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USEFUL LINKS  
 

  
(Please note that the inclusion of links to external sites should not be taken as an endorsement of that site by the SGC in any way) 

 

SUMMARY OF PROJECT  
 
This project provides the tools and data to develop small molecule inhibitors for an inherited metabolic 
disorder (Primary hyperoxaluria type 1) due to the defective enzyme (AGXT), by targeting the enzyme 
(HAO1) upstream of the glyoxylate metabolic pathway to mitigate the defect (i.e. substrate reduction 
approach). This TEP package includes recombinant human HAO1 purification protocols, structures of the 
HAO1 in different states, in vitro assays to detect ligand/inhibitor binding (DSF, SPR) and enzyme activity 
(amplex red assay) of human HAO1, as well as initial chemical matters identified from crystallography-based 
fragment screening. 
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SCIENTIFIC BACKGROUND  
 

Genetic linkage  

Glyoxylate is a highly reactive molecule generated through the oxidation of glycolate in peroxisomes and 

the catabolism of hydroxyproline in mitochondria. These pathways represent the end-product of the 

metabolism of several amino acids (e.g. glycine) and sugars (e.g. glucose, fructose). Under normal 

conditions, glyoxylate is rapidly detoxified into glycine through the peroxisomal enzyme alanine-

glyoxylate aminotransferase (AGXT, EC 2.6.1.44). Primary hyperoxaluria type 1 (PH1) is an autosomal 

recessive disorder caused by loss-of-function mutations in the AGXT gene (OMIM 259900) (Fig 1, red) (1). 

The principal hallmark of PH1 is deposition of insoluble calcium oxalate stones from the oxidation of 

glyoxylate, which accumulates due to deficient AGXT activity in hepatocyte peroxisomes. The main target 

organ for accumulation of calcium oxalate stones is the kidney, commonly leading to end stage renal disease. 

As kidney function declines, calcium oxalate is also deposited in other tissues e.g. heart, nerves, bone, eyes 

and bone marrow (2).  

 

Unmet need  

To date there is no transformative therapy for PH1 (3). For a subset (~30%) of PH1 patients, the disease 

process is slowed down by supplementation of pyridoxine, the precursor for the AGXT enzyme cofactor 

pyridoxal 5’-phosphate. For pyridoxine non-responsive patients, the only treatment option is combined liver 

and kidney transplant with risk of morbidity and immunosuppression. PH1 is a poor target for gene and 

enzyme replacement therapies, as curative treatment requires correction of oxalate overproduction in the 

majority of hepatocytes and these methods are not currently capable of high enough efficiency. 

 

Rationale 

We propose that the substrate reduction approach to inhibit the biosynthesis of glyoxylate, the precursor 

of oxalate, could provide therapeutic benefit for PH1 by reducing the pool of glyoxylate available for 

oxidation to insoluble oxalate. One target enzyme for inhibition is glycolate oxidase (also known as 

hydroxyacid oxidase, HAO1) (Fig 1, blue)(4) which catalyses the conversion of glycolate to glyoxylate and to 

a lesser extent the subsequent oxidation to oxalate. 

 In the pathway of glyoxylate production, HAO1 is the enzyme immediately upstream of AGXT, the 

causative defect for PH1. HAO1 is primarily expressed in liver and pancreas (4). 

 Individuals carrying rare HAO1 mutations are reported as asymptomatic (5). 

 siRNA targeting HAO1 reduced urinary oxalate by 50% in a PH1 mouse model (AGXT-/-) (6,7), with 

similar results in disease model from other primates (8). 

 

Figure 1 Pathway of glyoxylate production in liver peroxisome 

https://www.ncbi.nlm.nih.gov/gene/189
https://www.omim.org/entry/259900?search=259900&highlight=259900
https://www.ncbi.nlm.nih.gov/gene/54363
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RESULTS – THE TEP 

 

Proteins Purified 
 

Human HAO1  
HAO1 catalyses the FMN-dependent oxidation of glycolate to glyoxylate. It belongs to the class of 2-

hydroxyacid oxidases involved in the peroxisomal oxidation of 2-hydroxyacid intermediates generated in the 

alpha oxidation pathway to hydrogen peroxide (H2O2) and keto-acids. We have generated the full-length 

construct (aa 1-370) as well as a nested set of constructs with varying N-terminal (Met1, Leu5, Ile8) and C-

terminal (Pro364, Ser368, Ile370) boundaries for human HAO1 (hHAO1), all yielding high levels of soluble 

recombinant protein when expressed in E. coli.  

 

Structural data 
 

hHAO1 structures 
We have determined two high resolution (1.35 Å) crystal structures of hHAO1 bound with FMN (Fig 2A). 

One structure (PDB 2NZL) captures the product glyoxylate at the active site, and the other structure is bound 

with the substrate glycolate (PDB 6GMB). Our structural data reveal substrate-induced ordering of the loop 

4 (aa 169-212) between strand β4 and helix α4, which guards access to the active site. Loop 4 is disordered 

in the product-bound structure, and adopts varying conformations in the fragment-bound structures as 

described in latter sections. 

The hHAO1 structure displays an 8-stranded α/β TIM barrel motif typical for the family of L-2-hydroxyacid 

oxidases and dehydrogenases (Fig 2A). The active site of hHAO1 is located at the loops (e.g. loop 4) found 

at the C-terminal end of the barrel β-strands. The FMN cofactor is located in a hydrophobic pocket and held 

in place by multiple polar interactions. Our structures reveal subtle differences in the configuration between 

the glycolate substrate (non-planar) and product glyoxylate (planar), with glycolate in a position poised for 

its proton to be abstracted on its way to form the carbanion intermediate (Fig 2B). 

 

 
Figure 2 (A) Structure of hHAO1 protomer revealed by the substrate-bound (orange) and product-bound (blue) 
structures. (B) Surface representation of the active site bound with glycolate and FMN, showing the distance between 
glycolate α-carbon and FMN N5 nitrogen favourable for hydride transfer. (C) Ab initio SAXS model of hHAO1 tetramer 
overlaid with crystal structure. 

 

 

 

https://www.rcsb.org/structure/2znl
https://www.rcsb.org/structure/6GMB
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The hHAO1 protomer in the crystal asymmetric unit forms homo-tetramers with neighbouring subunits in 

the unit cell, resulting in C4 symmetry. The primary monomer-monomer interface is formed by the loop 

connecting the first two β-strands β1-β2 (aa 51-60) and the last helix α8 (aa 335-350) from one monomer, 

and helix αD within loop 4 (aa 163-171) from the other monomer. The hHAO1 tetramer is confirmed in 

solution by size exclusion chromatography (SEC), as well as by small angle x-ray scattering (SAXS)(Fig 2C).  

  

In vitro assays 

 
Differential scanning fluorimetry 

We applied the thermal shift assay (differential scanning fluorimetry) to detect binding of native ligands of 

hHAO1 by ligand-induced thermal stabilization. The enzyme cofactor FMN (0.1 mM) causes a shift in melting 

temperature (ΔTm) of 10.8 oC to the as-purified protein (2 uM), while the substrate glycolate (5 mM) causes 

a ΔTm of 6.5 oC.  

 

Fluorescence activity assay 

We followed H2O2 formation during hHAO1-catalysed oxidation of glycolate to glyoxylate by coupling the 

reaction with horseradish peroxidase and a reporter substrate, Amplex Red. In the presence of H2O2, 

horseradish peroxidase oxidises Amplex Red to fluorescent resorufin, allowing fluorescence emission 

detection at 590 nm (Fig 3A). Using this assay, the in vitro activity of purified hHAO1 obeys Michaelis-Menten 

kinetics, displaying a clear substrate preference for the short chain 2-hydroxyacid glycolate (Fig 3B blue, KM 

of 18.5 µM), as opposed to long-chain 2-hydroxyacids (e.g. 2-hydroxypalmitate, Fig 3B green) with 100-fold 

higher KM for the latter.  

Figure 3 In vitro activity assay of hHAO1 (A) employing the Amplex red reagent that couples H2O2 product formation 

with fluorescence detection, (B) determining the substrate preference for the short-chain glycolate. 

 

Chemical Matters 

Crystallography-based fragment screening 

Given that the series of hHAO1 full-length and truncation constructs all yielded soluble proteins, we first 

interrogated their ability to reproduce diffracting crystals with the quality and consistency appropriate for a 

medium throughput fragment screening campaign. To facilitate this, we applied an in-house experimental 

procedure known as ‘PREPX’ (9) that processes dozens of constructs from expression through purification 

and crystallization within a week. We found that hHAO11-368 yields the most reproducible crystals with best 

diffraction quality. We first demonstrated the ‘soak-ability’ of our crystal form by determining the 1.2 Å 

structure of hHAO1 in complex with a tool compound for the class of 2-hydroxyacid oxidases, 4-carboxy-5-

[(4-chlorophenyl)sulfanyl]-1,2,3-thiadiazole (CCPST, PDB 6GMC), extending previously reported data at 2.8 

Å resolution (PDB 2W0U). 

https://www.rcsb.org/structure/6gmc
https://www.rcsb.org/structure/2w0u
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A crystallography-based fragment screening campaign (‘XChem’)(9) was then carried out using hHAO11-368. 

In total, data sets for 409 hHAO1 crystals, each soaked with an individual fragment, have been collected and 

processed. This campaign yielded 17 bound fragments, 7 of which are clustered in three functionally relevant 

regions of the hHAO1 structure (PDB codes 5QIB-H) (Fig 4). An overview of bound fragments to HAO1 can 

be found in Figure 9. 

 
Figure 4 hHAO1-bound fragments clustered in 3 functionally relevant regions of the protein 
 

The identified functional sites are as follows: 

(1) Two fragments (1,2) were identified at the active site, overlaying where the substrate glycolate binds 
adjacent to FMN (Fig 5). These fragments engage directly with residues involved in native ligand binding 
and catalysis. The active site displays a large degree of plasticity in accommodating these fragments. We 
identified 3 loop regions (aa 109-110, 164-175, 205-209) that undergo concerted main-chain 
displacement in the fragment-bound structures (Fig 5, orange & cyan lines), compared with the 
substrate-bound ‘ground state’ (Fig 5, grey lines). The largest displacement is within the helical segment 
αE of loop 4 (aa 204-212), with Cα changes of 2-4 Å for Leu205, Ala206 and Val209. There are also 
changes in side-chain conformations for Tyr26, Met82, Trp110, His260 and Arg263. Importantly, to 
accommodate the fragments, the bulky Trp110 indole ring either swings away by ~180o from the active 
site to avoid steric clash (fragment 2), or in the case of fragment 1 the entire Trp110-containing loop 
region is displaced from the active site by 4.5 Å. Residue Trp110 enables the enzyme to fit and operate 
on the short-chain substrate glycolate, while binding of larger fragments/inhibitors can also be mediated 
by the conformational flexibility of the Trp110 side-chain to make room in the active site.  
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Figure 5 Binding mode for fragments 1 (cyan) and 2 (orange) in the active site. Amino acids in the binding site that 
show conformational changes in the fragment-bound structures (colour-coded by fragment), compared to the 
substrate-bound state (grey), are shown. Cofactor FMN is also shown as sticks. 

(2) Three fragments are observed in proximity to the loop 4 region, close to the protein surface. Two (3,4) 
are clustered in a region where interactions are partly mediated by neighbouring symmetry-related 
subunit (not shown). The other fragment (5)(Fig 6) is bound in a hydrophobic pocket at loop 4, close to 
the active site but separated from the two active site fragments (1,2) by the helical segment αE. 
Compared to the ground state structure (Fig 6, violet vs grey lines), binding of fragment 5 near loop 4 
also shifts the orientation of helix αE to bring Tyr208, Val209 and Ala212 into interacting with the 
fragment, as well as displaces the bulky Trp110 side-chain.  

 

 

 

 

 

 

 

 

 
 
Figure 6 Binding mode for fragment 5 in proximity to the loop 4 region. Amino acids in the binding site that show 
conformational changes in the fragment-bound structure (violet), compared to the substrate-bound state (grey), are 
shown. Binding locations for fragments 1 and 2 in the active site are also shown for reference. 
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(3) The final two fragments occupy the primary monomer-monomer interface of the hHAO1 tetramer (6,7). 
These fragments are bound in a hydrophobic pocket formed by the N-terminal (Ile6 of loop β1-β2) and 
C-terminal (Ile335 and Leu342 of helix α8) ends of one subunit, as well as the less mobile region in loop 
4 (Tyr163 and Val171 of helix αD) of the adjacent subunit of the homo-tetramer (Fig 7). Binding of 
fragment 6 is further enhanced by π- π aromatic stacking between the fragment’s pyrimidine ring and 
side-chain of Tyr163.  

 
 

 

 

 

 

 

 

 

 

 
Figure 7 Binding mode for fragments 6 (right) and 7 (left) at the monomer-monomer interface. Amino acids that 
interact with the fragments are shown, coloured green for one subunit, and blue for the other subunit of the interface. 

 

We next selected four of the bound fragments hits (Fig 8A; 1, 2, 5, 6), on the basis of their extensive 

interaction with the protein, for further biophysical characterization using in vitro activity assay and surface 

plasmon resonance (SPR). SPR demonstrated weak binding for all four fragments to hHAO1 at high µM 

concentration range (Fig 8B). In the activity assay (Fig 8C), hHAO1 enzyme is inhibited by the active site 

fragment 1 (IC50 of 420 µM, LE = 0.36), to a lesser extent by the active site fragment 2 and the loop fragment 

5, but not inhibited by fragment 6 at the interface as expected from its binding location. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8 (A) Table of fragments selected for follow-up characterization, showing crystal ID, chemical structure and  
IUPAC name for each fragment. (B) Example sensorgram for the binding of active site fragment 2 to immobilized His-
hHAO1. (C) Determination of enzyme inhibition by the four fragments using the fluorescence activity assay. 
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Overview of Bound Fragments to HAO1 

 
Figure 9 Overview of HAO1 layered with bound ligands.  

 

PDBID Ligand  Binding Location Binding Pocket Resolution (Å) 

5QIH 
1 

 
FM010692a 

  

1.33 

5QIB 
2 

 
FM010068a 

  

1.48 

5QIF 
3 

 
FM001935b 

  

1.2 
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5QIG 
4  

FM010691a 

 

 

Location 1 
 

 
 
 
 
 
 
 
 

 
 1.42 

 Location 2 

  

5QIC 
5 

 
FM010032b 

  

1.34 

5QID 
6 

 
FM010689a 

  

1.45 

5QIE 
7 

 
FM010690a 

  

1.34 

IMPORTANT: Please note that the existence of small molecules within this TEP only indicates that chemical matter can 
bind to the protein in a functionally relevant pocket. As such, these molecules should not be used as tools for functional 
studies of the protein unless otherwise stated as they are not sufficiently potent or well-characterised to be used in 
cellular studies. The small molecule ligands are intended to be used as the basis for future chemistry optimisation to 
increase potency and selectivity and yield a chemical probe or lead series. 
 

CONCLUSION  
 
Summary 
The structural and chemical biology data from this TEP project have provided a path for inhibitor 
development of hHAO1, as substrate reduction therapy for the metabolic disorder PH1. Our high resolution 
structures have revealed the binding modes for the native substrate, product and cofactor, and the ligand-
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induced conformational changes in an extensive loop 4 segment. Crystallography-based fragment screening 
have yielded chemical starting points at 3 functionally relevant sites, which have been validated and further 
characterized by our activity and binding assays. The active site and the neighbouring loop residues of 
hHAO1 demonstrate clear conformational plasticity in accommodating different binding modes of 
fragments, providing ample opportunities to be exploited for structure-based drug design.  
 
Ongoing and Future work 
Enabled by the recently awarded add-on grant from the Wellcome TEP project, > 200 follow-up compounds 
have been acquired commercially as the next step of fragment optimisation, based on the chemical scaffolds 
from the four fragments characterized in this work. These follow-up compounds were characterised by our 
in vitro activity assay resulting in improved hits (IC50 < 100 µM) from each of the four fragments: compound 
8 based on fragment 1 (IC50 62 µM); compound 9 from fragment 2 (IC50 65 µM); compounds 10, 11 and 12 
from fragment 5 (IC50s 45, 58 and 69 µM respectively); and compound 13 from fragment 6 (IC50 86 µM). 
Co-crystallisation and crystal soaking experiments are currently ongoing, alongside SPR experiments, to 
characterise the binding of these compounds. 
 

8, from active site fragment 1 9, from active site fragment 2 10, from loop fragment 5 

 
 

 

6-bromo-N-ethyl-1H-indazole-3-
carboxamide 

5-amino-1,3-
dimethylpyrimidine-2,4-dione 

4-(2,3-dimethylphenyl)-N-(4-
sulfamoylphenyl)piperazine-1-

carboxamide 

   

11, from loop fragment 5 12, from loop fragment 5 13, from interface fragment 6 

 
 

 
 

  

3-[(3-methylphenyl) 
methylsulfonylmethyl]-7-[4-[3-

(trifluoromethyl)phenyl]piperazi
ne-1-carbonyl]-3,4-dihydro-1H-

quinoxalin-2-one 

2-[2-(4-amino-1,2,5-oxadiazol-3-
yl)benzimidazol-1-yl]-1-[4-(4-

fluorophenyl)piperazin-1-
yl]ethanone 

8-(5-chloro-pyrimidin-4-yl)-2,5-
difluoro-8-aza-

bicyclo[4.3.0]nona-1(6),2,4-
triene 

 
Figure 10 Overview of improved potency follow-up compounds based on fragments 1, 2, 5 and 6. 
 
For future translational work, we will be carrying out these cellular assays through collaborations: 

 We will test efficacy of promising hits in HepG2 cells overexpressing HAO1. Cells will be incubated 
with the HAO1 substrate glycolate (deuterated) and the formation of all potential reaction products 
(e.g. oxalate, glyoxylate and glycine) will be monitored using gas chromatography–mass 
spectrometry (GC-MS).  
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 A cell-based cytotoxicity assay(18) will be carried out whereby CHO cells (lacking glyoxylate metabolic 
enzymes) are stably transfected with human AGT (wild-type or selected disease mutants) and HAO1. 
The ability of hit compounds to prevent oxalate-induced cytotoxicity upon glycolate challenge, 
reflected by changes in cell viability and cell survival, will be evaluated. 

 
Beyond HAO1 as target, there is recent evidence from siRNA knock-down (6) that inhibition of other 
enzymes that contribute to glyoxylate production, such as human hydroxyproline dehydrogenase 
(hPRODH2) which converts hydroxyproline to pyrroline-5-carboxylate in the mitochondria (10), may also be 
considered a therapeutic target by the substrate reduction approach. We have yielded soluble expression 
constructs of hPRODH2, and have scaled up for crystallization trial.  
 
 

 

FUNDING INFORMATION  
The work performed at the SGC has been funded by a grant from the Wellcome [106169/ZZ14/Z]. 
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ADDITIONAL INFORMATION 

Structure Files 
PDB ID Structure Details Supplier 

2NZL hHAO1-FMN, bound with glyoxylate, disordered loop 4  

6GMB  hHAO1-FMN, bound with glycolate, ordered loop 4  

6GMC hHAO1-FMN, bound with CCPST inhibitor  

5QIB hHAO1-FMN, bound with fragment 2 (crystal x208) Crea-Chim UAB 

5QIC hHAO1-FMN, bound with fragment 5 (crystal x368) 
Diamond Light Source 
XChem facility 

5QID hHAO1-FMN, bound with fragment 6 (crystal x438) 
Diamond Light Source 
XChem facility 

5QIE hHAO1-FMN, bound with fragment 7 (crystal x518) 
Diamond Light Source 
XChem facility 

5QIF hHAO1-FMN, bound with fragment 3 (crystal x566) 
Diamond Light Source 
XChem facility 

5QIG hHAO1-FMN, bound with fragment 4 (crystal x603) 
Diamond Light Source 
XChem facility 

5QIH hHAO1-FMN, bound with fragment 1 (crystal x604) 
Diamond Light Source 
XChem facility 

 

Non-SGC resources 

 Commercially available CRISPR/Cas9 knockout plasmids 

SCBT: Cat # sc-407493 

Genscript: Cat # 54363 
These sgRNA sequences were validated in Sanjana N.E., Shalem O., Zhang F. Improved vectors and genome-wide 
libraries for CRISPR screening. Nat Methods. 2014, 11(8):783-4. 

Commercially available antibodies 

Thermofisher: MA5-24346 (monoclonal) 

SCBT: sc-517552 (monoclonal) 

 

Materials and Methods 
 
Protein expression and purification of hHAO1 

Vector: pNIC28-Bsa4 

Entry Clone Accession: NM_017545 

Cell line: BL21 (DE3)-R3/Rosetta 

Tags and additions: N-terminal, TEV protease cleavable hexahistidine tag 

 

Construct protein sequence: 
Mhhhhhhssgvdlgtenlyfq*sMLPRLICINDYEQHAKSVLPKSIYDYYRSGANDEETLADNIAAFSRWKLY
PRMLRNVAETDLSTSVLGQRVSMPICVGATAMQRMAHVDGELATVRACQSLGTGMMLSSWATSSIEEVAEAGP
EALRWLQLYIYKDREVTKKLVRQAEKMGYKAIFVTVDTPYLGNRLDDVRNRFKLPPQLRMKNFETSTLSFSPE
ENFGDDSGLAAYVAKAIDPSISWEDIKWLRRLTSLPIVAKGILRGDDAREAVKHGLNGILVSNHGARQLDGVP
ATIDVLPEIVEAVEGKVEVFLDGGVRKGTDVLKALALGAKAVFVGRPIVWGLAFQGEKGVQDVLEILKEEFRL
AMALSGCQNVKVIDKTLVRKNPLAVSKI 

(Underlined sequence contains vector encoded His-tag and TEV protease cleavage site*) 

 

An overnight culture (20 mL LB) was used to inoculate 2L auto-induction TB containing 50 µg/ml each of 

kanamycin and chloramphenicol. Cells were cultured at 37°C for 6 hours followed by 48 h incubation at 18°C.  

 

https://www.rcsb.org/structure/2znl
https://www.rcsb.org/structure/6gmb
https://www.rcsb.org/structure/6gmc
https://www.rcsb.org/structure/5qib
https://www.rcsb.org/structure/5qic
https://www.rcsb.org/structure/5QID
https://www.rcsb.org/structure/5QIE
https://www.rcsb.org/structure/5qif
https://www.rcsb.org/structure/5qig
https://www.rcsb.org/structure/5qih
https://www.scbt.com/scbt/product/hao1-crispr-knockout-and-activation-products-h
https://www.genscript.com/gRNA-detail/54363/HAO1-CRISPR-guide-RNA.html
https://www.ncbi.nlm.nih.gov/pubmed/25075903
https://www.ncbi.nlm.nih.gov/pubmed/25075903
https://www.thermofisher.com/antibody/product/HAO1-Antibody-clone-732410-Monoclonal/MA5-24346
https://www.scbt.com/scbt/ko/product/hao1-antibody-7a1-8h3b?requestFrom=search


For more information regarding any aspect of TEPs and the TEP programme, please contact teps@thesgc.org 

Extraction Buffer: 500 mM NaCl, 50 mM HEPES pH 7.5, 20 mM imidazole, 0.5 mM TCEP, 5% glycerol, 1:1000 

of Merck Protease Cocktail II, 0.5 mg/mL lysozyme and 0.2 µg/mL benzonase. 

Binding Buffer: 500 mM NaCl, 50 mM HEPES pH 7.5, 20 mM imidazole, 0.5 mM TCEP, 5% glycerol. 

Washing Buffer: 500 mM NaCl, 50 mM HEPES pH 7.5, 40 mM imidazole, 0.5 mM TCEP, 5% glycerol. 

Elution Buffer: 500 mM NaCl, 50 mM HEPES pH 7.5, 250 mM imidazole, 0.5 mM TCEP, 5% glycerol. 

GF buffer: 500 mM NaCl, 550 mM HEPES pH 7.5, 0.5 mM TCEP, 5% glycerol. 

Cell pellet from 2 L of culture was re-suspended in 150 mL Extraction Buffer, lysed by sonication for 15 

minutes, and centrifuged at 37000 x g for 1 hour at 4°C. The clarified cell extract was incubated with 5 mL of 

Ni-NTA resin pre-equilibrated with lysis buffer before applying to 1.5 x 10 cm column by gravity flow. The 

column was washed with 10 column volumes of Binding Buffer, 10 column volumes of Wash Buffer, and 

eluted with 5 x 5 mL Elution Buffer. Fractions containing hHAO1 were loaded onto gel filtration column 

(Superdex 200 Hiload 16/60) pre-equilibrated with GF buffer. Fractions containing hHAO1 were pooled. 

 

Activity assay 

The catalytic activity of hHAO1 was measured by the Amplex Red assay. We adopted the assay in 96 well 

format for detection using the PheraStar FSX fluorescence reader (BMG Labtech)(Excitation/Emission = 

560/590 nm). Michaelis-Menten kinetics were determinedy by incubating 100 nM protein with substrate 

(0.5 µM - 10 mM) at room temperature for 10 minutes, adding Amplex Red reagent (0.01U horseradish 

peroxidase and 50 µM Amplex Red), incubating for a further 10 minutes, and measuring the resultant 

fluorescence. The reaction buffer consists of 50 mM sodium phosphate, pH 7.4, 200 mM KCl, 2 mM MgCl2 

and 0.01% TritonX.  This assay gave a linear response with protein concentration up to 200 nM and H2O2 

production up to 50 µM. Standard curve ranging from 0 – 50 µM H2O2 was used to calculate reaction rate 

(µM H2O2 / min). To test fragments for their effect on hHAO1 activity, protein was pre-incubated with 

fragment compound (0.1 µM - 10 mM) for 10 minutes before addition of substrate (720 µM glycolate) and 

following procedures above.  

 

Differential scanning fluorimetry 
DSF was performed in a 96-well plate using an Mx3005p RT-PCR machine (Stratagene) with excitation and 

emission filters of 492 and 610 nm, respectively. Each 20 µL reaction consisted of 2 µL protein (final 

concentration of 2 µM) and (if applicable) 2 µL ligand at various concentrations in DSF buffer (150 mM KCl, 

10 mM HEPES pH 7.5) to which 2 µL SYPROrange, diluted 500-fold in DSF buffer from the manufacturers 

stock (Invitrogen), was added. Fluorescence intensities were measured at each 1°C temperature increase 

from 25 to 96°C with a ramp rate of 3°C/min. 

 

Crystallization and structure determination 

For the glyoxylate-bound structure, crystals were grown by vapour diffusion at 20°C in a sitting drop 

consisting of 50 nL of protein (12 mg/ml) and 100 nl well solution, equilibrated against well solution 

containing 30% PEG 1000, 0.1 M Malate-MES-Tris pH 7.0. For the glycolate-bound structure, crystals were 

grown by vapour diffusion at 4°C in sitting drops consisting 100 nL protein (13.7 mg/mL) and 50 nL well 

solution, equilibrated against well solution containing either 20% PEG3350, 0.1 M bis-tris-propane pH 7.5, 

10% ethylene glycol, 0.2 M sodium nitrate. Crystals for the CCPST-bound structure were grown from protein 

pre-incubated with 2 mM CCPST, equilibrated against well solution containing 30% PEG1000, sodium 

malonate-imidazole-boric acid pH 8.0 (6GMC).  Crystal was cryo-protected with 20-25% ethylene glycol 

before flash-cooling in liquid nitrogen. 

The initial structure of hHAO1 (PDB 2NZL) was solved by molecular replacement with the program PHASER 

(11), using published structure of spinach glycolate oxidase (PDB 1GOX) as search model (54.6% sequence 

identity). Bound FMN and glyoxylate in the active site were identified by difference Fourier method and 

manually placed into the electron density using Coot (12). Iterative cycles of refinement with SHELXL (13) 

followed by manual model building using Coot were performed. All subsequent hHAO1 structures were 

https://www.rcsb.org/structure/6gmc
https://www.rcsb.org/structure/2znl
https://www.rcsb.org/structure/1gox
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solved by molecular replacement with PHASER using 2NZL as the search model, followed by iterative cycles 

of REFMAC5 (14) including TLS refinement, and manual model building in Coot. 

 

Crystallography-based fragment screening 

To launch fragment soaking campaign, crystals were grown by vapour diffusion at 4°C in sitting drops of 13.7 

mg/mL protein equilibrated against well solution containing 25-35% PEG1000, sodium malonate-imidazole-

boric acid pH 8.0. Approximately 50 crystals of suitable size were identified per 96-well crystallisation plate, 

and a total of 10 plates generated sufficient crystals for the entire fragment campaign.  

For soaking, 50 nL of each fragment compound (final concentration of 125 mM) was added to a 

crystallization drop using an ECHO acoustic liquid handler dispenser at the Diamond light source XChem 

facility. Crystals were soaked for two hours with fragments from the Diamond-SGC Poised Library before 

being harvested using XChem SHIFTER technology, cryo-cooled in liquid nitrogen, and data sets collected at 

the beamline I04-1 in “automated unattended” mode. The XChemXplorer pipeline (15) was used for 

structure solution with parallel molecular replacement using DIMPLE (template 2NZL) (16), followed by map 

averaging and statistical modelling to identify weak electron densities generated from low occupancy 

fragments using Pandda software (17). Coordinates and structure factors for all data sets with bound 

fragments are deposited in the RCSB Protein Data Bank. The crystal structures displaying conformational 

changes in loop 4 (fragment 1, 5QIB; fragment 2, 5QIH; and fragment 5, 5QIC) were deposited containing 

coordinates for both the fragment-bound and ground states for the loop. 
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