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ureidopropionic acid; CLiy, intrinsic clearance; DHPase, dihydropyrimidinase; DPD,

dihydropyrimidine dehydrogenase; DTT, dithiothreitol; FUH,, dihydro-5-fluorouracil;

FUPA, fluoro-B-ureidopropionic acid; Kmy, Michaelis constant; LC-MS/MS, liquid

chromatography-tandem mass spectrometry; SNV, single nucleotide variant; ToMMo,

Tohoku Medical Megabank Organization; UH,, dihydrouracil; Viay, maximum velocity;

WGS, whole-genome sequences.
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Abstract

The drug 5-fluorouracil (5-FU) is the first-choice chemotherapeutic agent

against advanced-stage cancers. However, 10-30% of treated patients experience grade

3—4 toxicity. The deficiency of dihydropyrimidinase (DHPase), which catalyzes the

second step of the 5-FU degradation pathway, is correlated with the risk of developing

toxicity. Thus, genetic polymorphisms within DPYS, the DHPase-encoding gene, could

potentially serve as predictors of severe 5-FU-related toxicity. We identified 12 novel

DPYS variants in 3,554 Japanese individuals, but the effects of these mutations on

function remain unknown. In the current study, we performed in vitro enzymatic

analyses of the 12 newly identified DHPase variants. Dihydrouracil or dihydro-5-FU

hydrolytic ring-opening kinetic parameters, Ky, and Vi, and intrinsic clearance (CLjy =

Vimax'Km) of the wild-type DHPase and eight variants were measured. Five of these

variants (R118Q, H295R, T4181, Y448H, and T513A) showed significantly reduced

CLint compared with that in the wild-type. The parameters for the remaining four

variants (V59F, D81H, T136M, and R490H) could not be determined as dihydrouracil

and dihydro-5-FU hydrolytic ring-opening activity was undetectable. We also

determined DHPase variant protein stability using cycloheximide and bortezomib. The

mechanism underlying the observed changes in the kinetic parameters was clarified
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using blue-native polyacrylamide gel electrophoresis and three-dimensional structural

modeling. The results suggested that the decrease or loss of DHPase enzymatic activity

was due to reduced stability and oligomerization of DHPase variant proteins. Our

findings support the use of DPYS polymorphisms as novel pharmacogenomic markers

for predicting severe 5-FU-related toxicity in the Japanese population.
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Significance Statement

DHPase contributes to the degradation of 5-fluorouracil, and genetic

polymorphisms that cause decreased activity of DHPase can cause severe toxicity. In

this study, we performed functional analysis of 12 DHPase variants in the Japanese

population and identified 9 genetic polymorphisms that cause reduced DHPase function.

In addition, we found that the ability to oligomerize and the conformation of the active

site are important for the enzymatic activity of DHPase.
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Introduction

The drug 5-fluorouracil (5-FU) is used in chemotherapy for various forms of

cancer, including those presenting with solid tumors in the gastrointestinal tract, breast,

head, and neck (Wigmore et al., 2010; Kobuchi and Ito, 2020). It is an antimetabolite

that works by preventing cell proliferation and is used in combination with other agents

or as a single-drug treatment (Wigmore et al., 2010). However, despite over 40 years of

clinical use and optimization of administration methods, the response rate remains low

because of the development of chemoresistance (Lokich, 1998; Vodenkova et al., 2020).

Moreover, a significant number of patients (10-30%) develop symptoms from toxicity

caused by 5-FU, such as mucositis, diarrhea, neutropenia, thrombocytopenia, and hand-

foot syndrome (Lokich, 1998; Kunicka et al., 2016; Vodenkova et al., 2020). Thus,

predictive biomarkers for toxicity remain an important focus of future research, as

severe toxicity might lead not only to treatment interruption but also to patient death

(Kunicka et al., 2016; Vodenkova et al., 2020).

Once the agent reaches the circulatory system, most of the administered 5-FU

(more than 80%) is metabolized to dihydro-5-FU (FUH,) in the liver by the enzyme

dihydropyrimidine dehydrogenase (DPD; EC 1.3.1.2). (Heggie et al., 1987; Kunicka et

al., 2016; Kobuchi and Ito, 2020). Dihydropyrimidinase (DHPase; EC 3.5.2.2) then
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catalyzes the hydrolytic ring opening of FUH,. Finally, the resulting fluoro-f-

ureidopropionic acid (FUPA) is hydrolyzed to fluoro-B-alanine by B-ureidopropionase

(B-UP, EC 3.5.1.6). In Caucasians, genetic polymorphisms in DPYD, the gene encoding

DPD, contribute to individual differences in 5-FU toxicity, and the Clinical

Pharmacogenetics Implementation Consortium (CPIC) guidelines have already been

established for dose adjustment based on four risk variants (DPYD*2A, DPYD* 13,

¢.2846A>T, and c.1129-5923C>G/hapB3) (Amstutz et al., 2018). However, these

polymorphisms have not been identified in Asian populations (van Kuilenburg, 2004;

Maekawa et al., 2007; Hishinuma et al., 2018; Yokoi et al., 2020; Hishinuma et al.,

2022). Toxicity associated with 5-FU has also been observed in cancer patients with

regular DPD enzymatic activity, suggesting a potential deficiency of DHPase, the

second enzyme in the pyrimidine degradation pathway. Reduced enzymatic activity of

DHPase causes FUH; to accumulate in the blood, which is reversibly converted to 5-FU

by the activity of DPD, resulting in severe 5-FU-related toxicity (Shiotani and Weber,

1981).

The human DHPase-encoding gene, DPYS is located on chromosome 8q22,

consists of 10 exons, and features a 1,560-bp open reading frame, encoding a

polypeptide containing 519 amino acid residues (Hamajima et al., 1998; van Kuilenburg
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et al., 2006). DHPase deficiency is an autosomal recessive condition characterized by

dihydropyrimidinuria (Duran et al., 1991). The clinical phenotype of DHPase-deficient

patients is highly variable; while asymptomatic patients have been identified, symptoms

can range from early infantile-onset of severe neurological involvement to dysmorphic

features, including feeding problems and late-onset mild intellectual disability (Ohba et

al., 1994; van Gennip et al., 1994; Hayashi et al., 1996; van Gennip et al., 1997; Sumi et

al., 1998; van Kuilenburg et al., 2007; van Kuilenburg et al., 2010; Yeung et al., 2013).

Previously, we reported a Japanese patient with severe capecitabine-related toxicity

associated with DHPase deficiency due to a compound heterozygous mutation in the

DPYS gene causing two enzyme loss of function mutations, ¢.1001A>G (p.Q334R) and

¢.1393C>T (p.R465X) (Hiratsuka et al., 2015). Nakajima et al. identified eight variants,

including four with novel missense mutations (c.750G>A [p.M2501], c.884A>G

[p.H295R], ¢.1253C>T [p.T4181], and c.1469G>A [p.R490H]) and one with a novel

deletion (c.210delG), in four Asian patients diagnosed with DHPase deficiency

(Nakajima et al., 2017). Notably, the identification of these DHPase-deficient patients

can be attributed to recently enhanced diagnostic efforts in Asian populations (Akai et

al., 2015; Nakajima et al., 2016). Thus, DPYSpolymorphisms could become essential in

predicting 5-FU-related toxicity in patients, including those from Asian populations.

10
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We previously described the functional characterization of 21 DHPase variants

that have been identified in various ethnic groups (Hishinuma et al., 2017; Hishinuma et

al., 2020). Most of these variants may contribute to the large interindividual variability

in the pharmacokinetics and pharmacodynamics of 5-FU. The DPYS polymorphism,

like the DPYD polymorphism, may have large racial differences, necessitating detailed

analysis for each population. Therefore, we extracted information on missense

mutations of the DPYS gene from the whole-genome sequences (WGS) database of

3,554 Japanese individuals and identified 19 DPYS variants causing amino acid

substitutions (Table 1) (Tadaka et al., 2021). Among these, the functional consequences

of the alterations in 12 novel DPYS variants were unknown. Identifying variants that

cause a significant decrease or loss of DHPase activity is important for predicting the

development of severe toxicity caused by 5-FU.

In the current study, we aimed to characterize the enzymatic activity of the

wild-type DHPase and the 12 DHPase variants using recombinant proteins expressed in

293FT cells and determine the kinetic parameters of these variant enzymes using assays

for the dihydrouracil (UH;) and FUH, hydrolytic ring-opening activities. We also

evaluated DHPase variant protein stability by adding cycloheximide or bortezomib to

the transfected cells and further clarified the enzymatic reduction using blue-native

11
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polyacrylamide gel electrophoresis (PAGE) and three-dimensional (3D) structural

modeling. Our results indicate the potential suitability of DPYS polymorphisms as novel

pharmacogenomic markers in predicting severe 5-FU-related toxicity in the Japanese

population.

12
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Materials and methods

Chemicals and reagents

Antibodies were purchased from the following commercial sources: polyclonal

anti-human DHPase antibody (Ab205039), Abcam (Cambridge, MA, USA); polyclonal

anti-human DHPase antibody (LS-C80425), LifeSpan BioSciences (Seattle, WA, USA).

Other chemicals and reagents were the same as in previous reports (Hishinuma et al.,

2017).

Sanger sequencing

Genomic DNA was isolated from the whole blood of participating Japanese

subjects of the cohort study conducted by the Tohoku Medical Megabank Organization

(ToMMo) (Kuriyama et al., 2016; Minegishi et al., 2019; Hozawa et al., 2021).

Informed consent was obtained from all research participants, and the study was

approved by the Tohoku Medical Megabank Organization ethics committee (permission

numbers 2017-4-26, 2017-4-58, and 2017-4-090) and the Tohoku University Graduate

School of Pharmaceutical Sciences ethics committee (permission number 14-08). DPYS

sequence alterations were identified using Sanger sequencing according to previously

described methods (Akai et al., 2015; Hishinuma et al., 2018; Hishinuma et al., 2022).

13
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The primer pairs used to detect single nucleotide variants (SNVs) in Sanger sequencing

are listed in Table 2.

c¢DNA cloning and construction of expression vectors
Expression vectors, pcDNA3.4 (Thermo Fisher Scientific, Waltham, MA,
USA) containing the wild-type human DPYS or the 12 variant cDNAs were prepared as

previously described (Hishinuma et al., 2017).

DHPase variant expression in 293FT cells

The 293FT cells derived from human embryonic kidney cells were seeded at a
density of 2.0 x 10° cells/10-cm dish. After 24 h, cells were transfected with plasmids
carrying DPYS cDNAs (5 pg each) using TransFectin lipid reagent (Bio-Rad
Laboratories, Hercules, CA, USA). S-9 fractions and His-DHPase protein were

prepared as previously described (Hishinuma et al., 2017).

Determination of DHPase protein expression through immunoblotting following

sodium dodecyl sulfate (SDS)-PAGE

14
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Proteins were separated using SDS-PAGE, and immunoblotting was performed

as previously described (Hishinuma et al.,, 2017). The concentration of S-9 fraction

protein was quantified by bicinchoninic acid assay, and 10 pg/lane of S-9 fractions were

used for SDS-PAGE. DHPase was detected using a polyclonal anti-human DHPase

antibody (1:2,000; LS-C80425) and HRP-conjugated goat anti-rabbit IgG (1:5,000).

V59F was detected using a polyclonal anti-human DHPase antibody (1:2,000;

Ab205039) and HRP-conjugated goat anti-rabbit IgG (1:5,000). GAPDH antibody was

used as a loading control (1:5,000), and HRP-conjugated goat anti-rabbit IgG (1:10000)

was used as the secondary antibody. DHPase expression levels were normalized to the

GAPDH luminescence intensity.

Immunoblotting following blue-native PAGE

Immunoblotting following blue-native PAGE was performed as previously

described (Hishinuma et al., 2017). DHPase was detected using a polyclonal anti-human

DHPase antibody (1:2,000; Ab205039) and HRP-conjugated goat anti-rabbit IgG

(1:5,000).

Gel filtration chromatography

15
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The DHPase protein was filtered using a MILLEX-GV 0.22 pm filter (Merck,

Darmstadt, Germany) after preparing the S-9 fraction. Gel filtration chromatography

was performed using an AKTA-FPLC system (GE Healthcare, Tokyo, Japan). The

buffer for gel filtration chromatography contained 20 mM Tris-HCl and 200 mM

sodium chloride (pH 8.0), and Superdex200 10/300GL columns (1.0 x 30 cm, 24 mL,

GE Healthcare) were used for sample fractionation. The sample injection volume was

0.5 mL, and fractions were collected per 0.5 mL at a flow rate of 0.5 mL/min. The

collected fractions were analyzed using immunoblotting after SDS-PAGE and blue-

native PAGE to confirm the expression of DHPase and the presence of the DHPase

oligomer, respectively.

A calibration curve was generated using standard proteins blue dextran (2,000

kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), ovalbumin (44

kDa), carbonic anhydrase (29 kDa), and ribonuclease A (13.7 kDa). The Kav value was

calculated from the elution volume of each protein, and the calibration curve was

obtained by plotting the molecular weight against the Kav value. The elution volume of

blue dextran was used as the void volume.

UH; and FUH, hydrolytic ring-opening assays

16
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UH, or FUH; hydrolytic ring-opening assay was performed as previously

described (Hishinuma et al., 2017). Briefly, UH, (0.3-300 uM) or FUH; (1-300 uM)

was added to the DHPase protein (10 pg) and incubated at 37 °C for 10 min. The

reactions were stopped by adding acetonitrile containing 1 uM FUPA or 10 pM bUPA as

the internal standard.

After precipitating proteins by centrifugation at 14,000 x g for 5 min, the

supernatant was vacuum-dried at 40 °C for 1.5 h and redissolved in 0.1% (v/v) formic

acid in water. Samples were injected into a liquid chromatography-mass spectrometry

(LC-MS) system (API5000 triple quadrupole mass spectrometer; SCIEX, Framingham,

MA, USA). Using bUPA and FUPA metabolite standards, standard curves were

constructed for concentrations ranging from 0.1 to 30 pM. The enzymatic activity was

normalized to the corresponding DHPase expression levels determined by

immunoblotting after SDS-PAGE.

Stability and degradation analysis of DHPase variants

The stability and degradation process of the DHPase variants was investigated

as previously described (Hishinuma et al., 2017). After 24 h of transfection with DPYS

variants, 293FT cells were incubated with 50 pg/mL cycloheximide for 24-48 h or 0.5

17
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UM bortezomib for 24 h. DHPase proteins were evaluated using immunoblotting

following SDS-PAGE. DHPase expression levels were normalized to the GAPDH

luminescence intensity.

Statistical analysis

Michaelis constant (K;), maximum velocity (Vmex), and intrinsic clearance

(CLint = Vimax’'Km) values were calculated using SigmaPlot 12.5 Enzyme Kinetics Module

(Systat Software Inc., Chicago, USA). Each value was obtained in triplicate and

expressed as mean * standard deviation. All assays and measurements were performed

in triplicate using a single S-9 preparation. Statistical variance in protein expression and

kinetic parameters was analyzed using IBM SPSS Statistics Ver. 22 (International

Business Machines, Armonk, NY, USA). Differences or correlations with P < 0.05 were

considered significant.

2202 'S JBguwisda uo SeuInor 194S Y e Bio'sjeulno fdse:pwip wou ) pepeojumoq

3D structural modeling of DHPase

A 3D structural modeling analysis of DHPase was performed as previously

described (Hishinuma et al., 2017). Discovery Studio 4.5 was used for DHPase 3D

imaging.
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Results

Twelve novel DPYS allelic variants in Japanese participants were previously

identified using WGS (Tadaka et al., 2021). Sanger sequencing was performed to

validate these identified variants, and all exon SNV and WGS results were consistent

with those obtained using Sanger sequencing (Table 1).

The wild-type DHPase and the 12 variant proteins were transiently expressed

in 293FT cells. The truncated variant W117X was excluded from the study because we

expected it to be inactive owing to alterations that affected its structural and enzymatic

integrity. The DHPase expression levels were determined using quantitative

immunoblotting after SDS-PAGE with a polyclonal DHPase antibody (LS-C80425),

which recognizes the N-terminal region of the DHPase protein, thus detecting all

DHPase variants except V59F (Fig. 1A). The V59F protein was detected using a

different polyclonal DHPase antibody that recognizes the C-terminal region (Ab205039,

Fig. 1B). The average levels of wild-type and variant DHPase proteins are shown in Fig.

1C. We normalized the DHPase protein levels equivalent to 1 pg of His-DHPase as 1

DHPase unit. The DHPase unit levels of D81H, T136M, A189V, and T4181 were

significantly decreased (P < 0.05), and those of H365Y, R490H, and T513A were

significantly increased (P < 0.05) compared with that of wild-type DHPase.

20
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The kinetic parameters of UH, and FUH, hydrolytic ring opening by the

DHPase variant are shown in Table 3 and 4, respectively. The Michaelis—Menten curves

of DHPase variants are shown in Fig. 2A and 2B. The kinetic parameters could not be

determined for four variants (V59F, D81H, T136M, and R490H) as no UH, and FUH,

hydrolytic ring-opening activity was detected. The Kpy, Vmax, and CLiy values for the

hydrolytic ring opening of UH, by wild-type DHPase were 8.32 uM, 45.37

pmol/min/DHPase unit, and 5.45 pL/min/DHPase unit, respectively. Compared with the

wild-type DHPase, H295R showed a significantly lower Ky, value (P < 0.05), whereas

H365Y and G410S showed significantly higher Vyux values (P < 0.005), and four

variants (H295R, T418I, Y448H, and T513A) showed significantly lower Vyax values (P

< 0.005), whereas H295R showed a significantly lower CL;,; value (P < 0.005). The Ky,

Vmax, and CLjn values for the hydrolytic ring opening of FUH, by wild-type DHPase

were 43.01 uM, 87.35 pmol/min/DHPase unit, and 2.03 pL/min/DHPase unit,

respectively. Compared with the wild-type DHPase, six variants (R118Q, A189V,

H295R, T4181, Y448H, and T513A) showed significantly lower Vyax values (P <

0.005), and five variants (R118Q, H295R, T418I, Y448H, and T513A) showed

significantly lower CL;y values (P < 0.005). Moreover, the CL;y values for UH, and

21
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FUH, hydrolytic ring opening (Fig. 3C) showed a significant correlation (r* = 0.8916, P
<0.001).

Immunoblotting after blue-native PAGE showed high-molecular-weight signal
bands corresponding to the oligomeric forms of wild-type DHPase, H365Y, and G410S
(Fig. 3). Conversely, no high-molecular-weight bands were detected for V59F, D81H,
T136M, H295R, and R490H, whereas low-molecular-weight bands corresponding to
monomeric DHPase were detected for D81H, T136M, H295R, and R490H. Both the
high- and low-molecular-weight bands were detected for R118Q, A189V, T418I,
Y448H, and T513A.

To calculate the molecular weight of the DHPase oligomer, gel filtration
chromatography was performed using S-9 fractions containing wild-type DHPase and
R490H (Fig. 4A). In SDS-PAGE, the DHPase proteins were observed in the fractions
with elution volumes of 11.2 to 15.2 mL and 12.7 to 15.2 mL for wild-type DHPase and
R490H, respectively. In contrast, an oligomeric band was observed in the fraction with
an elution volume of 11.7 to 14.2 mL, and a monomeric band was observed in the
fraction with an elution volume of 13.7 to 14.7 mL in blue-native PAGE. Next, we
plotted the DHPase protein expression against the elution volume of the DHPase protein

and the absorbance at 280 nm wavelength against the elution volume of the standard
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protein (Fig. 4B). The 11.2 mL fraction contained proteins with molecular weights of

158-440 kDa, and the 13.7 mL fraction contained proteins with molecular weights of

44-158 kDa. Linearity was obtained for the Kav values and molecular weights of the

standard proteins (Fig. 4C).

To evaluate the in vitro stability of the DHPase variant protein, cycloheximide,

an inhibitor of eukaryotic protein synthesis, was added after the transfection of 293FT

cells with the DPYS expression plasmid. DHPase protein levels were determined using

immunoblotting on samples collected after 0, 24, and 48 h of cycloheximide treatment

(Fig. 5A). The expression of the wild-type protein and 10 DHPase variants (D81H,

R118Q, A189V, H295R, H365Y, G410S, T418I, T448H, R490H, and T513A) remained

constant up to 48 h, whereas V59F and T136M showed significant decreases in

expression at 24 and 48 h (P <0.01).

To assess the structural stability of the DHPase variant proteins in relation to

proteasome-mediated degradation, we treated 293FT cells with bortezomib, a 26S

proteasome inhibitor, after 24 h of transfection. DHPase protein levels were determined

using immunoblotting on samples collected after 24 h of bortezomib treatment (Fig.

5B). Bortezomib treatment increased the protein levels of V59F, indicating that the

proteasome system is involved in the degradation of V59F.

23

2202 'S JBguwisda uo SeuInor 194S Y e Bio'sjeulno fdse:pwip wou ) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on November 22, 2022 as DOI: 10.1124/dmd.122.001045
This article has not been copyedited and formatted. The final version may differ from this version.

Close-up views of the 3D models for the crystal protein structure of V59F,

D81H, T136M, and H295R mutation sites are shown in Fig. 6A, 6B, 6C, and 6D,

respectively. The V59F substitution variant formed m-alkyl interactions between 1395

and 1403 and lacked the carbon-hydrogen bond between D17 and R394. The D81H

substitution variant lacked the carbon-hydrogen bond between R78 and S79. The

T136M substitution variant formed an alkyl interaction with Y168. In the H295R

substitution variant, interactions among R295, M297, and L301 were observed,

resulting in m—x interactions between Y164 and H192 through G298. Close-up views of

the R118Q, T4181, and Y448H mutation sites are shown in Fig. 7A, 7B, and 7C,

respectively. The R118Q substitution variant lacked a charge interaction with E115 and

formed hydrogen bonds between F72 and F74 and m-alkyl interactions between 1103

and Y168 through W117. The T418I substitution variant had a hydrogen bond between

H419 and Q421 and carbon-hydrogen interactions between P73 and S77 through Q71

and D81.
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Discussion

DHPase deficiency can lead to severe adverse effects during 5-FU-based

treatment. Since DHPase deficiency is commonly reported in Asian populations,

functional analysis of low-frequency SN'Vs contained in variant DHPase is essential for

predicting 5-FU toxicity, especially in the Japanese population (Hiratsuka et al., 2015;

Hishinuma et al.,, 2017; Nakajima et al., 2017). Therefore, in this study, we

characterized the enzymatic activity of wild-type and 12 non-synonymous DHPase

variants previously identified in 3,554 Japanese individuals and determined the kinetic

parameters of these variant enzymes. The kinetic parameters of four variants (V59F,

D81H, T136M, and R490H) could not be determined as their respective metabolites

were below the quantification limit at the highest substrate concentration used.

Significant alterations in expression levels were observed for several DHPase variants;

the expression levels of recombinant proteins might be affected by a number of factors,

including transfection deficiency, coding SNVs in transcriptional regulatory factors,

coding SNVs in linkage disequilibrium with other SNVs that may have regulatory

effects, and coding SNVs having codon usage preferences. Therefore, it is unclear

whether these variants are deferentially expressed among human individuals, and future

studies are needed to elucidate the changes in their expression levels in vivo.
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Previously, we reported a method for blue-native PAGE analysis to determine

the non-denatured state of the protein and the close relationship between the band

patterns of blue-native PAGE and CL;y values of DHPase variants (Hishinuma et al.,

2017). In this study, the DHPase variants (V59F, D81H, T136M, H295R, and R490H)

that did not form oligomers showed a significant decrease or loss in enzymatic activity,

indicating the importance of oligomerization for the enzymatic activity of DHPase. It is

important to calculate the exact molecular weight of the DHPase oligomer because

DHPase is reported to form tetramers. Therefore, we determined the exact molecular

weight of the oligomeric band identified around 720 kDa by performing gel filtration

chromatography on wild-type DHPase and R490H, which showed an oligomeric band

and a monomeric band in blue-native PAGE, respectively. The wild-type DHPase

oligomeric band showed a weight of 158-440 kDa (which is consistent with the

predicted weight of the DHPase tetramer, 216 kDa); in contrast, the monomeric band of

R490H had a molecular weight of 44—154 kDa. These results indicate that the DHPase

oligomeric band corresponds to the DHPase tetramer, emphasizing the importance of

tetramer formation for DHPase enzymatic activity.

We further found that five DHPase variants (V59F, D81H, T136M, H295R, and

R490H) showed markedly reduced activity for UH, and FUH, hydrolytic ring opening,
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revealing no high-molecular-weight bands corresponding to oligomeric DHPase upon

immunoblotting after blue-native PAGE. Tzeng et al. reported that A13, D14, 131,

K373, and T383 form hydrogen bonds at the dimer—dimer interface of Thermus sp.

DHPase (Tzeng et al., 2016). D17, D18, L35, K384, and R394 are located around the

oligomerization interaction site in human DHPase. Because D17 and R394 are in an

oligomerization interaction site, the abolition of the carbon-hydrogen bond between D17

and R394 due to the V59F substitution could inhibit oligomerization. Collectively,

oligomerization induced by interactions across each DHPase subunit is essential for

DHPase activity in UH; and FUH; hydrolytic ring opening. Additionally, V59F showed

a decrease in expression after the addition of cycloheximide and an increase in

expression after the addition of bortezomib, suggesting that proteasome-mediated

degradation contributes to the degradation of V59F protein when compared with that of

wild-type. The conformational changes caused by the amino acid substitutions in the

V59F variant could have led to protein misfolding and subsequent instability, resulting

in the observed enzymatic inactivity.

Among the five variants V59F, D81H, T136M, H295R, and R490H, all except

V59F lacked conformational changes at the oligomerization interaction sites. Hsieh et

al. reported that in Tetraodon nigroviridis DHPase (TnDhp), two dynamic loops (A69-

27

2202 'S JBguwisda uo SeuInor 194S Y e Bio'sjeulno fdse:pwip wou ) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on November 22, 2022 as DOI: 10.1124/dmd.122.001045
This article has not been copyedited and formatted. The final version may differ from this version.

R74 and M158-M165) containing the aromatic residues F70 and Y160 move closer to

the active site, thus locking the substrates into the characteristic closed-form (Hsieh et

al., 2013). In human DHPase, these two dynamic loops correspond to P73-R78 and

M162-M169, which contain F74 and Y164, respectively. Nakajima et al. reported that

structural rearrangements to accommodate the R295 side chain have detrimental effects

on the geometry of the substrate-binding site (Nakajima et al., 2017). In these variants,

amino acid substitutions led to conformational changes in the dynamic loops, which

resulted in the reported enzymatic inactivity. T136M showed decreased expression

following the addition of cycloheximide, but its degradation was not inhibited by

bortezomib. The degradation observed in T136M may involve mechanisms other than

the proteasome-mediated degradation system.

R490H, which is located on the C-terminal tail and extends toward another

subunit in a swapping-like manner, is possibly involved in protein oligomerization.

Hsieh et al. reported that the C-terminal tail-mediated dimerization of TnDhp might

assist in opening the two dynamic loops for enzyme function (Hsieh et al., 2013).

Nakajima et al. reported that an increase in C-terminal tail flexibility is likely to disturb

dimer and oligomer association and thus, stability (Nakajima et al., 2017). We have also

previously reported that R490C, in which enzymatic activity was practically eliminated,
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showed no high-molecular-weight bands corresponding to oligomeric DHPase in

immunoblotting after blue-native PAGE (Hishinuma et al., 2017). Taken together, the

results suggest that R490H prevents oligomerization and markedly decreases DHPase

activity.

The CLin values for UH, and FUH, hydrolytic ring-opening assay regarding

R118Q, T418I, Y448H, and T513A were 80-100% and 60—80%, respectively. For these

variants, both high- and low-molecular-weight bands were detected in immunoblots

after blue-native PAGE, confirming that both oligomeric and monomeric DHPase were

formed. Nakajima et al. reported that an increase in sidechain hydrophobicity would

make solvent exposure energetically less favorable and lead to minor structural

rearrangements affecting enzymatic stability and activity (Nakajima et al., 2017).

The Y448H substitution had the effect of inducing a m—r interaction with F453

and a new connection with K88 via a m-alkyl interaction, causing a conformational

change in the dynamic loop (P73-R78) on the extension of K88. The T513A substitution

was located on the C-terminal tail and thus might have prevented oligomerization and

reduced DHPase activity. For the A189V variant, although both the high- and low-

molecular-weight bands were detected, the CL;y value was approximately 110% of the
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wild-type DHPase. These results imply that the A189V variant shows regular enzymatic

activity because of the increased activity of the A189V oligomers.

In conclusion, wild-type DHPase and 12 variants were expressed in 293FT

cells, and their enzymatic activities were assessed in vitro. Among the 12 variants, 9

showed decreased enzymatic activity due to conformational changes in the active site or

the interaction sites required for oligomerization. These variants may affect the

pharmacokinetics of 5-FU and its oral prodrugs, leading to an increased risk of severe

toxicity. There have been no reported cases of the development of 5-FU toxicity in

patients with these variants, which may be attributable to the low allele frequencies of

each DPYS polymorphism. However, it is possible that some patients are compound

heterozygotes for these variant alleles, and their enzyme activities are expected to be

analyzed in detail in the future. In addition, it is not known whether these mutations

affect enzyme activity or oligomer formation in vivo, and more detailed in vitro and

large-scale clinical studies are needed. These comprehensive findings provide insights

into individual differences in 5-FU efficacy and toxicity due to differences in DHPase

activity. They will facilitate further genotype-phenotype correlation studies and may

provide the basis for dosage adjustment according to the DPYS genetic polymorphisms,

similarly to the CPIC guidelines for the DPYD gene.
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Figure legends

Figure 1. Expression of the wild-type and variant dihydropyrimidinase (DHPase)

proteins. (A) DHPase protein levels were determined using immunoblotting following

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). (B) The V59F

protein was detected using a polyclonal DHPase antibody. (C) Unit levels of DHPase

variants expressed in 293FT cells. Each bar represents the mean * standard deviation of

three independent assays. *P < 0.05 compared with wild-type DHPase.

Figure 2. Michaelis—Menten curves of dihydropyrimidinase (DHPase) variants. The

kinetic parameters Ky, Vimex, and ClLiy of (A) dihydrouracil and (B) dihydro-5-

fluorouracil hydrolytic ring opening were determined. (C) Correlation between the CLjnt

ratios (relative to wild-type DHPase) for hydrolytic ring opening of dihydrouracil and

dihydro-5-fluorouracil among DHPase variants. The CL;y ratios for the hydrolytic ring

opening of dihydro-5-fluorouracil and dihydrouracil are plotted on the horizontal and

vertical axes, respectively.
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Figure 3. Immunoblotting after blue-native PAGE showing immunoreactive

dihydropyrimidinase (DHPase) variant proteins. S-9 fractions of DHPase variant

proteins were loaded into each lane in triplicate.

Figure 4. Gel filtration chromatographic analysis. (A) Dihydropyrimidinase (DHPase)

protein levels were determined through immunoblotting following sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and blue-native PAGE. (B)

DHPase protein levels of the fractions collected are shown in orange (wild-type) and

green (R490H) lines; the black lines refer to the absorbance of the eluting marker

proteins at 280 nm wavelength: ferritin (440 kDa), aldolase (158 kDa), conalbumin (75

kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), and ribonuclease A (13.7

kDa). (C) The column was calibrated with the marker proteins. The K,y values for the

standard proteins and DHPase were calculated from the equation: Ky = (Ve — Vo)/(Vc —

Vo), where V, is the void volume, Ve is the elution volume, and V. is the column volume.

A standard linear regression curve was generated by plotting the log of the molecular

mass of the calibration proteins against their Kay values.
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Figure 5. Stability of dihydropyrimidinase (DHPase) variant proteins in vitro. DHPase

protein levels were determined using immunoblotting after sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). Bars represent the mean * standard

deviation of three independent assays. DHPase expression levels were normalized to the

GAPDH luminescence intensity. (A) DHPase expression after cycloheximide treatment.

*P < 0.01 compared with the result for 0 h for each variant. (B) DHPase expression

after proteasome inhibition. *P < 0.05 compared with control for each variant.

Figure 6. Dihydropyrimidinase (DHPase) structural analysis. (A) Diagrams of a

fragment of the crystal structures of wild-type DHPase (left panel) and V59F (right

panel). The V59 and F59 residues are shown in yellow. The residues located in the

oligomerization interaction site are colored in cyan. (B) Diagrams of a fragment of the

crystal structures of wild-type DHPase. The D81 residue is shown in yellow. (C)

Diagrams of a fragment of the crystal structures of TI36M. The M136 residue is shown

in yellow. (D) Diagrams of a fragment of the crystal structures of wild-type DHPase

(left panel) and H295R (right panel). H295 and R295 are shown in yellow.
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Figure 7. Dihydropyrimidinase (DHPase) structural analysis. (A) Diagrams of a

fragment of the crystal structures of wild-type DHPase (left panel) and R118Q (right

panel). R118 and Q118 are shown in yellow. (B) Diagrams of a fragment of the crystal

structures of wild-type DHPase (left panel) and T418I (right panel). T418 and 1418 are

shown in yellow. (C) Diagrams of a fragment of the crystal structures of wild-type

DHPase (left panel) and Y448H (right panel). Y448 and H448 are shown in yellow.
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Tables

Table 1
DPYSvariants previously identified in 3,554 Japanese subjects

db SNPrsID  Location Nucleotide Ammp aled Frequency Effect References

change substitution (%)

rs199618701 Exon 1 17G>A R6Q 0.11 Increased (Akai et al., 2015; Hishinuma et al., 2017)
1s572241599 Exon 1 48C>G N16K 0.03 No activity ~ (Yeung et al., 2013; Hishinuma et al., 2017)
rs1321466782  Exon 1 175G>T V59F 0.01 Unknown -
rs1265124946  Exon 1 241G>C DS1H 0.02 Unknown -

1371567511  Exon2  350G>A W117X 006  Toactvily -

expected

rs368802826  Exon 2 353G>A R118Q 0.01 Unknown -

rs755791096  Exon 2 407C>T T136M 0.01 Unknown -

rs36027551 Exon 3 541C>T RI81IW 2.86 No effect  (Thomas et al., 2007; Hishinuma et al., 2017)
rs1181568837  Exon 3 566C>T A189V 0.06 Unknown -

rs996605020  Exon 5 884A>G H295R 0.01 Unknown -

Reduced (Hamajima et al., 1998; Nakajima et al.,

rs121964923  Exon 6 1001A>G Q334R 0.39 2016; Hishinuma et al., 2017)

rs771149650  Exon 7 1093C>T H365Y 0.01 Unknown -

1s755440333  Exon 7 1228G>A G410S 0.01 Unknown -
rs1401252393  Exon 8 1253C>T T4181 0.01 Unknown -

- Exon 8 1342T>C Y448H 0.04 Unknown -
15201280871  Exon 8 1393C>T R465X 0.03 No activity (van Kuilenburg :lt aé.(,) 12;))1 0; Hishinuma et
No activity  (Hamajima et al., 1998; van Kuilenburg et al.,
rs142574766  Exon 9 1468C>T R490C 0.03 2010; Hishinuma et al., 2017)
rs189448963  Exon 9 1469G>A R490H 0.07 Unknown -
- Exon 9 1537A>G T513A 0.01 Unknown -
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Table 2
Polymerase chain reaction primers used in this study to amplify sequences of the human
DPYSgene

Primer (5'-3")

Nucleotide change Sense Anfisonse Product length (bp)
175G>T ¢ toct 444
241G>C gcaggagggcaccccaage gaggeggecctgetgaggac
353G>A
407C>T atgcccttctgggtcattta tetgtectectgttgtetag 423
566C>T gagcagcagcagtttatcag ~ gcccaatcatcttcacctta 454
884A>G tatctggtagggttttggag gctcecttctacccaaacct 532
1093C>T catcctcagatgctctacaa ctacatcctctatgccaaga 476
1228G>A 8aS S60aa5
1253C>T
1342T>C tcaagtgagctggtgatgat  ggaaatcccgaactgaccta 489
1469G>A
1537A>G cacaaaaagtgggacaatcc  gtgaagcctctgaccttgat 421
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Table 3

Kinetic parameters of dihydropyrimidinase (DHPase) variants for dihydrouracil metabolism

Variants  Kp (UM) Vimax (pmol/min/Unit)  CLint (Vinax/Km) (UL/min/Unit) % of Wild-type CLin
Wt 832+£0.33 4537%0.64 5.45+0.17 100.00

R118Q 8.86+2.12 45.50%+2.93 527+0.83 96.61

Al189V  8.53+2.07 49.23+3.52 596+ 1.20 109.34

H295R  430%£1.23* 2.12£0.17 *** 0.51 £0.17 *** 9.42

H365Y 10.24+1.14 62.92+1.17 *** 6.19+0.63 113.51

G410S  8.06+1.87  63.30 £2.25 *** 8.19+£2.23 150.16

T4181  7.20+£2.10 3491 £3.08 *** 5.09+£1.27 93.40

Y448H 6.82+t1.45 2999+ 1.07 *** 4.51+0.77 82.60

T513A 6441044 3441 £0.85 *** 535+0.23 98.10

Data represent the mean + standard deviation of three independent catalytic assays. All assays and measurements were performed in triplicate
using a single S-9 preparation. *P < 0.05, and ***P < 0.005 compared with wild-type (Wt) DHPase. The kinetic parameters of V59F, D81H,
T136M, and R490H could not be determined because enzymatic activity was not detected at the highest substrate concentration used in the assay

(300 uM dihydrouracil). Ky, Michaelis constant; Vimax, maximum velocity; CLiy;, intrinsic clearance.
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Table 4

Kinetic parameters of dihydropyrimidinase (DHPase) variants for dihydro-5-fluorouracil metabolism

Variants  Kp (UM) Vimax (pmol/min/Unit)  CLint (Vimax/Km) (UL/min/Unit) % of Wild-type CLin
Wt 43.01 £0.70 87.35+4.89 2.03£0.15 100.00

R118Q 39.36+6.82 56.82 +3.63 *** 1.46 £ 0.17 *** 71.98

Al189V 2994 +2.44 66.98 +2.38 *** 224 £0.15 110.45

H295R  107.28 £23.14 11.02 £ 1.40 *** 0.10 £ 0.01 *** 5.12

H365Y 47.47+4.388 85.90 £4.80 1.82+0.10 89.36

G410S  39.69+2.34 88.37+3.59 2.23£0.05 109.65

T4181  44.69 +5.89 61.95 +3.14 *** 1.40 £0.12 *** 68.73

Y448H 39.54+1.70 53.59 £ 1.14 *** 1.36 £ 0.05 *** 66.74

T513A  40.70 £3.18 5448 +1.73 *** 1.34 £ 0.07 *** 66.05

Data represent the mean + standard deviation of three independent catalytic assays. All assays and measurements were performed in triplicate
using a single S-9 preparation. ***P < 0.005 compared with wild-type (Wt) DHPase. The kinetic parameters of V59F, D81H, T136M, and
R490H could not be determined because enzymatic activity was not detected at the highest substrate concentration used in the assay (300 uM

dihydro-5-fluorouracil). Ky, Michaelis constant; Vimax, maximum velocity; CLiq, intrinsic clearance.
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