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Chapter 1 AIM OF THE WORK  

 

In the following chapter are discussed the structural and biochemical features of the main 

enzymes involved in collagen lysine post-translational modification (Fig.1). A detailed 

investigation related to the lysine glycosylation is presented in chapter 3 and 5, the works 

are comparative structural and functional analysis of the glycosyltransferase domains of both 

PLODS as well as GLT25D1 enzymes. Integrative approaches are used to provide precise 

mechanistic details of the enzymatic reactions underneath lysine collagen glycosylation. 

Chapter 3 describes the work which have been done to find promising strategies to make 

druggable the catalytic centre of the LH domain of PLOD enzymes. Metal ion chelators as 

2,2’-bypyridine (BPY) can perturb the arrangement of a C-terminal segment that acts as a 

cap for the lysine hydroxylase activity. Finally, recent advancement in LH1 protein structure 

determination is introduced in chapter 6, through SPA cryo-EM.  

 

 

 

Figure 1. Schematic representation of collagen lysine residues modifications. Lysine 

residues are firstly hydroxylated by PLOD enzymes at their ε carbon generating the 5-

hydroxylisine. The 5-hydroxylisine is then galactosilated by the procollagen 

galactosyltransferase GLT25D1 leading to the product Gal-(β1, O)-5-hydroxylisine. Finally, 

PLOD3 transfers a glucose moiety on the Gal-(β1, O)-5-hydroxylisine generating the final 

product Glc-(α1, 2)-Gal-(β1, O)-5-hydroxylysine.  
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Chapter 2 INTRODUCTION 

 

THE EXTRACELLULAR MATRIX  

 

The extracellular matrix is a heterogeneous milieu of proteins, glycoproteins and growth 

factors, which shape the tissues of multicellular organisms, giving them different 

biochemical properties [1–3]. The mechanical properties of each tissue are provided by a 

unique combination and interplay of specific proteins, which expression is programmed and 

regulated by external physical and chemical stimuli as well by the internal ones generated 

by the organisms themselves [4, 5]. Different proteins are found within the extracellular 

matrix, between the most common and ubiquitarians there are collagens, laminins, elastin, 

fibronectin, tenascins, MMP and glycoproteins such as decorin, perlecan and agrin [6]. 

Together the huge proteinaceous content, within the extracellular matrix are found reservoirs 

of growth factors; example of these signaling molecules is the vascular endothelial growth 

factor (VEGF), the fibroblast growth factor (FGF) and the transforming growth factor (TGF-

β) [7–17]. Hence, the ECM is a biomaterial which has intrinsic structural roles, to support 

and compartmentalised tissue and organs, as well as signaling functions. 

Collagen is the major constituent of the extracellular matrix, with 29 known representative 

family. All the collagens can be divided into two macro groups: the fibrillar collagens which 

assemble into the extracellular space as bundles of fibers (e.g. collagen type I, II, III) [18] 

and non-fibrillar collagens which form networks in the basement membranes (e.g. collagen 

type IV, VI) [19–21], fibril associated collagens with interrupted triple helices (FACIT, e.g. 

collagen type IX,XII) [22–30], transmembrane collagens (e.g. collagen type XIII and XXIII) 

[31–33] and multiplexin (e.g. collagen type XV) [34, 35]. Collagen molecules are right-

handed triple helix formed by the intertwining of three precursor α-chains; each collagen 

type can have unique α chains as well different isoform of them, thus there are homotrimeric 

collagens as well heterotrimeric collagens. The nomenclature of collagens wants the 

collagens’ family enumerated by romans number, followed by the specific chain composition 

of each collagen polypeptide: e.g. collagen type I [α1]2[α2].[36, 37]  

Collagen biology is a huge biological topic which still requires extensive studies to decipher 

all the complexity underneath it. Different disciplines have adopted different approaches to 

elucidate collagen biosynthesis, modifications as well as biomechanical properties, which 

makes collagen research a very active research field. This has an impact not only in the 

context of basic academia research, but it is also of relevance for the biomedical field as well 

as for the nutraceutical and material industry. Collagen can be used for the most variegated 

usage; 1) it can be used to generate engineered tissues for regenerative medicine purposes 

[38–43] , 2) it is a sustainable material which can be used as biomaterial for packaging, in 

substitution to plastic [44], 3) or it can also be used to make food supplements due to the 

health benefits of collagenic peptides or cosmetics [45–51]. However, big challenges have 

still to be overcame to improve the sustainability and to reduce the carbon fingerprint of the 
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collagen’s extraction methodology. Recent developments in collagen extraction were able to 

improve procedures to extract collagens from waste material such as fish scale, but further 

optimizations are still required to make these processes mor efficient. 

The aim of this work is to describe fine details and mechanism of collagen modifications 

which it undergoes through its biosynthesis. In chapter 4 and 5 will be presented the 

multifunctional enzyme lysine hydroxylase LH3 (PLOD3), in chapter 5 will be discussed 

the recently characterized procollagen galactosyltransferase GLT25D1, while the chapter 6 

will intrude the recent unpublished data related to the structure of the lysine hydroxylase 

isoform 1, LH1, obtained by single particle electron microscopy (SPA cryo-EM). The work 

will be introduced by a brief description about collagen synthesis, with particular attention 

to its secretion and the role of lysine and proline hydroxylation. 

 

THROUGH THE COLLAGEN’S WALK OF LIFE  

Collagen biosynthesis is a fascinating phenomenon which still has not be fully understood 

in his whole complexity. All the events leading to the final collagen fibrils are fine regulated 

by the cell biochemistry, by cell-cell interaction and by the abiotic mechanical stresses. 

Collagen, as fibrillar or non-fibrillar, can be considered as a biopolymer which requires 

initial basic molecular units for its final assembly[36, 52]. These initial units for collagen are 

tropocollagen molecules, firstly described by the pioneering work of G.C. Ramachandran in 

1988 [53]. Tropocollagen is a right-handed triple helix, which is the result of three 

polyproline II left-handed helix coiling (also known as α-chains). Each collagen type owns 

its own specific set of precursors α-chains that can associate as homo- or hetero-trimer, 

following a complex synthesis path. Notwithstanding decades of studies on collagen 

biosynthesis and architecture, the fine temporal and spatial resolution of the series of events 

which occur within the cell, providing the biopolymer’s precursors, and the subsequent 

assembly of collagen fibrils or network in the extracellular space are still to be fully clarified. 

Is to be clarified that most of the processes known about collagen biosynthesis are the results 

of studies focussing on fibrillar collagen, as type I, II and III the major constituents of 

connective tissues and blood vessels as well arteries [18, 54, 55]. For what concern non-

fibrillar collagen the representative type which has been extensively studied is network 

forming type IV collagen, main collagen in basement membranes [56–60]. Although the two 

major class of collagens share common biosynthetic paths different characteristics 

distinguish them to each other, reflecting different developmental, organism specific and 

tissue specific requirements. Decades of studies on fibrillar collagen have been essential to 

lay the theoretical foundations for collagen biosynthesis models, that even if not highly 

explicative and precise for each collagen type, are of critical importance to understand 1) the 

intracellular synthesis and modification of tropocollagen molecules 2) the subsequent 

secretion of the product in the extracellular space 3) and the fibrillogenesis or the network 

nucleation events in the extracellular space. 
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TROPOCOLLAGEN SYNTHESIS  

The basic units of collagens are polyproline II helix (PPII) which are commonly named α-

chains [61]. For each collagen type there exist specific genes encoding different or single α-

chains. Seven types of fibrillar collagens have been identified so far, each of which has 

specific genes encoding for different α chains (Table.1). PPII helices are known to be left-

handed helix with 3 residues/turn with 3.1 Å rise/residue and dihedrals angles φ=-75° and 

ψ=145°. However, collagen’s PPIIs show slightly different parameters, with 3.33 

residues/turn, 2.9 Å rise/residues and similar values for dihedrals angles[62–72]. Different 

types of polyproline helices exist (PPI, PPII, PPIII, PPIV) [73], but to generate a mature and 

stable collagen triple helix is essential that the α-chains keep the PPII conformation. 

Different elements contribute to PPII formation and stability, of critical relevance are 1) the 

stereochemical characteristics of proline [62, 70], 2) the nature of amino acid flanking 

proline [66] and 3) the entropic contribution of the different amino acid’s side chains to the 

overall helix structure [63, 65, 71, 74–76]. In 2009, the experimental work of Chiang and 

collaborators [77] revealed that the electron withdrawing groups at the 4R of proline increase 

the transition state barrier between PPII→PPI conformations, so stabilizing the PPII helix. 

The opposite phenomena, the decrease of the transition state barrier between PPII→PPI, 

stabilize the PPI conformation. This has been demonstrated by substituting, in collagen-like 

peptides, electron withdrawing groups at the 4R and 4S of proline (Hydroxyl-, fluoro-, 

methoxy-groups) and exploring the stereolectronic effects on transition barrier by time-

dependent circular dichroism. Electron withdrawing groups on C γ are not the only element 

that favour specific polyproline helix. In 1997 De Tar and Luthra defined two fundamental 

conformational states of pyrrolidine ring: the up-puckered configuration and the down-

puckered configuration [78]. The proline configuration found in PPII helices is the down-

puckered, in other words this means that the Cγ and the carbonyl group (C=O) lay on the 

same plane of the atoms Cα, N and Cδ of the prolyl ring. In the up-puckered configuration 

instead the Cγ and the carbonyl moiety lay on different planes. Thus, while PPI helices have 

a mixed puckering, proline residues in PPII helix are all in the down-puckered configuration. 

Proline residues are essential for PPII helix stability as well for the collagen triple helix 

proper folding. What is defined as tropocollagen is the result of the intertwining of three α-

chains along the main axis with a right-handed twist, which generates a major helix pitch of 

108°. The peculiarity of tropocollagen (in most collagen’s families, and in all fibrillar 

collagens) is the repetition of the tripeptide unit Gly-X-Y, where X and Y can be any amino 

acid even if there is a frequency of the 20% for imino acids [64, 79]. The three chain are 

supercoiled together mainly due to the contribution of NH∙∙CO hydrogen bonds. In this 

superstructure glycine residues point toward the internal part of the helix minimizing the 

interaction with the surrounding solvent molecules, while X and Y residues are arranged 

such that side chains are exposed to solvent [76] (fig x). The collagen’s triple helix geometry 

unable interaction between three X (or three Y) residues, because of the large angular 

separation that is 103°. Interactions between X residues and the neighbouring chain’s Y 

residues are instead favoured, such interaction can be direct through the free C=O moieties 

or mediated by water molecules [64, 79]. However, as mentioned beforehand prolines are 

driving forces in tropocollagen stability and assembly as well as they are essential for PPII 

stability. They can be found both in the X and Y position, determining thus different kind of 

modifications. The tripeptide repetition Gly-Pro-Hyp is one of the most important found in  
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Table 1: The 28 collagen families and their tissue expression. 

collagen, thanks to the hydroxyproline residues which play a key structural and functional 

role. In tropocollagen stability. The (2S,4R)-4-hydroxyproline (Hyp) is the post translation 

modification with the higher frequency in human, discovered in gelatin by Emil Fischer [80]. 

Its abundance is estimated to be near the 4% amongst animal protein and 38 % within 

collagen [81]. Hydroxylation is a modification that can deeply alter the nature of modified 

molecule, due to the highly electronegatively nature of oxygen [82]. Thus, through-bond 

inductive effect, the pKa value of nitrogen is lowered from 10.8, in Pro, to 9.68, in Hyp. This 

results in a minor amidic resonance within the prolyl peptide bond, pushing it toward a more 

pyramidal configuration and increasing the rate of cis-trans bond isomerization [83, 84]. 

Thus, in other words, proline hydroxylation enables the gauche effect which is the tendency 

of a molecule to adopt the conformation that has the maximum number of adjacent polar 

bonds with a gauche (that is ±60°) dihedral angle. The gauche effect endows Hyp to adopt 

a Cγ-exo conformation, whereas Pro has a slightly preference for the Cγ-endo pucker [85, 

86]. Proline hydroxylation has a direct impact also in the trans:cis ratio of the prolyl peptide 

bonds. Usually, folded proteins have both proline in trans and cis configuration, instead in 

collagen the trans:cis ratio is high with all the proline in the trans configuration. This high 

content of proline in trans configuration is achieved with 1) the activity of trans-cis prolyl 

isomerase, 2) electronegative substituent in the 4R position, 3) the Cγ-exo ring pucker, 

enforced by the gauche effect, which enables a strong n→π* interaction between the oxygen 

of the prolyl peptide bond (Oi-1) [85, 86]. The nature of the proline ring puckering determines 

changes in the main-chain torsion angles φ and ψ, leading to the proper folding of the right-

handed collagen triple-helix. Tropocollagen molecules are at the N- and C-terminal have 
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non-collagenous domains, which in fibrillar collagens are processed to enhance 

fibrillogenesis, while in type IV collagen the dimerization of the NC1 domains (C-terminal) 

helps the tail-to-tail association through the tetramerization of the 7S domain at the N-

terminal thus generating networks [56]. In conclusion, tropocollagen is the basic unit of 

higher order collagen’s structures, generated by the intertwining of three PPII helix into a 

supercoil right-handed triple helix. In these molecules the tripeptide repetition Gly-Pro-Hyp 

is the most representative ‘collagen motif’ which provide rigidity and stability to the overall 

helix, especially thanks to the nature of proline and its PTMs (Fig.2). Several studies have 

focused their attention on the contribution of charged residues in X and Y position, lateral 

and axial salt bridges can be generated between charged amino acids like Lys-Asp, Lys-Glu, 

Arg-Asp and Arg-Glu [87–92]. However, they don not seems to have a strong impact on 

triple helix stability, where instead the main driving force are glycine and proline which 

endeavour the intertwining of the PPII helix in the final triple helix. Thus, must of the solvent 

exposed side chains have a role in collagen’s cross-linking, in surface-surface interaction 

between laterally staggered tropocollagen molecules or crucial protein-protein interactions. 

The last hypothesis can also explain the observed events of micro-unfolding, and the 

experimental fluctuation of the collagen’s triple helix symmetry parameters. Usually, 

collagen triple helix symmetry can be described as a 10/3 or a 7/2 symmetry, however 

intermediated values between these two extremes have been described. 
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Figure 2. Crystal structure of the collagen-like peptide (Gly-Pro-Hyp)9 [93] PDB code 

3B0S. Collagen triple helix is characterised by a right handedness with 3.3 residues per turn. 

The unique collagenic right-handed triple helix is possible thanks to the high abundance of 

proline in collagen’s sequences. From the top view is possible to understand that the glycine 

residues of the collagen residues are always buried within the collagen triple helix (2), while 

hydroxyproline (1) and proline (3) are arranged in a way that unable the interaction between 

three X (or three Y) residues (Gly-X-Y repetition). This is because the large angular 

separation (108°) around the triple helix. The allowed interactions are the one involving an 

X residue and a Y residue of neighbouring chains, or whit the available backbone C=O 

groups, directly or mediated by water molecules.  

The mature tropocollagen molecules is approximately a 300 kDa, 300 nm in length and 1.5 

nm in diameter macromolecules. This big moiety is then secreted outside the cell, and an 

obvious question arises: how is tropocollagen delivered into the extracellular compartment 

when known secretory vesicles are usually smaller? 

 

TROPOCOLLAGEN SECRETION  

As any other newly synthesised protein, tropocollagen molecules must be delivered to the 

proper functional compartment. Proteins are produced within the ER, transferred in the Golgi 

where they undergo post-translational modifications and then they are sorted within 

intracellular compartment or in the extracellular matrix [94]. These exchange of material 

between different compartments are much more complex respect what seems in a first look 

and require the coordination of different biophysical and biochemical events, such as 

membrane reorganization and the fine tuning of macromolecular complex’s activity. In 

eukaryotes organisms, newly translated proteins accumulate in a specific compartment of 

the ER which is called ER exit site (ERES) which is linked to a neighbouring complex of 

membranes that is the ER-Golgi intermediate compartment (ERGIC). Based on current 

knowledge, the canonical secretory system which enable the exchange of protein between 

the ER and the Golgi is mediated by coat protein complex II and I (COPII-I), where the 

former one is responsible for the anterograde transport of proteins toward the ERGIC 

compartment and the last one is responsible for the retrograde transport of proteins back to 

the ER [95]. These complexes are not just clamps which helps the budding of ERES 

membrane, they are instead modular element with both structural role in vesicles formation 

and integrity, as well docking element for cargo uptake [96]. Secretion from the ERES starts 

with the assembly of COPII, the first step of this long series of events is the nucleotide 

exchange on the small GTPase secretion-associated RAS-related protein 1 (Sar1) [97], 

which reaction is catalysed by the guanine nucleotide-exchange factor Sec12. Sar-GTP is so 

partially inserted in the outer side of the ER membrane, thus recruiting Sec23-Sec24 

complex and assembling the inner layer of the vesicle’s coat. The fully mature coat is 

assembled by the ternary Sar1-Sec23-Sec24 complexes, which recruit the Sec13-Sec31 

heterotetramers which are the components of the outer layer [94]. Coated vesicles are 

dynamic elements that undergo changes in the average size and diameter, leading to vesicles 

with an average size of 60-100 nm. Sar1 is the key element in assembly and disassembly of 

the coating, thus Sec23 can act as a GTPase-activating protein (GAP), process accelerated 
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by Sec31 binding, leading to Sar1’s GTP hydrolysis and thus its detachment from the 

membrane and subsequent uncoating. Ras1 is a peculiar G protein of the Ras superfamily 

because it requires the presence of membrane to promote the GTP binding. When the 

nucleotide binds to Sar1 different conformational changes occur leading to important 

rearrangement. Thus, a hydrophobic pocket of Sar1, usually occupied by the N-terminal 

amphipathic α-helix, is disrupted and this allow the insertion of the N-terminal helix into the 

membrane. This features of Sar1 make its activity sufficient to induce the tubulation of 

membranes, also when other proteins involved in COPII formation are absent [98]. 

Tropocollagen molecules have a considerable size which exceed the average diameter of 

canonical COPII vesicles. The size mismatch between tropocollagen molecules and cargo 

vesicles lead to the speculation of different secretions model, until a genetic screen in 

Drosophila S2 cells lead to the discovery of Transmembrane Protein Transport and Golgi 

Organization 1 (TANGO1), encoded by the gene mia3 [99]. Thus, different research activity 

started to repot the involvement of TANGO1 into big macromolecules secretion as for 

tropocollagen or apolipoproteins [97, 100–102]. Have been identified different homologs of 

TANGO1 named as TANGO like protein or TALI. The most important TALI member is 

cTAGE5 that act in synergy with TANGO1 and further has a ubiquitous expression [103]. 

However, while TANGO1 is present in invertebrate as well in vertebrate, cTAGE5 is present 

only in vertebrate [104, 105]. TANGO1 is an ER resident protein localized at the ERES sites. 

It is a transmembrane protein with distinct domain in the ER lumen region and pin the 

cytoplasmatic region. The ER luminal part is a coiled-coil structures in which the N-terminal 

is an SH3-like domain, responsible of the binding with the protein Hsp47 [, 107]. The 

cytoplasmatic part is composed of two coiled-coil structures (CC1 and CC2) with a C-

terminal proline-rich domain (PRD). The CC1 can recruit ERGIC-53-containing membranes 

through the TEER domain (Tether for ERGIC and the ER), CC2 interacts with cTAGE5, and 

PDR interacts with the COPII proteins Sec23 and Sec 16. Furthermore, has been described 

a shorter version of TANGO1 which is composed of 785 amino acids instead of the 1907 

present in TANGO1 [108]. This short version lacks all the amino acid of the ER luminal 

part; thus, it is unable to bind cargos while all the cytoplasmatic interactions are preserved. 

The protein cTAGE5 share most of the feature of TANGO1, it is an 807 amino acids long 

protein with the same cytoplasmic domain as TANGO1 and a shorter ER luminal region; the 

CC1 domain interacts with Sec12, the CC2 domain with Sec22 and TANGO1 while the PDR 

domain interacts, like TANGO1, with SEC23. The interaction with the components of COPII 

vesicular system led to an interesting model that could explain the secretion of large 

macromolecules. In this model TANGO1 limits the formation of the COPII vesicles and thus 

allowing the formation of tubular structures [109]. This can be explained by the interaction 

of TANGO1 and cTAGE5 with Sec23 which compete with Sec23-Sec31 interaction. Sec23 

without the interaction with Sec31 can’t activate the GTP hydrolysis activity of Sar1, thus 

limiting the recruitment of outer layer of the COPII coat [110]. A recent model 

conceptualises collagen export from the ER as a mechanochemical ratchet, generated by the 

entropic contraction of the intrinsically disordered luminal region of TANGO1 which 

surrounds the ERES [111]. In more details, the partially extension of the disordered region 

of TANGO1 increases the probability of the binding with the trimeric tropocollagen 

molecules which are far from the ERES. TANGO1 is a transmembrane protein, its 

attachment to the membrane reduces the conformational entropy of the ensemble thus 

generating an entropic force that pulls the SH3 domain toward the ER membrane, lastly 
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pushing tropocollagen from the ER to the ERGIC. The interaction between tropocollagen 

and TANGO1 is not direct, HSP47 [112] is the docker element that enable the binding 

between the two molecules within the ER’s lumen. Has been postulates that molecular 

gradients regulate the polarization of these series of events, in particularly pH and HSP47 

concentration. Is important to highlight that the affinity of HSP47 for the SH3 domain of 

TANGO1 is higher than the one toward tropocollagen (260 nM vs. 2.25 uM), this means that 

when HSP47 is released in the ERGIC compartment it quickly rebinds to TANGO1 in the 

ER. This model proposing a TANGO1-induced forces for the initial formation of ER/ERGIC 

tunnel is very promising, but it still requires extensive experimental validation [111]. 

A lot of questions remain to be addressed; more experimental data are required to understand 

the biochemistry and the biophysical properties of cargo systems for proteins secretion. The 

whole system of tropocollagen secretion is even more complex if are considered all the post-

translation modifications which modifies or decorate it. Processing of tropocollagen 

molecules involved different steps: 1) The cleavage of the signal peptide at the N-terminal 

within the ER, which allow the entrance of tropocollagen into the secretory pathway [113]. 

2) The formation of disulfide bonds by protein disulfide isomerase (PDI) family, which is 

necessary to the formation and rearrangement of disulfide bonds ant the N- and C-terminal 

telopeptides. This ensure the trimerization of three α-chains into the collagenous triple helix 

whit the correct register [114]. 3) The hydroxylation of proline residues by the enzymes 

procollagen-proline,2-oxoglutarate-4-dioxygenases (P4H) and by the prolyl 3-hydroxylase 

(P3H). As previously described prolines modifications are essential for the stability of PPII 

helix and intertwining of tropocollagen helix [115, 116]. 4) The hydroxylation of lysine 

residues, which is a peculiar PTM’s found in collagen and collagen-like proteins. This 

modification is carried out by the class of enzymes known as procollagen-lysine ,2-

oxoglutarate 5-dioxygenases (LH), also named PLODs as the gene which encode them. 

Hydroxylation of lysine is crucial for the formation of cross-links, which enable the lateral 

association of tropocollagen molecules into the extracellular space leading to the mature 

collagen molecules. [115, 117, 118] 5) The glycosylation of lysine residues by the 

procollagen galactosyltransferase 1 (GLT25D1) and by LH3. The former enzyme has a 

galactosyltransferase activity on 5-hydroxylisines, whereas LH3 transfers a glucose moiety 

on the β-(1, O)-galactosyl-5-hydroxylisine thus generating the final product α-(1,2)-

glucosyl-β-(1, O)-galactosyl-5-hydroxylisine [119, 120]. 6) The oxidative deamination of 

lysine and hydroxylysine to generate cross-links by the lysyl oxidase (LOX) enzymes [121–

123]. 7) Minor modifications such as phosphorylation and sulfidation, which function is still 

under investigation [124–127].  

In the last years, several studies have been made on proline and lysine modifications as well 

as on PDI’s function and telopeptide’s processing, which details are going to be presented in 

the next chapters.  

 

PROLINE AND LYSINE MODIFICATION  

In 1967 the research activity of Kivirikko and Prockop revealed that collagen’s lysine and 

proline residues were enzymatically hydroxylated throughout the biosynthesis path [115]. 
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The enzymes which perform these modifications are the procollagen lysine hydroxylase 1-

3 (LH1-3) and the proline 4-hydroxylase and proline 3-hydroxylase (P4H and P3H). They 

are member of a large family of non-heme containing Fe2+ and 2-oxoglutarate dependent 

dioxygenases (2-OGDO enzymes) which is a family distributed through the three of life, and 

different evolutionary conserved subfamily can be found in prokaryotes, plants as well as 

metazoan. Regulation of O2 and Fe2+ concentrations by the activity of 2-OGDO enzymes 

could have been an important sensor mechanism developed by multicellular organisms of 

the Cambrian period, when O2 level started to increase in the atmosphere [128]. Thus, 2-

OGDO enzymes are cellular sensor 1) for the energy metabolism, sensing the availability of 

2-OG, 2) for the oxygen level, promoting responses for hypoxia and 3) for the metabolism 

and redox properties of Fe2+, hence sensing oxidative stresses. Thus, 2-OGDO can be found 

in different biological context as epigenetic and non-epigenetic regulators. The Ten-Eleven 

Translocations (TET1-3) for example is a crucial enzyme which controls the DNA 

demethylation through hydroxylation of 5-methylcytosine [129]; several lysine 

demethylases (KDM2-7) are 2-OGDO enzymes with Jumonji C domain [130]; prolyl 

hydroxylase domain-containing proteins 1-3 (PHD1-3), which regulate hypoxic response 

through the hydroxylation of two proline residues in HIF-1α, belong to the super family of 

2-OGDO[131]. 

The common features of this wide family of enzymes are in the mechanism of the catalytic 

reaction. The structural signature of 2-OGDO enzymes is a double-stranded β-helix structure 

(DSBH) [132], also known as jelly-roll fold, which comprises eighth antiparallel β-strands 

at the core surrounded by helix or flexible loops. The catalytic reaction of 2-OGDO enzymes 

starts with the binding of Fe2+ and 2-oxoglutarate into highly evolutionary conserved binding 

site of jelly-roll fold. Thus, O2 makes a complex with Fe2+ which enhance the oxidative 

decarboxylation of 2-OG to succinate and CO2, so oxidizing Fe2+ to the ferryl intermediate 

(Fe3+/4+). The generated high-valent iron oxidant can thus hydroxylate the substrate 

molecules, generating the final reaction product. Before a new cycle can start, the ferryl iron 

must be reduced through ascorbate and/or glutathione. The O2 consumed has a dual role in 

the catalytic reaction, one oxygen atom is employed in the oxidative decarboxylation of 2-

OG where the other oxygen takes part in the hydroxylation of the substrate. The 

decarboxylation of 2-OG leads to the formation of succinate which can compete for the 

binding in the active site with 2-OG, and like fumarate can inhibit the activity of these 

enzymes in vitro and in vivo [128].  

 

PROCOLLAGEN PROLINE HYDROXYLASE  

The procollagen-proline, 2-oxoglutarate-4-dioxygenase (P4H) has been identified in 

different organisms spanning from algae to metazoan [133–136]. In all the taxa in which is 

found it performs the same enzymatic activity, namely the hydroxylation of proline 

residues[137]. However, different taxa have different P4H with different structural and 

biochemical properties. Tetramers of P4H are found only in vertebrate, whereas in 

invertebrate like C.elegans only P4H αβ dimers are physiological and in plants P4H is found 

as monomer of α subunits [135].  
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Vertebrates have three P4H isoforms, where P4H type I Is the most abundant in most of the 

tissues. All the isoforms are heterotetramers of α and β subunits, type I P4H is a [α(I)2] β2 

while type II P4H is a [α(II)2] β2. The α(I) and α(II) subunits are 517 and 514 amino acids 

long proteins, with signal peptide of 17 or 21 residues. The two isoforms share a sequence 

identity of 67%, with the highest identity at the C-terminal region which is involved in 

substrate recognition. The α subunits consists of four domains: the N-terminal domain, 

which engages in dimerization, the peptide-substrate-binding (PSB) domain, a linker region 

and the catalytic domain at the C-terminal (CAT). The catalytic sites are quite similar with 

similar Km values for Fe2+ and 2-OG, while differences have been described for Km value 

of different peptide substrate and for Ki value for the competitive inhibitor poly (L-proline) 

and the metal ions Zn2+, Co2+, Cd2+ and Ni2+ [138, 139]. The two α subunits differ in the 

cysteine content, the α(I) subunit has 5 cysteine residues which make interchain disulfide 

bonds (the second with the third and the fourth with the fifth residue). Instead, the α(II) 

subunit contains an additional cysteine residue which is located between the fourth and the 

fifth residue. The interchain disulfide bonds are essential to ensure stability to the native 

state of the α subunits, however they do not have a direct role in tetramer assembly and 

stability [140, 141]. The β subunit of P4H is identical to the protein disulfide isomerase 

(PDI), it consists of four domain structure known as a, b, b’ and a’ sharing the thioredoxin 

fold. As forehead mentioned, PDI subunit is not present in all P4H. Its role is not still 

completely understood, it is essential to provide solubility to the α subunits and to drive them 

to the proper catalytically competent conformation [142, 143]. However, are not known the 

mechanistic details of how PDI is able to assemble with the α subunits and its involvement 

in interchain disulfide bridges. PDI subunits are synthesized in large excess in respect of the 

α subunits, but they are not the essential elements which drive the tetramer assembly; 

however, they have the KDEL endoplasmic reticulum retention signal at the C-terminal, 

hence ensuring the proper subcellular compartmentalization of P4H. As others 2-OGDO 

enzymes, P4H activity can be described as a two-step reaction dependent by the presence of 

Fe2+, 2-OG and ascorbate: in a first instance there is the generation of the hydroxylating 

species, which are then used for 4-hydroxyproline formation. The evolutionary conserved -

His-X-Asp-…-His- motif is the essential binding site for the Fe2+ metal ion. The 2-OG 

cofactor binds in between the major and minor β-sheets of the main jelly-roll domain, the 

coordination involved both positively charged amino acid around the binding pocket as well 

by the enzyme-bound Fe2+ which interacts with the C1-C2 moiety. While the 2-OG is 

consumed stoichiometrically, the consumption and use of ascorbate is not clear. What is clear 

about P4H’s activity is that it cannot perform its enzymatic reaction on free proline, the 

minimal unit required for proper enzymatic activity is the tripeptide unit -X-Pro-Gly [144]. 

The Km values of P4H for different peptide substrates is inversely proportional to their 

length, it has a higher affinity for longer peptides reflecting its incapacity to process isolated 

proline. The mechanism of P4H activity is a series of time events which involved the 

rearrangement of the substrate as well the enzyme-substrate conformations [145]. The X-

Pro segment of the peptide substrate may have to assume a poly (L-proline) II conformation 

to bind to the PSB domain, while the Pro-Gly segment may have to adopt a β-turn for the 

proline residues to enable the proper enzymatic conversion into the catalytic site. The 

hydroxylation of collagen’s proline is an event which occur before the triple helix has been 

folded, different studies have shown the inability of P4H to get access to the buried proline 

residues in the mature collagen’s triple helix [146]. However, collagen is not the only protein 

whit -X-Y-Gly- motifs and there is evidence of non-collagenous protein with a triple helical 
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collagen-like domain. Examples of such proteins are the subcomponent C1q of complement, 

a C1q-like factor, several humoral lectins, adiponectin, the tail structure of 

acetylcholinesterase, three macrophage receptors, elastin, ectodysplasin, gliomedin, elastic 

fiber-associated glycoproteins and a src-homologous-and-collagen protein [147, 148]. 

Hence, the presence of different P4H isoforms with different substrate specificity can be 

related to their subcellular/extracellular localization to regulate different biological 

responses; further studies are still needed to elucidate the whole scenario.  

The 4R,2S-hydroxyproline is not the only modification that can be found on collagen’s 

proline residues. The less frequent modification of proline into 3S,2S-hydroxyproline 

(3Hyp) is present in fibrillar as well in non-fibrillar collagen [149]. The enzyme able to 

perform this enzymatic reaction is the prolyl 3-hydroxylase, in complex with the cartilage-

associated protein (CRTAP) and Cyclophilin B (PPIB) [150] in a 1:1:1 ratio [151]. P3H and 

CTRAP belong to a unique family of gene products which includes P3H family, with the 

isozymes P3H1 (LEPRE1), P3H2 (LEPRE2), P3H3 (LEPRE3), as well as two potential 

coenzymes CRTAP (LEPREL3) and Sc65 (LEPREL4). The role of P3H complex is not clear 

yet, but there are assumptions about its role as macromolecular chaperon for collagen 

molecular assembly. The role of the hydroxylase activity of P3H toward collagen residues is 

still debated, 3-Hyp provides a slight increase in the thermal stability of triple helix compared 

to the one provided by 4-Hyp. However, there is a high concentration of 3-Hyp at the N-

terminal region of type IV collagen, also known as 7S domain[152]. This domain is made 

up by four antiparallel triple helices that are tethered together by hydrophobic interactions, 

ionic interactions and disulfide bonds. Is not clear why this domain is highly populated in 3-

Hyp residues but is a putative starting point to understand the role of this uncommon 

modification. 

PROCOLLAGEN LYSINE HYDROXYLASE  

Collagen’s cross-linking is a fundamental enzymatic event which enable the proper 

maturation of collagen fibrils in the extracellular space, once are secreted into the 

extracellular space. The enzymes responsible for lysine hydroxylation are member of the 

macrofamily of 2-oxoglutarate dependent dioxygenases; in vertebrate are known three 

isoforms, LH1, LH2 and LH3 encoded respectively by the gene PLOD1, PLOD2 and 

PLOD3 [153]. The function of each isoforms has a specificity toward different consensus 

motif on the collagen’s collagenic region or in its telopeptide region. The common consensus 

region is the tripeptide repetition of -X-Lys-Gly-, while in the telopeptide region the 

consensus motif is the -X-Lys-Ala- repetition. Hydroxylation is the main enzymatic function 

of LH enzymes, although slightly differences are present between the different isoforms. The 

enzymes LH1 and LH3 have mainly a hydroxylase activity toward the collagenic core of 

tropocollagen molecules [120, 154], while the isoform LH2 (which has two splicing variants; 

LH2a and LH2b with an extra 63bp exon 13A) has a specificity toward the collagen’s 

telopeptide region [155, 156]. Several research studies demonstrated that LH enzymes are 

multifunctional enzyme, meaning that together the lysine hydroxylase activity they have also 

a glucosyltransferase activity. The only isoform of which is present a full structural and 

biochemical characterization is the enzyme LH3, which can perform a retaining 

glucosyltransferase activity toward the Gal-(β1, O)-5-hydroxylisine leading to the final 

product Glc-(α1,2)-Gal-(β1, O)-5-hydroxylisine [120, 157]. The galactosylation of the 5-
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hydroxylation residue is performed by the procollagen galactosyltransferase GLT25D1 [119, 

158], which will be described in more detail in the next chapter. Glycosyltransferase activity 

has been detected also in the other LH enzymes; however, structural and biochemical date 

are still lacunose to understand their efficiency in respect to the one of LH3. The degree of 

collagen lysine hydroxylation is different for each collagen type and for each tissue; the 

range is between 5-70 Hyl in a 1000 amino acids long molecule. This modification is crucial 

to generate cross-links between the collagen molecules in the extracellular space, thus 

leading to the final mature collagen fibrils. In fibrillar collagens the telopeptide domains are 

deaminated by lysine oxidases (LOX) [159, 160], generating the reactive aldehydes allysine 

or hydroxyallysine[161]. The reactive species at the telopeptide regions can than interacts 

with lysine or hydroxylysine at the collagenic domain of the collagen molecules. When two 

telopeptidyl hydroxyallysine interact with an hydroxylysine residue within the triple helix 

the hydroxylysylpyridinoline (HP) cross-link is formed. Instead, the lysylpyridinoline (LP) 

cross-link is the interaction between two telopeptidyl hydroxyallysine and an hydroxylysine 

residues within the collagen triple helix. The most abundant cross-link in the connective 

tissues such as bone, cartilage and skin is the HP cross-link, while it is completely absent in 

skin and cornea [162, 163]. The role of collagen hydroxylysine in collagen cross-links 

generation has been extensively studied [117, 163–169] ; however, the role of glycosylation 

of collagen hydroxylysine remains yet to be completely understood. In a sequential series of 

events, galactose is linked to the 5-hydroxylisine residue through a β-glycosidic bond while 

glucose is enzymatically linked to the galactose moieties via a retaining α-glycosidic bond. 

For several years LH3 has been considered the enzyme responsible for both the galactosyl- 

and glucosyltransferases activity; however, in 2018 the high resolution LH3 crystal structure 

has been obtained making clearer the entire lysine modification pathway [120].  

LH3 is a dimer, each monomer has three distinct domains: the N-terminal domain is 

enzymatically active in glycosyltransferase activity, it is an inverting glycosyltransferase 

characterized by a Rossmann-fold with an uncommon and peculiar D-x-x-D motif which 

coordinate the UDP-Glucose donor substrate and the catalytic Mn2+ metal ion. Between the 

N-terminal GGT domain and the C-terminal lysine hydroxylase domain (LH) there is an 

accessory domain (AC) which has a structural organization like canonical inverting 

glycosyltransferase; however, it lacks key motif essential to coordinate the substrate and the 

cofactors for the enzymatic activity. The C-terminal domain shares a DSBH fold, as other 

members of the 2-OGDO family, which host the catalytic Fe2+ and the 2-OG; however, an 

additional iron has been identified in the proximity of the gating loop at the catalytic pocket 

[170]. The functional role of this additional metal ion will be better described in chapter 4. 

LH enzymes have been identified as ER resident protein, except for LH3 which has been 

identified also into the extracellular space [157]. Enzymatic assay on LH3 established clearly 

that the only suitable acceptor substrate is the Gal-(β1, O)-5-hydroxylisine, in-vitro LH3 

cannot transfer the galactose moieties on the 5-hydroxylysine. This agrees with the 

discovery, by the group of Hennet and colleagues [171], of an inverting glycosyltransferase 

(GLT25D1) which transfer via an inverting β-glycosidic bond a galactose moiety on the 5-

hydroxylisine. Thus, lysine glycosylation requires the coordinated activity of two distinct 

procollagen glycosyltransferases [172], and what is of particular interest is the high 

similarity in the quaternary structure of these enzymes. However, unpublished data (that will 

be described in chapter 7), revealed that LH1 has a different quaternary structure compared 

to the others LH isoforms, it is a pseudo-symmetric dimer of dimers, with the interface of 
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oligomerization between the different LH domains. The different superstructure of these 

enzymes is probably related to the specificity toward different substrates and/or for the 

recognition and interaction with other proteins partners; however, the scenario in not clear 

yet and deeper investigation are required. 

 

PROCOLLAGEN GALACTOSYLATION  

As mentioned in the previous chapter, through the lysine modification pathway 

glycosylation are carried out by distinct glycosyltransferase; distinct enzymatic mechanisms 

require distinct structural folds which for glycosyltransferase have been systematically 

annotated into the CAZY database (http:/www.cazy.org). Glycosyltransferase can be 

classified into two main superfamily: the GT-A glycosyltransferases and the GT-B 

glycosyltransferase [173]. Each family has than an internal sub-systematic division into 

glycosyltransferase and non-glycosyltransferase, and further into inverting and retaining 

glycosyltransferase. Thus, belonging to one of the two superfamily is not a sufficient element 

to discriminate between inverting and retaining glycosyltransferase. Structurally, enzymes 

of the GT-A superfamily have a fold which is a reminiscence of two abutting Rossmann-

fold, which is common in nucleotide-binding proteins. This fold can be described as the 

proximity of two β/α/β domains which lead to the formation of an internal extended β-sheet. 

Variation of the core structure can be found between GT-A glycosyltransferases, such as the 

presence of additional α-helices or β-sheet which have mostly a relevant role in 

multimerization [174]. A common motif found in GT-A glycosyltransferases is the tripeptide 

unit D-x-D, which coordinate the enzymatic bivalent metal ion, usually Mn2+ or Mg2+, and 

the ribose of the UDP-sugar. This peculiar signature is found in the β-hairpin or in the small 

β-sheet which is near the residues involved in the catalysis. One of the strands that 

characterized this structure is always located after the fourth strand of the Rossmann core 

(fig), while the second one is at the C-terminal of the strand 7. Even if very common in GT-

A glycosyltransferases, the D-x-D motif is found also in protein that are not inverting 

glycosyltransferases; hence, as for the overall structural organization this motif is not a 

sufficient criterion to precisely identify GT-A glycosyltransferases [175–177]. The GT-B 

glycosyltransferases, as the GT-A glycosyltransferase, have the main structural core which 

is a Rossmann-like fold. However, the difference is in the proximity of the two β/α/β domain 

which are less tight in GT-B glycosyltransferase. The two domains are facing each other 

defining a central cleft in which usually is located the substrate binding site. In GT-B 

glycosyltransferases the departure of the leaving group is mediated in a metal ion 

independent fashion, thus the D-x-D motif is not a common motif of GT-B 

glycosyltransferases [173, 178]. Recently, 8 family of glycosyltransferase have been 

grouped into the superfamily of the GT-C glycosyltransferases [179]. These enzymes are 

large hydrophobic protein which are usually localized into the ER or in association with the 

plasma membrane. No experimental structural data are available yet; however, some 

predictions have been made based on sequence analysis. GT-C glycosyltransferases have 

multiple predicted transmembrane domains; interestingly, the N-terminal extra cytoplasmic 

loop is the most conserved element between the protein which belong to this superfamily. 

Notably, this loop contained different motif, like the ExD, DxE, DDx or DEx, that are 
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variation of the canonical GT-A D-x-D signature. Notwithstanding the close similarity 

between these motifs, up to now there are no evidence of common evolutionary origin.  

The procollagen glycosyltransferase found by the Hennet’s group has been predicted, based 

on sequence analysis and functional characterization, to be an inverting glycosyltransferase 

belonging to the GT-A family. Furthermore, the recent high resolution crystal structure of 

the human full-length GLT25D1 validate the initial guest and adds additional, remarkable, 

observations about its structural and functional peculiarities [119, 171]. Three isoforms have 

been identified for the human procollagen galactosyl transferase encoded by the colgalt 

genes: the GLT25D1 which is expressed in almost all tissue, the isoform GLT25D2 [171, 

180] which has been identified mainly in the nervous system, finally the GLT25D3, also 

known with the name CERCAM [171], which is expressed in secretory tissues (e.g salivary 

glands, placenta and pancreas) as well in the nervous system. However, while GLT25D1 and 

GLT25D2 are enzymatically active, the isoform CERCAM is inactive. The procollagen 

galactosyltransferases are ER resident protein, all the three isoforms have a C-terminal ER-

retention motif RDEL, and there are no data suggesting extracellular localization as in the 

case of PLOD3. As mentioned before, the only isoform fully characterized structurally and 

biochemically is GLT25D1. It is a glycosyltransferase belonging to the GT-A superfamily, 

and to the inverting-clan I family. GLT25D1 is an elongated head-to-head homodimer; each 

monomer is composed of two globular domains connected by a well rigid loop of 21 amino 

acids. The N-terminal domain (residues 51-320), defined as GT1 domain, is directly 

involved in the formation of the dimerization interface; it has the canonical topology of GT-

A glycosyltransferase and in the proximity of the catalytic site is present the D-x-D signature. 

The GT1 domain has a very high structural similarity with the accessory domain (AC) of 

PLOD3 (R.M.S.D ≈ 1 Å) while it has a poor similarity with the LH3 GGT domain (R.M.S.D 

≈ 3 Å) [119, 120]. The C-terminal domain, the GT2 domain, has some peculiar features 

which make it vastly different from the GT1 domain, as well from the AC and the GGT 

domains of PLOD3. It is remarkable the presence of an uncommon EDD motif which 

coordinate the bivalent metal ion Mn2+, and an overall less evolutionary conserved amino 

acids composition at the core Rossman-like domain. Both the domains can bind the substrate 

and the cofactors for the enzymatic reaction; however, only the GT2 domain has been 

demonstrated to be solely responsible for the enzymatic activity of GLT25D1, while the GT1 

domain is the interface of dimerization and helps to coordinate the protein-protein interaction 

with PLOD3 [118]. The reaction mechanism of GLT25D1, like other glycosyltransferases is 

a direct displacement SN2-like reaction. The side chain of a residues in proximity of the 

catalytic sites acts as a base catalyst which deprotonate the nucleophile of the acceptor 

substrate, thus helping the displacement of the activated phosphate leaving group. The 

detailed description of GLT25D1 will be described in chapter 6. 

Notwithstanding the recent achievement in procollagen galactosyltransferase understanding, 

the precise role of lysine glycosylation is still unclear. Different collagen types have a 

different degree of glycosylation; this is remarkably evident when non-fibrillar type IV 

collagen and fibrillar collagen are compared [56]. In fibrillar collagen usually the axial 

distribution of glycosylated lysine is regular, following the D-period of collagen fibrils. In 

collagen type I, the (α1) chain has a total of 38 hydroxylysine of which only 18 are than 

glycosylated. The frequency of glycosylation is even lower in the collagen type I (α2) chain, 

where on 30 hydroxylysine only 7 are glycosylated. The frequency of glycosylation is highly 
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organism and tissue dependent, however the major glycosylation load on collagen type IV 

is systematically seen. Indeed, the collagen type IV has 21 conserved sites which undergo 

lysine glycosylation and on the (α1) chain 35 hydroxylysine on 39 are further glycosylated. 

Functionally, in fibrillar collagen lysine glycosylation regulate and lead the fibrils assembly, 

the cross-links formation, the fibrils diameter and the mineralization process. However, in 

type IV collagen the role of glycosylation is not so clear, the main hypothesis is that they 

play a crucial role into collagen secretion [181], assembly and formation of the basement 

membrane [182–185].  

 

INTO THE EXTRACELLULAR SPACE: COLLAGEN FIBRILLOGENESIS 

Once the tropocollagen molecules have been assembled, they serve as building blocks for 

the formation of extracellular ultrastructure as collagen fibrils [186] or intricated collagen 

networks [56]. The most known collagen ultrastructure are the fibrils building the connective 

tissues. In these tissues, the macromolecules which decorate the extracellular space must 

hold to extensive mechanical stresses generated by the external environment as well the 

forces generated by the organism itself (e.g. cell migration, blood vessel shear, interstitial 

fluid pressure). The high variability of physical forces that an organism must manage is 

mirrored in the presence of extracellular matrices with heterogeneous mechanical features. 

Hard tissues, for example, can reach a stiffness in the order of the GPa, while soft tissues 

have a stiffness ranging from 0.1 kPa to 100 kPa [187, 188]. Between the different molecules 

which determine the mechano-chemical features of a tissue, collages play a vital role. In 

loading-bearing tissues the fibrillar collagen is the main constituent that guarantees 

mechanical integrity. The ultrastructure generated by fibrillar collagens must be seen as 

heterotypic polymers, made of three collagen types: 1) a ‘major’ fibrillar component, as 

collagen type I or collagen type II, 2) a ‘minor’ fibrillar collagen, as collagen type V in 

cornea or collagen type XI in cartilage, 3) bridging collagens as FACIT or type IX, XII, XIV 

collagens [189]. Collagen type I and II are the essential component to start collagen 

fibrillogenesis, where collagen type V and XI have a nucleating role for the fibril’s 

formation, and further they might be the collagen which links the ensemble to the cell surface 

through collagen-binding integrins [190–192].  The tertiary collagenic components help the 

lateral association between different collagen fibrils and other component of the ECM such 

as proteoglycans, which with their abundance can enable the sliding between different 

collagen fibres in respect to each other [193, 194]. Connective tissues have a 

mechanotransducive role, collagen fibers have been described as viscoelastic polymers with 

a viscous module (time-dependent) and an elastic module (time independent) which can 

carry out this task. It has been proposed that the elastic behaviour of collagen molecules is 

mainly determined by the stretching of cross-linked collagen molecules, while the viscous 

behaviour is involved in the sliding of different fibrils in the deformation of tissues [188, 

195, 196]. However, has been seen that the viscoelastic behaviour of collagen is non-linear 

at large strain. After tissue unloading residual strain has been observed to remain applied on 

collagen molecules, thus suggesting a plastic behaviour of collagen molecules at large forces 

[187, 188, 197]. However, there are few experimental data available to describe the plastic 

behaviour of collagen, what has been speculated is a plastic answer in relation to collagen 

concentration and plasticity as a stretch-dependent formation of weak cross-links.  
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One of the most important obstacles which makes complicated the understanding of collagen 

mechanotransduction is the lack of precise models which can provide precise spatial and 

temporal information describing the formation of collagen higher order structures. There are 

different models that try to model fibrillogenesis, which can be mainly divided into cell-

dependent models and cell-independent models (collagen self-assembly models). In 1996 

K.Kadler and colleagues proposed a self-assembly model to describe collagen fibers 

synthesis, where early unipolar and bipolar fibrils can self-assemble thanks to intrinsic 

chemical properties [186]. Briefly, the procollagen molecules are 300 nm long molecules 

flanked by a trimeric globular C-propeptide domain and a trimeric N-propeptide domain (. 

Once tropocollagen molecules are secreted into the extracellular space, collagen N-

proteinase (PNP) and C-proteinase (PCP, also known as Bone Morphogenetic Proteins, 

BMP) remove the propeptide domains; thus, leading to the head-to-head, or head-to-tail, 

fusion of tropocollagen molecules. The removal of the C-terminal propetide is necessary to 

start the collagen self-assembly, while the N-terminal propetide could be more like a 

regulatory element to modulate the shape of fibrils. The last step of fibrils stabilization is 

achieved by the later association that can arise trough lysine or hydroxylysine cross-links. 

Altogether the collagen self-assembly theory, different research groups started to gather data 

about a prominent role of the cell into collagen fibrils formation [198]. In this model the 

cells are not only the hub responsible for the synthesis of tropocollagen molecules, but they 

can also actively take part in the fibrils’ assembly of tropocollagen molecules in the 

extracellular space. Interaction between the cell and the collagen molecules in the 

extracellular space are mediated by important proteins. 1) The small leucin rich 

proteoglycans (SLRP) as decorin, fibromodulin and lumican, can prevent the fibril-fibril 

surface interaction; thus, regulating collagen fibrils branching [194]. 2) Integrins are 

between the main mediators for cell mechanotransduction, they are transmembrane 

heterodimers made by the association of an α and β subunit. In mammals have been 

identified 18 α subunits and 8 β subunits, which can originate 24 different types of 

heterodimers. The most important integrins in collagen extracellular reorganization are the 

α5β1 and the α2β1 dimers. While the α5β1  binds fibronectin and so indirectly bridge collagen 

to the cell through fibronectin-collagen interaction, α2β1 binds directly collagen and plays a 

direct role in collagen fibril assembly [199–201]. 3) The minors type V and type XI collagens 

are the elements which bridge the interaction between the major collagens and integrins, 

thus they start the collagen nucleation at the cell-surface. Importantly, these collagens retain 

the N-propeptide which sterically regulate the lateral growth of collagen fibrils as well 

proteoglycans interactions [190–192]. This model has been implemented considering the 

contribution of cells movement in collagen fibrillogenesis and remodelling.  

Collagen gels for the Anisotropic Biphasic Theory (ATB) can be seen as continuous biphasic 

materials, behaving like Maxwell-like fluid which compaction and mechanical properties 

are determined by fibroblasts’ movement [202–204]. The factors which drive collagen 

compaction are the stress generated by the cells’ movement, the cells orientation and 

concentration within different tissues. At the beginning of the 2000s, have been 

conceptualized models which were able to integrate cell-dependent and cell-independent 

way for collagen fibers formation and organization. There are different key concepts to fully 

understand the current models which describe collagen fibrillogenesis, between them are 

worthy of mention the fibripositors, the diffusion-limited aggregation (DLA), the flow 

induced crystallization/flow induced aggregation (FIC/FIA) and the fine-tuned collagen 
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PTMs [205–209]. The fibripositors are actin-driven membranes invagination, which have 

been described in the early 2000s. These invaginations are much way bigger in respect to 

the canonical secretory vesicles, here tropocollagen molecules are accumulated [208]. In this 

compartment collagen molecules, due to their rigid, mesogenic triple-helix structure, have a 

lyotropic liquid crystal behaviour; when dissolved in specific solvent (like water or acetic 

acid) at specific concentrations (for collagen lower than 30 mg/ml) tropocollagen molecules 

can exhibit liquid crystalline state, as he cholesteric (chiral nematic) phase. Hence, 

tropocollagens are concentrated at the ‘necking’ region of fibripositors, and when 

extensional flow is applied, the collagen isotropic solution can shift toward more ordered 

structures that are aligned along the flow direction. Hence, when the cholesteric phase is 

reached collagen molecules are aligned in the same direction, thus enhancing the mechanical 

and optical properties of collagen [210–212]. Is to highlight that pH, electrostatic interaction 

and the ionic strength of the medium, are additional elements which influence collagen 

fibrillogenesis. The secretion of tropocollagen molecule into the extracellular space seems 

to be coupled by a re-uptake of the excess of non-utilized monomers by fibroblasts [213–

216]. So collagen fibrillogenesis is more likely to be a complex phenomenon regulated on 

different levels: 1) at the microscale by the intrinsic chemical properties of tropocollagen 

molecules, with its diversified spectrum of PTMs which can undergoes [168, 217, 218], 2) 

at the mesoscale by the physical forces generated by cells migrations as well the one 

generated by the interplay of cells and the ECM’s molecules [199, 200], 3) at the macroscale 

by the environmental forces acting on an organism, which lastly lead to the huge 

diversification of connective tissues in different taxa [193, 219–222]. 

Different models have been conceptualized to described collagen fibrillogenesis and its role 

in ECM remodelling. However, stays a huge gap of knowledge about the non-fibrillar 

molecules which shape basement membrane. 

BASEMENT MEMBRANE AND NON-FIBRILLAR COLLAGEN  

Basement membranes are sheet-like structure which are found beneath all the epithelial cell 

layers, they also wrap around epithelial and endothelial tubes. The main function of 

basement membranes is to keep compartmentalized the different tissues that are found in 

multicellular organism [60, 223, 224]. Thus, is not surprising that basement membranes are 

found in different organs and tissues. Between the most known basement membrane present 

in humans there are 1) the glomerular basement membrane (GBM) [225], which is a 

component in the kidney filtration barrier, 2) the lens basement membrane (LBM) which is 

located around the eye lens supporting the lens epithelium, 3) the Reichert’s basement 

membrane which surround the embryo through its development [226, 227]. Basement 

membranes, in addition to their role in tissues compartmentalization, have a fundamental 

regulatory role in cell polarity and migration and it is a hub for different signalling stimuli 

[228]. Basement membranes, differently to other connective tissues shows peculiar and 

unique biomechanical features. The main constituents of basement membranes are collagen 

type IV, laminin, nidogens, heparan sulphate proteoglycans (HSPGs) as perlecan and agrin 

[229–231]. The fundamental elements to start the formation of basement membranes sheets 

are laminins and collagen type IV [56]. When investigated through in-vitro experimental 

setup, laminins and collagen type IV are able, independently, to self-assemble into sheetlike 

structures. However, have been then proved that in-vivo the primary deposition of laminins 
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is essential for the following polymerization of the collagen type IV sheets. The thickness of 

basement membranes varies in respect to the tissue and in relation to the age of the organism, 

for example the basement membrane of the capillary is in the range of 100-200 nm while the 

one found in eye (cornea and lens) can reach the diameter of 10-20 µm [232, 233].  

Collagen type IV is the collagenic constituent of basement membranes, and differently to 

fibrillar collagens, it has unique features which prevent its assembly into fibrillar 

superstructure while favouring its network-like superstructural organization [234]. As for 

fibrillar collagens, the tropocollagen molecules of type IV collagen are triple helix whit the 

characteristic collagen motif Gly-X-Y. However, within the collagenic core the tripeptide 

repetitions of type IV collagens are more often interrupted, which confers a much higher 

degree of flexibility to these molecules. Further, the N-terminal and C-terminal of non-

fibrillar collagen are different in respect of the one found in the fibrillar collagens. The N-

terminal domain is known as 7S domain, while the C-terminal domain is defined as the non-

collagenous domain (NC1). The collagen type IV network is assembled in the extracellular 

space through the first non-covalent interaction between 4 7S domains and 2 NC1 domains. 

Once the initial network has been assembled in the extracellular space it further undergoes 

other 7S-7S and NC1-NC1 cross-links, which will determine its biomechanical properties 

[235]. The cross-links of collagen type IV are mediated by the lysine oxidase isoform 2 

(LOX2), and the reaction mechanism is the same of the one for fibrillar collagens [236]. The 

presence of different collagen type IV α-chains, in addition to the cross-links, makes this 

type of collagen very heterogeneous in its mechanical properties. In vertebrates have been 

identified three different protomers for the type IV collagen: the [α1]2[α2], the [α3] [α4] [α5] 

and the [α5]2[α6] heterotrimer. The three protomers have a differential tissue expression, the 

[α1]2[α2] is the most ubiquitous while the [α3] [α4] [α5] shows a higher compactness, due 

to a higher number of interchain disulfide bonds, and is found in specific vertebrates’ tissues 

such as the GBM. As aforementioned, the assembly of collagen type IV involves the 

tetramerization of the 7S domain, which are cross-linked at the cysteine residues by 

interchain disulfide bonds and at the lysine residues (mediated by LOX2) [237], and the 

tetramerization of the globular NC1 domains [238]. A very specific cross-link which is 

highly conserved in animal collagen IV is the sulfonation between an exposed lysine reside 

in the NC1 domain and a methionine (catalysed in the extracellular space by the enzyme 

peroxidasin) [239].  Compared to the fibrillar collagens, type IV collagen is much softer, 

thus it is suited to resist to extensional forces instead of the compressional and tensional 

ruling tissues such as tendons. Hence, the elastic Young’s module of non-fibrillar collagen 

is much lower respect the one of tendons.  

The full mechanical properties of basement membranes are not merely determined by the 

abundance and quality of type IV collagen [240]. The hydration state of the basement 

membranes is tightly regulated by the HSPG glycoproteins Perlecan and Agrin [241, 242]. 

The negative charge of these molecules is the key determinant which makes them like 

hydrogels; materials which can be highly hydrated, thus increasing the resistance of the 

basement membranes to the compressional forces [243]. Another glycoprotein which plays 

a crucial role into basement membranes integrity is nidogen, that is a monomeric 

glycoprotein which main role is to link the two distinct layers of laminins and collagen type 

IV within the basement membranes [224, 244]. Lastly, laminins are heterotrimeric protein 

which elemental units are the three chains α, β and γ. These proteins are synthesized and 
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assembled within the cell, the C-terminal of each chains form a coiled-coil rod (long arm), 

which terminal extremity is the globular domain of the α chain [224]. The N-terminal regions 

are well separated in an umbrella-like fashion. The C-terminal globular domain engages in 

the interaction with the cell membrane receptors, while the N-terminal domains engage in 

laminins’ polymerization, which result in the well-known triskelion-like ensemble. Laminin 

polymerization is strictly dependent on calcium concentration; hence it can be started only 

in the extracellular space. The resulting flat laminin layers is so able to interact with cell 

membrane proteins, such as integrins, as well as with glycoproteins as syndecans and HSPG 

[60]. Is to be highlighted that mutations or different expression levels of laminins are less 

detrimental, for the basement membrane integrity, compared to the ones which involve 

collagen type IV or perlecan. 

To conclude, is possible to define the basement membranes as materials which behave like 

non-linear, strain-stiffening, poro-visco-elastic material. These properties are highly variable 

and can strongly change from tissues to tissue in answer to different mechanical stimuli.  

 

ECM RELATED DISEASES 

The extracellular matrix is a very heterogeneous environment, with several part which 

interplay synergistically to give specific biomechanical properties to the different tissues and 

organs which build the multicellular organisms. When the homeostasis of the ECM is broken 

different pathological condition can arise, with different degrees of severity. As already 

mentioned, collagen is one of the most abundant proteins within the ECM and different 

pathologies, defined as collagenopathies, are associated to collagen’s mutations, non-

physiological post-translational modifications or altered expression [245, 246]. Collagen has 

also an active role in cancer progression and metastatic events [247]. Fibrotic tissues are 

indeed characteristic marker of cancer development in specific tissues; hence promoting 

cancer’s cell development and migration, as well a solid protection from the immune system 

(Tab.2) [248–250].  

Table.2. Interactive table of ECM related diseases (https://bdee9f94.diseases-

cm7.pages.dev/) 

 

Different pathologies which involve collagen have been described, worthy of mention are 

osteogenesis imperfecta (OI) [251], Ehlers-Danlos syndrome (EDS) [252], Alport syndrome 

[253] and the type II collagenopathies (see table 2). Osteogenesis imperfecta is a hereditable 
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disease which progression leads to bone fragility or skeletal, skin and soft tissues 

abnormalities. The onset of the OI’s symptoms shows a spectrum of severity from mild to 

severe; OI type II is perinatal lethal; OI type III shows severe symptoms while OI type I 

shows mild symptoms. The most common mutations which lead to OI are the ones of 

collagen I α-chains, which account for almost the 90% of the cases of osteogenesis 

imperfecta [254–257]. However, have been identified and described different mutations of 

the enzymes involved in collagen synthesis, modification and secretion. Examples of such 

enzyme include the CRTAP, P3H1, CYPB complex, OASIS, FKBP65, HSP47, LH2, BMP1 

and proteins involved in collagen I mineralization such as PEDF, SPARC as well as the 

signalling protein WNT [258–261]. The severity of osteogenesis imperfecta is much more 

related to the quality of collagen rather than its altered expression. Hence, mutations 

associated with collagen modifying enzymes, as well mutations which drastically change the 

collagen architecture, are associated with severe onset or perinatal death [252]. Another 

collagen related disease which manifests a broad spectrum of symptoms is the Ehlers-Danlos 

syndrome (EDS). The main feature which characterised EDS is a non-physiological collagen 

type I fibrillogenesis, thus leading to a disorganized population of collagen fibers with 

different width and length. EDS can be classified in different types, however common 

feature of the disease are the skeletal abnormalities, the hyperextensibility of the skin, the 

joint hypermobility as well the spontaneous vascular rapture [262]. Mutations on different 

collagen types as well as mutations on enzymes involved in collagen’s modification defined 

different EDS types: 1) mutations of collagen type V α1 and α2 chains define the classic type 

EDS [263]; 2) mutations of the collagen type III α1 chain led to the vascular type EDS [264–

266]; 3) mutations of lysyl hydroxylase (PLOD/LH) are the cause of kyphoscoliotic type 

EDS [267]; 4) mutations of collagen I α1 and α2 chains are responsible of arthrochalasia 

EDS [268]; 5) mutations of the procollagen I N-terminal proteinase ADAMTS-2 define 

dermatosparactic type EDS [269]. Much more rare mutations that can result in EDS involve 

enzymes which are involved in GAG biosynthesis, as the β3galactosyltransferase-II, the DS 

epimerase and the dermatan 4-O-sulfotransferase. Mutations of type IV collagen determine 

pathology of the basement membranes, such as the Alport syndrome. This syndrome is 

determined by mutations of the α3, α4 and α5 chains of collagen type IV, which result into 

an altered expression, or secretion, of collagen type IV thus causing nephritic syndrome and 

deafness. Has been also identified a frameshift mutation in exon 49 of the collagen type IV 

α1 chain, which produce a truncated version, at the C-terminal, of the chain [253]. All the 

collagenopathies involving collagen type II are defined as type II collagenopathies, the 

spectrum of the symptoms’ severity is extremely broad form mild to severe conditions. The 

most severe phenotypes are the one of a-chondrogenesis type I, hypo-chondrogenesis and 

the platyspondyly lethal skeletal dysplasia, Torrance type. These diseases led to severe 

skeletal abnormalities, due to unproper collagen deposition through the development, in 

most cases type II collagen is replaced by type I or type III collagen which alters the 

biomechanical properties of bone tissues: leading to premature death [270]. Severe 

conditions can be also observed in Ulrich congenital muscular dystrophy, cause by collagen 

type VI mutations and in dystrophic epidermolysis bullosa which is the results of mutated 

collagen type VII. [271, 272]  

Not only mutations of collagens are the cause of severe diseases, but indeed mutations on 

collagen also modifying enzymes are also actively involved in the development of fibrotic 

tissues and cancer progression. The lysine hydroxylase isoform 1, PLOD1 [273], has a 
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central role for the bone mineral density (BMD), PLOD2 plays a major role in collagen 

cross-links at the telopeptides region, while PLOD3 has an important role into the 

biosynthesis of collagen type IV and VI. PLODs expression is highly regulated at the 

transcriptional level, with different pathways and cytokines identified as regulators. The 

hypoxia-inducible factor (HIF-1α) can induce PLOD2 expression and thus inducing the 

hypoxia-induced Epithelial-Mesenchymal Transition (EMT) in glioma cells and breast 

cancer. The regulation of PLOD2 is achieved by the miR-26a-5p and by the miR-26b-5 as 

well by TGF-β signaling. E2Fs and FOXA1 regulate PLOD2 in cancer progression, 

furthermore PLOD2 expression is a potential marker in bladder cancer and renal cell 

carcinoma [274–276]. The HIF-1 factor can also promote the expression of PLOD1, which 

has been observed in breast cancer cells [277, 278]. However, the role of PLOD1 [279] and 

PLOD3 in cancer progression and fibrillogenesis is less understood compared to the role of 

PLOD2 [280–283]. The overexpression of LOX enzymes causes an alteration of the collagen 

cross-links and, as for PLOD enzymes, this results in tissues with altered mechanical 

properties which enhance the cancer cells progression and so the metastatic events. The role 

of the glucosyltransferase GLT25D is instead still partially understood, different clinical and 

experimental evidence suggest its direct role into hepatocellular carcinoma (HCC), as well 

as in the cerebral small vessel disease (CSVD). Its overexpression is associated to poor 

prognosis in fibrotic cancers, suggesting its active role in promoting nonphysiological 

collagen fibrillogenesis [284–287]. Compared to PLOD and LOX enzymes, less is known 

in relation of P4H involvement in ECM diseases or cancer progression. It has been found 

that in head and neck squamous cell carcinoma (HNSC), P4Hs are highly overexpressed 

which are associated with advanced tumor stage and poor patient prognosis. Furthermore, 

P4H expression is linked to the infiltration of immune cells, thus they can modify the 

response of cancer microenvironment to immunotherapy [288, 289].  

To conclude, the deep investigation of the collagen modifying enzymes is of crucial 

importance to develop new therapeutic approaches to limit collagen fibrillogenesis, and thus 

cancer progression and metastasis; as well to better understand the processes underneath the 

complexity of ECM biology.  
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ABSTRACT 

 

Hydroxylysine glycosylation is a critical post-translational modification for the maturation 

and homeostasis of both fibrillar and non-fibrillar collagens. In humans, collagen lysyl 

hydroxylase 3 (LH3/PLOD3) and the collagen galactosyltransferase GLT25D1 are known 

to be involved in lysine glycosylation, but the exact division of labour between the two 

enzymes is unclear. Historically, LH3/PLOD3 was suggested to catalyse two 

glycosyltransferase reactions at an active site: an inverting β-1, O-galactosylation of 

hydroxylysine (Gal-T) and a retaining α-1,2-glucosylation of galactosyl-hydroxylysine 

(Glc-T). 

In this study, we used indirect luminescence assays, direct mass-spectrometric readouts, and 

structural studies to show that LH3/PLOD3 has Glc-T activity only, and GLT25D1 only 

mediates Gal-T activity. Structure-guided mutagenesis showed that Glc-T catalysis required 

first-shell residues in the glycosyltransferase active site, but also longer-range residues in the 

same GT domain. We also determined the structures of human LH3/PLOD3 with different 

UDP-sugar analogues to investigate their interaction profiles and used structural information 

to develop LH3/PLOD3 glycosyltransferase inhibitors. Collectively, this data provides new 

tools to directly interrogate collagen hydroxylysine PTMs and provides a better appreciation 

for the geometric, electrostatic, and interaction networks that enable LH3/PLOD3 

glycosyltransferase function, advancing mechanistic understanding of the hydroxylysine 

glycosylation pathway and informing on how to modulate these enzymes for biomedical and 

biotechnological uses. 
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INTRODUCTION 

 

Collagens represent the most diverse protein family in humans and are highly conserved 

across metazoan evolution, from sponges to mammals [1–2]. The oligomeric assembly and 

functions of collagens are mediated primarily by post-translational modifications, in 

particular hydroxylation of proline and lysine and the highly specific glycosylation of 

hydroxylysine [3]. The Hyl-linked disaccharide displays a conserved glucosyl(α-1,2)-

galactosyl [4] and monosaccharidic galactosyl-[5–6]. 

The extent of glycosylation appears to depend on collagen type [7–9], tissue 

microanatomical context [10–12], stage of development [13], and disease state [14–16]. 

Although thoroughly studied the precise mechanisms controlling collagen glycosylation and 

their roles in collagen homeostasis remain less well defined. The specific identity and 

stereochemistry of the Glc(α-1,2)-Gal [17]. Because both donor sugars have α-glycosides, 

the first step must be catalyzed by a galactosyltransferase [18]. Human isoenzyme 3 

(LH3/PLOD3) has been shown to have in vitro Gal-T activity [19], but vivo studies have 

shown that reduced levels of LH3/PLOD3 and/or pathogenic GT-domain variants selectively 

impaired Glc-T activity [16, 20–21]. Examples include p.Asn223Ser, which generates an 

additional site of glycosylation within the GT domain and results in osteogenesis imperfecta 

[16], and p.Pro270Leu, which has recently been associated with a Stickler-like syndrome 

with vascular complications in association with features of Ehlers–Danlos syndrome and 

epidermolysis bullosa [21]. Mouse studies have also shown that LH3/PLOD3 Glc-T activity 

alone is necessary for collagen IV biosynthesis and basement-membrane formation during 

embryonic development [13, 22], and likely co-existed with additional collagen 

galactosyltransferases. 

Two O-galactosyltransferases, GLT25D1 and GLT25D2, have been characterized [23–24]. 

Interesting to note, GLT25D1 and LH3/PLOD3 have been shown to utilize collagen 

substrates in a cooperative process [23, 25–26]. In osteosarcoma cell lines, producing more 

than ample fibrillar collagens, deletion of both GLT25D1 and GLT25D2 resulted in growth 

arrest, owing to loss of glycosylation, which demonstrates that the Gal-T activity of 

LH3/PLOD3, is of lesser importance than its Glc-T activity [27]. 

These overall findings are supportive of a specialized and conserved O-glycosylation 

machinery where separable proteins/protein complexes are directing both the Gal-T and Glc-

T steps in vivo. That lastly returns us to broad questions about the spatial and temporal 

regulation of this pathway. Current structural insights are still primarily limited to 3D models 

of human LH3/PLOD3 bound to UDP-sugar donors [28] and a handful of mutagenesis 

studies examining Mn²⁺-dependent glycosyltransferase features [19, 29]. 

Using structure-guided mutagenesis with standard indirect assays, and a novel mass-

spectrometry-based direct assay that tracks the conversion of Lys to Glc-Gal-Hyl, we 

delineated a wide cooperative landscape of residues, within the LH3/PLOD3 GT domain, 

required for glycosyltransferase activity. Given the remarkable conservation of this 
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landscape across human LH/PLOD isoforms with reported Glc-T activity for LH1/PLOD1 

[30] and LH2/PLOD2 [18], have exhibited the distribution of these catalytic features 

throughout the family, providing an extensive molecular overview of Glc-T activity. Our 

data also confirmed that GLT25D1 alone has Gal-T activity on Hyl, creating the substrate 

for the next LH/PLOD-mediated Glc-T step that produces Glc-Gal-Hyl. Finally, we have 

identified and characterized UDP-sugar analogs that inhibit LH3/PLOD3 

glycosyltransferase activity, allowing for the development of the first targeted inhibitors of 

collagen Glc-T. 

 

MATERIALS AND METHODS 

 

CHEMICALS 

All chemicals were purchased from Sigma-Aldrich (Merck) unless otherwise specified.  

 

MOLECULAR CLONING AND SITE-DIRECTED MUTAGENESIS  

Coding sequences for LH3/PLOD3 (UniProt Q60568; Source BioScience), LH1/PLOD1 

(UniProt Q02809; Source BioScience), and GLT25D1 (UniProt Q8NBJ5; codon-optimized, 

GeneWiz), lacking their N-terminal signal peptides, were amplified with oligonucleotides 

bearing in-frame 5′-BamHI and 3′-NotI sites (Suppl. Table 3) and inserted into pCR8, which 

served as the template for subsequent mutagenesis. LH/PLOD variants were generated using 

the Phusion Site-Directed Mutagenesis Kit (Thermo Fisher Scientific), with whole plasmid 

amplification employing phosphorylated primers; in each case, the forward primer 

introduced the desired substitution (Suppl. Table 3). Linear mutagenized plasmids were 

phosphorylated with T4 polynucleotide kinase (Life Technologies) prior to ligation. All 

constructs were verified by Sanger sequencing before subcloning into expression vectors. 

Mature wild-type and mutant LH3/PLOD3 and LH1/PLOD1 sequences were cloned into the 

pUPE.106.08 mammalian expression vector (U-protein Express BV) in frame with an N-

terminal 6×His tag followed by a TEV protease site. GLT25D1 was subcloned into a 

modified pET28b-SUMO vector (Novagen), yielding an N-terminal 8×His-SUMO fusion 

for recombinant expression in E. coli. 

 

LH/PLOD RECOMBINANT EXPRESSION AND PROTEIN PURIFICATION 

To generate protein samples, suspension-adapted HEK293-F cells (Life Technologies, UK) 

at a density of 1×10⁶ cells mL⁻¹ were transfected with 1 μg plasmid DNA and 3 μg linear 

polyethyleneimine (PEI; Polysciences). Six days post-transfection, cell cultures were 

harvested by centrifugation at 1,000 × g for 15 min and the clarified supernatant was passed 
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through a 0.2 mm syringe filter, adjusted to pH 8.0, and processed by affinity purification as 

described above (Scietti and coworkers, 2018). Proteins from the supernatant were captured 

by their 6×His tags using a HisTrap Excel column (GE Healthcare) and further purified by 

size-exclusion chromatography using a Superdex 200 10/300 GL column (GE Healthcare) 

in 25 mM, HEPES/NaOH; 200 mM, NaCl; pH 8.0, to yield a homogeneous preparation. 

Fractions containing the target protein were pooled and concentrated to 1 mg mL⁻¹. 

 

GLT25D1 RECOMBINANT EXPRESSION AND PROTEIN PURIFICATION 

The pET28b-SUMO-GLT25D1 construct was transformed into E. coli BL21 codon plus 

(DE3)-RP Plus (Agilent). A single colony was inoculated into 100 mL LB with kanamycin 

(0.1 mg mL⁻¹; 1:1000 v/v) and grown overnight at 37 °C, 220 rpm. The preculture was then 

used to inoculate 6 L of autoinducing ZYP5052 medium [31] for large-scale expression. 

Cultures were maintained for 4 h at 37 °C, then transitioned to 20 °C and grown for a total 

of 24 h prior to harvesting (4,000 × g, 20 min). The pellet was resuspended/homogenized in 

100 mL buffer A (25 mM HEPES/NaOH, 0.5 M NaCl, pH 8) at a 1:5 (w/v) ratio and lysed 

by sonication (16 cycles, 9 s on/6 s off). Cell debris was removed by centrifugation (50,000 

× g, 40 min, 4 °C), and the supernatant was filtered through a 1 μm Minisart GF syringe 

filter (Sartorius). 

The clarified lysate was applied to a 5 mL HisTrap Excel column (GE Healthcare) pre-

equilibrated in buffer A and eluted stepwise to 250 mM imidazole with an NGC 

chromatography system (Bio-Rad). Fractions containing His–SUMO–GLT25D1 were 

pooled, desalted on a 5 mL HiTrap Desalting column (GE Healthcare), and supplemented 

with His-tagged SUMO protease to a concentration of 3 μg mL⁻¹ (1:300 v/v) and incubated 

for 2 h at room temperature. The mixture was reloaded onto the 5 mL HisTrap Excel column; 

cleaved GLT25D1 was in the flow-through. The sample was concentrated to 5 mg mL⁻¹ 

using a 30 kDa Amicon Ultra-15 concentrator (Merck) and further polished by size-

exclusion chromatography on a Superdex 75 Increase 10/300 GL column (GE Healthcare) 

equilibrated in SEC buffer (25 mM HEPES/NaOH, 200 mM NaCl, pH 8). GLT25D1 peak 

fractions, verified by SDS-PAGE, were pooled, concentrated to 5 mg mL⁻¹, flash-frozen in 

liquid N₂, and stored at −80 °C. 

 

DIRECT MASS SPECTROMETRY ACTIVITY ASSAYS  

For direct LH assays, the reaction mixtures were composed of 5 μM LH/PLOD (either wild 

type or evaluated variants), 50 μM FeCl₂, 100 μM 2-oxoglutarate, 500 μM ascorbate, and 1 

mM peptide substrate. In addition to the first mixture, reaction conditions for the Gal-T were 

comprised of 5 μM GLT25D1, 50 μM Mn²⁺, and 100 μM UDP-Gal; for Glc-T assays, an 

additional 100 μM UDP-Glc was included into the reaction mixture. Control reactions 

utilized the same mixture compositions, except the control reactions did not include 

LH/PLOD or GLT25D1, as showed in the text and figure legends. All the reactions were run 

for 3 h at 37 °C. For analysis, aliquots (10 μL) were made by diluting into 38 μL of Milli-Q 



28 
 

water, and acidifying with 2 μL of formic acid, to a final volume of 50 μL before being 

analysed on a UHPLC system (AB Sciex) either on a high-resolution QTOF mass 

spectrometer (AB Sciex X500B) with Turbo V ion source and TwinSprayer ESI probe, using 

analysis software controlled by SCIEX OS 2.1. 

To make use of RP-HPLC for peptide separation, a Hypersil Gold C18 column (150 × 2.1 

mm, 3 μm, 175 Å; Thermo Fisher Scientific), was used to run a linear gradient, for 15 min, 

from 2% to 50% B (solvent A: 0.1% aqueous FA; solvent B: acetonitrile with 0.1% FA) at a 

flow rate of 0.2 mL min⁻¹. The mass spectrum was taken in positive mode. The instrument 

parameters were as follows: ion spray voltage 4,500 V; declustering potential 100V; curtain 

gas 30 psi; ion source gas 1, 40 psi; ion source gas 2, 45 psi, source temperature was 350 °C; 

and the collision energy was set to 10 V. The data processing was performed using SCIEX 

OS 2.1. 

 

INDIRECT LUMINESCENCE-BASED ACTIVITY ASSAYS 

LH and Glc-T activities were measured using luminescence-based assays on a GloMax 

Discovery reader (Promega, USA) following Scietti et al. [32]. For Glc-T competitive 

inhibition experiments, we introduced minor modifications: reactions were started by adding 

1 µL of a mixture containing 250 µM MnCl₂, UDP-glucose, and increasing concentrations 

of either UDP-GlcA or UDP-Xyl to the enzyme and gelatin substrate. All measurements 

were performed in triplicate, with controls conducted under identical conditions by omitting 

LH/PLOD enzymes. Data were processed and graphed in GraphPad Prism 7 (GraphPad 

Software, USA). 

 

DIFFERENTIAL SCANNING FLUORIMETRY (DSF) 

For differential scanning fluorimetry (DSF) studies, using a Tycho NT.6 (NanoTemper 

Technologies, Germany), we used wild-type and mutant LH3/PLOD3 enzymes. Enzyme 

stock solutions (1 mg mL⁻¹) were prepared in 25 mM HEPES ,500 mM NaCl, pH 8. For 

ligand binding experiments, LH3/PLOD3 was pre-incubated for 30 minutes at 23 °C in 50 

μM MnCl₂ and with 5 mM UDP or UDP-sugar donor substrates (or analogues). The data 

was processed and plotted using GraphPad Prism 7 (GraphPad Software, USA). 

 

CRYSTALLIZATION, DATA COLLECTION, STRUCTURE DETERMINATION 

AND REFINEMENT 

The co-crystallization of wild-type and mutant LH3/PLOD3 was done using the hanging-

drop vapor-diffusion method from Scietti et al., [32] where 0.5 μL of the enzyme (3.5 mg 

mL⁻¹) was mixed with 0.5 μL of the reservoir, which contained 600 mM sodium formate, 
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12% poly-glutamic acid (PGA-LM; Molecular Dimensions), 100 mM HEPES/NaOH pH 

7.8, the metal salts, 500 μM FeCl₂ and 500 μM MnCl₂, and the UDP-sugar analog indicated 

(UDP, UDP-glucose, UDP-glucuronic acid, UDP-xylose). Crystals were cryoprotected in the 

mother liquor supplemented with 20% ethylene glycol, harvested by MicroMounts Loops 

(MiTeGen), flash cooled and stored in liquid nitrogen for data collection. 

X-ray diffraction was performed at beamlines from the ESRF (Grenoble, France) and the 

SLS (Villigen, Switzerland). Images were indexed and integrated via XDS [33] and scaled 

via AIMLESS [34]; collection statistics are indicated in Supplementary Table 1. Due to 

significant anisotropy, datasets generated were then processed with STARANISO [35] prior 

to solving and refining the structures. The structures were solved by molecular replacement 

in PHASER [36] using the LH3/PLOD3 model bound to Fe²⁺, 2-OG and Mn²⁺ [28] as the 

search model, then refined in iterative manual rebuilding in COOT [37] and automated 

refinement in phenix.refine [38]. The quality of the models was determined using 

MolProbity [39] and final refinement statistics listed in Supplementary Table 1. 

 

RESULTS 

 

A DIRECT MS-BASED ASSAY TO EVALUATE LYS-TO-GLC-GAL-HYL 

CONVERSION 

Prior work has consistently shown that the N-terminal GT domain is the sole catalytic 

glycosyltransferase module in LH/PLOD enzymes [17–18, 28, 30]. This leaves unresolved 

the debated possibility that two chemically opposite activities, an inverting Gal-T and a 

retaining Glc-T, could coexist within a single active site. The identification of the collagen 

galactosyltransferases GLT25D1/2 further questioned the specificity of the initially reported 

LH3/PLOD3 Gal-T reaction [28]. To address this directly, we recombinantly produced 

human LH3/PLOD3 and GLT25D1 and refined an MS-based assay previously used for Lys-

to-Hyl conversion [28] to detect Gal-Hyl and Glc-Gal-Hyl on synthetic collagen peptides. 

First, LH activity was confirmed in the presence of Fe²⁺, 2-OG, ascorbate, and the (GIK)₄ 

peptide, yielding the expected +16 Da mass shift consistent with hydroxylation of a single 

Lys (Figure 1A; Suppl. Fig. 1). The same mixture containing GLT25D1 but lacking 

LH3/PLOD3 produced no peptide modification (Suppl. Fig. 2). To test the putative inverting 

Gal-T of LH3/PLOD3, we added Mn²⁺ and UDP-Gal; no new peaks were observed (Figure 

1B). Repeating the assay with GLT25D1 present revealed an additional peak consistent with 

galactosylation of a single Hyl (Figure 1C), demonstrating that galactosylation is mediated 

by GLT25D1, not LH3/PLOD3. Finally, inclusion of UDP-Glc generated a fourth peak 

corresponding to the nude peptide bearing one Glc-Gal-Hyl residue (Figure 1D). 
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Figure 1: A direct assay to probe Lys-to-Glc-Gal-Hyl conversion. The MS spectra derive 

from incubations of a synthetic GIKGIKGIKGIK peptide (MW 1,254 Da) with the indicated 

enzymes and cofactors (see figure legends). All signals correspond to doubly charged ions 

and therefore appear at m/z values approximating one-half of the neutral mass. (A) With 

LH3/PLOD3 plus LH cofactors (2-OG and Fe²⁺), a peak at m/z ≈ 635 is observed, consistent 

with +16 Da (single Lys hydroxylation). (B) Adding Gal-T cofactors (UDP-Gal and Mn²⁺) 

to the mixture in (A) produces no additional peaks. (C) Inclusion of GLT25D1 under the 

conditions in (B) yields new ions at m/z ≈ 716, indicative of Gal-Hyl. (D) Further addition 

of UDP-Glc to the mixture in (C) produces ions at m/z ≈ 797, corresponding to Glc–Gal–

Hyl. 
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THE AMINO ACID RESIDUES SHAPING THE UDP BINDING SITE ARE 

ESSENTIAL FOR LH3/PLOD3 GLC-T ACTIVITY  

The N-terminal GT domain of LH3/PLOD3 shows a Mn²⁺ dependent GT-A type fold, which 

contains a UDP-donor binding pocket extending into the catalytic cavity [28], while the Glc-

T activity of the two related enzymes LH1/PLOD1 and LH2/PLOD2 are only somewhat 

defined to date. Previous work demonstrated that LH1/PLOD1 Glc-T activity using indirect 

luminescence assays was ~10-fold lower than LH3/PLOD3 activity [30], and other 

independent work implicated LH2/PLOD2 Glc-T activity in lung adenocarcinoma 

progression [18]. To identify catalytic determinants for LH3/PLOD3, we used our prior 

homology models of LH1/PLOD1 and LH2/PLOD2 [40] to perform a side-by-side 

comparison across all human LH/PLOD isoform GT domains (Suppl. Fig. 3). 

Superimposition of the LH1 and LH2 models was particularly useful in this regard because 

of their close match to the LH3/PLOD3 crystal structure. Thus, side chain comparisons could 

be performed at the residue level (Suppl. Fig. 3B). 

 

To identify unique characteristics in the UDP-binding pocket, we compared LH3/PLOD3 

with lower Glc-T activity isoforms, LH1/PLOD1 and LH2/PLOD2 [18, 30]. Most residues 

that coordinate Mn²⁺ and bind the UDP are conserved among paralogs, however there was a 

notable difference: Val80 in LH3/PLOD3 corresponds to Lys68 in LH1/PLOD1 and Gly80 

in LH2/PLOD2 (Figure 2A, Suppl. Fig. 3). The discrepancy in the donor binding cavity 

suggested a possible determinant of functional variation among the LH/PLOD GT domains. 

In LH3/PLOD3, Val80 is in the middle of a flexible “glycoloop” (Gly72–Gly87) that is 

disordered in the apoenzyme but becomes ordered in the presence of UDP ([28]) near the 

UDP-sugar ribose. We reasoned that we could induce an impairment of donor binding by 

replacing Val with a bulky, positively charged Lys (LH1/PLOD1) or removing side chain 

bulk altogether (Gly; LH2/PLOD2). Accordingly, we created the LH3/PLOD3 Val80Lys 

mutant. This mutant was correctly folded as seen in analytical gel filtration and DSF, it 

retained catalytically competent lysyl hydroxylase activity like the wild type (Suppl. Fig. 4) 

but lacked detectable Glc-T activity in our MS-based assays (Figure 2B, Table 1A). 
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Figure 2: Structural and functional features of the LH3/PLOD3 glycosyltransferase (GT) 

domain. (A) Schematic of the LH3/PLOD3 GT domain (PDB 6FXR) showing catalytic-site 

residues as sticks. Motifs included in the interaction with UDP-sugar donors are the Poly-

Asp motif (brown) and the glycoloop (cyan). Residues evaluated for catalytic role are 

colored; the gray residues are previously established ligands to Mn²⁺ (purple sphere) and 

UDP (black sticks).(B) Summary of LH3/PLOD3 mutant Glc-T activities compared to wild 

type, using a direct MS assay.(C) Summary of Glc-T activities for the same mutants 

compared to wild type, using a previously described indirect luminescence assay. Each plot 

shows activity measured without acceptor ("uncoupled," light blue), as well as in the 

presence of gelatin as an acceptor; measurements are background-corrected. In the B and C 

plots error bars show standard deviations averaged from independent experiments (N > 3). 
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Table 1A: results of activity assays (performed using either MS or luminescence) for all 

LH3/PLOD3 mutants described in this work, compared to wild-type LH3/PLOD3 

 

Mutation Localization 
Folding state/ 

LH activity 

Glc-T activity 

(MS) (%) 

Glc-T activity  

(Luminescence) (%) 

uncoupled 
coupled, 

gelatin 

wild-type N/A Yes 100 100 100 

Val80Lys glycoloop Yes N.D. 72 ± 2 53 ± 3 

Trp92Ala UDP-binding cavity Yes 71 ± 14 43 ± 2 60 ± 4 

Asp190Ala poly-Asp helix Yes N.D. 3 ± 0.27 7 ± 0.5 

Asp191Ala poly-Asp helix Yes N.D. 2 ± 0.3 7 ± 0.6 

Asp190Ser poly-Asp helix Yes N.D. 2 ± 0.4 17 ± 2 

Trp145Ala 
acceptor substrate 

cavity and gates 
Yes N.D. 8 ± 0.5 9 ± 0.6 

Trp148Ala 
acceptor substrate 

cavity and gates 
Yes 13 ± 2 70 ± 3 61 ± 5 

Asn165Ala 
region proximate UDP-

sugar 
Yes N.D. 21 ± 3 42 ± 2 

Gln192Ala 
region proximate UDP-

sugar 
Yes N.D. 17 ± 9 24 ± 2 

Glu141Ala 
region proximate UDP-

sugar 
Yes N.D. 3 ± 0.6 6 ± 0.6 

Asn255Ala 
region proximate UDP-

sugar 
Yes 9 ± 0.5 38 ± 3 44 ± 0.7 

Pro270Leu 
interface of AC and GT 

domains 
No N.D. N.D. N.D. 
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Since LH3/PLOD3 activates UDP-sugar donors and releases UDP even in the absence of a 

collagen acceptor [28], we compared the Val80Lys mutant under acceptor-free 

("uncoupled") and acceptor-present ("coupled") conditions through luminescence assays. 

Results indicate that most of the apparent Glc-T signal for the mutant is due to uncoupled 

turnover, consistent with the direct MS assay (Figure 2C, Table 1A). Thus, it is likely that 

Val80 facilitates the productive positioning of the donor in the enzyme to laterally transfer 

the glycan to the acceptor and does not only simply stabilize the UDP moiety in the active 

site. 

To clarify Val80’s role in LH3/PLOD3 Glc-T activity, we determined a 3.0 Å crystal 

structure of the Val80Lys mutant with Mn²⁺ and a 2.3 Å structure of the same mutant bound 

to both Mn²⁺ and UDP-Glc (Figure 3A; Suppl. Table 1). Both models superimpose closely 

with wild-type LH3/PLOD3 across all domains (Suppl. Fig. 5A). In the Mn²⁺-only structure, 

the glycoloop containing residue 80 remained unresolved due to flexibility, mirroring the 

wild type (Figure 3C). By contrast, in the UDP-donor bound complex, the Lys80 side chain 

was unambiguously defined in the electron density. Despite added steric bulk, Lys80 adopts 

a conformation compatible with concurrent occupancy of UDP-Glc in the active site; 

however, as in the wild type, the sugar moiety is disordered and not visible (Figure 3A). 

Overall, these findings indicate that the Val80Lys substitution perturbs LH3/PLOD3 

glycosyltransferase function only partially. 
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Figure 3: Structural characterization of LH3/PLOD3 mutants. (A) Crystal structure of the 

LH3/PLOD3 Val80Lys variant bound to UDP-glucose and Mn²⁺. Electron density is resolved 

for the substituted lysine and for the UDP portion of the donor (green mesh; 2Fo–Fc omit 

map contoured at 1.3 σ). Catalytic-site residues are shown as sticks; Mn²⁺ appears as a purple 

sphere. As in the wild type, the glucose moiety is not visible in the experimental density. (B) 

Crystal structure of the LH3/PLOD3 Asp190Ser variant with UDP-glucose and Mn²⁺. 

Electron density is evident for the substituted serine and for the entire donor, including the 

sugar (green mesh; 2Fo–Fc omit map at 1.3 σ). Colouring and representations match panel 

(A). (C) Superposition of available apo and UDP-glucose–bound structures for wild type, 

Val80Lys, and Asp190Ser: apo (wild type, cyan; Val80Lys, yellow) and donor-bound (wild 

type, marine; Val80Lys, orange; Asp190Ser, magenta). Notably, ligand binding induces 

similar Trp145 side chain conformations in wild type and mutants. Owing to glycoloop 

flexibility in apo states, Val/Lys80 side chains are resolved only in UDP-sugar bound 

structures. 
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THE LH3/PLOD3 GLC-T ACTIVITY IS AFFECTED BY LONG RANGE 

REARRANGEMENT OF TRP92 AND TRP75 

The glycoloop is a structural element unique to LH/PLOD GT domains. It includes Trp75, 

whose aromatic side chain π-stacks with the uridine of the donor, and, together with Tyr114 

from the hallmark DxxD motif [28], creates an aromatic “sandwich” around the donor 

(Figure 2A). Both residues are essential for LH3/PLOD3 Glc-T activity [28]. Upon UDP-

donor binding, the glycoloop adopts an ordered conformation without major rearrangements 

of neighboring residues, aside from subtle shifts in the distant, nonconserved Trp92 (Figure 

2A; Suppl. Fig. 3), whose bulky side chain rotates toward Trp75. Motivated by this, we 

generated the Trp92Ala variant, which retained proper folding and LH activity (Suppl. Fig. 

4). In contrast, the mutant exhibited undetectable Glc-T activity relative to wild-type 

LH3/PLOD3 (Figure 2B–C; Table 1A), whereas the specific Trp92Ala substitution itself 

only modestly reduced Glc-T (Figure 2B–C; Table 1A). These observations suggest that 

LH3/PLOD3-specific long-range interactions within the GT domain help stabilize 

productive glycoloop conformations in donor-bound states. 

 

A POLY-ASP SEQUENCE NEAR THE DONOR SUGAR BINDING SITE IS 

ESSENTIAL FOR GLC-T ACTIVITY IN LH1/PLOD1 AND IN LH3/PLOD3 

We also investigated the poly-Asp stretch (Asp188–Asp191; Fig. 2A), present in UDP-sugar 

bound structures, which interacts with the glycoloop, and is partially conserved among 

isoforms of LH/PLOD (Suppl. Fig. 3). Previous research showed that substitutions at 

Asp190 and Asp191 can prevent LH3/PLOD3 glycosyltransferase activity [29] and aligns 

with our crystal structures indicating these side chains project into the Glc-T catalytic cavity. 

We made individual alanine variants for Asp190 and Asp191, both of which could be 

properly folded and had general LH/PLOD activity (Suppl. Fig. 4). However, both mutants 

destroyed Glc-T activity blocking donor UDP-sugar activation and transfer as confirmed by 

MS and luminescence-based assays. Taken together, these data suggest that the poly-Asp 

motif, specifically Asp190 and Asp191, is important for the positioning and recognition of 

donor and/or acceptor substrates. 

Recent work reported that the LH1/PLOD1 Ser178Arg substitution, aligned with 

LH3/PLOD3 Asp190 within the poly-Asp segment, causes heritable thoracic aortic disease 

[30]. In LH3/PLOD3, replacing Asp190 with Arg severely compromises enzyme function 

by drastically reducing Glc-T activity. To probe residue-specific differences between 

LH1/PLOD1 and LH3/PLOD3, we engineered the LH3/PLOD3 Asp190Ser variant to mimic 

the LH1/PLOD1 identity at this position (Suppl. Fig. 4). Both MS and luminescence assays 

showed that this single substitution abolishes LH3/PLOD3 Glc-T activity (Figure 2B–C). 

We also determined the 2.30 Å crystal structure of full-length human LH3/PLOD3 

Asp190Ser bound to Mn²⁺ and UDP-Glc, which is overall nearly indistinguishable from the 

wild type (Suppl. Fig. 5A). Notably, electron density at the GT active site clearly resolves 

the glucose moiety of the UDP-Glc donor (Figure 3B). This observation: absent in wild-type 
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LH3/PLOD3 [28], underscores the Poly-Asp loop’s importance for Glc-T catalysis. To test 

the residue’s broader relevance, we examined the human LH1/PLOD1 ortholog by 

introducing Ser178Asp. Remarkably, this single substitution substantially rescued 

LH1/PLOD1 Glc-T activity, detectable by both direct MS-based and indirect luminescence 

assays (Figure 4); by contrast, wild-type LH1/PLOD1 Glc-T is too low to observe by MS 

(Figure 4). Collectively, these results provide direct in vitro evidence for LH1/PLOD1 Glc-

T activity and further establish Asp190 (LH3/PLOD3 numbering) as a key determinant in 

donor activation prior to transfer to the collagen acceptor. 

 

 

 

Figure 4: Ser178 in LH1/PLOD1, corresponding to Asp190 in LH3/PLOD3, is a key residue 

for Glc-T activity for both enzyme isoforms. (A) Direct MS assays comparing Glc–Gal–Hyl 

signal intensities for wild-type LH1/PLOD1 and the Ser178Asp variant. (B) Indirect, 

luminescence-based assessment of Glc-T activity for LH1 wild type and Ser178Asp, 

reporting both coupled and uncoupled reactions (as shown in Figure 2C). In both panels, 

error bars indicate standard deviations from independent (N > 3) experiments. 

 

TWO GATING TRP RESIDUES MODULATE GLC-T ACTIVITY BY AFFECTING 

ACCEPTOR SUBSTRATE BINDING 

Having characterized residues that stabilize the UDP moiety of donor substrates, we turned 

to a second set of positions in the GT active site, situated opposite the putative location of 

the flexible sugar rings (Figure 2A). Many LH3/PLOD3 residues shaping this sector of the 
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catalytic cavity align with catalytic determinants described for other GT-A 

glycosyltransferases (Suppl. Fig. 6) [41]. Notably, Trp145, located in an LH3/PLOD3-

specific loop within the GT domain, has been implicated as a modulator of Glc-T activity, 

adopting distinct rotamers in apo versus donor-bound states that alter the contour and steric 

profile of the catalytic pocket [28]. Strikingly similar conformational shifts are evident when 

comparing substrate-free and donor-bound structures of the Val80Lys and Asp190Ser 

LH3/PLOD3 variants (Figure 3C). Inhibition of Glc-T activity because of a Trp145 to Ala 

replacement (Figure 2B–C) with no other properties impaired (Suppl. Fig. 4), strengthens 

the proposed "gatekeeper" function of Trp145 within the GT active site, and enables the 

donor sugar to correctly orient for transfer. Structure-based alignment of different GTs 

(including distantly related enzymes) reveals that several related enzymes utilized aromatic 

side chains that stem from different structural elements in the active site in the same manner 

as the LH3/PLOD3 Trp145 example. Examples include: Tyr186 in Neisseria meningitidis 

LgtC, Trp314 in the N-acetyllactosaminide α-1,3-galactosyltransferase GGTA1, Trp300 in 

the ABO blood-group transferase, and Trp243/Phe245 in the glucuronyltransferases 

B3GAT3 and B3GAT1 (Suppl. Table 2; Suppl. Fig. 6). This is notable given that the 142–

163 loop is a structural element unique to LH/PLOD enzymes [28]. The observation 

underscores the remarkable versatility of glycosyltransferases, whose structural plasticity 

enables closely related catalytic mechanisms to act on a wide array of specific donor and 

acceptor substrates. Previously, comparisons of apo and substrate-bound LH3/PLOD3 

suggested a concerted mechanism in which conformational changes of a no conserved 

surface aromatic residue (Trp148; Fig. 2A) act in tandem with Trp145 [28]. To test this, we 

generated the Trp148Ala mutant. This variant displayed wild-type folding and LH activity 

(Suppl. Fig. 4) but showed markedly reduced Glc-T activity in the presence of both donor 

and acceptor substrates (Fig. 2B–C, Table 1A). Although the effect was less severe than for 

Trp145 mutation, the data support a synergistic model linking long range substrate 

recognition at the enzyme surface with active site rearrangements upon substrate binding.  

 

ADDITIONAL RESIDUES FACING BOTH DONOR AND ACCEPTOR 

SUBSTRATES AFFECT THE LH3/PLOD3 GLC-T ACTIVITY 

In LH3/PLOD3 complexes with UDP-Glc and Mn²⁺, electron density adjacent to the UDP 

pyrophosphate was weak and only partly consistent with the donor sugar, suggesting 

multiple conformations coexisting within the binding pocket [28]. To pinpoint additional 

catalytic determinants, we surveyed the neighbouring region of the active site for residues, 

particularly those bearing carboxylate or amide side chains, which could serve as candidate 

catalytic nucleophiles, potentially forming a covalent glycosyl–enzyme intermediate prior 

to transfer to the acceptor [42]. In GT-6 retaining glycosyltransferases, a conserved Glu often 

serves as the catalytic nucleophile [43–44]. Inspection of LH3/PLOD3 structures revealed 

Gln192, Asn165, and Glu141 projecting into the pocket that accommodates the donor sugar 

(Fig. 2A). We generated Ala substitutions at each site and, in all cases, obtained properly 

folded, functional LH enzymes (Suppl. Fig. 4). Assessment of Glc-T activity showed that 

Asn165Ala and Gln192Ala retained the ability to activate UDP donors and transfer sugar, 

albeit with reduced efficiency, whereas Glu141Ala completely abolished Glc-T function 
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(Fig. 2B–C, Table 1A). These data suggest Glu141 is necessary for catalysis, and implicate 

a surrounding negatively charged pocket (Asp190, Asp191, Gln192, and Asn165) as a larger 

cooperative network assisting with the glycosyltransferase function. Asn255, which is 

closest to the UDP phosphate-sugar linkage near Glu141 within the Glc-T site, is completely 

conserved between the LH / PLOD isoforms (Suppl. Fig. 3), but there is no equivalent 

residue in any of the structurally characterized GT-A glycosyltransferases. In the crystal 

structures for all six LH3/PLOD3 structures, the Asn255 side chain pointed away from the 

donor substrate (Fig. 2A), raising the possibility that its amide might play a role in catalysis 

via acceptor recognition. However, the properly folded Asn255Ala (Suppl. Fig. 4) variant 

retained Glc-T activity with only a small reduction (Fig. 2B–C, Table 1A), disputing a 

strictly catalytic and mandatory role. 

 

Pathogenic mutations in the LH3/PLOD3 GT domain affect protein 

folding.  

 

A recently reported pathogenic LH3/PLOD3 variant, p.Pro270Leu, maps to the interface 

between the AC and GT domains [21]. Although this residue lies in a loop that helps shape 

the GT cavity, its position makes a direct catalytic role unlikely. To assess its impact on 

enzymatic function, we attempted recombinant expression of the Pro270Leu mutant; 

however, protein yields were nearly undetectable, precluding in vitro assays. Given the 

otherwise robust reproducibility of expressing numerous LH3/PLOD3 point mutants, these 

observations suggest that Pro270Leu primarily compromises overall enzyme stability rather 

than catalytic activity, leading to severely reduced protein expression in vitro, and likely in 

vivo as well.  

 

Molecular structures of LH3/PLOD3 in complex with UDP-sugar analogs 

provide insights glycan moieties processing in the catalytic cavity  

 

A common challenge in characterizing glycosyltransferases is the pronounced flexibility of 

the donor sugar within the active site, a limitation that is accentuated for enzymes, such as 

LH3/PLOD3, that can turn over UDP-sugars in the absence of acceptor substrates. 

Considering our prior [28] and current co-crystallization data, we asked whether the reaction 

product, free UDP, remains bound in the LH3/PLOD3 GT domain with efficiency 

comparable to physiological donors after catalysis. Differential scanning fluorimetry 

revealed a larger thermal stabilization for free UDP (ΔT ≈ 3.5 °C) than for UDP-sugar donors 

(ΔT ≈ 2–2.5 °C) (Figure 5A). These findings suggest that free UDP can bind LH3/PLOD3, 

potentially with higher affinity than UDP–sugar donors, implying that Glc-T catalysis may 

be susceptible to product inhibition. Unexpectedly, this increased thermal stabilization did 

not translate into detectable product trapping in wild-type LH3/PLOD3 crystal structures: 

regardless of the UDP concentration used for co-crystallization or soaking, no electron 

density for free UDP was observed, and the models were indistinguishable from the apo 

enzyme (Suppl. Fig. 7). Notably, Kivirikko and colleagues previously reported that UDP-
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glucuronic acid (UDP-GlcA) can act as a competitive inhibitor of collagen 

glycosyltransferases [45], and UDP-GlcA has been employed to isolate LH3/PLOD3 from 

chicken embryo preparations [19]. 

Follow-up biochemical data were lacking, so we evaluated the effect of UDP-GlcA on 

LH3/PLOD3 by DSF and luminescence-based Glc-T assays. DSF indicated weak binding, a 

modest thermal shift of ~1–1.5 °C (Fig. 5A), providing less stabilization than either UDP-

sugar donors or free UDP. Enzymatic measurements confirmed competitive inhibition (Fig. 

5B) with IC₅₀ values in the millimolar range (Table 1B). We also obtained a 2.2 Å crystal 

structure of wild-type LH3/PLOD3 bound to Mn²⁺ and UDP-GlcA (Suppl. Table 1), showing 

that UDP-GlcA effectively occupies the donor-substrate site (Fig. 5C). Additional electron 

density for the glucuronic acid moiety was present but could not be fit by a single 

conformation; nonetheless, it clearly adopts a bent geometry, with the sugar buried deep in 

the catalytic pocket near Lys89, Asp190, and Asp191, and positioned away from catalytically 

critical residues (Trp145, Asn255, Glu141), thereby leaving space in the cavity to 

accommodate acceptor substrates.  

Given the alternative conformations inferred for GlcA from electron-density analysis and its 

proximity to LH3/PLOD3 Val80, we tested whether the Val80Lys substitution affects 

inhibitor binding. We therefore determined the 2.7 Å structure of the Val80Lys mutant bound 

to UDP-GlcA (Suppl. Table 1) and observed a partial displacement of the glycoloop; its 

normally well-defined density in UDP-sugar–bound wild-type structures was not evident 

(Fig. 5D). Concurrently, electron density for the glucuronic acid moiety was not improved 

and in fact was poorer than in the wild type, indicating that the sugar’s intrinsic flexibility is 

not governed by specific glycoloop conformations but rather by the absence of stabilizing 

protein–ligand contacts that would lock the ring into a single geometry. Because the 

glucuronic acid lacked a defined pose in the crystal, we examined another UDP-sugar analog 

lacking the carboxylate, UDP-xylose (UDP-Xyl). Like UDP-GlcA, UDP-Xyl acted as a 

weak Glc-T inhibitor (Fig. 5A–B) with IC₅₀ values in the high micromolar range (Table 1B). 

The 2.0 Å structure of LH3/PLOD3 with Mn²⁺ and UDP-Xyl showed the inhibitor in the 

catalytic site, but with weak density for the sugar, consistent with multiple xylose 

conformations, as seen for UDP-GlcA (Fig. 5E). Collectively, these findings indicate that 

the LH3/PLOD3 GT pocket accommodates diverse UDP-sugar ligands and that inhibitory 

potency correlates with reduced ligand flexibility (i.e., increased stabilization) within the 

cavity. Accordingly, UDP-sugar analogs that form stronger interactions with residues 

adjacent to the glycan portion of UDP-GlcA/UDP-Xyl may serve as more potent inhibitors 

of LH/PLOD glycosyltransferase activity. 

 

 

 

 

 



41 
 

Table 1B: evaluation of the competitive binding of UDP-GlcA and UDP-Xyl in wild-type 

LH3/PLOD3 in presence of UDP-Gal or UDP-Glc and acceptor substrates.  

 

Inhibitor UDP-Gal (IC50,  M) UDP-Glc (IC50,  M) 

wild-type + UDP-GlcA 1130 ± 370 > 10000 

wild-type + UDP-Xyl 91 ± 23 3170 ± 211 

 

 

 

Figure 5: Characterization of UDP-sugar analogues. (A) Differential scanning fluorimetry 

(DSF) of LH3 wild type reveals substantial thermal stabilization by Mn²⁺ in addition to 

physiological donors, UDP-galactose (solid blue), and UDP-glucose (solid purple), and free 

UDP (solid black), where UDP-xylose (red dashed) and UDP-glucuronic acid (green dashed) 

only demonstrate modest stabilization (solid green trace, LH3 alone). (B) Luminescence-

based competition assays of increasing UDP-GlcA or UDP-Xyl binding to wild-type 

LH3/PLOD3 with UDP-Gal (left) and UDP-Glc (right), with gelatin as an acceptor. (C) 

Crystal structure of wild-type LH3 with Mn²⁺ and UDP-GlcA shows significant electron 

density for UDP (2Fo-Fc omit map, green mesh, contoured at 1.2 σ). The glucuronic acid 

moiety (yellow) can be modeled, although it only occupies partial density. (D) Crystal 

structure of the LH3 Val80Lys mutant with Mn²⁺ and UDP-GlcA has density for the UDP 

backbone (black sticks; 2Fo–Fc omit map at 1.2 σ) whereas there is no density for the 

glucuronic acid (yellow). The glycoloop segment comprised of residues 79–83 is disordered 

(cyan spheres). (E) Crystal structure of wild-type LH3 with Mn²⁺ and UDP-xylose shows 

significant density for UDP (2Fo-Fc omit map at 1.2 σ) as well as only partial density for the 

xylose moiety (pink). 
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DISCUSSION 

 

Glycosyltransferases are incredibly versatile and capable of catalyzing broad ranges of 

substrates, however when examined closely they share similar framework and mechanism 

features that allow for comparative analysis even in the absence of structural similarities and 

sequence conservation. LH3/PLOD3 has long been recognized as multifunctional and 

catalysing several steps in the Lys→Glc–Gal–Hyl posttranslational pathway [1], while 

recent examples suggest a similar multifunctionality for the paralogs LH1/PLOD1 and 

LH2/PLOD2 [18, 30]. Our in vitro data demonstrates the partitioning of function by 

combining direct MS based assays with indirectly read-out glucosyltransferase products. 

Collagen galactosyltransferases like GLT25D1 carry out only hydroxylysine glycosylation, 

whereas LH/PLOD enzymes will only glucosylate a galactosyl-hydroxylysine. Thus, the 

LH/PLOD enzymes are retaining-type glucosyltransferases. 

Moreover, the direct MS assay enabled real-time tracking of the first fully synthetic Glc–

Gal–Hyl collagen peptide generated in vitro via a one-pot total synthesis. 

To interrogate the GT domains of LH/PLOD enzymes, we initiated structure guided 

mutagenesis by targeting the sole non conserved residue immediately surrounding the UDP-

donor site, Val80 in LH3/PLOD3 (aligned with Lys68 in LH1/PLOD1 and Gly80 in 

LH2/PLOD2). This position lies within the glycoloop and abuts the ribose of the UDP-sugar 

donor(s). Biochemically, the Val80Lys substitution compromised LH3/PLOD3 catalysis. 

Structurally, the LH3/PLOD3 Val80Lys mutant displayed a disordered glycoloop, offering a 

mechanistic rationale for the loss of Glc-T activity. These findings suggest that Val80 

supports productive positioning of the donor, particularly its glycan moiety, yet also indicate 

that sequence divergence at this single site is insufficient to account for the diminished Glc-

T activity of LH1/PLOD1 and LH2/PLOD2. Comparative analysis of apo versus UDP-Glc 

bound LH3/PLOD3 revealed three second-shell residues that adopt altered side chain 

conformations, implicating them in catalysis. Among these, the non-conserved Trp92 in 

LH3/PLOD3 (Leu80 in LH1; Leu92 in LH2a/b) orients its aromatic ring to stabilize the 

glycoloop and thereby facilitate reaction activity. Substitution of Trp92 did not completely 

abolish LH3/PLOD3 Glc-T activity, suggesting that diminished Glc-T function in 

LH1/PLOD1 and LH2/PLOD2 likely reflects this and additional subtle sequence differences 

acting in concert. We next examined a second, catalytically critical region of the GT domain, 

the poly-Asp helix [29]. Asp190 in LH3/PLOD3, located at the catalytic-site entrance, 

proved essential: the Asp190Ser variant (mirroring LH1/PLOD1) markedly reduced Glc-T 

activity and, notably, yielded the first structure with resolvable electron density for the donor 

sugar. Conversely, the reciprocal change in LH1/PLOD1 (Ser178Asp) substantially 

enhanced Glc-T activity relative to wild type, identifying this position as a key determinant 

for donor-glucose activation prior to transfer to the acceptor substrate. 

In the GT active site, LH3/PLOD3 has a non-conserved loop that defines the catalytic cavity 

with two large aromatic residues, Trp145 and Trp148. These residues could be working 

together, based on a comparison of the apoprotein and donor complex structures [44], for 
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example, the α-1,3-galactosyltransferase GGTA1, where a conserved glutamate resides on 

the β-face of the donor sugar [46–47]. The corresponding position in LH3/PLOD3 is Gln192. 

Although Gln192 lies adjacent to the poly-Asp helix and is spatially removed from the 

donor-binding site, making a direct catalytic role unlikely, our mutagenesis indicates that its 

side chain is nonetheless important for LH3/PLOD3 glycosyltransferase efficiency. Nearby, 

we identified two additional residues, Glu141 and Asn165, whose side chains point directly 

toward the donor glycan (Fig. 2A), implicating them in donor activation and/or transfer of 

the sugar to the acceptor. Whereas the Asn165Ala substitution reduced glycosyltransferase 

activity by roughly twofold (Fig. 2B–C, Table 1A), the Glu141 carboxylate proved 

indispensable: replacing Glu141 with alanine rendered LH3/PLOD3 completely inactive. In 

LH3/PLOD3, Glu141 occupies a position analogous to Asp130 in the O-

galactosyltransferase LgtC from Neisseria meningitidis, Asp125 in the O-

glucosyltransferase GYG1 from rabbit, and Gln247 in the O-glucosyltransferase GGTA1 

from Bos taurus (Suppl. Fig. 6; Suppl. Table 2). Because loss of this carboxylate abolishes 

activity, we propose that the residue corresponding to Glu141 constitutes a catalytic “hot 

spot” in glycosyltransferases that present a carboxylate or amide at this position. Our study 

updates the biochemical framework for the Lys→Glc-Gal-Hyl conversion using robust, 

orthogonal in vitro assays and new three-dimensional structures of LH3/PLOD3 and 

variants, including complexes with UDP-sugar analogs that act as mild inhibitors (Fig. 5). 

Despite substantial flexibility of the bound glycans, these structures furnish actionable 

insight for structure-based discovery of LH3/PLOD3 Glc-T inhibitors; agents that could 

inspire therapeutic strategies for conditions marked by excessive collagen glycosylation, 

such as osteogenesis imperfecta. Together with a comprehensive mutational scan of the GT 

active site, our results delineate the intricate network of shapes, electrostatics, and 

interactions that enable LH3/PLOD3 Glc-T catalysis.  
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ABSTRACT 

Multifunctional human lysyl hydroxylases (LH/PLODs) are crucial enzymes that catalyze 

the hydroxyation, and ultimately glycosylation, of lysine on collagen. The requisite 

modifications make it possible for collagen to mature and ultimately polymerize into higher 

order structures in the extracellular matrix (ECM). Tumors are characterized by LH/PLOD 

over-expression that leads to characteristic collagen post-translational modifications recently 

associated with higher aggressive metastatic behavior in many solid tumors, highlighting 

their potential therapeutic targeting. The literature surrounding LH/PLOD has rapidly 

multiplied with recent structural data and high-throughput assays used to screen interesting 

compounds of potential drugs. Using a combination of biochemical assays and in silico 

methods we are working to deconvolute the bifunctional role of Fe²⁺ as both a co-factor and 

autoinhibitrory agent of lysyl hydroxylase activity while beginning to examine the widely 

used Fe²⁺ chelating agent 2,2′-bipyridyl. In a somewhat unanticipated result, we show for 

low concentrations of 2,2′-bipyridyl that LH activity is increased, presumably because it 

counteracts the inhibition from high concentrations of Fe²⁺. Collectively, these results 

provide insight into the delicate balance between Fe²⁺-dependent catalysis and self-inhibition 

by Fe²⁺, also point out some notable differences between LH/PLODs and other Fe²⁺/2-

oxoglutarate dioxygenases, and suggest that a structure based strategy of developing 

inhibitors is potentially not feasible. These data provide clarity around the druggability of 

the LH/PLOD catalytic site as well as a starting point to future screening and medicinal 

chemistry projects.  

 

INTRODUCTION 

Collagen's supramolecular assembly in the extracellular matrix (ECM) is guided by several 

biosynthesized post translational modifications (PTMs). Of these, lysine (Lys) hydroxylation 

is critical for fibrillogenesis and accordingly establishing the ECM's physicochemical 

characteristics [1]. In humans, hydroxylation is the function of the lysyl hydroxylase 

(LH/PLOD) family: LH1/PLOD1, LH2/PLOD2, and LH3/PLOD3, which are specified by 

the procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD) gene [2]. These Fe²⁺/2-

oxoglutarate/ascorbate/O₂-dependent enzymes hydroxylate collagen Lys at the C5 position 

to make 5-hydroxylysine (Fig.1) [3]. An imbalance in the LCC: HLCC cross-link ratio 

promotes deposition of elevated and highly organized collagen fibers-pathognomonic for 

advanced tissue fibrosis and a well-established hallmark of cancer overall [4]. Tumor cells 

will use these aligned "collagen highways" to migrate towards vasculature and metastasize 

[5–7]. Hypoxia-dependent and independent overexpression and mislocalization of LH 

enzymes contributes to greater metastatic capability in many solid tumors and these enzymes 

are viewed as poor prognostic indicators [3–4, 8–9].Early work reported an hypoxia induced 

PLOD2 overexpression as a prognostic biomarker across various malignancies which 

included hepatocellular carcinoma [10–11], lung and colon cancers [11], glioma [12–13], 

oral squamous cell and endometrial carcinoma [14–15], and bone and breast metastases [6, 

16–17]. Notably, inhibition of the LH2/PLOD2 isoform in kidney cancer cell lines via tumor 

suppressive miRNA inhibited cell migration, and invasion [18], indicating a role for LH 
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enzymes in promoting tumor progression. As such, it was subsequently studied, as well, that 

the LH1/PLOD1 and LH3/PLOD3 isoforms were also recognized as biomarker in several 

solid tumors. There have been reported increases in PLOD1 expression in gastrointestinal 

carcinoma [19], osteosarcoma [20], glioma [21–22], and bladder cancer [23]. LH3/PLOD3 

has been shown be upregulated in glioma [24–25], gastric cancer [26] and colorectal cancer 

[27–28], it has further been suggested that it acts as a modifier to metastatic spread across 

tumor types [29]. 

 

Figure 1: Reaction scheme for collagen lysine hydroxylation by LH3/PLOD3. The reaction 

is Fe²⁺/2-oxoglutarate–dependent: the enzyme uses Fe²⁺ as a catalytic cofactor, O₂ and 2-

oxoglutarate (2-OG) as co-substrates, and requires ascorbate to maintain the metal in the 

ferrous state during turnover. During lysine hydroxylation, 2-OG is converted to succinate 

with concomitant release of CO₂. 

Similar findings for PLOD2, knockdown of PLOD3 similarly inhibits malignant behavior in 

renal cell carcinoma [30]. More broadly, dysregulation across the LH/PLOD family 

correlates with metastatic progression in many solid tumors, including hepatocellular and 

renal carcinoma [31–32], gliomas [33], gastric [34], and ovarian cancers [35–36]. For 

example, the first crystal structure of full-length LH3/PLOD3, a multifunctional enzyme 

that, unlike the other isoforms, catalyzes both collagen lysine hydroxylation and 

glycosylation, has established the configuration of LH3/PLOD3 catalytic pockets and assists 

in future in silico drug-design efforts by predicting drug interactions with the crystal 

structure [2, 37]. It has been shown, in vitro, that LH3/PLOD3 can perform sequential 

galactosylation and glucosylation of Hyl to produce α-[3–4]-glucosyl–β- [38]. All the 

LH/PLOD enzymes are classified within the Fe²⁺/2-oxoglutarate dependent dioxygenase 

superfamily, a large and diverse superfamily of biocatalysts that promote oxidative 

transformations such as epimerization, demethylation, and hydroxylation, which all exhibit 

a conserved double-stranded β-helix [36]. In human LH3/PLOD3, the catalytic Fe²⁺ is 

coordinated by His667, Asp669, and His719 within the active site. (Fig. 2A–B). In a viral 

LH/PLOD homolog, the catalytic Fe²⁺ is indispensable: chelation from the active site 

abolishes proper folding, dimerization, and enzymatic function [39]. Foundational studies 

[40–42] further underscored the enzymes’ metal-binding promiscuity and its effects on 

hydroxylase activity. Structural analyses have also revealed a putative second, non-catalytic 
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Fe²⁺ uniquely positioned within the LH domain; an arrangement not seen in other Fe²⁺/2-OG 

dioxygenases. In human LH3/PLOD3, this metal is coordinated by His595, Asp597, Asp611, 

and His613, and its interactions stabilize a “capping loop” (Gly590–Glu610) that occludes 

the catalytic entrance and positions Arg599 directly opposite the 2-OG co-substrate, 

effectively mimicking the collagen Lys substrate ([36]; Fig. 2C–D). In the absence of this 

Fe²⁺, the region is highly flexible [36, 39], although crystallographic stabilization effects 

cannot be fully excluded. The coexistence of canonical Fe²⁺/2-OG dioxygenase features with 

LH/PLOD-specific elements makes this family particularly attractive for structure-based 

inhibitor design. Here, we integrate molecular dynamics with structure-guided mutagenesis 

of LH3/PLOD3, coupled to biochemical assays, to define how the capping loop regulates 

active-site access. These insights lay a foundation for LH/PLOD-directed drug discovery 

aimed at limiting cancer metastasis. 
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Figure 2: Structural features of the LH domain and catalytic site in LH3/PLOD3. (A) 

Cartoon of the dimeric, multidomain assembly of LH3/PLOD3 and labeled domains (GT, 

AC, LH). The LH domain (green) is at the dimer interface (in box). (B) Close-up of the LH 

catalytic site. The Fe²⁺ cofactor and 2-oxoglutarate (2-OG) shown with surrounding side 

chains illustrated as sticks. The capping loop (magenta) indicates the substrate entry path 

into the LH catalytic site. (C) Non-catalytic Fe²⁺ site that locks the capping loop in a self-

inhibited conformation. Coordinating residues are shown as sticks; Arg599 (blue) adopts a 

pose's similar to the incoming collagen lysine. (D) Surface views of active site accessibility 

without (left) and with (right) the capping loop engaged. Catalytic residues and residues that 

promote the self-inhibitory state are colored as shown in B, and C. 



54 
 

MATERIALS AND METHODS 

Chemicals: All chemicals were purchased from Sigma-Aldrich (Merck) unless specified 

otherwise.  

MOLECULAR CLONING AND SITE-DIRECTED MUTAGENESIS 

The wild-type human PLOD3 coding sequence (GenBank BC011674.2) was sourced from 

Source Bioscience. Oligonucleotides bearing in-frame 5′-BamHI and 3′-NotI sites were 

designed to subclone the ORF—lacking its N-terminal signal peptide—into pCR8, which 

also served as the template for subsequent manipulations. Single–amino acid substitutions 

were introduced using Phusion Site-Directed Mutagenesis (Invitrogen) with primers listed 

in Table 1. Linear, mutagenized plasmids were phosphorylated with T4 polynucleotide 

kinase (Invitrogen) and ligated using T4 DNA ligase (Invitrogen). All constructs were 

verified by Sanger sequencing prior to transfer into the pUPE.106.08 expression vector. This 

vector (courtesy of U-protein Express, BV) provides an N-terminal cystatin signal peptide, 

an N-terminal 6×His tag, and a TEV protease recognition site upstream of the in-frame 

BamHI–NotI cloning cassette, followed by an in-frame stop codon. 

 

Table 1. List of oligonucleotides used to generate LH3/PLOD3 mutants. 

Oligonucleotide name Oligonucleotide sequence 

D597A-Fw CTTCAAGGCTGGCTGGAGGCTAC 

D597A-Rv CCTCATGCCGGCCGCCTGAC 

D611A-Fw CCATCCACATGAAGCAGGTGGGG 

D611A-Rv CCACGGTGGGCACATTCTCGTAG 

 

EXPRESSION OR RECOMBINANT PLOD3/LH3 USING TRANSIENTLY 

TRANSFECTED HEK293F CELLS 

Recombinant, epitope-tagged LH3/PLOD3 was expressed in HEK293F suspension cultures 

(Invitrogen) maintained and transfected as described in [43]. Cells were neither 

authenticated nor screened for mycoplasma. Transfections were performed at 1 × 10⁶ cells 

mL⁻¹ using polyethyleneimine (PEI; Polysciences) at 3 µg PEI per 1 µg pUPE.106.08-LH3 

plasmid DNA per mL of culture. Four hours post-transfection, cultures were supplemented 

with 0.6% Primatone RL. Conditioned medium containing secreted LH3/PLOD3 was 

harvested 6 days later by centrifugation at 1,000 × g for 15 min. 
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PURIFICATION OF RECOMBINANT LH3/PLOD3 ENZYMES 

The conditioned medium from HEK293F cultures expressing LH3/PLOD3 was clarified 

using a 0.8 mm syringe filter (Sartorius). The pH and ionic strength were adjusted with 5X 

buffer stock to 25 mM HEPES/NaOH, 500 mM NaCl, and 30 mM imidazole at pH 8.0 for 

recombinant LH3/PLOD3 purification on Äkta systems (GE Healthcare), following the 

same procedures as Scietti et al., [44]: the clarified filtrate was loaded on a 20 mL bed volume 

His-Prep FF column and eluted with 250 mM imidazole, then desalted on a 5 mL HiPrep 

Desalting FF column equilibrated at 25 mM HEPES/NaOH, 500 mM NaCl, pH 8.0. The N-

terminal His tag was digested overnight at 4 °C with His-tagged TEV protease, and TEV and 

the cleaved tag were captured on a 5 mL HisTrap FF column. The enzyme was then 

concentrated to 5 mg/mL using 30 kDa MWCO Vivaspin Turbo filters (Sartorius) and 

subsequently purified by size-exclusion chromatography using Superdex 200 (10/300 GL 

for preparative runs or 5/150 GL for analytical runs) equilibrated with 25 mM 

HEPES/NaOH, 200 mM NaCl, pH 8.0. Fractions containing LH3/PLOD3 (confirmed by 

SDS-PAGE) were pooled, concentrated, and stored at −80 °C. 

 

LH ASSAYS USING LC-MS AND ANALYSIS OF 2,2’-BIPYRIDYL EFFECTS ON 

ENZYMATIC ACTIVITY 

Synthetic collagen peptides (China Peptides) corresponding to the sequences 

ARGIKGIRGFS and GIKGIKGIKGIK ([36]) were used as the substrates. Reactions 

contained 5 μM LH3/PLOD3, 50 μM FeCl₂, 100 μM 2-oxoglutarate, 500 μM ascorbate, 1 

mM peptide, and 0–500 μM 2,2′-bipyridine and were incubated for 3 h at 37 °C. For LC–

MS analysis, 10 μL of each reaction was diluted with 38 μL Milli-Q water and acidified with 

2 μL formic acid for a total volume of 50 μL. Samples were analyzed on a UHPLC–

HRMS/MS (AB Sciex) platform made up of an ExionLC AD system (column oven 40 °C; 

autosampler 10 °C, binary pump) and an X500B QTOF with Turbo V ion source and Twin 

Sprayer ESI, controlled via SCIEX OS 2.1. Peptides were separated by RP-HPLC on a 

Hypersil Gold C18 column (150 × 2.1 mm, 3 μm, 175 Å; Thermo Fisher Scientific) using a 

linear gradient from 2% to 50% solvent B over 15 minutes at a flow rate of 0.2 mL min⁻¹ 

(solvent A: 0.1% formic acid in water; solvent B: acetonitrile with 0.1% formic acid). 

Spectra were collected in positive ion mode under constant conditions: ion spray voltage 

4,500 V; declustering potential 100 V; curtain gas 30 psi; Ion source gas 1 (40 psi) and gas 

2 (45 psi); source temperature 350 °C; collision energy 10 V. Data processing was completed 

in SCIEX OS 2.1. Statistical comparisons between uncoupled and coupled assay readouts 

were performed using paired Student’s t-tests in Prism 7 (GraphPad). 

LUMINESCENCE-BASED LH ASSAYS 

As in [36], reaction mixtures (5 μL total) were prepared by sequential addition of 

LH3/PLOD3 (0.2 mg mL⁻¹), either peptide substrate (0 - 1 mM) or gelatine (4 mg mL⁻¹; pre-

solubilized at 95 °C for 10 min), ascorbate (500 µM), 2-oxoglutarate (100 µM), and FeCl₂ 

(0 - 200 µM). Reactions were incubated for 1 h at 37 °C and stopped by heating to 95 °C for 
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2 min before transferring to Proxiplate white 384-well plates (PerkinElmer). Succinate 

production was measured according to the Promega Succinate-Glo assay: 5 μL of Reagent I 

followed by 1 h incubation at 25 °C, then 10 μL of Reagent II and 10 min incubation at 25 

°C; luminescence was read on a GloMax Discovery plate reader. All assays were conducted 

in triplicate. Controls were performed under the same conditions without LH3/PLOD3, 2-

OG, or peptide substrate. Data was analyzed and graphed in Prism 7 (GraphPad), and paired 

Student’s t-tests were used to compare uncoupled vs. coupled conditions. 

DIFFERENTIAL SCANNING FLUORIMETRY (DSF) ASSAYS 

Differential scanning fluorimetry (DSF) was performed with the wild-type LH3/PLOD3 

using a Tycho NT.6 (NanoTemper). The samples (1 mg mL⁻¹) were prepared in 25 mM 

HEPES/NaOH, 200 mM NaCl, pH 8.0. The samples were mixed with increasing 

concentrations of FeCl₂ and 2,2′-bipyridyl. The data were then analysed and plotted using 

GraphPad Prism 7. 

  

MOLECULAR DYNAMICS SIMULATIONS 

Molecular dynamics [36] edited in COOT [45]. Two systems were made: one with both Fe²⁺ 

sites (LH3Fe2) and one with just the catalytic Fe²⁺ site (LH3Fe1). The protonation states at 

physiological pH were assigned using PROPKA 3.1 (Søndergaard et al., 2011), which left a 

single disulfide (Cys563–Cys698); His546, His586, His643, His681, and His717 were 

protonated on Nε2; and His595, His613, His667, His711, and His719 were protonated on 

Nδ1 (which covered the histidines in both Fe²⁺ sites). The crystallographic waters were taken 

from 6FXR. Hydrogens and terminal caps (NH₃⁺ at the N terminus and COO⁻ at the C 

terminus) were added with tleap (AmberTools 19). All simulations were performed using 

AMBER 18 [46] with pmemd. cuda for equilibration and production, and sander otherwise. 

Each system (LH3Fe2 and LH3Fe1) consisted of three independent replicas (different 

random seeds). A cutoff at 8.0 Å for Lennard-Jones and short-range Coulomb interactions 

was used while long-range electrostatics beyond the cutoff were handled with particle mesh 

Ewald [47]. Each production trajectory was 1 μs per replica using the NpT ensemble (2-fs 

timestep) at 300 K with a Langevin thermostat (collision frequency 1 ps⁻¹) and 1 atm using 

a Berendsen barostat [48]. The preproduction consisted of minimization (10 steps steepest 

descent followed by 290 steps conjugate gradient), heating (20 ps, NpT, 25→300 K; 

harmonic restraints on Cα atoms with k = 5.0 kcal mol⁻¹ Å⁻¹; collision frequency 0.75 ps⁻¹, 

2 fs timestep), and equilibration (1.0 ns, NpT, 300 K; collision frequency 1 ps⁻¹, 2 fs 

timestep). The trajectory analyses were performed with CPPTRAJ (AmberTools 19) and in-

house developed scripts. 

 

Distance Fluctuation: To investigate the role of the additional Fe²⁺ on the internal dynamics 

of the LH domain in LH3 we used our previously described distance-fluctuation [49]. For 

each MD trajectory of the two systems, we generated the DF matrix for the merged meta-
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trajectory, in which the (i,j) entry reports the DF value for residue pair i–j. DF is defined as 

the variance of the time-dependent Cα–Cα distance 

𝐷𝐹𝑖𝑗 =  〈(𝑑𝑖𝑗 −  〈𝑑𝑖𝑗〉)2〉 

where the angle brackets denote time averages over the trajectory. DF is invariant to overall 

translation and rotation and does not rely on choosing a single reference structure as for 

covariance analyses. The DF matrix represents the intrinsic flexibility of a protein: pairs of 

residues located in the same quasi-rigid unit would exhibit low DF (indicates they were 

highly coordinated), while the residue pairs located in different dynamic regions would have 

high DF. 

 

PARAMETRIZATION AND CHARGE DERIVATION OF COFACTOR 2-OG AND 

FE2+ BINDING SITES 

Lennard–Jones and intramolecular bonded terms for the catalytic 2-oxoglutarate (2-OG) 

were assigned with GAFF [50] using AmberTools antechamber and parmchk2, after adding 

hydrogens with reduce [46]. Partial charges and the metal–ligand (2-OG–Fe²⁺) bonded terms 

were handled as detailed below. Both Fe²⁺ coordination sites were parameterized with 

MCPB.py [51] in combination with DFT calculations in Gaussian09 [52]. Metal–ligand 

bonded parameters for all coordinating residues and for 2-OG were derived by MCPB.py 

via the Seminario method [53], using a Hessian obtained at the B3LYP [54–55]/6-31G [51] 

consisted of: (i) the Fe²⁺ ion for the target site; (ii) Cβ-truncated coordinating residue side 

chains with the Cα–Cβ bond replaced with a shortened Cβ–H; and (iii) for the catalytic site, 

the full 2-OG cofactor. During geometry optimization, the Cβ atoms of all truncated residues 

and the carboxylate oxygens distant from the Fe²⁺ of 2-OG were constrained, and the Cβ 

atoms of the truncated residues and the oxygen atoms of the carboxylate of 2-OG were 

omitted in subsequent frequency analyses. The atomic point charges for the Fe²⁺, all 

coordinating residues, and the 2-OG (the complete structure including the fragment) were 

generated with MCPB.py through RESP fitting [56] to electrostatic potentials (ESP) 

obtained at a higher-level DFT (density functional theory) on "large" site models [57] with 

the following DFT method: B3LYP [54–55]/6-31G(d) with def2-SV(P) for the Fe²⁺ [58]. The 

"large" models included Fe²⁺, 2-OG, the full coordinating residues (with full backbone), and 

backbone fragments of Glu596 and His668 adjacent to His595/Asp597 and His667/Asp669, 

respectively; all peptide ends were capped with acetyl (N-term) and N-methyl (C-term) 

groups. For the Gaussian09 [52] ESP grid calculations, we used 10 concentric shells with 17 

points per square Bohr; the Fe²⁺ radius was the default of MCPB.py: 1.409 Å [51]. In all 

DFT steps, and B3LYP/6-31G(d) testified lower energy than triplet or singlet (data not 

shown), we modeled the catalytic and noncatalytic sites Fe²⁺ centers in a quintet spin state. 

For all remaining protein residues, including the intra-residue terms for the site ligands, we 

described as ff14SB [59]; Na⁺ counterions were modeled with Joung–Cheatham-parameters 

[60] that are compatible with TIP3P water [61]. 
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RESULTS 

THE LH CATALYTIC SITE DOES NOT ACCOMMODATE COMPETITIVE 

INHIBITORS 

Conserved catalytic-site residue networks across Fe²⁺/2-oxoglutarate (2-OG)–dependent 

dioxygenases offer a rationale for structure-guided inhibitor design. Characterizing the 

environment surrounding the catalytic Fe²⁺ and 2-OG in these enzymes suggests that 2-OG 

mimetics could inhibit co-substrate binding through a competitive mechanism [57]. In 

human LH3/PLOD3, the catalytic Fe²⁺ is bound by His667, Asp669, and His719 as part of a 

DSBH fold, with additional binding to 2-OG. The site is then shielded from solvent by a 

flexible "loop" of 21 amino acids (the capping loop, residues 590–610; Fig. 2). To identify 

inhibitors of LH activity, we screened library of 2-OG analogs (Table 2) via nano-DSF and 

luminescence-based activity assays. None of the compounds showed detectable thermal 

stabilization or inhibited the conversion of 2-OG to succinate. Furthermore, an in-silico set 

of putative candidates that were predicted to bind the LH3/PLOD3 active site based on 

structural modeling also did not yield inhibition under these assay conditions. 
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Table 2. List of 2-OG analogs tested. For each compound, we list the chemical formula of 

its free-acid form. Across the panel, none showed detectable binding to LH3/PLOD3 (by 

DSF) or inhibition of 2-OG to succinate turnover under either uncoupled (no acceptor) or 

coupled (gelatin) conditions. 

Compound Formula 

Formate CH2O₂ 

Oxalate C2H2O4 

Malonate C3H4O4 

Tartronate C3H4O5 

Mesoxalate C3H2O5 

Aminomalonate C3H5NO4 

Fumarate C4H4O4 

Oxalacetate C4H4O5 

Malate C4H6O5 

Aspartate C4H7NO4 

Tartrate C4H6O6 

Glutamate C5H9NO4 

Glutarate C5H8O4 

Acetonedicarboxylate C5H6O5 

2-hydroxyglutarate C5H8O5 

Adipate C6H10O4 

 

A NON-CATALYTIC SECOND FE2+ BINDING SITE ON THE CAPPING LOOP 

MODULATES ACCESSIBILITY TO THE LH CATALYTIC SITE 

Motivated by the striking resistance of the LH active site to inhibition by 2-OG analogues, 

we turned to features that distinguish this enzyme from other Fe²⁺/2-OG dioxygenases; most 

notably the capping loop and its stabilized conformation under excess Fe²⁺. This 

“interlocked” state likely impedes inhibitor access, making the loop’s positioning a key 

determinant of pocket accessibility. Attempts to quantify Fe²⁺ occupancy at the two LH3 

metal sites proved inconclusive, owing to multiple metal-binding sites distributed across the 
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LH and GT domains and the tight coordination of Fe²⁺ in the catalytic center [28-30,61]. We 

therefore combined in-silico analyses of loop dynamics with targeted mutagenesis in-vitro. 

To assess how the non-catalytic Fe²⁺ influences the conformation of loop 590–610, we 

performed explicit-solvent all-atom MD on the C-terminal LH domain that mediates 

dimerization, comparing simulations with the second Fe²⁺ present (LH3Fe2) versus absent 

(LH3Fe1). For each system, three independent 1 μs replicas were run with identical protocols 

(Materials and Methods), differing only in Maxwell-distributed initial velocities. Visual 

inspection indicates both systems exhibit limited atomic fluctuations, consistent with a 

generally rigid domain that remains close to the crystallographic conformation, except for 

mobility in the gate loop and selected regions at the dimer interface. To probe how the second 

Fe²⁺ shapes C-terminal dynamics in LH3/PLOD3, we first mapped locally flexible regions 

by computing the local fluctuation (LF) metric, i.e., for each residue i, the mean variance of 

the Cα–Cα distances between i and its nearest neighbors (i ± 1, i ± 2). Comparing the two 

systems (LH3Fe1 vs. LH3Fe2) revealed that the gate loop (residues 593–611) in both 

monomers is markedly more flexible without the second Fe²⁺ (LH3Fe1) (Fig. 3A–B). A 

second LF peak at residues 640–646, contacts from one monomer that engage the partner’s 

gate loop, is also more pronounced in LH3Fe1 (Fig. 3A–B). To quantify these differences, 

we analyzed RMSD distributions after optimal rigid-body superposition of backbone atoms 

from each MD snapshot onto the crystal structure, which features the gate loop in the closed 

conformation. 
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Figure 3: Computational analysis of the dynamic behavior of LH capping loop in 

modulating accessibility to the LH catalytic site. (A) Average mean local fluctuations (LF) 

per residue for the two LH domain dimers, LH3Fe1 (red) and LH3Fe2 (black); based off an 

average of three replica simulations. (B) Labelled LH domain dimer with LF hotspots from 

LH3Fe1 coloured with the gate loop residues (593 - 611) and residues 640 - 646 in red. (C-

D) RMSD distributions of the gate loop (590-610) for each monomer, the LH3Fe2 (black) 

and LH3Fe1 (red) dimers presented here clearly demonstrate many more opening/variability 

without the help of a second Fe²⁺. (E-F) Distance fluctuation (DF) maps for LH3Fe2 (E) and 

LH3Fe1 (F); white = coordinated (quasi-rigid), blue = less coordinated. There are red dots 

in F showing pairs of residues that were markedly different in DF versus LH3Fe1 (F-test). 

The red rectangle denotes the pair of residues 650 - 738 of one of the monomers (β-sheet 

core) that demonstrated coordinated movements with the partner monomer. (G) LH domain 

and residues that had significant motion difference between systems shown in orange 

colours; demonstrating the second-Fe²⁺-dependent stabilization that occurred directed 

proximal to the gate loop and dimer interface. 
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We analyzed RMSD distributions for the gate loop (residues 590–610) in both monomers 

across individual trajectories (Fig. 3C–D). Based on visual inspection and overlay of 

representative MD snapshots, we set a 3 Å RMSD threshold to distinguish “closed” from 

“open” conformations. In LH3Fe2, the loop is predominantly stabilized in the closed state, 

whereas removal of the second Fe²⁺ shifts the LH3Fe1 population toward the open state, 

although both systems sample both conformations. 

 

To see how the second Fe²⁺ modulates intradomain coordination, we calculated distance 

fluctuation (DF) maps on the meta-trajectories we created when concatenating the three 

replicates per condition. DF, the variance of the inter-residue Cα–Cα distance d₍ᵢⱼ₎ over time, 

was calculated for all pairs of residues. The resulting matrices (Fig. 3E–F) report intrinsic 

flexibility and coordinated motion within the LH domains, with low DF values indicating 

coherently moving residue pairs. Contrasting LH3Fe1 and LH3Fe2 reveals coordination 

changes attributable to the presence or absence of the second Fe²⁺.Overall, the two matrices 

are highly similar, exhibiting largely overlapping regions of low and high fluctuations. In 

both systems, intradomain motions show small atomic displacements, consistent with a 

generally rigid architecture; the largest DF values occur in poorly ordered segments, 

reflecting their inherent flexibility. Interdomain motions display greater fluctuations than 

intradomain motions. Notably, in LH3Fe1, residues 650–738 of one monomer (the β-sheet 

core) exhibit more coordinated movement with the opposing monomer than does the rest of 

the protein (Fig. 3F). Quantifying the differences in the DF maps provided by F-test statistics 

(with LH3Fe2 as the reference) indicated that many residues with red dots in LH3Fe1 (Fig. 

3F) are significantly different from the residue in LH3Fe2. The most extensive differences 

localized in the gate loop region (590-610), and the residues 640-650 that link an α -helix 

(618-639) to a β -sheet core (and which make up part of the dimer interface), and further into 

residues 694-702 that show elevated DF in LH3Fe1 (Fig. 3F-G). To assess how the second 

Fe²⁺ modulates access to the catalytic pocket via capping-loop positioning, we computed the 

solvent-accessible surface area (SASA) of active-site residues (those within 6 Å of 2-OG 

and Fe²⁺) over all MD frames using VMD. In both monomers, SASA distributions for 

LH3Fe1 are shifted to slightly higher values relative to LH3Fe2, indicating that absence of 

the second Fe²⁺ biases the loop toward more open conformations (Fig.4). Nonetheless, both 

systems sample open and closed states, consistent with the RMSD analysis. To resolve how 

the second Fe²⁺ tunes capping-loop dynamics, we quantified the time–persistence of (i) 

native contacts and (ii) newly formed interactions between loop 590–610 and the rest of the 

protein. Most native contacts persisted in both systems (Supp. Fig. 2A–B), but several were 

weakened in LH3Fe1 relative to LH3Fe2. Consistent with the loop’s greater mobility, 

LH3Fe1 failed to establish any new stable contacts, whereas in LH3Fe2 the loop formed 

persistent interactions with residues 643–648 of the opposite monomer (Supp. Fig. 2C). In 

the crystal structure obtained under excess Fe²⁺, Arg599 from the capping loop forms a salt 

bridge with 2-OG, mimicking the positioning of the collagen lysine substrate. Tracking 

Arg599–2-OG hydrogen/salt-bridge contacts across the MD trajectories showed high 

occupancy in both systems, with a slight increase in LH3Fe2 (Supp. Fig. 2D–F). Together, 

these analyses indicate that the second Fe²⁺ stabilizes additional inter-subunit contacts, 

maintains native interactions, and modestly increases Arg599–2-OG engagement; pushing 

the LH domain toward a more closed, interlocked and less mobile catalytic environment. To 
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understand how the second Fe²⁺ site regulates catalysis and access to the active site, we 

designed the LH3/PLOD3 variants Asp597Ala (a capping-loop ligand that is on the surface 

Fe²⁺) and Asp611Ala (a counterpart on the Fe²⁺-coordination platform; Fig. 2C–D). Both 

mutants expressed and purified cleanly, with yields, stability, and oligomeric state 

comparable to wild type (Suppl. Fig. 1). In the enzymatic assays both mutants had a minor 

increase in activity (~1.5×, with respect to wild type; Fig. 5A, right panel). Both Asp597Ala 

and Asp611Ala had some intriguing and significant increases (~3–5× wild type activity) 

when the reaction was uncoupled (there was no acceptor substrate, uncoupled turnover of 2-

OG to succinate; Fig. 5A left panel). 

We next examined Fe²⁺ dependence. High [Fe²⁺] strongly dampened wild-type uncoupled 

activity, whereas both Asp597Ala and Asp611Ala were markedly less inhibited (Fig. 5B, 

left). In contrast, Fe²⁺ modulation of coupled activity was essentially unchanged by these 

substitutions (Fig. 5B, right). Together with our MD results, these data support a model in 

which binding of a non-catalytic surface Fe²⁺ stabilizes a closed, self-inhibited conformation 

of the capping loop that limits acceptor-independent 2-OG turnover, while leaving acceptor-

driven catalysis largely intact. 

 

 

 

Figure 4: Distribution of the solvent accessible surface area calculated for the three replicate 

simulations. Simulations were analyzed independently for each system (LH3Fe1, red; 

LH3Fe2, black) and for each monomer, displayed in the left and right panels, respectively. 
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Figure 5: Comparison of enzymatic activity of LH3/PLOD3 wild-type and mutants affecting 

the non-catalytic second Fe2+ binding site. (A) Luminescence readout of succinate 

production in uncoupled assays (no acceptor; left) and coupled assays (gelatin acceptor; 

right) for wild type LH3 and mutants. Bars show mean ± SD (n = 3). Statistics: two-tailed 

Student’s t-test versus wild type; ns, not significant;, P < 0.05;, P < 0.01;, P < 0.001; , P < 

0.0001. (B) Uncoupled (left) and coupled (right) activities had increasing Fe²⁺ concentrations 

evaluated as in panel A (mean ± SD, n = 3; same significance levels). 

 

FE2+ CHELATING AGENTS PRODUCE UNEXPECTED EFFECTS ON 

LH3/PLOD3 ENZYMATIC ACTIVITY 

Driven by the unique proximity of two Fe2+ sites in LH/PLODs, with competing 

consequences on catalysis, we wondered whether small metal-chelating molecules could 

regulate substrate processing. Despite extensive screening yielding apparent hits, genuine 

inhibitors of lysyl-hydroxylase activity have yet to be identified. The only compound 

available is 2,2'-bipyridine (BPY), a preferential non-competitive broad-spectrum chelator 

composed of two nitrogenated pyridyl rings, assumed to sequester the catalytic Fe2+ in the 

LH domain [33, 37, 57, 70].To define the effects of BPY on the human LH3/PLOD3, we 

initially tried concentration response ligand-binding measurements with a luminescence 

assay, but BPY interfered with the Mg2+ dependent luciferase readout. So, we used a direct 

mass-spectrometry workflow on synthetic collagen peptides, where we detected 
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hydroxylysine formation by quantifying the ratio of the non-hydroxylated to hydroxylated 

Lys. The MS method was useful because it enabled straightforward, dose-dependent 

quantitation of BPY-mediated inhibition (Figs 6 A-B). Absence of BPY followed collagen 

peptide hydroxylation as prior literature [61] has documented. With BPY having a 3:1 Fe²⁺ 

stoichiometry for chelation and a 40 μM Fe₂₀-EC₅₀ of at 20 μM Fe²⁺ [70] we expected that 

we would see a decline in LH activity that would infer inhibition by BPY at an initial ratio 

of [Fe²⁺]:[ BPY] of roughly 2:1. Rather than inhibition we found that BPY up to ~25 μM 

increased the Hyl/Lys ratio, i.e., increased catalysis, while we only observed inhibition at 

higher BPY (Fig. 6B-C). Since standard assays use 50 µM Fe²⁺ we postulated that low BPY 

was preferentially stripping Fe²⁺ from the non-catalytic capping-loop site (so that self-

inhibition was being removed) while higher BPY was chelating the catalytic Fe²⁺ and 

inhibiting turnover. To examine this, we co-varied [Fe²⁺] and [BPY] - LH3/PLOD3 activity 

always peaked at 2:1 [Fe²⁺]: [BPY] (Fig. 6D; Supplementary Fig. 3) and peaks had narrow 

maximum and were restricted due to the opposing consequences of disinhibition by 

removing capping-loop Fe²⁺ and depletion of active-site Fe²⁺. These findings caution against 

advancing BPY as a straightforward lead for LH/PLOD inhibition, as its concentration-

dependent, bidirectional action can paradoxically activate the enzyme by unlocking the Fe²⁺-

dependent capping loop. 
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Figure 6: Evaluation of the effect of 2,2’-bipyridyl (BPY) on LH3/PLOD3 enzymatic 

activity. (A) Chemical structure of 2,2′-bipyridine (BPY). (B) Direct MS readout of 

Lys→Hyl conversion in synthetic peptides, illustrating unmodified Lys peaks (dashed box) 

and additional Hyl peaks upon reaction (dotted box). (C) LH3/PLOD3 activity versus BPY 

concentration: low BPY increases the Hyl/Lys signal (indicating activation) while high BPY 

produces the inhibition that we would expect, and which is consistent with chelation of 

catalytic Fe²⁺. Points are mean ± SD (n = 3). Statistics: two-tailed Student's t-test comparing 

+Fe²⁺ vs -Fe²⁺ for each BPY concentration; ns, P ≥ 0.05;, P < 0.05; , P < 0.01; , P < 0.001; , 

P < 0.0001. (D) Enzymatic activity as a function of the [BPY]/[Fe²⁺] ratio, showing that the 

low-BPY activation depends on residual catalytic Fe²⁺ availability. Data are mean ± SD (n = 

3). One-way ANOVA across different absolute Fe²⁺ concentrations at the same ratio shows 

no significant differences; additional pairwise statistics are reported in Supplementary Fig. 

3. 
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DISCUSSION 

Human LH/PLOD enzymes have emerged as compelling cancer targets: they drive collagen 

fibrillogenesis within the tumour microenvironment and correlate with metastatic risk. 

Given the link between metastasis and excessive Lys→Hyl conversion, selective LH/PLOD 

inhibitors are highly desirable. Although the full-length human LH3/PLOD3 structure now 

provides an atomic template [61], no inhibitors exist to date. Here, we conducted a small-

molecule screen guided by structural and mechanistic insights from related Fe²⁺/2-

oxoglutarate dioxygenases and uncovered additional, system-specific hurdles, underscoring 

the need for extra care in designing truly selective LH/PLOD inhibitors. Even though there 

was substantial overlap between the LH3 / PLOD3 active site and other Fe²⁺ / 2-oxoglutarate 

(2-OG) dioxygenases (many of which are susceptible to 2-OG–mimetic inhibitors), with our 

2-OG-competitive inhibitors and structure-guided libraries, we found no viable LH / PLOD 

hits. Molecular dynamics (MD) simulated and justified our speculation of the resistance: an 

excess of Fe²⁺ induces a capping-loop conformation that "self-locks" the catalytic pocket, 

obstructing ligands access. Previous structural studies demonstrated that the capping-loop of 

PLOD3 is organized in a unique fashion by an Fe²⁺ center complexed by His595, Asp611, 

and His613 on the surface of LH and Asp597 in the capping-loop. In support of this 

characterization, and remarkably, alanine substitution of either Asp611 or Asp597 induced 

large improvements in uncoupled 2-OG→succinate turnover, indicating increased 

accessibility of the pocket and providing evidence for a physiological, Fe²⁺-dependent, 

autoinhibited state mediated by the capping loop. 

Our findings show a very narrow Fe²⁺ concentration working range for LH/PLOD enzymes 

where both too little Fe²⁺ means loss of catalysis, as there is no co-factor for the active site; 

and too much Fe²⁺ means the LH domain capping loop is locked in an allosteric self-inhibited 

state. This behaviour is unique to LH/PLOD enzymes when placed beside the Fe²⁺/2-

oxoglutarate dioxygenases and explains the seemingly paradoxical effects of metal chelators 

on LH/PLOD activity. We observed that low concentrations of 2,2'-bipyridine (BPY), 

enhanced catalysis instead of inhibited activity. This is understandable, as BPY preferentially 

scraps the non-catalytic surface Fe²⁺, which is what is preventing opening of the capping 

loop. The force of enhancement was proportional to the Fe²⁺: BPY ratio, which demonstrated 

that processing by the activity chelator really changed the weighting factor between the 

interaction of releasing the interlocked loop and stripping of the catalytic Fe²⁺.Therefore, our 

findings open our eyes to view substrate processing and to design inhibitors. The interesting 

stability of the resulting capping loop conformations with the allosteric position of the non-

catalytic Fe²⁺ from your β-sheet interaction with Arg599 and substrate mimic conformation, 

proposes that productive turnover could be even more involved and the long range (and 

possibly across the LH domain surface) release of the second non-catalytic Fe²⁺. Given the 

extended geometry of collagen chains, such allosteric triggering is plausible and merits 

investigation, including potential roles of metal ions bound to collagen during and after 

lysine modification. Finally, from a drug/discovery context, the implication of a metal-

dependent autoinhibited state adds another level of complexity. It will most likely necessitate 

a sophisticated integrated approach where effective inhibition is required to first disengaging 

the interlocked loop from the capping position; and then subsequently blocking catalysis, 

and either competing with 2-OG or the side chain of the lysine which must be modified. 
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ABSTRACT 

During collagen biosynthesis, lysine residues undergo extensive post-translational 

modifications mediated by two distinct families of metal ion–dependent enzymes 

(LH/PLODs and GLT25D/COLGALT). These sequential modifications ultimately generate 

the highly conserved - [1–2]-glucosyl--(1, O)-galactosyl-5-hydroxylysine motif. 

Dysfunctions in these enzymes are associated with developmental disorders and 

extracellular matrix changes that promote the aggressiveness of solid tumours. In this work, 

we investigated human GLT25D1/COLGALT1 and found that it adopts an elongated head-

to-head homodimeric structure. Each monomer is composed of two domains (GT1 and 

GT2), both unexpectedly capable of binding metal ion cofactors and UDP--galactose donor 

substrates, creating four potential catalytic sites per dimer. Our analysis pinpointed the GT2 

domain as the true catalytic site, characterized by an unusual Glu-Asp-Asp motif essential 

for Mn2+ binding. This excluded a direct catalytic role for GT1, although its bound Ca2+ 

and UDP--galactose cofactors proved crucial for structural stability. While dimerization is 

not strictly required for GLT25D1/COLGALT1 activity, it provides an important molecular 

interface that facilitates multi-enzyme complex formation with partner multifunctional 

LH/PLOD lysyl hydroxylase–glycosyltransferases. 
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INTRODUCTION 

Collagen is really conserved across animal life from the most robust invertebrates to higher 

vertebrates. Their amino acid sequence, post-translational modifications, and assembly of 

larger structures provide collagens with a range of physical and mechanical properties. This 

flexibility is precisely why collagens are the most dominant protein family in the animal 

kingdom and an important part of many tissues including bone, cartilage, tendons, and skin 

[1–3]. 

While collagens are being synthesized by the cell, they undergo extensive post-translational 

modifications that influence the ability for the protein to fold into a right-handed triple helix. 

The repeating unit is a Gly-Xaa-Yaa motif in which Xaa and Yaa are commonly proline and 

hydroxyproline, respectively [4–7]. Among these modifications, proline hydroxylation has 

been studied most and is considered essential for collagen's triple helix to wind correctly [8–

10]. 

 

Lysine residues occur less frequently than proline in collagen polypeptides and are 

predominantly located at the Yaa position of the Gly–Xaa–Yaa motif [11]. The functions of 

lysine and its post-translational modifications are chiefly associated with the intermolecular 

cross-linking that takes place after collagen is secreted into the extracellular milieu. In 

collagens and collagen-like sequences, lysine is processed sequentially by dedicated 

biosynthetic enzymes to generate a simple yet highly conserved modification: α-[1–2]-

glucosyl-β-(1,O)-galactosyl-5-hydroxylysine (Glc-Gal-Hyl) [12–16]. Formation of Glc-

Gal-Hyl begins with hydroxylation of lysine to 5-hydroxylysine (Hyl), catalyzed by Fe2+ 

dependent collagen lysyl hydroxylases (LH; also termed procollagen, lysyl 2-oxoglutarate 

dioxygenases, PLOD). In humans, the LH/PLOD family comprises three isoforms: 

LH1/PLOD1, LH2/PLOD2, and LH3/PLOD3 [17–19]. 

 

The LH reaction is carried out within the C-terminal domain of the dimeric lysyl hydroxylase 

LH/PLOD enzymes. The resulting Hyl residues are subsequently β-galactosylated by Mn²⁺ 

dependent galactosyltransferases via an inverting mechanism that transfers the galactose 

moiety from uridine diphosphate-α-galactose (UDP-α-Gal) to the Hyl hydroxyl group, 

yielding β-(1,O)-galactosyl-5-hydroxylysine (Gal-Hyl; Gal-T activity). Gal-Hyl is then 

further modified by multifunctional LH/PLOD enzymes through a retaining reaction 

requiring Mn²⁺ and uridine diphosphate-α-glucose (UDP-α-Glc) (Glc-T activity), producing 

Glc-Gal-Hyl. Early models posited that a single multifunctional LH/PLOD enzyme 

mediated the entire conversion from lysine to Glc-Gal-Hyl [20–21]. The subsequent 

identification of a dedicated family of collagen galactosyltransferases 

(GLT25D/COLGALT) established their essential roles in collagen biosynthesis in vivo [22–

27]. Additional biochemical analyses of human LH/PLOD and GLT25D/COLGALT 

enzymes ultimately refuted the single-enzyme hypothesis. The emerging view is that two 

enzyme systems, LH/PLOD and GLT25D/COLGALT, act in concert, alternating on the same 
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substrate and possibly interacting directly [28], to achieve the full Glc-Gal-Hyl post-

translational modification of collagen (Fig. 1a). 

 

 

 

Figure 1. Biochemical and structural features of human GLT25D1/COLGALT1. (a) 

Schematic of the post-translational pathway converting collagen lysine to Glc-Gal-Hyl, 

driven by the alternating activities of LH/PLOD and GLT25D1/COLGALT1, with donor 

substrates and products highlighted. (b) Cartoon of the human GLT25D1/COLGALT1 

crystal structure depicting the domain organization: GT1 and GT2 are linked by a rigid 

connector that engages both domains via hydrophobic anchor points detailed in panel (c). 
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While the multifunctional lysyl hydroxylase/glucosyltransferase (LH/PLOD) enzymes have 

been extensively studied at molecular and structural levels, the same cannot be said for the 

GLT25D/COLGALT family, which catalyzes the central galactosyltransferase reaction. The 

human GLT25D/COLGALT proteins are soluble, endoplasmic reticulum-resident factors, 

retained with a C-terminal Arg–Asp–Glu–Leu (RDEL) sequence, and co-localize with 

LH/PLOD enzymes [28–29]. Three human isoform genes have been identified: 

GLT25D1/COLGALT1, constitutively expressed across tissues; GLT25D2/COLGALT2, 

primarily found in the nervous system; and GLT25D3/COLGALT3, found in secretory 

organs (e.g., salivary glands, pancreas, placenta), and neural tissues. Of the three human 

isoform genes, only the first two are catalytically active, while isoform 3 (also known as 

CERCAM) is regarded as inactive in vitro and its modification role on collagen lysine may 

be unrelated. 

 

Of importance the colgalt genes and their protein products (GLT25D/COLGALT enzymes) 

are associated with a variety of pathologies that include cerebral small vessel disease, liver 

disease, osteoarthritis, musculoskeletal malformations, and cancer [26, 30–32]. Liver 

fibrosis is the result of chronic extracellular matrix deposition with an acute endpoint of 

cirrhosis with hepatocellular carcinoma. In recent years, high-level plasma 

GLT25D1/COLGALT1 levels have been reported in patients with cirrhosis when compared 

with unaffected individuals, which has been speculated to result from a stimulatory effect on 

hepatic stellate cell activity [33]. 

 

Efforts to define the structure–function principles governing GLT25D/COLGALT activity 

on collagen have yielded valuable clues but also revealed multiple Asp-x-Asp (DxD) motifs 

along the polypeptide that could contribute to catalysis, underscoring the need for deeper 

structure-based analyses. In this study, we integrated computational and experimental 

structural biology with biochemical and biophysical approaches to resolve the quaternary 

organization of GLT25D1/COLGALT1. Using experimental phasing, we determined X-ray 

crystal structures of full-length human GLT25D1/COLGALT1 in both the apo state and 

bound to the donor substrate UDP-α-Gal. Complementary small-angle X-ray scattering, 

negative-stain electron microscopy, and mass photometry converged on an elongated 

architecture reminiscent of LH/PLOD enzymes, comprising a head-to-head homodimer in 

which each protomer contains two homologous Rossmann-fold domains capable of 

coordinating metal ions and engaging the donor substrate. Guided by the structural data, site-

directed mutagenesis, native mass spectrometry, and molecular dynamics simulations 

pinpointed the C-terminal domain as the catalytic center, whereas the N-terminal domain 

retains UDP-α-Gal in an atypical Ca²⁺-dependent manner that serves solely to stabilize 

folding. Cross-linking mass spectrometry demonstrated that the homodimer interface is 

essential for engaging partner LH/PLOD enzymes. Taken together, these findings illuminate 

the molecular architecture and functional roles of a key human enzyme in collagen 

biosynthesis. 
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RESULTS 

GLT25D1/COLGALT1 IS A Mn2+ DEPENDENTGALACTOSYLTRANSFERASE. 

We developed protocols for recombinant expression and purification of full-length human 

GLT25D1/COLGALT1 in E. coli, yielding enzyme preparations suitable for in vitro 

assessment of galactosyltransferase activity (Supplementary Fig. 1). Activity was quantified 

either by high-resolution mass spectrometric detection of Gal-T conversion on synthetic 

collagen peptides or by monitoring UDP formation resulting from consumption of the UDP-

α-Gal donor in the presence of collagen hydroxylysines. Using luminescence-based 

detection of UDP as the product, we established a new biochemical assay for steady-state 

kinetic measurements (Supplementary Fig. 2). The kinetic parameters obtained from 

Michaelis–Menten analysis (Supplementary Table 5; Supplementary Fig. 2) were consistent 

with prior studies employing radiolabeled UDP-α-Gal donor substrates [34]. Using these 

assays, we first assessed metal cofactor preference and observed a pronounced requirement 

for Mn²⁺: no activity was detected with other divalent cations, except for Mg²⁺, which 

supported markedly lower activity (Supplementary Fig. 3a–b). Considering that the related 

multifunctional LH/PLOD enzymes can process multiple donor substrates and exhibit 

turnover even without an acceptor, we tested GLT25D1/COLGALT1 and found, in contrast 

to LH/PLOD, strict specificity for UDP-α-Gal and only limited donor processing in the 

absence of acceptor (i.e., uncoupled activity; Supplementary Fig. 3c). 

 

GLT25D1/COLGALT1 FEATURES AN ELONGATED MULTI-DOMAIN 

ARCHITECTURE 

The 2.8 Å crystal structure of human wildtype GLT25D1/COLGALT1 was solved by 

experimental phasing, employing single-wavelength anomalous dispersion (SAD) from an 

Hg²⁺ soaked crystal (Supplementary Tables 2–3). Electron density was well defined for the 

globular cores of the two monomers in the asymmetric unit (Supplementary Fig. 4), whereas 

flexible segments at the N terminus (residues 30–41) and C terminus (residues 572–618) 

lacked interpretable density and were therefore not modeled.  

Each GLT25D1/COLGALT1 polypeptide comprises two globular domains, designated GT1 

and GT2 (Fig. 1b), which share a glycosyltransferase-like fold but differ in overall topology 

(Supplementary Fig. 5a). In GLT25D1/COLGALT1, the domains interact through a 

combination of electrostatic and hydrophobic contacts centered on helix α7 (GT1) and helix 

α8 (GT2). A 25-residue linker connects the domains and shields otherwise solvent-exposed 

hydrophobic patches, primarily via two phenylalanines (Phe327 and Phe340) (Fig. 1c).  

While both domains deviate from previously described Rossmann-fold topologies, the GT1 

domain shows a closer resemblance to known glycosyltransferases, producing DALI Z-

scores >15 against several bacterial and human enzymes despite low levels of sequence 

identity (Supplementary Fig. 5b) [35]. The closest experimentally determined structural 
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homolog is the central accessory (AC) domain of human LH3/PLOD3, which shares 24% 

sequence identity but has a similar overall structure (RMSD 1.2 Å; Supplementary Fig. 5c). 

Furthermore, we explicitly searched Protein BLAST databases with the 

GLT25D1/COLGALT GT1 sequence, and numerous hits were found across vertebrates, 

invertebrates, and even giant viruses (Supplementary Fig. 6). These viral hits were 

particularly noteworthy, as prior work showed that Acanthamoeba Polyphaga mimivirus 

bears post-translationally modified collagens exhibiting high homology to mammalian 

counterparts [36]. Nonetheless, BLAST searches performed with LH/PLOD homologs 

excluded returned chiefly the additional vertebrate isoforms GLT25D2/COLGALT2 and 

CERCAM, along with GLT25D/COLGALT orthologs in insects (Supplementary Fig. 6). 

Collectively, these observations emphasize the conservation of the GT-A fold within the GT1 

domain, revealing closely aligned folding topologies despite minimal primary-sequence 

conservation (Supplementary Fig. 5b). The GLT25D1/COLGALT1 GT2 domain exhibits 

only remote structural similarity to characterized glycosyltransferases, and its superpositions 

are less definitive than those obtained for GT1 (Supplementary Fig. 5d). Similarly, when 

aligned with LH3/PLOD3, the GT2 domain shows limited resemblance to the N-terminal 

GT domain of LH3/PLOD3, with an RMSD of 4.7 Å and a DALI Z-score below 10 [35] 

(Supplementary Fig. 5e). BLAST analysis of the GT2 sequence retrieved more hits than for 

GT1: spanning vertebrates, invertebrates, giant viruses, and bacteria (Supplementary Fig. 7). 

The inclusion of bacterial and viral sequences in these alignments supports the possibility of 

ancestral gene fusion events that ultimately produced the two-domain architecture of 

GLT25D/COLGALT. 

 

GLT25D1/COLGALT1 IS A DIMERIC ENZYME 

The asymmetric unit accommodates two GLT25D1/COLGALT1 molecules arranged 

antiparallel, engaging through GT1-mediated contacts that wrap around an unstructured N-

terminal loop spanning residues 42–51 (Fig. 2a). The dimer buries ~1,250 Å² of surface and 

is stabilized by 22 hydrogen bonds and 5 salt bridges, with 35 residues per protomer 

contributing to the interface. Mass photometry corroborated this assembly, revealing a 

predominant solution species of ~140 kDa, consistent with a dimer, and showing minimal 

dispersion (Fig. 2b). Concordant masses of 131 ± 10 kDa were obtained by SEC–MALS and 

SEC–SAXS (Supplementary Table 6; Supplementary Fig. 8a–b). The SEC–SAXS data 

yielded ab initio sphere models of an elongated complex that matched the crystallographic 

dimer’s dimensions and envelope with ~95% correlation (Supplementary Fig. 8c). 

Orthogonal comparison of the unrefined crystal model against solution SAXS profiles gave 

an initial χ² of 7.62, improving to 1.89 after incorporating flexible N- and C-terminal 

segments (Fig. 2c). Additionally, single-particle negative-stain EM produced low-resolution 

2D classes of elongated particles closely matching both the SEC–SAXS solution models and 

the crystallographic dimers (Fig. 2d). 
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Figure 2. GLT25D1/COLGALT1 forms stable elongated dimers. (a) The structure of the 

full-length GLT25D1/COLGALT1 homodimer was determined, based on the orientation of 

the two protomers which associate through the N-terminal domains. (b) Mass photometry 

profile of recombinant wild-type GLT25D1/COLGALT1. (c) Based on a χ² = 7.62 (dashed 

line), our comparison of the crystallographic dimer and our solution SAXS data (red circles) 

supports the structure; however, including modeled flexible N- and C-terminal segments for 

a dimer model (white cartoon) improved fit to the SAXS data (χ² = 1.89, solid line; blue 

loops and spheres represent flexible N-and C-terminal segments). (d) Negative-stain EM 

single-particle 2D classes (gray) aligned with computed projections of the crystal structure 

(black) supporting that we are measuring the same aspect of the molecule. 
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PROBING THE ROLE OF GLT25D1/COLGALT1 DIMERIZATION 

To assess the functional role of dimerization in GLT25D1/COLGALT1, we identified 

interface residues within the crystallographic dimer: Trp158, whose side chain nests within 

a pocket formed by Arg53, Ala85, His113, and Met157 of the opposite protomer, and 

Asp160, which participates in a hydrogen-bonding network with Arg53 from both subunits 

(Fig. 3a). Substitution of Trp158 with Arg disrupted the dimer, yielding a monomeric species 

in solution as determined by mass photometry and SEC–MALS (Fig. 3b, c). When tested for 

activity, via luminescence-based detection of free UDP in the presence of gelatin and by 

HRMS quantification of galactosyl-hydroxylysine on synthetic peptides, the Trp158Arg 

variant exhibited catalytic performance comparable to wild type (Fig. 3d; Supplementary 

Table 5), indicating that dimerization is not strictly required for enzymatic activity in vitro. 

 

Prompted by this finding, we used cross-linking mass spectrometry to probe whether 

dimerization facilitates interactions with the multifunctional lysyl hydroxylase–

glucosyltransferase LH3/PLOD3. A 1:1 mixture of wild-type and Trp158Arg 

GLT25D1/COLGALT1 was cross-linked with disuccinimidyl dibutyric urea (DSBU), 

digested with trypsin, and analyzed by nano-LC–MS/MS. In both datasets, we detected a 

robust interprotein cross-link between GLT25D1 Lys145 (GLT25D1Lys145) and LH3 

Lys645 (LH3Lys645) (Supplementary Fig. 9). Notably, the abundance of this 

GLT25D1Lys145–LH3Lys645 cross-link was approximately sevenfold higher in complexes 

containing wild-type GLT25D1/COLGALT1 relative to the Trp158Arg mutant (Fig. 3e). 

This difference could not be attributed to variations in protein levels or lysine reactivity, as 

total protein abundances and the frequencies of GLT25D1Lys145 and LH3Lys645 mono-

links were essentially unchanged across experiments (Fig. 3e). Together, these results 

indicate that GLT25D1/COLGALT1 dimerization is a critical determinant for assembly of 

higher-order complexes with LH3/PLOD3. 
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Figure 3. Probing GLT25D1/COLGALT1 dimeric architecture and its functional 

significance. (a) Close-up of the dimer interface with residues that mediate direct 

interprotomer contacts. Bottom panel shows an open-book view of the 

GLT25D1/COLGALT1 monomers, mapping the interaction footprint of each partner onto 

their respective surfaces. (b) Mass photometry of wild-type GLT25D1/COLGALT1 versus 

Trp158Arg variant designed to eliminate dimerization. (c) SEC–MALS elution profiles of 

wild type and Trp158Arg showing shifts in elution volume with corresponding shifts in 

molar mass. (d) Gal-T activities of wild-type versus Trp158Arg measured by luminescence. 

Michaelis–Menten plots show apparent turnover (v₀/[enzyme]) as a function of gelatin 

concentration; KM and kcat values of both enzymes are provided in Supplementary Table 5. 

(e) Relative abundances of GLT25D1/COLGALT1–LH3/PLOD3 cross-linked peptides 

quantified by MS/MS with either wild-type or Trp158Arg mutant. 

 

BOTH GT1 AND GT2 DOMAINS BIND DONOR SUBSTRATES AND METAL 

IONS 

Examination of the experimental electron density for GLT25D1/COLGALT1 revealed 

pronounced difference peaks in the GT1 domain of both protomers near the DxD motif 

(Asp166–Asp168) situated in the β4–α4 loop, consistent with UDP-α-Gal coordinated to a 

metal ion (Fig. 4a). Notably, the Asp166 carboxylate does not directly chelate the metal. The 

donor substrate is embedded within an extensive interaction network: the Tyr126 side chain 

hydrogen bonds to the C4 carbonyl of the uridine ring, which is further stabilized by a π–σ 

contact with Arg61 and a π–alkyl interaction with Val143, within a hydrophobic cavity 

formed by Leu59, Asp91, and Arg139. The ribose adopts a well-defined conformation 

stabilized by Trp135 and by hydrogen bonds involving the backbone carbonyl and amide 
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groups of Leu59, Arg61, and Ala167. Additional contacts include interactions of Arg147 and 

Asp265 with hydroxyls on the galactose moiety (Fig. 4a, b). Of note, Trp135 corresponds to 

Trp130 in murine GLT25D1/COLGALT1; mutation at this position (the “fosse” allele) has 

been linked to skeletal and muscular defects due to markedly reduced gene expression [22]. 

Upon co-crystallization with Mn²⁺ and UDP-α-Gal, electron density consistent with 

cofactors and donor substrate was also observed in the GT2 domain of one protomer in the 

asymmetric unit (Fig. 4c). Here, the metal ion is coordinated by a Glu–Asp–Asp motif 

arranged analogously to Mn²⁺-dependent glycosyltransferases: the carboxylates of Glu435 

and Asp437 directly chelate the metal, while Asp436 engages the ribose hydroxyls of the 

cofactor via hydrogen bonds (Fig. 4c,d). The uridine ring is constrained by Gly408 and 

Gly411 of helix α10 within a hydrophobic groove defined by Cys412 (same helix) and by 

Leu348 and Ala374 on the opposing side (Fig. 4c, d). No interpretable density was evident 

for the galactose, suggesting conformational heterogeneity of the sugar, likely reflecting the 

absence of an acceptor substrate within the broad cleft formed by Trp495, Leu497, Tyr567, 

and Pro558 (Fig. 4c, d). 

Comparison of GT2 structures with and without donor bound revealed a conformational 

rearrangement of the otherwise flexible C terminus (residues 562–580), which wraps around 

the donor-binding cavity and positions the backbone carbonyls of Ser569 and Thr571 to 

form productive hydrogen bonds with both phosphates of the UDP moiety (Fig. 4e). The 

observation that cofactors and donor were visible in only one crystallographic protomer is 

attributable to distinct crystal packing environments that, in the second molecule, restrict the 

GT2 C-terminal loop from adopting the rearranged conformation due to lattice contacts 

(Supplementary Fig. 9). 
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Figure 4. Structural insights into GLT25D1/COLGALT1 enzymatic activity and assembly. 

(a) The GT1 domain is constitutively occupied by a divalent cation (M²⁺; purple sphere) and 

UDP-α-Gal, as evidenced by the Fo–Fc omit map contoured at 3.2σ. Residues coordinating 

the metal and engaging the donor are shown as sticks. (b) LIGPLOT+⁷¹ schematic of the 

GT1 interaction network with donor and cofactors. (c) Upon co-crystallization with excess 

Mn²⁺ and UDP-α-Gal, Fo–Fc omit density (3.2σ) also reveals ligands in GT2; the galactose 

moiety is unresolved, so UDP is modeled as sticks. Coordinating and interacting residues 

are depicted as sticks. (d) LIGPLOT+⁷¹ schematic of the GT2 interaction network with donor 

and cofactors. (e) Binding of Mn²⁺ and UDP-α-Gal induces conformational changes in GT2 

by ordering the otherwise flexible C-terminal loop via direct contacts with cofactor and 

donor. Superposition of apo (light orange) and ligand-bound (light blue) GT2 highlights the 

560–574 loop (brown), which is stabilized only upon ligand binding. 

 

MUTATIONS IN THE GT1 DOMAIN IMPACT ON ENZYME FOLDING 

STABILITY 

Guided by the structural data, we engineered GT1-domain substitutions predicted to disrupt 

metal-ion or UDP-α-Gal binding (Fig. 4a,b), including Asp166Ala (eliminating coordination 

to the bound metal), Asp265Ala (removing hydrogen bonds to the galactose), and Ile266Gln 

(hindering rigid positioning of the galactose within the GT1 cavity). None of these variants 

yielded recombinant protein suitable for biochemical analysis, in line with prior work on the 

Asp166Ala/Asp168Ala double mutant designed to abolish the GT1 DxD motif [34]. We also 

produced a Trp135Arg mutant corresponding to the murine fosse allele (Trp130Arg) [22]. 

This variant expressed at markedly lower levels than wild-type GLT25D1/COLGALT1, 
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consistent with the reduced expression reported for fosse, and SDS–PAGE profiles deviated 

substantially from wild type, indicating severe folding instability (Supplementary Fig. 1). 

By contrast, a control mutant, Ile267Gln (adjacent to Ile266 but not expected to perturb 

UDP-α-Gal binding or orientation), produced well-folded, catalytically active enzyme 

(Supplementary Fig. 1), mirroring the previously reported Pro292Asn substitution that was 

intended to render a GLT25D1–CERCAM chimera inactive yet retained activity [34]. 

 

THE GT2 DOMAIN IS RESPONSIBLE FOR CATALYTIC ACTIVITY 

Our structural analyses indicate that, relative to GT1, the GT2 domain binds metal ions and 

donor substrates more transiently, provoking conformational rearrangements of the extended 

C terminus that may influence catalysis (Fig. 4). The presence of an atypical EDD motif, 

rather than the canonical DxD, for metal coordination in GT2, together with a UDP-α-Gal 

donor exhibiting a flexible sugar moiety (Fig. 4c, d), points toward the location of the 

catalytic site. Conservation mapping across vertebrate homologs shows that residues 

mediating metal-ion and UDP-α-Gal recognition are highly conserved in both GT1 and GT2 

(Fig. 5a). 

Guided by these observations, and by evidence that the N-terminal GT1 domain primarily 

serves structural roles, we engineered GT2 point mutants targeting metal-ion and donor 

binding, as well as residues potentially involved in acceptor engagement during galactose 

transfer. All variants were purified and displayed biophysical properties consistent with 

proper folding (Supplementary Fig. 1). Substitutions Glu435Ala and Asp437Ala within the 

EDD motif abolished activity in both luminescence and HRMS assays (Fig. 5b; 

Supplementary Fig. 3; Supplementary Table 5). A similar loss of function was observed for 

Cys412Ser, which disrupts productive positioning of the uridine–ribose within a 

hydrophobic pocket (Fig. 5b; Supplementary Fig. 3; Supplementary Table 5). Motivated by 

established roles for aromatic and charged residues at key positions in inverting 

glycosyltransferases [37–38], we generated Trp495Ala and Asp522Ala; both mutations 

eliminated GLT25D1/COLGALT1 Gal-T activity (Fig. 5b; Supplementary Fig. 3; 

Supplementary Table 5). 

The GT2 C-terminal rearrangement also implicated Arg351, whose side chain reorients to 

hydrogen-bond with Asp570 upon cofactor and donor binding (Fig. 5c). Accordingly, we 

produced Arg351Ala and Asp570Ala variants. Although Arg351Ala yielded insufficiently 

robust preparations for biochemical testing, Asp570Ala was obtained successfully and 

proved completely inactive (Fig. 5b; Supplementary Table 5; Supplementary Fig. 1). 

The structural data further rationalize previously examined positions: Asp336 at the C 

terminus of the GT1–GT2 linker forms a hydrogen bond with GT2 Lys445 that appears only 

modestly affected by substitution to serine; and Asp461 and Asp433, the latter engaged in a 

hydrogen-bonding network with Lys508 and His547 likely contribute critically to GT2 fold 

stability. Collectively, the structural and mutational evidence unambiguously identifies the 

GLT25D1/COLGALT1 catalytic site and delineates its unusual features.  
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Figure 5. Structure-guided interpretation of GLT25D1/COLGALT1 functional features. (a) 

Amino acid conservation in GLT25D/COLGALT homologs, color-coded from dark blue 

(low conservation) to dark purple (high conservation); the sequence set and alignment are in 

Supplementary Figs.6–7. (b) Luminescence-based Gal-T activity for wild-type 

GLT25D1/COLGALT1 versus GT2-site mutants that disrupt cofactor/substrate binding; bars 

reflect means of three biological replicates with individual data points overlaid as dots; error 

bars represent standard deviation from three independent experiments. (c) In the cofactor-

bound state, the GT2 active site is sculpted by a salt bridge between the flexible C-terminal 

loop (blue) Arg351 and Asp570. Mn²⁺ (purple sphere) is coordinated by Glu437 and UDP 

and side chains that interact are displayed as sticks. (d) Structural mapping of pathogenic 

variant residues; mutants Leu151Arg, Ala154Pro, and Gly377Arg from cerebral small vessel 

disease and Trp135 from the murine fosse are highlighted in red with arrows. 

 

MOLECULAR SIGNIFICANCE OF GLT25D1/COLGALT1 PATHOGENIC 

MUTATIONS 

The molecular structure and biochemical profiling of multiple GLT25D1/COLGALT1 

variants allow us to relate enzyme alterations to disease-associated mutations. The murine 

fosse substitution Trp130Arg—linked to developmental abnormalities—maps to Trp135 in 

the human ortholog. In GLT25D1/COLGALT1, Trp135 shapes the GT1-domain UDP-α-Gal 

binding pocket by wedging its side chain between the uridine and galactose moieties of the 

cofactor (Fig. 4a). Experimentally, this substitution resulted in markedly reduced 

recombinant expression and pronounced instability in vitro, precluding further biochemical 

analysis (Supplementary Fig. 1a). Mapping cerebral small vessel disease variants [39–40] 

onto the GLT25D1/COLGALT1 structure provides a mechanistic rationale for their effects 
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(Fig. 5d). Leu151Arg and Ala154Pro map to the C terminus of helix α3 in the GT1 domain. 

Leu151 is buried in a hydrophobic pocket; substituting a bulky, charged Arg at this site is 

expected to destabilize GT1 substantially. Likewise, replacing Ala154 with Pro is likely to 

compromise the structural integrity of helix α3 in proximity to the homodimer interface. The 

Gly377Arg variant [39] affects a residue that forms an α-turn linking strand β14 to helix α9, 

adjacent to the uridine-binding site of the catalytic UDP-α-Gal donor. Introducing Arg at this 

position would be predicted to perturb GT2 conformational stability, leading to loss of 

function. 

Mn2+ BINDS TRANSIENTLY IN THE GT2 DOMAIN DURING CATALYSIS 

Alongside the dimeric assembly which could potentially have four aligned catalytic sites, 

we wondered whether the metal ions and donor substrates might have a structural role. To 

test this speculation, we purified recombinant GLT25D1/COLGALT1 with no supported 

cofactors and assessed all the various bound metals. Using differential scanning fluorimetry 

(DSF), we saw significant thermal stabilization upon the binding of Mn²⁺ only (Fig 6a), 

which aligns with biochemical data indicating Mn²⁺ can be a transiently bound cofactor that 

is catalytically relevant. The Glu435Ala and Asp437Ala versions show no stabilization by 

Mn²⁺ in their respective DSF profiles (Fig 6a) which is also aligned with structural data 

depicting transient metals bound within the GT2 domain (Fig 4). 

 

ROLES OF Ca2+ AND UDP-A-GAL DONOR SUBSTRATE IN THE GT1 

DOMAIN  

In parallel with Mn²⁺ binding studies, we examined the effect of removing the tightly bound 

GT1 metal by incubating GLT25D1/COLGALT1 with varying concentrations of 

ethylenediaminetetraacetic acid (EDTA). Differential scanning fluorimetry (DSF) 

consistently showed destabilization, with thermal shifts of 3.0–3.5 °C relative to untreated 

samples (Fig. 6b). Comparable destabilization was observed when EDTA was applied to the 

Glu435Ala and Asp437Ala variants (Fig. 6b). Because these substitutions target only the 

transient metal site in GT2, we inferred that EDTA chiefly perturbs protein stability by 

chelating the GT1-bound metal. Despite this effect, DSF profiles of EDTA-treated samples 

remained indicative of partial folding, prompting tests of conformational stability. Mass 

photometry of EDTA-treated wild-type enzyme showed no substantive change in oligomeric 

state (Fig. 6c), whereas size-exclusion chromatography revealed an altered elution profile 

consistent with a modified hydrodynamic radius (Fig. 6d). 

Unexpectedly, ICP–MS aimed at detecting Mn associated with GT1 found no evidence for 

this ion. We therefore probed the GT1-bound ligand(s) more directly. Native mass 

spectrometry of wild-type and Trp158Arg GLT25D1/COLGALT1 under controlled partial 

unfolding revealed coexisting free and ligand-bound monomers, implicating Ca²⁺ as the most 

probable GT1-bound metal (Fig. 6e); ICP–MS corroborated a 1:1 Ca²⁺: 

GLT25D1/COLGALT1 stoichiometry. Consistent with this assignment, DSF in the presence 
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of the Ca²⁺- selective chelator EGTA produced a destabilization profile essentially identical 

to that observed with EDTA (Fig. 6b). 

 

 

Figure 6. Probing the structural role of Mn2+ in GLT25D1/COLGALT1 GT1 domain. (a) 

The differential scanning fluorimetry (DSF) profiles of wild-type GLT25D1/COLGALT1 

(left) show pronounced thermal stabilization following the addition of Mn²⁺ (purple) when 

compared to the untreated control (blue). Mutating GT2 metal-binding residues (e.g., 

Glu435, center; Asp437) abolish Mn²⁺ stabilization. (b) DSF profiles following metal 

chelation show relative instability when comparing EDTA (green) or EGTA (orange) to 

untreated (blue) samples; wild-type (left) and GT2 mutant proteins are similarly unstable. 

(c) Mass photometry of EDTA-treated samples shows higher dispersity. (d) Size-exclusion 

chromatography of EDTA-treated samples show different elution behavior. (e) Native mass 

spectrometry under partially denaturing conditions comes from representative spectra for 

wild-type (30⁺ charge state, left) and Trp158Arg (31⁺ charge state, center) with peaks for the 

apo protein and protein-ligand complexes annotated; the box plot (right) summarizes ligand-

mass estimates across the full charge-state distribution, with reference lines for theoretical 

ligand masses of each divalent cation. 
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Collectively, these data establish a uniquely Ca²⁺-bound GT1 domain and support structural 

roles for this metal cofactor and the UDP-α-Gal donor in GT1. The lack of a direct catalytic 

function for GT1 aligns with prior GLT25D1/COLGALT1–CERCAM chimera studies and 

is further supported by the absence of essential negatively charged residues near the donor’s 

galactose moiety (Fig. 5a, b) that are required for activity in inverting GT-A 

glycosyltransferases. 

 

MD SIMULATIONS SUPPORT DISTINCT ROLES FOR GT1 AND GT2 

DOMAINS 

To refine the structural picture of GLT25D1/COLGALT1, we performed comparative 

molecular dynamics on the isolated GT1 and GT2 domains with and without bound metal 

ions and donor substrates. No large-scale conformational changes accompanied ligand 

binding in either domain. Nevertheless, analyses of internal motions indicated that ligand 

binding markedly stabilizes GT1, whereas the effect on GT2 is more modest. 

Principal component analysis (PCA) was conducted by merging bound and unbound 

trajectories for each domain and projecting snapshots onto the first two components (PC1, 

PC2), which capture most of the variance. Normalized projection histograms visualize the 

conformational space sampled (Supplementary Fig. 11a–d). For GT1, bound and unbound 

distributions along PC1 overlap, but the unbound state exhibits broader, less pronounced 

peaks, indicative of greater flexibility; the bound state shows sharper, taller peaks, consistent 

with restriction to a narrower ensemble (Supplementary Fig. 11a). Along PC2, the bound 

state likewise remains more confined than the multi-peaked unbound profile (Supplementary 

Fig. 11b). In GT2, unbound projections along PC1 are dominated by a single peak centered 

at zero, reflecting minimal motion and intrinsic stability, whereas the bound state becomes 

bimodal, with one peak overlapping the unbound distribution and a second, sharper peak, 

suggesting cofactor-induced access to an additional conformation (Supplementary Fig. 11c). 

Along PC2, the unbound state remains narrowly centered at zero, while the bound state shifts 

slightly toward negative values, indicating subtle adjustments upon binding (Supplementary 

Fig. 11d). Collectively, these results imply that ligand binding chiefly stabilizes GT1 by 

curbing its dynamics, while GT2 is already stable in the apo form and gains only a minor, 

additional conformational substate upon binding. 

Hydrogen-bond persistence analyses corroborate this view. In GT1, the bound state shows a 

larger fraction of persistent hydrogen bonds (60–90% of the simulation) than the unbound 

state (<60%), consistent with increased rigidity (Supplementary Fig. 11e). GT2 exhibits only 

small differences between conditions, maintaining a similar, moderately dynamic H-bond 

network in both states (Supplementary Fig. 11f). 

Distance fluctuation (DF) analysis further supports these findings. In apo GT1, the loop 

spanning residues 130–140, the C-terminal segment of helix α7, and the interdomain linker 

are highly mobile and poorly coordinated with the domain core (Supplementary Fig. 12a). 

Ligand binding enhances internal coordination and restricts motions in these regions. By 
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contrast, GT2 shows minimal DF changes between bound and unbound trajectories, with 

only slight variations in flexible segments (Supplementary Fig. 12b). Notably, in the absence 

of stabilizing cofactors, the GT1 130–140 loop, the α7 C terminus, and the GT1–GT2 linker 

remain particularly dynamic and weakly constrained (Supplementary Fig. 12c). 

Overall, the MD results and accompanying analyses support a model in which cofactor 

binding substantially enhances GT1 structural stability while exerting a comparatively 

modest influence on GT2 dynamics. 

 

DISCUSSION 

Galactosylation of hydroxylysine in collagen is a pivotal step in the post-translational 

pathway that produces Glc-Gal-Hyl—the most prevalent O-linked glycosylation in the 

animal kingdom [12–13, 16]. Following decades of biochemical work on the enzymes and 

their functions, recent efforts have shifted toward a detailed molecular description of the 

reactions and participants, with particular focus on the multifunctional LH/PLOD lysyl 

hydroxylase–glucosyltransferases [17, 41]. Yet, the absence of experimental structural 

information for GLT25D/COLGALT galactosyltransferases has constrained mechanistic 

insight, despite significant prior studies [16, 28, 34]. In this study, we resolved the 

experimental structure of full-length human GLT25D1/COLGALT1 and combined 

biochemical, biophysical, and site-directed mutagenesis approaches to define its in vitro 

functionality. 

 

Our data define an elongated, multidomain homodimer in which each protomer contains two 

Rossmann-like domains, GT1 and GT2, connected by a rigid linker, with dimer contacts 

encircling the N terminus of each monomer (Fig. 1b, c). Unexpectedly, both GT1 and GT2 

are required for catalysis and each binds metal ions and the UDP-α-Gal donor (Fig. 4), with 

their ligand-binding regions exhibiting the highest sequence conservation (Supplementary 

Figs. 6–7). The N-terminal GT1 domain aligns closely with the inactive central accessory 

(AC) domain of LH/PLOD enzymes and shares hallmarks of inverting GT-A 

glycosyltransferases, whereas GT2 displays a distinctive topology lacking close counterparts 

among well-characterized glycosyltransferases. 

Prior investigations of GLT25D1/COLGALT1 DxD motifs demonstrated that substitutions 

at the GT1 metal-coordinating residues Asp166 and Asp168 abolish enzymatic activity [34]. 

The same study reported that replacing the enzyme’s entire N terminus with that of the 

inactive paralog CERCAM did not impair collagen glycosylation [34]. These findings align 

with our experimental observation of Ca²⁺ and UDP-α-Gal bound within the GT1 domain 

(Fig. 6b–e). Unlike the common Mn²⁺ or Mg²⁺ cofactors in GT-A Rossmann-fold 

glycosyltransferases [37–38], we found no evidence of Ca²⁺ occupying catalytic sites in other 

members of this family. Together with the absence of essential negatively charged residues 

at key positions required for inverting GT-A catalysis [37–38], the uniquely stable Ca²⁺–

UDP-α-Gal complex in GT1 argues against a direct catalytic role for this domain. 
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Consistently, MD simulations comparing ligand-free and ligand-bound GT1 further support 

a structural function for the bound metal and donor substrate, revealing increased flexibility 

around residues 130–140 and 310–330 in the absence of Ca²⁺ and UDP-α-Gal 

(Supplementary Figs. 11–12).  

Notably, these segments include residues adjacent to the UDP-α-Gal binding pocket, such 

as Trp135, which corresponds to the loss-of-function murine fosse mutation [22], and the 

principal GT1 contact surface with the neighboring GT2 domain, where cerebral small 

vessel disease–linked variants map (Fig. 5d). Elevated flexibility within this region could 

substantially disrupt the globular packing of the multidomain enzyme. Consistent with this 

notion, EDTA/EGTA treatment produces folding instability and solution-phase 

conformational changes without appreciable alteration of the oligomeric state (Fig. 6b–d). 

The GT2 domain displays strong sequence conservation around the site transiently occupied 

by Mn²⁺ and UDP-α-Gal during catalysis (Fig. 5a; Supplementary Fig. 7). Structural analysis 

was therefore crucial to localize the catalytic site of GLT25D1/COLGALT1. Prior efforts to 

identify catalytically essential residues were inconclusive, likely because GT2 employs an 

atypical EDD motif for Mn²⁺ coordination, rather than the canonical DxD, and because 

multiple DxD motifs are scattered throughout the polypeptide (Supplementary Figs. 6–7). 

To delineate the GT2 catalytic network, we engineered point mutations around the Mn²⁺ 

cofactor and donor substrate observed in the crystal structure, revealing an extensive array 

of charged and hydrophobic side chains that are indispensable for UDP-α-Gal recognition, 

activation, and catalysis (Fig. 5b–c). 

Overall, the apo and donor-bound GT2 active sites are highly similar (Fig. 4), aside from a 

rearrangement of the otherwise flexible C-terminal segment. This region is enriched in acidic 

residues whose direct participation in binding and processing UDP-α-Gal was confirmed by 

site-directed mutagenesis, in agreement with earlier in silico predictions [42]. 

Consistent across orthogonal solution studies and mutagenesis, the dimeric quaternary 

structure is not required for GLT25D1/COLGALT1 catalytic activity in vitro (Fig. 3). 

Nevertheless, cross-linking mass spectrometry shows that the dimer architecture furnishes a 

direct contact surface for GLT25D1/COLGALT1–LH3/PLOD3 interactions, providing 

experimental support for multimeric biosynthetic hetero-complexes that effect complete 

conversion of collagen Lys to Glc-Gal-Hyl [29, 31]. Notably, our biophysical data 

consistently indicate a minor dispersed fraction of the recombinant enzyme, hinting at the 

need for additional stabilizing homo- or heterotypic interactions of physiological relevance 

in vivo. 

The unusually elongated GLT25D1/COLGALT1 dimer mirrors the tail-to-tail dimer of 

LH3/PLOD3, a geometry that may facilitate extensive crosstalk between the two enzymes 

acting sequentially on collagen lysines and raises the possibility of descent from a common 

ancestor. This notion is reinforced by similarities between their noncatalytic domains 

(Supplementary Fig. 5c): the GLT25D1/COLGALT1 GT1 domain, which binds Ca²⁺ and 

hosts UDP-α-Gal solely to maintain fold integrity, and the LH/PLOD AC domain, which 

lacks capacity to bind metals and/or co-substrates [41]. These hypotheses warrant further 
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investigation, particularly considering the atypical trafficking of multifunctional LH/PLOD 

enzymes through the secretory pathway in the absence of canonical ER-retention signals 

[43–46]. 

 

METHODS  

Chemicals 

All chemicals were purchased from Sigma-Aldrich unless otherwise specified.  

 

DNA CONSTRUCTS 

The human GLT25D1/COLGALT1 coding sequence lacking the N-terminal signal peptide 

and C-terminal RDEL ER-retention motif (UniProt Q8NBJ5; residues 30–618) was 

synthesized (Genewiz) and subcloned into pCR8 using in-frame 5′-BamHI and 3′-NotI sites. 

Variants were generated with the Phusion Site-Directed Mutagenesis Kit (Thermo Fisher 

Scientific), amplifying the entire plasmid with primers listed in Supplementary Table 1. 

Linearized, mutagenized plasmids were phosphorylated with T4 polynucleotide kinase 

(Invitrogen) prior to ligation. All constructs were verified by Sanger sequencing 

(Microsynth) and subsequently transferred into a modified pET28b-SUMO vector 

(Novagen). The expression plasmids encode an N-terminal 8×His tag followed by a SUMO 

tag upstream of the in-frame 5′-BamHI site and include an in-frame stop codon downstream 

of the 3′-NotI site. 

 

PRODUCTION OF RECOMBINANT GLT25D1/COLGALT1  

Chemically competent E. coli BL21 cells (Invitrogen) were heat-shock–transformed with 

the pET28b-SUMO-GLT25D1 construct. A single colony was inoculated into LB 

supplemented with kanamycin (100 μg mL⁻¹) and grown overnight at 37 °C in a shaking 

incubator (New Brunswick). The preculture was then diluted 1:50 into 1 L ZYP5052 

autoinducing medium [47] in a 5 L Erlenmeyer flask, incubated at 37 °C for 3 h at 180 rpm, 

then shifted to 17 °C and grown overnight. Cells were harvested (5,000 g), resuspended at 

1:10 (w/v) in lysis buffer (25 mM HEPES/NaOH, 500 mM NaCl, 10 μM leupeptin, 10 μM 

pepstatin, 0.3 mg mL⁻¹ lysozyme, 500 μM MnSO₄, pH 8.0), and sonicated (16 cycles of 9 s 

on/6 s off). The lysate was clarified by centrifugation (60,000 g, 45 min, 4 °C; Avanti J26, 

Beckman Coulter), filtered (MiniSart GF 0.8 μm; Sartorius), loaded onto a 5 mL Ni 

Sepharose Excel column (Cytiva), and eluted stepwise with 25 mM HEPES/NaOH, 500 mM 

NaCl, 500 mM imidazole, pH 8.0. Fractions containing His-SUMO-GLT25D1/COLGALT1 

(by SDS-PAGE) were pooled and dialyzed overnight against 2 L of 25 mM HEPES/NaOH, 

500 mM NaCl, pH 8.0, while concurrently cleaving the N-terminal 8×His-SUMO tag with 

His-tagged SUMO protease (1 mg mL⁻¹; 1:300 v/v). The protease and tag were removed by 
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re-passing the sample over Ni Sepharose and collecting the flow-through.The protein was 

buffer-exchanged using 30 kDa MWCO Vivaspin Turbo filters (Sartorius) into 25 mM 

HEPES/NaOH, 100 mM NaCl, pH 8.0, applied to a HiScreen Capto Q column (Cytiva) pre-

equilibrated in the same buffer, and eluted with a linear NaCl gradient (peak at ~250 mM 

NaCl). After concentration (30 kDa MWCO), the sample was polished by size-exclusion 

chromatography on a Superdex 200 Increase 10/300 GL column (Cytiva) equilibrated in 25 

mM HEPES/NaOH, 100 mM NaCl, pH 8.0. Final quality was verified by reducing and non-

reducing SDS-PAGE. GLT25D1/COLGALT1-containing fractions were pooled, 

concentrated to 4 mg mL⁻¹, and stored at −80 °C. SDS-PAGE quality controls for all proteins 

used are shown in Supplementary Fig. 1. 

PROTEIN CRYSTALLIZATION 

GLT25D1/COLGALT1 spherulites were initially observed in several nanoliter sitting drops 

(0.1 μL protein at 4 mg mL⁻¹ plus 0.1 μL reservoir). These drops were prepared by a Gryphon 

crystallization robot (Art Robbins) on SwissSci vapor-diffusion plates using commercially 

available screens. Microcrystals were observed using the Morpheus screen [48] (Molecular 

Dimensions), after a few days at 4 °C, that developed in an expected manner compared to 

the crystals from PEG precipitants reported in the literature, suggesting a preference for PEG 

precipitants at neutral pH between 6.0 and 7.0. Using 0.5 μL protein at the concentration of 

3.5 mg mL⁻¹ was mixed with 0.5 μL of the optimized reservoir which with 8% PEG 4000, 

100 mM MES/NaOH, 20 % glycerol, and a pH of 6.5, to obtain diffracting quality crystals. 

Co-crystals were obtained under those same conditions, with the addition of 500 μM MnCl₂ 

and 1 mM UDP-α-Gal in the protein solution as catalysts. Once the crystals were grown, 

they were harvested using mounted Litholoops (Molecular Dimensions), which were flash-

cooled and put in liquid nitrogen for data collection. To isolate heavy-atom derivatives, 

crystals (with requisite optimizations), were soaked overnight at a minimum of 5 hours at 4 

°C in mother liquor containing 1 mM K₂HgBr₄, harvested, cryoprotected and flash-cooled 

in liquid nitrogen. 

 

X-RAY DATA COLLECTION, STRUCTURE DETERMINATION AND 

REFINEMENT 

Single-crystal X-ray datasets were recorded at 100 Κ from multiple beamlines at the ESRF 

(Grenoble, France) and the SLS (Villigen, Switzerland). The experimental phasing 

employed data collected at the mercury absorption inflection point on ESRF beamline ID23-

1 while making use of an Eiger2 16M (Dectris) detector. Diffraction images were indexed 

and integrated with XDS [49] and scaled and merged in AIMLESS [50]; collection statistics 

are on Supplementary Table 2. The SAD phasing was performed with the SHELXC/D/E 

pipeline and HKL2MAP [51]. SHELXD identified 13 heavy-atom sites at 4.0 Å, and using 

SHELXE the hand was unambiguously established using density modification while scaling 

the working resolution to 2.80 Å (estimated solvent content, 62%). The density-modified 

map allowed the initial model building to progress with iterative ARP/wARP and 

BUCCANEER [52]. The completion of the model and its refinement involved cycles of 
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manual rebuilding in COOT and automated refinement with phenix.refine [53] and 

REFMAC5 [54]. Complexes of GLT25D1/COLGALT1 with donor substrates were solved 

by molecular replacement in PHASER, using the experimentally phased model as the search 

model. The validation of the model was done with MolProbity and Protein Data Bank 

validation tools [55]; final refinement statistics are provided in Supplementary Table 3. 

Structural images were created in PyMOL, including superpositions with the "super" 

command, and computed all-atom RMSD values. 

MASS PHOTOMETRY 

Mass photometry was performed on a Refeyn Two instrument (Refeyn) using 24 × 50 mm² 

glass coverslips. Purified human GLT25D1/COLGALT1 (wild type and variants) prepared 

as 200 nM stocks were diluted 1:10 into 25 mM HEPES/NaOH, 100 mM NaCl, pH 8.0, and 

recorded over a 4 μm × 11 μm field of view at 500 Hz. Data were acquired with AcquireMP 

and processed/visualized in DiscoverMP (Refeyn). Summary metrics are reported in 

Supplementary Table 4. 

 

SIZE EXCLUSION CHROMATOGRAPHY COUPLED WITH MULTI-ANGLE 

LIGHT SCATTERING (SEC-MALS) 

30 uL of recombinant GLT25D1/COLGALT1 (4 mg mL⁻¹) were injected onto a Protein KW-

802.5 analytical SEC column (Shodex) and eluted in phosphate-buffered saline at 1 mL 

min⁻¹ on a Shimadzu Prominence HPLC. A miniDAWN multi-angle light-scattering detector 

(Wyatt) was connected in-line with a RID-20A differential refractive index detector 

(Shimadzu) for total mass quantification, and an SPD-20A UV detector (Shimadzu) to 

monitor protein specific to the elution volume. Chromatograms were processed in ASTRA 

7 (Wyatt) using an estimated dn/dc of 0.185 mL g⁻¹. System calibration was confirmed by 

injection of 10 μL of 2.5 mg mL⁻¹ monomeric BSA. 

 

DIFFERENTIAL SCANNING FLUORIMETRY (DSF)  

Differential scanning fluorimetry (DSF) was conducted on recombinant 

GLT25D1/COLGALT1 (wild type and variants) at 1 mg mL⁻¹ in 25 mM HEPES/NaOH, 100 

mM NaCl, pH 8.0, using a Tycho NT.6 instrument (NanoTemper Technologies GmbH). Data 

were processed in GraphPad Prism 7 [56]. 

EVALUATION OF GAL-T ACTIVITY THROUGH LUMINESCENCE 

Reaction mixtures were prepared by preincubating GLT25D1/COLGALT1 (final 

concentration 1 mg mL-1, 5 μL; 25 mM HEPES/NaOH, 100 mM NaCl, pH 8.0) for three 

hours at 37 °C with a variety of bovine skin gelatin concentrations that had previously been 

solubilized through thermal denaturation (95 °C, 10 min). Reactions were initiated with the 
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addition of UDP-α-sugar (100 μM) and either MnCl2 or MgCl2 (50 μM). At designated time 

points (1−120 min), reactions were stopped by heating to 95 °C for two minutes, transferred 

to a Proxiplate white 384-well plate (PerkinElmer), following which they were incubated for 

one hour at 25 °C with the addition of UDP-Glo luminescence reagent (5 μL; Promega). 

Luminescence was measured using a GloMax Discovery plate reader (Promega) according 

to the manufacturer’s protocols. 

Initial velocities were determined as the slopes of linear fits to time-course data using 

GraphPad Prism 7 [56]. Apparent turnover with errors were assessed for linearity using 

double-reciprocal plots (Supplementary Fig. 2c), and apparent kcat and Km were fitted 

directly to the Michaelis–Menten equation in Prism 7 with proper error propagation [57]. 

Each assay was performed three times and controls that omitted enzyme, donor, or acceptor 

were included using the same conditions. Results are collected in Supplementary Table 5. 

 

EVALUATION OF GAL-T ACTIVITY THROUGH HR-LCMS 

Recombinant human LH3/PLOD3 (5 μM; produced in-house as previously described) was 

incubated with GLT25D1/COLGALT1 (5 μM; wild type or variants) in the presence of 50 

μM FeCl₂, 100 μM 2-oxoglutarate (2-OG), 500 μM sodium ascorbate, 50 μM MnCl₂, 100 

μM UDP-α-sugar, and 1 mM peptide substrate (Ac-GIKGIKGIKGIK-COOH). Reactions 

proceeded for 3 h at 37 °C. Aliquots (5 μL) were diluted with 43 μL Milli-Q water, acidified 

with 2 μL formic acid to a final volume of 50 μL, and analyzed by full-scan LC–ESI-

HRMS/MS on an Exion LC AD UHPLC (AB Sciex) coupled to an X500B system (AB 

Sciex). The column oven was maintained at 40 °C and the autosampler at 10 °C. Peptide 

separation employed reverse-phase HPLC on a Hypersil Gold C18 column (150 × 2.1 mm, 

3 μm, 175 Å; Thermo Fisher Scientific) with a 15-min linear gradient from 2% to 50% 

solvent B (solvent A: 0.1% formic acid in water; solvent B: acetonitrile with 0.1% formic 

acid) at 0.2 mL min⁻¹. Mass spectra were acquired in positive mode under fixed settings: ion 

spray voltage 4,500 V; declustering potential 100 V; curtain gas 30 psi; ion source gas 1, 40 

psi; ion source gas 2, 45 psi; source temperature 350 °C; collision energy 10 V. Data 

processing used SCIEX OS 2.1 (AB Sciex). Summary results are provided in Supplementary 

Table 5. 

 

SIZE EXCLUSION CHROMATOGRAPHY COUPLED WITH SMALL-ANGLE X-

RAY SCATTERING (SEC-SAXS) 

Solution scattering was performed at the ESRF beamline BM29 utilizing a Pilatus 1M 

detector at 1 frame s⁻¹, and 2.87 m from the sample, providing an overall q-range of 0.01–

4.00 nm⁻¹. SEC–SAXS measurements were executed with a Nexera HPLC system 

(Shimadzu) coupled online to the SAXS capillary. In these runs 50 μL of 

GLT25D1/COLGALT1 at 4 mg mL⁻¹ were injected onto a Superdex 200 PC 3.2/300 Increase 

column (GE Healthcare) pre-equilibrated in 25 mM HEPES/NaOH, 200 mM NaCl, pH 8.0. 
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Frames corresponding to the elution peak of GLT25D1/COLGALT1 were picked, buffer-

subtracted, and averaged using CHROMIXS. 

 

SEC-SAXS MODELING AND DATA ANALYSIS 

Radii of gyration (Rg), molar mass estimates, and distance distribution functions P(r) were 

computed in PRIMUS [58] as part of the ATSAS package [59]. Experimental SAXS curves 

were compared to models for which crystal structures were available, with CRYSOL [60]. 

All collection and analysis metadata can be found in Supplemental Table 6. Ab initio bead 

models were created from the SAXS data using GASBOR the P(r) functions were computed 

from the experimental profiles alongside the number of residues in the 

GLT25D1/COLGALT1 monomers, without constraints for internal symmetry. Twenty 

independent GASBOR reconstructions were performed and compared for similarity using 

SUPCOMB and DAMSEL (ATSAS) and the one with the least normalized spatial 

discrepancy was selected. Superpositions were performed with SUPALM by using the saspy 

ATSAS plugin for PyMOL [61]. Rigid body SAXS modeling was performed on a monomer 

extracted from the experimental crystal structure, subjected to loop modeling in CORAL 

[62], and the model-data agreement was assessed with CRYSOL [60]. 

 

SINGLE PARTICLE NEGATIVE STAINING ELECTRON MICROSCOPY 

200 mesh copper grids (Ted Pella) were glow-discharged on a PELCO EasiGlow (pressure 

40 mBar, 15 mA, 30 s). A 2 μL aliquot of GLT25D1/COLGALT1 at 1 mg mL⁻¹ was applied 

to each grid and incubated for 60 s, excess liquid was blotted with Whatman paper, and a 25 

μL drop of 2% (w/v) uranyl acetate was added with gentle agitation for 1 min. After blotting 

the stain, grids were air-dried overnight. A total of 350 micrographs were recorded on a JEM 

1200EXIII transmission electron microscope (JEOL) equipped with a MegaView III CCD 

camera (Olympus). Image processing in RELION included auto picking and multiple rounds 

of 2D classification. Comparison of 2D classes from single-particle analysis with crystal-

structure–derived GLT25D1/COLGALT1 models was performed using AlignProjections on 

the COSMIC2 web server [63]. 

 

GLT25D1/COLGALT1-LH3/PLOD3 CROSS-LINKING AND ENZYMATIC 

PROTEOLYSIS 

GLT25D1/COLGALT1 (5 μM; wild type and Trp158Arg) was incubated with human 

LH3/PLOD3 (5 μM; total protein = 10 μM) in 50 mM HEPES/NaOH, 100 mM NaCl, pH 

8.0. All samples were incubated with DSBU (0.5 mM) at RT for 1 h; DSBU was freshly 

prepared in neat DMSO before adding to the samples. Reactions were quenched with 2 μL 

of 1 M Tris/HCl. The cross-linked mixtures were processed using S-Trap microcolumns 
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(Protifi). Following loading, the samples were washed with 90:10 methanol/50 mM 

ammonium bicarbonate, and then digested with trypsin (Promega) at a 1:20 trypsin: protein 

for 1.5 h at 47 °C. The peptides were eluted with 50 mM ammonium bicarbonate, and 

subsequently two more elutions with 0.2% formic acid, and 0.2% formic acid with 50% 

acetonitrile. The fractions were pooled, dried down via vacuum centrifugation, and 

reconstituted in 5% acetonitrile, 0.1% trifluoroacetic acid for LC–MS/MS. 

LIQUID CHROMATOGRAPHY COUPLED TO MASS SPECTROMETRY FOR 

CROSS-LINKING PEPTIDE ANALYSIS 

Proteolyzed, cross-linked samples were analyzed by LC–MS/MS using an UltiMate 3000 

RSLC nano-HPLC (Thermo Fisher Scientific) coupled with a timsTOF Pro mass 

spectrometer (Bruker Daltonics) with a CaptiveSpray source: peptides were first trapped in 

a C18 precolumn (Acclaim PepMap 100, 300 μm × 5 mm, 5 μm, 100 Å; Thermo Fisher 

Scientific) at 50 °C, then separated using a self-packed Picofrit nanospray emitter (New 

Objective; 360 μm o.d. × 75 μm i.d. × 400 mm, 15 μm tip), packed with C18 (3.0 μm, 120 

Å; Dr. Maisch GmbH). After trapping, elution took place using a 90 min linear gradient from 

3% to 50% (v/v) acetonitrile in water. 

timsTOF Pro settings were: mobility-dependent collision energy ramping was set to 95 eV 

at an inverse reduced mobility (1/k₀) of 1.6 V·s/cm² and 23 eV at 0.73 V·s/cm², with linear 

S-5 interpolation between and constant values for anything else. TIMS scans were not 

concatenated. Target intensity per PASEF precursor was set to 20,000. The scan window was 

0.6–1.6 V·s/cm², ramp accumulation time was 166 ms. 14 PASEF MS/MS scans were 

acquired for each 2.57 s cycle, up to seven precursors per mobilogram. Precursors were 

selected for fragmentation within m/z of 100–1700, 3+ to ≤8+ charges. Active exclusion was 

enabled for 0.4 min (mass width 0.015 Th; 1/k₀ width 0.015 V·s/cm²). 

 

XL-MS DATA ANALYSIS 

Cross-linked peptides were identified with MeroX [64] (v2.0.1.7; https://stavrox.com). 

Searches assumed tryptic specificity (C-terminal to Lys/Arg) with up to four missed 

cleavages, peptide lengths of 3–30 residues, a fixed modification of Cys alkylation 

(iodoacetamide), and variable Met oxidation. The cross-linker was defined to react with Lys 

side chains and peptide N termini. Identification used RISEUP mode permitting up to three 

missing ions, with precursor and fragment tolerances of 10 ppm and 20 ppm, respectively, 

and a signal-to-noise threshold >2.0. PSM-level FDR was controlled at 1% with a minimum 

score of 100; to refine FDR estimates, a contaminant (CRAP) database was 

included.Proteomic data analysis employed MaxQuant [65] (v2.6.2.0) and Skyline [66] 

(v24.1.1.339). Bruker raw files were processed by DDA searches against the UniProt Human 

Reference Proteome (UP000005640; 20,406 canonical proteins), with contaminants filtered 

via the default MaxQuant list. Parameters were tryptic cleavage C-terminal to Lys/Arg, up 

to two missed cleavages, peptide lengths 6–25 amino acids; fixed Cys alkylation 

(iodoacetamide); variable Met oxidation and N-terminal acetylation. For LFQ, at least three 
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unique peptides per protein were required. MS1 and MS2 tolerances were set to 10 ppm and 

20 ppm, respectively. Match Between Runs was enabled (retention time window 0.4 min; 

ion mobility window 0.05). FDR at both PSM and protein levels was controlled at 1%. 

MaxQuant and MeroX outputs were imported into Skyline for MS/MS spectrum review and 

MS1-level peptide quantification. Protein quantification used the ten most abundant 

validated peptides per protein. MS/MS spectra corresponding to the PLOD3–GLT25D1 

interprotein cross-link and associated dead-end products were imported and quantified in 

Skyline following established workflows [67]. 

ICP-MS MEASUREMENTS 

To quantify metal ions in recombinant GLT25D1/COLGALT1, 900 μL of protein (4 mg 

mL⁻¹; purified without added divalent cations) were digested with 300 μL of 65% ultrapure 

HNO₃ and 200 μL of 30% w/w H₂O₂, brought to 5 mL with ultrapure water, and analyzed by 

single-quadrupole ICP-MS (iCAP RQ, Thermo Fisher Scientific) equipped with a quartz 

cyclonic chamber (3 °C), MicroMist nebulizer (400 μL min⁻¹), quartz torch, Ni sampler and 

skimmer cones, and a QCell pressurized with He (3 V, KED mode). Manganese and calcium 

were quantified by external calibration using four daily prepared standards (0, 1, 5, 10 μg 

L⁻¹) in the same buffer, dilution, and acid conditions. Manganese was not detected, whereas 

calcium was present at ~1:1 stoichiometry. 

 

NATIVE MASS SPECTROMETRY (NATIVE-MS) 

The metal cofactors of GLT25D1/COLGALT1 were identified using native mass 

spectrometry (native- MS). Recombinant wild-type and Trp158Arg enzymes (20 μM) were 

analyzed under partially denaturing conditions (50 mM ammonium bicarbonate, 40% 

acetonitrile), which increased droplet desolvation and minimized the formation of adducts 

during electrospray. For both enzymes, aliquots were infused directly into an Orbitrap Fusion 

(Thermo Fisher Scientific) mass spectrometer at a flow rate of 200–300 nL/min using metal-

coated borosilicate emitters (~1 μm i.d.). Instrument settings were resolving power 120,000 

at m/z 200; IRM pressure 3 mTorr (intact-protein mode); spray voltage 1.1–1.2 kV; ion-

transfer tube 275 °C; in-source fragmentation 75 V; AGC target 4 × 10⁵; maximum injection 

time 100 ms. Final spectra were averaged from 60 s of acquisition duration. The ligand 

masses were determined as the mass difference between the signals of the bound and apo 

proteins over the entirety of the charge-state distribution (Supplementary Fig. 10). 

 

MOLECULAR DYNAMICS SIMULATIONS 

Molecular Dynamics (MD) simulations were performed with AMBER (v24) using the 

FF19SB force field. Equilibration and production runs were performed with pmemd.cuda 

(the GPU accelerated PMEMD engine), and equilibrations and restrained simulations used 

the standard sander. Both systems were set-up with the xleap program in AMBER, and the 

specific simulation protocols and conditions are described in detail in the Supplementary 
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Information. The simulation trajectory analyses were performed using cpptraj (AmberTools 

v24) and some user-defined scripts. 

To assess the dominant motions of the GT1 and GT2 domains, a principal component 

analysis (PCA) was performed on the apo and holo trajectories from the two domains 

collectively. For the PCA of each trajectory, we calculated a matrix of backbone covariance, 

which was then diagonalized to yield principal components (eigenvectors) and eigenvalues. 

The eigenvalue indicated the percent of total variance described by that mode. The first two 

principal components, PC1 and PC2, described the most variance, so trajectory snapshots 

were projected onto PC1 and PC2, and occupancy histograms were created from the 

normalized distributions along the PC1 and PC2 axes. The persistence of hydrogen bonds 

calculated using the hbond command in cpptraj, with a geometric definition (i.e., maximum 

donor–acceptor distance of ≤3.5 Å and H–D–A angle of ≥135°), tracked the presence of a 

bond for each trajectory over time and normalized the frequency of each bond against the 

total number of hydrogen bonds to yield a percent occupancy, which was then binned into 

10% increments to generate persistence histograms. To calculate distance fluctuation (DF) 

for each residue pair i, j, Dij=⟨(dij−⟨dij⟩)⟩, where dij indicates the instantaneous Cα–Cα 

distance, and angle brackets indicate time averages over the entire trajectory. This final 

matrix indicates the motion, and correlated flexibility of residue pairs. 
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Chapter 6 STRUCTURAL INVESTIGATION OF PLOD1: A 

Cryo-EM SINGLE PARTICLE ANALYSIS 

 

Contribution: Cryo-EM SPA data analysis and LH1 model building. 
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ABSTRACT 

Lysine hydroxylases as described in the previous chapter is a modification that is particularly 

important and crucial for the collagen’s cross-links. While the experimental structure of 

PLOD3/LH3 has been well characterized, few biochemical data are available for 

PLOD1/LH1. In this chapter the current results of LH1 structure are presented, obtained 

through SPA cryo-EM. These preliminary data show an unusual quaternary structure of LH1. 

It is a dimer of dimer with a pseudo C2 symmetry, and up to date no other PLOD isoforms 

have been described with such organization. The physiological role of this quaternary 

organization is still to be understood, as well as its role in collagen maturation and cross-

links formation. 
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 MATERIAL AND METHODS  

 

 RECOMBINANT PRODUCTION OF LH1  

 

Recombinant his-TEV-PLOD1 plasmid DNA (pUPE.106.08-LH1) was used to make 

transient transfection in HEK293 human cells, for a detailed description of the methods for 

cells maintenance and transfection see (mettere articolo silvia). The cells were harvested 6 

days after the transfection by centrifugation. The first step of centrifugation was done at 

1000 g for 10 minutes at 4°C; the pellet was discarded and the supernatant recollected. The 

recovered supernatant was further centrifuged at 5000 g for 10 minutes, discarding again the 

pellet and recollecting the cell-free supernatant containing the recombinant LH1. The pH of 

the supernatant was adjusted adding buffer A [ 25 mM HEPES, 500 mM NaCl, pH 8.00] 

until was reached the pH point of 8.0. The solution was then filtered with a 0.8 µm glass 

fiber filter. For the IMAC chromatographic purification two buffers were utilized: buffer A 

[25 mM HEPES, 500 mM NaCl, pH 8.00] and buffer B [25 mM HEPES, 500 mM NaCl, 

500 mM Imidazole, pH 8.00]. At the flow of 1 ml min-1 utilizing an Äkta Prime system ( 

Cytiva) the supernatant was loaded into a 5 ml His Trap excel column (Cytiva) at 4°C. At a 

flow of 5 ml min-1 utilizing an Äkta Go system (Cytiva), a step gradient [25 mM imidazole 

and 250 mM imidazole] was applied to separate the contaminant proteins from the protein 

of interest. A volume of 10 uL was collected for all the fractions for further SDS-PAGE 

analysis. The eluate containing LH1 was then loaded on a 5 ml desalting column pre-

equilibrated with buffer A, to remove the excess of imidazole. The protein was concentrated 

with a 30 kDa MWCO Vivaspin Turbo filters (Sartorius) till was reached the concentration 

of 1 mg ml-1. To remove the His-TEV tag, the His-tagged TEV protease was added to the 

eluate containing LH1 with a 1:20 v/v ratio at 4°C over night. The cleaved protein was then 

loaded into a 5 ml His Trap excel column, to separate the cleaved protein from the tag and/or 

additional contaminant material. The sample was then further concentrated to 1 mg ml-1 and 

loaded on a Superdex 200 increase 10/300 (Cytiva) pre-equilibrated with a buffer [25 mM 

HEPES, 150 mM NaCl, pH 8.00]. The aliquots containing LH1 were divided into aliquots 

of 10 uL, flash-freeze in liquid nitrogen and stored at -80°C.  

 

CRYO-EM SAMPLE PREPARATION 

Freshly prepared samples of LH1 were used to prepare cryo-EM grids. Quantifoil R 1.2/1.3 

Cu 300 mesh grids (Quantifoil) were glow discharged with the following parameter: pressure 

0.39 mBar, current 20 mA, time 45 s, negative polarity. The Vitrobot Mark IV System was 

used for the specimen vitrification process (Thermo Fisher), 4 L samples were applied on 

the grid at the temperature of 4 °C and with a 95% humidity. The blotting parameters were 

2 s, 4 s, 6 s and 8 s as blotting time with no blotting force applied. Each grid was prepared 
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in duplicate. The grids were immediately loaded into the microscope or stored in liquid 

nitrogen at -80° C.  

 

CRYO-EM DATA ACQUISITION AND DATA PROCESSING 

 

Optimal grids suitable for high resolution data collection were screened in house with a 

Thermo Fischer Scientific Glacios, equipped with a high-brightness field emission gun X-

FEG, 200 kV. The system is equipped with a CMOS detector Ceta 16M Camera, and a direct 

electron detector Falcon 3EC. The EPU software (Thermo Fisher Scientific) was used to 

handle the grids screening and data collection. The grids which displayed the best sample 

homogeneity and quality were shipped to the cryo-EM facility at ESRF, Grenoble. A high-

resolution data collection was performed on a Titan Krios G4 (Thermo Fischer Scientific). 

For the data collection 3 acquisition per hole were set up with the following parameters: 

magnification 105 K, pixel size 0.42 Å/pixel, total dose per movie 42.87 electron/Å2, 40 

frames per movies, 1.77 s of exposure, defocus spread from -0.8 to -2 µm. The dataset was 

then processed in-house with the software platform Cryosparc, for both pre-processing as 

well as post-processing tasks. The movies were imported to Cryosparc and the reference 

gain was provided to apply the proper corrections. After motion correction and CTF 

estimation, 1.114.155 particles were selected and extracted applying a Fourier cropping of 

884 px→448px. After the first run of 2D classification 11 classes were identified as optimal, 

they were selected for the next steps of 2D classification leading to 149.596 particles for ab-

initio reconstruction. Two initial volumes were obtained from the ab-initio reconstruction, 

then used as starting volume for a first step of heterogeneous refinement. The best volume 

obtained from the heterogeneous refinement job, reconstructed with 29.932 particles, was 

used as a template for a homogeneous refinement using all the 149.596 initial particles. C2 

symmetry expansion was applied to the set of particles used in the homogeneous refinement 

and then were used for a 3D variability job. Manual masks were created on Chimera, 

imported in Cryosparc and used for Local refinement jobs. The final was feature-enhanced 

with the algorithm Locscale 2.0, to improve the interpretability of the volume. Global and 

directional FSC were calculated on the Remote 3DFSC Processing Server. A LH1 model 

was generated using LH3 structure as template, thus was docked into the LH1volume and 

refined in coot (Fig.1)  
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Figure 1: Schematic graphical representation of LH1 data processing: pre-processing, ab-

initio reconstruction, volume post-processing and validation. 
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RESULT AND DISCUSSION  

The recombinant protein LH1 has been successfully produced in HEK293 human cells and 

purified. The LH1 sample, compared to the isoform LH3, is particularly much more prone 

to aggregation events, especially at concentrations higher than 1 mg ml-1. Notwithstanding 

the complexity of the purification procedure and the low final yield, homogeneous and 

highly pure sample, suitable for SPA cryo-EM analysis, has been obtained. Grids of good 

quality have been obtained, with an ice quality optimal for high resolution data collection. 

After the preprocessing of the collected movies, only 13% of the total extracted particles 

have been used to start the initial LH1 volume reconstruction. This is because the 2D classes 

showing the LH1 dimer of dimers were just a sub-population in the whole dataset. The 

reconstructed volume clearly suffers from strong anisotropy, especially along the x axis. This 

makes the interpretability of LH1 volume especially difficult at the AC and GGT domain, 

where the intrinsic flexibility of the GGT domains enhances the complexity underneath the 

interpretation of this volume. However, a good starting volume has been obtained with a 

series of homogeneous reconstruction. The surprising feature that has been discovered in 

this processing, is the unusual quaternary structure of LH1 compared to the one of LH3. This 

isoform seems to be like two dimers of LH3 which associate together at the level of the LH 

domains; each dimer has two GGT domain, one of them is very flexible and distal from all 

the other domains, while the other is perfectly underneath the AC domain of the counter 

dimer which make it much more rigid. This arrangement makes the entire ensemble much 

more like a dimer of dimmers, with a pseudo C2-symmetry, than a perfectly symmetric C2 

tetramer. Hence, imposing the C2 symmetry through the 3D refinement jobs clearly improve 

the overall quality of the reconstructed volume. It is worth mentioning that glycosylation on 

LH1 volume has been seen, and in more detail are clear the ones present on the LH domains 

and on the AC domains (Fig.2). To try to bust the high-resolution information at the GGT 

and AC domains, local refinement jobs have been performed. Thus, mask have been 

manually created using as a template the best volume obtained, different approaches have 

been tried: 1) the generation of masks covering only the GGT domains, thus pushing the 

volume sharpening only on the LH1 GGT tip applying different fulcrum of rotation; 2) the 

generation of masks covering isolated dimer, using as a fulcrum of rotation the centre of the 

oligomeric ensemble; 3) the generation of a mask covering the entire volume, to exclude the 

high information noise around the original sharpened volume. Hence, the final volume has 

been obtained, and through modern IA based software a local sharpening has been performed 

using LocScale 2.0. 

The LH1 volume obtained is now currently used as a starting point for model building. 

However, after a first rigid docking of LH1 model into the volume and the following first 

refinement steps, the information of the AC and GGT domain are not still enough to precisely 

model these regions. Thus, trials to improve the overall sample quality, and hence the volume 

interpretability are still ongoing. The next goal of the project is to achieve detailed atomistic 

resolution of LH1 in complex with important interactors, such as Cyclophyllin B, which 

have a crucial physiological importance. 
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Figure 2. The enzyme LH1 is a dimer of dimers with the interface of oligomerization 

involving LH and GT domains (each monomer has a unique colour). Between the AC and 

LH domains is possible to see additional volume density (1, 2) suggesting PLOD1 

glycosylation (section B zoom of the extra volume seen).   
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Chapter 7 CONCLUSION 

 

The synergistic interplay between cells, small molecules as well as biological 

macromolecules, creates a unique environment which enables the formation of tissue and 

organs in multicellular organisms; in other words, this can be named as the extracellular 

matrix. The papers proposed in this thesis, however, are related to specific enzymes which 

participate in the post-translational modifications of collagens molecules; the lysine 

hydroxylase isoform 1 and 3 (PLOD1/PLOD3) and the procollagen galactosyl transferase 

GLT25D1. 

The increasing number of the evidence correlating the excessive Lys→Hyl conversion to 

tumours progression and metastasis, make PLOD enzyme valuable targets for the 

development of antitumoral drugs. In chapter 4 has been presented the work done on LH3, 

to develop new antitumoral drugs. The 2-OG-competitive inhibitors or the structure-guided 

libraries are not effective to inhibit LH activity; thus, this moved us to explore other 

possibility to achieve this aim. Our experimental observations, gathered with MD 

simulations, revealed that while Fe2+ is essential for lysine hydroxylase activity, an excess 

of this metal ion leads LH3 into an allosteric self-inhibited state. This because the LH domain 

host two Fe2+ ions, one in the catalytic domain coordinated by the residues His595, Asp611 

and His613 and the other one is coordinated by the residues Asp597 in proximity of the 

capping loop. Asp611 or Asp597 mutations are correlated with a significant improvement in 

the uncoupled conversion of 2-OG into succinate, suggesting a more accessible catalytic 

pocket. As well as Fe2+, metal ions chelators, like 2,2’-bypyridine (BPY), show different 

effect on LH3 activity: at low concentrations they enhance LH3 activity, while at high 

concentrations they inhibit LH3 activity. The effect of low BPY concentrations can be 

explained by the chelating effect that it has toward the Fe2+ in proximity to the external 

capping loop, thus making the catalytic site much more accessible. These findings are 

essential to start the development of new LH3 inhibitors which could effectively interfere 

with PLOD activity, thus proposing a spectrum of candidates for the development of new 

antitumoral drugs.   

 

Two of the works which have been presented (chapter 3 and 5) are crucial to understanding 

the structural and biochemical features of glycosyltransferase. These family of enzymes, 

despite the broad spectrum of substrates that they can process, have similar mechanism of 

action so that is possible to analysed them with structural comparisons. In the work about 

the molecular ‘hot spot’ of LH3 glycosyltransferases domain, has been revealed how, 

however the similarity in the PLOD GGT domain superfold,, PLOD 3 has unique features 

which enable high Glc-T transferase activity of this isoform compared to the others. A 

structured based guided mutagenesis has been used to map the critical residues involved in 

LH3 Glc-T activity. A first region identified as important for enzymatic activity is a flexible 

region named as glycoloop. In this region Val80 is a critical residue for PLOD3 activity 

(Lys68 in LH1 and Gly80 in LH2). When this residue is mutated the Glc-T activity of LH3 
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is drastically compromised, this as result of an increased degree of flexibility of the 

glycoloop: leading to an incorrect positioning of the residue toward the donor substrate. 

However, there are other residues in the glycoloop which synergistically coordinate the 

reaction’s substrate. For example, Trp92 (Leu80 in LH1 and Leu92 in LH2) is critical to 

stabilize the LH3 glycoloop through its aromatic ring. However, its mutation does not 

completely abolish LH3 Glc-T activity. The second region which has been described as 

critical for PLOD Glc-T activity is the poly-Asp-helix [290, 291]. In LH3 the residue Asp190 

when mutated to Ser (making LH3 like LH1) reduce drastically the Glc-T activity, while in 

LH1 the mutation Ser178Asp (hence making LH1 like LH3) surprisingly increase Lh1 Glc.T 

activity. In the Gt active site of LH3 there is a non-conserved loop with two aromatic 

residues, Trp145 and Trp148. In other GT-A glycosyltransferases, usually the Position of 

Trp145 is occupied by aromatic residues, and it seems a critical residue involved in the 

catalysis. Trp148 is more open and less conserved than Trp145 and its role is still not 

completely clear; it could be involved in the acceptor recognition through long range 

stabilizing interactions with collagen. Another residue identified near the poly-Asp-helix is 

Gln192, which lie away from the donor binding site, thus having a minor role into the direct 

catalysis of the substrate. The other residues which are strictly related to the processing of 

the donor glycan are Glu141 and Asn165, with their side chains pointing directly toward the 

donor sugar. The mutation Asn165Ala strongly reduce the Glc-T activity, because this 

residue is involved in the activation or in the transfer of the donor substrate. While mutations 

of the residue Glu141 lead to a complete absence of the Glc-T activity of LH3, making it as 

the main ‘hot spot’ for the LH3 glycosyltransferase activity.  

This work has been of crucial importance since the crystal structure of the procollagen 

galactosyltransferase GLT25D1 was solved. The GGT domain of LH3 as well as the GT 

domains of GLT25D1 are GT-A glycosyltransferases, however there are deep difference 

among them which define their substrate specificity and affinity. The enzyme GLT25D1, is 

a head-to-head homodimer, each monomer is composed of two globular domains 

interconnected by a rigid loop. Has been demonstrated that the catalytically active domain 

is the C-terminal GT2 domain, while the N-terminal GT1 domain has a primary role into 

dimerization and in the interaction with LH3 [292]. While the GT1 domain is closely related 

to the LH3 AC domain, the topology of the GT2 domain is different. There is a high 

conservation of the residues around the Mn2+ and the UDP-α-galactose in the GT2 domain, 

the metal ion is coordinated by an EDD motif instead of the canonical DxD motif which 

usually characterises inverting GT-A glycosyltransferases. Between the apo and the donor-

bound structure there are no big differences, aside from the rearrangement of the flexible C-

terminal segment which acts as a gating loop. Thus, both LH3 and GLT25D1 show 

elongated, s-shaped, quaternary structure which could be a critical geometrical configuration 

for the recognition and processing of collagen molecules. However, they have catalytic 

domains with unique structural features which reflect the peculiarity of the collagenous 

molecules and their unusual set of post-translational modifications.  

In the last chapter have been described the recent advancement in the LH1 structure 

determination and has been highlighted the unusual quaternary structure which this enzyme 

adopts. Is still not clear the reason of such organization and few experimental data related to 

this are present in literature. One putative speculation is the interaction of LH1 with the 

protein CYPB, thus making the interaction between these proteins critical for collagen 
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secretion[293, 294]. However, further data need to be collected to decipher the complex 

relationship between the structures of these enzymes with their substrate specificity and/or 

their intricated protein-protein interaction network.  
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