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ABSTRACT: Ornithine decarboxylase (ODC) is a rate-limiting enzyme for the
synthesis of polyamines (PAs). PAs are required for proliferation, and increased ODC
activity is associated with cancer and neural over-proliferation. ODC levels and activity
are therefore tightly regulated, including through the ODC-specific inhibitor, antizyme 12
AZ1. Recently, ODC G84R has been reported as a partial loss-of-function variant that is
associated with intellectual disability and seizures. However, G84 is distant from both the
catalytic center and the ODC homodimerization interface. To understand how G84R
modulates ODC activity, we have determined the crystal structure of ODC G84R in
both the presence and the absence of the cofactor pyridoxal S-phosphate. The structures
show that the replacement of G84 by arginine leads to hydrogen bond formation of R84 with F420, the last residue of the ODC C-
terminal helix, a structural element that is involved in the AZ1-mediated proteasomal degradation of ODC. In contrast, the catalytic
center is essentially indistinguishable from that of wildtype ODC. We therefore reanalyzed the catalytic activity of ODC G84R and
found that it is rescued when the protein is purified in the presence of a reducing agent to mimic the reducing environment of the
cytoplasm. This suggests that R84 may exert its neurological effects not through reducing ODC catalytic activity but through
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misregulation of its AZ1-mediated proteasomal degradation.

B INTRODUCTION

Polyamines (PAs) are multivalent cations that comprise the
triamine spermidine and the tetraamine spermine, which are
derived from the diamine putrescine. Putrescine is generated
by decarboxylation of the amino acid ornithine by the first
committed enzyme of polyamine biosynthesis, ornithine
decarboxylase (ODC). ODC is a pyridoxal S-phosphate
(PLP)-dependent decarboxylase that is in rapid equilibrium
between a catalytically inactive monomeric state and an active
dimeric state, both in vitro and in vivo. Homodimerization is
required for ODC activity as the two active sites of the dimer
are localized at the dimer interface, and each active site is
composed of residues from both monomers.' ™

PAs are oncometabolites: they are required for cellular
proliferation, and their aberrant overaccumulation is associated
with many cancers.” Their levels are therefore tightly regulated,
most notably at the level of ODC. ODC transcription is
upregulated by cellular oncogenes, including MYC, while both
ODC activity and protein stability are downregulated in
response to increased PA levels by at least three dedicated
ODC inhibitor proteins called antizymes. At high cellular
levels, PAs translationally upregulate antizymes through a
translational frame-shifting mechanism.” In turn, at elevated
levels, antizymes efficiently inhibit the catalytic activity of
ODC by binding ODC’s dimerization interface, thereby
blocking ODC homodimerization and reducing PA levels.'
Further, binding of the most abundant and most widely
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expressed antizyme, AZ1, targets ODC for ubiquitin-
independent degradation by the 26S proteasome.’ Release of
antizyme inhibition requires another regulatory protein,
antizyme inhibitor AzI. Azl is a catalytically inactive ODC
paralog that sequesters antizymes by binding them with higher
affinity than ODC.”

Proteasomal degradation of ODC requires its unstructured
C-terminus (residues 424—461),>® which has been proposed
to mediate the initial insertion of ODC into the proteasome
cavity.” Consistently, the C-terminus, while required for
proteasomal proteolysis, is dispensable for proteasome bind-
ing” and is structurally unchanged by Az binding as shown by
NMR.'? Rather, Azl binding breaks interactions between the
ODC N-terminus and the C-terminal helix (helix al2)
immediately preceding the disordered C-terminus. As a
consequence, al2 becomes released into the solvent and
more dynamic as it became either completely unresolved” or
had a strongly increased B-factor'” in the crystal structures of
ODC/AZ1 heterodimers. Both studies therefore concluded
that the AZ1-mediated exposure of the C-terminal helix and its
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preceding loop induces proteolysis,”'® possibly by functioning
as a degron, although direct evidence for this function is
missing.

ODC G84R is a recently discovered variant that is associated
with intellectual disabilities and seizures and that is found in
about 0.2% of the overall population and 0.8% among South
Asians."" Purified, recombinant ODC G84R has been reported
to have a 2- to 3-fold lower activity relative to the wildtype
protein,"" yet G84 is distant both to the catalytic site and the
dimerization interface. Here, we have determined the crystal
structure of ODC G84R(1-423), which revealed that R84
forms hydrogen bonds with the terminal residue of the C-
terminal helix, F420. We have further shown that the catalytic
activity of purified recombinant ODC G84R is highly sensitive
to protein oxidation but largely or fully restored under
reducing conditions.

B MATERIALS AND METHODS

Protein Expression and Purification. Full length ODC
and ODC1(1-423) with the mutation G84R were expressed in
a pET28 vector with a C-terminal His6 tag. BL21(DE3) cells
transformed with this expression plasmid were grown in LB
broth at 16 °C to an ODg, of ~1 and induced with 0.1 mM
IPTG. The next morning, cells were harvested, resuspended in
150 mL of extract buffer (20 mM Tris [pH 8], 200 mM NaCl,
10% glycerol) per 2 L of cells, and passed three times through
a French Press with a pressure set at 1000 Pa. The lysate was
centrifuged at 34,571g for 1 h, and the supernatant was loaded
on a 5§ mL HisTrap FF column (GE Healthcare). The column
was washed with 100 mL of buffer A + 25 mM imidazole and
eluted with SO mL of buffer B (20 mM Tris [pH 8], S00 mM
imidazole, 10% glycerol). The peak fractions were further
purified by passing through at a HiLoad 26/200 Superdex 200
pg column (GE Healthcare) (20 mM Tris [pH 8], 200 mM
NaCl, 2 mM DTT, 1 mM EDTA, 10% glycerol). A portion of
the eluted protein was complexed with pyridoxal 5’-phosphate
monohydrate (PLP) (Sigma-Aldrich) at a five-fold molar
excess. The apo and complex proteins were filter-concentrated
to 15 mg/mL.

ODC Enzyme Activity Assay. ODC activity was measured
using 100 ng of purified ODC protein diluted in a buffer
containing 25 mM Tris and 0.1 mM EDTA. Each of the
reactions was added to 200 pL of assay mix containing 6.25
mM Tris HCI (pH 7.5), 100 yM L-ornithine, 50 yM pyridoxal-
S-phosphate, and 0.1 uCi [1-**C] vr-ornithine (American
Radiolabeled Chemicals, Inc., specific activity SS mCi/mmol)
+/— 156 mM DTT in a microcentrifuge tube. The
microcentrifuge tubes were then placed into scintillation vials
containing a piece of filter paper saturated with 200 uL of 0.1
M NaOH to capture the release of radiolabeled carbon dioxide.
The samples were incubated in a 37 °C incubator while
shaking for 30 min. The enzymatic reaction was stopped by
adding 250 L of 5 M sulfuric acid to each sample and
incubating at 37 °C while shaking for 30 min. The
microcentrifuge tubes were removed from the scintillation
vials, and § mL of scintillation fluid was added. Disintegrations
per minute (DPM) of each sample were measured using a
TriCarb liquid scintillation counter (PerkinElmer). The
specific ODC activity was expressed as nmol CO2/min/mg
protein.

Crystallization. The ODC G84R apo crystals were grown
in sitting drop wells with 0.2 L of protein and 0.2 L of well
solution containing 0.2 M sodium acetate trihydrate pH 7.0,

20% w/v polyethylene glycol 3350. The ODC G84R PLP
crystals were also grown in sitting drop wells with 0.2 uL of
protein and 0.2 L of well solution containing 0.2 M sodium
acetate trihydrate pH 7.0, 20% w/v polyethylene glycol 3350.

Data Collection, Structure Determination, and Anal-
ysis. Both the crystals of apo- and PLP-bound ODC G84R
formed in the P2,2,2, space group. The datasets were collected
with an EIGER 16 M pixel array detector at the ID line of
sector 21 of the Advanced Photon Source at Argonne National
Laboratory (Argonne, IL). The datasets were indexed to 1.85
and 2.35 A with XD'? and scaled with AIMLESS in the CCP4
package (http://www.ccp4.ac.uk). The CCP4 program
PHASER was used for molecular replacement, with the crystal
structure of WT human ODC (PBD code: 7S3F) "’ as a search
model. The initial model was manually built in COOT'* and
refined with the PHENIX program phenix.refine.'> All figures
were prepared using PyYMOL (DeLano Scientific, San Carlos,
CA, http://www.pymol.org).

Analytical Ultracentrifugation (AUC). All AUC experi-
ments were performed at the Canadian Center for Hydro-
dynamics at the University of Lethbridge, on a Beckman-
Coulter Optima AUC. Sedimentation velocity data were
collected at 45,000 rpm in an An60Ti rotor, at 20 °C, using
standard two-channel epon-charcoal centerpieces with a 1.2 cm
pathlength. Data were collected using a UV absorbance
detector, scanning in intensity mode. All samples were
measured in a buffer containing 10 mM TRIS, pH 7.5, and
100 mM NaCl. Samples measured under reducing conditions
had 1 mM TCEP added. All data were analyzed with
UltraScan, version 6169.'° Depending on the sample, 220—
280 nm scans were analyzed. To determine if mass action is
present, multiple loading concentrations spanning a significant
concentration range, centered around the Kd, should be
examined. Three different concentrations spanning approx-
imately a 20-fold concentration range for ODC WT and ODC
G84R were measured by AUC without a reductant and one
concentration for ODC WT and ODC G84R with a reductant
present (see Table S1). Molar extinction coefficients were
determined by fitting absorbance spectra, taken between 210
and 310 nm, of three different concentrations from each
sample to a global extinction spectrum using the spectrum
fitter in UltraScan, and subsequently scaling the resulting
profile with the molar extinction coeflicient with the value at
280 nm derived from sequence by UltraScan. Molar extinction
coefficient profile fits are shown in Figure S1 (ODC WT) and
Figure S2 (ODC G84R) and in table format for both ODC
versions (Tables S2 and S3 for the wildtype and mutant,
respectively). The partial specific volume of ODC was
determined from sequence with UltraScan and found to be
0.732 mL/g.

AUC Data Analysis. Sedimentation and diffusion transport
in the ultracentrifugation cell were described by the Lamm
equation, which can be solved using adaptive finite element
methods."”"® Whole boundary data obtained in SV experi-
ments were fitted by linear combinations of finite element
solutions using advanced optimization routines'~~>' that are
typically implemented on a supercomputer.”” For this study, all
SV data were initially fitted with the two-dimensional spectrum
analysis,'” with simultaneous time- and radially invariant noise
subtraction, and fitting of boundary conditions. SV experi-
ments were then evaluated by the enhanced van Holde—
Weischet method.”> Two-dimensional spectrum analysis
results were refined by the genetic algorithm method.”
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Confidence intervals (95%) were obtained with the Monte
Carlo analysis.”' Partial concentrations were obtained in
optical density units and converted to molar concentrations
using the determined molar extinction coefficients at 225 nm
and taking the pathlengths of the AUC cell (1.2 cm) into
account.

Mass Spectrometry (MS). Sample Preparation. One of
the purified WT (3 pg) and one of the purified ODC G84R
proteins that were used for activity measurement were buffer-
exchanged (300 #L 50 mM ammonium bicarbonate, pH 8.0)
using a 3 kDa spin filter (Amicon) at 18,000g for 30 min at 4
°C. After exchange, the samples were dried to completion at 30
°C (~2 h) and resuspended in SO L of digestion buffer (25
mM ammonium bicarbonate, pH 8.0, 50% acetonitrile).
Trypsin and Lys-C (Promega) were added at 1:10 (w/w
trypsin:protein) and 1:20 (w/w lys-C:protein) ratios for
protein digestion over 17 h at 37 °C. After digestion, samples
were dried to completion at 30 °C (~2 h) and resuspended in
50 pL of analysis buffer (2% acetonitrile, 0.1% formic acid).

Liquid Chromatography and Bottom-Up Mass Spectrom-
etry. Peptides were separated and analyzed by nano LC—MS/
MS. Each sample (300 ng) was injected using an Ultimate
3000 autosampler (Dionex, ThermoFisher). Peptides were
trapped on an Acclaim PepMap C18 trapping column
(ThermoFisher) at S uL/min in buffer containing 2%
acetonitrile and 0.1% formic acid. After a 5 min desalting
period, peptides were separated using linear gradients at 350
nL/min on a C18 EASY-Spray column (2 um particle size, 75
pm X 250 mm) (ThermoFisher). The gradients used were, in
order, 4—40% solvent B over 5—100 min, 40—65% solvent B
over 100—102 min, 65—95% solvent B over 102—105 min,
95% solvent B over 105—116 min, and 95—4% solvent B over
116—117 min (gradient solvent A contained 0.1% formic acid,
and solvent B contained acetonitrile and 0.1% formic acid).
The liquid chromatography eluate was interfaced to a Q
Exactive HF-X (ThermoFisher) via an EASY-Spray ionization
source with an electrospray voltage of 1.9 kV at a 2.0 mm tip to
an inlet distance. The ion capillary temperature was 280 °C,
and the RF level was 55.0.

MS1 scans of m/z 300—1500 were acquired in the orbitrap
with a resolution (M/AM) of 60,000 at 200 m/z, maximum
injection time of 45 ms, and automatic gain control (AGC)
target of 3 X 10% The top 20 MS2 scans were acquired in the
orbitrap with a resolution (M/AM) of 30,000 at 200 m/z,
maximum injection time of 54 ms, AGC target of 1 X 10%, and
isolation width of 1.3 m/z. HCD fragmentation was NCE 28,
dynamic exclusion was 30 s, and singly charged and greater
than +6 charged ions were excluded from selection.

Data Analysis. Mass spectra were identified against
databases containing the digestion enzymes and either WT
or ODC G84R sequences (Acc: P11926), using Proteome
Discoverer (v. 2.2.0.388, 2017). Parameters were set as follows:
at least two peptides (minimum length = 6, minimum
precursor mass = 350 Da, maximum precursor mass = 5000
Da), tolerance of 10 ppm for precursor ions and 0.02 Da for
fragment ions (b and y ions only), and Percolator FDR (strict
minimum value 0.01). Dynamic modifications included
methionine oxidation (+15.995 Da), cysteine glutathionylation
(+305.068 Da), cysteine sulfenylation (+15.995 Da), cysteine
sulfinic acid (+31.990 Da), and cysteine sulfonic acid (+47.985
Da).

Peptide retention times, MS1 area measurements, and
peptide ratio calculations were performed by Skyline (version
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4.2.0). All peaks were manually corrected by comparing
selected retention times against those reported by Proteome
Discoverer and ensuring idotp values greater than 0.90. The
precursor [M], [M + 1], and [M + 2] isotopic peaks from the
two most intense peptide charge states were used for peak area
summation. MS1 mass tolerance matched the acquisition
method (60,000 resolution at 200 m/z).

B RESULTS

Structure of ODC G84R. The ODC G84R mutation is
associated with intellectual disabilities and seizures, and the
G84R protein has reduced catalytic activity in an in vitro
assay.' To gain mechanistic insight into the mutant
phenotype, we purified recombinant, human His6-ODC1(1-
423) G84R and determined its crystal structure both in the
presence and in the absence of the ODC cofactor pyridoxal 5'-
phosphate (PLP) at resolutions of 1.85 and 2.35 A,
respectively (Table 1). ODC1(1-423) lacks the unstructured

Table 1. Data Collection and Structure Refinement

Statistics

PDB entry

data collection

space group

cell dimensions
a, b, c (A)
a py(°)

no. reflections
total
unique

resolution (A)

Ry O Riperge
I/o1

CCipp
completeness (%)
redundancy

refinement
resolution (A)
no. reflections

Ryori/ Rtee

no. atoms/residues
protein
ligand/ion
water

B-factors
protein
ligand/ion
water

r.m.s. deviations

bond lengths
(&)

bond angles (°)

Ramachandran plot
(%)

favored
outliers
MolProbity score

ODC1 G84R apo
7U6P

P2,2:2,

74.81, 85.88, 154.74
90, 90, 90

353,747 (34,917)
42,293 (4104)

45.6-2.35 (2.43—
2.35)°

0.196 (1.35)
9.4 (44)
0.993 (0.867)
99.9 (99.9)
8.4 (8.5)

49-1.82 (1.84—1.82)
90,252 (2778)

18.82/22.45 (23.6/
29.5)

6701/815
2
305

37.7
35.1
38.8

0.004

0.653

97.39
0
1.40

ODC1 G84R/PLP
706U

P2,2:2,

74.15, 86.10, 153.28
90, 90, 90

578,271 (30,677)
84,340 (4377)

45.3—1.85 (1.88—
1.85)“

0.135 (1.529)
114 (2.5)
0.996 (0.617)
99.9 (99.8)
6.9 (7.0)

49-1.85 (1.84—1.82)
90,252 (2778)

18.06/20.36 (25.3/
282)

6899/806
2
553

27.5
22.3
37.3

0.006

0.848

98.11
0
1.18

“Values in parentheses are for the highest-resolution shell.

https://doi.org/10.1021/acsomega.2c04702

ACS Omega 2022, 7, 34665-34675



ACS Omega http://pubs.acs.org/journal/acsodf

monomer 1 C-domain —
monomer 2

&

C-domain -
monomer 1

Figure 1. ODC G84R crystal structure. (A) ODC G84R homodimer in the presence of PLP. The N- and C-domains of one monomer are shown in
cyan and green, respectively, and of the other monomer in light cyan and light green, respectively, with the catalytic centers indicated by black ovals.
The inset on the left is a close-up of the G84R region with R84 and F420 shown in stick representation and the two hydrogen bonds between them
shown as dashed lines. Right side: cartoon structures of the isolated N-domain (cyan: a-helices, yellow: f-strands) and isolated C-domain (green:
a-helices, yellow: f-strands). (B) 2mFo-DFc electron density map of R84 and helix @12 with F420 and the preceding loop contoured at 1 ¢. Side
chains other than R84 and F420 are shown in line representation. (C) Structure overlay of ODC G84R (cyan and green) with wildtype ODC
(PDB 1D7K, gray). G/R84, F420, and PLP are shown in stick representation.

G84R apo
Monomer-2

GB4R apo
Monomer-2

Ry
G84R apo \ G84R apo
Monomer-1 Monomer-1

) obDc
2mFo-Fc densities with G84R/PLP
stick models for phosphate

Figure 2. Structure of PLP-free ODC G84R. (A) Overview of human ODC G84R in the absence of added PLP. The arrows point to the 2mFo-Fc
density in the ODC-binding pocket of each monomer, contoured at 1 6. The color code is the same as in Figure 1. The stick model for phosphate
was built into the density. (B) Structure of human ODC G84R in the absence of PLP (cyan and green) overlaid with the structure of human ODC
G84R/PLP (gray).
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Figure 3. G84R does not change the conformation of the ODC catalytic center. (A) ODC G84R catalytic center. The two monomers are shown in
green and cyan, and PLP is shown in pink. PLP and pocket residues are shown in stick representation and are overlaid with the 2mFo-Fc map
contoured at 1 o. (B) Structural alignment of the catalytic centers of ODC G84R (color) and wildtype ODC (gray; PDB 1D7K) with PLP and
pocket residues shown in stick representation. Helix @5 is on the surface of ODC distant from the catalytic center and forms part of the AZ1-

binding site.

C-terminal 38 amino acids of ODC, which are not required for
catalytic activity.”* The structures show the characteristic ODC
dimer fold, in which the two catalytic centers of the dimer are
localized at the dimer interface, and in which each catalytic
center is formed by residues from both monomers (Figures 1
and 2), as previously described.”> Each monomer consists of
an N-terminal triosephosphate isomerase (TIM) a/f barrel
and a C-terminal mixed f-sheet surrounded by helices (right-
side insets in Figure 1A). The structure of the PLP-containing
G84R mutant protein is very similar to the previously
determined structure of human wildtype ODC (PDB 1D7K)
with an RMSD value of 0.857 A (Figure 1C) and to the
structure of ODC G84R in the absence of PLP (RMSD =
0.548 A; Figure 2). Interestingly, the 2mFo-Fc density
indicated that in the absence of added PLP, the PLP pocket
was occupied by a phosphate group that stabilizes the catalytic
center and the dimer interface similar to the cofactor PLP.
Exchange of Gly84 against arginine in helix a3 allowed
formation of two hydrogen bonds between the guanidium
group of #3-R84 and the carbonyl group of a12-F420 (Figure
1A, left-side inset, and Figure 1B,C). Importantly, these strong
hydrogen bonds anchor the dynamic C-terminal helix («12) to
the end of the stable helix 3. While the position of a3 was
unaltered in the mutant protein, the C-terminus of a12 was

repositioned by 1.7 A closer to the guanidium group of R84
(Figure 1C).

An alternative, modeled bond formation was proposed
between the guanidium group of R84 and the carboxyl group
of D424,"" which directly follows the C-terminal helix and is
the first amino acid of the unstructured C-terminus that is
missing in our ODC construct.

In addition to the change in the C-terminus of ODC, we
observed small displacements of peripheral loops and helices in
the structure of ODC G84R (Figure 1C). In contrast, the
catalytic center is almost identical between wildtype and G84R
ODC (Figure 3B). The catalytic center is formed by PLP,
which in the absence of a substrate is covalently bound to
ODC K69, and the residues surrounding the PLP-K69 adduct.

ODC1 G84R is Catalytically Active. The previously
reported activities of wildtype and G84R ODC were
determined from preparations generated by Ray Biotech.''
We reanalyzed ODC activity using both the constructs lacking
the unstructured C-terminus and full-length His6-tagged
human wildtype and G84R ODC. These four proteins were
expressed in Escherichia coli and purified by sequential Ni-
affinity and size exclusion chromatography, using the same
conditions as for the ODC(1-423) G84R protein that we had
used for crystallization. To our surprise, we found that our
ODC G84R protein preparation had an as high [ODC(1-

https://doi.org/10.1021/acsomega.2c04702
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423)] (Figure 4A) or only mildly lower [full length ODC]
(Figure 4B) activity than the wildtype protein. This result
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Figure 4. Activities of ODC wildtype (WT) and ODC G84R
preparations in the absence and presence of DTT in the storage
buffer. (A, B) Truncated (A) and full length (B) ODC prepared for
this study by two-step chromatography with 2 mM DTT in size
exclusion chromatography and storage buffers. (C) ODC prepared by
Ray Biotech by one-step chromatography in the absence of DTT;
+/—DTT: the presence/absence of 1.56 mM DTT in the ODC assay
buffer. Data are from two (A, B) or three (C) independent
experiments, each repeated three times (n = 6 or 9). Error bars
indicate SEM. One-way analysis of variance (ANOVA): *P < 0.05,
**P < 0.0001.

differed from the one using proteins generated by Ray Biotech,
which showed a 2- to 3-fold lower catalytic activity for ODC
G84R'' and was therefore implying that the G84R mutation
confers a loss of function. We confirmed that the Ray Biotech
ODC G84R preparation has a reduced catalytic activity,
although the level of reduction was lower than previously
reported (~63% of activity left as opposed to ~40%) (Figure
4C).

The Ray Biotech preparation differed from our preparations
by having been purified only by a single Ni-affinity
chromatography step and by the lack of a reducing agent in
the ODC storage buffer. ODC has 12 potentially oxidizable
cysteines per monomer, including the catalytic cysteine C360,
and its activity may therefore be sensitive to oxidation. To test
whether the mutant protein is more sensitive to oxidative
conditions than the wildtype protein, we removed the
reductant dithiothreitol (DTT) from the assay buffer. For
our ODC preparations, which contain DTT in the storage
buffer, the absence of DTT from the assay buffer did not affect
the activity of wildtype ODC but reduced the activity of the
mutant protein about 2-fold (Figure 4A,B). In the case of the
Ray Biotech protein preparation, which lacks DTT in the
storage buffer, removal of DTT from the assay buffer reduced
the activity of the wildtype protein about 3-fold and led to a
complete loss of the activity of the mutant protein (Figure 4C).
Together, this suggested that ODC G84R is active under
reducing conditions but is more sensitive to experimentally
induced oxidative conditions.

ODC G84R Aggregates in the Absence of Reductants.
ODC is in a dynamic monomer—dimer equilibrium, with the
homodimer form being required for catalytic activity. We used
analytical ultracentrifugation (AUC) sedimentation velocity
(SV) experiments to quantitate the monomer—dimer equili-
brium of human wildtype ODC and ODC G84R in the
absence and presence of the reducing agent tris(2-
carboxyethyl)phosphine (TCEP; DTT is not compatible
with AUC). SV experiments provide a clear distinction
between homogeneous preparations,”® the presence of
aggregates,”’ and reversible self-association”®*” in response
to mass action.

As shown in Figure SA, both wildtype and mutant ODC
undergo a monomer to dimer shift with increasing
concentrations. Two of the ODC G84R samples showed
evidence of irreversible aggregation and formation of higher
order oligomers but only in the absence of TCEP (Figure SA).
While we observed that the mutant is prone to aggregation
under oxidizing conditions, in the presence of 1 mM TCEP,
and at concentrations above the reported Kd,”’ the
sedimentation behaviors of wildtype and G84R ODC are

Table 2. Hydrodynamic Parameters Derived from the Genetic Algorithm-Monte Carlo Analysis”

diffusion coefficient (cm?/s, 1077)

molar mass (kDa) frictional ratio

sample sedimentation coefficient (s, 107'3)
monomer 4.57 (4.53, 4.61)
dimer 5.66 (5.65, 5.68)
monomer 3.84 (3.82, 3.86)
dimer 5.60 (4.83, 6.36)

ODC wildtype
7.35 (7.23, 7.47)
431 (421, 441)
ODC G84R
7.61 (7.48, 7.74)
4.94 (4.29, 5.59)

56.3 (55.3, 57.2)
1189 (1162, 121.8)

48.6 (47.8, 49.4)
123.2 (117.5, 128.9)

1.15 (1.14, 1.16)
1.53 (1.51, 1.55)

1.15 (111, 1.18)
1.60 (1.55, 1.64)

“Values in parentheses are 95% confidence intervals derived from the Monte Carlo analysis. Molar masses are estimates based on a sequence-
derived partial specific volume and are in good agreement with molar masses calculated from sequence (51.2 kDa); any discrepancies indicate a
variation in the partial specific volume between the monomer and dimer.
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Figure S. Sedimentation velocity analysis of ODC wildtype (WT) and ODC G84R. (A) Van Holde—Weischet integral distribution plots of ODC
WT at 10.87 uM (red), 1.88 uM (magenta), and 503 nM (yellow) and ODC G84R at 12.1 uM (blue), 1.55 M (cyan), and 611 nM (green), in
the absence of TCEP. All distributions show mass action induced shifts of the sedimentation coeflicient and a characteristic monomer—dimer
distribution shape. For the 1.55 uM ODC G84R sample, and to a lesser degree the 611 nM ODC G84R sample, the distribution also shows
evidence of irreversible aggregation when TCEP is not added. (B) Van Holde—Weischet integral distribution plots of ODC WT at 2.02 yM
(magenta) and ODC G84R at 1.95 M (cyan) in the presence of 1 mM TCEP, showing nearly identical sedimentation coefficient distribution with
the majority of the signal consistent with a dimer. The lower s-value portion of the distribution reflects the partial contribution of TCEP, which is a
small, slow sedimenting molecule that absorbs at 230 nm and thus precludes accurate Kd determination in the presence of TCEP. (C) Genetic
algorithm-Monte Carlo analysis of the 503 nM ODC WT (red) and the 611 nM ODC G84R sample (blue). Monomer (M), dimer (D), and trimer
(T) species are indicated in the labeled boxes. Only the ODC G84R sample shows slight evidence of the irreversible trimer. (D) Genetic algorithm-
Monte Carlo analysis of the 1.55 M ODC G84R sample. While the monomer (M) and dimer (D) are the predominant species, clear evidence is
seen for the presence of irreversible aggregates with sizes that are consistent with the trimer (T) and tetramer or pentamer (P/T). In all cases, it is
evident that higher order oligomers, irreversible or not, are increasingly anisotropic. For panels (C, D), the partial concentration of each species is
indicated by the color density (right axis); additional details are shown in Table 2.

very similar, and no aggregation is observed for the mutant modifications of wildtype versus ODC G84R, none of the
(Figure SB). This suggests that the aggregation of ODC G84R resolved peptides showed mutant-specific increases in
is responsible for the reduced catalytic activity of ODC G84R oxidized/unoxidized peptides ratios nor disulfide bound/

in the absence of a reducing agent. Further examination of unbound peptides ratios for C11-C11 or C360-C360. There-
aggregated ODC G84R velocity data using genetic algorithm- fore, a modification in an unresolved peptide might be
Monte Carlo analysis shows that in the absence of TCEP, the responsible for the mutant-specific oxidation sensitivity.
mutant protein forms higher order oligomers, which exhibit Together, the results are most consistent with the oxidation
increased anisotropies with an increased oligomerization state, sensitivity of ODC G84R being due to its propensity to form

suggesting that ODC G84R is prone to the formation of disulfide-linked aggregates.
intermolecular disulfide bonds (compare Figure SC and Figure

SD).' Finally, we'used. mass spect'romgtry to ident'ify mu.tant- B DISCUSSION
specific amino acid oxidative modifications of cysteine residues
by glutathionylation, sulfenylation, and the formation of ODC gain-of-function mutations have been associated with
sulfinic acid or sulfonic acid (Tables 3 and 4). Mass hyper-proliferative diseases, including cancer, infections, over-
spectrometry also identified two main pairs of intermolecular growth, neural overproliferation,31 and the ODC-linked
disulfide bonds: C11-C11 and C360-C360 (Table 3), neurodevelopmental disorder, Bachmann—Bupp syn-
consistent with the formation of higher order ODC complexes drome.””** Recently, Prokop et al. have identified ODC
observed by the AUC SV experiments in the absence of TCEP. G84R as a variant associated with intellectual disability and
Since C360 is required for ODC catalytic activity, C360- seizures. Activity assays using recombinant ODC indicated that
C360 disulfide bond formation might also explain the reduced G84R is a loss-of-function mutation, and the authors
catalytic activity of ODC in the absence of reducing agents, hypothesized that ODC partial loss-of-function may lead to
especially for the mutant protein. While this experiment cannot neural depletion.'' To gain more mechanistic insight, we
confidently evaluate the relative frequencies of oxidative determined the crystal structure of ODC G84R and biochemi-
34671 https://doi.org/10.1021/acsomega.2c04702
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Table 3. ODC Peptide Identifications and Number of ODC Peptide Spectral Matches (PSM) for Each Oxidation State”

Positionin | C/MOxi-| WT | G84R Positionin | C/MOxi-| WT | G84R
Annotated Sequence Protein dations | PSMs PSMs Annotated Sequence Protein dations | PSMs PSMs
[-1.MNNFGN- [RT.IVANPCKQVSQIK.[Y] 108-121 2
EEFDCHFLDEGFTAKDILDQKINEVSSSDDK.[D] 137 4 1 TRIIVANPCKVSQIK Y] T 5 5 5
[FIMBINFEL: [RIIYANPCK.[Q] 108-115 2 1 1
EEFDCHFLDEGFTAKDILDQKINEVSSSDDK.[D] 137 3 1
RIIVANPCK. 108-115 3 2 2
[-. MNNFGNEEFDCHFLDEGFTAKDILDQK.[1] 127 3 2 3 & 1
[K].QVSQIKYAANNGVQMMTFDSEVELMK.[V] 116-141 1 2
[-. MNNFGNEEFDCHFLDEGFTAKDILDQK.[1] 127 4 3 1
[K].QVSQIKYAANNGVQMMTFDSEVELMK.[V] 116-141 0 3
[-. MNNFGNEEFDCHFLDEGFTAKDILDQK.[1] 127 0 1
[K].YAANNGVQMMTFDSEVELMKVAR [A] 122-144 0 1
[-.MNNFGNEEFDCHFLDEGFTAKDILDQK.[I] 127 B 2 1
S —— Tl i . . [K].YAANNGVQMMTFDSEVELMK.[V] 122-141 0 1
i i KIAKLVLR.[1 149-154 0 1 1
[-.MNNFGNEEFDCHFLDEGFTAK.[D] 121 3 9 6 14 [
R].IATDDSKAVCRLSVK.[F 155-169 3 1 1
[-.MNNFGNEEFDCHFLDEGFTAK.[D] 121 2 1 5 i r
R].IATDDSKAVCRLSVK.[F 155-169 2 1
[-.MNNFGNEEFDCHFLDEGFTAK.[D] 121 1 1 1 il m
KI.FGATLR.[T] 170-175 0 22 18
[-.MNNFGNEEFDCHFLDEGFTAK.[D] 121 0 6 2 [] m
[R].AKELNIDVVGVSFHVGSGCTDPETFVQAIS-
[K].DILDQKINEVSSSDDKDAFYVADLGDILK.[K] 22:50 0 4 4 DARC] A N .
[K].DILDOKINEVSSSDDK. [D] 2237 0 2 3 [RI.AKELNIDVVGVSFHVGSGCTDPETFVQAIS-

[K].DILDQK.[1] 2227 0 4 4 DAR.[C] 184-216 3 1
[K].INEVSSSDDKDAFYVADLGDILKK.[H] 28-51 0 26 32 [K].ELNIDVVGVSFHVGSGCTDPETFVQAISDAR.[C] | 186-216 2 1
[K].INEVSSSDDKDAFYVADLGDILK.[K] 28:50 0 3 4 [R1.CVFDMGAEVGFSMYLLDIGGGFPGS-

IK].DAFYVADLGDILKK.[H] 3851 0 12 9 R Y 4 ! !
TSI 850 o S S [R].CVFDMGAEVGFSMYLLDIGGGFPGSEDVK.[L] |  217-245 4 1 1
TIrE A Reiee el Rl s 3 . . [K].LKFEEITGVINPALDK.[Y] 246-261 0 8 8
e e T 7 = 5 [K].FEEITGVINPALDKYFPSDSGVR.[I] 248-270 0 38 40
TR S o 3 n - IK].FEEITGVINPALDK.[Y] 248-261 0 17 19
[R1.VTPFYAVKCNDSK.[A] 62-74 2 2 2 [SRTERESTA crtil e e &
e - - = - [R].IIAEPGRYYVASAFTLAVNIIAKK. (1] 271-294 0 5 10

JIAE L . 2712 2
[K].TLAATGTGFDCASKTEIQLVQSLGVPPER.[1] 79-107 1 1 [RHAHER AR AT LSRR e ’ =
AEPGR.[Y. 271277 2 1

[K].TLAATGTGFDCASKTEIQLVQSLGVPPER.[1] 79-107 0 3 [RIIAEPGR.[Y] 7127 e

R].YYVASAFTLAVNIIAKK.[| 278-294 4

[K].TLAATGTGFDCASKTEIQLVQSLGVPPER.[1] 79-107 2 4 [RIYYVAS u 829 ° 3
R].YYVASAFTLAVNIIAK.[K 2782 7 1

[K].TLAATGTGFDCASKTEIQLVQSLGVPPER.[1] 79-107 3 5 (R1-YYVAS K] 8293 °

[RETEATETCF TR 593 5 5 [K].RPKPDEKYYSSSIWGPTCDGLDRIVER.[C] 343-369 0 2 1
S RTATETCFIET 593 3 3 [K].RPKPDEKYYSSSIWGPTCDGLDRIVER.[C] 343-369 2 1
 RTSACIEF ST 593 5 7 [K].RPKPDEKYYSSSIWGPTCDGLDRIVER.[C] 343-369 3 7 1
T e et | 55107 5 o [K].RPKPDEKYYSSSIWGPTCDGLDR[I] 343365 0 4 2
R TGFDCASKTEIQLVQSLGVRPER ] 55107 5 . [K].RPKPDEKYYSSSIWGPTCDGLDR[I] 343-365 2 2 1
R TGFDCASKTEIQLVQSLGVRPER ] 55107 3 . [K].RPKPDEKYYSSSIWGPTCDGLDR[I] 343-365 3 5 3
e el eyaremy 53107 o - % IK].YYSSSIWGPTCDGLDRIVER [C] 350-369 3 2 3
T AN ek s Ve ki 0511 o ; - [K].YYSSSIWGPTCDGLDR.[1] 350-365 0 1 1
[K].YYSSSIWGPTCDGLDR.[1] 350-365 2 1 1
[K].YYSSSIWGPTCDGLDR. [1] 350-365 3 4 3

“The data shown are from one of the two WT and one of the two G84R ODC preparations that were analyzed in Figure 4B. Shown are all MS-
identified cysteine-containing ODC peptides. Oxidations: number of oxygen incorporations (1: cysteine S-sulfenylation [Cys-SOH], 2: cysteine-
sulfinic acid [Cys-SO,H], 3: cysteine sulfonic acid [Cys-SO5H], 4: cysteine sulfonic acid + methionine oxidation). Glutathionylation was not
detected. Peptides that are specific to the WT (orange) or G84R (green) form have the same color background. WT: wildtype ODC, G84R:

mutant ODC.

cally and biophysically analyzed purified wildtype and mutant
ODC.

Our crystal structures of ODC(1-423) G84R demonstrated
that the mutant residue, R84, localized on helix a3, can form
hydrogen bonds with the last residue of the dynamic ODC C-
terminal helix, @12, independent of the presence or absence of
the catalytic cofactor PLP. The mutant protein also differed
from wildtype ODC by small displacements of peripheral loops
and helices, yet the catalytic centers of wildtype and mutant
protein were largely superimposable. We further demonstrated
that the catalytic activity of purified, recombinant ODC G84R
is highly sensitive to oxidizing conditions, i.e., the absence of
reducing agents such as DTT or TCEP, which prevent
oxidation from air. However, through cellular reductants such
as glutathione and the disulfide bond-resolving protein
thioredoxin, the cytoplasm is a reducing environment. When

we purified and stored ODC G84R in the presence of low
concentrations of the reductant DTT, the protein had only
mildly, statistically insignificant, lower activity than wildtype
ODC. As shown by sedimentation velocity analysis, ODC
G84R, in contrast to wildtype ODC, is prone to oxidation-
induced aggregation, which we suggest is mediated through
intermolecular disulfide bond formation. However, the
molecular basis of the oxidation sensitivity of the mutant
protein is not obvious from our crystal structures because we
determined the structures in the presence of 2 mM DTT, and
our attempts to crystallize ODC G84R in the absence of a
reducing agent were unsuccessful.

Since recombinant ODC G84R remained catalytically active
under relatively mildly reducing conditions, we speculate that
its association with pathological phenotypes might be due to
the misregulation of its AZIl-mediated proteasomal degrada-

https://doi.org/10.1021/acsomega.2c04702
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Table 4. ODC Oxidized to Unoxidized Ratio Comparison®
.OI.DC wT ODC G84R .
— Oxidized Area - G84R Ratio
) Oxidatio Oxidized Area /
Peptide / ODC WT /
ns " ODC G84R .
Unoxidized L WT Ratio
Unoxidized Area
Area
1 0.128 0.142 1.109
2 5.907 4.621 0.782
MNNFGNEEFDCHFLDEGFTAK
3 5.427 4.265 0.786
4 1.524 1.209 0.793
2 2.201 1.989 0.904
MNNFGNEEFDCHFLDEGFTAKDI 3 1.988 1771 0.891
LDQK
4 0.543 0.467 0.859
2 0.005 0.005 0.953
VTPFYAVKCNDSK
3 0.011 0.011 0.995
2 0.918 0.716 0.780
IIYANPCK
3 2.826 2.264 0.801
2 0.153 0.130 0.849
IIYANPCKQVSQIK
3 5.238 4.390 0.838
2 1.366 1.195 0.875
RPKPDEKYYSSSIWGPTCDGLDR
3 2.014 1.729 0.859
2 1.045 1.132 1.083
YYSSSIWGPTCDGLDR
3 1.889 1.935 1.024
2 0.455 0.631 1.387
YYSSSIWGPTCDGLDRIVER

3 0.191 0.243 1.274

“Peptides that differ only by missed cleavages have the same color background.

Table 5. ODC Intermolecular Disulfide Bond Formation

disulfide ODC WT bonded area/ODC WT ODC G84R bonded area/ODC G84R G84R ratio/WT
bond peptide unbonded area unbonded area ratio
Cl11-C11 MNNFGNEEFDCHFLDEGFTAK 1.079457521 0.906684697 0.840
C36-C360 YYSSSIWGPTCDGLDR 4.81307220S8 3.638568163 0.756

tion rather than due to compromised catalytic activity. Both
the structure of ODC(1-423) and the modeled structure of full
length ODC reported previously'' show that R84 interacts
with, and likely stabilizes, the border between the C-terminal
helix and the unstructured C-tail of ODC, whose dynamics are
required for Azl-mediated ODC degradation. We hypothesize
that their stabilization increases cellular ODC levels and
thereby total ODC activity as well as polyamine levels. Future
investigation will be needed to understand the cellular
regulation of ODC G84R in a physiological context.
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