SAXS CURVES PREDICTION FOR HUMAN TRANSGLUTAMINASES
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Abstract - Transglutaminases (TGs) are a unique group of enzymes that facilitate the post-translational modification of proteins by forming isopeptide bonds. Understanding that diverse processes such as normal and cancerous cell growth, reproduction, and cell death rely on sufficient levels of transglutaminases and that these enzymes can influence the differentiation and proliferation of various cell types has led many researchers to explore these intriguing molecules. Additionally, transglutaminases play a role in several diseases, including celiac disease and neurological disorders. In mammals, nine distinct isoenzymes of TGs have been identified at the genomic level. However, only a limited number of proteins possess reliable structures for future studies, while most have only partial structures.
We have predicted open and closed conformations of TG1, TG3, TG4, TG5, TG6, TG7 using AlphaFold and have calculated theoretical SAXS curves for each model using CRYSOL software. Moreover, we demonstrated the ability to distinguish open and closed conformation of TG1 using SAXS.

INTRODUCTION
Transglutaminases (TGs) are found across the phyla including microorganisms, plants, invertebrates, and vertebrates. In mammals, nine genes constitute the TG enzyme family, of which eight encode for active enzymes: TG1 to TG7 and Factor XIII-A (FXIII-A). TGases are widely distributed, and each isozyme is involved in multiple biological processes (Table 1). The active enzymes of the TGase family are responsible for the formation of Nε-(γ-glutamyl)-lysine crosslinking between glutamine and lysine residues in Ca2+-dependent posttranslational modification [1]. Besides the crosslinking activity, TGases catalyze the polyamidation and deamidation of γ-carboxamide groups of a protein/polypeptide glutaminyl residue (Fig.1).
The protein structure of TGs includes an N-terminal β-sandwich domain, catalytic and regulatory core domain, and two C-terminal β-barrels.[2,3] Upon activation, TGs undergo conformational change where the two β-barrels extend out opening the structure. This change is triggered by stimuli such as Ca2+-ion binding to the enzyme and redox conditions [4]. In the case of TG2, GTP binding to its structure maintains the enzyme in closed conformation and is thus inactive [5,6]. For other proteins of the TGase family, it is known that they obtain several conformations, which alter the functions of each protein; however, there is no structural data on the topic. 
Transglutaminases play a role in several diseases, including celiac disease, renal fibrosis and neurological disorders such as Alzheimer’s disease. For the proper selection and development of substrates-based peptide drugs, it is essential to know the exact structures of each type of transglutaminase. Understanding the differences in the structure of active sites and the characteristics of TGs will enable the production of highly specific substrates for each type of protein from the TG family. Currently, there are no fully resolved structures of the active open and inactive closed conformations of all TGs. According to Ivashchenko S. et al. [7], a fully resolved open conformation of TG2 has been obtained using the AlphaFold-based structure prediction. For other types of TGs, there are no such predicted structures, and ProteinDataBank contains only partially resolved structures which have been obtained using X-ray diffraction. 
[image: A diagram of a complex of lymphocyte

Description automatically generated]
Figure 1. A: Calcium ions activate TGs, facilitate the transition between closed and open conformations. B: Catalytic reactions of TGs’ open conformations. TGs can modify specific glutamine residues of proteins in 3 different ways; 1) glutamine residues can be cross linked to lysine residues to form γ-glutamyl-ε-lysine isopeptide bonds. This reaction creates protein polymers and networks. 2) glutamine residues can be cross linked to primary amines. This is frequently used as an approach to identify substrates, i.e., primary amine is labeled with biotin, and 3) when reaction occurs in the absence of lysine in aqueous environment, glutamine residue can be deaminated to a glutamic acid.

In the current research, we have obtained fully resolved models for TG1, TG3, TG4, TG5, TG6, TG7 for the first time using AlphaFold predictions. To understand whether it is possible to distinguish between different conformations and TGs, we calculated theoretical SAXS curves for each model using CRYSOL.
Table 1. Catalytically active members of the mammalian TGase family
	TGs
	Tissue distribution
	Biological function

	TG1
	Epithelia
	Barrier function in epithelia

	TG2
	Ubiquitous
	Cell death, survival signal, cell adhesion, fibrosis

	TG3
	Epidermis, hair follicle
	Terminal differentiation of keratinocytes, hair follicles

	TG4
	Prostate gland
	Semen coagulation (rodents)

	TG5
	Foreskin keratinocytes, female reproductive tissues, skeletal muscle
	Epidermal differentiation

	TG6
	Epidermis, testis, brain
	Formation of epidermis and hear follicle, neuronal development

	TG7
	Testis, kidney
	Unknown

	FXIII
	Plasma, brain, bone
	Blood clotting, bone growth



RESULTS
To understand whether we can distinguish between open and closed conformations of each transglutaminase, we applied CRYSOL modeling and Alphafold software. CRYSOL is a program for evaluating the solution scattering from macromolecules with known atomic structure and possibly fitting it to experimental scattering curves from Small-Angle X-ray Scattering (SAXS) and Alphafold was used to predict models of the proteins. According to the data obtained, we are able to distinguish between open and closed conformations for TG1 (Fig.2A). For other types of TGs, it will be quite challenging to predict differences between open and closed states (Fig.2B, C). We also verified whether TGases’ open and closed conformations are distinguishable within the group of proteins. The comparison of open conformations of TG1 and TG4 is shown in Fig. 2G. According to charts (Fig.2D-2I), we concluded that it is difficult to distinguish the open conformation of TG1 from that of TG4, as well as for all other TGs. The results highlight the high conservativity of domains among different representatives of the transglutaminase family.
[image: ]Figure 2. Theoretical SAXS curves (CRYSOL). A - comparison of the open (black) and closed (grey) conformations of TG1, B - comparison of the open conformation of TG3 (black) and the closed conformation of TG3 (grey), C –TG6 closed (black) and TG6 open (grey), D - TG4 closed (black) and TG1 closed (grey), E - TG3 closed (black) and TG4 closed (grey), F - TG5 closed (black) and TG4 closed (grey), G - TG1 open (black) and TG4 open (grey), H – TG4 open (black) and TG6 open (grey), I – TG4 open (black) and TG5 open (grey).
The X-axis represents the scattering angle vector - q, and the Y-axis represents the natural logarithm of the scattering intensity.

CONCLUSION
We constructed theoretical SAXS curves for each model of TGs using CRYSOL and Alphafold software. According to the obtained data, TG1 conformations can be distinguished using SAXS; however, for other transglutaminases the conformations are indistinguishable by SAXS technique. Therefore, SAXS method could be used for the validation of TG1-selective inhibitors, underlying the importance of the study for drug development. Moreover, a combination of the native PAGE protein separation and SAXS could be used to distinguish between TGase proteins and conformations in the future studies.
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