of the other parameters.



Supplementary Table 7: CC-CFC with different structure models of Tha1.

rank Gene structure CC-CFC |sin(χ₂)| LCC d E (kcal/mol)
2 Tha1 F222 91 0.754 143 4.55 -8.8

4 Tha1 C2 75 0.681 158 4.26 -9.7

5 Tha1 AF_only_F222a 70 0.754 130 4.48 -9.3

6 Tha1 AF_F222b 63 0.734 122 4.46 -9.1

7 Tha1 AF_aligned_F222c 60 0.659 157 4.27 -9.7

9 Tha1 AF 51 0.724 111 4.83 -9.1

a AlphaFold model obtained with F222 as a unique template.
b AlphaFold model obtained adding F222 to template list.
c AlphaFold model from AFDB aligned to F222 quaternary structure.



Supplementary Table 8: Experimental details on the SAXS experiment and analysis.

(A) Sample details
Sample name Threonine aldolase 1 (Tha 1)
Organism Mus musculus (Mouse)
UniProt sequence ID Q6XPS7
Calculated molecular weight (Da) 41497.28 (monomer), 165989.12 (tetramer)
Total frames (frames used) 26
Protein concentration (mg/mL) 5.5 mg/mL
SEC-SAXS column Superdex 200 10/300 GL Cytiva
Injection volume, flow rate 250 μL, 0.5 mL/min
Protetin buffer 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, pH 7.8
(B) SAXS data collection parameters
Instrument ESRF BM29
Wavelength (Å) 0.99
q-range (Å) 0.004-0.5
Sample-to-detector distance (m) 2.867
Exposure time 0.5 sec/frame
Temperature (° C) 20
Detector Pilatus3 X 2M (Dectris)
Flux (photons/s) 2 x 1012

Beam size (μm) 100 x 100
Sample configuration 1.8 mm quartz glass capillary
Absolute scaling method Comparison to water in sample capillary
Normalization To transmitted intensity by beam-stop counter
(C) Structural parameters
Guinier analysis
I(0) 21.06
Rg (nm) 3.69 ± 0.03
q-range (nm-1), point range 0.0267-0.1230, 14-50
P(r) analysis
I(0) 20.88
Rg (nm) 3.62
Dmax (Rmax, nm) 10.6
q-range (nm-1), point range 0.0177-3.313, 6-592
Porod volume (Å3) 250961
χ2 [total estimate from GNOM] 0.9102
Mass estimate based on volume
(kDa), ratio to predicted tetramer 167.3, 1

(D) Software employed for SAXS data reduction, analysis and interpretation
SAXS data collection and
processing pyFAI, BsxCuBE and Primus (ATSAS 3.2.1)

Shape/bead modelling DAMMIN(ATSAS 3.2.1)
Atomic structure modelling CRYSOL (ATSAS 3.2.1)



3D graphic representation UCSF Chimera 1.15
(E) Shape model-fitting results
DAMMIN (default parameters)
q range for fitting (nm-1) 0.0177-3.313
Symmetry assumption P2
(F) Atomistic modelling
CRYSOL (default parameters)
Starting crystal structure Tha1 tetramer (this study)
χ2 of the fit 1.145
(G) Small Angle Scattering Biological Data Bank (SASBDB)
SASBDB ID* SASDSU8



Supplementary Table 9: X-ray diffraction data processing and model refinement
statistics.

Data collection
X-ray source ESRF ID23-2
Wavelength (Å) 0.8731
Space group F222 C2
Cell dimensions
a, b, c (Å) 83.69, 100.52, 171.26 83.97, 101.64, 95.96
a, b, g (°) 90.00, 90.00, 90.00 90.00, 116.14, 90.00
Resolution range (Å) 25.71 – 2.26 (2.33 – 2.26) 43.07 – 2.60 (2.72 – 2.60)
Rmerge 0.084 (0.842) 0.104 (0.731)
Rmeas 0.088 (0.887) 0.115 (0.804)
Rpim 0.027 (0.272) 0.047 (0.325)
Total number of observations 168470 (15409) 109798 (14100)
Total number unique 17051 (1561) 21160 (2662)
Mean(I)/s(I) 16.6 (1.5) 8.9 (1.4)
CC1/2 0.998 (0.881) 0.996 (0.786)
Completeness (%) 99.7 (99.9) 94.8 (98.0)
Multiplicity 9.9 (9.9) 5.2 (5.3)
Wilson B estimate (Å2) 46.4 65.3

Refinement
Resolution range (Å) 25.71 – 2.26 43.07 – 2.60
Rwork/Rfree (%) 21.0/24.0 23.4/25.9
Number of atoms
Protein 2806 5536
Water 57 29
Average B, all atoms (Å2) 67.0 83.0
r.m.s.d.
Bond lengths (Å) 0.003 0.002
Bond angles (°) 0.596 0.560
Ramachandran statistics
Favored (%) 95.4 95.8
Allowed (%) 4.1 3.9
Outliers (%) 0.5 0.3
PDB entry 8PUS 8PUM

Values in parentheses are for the highest-resolution shell.













Supplementary Fig. 6: Multiple sequence alignment of human and mouse SHMTs. 
Multiple sequence alignment of the main isoforms of human and mouse SHMTs obtained with ClustalΩ and 
visualized with ESPript. Red shading is according to residue conservation, orange triangles indicate 
residues at ≤ 3.5 Å from the external aldimine (PDB ID: 6FL5). 
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Supplementary Fig. 10: SDS-PAGE and UV-Vis spectra of purified enzymes.  
UV -Vis spectra of SHMT1 (a), SHMT2 (b), KYAT1 (c), Kyat3 (d), Tha1 (e), SGPL1 (f) showing a protein 
peak around 280 nm and a PLP signal around 400-430 nm. Insets show SDS-PAGE of the purification 
steps (M: marker; I: induced cells; S: soluble fraction; P: pellet; FT: flow-through; W: washing; E: elution). 
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Supplementary Fig. 12: Chemo-enzymatic synthesis of HTML 
a , 1H NMR spectrum of chemically synthesized trimethyllysine (TML). b, 1H NMR spectra of TML after the 
addition of TMLD enzyme for the enzymatic synthesis of (S,S) HTML. c, 1H NMR spectrum of flow-through 
after HTML purification from reaction mixture. d, 1H NMR spectrum of purified HTML used in the activity 
assays. 
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Supplementary Fig. 13: 1H NMR spectra of HTMLA reaction 
a , Detail of 1H NMR spectrum of aldehyde proton of TMABA after 1100 minutes of SHMT1 reaction in 
dehydrated (9.63) and hydrated (5.05 ppm) form. b, Time-resolved 1H NMR spectra of Tha1 activity in the 
presence of 5 mM HTML at 40, 390 and 1170 minutes. Inset shows aldehyde proton of TMABA in 
dehydrated (9.63) and hydrated (5.05 ppm) form. 
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Supplementary Fig. 15: Characterization of HTML as inhibitor of human KYAT1 
a , Transaminase reaction of kynurenine (365 nm) by KYAT1 and subsequent spontaneous reaction forming 
kynurenic acid (340 nm). b,c Time-resolved UV-Vis spectra showing the conversion of DL-kynurenine (0.25 
mM) to kynurenic acid. Spectra were collected every 30 seconds for 30 minutes, in the absence (b) or in 
the presence (c) of 0.5 mM HTML. d, Lineweaver-Burk double-reciprocal secondary plot of the inhibition by 
HTML of kynurenine aminotransferase activity of KYAT1 . 
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Supplementary Fig. 16: RMSD between AlphaFold and SWISS-MODEL models of enzyme set. 
Boxplot of Cα RMSDs calculated by the alignment between the AlphaFold models and all the 
corresponding templates in SMR. X-axis is ordered by minimum values and colored with a blue-white-red 
gradient. Genes encoding proteins selected for experimental validation are highlighted with yellow 
arrowheads on the x-axis. 
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Supplementary Fig. 17: Quaternary structure characterization of mouse Tha1. 
a , Size exclusion chromatography of Tha1 for crystallization experiments. Inset shows SDS-PAGE of the 
fractions. b, SAXS analysis of Tha1/HTMLA shows that the enzyme is tetrameric in solution. 
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Supplementary Fig. 20: Pseudogenization of Tha1 and TMLD in mammals
Examples of inactivating mutations in a) Tha1 of Chiroptera and Primates and b) TMLD of
Chiroptera. Mutations disrupting the coding sequence are indicated with reference to the
mouse Tha1 (NP_082195.2) and TMLD (NP_620097.1) protein sequences according to the
Huret nomenclature (http://atlasgeneticsoncology.org/). Codons with disrupting mutations are
colored red. Exclamation marks represent frameshift insertions/deletions. Reconstruction of
pseudogene sequences was based on tblastn searches followed by GenWise analysis and
Macse alignments.
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