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Isoprene pyrophosphates play a crucial role in the synthesis of a diverse

array of essential nonsterol and sterol biomolecules and serve as substrates

for posttranslational isoprenylation of proteins, enabling specific anchoring

to cellular membranes. Hydrolysis of isoprene pyrophosphates would be a

means to modulate their levels, downstream products, and protein isopreny-

lation. While NUDIX hydrolases from plants have been described to cata-

lyze the hydrolysis of isoprene pyrophosphates, homologous enzymes with

this function in animals have not yet been reported. In this study, we

screened an extensive panel of human NUDIX hydrolases for activity in

hydrolyzing isoprene pyrophosphates. We found that human nucleotide tri-

phosphate diphosphatase NUDT15 and 8-oxo-dGDP phosphatase

NUDT18 efficiently catalyze the hydrolysis of several physiologically rele-

vant isoprene pyrophosphates. Notably, we demonstrate that geranyl pyro-

phosphate is an excellent substrate for NUDT18, with a catalytic efficiency

of 2.1 9 105 M
�1
�s�1, thus making it the best substrate identified for

NUDT18 to date. Similarly, geranyl pyrophosphate proved to be the best

isoprene pyrophosphate substrate for NUDT15, with a catalytic efficiency

of 4.0 9 104 M�1
�s�1. LC–MS analysis of NUDT15 and NUDT18 cata-

lyzed isoprene pyrophosphate hydrolysis revealed the generation of the cor-

responding monophosphates and inorganic phosphate. Furthermore, we

solved the crystal structure of NUDT15 in complex with the hydrolysis

product geranyl phosphate at a resolution of 1.70 �A. This structure revealed

that the active site nicely accommodates the hydrophobic isoprenoid moiety

and helped identify key binding residues. Our findings imply that isoprene

pyrophosphates are endogenous substrates of NUDT15 and NUDT18, sug-

gesting they are involved in animal isoprene pyrophosphate metabolism.

Abbreviations

8-oxo-dGDP, 8-oxo-20-deoxyguanosine-50-diphosphate; AtNUDT1, Arabidopsis thaliana NUDIX hydrolase 1; dGTP, deoxyguanosine-

50-triphosphate; DMAPP, dimethylallyl pyrophosphate; FOH, farnesol; FP, farnesyl monophosphate; FPP, farnesyl pyrophosphate; FPPS,

farnesyl pyrophosphate synthase; GGOH, geranylgeraniol; GGPP, geranylgeranyl pyrophosphate; GGPPS, geranylgeranyl pyrophosphate

synthase; GOH, geraniol; GP, geranyl monophosphate; GPP, geranyl pyrophosphate; HMG-CoA reductase, 3-hydroxy-3-methylglutaryl-CoA

reductase; IPPP, isopentenyl pyrophosphate; IPTG, isopropyl b-D-1-thiogalactopyranoside; MK, mevalonate kinase; MPP, mevalonate

pyrophosphate; NUDIX, nucleoside diphosphates linked to a number of different moieties (x); NUDT15, NUDIX hydrolase 15; NUDT18,

NUDIX hydrolase 18; Pi, inorganic phosphate; PP, pyrophosphate; PPase, pyrophosphatase; PPi, inorganic pyrophosphate; TCEP, tris(2-

carboxyethyl)phosphine.
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Introduction

Isoprene pyrophosphates (isoprene PPs) are metabo-

lites in the mevalonate pathway which is an essential

metabolic pathway found in eukaryotes, archaea, and

some prokaryotes [1] and is responsible for the multi-

step conversion of acetyl-CoA into isopentenyl pyro-

phosphate (IPPP) and its isomer dimethylallyl

pyrophosphate (DMAPP). IPPP and DMAPP are used

as building blocks in the biosynthesis of all mamma-

lian isoprenoids. In addition, IPPP and DMAPP are

used to produce a diverse array of essential nonsterol

and sterol biomolecules. An example is cholesterol

which is crucial for maintaining cell membrane integ-

rity and used for the production of steroid hormones

and bile acids. Other products derived from isoprene

PPs are lipoproteins, vitamin K, heme A, the mito-

chondrial electron carrier ubiquinone, dolichol, and

isopentenyladenine used in tRNA modification [1,2].

Consequently, the isoprene PPs produced by the meva-

lonate pathway are crucial for a plethora of important

biological processes. Figure 1 shows the chemical

structures of the physiologically relevant isoprene

pyrophosphates (isoprene PPs) in animals.

Moreover, approximately 2% of all mammalian pro-

teins undergo posttranslational isoprenylation [3]. This

process involves the covalent attachment of hydropho-

bic C-15 isoprene farnesyl or the C-20 isoprene gera-

nylgeranyl group to cysteine residues in the C-terminal

end of various proteins. Proteins that are farnesylated

include the small GTP-binding proteins (GTPases)

exemplified by the Ras superfamily, whereas other

small GTPases such as Rab and Rho GTPases are ger-

anylgeranylated [4]. Prenylation of proteins enables

their attachment to cellular membranes, a prerequisite

for these proteins to exert their specific functions in

biological processes such as cell survival, cell signaling,

and proliferation [5].

The dysregulation of isoprenoid biosynthesis has

been implicated in several biochemical disorders,

underscoring the crucial role of appropriate isoprenoid

levels in maintaining proper cellular function [6–8].

Additionally, statins, commonly employed to reduce

cholesterol levels, exhibit effects beyond cholesterol

regulation likely mediated by changes in isoprene

metabolite levels [9]. These statin-induced alterations

impact fundamental processes such as cell cycle regula-

tion, cell migration, cell proliferation, and cell survival

[7,10]. Given the significance of isoprenoid metabolites,

their levels are presumably tightly controlled. Indeed,

mevalonate kinase (MK), the second enzyme in the

isoprene biosynthesis pathway, is subject to feedback

inhibition by intermediates of the isoprenoid pathway–

geranyl pyrophosphate (GPP), farnesyl pyrophosphate

(FPP), and geranylgeranyl pyrophosphate (GGPP)

[11]. Furthermore, HMG-CoA reductase, which cata-

lyzes the rate-limiting step in sterol and isoprenoid bio-

synthesis, is regulated through a feedback loop to

maintain cholesterol levels within appropriate ranges

while nonsterol isoprenoids are still being produced.

Sterol molecules and geranylgeraniol (GGOH) partici-

pate in this feedback loop by promoting the proteaso-

mal breakdown of the HMG-CoA reductase enzyme

[12]. In addition, geraniol (GOH) and farnesol (FOH)

have been demonstrated to have inhibitory effects on

HMG-CoA reductase activity [13–16]. How these iso-

prenoid alcohols are produced in human cells remains

unclear, however, a membrane-bound polyisoprenoid

diphosphate phosphatase (PDP1) has been suggested

to be involved in this process [17,18]. However, no

cytosolic phosphatases capable of catalyzing the

hydrolysis of isoprene pyrophosphates have been iden-

tified to date. NUDIX hydrolases constitute a super-

family of enzymes that catalyze the hydrolysis of a

Mevalonate pyrophosphate (MPP) Geranyl pyrophosphate (GPP)

Isopentenyl pyrophosphate (IPPP) Farnesyl pyrophosphate (FPP)

Dimethylallyl pyrophosphate (DMAPP) Geranylgeranyl pyrophosphate (GGPP)

Fig. 1. Chemical structures of physiologically

relevant isoprene-PPs. Abbreviations used in

the article are shown within parentheses.

2 The FEBS Journal (2024) ª 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

NUDT15 and NUDT18 hydrolyze isoprene pyrophosphates E. R. Scaletti et al.

 1
7
4
2
4
6
5
8
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://feb
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/feb

s.1
7
2
0
2
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [0

7
/0

8
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



wide range of organic pyrophosphates including

canonical and oxidized (d)NTPs, non-nucleoside poly-

phosphates, capped mRNAs, and NDP-sugars [19,20].

NUDIX hydrolases are found across different types of

organisms including eukaryotes, bacteria, and archaea,

and have diverse functions, including roles in RNA

processing, DNA repair, and cellular metabolism [21].

Inspired by the finding that NUDIX enzymes in the

plants Arabidopsis thaliana (mouse-ear cress) and Rosa

hybrid cultivar (rose) can convert GPP to Geranyl

monophosphate (GP) [22,23], we hypothesized that

enzymes within the NUDIX enzyme family might pos-

sess the capability to hydrolyze isoprene pyrophosphates

in the human cell. To investigate this, we screened an

extensive panel of human NUDIX enzymes for activity

with the isoprene pyrophosphates IPPP and DMAPP

and found NUDT15 (EC3.6.1.9) and NUDT18

(EC3.6.1.58) to efficiently catalyze their hydrolysis.

Moreover, we identified additional isoprene PPs as sub-

strates of NUDT15 and NUDT18 of which GPP was

found to be hydrolyzed with the highest catalytic effi-

ciency. We present the crystal structure of NUDT15 in

complex with the hydrolysis product GP demonstrating

the active site’s efficient accommodation of the hydro-

phobic isoprenoid moiety. In summary, our findings

unveil previously unknown hydrolysis activities of

human NUDT18 and NUDT15 with endogenous iso-

prene pyrophosphate substrates, suggesting a novel role

for these enzymes in isoprene PP metabolism.

Results

NUDT15 and NUDT18 are efficient catalysts of

isoprene PP hydrolysis

To investigate whether any of the human NUDIX

enzymes possess the capability to catalyze the hydroly-

sis of physiologically relevant isoprene PPs, we

screened an extensive panel of 17 human NUDIX

enzymes for activity with DMAPP and IPPP. Inor-

ganic phosphate (Pi), formed upon NUDIX

enzyme-catalyzed hydrolysis, was detected using a mal-

achite green-based assay and measurement of absor-

bance at 630 nm. Out of the enzymes tested, NUDT15

and NUDT18 displayed notable activity with these iso-

prene PPs, as shown in Fig. 2A. Next, we tested the

activities of NUDT15 and NUDT18 with additional

isoprene-PPs and compared them with activities

toward their previously described substrates, 8-oxo-

dGDP for NUDT18 and dGTP for NUDT15. At a

substrate concentration of 100 lM both NUDT15 and

NUDT18 demonstrated significant hydrolysis activity

with IPPP, DMAPP, GPP, and FPP as illustrated in

Fig. 2B. Notably, only NUDT18 catalyzed the hydro-

lysis of mevalonate pyrophosphate (MPP). Further-

more, NUDT18 exhibited a considerably higher

specific activity with GGPP compared to NUDT15. In

addition, we assessed the activity of Escherichia coli

MutT, a bacterial homolog to NUDT1 and NUDT15,

with GPP. However, no activity was detected

(Fig. 2C), suggesting that the observed activity with

isoprene pyrophosphates within the NUDIX family

has evolved in the eukaryotic domain of life.

LC–MS analysis reveals hydrolysis takes place

between phosphate groups

To further analyze the hydrolysis reactions of GPP

and FPP, these isoprene PPs were incubated with

NUDT15 and NUDT18, and samples from the reac-

tion mixtures were collected after different incubation

times and subjected to LC–MS analysis. The detected

mass (m/z = 257 [M + Na+]) of the product peak was

consistent with GP formation after GPP hydrolysis

catalyzed by both NUDT18 (Fig. 3A) and NUDT15

(Fig. 4A), similar to the observations for

AtNUDX1-catalyzed hydrolysis of GPP [23]. The

time-dependent hydrolysis of GPP could be effectively

monitored and was completed for NUDT15 and

NUDT18 after 60 and 90 min, respectively (Figs 3C

and 4C). The faster conversion of GPP in the case of

NUDT15 is likely due to the twofold higher concen-

tration of NUDT15 compared to NUDT18 used in

the assay. LC–MS analysis of FPP hydrolysis revealed

a distinct peak with m/z = 325 [M + Na+], consistent

with FP being the product after NUDT18 and

NUDT15 catalyzed FPP hydrolysis (Figs 3B and 4B).

In comparison to the hydrolysis of GPP, the hydroly-

sis of FPP is notably slower, especially for NUDT15,

where hydrolysis appears to plateau at 50% conver-

sion (Figs 3D and 4D). This may potentially be due to

product inhibition of the enzyme or be due to low sol-

ubility of the hydrophobic FP product. Additionally,

in Fig. 3A, an extra small peak is visible just below

1.6 min elution time after NUDT18 catalyzed hydroly-

sis of GPP for 180 min. This peak may represent

GOH that is formed by NUDT18 catalyzed hydrolysis

of the produced GP.

Detailed kinetic analysis of NUDT15 and NUDT18

activity with isoprene PPs

To further investigate the kinetics of NUDT18 and

NUDT15 catalyzed hydrolysis of the identified iso-

prene PP substrates, we produced saturation curves by

measuring initial enzyme activity rates at 22 °C at a

3The FEBS Journal (2024) ª 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

E. R. Scaletti et al. NUDT15 and NUDT18 hydrolyze isoprene pyrophosphates

 1
7
4
2
4
6
5
8
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://feb
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/feb

s.1
7
2
0
2
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [0

7
/0

8
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



range of substrate concentrations (Fig. 5A–C). The

decision to assay the reaction rates at 22 °C, rather

than the more physiologically relevant temperature of

37 °C, was based on the excessively rapid consumption

of the substrates at 37 °C, which hindered accurate

assessment of initial rates at the lower substrate con-

centrations. Determined kinetic parameters for

NUDT18 and NUDT15 are presented in Tables 1 and

2, respectively. NUDT18 displays comparable turnover

numbers for GPP, DMAPP, and IPPP, whereas the

corresponding values for MPP and FPP are slightly

lower. The Km-value of NUDT18 was found to be

lowest for GPP (3.7 lM) indicating that the affinity

may be highest for this substrate, followed by

DMAPP, IPPP, FPP, GGPP, and MPP. The catalytic

efficiency (kcat/Km) of NUDT18 is highest for GPP fol-

lowed by DMAPP, IPPP, FPP, MPP, and GGPP.

However, the calculated low catalytic efficiency of

NUDT18 with GGPP might be underestimated due to

the limited solubility of this highly hydrophobic sub-

strate (Fig. 1) in the aqueous assay buffer used. It is

noteworthy that the catalytic efficiency of NUDT18

for the hydrolysis of GPP is considerably higher than

that reported for its previously identified endogenous

substrate, 8-oxo-dGDP [24].

GPP was also found to be the preferred substrate

for NUDT15 among the isoprene pyrophosphates

tested (Fig. 5C and Table 2). NUDT15 exhibits the
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Fig. 2. NUDT15 and NUDT18 are catalysts of isoprene pyrophosphate hydrolysis. (A) A panel of 17 human NUDIX hydrolases was screened

for activity with 100 lM Dimethylallyl-PP (DMAPP) or isopentenyl-PP (IPPP) using 100 nM NUDIX enzyme. NUDT15 and NUDT18 were

found to efficiently catalyze the hydrolysis of these isoprene PPs (n = 1). (B) Activity of NUDT15 and NUDT18 (100 nM) was tested with

isoprene PP substrates (100 lM) and compared with activity toward the previously known substrates dGTP for NUDT15 and 8-oxo-dGDP for

NUDT18. Data are representative of two independent experiments (n = 2). (C) E. coli MutT (50 nM), a bacterial homolog of MTH1 and

NUDT15, was tested for activity with GPP (100 lM) and with dGTP (100 lM) as a positive control. No activity of MutT with GPP was

detected. The graph shows data representative of two independent experiments with data points measured in duplicate. Error bars

represent standard deviation.

Fig. 3. LC–MS analysis of NUDT18 catalyzed hydrolysis of GPP and FPP reveals the formation of isoprene monophosphates. HPLC analysis

showing that hydrolysis takes place between the phosphate groups in GPP and FPP and produces GP and FP. NUDT18 catalyzed hydrolysis

of GPP (A) and FPP (B) was followed over time by incubation of GPP or FPP with NUDT18 and analysis of reaction mixture at different time

points using HPLC and MS. The fraction of hydrolyzed substrate and formed product was calculated for GPP hydrolysis (C) and FPP

hydrolysis (D) using the area under the curve of the peaks. Presented data are representative of two independent experiments.
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highest kcat-value (0.7 s�1) and the lowest Km-value

(18.7 lM) with GPP, resulting in a catalytic efficiency

of 39 900 M
�1
�s�1. However, this value is over fivefold

lower compared to the catalytic efficiency of NUDT18

with GPP. IPPP ranks as the second-best substrate for

NUDT15, followed by DMAPP, with catalytic effi-

ciencies of 8300 and 6500 M
�1
�s�1, respectively.

Co-crystallization and structure determination of

the NUDT15-GP complex

In order to understand the binding mode of the iso-

prene PPs we co-crystalized NUDT15 with GPP.

Extensive efforts were also made to produce crystals

of NUDT18 with GPP and other isoprene PPs but

without success. We solved the structure of human

NUDT15 in complex with GP to 1.70 �A resolution

(PDB: 7R0D). Data processing and refinement statis-

tics are presented in Table 3. The tertiary structure of

NUDT15 is a homodimer, consistent with biochemical

studies that show the protein is also dimeric in solu-

tion [25]. The NUDT15 protomer is comprised of two

a-helices, seven b strands, and three 310-helices

(Fig. 6A).

The individual monomers of NUDT15 are virtually

identical as indicated by the low rmsd value of 0.37 �A

for the corresponding Ca-atoms. The conserved

NUDIX family motif (GX5EX7REVXEEXGU), which

contains the residues required for magnesium binding

and substrate hydrolysis, is located on a-helix 1 and

b-strand 4. After structure refinement, it was evident

that each monomer had electron density consistent

with a single GP, indicating efficient hydrolysis of the

GPP substrate by NUDT15 during co-crystallization

(Fig. 6A). The GP product is nicely accommodated

within the active site and is positioned by two hydro-

gen bonds between the alpha-phosphate and His49

(which is itself supported by a hydrogen bond with

Tyr92), along with extensive hydrophobic interactions

with Gly15, Val16, Gly17, Leu45, Pro46, Gly47,

Gly48, and Thr94 (Fig. 6B). Each active site also con-

tains a single magnesium ion exhibiting ideal octahe-

dral coordination with the catalytic residues Glu63,

Glu66 and four ordered water molecules, three of

which are additionally supported by the residues

Glu67, Glu113, and Lys116 (Fig. 6C). Comparison of

hNUDT15-GP with the structure of hNUDT15 in

complex with 6-thio-GMP shows the structures super-

impose well, with a low rmsd value of 0.47 �A. 6-thio-

GMP occupies a deeper position in the binding pocket

compared to GP and is coordinated by more extensive

hydrogen bonds, including the sidechain of His49, the

main-chain nitrogen of Gly137 and the main-chain

oxygen of Leu45. 6-thio-GMP is also supported by

numerous hydrophobic interactions involving Pro46,

Gly47, Gly48, Tyr90, Phe135, and Leu138. Impor-

tantly, the alpha-phosphates of both GP and 6-thio-

GMP occupy a similar position, as do the magnesium

ions in each structure (Fig. 6D).

Comparison of hNUDT15-GP and hNUDT18

structures

In order to identify structural features that are impor-

tant for the activity of NUDIX enzymes with isoprene

PPs we superimposed the structures of hNUDT15-GP

and the hNUDT18 NUDIX domain (PDB: 3GG6).

This showed that while the core structures overlay ade-

quately, there are some regions that do not superim-

pose particularly well (rmsd for all C-alpha atoms of

2.44 �A, amino acid sequence identity 29%) (Fig. 7A).

This is in part due to small conformational changes

that occur upon substrate binding, which are not

observed in the ligand- and metal-free NUDT18 struc-

ture. Analysis of the ligand binding pocket shows there

is sufficient space for isoprenoid substrates in the

NUDT18 active site (Fig. 7B). Many of the hydropho-

bic interactions involved in GP binding and residues

required for metal binding are conserved between the

structures (Fig. 7B,C). However, there are also notable

differences between hNUDT15 and hNUDT18. Inter-

estingly, it is evident that the binding pocket of

NUDT18 has a greater abundance of hydrophobic res-

idues than the binding pocket of NUDT15 (Fig. 7B,

C). In addition, differences in shape complementarity

between NUDT15 and NUDT18 and the isoprene sub-

strate might result in one of the proteins having more

favorable van der Waals interactions with the sub-

strate. This could be a contributing factor for the

higher catalytic efficiency observed for NUDT18

Fig. 4. LC–MS analysis of NUDT15 catalyzed hydrolysis of GPP and FPP reveals the production of isoprene monophosphates. HPLC

analysis showing that hydrolysis takes place between the phosphate groups and produces GP and FP. NUDT15 catalyzed hydrolysis of GPP

(A) and FPP (B) was followed over time by incubation with NUDT15 and sampling at different time points. Samples were analyzed using

HPLC and MS and the fraction of hydrolyzed substrate and formed product was calculated for GPP hydrolysis (C) and FPP hydrolysis (D)

using the area under the curve of the corresponding peaks. Data are representative of two independent experiments.
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toward GPP compared to NUDT15. Two other

important differences include His49 and Thr92, which

are both arginine residues (Arg77 and Arg117) in

NUDT18 (Fig. 7C). As shown in our hNUDT15-GP

structure, His49 hydrogen bonds with the phosphate

group of GP through nitrogen atoms in both its main

chain and sidechain (Fig. 6B), suggesting that an argi-

nine at this position should similarly fulfill this role.

Arg117 in NUDT18 is particularly interesting in the

context of substrate specificity toward MPP. Unlike

the other isoprenoids we examined which have hydro-

phobic core structures, MPP contains a carboxyl

group (Fig. 1) that would not be favored in the hydro-

phobic binding pocket. Based on our superpositions,

only NUDT18 has a residue (Arg117) within hydrogen

bonding range of MPP. This may be one reason why

NUDT18 is capable of hydrolyzing MPP, whereas

NUDT15 is unable to do so.

Comparison of hNUDT15-GP and AtNUDT1-

isopentyl-PP structures

NUDT1 from Arabidopsis thaliana has been reported

to exhibit activity with isoprene PPs [23]. Comparison

of the structures of hNUDT15-GP and AtNUDT1-

Isopentyl-PP (PDB: 6DBZ) [26] reveals that the core

structures superimpose quite well as indicated by the

low rmsd value of 1.34 �A for their C-alpha atoms

(amino acid sequence identity 42%) (Fig. 8A).

Although a structure of AtNUDT1 in complex with

GPP has been determined (PDB: 5GP0), it lacks mag-

nesium ions necessary for proper substrate coordina-

tion [23]. We, therefore, focused our comparisons on

the available AtNUDT1 Isopentyl diphosphate com-

plex, where the substrate is coordinated by three mag-

nesium ions [26]. Interestingly, when comparing ligand

binding in AtNUDT1-Isopentyl-PP with our

hNUDT15-GP structure, the hydrophobic portions of

both Isopentyl-PP and GP occupy slightly different

positions, as do their alpha-phosphates. In fact, the

alpha-phosphate of GP superimposes more closely

with the beta-phosphate of Isopentyl-PP (Fig. 8B),

which may indicate that the hNUDT15-GP product

complex itself might not represent a productive sub-

strate binding mode. Residues involved in magnesium

coordination are completely conserved between the

structures, and the single magnesium in hNUDT15-GP

occupies the same position as the second magnesium

in the AtNUDT1-Isopentyl-PP structure (Fig. 8A,B).

This positioning may provide the enzyme with the flex-

ibility to accommodate molecules with different num-

bers of phosphate groups, enabling NUDT15 to

efficiently hydrolyze both di- and triphosphate sub-

strates. Upon comparing the GP-binding sites, we

observed that Gly15 and Gly17 in hNUDT15 corre-

spond to alanine and valine in AtNUDT1 (Fig. 8C).
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Fig. 5. NUDT18 and NUDT15 are efficient catalysts of GPP

hydrolysis. (A) Saturation curves of NUDT18 with GPP, DMAPP,

and IPPP. (B) Saturation curves of NUDT18 with MPP, FPP, and

GGPP. (C) Saturation curves of NUDT15 with GPP, DMAPP, and

IPPP. Graphs show saturation curves with data points representing

average and standard deviation from two independent experiments

(n = 2), in which initial rates were determined using enzyme

activities assayed in duplicate at three different time points.
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In the AtNUDT1-Isopentyl-PP complex, the ligand

forms hydrogen bonds with His42, Gly40, and Glu60,

which are entirely conserved in hNUDT15. The sub-

strate is also positioned by hydrophobic interactions

involving Ala11, Tyr87, and Phe127. These residues

are conserved with hNUDT15 except for Ala11 which

is a glycine residue in the human enzyme (Fig. 8C).

Notably, AtNUDT1, like NUDT18, has a more

hydrophobic binding pocket compared to NUDT15,

potentially explaining why these enzymes hydrolyze

isoprene PPs much more efficiently than NUDT15 [26]

as the binding of the hydrophobic portion of the iso-

prenoid substrates rely on hydrophobic interactions.

Clearly, even small differences here can result in large

differences in terms of binding affinity and catalytic

efficiency toward the isoprene-PP substrates.

His49 is crucial for GPP hydrolysis activity

Based on our structural comparisons of hNUDT15-

GP with existing NUDT15 and AtNUDT1 complexes,

Table 1. Kinetic parameters for NUDT18 with isoprene pyrophosphates. Values were calculated from kinetic parameters determined by

fitting the Michaelis–Menten equation to initial rates determined at a range of substrate concentrations. n, number of independent

experiments; SD, standard deviation.

Kinetic parameter

Substrate

MPP IPPP DMAPP GPP FPP GGPP

n 2 2 2 2 2 2

kcat/Km (M�1
�s�1)

Mean 20 400 72 100 99 700 214 300 27 500 8500

SD 400 19 800 27 500 25 900 900 1200

Km (lM)

Mean 26.8 12.4 9.8 3.7 18.8 17.9

SD 2.8 2.6 2.9 0.4 3.9 3.4

kcat (s
�1)

Mean 0.55 0.87 0.94 0.78 0.52 0.15

SD 0.07 0.05 0.01 0.02 0.12 0.01

Table 2. Kinetic parameters for NUDT15 with isoprene

pyrophosphates. The presented kinetic parameter values were

determined by fitting the Michaelis–Menten equation to initial

rates, determined at a range of substrate concentrations. n,

number of independent experiments; SD, standard deviation.

Kinetic parameter

Substrate

GPP IPPP DMAPP FPP GGPP

n 2 2 2 1 1

kcat/Km (M�1
�s�1)

Mean 39 860 8330 6470 1350 870

SD 7160 4370 4770

Km (lM)

Mean 18.7 63.6 159.3 76.3 163.3

SD 0.2 19.4 40.5

kcat (s
�1)

Mean 0.72 0.49 0.94 0.10 0.10

SD 0.11 0.11 0.50

Table 3. Data collection and refinement statistics. Values in

parentheses are for the highest-resolution shell.

NUDT15-GP

PDB code 7R0D

Data collection

Space group P212121

Cell dimensions

a, b, c (�A) 46.7, 48.3, 135.2

a, b, c (°) 90.0, 90.0, 90.0

Resolution (�A) 46.6–1.70 (1.73–1.70)

No. observations 388 242 (8976)

No. unique reflections 34 417 (1759)

Rmerge 0.07 (0.53)

CC (1/2) 0.99 (0.90)

I/rI 17.8 (2.6)

Completeness (%) 99.7 (96.7)

Redundancy 11.3 (5.1)

Refinement

Resolution (�A) 45.5–1.70

No. reflections 32 621

Rwork/Rfree (%) 18.4/22.6

No. of atoms

Protein 2974

Ligand 30

Metal 2

Water 172

B-factors

Protein (�A2) 29.4

Ligand/ion (�A2) 52.3

Metal (�A2) 34.7

Water (�A2) 35.7

RMSDs

Bond lengths (�A) 0.012

Bond angles (°) 1.71
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it is evident that residue His49 plays a crucial role in

positioning the phosphate group of the substrate, as

well as stabilizing the monophosphate product. To

investigate the impact of this residue on catalytic activ-

ity, we generated the NUDT15H49A mutant and

determined the activities of NUDT15wt and

NUDT15H49A with dGTP and GPP (Fig. 9A). At

presumably saturating concentrations of the two sub-

strates (100 lM) the H49A mutation causes a dramatic

decrease in activity for both substrates. To investigate

the role of the H49A mutation in more detail we

produced saturation curves for NUDT15wt and

NUDT15H49A with GPP (Fig. 9B) and dGTP

(Fig. 9C) and determined kinetic parameters (Table 4).

The H49A mutation led to a 30-fold reduction of the

kcat-value for GPP while causing only a twofold drop

in the kcat-value for dGTP. However, the introduction

of the H49A mutation resulted in a 14-fold increase in

the Km-value for dGTP leading to a 28-fold reduction

in catalytic efficiency. Determining an exact Km-value

for GPP is not possible due to the very low activity of

NUDT15H49A with this substrate. It appears that the

His49A mutation has a more pronounced negative

impact on the kcat-value of NUDT15 catalyzed hydro-

lysis of GPP compared to dGTP, which may in part

be due to the hydrogen bond made by this histidine

having better geometry with GPP, which would make

it stronger. Overall, it is evident that the H49A muta-

tion affects the catalytic activity of NUDT15 with

both GPP and dGTP. The saturation kinetics experi-

ments for NUDT15wt and NUDT15H49A were con-

ducted using assay buffer without the detergent Tween

20. The rationale behind this was to align with assay

conditions previously used for assaying activity with

dGTP. In the absence of the detergent the activity of

NUDT15wt with GPP was lower compared to the

activity with dGTP (as shown in Fig. 9B,C), contrary

to the specific activity of NUDT15wt with GPP and

dGTP (Fig. 9A) determined in assay buffer containing

Tween 20. The absence of the detergent in the assay

buffer likely accounts for the lower kcat and kcat/Km

values of NUDT15wt toward GPP (4.8- and 8.6-fold,

respectively), as presented in Table 4, compared to the

values presented for NUDT15wt in Table 2. These

Fig. 6. Crystal structure of NUDT15 in complex with GP. (A) Overall structure of the NUDT15 dimer is depicted as a ribbon representation. Each

monomer is colored green and blue, respectively. The highly conserved NUDIX motif is colored magenta. The product GP is shown as a stick

representation with its respective atoms colored; carbons yellow, oxygens red, and phosphorus atoms orange. The magnesium ions required

for activity and ligand coordination are shown as gray spheres. (B) Active site hydrogen bond network of GP. Residues contributing to ligand

binding are labeled by residue number. Nitrogen and oxygen atoms are colored blue and red, respectively. Hydrogen bond interactions are

shown as dashed lines. The calculated 2Fo � Fc electron density map around GP is shown in blue, contoured at 1.0 r and the Fo � Fc electron

density maps are green and red contoured at +3.5 r and �3.5 r, respectively. (C) Hydrogen bond network showing magnesium coordination in

the active site. Water molecules are shown as red spheres. (D) C⍺-atom superposition of hNUDT15-GP (coloring identical to panels A–C) with

hNUDT15-6-thio-GMP (colored white; PDB ID: 5LPG). The hydrogen bond network for 6-thio-GMP is shown and the bound magnesium ion is

shown as a green sphere. 6-thio-GMP is shown as a stick model with its atoms colored; carbons cyan, nitrogens blue, oxygens red, phosphorus

atoms orange, and sulfurs gold. Figures were produced with PYMOL (v.2.3.3, Schr€odinger, LLC, New York, NY, USA).
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discrepancies can likely be attributed to an increased

solubility of GPP in the presence of 0.01% Tween 20,

resulting in more substrate available for hydrolysis.

Analysis of NUDT15 and NUDT18 expression in

noncancerous and cancerous cells

Small GTPases require prenylation for their localiza-

tion to cellular membranes, where they exert their spe-

cific functions. Certain GTPases are instrumental in

processes such as cell proliferation, cell survival, and

cell signaling [5]. Variations in the cellular concentra-

tions of NUDT15 and NUDT18 may lead to different

levels of isoprenylation due to the modulation of con-

centrations of metabolites necessary for producing the

isoprenylation substrates, FPP and GGPP. Conse-

quently, variations in the expression levels of NUDT15

and NUDT18 could potentially impact cell prolifera-

tion. In order to investigate whether any differences in

expression levels of the NUDT15 and NUDT18 genes

can be observed in noncancerous compared to

cancerous cells, we analyzed RNA-seq data from a

large panel of cell lines and sorted these cell lines

based on noncancerous, cancerous, and tissue origin.

Interestingly, the expression of NUDT18 was found to

be significantly higher in noncancerous compared

to cancerous cell lines (Fig. 10A). The largest differ-

ence in NUDT18 expression level was observed

between noncancerous cell lines and cell lines originat-

ing from cervical cancer and neuroblastoma with 33-

and 37-fold difference in expression level, respectively

(Table 5). However, no such difference in expression

level between carcinogenic and noncarcinogenic cell

lines was observed for NUDT15 (Fig. 10B).

Discussion

A novel activity of NUDT15 and NUDT18 in

catalysis of isoprene PP hydrolysis

NUDT18 was initially identified as an enzyme

capable of catalyzing the hydrolysis of 8-oxo-dGDP to

Fig. 7. Structural comparison of hNUDT15-GP with the hNUDT18 nucleotidase domain. (A) Superposition of hNUDT15-GP (blue) and hNUDT18

(green, PDB ID: 3GG6) monomers. GP is shown as a yellow stick model with the coordinated magnesium ion shown as a gray sphere. (B)

Comparison of the residues involved the coordination of GP and magnesium in the hNUDT15-GP structure. Residue numbering represents the

hNUDT15 structure and in cases where the residue is not conserved, the residue from hNUDT15 is labeled with an asterisk, and the

corresponding residue from hNUDT18 is labeled in dark green. Nitrogen, oxygen, and phosphorus atoms are colored blue, red, and orange,

respectively. Water molecules are shown as red spheres. Hydrogen bond interactions are shown as dashed lines. (C) Amino acid sequence

alignment of human NUDT15 (UniProt: Q9CA40) and the nucleotidase domain of human NUDT18 (Q6ZVK8) were performed using CLUSTAL

OMEGA (EMBL-EBI, Hinxton, UK) through the EBI webserver. The resulting alignment is colored according to sequence similarity using BOXSHADE

(written by Kay Hofmann and Michael Baron, Swiss Institute of Bioinformatics, Switzerland). Identical residues are shaded black, while gray

shading indicates amino acids with conserved physicochemical properties. Residues in hNUDT15 which form hydrogen bond or hydrophobic

interactions with GP are shown as asterisks, colored red and black, respectively. Green asterisks indicate residues required for magnesium

coordination. The secondary structure corresponding to the amino acid sequence of hNUDT15-GP is displayed below the alignment.
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8-oxo-dGMP, suggesting a role in protecting against

mutagenesis and DNA damage resulting from the

incorporation of 8-oxo-dG into DNA [27]. However,

subsequent findings revealed that the depletion of

NUDT18 neither increased the sensitivity to hydrogen

peroxide nor did the overproduction of NUDT18 in

MutT-deficient E. coli suppress the mutator phenotype

[28]. This implies that NUDT18 may not primarily

function in safeguarding the genome against oxidative

stress but likely serves other cellular roles. NUDT15,

closely related to NUDT1 (MutT homolog 1, MTH1)

and commonly referred to as MTH2, was initially

thought to act as a redundancy factor for MTH1

by catalyzing the hydrolysis of the mutagenic 8-oxo-

dGTP [29]. However, NUDT15 was found to exhibit a

very weak 8-oxo-dGTP activity compared to MTH1,

and no increase in 8-oxo-dG in DNA was observed

upon NUDT15 depletion, questioning this view [25].

Recent studies have revealed significant roles for

NUDT15 in the metabolism of anti-cancer drugs (thio-

purines) and antiviral drugs (aciclovir and ganciclovir)

[30–33]. However, the natural functions of NUDT15

have remained elusive.

Here, we present data showing that NUDT15 and

NUDT18 exhibit pronounced activities with physiolog-

ically relevant isoprene PPs, suggesting a potential pre-

viously completely unknown novel cellular function for

these enzymes. In comparison to previously reported

activities of NUDT15 and NUDT18 with endogenous

substrates, both enzymes demonstrate considerably

higher catalytic efficiencies toward GPP. For NUDT18,

the catalytic efficiency with GPP is approximately

twice as high as the reported catalytic efficiency with 8-

oxo-dGDP [24]. Similarly, for NUDT15, the catalytic

efficiency for GPP hydrolysis exceeds by 10-fold the

reported value for this enzyme with 8-oxo-dGTP [25].

Evolutionary conservation of isoprene PP

hydrolysis in vertebrates

In order to identify residues in NUDT15 that have

been conserved during evolution, we conducted a

Fig. 8. Structural comparison of hNUDT15-GP with AtNUDT1-Isopentyl-PP. (A) Superposition of hNUDT15-GP (blue) and AtNUDT1 (light

pink, PDB ID: 6DBZ) monomers. GP and Isopentyl-PP are shown as sticks, colored yellow and magenta, respectively. Magnesium ions are

colored gray (hNUDT15) or green (AtNUDT1). (B) Comparison of the residues involved the coordination of isopentyl-PP and magnesium in

the AtNUDT1-Isopentyl-PP structure. Residue numbering represents the hNUDT15 structure and in cases where the residue is not

conserved, the relevant residue from AtNUDT1 is labeled in dark pink. Nitrogen, oxygen, and phosphorus atoms are colored blue, red, and

orange, respectively. Water molecules are shown as red spheres. Hydrogen bond interactions are shown as dashed lines. (C) Amino acid

sequence alignment of human NUDT15 (UniProt: Q9CA40) and A. thaliana NUDT1 (Q9NV35) was performed using CLUSTAL OMEGA through

the EBI webserver. The resulting alignment is colored according to sequence similarity using BOXSHADE. Identical residues are shaded black,

while gray shading indicates amino acids with conserved physicochemical properties. Residues in hNUDT15 which form hydrogen bond or

hydrophobic interactions with GP are shown as asterisks, colored red and black, respectively. Green asterisks indicate residues required for

magnesium coordination. The secondary structure corresponding to the amino acid sequence of hNUDT15-GP is displayed below the

alignment. Figures were produced with PYMOL (v.2.3.3, Schr€odinger).
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multiple sequence alignment involving the human

NUDT15 protein and a curated array of NUDT15

proteins from various vertebrate species (Fig. 11).

His49, the only active site residue forming a hydrogen

bond in the hNUDT15-GP structure, is entirely con-

served. Residues that coordinate magnesium are also

completely conserved across the sequences with a sin-

gle exception of Glu66, which is a glutamate in all

sequences except for chicken NUDT15. The residues

involved in hydrophobic interactions in the NUDT15-

GP complex are generally conserved, except for Gly15,

Val16, and Gly17, which are replaced by larger hydro-

phobic residues in some of the other sequences. This

observation aligns well with what we observed in the

hNUDT18 and AtNUDT1 structures, suggesting that

other vertebrate NUDT15 enzymes should also be

capable of hydrolyzing isoprene PPs. In addition, we

performed a multiple sequence alignment of NUDT18

proteins from humans and a range of other vertebrates

(Fig. 12). All residues predicted to interact with the

isoprenoids are fully conserved, indicating that

NUDT18 enzymes from other vertebrate species would

likely exhibit activity with isoprene PPs as well.

Relevance of NUDIX enzyme catalyzed isoprene

PP hydrolysis in the cell

Figure 13 illustrates the isoprene biosynthesis pathway

leading to the production of cholesterol and other bio-

molecules and highlights the enzymes that are involved

in isoprene PP metabolism in animals. The activities of

NUDT18 and NUDT15 with isoprene PPs that we

report here suggest that these enzymes may have a role

in modulating the cellular levels of these metabolites

and, consequently their downstream products. Hydro-

lysis of GGPP and FPP, or other isoprene PPs used

for their production, would decrease the concentration

of available substrates for geranylgeranylation and far-

nesylation, respectively. This reduction could lead to a

decrease in the localization of small GTPases to
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Fig. 9. Mutation of His49 drastically decreases hydrolysis activity

with dGTP and GPP. (A) Activity was tested using 100 lM dGTP

(red bars) or GPP (gray bars) and 100 nM NUDT15WT or

NUDT15H49A at 22 °C. Data are presented as mean and standard

deviation (SD) and are representative of two experiments (n = 2).

(B) Saturation curves of NUDT15WT and NUDT15H49A were

produced by determining initial rates using 50 nM NUDT15 WT and

100 nM NUDT15H49A and substrate concentrations of GPP ranging

from 0 to 200 lM. (C) Saturation curves with dGTP were produced

by determining initial rates of 5 nM NUDT15WT or 50 nM

NUDT15H49A at dGTP concentrations between 0 and 400 lM.

Graphs show saturation curves with data points representing mean

and SD from two independent experiments (n = 2) in which initial

rates were determined using enzyme activities assayed in

duplicate at three different time points.
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Table 4. Kinetic parameters for NUDT15WT and NUDT15H49A with GPP and dGTP. The presented kinetic parameter values were

determined by fitting the Michaelis Menten equation to initial rates determined at a range of substrate concentrations. Data are

representative of two independent experiments (n = 2). nd, not determined; SD, standard deviation.

GPP dGTP

kcat (min�1) KM (lM) kcat/KM (M�1
�min�1) kcat (min�1) KM (lM) kcat/KM (M�1

�min�1)

NUDT15WT

Mean 9.05 32.4 279 660 34.9 22.3 1 577 250

SD 0.21 0.9 4.7 1.8

NUDT15H49A

Mean 0.32 nd nd 22.0 378 59 650

SD 0.02 4.2 126

Fig. 10. Expression analysis of NUDT18 (A)

and NUDT15 (B) in noncancerous and

cancerous cell lines grouped based on

tissue origin showing higher expression of

NUDT18 in noncancerous cell lines.

Analysis of variance (ANOVA) was applied

to RNA-seq data from 1408 cell lines to

identify differences in gene expression

between cell lines originating from different

tissues and grouped as noncancerous or

cancerous. The number of cell lines in each

group is indicated. ANOVA P value was

2.75 9 10�33 for NUDT18 and 6.50 9 10�50

for NUDT15. TPM, Transcripts per million.

Figure was prepared using the software R

version 4.1.3 (R Core Team, Vienna,

Austria).
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cellular membranes, potentially affecting many cellular

processes.

The question is whether the hydrolysis activity of

NUDT15 and NUDT18 with isoprene PPs that we

observe in our biochemical activity assay in vitro also

takes place in a cellular context. We determined the

catalytic efficiency of NUDT18 with GPP to

2.1 9 105 M
�1
�s�1 at 22 °C, a value comparable to the

reported catalytic efficiencies determined at 37 °C for

geranylgeranyl pyrophosphate synthase (GGPPS) and

Farnesyl pyrophosphate synthase (FPPS) [34,35],

enzymes catalyzing the formation of GGPP and FPP

in the cholesterol synthesis pathway, respectively

(Fig. 13). The catalytic efficiency of NUDT18 at 37 °C

is expected to be considerably higher than the catalytic

efficiency determined at 22 °C, and consequently

higher than the corresponding value for FPPS, which

also uses GPP as substrate. This suggests that

NUDT18 hydrolyzes GPP within the cell. Further-

more, the median kcat/Km value from a dataset com-

prising published values for approximately 1900

enzymes with their natural substrates is around

1 9 105 [36]. The twofold higher catalytic efficiency of

NUDT18 with GPP reported here supports the likeli-

hood that GPP indeed is an endogenous substrate of

NUDT18. Additionally, the low Km value of NUDT18

for GPP (3.7 lM) (Table 1) is comparable to the Km

value of GGPPS for IPP and FPP [34,35], as well as

the Km values of FPPS for IPP and GPP [35]. This

further backs up the hypothesis that NUDT18-

catalyzed hydrolysis of GPP occurs within the cell.

GGOH and GOH are known key players in the

feedback regulation of cholesterol production

[12,37,38]. These isoprenoid alcohols have also been

shown to act as cellular signaling molecules and to

possess anti-inflammatory properties [39,40]. Addition-

ally, the isoprenoid alcohol Farnesol (FOH) has been

identified as an activator of the nuclear farnesoid X

hormone receptor [41]. These findings suggest that iso-

prene alcohols play roles beyond regulating isoprene

biosynthesis. The source of GGOH, GOH, and FOH

are their corresponding isoprene pyrophosphates and

Table 5. Tukey post hoc test of NUDT18 expression in noncarcinogenic and carcinogenic cell lines. CI, 95% confidence interval. Listed are

pairs displaying an adjusted P value below 0.0001.

Pairs compared Difference (means, log TPM) Lower CI Upper CI P value (adjusted)

Noncancerous-neuroblastoma 1.5276 0.8979 2.1574 1.2529E-12

Noncancerous-breast cancer 1.1540 0.6313 1.6767 1.3146E-12

Noncancerous-lung cancer 0.9201 0.4876 1.3526 1.9839E-12

Neuroblastoma-leukemia �1.1751 �1.7409 �0.6093 4.3029E-12

Noncancerous-cervical cancer 1.5737 0.8156 2.3317 4.3449E-12

Neuroblastoma-lymphoma �1.1196 �1.7016 �0.5376 2.2776E-10

Sarcoma-noncancerous �1.1409 �1.7380 �0.5438 3.2419E-10

Pancreatic cancer-Noncancerous �0.9807 �1.5231 �0.4384 4.8485E-09

Ovarian cancer-Noncancerous �0.9375 �1.4565 �0.4185 5.0824E-09

Leukemia-breast cancer 0.8014 0.3578 1.2451 5.0848E-09

Neuroblastoma-brain cancer �1.0433 �1.6253 �0.4613 7.2509E-09

Leukemia-cervical cancer 1.2211 0.5152 1.9270 3.5095E-08

Lung cancer-leukemia �0.5675 �0.9001 �0.2349 6.2752E-08

Lymphoma-cervical cancer 1.1656 0.4467 1.8846 4.7753E-07

Lymphoma-breast cancer 0.7459 0.2818 1.2101 6.6429E-07

Noncancerous-bone cancer 0.9151 0.3311 1.4991 1.6650E-06

Skin cancer-noncancerous �0.7519 �1.2395 �0.2642 2.9217E-06

Cervical cancer-brain cancer �1.0893 �1.8082 �0.3704 5.2592E-06

Noncancerous-head and neck cancer 0.8062 0.2710 1.3414 6.3742E-06

Sarcoma-leukemia �0.7883 �1.3176 �0.2590 9.2157E-06

Thyroid cancer-Noncancerous �1.1147 �1.8728 �0.3567 1.3772E-05

Noncancerous-bladder cancer 0.8713 0.2742 1.4684 1.7511E-05

Noncancerous-liver cancer 0.9920 0.3076 1.6764 2.1543E-05

Breast cancer-brain cancer �0.6696 �1.1338 �0.2055 2.4720E-05

Neuroblastoma-colon/colorectal cancer �0.8543 �1.44707 �0.2615 2.5499E-05

Neuroblastoma-kidney cancer �0.9762 �1.6537 �0.2987 2.5667E-05

Lymphoma-lung cancer 0.5121 0.1526 0.8715 3.6070E-05

Noncancerous-bile duct cancer 0.8456 0.2387 1.4525 6.8016E-05

Neuroblastoma-endometrial/uterine cancer �0.9096 �1.5712 �0.2479 9.8449E-05
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enzyme-catalyzed hydrolysis is likely required for their

production. How these isoprenoid alcohols are pro-

duced in human cells is not fully understood, however,

the polyisoprenoid diphosphate phosphatase (PDP1),

integrated into the ER membrane, has been demon-

strated to hydrolyze GGPP, FPP, and GPP [18]. How-

ever, due to the membrane-bound nature of this

enzyme and the use of micelles in activity experiments,

a proper comparison of its activity with that of

NUDT15 and NUDT18 with these isoprene PPs is not

feasible. In contrast to PDP1, NUDT15, and

NUDT18 are located in the soluble cytosolic fraction,

like many other enzymes in the isoprenoid biosynthesis

pathway such as GPPS and FPPS (Fig. 13) [42,43].

Our results suggest that NUDT15 and NUDT18 may

be responsible for the hydrolysis of isoprene PPs in the

cytosol. Alternatively, these NUDIX enzymes may act

in concert with PDP1 in the production of isoprenoid

alcohols. An isoprenoid shunt, capable of converting

isoprenoid alcohols into isoprene PPs via phosphoryla-

tion of isoprenoid alcohols and monophosphates, and

vice versa, has been postulated to exist (Fig. 13) [44].

The observed activities of NUDT15 and NUDT18 pre-

sented here imply a potential involvement of these

enzymes in such a shunt.

We anticipate that our findings will inspire investiga-

tions into isoprene-dependent metabolites in clinical

samples from patients carrying NUDT15 gene variants

that result in low NUDT15 enzyme levels and conse-

quently reduced cellular NUDT15 activity [32,45,46].

Cellular hydrolysis of the isoprene PPs, which con-

stitute metabolites in the cholesterol synthesis path-

way, could ultimately impact cholesterol production

since FPP, which is utilized for the synthesis of choles-

terol, is synthesized from GPP and DMAPP (Fig. 13).

Elevated cellular levels of NUDT15 and NUDT18

may reduce cholesterol production by decreasing the

concentration of intermediates in the cholesterol syn-

thesis pathway. Both NUDT15 and NUDT18 exhibit

low tissue specificity, being expressed in most tissues

(Human Protein Atlas, https://www.proteinatlas.org),

but interestingly, in the liver, where cholesterol pro-

duction is high, the level of NUDT18 mRNA is very

low and the protein is undetectable (Human Protein

Atlas, https://www.proteinatlas.org).

When analyzing the expression of NUDT18 in a large

panel of cell lines we observed a markedly elevated

expression in noncancerous cell lines in comparison to

cancerous counterparts (Fig. 10A and Table 5) indicat-

ing that downregulation of NUDT18 expression may

Fig. 11. Sequence alignment of NUDT15

proteins from humans and other species.

NUDT15 amino acid sequences from F. catus

(UniProt: A0A2I2U059), G. gallus (UniProt:

F1NV92), B. taurus (UniProt: E1B7T3)

C. lupus (UniProt: ER2DP5), E. caballus

(UniProt: F7BQG1), H. sapiens (UniProt:

Q9NV35), M. musculus (UniProt: Q8BG93),

S. scrofa (UniProt: I3LBG2), R. norvegicus

(UniProt: D3ZKQ0), O. aries (UniProt:

A0A6P3THI6), and D. rerio (UniProt: Q6IQB3)

were compared using CLUSTAL OMEGA through

the EBI webserver. The resulting alignment is

colored according to sequence similarity using

BOXSHADE. Identical residues are shaded black,

while gray shading indicates amino acids with

conserved physicochemical properties.

Residues from the hNUDT15-GP structure

shown to form hydrogen bonds or

hydrophobic interactions with GP are shown

as asterisks, colored red and black,

respectively. Green asterisks indicate residues

required for magnesium coordination. The

secondary structure corresponding to the

amino acid sequence of hNUDT15-GP is

displayed below the alignment.
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occur during cell transformation. Such difference in

expression levels between noncancerous and cancerous

cell lines was not observed for NUDT15 (Fig. 10B), in

line with NUDT15 displaying lower activity with

isoprene PPs compared to NUDT18. Interestingly,

NUDT18 deficient cells have been reported to exhibit a

noticeably reduced proliferation rate, implying a role of

NUDT18 in cell growth [28]. We speculate that these

Fig. 12. Sequence alignment of the NUDT18

nucleotidase domain from humans and other

species. NUDT18 nucleotidase amino acid

sequences from F. catus (NCBI: XP_

003984764.1), P. troglodytes (UniProt:

H2QVU3), B. taurus (UniProt: F1N0N5)

C. lupus (UniProt: F1PDW5), E. caballus

(UniProt: F6RHM5), H. sapiens (UniProt:

Q6ZVK8), M. musculus (UniProt: Q3U2V3),

S. scrofa (UniProt: F1RMB9), R. norvegicus

(UniProt: Q641Y7), O. aries (UniProt:

W5PLD7), and D. rerio (UniProt: Q568Q0)

were compared using CLUSTAL OMEGA through

the EBI webserver. The resulting alignment is

colored according to sequence similarity using

BOXSHADE. Identical residues are shaded black,

while gray shading indicates amino acids with

conserved physicochemical properties.

Residues from human NUDT18 predicted to

interact with isoprenoids (specifically GP) are

shown as asterisks, colored red and black,

respectively. Green asterisks indicate residues

required for magnesium coordination. The

secondary structure corresponding to the

amino acid sequence of the hNUDT18

nucleotidase domain (PDB ID: 3GG6) is

displayed below the alignment.

Fig. 13. Schematic figure of the

biosynthetic pathways involving isoprene

pyrophosphates in the human cell. The

figure shows the biosynthetic pathways

leading to cholesterol and other

biomolecules (shown in dark cyan) in which

the isoprene PPs discovered to be

substrates for NUDT18 and NUDT15 are

central. Enzymes discussed in the text are

indicated in blue italics. NUDT15 and

NUDT18 are indicated in red italics.

Inhibition of HMG-CoA reductase by

metabolites is indicated by dashed lines.

Phosphorylation reactions are indicated by

dashed arrows. The figure was created with

Biorender.com.
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findings may be due to the involvement of NUDT18 in

isoprene PP hydrolysis, which would modulate the avail-

ability of substrates for protein isoprenylation or other

isoprene metabolites ultimately leading to alterations in

proliferation. However, further investigations are

needed to understand the specific impact of NUDT15

and NUDT18 activities on the cellular levels of individ-

ual isoprene PP metabolites and downstream products,

as well as to determine whether the observed lower

expression level of NUDT18 in cancerous cells is associ-

ated with the activity of NUDT18 with isoprene PPs.

In conclusion, we here present a novel and pro-

nounced activity of human NUDT15 and NUDT18 in

catalyzing the hydrolysis of isoprene PPs. This discov-

ery suggests a potential role for these enzymes in iso-

prenoid metabolism in animals.

Materials and methods

Protein production

The human NUDIX enzymes MTH1 (NUDT1, P36639),

NUDT2 (P50583), NUDT3 (O95989), NUDT4 (Q9NZJ9),

NUDT7 (P0C024), NUDT9 (Q9BW91), NUDT10

(Q9BW91), NUDT11 (Q96G61), NUDT12 (Q9BQG2),

NUDT14 (O95848), NUDT15 (Q9NV35), NUDT16

(Q96DE0), NUDT17 (P0C025), NUDT18 (Q6ZVK8),

NUDT21 (Q69YN4), and NUDT22 (Q9BRQ3) were pro-

duced as described previously [20]. The UniProt IDs for

each protein are shown in parentheses. In brief, NUDIX

enzymes were expressed in E. coli as N-terminally His-

tagged proteins and purified using His-Trap HP followed

by gel filtration or cation exchange chromatography.

NUDT15His49Ala cDNA was purchased from (GeneArt,

Regensburg, Germany) and subcloned into pNIC28 (a kind

gift from PSF, Karolinska Institutet) using NdeI and SalI.

NUDT15His49A was expressed in BL21 (DE3) T1R

pRARE2 at 18 °C overnight after induction with 0.5 mM

IPTG. The sonicated lysate was centrifuged, filtered, and

purified using His-Trap HP (GE Healthcare, Freiburg,

Baden-Wurttemberg, Germany) followed by gel filtration

using HiLoad 16/60 Superdex 75 columns on an €AKTA

Xpress. The purity of purified proteins was assessed using

SDS/PAGE analysis. Proteins were stored in storage buffer

(20 mM HEPES, 300 mM NaCl, 10% glycerol, 2 mM TCEP,

pH 7.5) and kept as aliquots at �80 °C.

Screening of NUDIX enzymes for activity with

isoprene PPs

Hydrolysis activity of a panel of 17 human NUDIX pro-

teins with DMAPP (Sigma-Aldrich, Saint Louis, MO,

USA, #D4287) and IPPP (Sigma-Aldrich, #I0503) was

tested by incubating 100 lM of each isoprene PP with

100 nM human NUDIX enzyme for 30 min at 22 °C.

Formed Pi was detected by the addition of Malachite green

reagent [47] followed by measurement of absorbance at

630 nm, after incubation at 22 °C for 15 min. This experi-

ment was performed once with data points in triplicate due

to the limited availability of some of the NUDIX enzymes.

The activity of NUDT15 and NUDT18 (100 nM) was

retested with 100 lM IPPP and DMAPP and also tested

with 100 lM Mevalonate pyrophosphate (MPP, Sigma-

Aldrich, #94259), Geranyl-PP (GPP, Sigma-Aldrich,

#G6772), Farnesyl-PP, (FPP, Sigma-Aldrich, #F6892), and

GGPP (Sigma-Aldrich, #G6025) in assay buffer (100 mM

tris acetate pH 8.0, 40 mM NaCl, 10 mM magnesium ace-

tate, and 0.01% Tween 20) and compared to the activity

with 100 lM of the previously identified substrates dGTP

(GE Healthcare, #27-1870-04) for NUDT15 and 8-oxo-

dGDP (Jena Bioscience, Jena, Germany, NU-1158) for

NUDT18. In addition, since NUDT15 is closely related to

MutT homolog 1 (MTH1, NUDT1) the activity of 50 nM

E. coli MutT (P08337) with 100 lM GPP as well as with

100 lM dGTP as a control was tested as described above.

LC–MS analysis of NUDT15 and NUDT18

catalyzed GPP and FPP hydrolysis products

1 mM GPP was incubated with 0.5 lM NUDT18 or 1 lM

NUDT15 in reaction buffer (0.1 M tris acetate pH 8.0,

40 mM NaCl, 10 mM Magnesium acetate) at 22 °C with rota-

tion. The reaction was stopped at different time points, rang-

ing from 0 to 180 min for NUDT18 and 0 to 120 min for

NUDT15, by removing an aliquot to which EDTA was

added (90 mM final concentration) in order to chelate Mg2+

ions needed for catalysis. The samples were then heated for

5 min at 75 °C to denature the enzyme, followed by centrifu-

gation at 17 000 g for 10 min to precipitate the denatured

protein. The supernatants were analyzed using an (Agilent,

Clara, California, USA) 1100 HPLC system equipped with

an X-bridge C18 column 5 lm (3 9 50 mm) coupled to an

Agilent MSD mass spectrometer. For analysis of FPP hydro-

lysis the same procedure was used with the modification that

0.5 mM FPP was incubated with 10 lM NUDT15 or

NUDT18 and samples were taken at various time points

between 0 and 225 min, and then prepared and analyzed as

described above for the analysis of GPP hydrolysis.

Detailed kinetic analysis of NUDT15 and NUDT18

with isoprene PPs

To further analyze the activity of NUDT18 and NUDT15

with isoprene PPs a detailed kinetic characterization was

performed with a panel of isoprene PPs. Initial rates were

determined using 25 nM of NUDT18 and substrate concen-

trations ranging from 0 to 50 lM for GPP and 0–100 lM

for MPP, DMAPP, IPPP, FPP, and GGPP. For saturation
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curves produced with NUDT15 25 nM enzyme was used

and substrate concentration ranges used were as follows: 0–

50 lM for GPP, 0–200 lM for DMAPP, and 0–150 lM for

IPPP. Activities were assayed in reaction buffer (100 mM

tris acetate pH 8.0, 40 mM NaCl, 10 mM magnesium ace-

tate, and 0.01% Tween 20). Reactions were stopped after

10, 20, and 30 min incubation time at 22 °C and inorganic

phosphate (Pi), released upon hydrolysis, was detected by

the addition of malachite green reagent and measurement

of the absorbance at 630 nm using a Hidex plate reader. A

Pi standard curve on the assay plates was used to convert

absorbance to amount of Pi produced. Initial rates were

determined in duplicate and saturation curve experiments

were performed twice apart from for NUDT15 activity

with FPP and GGPP which only was performed once due

to the poor activity. Kinetic parameters were determined

by fitting the Michaelis–Menten equation to initial rate

data using (GRAPHPAD PRISM, Boston, MA, USA) 8.0.

Activity analysis of NUDT15wt, NUDT15H49A,

and MutT with dGTP and GPP

Activity with 100 lM GPP was assayed in assay buffer (0.1 M

tris acetate pH 8.0, 40 mM NaCl, 10 mM magnesium acetate,

and 0.01% Tween20) using 100 nM NUDT15H49A,

NUDT15WT, or MutT. Activity with 100 lM dGTP was

monitored in assay buffer fortified with PPase 0.4 U�mL�1,

converting PPi to Pi, and 50 nM NUDT15H49A, 5 nM

NUDT15WT, or 50 nM MutT. Formed Pi was detected after

incubation for 30 min at 22 °C by the addition of Malachite

green reagent. A Pi standard curve was used to calculate the

concentration of produced Pi. Saturation curves of

NUDT15WT and NUDT15H49A were produced by deter-

mining initial rates in assay buffer (0.1 M tris acetate pH 8.0,

40 mM NaCl, and 10 mM magnesium acetate) using 50 nM

NUDT15 WT or 100 nM NUDT15H49A and substrate con-

centrations of GPP ranging from 0 to 200 lM. Initial rates

were determined in duplicate. For saturation curves with

dGTP, dGTP was varied between 0 and 400 lM, and initial

rates of 5 nM NUDT15WT and 50 nM NUDT15H49A were

monitored.

Crystallization and structure determination of the

NUDT15-GP complex

Purified human NUDT15 (20 mg�mL�1) was preincubated

with 10 mM GPP (Sigma-Aldrich) for 2 h at 20 °C. The

protein was crystallized using sitting drop vapor diffusion

at 20 °C in 0.1 M Tris–HCl pH 8.5, 0.2 M sodium acetate,

and 30% PEG4000. Protein crystals were flash-frozen

directly in liquid nitrogen without adding additional cryo-

protectant. X-ray diffraction data were collected at station

I03 of the Diamond Light Source (Oxford, UK) equipped

with a PILATUS-6M detector. A complete dataset was col-

lected on a single crystal at 100 K. The dataset was

processed and scaled with DIALS [48] and AIMLESS [49] within

the CCP4 SUITE [50]. Molecular replacement was performed

in PHASER [51], using a human NUDT15 structure (PDB:

5LPG) with all ligands and waters removed. Several rounds

of manual model building and refinement were performed

using COOT [52] and REFMAC5 [53] during which water and

the ligand GP were added to the structure. Data processing

and refinement statistics are listed in Table 3. The coordi-

nates and structure factors for the NUDT15-GP structure

presented in this paper were deposited in the PDB database

(PDB: 7R0D).

NUDT18 expression analysis

NUDT18 expression data from 1408 cell lines were down-

loaded from the DepMap database (https://depmap.org/).

Analysis of variance (ANOVA) was applied to identify the

presence of differences in gene expression between cell lines

originating from different tissues. A Tukey post hoc test

was performed to identify significant differences.
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