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Abstract

The non-canonical cyclic nucleotide cUMP and the phosphodiesterase PDE9A both occur in neuronal cells. Using
HPLC-coupled tandem mass spectrometry, we characterized the kinetics of PDE9A-mediated cUMP hydrolysis.
PDE9A is a low-affinity and high-velocity enzyme for cUMP (V ,.x =~ 6 umol/min/mg; K,,=~401 uM). The PDE9
inhibitor BAY 73-6691 inhibited PDE9A-catalyzed cUMP hydrolysis (K; =590 nM). Docking studies indicate two H-
bonds between the cUMP uridine moiety and GIn453/Asn405 of PDE9A. By contrast, the guanosine moiety of cGMP
forms three H-bonds with GIn453. cCMP is not hydrolyzed at a concentration of 3 puM, but inhibits the PDE9A-
catalyzed cUMP hydrolysis at concentrations of 100 uM or more. The probable main reason is that the cytosine moiety
cannot act as H-bond acceptor for GIn453. A comparison of PDE9A with PDE7A suggests that the preference of the
former for cGMP and cUMP and of the latter for cAMP and cCMP is due to stabilized alternative conformations of the
side chain amide of GIn453 and GIn413, respectively. This so-called glutamine switch is known to be involved in the
regulation of cAMP/cGMP selectivity of some PDEs.
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Introduction

While the canonical cyclic nucleotides (ctNMPs) cyclic aden-
osine monophosphate (cAMP) and cyclic guanosine
monophosphate (cGMP) are well-established second messen-
gers, only little is known about metabolism and biological
effects of the non-canonical cNMPs cyclic cytidine
monophosphate (cCMP) and cyclic uridine phosphate
(cUMP) (Seifert et al. 2015). With the advent of highly sensi-
tive and specific high-performance liquid chromatography
quadrupole time of flight mass spectrometry (HPLC-MS/
TOF) as well as HPLC-coupled tandem mass spectrometry
(HPLS-MS/MS), however, it became possible to identify
and quantitate cCMP and cUMP in biological matrices
(Seifert et al. 2015) and significant amounts of cCMP and
cUMP have been detected in mammalian cells (Hartwig
et al. 2014). Both cCMP and cUMP are mainly synthesized
by the bicarbonate-dependent soluble adenylyl cyclase (sAC)
(Hasan et al. 2014) as well as, to a minor degree, by soluble
guanylyl cyclase (sGC), which is activated by nitric oxide
(Béhre et al. 2014). Furthermore, cUMP and cCMP are gen-
erated by certain bacterial nucleotidyl cyclase toxins such as
ExoY secreted by Pseudomonas aeruginosa (Beckert et al.
2014b). cUMP and cCMP both activate protein kinase A
(PKA) and protein kinase G (PKG) in vitro (Wolter et al.
2011). Besides, they stimulate the hyperpolarization-
activated cyclic nucleotide-gated channels (HCN channels) 2
and 4 to a comparable extent (Zong et al. 2012). Inactivation
of cCMP and cUMP can be achieved through export via the
multidrug resistance-associated proteins MRP 4 (cUMP) or
MRP 5 (cCMP, cUMP) (Laue et al. 2014). Alternatively, the
phosphodiesterase PDE7A is capable of hydrolyzing cCMP
(Monzel et al. 2014), while PDE3A (Reinecke et al. 2011;
Berrisch et al. 2017), PDE3B (Reinecke et al. 2011;
Ostermeyer et al. 2018), and PDE9A (Reinecke et al. 2011)
inactivate cUMP.

This article focuses on cUMP hydrolysis by PDE9A,
which reportedly shows very high selectivity and nanomolar
affinity for cGMP (Fisher et al. 1998). PDE9 is highly con-
served across various species (van Staveren et al. 2002) and
shows the highest expression levels in the brain, the kidneys
and the intestinal tract (Fisher et al. 1998; Soderling et al.
1998; van Staveren et al. 2002). It is unresponsive to several
PDE inhibitors such as the non-selective PDE inhibitor 3-
isobutyl-1-methylxanthine IBMX) (Soderling et al. 1998).
Previous studies show that inhibition of the PDE9A with the
PDE9A-specific inhibitor BAY 73-6691 enhances learning
and memory in rodents (van der Staay et al. 2008), rendering
PDE9A an important potential target for the treatment of
Alzheimer’s disease (Wunder et al. 2005).

Here, we report the basic enzyme kinetics parameters for
PDE9A-mediated cUMP hydrolysis and show that the struc-
turally closely related cCMP is not hydrolyzed by the enzyme,
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but inhibits PDE9A-mediated cUMP hydrolysis with low po-
tency. Our results indicate that PDE9A is a high-velocity and
low affinity enzyme for cUMP. Moreover, we postulate a
binding mode for both cCMP and cUMP at the active site of
PDE9A and compare it with the corresponding binding site of
the recently characterized cCMP-hydrolyzing PDE7A
(Mongzel et al. 2014). The so-called glutamine switch seems
not only to control selectivity of PDE9A for cGMP as com-
pared to cAMP, but also regulates preference of PDE9A for
cUMP over cCMP.

Materials and methods
Enzymes and reagents

Recombinant human PDE9A2 (lot # 130906-G2) was pur-
chased from BPS Bioscience (San Diego, CA, USA). The
enzyme had a purity of > 90%, was N-terminally GST tagged
and exhibited a specific activity of > 1050 pmol/min/pg. The
cyclic nucleotides 3'-5'-cUMP, 3'-5'-cGMP and 3'-5'-cCMP
were obtained from Sigma-Aldrich (Steinheim, Germany).
The PDE9 specific inhibitor BAY 73-6691 (1-(2-
Chlorophenyl)-6-[(2R)-3,3,3-trifluoro-2-methylpropyl]-1,5-
dihydro-4H-pyrazolo[3,4-d]pyrimidine-4-one; Sigma-
Aldrich, Steinheim, Germany, lot # 089K4608V) was dis-
solved in DMSO. Tenofovir from the National Institute of
Health (NIH) AIDS Research and Reference Reagent
Program was used as an internal standard. For all enzyme
kinetic studies, 1 x PDE buffer complemented with 0.05%
BSA was utilized. The 1 x PDE puffer contained 50 mM of
Tris-HCI (pH 7.5), 8.3 mM of magnesium chloride, and
1.7 mM of EDTA.

Time course of PDE9A activity for cUMP, cGMP,
and cCMP

All experiments were conducted in 1 x PDE buffer containing
0.05% BSA and 3 uM of cUMP, cGMP, or cCMP.
Recombinant PDE9A was added at a final concentration of
0.5 pg/ml. All samples were run in duplicates and were incu-
bated for a maximum of 120 min at 30 °C under continuous
shaking (300 rpm, Eppendorf Thermomixer® comfort).
Aliquots of 40 ul were taken at appropriate times and imme-
diately heat-inactivated at 95 °C for 15 min. Subsequently, all
samples were frozen overnight. After thawing and centrifug-
ing (15 min at 20,800xg and 4 °C), 10 pl of the supernatant
were diluted 1:4 with water. Then, 40 pl of tenofovir solution
(100 ng/ml) were added to obtain a final volume of 80 ul
Substrates (cUMP, cGMP, or cCMP) and products (UMP,
GMP, or CMP) were determined by HPLC-MS/MS as previ-
ously described (Monzel et al. 2014).
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Michaelis-Menten analysis of PDE9A-mediated cUMP
degradation

K., and V. values of PDE9A-mediated cUMP and cGMP
hydrolysis were determined in 1 x PDE buffer supplemented
with 0.05% of BSA using cUMP concentrations between 1
and 1500 uM. PDE9A was added at a final concentration of
0.125 pg/ml, yielding a final sample volume of 50 pl. For
each substrate concentration, an enzyme-free negative control
was run. All samples were run in duplicates and incubated for
15 min. After incubation, 40 pl aliquots were heated to 95 °C
in order to inactivate the enzyme and precipitate the protein
and frozen overnight. Afterwards, samples were processed
and measured as described in “Time course of PDE9A activity
for cUMP, cGMP and cCMP”. Due to the high cUMP con-
centrations used in this assay, only UMP accumulation was
determined.

PDE9A inhibition studies

For the inhibition of PDE9A-mediated cUMP hydrolysis,
cUMP was used at a concentration of 3 uM in 1 x PDE buffer
containing 0.02% DMSO and 0.05% BSA. The specific
PDEDY inhibitor BAY 73-6691 was added in a concentration
range between 1 nM and 10 uM. The reaction was started by
adding PDE9A to yield a final concentration of 0.25 pg/ml
and a final sample volume of 50 ul. All samples were run in
duplicates. After an incubation time of 1 h under constant
shaking (300 rpm, 30 °C), the samples were processed and
measured as described in “Time course of PDE9A activity for
cUMP, cGMP and cCMP”. The potential inhibitory effect of
cCMP on PDE9A-mediated cUMP hydrolysis was investigat-
ed in a similar way as described above for BAY 73-6691, but
with concentrations ranging from 1 nM to 1 mM of cCMP.
Since cCMP was dissolved in water, no DMSO was added to
the samples. The effect of BAY 73-6691 on PDE9A-mediated
c¢GMP hydrolysis was assayed using a cGMP concentration of
0.2 uM and a PDE9A concentration of 0.125 pg/ml. BAY 73-
6691 was applied at concentrations between 1 nM and
100 uM. The final volume of each sample was 50 pl. All
samples were incubated for 3.5 min (30 °C and 300 rpm)
and run as duplicates. Processing and measurement were per-
formed as described in “Time course of PDE9A activity for
cUMP, cGMP and cCMP”.

Docking studies

Docking studies were performed with the molecular modeling
package SYBYLx 2.0 (Certara, L.P., St. Louis, MO, USA),
based on crystal structures of the PDE9A-cGMP enzyme-sub-
strate complex (PDB ID 3DYL) (Liu et al. 2008) and of
PDE7A in complex with 3-isobutyl-1-methylxanthine (PDB
ID 1ZKL) (Wang et al. 2005). cUMP and cCMP, respectively,

were manually docked retaining the binding mode of the
ribosylphosphate moiety in the PDE9A-cGMP structure.
PDE9A-cUMP and PDE7A-cCMP models were prepared as
follows: Hydrogens were added and charges were assigned
(proteins and water molecules—AMBER_FF99; ligands—
Gasteiger-Hueckel; metal ions M1, M2—formal charges of
2). Complexes were refined in two steps: first, minimization
with fixed nucleotide using the AMBER_FF99 force field
(Comell et al. 1995). Second, subset minimization of the nu-
cleotide and the surrounding (distance up to 6 A) protein res-
idues (Tripos force field (Clark et al. 1989)) In both minimi-
zation steps, the Powell conjugate gradient method with ter-
mination at a root-mean-square force of 0.05 kcal/mol x A~
was applied.

Data analysis and statistics

Analysis of HPLC-MS/MS data was performed with the
Analyst Software (ABSciex; Framingham, USA). The results
were exported to Microsoft Excel® (Microsoft; Redmond,
USA). The analyte amounts in the samples were calculated
from the analyte peak areas in GraphPad Prism 6® (San
Diego, CA, USA) by using calibration curves containing
cUMP/UMP together with either cGMP/GMP or
cCMP/CMP (0, 0.24, 0.49, 0.98, 1.95, 3.9, 7.8, 15.6, 31.3,
62.5, and 125 pmol). V., K, and ICso values were calcu-
lated using GraphPad Prism 6® (San Diego, CA, USA) using
nonlinear regression. For the evaluation of all enzyme kinetic
experiments, the internal standard was excluded. Logarithmic
errors were converted to linear errors by multiplication with
In10 and with the non-logarithmic mean value. The error bars
in the graphs represent standard deviations (SD). However,
the errors of K., Vinax, and ICsq values are all given as stan-
dard error of the mean (SEM), since GraphPad Prism auto-
matically calculates SEM and not SD, when fitting a curve.

Results

Characterization of cUMP hydrolysis by recombinant
PDE9A

Functionality of the recombinant PDE9A was assessed in 120-
min time course experiments with a saturating concentration
(3 uM) of the high-affinity substrate cGMP in the presence of
0.5 png/ml of PDE9A. Complete conversion to GMP occurred
within 60 min (Fig. 1a). From the initial linear part of the
hydrolysis curve (first 10 min), a Vi, of ~0.25 umol/min/
mg was determined (Fig. 1a, Table 1). Due to the very low K,
value of PDE9A for cGMP, we were not able to obtain useful
Michaelis-Menten kinetics data for cGMP hydrolysis. The
low ¢cGMP concentrations required rendered it difficult to de-
tect the analyte. Moreover, educt depletion occurred even with
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Fig. 1 Time course of PDE9A-mediated cGMP hydrolysis and inhibition
by BAY 73-6991. a Time course of GMP generation and cGMP
hydrolysis during incubation of cGMP (3 uM) with 0.5 pg/ml of
PDE9A (n =2: 90 and 120 min; n =3: all other data points); b
Inhibition of PDE9A-mediated cGMP hydrolysis by BAY 73-6691.
The data points marked by red circles in the GMP accumulation curve
were below the lower level of quantitation (LLOQ) of our HPLC-MS/MS

very low enzyme concentrations and very short incubation
times (data not shown).

We also tested, whether the cGMP-hydrolytic activity in
our samples is inhibited by the PDE9-selective inhibitor
BAY 73-6991. In fact, BAY 73-6991 reduced hydrolysis of
3 uM of cGMP with an ICs, value of ~2.6 uM (Fig. 1b,
Table 1), indicating that the observed activity is due to
PDE9A. Calculation of the inhibition constant from the
c¢GMP hydrolysis curve using the Cheng-Prusoff equation
(Cheng and Prusoff 1973) and a cGMP K, value of 70 nM
(Soderling et al. 1998) yielded a BAY 73-6991 K; value of
670 nM (Table 1). The literature cGMP K, value of 70 nM
(Soderling et al. 1998) was used for this calculation because of
the aforementioned problems with determining the K,,, value
of PDE9A for cGMP in Michaelis-Menten kinetics experi-
ments. We used the cGMP curve for the calculation of the K;

Table 1 Characterization of PDE9A-mediated cUMP and ¢cGMP
hydrolysis (+ SEM)
cUMP cGMP
K, (M) 401 + 86° n.d®
Vinax (Lmol/min/mg) 6.1+0.1 0.25
ICso (BAY 73-6691) (nM) 594 +228*¢ 258641093 4
329+ 1844
K, (BAY 73-6691) (nM) 5907 670°
327°¢

 Calculated from the NMP formation curve
®n.d. = not determined
¢ Calculated from the cNMP curve

9 Linear error calculated by multiplying the logarithmic error with In10
and with the non-logarithmic mean value

¢ Calculated using a cGMP K., value of 70 nM reported for PDE9 in the
literature (Soderling et al. 1998)
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method. Thus, the GMP accumulation curve was not used to calculate the
IC5¢ and K; values stated in the text and in Table 1. The LLOQ is defined
as the lowest analyte concentration that can still be determined with an
accuracy of 80—120%. Thus, the red-circled data points represent real data
that may differ by more than +20% from the “true” value. The samples
contained 0.2 uM of cGMP and 0.125 pg/ml of PDE9A (n =3). All data
are means + SD

value, because in the GMP curve, the 10 uM and 100 uM data
points were below the lower level of quantitation of our
HPLC-MS/MS method (red circles in Fig. 1b).

In contrast to cGMP, cUMP was hydrolyzed by PDE9A at
much slower velocity. In the presence of 0.5 pg/ml of PDE9A,
more than 120 min were required to completely convert 3 uM
of cUMP to the mononucleotide (Fig. 2a). To assess the basic
enzyme kinetics parameters (K, and V,..) for PDE9A-
catalyzed cUMP hydrolysis, Michaelis-Menten experiments
were conducted and the accumulation of mononucleotides
was determined. The conversion of cUMP into UMP occurred
with a maximum reaction velocity (Vyax) of 6.1 £0.1 umol/
min/mg (Fig. 2b, Table 1). Furthermore, we determined a
relatively high cUMP K., value of 401 +86 uM (Fig. 2b,
Table 1). These findings indicate that PDE9A is a low-
affinity but high-velocity PDE for cUMP. To make sure that
the observed hydrolysis of cUMP is indeed caused by PDE9A
and not by an undefined contamination, we characterized the
effect of the PDE9-selective inhibitor BAY 73-6691 on the
hydrolysis of 3 uM of cUMP. In fact, cUMP hydrolysis was
effectively inhibited by BAY 73-6691 with ICs, values of 594
+228 nM (UMP accumulation) or 329 + 184 nM (cUMP hy-
drolysis) (Fig. 2c, Table 1). Using the Cheng-Prusoff equation
(Cheng and Prusoff 1973) and the K, value determined in the
Michaelis-Menten kinetics, K; values of 590 nM or 327 nM
were calculated for inhibition of UMP formation or cUMP
hydrolysis, respectively (Table 1).

Interestingly, even though cUMP and cCMP display a sim-
ilar structure, no hydrolysis of 3 uM of cCMP occurred during
120 min of incubation with 0.5 pg/ml of PDE9A (Fig. 3a). By
contrast, cUMP was readily converted to UMP in control
samples (data not shown). This confirms previous findings
(Reinecke et al. 2011). We investigated, whether cCMP rep-
resents a low-affinity inhibitor of PDE9A-catalyzed cUMP
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Fig. 2 Enzyme kinetic characterization of PDE9A-mediated cUMP
hydrolysis. a Time course of cUMP degradation in presence of
0.5 pg/ml of PDE9A and 3 pM of cUMP (n=4); b UMP formation by
PDEO9A (0.125 pg/ml) in the presence of cUMP (1-1500 uM) (n = 1: 30,

hydrolysis. In fact, a slight inhibitory effect of cCMP occurred
at a concentration of 100 uM (Fig. 3b), which was further
enhanced in experiments with cCMP concentrations of up to
1 mM (Fig. 3c). The data suggest a cCMP K; value between
100 uM and 1 mM.

Binding modes and selectivity—molecular modeling
studies

Essential details on cGMP binding and PDE9A catalysis be-
came obvious from the crystal structure of the enzyme-
substrate complex PDE9A-cGMP (PDB 3DYL) (Liu et al.
2008). The binding mode of cGMP corresponds to the so-
called glutamine switch mechanism, originally derived from
specific hydrogen bond patterns explaining substrate selectiv-
ity of PDEs 1B, 4B, 4D, and 5A (Zhang et al. 2004). The
interaction between GIn453 and the adjacent Glu406 stabi-
lizes GIn453 in a position that enables the formation of three
hydrogen bonds with N1, 2-NH,, and 6-O of the guanine base,
resulting in PDE9A selectivity for cGMP (reflected, e.g., by

60, and 250 uM; n = 3: 50, 200, 300, and 400 uM; n =4: all other data
points); All data are means + SD; ¢ Inhibition of PDE9A-mediated cUMP
hydrolysis by BAY 73-6691. The samples contained 3 pM of cUMP and
0.25 pg/ml of PDE9A (n=3)

K., values of 0.17 uM for cGMP and 250 uM for cAMP (Liu
et al. 2008)). cGMP binding is further stabilized by Phe456
and Leu420 forming a “hydrophobic clamp” that embraces
the aromatic system of the guanine base. The hydrolytic center
is located close to the ribosyl phosphate moiety. Two metal
ions, M1 (Mn**) and M2 (Mg*"), coordinate not only with
adjacent amino acids and water molecules, but also with the
c¢GMP phosphate group which is thereby activated, leading to
hydrolysis of the cyclic phosphate ester by transfer of a proton
from His252 onto the 3’-oxygen of cGMP.

Conserving the binding mode of the ribosyl phosphate
moiety in the PDE9A-cGMP complex, cUMP can be easily
docked at PDE9A without sterical clashes (Fig. 4a). The active
site of the enzyme is located in a cleft between an N-terminal
(residues 178-291), a central (292-361), and a C-terminal
(362-505) «-helical subdomain. Metal ions M1 and M2 are
coordinated with His256, His292, Asp402, and Asp293, both
exocyclic phosphate oxygens and water molecules from
which one, as hydroxide ion, is the nucleophile of the hydro-
lysis reaction (Liu et al. 2008). The ribosyl moiety contacts

a b c
40 - 301 301
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g — o —® _ 254 & UMP —~ 25-
% _ 30+ % _ % R
S S S
S § 20- -8~ cCMP S § 15- S & 151 & cUMP
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Fig. 3 Hydrolysis of cCMP by PDE9A and inhibition of PDE9A-
mediated cUMP hydrolysis by cCMP. a Time course of cCMP
hydrolysis in the presence of 0.5 pg/ml of PDE9A and 3 uM of cCMP
(n=3); b Inhibition of PDE9A-mediated cUMP hydrolysis by cCMP
(cCMP concentration range 1 nM—100 uM; n =4); ¢ Inhibition of

PDE9A-mediated cUMP hydrolysis by cCMP (cCMP concentration
range 30 uM—1 mM; n =3). The samples for the data shown in (b)
and (c) contained 3 uM of cUMP, 0.25 pg/ml of PDE9A. All data are
means + SD
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Fig.4 Probable binding modes of a
a cUMP at PDE9A and b cCMP
at PDE7A. Shown are all amino
acids within 3.5 A around cUMP
and cCMP, respectively; atom
colors N: blue; O: red; P: orange;
S: yellow; M1 and M2: purple, C
and polar H atoms of cUMP and
c¢CMP: gray. C and polar H atoms
as well as backbone ribbons (o~
helices) and tubes are colored as
per o-helical subdomains, N-
terminal: yellow; central: green;
C-terminal: cyan. Metal ions: M1,
Mn?* (PDE9A), Zn>* (PDE7A);
M2, Mg*". Thin sticks represent
water molecules, hydrogen bonds
are shown by red dashed lines

hydrophobic side chains (Met365, 11e403). O2' and O3’ of
cUMP form hydrogen bonds with Tyr424 and His252, respec-
tively (the H252-O3’ H-bond indicates the catalytic proton
transfer). Like the guanine base of cGMP, the uracil base of
cUMP stacks with Phe456 on one side and contacts Phe251
and Leu420 on the other side (“hydrophobic clamp”). The 6-
oxygen atom forms two hydrogen bonds with the amide NH,
groups of Asn405 and GIn453. N3 and 2-O are involved in
(putative) water-mediated hydrogen bonds.

Neither cAMP nor cCMP can bind to PDE9A like cGMP
and cUMP, since the amino groups in 6- and 4-position, re-
spectively, do not act as hydrogen bond acceptors for the
GIn453 side chain amide in the given state of the glutamine
switch (model not shown). In case of cAMP, affinity is re-
duced by more than three orders of magnitude (Liu et al.
2008). Suggesting similar K, ratios for cGMP/cUMP and
cAMP/cCMP, it is not surprising that cCMP binds only very
weakly to PDE9A. By contrast, the cAMP-selective PDE7A
hydrolyzes cCMP. PDE7A-mediated cUMP hydrolysis, how-
ever, occurs, if at all, at much lower velocity (Monzel et al.
2014). The PDE7A K,, value for cAMP is <0.1 uM, but
135 uM for cCMP (Monzel et al. 2014). Similar as in the case
of PDE9A, the hydrolysis rate of the non-canonical nucleotide
is significantly higher than that of the canonical one (V,,,, for
cAMP and cCMP hydrolysis, 0.14 and 0.56 uM/min/mg, re-
spectively). The question arises whether cCMP may bind at
PDE7A in a similar mode as cUMP at PDE9A, but with a
different hydrogen bonding pattern due to the cAMP-
selective state of the glutamine switch. Therefore, cCMP
was docked at a crystal structure of PDE7A (PDB 1ZKL
(Wang et al. 2005)) in the same conformation as that of
cUMP docked at PDE9A.

The binding mode of cCMP at PDE7A is shown in Fig. 4b.
The PDE binding sites of cCMP (PDE7A) and cUMP (PDE9A)
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D253

H252

are very similar (root-mean-square deviation of the backbone of
all amino acids <3.5 A around the substrates, 0.49 A). The
ribosyl phosphates of cUMP and cCMP interact in basically
the same manner with corresponding amino acids, metal ions,
and a hydrolytic water molecule. Different are only the residues
on both sides of the ribosyl moieties (Tyr211 and Ile323 in case
of PDE7A). Furthermore, the replacement of PDE9A Tyr424 by
PDE7A Phe384 does not enable a hydrogen bond of the 2'-
hydroxyl. In case of PDE7A, the “hydrophobic clamp” around
the cytosine base is formed by Val380 and Phe416.

PDE9A Glu406 stabilizing the cGMP-selective state of the
glutamine switch is replaced by PDE7A Pro366. Instead of
that, the hydroxyl of PDE7A S377 stabilizes a cAMP-
selective state by a hydrogen bond with the side chain oxygen
of GIn413 (Wang et al. 2005). The 6-NH, group of cAMP and
the 4-NH, group of cCMP act as hydrogen bond donors for
this amide oxygen. The corresponding 6-O and 4-O atoms of
c¢GMP and cUMP, respectively, would lead to electrostatic
repulsion (model not shown). Similar as in the PDE9A-
cUMP complex, a specific (putative) water-mediated network
of hydrogen bonds may contribute to cCMP binding at
PDE7A, including the 4-NH, group, the side chains of
GIn413, Tyr211 and Asn365, backbone atoms of Asp362
and Asn365 as well as an exocyclic phosphate oxygen. An
overview of the interactions between cNMPs and key amino
acids of PDE7A and 9A is given in Tables 2 and 3,
respectively.

Discussion

A detailed analysis of the basic enzyme kinetic parameters of
PDE9A-mediated cUMP hydrolysis is presented. Michaelis-
Menten kinetics experiments revealed that PDE9A hydrolyzes
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Table 2  Binding mode of cAMP, cGMP, cCMP, and cUMP to PDE7A

Hydrolytic center and catalytic mechanism®

Glutamine switch® and H-bond networks

Hydrophobic clamp®

M1 (Mn?*) and M2 (Mg?*) coordinate with His216, His252,
Asp253, and Asp362, both exocyclic phosphate oxygens
and H,O molecules; the catalytic H,O molecule donates
OH for hydrolysis; His212 transfers H" onto O3’ of cNMP

Ribosyl moiety contacts Tyr211, 1le323; H-bonds: O3’ with
His212 (initialises proton transfer); O2' without H-bond
(Tyr424 of PDE9A replaced by Phe384)

cAMP: 6-NH, and N1 two H-bonds with amide
oxygen and NH,, respectively, of Gln 413¢
c¢CMP: 4-NH, H-bond with amide oxygen of GIn413°

c¢GMP: 6-O no H-bond with GIn413, but electrostatic
repulsion; NH1 possibly H-bond with amide oxygen
of GIn413 (cAMP-mode assumed)

cUMP: 4-O no H-bond to GIn413, but electrostatic

One side: Phe416

Other side: Val380

Additional van der Waals
contacts with Tyr211
and Ile363

repulsion (cCAMP-mode assumed)

 The interactions at the hydrolytic center, the catalytic mechanism and the hydrophobic clamp are applicable to cAMP, cGMP, cCMP and cUMP
® Glutamine switch of PDE7A: GIn413 stabilized in “cAMP mode” by H-bond of $377-OH with side chain oxygen of GIn413, Pro366 replaces Glu406

of PDE9A

€6-NH, of A and 4-NH, of C possibly involved in H,O-mediated H-bond network including Asn365, GIn413, Asp362, and Tyr211, exocyclic

phosphate oxygen

cUMP about 24-fold faster than cGMP under saturating con-
ditions (¢cUMP: V., =6.1+0.1 pmol/min/mg; cGMP:
Vinax = 0.25 pmol/min/mg). Also, PDE9A exhibits largely dif-
ferent K, values for cUMP and cGMP. According to the lit-
erature, the K, value for cGMP is as low as 0.07 uM
(Soderling et al. 1998), while our Michaelis-Menten kinetic
experiments resulted in a K, value of 401 = 86 uM for cUMP.
Thus, the affinity of PDE9A for cGMP is approximately
5700-fold higher than for cUMP. This large difference may
also be due to a much faster product dissociation of UMP from
the active center of the enzyme compared to GMP. Taken
together, PDE9A is a low-affinity and high-velocity enzyme
for cUMP, similar to the other previously described cUMP-
hydrolyzing PDEs 3A (Berrisch et al. 2017) and 3B
(Ostermeyer et al. 2018).

The observed cUMP degradation was not caused by unde-
fined contaminations in the enzyme preparation. First, the pu-
rity of our enzyme was >90% (according to the manufac-
turer’s specifications) and second, the competitive PDE9A-
selective inhibitor BAY 73-6691 (Wunder et al. 2005) effec-
tively inhibited both cUMP and ¢cGMP hydrolysis in our

Table 3  Binding mode of cAMP, cGMP, cCMP, and cUMP to PDE9A

samples with comparable K; values. This indicates that
PDEO9A in fact caused the observed cUMP hydrolysis.
Surprisingly, however, although the K; values of BAY 73-
6691-mediated inhibition of PDE9A activity are similar for
cUMP and cGMP in our experiments, they are 7- to 15-fold
higher than the PDE9 affinity originally reported for BAY 73-
6691 (Wunder et al. 2005). Since similar results were obtained
with independently prepared stock solutions, we can exclude
dilution errors. Our experimental conditions differed from
those used by Wunder et al. (2005) in several aspects. First,
our experiments were carried out with a purified GST-tagged
enzyme, while a crude preparation of PDE9A-expressing SO
insect cells was used by Wunder et al. (2005). Second, while
Waunder et al. (2005) used a [°’H]cGMP scintillation proximity
assay to determine enzyme inhibition, our results were obtain-
ed through HPLC-MS/MS analysis. Finally, the previous lit-
erature data were obtained after incubation at room tempera-
ture (Wunder et al. 2005), while our experiments were carried
out at 30 °C. We can only speculate that these and other yet
undefined differences might have led to the observed
discrepancy.

Hydrolytic center and catalytic mechanism®

Glutamine switch® and H-bond networks

Hydrophobic clamp

M1 (Mn**) and M2 (Mg**) coordinate with His256,

¢GMP: NH1, 2-NH, and 6-O three H-bonds with GIn453 One side: Phe456 Other side:

His292, Asp293, Asp402, both exocyclic phosphate cUMP: 6-O two H-bonds with amides of Asn405 and Leud20

oxygens and H,O molecules; the catalytic HO donates GIn453; 2-0O, N3 putative H,O-mediated H-bonds Additional van der Waals

OH for hydrolysis; His252 transfers H onto O3’ of cNMP  with Asn405. contacts with Phe251 and
Ribosyl moiety contacts Met365, 1le403; H-bonds: ¢AMP: 6-NH, no H-bonds with GIn453 11e403

02’ with Tyr424; O3’ with His252 (cGMP mode assumed)

(initialises proton transfer)

c¢CMP: 4-NH, no H-bonds with GIn453

(¢cGMP mode assumed)

* The interactions at the hydrolytic center, the catalytic mechanism, and the hydrophobic clamp are applicable to cAMP, cGMP, cCMP, and cUMP
® Glutamine switch of PDE9A: GIn453 stabilized in “cGMP mode” by interaction with adjacent Glu406
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Docking studies were performed to explore the molecular
basis for the different PDE9A affinities of cUMP and cGMP.
The guanine base (N1, 2-NH, and 6-O) of cGMP forms three
direct hydrogen bonds with GIn453 which is stabilized in the
appropriate glutamine switch state by Glu406. In case of
cUMP, only the 4-oxygen is involved in two direct hydrogen
bonds with GIn453 and Asn405. Probably, this is one of the
reasons for the much higher K, value of cUMP as compared
to cGMP. Additionally, a closer fit of the larger guanine base
to the “hydrophobic clamp” and a better filling of the binding
site may contribute to the high cGMP affinity. Weaker
PDE9A-cUMP/UMP interactions lead to fast dissociation of
the product UMP as main reason for the high V.« value of
cUMP. Nevertheless, the catalytic efficiency of PDE9A
expressed by V.«/Kn, is about 200-times higher for cGMP
vs. cUMP.

Unexpectedly, cCMP was not hydrolyzed by PDE9A, but
inhibited cUMP hydrolysis at concentrations > 100 uM. The
concentration-effect curve indicates a K; value between
400 uM and 1 mM. In the past, we have already described
selectivity for cUMP as compared to cCMP for the dual-
specific PDEs 3A and 3B (Reinecke et al. 2011; Ostermeyer
et al. 2018). Although structures of PDEs 4D and 10A in com-
plex with cAMP and ¢cGMP provide evidence that the gluta-
mine switch is not a common mechanism for recognition and
differentiation of PDE substrates (Wang et al. 2007a; Wang
et al. 2007b), PDE9A seems to be one of the PDEs with a
functional glutamine switch, reasoning why ¢cGMP and
cUMP may form essential hydrogen bonds with GIn453 in
contrast to cAMP and cCMP. By contrast, the cAMP-
selective PDE7A contains the reversed state of the glutamine
switch (Wang et al. 2005). The side chain amide of Gln413 is
stabilized by Ser377 in a conformation enabling hydrogen
bonds with the amino groups of cAMP and cCMP, but not
with the corresponding oxygens of cGMP and cUMP.
Comparing PDE9A with PDE7A (Wang et al. 2005), not only
cNMP docking, but also similar orders of magnitude of V.
and K, values for cGMP vs. cAMP and cUMP vs. cCMP as
well as virtual inactivity for cCMP and cUMP, respectively,
indicate a common catalytic mechanism, a uniform binding
mode of cNMPs and a single conserved glutamine as selectiv-
ity switch. Since cCMP is virtually resistant to PDE9A-
mediated hydrolysis, it might have a similar regulatory func-
tion for PDE9 as cGMP for the PDE3 isoforms 3A and 3B.
PDE 3A and 3B hydrolyze cGMP and cAMP with nanomolar
K., values, but the V,,,,, for cGMP is considerably slower than
for cAMP (Bender and Beavo 2006). Therefore, the PDE3
isoforms are considered “cGMP-inhibited cAMP-
hydrolyzing PDEs”. In a similar way, PDE9A may be regarded
a “low-affinity cCMP-inhibited cUMP-hydrolyzing PDE”.

It is intriguing to speculate that cUMP is biologically active
in the CNS and inactivated by PDE9A. Moreover, cCMP may
represent a physiological PDE9A inhibitor. In fact, CNS-
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derived cells like B103 rat neuroblastoma cells as well as
primary rat astrocytes contain almost 3-fold as much cUMP
as cGMP (Hartwig et al. 2014). Furthermore, soluble adenylyl
cyclase (sAC), a major source of cUMP in B103 cells (Hasan
et al. 2014), is present in neurons (Chen et al. 2013) and
astrocytes (Choi et al. 2012). The membrane-permeable
cUMP analogue cUMP-AM (acetoxymethylester) causes ag-
gregation of B103 cells and a round cell phenotype with
neurite outgrowth (Beckert et al. 2014a).
Intracerebroventricular (i.c.v.) administration of cUMP in a
rat model reduces exploratory activity and body temperature
and increases arterial blood pressure (Brus et al. 1984).
Finally, more than 50 years ago, an undefined cUMP
degrading PDE activity was reported for rabbit brain cortex
(Drummond and Perrott-Yee 1961) and for rat brain (Cheung
1967), which might represent PDE9 activity.

Due to the low PDE9A affinity of cUMP and cCMP, how-
ever, a role of PDE9 and cCMP in the regulation of cUMP
function would require high local concentrations of these
cNMPs. It cannot be excluded that such concentrations are
reached. For example, one million HEK293 cells contain
32.6 pmol of cCMP and 54.9 pmol of cUMP (Hartwig et al.
2014). Assuming a cell volume of ~ 1000 fL for a HEK293
cell (Vecsler et al. 2013), one million HEK293 cells fill a
volume of about 1 pl. This results in bulk cCMP- and
cUMP concentrations of 32.6 and 54.9 uM, respectively.
For NO-stimulated rat cerebellar astrocytes even an intracel-
lular cGMP concentration of ~800 uM was estimated in the
literature (Bellamy and Garthwaite 2001). Such high cNMP
concentrations could be additionally increased in intracellular
microdomains containing PDE9A in spatial proximity to
nucleotidyl cyclases.

PDE activity in a living cell is the net result of an interac-
tion with various competing cNMPs rather than a reaction
with just the “main substrate”. In this scenario, cNMPs with
low affinity for PDE9A, e.g., cAMP, cCMP, or cUMP, may
increase the apparent K, of cGMP to values much higher than
the extremely low in vitro K, values reported in the literature.
Moreover, the type of cNMP hydrolyzed by a certain PDE
may be cell-type dependent, because specific cell types show
characteristic cNMP profiles (Hartwig et al. 2014). In fact, the
“cAMP-specific” PDE4 was postulated to significantly
contribute to cGMP hydrolysis in rat cerebellar astrocytes
(Bellamy and Garthwaite 2001). Future studies should
therefore address PDE9A enzyme activity in cNMP mix-
tures and compare the activity of PDE9 and other PDEs
across various cell types with differing cNMP profiles.
Most importantly, however, intracellular fluorescent sen-
sors for cUMP and cCMP are urgently needed to investi-
gate the concentrations and the fate of these “exotic” cyclic
nucleotides in living intact cells.

Finally, a potential pathophysiological role of cUMP
should be considered. The Pseudomonas aeruginosa bacterial



Naunyn-Schmiedeberg's Arch Pharmacol (2019) 392:199-208

207

exotoxin and nucleotidyl cyclase ExoY preferentially gener-
ates cUMP in mammalian cells (Beckert et al. 2014b). Also,
intratracheal infection of mice with an ExoY-overexpressing
P aeruginosa laboratory strain resulted in increased cUMP
concentrations in the lung, serum, urine, and feces (Béhre
et al. 2015). In this situation, cUMP-hydrolyzing low-affinity
and high-velocity PDEs could represent an efficient mecha-
nism to detoxify large amounts of cUMP. This mechanism
might be additionally complemented by the multidrug
resistance-associated proteins MRP 4 and MRP 5 that had
previously been shown to export cUMP out of the cell (Laue
etal. 2014).

However, it should also be noted that several naturally
occurring P. aeruginosa strains express much lower amounts
of the toxin (Munder et al. 2018). Nevertheless, the ExoY™"
P aeruginosa infection model could help to clarify to which
extent the expression patterns of cUMP-hydrolyzing PDEs
differentially influence cUMP concentrations in various or-
gans of the infected mice. Ideally, such experiments would
require the use of PDE knockout mice as controls.
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