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Figure 3.19. EF-Tu binding to PPHD is mediated by induced fit. (A) Surface representation of
the PPHD(magenta):EF-Tu(cyan) complex shows that the PPHD (2-33 finger loop and B5(II)-
B6(III) thumb loop form a tunnel encompassing the EF-Tu switch I loop. (B) View of the
PPHD:EF-Tu complex reveals Pro54 is poised for 4-trans hydroxylation with its C-4 4.3 & from
the Mn(II). (C) Superimposition of the active site residues of isolated PPHD (green) and the
PPHD(magenta):EF-Tu(cyan) complex shows no significant conformational changes in the side
chains of the residues in the core DSBH. (D) Superimposition of the 5(II)-f6(I1I) thumb loop of
isolated PPHD (green) and PPHD (magenta) in complex with EF-Tu (cyan) PPHD(magenta):EF-
Tu(cyan) reveals major conformational changes in the backbone and side chains of thumb
residues upon EF-Tu binding. Figure and figure legend are adapted with permission from J.S.
Scotti et al, Human oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-
hydroxylation. Proc Nat Acad Sci USA. In press (2014).

3.4.4 Conformational changes in the PPHD 5(11)-f6(111) thumb loop
The B5(II)-B6(1II) thumb loop of PPHD is highly polar and contains 3

arginines (Argl27, Argl29, and Argl33), 3 aspartates (Asp130, Asp131, and
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Asp132), and one phenylalanine (Phel28), and makes multiple direct

electrostatic interactions with EF-Tu (Table 3.20).

Table 3.20. Electrostatic interactions between the PPHD B2-f3 finger loop and EF-Tu.

\ B5(IN-B6(II) finger loop (residues 128-134)

PPHD residue EF-Tu residue Distance (A) Interaction type
Arg129 backbone nitrogen Asp51 carboxylate 3.0 Hydrogen bond
Asp132 carboxylate Arg234 guanidinium group 2.9 Salt bridge
Arg133 guanidinium group Glu56 carboxylate 3.2 Salt bridge
Arg134 guanidinium group Pro54 backbone oxygen 2.7 Hydrogen bond
Arg134 guanidinium group Glu55 backbone oxygen 3.1 Hydrogen bond

In addition to positioning Asp130 to form a salt bridge with Arg57, the
backbone and side chains of the residues constituting the p5(II)-f6(III) thumb
loop undergo distinct changes from their conformations in isolated PPHD
(r.m.s.d. 1.4 A)(Figure 3.19D). Phe128 rotates 90° to position its phenyl ring
directly behind Pro54 locking the flexible switch I loop in the PPHD active site.
Asp131, the side chain of which is disordered in isolated PPHD, is ordered in
complexed PPHD and positioned to form a salt bridge with Arg133. Asp132
rotates 180° relative to its position in isolated PPHD where it forms a salt bridge
with Arg134 in order to form a salt bridge with Arg234 of EF-Tu domain II (180
residues C-terminal to Pro54), an interaction further strengthened by m-stacking
of EF-Tu Arg234 with Arg201 of the PPHD C-terminus, and thus freeing Arg134
to hydrogen bond to Pro54. In sum, the major conformational changes in the
B5(11)-B6(I1I) thumb loop likely are driven by, and assist in, the induced fit

binding of EF-Tu to PPHD.

3.4.5 PPHD and EF-Tu contacts outside the PPHD active site
The PPHD:EF-Tu protein-protein complex structure also reveals

substantial contacts between PPHD and EF-Tu outside the immediate vicinity of
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the PPHD active site. Complexation of the two proteins buries 1662 A? of
interaction surface (24 hydrogen bonds and 10 salt bridges; PISA analysis)(36).
However, only 965 A2 (13 hydrogen bonds and 3 salt bridges) constitute
direct interactions between PPHD and the EF-Tu switch I loop, leaving 697 A2 of
buried surface area attributed to PPHD:EF-Tu interactions between other
regions of protein. Notable interactions include the positioning of Phe102 of the
PPHD a3-helix (residues 81-101) in a hydrophobic pocket in the B-barrel fold of
EF-Tu domain II formed by residues Phe222, [le224, and Val230 (Figure 3.214).
In a similar manner, EF-Tu Phe265 is buried in a hydrophobic pocket in PPHD
formed by Leul101, Leu103, and Leul77 of the PPHD a1- (residues 8-20) and a3-
helices (Figure 3.214). In addition to these hydrophobic contacts, Glu106 of
PPHD B4(]) is positioned to form a salt bridge with Arg292 of EF-Tu domain I],
Arg201 of PPHD B11(VII) is positioned to hydrogen bond to Asn277, and
Arg202 of the PPHD C-terminal loop is positioned to form a salt bridge to Glu236
(Figure 3.21B). Interactions between PPHD and EF-Tu domain II are of particular
interest as they constitute a sizable fraction of PPHD:EF-Tu contacts in the
complex and thus likely contribute to its overall stability, likely helping to order

the PPHD B5(11)-B6(111) thumb loop (Figure 3.19D and Figure 3.21B).
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Arg201 o106
Arg202

Figure 3.21. PPHD:EF-Tu contacts are present outside the vicinity of the catalytic site. (A)
Residues from an a-helix (a3) of PPHD extend into the f-barrel fold of EF-Tu domain II. EF-Tu
Phe265 is positioned in a hydrophobic pocket outlined by PPHD Leu101, Leu103, and Leul77;
PPHD Phel02 is positioned in a hydrophobic pocket in the f-barrel fold of EF-Tu domain II
formed by Phe222, lle224, and Val230. (B) Polar residues in PPHD C-terminus and (34(I) interact
with EF-Tu domain II. Figure and figure legend are adapted with permission from ].S. Scotti et al,
Human oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-
hydroxylation. Proc Nat Acad Sci USA. In press (2014).
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3.5 Comparison with PHD2 and algal CP4H in complex with peptide
substrate

The PPHD:EF-Tu complex structure has broader implications for
understanding substrate recognition by prolyl-hydroxylases, including the PHDs
and CP4Hs (and CP4H-related proteins). The structure solution of isolated
human PHD2 (1) and of human PHD2 in complex with HIF-a CODD (residues
556-574)(PDB ID: 3HQR)(23) represented major breakthroughs in
understanding the structural basis for HIF-a hydroxylation by the human PHDs,
and allowed for more clarity in the design of PHD2 inhibitors through

identification of catalytically important residues (37).

3.5.1 Comparison of the 2-3 finger loop in substrate complex structures of PPHD,
PHDZ2 and CrP4H

The positions of the B2-B3 finger loop in the isolated and substrate
complex structures of PPHD are strikingly similar to that observed for PHD2
with and without HIF-a (PDB IDs: 2G1M and 3HQR) and to Chlamydomonas
reinhardtii prolyl-4-hydroxylase in complex with a proline-rich peptide substrate
(CrP4H; PDB ID: 3GZE; sequence PSPSPS)(Figure 3.22, A and C)(38). The finger
and thumb loops of both PHD2 and CrP4H are ordered in the substrate-bound
structure and function to enclose around and position substrate within the active
site in a similar manner to PPHD (Figure 3.22, A and C).

Both HIF-a residue Pro564 and a proline residue are positioned in their
C-4 endo conformations in the PHD2 and CrP4H active sites, respectively,
consistent with the position of EF-Tu Pro54 in the PPHD active site (Figure 3.22,

B and D). This conformation is in contrast to that of Hyp564 observed in
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structures of HIF-a CODD fragment in complex with pVHL, which adopts a C-4
exo conformation (39, 40). Studies have shown that trans-4 hydroxylation
induces a stereoelectronic conformational bias such that trans-4 hydroxyproline
preferentially adopts the C-4 exo conformation (41, 42). The observation that the
active site prolines in structures of PPHD, PHD2, and CrP4H share a C-4 endo
conformation suggests that the role of trans-4 hydroxyproline in signalling (e.g.
animal hypoxia sensing) may have emerged later than the evolutionary
divergence of the PPHDs, PHDs, and CP4Hs from an ancestral prolyl-4-
hydroxylase (for more discussion, see Chapter 6).

The PHD2 32-B3 finger loop (23 residues; 236-258) is of a similar length
to that of PPHD and contains an equal number (6) of flexible residues; 2 glycine
(Gly238 and Gly253) and 4 serine (Ser242, Ser245, Ser247, and Ser248)
residues. Superimpositions of PPHD:EF-Tu and PHD2:CODD reveals that the
PHD2 [32-B3 finger loop and B5(6)(1)-p6(7)(III) thumb loop (6 residues; 316-
321) function to enclose CODD substrate in a similar manner to those of PPHD
(Figure 3.22A4). In contrast to that of PPHD, the 35(6)(I1)-B6(7)(11I) thumb loop
of PHD2 is ordered in the isolated PHD2 structure and all atoms move little from
their positions in the isolated structure (r.m.s.d. 0.2 A), suggesting that the PPHD
thumb loop is more flexible in nature and that more extensive conformational
changes comprise PPHD binding to EF-Tu than do PHD2 binding to HIF-a ODDs.
Lastly, the PHD2 B5(6)(I1)-B6(7)(1l]) thumb loop is significantly less polar
(containing one aspartate residue and one arginine residue) and the salt bridge
between Arg57 and Asp130 that contributes to closing the PPHD finger and
thumb loops around the EF-Tu switch I loop is not observed in the PHD2:CODD

structure.
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Figure 3.22. P. putida PPHD, Homo sapiens PHD2, and Chlamydomonas reinhardtii PAH
share similar structural motifs underlying substrate recognition. (A) Overall and (B) active
site superimpositions of the PPHD(magenta):EF-Tu(cyan) complex and
PHD2(sand):CODD(green) reveals equivalent positions of the $2-B3 finger loop and the B5(1I)-
B6(III) thumb loop, location of substrate in the active site, and conservation of critical residues
involved in substrate binding. (C) Overall and (D) active site superimpositions of the
PPHD(magenta):EF-Tu(cyan) complex and CrP4H(green) bound to proline-rich collagen-like
substrate (sequence: PSPSPS)(yellow). Figure and figure legend are adapted with permission
from J.S. Scotti et al, Human oxygen sensing may have origins in prokaryotic elongation factor Tu
prolyl-hydroxylation. Proc Nat Acad Sci USA. In press (2014).

3.5.2 Comparison of the B5(11)-f6(11l) thumb loop in substrate complex structures
of PPHD, PHD2 and CrP4H
The 32-B3 finger loop (76-99, 24 residues) of CrP4H is of similar length to

those of PPHD and PHD2, yet the B5(I1)-B6(IIl) thumb loop (146-160, 15
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residues) of CrP4H is extended compared to those of PHD2 and PPHD and
features an additional a-helix not present in the isolated CrP4H structure (Figure
3.22(), which suggests that the role of the 35(1I)-f6(III) thumb loop in prolyl-4-
hydroxylase substrate recognition may be conserved across subfamilies. Further,
the elongated B5(I1)-B6(II) thumb loop of CrP4H may play a role in its

recognition of extended collagen-like like sequences.

3.5.3 Comparison of the active sites of PPHD, PHD2 and CrP4H bound to substrate

Superimposition of the substrate-bound PPHD active site residues with
those of PHD2 and CrP4H reveals conservation of critical enzyme-substrate
interactions (Figure 3.22, B and D). Notably, PPHD, PHD2, and CrP4H all share
conserved interactions from backbone atoms of their respective 32-f3 finger
loops to backbone atoms of substrate despite the lack of either enzyme or
substrate  sequence conservation: the  backbone  carbonyl of
Gly54ppup/GIn239pup2/Ser78cpan is positioned to hydrogen bond to the
backbone nitrogen of Glu55gr-Tu/Tyr565HiF-o/Ser7colagen-ike and the backbone
nitrogen of Gly56ppup/Val241pup2/Val80crpan is positioned to hydrogen bond to
the backbone carbonyl of Ala53gr.Tu/Ala563Hir-o/SerScollagen-ike (Figure 3.22, B
and D). These backbone interactions are of particular interest as their
conservation in PPHD, PHD2, and CrP4H suggests an ancient importance in
prolyl-hydroxylase substrate recognition, with subsequent divergent evolution
of side chains resulting in different substrate-recognition profiles, and thus
different families of prolyl-hydroxylases.

Interestingly, PPHD Argl33 and PHD2 Arg396 both interact with

substrate (Argl33ppup is positioned to form a salt bridge with Glu56gr-Ty;
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Arg396pup? is positioned to hydrogen bond to the carbonyl oxygen of Pro567uis-
«), yet originate from different positions; Argl133 is positioned on the PPHD
B5(11)-B6(III) thumb loop whereas Arg396 is positioned on the PHD2 C-terminal
a-helix (Figure 3.22B and Figure 3.23). In contrast, CrP4H does not share a
conserved Arg133ppup, yet it does share a conserved Glu109ppup/Glul27crpan that

forms a hydrogen bond to backbone nitrogen of substrate.

3.5.4 PPHD and PHDZ2 share a role of their C-terminus in substrate recognition
Previous work has shown that the PHD2 C-terminal o-helix (residues
393-404) is important in substrate recognition and catalysis, as evidenced by
mutagenesis studies showing that deletion of this helix abolishes PHD2 activity
(23, 43). The PPHD C-terminus loop (residues 201-207, corresponding to PHD2
residues 392-408) is positioned in a gap between EF-Tu domains I and III and
directly contacts the EF-Tu switch I loop and domain II, likely helping to stabilise
the EF-Tu GDP-bound conformation. The side chain of Arg201ppup is positioned
to hydrogen bond to Asn277gr.ty; the side chain of Arg202ppup is positioned to
form a salt bridge with Glu236gr.i)(Figure 3.23). In contrast, the PHD2 (-
terminal a-helix interacts directly with CODD (the side chain of Arg396 is
positioned to hydrogen bond to the carbonyl oxygen of Pro567; the Arg396 and
Lys400 side chains are positioned to form a salt bridge with Asp57 1uir-o) (Figure
3.23), suggesting that a role for the C-terminus in prolyl-hydroxylase substrate

recognition is evolutionarily conserved.
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Figure 3.23. Interactions of the PPHD and PHD2 C-terminus with their respective
substrates suggests a conserved role for the C-terminus in substrate recognition by prolyl-
hydroxylases. Superimposition of PPHD(magenta):EF-Tu(cyan) and PHD2(sand):CODD(green)
reveals that the PPHD C-terminal loop and the PHD2 C-terminal a-helix both interact with
substrate (see text for details). Figure and figure legend are adapted with permission from J.S.
Scotti et al, Human oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-
hydroxylation. Proc Nat Acad Sci USA. In press (2014).

3.5.5 Structural conservation of EF-Tu, HIF-c and collagen-like substrates
Conservation of structural features extends beyond the prolyl-
hydroxylases themselves. Remarkably, the seemingly evolutionarily distinct EF-
Tu, HIF-a, and collagen-like substrates share similar conformations when
complexed to their respective prolyl-hydroxylase partners; EF-Tu (residues 50-
57) in complex with PPHD shares an analogous orientation and conformation to
that of CODD (residues 560-567) in complex with PHD2 (backbone atoms
r.m.s.d. 0.1 A) and to that of proline-rich peptide substrate in complex with

CrP4H (backbone atoms r.m.s.d. 0.1 A)(Figure 3.22, B and D).
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3.5.6 Comparison of prolyl-4- and prolyl-3-hydroxylases

Inspection of the PPHD active site not only reveals conservation of
residues involved in substrate-recognition among the prolyl-hydroxylases, but
also differences between the prolyl-4- (PPHD, PHD2, CrP4H) and prolyl-3-
hydroxylases (OGFOD1/Tpal)(Figure 3.24, A-C and Figure 3.25). These
differences may be of interest in the design of selective inhibitors of prolyl-3- or
prolyl-4-hydroxylases and may also reflect the evolutionary origins of these

enzymes.
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Figure 3.24. Comparison of prolyl-4-hydroxylase and prolyl-3-hydroxylase active site
topologies reveals both conservation and differences in substrate-recognition residues.
Superimpositions of the prolyl-4-hydroxylase PPHD and (A) prolyl-4-hydroxylase PHD2:1 [1: N-
(4-hydroxy-8-iodoisoquinolin-3-yl)carbonylglycine] (1), (B) prolyl-4-hydroxylase
CrP4H:collagen-like, and (C) prolyl-3-hydroxylase Tpal (PDB ID: 3KT7)(44) active site residues
reveal conservation of Arg'3*ppup/Arg322pup2/Argléicpsn/Argloorpa1 but lack conservation of
Tyr12ppyp/Tyr30pypy  /Tyri40cpgn/Leulséry,;  between prolyl-4- and prolyl-3-hydroxylases,
suggesting that differences in active site residues may alter the position of the substrate proline
in the active site.
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Figure 3.25. Structure-based sequence alignments of structurally characterised prolyl-
hydroxylases. Alignments of Pseudomonas putida PPHD (PDB ID: 4IW3), Homo sapiens PHD2
(PDB ID: 3HQR)(23), Chlamydomonas reinhardtii collagen P4H (PDB ID: 3GZE)(38), and Homo
sapiens OGFOD1 (PDB ID: 4NHX) reveal the presence of an extended (32-33 finger loop (magenta
box) and the B5(I1)-B6(I1I) thumb loop (orange box) in prolyl-4- but not in prolyl-3-hydroxylases.
Metal-binding residues (red), 20G-binding residue (green), highly conserved residues (dark
blue), mostly conserved residues (cyan), weakly conserved residues (grey), DBSH [-strands
(yellow), non-DSBH -strands (light green), a- and 31o-helices (lavender). Secondary structure
assignment is rooted in PPHD. Figure and figure legend are adapted with permission from J.S.
Scotti et al, Human oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-
hydroxylation. Proc Nat Acad Sci USA. In press (2014).

All structurally characterised prolyl-4-hydroxylases have a conserved
arginine positioned at the catalytic site opening to hydrogen bond to the
backbone carbonyl of the substrate proline (Argl34ppup, Arg322pup2,
Argl161crpan) (Figure 3.24, A and B). In addition, prolyl-4-hydroxylases possess a
conserved tyrosine (Tyr121ppup, Tyr310pup2; Tyr140crpan) of which the hydroxyl
is positioned to hydrogen bond to the backbone nitrogen of the substrate proline
(Figure 3.24, A and B). In contrast, prolyl-3-hydroxylases possess a hydrophobic
leucine residue at the analogous position (Leu152o¢rop1; Leul56tpa1), which may
enable prolyl-3- over prolyl-4-hydroxylation by altering the position of the
substrate proline-residue in the active site. The identification of these differences
may be useful in developing inhibitors selective for the human PHDs over the

CP4Hs or ribosomal prolyl-hydroxylases.
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3.6 Conclusions

The identification and biochemical characterisation of PPHD in
Pseudomonas spp. reveals that PPHD and PHD2 behaved similarly in solution and
prompted structural studies on PPHD. A crystal structure of PPHD was
determined and revealed a striking structural resemblance to PHD2, confirming
that PPHD is the first known prokaryotic homologue of the human PHDs and
supporting a common ancestry for the two proteins. Analyses of the PPHD
structure and superimpositions with the structure of isolated PHD2 suggested
that PPHD and PHD2 share a conserved mechanism of substrate-binding,
enabled by substrate-induced conformational changes in their respective 32-f3
finger loops. Comparisons of PPHD with both prokaryotic and eukaryotic CP4Hs,
B. anthracis P4H and C. reinhardtii P4H, respectively, revealed key differences in
secondary structure and active site residues between the two prolyl-4-
hydroxylase subfamilies.

The structure of P. putida EF-Tu was determined in its GDP-bound
translationally inactive state. Importantly, no electron density was observed for
the switch I loop, including Pro54, in the structure, hinting at a possible
flexibility in solution conserved in substrates of PHDs and PHD homologues and
suggesting that PPHD may order the loop upon binding.

To investigate the structural mechanisms underlying PPHD-catalysed
hydroxylation of EF-Tu Pro54, a structure of a PPHD:EF-Tu protein-protein
complex was successfully determined. Confirming the hypotheses derived from
the solution studies, major conformational changes are observed in both PPHD
and EF-Tu. The EF-Tu switch I loop is sequestered in the PPHD catalytic site,

thereby positioning Pro54 for trans 4-hydroxylation. The observation that PPHD
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interacts with EF-Tu outside the immediate vicinity of the active site suggests
that interactions between PHD2 and other regions of HIF-a may be important for
PHD?2 catalysis.

Structural comparisons of PPHD:EF-Tu with PHD2 in complex with CODD
peptide and CrP4H in complex with collagen-like peptide revealed a conserved
movement of the 32-33 finger loop upon substrate binding. Further analyses of
PPHD/PHD2/CrP4H and OGFOD1/Tpal revealed insights into key structural
elements differentiating prolyl-4- and prolyl-3-hydroxylases and raised
questions regarding the evolutionary relationship of these enzymes (for a
detailed discussion of prolyl-hydroxylase evolution, see Chapter 6). In sum, the
crystal structures of P. putida PPHD, EF-Tu, and a PPHD:EF-Tu complex are vital
for understanding induced fit during 20G oxygenase catalysed protein-
modification and provide a platform for the design of new types of 20G
oxygenase inhibitors based on various conformational states, rather than active
site iron chelators, which comprise the majority of 20G oxygenase inhibitors

including those PHD inhibitors in clinical trials for the treatment of anemia (37).
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3.7 Experimental Procedures

3.7.1 Protein purification

E. coli BL21(DE3) transformed with the pET28a_PPHD or pET28a_EF-Tu
plasmid (encoding for protein with an N-terminal hexahistidine tag) were grown
(37 °C; 180 rpm) to an ODsoo of 0.6; recombinant protein production was
induced with 0.5 mM B-D-1-thiogalactopyranoside (IPTG). The cells were then
grown at 18°C overnight, harvested by centrifugation (10,000xg; 7 min), and
stored at -80 °C. Cell pellets (for the PPHD:EF-Tu complex, 1:1 w/w cell pellets
were used) were resuspended in 50 mM HEPES pH 7.5, 500 mM NaCl, 20 mM
imidazole, 1 mM tris(2-carboxyethyl)phosphine (TCEP), one EDTA-free protease
inhibitor tablet (Roche), and approximately 1 mg DNAsel (bovine pancreas,
grade II, Roche) at room temperature with gentle stirring. Cells were lysed on ice
by sonication and the lysate was cleared by centrifugation (50,000xg; 20 min).
The supernatant was then loaded onto a 5 mL HisTrap FF column that had been
preequilibrated with the resuspension buffer and purified using an AKTA FPLC
system (GE Healthcare). The column was washed with 10 column volumes of 50
mM HEPES pH 7.5, 500 mM NaCl, 50 mM imidazole, 1 mM TCEP and protein was
eluted with 50 mM HEPES pH 7.5, 500 mM NacCl, 250 mM imidazole, 1 mM TCEP.
The purified sample was then exchanged to 50 mM HEPES pH 7.5, 200 mM NaCl
using a PD-10 column (Millipore). PPHD, EF-Tu, or the PPHD:EF-Tu protein-
protein complex were further purified using a Superdex 75 size exclusion
column (GE Healthcare) preequilibrated in 50 mM HEPES pH 7.5, 200 mM NacCl
(PPHD), 50 mM HEPES pH 7.5, 200 mM NaCl, 10 mM MgCl, 1 pM GDP (EF-Tu),

or 50 mM HEPES pH 7.5, 10 mM MgClz, 1 uM GDP (PPHD:EF-Tu complex).
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Proteins were eluted using the same buffer. PPHD-, EF-Tu-, or PPHD:EF-Tu-
containing fractions were pooled, concentrated to 35 mg/mL (PPHD), 20 mg/mL
(EF-Tu), or 15 mg/mL (PPHD:EF-Tu) by diafiltration, aliquoted (20 pL), flash

frozen in liquid Nz, and stored at -80 °C.

3.7.2 Differential scanning fluorimetry (T shift) assays (2)

To determine the effect of various buffers, salts, metals, and small
molecules on the stability of proteins, differential scanning fluorimetry was
performed using a BioRad MiniOpticon real-time PCR detection system and M]
Mini thermal cycler. 5,000x SYPRO Orange dye (Invitrogen) was used for
nonspecific binding to hydrophobic protein residues. For each buffer, metal, and
inhibitor, samples were run in duplicate in a 48-well plate in accordance with the
following general recipe.

For metal screen assays, PPHD was first incubated overnight in 50 mM
EDTA (ethylenediaminetetraacetic acid) to generate the apo protein. The
following metals were screen against apo PPHD and wild type, Fe(Il) bound,
PPHD, and buffer was used as a reference in both cases: MgCl;, MgS04, ZnCls,
ZnS04, MnClz, MnSO4, CoClz, CdCIz, NiSO4, FeCls, Fez(S04)3. Transition metals
were chosen on their ability to exist in a stable +2 oxidation state, with the

exception of Fe(IlI) as a negative control.

Table 3.26. Representative T, shift assay conditions. The reagents were dissolved in 1x Tn
shift buffer.

Reagent Stock concentration (uM) Final concentration (uM)
PPHD 500 2

SYPRO Orange 5,000x 1x

Metal 1,000* 50

Inhibitor 10 100
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Table 3.27. Compositions of T, shift buffers.

Buffer name pH [M] Buffer name pH [M] Buffername pH [M]
phosphate-citrate 4.2 0.2 Tris 7.0 0.4 Tris 80 04
sodium acetate 4.5 0.4 Dbis-tris propane 7.0 0.4 tricine 8.0 04
sodium citrate 5.0 04 MOPSO 70 0.4 Tris 85 04
sodium citrate 5.5 0.2 PIPES 7.0 0.4 bicine 9.0 04
MES 6.0 0.2 bis-tris 7.0 0.4 CHES 95 04
Na/K phosphate 6.2 0.2 HEPES 7.5 04 CAPSO 95 04
bis-tris propane 6.5 0.4 TES 7.5 04 CAPS 10.5 0.4
HEPES 7.0 0.4 imidazole 8.0 0.4

The fluorescence readings were taken every 1 °C from 25 - 95 °C with a
linear temperature increase of 1 °C/min. In order to determine accurate Tm
values, the data were exported to and analysed on GraphPad Prism software. The
midpoint, or Tm, was calculated by fitting a Boltzmann curve between the
minimum and maximum fluorescence intensities. The conditions that gave the
highest AT, compared to the reference indicated those buffer, metals, and/or

inhibitors that best stabilised PPHD (2).

3.7.3 X-ray crystallography

Crystals of PPHD in complex with NOG and crystals of PPHD:EF-Tu
complex were grown in sitting drops using the vapour diffusion method (drop
size: 200-300 nL) at 293 K in 96-well Intelliplates (Art Robbins); crystals of EF-
Tu were grown at 277 K. Crystals were cryo-protected by transfer to 25% (v/v)
glycerol in well solution and then harvested in nylon loops (Hampton Research)
and cryo-cooled by plunging in liquid nitrogen. Data were collected at 100 K
using single crystals at Diamond Light Source beamline 104 (PPHD:Mn(11):NOG
and PPHD:EF-Tu complex) with a ADSC Quantum 315r detector, and Diamond
Light Source beamline 103 (EF-Tu:Mg(11):GDP) with a Pilatus 6M-F detector. Data

were then indexed, integrated, and scaled using SCALA (PPHD:Mn(I1):NOG)(45),
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HKL3000 (EF-Tu:Mg(I1):GDP)(46), and XSCALE (PPHD:EF-Tu complex)(47, 48).

The structure of PPHD:Mn(II):NOG was determined by molecular replacement

(MR) using the MR-PHASER (18) subroutine of PHENIX (19) using H. sapiens

PHD2 (PDB ID: 2G1M) as the search model. The EF-Tu:Mg(Il):GDP was

determined by MR using E. coli EF-Tu (PDB ID: 1DG1) as the search model. The

PPHD:EF-Tu protein-protein complex was determined by MR using E. coli EF-Tu

(PDB ID: 1DG1) and the refined PPHD:Mn(I):NOG as search models. Model

building and refinement were performed iteratively using COOT (21) and

PHENIX until converging R and Rfree no longer decreased. Mn(II), Mg(II), NOG,

and GDP and water molecules were modelled in the final stages of refinement

based on the Fobs - Fealc €lectron density map.

Table 3.28. Final crystallisation conditions.

EF-Tu:GDP

PPHD:EF-Tu complex

Protein solution

Reservoir solution

PPHD:NOG
~10 mg/mL PPHD, 2
mM MnCl;, 5 mM

NOG, 5 mM EF-TU44.63
0.1 M MIB buffer pH
5.0, 25% (w/v) PEG
1500

~18 mg/mL EF-Tu,
0.05 M HEPES pH 7.5,
10 m

0.05 M MES pH 5.6,
0.1 M MgOAc, 20%
(v/v) MPD, 10 mM
SI‘C]Z

~15 mg/mL
PPHD:EF-Tu, 0.8 mM
MnClz, 0.9 mM NOG
0.1 M HEPES pH 7.5,
01 M MgCl, 22%
(w/v) polyacrylate
5100, 1 mM GDP
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Table 3.29. Crystallographic data and refinement statistics.

PPHD:NOG EF-Tu:GDP PPHD:EF-Tu complex
X-ray source Diamond L'ight Diamond L.ight Diamond L'ight Source
Source beamline 04  Source beamline 103 beamline 104
Wavelength (&) 0.97950 0.97630 0.97950
PDB Acquisition Code 4]J25 4J0Q 41W3
Resolution (A) 1.97 (2.02-1.97)8 2.29 (2.38-2.29)8 2.70 (2.84-2.70)8
Space group P1 c121 P3:21

Unit Cell Dimensions
(ah,bA ch)

Molecules per a.u. 8

Total Number of

Reflections Observed 383204

pumer o1 e go7ia 2coy
Redundancy 3.8 (3.9)8
Completeness (%) 97.7 (96.7)8
Wilson B 27.8
I/a(1) 10.6 (2.3)8
85Rmerge 0.069
"Reryst 0.219
TRfree 0.257
TRMS deviation 0.009 (1.0°)
Average B factors (A2) 34.1
Number of Water 563

Molecules

§ Parentheses indicate high resolution shell

88 Rierge =Xi2n| Inj — <In>| /XjXn <In>x100
Reryst =);||Fobs| - |Fcalc||/|Fobs|x100

T Reree, based on 2-5% of the total reflections

T RMS
for angles).

deviation from ideality

45.33 62.16 132.83

212.51155.6299.3

856176

129510 (12208)8

6.6 (5.6)8
99.3 (93.9)8
64.1
30.2 (1.7)¢
0.056
0.174
0.213

0.01 (1.3%)
67.1

316

for bonds

(followed

200.70 200.70 74.83
4 (2 PPHD; 2 EF-Tu)

438242

47866 (6913)8

9.1 (8.2)8
99.9 (99.2)8
74.7
13.4 (1.7)8
0.086
0.168
0.218

0.01 (1.2°)
60.2

166

the value

by
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4 Crystal structures of the ribosomal prolyl-

hydroxylases OGFOD1 and Tpa1l

4.1 OGFOD1 and Tpal are members of the ribosomal hydroxylase family
The discovery that 20G oxygenases catalysed the post-translational
modification of ribosomal proteins expanded their roles to include potential
regulators of both transcription as well as of translation (1-5). The ribosomal
oxygenases (ROX) include MYC-induced nuclear antigen 53 (MINA53) and
nucleolar protein 66 (NO66), which catalyse histidyl-hydroxylation of ribosomal
protein L27A (RPL27A) and ribosomal protein L8 (RPL8), respectively, in
humans; ycfD, which catalyses arginyl-hydroxylation of ribosomal protein L16
(RPL16) in E. coli; and OGFOD1 and Tpal, which catalyse prolyl-hydroxylation of
RPS23 in humans and yeast, respectively (Figure 4.1) (1-4). OGFOD1 and Tpal
are reported to catalyse C-3 trans (25,3S) prolyl-hydroxylation of the highly
conserved Pro62 and Pro64 of RPS23 in humans and in yeast, respectively, and
therefore differ from the PHDs, PPHDs, and CP4Hs, which catalyse C-4 trans
(25,4R) prolyl-hydroxylation. The further observation that prolyl-hydroxylation
of RPS23 affects translational accuracy in yeast in a codon dependent manner (2)
expands the roles of prolyl-hydroxylases in eukaryotes to extend beyond oxygen
sensing and collagen stabilisation to potential regulators of ribosomal

processivity, translation rate, and translational accuracy (6, 7).
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Figure 4.1. Post-translational hydroxylations. (A) OGFOD1 catalyses trans C-3 prolyl-
hydroxylation, where its yeast homologues Tpal and Ofd1 catalyse trans C-3 as well as C-4
hydroxylations. (B) The HIF prolyl-hydroxylases (PHDs) and collagen prolyl-hydroxylases
(CP4Hs) catalyse trans C-4 prolyl-hydroxylation. (C) MYC-induced nuclear antigen 53 (Mina53)
and nucleolar protein 66 (NO66) are human ribosomal hydroxylases that catalyse the C-3
histidyl-hydroxylations. (D) ycfD is a bacterial ribosomal hydroxylase that catalyses C-3 arginyl-
hydroxylation. All hydroxylations are coupled to the oxidation of 2-oxoglutarate to give succinate
and carbon dioxide.

Crystal structures of Tpal reported in 2010, prior to its assignment as a
RPS23 hydroxylase (8, 9), revealed that Tpal contained two DSBH domains in
tandem, only one of which contains the catalytic machinery. There are currently
no reported structures for human OGFOD1. Crystal structures of the RPS23
prolyl-hydroxylases would provide insight into the catalytic mechanisms of these
enzymes and provide a basis for understanding the structural requirements of
prolyl-3- vs prolyl-4-hydroxylation, including important active site differences
with the clinically relevant PHDs. The determination of crystal structures of
OGFOD1 and Tpal in complex with 20G-mimetic inhibitors is, therefore, of

intense interest from both evolutionary and immediate therapeutic perspectives.

4.2 Expression and purification of recombinant OGFOD1 and Tpal
pET28b plasmid containing the H. sapiens OGFOD1 gene (residues 1-542)
with an N-terminal hexahistidine tag was obtained from Dr. Alexander Wolf

(Chemistry, University of Oxford). pNIC28-Bsa4 plasmid containing the Tpal
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gene with a 20-residue N-terminal truncation (residues 21-644) and an N-
terminal hexahistidine tag was obtained from Dr. Armin Thalhammer
(Chemistry, University of Oxford). For heterologous protein expression, the
plasmid pET28a_0GFOD1 or pNIC28_Tpal was transformed into E. coli BL21
(DE3), cells were allowed to grow to ODeoo ~0.6, and OGFOD1 or Tpal
overexpression was induced through addition of 0.5 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG).

Prior purification strategies for OGFOD1 and Tpal relied on a two-step
protocol reminiscent of PPHD/EF-Tu purification, consisting of initial Ni-affinity
and subsequent size exclusion chromatography. This purification was found to
produce protein of sufficient quality for biochemical assays; yet, in an attempt to
produce highly pure protein for crystallography, a tertiary chromatographic step
was deemed necessary. Anion exchange chromatography using a MonoQ column
was found to produce protein of >95% purity as determine by SDS-PAGE (Figure

4.2). Both OGFOD1 and Tpal were noted to be very stable in buffer conditions

without added NaCl.
A . B .
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Figure 4.2. Purification of Hise-OGFOD1 and Hise-Tpal. SDS-PAGE reveals that (A) OGFOD1
and (B) Tpal are >95% pure after anion exchange chromatography using a MonoQ column.
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4.3 Kinetic characterisation of OGFOD1
Experiments in this section were performed by Cyrille Thinnes.

4.3.1 Michaelis-Menten kinetics of OGFOD1 and comparison with PHD2

It was of interest to characterise the biochemical properties of OGFOD1
and Tpal for use in the development of selective inhibitors and for comparison
with human oxygen sensing prolyl-4-hydroxylases such as PHD2. Unfortunately,
previous work (Dr. Armin Thalhammer and Dr. Christoph Loenarz) has
demonstrated that recombinant Tpal is not active against peptide substrates.
Therefore, the Michaelis-Menten kinetic parameters of OGFOD1 were then
investigated using the 20-residue RPS23 peptide fragment, RPS23s1.70, and
MALDI-TOF mass spectrometry (Figure 4.3).

Compared to PHD2, OGFOD1 was observed to have a higher Km for
oligopeptide substrate fragment [195.3 * 59.0 uM for RPS23s51.79, vs 36.7 = 9.0
uM for 19mer HIF-1a CODD (residues 556-574)](10). Studies on intact human
ribosomes have shown that RPS23 is constitutively hydroxylated in vivo (2),
suggesting that the higher observed Kn of OGFOD1 for RPS23 compared to that
of PHD2 for HIF-1la may have evolved to mimic the relative difference in

intracellular concentration of RPS23 (higher) compared to HIF-a (lower).
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Figure 4.3. Kinetic characterisation of OGFOD1. (A) The apparent K, of 20G for OGFOD1 is
25.0 = 1.2 uM. (B) The apparent K, of RPS23s51.79 peptide substrate for OGFOD1 is 195.3 # 59.0
uM. (C) The apparent Ky, of Fe(Il) for OGFOD1 is 2.8 + 1.2 pM. (D) The apparent Ky, of sodium
ascorbate for OGFOD1 is 26.8 + 1.1 uM. Experiment performed by Cyrille Thinnes.

In contrast, OGFOD1 was observed to have a lower Kn value for 20G (25.0
+ 1.2 uM for OGFOD1; 55 + 11 uM for PHD2)(11) and ascorbate (26.8 + 1.1 uM
for OGFOD1; 54 + 10 puM for PHD2)(12). The observation that the apparent Kn
for 20G and ascorbate are of the same order of magnitude for each enzyme, yet
those for OGFOD1 (~25 uM) are lower than those of PHD2 (~55 pM), suggests
that RPS23 hydroxylation is not subject to the same level of intracellular
regulation and may reflect the role of OGFOD1 in a constitutive process, rather
than a switch-like mechanism that is sensitive many stimuli. Finally, OGFOD1
was observed to have a similar Km Fe(II) (2.8 £ 1.2 uM for PPHD; <1 uM for

PHD2)(13).
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4.3.2 Initial inhibitor screening against OGFOD1

The biochemical characterisation of OGFOD1 facilitated initial inhibitor
screening of 20G-mimetic inhibitors, which inhibit via competition for the 20G
binding site and chelation of active site iron. The ICso for NOG to OGFOD1 (0.82 *
0.18 uM) was found to be similar to that observed for NOG to PHD2 (0.8 uM)(14,
15), whereas the ICso for 2,4-PDCA and 10X3 to OGFOD1 (0.32 £ 0.05 pM and
0.52 + 0.08 uM, respectively) were found to be lower than those to PHD2 (6 uM
and 1.4 puM, respectively)(15-17) (Figure 4.4). These observations are of interest
as 10X3 and related lead compounds are currently in phase III clinical trials for
anemia (18), and suggest that off-target inhibition of OGFOD1 may produce
unwanted clinical side effects, some of which may include increased stop-codon

readthrough.
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Figure 4.4. OGFOD1 is inhibited by broad spectrum 20G oxygenase inhibitors. (A) OGFOD1
ICso for N-oxalylglycine (NOG) is 0.82 + 0.18 uM. (B) OGFOD1 ICso for 2,4-pyridine dicarboxylic
acid (2,4-PDCA) is 0.32 + 0.05 uM. (C) OGFOD1 ICso for N-[(1-chloro-4-hydroxyisoquinolin-3-
yl)carbonyl]glycine (10X3) is 0.52 + 0.08 pM. Experiment performed by Cyrille Thinnes.
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4.4 Crystallisation of OGFOD1 and Tpal in complex with inhibitors

Crystallisation of OGFOD1 (not Tpal) was performed in collaboration with Dr. Shoichiro

Horita.

4.4.1 Initial crystallisation experiments on OGFOD1 and Tpal

It was of interest to crystallise OGFOD1 and Tpal in complex with 20G
mimetic inhibitors in order to both aid in the design of selective inhibitors to
affect translational accuracy in vivo (and to test those proposed to be selective
for PHD2), and to probe the structural mechanisms behind substrate recognition
and differentiation of prolyl-3- and prolyl-4-hydroxylases. Whereas Tpal
structures have been reported in complex with iron and 20G (8 9), there are
currently no reported structures for OGFOD1. A structure of OGFOD1 would thus
represent the first known visualisation of a human prolyl-3-hydroxylase.

Crystallisation of OGFOD1 and Tpal was approached in the same
systematic manner as for PPHD. Protein solution for OGFOD1 crystallisation
trials typically contained 11 mg/mL, 0.7 mM MnClz, 1.0 mM inhibitor (NOG or
2,4-PDCA) or substrate peptide C036 in 10 mM Tris-HCI pH 7.5. Protein solution
for Tpal crystallisation trials typically contained 6 mg/mL Tpal, 0.8 mM MnCl,
1.1 mM inhibitor and/or 1.1 mM substrate peptide in 50 mM Tris-HCI pH 7.5.

Initial broad commercial screening on OGFOD1 and Tpal (using the
JCSG+, PACT Premier, PEGION, Structure, Natrix, Index, SaltRx, and MIDAS
screens)(19-22) afforded crystals in numerous different conditions (Table 4.6
and Table 4.7). For crystallisation experiments on OGFOD1 and Tpal in the
presence of NOG, cyclic RPS23 substrate peptide (C036; S. cerevisiae RPS23
residues 54-73), synthesised by Dr. Martin Munzel, was added to protein

solution (1.0 mM) in the hope of attaining a substrate complex structure.
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Previous work in the Schofield group had demonstrated that OGFOD1
hydroxylates the cyclic peptide in vitro. Despite the inclusion of the peptide in
the production solution, no density for peptide substrate was observable in any
crystal structures. Therefore, no peptide was added to the protein solution for
broad screening of OGFOD1 with 2,4-PDCA, or Tpal with 2,4-PDCA, 10X3, and

BB287 (Figure 4.5).

(6]
H
N
A \H/\)J\OH
~N (0]

Figure 4.5. Chemical structure of BB287.

171



Chapter 4

Table 4.6. 0OGFOD1 crystal hits. Red shading indicates a crystal that yielded a complete data set
and structure solution. Crystallisation and refinment of OGFOD1 was performed in collaboration
with Dr. Shoichiro Horita.

Condition Observed after ~ Temp (°C)  Additive  Inhibitor Best Diffraction (&)
JCSG D10 2 days 20 - NOG
JCSG A5 5 days 20 - NOG -
PACT C10 6 days 20 - NOG -
PACT B3 13 days 20 - NOG -
PACT B4 13 days 20 - NOG -
Structure G4 13 days 20 - NOG -
PACT C9 13 days 20 - NOG -
PACT D3 20 days 20 - NOG -
glycine
PACT B3/4 1 month 20 3% (w/v) NOG -
sucrose
PACT B3/4 1 month 20 3% (w/v) NOG -
D-(+)-
Trehalose
dihydrate
PACT C10 4 days 20 - 2,4-PDCA 2.6
PACT E5 11 days 20 - 2,4-PDCA -
PACT B10 1 month 20 - 2,4-PDCA -
JCSG H11 7 weeks 20 - 2,4-PDCA -
Index G1 1 month 20 - 2,4-PDCA -
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Table 4.7. Tpal crystal hits. Red shading indicates a crystal that yielded a complete data set and
structure solution.

Condition Observed after ~ Temp (°C)  Additive  Inhibitor Best Diffraction (A)
Natrix A10 7 days 20 = NOG =
Natrix D8 7 days 20 - NOG >10
Natrix E1 7 days 20 - NOG -
Natrix F3 7 days 20 - NOG -
Natrix F5 7 days 20 - NOG -
Natrix F6 7 days 20 - NOG -
Natrix F7 7 days 20 - NOG -
Natrix F8 7 days 20 - NOG -
Natrix F9 7 days 20 = NOG =
Natrix F10 7 days 20 - NOG -
Natrix G12 7 days 20 = NOG =
Natrix H1 7 days 20 - NOG -
Natrix H2 7 days 20 = NOG >10
Natrix H3 7 days 20 - NOG -
Natrix H4 7 days 20 - NOG -
Structure H7 7 days 20 - NOG -
Index B7 7 days 20 - NOG -
Index F9 7 days 20 - NOG -
Index H7 7 days 20 - NOG -
PACT G9 7 days 20 - NOG -
PACT G11 7 days 20 - NOG >10
JCSG C4 7 days 20 - NOG -
JCSG B8 7 days 20 - NOG >10
PEGION D4 7 days 20 - NOG -
PEGION E5 7 days 20 - NOG -
PEGION E8 7 days 20 - NOG -
PEGION F7 7 days 20 - NOG 2.9
PEGION G3 7 days 20 - NOG -
PEGION G11 7 days 20 - NOG -
PACT E4 9 days 20 - 10X3 -
PACT E11 9 days pA] - 1 (0), €} 1.9
PACT A5 A EVA 20 - 2,4-PDCA 1.9
JCSG G7 7 days 20 - 2,4-PDCA -
PACT G12 7 days 20 - BB287 -
PACT A6 1 month 20 - BB287 2.2
PACTE10 1 month 20 - BB287 2.2

4.4.2 Attempts at crystal optimisation

Optimisation of Tpal:NOG hits was carried out by varying the precipitant

and salt concentrations and by increasing drop/reservoir size 10-fold (0.1 uL to

1 pL). Unfortunately, increasing drop size generally yielded poorly formed

crystals, or no crystals at all. Optimisation of OGFOD1:NOG crystals from the

PACT B3 and B4 conditions, identical except for a 1.0 difference in pH [B3 pH 6.0,

173




Chapter 4

B4 pH 7.0; both contain 25% (w/v) PEG 1500] was performed using the Additive
screen (Hampton Research)(23, 24) on a B3/B4 hybrid condition (pH 6.5). After
2 months, diffraction-quality crystals of OGFOD1:NOG appeared in the presence
of 3% (w/v) glycine. Broad crystallisation screening experiments were
performed for OGFOD1 in complex with [0X3, yet no diffraction quality crystals
were obtained. In general, with the exception of OGFOD1:NOG, the highest
quality crystals of OGFOD1 and Tpal in complex with inhibitors were obtained
directly from broad commercial screens. The optimised crystallisation

conditions are shown in Table 4.8.

Table 4.8. Details of final crystallisation conditions.

OGFODI1:NOG OGFOD1:2 4- Tpal:NOG Tpal:24-PDCA Tpal:10X3 TPA1:BB287
PDCA
Protein ~10 mg/mL ~10 mg/mL ~9.5 mg/mL ~6 mg/mL ~6 mg/mL ~6 mg/mL
solution OGFOD1, 0.7 O0GFOD1, 2.0 TPA1, 0.8 mM TPA1, 0.8 mM TPA1, 0.8 mM TPA1, 0.8 mM
mM MnClz, 1.0 mM MnClz, 2.0 MnClz, 1.1 mM MnClz, 1.1 mM MnClz, 1.1 mM MnClz, 1.1 mM
mM NOG, 1.0 mM 2,4-PDCA NOG, 1.1 mM 2,4-PDCA 10X3 BB287
mM C036 C036 peptide
peptide
Reservoir 0.1 M MIB buffer 0.1 M HEPES pH 0.1 M succinic 0.1 M SPG 0.2 M trisodium 0.1 M SPG
solution pH6.5,0.1 M 7.0,0.2 M MgCl,, acid pH 7.0, buffer pH 8.0, citrate, 20% PEG buffer pH 7.0,
glycine, 25% 20% PEG 6000 12% PEG 3350 25% PEG 1500 3350 25% PEG 1500

PEG 1500

Abbreviations: PEG, polyethylene glycol; SPG buffer (Molecular Dimensions), succinic acid,
phosphate, glycine; MIB buffer (Molecular Dimensions), malonic acid, imidazole, boric acid.
C036 peptide; LEKLGIESKQPNSAIRKAVR(d-Cys).

4.4.3 Data collection and structure solution

Crystallisation experiments resulted in 6 diffraction quality crystals: i)
OGFOD1:NOG, ii) OGFOD1:2,4-PDCA, iii) Tpal:NOG, iv) Tpal:2,4-PDCA, v)
Tpal:10X3, vi) Tpal:BB287. Crystals i-vi were subjected to X-ray radiation and
complete data sets were collected to:

i) 2.1 A resolution in the hexagonal space group P3221

ii) 2.6 A resolution in the orthorhombic space group P21212

iii) 2.9 A resolution in the monoclinic space group C12 1

iv) 1.9 A resolution in the monoclinic space group €12 1

V) 1.9 A resolution in the monoclinic space group €12 1
vi) 2.0 A resolution in the monoclinic space group C 1 2 1.
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The fact that OGFOD1:NOG and OGFOD1:2,4-PDCA crystallised in two
different crystal forms with one or four molecules in the asymmetric unit,
respectively, was of interest, as it may reflect differences in a final OGFOD1
models. All Tpal structures were processed in the monoclinic space group C1 2
1 and contained one molecule in the asymmetric unit. Crystals of Tpal in
complex with 2,4-PDCA, 10X3, and BB287 seemed to have a diffraction limit
around 2.0 A resolution. All structures were solved by molecular replacement
using the MR-PHASER (25) subroutine of the PHENIX (26) software package
using Tpal (PDB ID: 3KT4)(8) as a search model. In the case of OGFOD1
structures, Tpal C-terminal non-DSBH associated surface loops were manually
removed prior to molecular replacement. Crystallographic data and refinement

statistics are shown in Table 4.9.

Table 4.9. Crystallographic data collection and refinement statistics.

OGFOD1:NOG OGFOD1:2,4- Tpal:NOG Tpal:2,4-PDCA Tpal:10X3 Tpal:BB287
PDCA
X-ray source Diamond Light Diamond Light Diamond Light Diamond Light Di d Light Di d Light
Source | li Source b i Source b li Source beamline Source beamline Source beamline
104 104-1 103 104 104 104
Wavelength (A) 0.83440 0.97949 1.5418 0.83440 1.2716 0.83440
PDB Acquisition Code 4NHX 4NHY 4NHL 4NHK 4NHM 4NHN
Resolution (&) 2.10 (2.18-2.10)8 2.60 (2.69-2.60) 2.84 (2.94-2.84) 1.90 (1.97-1.90) 1.90 (1.97-1.90) 2.00 (2.07-2.00)
Space group P3;21 P212:2 c121 c121 c121 c121
Unit Cell Dimensions (a 64.401 64.401 108.68 130.473 168.216 67.251 168.044 67.716 169.419 67.564 166.739 67.392
AbA ch 232.041 175.784 70.976 70.871 71.495 70.735
Molecules per a.u. 1 4 1 1 1 1
Total Number of 536556 419736 68118 396484 404304 307714
Reflections Observed
Number of Unique 33097 (2981) 76983 (7587) 18332 (1806) 59886 (5937) 61321 (6037) 51127 (4724)
Reflections
Redundancy 16.2 (6.1) 5.5 (5.5) 3.7(3.7) 6.6 (5.9) 6.6 (6.3) 6.0 (3.9)
Completeness (%) 99.1 (91.7) 100.0 (100.0) 100.0 (100.0) 99.0 (98.2) 99.4 (98.5) 98.9 (92.0)
1/o(l) 17.4 (2.5) 12.7 (1.9) 7.4 (2.1) 24.7 (2.5) 26.5 (2.3) 209 (1.9)
“Reryst 0.1887 0.1854 0.1810 0.1546 0.1449 0.1620
Riree 0.2154 0.2278 0.2425 0.1758 0.1704 0.1954
TRMS deviation 0.006 (1.0°) 0.007 (0.9°) 0.011 (1.3°) 0.010 (1.2°) 0.010 (1.3°) 0.010 (1.2°)
Average B factors (A2) 55.5 59.9 42.7 44.8 42.5 40.7
Number of Water 175 83 74 359 535 398
Molecules

SParentheses indicate high resolution shell. *Rcryst =) ||Fobs| - |Fcalc||/|Fobs|*x100. tRce, based
on 10% of the total reflections. TRMS deviation from ideality for bonds (followed by the value for
angles).

175




Chapter 4

4.5 Crystal structure of OGFOD1
4.5.1 Overall structure of OGFOD1

The structure of OGFOD1 in complex with NOG represents the first
visualisation of a human prolyl-3-hydroxylase. The overall crystal structure of
OGFOD1 consists of nine a-helices, six 310-helices, and 24 B-strands, and is
comprised of two distinct tandem double-stranded [-helix (DSBH) domains
(Figure 4.10 and Figure 4.11). Of the two tandem DSBH domains, only the N-
terminal domain (NTD, 24-238) contains the catalytic machinery. The C-terminal
domain (CTD, 270-542) is connected to the NTD by a linker region (239-269).
The NTD and CTD domains pack against each other via their minor -sheets and
display low sequence and structural similarity to each other (sequence identity
17%; r.m.s.d. of 2.6 A over 186 Ca atoms). The final models of OGFOD1 consist of
residues 24-371, 430-451, and 456-542 for the NOG complex; residues 24-371,
430-542 in chains A, B, and D and 24-371, 430-451 and 455-542 in chain C for
the 2,4-PDCA complex. The disordered region (452-455) of OGFOD1:NOG was
observed as ordered in OGFOD1:2,4-PDCA in chains A, B, and D. Both crystal
forms share two disordered regions: residues 1-23 at the N-terminus and
residues 371-430 between a9 and 17 in the CTD (for discussion, see section

49.3).
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Figure 4.10. Overall view of the crystal structure of OGFOD1. Secondary structure elements
are shown as ribbons [a-helix and 31o-helix (blue), B-strand (pink/green/yellow)]. The eight -
strands forming the core double-stranded beta-helix (DSBH) fold are in pink, the B-strands
forming the 34-B5 hairpin are in green, and all other strands are in yellow. The DSBH (-strands
are additionally labelled with Roman numerals as in Clifton et al. (27). The long disordered loop
linking a9 and 17 in the CTD is represented by a dashed line.

The NTD contains six helices (3101, 3102, al-a4) and 13 (-strands (B1-
13), 8 of which (I-VIII) comprise the core DSBH fold and form two b-sheets
(major and minor) that serve to enclose the 20G binding pocket and metal-
binding site. Four antiparallel B-strands [B7(I)-B12(VI)-B9(1V)-B10(V)] form
the minor B-sheet. Nine antiparallel fB-strands [B1-B2-B3-B11(VI)-B8(III)-
B13(VII)-B6(1)-B5-B4] form the major B-sheet. A cluster of helices (3101, al-a4)
was observed to pack against the major 3-sheet.

The CTD contains a similar number of secondary structure elements as

the NTD. The CTD was observed to contain 9 helices (3103-3106, a5-a9) and 11 §3-
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strands (314-B24). In order to differentiate the tandem DSBH folds of the NTD
and CTD, B-strands that comprise the DSBH in the CTD are noted with by ’, e.g.
BII'. Seven antiparallel B-strands [14-B22(BVI’)-B19(BIII")-B24(BVIII")-B17(BI)-
16-B15] form the major B-sheet, and four antiparallel B-strands [B18(BII)-
B23(BVII)-B20(BIV)-B21(BV’)] form the minor B-sheet. As in the NTD, a cluster

of helices (3103, 3104, 26-a9) was observed to pack against the major 3-sheet.
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Figure 4.11. Structure-based sequence alignment of OGFOD1 and homologs. Structure-
based sequence alignment of Homo sapiens OGFOD1 (gi:94536836), Saccharomyces cerevisiae
Tpal (gi:731462), Homo sapiens PHD2 (gi:32129514), and Chlamydomonas reinhardtii P4H
(gi:159478673) (STRAP) (34). ClustalW(35)-generated sequence alignment of OGFOD1 and

homologues

from higher

eukaryotes,

Canis familiaris

(gi:73949826),

Mus

musculus

(gi:34850072), Gallus gallus (gi:118096214), Danio rerio (gi:41054417), Caenorhabditis elegans

(gi:17531931),

Drosophila

melanogaster

(gi:74942745),

Schizosaccharomyces

pombe

(gi:2894283). Strictly conserved residues (red), highly conserved residues (yellow), semi-
conserved residues (grey), the conserved metal-binding triad (blue) residue that binds the 20G
C-5 carboxylate (purple). Boxed regions represent the disordered ‘acidic’ loops in OGFOD1 (light
green; residues 371-430) and Tpal (light blue; residues 561-586).
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4.5.2 OGFOD1 active site and inhibitor binding

The OGFOD1 active site is located in the NTD, where an HXD...H metal-
binding motif comprising residues His155, Asp157, and His218, is observed to
octahedrally coordinate Mn(II) along with bidentate coordination from the
bound inhibitor (oxalate group in NOG; pyridine N and C-2 carboxylate in 2,4-
PDCA) and a water molecule [note: the non-catalytically active Mn(Il) was used
as a surrogate for Fe(II) to promote stable complex formation as Mn(II) is less
prone to oxidation]. His155 and Asp157 are located on BII(7) and the loop
between strands BII($7) and BIII(B8). The ‘distal’ metal-binding histidine in the

HxD...H triad, His218, is positioned on strand BVII(12) (Figure 4.12).

A
Val220 Leu152 His218 ;5155 Val220 Leu152 His218 pis155
e ) s
Mn(ll) . Mn(h
Arg230 o ’:’ Arg230 ) H
ﬁ{ 2 Asp157 ) 7 “Asp157
Tyries [ tyries &
Serzzy 116167 [P Alat65 Serzzz 16167 [ Ala16s
Ser234 Ser234
Trp236 Trp236
B
His218 His218

His155

Arg230 :
e Asp157 3 ; Asp157
Tyr169 é le167 Ala165 Tyr169 4 lle167 Ala165
Ser232 S'r234 Ser232 |
3 er,
Trp236 Trp236

Figure 4.12. The OGFOD1 active site in complex with 20G oxygenase inhibitors. Wall-eyed
stereoviews of the active sites of the (A) OGFOD1:Mn:NOG and (B) OGFOD1:Mn:2,4-PDCA
complexes. The electron density maps OMIT |mF,- DF,| (shown in green mesh) are contoured to
3.00.
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4.6 Crystal structure of Tpal
4.6.1 Overall structure of Tpal

Similar to OGFOD1, the overall structure of Tpal consists of tandem DSBH
containing domains, only one of which, the NTD, contains the -catalytic
machinery. The Tpal overall fold consists of 12 a-helices, 8 310-helices, and 29 (-
strands. As in the OGFOD1 structures, the catalytic N-terminal domain (NTD, 23-
246) and the C-terminal domain (CTD, 342-644) are connected by a linker region
(247-341) and pack tightly against each other via their minor 3-sheets. The Tpal
NTD and CTD domains display low sequence and structural similarity to each
other (sequence identity 19%; r.m.s.d. of 2.5 A over 169 Ca atoms). The final
models of Tpal consist of residues 23-259, 279-305, 328-560, and 587-635 for
the NOG, 2,4-PDCA, and 10X3 complexes; residues 23-95, 100-259, 278-305,
328-560, and 587-635 for the BB287 complex. The disordered region (residues
96-99) of Tpal:BB287 was observed as ordered in Tpal:NOG, Tpal:2,4-PDCA,
and Tpal:10X3. All crystal structures of Tpal in complex with inhibitors share
three disordered regions: residues 260-277 (278 in the Tpal:BB287 structure),

residues 306-327, 561-586, and C-terminal residues 636-644.

4.6.2 Tpal active site and inhibitor binding

The NTD active site HXD..H metal-binding motif comprises residues
His159, Asp161, and His227, which octahedrally coordinate Mn(II) along with
bidentate coordination from the bound inhibitor (oxalate group in NOG; pyridine
N and C-2 carboxylate in 2,4-PDCA; isoquinoline N and C-6 carbonyl in 10X3;
isoquinoline N and C-12 carbonyl in BB287) and a water molecule. His159 and

Asp161 are positioned on BII(5) and the loop between strands BII(35) and
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BIII(B6). The distal metal-binding histidine, His227, is positioned on strand
BVII(B12) (Figure 4.13).

The binding of I0X3 to Tpal was observed to be similar to that for NOG
with its glycyl side chain forming a salt bridge with Arg238. In comparison to the
NOG and 2,4-PDCA complexes, the side chain of GIn242 was observed in two
alternative conformations, likely due to m-stacking with the aromatic system of
the bicyclic inhibitor (Figure 4.13C). The hydroxyl group of Tyr150 is positioned

to form a hydrogen bond to the carbonyl oxygen of the bicyclic ring of I0X3.
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Figure 4.13. The active site of Tpal bound to 20G oxygenase inhibitors. Wall-eyed
stereoview of (A) Tpal:Mn:NOG, (B) Tpal:Mn:2,4-PDCA, (C) Tpal:Mn:I0X3, and (D)
Tpal:Mn:BB287 active sites. The electron density map OMIT |mF, - DF¢| is shown in green mesh
contoured to 3.0 .

4.7 Structural comparison of OGFOD1 and Tpal

4.7.1 Overall structural comparison

Superimposition of the OGFOD1 and Tpal structures (r.m.s.d. 2.2 A over

387 Ca atoms) reveals analogous positions of both the NTD and CTD core DBSH,
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yet differences in non-DBSH associated secondary structure elements.
Superposition of the NTDs of OGFOD1 and Tpal reveals that the DBSH and
metal-binding sites align well (r.m.s.d. 2.0 A over 200 Ca atoms). Similar to Tpal,
nine antiparallel B-strands [B1-B2-B3-B11(VI)-B8(II)-B13(VIII)-B6(1)-B5-B4]
form the major (-sheet. In contrast to Tpal, OGFOD1 contains two additional (-
strands in the NTD (1 and $2). The NTD-surrounding helices (3101, 3102, al-a4)
are also similar to Tpal and are positioned relative to the core DSBH.

Whereas superimposition of the OGFOD1 and Tpal NTDs reveals
structural similarity, superimposition of their CTDs reveals major differences in
non-DSBH associated secondary structure (r.m.s.d. value of 2.0 A over 186 Ca
atoms)(Figure 4.14). OGFOD1 contains abbreviated helices and a shorter loop
between a7 and the $15-816 hairpin (residues 313-318, corresponding Tpal
residues 383-402), no helices or loops between 3104 and a8 (residues 332-339,
corresponding Tpal residues 417-470), and no extension between the II'(318)
and BIII'(f19) strands in the CTD DSBH (Tpal residues 518-531)(Figure 4.14).
In contrast, the CTD of OGFOD1 contains an additional 310-helix [(3106) OGFOD1
residues 518-531, corresponding Tpal residues 618-620) between 23 and (24.
The remaining helices in the OGFOD1 CTD (3103-3105, a6-a9) are structurally
conserved in Tpal. In general, the catalytic NTDs of OGFOD1 and Tpal are very
similar and the CTDs show more pronounced differences in agreement with
more discrepancies in sequence in the CTD, possibly reflecting functional

diversity of this domain among homologues.
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B OGFOD1 B Tpalp

CTD

NTD

Dimerization

Crystal packing
interface

interface

sl

A
Figure 4.14. Structures of OGFOD1 and Tpal reveal differences in their CTD and resulting
presence/absence of a CTD:CTD dimerisation interface. Structural comparison of (A)
OGFOD1 and (B) Tpal (PDB ID: 3KT4)(8) highlighting the linker regions in OGFOD1 (residues:
239-269) and Tpal (residues: 247-341) (red), and additional structural elements in Tpal at the
proposed dimer interface within residue range of 383-402 (OGFOD1 residues 313-318)(cyan),
417-470 (OGFOD1 residues 332-339)(green), and 518-531 (OGFOD1 residues 456-458)(yellow).
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Linker regions that serve to connect the NTD and CTD are present in both
OGFOD1 and Tpal, albeit of different lengths and secondary structures. In the
case of OGFOD1, the linker comprises 31 residues (239-269), has loop secondary
structure, and contains eight proline residues, likely serving to rigidify the
connection between the two domains (Figure 4.14). Relative to that of OGFOD1,
the Tpal linker is substantially longer, totalling 95 residues (247-341) and is
rigidified by four a-helices (residues 259-266, 269-277, 294-304 and 332-339)

and one 31¢-helix (279-282)(Figure 4.14).

4.7.2 Presence/absence of oligomerisation interface in Tpal and OGFOD1

In all known Tpal crystal structures (8, 9), including those solved in this
chapter, an oligomerisation interface is observed between the CTD of two
molecules (buried surface area ~1900 A2?) that is independent of crystal packing
(Figure 4.14). This observation is further validated by previous studies that
demonstrate Tpal dimerises in solution (8, 9). In contrast, both crystal forms of
OGFOD1 (NOG and 2,4-PDCA bound structures) reveal no calculable buried
interface between neighbouring CTDs, despite crystal packing arrangements
comparable to those observed for Tpal structures (PISA analysis).

The complete CTD dimerisation interface in Tpal is comprised of
structural elements that are absent from OGFOD1; including the elongated NTD
to CTD linker (residues 247-341), the region between 3104 and o8 (residues 417-
470), and the region between BII'(f18) and BIII'(f19) (residues 518-531)(Figure
4.14). Importantly, the position of the NTD relative to the CTD is identical in both
OGFOD1 and Tpal and the buried surface area between the domains is similar

(OGFOD1 buried ~700 A2 four hydrogen bonds and two salt bridges; TPA1
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buried ~1000 A2, 17 hydrogen bonds and four salt bridges, excluding the NTD to
CTD linker region). Thus, the Tpal CTD may have evolved to support its
oligomerisation, the precise biological function of which remains unknown. It is
of interest that the structural dimerisation elements observed in Tpal are not
present in the S. pombe 0fd1 sequence (Figure 4.11)(8), suggesting that Ofd1 is

more similar to OGFOD1.

4.7.3 Active site and inhibitor binding

Consistent with overall similarity observed in the OGFOD1 and Tpal
NTDs, the metal-binding site of OGFOD1 superimposes well on that of Tpal and
the 20G oxygenase inhibitors, NOG and 2,4-PDCA, are bound in the 20G binding
site in similar modes between the major and minor -sheets of the DSBH fold
and have bidentate metal coordination (oxalate group in NOG; pyridine N and C-
2 carboxylate in 2,4-PDCA) and salt bridges (C-5 carboxylate in NOG; C4
carboxylate in 2,4-PDCA) to Arg2300crop1/Arg2381pa1.

Interestingly, the binding mode of 2,4-PDCA varies slightly between
OGFOD1 and Tpal (Figure 4.15). In Tpal, the 2,4-PDCA C-4 carboxylate is
positioned to form a hydrogen bond to Ser2401pa1, yet is not positioned to form a
salt bridge to Arg238rtpa1 (Arg230ocrop1) as does the NOG C-5 carboxylate.
Further, Arg238typa1 is in a different conformation to that observed in other Tpal
inhibitor (NOG, 10X3, and BB287) structures, and is positioned too far from the
2,4-PDCA C-4 carboxylate to form a hydrogen bond, although electrostatics are
still possible (4.8 A). Notably, the Arg238tp.1 rotamer (61% allowed) in the
TPA1:2,4-PDCA complex is sterically allowed due to a proximal Prol75tpai;

however, in OGFOD1, the equivalent position to Pro175rpa1 is Val171ocrop1, of
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which the isopropyl side chain sterically precludes Arg230ocrop1 from adapting a

conformation similar to that of Arg238tpai.

His227
His218

Tyr173 @ . Asp161

Tyr1 Asp157

yr169 * Mn(”)%sp 57 e
) - e His155

Pro175
Val171
Ser240 2,4-PDCA
Ser232 2,4-PDCA
Arg238
Arg230

Figure 4.15. OGFOD1 and Tpal structures bound to 2,4-PDCA reveal differences in its
binding mode. Superimposition of OGFOD1:2,4-PDCA (chain A) (pink) and Tpalp:2,4-PDCA
(silver) active sites revealing different binding mode of 2,4-PDCA and conformation of
Arg230/Arg238. OGFOD1 Arg230 is prevented from accessing the conformation of Tpal Arg238
due to the side chain of a proximal Val171.

Superimposition of the individual four OGFOD1 molecules in the
asymmetric unit of the OGFOD1:2,4-PDCA structure reveal that 2,4-PDCA has
some flexibility with regard to its binding to OGFOD1 (Figure 4.16), such that its
C-4 carboxylate occupies a somewhat different spacial position than the C-5
carboxylate of NOG, and is positioned to form a hydrogen bonding to the
hydroxyl group of Ser232ocrop1 and, in the case of chain D, the hydroxyl group of
Tyr169ocrop1. These results are of interest given the low ICso of 2,4-PDCA for
OGFOD1 and suggest that the flexibility of 2,4-PDCA more accurately mimics its
behaviour in solution and may not adversely affect (raise) its 1Cso value, an
observation that may extend more broadly to inhibitor binding to 20G

oxygenase active sites.
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‘ ] 2,4-PDCA

-+ = Mn(ll)

A

His218

His155

Figure 4.16. The binding mode of 2,4-PDCA to OGFOD1 is flexible. Superimposition of
OGFOD1 chains A (green), B (cyan), C (magenta), and D (yellow) in complex with 2,4-PDCA. The
active site residues are shown as stick, Mn(Il) as sphere (purple).

4.8 Comparison of Tpal and PHD2 bound to 10X3

Superimposition of the catalytic sites of Tpal and PHD2 bound to 10X3
(28) reveals that the bicyclic 20G-mimetic inhibitor binds in a similar mode to
both proteins and shows high conservation in the vicinity of the 20G C-4
carboxylate (Figure 4.17) (conserved: Tyr150tpa1/Tyr303pup2,
lle1711pa1/1le327pup2, Tyr173tpa1/Tyr329pup2, Phe218tpa1/Phe366pup2,
Val2291pa1/Val376pup2, Arg238tpa1/Arg383pup2, Trp244tpa1/Trp389pupz; semi-
conserved, Ser169tpa1/Thr325pup2, Ser240tpa1/Ala385pup2) and differences near
the opening of the active site (not conserved: Val90tpa1/Asp254puny2,
Ser146tpa1/Met299pup2, Asn148tpa1/Ala301pup2, Leul567pa1/Tyr310punz,
GIn2427pa1/Thr387pupn2), likely responsible for differences in primary substrate-
recognition. Given the similarity of the OGFOD1 and Tpal active sites, it can be
inferred that binding of I0X3 to OGFOD1 would likely mimic its binding to Tpal.
Therefore, the striking structural similarity of I0X3 bound to PHD2 and Tpal

suggests that inhibitors targeting PHD2 currently in phase III clinical trials for
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anemia may also target OGFOD1 in vivo (18). However, it may be possible to
generate inhibitors for PHD2 with selectivity over OGFOD1 by elaborating the
second heterocycle and capitalising on the lack of conservation at the opening to

the active site.

Tpat PHD2

His227 His159
Vai229  Leulsé Hig374 His313
Val37e  Tyr310

Asp161
Asp315

Arg238
Arg383

T
YRS Seraa0
Ala385 GIn242 Trp244

Thr387 Trp389

Figure 4.17. Structures of Tpal and PHD2 bound to I0X3 reveal similar binding modes. (A)
Overall and (B) active site superimposition of TPA1:10X3 (grey) and PHD2:10X3 (turquoise)
(PDB ID: 3HQU)(28) active sites.

4.9 Putative substrate-binding groove in OGFOD1 may provide insight into

RPS23 binding

4.9.1 Identification of a putative substrate-binding groove in OGFOD1
Superimposition of the OGFOD1 NTD and either human PHD2 in complex

with HIF-a CODD (28) or C. reinhardetii prolyl-4-hydroxylase (CrP4H) in complex

with collagen-like peptide substrate (r.m.s.d value of 2.9 A over 184 Ca

atoms)(29) reveals the presence of an analogous substrate-binding groove in

OGFOD1 as observed for PHD2 and CrP4H substrate complexes (Figure 4.18).
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Figure 4.18. The putative OGFOD1 substrate-binding groove. Cartoon and surface
representations of the OGFOD1:NOG structure (salmon/surface) superimposed on a (A) PHD2
structure (PDB ID: 3HQR)(28) (green) in complex with its CODD peptide fragment (yellow; HIF-a
residues 556-574) and a (B) CrP4H structure (PDB ID: 3GZE)(29) in complex with peptide
substrate (sequence: PSPSPS) highlighting the putative substrate-binding groove of OGFOD1.

4.9.2 Comparison of the PHD2 [2-B3 finger loop and the OGFOD1/Tpal p4-B5
hairpin

The B4-B5 hairpin of OGFOD1/Tpal (OGFOD1: 14 residues, 88-101; Tpal:
14 residues, 80-93) is equivalent to the flexible $2-33 finger loop of PHD2 and
CrP4H (corresponding residues of OGFOD1/Tpal 34-B5 hairpins in PHD2: 23
residues, 235-257; in CrP4H: 25 residues, 74-98), which have been shown to
secure and position primary substrate in the catalytic site for trans C-4 prolyl-
hydroxylation (28, 29). Structures of PHD2 and CrP4H reveal that the flexible $2-
B3 finger loop is closed in its substrate-bound conformation, and open in its apo
(no primary substrate bound) conformation. In contrast, the 34-85 hairpin of
OGFOD1/Tpal is well defined in apo structures and its conformation mimics that
of closed B2-B83 finger loop in substrate-bound structures of PHD2/CrP4H
(Figure 4.19). These observations suggest that the shorter 34-f5 hairpin of

OGFOD1/Tpal is less flexible in nature than the longer 32-B3 finger loop of
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PHD2/CrP4H and likely does not play an analogous role in OGFOD1/Tpal
substrate-binding (yet is still likely interacts with substrate in some way).

A OGFOD1 PHD2 B OGFOD1 PHD2
HIF-a CODD HIF-a CODD
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B4-B5 hairpin Val220 Tﬁ““ His155
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_~

&

Lys237 ’ \sp157
¢ ]
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Tyr169 Ser239

Tyr168

AHisZﬂ

Thr241 mzeg
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Figure 4.19. Superimpositions of OGFOD1 with prolyl-4-hydroxylases reveal differences in
substrate binding residues. (A) Overall and (B) active site superimposition of OGFOD1
(salmon) and PHD2 (PDB ID: 3HQR)(28) (green) in complex with CODD peptide fragment
(yellow). The colouring scheme is the same as with other figures. The active site residues are
shown as stick, Mn(1I) as sphere. (C) Overall and (D) active site superimposition of OGFOD1:NOG
(pink) and Chlamydomonas reinhardtii PAH (PDB ID: 3GZE)(29) (yellow) in complex with
substrate peptide (cyan). The active site residues are shown as stick, Mn(II) as a sphere.

4.9.3 Observation and potential role for an ‘acidic loop’ in OGFOD1/Tpal

Instead, a disordered ‘acidic’ loop between a9 and 17 in the CTD of
OGFOD1 (60 residues, 371-430; calculated net charge of -14 at neutral pH) could
possibly play an analogous role of a lid in closing over the substrate in the active
site (Figure 4.18 and Figure 4.20). Tpal also contains an ‘acidic’ loop (36
residues, 561-586; calculated net charge -8 at neutral pH), albeit originating
from a different position in the CTD that that of OGFOD1, and is equivalent to the

slightly ‘acidic’ BIV’(B20)-BV’(21) loop of OGFOD1 (residues 484-488;
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calculated net charge -2 at neutral pH)(Figure 4.20). Although the OGFOD1 and
Tpal ‘acidic’ loops differ in their length and position, both are predicted to have
the length necessary to reach the active site. The 60 residue ‘acidic’ loop of
OGFOD1 could extend 50 A from the far end of the CTD to the active site in the
NTD; the ‘acidic’ loop of Tpal is positioned adjacent to the NTD/CTD interface

and thus may still play a role in substrate recognition.

CTD

NTD

Figure 4.20. Structure of OGFOD1 and Tpal reveal the presence of ‘acidic’ loops in
different positions, despite a similarity in their overall tandem DSBH architecture.
Superimposition of OGFOD1:NOG (magenta) and TPA1 (PDB ID: 3KT4) (green). Regions not
common between OGFOD1 and TPA1 (white). The location of the ‘acidic’ loops of OGFOD1 (371-
430) and TPA1 (561-586) shown in dashed line.

Although the role of the ‘acidic’ loop in both enzymes remains unknown,
it is of interest that OGFOD1 and Tpal each have ‘acidic’ loops, albeit in different
regions, and whether their location may play a role in substrate recognition
and/or catalysis. Previous work has demonstrated that the CTD of Tpal interacts
with nucleic acid (8). The ‘acidic’ loop could possibly be used for this interaction

via bridging metal ions.

193



Chapter 4

4.9.4 Conservation of residues in the putative substrate-binding groove

Further analysis of the putative OGFOD1 substrate-binding groove
reveals conservation of key groove-lining residues with Tpal including
Lys91ocrop1/Lys83pat, Asp94ocrop1/Asp86Tpa1, Tyr96ocrop1/Tyr881pa1,
GIn1000crop1/GIn921pa1,  Ser10logropi/Ser93tpa1;,  Asp140ocropi/Aspl44rpat,
Ser142ocrop1/Ser146tpa1, Leul52ocrop1/Leul561pa1, Asp156o0crop1/Aspl60tpat,
Argl162o0crop1/Argl66mpar and  Trp236ocrop1/Trp244tpai.  The  residues
Leu95ocrop1/11€871pat, Phe98ocron1/Val90tpa1, Leul5906ron1/11e1631pa1 are semi-
conserved; whereas residues Asp103ocrop1, LeulO4ogropi, Lys105o0crop1,
Glu158ocrop1, [1e45006rop1, and Asp452ocrop1 are not conserved. A more global
analysis of OGFOD1 conserved residues using ConSurf (30-33), which
automatically generates a multiple-sequence alignment of OGFOD1 homologues
using a structural input and then scores conserved residues according to a
graded visual output, reveals a high level of conservation in and around the
immediate vicinity of the active site, within the core DSBH of both the NTD and
CTD, and in the vicinity of the putative OGFOD1 substrate-binding groove

(Figure 4.21).
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CTD

NTD

Figure 4.21. Consurf analysis of OGFOD1 reveals conservation of residues in the putative
substrate-binding groove. OGFOD1 ConSurf conservation not conserved (cyan) to strictly
conserved (magenta). The most conserved region is located around the groove near the catalytic
site in the NTD. Mn(II) (purple) and NOG (green) are shown. The active site is located in the
middle of a groove formed by OGFOD1 residues Lys91, Asp94, Leu95, Tyr96, Phe98, Gln100,
Ser101, Asp103, Leul04, Lys105, Asp140, Ser142, Leul52, Asp156, Glu158, Leul59, Argl62,
Trp236, 11e450 and Asp452. Lys91, Asp94, Leu95, Tyr96, Phe98, GIn100 and Ser101 are located
on the B4-B5 hairpin region of the NTD; Asp103, Leul04 and Lys105 are located at the loop
region between (5 and o3; Asp140 at the loop region between a4 and B6(fI); Ser142 and
Leul52 on the BI(B6) and BII(B7) strands, respectively; Asp156, Glu158, Leul59 at the loop
region between BII($7) and BIII(B8); Argl62 and Trp236 on the BIII($8) and BVIII(313) strands,
respectively; [le450 and Asp452 at the loop region between BII'($18) and BIII'(319).

4.9.5 Concluding insights into an OGFOD1 substrate-binding groove

Overall, the observations that i) OGFOD1 contains a substrate-binding
groove analogous to those of PHD2 and CrP4H, ii) the OGFOD1/Tpal 4-B5
hairpin likely does not share a conserved role in substrate-binding with the
PHD2/CrP4H 32-B3 finger loop, iii) OGFOD1/Tpal possess additional secondary
structure in their CTDs that may implicate in substrate-recognition, and iv)
residues lining the OGFOD1 substrate-binding groove are highly conserved

combine to suggest that OGFOD1/Tpal, CrP4H, and PHD2 target different
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protein substrates thus have evolved to possess different substrate-binding
groove topologies, yet also that, in addition to the 4-f5 hairpin in the NTD,
other regions such as the BII'(18)-BIII'(19) loop in the CTD of OGFOD1, which
forms part of the putative extended substrate-binding groove leading from the

NTD, could be involved in substrate recognition.

4.10 Prolyl-4-hydroxylation vs prolyl-3-hydroxylation

The observation that OGFOD1 contains a putative substrate-binding
groove analogous to those of PHD2 and CrP4H suggests that, broadly, prolyl-3-
and prolyl-4-hydroxylases may have evolved from a common ancestor, and that
divergent evolution of residues lining the groove resulted in differential
regioselectivity at the prolyl C-3 and C-4 positions (for more evolutionary
discussion, see Chapter 6). As discussed in Chapter 3 in reference to PPHD, all
prolyl-hydroxylase substrate complex structures reveal the presence of a
conserved arginine (Arg322pup2, Argl61crpan, Argl34ppup) at the active site
opening that is conserved in OGFOD1 and Tpal (Argl62ocrop1/Argl66m1pai),
which is positioned to form a hydrogen bond to the carbonyl oxygen of the
substrate proline. Prolyl-4-hydroxylases also share a conserved tyrosine
(Tyr310pup2; Tyr140crpan; Tyrl21ppup)(Figure 4.11) that is positioned to form a
hydrogen bond to the amide of the substrate proline, likely further stabilising the
substrate proline in the active site and aligning its stereochemistry for C-4
hydroxylation. Instead, prolyl-3-hydroxylases contain a leucine residue
(Leul52ocrop1; Leul56tpa1)(Figure 4.11) in the equivalent position, which,
combined with their shorter, more rigid 34-B5 hairpin, may facilitate prolyl-3-

hydroxylation by altering the position of the proline within the active site.
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Possibly important topological differences between prolyl-3- and prolyl-4-
hydroxylase active site imply that a more sterically open catalytic pocket may be
necessary for correct positioning of the ‘linear’ peptide backbone for prolyl-3-
hydroxylation, whereas prolyl-4-hydroxylation may depend more on individual

enzyme-substrate interactions.

4.11 Towards the purification and crystallisation of a Tpa1:RPS23 protein-
protein complex
4.11.1 Expression and purification of a Tpal:RPS23 protein-protein complex

The PPHD:EF-Tu protein-protein complex structure revealed the
presence of substantial PPHD:EF-Tu contacts beyond the immediate vicinity of
the active site (Chapter 3). A similar structure of OGFOD1/Tpal in complex with
RPS23 protein would be of intense interest as it would represent the first
structure of a ribosomal oxygenase in complex with protein substrate, and
possibly reveal the roles, if any, of the OGFOD1/Tpal acidic loop and other
regions in the CTD in substrate binding. Initial work on OGFOD1 has
demonstrated that OGFOD1 and RPS23 form a tight complex (2), yet complex
purification and crystallisation studies were performed using the more readily
crystallisable Tpal, which had also been shown to form a complex with human
RPS23 (Dr. Christoph Loenarz, Chemistry, University of Oxford).

Previous work by Dr. Armin Thalhammer (D.Phil. thesis, University of
Oxford) had demonstrated that successful production of soluble RPS23 protein
can be achieved using a pGEX vector encoding for an N-terminally truncated
variant of H. sapiens RPS23 (residues 44-143) with an N-terminal GST tag, and

that expression of RPS23 with a hexahistidine proved insoluble (3). It is likely
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that the large GST tag (relative to hexahistidine) increases the soluble of RPS23.
Production of soluble RPS23-GST in E. coli BL21 cells was achieved by growing
the cells at 30 °C overnight without addition of IPTG.

Purification of an intact Tpal:RPS23 protein-protein complex was initially
attempted using the same co-lysis method that proved successful for the
purification of PPHD:EF-Tu. 10g of E. coli BL21 (DE3) cell pellet containing
overproduced Tpal was mixed with 10g of E. coli BL21 (DE3) cell pellet
containing overproduced RPS23-GST. To the cell pellets was added MnCl; to a
final concentration of 2 mM in order to inhibit Tpal catalysed RPS23
hydroxylation, which was thought to inhibit complex formation in the same
manner as for PPHD and EF-Tu. Ni-affinity chromatography was performed on
the mixture, but, unfortunately, no RPS23 protein was observed to copurify with
Tpal, suggesting that Tpal:RPS23 binding is weaker than Tpal binding to Ni-
affinity resin.

Further attempts at Tpal:RPS23 complex purification were pursued
using glutathione affinity chromatography on isolated RPS23-GST as an initial
step, followed by the addition of pure recombinant Tpal protein and size
exclusion chromatography (Figure 4.22). Purification of isolated RPS23 is
challenging given its low stability and tendency to precipitate in buffer at low
salt concentrations (<100 mM NacCl); therefore, GST-affinity chromatography
was performed using a binding buffer of 50 mM HEPES pH 7.2, 500 mM NaCl and
an elution buffer of 50 mM HEPES pH 8.0, 500 mM NaCl, 10 mM reduced
glutathione, and 1 mM DTT. Tpal (7 mg/mL) pre-equilibrated with 0.7 mM

MnCl; and 1.0 mM NOG was then added to purified RPS23-GST and the mixture
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was buffer exchanged to 50 mM HEPES, 250 mM NaCl pH 7.5 and allowed to
incubate for 30 mins at 4 °C.

Subsequent size exclusion chromatography (Superdex 200) using 50 mM
HEPES pH 7.5 (to promote complex formation) revealed 3 significant peaks and a
void volume peak (Figure 4.22). SDS-PAGE analyses revealed that the first peak
contained a Tpal:RPS3-GST protein-protein-complex, the second peak contained
isolated Tpal, and the third peak contained GST, likely due to RPS23-GST
degradation. It is of interest that RPS23-GST was only identified when bound to
Tpal; no peak corresponding to isolated RPS23-GST was identified, likely due to
the fact that isolated RPS23-GST has been shown to be unstable in low salt
concentrations. Finally, it is important to note that this procedure was
demonstrated to be time-sensitive; using the same cell pellets, GST-affinity and
size exclusion chromatography performed on the same day resulted in the
formation of Tpal:RPS23 complex, whereas purification over two days yielded

no complex formation, possibly due to rapid degradation of RPS23-GST.

A 1: Tpa1:RPS23-GST complex B
2: Tpal
mAU 3. GST
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Figure 4.22. Purification of a Tpal:RPS23-GST protein-protein complex. (A) Size exclusion
chromatogram revealed 3 peaks (1, 2 and 3). (B) SDS-PAGE analysis revealed that peak 1
corresponds to the pure Tpal:RPS23-GST complex, peak 2 to isolated Tpal, and peak 3 to GST.
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4.11.2 Towards the crystallisation of a Tpal:RPS23 complex

Crystallisation trials on the Tpal:RPS23-GST protein-protein complex
were performed immediately using broad commercially available screens
(JCSG+, PACT Premier, Index). Within one week crystals were observed in
similar conditions to those observed for isolated Tpal crystallisation trials.
Subsequent in-house screening of the crystals revealed that the crystals had
identical unit cell constants to isolated Tpal crystals and appeared to be the
same crystal form, suggesting that RPS23-GST degrades during incubation in the
crystallisation drop; a view substantiated by the fact that Tpal:RPS23 complex
purification is time-sensitive and dependent on RPS23 stability. Therefore, Tpal
binding to RPS23-GST is not sufficient to completely prevent its degradation in
solution. Future attempts at purification and crystallisation of a stable
Tpal:RPS23 should involve prior optimisation of recombinant RPS23

production.

4.12 Conclusions

This chapter presents the first crystal structures of a human prolyl-3-
hydroxylase, OGFOD1, as well as those of Tpal after its assignment as an RPS23
hydroxylase. The structures reveal that OGFOD1 and Tpal have similar overall
tandem DSBH folds, yet contain more pronounced differences in their CTDs.
Other than oligomerisation in Tpal, the role of the OGFOD1 and Tpal CTDs is
still unknown, yet the observation that both contain an ‘acidic’ loop is of interest
and suggests that the CTD may be involved in substrate-binding or recognition.

The structures of OGFOD1 and Tpal in complex with 20G mimetic

inhibitors, combined with kinetic characterisation and initial inhibitor screening
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of OGFOD1, (NOG, 2,4-PDCA, 10X3, and BB287) will be useful in the development
of inhibitors selective for OGFOD1/Tpal over prolyl-4-hydroxylases, and open
the door to targeting prolyl-hydroxylases not only for the treatment of anemia
and other ischemia related diseases, but also for nonsense mutation disorders

such as Duchenne muscular dystrophy.
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4.13 Experimental Procedures

4.13.1 Protein purification

E. coli BL21(DE3) transformed with the pET28b_OGFOD1 or
pNIC28_TPA1 plasmid (encoding for protein with an N-terminal hexahistidine
tag) were grown (37 °C; 180 rpm) to an ODsgo of 0.6, after which recombinant
protein production was induced with 0.5 mM [(-D-1-thiogalactopyranoside
(IPTG) and the cells were allowed to continue to grow at 18°C overnight,
harvested by centrifugation, and stored at -80 °C. Cell pellets, one complete
EDTA-free protease inhibitor tablet (Roche), and approximately 1 mg DNAsel
(bovine pancreas, grade II, Roche) were resuspended in 50 mM HEPES pH 7.5,
500 mM Nac(Cl, 20 mM imidazole at room temperature with gentle stirring. Cells
were lysed on ice by sonication and the lysate was cleared by centrifugation. The
supernatant was then loaded onto a 5 mL HisTrap FF column preequilibrated
with the resuspended buffer and purified using an AKTA FPLC system (GE
Healthcare). The column was washed with 50 mM HEPES pH 7.5, 500 mM Nac(l,
50 mM imidazole and the protein was eluted with 50 mM HEPES pH 7.5, 500 mM
NaCl, 250 mM imidazole. The purified sample was then exchanged to 25 mM
HEPES pH 7.5 and 100 mM NacCl using a PD-10 column (Millipore). Following
buffer exchange, 1 mM EDTA was added and the sample incubated for 3 h at 4°C.
OGFOD1 or TPA1l were further purified using a Superdex 200 size exclusion
column (GE Healthcare) preequilibrated in 25 mM HEPES pH 7.5 and 100 mM
NaCl. Subsequently, the proteins were further purified by anion exchange using a
20 mL MonoQ column. Proteins were eluted using a gradient of 25 mM HEPES

pH 7.5 and 1 M NaCl. OGFOD1- or TPA1-containing fractions were pooled,
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concentrated to 20 mg/mL by diafiltration and buffer exchanged into 10 mM
Tris-HCI pH 7.5, then aliquoted, flash frozen in liquid N2, and stored at -80 °C.

For purification of the RPS23-GST protein used in the formation of a
Tpal:RPS23-GST complex, E. coli BL21 transformed with a pGEX vector encoding
for an N-terminally truncated variant of H. sapiens RPS23 (residues 44-143) with
an N-terminal GST tag were grown at 30 °C overnight without addition of IPTG.
Cell pellet, one complete EDTA-free protease inhibitor tablet (Roche), and
approximately 1 mg DNAsel (bovine pancreas, grade II, Roche), were
resuspended in binding buffer (50 mM HEPES pH 7.2, 500 mM Nac(l) and loaded
onto a 5 mL GST-Trap HP column (GE Healthcare). Protein elution was achieved
using elution buffer (50 mM HEPES pH 8.0, 500 mM NaCl, 10 mM reduced
glutathione, 1 mM DTT). To the purified sample was added a solution of pure
Tpal (6 mg/mL), 0.7 mM MnCl;, and 1.0 mM NOG, and the mixture was
exchanged into 50 mM HEPES pH 7.5, 250 mM NaCl using a PD-10 column
(Millipore), concentrated by diafiltration, and incubated for 30 mins at 4 °C. The
protein complex sample was then further purified by Superdex 200 size
exclusion column (GE Healthcare) preequilibrated in 50 mM HEPES pH 7.5, then
concentrated by diafiltration, aliquoted, and either used directly for

crystallographic experiments or flash frozen in liquid N> and stored at -80 °C.

4.13.2 OGFOD1 activity assays and apparent K, determination

Concentrated OGFOD1 used for biochemical assays was stored at -80 °C in
50 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM DTT and 5% (w/v) glycerol after
HisTrap HP (5 mL) column purification. Standard activity assays were carried

out by preparing a reaction mix of 20 pM OGFOD1, 50 pM (NH4)2Fe(S04)2, 200
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uM 20G, 1 mM sodium L-ascorbate, and 100 uM RPS23s51.70 (H2N-
VLEKVGVEAKQPNSAIRKCV-CONHz3). For determinations of apparent Kn of Fe(1I),
20G, and ascorbate, each cofactor concentration was varied and reactions were
incubated at 37 °C for 15 minutes. For determination of apparent Km of RPS23s;.
70 oligopeptide time courses at various concentrations of RPS23s1.70 were carried
out and steady-state reaction rate was determined. All reactions were quenched
with an equal volume of 20% (v/v) formic acid. The extent of substrate
hydroxylation was analysed by MALDI-TOF-MS (matrix-assisted laser-
desorption ionisation-time-of-flight mass spectrometry). Recrystallised CHCA
(a-cyano-4-hydroxycinnamic acid) MALDI matrix (1 pL) and quenched assay
solution (1 pL) were spotted onto a 96-well MALDI sample plate and analysed
using a Waters Micromass™ MALDI micro MX™ mass spectrometer in the
positive ion reflectron mode. Raw data was further analysed with MassLynx™
version 4.1. Data were fitted to the Michaelis-Menten equation using GraphPad
Prism and kinetic parameters were determined from the fit. All assays were

performed in triplicate and plotted as mean * standard deviation.

4.13.3 Inhibitor ICso determination

For ICso determination, representative assay conditions contained 1 uM
OGFOD1, inhibitor (1% v/v in DMSO), 50 uM Fe(II), 25 uM 20G, 100 pM sodium
ascorbate, and 25 pM RPS2351.70 in 50 mM HEPES pH 7.5 and were allowed to
incubate at 37 °C for 15 min. All reactions were quenched with an equal volume
of 20% (v/v) formic acid. Recrystallised CHCA (a-cyano-4-hydroxycinnamic
acid) MALDI matrix (1 pL) and quenched assay solution (1 pL) were spotted onto

a 96-well MALDI sample plate and analysed using a Waters Micromass™ MALDI
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micro MX™ mass spectrometer in the positive ion reflectron mode. Dose-
response studies employed 8-point assays in triplicate and plotted as mean *

standard deviation; data were analysed with GraphPad Prism 5.04.

4.13.4 Protein crystallisation and X-ray crystallography

Crystals of OGFOD1 in complex with NOG and 2,4-PDCA and crystals of
TPA1 in complex with NOG, 2,4-PDCA, and 10X3 were grown in sitting drops by
the vapour diffusion method (drop size: 200-300 nL) at 293 K in 96-well
Intelliplates (Art Robbins). Crystals were cryo-protected in 25% glycerol in well
solution and then flash cooled in liquid nitrogen. Data were collected at 100 K
using single crystals at Diamond Light Source beamline 1[04
[OGFOD1:Mn(II):NOG, TPA1:Mn(1I):2,4-PDCA, TPA1:Mn(I):10X3] and Diamond
Light Source beamline 104-1 [OGFOD1:Mn(II):2,4-PDCA], with a Pilatus 6M-F
detector. Data were collected at 100 K for single crystals of TPA1:Mn(II):NOG
using a Rigaku FR-E+ Superbright copper rotating anode diffractometer
equipped with Osmic HF optics and a Saturn 944+ CCD detector. Data for all
structures were indexed, integrated, and scaled using HKL3000 (34). All
structures were solved by molecular replacement with MR-PHASER (25)
subroutine of PHENIX (26). Model building and refinement were performed

iteratively using COOT (35) and PHENIX until R and Rfree no longer converged.
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5 Biochemical and crystallographic studies on human

collagen prolyl-4-hydroxylase

All experiments in this chapter were performed as part of a strictly collaborative project
with Dr. Wei Shen Aik, who has described some of the work in his D.Phil. thesis.

5.1 Challenges of performing research on human CP4H

Although it was discovered nearly 50 years ago (1), human collagen
prolyl-hydroxylase (CP4H) has proven difficult to study for two key reasons. The
first lies in its purification. Human collagen prolyl-4-hydroxylase is a 240 kDa
tetramer consisting of two o subunits, which contain the catalytic machinery,
and two (3 subunits, which are identical to protein disulfide isomerase (PDI)(2).
As a result, the CP4H o2f2 likely contains significant conformational
heterogeneity. Early techniques for producing mammalian CP4H have involved
chick embryos and baculovirus (3, 4). It has only been within the last decade that
E. coli expression techniques became prevalent (5). In addition to increased ease
of production, expression in E. coli results in the lack of glycosylation of the
CP4H:PDI tetramer o subunits, which may be favourable for crystallisation. A
second important difficulty in working with CP4H is its promiscuous substrate
profile (it hydroxylates numerous prolyl residues in various sequence contexts
in human collagen).

Therefore, despite nearly 50 years of research, both a crystal structure of
CP4H and a reliable assay for inhibition studies on CP4H remain unreported.
Such data are of immediate therapeutic importance as some of the PHD

inhibitors currently in phase III clinical trials may also inhibit CP4H (6).

210



Chapter 5

5.2 Creation of a novel CP4H expression protocol
5.2.1 Strategy for vector design and construction

Synthetic genes encoding for human CP4H (Uniprot ID: P13674, residues
1-517, including a N-terminal hexahistidine tag and 5° Ndel and 3’ Kpnl
restriction sites) and human PDI (Uniprot ID: P07237, residues 1-491 with 5’
EcoRI and 3’ Notl restriction sites) lacking their respective N-terminal
transmembrane localisation domains were designed and obtained from GeneArt
(Invitrogen)(for DNA fasta sequences, see section 5.10.1). Previous work has
demonstrated that the yield of CP4H:PDI tetramer from E. coli expression can be
increased ~50-fold though gene optimisation (7), and so the DNA sequences for
both genes were codon optimised for protein production in E. coli.

In an effort to deviate from previous approaches that involved
coexpression of CP4H and PDI each subcloned in different vectors containing
different promoters (5) and, likely, different intracellular copy numbers, a
strategy was devised in which both CP4H and PDI genes were subcloned into a
single pETduet-1 vector (Novagen). In this way, expression of both genes in E.
coli is controlled by the same T7 polymerase promoter, likely minimising
promoter bias and consequent variation in expression levels. Further, the use of
a single plasmid simplifies the expression protocol, in that a single addition of
IPTG induces expression of both proteins, rather than necessitating separate
additions of two different compounds, e.g. arabinose and IPTG. The pETduet-1
vector contains two multiple cloning sites, in which expression of inserts is
modulated by T7 polymerase and compatible with the standard pET vector and

E. coli BL21 (DE3) cell expression system. However, only the first (5') multiple

211



Chapter 5

cloning site contains a N-terminal hexahistidine tag, whereas the second (3')
contains a C-terminal S tag.

Plasmid design was approached in light of the successful purification of
the PPHD:EF-Tu protein-protein complex in which both proteins possessed an N-
terminal hexahistidine tag (Chapter 3, section 3.3). Therefore, the PDI gene was
subcloned into the first (5') multiple cloning site in pETduet-1, which contains a
N-terminal hexahistidine tag, and the CP4H gene was subcloned into the second
(3') multiple cloning site (Figure 5.1). A N-terminal hexahistidine tag was added
to the CP4H gene during synthesis such that both PDI and CP4H would be
expressed with N-terminal hexahistidine tags in E. coli. Finally, design of the

CP4H gene incorporated a stop codon such that the S tag would not be
translated.

83100 6His,
T7 transcription start_8386..3

117..1596 PDI|

[1758..1775_6His|

pETduet-1_CP4H_PDl.xdna - 8402 nt

+

ColE1 origin 5110..5738

"y
3348..3392 S-tag
AmpR 4760..4101] [3973..3533 F1 ori

Figure 5.1. Design of the pETduet-1 CP4H:PDI expression vector used in this Chapter.
Figure was prepared using the Serial Cloner 2.6 software package.
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5.3 Creation of a novel method for CP4H purification
5.3.1 CP4H requires an oxidising environment for effective heterologous expression
Studies have shown that the choice of E. coli expression strain can affect
the expression levels of CP4H/PDI significantly (8). Previous research has shown
that attempts to express the CP4H:PDI tetramer in E. coli BL21 (DE3) cells
resulted in no observed tetramer formation and no prolyl-4-hydroxylase activity
(8). Mutation studies have shown that CP4H probably contains two
intramolecular disulfide bonds (Cys276:Cys293 and Cys486:Cys511) that are
critical for successful assembly of active CP4H:PDI tetramer (9, 10). Further,
treatment of CP4H:PDI tetramer with reducing agents such as dithiothreitol have
been shown to result in tetramer disassembly (3, 11). Successful production of
CP4H:PDI tetramer has been achieved by using the E. coli Origami 2 (DE3) strain
(8), which is a derivative of the BL21 (DE3) strain with substitutions in both the
thioredoxin reductase (trxB) and glutathione reductase (gor) genes, thus
creating an oxidising environment in the cytoplasm that greatly enhances
disulfide bond formation. In this way, formation of the intramolecular disulfide
bonds in CP4H that are critical to CP4H:PDI tetramer assembly is promoted.
Therefore, E. coli Origami 2 (DE3) was chosen over BL21 (DE3) as the expression

strain.

5.3.2 CP4H expression conditions

The pETduet-1 vector containing the synthetic CP4H and PDI genes was
transformed into E. coli Origami 2 (DE3) for expression. E. coli Origami 2 (DE3)
cells were grown at 37 °C until ODsgo=0.6 [requires 12 hours due to the lower

doubling time of E. coli Origami 2 (DE3) cells], upon which expression of CP4H
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and PDI were induced simultaneously with 0.5 mM IPTG and the cells were
allowed to continue to grow at 18 °C overnight. This method was found to result
in soluble protein production and deemed satisfactory for large-scale

purification.

5.3.3 An alternative strategy for CP4H purification

Purifications of CP4H:PDI tetramer typically utilise polyproline
chromatography as a first chromatographic step as polyproline has been shown
to bind to full-length CP4H (5, 8). Interestingly, expression of only the CP4H 20G
oxygenase domain (residues 235-534), and therefore lacking the N-terminal
dimerisation and PSB domains, does not bind to polyproline resin (8), suggesting
that polyproline may interact with the peptide binding motif in the PSB domain.
In this case, the use of polyproline resin during purification was avoided due to
residual polyproline that leaches from the resin being a potent inhibitor of the
enzyme, which may lock the CP4H:PDI tetramer in a conformational state not
suitable for crystallisation. Therefore, there may be a link between the
widespread use of polyproline chromatography for CP4H:PDI tetramer
purification and the absence of a crystal structure of the CP4H:PDI tetramer.

Instead, an alternative purification protocol was developed (Figure 5.2).
Similar to the purification of the PPHD:EF-Tu complex (Chapter 3, section 3.3),
Ni-affinity chromatography was chosen as the first chromatographic step, as
both CP4H and PDI subunits contain a N-terminal hexahistidine tag. However, in
contrast to purification of the PPHD:EF-Tu complex, subsequent size exclusion
chromatography revealed a ‘mountain range’ of peaks, all of which contained

pure CP4H and PDI as shown by SDS-PAGE analyses, indicating that CP4H:PDI
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exists in multiple different oligomeric states or that CP4H/PDI subunits are also

present in their isolated (i.e. not complexed) forms.

CPH:PDI purification workflow
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Figure 5.2. Workflow for the purification of an active and crystallisable CP4H:PDI «:f3;
tetramer. A four-step chromatographic procedure was pursued in which homogeneous
CP4H:PDI tetramer was able to be purified from both bacterial proteins and CP4H:PDI monomer
contaminants.
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Size exclusion chromatography was thus side-lined, and a heparin cation
exchange chromatography procedure was chosen as a second chromatographic
step. Heparin is a polysaccharide of the glycosamino family that contains many
branched sulfate groups (12). Its highly negative charge makes it a suitable resin
for cation exchange chromatography. Previous work in the Schofield group has
shown that heparin chromatography is critical for the purification of
crystallisable nucleic acid binding 20G oxygenases, such as fat mass and obesity-
associated protein (FTO) (13, 14), where the negative charge and tubular
structure of heparin is thought to mimic that of nucleic acid and bind to FTO in
the vicinity of its active site (in a locally basic environment, despite the overall
low pl of FTO 5.1). The pl in the local environment of the active site (where
nucleic acid and heparin are predicted to bind) is likely higher to due an
abundance of basic residues. It was hypothesised that the tubular structure of
heparin may mimic that of polyproline and interact with the CP4H:PDI tetramer,
possibly by burying itself within a (substrate-binding) groove in the tertiary
structure, despite the overall negatively charged CP4H (pl 5.7) and PDI (pl 4.7).

In order to maximise binding of CP4H to the heparin column, which was
predicted to be weak due to the negatively charged heparin and low pl of
CP4H/PD]I, it was important to use a solution of low ionic strength. Therefore,
CP4H/PDI containing fractions after Ni-affinity chromatography were buffer
exchanged into 25 mM Tris-HCl pH 7.5 that contained no additional salt. Notably,
the protein mixture was found to be stable in 25 mM Tris-HCl pH 7.5 at both 4 °C
and room temperature and no precipitation was observed. The protein mixture
was then loaded onto the heparin column. Some immediate elution (Figure 5.2,

peak B), indicative of no binding to the resin, was observed. The eluent that did
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not bind to the heparin resin was allowed to fully exit the column by continuous
elution with buffer A and the UV absorbance return to baseline, after which a
gentle gradient (0-10% B over 10 mL; buffer A corresponds to 25 mM Tris-HCl
pH 7.5, buffer B corresponds to 25 mM Tris-HCl pH 7.5, 1 M NaCl) was initiated.
A subsequent sharp peak was observed (Figure 5.2, peak C) at approximately 50
mM NaCl (5% B). The column was then washed with 100% B, during which a
large, sharp peak eluted (Figure 5.2, peak D). The three peaks were then buffer
exchanged back into buffer A, after which precipitant was immediately visible in
fractions corresponding to peak D, confirming the instability of peak D in
solution and its tendency toward aggregation, whereas peaks B and C remained
stable.

Native PAGE was performed on peaks B and C in order to analyse their
oligomeric state using BSA as a standard, which oligomerises in a concentration
dependent manner and possesses a molecular weight roughly equivalent to
those of CP4H and PDI (BSA monomer: ~66.5 kDa). Strikingly, the native PAGE
revealed that peak B consisted of CP4H/PDI monomers (they both migrated a
comparable distance to the 66.5 kDa BSA monomer), whereas peak C contained a
CP4H/PDI mixture of a higher oligomeric state (migrated a comparable distance
to ~266 kDa BSA tetramer) (Figure 5.2). Native PAGE can be useful for assigning
the relative molecular weights of native proteins, but is unable to assign precise
molecular weights to protein complexes because the way in which a given
protein migrates through a PAGE gel is determined by its 3-dimensional
structure (15). Nonetheless, the differences in migration of peaks B and C were
clear: peak B appeared to contain two diffuse bands at low molecular weight,

hypothesised to be both CP4H and PDI monomers, whereas peak C contained a
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single, sharp band at a much higher molecular weight. Therefore, it was
proposed that peak C predominately contained the CP4H:PDI azf3; tetramer, free
from contamination with its uncomplexed forms.

Although the purification and study of the CP4H monomer was of interest
(especially if it was able to function without PDI), the original goal of the project
was to purify and crystallise the CP4H:PDI a:B: tetramer, and therefore
purification was continued on peak C. Mono Q, a strong anion exchange column,
was chosen as a third chromatographic step to follow the weak cation exchanger
heparin column. To maintain consistency, the Mono Q column was pursued in
the same way as the heparin column, with buffer A and buffer B unchanged. Two
peaks (Figure 5.2, peaks E and F) were eluted at high salt concentrations (~350
mM NaCl, 35% B), which indicated that the CPI:PDI complex as purified from the
heparin column existed in two distinct forms, and, likely, conformations. At this
stage in the purification, since the yield was low, the second, and more abundant
peak, was chosen for further purification (Figure 5.2, peak F).

After having successfully performed three distinct chromatographic steps
(affinity, cation, and anion exchange chromatography), size exclusion
chromatography was chosen as a final chromatographic step in order to verify
the oligomeric homogeneity of the CP4H:PDI tetramer. A single peak (Figure 5.2,
peak G) was eluted from the size exclusion column (5200 resin, exclusion limit of
600,000 Da) at approximately 150 mL. According to experience within the group,
smaller proteins on the order of <100 kDa, including PPHD, EF-Tu, OGFOD1, and
Tpal, elute closer or after the 200 mL mark, whereas a 600 kDa protein would
elute immediately after the 100 mL mark (100 mL corresponds to the void

column of the 300 mL S200 column). The early elution of peak G (only 50 mL
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after the void volume) provided further empirical evidence that indeed a

CP4H:PDI az[32 tetramer had been successfully purified.

5.4 Design of a novel CP4H activity assay platform
5.4.1 Challenges for development of a rigorous CP4H activity assay

It was then of interest to determine the in vitro activity of the purified
CP4H:PDI a232 tetramer. One of the difficulties in monitoring the activity of
CP4H:PDI az[32 tetramer in vitro stems from the fact that it hydroxylates prolyl-
residues at numerous sites in human collagen and so directly monitoring the
oxidation of a single proline residue is challenging. Previous kinetic studies on
CP4H:PDI azf2 tetramer have relied on the turnover of 20G to succinate as an
indicator for hydroxylation and have used (PPG), motif containing peptides
(typically, n=5,10) as substrates (16, 17). However, previous studies with PPHD
and EF-Tuss.63 peptide substrate revealed that prime substrate uncoupled 20G
turnover may be present to a high degree in prolyl-hydroxylase dependent
oxidation of peptides in vitro. Such uncoupled turnover would likely result in
systematic errors within kinetic parameters derived from monitoring reaction
by 20G turnover. Therefore, it was desirable to development an assay in which

substrate oxidation could be directly measured.

5.4.2 Rational design of synthetic CP4H peptide substrates

A 30mer peptide consisting of 10 Pro-Pro-Gly repeats [termed HCOL1,
sequence: (PPG)10] is commonly used in the literature to probe the activity of
CP4H (16) and so was chosen as a substrate for biochemical studies. However,

the observation that HCOL1 has multiple potential hydroxylation sites and an
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absence from natural human collagen, suggested that CP4H kinetic parameters
derived using HCOL1 as a substrate may be not be indicative of actual values.

Therefore, in addition to HCOL1, two synthetic peptides were designed to
probe the reactivity of recombinant CP4H: i) HCOL3: a 31mer encompassing
residues 186-216 of human collagen «-1(I) chain (Uniprot code P02452;
sequence: PRGLPGPPGAPGPQGFQGPPGEPGEPGASGP) and possessing 6
potential hydroxylation sites ii) HCOL5: a 30mer encompassing residues 606-
635 of human collagen «-1(I) chain (Uniprot code P02452; sequence:
AVGPAGKDGEAGAQGPPGPAGPAGERGEQG) and  possessing only one
hydroxylation site. Peptides were designed as 30mers (or 31mer for HCOL3) for
two reasons: i) previous studies using (PPG)s 10 have shown that the Ki of the
30mer repeat [(PPG)io] is >20-fold lower than that of the 15mer repeat
[(PPG)s](16), and ii) it was hypothesised that a peptide substrate of longer length
would be necessary in order to span the distance from the peptide binding motif
in the PSB domain to the 20G oxygenase domain catalytic site. The HCOL3 and
HCOL5 peptides were designed to rectify the issues besetting HCOL1, in that
both HCOL3 and HCOLS5 naturally occur in human collagen and have fewer XPG
hydroxylation sites.

The simplicity of HCOL5, which contains only one potential XPG
hydroxylation site, was of intense interest as its CP4H dependent prolyl-
hydroxylation would likely result in only one +16 Da shift, which could directly
be monitored by MALDI MS in the same way as for in vitro kinetic assays
performed with other prolyl-hydroxylases [PPHD (Chapter 2, section 2.5) and
OGFOD1 (Chapter 4, section 4.3)] and their respective peptide substrates. In this

way, the use of HCOLS eliminates the need to monitor CP4H reaction by 20G
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turnover (16) and the kinetic parameters derived from CP4H reaction with
HCOL5 may potentially be accurately compared with those of other prolyl-
hydroxylases. Further, the viability of HCOL5 as a CP4H substrate would open
the door to more high-throughput activity assays (such as AlphaScreen®) or
binding assays (e.g. using fluorescence polarisation) for the development of
selective CP4H inhibitors, which is of immediate utility as PHD inhibitors

currently in clinical trials are likely to also inhibit human CP4H.

5.4.3 CP4H hydroxylates prolyl-residues in human collagen

Both the purified CP4H:PDI a2f3, tetramer (derived from heparin peak C)
and the CP4H/PDI monomer mixture (derived from heparin peak B) were tested
against all three peptide substrates (HCOL1, HCOL3, and HCOL5)(Figure 5.3).
Assay conditions were consistent throughout and closely mimicked those for
PPHD and PHD2 [50 puM Fe(II), 400 uM 20G, 1 mM ascorbate, 100 pM substrate
in 25 mM Tris-HCI pH 7.5 at room temperature for 20 mins]. Importantly, when
tested at similar concentrations, the CP4H/PDI monomer mixture was also found
to be active against all three substrates, albeit slightly less so than the CP4H:PDI
ozf2 tetramer. As active, non-aggregated CP4H is known to be produced only in
the presence of PDI (2, 18), this result is of interest as it suggests either that i)
PDI may play a role in proper CP4H folding, rather than directly in catalysis or ii)
that the monomeric PDI and CP4H can interact in solution under the incubation

conditions.
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Figure 5.3. CP4H catalyses the prolyl-hydroxylation of synthetic and natural pro-collagen
substrates. (A) CP4H hydroxylates HCOL1, an unnatural peptide substrate that contains 10 XPG
hydroxylation sites. For simplicity peaks without hydroxylation notation correspond to an
adduct of a mono- or polyhydroxylated product plus one or two sodium ions. (B) CP4H
hydroxylates HCOL3, a natural peptide substrate derived from the sequence of human collagen
that contains 6 hydroxylation sites. (C) CP4H hydroxylates HCOL5, a natural peptide substrate
that contains only 1 hydroxylation site. For all peptides, XPG sites are shown in red.

CP4H catalysed hydroxylation of HCOL1 produced, as expected, multiple

compounded +16 Da shifts, many of which ionised in the presence of mono- or
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disodium adducts (Figure 5.3). Interestingly, the CP4H:PDI azf; tetramer was
observed to catalyse the hydroxylation of all 10 possible XPG hydroxylation sites
(2712.5 Da corresponds to 10 hydroxylations plus one sodium ion). The results
represent the first evidence of the direct CP4H-catalysed oxidation of substrate
by MS and suggest that the active site of CP4H is flexible enough to accommodate
the differences in polarity and, likely, secondary structure, that polyprolyl-
hydroxylation would confer on the HCOL1 peptide.

Despite the presence of 6 potential XPG hydroxylation sites in HCOL3, it
was found to undergo only a maximum of 3 hydroxylations, over the stated assay
conditions. A possible explanation for the difference between HCOL3 and HCOL1
includes the fact that 3 of HCOL3 XPG hydroxylation sites reside towards the C-
terminus of HCOL3 (sequence: PPGEPGEPG), with two (sequence: EPGEPG)
containing a glutamate residue in the X position, which may preclude
hydroxylation of all three of those prolyl residues by preventing binding to the
CP4H catalytic site. Incubation of HCOL3 with both CP4H:PDI af3> tetramer and
CP4H/PDI monomers resulted in complete conversion to the dihydroxylated
product (Figure 5.3), whereas the third hydroxylation occurred appreciably only
in the case of the CP4H:PDI a2[3;2 tetramer (Figure 5.3). Future studies will help to
probe the substrate specificity of human CP4H.

As predicted, HCOL5 was found to undergo a single hydroxylation (Figure
5.3), catalysed to complete conversion by the CP4H:PDI a2f3; tetramer and to a
lesser extent by the CP4H/PDI monomers (Figure 5.3). The conversion of HCOL5
to the monohydroxylated product, which can be routinely monitored due to the

presence of a single reactant and product species, represents the foundation of a
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hitherto non-existent, robust assay platform that should open the door to kinetic

characterisation of CP4H as well as inhibitor design.

5.5 Preliminary determination of the Michaelis-Menten Kkinetic parameters
of a CP4H:PDI tetramer

As early as 1966, it had been shown that Fe(ll), 20G, and sodium
ascorbate were required for CP4H dependent conversion of prolyl residues to
hydroxyprolyl residues (1, 19, 20), providing a putative link between CP4H
activity and scurvy (21). Fe(II) and 20G were found to be indispensable for CP4H
catalysis. On the other hand, reducing agents other than sodium ascorbate, such
as B-mercaptoethanol, dihydroxymaleate, were also found to increase CP4H
activity, although to a lesser extent than was achieved by sodium ascorbate (20).

Early assays for CP4H activity relied on tritium release from 3,4-3H-
proline (22), which, despite radioactivity and handling concerns, had the
advantage that direct conversion of substrate to product could be monitored;
many subsequent CP4H activity assays employed the quantification of 20G
turnover (5, 16). However, both assays suffer from the fact that the substrates
used contained multiple XPG hydroxylation sites, and so direct analysis of kinetic
parameters was difficult.

Using HCOLS5 as a primary substrate, the apparent K values for Fe(II),
20G, sodium ascorbate and HCOL5 peptide were determined (Figure 5.4).
Compared to PHD2, CP4H was found to have a similar Kn, for Fe(II) (0.19 + 0.04
uM for CP4H:PDI tetramer/HCOL5; <1 uM for PHD2/HIF-1a CODD), 20G (38.2
6.0 uM for CP4H:PDI tetramer/HCOLS5; 55 + 11 pM for PHD2 /HIF-1a CODD), and

ascorbate (39.1 + 14.9 puM for CP4H:PDI tetramer/HCOL5; 54 + 10 pM for
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PHD2/HIF-1a CODD) (23-25). While the results likely do not reflect cellular
activities of CP4H, the similar in vitro kinetic parameters of the human collagen
and HIF prolyl-4-hydroxylases is of interest from an evolutionary perspective
and potentially suggests a common ancestor for the two types of prolyl-

hydroxylases, possibly a PPHD-like prokaryotic prolyl-hydroxylase.
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Figure 5.4. CP4H catalysis is dependent of Fe(Il), 20G, and sodium ascorbate. (A) 20G (B)
Fe(1I) (C) ascorbate and (D) HCOLS5.

It is likely that CP4H was not saturated by HCOL5 at a concentation of 1
mM (Figure 5.4D). Therefore, the CP4H:PDI tetramer K. for HCOL5 was
determined to be beyond the limits of detection in the assay conditions and is
predicted to be >1 mM. Studies have shown that increasing the length of peptide

or that of recombinant human collagen substrates can dramatically decrease
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their Kn (16). However, it is important to note that CP4H hydroxylates XPG
motifs in a plethora of different sequence contexts (26), and so direct
comparison of Km values for different CP4H substrates, even of the same length,
may be difficult. Nonetheless, CP4H was shown to be very active against HCOLS5,
with substantial activity within manageable time scales (~1-2 hours) even at
1000:1 substrate:enzyme concentration, suggesting that lower enzyme
concentrations (and thus a higher assay throughput) are amenable to these
assay conditions.

In sum, the basis of a medium-throughput activity assay for human CP4H
was developed that is of notable future utility for the screening and generation of
CP4H selective inhibitors. Having shown that recombinant CP4H:PDI can be
produced in E. coli in pure form and is active against a variety of synthetic and
natural substrates, it was of interest to return to the initial goal of the project, the

crystallisation of the CP4H:PDI a2f32 tetramer.

5.6 Crystallisation and preliminary diffraction of a CP4H:PDI tetramer
5.6.1 Using DSF to screen for optimal CP4H stability

Prior to crystallisation trials with CP4H:PDI, it was of interest to
determine the effect (if any) of common cofactors of planned use in
crystallisation experiments on the stability of the CP4H:PDI a>f3, tetramer. DSF
(Tw shift) was employed to analyse the relative affect of Mn(II), NOG, and peptide
substrates (HCOL1, HCOL3, and HCOL5) on the stability of CP4H:PDI tetramer
(Figure 5.5). The results revealed that Mn(II) slightly stabilises the tetramer
(1.05 £ 0.1 °C shift), yet the further addition peptide substrates did not

appreciably affect the stability over that of isolated Mn(II). Mn(II) and NOG were
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observed to have a cooperative effect in enhancing CP4H stability [NOG 5.86 *
0.19 °C shift; Mn(II) and NOG 6.52 * 0.01 °C shift]. As in the absence of NOG, a
peptide-dependent increase in stability was not observed in the presence of both
Mn(II) and NOG [Mn(II), NOG, HCOL1 6.72 * 0.09 °C shift; Mn(II), NOG, HCOL3
6.69 + 0.15 °C shift; Mn(II), NOG, HCOL5 6.55 + 0.02 °C shift], suggesting that
prior binding of Mn(II) and NOG, which likely serves to order the CP4H active
site, is the major contributor to CP4H stabilisation. Although all three peptide
substrates tested were observed to stabilise CP4H to the same extent (within
error), HCOL5 was chosen as the preferred substrate for crystallisation trials as
it contains only one XPG hydroxylation site and so was predicted to bind to CP4H
in only one conformation, important for maintaining the conformational

homogeneity of the CP4H:PDI tetramer for crystallisation.

AT, (°C)
0 1 2 3 4 5 6 7 8
CPH:PDI tetramer - 0.00
Mn(Il) = 1.06
Mn(Il) + HCOLA1 = 1.01
Mn(ll) + HCOL3 = 1.00
Mn(ll) + HCOL5 i=1.23
NOG —5.86
Mn(ll) + NOG ' 6.52
Mn(ll) + NOG + HCOLA1 = 6.72
Mn(ll) + NOG + HCOL3 = 6.69
Mn(ll) + NOG + HCOL5 © 6.55

Figure 5.5. Differential scanning fluorimetry on CP4H:PDI tetramer. Results shown are the
mean = s.d. of triplicates with apo (no metal bound) CP4H:PDI tetramer as a reference.

5.6.2 Initial crystallisation trials on CP4H
Crystallisation trials on pure, recombinant CP4H:PDI tetramer were then

pursued as for other prolyl-hydroxylases, such as PPHD, OGFOD1 and Tpal (see
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Chapters 3 and 4). The protein solution consisted of 5-7 mg/mL fresh (typically
directly off the column, not frozen) CP4H:PDI, 0.5 mM MnCl;, 1.0 mM NOG, and
1.1 mM HCOLS5 in 25 mM Tris-HCI pH 7.5. Crystallisation screening experiments
on CP4H:PDI began with multiple commercial crystallisation screens at both 20
and 4 °C - i.e. the JCSG+, PACT Premier, Proplex, Index, MIDAS screns (Molecular
Dimensions and Hampton Research) (27-30).

Several hits were observed in the commercial screens, appearing over a
period of two months (for an abbreviated summary of conditions that afforded
crystals, see Table 5.6). After 6 days of incubation at 20 °C, the first crystal hits
for CP4H:PDI were observed in JCSG well A3 [0.2 M di-ammonium hydrogen
citrate, 20% (w/v) PEG 3350]. Shortly thereafter (9 days total incubation), JCSG
well A2 [0.1 M sodium citrate pH 5.5, 20% (w/v) PEG 3000] and JCSG well B9
[0.1 M sodium citrate pH 5.0, 20% (w/v) PEG 6000] also developed crystals.
Further, after 7 weeks, crystals were observed in JCSG well H7 [0.2 M (NH4)2S04,
0.1 M bis-tris pH 5.5, 25% (w/v) PEG 3350]. In general, conditions in the JCSG
broad screen that produced crystals tended to contain citrate as a buffer/salt
(exception of well H7), a <7 pH, and a middle molecular weight PEG as a
precipitant. The Proplex screen afforded one hits in the well C4 [0.2 LiSO4, 0.1 M
MES pH 6.0, 20% (w/v) PEG 4000], which appeared after 3 weeks. In all
conditions, crystals were of a hexagonal morphology, with the largest crystals
obtained in JCSG well B9 and Proplex well C4. JCSG H7 and Proplex C4 differ from
other conditions both in the timescale required for crystal growth (weeks as
opposed to days) and in their components (they do not contain citrate, yet they

both contain 0.2 M sulfate anion).
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Table 5.6. Initial CP4H crystal hits derived from broad screening.

Condition Observed Temp Additive Size  Morphology Best
after (°C) (nm) Diffraction

A)

JCSG A2 9 days 20 - 75 Hexagonal 7.0

JCSG A3 6 days 20 - 75 Hexagonal -

JCSG B9 9 days 20 - 150 Hexagonal 4.0

JCSG B9 4 days 20 2% (w/v) 50 Hexagonal -

benzamidine
JCSG H7 7 weeks 20 - 150 Hexagonal -
Proplex 3 weeks 20 - 150 Hexagonal 4.0
Cc4
JCSG B9 5 days 20 Silver bullet G1* 175 Hexagonal 3.8

5.6.3 Attempts at optimisation of CP4H crystal hits

Optimisation of hits was immediately undertaken to investigate the
following parameters: buffer pH, salt concentration, PEG concentration,
protein:reservoir ratio within the drop, CP4H:PDI concentration within the
protein solution, addition of additives and type of cryo-protectant solution. Hits
in JCSG A2 and B9 were manually optimised by varying the buffer pH and PEG
concentrations [0.1 M sodium citrate pH 5.0/5.5/5.6 and PEG 3000/6000 at 12-
22% (w/v) in steps of 2%] as well as the protein:reservoir solution ratio (1:1
and 1:2). For manual trials, the total drop size was scaled up 10-fold (0.1 pL to 1
uL). An additional optimisation of JCSG B9 was performed in the same manner,
except that the original drop sizes were maintained and the plates were set up in
nanoscale using the high-throughput robot, as for broad commercial screening.
The concentration of the citrate buffer was varied instead of the pH [25-200 mM
citrate pH 5.0 in steps of 25 mM; 13-24% (w/v) PEG 6000 in steps of 1%].
Manual optimisation of Proplex C4 by varying the LiSOs and PEG (w/v)
concentrations [0.1 M MES pH 6.0 throughout, 150-237.5 mM LiSO4 in steps of

12.5 mM, 18-20.75% (w/v) PEG 4000 in steps of 0.25%] was also performed.
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Unfortunately, no crystals were observed in any of the aforementioned
optimisation screens.

In a further attempt to optimise the JCSG B9 condition, Additive, Silver
Bullets HT, and Silver Bullets Bio screens were performed (Hampton Research)
(31). Out of all the conditions in the three screens (288 total), only two hits were
observed in the presence of the following additives: i) 2% (w/v) benzamidine
hydrochloride from well F9 of the Additive screen and ii) a cocktail of organic
acids from well G1 of the Silver Bullets HT screen including 0.16% (w/v) 5-
sulfosalicylic acid dihydrate, 0.16% (w/v) dodecaneoic acid, 0.16% (w/v)
hippuric acid, 0.16% (w/v) mellitic acid, 0.16% (w/v) oxalacetic acid, 0.16%
(w/v) suberic acid, and 20 mM HEPES pH 6.8. Benzamidine hydrochloride was
purchased and manual optimisation of JCSG B9 in the presence of 2% (w/v)
benzamidine hydrochloride was performed in the same manner. For the first
time outside of commercially available broad screens, small (50 um) crystals
were observed [125 mM citrate pH 5.0, 20% (w/v) PEG 6000, 2% (w/v)
benzamidine hydrochloride]. However, despite their reproducibility, these
crystals were of an irregular morphology and were found to diffract poorly at the

synchrotron, to a maximum of 7 4, and so were not pursued further.

5.6.4 CP4H crystal formation is highly sensitive to external stimuli

In general, CP4H:PDI crystals (Figure 5.7) were found to be very fragile
and sensitive to any changes in condition that deviated from the original hit in
the broad screen. The ratio of protein solution to reservoir solution in the
crystallisation drop proved to be important, with the largest and most well-

formed crystals observed in crystallisation drops of a 1:1 ratio. Slightly more
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nucleation and smaller crystals were observed in drops containing a 1:2
protein:reservoir ratio. No crystals were ever observed in identical conditions at
4 °C. All hits were screened in-house before being brought to the synchrotron,
yet no in-house diffraction was observed, suggesting that the high energy

synchrotron beamline would be required for diffraction.

JCSG+ well B9

Cc

Proplex well C4

PR it
Data collected to 4.1 A

Figure 5.7. Crystallisation and preliminary diffraction of a CP4H:PDI tetramer. (A)
Representative crystals from the JCSG+ screen well B9. (B) Synchrotron diffraction pattern of
crystals from the JCSG+ well B9; the particular dataset was complete to 4.1 A. (C) Representative
crystals from the Proplex screen well C4.

5.6.5 CP4H crystals are sensitive to choice of the cryo-protectant

Independent of the condition, CP4H:PDI crystals were found to be highly
sensitive to cryo-protectant solution. The addition of 25% (v/v) glycerol or 25%
(v/v) ethylene glycol, diluted in well solution, quickly resulted in crystal

disintegration. To overcome this issue, rather than diluting the cryo-protectant
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(glycerol, ethylene glycol, etc.) in well solution, a separate cryo-protectant
solution was prepared in which the concentrations of the precipitants in the well
solution were not diluted. Interestingly, only crystallisation experiments
performed using fresh protein (never frozen) afforded diffraction quality
crystals. Finally, allowing crystals to grow undisturbed for at least 1 month, even
from conditions in which they appeared after one week, was found to improve

both their size and morphology.

5.6.6 Data collection

Collecting datasets complete to high resolution also proved problematic
as the CP4H:PDI crystals degraded quickly upon exposure to synchrotron
radiation, resulting in increasingly lower observed diffraction even after the first
few images.

Despite these challenges, enough crystals of sufficient quality were
obtained such that complete datasets could be collected at the synchrotron.
High-quality crystals typically diffracted no further than a limit of ~4 A. The
highest resolution complete dataset diffracted to 3.8 A and was collected using a
single crystal obtained from JCSG well B9 in the presence of the Silver Bullet well
G1 additive (for data collection statistics, see Table 5.8). The data was processed
in the P63 hexagonal space group, in empirical agreement with the observed
hexagonal crystal morphology. Calculation of the Matthew’s coefficient revealed
that the asymmetric unit likely contained one intact CP4H:PDI tetramer and

~45% solvent.
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Table 5.8. CP4H:PDI data collection statistics. Statistics correspond to the highest quality
dataset to date for CP4H:PDI using a single crystal from JCSG well B9 and 25% glycerol in well
solution as a cryo-protectant. § indicates statistics from the highest resolution bin.

CP4H:PDI
X-ray source X Diamond Light Source beamline 104-1
Wavelength (&) 0.92000
Resolution (&) 3.84 (3.93-3.84)8
Space group P63
Unit Cell Dimensions (a A, b A, c &) 177.71,177.71,111.44

Total Number of Reflections Observed | 307010

Number of Unique Reflections 19281 (1266)8
Redundancy 16.1 (15.7)8
Completeness (%) 100.0 (100.0)8
I/o(1) 11.8 (2.0)8
Average B factor (A?) 124.34

5.7 Attempts to solve the structure of CP4H:PDI using various methods
5.7.1 Molecular replacement

Initial attempts to solve the structure of CP4H:PDI involved molecular
replacement using the MR-PHASER (32) subroutine of the PHENIX (33)
crystallographic software package. For the human CP4H 20G oxygenase domain,
for which there is no reported structure, the structure of C. reinhardtii P4H
(CrP4H) (PDB ID: 3GZE) was used as a search model (34). The reported structure
of the human N-terminal dimerisation and PSB domains of CP4H (PDB ID: 4BTA)
(35) were used to search for the same domains in the asymmetric unit of
CP4H:PDI. There are two reported structures of human PDI, either in its oxidised
(PDB ID: 4EL1)(36) or reduced form (PDB ID: 4EKZ)(36), which show large
conformational changes between the two states. It was predicted that PDI, the 3
subunit of the tetramer, would be present in its oxidised form due to the

oxidising environment of the cytosol of E. coli Origami 2 (DE3) cells and also the
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demonstrated requirement of two disulfide bonds within the CP4H a subunit for
tetramer formation. It was thought to be highly unlikely that the CP4H o subunit
would be oxidised and the PDI 3 subunit would be reduced. Unfortunately, these
initial attempts were not successful.

Subsequent attempts to solve the CP4H:PDI structure by molecular
replacement involved fine-tuning various parameters including i) manually
trimming surface loops on the CrP4H structure such that only the core DSBH
remained, ii) individually searching for the PSB domain and N-terminal
dimerisation domain, iii) individually searching for the a, a’, b, and b’ PDI
subdomains given that it is likely that large conformational changes occur in the
structure of PDI in the CP4H:PDI tetramer relative to isolated PD], iv) changing
the search order of components within the asymmetric unit, and v) manipulating
the allowable clashes between chains within the molecular replacement
algorithm (from 5-10% of atoms/chain) in an attempt to accommodate major
domain movements. The aforementioned strategies (i-v) were performed in
isolation and in combination, yet still no molecular replacement solutions were
identified.

The continued inability to solve the structure by molecular replacement
could be due to the fact that the quality of the 3.8 A resolution data set is not
sufficient or that there are substantial conformational changes in the CP4H
and/or PDI subunits from their previously crystallised forms that render

molecular replacement highly unlikely, even after adjusting clash constraints.
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5.7.2 Single-wavelength anomalous dispersion (SAD) using selenomethionine
(SeMet)-labelled protein

Given that efforts to solve the structure of CP4H:PDI azf: tetramer by
molecular replacement continued to be unsuccessful, alternative phasing
strategies using single-wavelength anomalous dispersion (SAD) were attempted.

Expression and purification of SeMet-labelled CP4H:PDI was pursued as
the first alternative method of phasing. In addition, SeMet-labelled protein has
been shown to crystallise in different space groups, resulting in crystals with
diffraction limits altered relative to those of native protein crystals. E. coli
Origami 2 (DE3) cells transformed with the same pETduet-1 plasmid encoding
for hexahistidine tagged CP4H:PDI used for native protein production were
grown in minimal media supplemented with selenomethionine (Molecular
Dimensions). The cells were harvested and lysed as for E. coli Origami 2 (DE3)
grown in 2TY medium and purification of SeMet-labelled CP4H:PDI was
attempted using the same purification protocol as was successful for native
protein. Comparison of Ni-affinity chromatograms of SeMet-labelled and native
CP4H:PDI revealed similar levels of Ni-affinity eluent (Figure 5.9). However,
subsequent heparin cation exchange chromatography revealed a striking
difference in the relative amount of SeMet-labelled tetramer compared to native
tetramer, despite a similar level of aggregate (Figure 5.9). Indeed, in practice

there was little to no recoverable yield of SeMet-labelled CP4H:PDI tetramer.
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Comparison of native and SeMet CPH purifications

Legend
SeMet CPH:PDI UV trace (normalised)
Native CPH:PDI UV trace (normalised)
NaCl gradient (% B)
0 mAU
Ni-affinity
A
ml
0 100 200 300
. mAU
. flow-through D
Hepa rnn no binding to heparin aggregate
elutes at 1 M NaCl (100% B)
weakly bound
elutes at ~50 mM NaCl (5% B)
—— ml
0 20 40 60 80
Peak Corresponding species Relative yield of SeMet preparation
A Heterogeneous mixture of CPH/PDI Same
B CPH/PDI monomers Lower yield (rougly half)
C Predicted CPH:PDI tetramer No recoverable yield
D Aggregate Same

Figure 5.9. Comparison of native and SeMet-labelled CP4H:PDI tetramer purifications. UV
traces for native and SeMet-labelled CP4H:PDI were normalised to the most abundant peak for
easier relative comparison of peak height.

The notable absence of tetramer production in the case of the SeMet-
labelled protein, despite efficient protein production, could possibly be due to
propensity of selenomethionine itself to undergo oxidation (selenium is more
prone to oxidation than sulfur), which likely would be increased by the oxidising
environment in the E. coli Origami 2 (DE3) cytosol. Typical protocols for SeMet-
labelled protein production involve the addition of a reducing agent, such as
DTT, to the growth medium to prevent protein aggregation caused by SeMet
oxidation. However, given that previous studies had shown that the presence of
reducing agent precludes tetramer formation by preventing the formation of the

two critical intramolecular disulfide bonds within the CP4H 20G oxygenase
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domain (3, 11), the addition of reducing agent to the growth medium was
avoided.

To test the inverse of this hypothesis, E. coli B834 (DE3), a methionine
auxotroph without the oxidising cytosol of E. coli Origami 2 (DE3), was used as
an expression strain. Purification of SeMet-labelled CP4H:PDI was pursued in the
same way. Similar levels of hexahistidine tagged protein were obtained after Ni-
affinity chromatography, yet, reminiscent of SeMet-labelled CP4H:PDI
purification from E. coli Origami 2 (DE3), no recoverable yield of CP4H:PDI
tetramer was observed during heparin cation exchange chromatography. In this
case, the lack of an oxidising cytosol likely precluded tetramer formation, as has
been shown using E. coli BL21 (DE3) cells (8), rather than aggregation resulting
from SeMet selenium oxidation.

Unfortunately, the paradoxical requirements for an oxidising
environment for CP4H:PDI tetramer formation and a reducing environment for
SeMet stability resulted in an inability to produce SeMet-labelled tetramer.

Therefore, other SAD phasing methods using heavy halides were attempted.

5.7.3 Single-wavelength anomalous dispersion (SAD) using halide ions
Supplementation of cryo-protectant solution with sodium bromide
(NaBr) followed by quick soaking (usually on the order of seconds) has been
shown to result in the presence of an arbitrary number of ordered Br ions in the
asymmetric unit, having been coordinated by electrostatic interactions to the
protein surface (37, 38). These Br ions can then be detected by collected data at

their absorption edge (0.92 A) and used as anchors for phase determination (38).
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Other methods for halide phasing have involved I atoms. 5-amino-2,4,6-
triiodoisophthalic acid (I3C), otherwise known as the ‘magic triangle’, provides a
more specific method of phasing because the three I atoms form three vertices of
an equilateral triangle, easily recognisable within electron density maps as
empirical evidence of correct structure determination (39). I3C can be added to
cryo-protectant solution similar to NaBr, or it can be co-crystallised as a ligand,
similar to NOG or HCOLS5 (40).

Initial experiments consisted of soaking CP4H:PDI crystals with NaBr
(0.4-2 M) or I3C (2-10 mM) supplemented cryo-protectant solution. However,
both NaBr and I3C were found to cause significant damage to the fragile
CP4H:PDI crystals. Consequently, only minimal (>8 A) diffraction was observed
at the synchrotron, which deteriorated almost completely after the collection of a
few images (typically under 20 images, indicative of a ~4 secs lifetime). Crystals
from JCSG well A2 and JCSG well B9 grown in the presence of with 2% (w/v)
benzamidine hydrochloride were screened with both NaBr and I3C. Given that
[3C can be co-crystallised with proteins as a ligand, 5 mM I3C was added to
protein solution and then screened manually in the JCSG B9 condition that

included 2% (w/v) benzamidine hydrochloride, but no crystals were obtained.

5.7.4 Summary of challenges to solving the CP4H structure

In sum, multiple strategies were attempted in order to solve the structure
of CP4H:PDI tetramer, which include molecular replacement and SAD phasing
via SeMet-labelled protein production or NaBr/I3C soaking, yet none was
successful. Further, the propensity of CP4H:PDI crystals to rapidly degrade upon

exposure to synchrotron radiation would likely preclude the collection of a
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highly redundant dataset optimal for SAD. Therefore, future attempts to solve
the structure using higher resolution data may find the most success should they

revisit molecular replacement.

5.8 Small-angle X-ray scattering (SAXS) provides a working model of CP4H
5.8.1 SAXS can provide a molecular envelope

The difficulty of solving a crystal structure of CP4H:PDI tetramer
prompted the search for other methods to determine a 3-dimensional model of
CP4H:PDI that did not require a crystalline sample. Small-angle X-ray scattering
(SAXS), which focuses on the low-resolution scattering about a small range of
angles (<10°) of an in-solution sample, can be used to determine a molecular
envelope of a protein (41, 42). Since the sample need not be crystalline, an
advantage of SAXS lies in its ability to map the general location of flexible regions
of protein that would be otherwise disordered and thus undetectable in a crystal
structure. SAXS was predicted to be especially useful for CP4H:PDI tetramer due

to its predicted irregular oblong structure.

5.8.2 Ab initio model of CP4H

SAXS experiments on CP4H:PDI tetramer were conducted by Dr. Ed Lowe
(Biochemistry, University of Oxford) at the European Synchrotron Radiation
Facility BioSAXS beamline BM29 equipped with a Pilatus 1M detector. The
protein solution was identical to that used for crystallisation experiments. Data
were processed under the supervision of Dr. Ed Lowe at the ESRF BioSAXS BM29

(for details, see Materials and Methods).
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An ab initio molecular envelope for the CP4H:PDI tetramer was calculated
by the DAMMIN software package at the beamline under the supervision of Dr.
Ed Lowe (Figure 5.10)(43). The shape of the SAXS molecular envelope for
CP4H:PDI tetramer was oblong and had dimensions of 210 A and 90 A at its
widest and longest points, respectively (Figure 5.10), and was in agreement with
a SAXS envelope previously reported for the N-terminal dimerisation domain
and PSB domain of the a subunit (35), which possessed a similar oblong Z-shape
shape and a distance of 180 A at its longest point (the 30 A discrepancy can be
attributed to the presence of the full-length a and 8 subunits in the tetramer).

The molecular envelope was of sufficient resolution such that individual
domains could be placed in order to determine a possible working model of the
CP4H:PDI tetramer, and a clear narrowing of density halfway along its x-axis
(based on Figure 5.10) likely corresponded to the interlocking N-terminal
dimerisation domains of two CP4H o subunits. Interestingly, whereas two
complete CP4H o subunits could be placed into the molecular envelope, the ab
initio model did not appear to be completely symmetric about its y-axis (based

on Figure 5.10), and only one complete PDI 8 subunit could be modelled.
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Figure 5.10. SAXS envelope derived CP4H model and predicted substrate shuttling
mechanism. (A) Averaged SAXS envelope for CP4H generated by the DAMMIN software package
at the beamline under the supervision of Dr. Ed Lowe (43). The envelope dimensions are
consistent with a large protein complex. (B) PDI (yellow) (PDB ID: 4EL1), one CP4H monomer
consisting of an N-terminal dimerisation domain (orange) (PDB ID: 4BTA), TPR (PSB) domain
(magenta) (PDB ID: 4BTA) and 20G oxygenase domain (red) (PDB ID: 3GZE). A second CP4H
domain was modelled into the envelope consisting of an N-terminal dimerisation domain (blue)
(PDB ID: 4BTA), TPR (PSB) domain (cyan) (PDB ID: 4BTA) and 20G oxygenase domain (green)
(PDB ID: 3GZE).

20G oxygenase
TPR domain  Dimerisation domain
domain

It is difficult to speculate whether CP4H:PDI protein thus far referred to
as, and assumed to be, a a2f32 tetramer was in fact an azf3 trimer. Despite the

wealth of literature on CP4H:PDI azf: tetramer purification (4, 5, 8, 44), there
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has not been conclusive demonstration that the ‘tetramer’ did in fact contain two
B subunits. As described in this chapter, previous characterisation of the azf3:
tetramer typically involved native PAGE.

Notably, the manner in which a protein migrates through a native PAGE
gel is reflective of not only its molecular weight (as is the case in SDS-PAGE), but
also its 3-dimensional structure. Globular proteins such as BSA migrate well on
native PAGE and as such are used as standards. It is possible that the CP4H:PDI
o232 tetramer (or azf3 trimer), given its oblong shape, would migrate through the
gel at a significantly slower rate (and so appear at a relatively higher molecular
weight) than would otherwise be expected from a globular protein and, thus,
direct comparison to BSA tetramer using a native PAGE gel is not indicative of
true CP4H:PDI a2 tetramer, but rather ozf3 trimer. Revisiting the highest
resolution crystallographic dataset (3.8 A, see Table 5.8), which had previously
assumed the asymmetric unit contained an az[3 tetramer, revealed that an azf3
trimer could be accommodated in the asymmetric unit with roughly ~50%
solvent content. However, repeated attempts to solve the structure of the azf3
trimer have yet to be successful.

Nonetheless, the ofS CP4H:PDI heterodimer region of the SAXS-derived
model suggests a mechanism for collagen substrate binding and turnover. The
molecular envelope revealed a depression, or possibly a tunnel, in the centre of
the aff heterodimer region encircled by PDI, the CP4H 20G oxygenase domain,
and the CP4H PSB domain. Further inspection of the PSB domain revealed that
the face on which collagen-like substrate was bound in the structure of the
isolated N-terminal dimerisation and PSB domains (PDB ID: 4BTA) was

positioned close to the active site of the CP4H 20G oxygenase domain (35). These
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observations suggest a substrate shuttling, or ‘assembly line’, mechanism for
CP4H:PDI substrate turnover whereby binding of substrate to the PSB domain
organises it for hydroxylation and subsequent exit through the hole projecting
from the opposite face of the 20G oxygenase domain active site. It is possible
that an ‘assembly line’ mechanism, which permits high-throughput catalysis with
minimal major enzyme/substrate conformational changes (as observed in the
PPHD:EF-Tu complex), evolved to allow CP4H to efficiently catalyse the
hydroxylation of prolyl residues in many sequence contexts along the elongated

(>1000 residue) pro-collagen chain.

5.9 Conclusions

The identification and characterisation of human collagen prolyl-
hydroxylase nearly 50 years ago marked the first discovery of an enzyme in a
family now known as the 20G oxygenases (1, 45). Despite its critical role in
human collagen biosynthesis (46), studies on CP4H have been limited primarily
due to difficulties in its recombinant production (47), and its 3-dimensional
structure remains unknown. This chapter reports a novel purification of active
CP4H and the first direct characterisation of CP4H-catalysed hydroxylation of
peptides, including those with identical sequence to naturally occurring human
collagen. The results will be useful in the design of selective inhibitors of CP4H
and in the validation of existing inhibitors of the human PHDs, including
compounds in phase III clinical trials, which have not yet been profiled against
CP4H. Most importantly, the first known crystallisation and preliminary data
collection of a CP4H:PDI azf3, tetramer (or possibly azf3 trimer) is described, and

will be of immediate interest for future attempts at a structure solution.
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5.10 Experimental procedures

5.10.1 Plasmid design and construction

The DNA sequences for human CP4H (Uniprot ID: P13674, residues 18-
534, including a N-terminal hexahistidine tag and 5’ Ndel and 3’ Kpnl restriction
sites) and human PDI (Uniprot ID: P07237, residues 18-508 with 5’ EcoRI and 3’
Notl restriction sites) lacking their respective N-terminal transmembrane
localisation domains were designed, including codon optimisation for E. coli, and
obtained from GeneArt (Invitrogen) The final DNA sequence for each gene codon
optimised for E. coli is shown below.

Human CP4H (residues 18-534) DNA fasta sequence:

CCATGGCATATGGGCAGCAGCCATCACCATCATCACCACCATCCGGGTTTTTTTACCAGCATTGGTCAG
ATGACCGATCTGATTCATACCGAAAAAGATCTGGTTACCAGCCTGAAAGATTATATCAAAGCCGAAGA
AGATAAACTGGAACAAATCAAAAAATGGGCAGAGAAACTGGATCGTCTGACCAGCACCGCAACCAAAG
ATCCGGAAGGTTTTGTTGGTCATCCGGTTAATGCATTTAAACTGATGAAACGTCTGAACACCGAATGGT
CAGAACTGGAAAATCTGGTTCTGAAAGATATGAGCGACGGCTTTATTAGCAATCTGACAATTCAGCGTC
AGTATTTTCCGAACGATGAAGATCAGGTTGGTGCAGCAAAAGCACTGCTGCGTCTGCAGGATACCTATA
ATCTGGATACCGATACCATTAGCAAAGGTAATCTGCCTGGTGTGAAACATAAAAGTTTTCTGACCGCAG
AAGATTGCTTTGAACTGGGTAAAGTTGCATATACCGAGGCCGATTATTATCATACAGAACTGTGGATG
GAACAGGCACTGCGTCAGCTGGATGAAGGTGAAATCAGCACCATTGATAAAGTTAGCGTTCTGGATTA
TCTGAGCTATGCAGTTTATCAGCAGGGTGATCTGGATAAAGCCCTGCTGCTGACCAAAAAACTGCTGGA
ACTGGATCCGGAACATCAGCGTGCCAATGGTAATCTGAAATACTTCGAATACATCATGGCCAAAGAAAA
AGATGTGAACAAAAGCGCAAGTGATGATCAGAGCGATCAGAAAACCACCCCGAAAAAAAAAGGTGTTG
CAGTTGATTATCTGCCGGAACGTCAGAAATATGAAATGCTGTGTCGTGGTGAAGGCATTAAAATGACA
CCGCGTCGTCAGAAAAAACTGTTTTGTCGTTATCATGATGGCAACCGCAATCCGAAATTTATCCTGGCA
CCGGCAAAACAAGAGGATGAATGGGATAAACCGCGTATTATTCGCTTTCACGATATTATCAGTGATGCC
GAAATCGAAATTGTTAAAGACCTGGCAAAACCGCGTCTGCGTCGTGCAACCATTAGTAATCCGATTACA
GGCGATCTGGAAACCGTTCATTATCGTATTAGCAAAAGCGCCTGGCTGAGCGGTTATGAAAATCCGGTT
GTTAGCCGCATTAATATGCGTATTCAGGATCTGACCGGTCTGGATGTTAGCACAGCAGAAGAACTGCAG
GTTGCAAATTATGGTGTTGGTGGTCAGTATGAACCGCATTTTGATTTTGCACGTAAAGATGAACCGGA
TGCCTTTAAAGAACTGGGCACCGGTAATCGTATTGCCACCTGGCTGTTTTATATGAGTGATGTTAGTGC
CGGTGGTGCAACCGTTTTTCCGGAAGTTGGTGCCAGCGTTTGGCCGAAAAAAGGCACCGCAGTGTTTTG
GTATAACCTGTTTGCAAGCGGTGAAGGTGATTATAGCACCCGTCATGCAGCATGTCCGGTTCTGGTTGG
TAATAAATGGGTTAGCAATAAATGGCTGCATGAACGCGGTCAAGAATTTCGTCGTCCGTGTACCCTGAG
CGAACTGGAATAAGGTACCAAGCTT

Human PDI (residues 18-508) DNA fasta sequence:

GAATTCGGATGCACCGGAAGAAGAAGATCACGTTCTGGTTCTGCGTAAAAGCAATTTTGCAGAAGCACT
GGCAGCACATAAATATCTGCTGGTTGAGTTTTATGCACCGTGGTGTGGTCATTGTAAAGCCCTGGCACC

GGAATATGCAAAAGCAGCAGGTAAACTGAAAGCAGAAGGTAGCGAAATTCGTCTGGCAAAAGTTGATG

CAACCGAAGAAAGCGATCTGGCACAGCAGTATGGTGTTCGTGGTTATCCGACCATTAAATTCTTTCGTA
ATGGTGATACCGCAAGCCCGAAAGAATATACCGCAGGTCGTGAAGCAGATGATATTGTTAATTGGCTG
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AAAAAACGTACCGGTCCGGCAGCAACCACCCTGCCGGATGGTGCAGCAGCAGAAAGCCTGGTTGAAAGC
AGCGAAGTTGCAGTTATTGGCTTTTTCAAAGATGTGGAAAGCGATAGCGCAAAACAGTTTCTGCAGGC
AGCCGAAGCAATTGATGATATTCCGTTTGGTATTACCAGCAACAGTGATGTGTTTAGCAAATACCAGCT
GGATAAAGATGGTGTGGTGCTGTTCAAAAAATTCGATGAAGGTCGCAATAACTTTGAAGGCGAAGTGA
CCAAAGAAAACCTGCTGGATTTTATCAAACACAATCAGCTGCCGCTGGTGATTGAATTTACCGAACAGA
CCGCACCGAAAATCTTTGGTGGTGAAATCAAAACCCATATCCTGCTGTTTCTGCCGAAAAGCGTTAGCG
ATTATGATGGTAAACTGTCCAACTTTAAAACCGCAGCCGAAAGCTTTAAAGGCAAAATCCTGTTTATCT
TCATCGATAGCGATCACACCGATAATCAGCGTATCCTGGAATTTTTCGGTCTGAAAAAAGAAGAATGTC
CGGCAGTTCGTCTGATTACCCTGGAAGAAGAGATGACCAAATACAAACCGGAAAGCGAAGAACTGACCG
CAGAACGTATTACCGAATTTTGTCATCGTTTTCTGGAAGGTAAAATCAAACCGCATCTGATGAGCCAAG
AACTGCCTGAAGATTGGGATAAACAGCCGGTTAAAGTTCTGGTGGGTAAAAACTTTGAGGATGTGGCC
TTTGACGAGAAAAAAAACGTGTTCGTCGAGTTCTATGCCCCTTGGTGCGGACATTGCAAACAGCTGGCA
CCGATTTGGGACAAACTGGGTGAAACCTATAAAGATCATGAGAACATTGTGATCGCCAAAATGGATAG
CACCGCAAATGAAGTTGAAGCCGTTAAAGTGCATAGCTTTCCGACACTGAAATTTTTCCCTGCAAGCGC
AGATCGTACCGTGATTGATTATAATGGTGAACGTACCCTGGATGGCTTCAAAAAATTCCTGGAAAGCGG
TGGTCAGGATGGTGCCGGTGATGATGATGACCTGGAAGATCTGGAAGAGGCCGAAGAACCGGATATGG
AAGAGGATGATGATCAGAAAGCAGTGAAAGATGAACTGTAAGCGGCCGC

The pETduet-1 vector was obtained from Novagen. CP4H and PDI genes
were subcloned into pETduet-1 to generate the pETduet-1_CP4H_PDI expression

vector. For a plasmid map, see Figure 5.1.

5.10.2 CP4H protein purification

E. coli Origami 2 (DE3) cells were transformed with the pETduet-
1_CP4H_PDI (encoding for protein with an N-terminal hexahistidine tag) and
grown (37 °C; 180 rpm) to an ODeoo of 0.8; recombinant protein production was
induced with 0.5 mM (-D-1-thiogalactopyranoside (IPTG). The cells were then
grown at 18°C overnight, harvested by centrifugation (10,000xg; 7 min), and
stored at -80 °C. Cell pellets were resuspended in 50 mM Tris-HCI pH 7.5, 500
mM NaCl, 20 mM imidazole, one EDTA-free protease inhibitor tablet (Roche),
and approximately 1 mg DNAsel (bovine pancreas, grade II, Roche) at room
temperature with gentle stirring. Cells were lysed on ice by sonication and the
lysate was cleared by centrifugation (50,000xg; 20 min). The supernatant was
then loaded onto a 5 mL HisTrap HP column pre-equilibrated with the

resuspension buffer and purified using an AKTA FPLC system (GE Healthcare).
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The column was washed with 10 column volumes of 50 mM Tris-HCI pH 7.5, 500
mM NaCl, 40 mM imidazole, and protein was eluted with 50 mM Tris-HCl pH 7.5,
500 mM NaCl, 250 mM imidazole. The purified sample was then immediately
buffer exchanged to 25 mM Tris-HCl pH 7.5 (crystallisation buffer) using a PD-10
column (Millipore). The sample was then further purified by cation exchange
chromatography using a HiTrap Heparin HP column (GE Healthcare), pre-
equilibrated with crystallisation buffer, and eluted in a gradient of crystallisation
buffer plus 1 M NaCl. The sample was then buffer exchanged back into
crystallisation buffer and subjected to further purification by anion exchange
chromatography using a 20 mL MonoQ column, which was pre-equilibrated with
crystallisation buffer. The protein was eluted in crystallisation buffer plus 1 M
NaCl. The protein was then subjected to further purification using a Superdex
200 size exclusion column (GE Healthcare) pre-equilibrated in crystallisation
buffer. Proteins were eluted using the same buffer. CP4H:PDI-containing
fractions were pooled, concentrated to 5 mg/mL by diafiltration. For
crystallisation, protein was not frozen, but instead directly used in crystallisation
experiments. For activity assays, protein was aliquoted (70 pL), flash frozen in

liquid N3, and stored at -80 °C.

5.10.3 CP4H MALDI assay platform

Standard hydroxylation assays for CP4H:PDI tetramer were carried out
by preparing a reaction mix of 1 pM CP4H:PDI tetramer, 100 pM peptide
substrate (either HCOL1, HCOL3, or HCOL5), 50 pM Fe(II)(prepared from
(NH4)2Fe(S04)2), 400 puM 20G, 1 mM sodium L-ascorbate in 25 mM Tris-HCl pH

7.5. HCOL3 and HCOLS were derived from human collagen a-1(I) (Uniprot ID:
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P02452). For determinations of apparent Km of Fe(ll), 20G, ascorbate, each
cofactor concentration was varied and reactions were incubated at room
temperature for 20 minutes. For determination of apparent Km of HCOLS5
peptide, time courses at various concentrations of HCOL5 were carried out and
steady-state reaction rate was determined. All reactions were quenched with an
equal volume of 20% (v/v) formic acid. The extent of substrate hydroxylation
was analysed by MALDI-TOF-MS (matrix-assisted laser-desorption ionisation-
time-of-flight mass spectrometry). Recrystallised CHCA (a-cyano-4-
hydroxycinnamic acid) MALDI matrix (1 pL) and quenched assay solution (1 pL)
were spotted onto a 96-well MALDI sample plate and analysed using a Waters
Micromass™ MALDI micro MX™ mass spectrometer in the positive ion reflectron
mode with the following settings as described (16): laser energy 100-150, pulse
1950, detector 2350, suppression 700. Raw data was further analysed with
MassLynx™ version 4.1. Data were fitted to the Michaelis-Menten equation using
GraphPad Prism and kinetic parameters were determined from the fit. All assays

were performed in triplicate and plotted as mean # standard deviation.

5.10.4 Differential scanning fluorimetry

Differential scanning fluorimetry was performed using a BioRad
MiniOpticon real-time PCR detection system and M] Mini thermal cycler. 5,000x
SYPRO Orange dye (Invitrogen) was used for nonspecific binding to hydrophobic
protein residues. Final concentrations were, where applicable, 2 uM CP4H:PDI
tetramer, 50 uM MnClZ2, 100 pM NOG, 100 uM HCOL1, 100 uM HCOL3, and 100

uM HCOLS.
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The fluorescence readings were taken every 1 °C from 25 - 95 °C with a
linear temperature increase of 1 °C/min. In order to determine accurate Tm
values, the data were exported to and analysed on GraphPad Prism software. The
midpoint, or Tm, was calculated by fitting a Boltzmann curve between the
minimum and maximum fluorescence intensities. The conditions that gave the
highest ATm compared to the reference indicated those that best stabilised

CP4H:PDI tetramer.

5.10.5 X-ray crystallography

Protein solution for X-ray crystallography experiments typically
contained 5 mg/mL CP4H:PDI tetramer, 0.5 mM MnCl;, 1 mM NOG, and 1 mM
HCOLS5 in 25 mM Tris-HCl pH 7.5. Crystals of CP4H:PDI tetramer in complex with
MnCl;, NOG, and HCOL5 were grown in sitting drops using the vapour diffusion
method (drop size: 200-300 nL) at 293 K in 96-well Intelliplates (Art Robbins).
Crystals were cryo-protected by transfer to 25% (v/v) glycerol in well solution
and then harvested in nylon loops (Hampton Research) and cryo-cooled by
plunging in liquid nitrogen. Data were collected at 100 K using single crystals at
Diamond Light Source beamline 102/104/104-1 all equipped with a Pilatus 6M-F
detector. Data were then indexed, integrated, and scaled using HKL3000 (48).
Attempts to determine the structure by molecular replacement (MR) were
performed using the MR-PHASER (32) subroutine of PHENIX (33) using C.
reinhardtii PAH (PDB ID: 3GZE)(34), H. sapiens human CP4H N-terminal
dimerisation domain and PSB domain (PDB ID: 4BTA)(35), and H. sapiens

oxidised PDI (PDB ID: 4EL1)(36) as search models.
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5.10.6 Small-angle X-ray scattering (SAXS)

Protein solution was identical to that used in X-ray crystallographic
experiments, which was then subjected to a serial 2x dilution. SAXS data were
collected at the European Synchrotron Radiation Facility BioSAXS beamline
BM29 equipped with a Pilatus 1M detector. Data processing, analysis, and
molecular modelling were performed using programs of the ATSAS package (49)
available at the beamline. Ab initio models were built using DAMMIN (43), also
available at the beamline. Crystal structures of the components of CP4H a and
PDI 8 subunits were manually superimposed onto an ab initio model generated

by DAMMIN to obtain a functional model for CP4H azf32 tetramer (or ozf3 trimer).
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6 Conclusions: insights into the evolution and

distribution of prolyl-hydroxylases in life

6.1 Summary of results presented in this thesis

For more than 30 years after their discovery, the collagen prolyl-
hydroxylases were assumed to be the only prolyl-hydroxylase subfamily. The
discovery of the HIF prolyl-hydroxylases more than a decade ago as a subfamily
distinct from the CP4Hs in both structure and function prompted renewed
interest in prolyl-hydroxylases as both mediators of intracellular signalling and
as potential therapeutic targets (1, 2). The collective findings sparked further
interest in the evolutionary origins of these enzymes.

The determination of the crystal structure of human PHD2, the first of a
prolyl-4-hydroxylase, provided structural conformation of previously performed
bioinformatic analyses, which suggested that homologues of the PHDs were
present in organisms that lacked HIF-q, such as Pseudomonas spp. (3, 4).

Embarking from these preliminary findings, Chapter 2 of this thesis
details the identification and biochemical characterisation of PPHD in
Pseudomonas spp. PPHD is revealed to be the first bacterial bona fide prolyl-
hydroxylase that, like the PHDs and CP4Hs, catalyses the trans-4 hydroxylation
of prolyl-residues. EF-Tu, an elongation factor universally conserved in
prokaryotic organisms and known for its critical role in bacterial translation, is
confirmed as a PPHD substrate both in vitro and in vivo. While kinetic studies
predict no specific effect of prolyl-hydroxylation on bacterial translation, it is

impossible to rule out the possibility that PPHD-catalysed hydroxylation of EF-
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Tu Pro54 plays other roles in the cell, such as in cell stability or in yet
undiscovered signalling pathways.

The observations that i) a PPHD deleted strain of P. aeruginosa
overproduces the virulence factor pyocyanin and ii) that transfection of PPHD in
human cells upregulates HIF-a combine to imply that PPHD and human prolyl-
hydroxylases may be involved in ‘cross talk’ during P. aeruginosa mediated
infection. Further work will be necessary to deduce the intracellular role of
Pro54 hydroxylation in Pseudomonas.

Chapter 3 presents the crystal structures of PPHD, EF-Tu, and a PPHD:EF-
Tu protein-protein complex. Comparisons of the PPHD structure with those of
PHD2 reveal a striking structural homology, thereby further cementing genetic
and biochemical evidence that PPHD is indeed a PHD homologue. The structure
of a PPHD:EF-Tu complex, the first of any 20G oxygenase in complex with its full-
length protein substrate, reveals that PPHD binding to EF-Tu is mediated by
induced fit. Comparisons of substrate recognition elements from PPHD:EF-Tu,
PHD2:HIF-a CODD, and CrP4H:proline-rich peptide structures reveals that
prolyl-4-hydroxylases share conserved substrate binding mechanisms, such as
the conformational flexibility of the 32-B3 finger loop. Finally, structural analyses
of the PPHD, EF-Tu, and PPHD:EF-Tu structures will be of immediate interest in
the design of novel PHD2 (and other 20G oxygenase) inhibitors based on
different conformational states rather than active site iron chelators, which
comprise the majority of 20G oxygenase inhibitors including those of the PHDs
currently in clinical trials (5).

The crystal structure of OGFOD1, the first of a human prolyl-3-

hydroxylase, was determined in Chapter 4. Together with crystal structures of S.

255



Chapter 6

cerevisiae Tpal in complex with inhibitors, the structures reveal similarities and
important differences between the RPS23 hydroxylases and the PHDs and will be
useful in the development of selective inhibitors.

Finally, Chapter 5 details a novel expression and purification protocol for
human CP4H ozf3; tetramer and presents the first known reports of its
crystallisation and diffraction in nearly 50 years of study. Further attempts at a
structure solution are of immediate importance, and will most likely involve
obtaining a crystal form that diffracts to higher resolution, possibly by making

use of different constructs or CP4H isoforms.

6.2 Insights into the evolutionary origins of prolyl-hydroxylases

Taken together, the results presented in this thesis suggest that prolyl-
hydroxylases are ancient and have evolved to accept a variety of substrates
ranging from EF-Tu in bacteria to, at least, collagen, HIF-a, and RPS23 in
eukaryotes.

Crystal structures of PPHD, PHD2, OGFOD1, and Tpal are useful for
performing structurally guided bioinformatic analyses on the distribution of
prolyl-hydroxylases with a high confidence level. Topological comparisons of
PPHD, PHD2, CrP4H, and Tpal reveal conservation not only of the DSBH, but also
of other important elements in substrate recognition, such as the $2-33 finger
loop, and even a-helices that pack against the DSBH (Figure 6.1). Remarkably,
enzymes in the prolyl-hydroxylase family that seem to possess similar structures
are observed to catalyse different reactions (i.e. prolyl-3- vs. prolyl-4-
hydroxylation) and accept different substrates, raising the question as to their

evolutionary origin.
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A P. putida PPHD B H. sapiens PHD2

C. reinhardtii CP4H

Figure 6.1. Comparison of the catalytic domain of prolyl-4- and prolyl-3-hydroxylases
reveals similar overall topologies. 2-dimensional topology diagrams of representative prolyl-
hydroxylases (A) PPHD, (B) PHD2, (C) CrP4H, (D) Tpal from different subfamilies reveal
secondary structure conservation between catalytic domains. Colours represent structural
homology to PPHDpusde; @- and 31¢-helices (blue), DSBH B-strands (pink), $2-B3 finger loop
(green), other B-strands (yellow). Only the N-terminal catalytic domain of S. cerevisiae Tpal is
shown. Figure and figure legend are adapted with permission from ].S. Scotti et al, Human oxygen
sensing may have origins in prokaryotic elongation factor Tu prolyl-hydroxylation. Proc Nat Acad
Sci USA. In press (2014).
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Structurally guided bioinformatic analyses were performed in order to
map the distribution of the CP4Hs, PHDs/PPHDs, Leprecans (collagen prolyl-3-
hydroxylases), and OGFOD1s across all Kingdoms of life (Figure 6.2 and Figure
6.3 and for more detail see Figure 6.5). The results revealed that all subtypes of
prolyl-hydroxylases are present in metazoa, and only the Leprecans are absent
from choanoflagellates. Putative PHD/PPHD homologues are distributed widely
both in the Pseudomonas genus and within gammaproteobacteria, including in
the well-known human pathogen Vibrio cholerae and the facultative Shewanella
oneidensis. Proteomic MS studies on S. oneidensis report that EF-Tu is modified
by a +16 mass shift, suggesting that S. oneidensis may contain a putative EF-Tu
hydroxylase similar to PPHD (6). On the whole, however, prolyl-hydroxylase
homologues are more sporadically distributed in prokaryotes and likely absent

in archaea.
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Figure 6.2. Prolyl-hydroxylases are sporadically distributed in Kingdoms of life. Tracing
putative homologues of the CPHs, PHDs, Leprecans, and OGFOD1s in representative organisms
throughout the Kingdoms of life (for a wider distribution, see Figure 6.3). Bioinformatics
analyses performed in collaboration with Mr. Michael Bentley (Plant Sciences, University of
Oxford) and Dr. Jordi Paps (Zoology, University of Oxford). Figure and figure legend are adapted
with permission from ].S. Scotti et al, Human oxygen sensing may have origins in prokaryotic
elongation factor Tu prolyl-hydroxylation. Proc Nat Acad Sci USA. In press (2014).

Of particular interest is the presence of CP4H and PHD homologues in
organisms that lack collagen or HIF-a. CP4H homologues are present in the
model organism Arabidopsis thaliana and the algae Chlamydomonas reinhardtii,
where they have been reported to catalyse the hydroxylation of collagen-like
sequences (7), yet neither of these organisms is predicted to contain a
homologue of the PHDs. Inversely, the protozoan Naegleria gruberi contains a

putative PHD homologue and lacks a CP4H homologue.
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The observation that algal CrP4H, human PHD2, and Pseudomonas PHD
share conserved substrate recognition machinery (i.e. substantial substrate-
induced conformational changes in the (2-f3 finger loop) may reflect their
divergence from a common prolyl-hydroxylase ancestor. The current structural
and bioinformatic data can only lead to speculations as to whether ancestral
prolyl-hydroxylases catalysed trans prolyl-4- or prolyl-3-hydroxylation, yet the
presence and absence of prolyl-4- and prolyl-3-hydroxylases in prokaryotes,
respectively, may indicate that prolyl-4-hydroxylation is more ancient. On the
contrary, bacterial prolyl-4-hydroxylases may have emerged as a result of a
horizontal gene transfer event from the eukaryotes to the bacteria. Indeed, many
of the bacteria predicted to contain putative prolyl-hydroxylase homologues are
also opportunistic human pathogens, such as P. aeruginosa, V. cholerae, and
Bacillus anthracis and are thus in constant contact with eukaryotic organisms.

The RPS23 hydroxylases, including OGFOD1 and Tpal, likely evolved in
eukaryotes from single domain prokaryotic, or ancient eukaryotic, prolyl-
hydroxylases through a gene duplication event, resulting in their characteristic
double DSBH domain architecture. Having been eventually rendered void of their
catalytic potential, the additional DBSH-containing domain likely retained
function in substrate recognition and/or oligomerisation, which complemented
that of the catalytically viable domain. The potential additional functions of these
second domains, aside from oligomerisation in Tpal, are still unknown, but may
implicate in the substrate differentiation observed between OGFOD1, PHD2, and

CP4H, and, more generally, prolyl-3- and prolyl-4-hydroxylases.
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Figure 6.3. Prolyl-hydroxylases are sporadically distributed in Kingdoms of life (wider
distribution). Tracing putative homologues of the CPHs, PHDs, Leprecans, and OGFOD1s in
representative organisms throughout the Kingdoms of life. Bioinformatics analyses performed in
collaboration with Mr. Michael Bentley (Plant Sciences, University of Oxford) and Dr. Jordi Paps
(Zoology, University of Oxford).

The combined structural and bioinformatic data suggest two opposing

theories regarding the evolution of prolyl-hydroxylases: i) prolyl-hydroxylases

may have evolved in bacteria from earlier, small-molecule hydroxylases, such as

proline hydroxylases (8), to catalyse the hydroxylation of conserved regions of

abundant proteins, such as the switch I loop of EF-Tu, or ii) prolyl-hydroxylases
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may have evolved in eukaryotes and emerged in various prokaryotic organisms
via horizontal gene transfer.

In this regard it is notable that hydroxyproline residues are present in
many small-molecule metabolites including a-amanitin and phalloidin, which are
toxins produced by the Amanita genus of poisonous mushrooms that function by
binding to RNA polymerase Il and F-actin, respectively (Figure 6.4) (9-12). It is
possible that proline residues are particularly prone to oxidation because of
their over-represented presence in secondary structure elements often
associated with functional and/or signalling roles, such as 3-turns or the apex of

loops (e.g. the location of Pro62 in RPS23 and Pro54 in EF-Tu).

HN K /
HOwn:- s
o)
o)
o HO™ /N
0
HO'

H,N

Figure 6.4. Chemical structures of hydroxyproline containing toxins a-amanitin (left) and
phalloidin (right). The hydroxyproline moiety is shown in red.

Although the wider distribution of prolyl-hydroxylases in eukaryotes
suggests that horizontal gene transfer from eukaryotes to prokaryotes may be
likely, it is worth noting that eukaryotic prolyl-hydroxylases have been studied
for decades, whereas work on prokaryotic prolyl-hydroxylases is still in its
infancy. It is possible that future studies on prokaryotic prolyl-hydroxylases, led
by those on PPHD, will uncover new roles and types of bacterial prolyl-

hydroxylases and provide a more thorough answer as to their origins.
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Irrespective of their ancestral roots, prolyl-hydroxylases likely evolved
divergently in eukaryotes to catalyse the hydroxylation of a variety of substrates
involved in both translational and transcriptional regulation, including RPS23,
Skpl, collagen, and HIF-a (13-16). Their function in HIF-a hydroxylation
emerged in animals, possibly via fusion of a bHLH domain containing
transcription factor with an ancestral EF-Tu derived substrate. In this respect,
the fact that PHD2 has been shown to interact with, but not hydroxylate, eEF2,
the eukaryotic functional homologue of EF-G, an EF-Tu homologue (17), is of
interest as it suggests an ancestral relationship between the PHDs/PPHDs and
EF-Tu.

It is with hope that the research presented in this thesis will spur
continued interest in prolyl-hydroxylases in all Kingdoms of life and in their
constantly expanding biological roles, many of which likely extend beyond

collagen stabilisation and/or hypoxic sensing in an isolated organism.
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Figure 6.5. Phylogenetic inference of putative prolyl-hydroxylases from selected taxa from
major taxonomic groups in life. FastTree inference of 278 protein 20G-Fe(II) domain protein
sequences under the WAG model of protein evolution reveals putative prolyl-hydroxylase clades
corresponding to CP4H (yellow), PHD (red), Leprecan (green) and OGFOD1 (blue). Sequences
were only considered in the OGFOD1 clade if they were also predicted to contain the Pfam
domain Ofd1_CTDD (PF10637). SH support values of equal or greater than 50% are shown for
each node. The scale bar represents 10% estimated sequence divergence. The tree is arbitrarily
rooted in the Alpha-ketoglutarate-dependent dioxygenase (AlkB) group (18, 19), a putative
outgroup, to ease reading of the tree. Bioinformatics analyses performed in collaboration with
Mr. Michael Bentley (Plant Sciences, University of Oxford) and Dr. Jordi Paps (Zoology, University
of Oxford). Figure and figure legend are adapted with permission from ].S. Scotti et al, Human
oxygen sensing may have origins in prokaryotic elongation factor Tu prolyl-hydroxylation. Proc
Nat Acad Sci USA. In press (2014).
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6.3 Experimental Procedures

6.3.1 Identification of putative prolyl-hydroxylase orthologs, multiple-
sequence alignment and phylogenetic tree construction

Using human prolyl-hydroxylase genes EGLN1 (UniProt accession number
Q9GZT9), LEPRE1 (Q32P28), OGFOD1 (Q8N543), and P4HA1 (P13674) and lysyl-
hydroxylase PLOD1 (Q02809) as query sequences, Uniprot
(http://www.uniprot.org/) and Genbank
(https://www.ncbi.nlm.nih.gov/genbank/) were searched for putative prolyl-
hydroxylase orthologs in the major taxonomic groups from the tree of life. Two
conserved Pfam (20) domains, 20G-Fell_Oxy (PF03171) and 20G-Fell_Oxy_3
(PF13640), were identified among the queried sequences and the protein set
containing these domains was downloaded from one representative species for
each major taxonomic group across the Tree of Life using the Uniprot Batch tool.
These results were validated by searching Genbank using Delta BLAST (default
parameters) with the same query sequences (21). In general, there was
agreement between Uniprot-identified and Genbank-identified sequences for
most groups, but four additional phyla containing putative orthologous
sequences were identified using Delta BLAST: Cryptophyta, Haptophyceae,
Rhizaria and Rhodophyta. To isolate putative orthologous sequences from these
groups, the proteomes from whole-genome sequenced organisms corresponding
to each group were obtained: Guillardia theta (Genbank accession number
PRJNA223305), Emilianaia huxleyi (PRJNA222302), Reticulomyxa filosa

(PRJNA29155) and Galdieria sulphuraria (PRJNA221242). The Pfam Batch
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search tool, using the default Gathering Threshold, was used to identify and
download sequences containing the aforementioned domains.

The hidden-markov model (HMM) profiles were obtained for both
domains, 20G-Fell_ Oxy (PF03171) and 20G-Fell_ Oxy_3 (PF13640), and
HMMER3 hmmalign (http://hmmer.janelia.org/) was used to perform a domain
alignment on the corresponding proteins sets. The domain-alighments were
trimmed to include all domain-aligned amino acid residues in addition to 20aa
up- and down-stream residues. To minimise homology misalignments,
sequences not containing the two conserved histidine residues characteristic of
the 20G-Fe(II) oxygenase family members metal-binding HXD...H motif were
removed (thus, we may have excluded 20G oxygenases not containing these
motifs). Both domain-alignments were then combined in a single FASTA file and
all sequences were realigned using MAFFT (Parameters: L-INS-i, BLOSUM45, Gap
opening penalty 2, Offset value 0.5, Unalign level 0.2)(22). To remove regions of
ambiguous alignment, Trimal (23) was used to retain only those sites in which
greater than or equal to 90% of the sequences contained an amino acid. Non-
unique sequences were removed using ElimDupes
(http://hcv.lanl.gov/content/sequence/ELIMDUPES/elimdupes.html). The
resulting alignment contained 89 sites across 278 sequences.

The alignment was used to infer a gene tree using the program FastTree
(24), under the WAG model of amino acid evolution. Branch support values were
obtained with the Shimodaira-Hasegawa test (25). The tree was edited with iTOL
(26) and arbitrarily rooted in the Alpha-ketoglutarate-dependent dioxygenase

(AlkB) group to ease reading of the tree.
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Appendix A: FIH catalyses the hydroxylation of b-amino

acids

A.1 FIH catalyses the hydroxylation of ankyrin repeat proteins

FIH plays a critical role in the human hypoxic response, where it catalyses
the hydroxylation of a conserved asparagine residue (Asn803) in the C-terminal
transactivation domain (CTAD) of HIF-1a, so preventing HIF-1a interaction with
p300/CBP coactivator proteins (1-5). FIH, like the PHDs, is an Fe(Il) and 20G
dependent dioxygenase, yet belongs to a 20G oxygenase subfamily distinct from
that of the PHDs or CP4Hs and has different catalytic properties (5, 6).

In addition to its role in the human hypoxic response, FIH was
subsequently found to catalyse the hydroxylation of asparagine residues in
ankyrin repeat (AR) domain (ARD) proteins (7-10). ARDs are predicted to be
present in over 300 human proteins and consist of a variable number of
approximately 33 residue repeats, which individually fold into antiparallel a-
helices connected by a B-hairpin and can act as a protein interaction surface (8,
11, 12). Crystallographic studies of hydroxylated ARDs revealed no significant
conformational changes compared to their unhydroxylated forms (8). Although
the precise physiological role of ARD hydroxylation remains unclear, biophysical
analyses revealed that asparaginyl B-hydroxylation was shown to stabilise the

ARD fold (13, 14).

270



Appendix A

A.2. FIH catalyses the @-hydroxylation of L-amino acids other than
asparagine

Further studies revealed that FIH catalyses the pB-hydroxylation of
residues other than asparagine, including aspartate in human cytoskeletal ARDs
and histidine in human tankyrase-2 (15, 16). Using a consensus ankyrin peptide
(CAP: consensus ankyrin peptide; sequence: HN-HLEVVKLLLEHGADVNAQDK-
CONHz3) as a substrate (13), in which the asparagine residue (bold red) subject to
FIH-catalysed modification was substituted with all 20 L-amino acids, FIH was
demonstrated to catalyse modification of leucine, isoleucine, tryptophan, and
serine residues, in addition to those already reported, namely asparagine,
aspartate, and histidine residues (Table A.1)(17). These results led to the
proposal that FIH catalysis displays a high degree of promiscuity with respect to
side chain selectivity and suggested that it may be possible to engineer the FIH

active site for tailored selectivities.

Table A.1. Comparison of HIF-1a CTAD and CAP derived FIH substrates. X can be substituted
for residues other than asparagine, such as histidine, serine, tryptophan, leucine, and isoleucine

(17).

Peptide Name Peptide Sequence

HIF-1a CTAD (residues 788-806) DESGLPQLTSYDCEVNAPI

CAP(X) HLEVVKLLLEHGADVXAQDK

Crystal structures of FIH in complex with CAP(L-leucine) (PDB ID: 4B7E)
and CAP(L-serine) (PDB ID: 4B7K) and of FIH in complex with CTAD (PDB ID:
1H2K) revealed that CAP and CTAD peptides exhibit similar overall binding

modes, yet differ in the position of active site residues (Figure A.2)(17, 18). In all
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available structures, the hydroxylated residue is positioned at the apex of a y-
turn. In the FIH:HIF-1la CTAD structure, the asparagine amide side chain is
positioned to hydrogen bond to the side chain of Arg238; whereas in the
FIH:CAP(L-leucine) and FIH:CAP(L-serine) structures the Arg238 side chain
either pivots to provide space for the hydrophobic leucine or is too distant (4.2
A) to hydrogen bond to the serine hydroxyl group (although electrostatics are
still possible) (Figure A.2). The likely interactions with either the Arg238 side
chain or the active site metal may possibly explain the observation that the

serine side chain is positioned in two equal occupancy conformations (Figure

A20).
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A FIH:HIF-1a CTAD N GIn239

)

Arg238
His199

His279

Tyr102
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Arg238 GIn239

His279 , Hetsg

Asp201

. Tyr102
Zn(Il)

NOG

His279

Tyr102

NOG

Figure A.2. Views from crystal structures of FIH in complex with CTAD and consensus
ankyrin repeat peptide (CAP) reveals similar substrate binding modes. (A) A crystal
structure of FIH in complex with HIF-1a CTAD reveals that the asparagine Cg pro-3S hydrogen is
positioned 4.1 A from the metal, poised for hydroxylation (PDB ID: 1H2K)(18). (B) A crystal
structure of FIH in complex with CAP(L-leucine) reveals that the both leucine Cg pro-3S and pro-
3R hydrogens are positioned close to the metal (3.9 A and 3.3 A, respectively) (PDB ID:
4B7E)(17). (C) A crystal structure of FIH in complex with CAP(L-serine) reveals that serine is
positioned in two equal occupancy conformations. Conformation B positions the pro-3S
hydrogen for hydroxylation, whereas conformation A positions the side chain hydroxyl for metal
chelation (2.9 A) (PDB ID: 4B7K)(17).

The FIH:HIF-1la CTAD structure reveals that the asparagine pro-3S

hydrogen is positioned towards the metal (4.1 A), consistent with formation of a
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25,3S B-hydroxyasparagine product (Figure A.24)(18). Of the two serine side
chain conformations, one (B) is positioned similarly to that of asparagine such
that a pro-3S hydrogen is pointed towards the metal (2.9 A)(Figure A.2C). In
contrast, the positions of the two leucine Cg hydrogens are such that the
stereochemical outcome of the reaction is difficult to predict; the distance from
the metal to the leucine Cg pro-3R hydrogen and pro-3S hydrogen is 3.4 A and 3.9
A, respectively (Figure A.2B). Further analyses revealed that leucyl-
hydroxylation results in the formation of the 25,3R product (thus modification of
the pro-3R hydrogen, 3.4 A from the metal) and proceeds with the same relative
stereochemistry as asparaginyl-hydroxylation (17). The results suggest that the
FIH active site can accommodate hydrophobic residues, and raised the question

of the extent of promiscuity in FIH-catalysed protein modification.

A.3 FIH catalyses the hydroxylation of D-amino acids
A.3.1 FIH-catalysed modification of D-leucine, D-histidine, and D-allylglycine
residues

In an attempt to further probe the FIH substrate profile, the CAP
hydroxylated residue (X) of all known L-residue substrates was substituted for
unnatural D-amino acids. It was discovered that FIH catalyses the hydroxylation
of D-leucine, D-histidine, and D-allylglycine residues (Dr. Adam Hardy, Chemistry,
unpublished data). Interestingly, hydroxylation is not observed for L-allylglycine.
Further, D-leucine was shown to undergo an unprecedented dihydroxylation

(not observed with L-leucine) (Dr. Adam Hardy, Chemistry, unpublished data).
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A.3.2 Crystallisation of FIH in complex with of D-amino acid containing CAP

It was of interest to determine crystal structures of FIH in complex with
D-amino acids in order to probe the structural basis for the observed differential
reactivity. Purified, recombinant FIH was obtained from Dr. Wei Ge (Chemistry)
or Dr. Rashed Chowdhury (Chemistry). To the purified FIH (12 mg/mL) was
added ZnOAc (1 mM), NOG (2 mM), and the CAP peptide (5 mM) containing
either D-leucine, D-B-(2R,3S)-hydroxyleucine (the predicted product of D-leucine
monohydroxylation), D-histidine, or D-allylglycine residues [all peptides
synthesised by Dr. Wei Ge (Chemistry), except for the D-B-(2R,3S)-
hydroxyleucine peptide provided by Dr. Hwanho Choi (Chemistry)], and
crystallisation trials were performed using an FIH-specific optimisation screen
(Dr. Rashed Chowdhury, Chemistry). Final crystal conditions for all structures
consist of 1.6 M (NH4)2S04, 6% (v/v) PEG 400, and 0.1 M HEPES pH 7.5.

Crystals for FIH in complex with of D-leucine, D-f-(2R,3S5)-hydroxyleucine,
and D-allylglycine CAP were harvested and a complete data set was collected for
each crystal to 2.4 A, 2.2 A, and 2.7 A, respectively. The structures were solved by
molecular replacement using the MR-PHASER (19) subroutine of the PHENIX
(20) crystallographic software package using the FIH:HIF-1la CTAD complex
(PDB ID: 1H2K)(18) as a search model (note that CTAD peptide was manually

removed prior to molecular replacement to eliminate model bias).

A.3.3 Overall structures of FIH in complex with D-leucine, D-fB-(2R,3S)-
hydroxyleucine, and D-allylglycine CAP
The overall structures of FIH in complex with D-leucine, D-B-(2R,35)-

hydroxyleucine, and D-allylglycine CAP revealed that the peptide main chains
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bound to FIH in a similar conformation (Figure A3). Importantly, in the case of
the FIH:CAP(D-B-(2R,3S)-hydroxyleucine) structure, the 2.2 A resolution dataset
was sufficient to clearly view the B-hydroxyl group of the active site D-leucine

within the electron density map (Figure A.3B).

A FIH:CAP(D-leucine)

D-leucine

D-B-hydroxyleucine

Figure A.3. Views from crystal structures of FIH in complex with CAP peptide containing an
unnatural p-amino acid. The overall structure of FIH in complex with (A) CAP(D-leucine), (B)
CAP(D-B-(2R,35)-hydroxyleucine), and (C) CAP(D-allyglycine); the electron density OMIT |mF, -
DF¢| (shown in cyan mesh) are contoured to 3.0 o.
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A.3.4 Structural insights into FIH-catalysed D-allylglycine hydroxylation

The observation that FIH catalyses the modification of D-, and not L-
allylglycine was of interest from a mechanistic perspective. Inspection of the
conformation of the D-allylglycine residue within the FIH reveals that the Cg pro-
3S hydrogen is positioned 3.2 A from the metal (Figure A.4). Oxidation at the Cg

pro-3S hydrogen would result in a trans allylic alcohol.

FIH:

His279 GIn239
‘/\/& Tyr102
k His199 J

Zn~(II3 'O~3-2"A' A
: —

Asp201y /

Figure A.4. View from a crystal structure of FIH in complex with CAP(D-allylglycine).

In addition, the structure also reveals that the D-allylglycine allyl group is
positioned away from Tyr102. Although it is difficult to predict the origin of FIH
D- vs L-allylglycine specificity based on the structural data alone, it is possible
that L-allylglycine would adopt an unfavourable conformation in the FIH active
site, in which the allyl group is positioned facing the opposite direction
compared to that of D-allylglycine, resulting in a steric clash with the side chain

of Tyr102.

A.3.5 Structural insights into FIH-catalysed L/D-leucine hydroxylation
Comparison of the crystal structures of FIH in complex with CAP(L-
leucine), CAP(D-leucine), and CAP(D-B-(2R,35)-hydroxyleucine) provides insight

into the structural basis underlying the observation that FIH catalyses
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dihydroxylation of D-leucine, yet monohydroxylation of L-leucine (Figure A.5). In
the case of L-leucine, hydroxylation proceeds via the Cg pro-3R hydrogen (3.4 A
from metal)(Figure A.54). In contrast, D-leucine occupies an inverted position in
the active site such that hydroxylation likely proceeds via the Cg pro-3S hydrogen
(3.3 A from metal; stereochemistry has yet to be fully confirmed by amino acid
analysis)(Figure A5B). The structure of FIH in complex with D-B-(2R,3S)-
hydroxyleucine (the likely product of D-leucine monohydroxylation) reveals that
the B-3S-hydroxyl group is positioned to hydrogen bond to the carboxylate of
Asp199 (2.6 A), the other oxygen of which is positioned to chelate active site
metal (Figure A.5C). This hydrogen bond likely stabilises the conformation of D-
B-(2R,3S)-hydroxyleucine in the active site, in which the side chain isopropyl
group is rotated 180° relative to that observed in the L- and D-leucine structures,
so positioning the tertiary C, hydrogen 3.4 A from the active site metal for likely
hydroxylation (Figure A.5C)(the next closest hydrogen is derived from the
isopropyl-associated methyl group and is positioned 4.5 A from metal;
conformation of the stereochemistry of the second hydroxylation will require

additional experimental evidence).
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FIH:CAP(L-leucine)

His279 GIn239
His199 Tyr1 02

Wv

FIH:CAP(D-leucine)
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Zn(II)O """
343 AT

Asp20y

FIH:CAP(D-B-hydroxyleucine)

His279 G'"239
His199 Tyr102
\ﬂ 45A. :
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Figure A.5. Views from crystal structures of FIH in complex with CAP peptide containing L-
leucine, D-leucine, or D-B-(2R,3S)-hydroxyleucine provides insights into the structural
basis of D-leucine dihydroxylation. Views of the FIH active site in complex with (A) L-leucine,
(B) Dp-leucine, and (C) D-B-(2R,3S)-hydroxyleucine.

Given the structural evidence, two opposing explanations for the

observed absence of FIH-catalysed L-leucine dihydroxylation are possible: i) the

conformation of the isopropyl group of the L-leucine hydroxylation product, L-§3-
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(25,3R)-hydroxyleucine, likely inverted relative to that of D-B-(2R,3S)-
hydroxyleucine, would preclude formation of an analogous hydrogen bond to the
Asp199 carboxylate, thus sufficiently destabilising binding to FIH, or ii) the
conformation of the main chain residues C-terminal to the hydroxylated residue
may obstruct binding of an L-B-(25,3R)-hydroxyleucine containing peptide.
Indeed, all available structures of FIH in complex with D-amino acids show a
characteristic movement of the Tyr102 and GIn239 side chains relative to their
positions in L-amino acids structures (Figure A2 and Figure A5). In D-amino acid
structures, the peptide main chain occupies a position further into the FIH active
site, necessitating the rotation of the Tyr102 side chain in order to prevent a
steric clash (Figure A2 and Figure A5). This rotation preorganises the Tyr102
side chain for m-stacking with the Gln239 side chain amide (Figure A2 and Figure
A5). It is possible that this conformation preferentially stabilises the binding of
D-amino acid containing peptides in the FIH active site.

At this stage, there is no evidence that the hydroxylation of D-amino acids
as catalysed by FIH is of any biological relevance. However, it does suggest the
possibility that FIH, or various other oxygenases, may catalyse oxidative
epimerisation, which may in turn regulate expression (e.g. the epimerisation of
an L- to D-amino acid in a transcription factor regulates gene expression) in a

similar way to characterised HIF-CTAD hydroxylation.
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A.4 Experimental Procedures

A.4.1 X-ray crystallography

Crystals of FIH in complex with Zn(II), NOG and CAP peptides were grown
in sitting drops using the vapour diffusion method (drop size: 200-300 nL) at
293 K in 96-well Intelliplates (Art Robbins). Crystals were cryo-protected by
transfer to 25% (v/v) glycerol in well solution and then harvested in nylon loops
(Hampton Research) and cryo-cooled by plunging in liquid nitrogen. Data were
collected at 100 K using single crystals at Diamond Light Source beamline 104-1
[FIH:CAP(D-leucine) and FIH:CAP(D-allylglycine)] with a MarMosaic 300 mm
CCD detector, and Diamond Light Source beamline 104 [FIH:CAP(D-fB-
hydroxyleucine)] with a Pilatus 6M-F detector. Data were then indexed,
integrated, and scaled using SCALA [FIH:CAP(D-leucine) and FIH:CAP(D-
allylglycine)](21) and HKL3000 [FIH:CAP(D-B-hydroxyleucine)](22). All
structures were determined by molecular replacement (MR) using the MR-
PHASER (19) subroutine of PHENIX (20) using H. sapiens FIH (PDB ID:
1H2K)(18) as the search model. Model building and refinement were performed
iteratively using COOT (23) and PHENIX until converging R and Rfree no longer
decreased. Mn(1II), NOG, and CAP were modelled in the final stages of refinement

based on the Fobs — Fealc €electron density map.
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Table A.6. Crystallographic data and refinement statistics.

. i . FIH:CAP(D- FIH:CAP(D-B-
FIH:CAP(D-leucine) allylglycine) hydroxyleucine)
Diamond ]_:lght Diamond ]_:lght o Lz Sermae
X-ray source Source beamline [04-  Source beamline 104- .
1 1 beamline 104
Wavelength (A) 0.91730 0.91730 0.97949
PDB Acquisition Code 4]JAA 4NR1 -
Resolution (A) 2.39 (2.55-2.39)8 2.68 (2.75-2.68)8 2.20 (2.28-2.20)8
Space group P412,2 P412,2 P412,2

Unit Cell Dimensions
(ad,bA ch)

Molecules per a.u.

Total Number  of
Reflections Observed

g;‘f']‘ifirons"f Unique 22451 (3937)$ 16485 (1178)8
Redundancy 5.0 (4.6)8 10.0 (10.8)8
Completeness (%) 99.3 (98.7)8 99.9 (99.9)8
Wilson B 44.6 67.0
L/o(l) 9.3 (2.6)8 17.3 (2.9)¢
88 Rmerge 0.089 0.100
"Reryst 0.184 0.164
Rfree 0.219 0.210
TRMS deviation 0.01 (1.1°) 0.01 (1.2°)
Average B factors (A2) 41.7 63.4
e e 2

§ Parentheses indicate high resolution shell

§8 Rmerge =Xi2n| Inj = <In>| /XjXn </n>x100

"Reryst =3, | [Fobs| - |Fcalc||/|Fobs|x100

T Rfree, based on 2-5% of the total reflections

T RMS deviation from ideality = for  bonds (followed

for angles).

86.08, 86.08, 147.03 86.37,86.37, 148.72

112791 164722

86.42,86.42,146.70

640987

29287 (2878)8

21.9 (21.1)8
100.0 (100.0)$
53.9
17.9 (2.1)8
0.184
0.213 (unrefined)
0.247 (unrefined)

(unrefined)
(unrefined)

(unrefined)

by the value
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Appendix B: Standard Operating Procedures

B.1 pH measurements

The pH of solutions was measured using a Jenway pH meter 3305 coupled
to a glass/calomel electrode (Aldrich). The pH meter was calibrated with
phthalate pH 4.0, phosphate pH 7.0, and borate pH 10.0 (Fisher Scientific),
immediately prior to use. NaOH or HCl were added to adjust the pH of buffer

solutions as necessary.

B.2 Agarose gel electrophoresis

DNA was analysed by agarose gel electrophoresis on a 1% (w/v) agarose
gel containing SYBR Safe DNA gel stain (Invitrogen). Samples were diluted in 5x
DNA loading buffer (Table B.1 and Table B.2) prior to loading on the gel and
GeneRuler 1 kb DNA ladder (Fermentas) was used as a reference. The gel was

run in 1x TAE buffer at a constant 90 V (BioRad).

Table B.1. 50x TAE buffer recipe.

Reagent Per1L
Tris 242 g

Glacial acetic acid 57 mL
0.5MEDTApH 8.0 | 100 mL

Table B.2. 5x DNA loading buffer recipe.

Reagent Per 20 mL
Glycerol 6 mL
Bromophenol blue 50 mg
Xylene cyanol FF 50 mg
MilliQ-H-0 14 mL
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B.3 Polymerase Chain Reaction (PCR)

PCR was used to amplify the DNA sequence of interest for use in various

downstream biochemical experiments (Table B.3). Pseudomonas putida KT2440

genomic DNA (a generous gift from Dr. Gail Preston, Plant Sciences, University of

Oxford) was used as a template.

Table B.3. Representative PCR reaction.

Reagent Stock Volume added (ul)
10x Pfu buffer (Stratagene) 10x 5
Forward primer (Sigma) 125 ng/uL 1
Reverse primer (Sigma) 125 ng/uL 1
DNA template 50 ng/uL 1
dNTPs (Stratagene) 100mM (25mM each) 1
Pfu turbo (Stratagene) 2.5U/uL 1
MilliQ-H-0 40
Total 50

50 pL PCR reactions were run in a TC-312 thermocycler (TECHNE)

according to the standard conditions in Table B.4.

Table B.4. PCR thermocycler conditions.

Segment Cycles Temperature (°C) Time
Initial denaturation 1 95 5 min
Denaturation 95 40 s
Annealing 37 55 1 min
Extension 72 1min30s
Final extension 1 72 7 min
Final hold 4 ~

A sample (3 pL) of each reaction was analysed by 1% TAE-agarose gel

electrophoresis for the presence of the amplified DNA. DNA was isolated by spin

column purification using a PCR Purification Kit (Fermentas), or using a Gene]JET

Gel Extraction Kit (Fermentas) according to the manufacturer’s specifications

(http://www.thermoscientificbio.com/uploadedFiles/Resources/k069-product-

information.pdf). Purified DNA was stored at -20 °C.
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B.4 Restriction enzyme digests

DNA digests were performed using commercially available restriction
enzymes (New England Biolabs and Promega) under the following
recommended conditions (Table B.5) by incubation at 37 °C for between 10 min

and 4 h.

Table B.5. Restriction enzyme digestions.

Reagent Stock Volume added (uL)
New England Biolabs buffer #(1-4) 10x 5

Purified vector or insert DNA, up to 10 pg | ~50-300 ng/ul 1-42
Restriction enzyme A 20,000 U/mL 1
Restriction enzyme B 20,000 U/mL 1

BSA (New England Biolabs) 50x 1
MilliQ-H-0 Up to 50

High-fidelity restriction enzymes (New England Biolabs) and NEB (New
England Biolabs) buffer 4 were used whenever possible. Reactions were
analysed for digested DNA by 1% agarose gel electrophoresis, and digested DNA
fragments were isolated by spin column purification using a GeneJET Gel

Extraction Kit (Fermentas).

B.5 DNA ligations

Purified, double digested DNA fragments bearing sticky overhangs (2-4
nucleotides) were ligated using T4 DNA ligase (New England Biolabs). Ligation
reactions typically contained ~50 ng purified vector backbone, a 3-fold molar
excess of purified insert to vector, 2 pL of 10x ligation buffer (New England
Biolabs), and 1 pL of T4 DNA ligase in a total volume of 20 pL. Ligations were
incubated for 1 h at room temperature or overnight at 16 °C. Self-ligation

controls were performed without insert DNA.
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B.6 Transformations

Transformations into XL10-Gold Ultracompetent Cells (Agilent) or
BL21(DE3) Competent Cells (Agilent) were performed according to the following
steps: i) 1 pL of plasmid DNA (up to 5 pl of a ligation mixture) and 50 pL of
XL10/BL21(DE3) cells were incubated in a 15 mL Falcon polypropylene tube for
15 mins on ice, ii) the mixture was then subjected to a 30 s heat shock at 42 °C in
a water bath, iii) the mixture was incubated on ice for an additional 2 mins, iv)
LB medium (450 pL) was added and the cells were allowed to grow at 37 °C for 1
hr, v) cells (100 uL) were selected on LB plates with the relevant antibiotic (100

pg/mL ampicillin or 30 pg/mL kanamycin) and growth at 37 °C overnight.

B.7 Colony PCR

Colonies were analysed for the presence of inserts by colony PCR using 2x
Biomix Red (Bioline) using the same thermocycler conditions already described
(Table B.4), followed by 1% agarose gel electrophoresis. Plasmid DNA of
successful recombinants was isolated by Miniprep (Fermentas) and
subsequently verified by Sanger sequencing (SourceBioscience) using the T7
promoter and terminator primer, or the M13 promoter and terminator primer,

as appropriate, and stored at -20 °C.

B.8 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was used as the primary method for analysing the purity of
protein purifications. SDS-PAGE separating gels were prepared according to the
recipe in Table A6. Standard protocol involved up to 12 pL of a column fraction
to be analysed diluted to 15 pL with 5x SDS-PAGE loading buffer (250 mM Tris

pH 6.8, 5% p-mercaptoethanol, 30% glycerol, 5% SDS, 0.02% (w/v)
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bromophenol blue). Boiling at 100 °C for 5 min in a hot block denatures the
protein and a subsequent quick centrifugation step was found to increase
resolution of protein bands on a gel due to limiting the amount of aggregate

present that could hinder proper separation of proteins.

Table B.6. SDS-PAGE gel composition.

Reagent Separating gel Stacking gel
2 gels (mL) 4 gels(mL) 2gels(mL) 4 gels(mL)
MilliQ-H,0 0.79 1.6 2.3 4.6
1.5 M Tris-HCI pH 8.8 6.0 12
0.5 M Tris-HCl pH 6.8 0.40 0.80
10% SDS 0.12 0.24 0.032 0.064
10% ammonium persulfate 0.20 0.40 0.060 0.12
30% acrylamide 5.0 10. 0.32 0.64
TMED 0.020 0.040 0.010 0.020

The gel was run at 190 V in 1x running buffer (25 mM Tris pH 8.3, 192
mM glycine, 0.1% SDS) until the smallest band in the ladder was visibly
approaching the bottom. The gel was washed with water and stained for 10 min
with shaking in stain buffer (0.25% (w/v) Coomassie Brilliant Blue, 10% acetic
acid, 50% methanol in MilliQ-H20). The gel was destained using 10% acetic acid,

50% methanol in MilliQ-H20.

B.9 Growth media
Typically, growth media were prepared according to the following recipes

(Table A7 and Table A8) and autoclaved by Mr. Herminio Manso Jubier.

Tables B.7 and B.8. Bacterial growth media compositions.

2x Tryptone / Yeast extract (2TY) medium Per liter (g)
Bacto Tryptone 16
Yeast Extract 10
NaCl 5
Luria Broth (LB) medium Per liter (g)
Bacto Tryptone 10
Yeast Extract 5

NaCl 10
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B.10 Glycerol stock preparation
When desired, bacterial cultures were reserved for further use by the
addition of 300 pL glycerol to 700 pL cell culture with gentle mixing. The

cultures were frozen on dry ice and stored at -80 °C.
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