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Intact HEK293 cells and B103 neuroblastoma cells possess high basal concentrations of the established
second messengers CAMP and cGMP and of the emerging second messengers cCMP and cUMP. We asked
the question which nucleotidyl cyclase accounts for the high basal cNMP concentrations. Activators and
inhibitors of soluble guanylyl cyclase had no major effects on cNMPs, and the activator of membranous
adenylyl cyclase forskolin increased only cAMP. Addition of bicarbonate to medium increased, whereas
removal of bicarbonate decreased levels of all four cNMPs. The inhibitor of soluble adenylyl cyclase, 2-
(1H-benzo[d]imidazol-2-ylthio)-N'-(5-bromo-2-hydroxybenzylidene) propanehydrazide (KH7), reduced
bicarbonate-stimulated cNMPs. In conclusion, bicarbonate-stimulated soluble adenylyl cyclase plays an
important role in the regulation of basal cellular cNMP levels, most notably cCMP and cUMP.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

NCs convert NTPs to the corresponding cNMPs and PP; [1-4].
Mammalian cells express nine mACs (isoforms 1-8 are activated
by the diterpene FSK) and a bicarbonate-stimulated sAC [2,5,6].
Both FSK and bicarbonate activate their target enzymes by an evo-
lutionary conserved allosteric mechanism [5,7]. Moreover, mam-
malian cells express seven pGCs and a NO-stimulated sGC [3,4].
It is generally assumed that NCs are base-specific, i.e. ACs produce
cAMP, whereas GCs produce cGMP [1-4|. However, over the past
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decade, it has become increasingly clear that NCs exhibit a rather
broad base-specificity, i.e. they are potently inhibited by 2’,3'-N-
methylanthraniloyl- and 2’,3'-(2,4,6)-trinitrophenyl-substituted
purine- and pyrimidine nucleotides [8-10]. Based on these data,
the question arose whether NCs are also promiscuous with respect
to their substrates. In fact, the bacterial “AC” toxins edema factor
from Bacillus anthracis and CyaA from Bordetella pertussis were
the first NCs unequivocally demonstrated to generate cCMP and
cUMP, in addition to the “cognate” product cAMP [11,12]. Subse-
quently, sGC was shown to generate cCMP and cUMP, in addition
to cGMP, in a NO-dependent manner both at the level of the puri-
fied enzyme and the intact cell [13,14]. Intriguingly, generation of
individual cNMPs by NCs is differentially regulated by divalent cat-
ions [11-14]. The development of highly sensitive and specific
HPLC-MS/MS and HPLC-MS/TOF methods was very important for
proofing cCMP and cUMP formation by sGC and toxins [11-14].
In marked contrast to sGC and bacterial AC toxins, the pGC iso-
forms A, E and F do not generate cCMP and cUMP [12]. With regard
to mACs and sAC, to the best of our knowledge, it has not yet been
examined whether these enzymes produce only cAMP or also other
cNMPs.

During the course of our studies on NCs we serendipitously
observed that HEK293 cells possess high basal cCMP and cUMP
levels [12]. In a survey study of various mammalian cell types we
noticed that B103 neuroblastoma cells possess high basal cCMP
and cUMP levels as well [15]. Intriguingly, both HEK293 cells and
B103 cells are derived from the neuronal cell lineage [16]. sAC
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was cloned from HEK293 cells [17], and astrocytes, developmen-
tally related to neuroblastoma cells [ 18], express sAC at high levels,
too [19]. Additionally, 2’,3’-N-methylanthraniloyl- and 2',3’-
(2,4,6)-trinitrophenyl substituted purine- and pyrimidine nucleo-
tides inhibit SAC with similar potency [9]. Based on these data, in
the present study, we asked the question whether sAC plays a role
in the regulation of basal cCMP and cUMP concentrations in intact
cells.

2. Materials and methods
2.1. Materials

IBMX, FSK and M7403 medium were purchased from Sigma-
Aldrich (Seelze, Germany). DMEM high glucose 4.5 g/L, MEM,
penicillin, streptomycin, t-glutamine, and Dulbecco’s PBS were
purchased from PAA (Pasching, Austria). SNP (Merck, Darmstadt,
Germany) was freshly dissolved as 100 mM stock solution in
100 mM sodium acetate, pH 5.0, using a light-protected brown
tube. KH7 (4.8 mM, Biozol, Eching, Germany) and FSK (10 mM)
were prepared as stock solutions in dimethyl sulfoxide. Dimethyl
sulfoxide up to 1% (v/v) had no effect on cNMP levels in the
short-term experiments conducted in this study (data not shown).
Fetal bovine serum was obtained from Lonza (Verviers, Belgium).
HPLC-grade acetonitrile, methanol and water were supplied by
Baker (Deventer, The Netherlands). Tenofovir was used as internal
standard for HPLC-MS/MS experiments and was a kind gift from
the National Institutes of Health, AIDS Research and Reference
Program, Division of AIDS (Bethesda, MD, USA).

2.2. Cell culture

HEK293 cells were grown in a humidified atmosphere of 95%
(v/v) air and 5% (v/v) CO, at 37°C in DMEM high glucose
(4.5 g/L) supplemented with 10% (v/v) fetal bovine serum,
200 pg/mL t-glutamine, 100 U/mL penicillin, and 0.1 mg/mL strep-
tomycin up to 80% confluency. For B103 cells, MEM medium was
used instead; all other medium components were like for
HEK293 cells. Cells were harvested by aspirating the cell culture
medium followed by addition of 300 pL cold extraction solution
(4 °C) consisting of acetonitrile/methanol/water (2:2:1, (v/v/v))
and 25 ng/mL tenofovir. Cells were scraped off and the suspension
was heated for 20 min at 96 °C. After cooling, cell suspension was
centrifuged at 20,000xg for 10 min. The supernatant fluid was
evaporated completely under nitrogen atmosphere at 40 °C. Resi-
due was dissolved in 150 puL water and analyzed as described in
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concentration, cell pellets were dried at room temperature. Dried
cell pellets were dissolved in 0.1 M sodium hydroxide at 96 °C
for 20 min. Ten microlitres of protein solution were taken for quan-
titation of protein concentration by means of bicinchoninic acid
protein assay. Transfection of HEK293 cells with pcDNA 3.0 plas-
mids encoding for pGCs C, D or G was performed as described
recently for sGC [13].

2.3. Analysis of cNMPs in intact cells

cNMP quantitation was performed via HPLC-MS/MS as
described using a QTrap 5500 triple quadrupole mass spectrometer
(ABSCIEX, Foster City, CA, USA) [13]. Ion source settings and colli-
sion gas pressure were manually optimized regarding ion source
voltage, ion source temperature, nebulizer gas, and curtain gas
(ion source voltage of 5500V, ion source temperature of 400 °C,
curtain gas of 30 psi, collisionally activated dissociation gas of
9 psi). Nitrogen was used as collision gas. Chromatographic data
were collected and analyzed with Analyst 1.5.1 software
(ABSCIEX).

2.4. Statistics

Data are presented as means + SD, and are based on 3-6 inde-
pendent experiments. GraphPad Prism software version 5.01 soft-
ware (San Diego, CA, USA) was used for calculation of mean and SD,
as indicated. p-Values were calculated by means of ANOVA Dun-
nett’s multiple comparison test with ***p <0.001; *p <0.01; and
*p <0.05.

3. Results
3.1. Studies with HEK293 cells

As reported before [12], HEK293 cells exhibited considerable
basal ¢cNMP levels in the order cAMP > cUMP > cCMP ~ cGMP
(Fig. 1). The non-selective PDE inhibitor IBMX [20] by itself had
no stimulatory effect on cNMP levels (data not shown). Addition
of the sAC stimulator NaHCO; (40 mM) [6] to HEK293 cells cul-
tured in DMEM medium supplemented with 10% (v/v) FBS
increased levels of all cNMPs by about 3-4-fold. The sGC inhibitor
0DQ [13,14] had no inhibitory effect on basal cNMP levels (but was
rather slightly stimulatory), and the sGC activator SNP [13,14]
showed only the expected increase in cGMP, but not a stimulatory
effect on cAMP, cCMP and cUMP.

The exchange of DMEM medium against Sigma M7403 resting
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Fig. 1. Regulation of cNMP levels in HEK293 cells by SNP, ODQ and NaHCO5 (A-D). HEK293 cells were pre-incubated with IBMX (100 uM) for 30 min followed by addition of
0DQ (100 puM; 30 min pre-incubation), NaHCO3 (40 mM) and SNP (100 puM). After additional 60 min cell metabolism was stopped and cNMP concentrations were analyzed by
HPLC-MS/MS (n = 3-6 £ SD). Cells were seeded in 6-well plates for 24 h with 4 x 10° cells per well before analysis. Control is composed of DMEM + 10% FBS + IBMX 100 pM.
Please note the different scales of the y-axes in all panels. “*p-value < 0.001; **p-value < 0.01 (n =3 £ SD).
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Table 1
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Regulation of cNMP levels by NaHCO3, KH7 and FSK in HEK293 cells. (A) HEK293 cells were pre-incubated under resting medium (Sigma M7403 without NaHCO3) with IBMX
(100 uM) and KH7 (10 uM, 30 uM) for 30 min followed by stimulation with NaHCO; (40 mM). After additional 60 min cell metabolism was stopped and cNMP concentrations
were analyzed by HPLC-MS/MS (n = 3 + SD). Cells were seeded in 6-well plates for 24 h with 4 x 10° cells per well before analysis. cNMP levels under DMEM + 10% FBS conditions
are shown as well. (B) HEK293 cells were pre-incubated with IBMX (100 uM) for 30 min followed by stimulation with FSK (10 uM, 100 pM). After additional 60 min, cell
metabolism was stopped and cNMP concentrations were analyzed by HPLC-MS/MS (n =3 + SD). Cells were seeded in 6-well plates for 24 h with 6 x 10° cells per well before

analysis.
cAMP cUMP cCMP cGMP
[pmol/mg protein] [pmol/mg protein] [pmol/ mg protein] [pmol/mg protein]
(A)
DMEM + 10% FBS 40.51 £4.01 1148 £1.79 5.38£0.92 242 +0.53
Resting medium + [BMX 100 pM Control 12.85+3.13 <LOD <LOD <LOD
NaHCO; 72.97 +5.81 <LOD 6.03 £0.03 5.62+1.58
NaHCO; + KH7 10 pM 30.28 £8.30 <LOD 4.02+0.16 2.18+1.34
NaHCOs5 + KH7 30 uM 22.65+5.83 <LOD <LOD 0.64 +0.15
(B)
DMEM + 10% FBS + IBMX 100 uM Control 62.41+3.89 12.41£0.92 7.33+0.88 5.02+0.29
FSK 10 pM 1230+130 12.12+2.13 6.25+1.28 3.99+0.75
FSK 100 pM 15396 £1,004 11.82+1.04 6.97 +0.63 4.44 +0.62

LOD = limit of detection.
" p-value < 0.01.
" p-value < 0.001.

Table S1) resulted in a dramatic decrease in cAMP level and com-
plete disappearance of cGMP, cUMP and cCMP (Table 1A). Re-addi-
tion of NaHCO; restored high levels of cAMP, cCMP and cGMP,
whereas cUMP did not increase. When DMEM medium was
exchanged against fresh DMEM medium, no decrease in cNMP lev-
els was observed (Fig. S1). The effect of exchange of DMEM med-
ium against resting medium was rapid in onset and reached a
maximum after 10 min (Fig. S2). Within 20 min after re-addition
of NaHCOs, basal cNMP levels were completely (cAMP, cGMP and
cCMP) or largely (cUMP) restored (Fig. S3). Reconstitution of CaCl,
had no stimulatory effect on cNMP levels in the absence or pres-
ence of extra NaHCO; (Fig. S4). Likewise, the addition of FBS
(10%, v/v) to DMEM medium or resting medium had no effect on
cNMP levels (data not shown).

The sAC inhibitor KH7 [21] reduced NaHCO3-stimulated cNMP
levels in HEK293 cells in a concentration-dependent manner
(Table 1A). Since the specificity of mAC inhibitors is very problem-
atic [8,22], we did not study such compounds. Instead, we exam-
ined the mAC activator FSK [1,2,5,8]. FSK (10 uM and 100 uM)
increased cAMP levels in HEK293 cells by about 20-fold and 240-
fold, respectively (Table 1B), demonstrating endogenous expres-
sion of FSK-stimulated mAC isoforms in the cells. In marked con-
trast, FSK exhibited no stimulatory effects on cellular levels of
cGMP, cCMP and cUMP. In agreement with these data, we did
not observe stimulatory effects of FSK on formation of cGMP, cCMP
and cUMP in Sf9 insect cell membranes expressing mAC isoforms

1, 2 or 5 (data not shown). We also transfected pGC isoforms C,
D and G [3] into HEK293 cells, but found no evidence for a role
of these pGCs in the regulation of cCMP and cUMP under various
experimental conditions (data not shown). These data are in accor-
dance with our previous data on pGCs A, E and F [12].

HEK293 cells endogenously express sAC at the mRNA and pro-
tein level [17]. In fact, HEK293 cells are such a rich sAC source that
the enzyme was cloned from this system [17]. Since we experi-
enced problems with the specificity of the sAC antibody R21 [19],
we could not demonstrate sAC expression at the protein level (data
not shown).

3.2. Studies with B103 neuroblastoma cells

Similar to HEK293 cells, B103 cells exhibited basal cNMP levels
in the order cAMP > cUMP > cCMP ~ cGMP (Fig. 2A-D). The mAC
activator FSK massively increased cAMP levels, but not the level of
the other cNMPs. The sGC activator SNP had no stimulatory effect
of cNMPs in B103 cells. In contrast, NaHCO3 addition increased
cNMP levels 2-3-fold. Note that the stimulatory effect of NaHCO3
on cAMP was not statistically significant in the ANOVA analysis
due to the exceedingly large stimulatory effects of FSK. When FSK
was deleted from the ANOVA analysis, the effect of NaHCO3; on
cAMP was also significant with p <0.001. Exchange of DMEM
medium against resting medium without NaHCO5 largely reduced
cAMP levels and abrogated cCMP, cUMP and cGMP (Fig. 2E).
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Fig. 2. Regulation of cNMP levels in B103 cells by NaHCOs, SNP and FSK. (A-D) B103 cells were pre-incubated with IBMX (100 uM) for 30 min followed by stimulation with
NaHCO3 (40 mM), SNP (100 pM) and forskolin (10 pM, 100 uM). (E) Basal cNMP concentrations under MEM medium and under resting medium (Sigma M7403 without
NaHCOs) pre-incubated for 30 min. After additional 60 min, cell metabolism was stopped and cNMP concentrations were analyzed by HPLC-MS/MS (n = 3-6 + SD). Cells were
seeded in 6-well plates for 24 h with 4 x 10° cells per well before analysis. Control is composed of MEM + 10% FBS + IBMX 100 M. Please note the different scales of the y-

axes in all panels. **p-value < 0.001; **p-value < 0.01 (n =3 £ SD).
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4. Discussion

The aim of this study was to examine the role of sAC in the reg-
ulation of basal levels of cAMP, cGMP, cCMP and cUMP in HEK293
cells and B103 cells. Fig. 3 provides a schematic presentation of the
biochemical mechanisms analyzed in this study. sAC is activated
by HCO3 [6,17] and inhibited allosterically by KH7 [21]. The stim-
ulatory effects of NaHCO; addition and the inhibitory effects of
NaHCOs depletion and KH7 strongly indicate that sAC is the major
player in the regulation of basal cNMP levels in these cells. In
marked contrast, mACs possess an exquisite specificity for cAMP
formation, highlighted by massive cAMP increases upon FSK addi-
tion and contrasting lack of FSK on the other cNMPs. Our findings
suggest that basal cNMPs (cAMP, cGMP, cCMP and cUMP) formed
by sAC in distinct microdomains possess very different functions
than stimulated cAMP formed by mACs.

As the next step, it will be very important to study the catalytic
properties of purified sAC in terms of substrate-specificity. The
very recent availability of the crystal structure of the sAC catalytic
domain [7] will allow direct comparison with the catalytic domain
of mAC [23] in terms of molecular dynamics simulations. Based on
the present data we anticipate that sAC exhibits larger conforma-
tional flexibility than mAC so that the enzyme is capable of utiliz-
ing a wider variety of substrates than mAC. One approach to study
the specific function of basal cNMPs formed by sAC is to add to
cells membrane-permeable acetoxymethyl esters of cAMP, cGMP,
cCMP and cUMP [24] at defined concentrations under resting med-
ium conditions, i.e. NaHCO3 depletion, and to analyze changes in
cell functions. One sAC-regulated gene is the cystic fibrosis conduc-
tance regulator [25].

Our studies show that membranous NCs, be it mACs or pGCs,
are not capable of generating cCMP and cUMP, whereas the soluble
NCs are capable of such synthesis. We have already examined sGC
at the level of the purified enzyme and at the level of intact cells
with respect to basal and NO-stimulated cNMP formation and

Hormones
Neurotransmitter\s

found striking differences between the two systems [13,14]. More-
over, cells overexpressing sGC behaved very differently from cells
endogenously expressing sGC in terms of cNMP regulation [14].
To this end, we have only studied cells endogenously expressing
sAC. By analogy to the sGC studies, we expect sAC-overexpressing
cells to behave very differently than native HEK293 and B103 cells.
Furthermore, it will be very difficult to predict the precise kinetic
properties of purified sAC with respect to substrate-specificity,
the type and concentration of divalent cation playing a role and
the absence or presence of regulatory domains.

Our present study focused on neuronally derived HEK293 and
B103 cells and found generally similar regulatory patterns of cNMP
concentrations. We predict that cells with high sAC expression lev-
els such as gut-derived Caco-2 cells and bone-derived osteoblasts
also exhibit high basal levels of cUMP and cCMP [17]. In contrast,
we expect that organisms that are devoid of sAC such as Dictyoste-
lium discoideum [26] lack cCMP and cUMP. From our previous stud-
ies [12,14] and present report it is clear that cCMP and cUMP are
not rare cNMPs. Rather, they can even surpass the levels of the
established second messenger cGMP. Our data also urgently call
for large efforts of the research community at identifying specific
cCMP- and cUMP-binding proteins. Appropriate affinity chroma-
tography and MS techniques are already in place [27]. Considering
the differential substrate-specificities of membranous and soluble
NCs, it is likely than any given cNMP also plays a specific role in
signal transduction. In this context, it should also be noted that
we observed subtle differences in the regulation of individual
cNMPs by KH7 and bicarbonate and among the two related cell
types, indicating that substrate-specificity of sAC can be specifi-
cally regulated by as yet unknown factors. Evidence for differential
regulation of substrate-specificity was already obtained for sGC
and bacterial “AC” toxins [11-13], here divalent cations being crit-
ical components of the system. We also observed experiment-to-
experiment variations in the absolute cNMP concentrations. These
differences may reflect the fact that it is experimentally impossible

H,O +
Co,

Fig. 3. Overview on regulation of cNMP formation by mACs and sAC in HEK293 and B103 cells. mACs are activated via Gs-protein-linked receptors for hormones and
neurotransmitters. mACs 1-8 are directly activated by FSK. mACs are very specific for cAMP formation. In contrast, the HCO3 stimulated sAC exhibits broad substrate-
specificity and generates cAMP, cGMP, cUMP and ¢cCMP. sAC is localized in the cytosol, in mitochondria and in the nucleus where it controls the transcription factor CREB.
HCOs concentration is regulated by the activity of various CAH isoenzymes and Na*/HCOs3 cotransporter (NBC). sAC activity in intact cells (HEK293 and B103) can be
manipulated by addition and removal of NaHCO; from the culture medium and by the sAC inhibitor KH7. Regulation of cNMP formation by NO-stimulated sGC is not shown
here because this enzyme does not play a major role in the regulation of basal cNMP levels in HEK293 and B103 cells. pGCs are not shown either because there is no evidence

that these enzymes generate cCMP and cUMP.



240 A. Hasan et al./Biochemical and Biophysical Research Communications 448 (2014) 236-240

to precisely control the actual HCO3 concentration at the sAC
enzyme and the metabolic state of the cell.

Another field of future investigation will be the analysis of CAH
in the regulation of cNMPs. It is now appreciated that CAH is not a
simple homeostatic enzyme but rather a complex family of
enzymes with very different functions [28]. Thus, it is conceivable
that different CAH isoforms play different roles in the regulation of
basal cNMP levels. One approach to address this question will be
the application of CAH isoform-specific inhibitors [28]. In addition,
CAH knock-out and knock-down cells should be studied.

Last but not least, it is conceivable that total cellular and/or
local NTP concentrations play a role in the regulation of basal
c¢NMP concentrations. Specifically, in cells with low CTP and UTP
levels, low basal cCMP- and cUMP concentrations are expected.
Thus, availability of NTPs may provide a link between cell metab-
olism and second messenger-regulated signal transduction. Con-
versely, SAC may possess the function of an NTP sensor [29]. A
link between NTPs and signal transduction was already made for
Poy-receptors, the activity of which is regulated by ATP and UTP
released from mechanically stressed cells [30].

In conclusion, we have provided evidence for an important role
of sAC in the regulation of basal levels of cAMP, cGMP, cCMP and
cUMP. sAC appears to play a distinct role in the regulation of cNMP
levels compared to sGC, pGCs and mACs. An implication of our data
is that cCMP and cUMP play unique functions as second messen-
gers in homeostatic signaling.
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