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Abstract

Phosphodiesterase-5 (PDE5), receptor for the drugs sildenafil (Viagra ), vardenafil (Levitra), and tadalafil (Cialis),
selectively hydrolyzes the second messenger cGMP. However, its hydrolytic mechanism is unknown. The hydrolyzable
substrate analog mant-cGMP and isolated PDE5 catalytic domain were used to study substrate interaction and
subsequent hydrolysis. Stopped-flow analysis by Förster/fluorescence resonance energy transfer (PDE5 tryptophans
mant-cGMP) identified five steps. The rate constant of mant-cGMP binding to PDE5 catalytic domain was measured to
be 2.4 x 107 M-1 s-1 at 4C but was too rapid to be measured at 20oC. Substrate binding was followed by two additional
Mg2+-dependent, and mant-cGMP concentration-independent increases in fluorescence (Steps 2 and 3). The decrease in
fluorescence that occurred with Step 4 had the same rate as the hydrolytic step measured by quench-flow and was
attributed to be hydrolysis followed by rapid product dissociation. These results suggested that hydrolysis of mant-cGMP
is the rate-limiting step of the enzymatic reaction and that the final slow increase in fluorescence is due to the binding of
nonenzymatically isomerized product, mant-5’-GMP (2’3’) to the enzyme. We propose a model whereby mant-cGMP in
the presence of Mg2+ rapidly binds to the catalytic site of the enzyme, followed by multi-step formation of increasingly
tight enzyme-substrate complexes prior to mant-cGMP hydrolysis and rapid dissociation of the product, mant-5’-GMP.
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Introduction
Because cyclic nucleotide phosphodiesterases (PDEs)
modulate cellular cyclic nucleotide levels, catalytic
activities of PDEs are critical in regulating many
physiological processes. Based on natural selection it can
be surmised that PDEs catalyze cyclic nucleotide
breakdown at a rate that modulates their levels within a
range that is appropriate for physiological responses in a
particular cell type or cellular compartment [1-6]. For
example, PDE6 in retinal photoreceptors can turn over
the total pool of cGMP within ~0.015 sec following a
moderate light flash; this leads to generation of a signal
that is perceived by central nerves [1]. The rapid rate of
cGMP hydrolysis in photoreceptors can be contrasted
with that in vascular smooth muscle cells, where cGMP

elevated in response to nitrous oxide is turned over by
PDE5 in ~50 sec [2], thus allowing for restoration of
cellular Ca2+. A number of studies have investigated
aspects of the catalytic mechanism of various PDEs [7-16]
but the precise molecular steps that occur during binding
and hydrolysis of cyclic nucleotide and the subsequent
dissociation of the 5’-nucleotide product are unknown.
Here in we use purified recombinant isolated human
PDE5 C domain, the fluorescent substrate analog2'-O-(Nmethylanthraniloyl)-cGMP (2’-mant-cGMP, mant-cGMP),
and the fluorescent product analog 2'-O-(Nmethylanthraniloyl)-5’-GMP (mant-5’-GMP) (Figure 1), to
study the catalytic mechanism of PDE5.

Figure 1: Chemical structures of 2’-O-(N-methylanthraniloyl)-cGMP (2’-mant-cGMP, mantcGMP) and the products [2’- mant-5’-GMP (2’-mant-GMP) and 3’-mant-5’-GMP (3’-mant-GMP)]
of PDE5 hydrolysis.

Experimental Procedures
Materials
mant-cGMP and mant-5’-GMP were either purchased
from Biolog (Life Science Institute, Germany) or
synthesized as described below. QAE-Sephadex, EDTA,
theophylline, bovine serum albumin, histonetype II-AS,
Crotalus atrox snake venom 5’-nucleotidase, 5'-5’-GMP
(GMP), cGMP, MgCl2, Mg(C2H3O2), Tris base, and solvents
were obtained from Sigma-Aldrich (St. Louis, MO USA). Nmethylisatoic anhydride, was obtained from InvitrogenMolecular Probes (Carlsbad, CAUSA). Cellulose and silica
gel (DC-Platikfolien Kiselgel) TLC plates (20 x 20 cm)
were obtained from Kodak (Rochester, NYUSA) or Merck
(Germany), respectively. [3H]cGMP, Sephadex LH-20 and
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Sephadex G-25 resins were from Amersham Pharmacia
Biotech (GEHealthcare, Little Chalfont, Buckinghamshire,
UK).

Preparation of mant-analogs
mant-cGMP was purchased and synthesized from cGMP
and N-methylisatoic anhydride according to the
procedure of Hiratsuka (3). Both commercial and
synthesized Mant-analogs were analyzed on TLC as
previously described (3) and the Rf for each nucleotide
was determined from the ratio of the distance traveled by
the sample to that of the distance traveled by the solvent
front.
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The isolated human PDE5A1 C domain (amino acids
535-860) was constructed, purified, and characterized as
previously described (4,5). A portion of one of the
preparations was purified in the absence of added Mg 2+,
thus providing a stock of Mg2+-free isolated PDE5 C
domain. The specific enzyme activity of this preparation
was comparable to that of enzyme purified in the
presence of Mg2+ as determined in a standard PDE assay
done in the presence of Mg2+ (see method for steady-state
kinetic measurements below).

Steady-state kinetic measurements
Standard PDE activity assays were performed as
described previously [5,6] to determine the IC50 of the
two Mant-nucleotide analogs for the isolated PDE5 C
domain. To demonstrate the characteristics of mant-cGMP
as a substrate for the PDE5 C domain, several kinetic
constants of mant-cGMP were initially determined and
compared to those of cGMP. Affinities for mant-cGMP and
cGMP were compared by measuring apparent inhibition
of increasing concentrations of these nucleotides in a
standard PDE assay under initial rate conditions
and containing 0.1 micromolar [3H]cGMP as substrate,
which is far below the known Km value. mant-cGMP (1
mM) was tested for hydrolysis by PDE5 C domain (0.5
µM) using overnight incubation at room temperature in
the standard PDE reaction mixture. The reaction was
terminated by heating samples in boiling water for 5 min;
nucleotides in the reaction were resolved by two different
forms of TLC, and visualized using a hand-held UV lamp.
Aliquots of the reaction mixture were spotted onto both
silica gel and cellulose TLC plates alongside mant-cGMP
and mant-5’-GMP standards and developed.

Pre-Steady-state kinetic measurements
Stopped-flow and quench-flow were used for rapid
kinetic measurement of the interaction between mantcGMP and the PDE5 C domain. Stopped-flow was used to
determine the rate of binding of mant-cGMP to isolated C
domain, rate of steps subsequent to mant-cGMP binding
and Mg2+ dependence of each step. Four tryptophans in
the PDE5 C domain are located within 2 nm of the
substrate-binding site (PDB code number = 1rkp). The
close proximity of tryptophan side chains in the cGMP
binding site suggests that FRET is likely to occur between
the C domain tryptophans and mant-cGMP. For FRET to
occur, the excited donor fluorophore (PDE5 tryptophans)
must be located within <10 nm of the acceptor
fluorophore mant-cGMP.
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Previous studies have shown the importance of Mg2+ in
the catalytic mechanism of PDE5. We have therefore
determined whether Mg2+ is required for interaction of
mant-cGMP with the C domain measured by FRET. The
reaction was done with the purified enzyme in the
presence of EDTA (to remove trace amounts of divalent
cations that may have carried over from purification of
the C domain), and in the presence or absence of added
Mg2+. There was only a small time-dependent increase in
FRET if mant-cGMP was mixed with PDE5 without added
Mg2+ (Figure 2). The small change in fluorescence
intensity was eliminated when enzyme was mixed with
mant-cGMP in the presence of EDTA and significantly
increased in the presence of added Mg2+ (Figure 2). The
fluorescence signal did not depend upon the order of
addition of Mg2+ and mant-cGMP to enzyme.

Fluorescence, volts

Isolated PDE5 C domain

Seconds
Figure 2: Requirement of Mg2+ for FRET between PDE5
and mant-cGMP. PDE5 C domain (2.5 µM) was pre-mixed
in stopped-flow cell at 20°C with buffer (20 mM Tris-HCl,
pH 7.5, 50 mM NaCl) containing either 0 mM MgCl 2; 5 mM
EDTA; or 1 mM MgCl2 for 60 sec. mant-cGMP (1.25 µM)
was then added and FRET was measured with stoppedflow fluorometer, λexc = 290 nm, λemission> 420 nm.
Stopped-flow fluorescence was measured using
aKinTek
SF-2001
double
mixing
stopped-flow
fluorometer. The excitation light from a 75-watt xenon
lamp was selected using a 0.2 monochromator (PTI Inc.).
The mixing time of the instrument was < 2 msec. Kinetic
measurements of Mant-cGMP interaction with C domain
were observed via fluorescence by Förster/fluorescence
resonance energy transfer (FRET) using an excitation of
295 nm and emission >420 nm with a sharp cutoff filter.
The KinTek stopped-flow apparatus was fitted with 2-ml
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syringes in positions A and B and a 5-ml syringe in
position C.
Single mixing stopped-flow experiments were
performed by mixing isolated C domain in 50 mM TrisHCl, pH 7.5, 20 mM NaCl (position A) with Mant-cGMP in
the same buffer and varying concentrations of MgCl 2
(position C). Dilution of the syringe content was 2/7 for
isolated C domain and 5/7 for Mant-cGMP. Double-mixing
experiments were performed by first mixing C domain
(position A) with Mant-cGMP or Mant-5’-GMP (position
B), holding in a delay line for a prescribed period of time,
and then mixing (chasing) with cGMP (syringe position C)
to prevent rebinding of the fluorescence substrate and
products to the enzyme. Dilution of the syringe content in
double mixing experiments was 2/9 for isolated C domain
and Mant-cGMP (positions A and B, respectively) and 5/9
for cGMP or vardenafil (position C).
Three to four data traces of 500-1000 points were
averaged, and the observed rate constants (k) and
amplitudes (A) were obtained by fitting the data for
change in fluorescence (F) as a function of time (t) to up
to five exponential terms using the following exponential
equation:

F (t )  [  i  n ( Ai e(  ki t ) )]C

(2)

Where i = index of summation, n = the number of
exponential terms used to fit the data, e = the base of the
natural logarithm, and C = a constant. Data calculation and
analysis were done using the software package included
with the KinTek stopped-flow instrument or using the
least square and simplex minimization routines in the
Scientist package for global fitting (MicroMath). Similar
values and errors were obtained with both sets of
software.
Chemical quench measurements for the hydrolysis of
mant-cGMP were done by manual mixing or by using a
rapid chemical quench device employing the mixing block
of a KinTek quench-flow and a custom-made stepper
motor drive [17]. 15 µl of isolated PDE5 C domain and 10
µl nucleotide mant-cGMP or cGMP were mixed, held in a
delay line for the indicated time and quenched with 0.48
ml quench solution (30 mM KH2PO4 and 10 mM tetrabutyl
ammonium hydroxide, pH 2.65). Acetonitrile was then
added to samples for a final concentration of 30% (v/v) in
samples containing mant-cGMP or 10% (v/v) in samples
containing cGMP. Samples (100 µl) were loaded onto a
reverse-phase chromatography column (Beckman
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Ultrasphere ODS column) and eluted isocratically with
buffer containing the same composition as sample buffer
at a flow rate of 1 ml/s. mant-cGMP and products were
measured using a MacPherson 750-03 fluorescence
detector equipped with a 200 watt Hg/Xe lamp. Excitation
at 363 nm was selected with a monochromator and
emission >420 nm was measured using a high-pass cutoff filter. Both cGMP and 5’-GMP were detected by
absorption at 253 nm with a SSI 500 UV/visible detector.
Voltage outputs from both detectors were recorded on a
PC using a Picolog ADC-16 A/D converter with the data
logging software provided by the manufacturer. The
percent of nucleotide hydrolysis was determined from the
areas under the fluorescence or absorption curves using
software written in the laboratory of Howard White.

Statistical analyses
Measured values (n) are presented as mean ± standard
error of the mean (S.E.M).
Free Mg2+ was calculated from [Mgfree] = [Mgtotal] –
[EDTA] under the conditions of these experiments where
pKMg ~6 (at pH 8.0) and [Mgtotal] is > 1 mM.

Results
Steady-state Kinetics of mant-cGMP as Substrate
for the Isolated Human PDE5 C domain
mant-modified nucleotides have been used to study
many reactions involving nucleotides because they are
hydrolyzable substrate analogs in which the fluorescence
emission is often sensitive to the environment when the
nucleotides are bound to the active site of the enzyme
[3,9]. Mant-cGMP, like cGMP, can assume the anticonformation, which is the preferred conformation of
cGMP for hydrolysis by PDE5 [10]. These features suggest
that mant-cGMP might be an appropriate fluorescent
cGMP analog to study the catalytic mechanism of PDE5.
mant-cGMP has previously been characterized as a
substrate for PDE1 and PDE6 [11,13] through steadystate kinetic measurements. The apparent fifty percent
inhibition of tritiated cGMP breakdown by mant-cGMP
was obtained at 7.5 +/- 1.4 micromolar (n = 6) and
by unlabeled cGMP at 2.5 +/- 1.5 micromolar (n = 3).
These values are similar to the published Km for cGMP
(5.5 ± 0.5 M) [14].
mant-cGMP (1 mM) was tested for hydrolysis by PDE5
C domain (0.5 µM). The Rf values from the silica plate TLC
for the pure standards and the nucleotides present in the
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reaction mixture were determined: mant-cGMP, 0.66, and
mant-5’-GMP, 0.40. Rf values from cellulose TLC were also
determined (cellulose TLC allowed for detection of the
unconjugated nucleotides): cGMP, 0.35; mant-cGMP, 0.76;
5’-GMP, 0.08; mant-5’-GMP, 0.40. Under these conditions
100% of mant-cGMP was converted to mant-5’-GMP. The
combined results from Ki and TLC analysis indicated that
mant-cGMP binds to and is hydrolyzed by PDE5 C domain.

Pre-steady-state Kinetics of mant-cGMP
Interaction with Isolated Human PDE5 C
domain
A complex increase in fluorescence was observed due
to FRET (λ excitation = 295 nm and λ emission > 420 nm) when
mant-cGMP was mixed with isolated PDE5 C domain in
the presence of higher concentrations of Mg2+ (Figure
3a). Examples of fitting the data to three, four and five
exponential terms are shown for the upper curve in
Figure 3a for data obtained at 36mM Mg 2+. The data

required five exponential terms to accurately fit the time
course of fluorescence emission from 0.001 to 600 sec at
each of the Mg2+ concentrations used. It is unusual to be
able to resolve so many pre-steady-state steps in an
enzymatic reaction. This can be done here because at
20°C the rates of each of the processes are >10 fold
different from one another. Rate constants that are at
least five-fold different are resolvable if they have the
same amplitude sign. If the amplitudes have opposite
signs then the resolvability is about a 50% difference.
Dependence of the rates and amplitudes of the five
exponential fits to the data are summarized in (Table 1).
The data for each concentration of Mg2+ were then fit with
a hyperbolic equation to determine the maximum rates,
kimax, of each step at saturating Mg2+ and the apparent
affinity, KiMg of each step (Figure 3b).The data are fit by
three increases in FRET that occur with rate constants of
265 ± 37 s-1, 23 ± 0.8 s-1, and 0.24 ± 0.006 s-1, a decrease
with a rate constant of 0.03 ± 0.003 s-1, and a final slow
increase in fluorescence at 0.007 ± 0.0002 s-1.

(A)
(B)
Figure 3: Mg2+ dependence of FRET between mant-cGMP and PDE5 C domain. (A) Changes in FRET over 600 sec at 20 C
following mixing of isolated C domain (2.9 M, final) with mant-cGMP (7.1 µM, final) and either 2, 5, 10, 20, or 50 mM
MgCl2 in 50 mM Tris-HCl, pH 8.0 λexcitation = 290 nm, λemission> 420 nm. Curves are displaced by 0.25 volt for clarity. The
solid lines represents a five-exponential fit of F(t) = ∑A(i)e-kit + C at indicated concentrations of Mg2+. The dotted line is a
four exponential fit and the dashed line is a three exponential fit to the data derived from the experiments performed at
36 mM Mg2+. (B)The dependence of the rate constants measured in (A) upon Mg concentrations were fit to a hyperbolic
equation:

Kn  Kn max/ (1  [ KMg ] / [ Mg ]) .

The rate and amplitudes of the exponential fits and secondary hyperbolic fits

are summarized in Table 1.

Morris GZ, et al. Pre-Steady-State Kinetics of the Binding and Hydrolysis of
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Step(n)

Constant

1

k1 (s-1)
A1 (volts)
k2(s-1)
A2(volts)
k3(s-1)
A3(volts)
k4(s-1)
A4(volts)
k5(s-1)
A5(volts)

2
3
4
5

1.8 mM
29.2
-0.423
2.63
-0.289
0.038
-0.5
0.0015
1.61
0.001
-1.48

3.6 mM
57.9
-0.384
5.42
-0.336
0.093
-0.693
0.006
1.085
0.0031
-1.104

Mg2+
7.2 mM
105
-0.279
10.3
-0.327
0.16
-0.661
0.013
3.36
0.0052
-3.36

14.4 mM
138
-0.247
15.3
-0.338
0.19
-0.728
0.0194
1.2
0.0057
-0.969

36.0 mM
185
-0.269
18.9
-0.478
0.2
-1.126
0.023
1.25
0.0062
-1.042

KnMg
mM
8±2

Knmax
s-1
265 ± 20

7±1

23 ± 2

5±1

0.24 ± 0.02

10 ± 3

0.030 ± 0.004

3±1

0.0073 ± 0.0005

Table 1: Stopped-Flow FRET Analysis of mantcGMP Interaction With the PDE5 Isolated C Domain Reveals Five Distinct
Mg2+-dependent Rates.
The parameters from fitting the FRET signals of mantcGMP binding isolated PDE5 C domain at each Mg 2+
concentration (Figure 3) to 5 exponential terms using
equation 2 are shown in the left hand columns. The Mg 2+
dependence of each rate parameter, kn, was then fit to
hyperbolic equation kn= knmax/ (1+KnMg/ [Mg]). The values
for knmax and KnMg are shown in the right two columns.

A dissociation rate of 164 s-1 of mant-cGMP dissociation
from the C domain was derived from the intercept. The
rates of the association and dissociation measured could
be used to calculate a dissociation constant of the initial
enzyme-substrate complex at 4C, KS = 6.8 M (equation
3).

K k
s

1

/k

1

(3)

The three initial processes associated with increases in
fluorescence suggested a sequence of conformational
changes that occur following binding of mant-cGMP to the
C domain prior to its hydrolysis and dissociation (the
decrease in fluorescence) of the reaction product. Our
results using HPLC showed a slow isomerization of the
product with a similar time course to that of the final
fluorescence increase (data not shown). Although other
conclusions are possible, we interpret this as the 2’ to 3’
position isomerization of the mant group on the ribosephosphate moiety of the analog product, 2’-mant-5’-GMP,
followed by binding of 3’-mant-5’-GMP to the C domain to
produce the final increase in fluorescence.
When PDE5 C domain was mixed with varying
concentrations of mant-cGMP at 20C under the same
experimental conditions used in Figure 3, none of the five
steps had rates that were dependent on mant-cGMP
concentration (data not shown). Possible explanations for
this were that at 20C: a) mant-cGMP binding to the C
domain occurs very rapidly during the “dead-time”
required for mixing in the stopped-flow cell, or b) the
concentration dependence was of insufficient magnitude
to allow observation of such a rapid process. However, at
4 C concentration dependence of the rate of the first
fluorescent step upon mant-cGMP was observed and fit to
a second order rate constant of 2.4 x 107 M-1s-1 (Figure 4).

Morris GZ, et al. Pre-Steady-State Kinetics of the Binding and Hydrolysis of
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Figure 4: Dependence of the rates of mant-cGMP binding
to isolated PDE5 C domain on mant-cGMP concentration
at 4C. Rate constants were measured following singlemixing of PDE5 C domain and mant-cGMP. Final
concentrations in the stopped-flow cell for each rate (kobs)
determination were 1.2 µM C domain and the indicated
concentration of mant-cGMP in 36 mM MgCl2,20 mM Tris,
50 mM NaCl, pH 7.5. A) Data used to calculate the rate of
20 μM mant-cGMP binding to isolated PDE5 C domain. B)
The line fit through the data shown in A corresponds to a
second order rate constant of 2.4 x 107 M-1 s-1 and a yintercept of 164s-1. Observed rates are the mean ± S.E.M.
of the results, n = 3
The highest Mg2+concentration tested (36 mM) in the
stopped-flow experiments was 3.6 times higher than that
used in standard PDE assays (10 mM), so the Mg2+effect
on C domain steady-state kinetics was also assessed in a
standard PDE assay. This was done using saturating
substrate, 20 µM cGMP, and varying concentrations of
MgCl2 (0-10 mM). Under these conditions PDE catalytic
activity increased with increasing concentrations of
Mg2+and plateaued at ~5 mM Mg2+ with a measured
activation constant (Ka) of 1.0 mM Mg2+ (Figure 5). Thus,
under both steady-state and pre-steady-state conditions
the C domain activity was Mg2+-dependent and required
Mg2+ in the millimolar range.

measured in a given assay. The calculated Ka = 1 mM
MgCl2. Less than 25% of total [3H]cGMP was hydrolyzed
in each determination. Rate at 10mM MgCl 2 was taken as
100%. Data reflect mean ± S.E.M of the results, n = 3.
The dissociation rate of 2’-mant-5’-GMP from C domain
was directly measured by both double-mixing and singlemixing experiments. In the double-mixing experiment
mant-cGMP was mixed with C domain for 20 sec, followed
by mixing with excess cGMP (1 mM) and monitoring the
time-dependent decline in fluorescence intensity (Figure
6A). The decrease in fluorescence using this approach fit a
single exponent with a rate of 0.5s-1 at 20°C. Alternatively,
single-mixing experiments were done by incubating
mant-3’,5’-GMP with C domain for 5 min to allow for
complete hydrolysis before loading the sample into the
stopped-flow apparatus and mixing the C domain-mant3’,5’-GMP complex with 2 mM cGMP at either 4 C or 20
C. The observed rates were 0.11 s-1 at 4 C (Figure 6B)
and 0.52 s-1 at 20C (not shown).

Figure 6: Dissociation rate of 2’-mant-5’-GMP from the
isolated PDE5 C domain.

Figure 5: Mg2+ dependence of steady-state hydrolysis of
cGMP by isolated PDE5 C domain. Hydrolysis of cGMP
measured at 30 C in the standard PDE assay containing
final concentrations of 50 mM Tris-HCl, pH 7.5, 0.3 mg/ml
bovine serum albumin, 10 nM C domain, and 20 M
[3H]cGMP and the indicated MgCl2 concentration in a final
volume of 50 µl, as described in Experimental Procedures.
Catalytic activity is expressed as % of maximum activity

Morris GZ, et al. Pre-Steady-State Kinetics of the Binding and Hydrolysis of
Mant-cGMP by Phosphodiesterase-5. Int J Biochem Physiol 2016, 1(1):
000102.

A) Double-mixing experiments to determine the rate of 2’mant-5’-GMP dissociation from C domain complex
intermediates were done by mixing 4.5 M PDE5 C
domain with 8.1 M 2’-mant-cGMP, incubating for 20
sec in delay line, followed by mixing with 1 mM cGMP
in stopped-flow cell. Final concentrations were 1 M
cGMP, 1.8 M mant-cGMP and 556 uM cGMP.
B)

Single-mixing determination of 2’-mant-5’-GMP
dissociation from C domain was done by first
incubating PDE5 (18 M) with a mixture of 2’-mant5’-GMP and 3’-mant-5’-GMP isomers (18 M) on ice
for 5 min, loading the mixture into stopped-flow
syringe A and mixing with 2.8 mM cGMP. Final
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concentrations in the stopped-flow cell were 4 M
PDE5, 4 uM mant-5’-GMP and 2 mM cGMP. The data
were fit to single exponential curves with rates of
0.52 s-1 at s-1 20°C (A) and 0.1 s-1 at 4°C (B).

chase (Figure 7B). The appearance of a slower
dissociation rate following pre-mixing for 10 sec can be
explained by the hydrolysis of mant-cGMP and
subsequent dissociation of the product mant-GMP.

Dissociation rates of substrate and product from the
PDE5 C domain were also determined at various times
after mixing enzyme and substrate by double-mixing
stopped-flow. In these experiments mant-cGMP was premixed with C domain and after the desired reaction time
dissociation of substrate/product was measured by
chasing with cGMP (2 mM final in the stopped-flow cell)
to prevent the rebinding of mant-nucleotide (substrate or
product) to the enzyme. The observed decrease in
fluorescence emission in these experiments was due to
loss of FRET between mant-nucleotide and C domain
when the mant-nucleotide was replaced by cGMP. At 20C
and a final Mg2+ concentration of 36 mM, the fluorescence
was fit to a single exponential curve with a rate of 0.45 ±
0.15 s-1 when measured after pre-mix times of greater
than 2 sec, which is similar to the rate of mant-cGMP
dissociation measured in Figure 6A. At shorter times, the
decrease in fluorescence was more rapid than the mixing
time of the stopped-flow and no signal was observed.
We also did a similar series of experiments at 4C in
which C domain was pre-mixed with mant-cGMP for 0.01
to 100 sec, and then mixed with cGMP (2 mM). When
mant-cGMP and C domain were pre-mixed for 0.01 sec, a
rapid dissociation rate (200 ± 50 s-1) was measured
(Figure 7A). This rate was in good agreement with the
dissociation rate (164 s-1) determined at 4 C from the
intercept of mant-cGMP binding experiments in Figure
4B. The measured dissociation rate was dependent on the
pre-mix time (Figure 7). One hundred seconds after
mixing, the rate of mant nucleotide dissociation was
similar to the rate of mant-GMP dissociation from C
domain as would expected after the substrate was all
hydrolyzed. The data supported a model in which mantcGMP initially binds with low affinity to the PDE5 C
domain, but once bound, the rate of dissociation of the C
domain-mant-cGMP complex progressively decreases
with time. The decrease in fluorescence observed upon
pre-mixing mant-cGMP and C domain at 4C for 0.1 to 3
sec prior to addition of the cGMP chase was fit to single
exponential curves with dissociation rates of 90-100 s-1.
For pre-mixing times >10 sec the data were fit to two
exponential terms with a fast component from 40 to 120
s-1 and slow component from 0.11 to 0.39 s -1. Both rates
decreased as pre-incubation times of C domain with
mant-cGMP were increased prior to additionof the cGMP
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Figure 7: The time-dependent decrease in FRET between
mant-cGMP and PDE after mixing with excess cGMP. PDE5
C domain (4 M final in stopped-flow cell) and mantcGMP (8 M final) were pre-mixed, incubated for the
indicated time in a delay line and then mixed with cGMP
(2 mM final). Data for a 0.01 sec delay (upper curve) are
fit by a kobs of 154 s-1 and the data obtained after a 100 sec
delay (lower curve) by kobs of 122 s-1 and 0.11 s-1. The
dependence of the rapid and slow rates upon the length of
the delay time. Experimental conditions: 20 mM Tris-HCl,
pH 7.5, 50 mM NaCl, 36 mM MgCl 2. Data points represent
the mean ± S.E.M of the measured rate, n = 4.
The hydrolytic rate of mant-cGMP by PDE C domain
was determined by quench-flow. mant-cGMP was mixed
with enzyme, incubated for the indicated time, and the
reaction was stopped by mixing with 30 mM KH2PO4 and
10 mM tetrabutyl ammonium hydroxide, pH 2.65, as
described in Experimental Procedures. The time
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dependence of hydrolysis is shown in (Figure 8). The
mant-cGMP hydrolytic step increased 5-fold from 0.0055
s-1 to 0.027 s-1 when Mg2+was increased from 3.6 mM to
36 mM. The hydrolytic rate measured here was similar to
the rates, 0.023s-1, measured for Step 4 (fluorescence
decrease) by stopped-flow with 3.6 and 36 mM MgCl2
(Figure 3 and Table 1). Together these data indicated that
Step 4 in Figure 3 is: a) limited by the hydrolysis of
mantcGMP and b) is Mg2+-concentration dependent. A
more rapid rate of hydrolysis, 7.4 s-1, for cGMP measured
by quench-flow (data not shown) was similar to values
obtained by steady state determinations [15].

Figure 8: Quench-flow measurement of the time course of
mant-cGMP hydrolysis. mant-cGMP hydrolysis rate was
determined by measuring the appearance of mant-5’-GMP
by HPLC (described in “Experimental Procedures”). Final
concentrations for each time point were 2.5 µM C domain
and 1.25 uM mant-cGMP. Experimental conditions were
either 3.6 mM (□) or 36 mM MgCl2 (■) in 20 mM Tris-HCl,
at pH 7.5, 50 mM NaCl. The solid lines represent a singleexponential fit with a khydrolysis of 0.0055 s-1 at 3.6 mM
MgCl2 and 0.027 s-1 at 36 mM MgCl2.

Discussion
This is the first pre-steady-state study of the catalytic
mechanism of any class I cyclic nucleotide PDE. Use of the
isolated PDE5 C domain simplifies interpretation of
results since in the absence of the regulatory domain the
catalytic site is the only site of the enzyme that binds
cGMP, cGMP analogs, or products. Furthermore, the kcat
and Km for the PDE5 C domain approach the values for
those of the holoenzyme [4,16], indicating that the salient
features of the formation of the hydrolytic process are
maintained.
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Mant-cGMP is a useful tool to study the catalytic
mechanism of PDE5; PDE5 C domain binds mant-cGMP
with an affinity that is comparable to that of cGMP,
although the rate of hydrolysis is ~200 fold slower.
Published reports show that PDE1 and PDE6 also have
much slower rates of hydrolysis for mantcAMP or mantcGMP than for the respective unconjugated nucleotides,
but the mant-cyclic nucleotides have similar affinities to
those of unmodified cyclic nucleotide [3]. Mant is
conjugated to the 2’-position of the ribose of cGMP
(Figure 1). Analog studies have shown that the 2’hydroxyl in cGMP does not contribute significantly to
affinity of cGMP for the PDE5 catalytic site [11,16]. Thus,
it is not surprising that the affinity of PDE5 C domain for
mant-cGMP is similar to that of unmodified cGMP. Mantanalogs allow for FRET analysis, which provides a direct
measure of substrate/product interactions with the C
domain and cannot be done with unmodified cGMP.
While steady-state kinetic measurements are
important in characterizing an enzyme, they are limited in
providing detailed mechanistic information regarding
substrate conversion to product in the active site [18].
Following rapid binding of mant-cGMP, stopped-flow
analysis by FRET reveals four Mg2+-dependent increases
in fluorescence. The rates of all four of these steps are
mant-cGMP concentration-independent at 20C and
concentration-dependent substrate binding can only be
observed at 4°C. The two steps following binding of mantcGMP are conformational changes that precede hydrolysis
of the nucleotide followed by the dissociation of product,
mant-5’-GMP. The multi-step increases in energy transfer
between C domain tryptophan(s) and mant-cGMP suggest
formation of increasingly tighter enzyme-substrate
complexes. The equilibrium constants for each of the
increases in FRET that are detected (K2 and K3 from Steps
2 and 3) must be favorable (Keq≥1) or they would not be
observed. An alternative analysis of the fluorescence data
is to globally fit it to a five-step mechanism (5 equilibria
and 10 rate constants) at each Mg2+ concentration. (See
Supplemental Information).
The rates for the 5 steps are kinetically well separated,
as each step is slower than the preceding step by at least
one order of magnitude. Under the same conditions, the
rate of Step 4 (k4= 0.023 s-1) is similar to the mant-cGMP
hydrolytic rate (khydrolysis = 0.027 s-1) determined by
quench-flow analysis (Figure 8). The kinetic data show
that Step 4 is rate-limiting for the hydrolysis of mantcGMP followed by the more rapid dissociation of mant-5’GMP from the enzyme (k-P = 0.5 s-1). Step 5, which occurs
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subsequent to dissociation of mant-5’-GMP, is slower than
the steady state rate and therefore must be “off pathway”.
Mg2+ functions as an activator of PDE5 and all five steps
measured in Figure 3a increase with Mg2+ concentration
with KMg++ values between 3 and 8 mM. Full activation
would require Mg2+ higher than the published
concentration of free Mg2+ in a smooth muscle cell [~1
mM] [19]. It seems unlikely that the amino-terminal
regulatory region of PDE5, which is absent in the isolated
C domain used here, is important for modulating PDE5
affinity for Mg2+ since PDE5 C domain affinity for Mg2+ (1
mM, Figure 5) is comparable to that of PDE5 holoenzyme
using cGMP as a substrate [20]. It is possible that Mg2+ is
not the preferred cation for PDE5. Several other cations,
including Zn2+, Co2+ and Mn2+, have been shown to have
substantially higher affinity than Mg2+ for the
holoenzyme, and to promote PDE5 activity similar to that
of Mg2+ [21]. However, affinities for Mg2+ measured using
both steady-state (1 mM, Figure 5) and pre-steady-state
(3-8 mM, Table 1) kinetics are in the same order of
magnitude as found in cells.
The results presented here support a mechanism in
which mant-cGMP rapidly binds to the PDE5 active site in
the presence of Mg2+ (Figure 9). Figure 9 depicts a more
complex pathway than the minimal mechanism of an
enzyme catalyzed reaction (E + S ⇄ E-S ⇄ E-P ⇄ E +P). In
Figure 9 the cyclic nucleotide within the catalytic site
undergoes sequential conformational changes to ES’ and
ES’’ that occur at distinct rates and ultimately result in
hydrolysis of the cyclic nucleotide phosphodiester bond
followed by product release. The initial enzyme substrate
complex undergoes two Mg2+-dependent conformational
changes (steps 2 and 3 in Figure 9) that lead to formation
of a high-affinity enzyme-substrate complex (ES’’). The
rate limiting hydrolytic step 4 is followed by more rapid
dissociation of the reaction product, mant-GMP.

Figure 9: Mechanism of mant-cGMP hydrolysis by PDE5
isolated C domain. Experimental conditions: 36 mM
MgCl2, 20 mM Tris-HCl, pH 7.5, 50 mM NaCl at 20oC except
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for k1 and k-1, which were estimated by global fitting
(Table SI). After substrate binding PDE5 C domain
undergoes two conformational changes (k2 and k3)
followed by hydrolysis (k4) and dissociation of product 2’mant-5’-GMP (k-P). The rate constants were obtained by
extrapolation to saturating Mg2+. Abbreviations denote:
mant-cGMP = S, PDE5 C domain = E, 2’-mant-5’-GMP = P,
sequential conformational states of E’-S and E’’-S are
sequential enzyme substrate complexes.
A recent report by Liu et al. determined that for PDE9,
substrate binding and hydrolysis are fast and that the
rate-limiting step is dissociation of hydrolytic product, 5’GMP [22]. This conclusion was based upon the
observation that hydrolysis of substoichiometric
quantities of cGMP was >98% complete in 10 sec (i.e. k ≥
0.3 s-1) but the steady state rate observed with excess
substrate was only 0.02 s-1. These results indicate that
substrate binding and hydrolysis are not rate-limiting for
PDE9, but the rate of product dissociation was not
directly measured. The results of our studies of PDE5
using the substrate analog mant-cGMP indicate that the
hydrolytic step is rate-limiting and product dissociation at
least 10 fold more rapid than hydrolysis. It would not be
surprising if the rate-limiting step in catalysis differs
among PDE families since there is a large (>8000-fold)
variation in the steady-state rates of different PDEs [23].
This possibility is more plausible when one considers
known factors that influence the catalytic rates of various
PDEs; these include
a) Different specificities among PDEs for support of
catalysis by particular divalent cations [21,24-26].
b) Potential differences in positioning of the cyclic
phosphate moiety in relationship to the catalytic
machinery (due to preference for either the anti or
syn conformer of the cyclic nucleotide substrate)
[10,27,28].
c) Differences in topography of the catalytic sites [29].
d) Regulatory influences of step(s) in the catalytic
process.
The hydrolytic rate of the isolated PDE5 C domain for
cGMP is 7.4s-1 at 20C. The dissociation rate for cGMP is
expected to approximate that of mant-cGMP (~300 s-1 at
20C) since both molecules have similar affinities for the
C domain. Thus, ~1 cGMP molecule is hydrolyzed per ~50
cGMP molecules that bind to the catalytic site; this means
that the initial binding of cGMP is relatively weak and
reversible. Factors (e.g. phosphorylation, binding of
regulatory ligands to the allosteric site) that increase the
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affinity and/or hydrolytic rate (the rate-limiting step) for
cGMP may significantly increase PDE5 catalytic efficiency
(kcat/Km). Existence of a multi-step catalytic process for
PDE5 implies that regulation of this enzyme could occur
at one or more steps. Several different modes of
regulation of PDE5, e.g. phosphorylation, allosteric
regulation, and substrate effect, are well-known [30], but
whether or not they modulate the same step(s) of the
catalytic process has not been studied. If genetic diseases
involving PDE5 mutations that affect catalysis are
identified, it would be important to identify the steps
modified by this alteration.
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