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Ubiquitin C-terminal hydrolases (UCHs) are crucial enzymes within the ubiquitin-proteasome system, characterized by a characteristic Gordian knotted topology. Another important structural feature of the UCH family is a hydrophobic β-sheet core containing a conserved catalytic triad of cysteine, histidine, and aspartate wrapped by several α-helices and a crossover loop. The catalytic triad cleaves the (iso) peptide bond at the C-terminus of ubiquitin via a nucleophilic attack. The highly dynamic crossover loop is involved in substrate binding and selectivity. UCHs play vital roles in various cellular processes, such as cell signaling, DNA repair, neuroprotection, and tumor suppression. Point mutations in catalytic and non-catalytic residues of UCHs are linked to various diseases, including cancers and neurodegeneration. Additionally, post-translational modifications (PTMs), such as oxidation, impact the deubiquitinase activity of UCHs and increase aggregation propensity. This review focuses on how disease-associated point mutations, PTMs, and interactions with different binding partners modulate the structural and functional dynamics of UCHs and how perturbations of these functional dynamics are characterized using a battery of biophysical techniques to gain insights into the molecular mechanisms underlying UCH dysfunction and diseases.
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INTRODUCTION
Deubiquitinating enzymes (DUBs) are a family of proteases crucial for regulating the ubiquitin-proteosome system (UPS). They act as erasers, counteracting the effects of the E1/E2/E3 ubiquitination machinery as well as modifying the ubiquitin code, which is essential for maintaining protein health, cellular signaling, transcription regulation, and other biological functions (Komander et al., 2009; Reyes-Turcu et al., 2009; Wilkinson, 2009; Clague et al., 2013; Mevissen and Komander, 2017). DUBs are classified into two major classes: cysteine proteases and metalloproteases. Among the cysteine proteases, DUBs are further classified into six families based on their structural features and catalytic mechanisms: ubiquitin-specific proteases (USPs), ubiquitin C-terminal hydrolases (UCH), ovarian tumor proteases (OTUs), Machado-Josephine domain (MJD), motif interacting with Ub-containing novel DUB (MINDY), and zinc finger with UFM1-specific peptidase domain protein (zUFSP) (Clague et al., 2013; Abdul Rehman et al., 2016).
This review focuses on the human UCHs: UCH-L1, UCH-L3, UCH-L5 (also known as UCH37), and BRCA1-associated protein-1 (BAP1). UCH-L1 and UCH-L3 are single-domain proteins, sharing 52% sequence identity. UCH-L5 and BAP1 are multidomain proteins with the UCH domains located at their N-termini (Johnston et al., 1997; Fang and Shen, 2017) (Figure 1A). The UCH domains of all human paralogs are approximately 230 amino acids in length (Figure 1B). Structurally, UCHs fold into a 52 (Gordian) knotted topology with a central β-sheet surrounded by several α-helices (Johnston et al., 1997; Jarmolinska et al., 2019; Bishop et al., 2016). Their knotted topology is essential for DUB activity (Ferreira et al., 2024). They share a conserved catalytic triad consisting of cysteine, histidine, and aspartate residues responsible for cleaving ubiquitin from substrates (Figure 1C) (Das et al., 2006; Johnston et al., 1997; Misaghi et al., 2005; Nishio et al., 2009; Boudreaux et al., 2010). Being knotted also provides exceptional mechanostability to withstand pulling/unfolding-coupled proteasomal degradation, which is functionally relevant for UCH-L5, whose DUB activity is activated upon binding to the proteasomal subunit ADRM1/RPN13 (Sahtoe et al., 2015; Vanderlinden et al., 2015; Sriramoju et al., 2018; Sriramoju et al., 2020) Additionally, these proteins are also important model systems for studying the folding pathways of complex Gordian knotted proteins (Andersson et al., 2009; Zhang and Jackson, 2016; Lou et al., 2016; Ziegler et al., 2016; Lee and Hsu, 2018; Puri S. and Hsu S. T. D., 2022).
[image: Figure 1]FIGURE 1 | Multiple sequences and structural alignments of UCH-L1, UCH-L3, UCH-L5, and BAP1. (A) Domain organization of human UCHs; ULD: UCH37-liked domain; HBM: HCF binding domain; NLS: nuclear localization sequence. (B) Multiple sequence alignment of the human UCH domains. Asterisks indicate the conserved catalytic cysteine, histidine, and aspartate. The crossover loop residues are highlighted by a black line above the sequences. (C) Structural alignment of UCH-L1 (white; PDB ID: 2ETL), UCH-L3 (cyan; PDB ID: 1UCH), UCH-L5 UCH domain (gold; PDB ID: 3RII), and BAP1 UCH domain (green; PDB ID: 8H1T). The crossover loops are shown in darker colors. The crossover loops of UCH-L3 and BAP1 are disordered in the crystal structures. Inset: The catalytic triad of UCH-L1 and UCH-L3 with identities of the individual residues indicated in black and cyan for UCH-L1 and UCH-L3, respectively. The distances between the catalytic side-chain atoms are indicated.
UCHs are cysteine proteases that hydrolyze the (iso) peptide bond between ubiquitin and modified substrates through a nucleophilic attack by the catalytic cysteine to form a thioester intermediate between the catalytic cysteine and C-terminal glycine of ubiquitin. The final release of ubiquitin is mediated by a second nucleophilic attack by a water molecule (Boudreaux et al., 2010; Hanpude et al., 2017). The lengths of crossover loops, through which the ubiquitinated substrate accesses the catalytic sites of UCH proteins, vary among the four human paralogs, leading to different substrate specificities and catalytic efficiencies (Das et al., 2006; Misaghi et al., 2005; Nishio et al., 2009; Zhou et al., 2012; Mevissen and Komander, 2017). Having the shorter crossover loops, UCH-L1 and UCH-L3 cannot hydrolyze the iso-peptide bonds of K48-linked di-ubiquitin (Zhou et al., 2012), such that they are thought to be responsible for removing short peptide fragments on ubiquitin for ubiquitin recycling. In some cases, UCHs also process linear polyubiquitin chains (pro-ubiquitin) into mono ubiquitin for their proper functions (Ciechanover, 1998).
In addition to their role in the UPS, UCHs are also implicated in regulating different signaling pathways, DNA repair, neuroprotection, protection against oxidative stress, cell cycle regulation, mitochondrial function, tumor suppression, and oncogenesis (Komander et al., 2009; Clague et al., 2013; Bishop et al., 2016). Overall, these functions of the UCH family highlight their importance in a myriad of cellular processes and their potential significance in human health and diseases, including neurodegeneration and cancers (Lee and Hsu, 2017; Fang and Shen, 2017). UCHs are susceptible to post-translational modifications (PTMs, particularly redox-dependent oxidation of cysteines and methionines, which can be particularly detrimental to the DUB activities of UCHs (Lee et al., 2013). Therefore, the functional implications of oxidative stresses on the UCHs’ physiological roles are of biomedical importance.
UCHs exhibit abundant conformational plasticity, resulting in distinct open and closed conformations corresponding to the inactive (protonated catalytic cysteine) and active state (deprotonated catalytic cysteine) to allow substrate binding, catalysis, and interaction with regulatory molecules (Reyes-Turcu et al., 2009; Hsu, 2016). UCH-L3 undergoes a substantial folding-upon-binding process that sees the crossover loop wrap around ubiquitin to fold into a well-ordered conformation while being highly disordered without ubiquitin (Misaghi et al., 2005). Conformational changes upon ubiquitin binding are very subtle in the case of UCH-L1. Ubiquitin binding triggers a cascade of side-chain rearrangements to align the imidazole ring of histidine 161 (H161) towards the catalytic cysteine 90 (C90) in an appropriate geometry for efficient enzyme reactions (Das et al., 2006; Boudreaux et al., 2010). In the case of UCH-L5, much more subtle side-chain rearrangements are associated with ubiquitin binding. The ubiquitin-binding-induced conformational changes manifest in very different enzyme kinetics characteristics that show very different KM and kcat values in the Michaelis-Menten analyses of UCHs based on the fluorogenic ubiquitin 7-amido-4-methylcoumarin (Ub-AMC) hydrolysis assay (Table 1) (Hsu, 2016). While UCH-L1 and UCH-L3 exhibit comparable substrate binding affinities (KM) in the high nM range, the kcat values differ by two orders of magnitudes. This may be attributed to the misalignment of the catalytic triad of UCH-L1 in its apo form (Figure 1C). By contrast, the catalytic domain of UCH-L5 (residues 1–240, UCH-L51-240) exhibits poor substrate binding but a high turnover rate, resulting in a similar kcat/KM as that of UCH-L1, making them both poor enzymes in the context of Ub-AMC hydrolysis. The poor substrate binding of UCH-L51-240 may be attributed to the long crossover loop that could interfere with substrate binding while the catalytic triad is well-aligned to hydrolyze the substrate.
TABLE 1 | Comparison of enzyme kinetics parameters of UCHs.
[image: Table 1]A large number of familial mutations, truncations, and PTMs, such as phosphorylation, ubiquitination, acetylation, and oxidation, have been documented in the literature for the human UCHs, contributing to altered enzymatic activities, functional dynamics, folding stability, subcellular localization, and protein-protein interactions (Wilkinson et al., 1989; Ventii et al., 2008; Eletr and Wilkinson, 2011; Lee and Hsu, 2017; Affar and Carbone, 2018; Wang and Wang, 2021). Small molecule inhibitors against human UCHs with high selectivity and affinities have actively been pursued (Panyain et al., 2020; Hewitt et al., 2022; Grethe et al., 2022). Considering their important biomedical implications and the underlying dynamics that cover a broad spectrum of timescales, it is vital to obtain a comprehensive understanding regarding how changes in structures and dynamics of UCHs upon protein-protein interaction, PTMs, and alternations of other environmental factors contribute to their biological functions.
To achieve this, one must go beyond the static snapshots of conformational states by protein crystallography and cryo-electron microscopy (cryo-EM) single particle analysis. On the one hand, solution-state nuclear magnetic resonance (NMR) spectroscopy is exceptionally versatile in gleaning atomic insights into protein dynamics across a broad spectrum of timescales (Kleckner and Foster, 2011; Tzeng and Kalodimos, 2011; Sekhar and Kay, 2019; Palmer and Koss, 2019; Alderson and Kay, 2021; Dyson and Wright, 2021). On the other hand, small-angle X-ray scattering (SAXS) provides a global view of protein structures and dynamics in solution (Hammel, 2012). Recently, hydrogen-deuterium exchange mass spectroscopy (HDX-MS) has become a robust tool to characterize protein dynamics and map binding interfaces without the need for elaborated stable isotope labeling needed for advanced NMR spectroscopy (Masson et al., 2017; Masson et al., 2019; Hodge, et al., 2019; Trabjerg et al., 2018). These advanced experimental tools are complemented by long-term and multiscale molecular dynamics (MD) simulations to investigate protein dynamics with increased spatial and temporal resolutions (Zheng et al., 2019; Paissoni et al., 2020; Peacock and Komives, 2021; Kenny et al., 2024; Paissoni et al., 2024). In the review, we shall discuss our attempt to integrate experimental biophysical tools to understand the intrinsic dynamics and effects of pathogenic mutations and PTMs on the structures and functions of human UCHs.
MAIN TEXT
Impacts of disease-associated mutations on the structures and dynamics of UCH-L1
UCH-L1 is one of the most abundant proteins in human neurons, constituting 1–2% of total soluble protein in neuronal cells. Like other UCH members, UCH-L1 is a multifunctional enzyme and has been implicated in different biological processes, such as neuronal development, synaptic transmission, axonal transport, protection from oxidative stress, and ubiquitin homeostasis (Lee and Hsu, 2017). Specifically, UCH-L1 has been suggested to be an important biomarker for brain injury (Liu et al., 2019; Mi and Graham, 2023). At a molecular level, UCH-L1 is proposed to be a potentiator of cyclin-dependent kinase to enhance cell proliferation independent of its DUB activity (Kabuta et al., 2013). UCH-L1 variants harboring R63A and H185A mutations have been shown to bind to LAMP-2A associated with chaperone-mediated autophagy (Kabuta et al., 2008). UCH-L1 has even been shown to exhibit ubiquitin ligase activity toward α-synuclein (Liu et al., 2002). Nonetheless, the substrate specificity of UCH-L1 remains elusive.
UCH-L1 harbors a large number of clinically reported mutations, many of which autosomal dominant in the context Parkinson’s disease (PD) (https://www.uniprot.org/uniprotkb/P09936/entry) (Matuszczak et al., 2020). Specifically, the I93M mutation is an autosomal dominant risk factor found in PD patients Leroy et al., 1998) while the S18Y polymorphism is found be prevalent in Caucasian PD population but unlikely to be pathogenic (Lincoln et al., 1999; Healy et al., 2006). The E7A mutation is autosomal recessive transmission associated with childhood onset blindness (Bilguvar et al., 2013). Recombinant E7A variant shows >100-fold reduction in the DUB activity compared to the wild type. The R178Q and A216D mutations are compound heterozygous mutations found in a Norwegian family with early onset optic atrophy (Rydning et al., 2016). The expression of the A216D variant cannot be detected in patient cells while that of R178Q is 25% compared to control cells. Furthermore, bacteria-expressed recombinant A216D variant is insoluble, leading to loss of function, while recombinant R178Q variant exhibits an increased DUB activity based on the Ub-AMC assay (Rydning et al., 2016).
In this section, we shall focus on how two well-known mutations–I93M (UCH-L1I93M) and R178Q (UCH-L1R178Q) – affect the function of UCH-L1 through dynamic alterations in the catalytic triad and other regions without affecting the overall 3D structure according to X-ray crystallography (Boudreaux et al., 2010; Andersson et al., 2011; Sriramoju et al., 2015; Kenny et al., 2024). UCH-L1I93M is a mutant identified in a German family with PD (Lincoln et al., 1999). Recombinant UCH-L1I93M exhibits reduced DUB activity towards the model substrate, Ub-AMC (Healy et al., 2004). An animal study showed that over-expression of α-synuclein resulted in a significant loss of dopaminergic cells in UCH-L1I93M transgenic mice as compared to the wild-type (UCH-L1WT) mice, suggesting that the I93M mutation is linked to the progression of PD (Liu et al., 2002). Whole-exome sequencing of a Norwegian twin affected with early-onset neurodegenerative symptoms revealed heterozygous variants in UCH-L1 with R178Q (UCH-L1R178Q) and A216D (UCH-L1A216D) mutations (Nyberg-Hansen and Refsum, 1972; Rydning et al., 2016; Kenny et al., 2024). UCH-L1R178Q exhibits enhanced DUB activity and is proposed to play a neuroprotective role in maintaining cognition in these patients.
Nonetheless, the crystal structures of UCH-L1WT and UCH-L1I93M are virtually identical with a root mean square deviation (RMSD) of <0.3 Å for the backbone Cα atoms; the catalytic side-chains also align very well (Boudreaux et al., 2010; Kenny et al., 2024). In other words, the static snapshots of protein structures are insufficient to explain the loss or gain in the DUB activity (Figure 2A). To address this issue, we applied multidimensional and heteronuclear NMR spectroscopy to characterize the structures and dynamics of the UCH-L1 variants in solution states. In the case of UCH-L1, we showed that the backbone amide and side-chain methyl groups of UCH-L1I93M display large chemical shift perturbations far beyond the mutation site, indicating significant structural perturbations that cannot be probed by X-ray crystallography (Andersson et al., 2011; Sriramoju et al., 2015). Furthermore, NMR HDX analysis showed that the hydrophobic core residues in UCH-L1I93M exhibit increased fluctuations in their hydrogen bonding network, leading to an overall increase of the HDX rate by about 10-fold compared to that of UCH-L1WT, which is consistent with the decreased folding stability and increase aggregation propensity due to the I93M mutation. NMT HDX analysis of UCH-L1 probes very slow dynamics: The amide protons of the core residues in UCH-L1WT are fully exchanged after about 1 month whereas those of UCH-L1I9M become fully exchange with bulk solvent within days (Andersson et al., 2011). Equilibrium unfolding of UCH-L1 variants by urea showed a three-state unfolding process. The I93M mutation results in a reduced free energy of unfolding from the native state (N) to the intermediate state (I), ΔΔGI-N, by 1.36 ± 0.16 kcal mol-1 and a reduced free energy of unfolding from the intermediate state (I) to the denatured state (D), ΔΔGD-I, by 2.57 ± 0.27 kcal mol-1. The results were derived from global fitting to the changes in intrinsic fluorescence and far-UV circular dichroism (CD) signals as a function of urea concentration (Andersson et al., 2011) (Figure 2B).
[image: Figure 2]FIGURE 2 | Effects of disease-associated mutations on the structures and dynamics of UCHL1. (A) Structural alignment of the crystal structures of UCH-L1WT (white; PDB ID: 2ETL), UCH-L1I93M (magenta; PDB ID: 3IRT), and UCH-L1R178Q (green; PDB ID: 8DY8). Inset: structural alignment of the catalytic residues C90, H161, and D176 shown in sticks. The carbon atoms of UCH-L1WT, UCH-L1I93M, and UCH-L1R178Q are shown in white, magenta, and green, respectively. The nitrogen, oxygen, and sulfur atoms are shown in blue, red, and gold, respectively. (B) Structural mapping of chemical shift perturbations (CSPs) induced by the I93M mutation. The backbone amide nitrogen and side methyl carbon atoms that exhibit significant CSPs are shown in cyan and light pink spheres, respectively. The sizes of the backbone amide nitrogen atoms are shown in small, medium, and large sizes corresponding to composite (15N+1H) CSPs greater than 0.2, 0.5, and 1.0 ppm, respectively. The mutation site is shown in dark blue spheres. (C) Structural mapping of CSPs induced by the R178Q mutation. The backbone amide nitrogen atoms that exhibit significant CSPs–defined as the composite (15N+1H) CSPs greater than two standard deviations, 0.08 ppm–are shown in cyan spheres; those that are broadened beyond detection are shown in yellow spheres. The severe line-broadening effects are distributed globally.
UCH-L1 is metastable with a highly populated partially unfolding form (PUF) under native conditions (Lou et al., 2016). The PUF of UCH-L1 shares a highly stable core structure with a urea-induced folding intermediate, which can form a well-defined dimeric assembly despite being partially unfolded according to SAXS analysis (Lee and Hsu, 2018). Such a dimeric intermediate can be formed reversibly upon the removal and addition of urea under equilibrium conditions. However, the destabilization due to the I93M mutation results in rapid and irreversible aggregation of UCH-L1I93M in the presence of 3–4 M urea (Lee and Hsu, 2018). Note that the intrinsic disorder of UCH-L1 intermediate is inferred from the Kratky plot analysis that reports on the time-averaged X-ray scattering contributions from the conformational ensemble so there is no timescale information.
Contrary to UCH-L1I93M, which showed a well-resolved fingerprint two-dimensional backbone amide 15N-1H correlation spectrum and the three-dimensional triple resonance (1H, 13C, and 15N) spectra that enable complete backbone resonance assignments, more than 40 backbone amide 15N-1H correlations could not be traced in UCH-L1R178Q, which was attributed to altered protein dynamics on the µs-ms timescale that lead to unfavorable line broadening beyond detection. Structural mapping of these disappeared residues showed that the alterations in protein dynamics affect residues more than 20 Å away from the R178Q mutation site (Kenny et al., 2024) (Figure 2C). Despite the widespread changes in protein dynamics, likely on the µs-ms timescale, comparison of the SAXS/WAXS data of UCH-L1WT and UCH-L1R178Q suggested no changes in the global dimension, i.e., no unfolding, according to the Guinier plot analysis, and a minimal increase in the global dynamics according to the Kratky plot analysis (Kenny et al., 2024). Collectively, the NMR and SAXS/WAXS data indicated subtle dynamic changes within UCH-L1R178Q that are sufficient to generate significant functional changes (a 3-fold increase in the DUB activity). X-ray crystallography under crystalline states cannot probe such a dynamic change.
Mapping of oxidation-mediated altered dynamics in UCH-L1
UCH-L1 undergoes various PTMs, including phosphorylation, ubiquitination, and oxidation. Recently, it has been established that many DUBs, including UCH-L1, protect cells from oxidative stress by absorbing reactive oxygen species (ROS) through oxidation of their catalytic cysteine (Lee et al., 2013). Previous studies on PD patient samples show that C90 and C152 of UCH-L1 are irreversibly oxidized (C-SO2H and C-SO3H) and aggregate into Lewy bodies, a hallmark of PD (Choi et al., 2004). We set out to investigate how UCH-L1 changes its structure, dynamics, and function during the oxidation-reduction cycle. To mimic the cellular oxidation, we treated recombinant UCH-L1 with H2O2 and mapped the oxidized residues using mass spectrometry. We find that residues M1, M6, M12, C90, and C152 are highly sensitive to oxidation (Puri and Hsu, 2021). Furthermore, we dissected the effects of oxidization of individual residues on the structure, dynamics, and function of UCH-L1. We showed that oxidation of catalytic C90 is highly deleterious to both structure and function due to an increase in polarity of the hydrophobic core of UCH-L1, which contributes to partial unfolding, reduced stability, soluble oligomerization, and functional loss (Puri and Hsu, 2021).
In contrast, the oxidation of M1, M6, M12, and C152 under mild H2O2 stress (treatment with 30-fold H2O2 for 60–120 min) did not affect protein structure as the in-solution structural features captured by far-UV CD, intrinsic and ANS-based extrinsic fluorescence show no structural differences between the native and oxidized forms. Nonetheless, we found a reduction in the DUB activity that reflects a two-fold decrease in substrate binding, i.e., KM. This finding prompts us to investigate the effect of oxidation on the dynamics of UCH-L1. We find that oxidation of M1, M6, M12, and C152 impacts the dynamics of α-helix α1 and crossover loop, contributing to its reduced substrate affinity and hence DUB activity (Figure 3) (Puri and Hsu, 2021). Moreover, PTMs by bulky groups like cyclopentenone prostaglandin and 4-hydroxy-2-nonenal (HNE) lead to significant unfolding and loss of DUB activity in UCH-L1 protein due to disruption of hydrophobic interaction network in the folded UCH-L1 protein which ultimately leads to aggregation and functional loss (Koharudin et al., 2010; Jackson et al., 2012). Note that the half-life of UCH-L1 in sera is relatively long (<12 h) and the long half-life has been exploited to serve as a biomarker to monitor brain trauma together with glial fibrillary acidic protein (GFAP) (Diaz-Arrastia et al., 2014; Korley et al., 2022). The high abundance and long half-life of UCH-L1 could potentially contribute to a physiology role in absorbing ROS. Indeed, upregulation of UCH-L1 expression is induced by oxidative stress and UCH-L1 is proposed to be part of an anti-oxidative stress response in podocytes (Reichelt et al., 2023).
[image: Figure 3]FIGURE 3 | Dynamic changes in UCH-L1 upon oxidation. (A) Native UCH-L1 interacts with ubiquitin through α-helix α1 and crossover loop. (B) Mild oxidation of UCH-L1 results in oxidation of M1, M6, M12 (orange spheres), and C152 (green sphere) residues. (C) Oxidized M1, M6, M12, and C152 cause local dynamic alterations in UCH-L1 in α-helix α1, and a crossover loop is shown in magenta, which results in poor affinity for ubiquitin and hence partial loss in function. (D) Moderate oxidation of UCH-L1 (treatment with 30-fold H2O2 for over 4 h) results in the oxidation of catalytic C90 in addition to M1, M6, M12, and C152. Oxidation of C90 and the change in polarity in the hydrophobic core collectively contribute to the unfolding, loss of ubiquitin binding, and complete functional loss in UCH-L1.
Structures and dynamics of UCH-L3
Unlike UCH-L1, UCH-L3 is ubiquitously expressed in all tissue types. It is a main player in apoptosis and tumorigenesis, including breast, non-small lung, prostate, and ovarian cancers. Its interaction with ubiquitin and Nedd8 is critical in germ-cell apoptosis (Wada et al., 1998). However, its exact contribution to the progression or inhibition of cancer remains controversial. UCH-L3 shares a 52% sequence similarity with UCH-L1. The apo form crystal structures of UCH-L1 and UCH-L3 are also very similar: the overall pairwise positional RMSD of the resolved Cα atoms is only 0.8 Å. Nonetheless, the α-helix α2 exhibits a clear translational displacement between UCH-L1 and UCH-L3, and the crossover loop of UCH-L3 is highly disordered in the apo form (Figure 4A). A more subtle but functionally critical structural difference is the side-chain arrangements of the catalytic triad between UCH-L1 and UCH-L3. The imidazole side-chain of H161 of UCH-L1 is pointing away from the thiol side-chain of the catalytic C90, which the general base cannot stabilize until ubiquitin binding to UCH-L1 that triggers a cascade of side-chain conformational changes to align the catalytic side-chains to a productive conformation (Boudreaux et al., 2010) (Figure 1C). This misalignment may contribute to their significantly different DUB activities, as UCH-L3 is nearly 200 times more efficient as a DUB compared to UCH-L1 (Table 1) (Johnston et al., 1997; Misaghi et al., 2005; Hafez et al., 2022). Upon binding to ubiquitin, UCH-L3 undergoes substantial folding upon binding for the crossover loop and the following α-helix (Misaghi et al., 2005) (Figure 4B). The presence of another ubiquitin that covalently modifies that proximal ubiquitin through the K27 iso-peptide bond linkage does not significantly perturb the overall structure of the ubiquitin-bound UCH-L3 (van Tilburg et al., 2021) (Figure 4C).
[image: Figure 4]FIGURE 4 | Structural plasticity of UCH-L3. (A) Structural alignment of UCH-L1 (white, PDB ID: 2ETL) and apo UCH-L3 (light cyan, PDB ID: 1XD3). The crossover loops and the following α-helices of UCH-L1 and UCH-L3 are colored gold and magenta, respectively; the latter is highly disordered. A significant displacement between the two structures can be seen for α-helix 2. (B) The crystal structure of UCH-L3 in complex with ubiquitin (Ub; PDB ID: 1XD3). Ubiquitin (Ub) is colored orange. The crossover loop and the following helix become ordered upon binding to Ub. (C) The crystal structure of UCH-L3 in complex with a K27-linked di-ubiquitin (PDB ID: 6QML). The proximal and distal Ubs are colored orange and green, respectively. The side-chain of K27 of the proximal Ub and that of the C-terminal G76 of the distal Ub are shown in sticks with matching colors. The structure is superimposed with the highly transparent structure as in (B), which shows minimal structural changes in UCH-L3 and a minor rotation of the proximal Ub.
Structures and dynamics of UCH-L5
UCH-L5 is also known as UCH37; it is closely related to BAP1 with >40% sequence identity. UCH-L5 contains a coiled-coil C-terminal UCH37-like domain (ULD), which inhibits the DUB activity of UCH-L5 in cis by covering the ubiquitin-binding site, which can be relieved by binding to the helical bundle DEUBAD domain of the proteasomal subunit, RPN13 (Figure 5A). In contrast, the nuclear factor related to kappa-B-binding protein (NFRKB) – also known as INO80 – binds to the ULD of UCH-L5 to inhibit the DUB activity by covering the ubiquitin-binding interface of UCH-L5 (Figure 5B). The Hill and Sixma groups independently solved the two structures with virtually identical results (Vanderlinden et al., 2015; Sahtoe et al., 2015). RPN13 and INO80/NFRKB bind to the same ULD domain with opposing effects by changing the conformation of the long α-helix of the ULD connecting the UCH domain. In the activated form, RPN13 DEUBAD keeps the long α-helix straight, while in the inactivated form, NFRKB/INO80 bends the long α-helix of the ULD and uses its long helix to cover the ubiquitin entrance.
[image: Figure 5]FIGURE 5 | Structure of UCH-L5 in complex with ubiquitin and the DEUBAD domain of RPN13. (A) Cartoon representation of the ternary complex of the UCH domain and ULD of UCH-L5, Ub, and the DEUBAD domain of RPN13, which are colored white, yellow, orange, and teal, respectively (PDB ID: 4WLR). (B) Cartoon representation of the binary complex of the UCH domain and ULD of UCH-L5, and the nuclear factor related to NFRKB, also known as INO80, which are colored white, yellow, orange, and purple, respectively (PDB ID: 4WLP). Both structures are aligned with respect to the UCH domain of UCH-L5. The catalytic C86 of UCH-L5 is shown in red spheres in both panels and indicated with its residue name.
In addition to the plasticity of the ULD of UCH-L5, the long crossover loop of UCH-L5 has been demonstrated to be pivotal for its ability to hydrolyze the K48-linked di-ubiquitin whereas UCH-L1 and UCH-L3 cannot. Grafting the crossover loop of UCH-L5 onto UCH-L1 and UCH-L3 renders the chimeras capable of processing the K48-linked di-ubiquitin (Zhou et al., 2012). Nonetheless, the atomic structure of UCH-L5 in complex with K48-linked di-ubiquitin is currently unknown. It is unclear how the long crossover loop of UCH-L5 would flap up or down to accommodate the K48-linked di-ubiquitin, which requires a lot more space than the insertion of the C-terminus of a mono-ubiquitin (Lee et al., 2017).
Mapping of mutation-mediated dynamics in BAP1
BAP1 is a master regulator of tumor suppression (Carbone et al., 2013). It is 729 amino acids long with the N-terminal UCH domain, followed by the host cell factor binding motif (HBM), non-organizing region (NORS), UCH37-like domain (ULD), and two nuclear localization signals (NLS1 and NLS2) at the C-terminus (Figure 1A) (Jensen et al., 1998; Ventii et al., 2008; Masclef et al., 2021). These functional domains interact with many cellular proteins, including host cell factor 1 (HCF-1), INO80, transcription factor Yin Yang 1 (YY1), BRCA1-associated Ring domain protein 1 (BRAD1), and sex comb-like transcription regulators 1/2 (ASXL1/2). BAP1 contributes to various cellular processes, ranging from chromatin remodeling, cell cycle progression, regulation of transcription, cell proliferation, apoptosis, and regulation of chromosome stability (Pan et al., 2015; Carbone et al., 2013; Sime et al., 2018). Many germline mutations in the BAP1 gene are linked to the high incidence of aggressive cancers, such as uveal melanoma, renal cell carcinoma, and cutaneous melanoma. In contrast, low-frequency somatic mutations contribute to lung, breast, and colon cancers. According to the Catalog of Somatic Mutations in Cancer (COSMIC) database, 60% of cancer-associated mutations in BAP1 are located within the UCH domain (BAP1-UCH) (Bhattacharya et al., 2015). Additionally, substitution, deletion, and truncation in the UCH domain of BAP1 all contribute to the onset and progression of different cancers. We and other groups have characterized many catalytic and non-catalytic mutations within BAP1-UCH, including S10N, G45R, I47F, S63C, N78S, F81V, C91G, C91S, C91W, A95D, G128R, H169Q, Y173D, G178V and W196G, to understand their impacts on structure, dynamics, stability, and DUB activity (Bhattacharya et al., 2015; Puri et al., 2022).
We have shown by differential scanning calorimetry (DSC) that all BAP1-UCH variants (residues 1–238) exhibit two distinct thermal unfolding transitions (Puri et al., 2022). The two melting temperatures of wild type BAP1-UCH are 46.9 and 50.0°C. Most of the cancer-associated variants exhibit reduced melting temperatures by as much as 7°C compared to wild type. In contrast, the catalytically inactive C91G variant shows significantly increased melting temperatures by 5.6 and 4.6°C compared to those of wild type. In addition, significant loss of the enthalpy of unfolding is observed that correlate with the reduced melting temperatures. Furthermore, the compactness of the BAP1-UCH variants defined by their radii of gyration (Rg) derived from small angle X-ray scattering (SAXS) also correlates well with the enthalpy of unfolding. The most destabilized variants, F81V and G128R have an Rg value of 26.6 ±0.4 and 26.9 ± 0.3 Å compared to 21.4 ± 0.1 Å for wild type. These two highly destabilized variants exhibited increased aggregation propensity evidenced by their fast aggregation kinetics monitored by 8-Anilinonathalene-1-sulfonic acid (ANS) and thioflavin T (ThT) fluorescence. They also exhibit significantly reduce the DUB activity despite their distant location (more than 20 Å away) from the catalytic triad.
To examine how these cancer-associated mutations impact on the folding stability of BAP1-UCH, we used HDX-MS to probe the folding dynamics on the minute-to-hour timescale manifested in deuterium uptakes of individual peptides. The deuterium uptake of peptide backbone amide groups reflect solvent exposure and hydrogen bond stability. An increased deuterium uptake for a given peptide segment indicates increased fluctuations of the corresponding local structure. Pairwise comparison of the deuterium uptakes of F81V and F128R with respect to WT shows significantly higher deuterium uptake in the β-sheet-rich hydrophobic core of the mutants, which may contribute to the mutants’ increased aggregation propensity and reduced DUB activity.
Another interesting mutation is N78S, which does not affect structural features and stability (similar mid-point of denaturation to WT BAP1 in a thermal unfolding experiment) but shows a two-fold increase in the DUB activity of BAP1. HDX-MS data showed that N78S mutation results in enhanced dynamics in the catalytic triad, which could contribute to the increased DUB activity. For other high-frequency cancer-associated mutations, we also observed long-range perturbation of the deuterium uptakes far away from the mutation sites (Figure 6) (Puri et al., 2022).
[image: Figure 6]FIGURE 6 | HDX-MS analysis of BAP1 variants harboring cancer-associated mutations. Structural mapping of differential deuterium uptakes of cancer-associated variants to WT. The cartoon representations of BAP1-UCH variants are color-coded blue-to-dark red, corresponding to reduced-to-increased deuterium uptakes of individual peptides relative to WT. The mutation sites are indicated in yellow spheres. The uncovered regions are colored in gray. An enlarged reference cartoon representation of BAP1-UCH is shown on the left, which is color-ramped from green to white to magenta for the residues from the N terminus to the C terminus. The individual secondary structural elements are labeled accordingly (Figure adapted from Puri et al. (2022), with permission from Elsevier).
Mapping of oxidation-mediated altered dynamics in BAP1-UCH
Similar to other DUBs, BAP1 undergoes various PTMs, including phosphorylation, ubiquitination, and oxidation (Pan et al., 2015; Puri and Hsu, 2022b). Unlike UCH-L1, however, oxidation of cysteine residues is highly deleterious for the structure and function of the UCH domain of BAP1 (BAP1-UCH) (Puri and Hsu, 2022a). BAP1-UCH contains three cysteines hidden inside the hydrophobic core. In such a scenario, catalytic cysteine (C91) undergoes oxidation first due to its lower pKa followed by the other two cysteines (C39 and C102) (Puri and Hsu, 2022b). Oxidation of catalytic cysteine increases the polarity in the hydrophobic core and results in partial unfolding and irreversible aggregation of BAP1-UCH, which was reversible in the case of UCH-L1 due to a surface-exposed cysteine C152. This work highlighted that the overall organization of cysteine residues in 3D structures plays a critical role in making UCH-L1 a ROS scavenger (Puri and Hsu, 2022b; Puri and Hsu, 2021). However, oxidation of BAP1 might be pathogenic to the cells due to its complete loss of function and aggregation, which needs to be verified with future cell-based or model organism-based experiments.
Mapping of binding partners induced dynamic alterations in BAP1
The DUB activity of BAP1 is allosterically modulated by its binding partners. One of the most explored mechanisms for this is the enhancement of the DUB activity of BAP1 due to the binding of polycomb group-like protein ASXL1/2 proteins with the ULD domain of BAP1. The ternary complex of the BAP1-UCH domain, BAP1-ULD domain, and ASXL2-AB domain has a 1:1 stoichiometry with a dissociation constant, Kd, of 4.26 µM. The modest Kd is appropriate for maintaining reversible binding. Biochemical investigations on the binding sites showed that ASXL2-AB binds to residues R666-H669 of the BAP1-ULD domain. The binding stabilizes the crossover loop without affecting the conformation of the catalytic residues. Stabilization of the crossover loop contributes to the higher binding affinity of the UCH domain for ubiquitin and, therefore, enhanced DUB activity. The enhanced activity of BAP1 is responsible for the deubiquitylation of histone H2A on chromatin to regulate the activity of transcription factors (Peng et al., 2018; Peng et al., 2021; De et al., 2019).
Despite the biomedical importance of BAP1, it has been refractory to crystallization for high-resolution crystallographic structure determination. We have been able to use one-dimensional methyl NMR spectra to assess the conformational differences between different cancer-associated variants of BAP1, but the structural details are limited. Recently, the cryo-EM structure of BAP1 in complex with ubiquitinated H2A as part of the Polycom repressive deubiquitinase complex (PR-DUB) has been independently reported, representing a breakthrough in our structural understanding of BAP1 (Thomas et al., 2023; Ge et al., 2023). Nonetheless, the local resolutions of BAP1-UCH are limited due to the intrinsic dynamics of the UCH domain outside the core histone complex (Figure 7). Subsequent local refinement has improved the cryo-EM map of the BAP1-ASXL1 (1–378)-Ub sub-complex has been improved to 3.9 Å to enable unambiguous definition of the backbone structure (Ge et al., 2023).
[image: Figure 7]FIGURE 7 | Cryo-EM structure of BAP1 as part of the PR-DUB complex. The atomic model (PDB ID: 8H1T) (A) and the associated cryo-EM map (EMD-34431) (B) of the PR-DUB complex. The individual subunits are differentially colored and indicated accordingly. The local resolution of BAP1 is insufficient to resolve the secondary structures as opposed to the well-resolved base pairing of the DNA and the α-helix of H2A. The cryo-EM map is displayed at the recommended contour level of 4.6 σ according to EMDataResource (https://www.emdataresource.org/EMD-34431). The position of the catalytic C91 of BAP1 is indicated in (A).
Mechanostability in human UCHs
All UCHs share an intricately knotted backbone topology with five projected non-reducible crossings to form a 52 Gordian knot (Hsu, 2023). The folding mechanisms of UCHs have been experimentally characterized in detail (Andersson et al., 2009; Andersson et al., 2011; Lee et al., 2017; Lou et al., 2016). Similar to the much larger SPOUT RNA methyltransferases superfamily, the knotted structural elements are required to bind to substrates or co-factors, including the Ub binding motif of UCHs (Hsu, 2023). Untying the topological knots of 31 trefoil-knotted YbeA and YibK by circular permutation abolished their co-factor binding pertinent to the RNA methylation function while maintaining the native contacts and three-dimensional structures (Ko et al., 2019; Chuang et al., 2019). Progressive truncation of the N-terminus of UCH-L1 also abolishes its DUB activity, as predicted by molecular dynamics simulations (Ferreira et al., 2024).
The intricate entanglements of topologically knotted proteins can be tightened into tight knots when subject to pulling-induced unfolding from one or both ends. Indeed, mechanical pulling experiments have been applied to several topologically knotted proteins, including UCH-L1 (Bornschlögl et al., 2009; He et al., 2014; Ziegler et al., 2016). When pulled from different positions other than the N- and C-termini, UCH-L1 can be transformed into other knot types as a result of partial disentanglement (Ziegler et al., 2016). In addition to the single-molecule force microscopy analysis of knotted proteins, their mechanostability has been examined biochemically with the aid of the bacterial proteasome ClpXP (Cordova et al., 2014). By appending a short ssrA tag to the C-termini of target proteins, ClpX would bind to the ssrA tag and exert mechanical unfolding force fueled by ATP hydrolysis to pull the unfolded substrate into the downstream ClpP proteolytic chamber for degradation. Compared to the small 31 knotted MJ0366 (San Martin et al., 2017), human UCHs are much more resistant to ClpXP-mediated force unfolding-coupled proteolysis (Sriramoju et al., 2018; Sriramoju et al., 2020). Specifically, UCH-L5 exhibits the slowest ClpXP proteolysis rate, which is four orders of magnitude slower than that of the green fluorescent protein, GFP, despite the much lower thermal and chemical stability of UCH-L5 compared to that of GFP (Sriramoju et al., 2018). The truncation of the first 11 residues, UCH-L1∆11, resulted in accelerated ClpXP proteolysis; the truncation also results in the loss of the 52 knot as UCHs have a shallow knot at the N-termini, which could be unknotted by removing the first 6-8 residues. As UCH-L5 functions on the 26S proteasome after being activated upon binding to the RPN13 subunit (Figure 5A), being mechanically stable may have functional advantages when working on the proteasome that constantly unfolds substrates for subsequent proteolysis similar to ClpXP.
CONCLUSION
This review highlights how mutations, PTMs, and protein-protein interactions alter the functional dynamics of human UCHs. The molecular understanding of the underlying mechanisms regulating the DUB activity of individual UCHs is essential for defining the molecular basis of substrate specificity and their implications in different biological pathways. While the physiological substrates of BAP1 are well-documented and under detailed scrutiny, little is known about the bona fide substrates of UCH-L1, UCH-L3, and UCH-L5. This review also underscores the need for an integrative structural biology and biophysics approach as the DUB activities of UCHs are tightly coupled with their dynamics under different physiological conditions that include the effects of PTMs, mutations, and substrate binding. These dynamic features may not be accessible to crystallography and cryo-EM analyses that afford high-resolution structural information as snapshots of functional states. Long-term molecular dynamics simulations, single molecule FRET, and quantitative NMR analyses about the conformational exchanges across different timescales could potentially be employed to glean a comprehensive view of the functional dynamics of UCHs, which are critical for a better understanding of UCH biology.
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