1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
FEBS J. Author manuscript; available in PMC 2017 October 16.

Published in final edited form as:
FEBS J. 2011 December ; 278(24): 4943-4954. doi:10.1111/j.1742-4658.2011.08395.x.

-, HHS Public Access
«

Rate, Affinity and Calcium Dependence of Nitric Oxide Synthase
Isoform Binding to the Primary Physiological Regulator
Calmodulin

Jonathan L. McMurry?l, Carol A. Chrestensen?, Israel M. Scottl, Elijah W. Lee2, Aaron M.
Rahn2, Allan M. Johansen?, Brian J. Forsberg?, Kyle D. Harris!, and John C. Salernol?2
1Departments of Chemistry & Biochemistry, Kennesaw State University, Kennesaw, GA
30144-1203

2Departments of Biology, Kennesaw State University, Kennesaw, GA 30144-1203

Summary

Using interferometry based biosensors the binding and release of eNOS and nNOS from
calmodulin (CaM) was measured. In both isoforms, binding to CaM is diffusion limited and within
about three orders of magnitude of the Smoluchowski limit imposed by orientation independent
collisions. This suggests that the orientation of CaM is facilitated by the charge arrays on the CaM
binding site and the complementary surface on CaM. Protein kinase C (PKC) phosphorylation of
eNOS T495, adjacent to the CaM binding site, abolishes or greatly slows CaM binding. Kinases
which increase the activity of eNOS did not stimulate the binding of CaM, which is already
diffusion limited. The coupling of Ca*? binding and CaM/NOS binding equilibria links the affinity
of CaM for NOS to the Ca*2 dependence of CaM binding. Hence, changes in the Ca*? sensitivity
of CaM binding always imply changes in the NOS-CaM affinity. It is possible, however, that in
some regimes binding and activation are not synonymous, so that Ca*?2 sensitivity need not be
tightly linked to CaM sensitivity of activation. This work will be extended using mutants to probe
the roles of individual structural elements in binding and release.
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Introduction

Mammalian endothelial and neuronal nitric oxide synthases (eNOS and nNOS) are
homologous signal generating enzymes which function in a wide variety of physiological
applications including angiogenesis, control of vascular tone, control of insulin secretion
(eNOS) and signaling at synapses and in skeletal muscle (nNOS) (1-6). Primary control of
NO production is through regulation of the supply of NADPH-derived reducing equivalents
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to the active site by calmodulin binding at a well-defined canonical site (1, 7, 8). Important
secondary regulatory mechanisms include the covalent modification of target residues by
specific kinases (9-13). These modifications often occur within regulatory elements
involved in CaM control (14-16).

The calcium biosensor calmodulin is the best known of a group of EF hand proteins that
regulate (and usually activate) specific targets in response to the binding of Ca2* (17-21).
The eNOS and nNOS isoforms are two of many established CaM targets (22). In the
classical binding mode of CaM, which appears to be followed by NOS, the central helix
breaks, allowing the dumbbell shaped Ca*2 replete CaM to wrap around the helical target
peptide. In NOS, the target is part of the linker joining the oxygenase and reductase regions.
It contains basic and aromatic residues, and a specific 17 residue motif.

CaM binding and CaM activation of NOS isoforms have been widely studied since the
discovery by Nathan and coworkers of CaM as a ‘subunit’ of the inducible isoform iNOS, to
which it is for all practical purposes irreversibly bound (23). Bredt and Snyder described
canonical CaM binding sequences in all three mammalian isoforms (8), and Ca2*-dependent
activation of eNOS and nNOS by CaM is well established (e.g., (24, 25)).

The profile of Ca* dependence has been studied by a number of laboratories. The work of
Persechini et al (26) established details of the Ca?* dependence of activation, and numerous
groups have carried out studies using model peptides and mutant enzymes (27) (10, 28-30).
Kgs for binding of CaM to constitutive NOS holoenzymes and their CaM binding peptides
have generally been reported to be in the 1-10 nM range. Reports of higher ‘ECsq’ values
for CaM activation of NOS result from activation experiments that were generally done at
concentrations above the true K4. The high ECsg values are handy measures of the amount
of CaM required to activate NOS in standard experiments, but represent stoichiometric
titrations and correspond to half the concentration of CaM binding sites in a particular
preparation.

The interaction of CaM-based and phosphorylation-based NOS controls is incompletely
understood. Phosphorylation of some sites, including those within autoinhibitory elements
(e.g., S635 and S1179), activates eNOS, while phosphorylation of others (T497) inhibits (10,
13). Work with the phosphomimetic mutant T497D indicates that negative charge introduced
immediately prior to the CaM binding site interferes with CaM binding (31). Kinases
including protein kinase A (PKA), PKC, and Akt have been shown to phosphorylate eNOS
as part of a complex control network (32). Here we show that detailed studies can be carried
out at low concentrations of CaM and enzyme, enabling the measurement of thermodynamic
and kinetic parameters.

Binding of CaM to eNOS and nNOS

Association of eNOS and CaM was investigated using biolayer interferometry (BLI) as
described in Materials & Methods. BLI is an optical biosensting technique that yields
similar data but operates on a different physical principle than surface plasmon resonance
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(SPR). Like SPR, BLI measures changes near a surface that reflect association and
dissociation of biomolecules (33). Fiber optic sensors with an immobilized ligand are dipped
into analyte-containing buffer to monitor association and then moved to analyte-free buffer
to monitor dissociation. Instrument response is monitored over time and reported as the shift
in nm of an interference pattern. Rate and affinity constants are determined by fits to kinetic
models. Initial experiments used CaM as the immobilized ligand and eNOS or nNOS as the
analyte. Binding of eNOS and nNOS to CaM produced strong signals corresponding to
maximum shifts of 3 to 7 nm (and depends in part on the amount of ligand bound to the
sensor tip). These signals provided a means of probing the formation of CaM-NOS
complexes.

Figure 1A shows sensorgram traces produced by eNOS binding to immaobilized CaM at
eNOS concentrations ranging from 10 nM to 120 pM in 5 uM Ca?*. The majority of the
signal can be fit with a single exponential. At the two highest concentrations a significant
secondary event is observed at longer times; the top trace has been fit with two components,
and a single exponential fit would only account for about 85% of the observed signal. At
about 900 sec in each trace, release of eNOS after transfer of the tip to a buffer containing
Ca®* but not eNOS can be observed. At about 1800 sec, sensors were transferred into an
EDTA solution, sequestering Ca*2 and producing rapid dissociation of most of the eNOS.
These features are addressed below. Transfer to EGTA resulted in dissociation
indistinguishable from EDTA (see supplemental figure 1). The experimental traces (Figs.
1A, 2B, 3 and 6) are not lines, but are composed of thousands of individual data points.

The amplitude of the exponential can be fit to an equilibrium expression. For each eNOS
concentration, it is proportional to [eNOS]/(Kq+[eNOS]), where Kg=k,/k;. Here Ky is the
dissociation constant for eNOS from CaM and k4 and k; are the forward and reverse rate
constants for the initial binding reactions. Figure 1B shows a plot of the amplitude of the
rapid component (in hm shift) vs. log1g[eNOS], fit with K4=500 pM. At each concentration,
the forward rate is equal to the product of the apparent rate and the amplitude of the
exponential divided by the maximum amplitude at high [eNOS], assuming the forward
reaction is first order in eNOS. The forward and reverse rates can then be calculated at each
eNOS concentration; the reverse rate obtained from this calculation and kgps for the initial
binding component is about 0.001 sec™, first order in the immobilized CaM-NOS complex
and zero order in free eNOS. Fitting the data with numerical simulations including mixed
reversible reactions did not improve the simulation or appreciably alter the results;
simulations with various schemes produced fits with values differing by less than a factor of
2, which is in good agreement because of the presence of multiple components.

Binding of eNOS to CaM occurs at a forward rate proportional to eNOS concentration as
shown in figure 1C. The pseudo first order rate constant (with respect to immobilized CaM)
for the initial component at 10 nM eNOS is 0.005 sec™1; eNOS is many orders of magnitude
in excess over CaM so that free eNOS is not measurably depleted during the reaction. This
corresponds to a second order rate constant of ~0.5x10% M~ sec™1. Very similar results were
obtained for nNOS (data not shown, but compare figures 3A and B).
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The slow phase of the binding has several potential causes, including the presence of bound
CaM with hindered access and conversion of bound NOS to a secondary species at a rate
much slower than NOS binding. These alternatives are explored later in this paper. To
facilitate discussion of the results, figure 1D presents a scheme in which initial binding and
release take place with rate constants k; and k». kj is a second order rate constant, but
because the analyte species is in great excess over the immobilized ligand it is conveniently
represented as a pseudo-first order rate constant proportional to the concentration (formally
the activity) of analyte. Conversion to the secondary species (“NOS-CaM*”) occurs with
forward and reverse rate constants k3 and k. Dissociation of the primary and secondary
species in EDTA occurs with rate constants kg and kyg. Kgkg,k7 and kg are rate constants
incuded for completeness of the model, but represent very slow events. Other reactions in
the scheme are very slow; no binding could be observed in the presence of EDTA.

Release of eNOS into Ca2* containing buffer is incomplete. It can be fit to a double
exponential dominated by a component with a first order rate constant of 0.001 sec™1, with a
smaller contribution from a much slower phase, here with a rate constant of 107 sec™. The
rate constant for the faster phase of dissociation into Ca*2 buffer in the absence of analyte is
in good agreement with the reverse rate constant calculated from the association phase. The
incomplete dissociation observed does not represent attainment of equilibrium for a simple
binding/dissociation reaction, because the rebinding reaction would have to be much faster
than the measured binding rate to account for the observed results. Simply put, the very
small amount of analyte released in the dissociation phase could never produce a binding
reaction fast enough to stop net dissociation until the complex was nearly fully dissociated.
The major phase of release into an EDTA solution occurs with a rate constant of 0.11 sec™?.

Supplemental figure 2 demonstrates that non-specific binding of NOS to the surface of the
biosensor produces a very small report. At relatively high concentrations of eNOS or nNOS
(e.g., as shown here 3.3 nM), the binding report to the undecorated surface is 5-10% of the
signal obtained with CaM decorated sensors. The nonspecific signal was not affected by
EDTA, and inclusion of a component of this magnitude would not significantly affect the
rate or equilibrium constants reported here. Because the sensor surface is already covered by
CaM and quickly becomes further obscured by NOS binding to CaM, it is likely that much
lower levels of NOS are non-specifically bound during these experiments. For this reason we
do not attempt to correct for nonspecific binding by subtraction. At low levels of NOS
binding is reversible by EDTA, and hence cannot include a significant non-specific
component.

Figure 2A shows the result of a competition experiment in which 250 nM eNOS (as
estimated by heme content) was titrated with free CaM in solution. After equilibration,
binding to CaM immobilized on a tip was carried out under the conditions of Figure 1. Since
the concentrations of CaM and eNOS are much higher than K values estimated from the
data of figure 1, CaM binding should be approximately stoichiometric, removing eNOS
from the pool capable of binding. The first order behavior of k; for the binding reaction in
figure 1 implies that the observed binding rate (kops=k1+ko) should be proportional to
([eNOS]-[CaM])/[eNOS]. The dotted line shows the results for stoichiometric binding, and
the almost identical solid line shows a simulation for a Kq of 0.645 nM. In both these fits,
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the concentration of functional CaM binding sites was 260 nM, indicating that there is about
1 functional CaM binding site per heme in quality NOS preparations.

Figure 2b demonstrates reversibility of ligand and analyte with CaM as the analyte and
eNOS immobilized on the sensor. Binding of free CaM to eNOS is about 2.3 times faster
than free eNOS from the same preparation to CaM because of the difference in the
molecular weights; the dimer molecular weight of eNOS is about 262 kDa, while the
molecular weight of CaM is 16.9 kDa. The radii of equivalent spheres would have a ratio of
2.5, accounting for the diffusion difference with a small correction for molecular geometry.
Reversibility effectively removes the possibility that the experimental results are
significantly affected by the attachment of CaM to sensors since attaching NOS produces
equivalent results.

Dissociation kinetics and Ca*2 dependence

Calcium dependence of nNOS and eNOS binding to immaobilized CaM is shown in Figures
3A and 3B, respectively. Ca2* concentrations ranged between 1078 M and 10™> M. Higher
Ca®* concentrations had no significant effect on the rate of association. The binding traces in
figure 3 have been fit to two component exponentials consistent with first order kinetics in
CaM and pseudo zero order kinetics in eNOS. The results for nNOS are very similar, the
major difference being that the slow phase is less significant.

At a descriptive level, the experimental results are simple. The apparent on rate (Kops)
increases rapidly with calcium, with half the maximal rate attained at 300 nM. Dissociation
of NOS-CaM complexes was observed after transferring the sensors to a calcium solution
buffered with a calcium ionophore (not shown but similar to Figure 1a). The apparent off
rate is very slow at high calcium levels, but between 300 and 30 nM it increases rapidly,
approaching the maximum rate obtained in EDTA solutions. The underlying coupled system
is complex. However, it is convenient to initially treat the extreme cases represented by
binding in high Ca?* and release in EDTA.

Because for both eNOS and nNOS in high Ca2* the on rate k; is much faster than the off
rate kothe observed on rate (kj+ko)~kj as in Figure 1a. The Ca2* dependence of the on
reactions is indistinguishable for eNOS and nNOS. At 10 uM Ca?*, the association kinetics
in 100 nM eNOS (this is the dimer concentration based on a heme concentration of 200 nM)
can be fit with two pseudo first order components. The majority component represents rapid
binding with a pseudo first order rate constant of ~0.055 M~1sec™1, in good agreement with
the data of figure 1 because the concentration is ten times as high in the Ca2* titration
experiment. The slower component, with an apparent rate constant of ~0.005 M~1sec™1,
accounts for around 30% of the amplitude in these experiments and is probably not
physiologically relevant. It may be due to damaged protein molecules or ligand bound to the
surface in hindered orientations, but the most likely explanation is aggregation.

No binding of eNOS or nNOS to CaM can be observed in EDTA. Defining kg as the off rate
constant for calcium-free CaM and k7 the on rate constant in the presence of EDTA (Fig.
1d), kg>>k7. The observed off rate constant is thus ~kg. The dissociation in EDTA can also
be fit to two components. The majority component is more rapid, with an apparent rate
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constant of 0.11 M~1sec™1. Because this reaction is first order and much faster than the rate
of binding in low calcium solutions, we assign this as the true value of kg. The minority
component is very slow. The rapid component accounts for >90% of the release if the
binding phase is limited to five minutes or less, but after ten minutes of binding and ten
minutes of dissociation in a calcium buffered solution the slow phase accounts for a
significant fraction of the release. We attribute this phase to partially denatured protein. The
slow component might involve conversion of the secondary state to the initial state in the
presence of EDTA rather than direct release.

Release of eNOS and nNOS in Ca2* buffered solutions is more complex. We initially
expected to observe irreversible pseudo first order kinetics for complex dissociation, because
very little protein is released into the Ca2* buffer well. However, it is clear that the reaction
does not approach completion unless the binding phase is limited and dissociation takes
place at low levels of Ca2*. The dissociation data can be fit as a reversible reaction (not
shown), but the rate constants then do not match the on and off rate constants obtained from
the association phase of the experiment. This strongly suggests that the slow phase of
association represents the slow conversion of the initial complex to a secondary complex
with a very slow back reaction rate, which pulls the equilibrium toward complex formation.

In addition, at all but the lowest calcium concentrations the apparent rate of dissociation is
too slow to account for the calculated equilibria for association by a simple binding/release
mechanism, even when calcium equilibria are considered. A reasonable fit to the binding
and release data at any calcium concentration can be obtained by inclusion of an additional
conformational step after binding with no biosensor report (or a small report).

An example of such a fit is shown for the 10 pM Ca?* (top trace) in the nNOS binding
experiment in figure 3B; association in 200 uM (100 pM in dimer units) nNOS and
dissociation in buffer and calcium have been fit with the same four rate constants using a
numerical solution to the differential equations. The rapid phase, with forward and reverse
rate constants kq and k,, determines the physiological time course of activation and the
effective Ky (kKo/K1).

The slow phase, with forward and reverse rate constants ks and kg, represents modification
in the complex after association (see figure 1D). The small rapid dissociation phase observed
for the NNOS/CaM complex at 10 uM Ca2* represents the fraction of the complex still in the
initial bound state after 15 minutes of association. This decays using a branched pathway by
release of NOS and by conversion to the modified state; the slow release of NOS reflects the
back reaction from this modified state. The rapid nature of this dissociation is well
reproduced in the simulation shown. The slow off rate is also used in the second phase of
binding. It is clear that the A+B—C—D model used here represents a reasonable picture of
nNOS binding, although formation of other states is likely.

In particular, it is clear that although some denaturation of NNOS (or eNOS) occurs over the
course of these experiments (~40 minutes at 25° C), 50-80% of the complex rapidly
dissociates in EDTA either immediately (not shown) or following the slow dissociation of 5-
10% of the complex in calcium solution. Typically about 25% of the total has been modified
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to dissociate slowly even in EDTA. In experiments in which only 10 sec of binding was
allowed (not shown) EDTA dissociation was nearly complete and a much larger rapid phase
of release into CaZ* buffer was present, confirming that ko and k3 are comparable in rate.

This model also gives a reasonable picture of eNOS binding and dissociation at 10uM,
although the fit is not quite as good. We attribute this to the fact that eNOS is a less sturdy
enzyme than nNOS, and eNOS is likely to be less conformationally stable during the
experiment. However, similarities in the overall behavior of the two proteins are obvious
from a comparison of figures 3A and 3B. Our ability to model the binding and release at
high calcium using essentially the same rate constants we used to fit the fast and slow phases
of binding with a double exponential model gives us confidence that fast phase rate
constants represent physiologically important parameters. Constants determined from
simulations are shown in Table 1.

The dissociation phase at saturating CaZ* concentrations can be fit by varying only the four
rate constants governing NOS binding and release. The amplitude of the rapid binding phase
is ~kq1/(k1tk2), and kqpg for the rapid phase is kq+ko. Similar rates for the rapid phase were
obtained using sequential and parallel models for the slow phase, giving us confidence that
the most important rate constants are reliable.

The A+B—C—D model produces reasonable global fits for experiments at saturating
calcium in which ligand is varied (e.g., as in figure 1), and can account for both the binding
phase and dissociation in calcium and in EDTA. The calcium dependence is more difficult to
model, because of the presence of many states that cannot be independently observed. In
particular, it is difficult to fit both the binding and release phases. Since the slow phases are
likely an artifact, we have limited our analysis here to the calcium dependence of the rapid
phases.

Calcium binding and coupled equilibria

The binding of Ca2* to CaM has been modeled using cooperativity between EF hands in the
N and C termini. In general, the models describe data showing the binding of 3 Ca2* ions
with UM affinity and the binding of a fourth ion with a few times higher Ky. Due to the
nature of our data, we are less concerned with the details of Ca*2 binding to individual EF
hands, which we can’t resolve. Fortunately, our analysis and conclusions do not critically
depend on the details of cooperative Ca?* binding to free CaM.

Consider a system in which binding of ligand X to component A produces an AX complex
that binds to component B. This system can be described thermodynamically by three
dissociation constants, Kxa, Kgax, Kxag, and Kag, which describe the dissociation of
complex AX, of B from complex BAX, of X from complex BAX, and of complex AB.
Conservation of energy requires that KyaAKgax = KxagKag. The equilibrium binding of X
to the AB complex is thus coupled to the equilibria for AB association. This pattern holds
for the slightly more complex case in which Ca2* saturated CaM binds to a target site.

Figure 4A shows a scheme in which free CaM associates with Ca*2 to form states with 04
Ca*2 per CaM molecule; each of these states has sub-states in which different EF hands are

FEBS J. Author manuscript; available in PMC 2017 October 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McMurry et al.

Page 8

occupied. Each free CaM state has a characteristic on rate for its target peptide X which isa
function of the on rates for target binding to these sub-states; each bound CaM state has a
characteristic off rate from its target peptide which is a function of the sub-state off rates.
Each of the free CaM states has a corresponding state associated with the target peptide X.
The sub-state occupancy tree for free CaM is shown in figure 4B. Primed letters A-D
represent EF hands binding Ca?*.

The two right hand solid black traces in Figure 5 show the dependence of the fraction of free
CaM with three (trace b) and four (trace a) Ca2* bound as a function of Ca?*; the three Ca2*
trace is the bell shaped transient. The other black bell-shaped transients show the
dependence of the fraction of the one and two Ca?* states (traces d and c, respectively) of
free CaM on the Ca2* concentration, while the black dashed decreasing sigmoid (trace e)
represents the free empty CaM.

Because CaM binds with high affinity only when Ca2* is bound to multiple EF hands,
binding to the target shifts the equilibrium titration. Trace g represents the decrease of the
empty state in the presence of target as described in the legend. Trace f represents Ca2*
replete, target associated CaM; binding to the target imposes effective cooperativity on the
system.

Plotted with these traces are the on rate constants (black triangles) and off rate constants
(open diamonds) extracted from the rapid component data as a function of Ca2*. The on rate
rises as soon as free CaM begins to bind Ca2*, and is half maximal at about 300 nM. The off
rate is high at low calcium, and falls steeply in the same region. It is of interest that both the
on and off rates are most dependent on Ca?* about one order of magnitude below the
concentration at which free CaM binds calcium.

Figure 6 shows traces of the binding of eNOS phosphorylated by PKC at T495, adjacent to
the CaM binding site, to immobilized CaM. Longer incubation with PKC produced slower
binding, indicating that phosphorylation was progressive and not complete, as confirmed by
Western blots with phosphospecific antibodies. Because eNOS was damaged in control
experiments at longer incubations, we incubated for one hour at room temperature, which
appeared to phosphorylate 30-60% of the enzyme based on simulation of kinetics (see
Discussion). Binding of eNOS incubated with AKT and PKA, which phosphorylate residues
distant from the CaM binding site and result in activation of eNOS, was indistinguishable
from no ATP controls.

The PKC trace obtained in these experiments are indistinguishable from traces obtained with
lower concentrations of unphosphorylated eNOS. It is clear that phosphorylation results in
much weaker and slower binding of eNOS to CaM. We are observing the residual
unphosphorylated eNOS in these experiments, and T495 phosphorylated enzyme binding is
too weak to allow observation of any component against this background.

Attempts to observe effects on binding to CaM of phosphorylation at positions that activate
eNOS did not produce significant effects. At least in part, this is likely due to the fact that
binding is diffusion limited,; it can be slowed by inhibitors but not facilitated by activators.
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Discussion

The binding of CaM to eNOS and nNOS occurs at similar rates. In experiments in which
CaM is immobilized and eNOS or nNOS is the mobile component, the diffusion of the NOS
isoforms should vary approximately with the cube root of the molecular weight. This would
give rise to a ~7% difference between isoforms in the first order rate constant, well within
the error of the experiments and the effects of secondary factors (site geometry, local charge
arrays).

With CaM as the mobile species, the diffusion, and hence binding, is more rapid and even
the 7% factor is removed. The rate constant for CaM binding in this situation is ~108
M~1sec™L. This situation corresponds to physiological systems with immobilized NOS. For
ideal systems with both components free, the diffusion controlled reaction rate is determined
by the sum of the diffusion constants, and hence the rate is the sum of the rates obtained in
the two cases when only one component is mobile. When both NOS and CaM are free, the
forward rate constant should thus be the sum of our measured rate constants, or
~1.3x105M1sec71.

In previous stopped flow experiments designed to investigate pulse activation of nNOS (34,
35) 100 uM CaM was used to activate nNOS catalysis. The results suggested that a lag due
to activation was present, and this was manifested in a slower apparent electron transfer rate
for the initial CaM activated electron transfer reaction (e.g., about 45 sec™1 vs. 70 sec™2 for
subsequent electron transfer steps at 37°C). From results presented in this paper, we estimate
the diffusion controlled reaction rate for CaM binding under these conditions as ~130
M~1sec™1. Thus, the rate of association of CaM accounts very well for the difference, since
(1/130+1/70)~1/45~0.022. This indicates that at 37° C activation follows CaM binding to
nNOS within milliseconds.

The Ca?* dependence of the kinetics of formation and dissociation of a CaM-target complex
in which the target binds only to Ca?*-saturated or partially saturated CaM are complex. The
coupled equilibria depicted in Figure 4 result in a low apparent K for Ca2* driven by the
higher affinity of Ca?*-saturated CaM for the target. This is easy to understand as an
equilibrium, and it is also easy to understand the calcium dependence of the release of CaM
from NOS, since the rate of CaM release from complexes becomes faster as calcium is
removed.

The increase in the binding rate with Ca2* is less intuitive. Clearly, at high Ca?* we observe
the binding of eNOS to Ca*2 replete CaM, and at low Ca?* no binding is observed. It is clear
that between 1 and 10 pM Ca2* a modest change in the forward rate takes place in the
regime where free CaM undergoes Ca2* binding and release. Most of the apparent change in
rate takes place at much lower concentrations, in a concentration regime where neither of the
reactants (free CaM and NOS) bind Ca2*. The resolution of this apparent paradox is that at
intermediate [Ca2*] we only observe an apparent forward rate constant. The rate of binding
for CaM with zero or one calcium atoms bound appears to be significant, but is not directly
observed because the rate of release is very high and the overall affinity low, as shown in
Ca*? titrations. The rate of Ca* uptake by transiently bound CaM is high near or above the
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Kgs for the EF hands. The rate of Ca*2 uptake for bound CaM above 300 nM Ca*2 is high
enough to produce a nearly optimal rate of CaM binding. The modest increase in rate
observed above 1 uM Ca?* can be attributed to reaction of NOS with Ca2*-replete free CaM
in solution; the increased level of Ca*2 removes empty CaM from the equilibrium and
probably slightly increases the on rate via geometrical factors.

The increased affinity of bound CaM for Ca?* is driven by the high affinity of eNOS and
nNOS for Ca2*-replete CaM and their negligible (here unobservable) affinity for
apocalmodulin. NOS variants with reduced requirements for Ca*2 hence must bind Ca?*
replete CaM with higher affinity. Claims that a modified enzyme has a lower requirements
for Ca*2 but unaltered affinity for CaM are almost certainly the result of experimental
artifacts in CaM titration, the most common problem being titration of enzyme activity or
binding in a regime in which binding is essentially stoichiometric because of the high
affinity of the enzymes for CaZ*-replete CaM. However, it is possible to change the calcium
requirements for activation independent of the binding requirement if partially Ca*2 replete
CaM binds without activation (31). We intend to investigate this possibility in subsequent
studies.

Phosphorylation of T495 greatly reduces or eliminates the ability of eNOS to bind CaM
even in high CaZ* solutions. The fastest rate compatible with all the data obtained from PKC
phosphorylated eNOS is about 25% of the rate of unmodified enzyme, and this would
require that nearly all the enzyme is phosphorylated. It is likely that we observe the binding
of the remaining unphosphorylated enzyme. This is consistent with experiments with
phosphomimetics (31) and with the effect of phosphorylation on activity (36). We attribute
this to the interaction of the negative charge with negative charges on CaM and with positive
charges in the CaM binding site, and the observation is consistent with less quantitative
measurements of CaM binding by phosphomimetic T495D (or equivalently T497D in
bovine eNOS) mutants.

Initial attempts to observe enhanced CaM binding by phosphorylation of S617, S633 and
S1179 were unsuccessful. Negative results are generally less convincing than positive
results, but in this case there are good reasons for them. Since we show here that CaM
binding is diffusion limited, it may not be possible to significantly speed up the forward
reaction; indeed, this could only be done by improving the orientation effects of the charge
array directly associated with the CaM binding site, and this appears to be highly optimized
already. It is of course possible to increase the affinity of the site for CaM by slowing down
the off rate, but since this is already slow it is hard to see what advantage this would have in
activation. We hope to investigate other aspects of mutational effects on CaM binding and
activation in subsequent communications.

We hope to extend these experiments using NOS mutants to examine the roles of NOS
control elements in binding and activation. Use of CaM constructs should allow us to
investigate the participation of individual EF hands in binding, and to compare binding to
activation.
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Materials and Methods

Nitric oxide synthases were expressed in BL21 £. coli cells using the pCWori* vector as
previously described. (37, 38). The expression system used the GROELS vector to provide
additional chaperones. Just before induction, the medium was enriched by addition of ATP,
aminolevulinic acid, and riboflavin.

eNOS and nNOS were purified as previously described using affinity chromatography (38,
39). Heme and flavin content was estimated spectrophotometrically, and activity was
assayed by following NADPH consumption at 340 nm (38, 39).

CaM was purchased from Sigma (St. Louis, MO, USA). The calcium buffers Indo-1 and
Quin-2 were purchased from Molecular Probes/Invitrogen (Carlsbad, CA, USA). Aktl and
PKA C-alpha Kinases were from Cell Signaling and PKC was from Promega (Madison, WI,
USA). eNOS antibodies (phospho-Thr495, phospho-Ser1177, and eNOS (49G3)) were all
from Cell Signaling Technology (Danvers, MA, USA). All other reagents were high purity
commercial products.

Calcium buffers were prepared by addition of CaCl, to solutions of Indo-1 or Quin-2. The
relationship between the total concentration of calcium and the free concentration is given

by

y/k

[totall=[free](1+ =

where y is the concentration of the calcium ionophore (calcium buffer), and k is the K for
calcium. For y/k>>1 this provides a calcium reservoir for low free calcium concentrations.
The effective Ky values are dependent on competing cations. Free calcium concentrations
were calculated using the Ky values provided (60 nM for Quin-2, 0.23 mM for Indo-2), and
the systems were calibrated by titrating 100 pM solutions of the ionophores.

All biolayer interferometry (BLI) measurements were made on a FortéBio (Menlo Park, CA,
USA) Octet QK biosensor using streptavidin (“SA”) sensors. Assays were performed in 96-
well microplates at 25 °C. All volumes were 200 pL. CaM was biotinylated using NHS-LC-
LC-biotin (succinimidyl-6-[biotinamido]-6-hexanamidohexanoate) (Thermo Scientific,
Rockford IL, USA) at a 5:1 molar ratio of biotin to protein for 30 min at 25° followed by
rapid exchange into PBS-T (10 mM phosphate buffer, pH 7.4, 150 mM NacCl, 0.01%
Tween-20) by passage over a desalting column. Conditions were chosen according to the
manufacturer so that each protein was likely randomly biotinylated at an average of 1-2
positions. After loading biotinylated CaM (BT-CaM) onto SA sensors, a baseline was
established in NOS buffer (50mM phosphate at pH 7.5, 50 mM NaCl, 10% glycerol) prior to
association at varying analyte concentrations. Dissociation was subsequently measured in
buffer only or buffer with 1 mM EDTA.
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To control for attachment artifacts and artifacts related to biotinylation, reversal experiments
were performed essentially as above except that eNOS was used as biotinylated ligand and
free CaM as analyte.

PKC kinase reactions were done in 15 pl reactions containing 0.2 mg/ml phosphatidylserine,
20 mM Hepes (pH 7.4), 1.3 mM CaCl,1 mM DTT, 10 mM MgCl,1 mM ATP, and ~ 6 pM
eNOS buffer. Reactions were done plus or minus PKC (0.01 pM) at room temperature and
were ‘stopped’ after one hour by a 13 fold dilution into association buffer. Initial timecourse
experiments showed increased phosphorylation between twenty and ninety minutes. 60
minutes was chosen to balance phosphorylation with maintenance of eNOS integrity.
Control reactions without ATP were performed in parallel.

AKT and PKA reactions were done essentially as above except that 1x kinase buffer (Cell
Signaling Technology) was used with 0.2 mM ATP and 0.20 uM AKT or 0.25 uM PKA.

Western blot analysis was done using antibodies from Cell Signaling according to the
manufacturer’s recommendations. Reactions were diluted into the range of 1-2 pmoles of
eNOS before loading.

Kinetics were modeled using summed exponentials or by numerically solving standard
series of differential equations. Where A represents the empty immobilized ligand, B the
initial ligand-analyte complex, and C the slow state and the other parameters are pseudo first
order rate constants this becomes:

0A/0t= — ki [ Al+ko| B)+kg[C]

OB/0t= — (ka+k3)[ Bl+k1[ Al+ka[C]

dC [0t= — (ka+ke)|[Cl+ks| B]

In EDTA the corresponding equations are:

DA/ dt=kg[ B]+k10[C]

OB /0t= — (ks+ks)[ B]+ka[C]

0C [0t= — (ka+k10)[Cl+ks3[ B]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Binding of eNOS holoenzyme (analyte) to calmodulin tethered to sensor tips
(A) NOS concentrations (top to bottom) were a:10 nM, b: 3.33 nM, c¢: 1.11 nM, d: 0.37 nM,

and e: 0.123 nM; concentrations down to 0.005 nM were also examined. Binding was
initiated by immersion of tips into solutions of eNOS at the concentrations listed; after 15
minutes, the tips were transferred into buffer containing calcium but no eNOS, and after 15
minutes of slow dissociation the tips were transferred into a solution of EDTA. A two
exponential fit for binding is shown for the top trace, single exponential fits to early data for
the others. For the physiologically relevant rapid phase, amplitudes were 2.8, 2.55, 2.25, and
1.15 and rate constants (Kqps in sec™1) were 0.0051, 0.00185, 0.00084 and 0.00052. The
rapid components account for most of the observed changes. The slow component in the top
trace has an amplitude of 60 and rate of 0.00015 sec™! when fit as an exponential; because
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the slow components are very slow, they can be fit as a line or as the slow conversion of the
initial bound state into modified tightly bound states (see text). (B) Titration of signal
intensity with eNOS showing rapid component amplitude vs [eNOS]. Sigmoidal titration
simulation is shown with an apparent Ky of 0.65 nM. Plot of forward rate constant
calculated from global fit of kqps vs. [eNOS] showing first order behavior with respect to
eNOS. (D) Kinetics scheme showing steps for binding, dissociation and modification of
components. Rate constants are: ky, forward rate constant for binding in Ca*2 buffer; ko,
dissociation rate constant for binding in Ca*2 buffer ks, forward rate constant for conversion
to slow release conformational state; kg, reverse rate constant conformational change; ks and
ke, forward and reverse rate constants for dissociation of the slow state in Ca*2 buffer
(negligible), k7 and kg, forward and reverse rate constants for dissociation of the initial state
in EDTA buffer; kg and k1, forward and reverse rate constants for dissociation of the slow
state in EDTA buffer.
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Figure 2. Competition and ligand-analyte reversal experiments
(A) Competition experiment in which free CaM was added to eNOS before binding to

determine the concentration of CaM binding sites. Plot shows kj vs. [calmodulin]. (B)
Sensorgrams of binding of analyte calmodulin to ligand eNOS holoenzyme. CaM
concentrations top to bottom were 40 nM (crosses), 30 nM (red circles), 20 nM (blue
circles), and 10 nM (green triangles).
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Figure 3. Ca?* titrations for nNOS and eNOS
Largest amplitude trace in both experiments corresponds to 10 uM and Ca?* concentrations

in order were 10, 3, 1, 0.3. 0.1, 0.03 and 0.01 uM; the 3 and 1 uM traces are almost
superimposed. (A) Titration of 100 nM nNOS dimers with buffered calcium in the 10 nM-10
UM regime. Rates of rapid and slow components in double exponential fit were 0.05 and
0.005 M~ sec™? (time constants 20 and 200 sec). (B) Titration of 100 nM eNOS dimers
with buffered calcium in the 10 nM-10 uM regime. Rates of rapid and slow components in
two component first order kinetic simulation were 0.05 and 0.005 M1 sec™1 (time constants
20 and 200 sec).
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Figure 4. Calcium binding states and state occupancy tree
(A\) States of calmodulin labeled with number of bound Ca2* ions with and without

calmodulin binding peptide X. X binds with increased affinity as the number of Ca2* ions
bound increases; equivalently, states with X bound have a higher affinity for Ca2*. (B) State
occupancy tree for Ca2* on CaM showing occupied EF hands as primed; the number of
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states follows the 1:4:6:4:1 binomial coefficient progression. The five columns correspond to
the five possible occupancy numbers (0-4) for CaM.
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Figureb. ca?t depedence of eNOS binding and dissociation
Open diamonds represent dissociation rate constants estimated from binding phases; closed

triangles are association rate constants, both as a fraction of maximum rate. The two solid
black lines are fractional population for free CaM 4 Ca2* (a) and free 3 Ca2* (b)
corresponding respectively to the right hand state in figure 4B and the four states second
from the right. The next two transients in black moving left are the 2 (c) and 1 (d) Ca2*
states, and the empty state is the dashed black sigmoidal curve (e). The grey sigmoid (f)
represents the calcium replete state in the presence of X (the unoccupied calmodulin target)
at 104 its K in excess calcium; the sigmoidal curve on the far left (g) is the empty state (no
Ca?"* or target) under the same conditions.
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Figure 6. Effect of phosphorylation of eNOS residues on binding of CaM
eNOS was phosphorylated by AKT (open diamonds) and PKC (filled circles); control

experiments with no ATP are shown as filled diamonds (incubation with PKC) and open
triangles (incubation with AKT). Two component fits are shown as solid or dashed lines. No
significant effect was observed except with PKC, which phosphorylates T495 adjacent to the
CaM binding site. In the experiment shown it is estimated that the 30% decrease in rate of
CaM binding is caused by ~30% phosphorylation at the T495 site; no indication of binding
of a slower component could be observed.
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