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Abstract

Aresonant mirror biosensor was used to study cyclic nucleotide—receptor interactions. In particular, a novel method was
developed to determine inhibition constaik§) from initial rates of ligate association to immobilized ligand. This
approach was applied to the comparison of cyclic nucleotide-binding properties of the wild-type isolated B domain of
the cAMP-dependent protein kinase typeregulatory subunit and its Ala-334-THA334T) variant that has altered

cyclic nucleotide specificity. A cUMP-saturated form of the B domain was used for all measurements. Under the
conditions used, cUMP did not affect the kinetics of B domain association to immobilized cAMP. Triton X-100 was
required to stabilize the protein at nanomolar concentrations. The association and dissociation rate constants for
wild-type and A334T B domains yielded equilibrium dissociation constants of 11 and 16 nM. Heterogeneity of ligate
and immobilized ligand, mass transport effects, and other factors were evaluated for their influence on biosensor-
determined kinetic constants. Biosensor-determined relative inhibition congkgnts KAMP/K:2"alo9) for 16 cyclic
nucleotide analogs correlated well with those determined[BY3cAMP binding assay. Previously publishEgvalues

for the B domain in the intact regulatory subunit were similar to those of the isolated B domaikK; Vakies for the
wild-type and A334T B domains were essentially unchanged except for dramatic enhancements in affinity of cGMP
analogs for the A334T B domain. These observations validate the isolated B domain as a simple model system for
studying cyclic nucleotide—receptor interactions.

Keywords: cAMP-dependent protein kinase; biosensors; cyclic AMP; cyclic GMP; cyclic nucleotide analogs; kinetic
analysis; inhibition constants

The extensively characterized cyclic nucleotide binding characteret al., 1996 resulted in decreases in cGMP binding affinity without
istics of the regulatory subuniRl«) of cAMP-dependent protein  affecting cAMP interaction.
kinase(reviewed in Beebe & Corbin, 1986and the availability of The presence in R of tandem cyclic nucleotide binding do-
the crystal structure of its cCAMP-binding domaii®u et al., 1995  mains(A and B) that have subtle, yet distinct kinetic properties
make this protein an excellent system for understanding the motRannels & Corbin, 1980; Dgskeland & @greid, 198#4d binding
lecular basis for cyclic nucleotide binding selectivities of protein selectivities(Dgskeland et al., 1983; @greid et al., 1988mpli-
kinases. Information gained from this system has been transferabtetes the study of cyclic nucleotide interactions with this protein.
to other proteins that contain homologous cyclic nucleotide-Initial studies of a soluble recombinant isolatedeRB domain
binding domains. For example, mutation of a single alanine to goint to its utility as a simpler model system for studying cyclic
threonine in each of the cAMP-binding A and B domains o&RI nucleotide—receptor interactioShabb et al., 1995; Kapphahn &
dramatically increased their affinities for cGMP without affecting Shabb, 199¥.
CcAMP interaction(Shabb et al., 1990, 1991Subsequent muta- Further characterization of the isolated B domain ofrR$
tions of corresponding threonine residues to alanines in the bovinpresented in this study, validating it as a simple model system for
rod cyclic nucleotide-gated chann@ltenhofen et al., 1991and  studying cyclic nucleotide—receptor interactions. This is accom-
the A and B domains of cGMP-dependent protein kineReed  plished using resonant mirror biosensor technology as a non-
isotopic kinetic approach to the study of small ligand—receptor
Reprint requests to: John B. Shabb, Department of Biochemistry amijnteractions. In particular, a novel method is introduced for deter-

Molecular Biology, University of North Dakota School of Medicine, Grand Mining inhibition constants using initial rates of receptor associa-
Forks, North Dakota 58202-9037; e-mail: jshabb@medicine.nodak.edu. tion to immobilized ligand. The approach is applied to the

2446




Cyclic nucleotide—receptor interactions 2447

comparison of cyclic nucleotide-binding selectivities of the wild- X-100, however, completely protected 10 nM B domain from in-
type isolated Rk B domain and its Ala-334-Th{A334T) variant  activation for up to 17 h of incubation at room temperature. There-
that has altered cGMP binding characteristics. fore, Triton X-100 was included in all subsequent experiments.

Characterization of isolated B domain interaction
Results with immobilized AHA-CAMP

The 8-aminohexylamino analog of cAMRRHA-cAMP) was se-
lected as the analog to immobilize to the carboxymethyldextran
The use of cAMP- or cIMP-bound B domain preparations for thecuvette because it is routinely cross-linked to cyanogen bromide-
biosensor measurements resulted in skgywalues that were sim-  activated Sepharose for the affinity purification of cAMP-dependent
ilar to the rates of dissociation of cAMP and cIMP from the B protein kinase regulatory subunitBills et al., 1979. Recently,
domain(not shown. To attain more accuratg, values, cAMP and  others have used this same analog to prepare a cAMP surface for
cIMP were exchanged with cUMP, which has an affinity for B capturing R subunit isoforms to study PKA anchoring protein in-
domain that is two orders of magnitude less than that of cAMPteractions by surface plasmon resonafierberg et al., 2000
Residual cUMP in the B domain preparations did not appear torhe extreme stability of the single-well cuvette allowed for the
affect the kinetics of association of the B domain with immobilized careful assessment of the cuvette system for determining kinetic
AHA-cAMP at B domain concentrations used for biosensor mea-parameters of B domain-cyclic nucleotide interactions.
surement$35 nM or les$. This was evidenced by the lack of effect A typical association of B domain with immobilized AHA-
of up to 100 nM of exogenously added cUMP on the initial rate of cCAMP is shown in Figure 2. Data accumulated over an extended
B domain association to immobilized AHA-cAM@ot shown. period of time(e.g., 10 min yielded ak,, that fits best with

Although cUMP-saturated B domain was stable at concentradouble-phase as opposed to single-phase kingkigs 2A,B). The
tions of 100 nM or greater, dilution of cUMP-saturated B domain association curve could be fitted to a single-phiagevhen analy-
to 10 nM resulted in rapid inactivatidifrig. 1). The instability was  sis was limited to the first 90 s of accumulated défag. 20).
not due to the loss of bound cUMP because the rate of inactivatioBecausek3" and k3" values were similar whether they were cal-
was unaffected by the addition of cUMP. Addition of 0.01% Triton culated from double- or single-phakg, values, the more conve-
nient single-phase determinations were used for all subsequent
measurements. Alternatively, th&¥% was determined from plots
of initial rate (dR/dt) measurements vs. B domain concentration
(Edwards & Leatherbarrow, 1997Twenty seconds of accumu-
lated association data was usually sufficient to establish an accu-
rate initial rate using linear regressi¢hig. 2D). As a rule, initial
rate calculations gave more consistent values, particularly at low B
domain concentration.

Although the dissociation of the B domain is first ord&habb
et al., 1995, the biosensor dissociation data fit a double-phase
curve-fitting algorithm(Fig. 3. The minor fast-dissociating com-
ponent(less than 20%was attributed to dissociation of nonopti-
mally or nonspecifically bound B domain. Artifactual rebinding of
the B domain during the dissociation phase was effectively elim-
inated by including 6QuM cAMP in the chase buffer. Therefore,
only the slow componerkdss was evaluated.

The relationship between theg, and B domain concentration
was biphasic, with a break occurring at 20—-35 FMg. 4). Re-
plotting the same data to give initial rate vs. the B domain con-

General properties of the cUMP-saturated isolated B domain

B/B,

oL : . : . : : centration gave similar results. Because of the biphasic nature of
0 1 2 3 4 5 6 the ko, data, kinetic constants were calculated for higt20 nM)
and low (<20 nM) ligate concentration$Table 1. The kinetic
hours parameters derived frork,, measurements at a low B domain

Fig. 1. Detergent stabilization of the isolated B domain. An aliquot of concentration more closely met the self-consistency criteria of

19 uM cUMP-saturated B domain was diluted to 10 nM in 10 mM potas- Schuck and Mintorf1996h: (1) theK{™ was approximately equal
sium phosphate, pH 6.8, 1 mM EDTA, 2 mM 2-mercaptoethanol in theto theK§9; (2) k§” was approximately equal tdss, and(3) the kg,
presence of 0.01% Triton X-10Gquarepor 3.6 uM cUMP (downward gt every concentration of the B domain used was greater than the
triangles or with no other additioupward triangles The samples were " (e.g., compare thg intercept to data points in Fig.)4The

incubated at room temperature. The amount of remaining active B domain” . " ) - .
was measuredtd h intervals on the IAsys by determining the initial rate d€Vviation from pseudo-first-order kinetics was best explained by

of association of isolated B domain with immobilized AHA-cAMP. Data Site heterogeneity on the cuvette surface, with the kinetics at the
are plotted as the fraction of B domain remaining at tini/B,). At time  lower B domain concentrations best representing the solution prop-
zero, initial rates of B domain association were 0.299, 0.255, and 0.78%tjes of the proteifiEdwards et al., 1995; O'Shannessy & Winzor

arc-g/s for the+ Triton X-100, + cUMP and no addition experiments, .
respectively. A twofold or greater enhancement of cCAMP-binding activity 1996; Bowles et al., 1997The low range constants were therefore

was consistently observed in the presence of Triton X-100 and was indd2ken as more accurately representing the solution properties of the
pendent of the B domain concentration or the assay method. B domain.
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Fig. 2. Modeling of B domain association with immobilized AHA-cAMP. Binding of 90 nM wild-type isolated B domain to immo-

bilized AHA-cAMP was monitored for 550 s at 3G with a single-well 1Asys cuvette as described in Materials and methods. The
numbered, dashed lines in each of the association plots indicate the extents of association for the first and second phases. The top graph
of each panel is a plot of the residual errors of calculated vs. experimentalAdatéonophasic curve-fitting of the entire dataset.

B: Biphasic curve-fitting of the entire dataset. The calculated maximum extent of binding for the first and second phases were 326 and
114 arc-sC: Monophasic curve fitting of the first 90 s of accumulated data. The calculated maximum extent of binding was 391 arc-s.

D: Linear regression of the first 15 s of initial rate of association, the slope of whidR/idt.

The influence of mass transport &g determinations was also setting required for achieving a stable initial rate. Because all
evaluated because under certain conditiknsalues can be se- experiments were done at a stirrer setting of 100, all association
verely underestimatetKarlsson et al., 1993; Nieba et al., 1996; data were attributed to interaction kinetics between B domain
Schuck & Minton, 1996a; Myszka et al., 1997; Schuck, 1997 and immobilized AHA-cAMP and not to mass transport-limited
Furthermore, others have shown mass transport limitation fokinetics. Other evidence that mass transport was not a factor
the association of the PKA regulatory subunit to immobilized include the relative insensitivity ok, values determined with
cAMP in the BlAcore surface plasmon resonance biose(ider- immobilized AHA-cAMP cuvettes of varying densitypot shown
berg & Zimmermann, 1999 A convenient and accepted test for and the linear relationship between tkg and B domain con-
detecting mass transport is to determine the effect orkghef centration even in the low nM range.g., Fig. 4.
flow rate over the surface of the immobilized ligaiitflyszka As Table 1 indicates, thKg values are similar for the wild-type
et al., 1997. In the IAsys, flow rate in the cuvette is controlled and A334T B domains, indicating that the Ala-to-Thr mutation has
by the stirrer amplitude. The data in Figure 5 demonstrated thaa minimal effect on the binding affinity of the B domain to im-
the initial rate of B domain association steadily increased up tamobilized AHA-cAMP. It is not clear what might account for the
a stirrer setting of 80, but remained essentially constant at stirrelbiphasic nature of thi,, data, but the difference iy values for
settings greater than 80. The density of immobilized AHA- high and low protein ranges for either wild-type or A334T B
CcAMP had very little if any influence on the minimum stirrer domain differed only by a factor of 2.
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Fig. 3. Modeling of B domain dissociation with immobilized AHA-cAMP.

After 9 min of association of 90 nM wild-type isolated B domain to a B domain (nM)

single-well immobilized AHA-cAMP cuvette at 3, the dissociation of

B domain was monitored for 400 s in the presence of excess cAMP agig. 4. Determination of rate constants for B domain interaction with im-

described in Materials and methods. The numbered, dashed lines in each gfobilized AHA-cAMP using biosensor association data. This is an exam-

the dissociation plots indicate the extents of dissociation for the first andyle of the experiments that were used to compile the kinetic data in Table 1.

second phases. The top graph of each panel is a plot of the residual erross Thek,, values were determined at increasing B domain concentrations

of calculated vs. experimental data: Monophasic curve fitting of the as in Figure 2C. The S|0pe awntercept of a linear regression of a p|ot

entire dataseB: Biphasic curve fitting of the entire dataset. The calculated of k,, vs. B domain yieldedk" and k3", respectively.B: Initial rates

extents of the first and second phase were 67 and 329 arc-s. (dR/dt) were calculated as in Figure 2D, using the same data &@s. in
Linear regression adR/dt vs. B domain concentration yieldég~. Both
transformations of the association d&faandB) illustrate the deviation
from pseudo-first-order kinetics of the association phase when examined

Biosensor determination of inhibition constants over a wide protein concentration range. Linear regressions are for the high
range(21-215 nM; solid linesand low rangg5—-21 nM; dashed lingof

The determination of the inhibition constants of CAMP analogsB domain concentration. This experiment was done with a single well

was initially performed using the approach of Nieba e{ 1996, cuvette at 30C.

in which thekK; is determined from a plot df,, vs. total inhibitor

concentration using nonlinear regression. The determination of re-

liable ko, values proved to be problematic, however, for highly

inhibited samples. This was due to the difficulty in accumulatingdomain with cAMP as the competitor nucleotide are shown in

sufficient association data that could be accurately fitted by theFigure 6A. The initial rates were then plotted against inhibitor

nonlinear regression. Although increasing the concentration of Boncentration, and th&; was determined by fitting the data to

domain in the assay minimized this problem, this also introducedequation 8. Figure 6B shows a typical inhibition curve of the B

unacceptable levels of cUMP into the assay. domain association rates in the presence of increasing CAMP. To
As an alternative approach, initial association rates were used tcalculate theK;, kaRnax Values were fixed for a given B domain

calculateK; values as described in Materials and methods. Accupreparation and cuvette. Although the B domain concentration of

ratedR/dt values were easily obtained by linear regression of thethe frozen stock concentrations was known, this parameter was

first 20 to 60 s of accumulated association data even at high inkept as a variable to allow for minor changes in protein concen-

hibitor concentrations. Typical initial rate data for the wild-type B tration due to slow inactivation of B domain stored dto¥er a
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Table 1. Kinetic constants for isolated B domains derived from biosengpd&terminations

kgR/dt (sfl M 71) kgn (Sfl M 71) kgn (Sfl) k(cjiiss (sfl) K;in Kdeq
B domain Range (X 107%) (X 107%) (X 103) (X 10%) (nM)® (nM)
Wild-type (3)°¢ Low 1.7+0.47 2.3 0.44 2.3 0.46 2.7+ 0.33(19 11.3+ 3.66 9.88+ 3.44
Wild-type (8) High 0.91+0.14 1.2+ 0.20 3.9+ 0.46 37.0£5.51 23.2£3.61
A334T (12 Low 2.7+0.37 3.5+ 0.55 3.9+ 0.42 2.8+ 0.13(48) 16.0+ 3.70 17.0+ 4.45
A334T (10) High 1.1+ 0.25 1.4+ 0.36 6.6+ 1.1 60.6+ 6.79 30.6= 4.25

aLow range experiments were with B domain concentrations between 1 and 35 nM. High range experiments were with B domain
concentrations between 20 and 210 nM.

bThe K constants were calculated frokg” and k™.

°Number of experiments for each B domain are indicated in parenthesekdRHek2", k3", andK$9 values were derived from the
same set of association experiments. K$i# values were calculated directly from dissociation experiments. No distinction was made
betweenkd'ss values obtained from high or low B domain concentrations.

period of days. Thé&; was considered reliable if it was consistent of the K{ values from the two method$ig. 7A) gave a slope of
with the inhibitor concentration at half-maximeR/dt as deter-  1.17 (r? = 0.839. The biosensor assay therefore had a similar
mined by visual inspection, and if the fitted value for B domain dynamic range and accuracy as [ffld]cAMP equilibrium binding
concentration was in reasonable agreement with the concentratiassay for determining values.
of B domain determined bl®H]cAMP-binding activity. The biosensoK/ values were next compared with previously
publishedK{ values for the B domain in the inta® subunit
(Fig. 7B). The slope of 1.02 for the linear regression of the two sets
of data(r 2 = 0.891) demonstrated that isolation of the B domain
from the R subunit did not grossly affect the cyclic nucleotide
Relative inhibition constantéK;) for 16 different cyclic nucleo-  binding specificity of theR subunit. Comparison of tHéH]cAMP-
tides were determined for the wild-type and A334T B domain bybinding K{ values with those from the literature gave a slope of
the initial rate methodTable 2 and compared with those derived 0.82(r? = 0.882 (not shown.
from the[3H]cAMP equilibrium binding assay. Linear regression  The A334T B domairK{ values derived from the biosensor and
[*H]cAMP-binding methods were also compar@dg. 7C). The
1.17 slope of the linear regressior? = 0.993 was very similar
to that for the wild-type B domain. The major change was in the
positioning of the cGMP analogsolid squaresrelative to the

; E other cyclic nucleotides. The selective disjunction of cGMP analog
LR
]

Mapping of cyclic nucleotide interactions with the isolated
wild-type and A334T B domains

100 selectivity of the isolated A334T B domain is illustrated in Fig-

ure 7D. Linear regression &f values for the wild-type and A334T
80 4 B domains yielded a slope of 0.862% = 0.902, excluding cyclic

I g GMP analogs, which are clustered away from the other 12 cyclic
nucleotides.
60

Discussion
40

% maximum dR/dt

The present study demonstrates that the isolated B domain is a
useful model for studying cyclic nucleotide—receptor interaction.
Kinetic constants for the B domain—cyclic nucleotide binding were
. readily determined with a resonant mirror biosensor. The 1XKgM
0 of cAMP-binding to the isolated B domain was about 10-fold
0 20 40 60 80 100 higher than theKy for the B domain in intact Rt reported by
others(Dgskeland & @greid, 1994This difference in affinity was
Stirrer Speed (%) due mainly to an order of magnitude lowy for the isolated B
Fio. 5. Effect of st " the rate of ation of isolated Bdomain. The cause for the lowered affinity of the isolated B do-
et s Maln G b e (0 structural prturbationsof s CAMP inding
monitored in both wells of a dual well cuvette at given stirrer settings forpOCket when it is sgparated fr.om the rest o.f.t:hsubgmt, or.|‘t
3 min at 25°C followed by regeneration as described in Materials and could be due to differences in the recognition of immobilized
methods. The process was repeated at random stirrer settings for a loAHA-cAMP relative to cAMP in solution. The latter reason may
density well(Rnax = 195 arc-s; solid squargand a higher density well 3|0 explain why the biosensor-determined dissociation rate con-

(Rmax = 650 arc-s; open squaned he experiment was done at a final B <1
domain concentration of 4 nM in buffer A. Samples were diluted to the stant of 0.0027's" was somewhat greater than the 0.0017 that

appropriate final concentration immediately before addition to the cuvetteWas previously determir_1ed byH]cAMP dissoc?ation from the
Error bars aret SEM (n = 4). isolated A334T B domairtShabb et al., 1995 Given these dif-

20
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20 The biosensor was able to determievalues for very low
A cAMP (ni) affinity analogs much more effectively than was possible with the
0,5 [®H]cAMP-binding method. This was attributed to the fundamen-
3'16_1 tal differences in the methods themselves. The radioisotope method
§ 12 requires equilibration of the B domain and the competitor analog
"6’ in the presence of 0.4M [3H]cAMP to assess the fraction of B
5 24 domain occupied by competitor. In the biosensor assay, however,
° the fraction of B domain that is occupied by competitor is deter-
b mined by quantifying the amount of remaining unliganded B do-
g 49 main. The end result is that much higher analog concentrations are
g needed in thg3H]cAMP-binding method to achieve the same
degree of competitive inhibition in the initial rate method. Thus,
98 theK; for 2'-deoxy cAMP was not determined for the wild-type B
195 domain with thg *H]cAMP-binding assay because the extremely
r 391 high concentration of nucleotide needed to inHiBi]cAMP bind-
20 ing by 50% exceeded its solubility.
time (seconds) Mutation of Ala-334 to Thr did not affect thi€y of the isolated
B domain for cAMP, providing direct proof that this mutation does
1.0 not alter CAMP interaction. Previous studies inferred this conclu-

B sion through measurement of protein kinase activation and disso-

ciation rate constants for cAMPShabb et al., 1990, 1991The
protein kinase activation constant is the concentration of cyclic
nucleotide required for 50% activation of PKA holoenzyme and
indirectly represents the mean affinity of the two cAMP binding
sites. Activation constants were used in the same studies to dem-
onstrate that the A334T B domain had a selective increase in
affinity for cGMP analogs as compared to the wild-type R subunit
(Shabb et al., 1990, 1991The current study directly evaluates the
cyclic nucleotide binding selectivity of the wild-type and A334T B
domains through the determination of inhibition constants. The
results clearly demonstrate that the change in cyclic nucleotide
binding affinity was limited to a dramatically enhanced affinity for
analogs having hydrogen bonding potential at the 2-amino position
of cGMP.

Biosensor characterization of cyclic nucleotide interactions with
intact Rkv have not been attempted. Two kinetically distinct cAMP-
binding sites per subunit, dimerization, and positive cooperativity
tial rates of B domain association to immobilized AHA-CAMER. ASSO- between binding sites are all properties of the native protein that

ciation of 15 nM isolated wild-type B domain was measured ik a  Make this type of analysis problematic. Binding site heterogeneity
dual-well cuvette in the presence of increasing concentrations of competand multivalence are recognized problems with respect to biosen-

itor CAMP as described in Materials and methods. Data were accumulatedor gnalysigreviewed in Hall & Winzor, 1998 and investigators

at0.2 s intervals. Shown are the initial 20 s of useable association data iqf, /o tended to avoid these factors when possikitinin et al.,

each inhibitor concentration obtained after addition of the equilibrated . L

protein-competitor nucleotide solution. The initial rét#R/dt) was calcu- ~ 1999. A compromise model would be the use Rfsubunits in

lated as in Figure 20B: TheK; was determined by nonlinear regression of which one or the other cAMP-binding site is mutated to eliminate

dR/dt with respect to total inhibitor concentration using Equation 8. cAMP-binding(reviewed in Shabb & Corbin, 1992llowing char-
acterization of the remaining functional site. This approach has yet
to be tested.

Several approaches to determining inhibition constants using
ferences, the biosensor data provided reasonable and believalii@®sensor technology have been described. The approach de-
kinetic constants for cAMP-B domain interactions. scribed in this study is the latest and, in our hands, the most robust

The cyclic nucleotide binding selectivity of the B domain was permutation of solution-based determination of kinetic constants
generally unaffected when it was isolated from the rest of the RI using a biosensor. What distinguishes the current approach is the
subunit(Fig. 7B). The overall pattern held regardless of whetheruse of initial rates to directly extract I§;, based on the kinetic
inhibition constants were determined by th#{]cAMP-binding properties of the cyclic nucleotide-B domain interaction. Karlsson
method or the initial rate method. The absolute ranking of the(1994 was the first to use initial rates to determine inhibition
analogs was not identical, however. This could be due to experieonstants in solution, but this method relied on the initial rates
mental variation or to the differences in ligand used in the twobeing determined by mass transport, a condition that does not
methods. Inhibition constants derived from the initial rate methodapply to the present study.
were more compressed than those obtained witH ¥HécAMP- Others have exploitek,,, to empirically(Hall & Winzor, 1997
binding method resulting in correlation between the two sets ofor mechanisticallyNieba et al., 1996determine inhibition con-
data that was greater than 1:1. stants. As described in Results, difficulties in accurately measuring

dR/dt (arc-sec/sec)
(-]
]

0 T
1 10 100

cAMP (nM)

T T T

T TTTT

1000

Fig. 6. Determination of a cyclic nucleotide inhibition constant using ini-
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Table 2. Relative inhibition constants of cyclic nucleotide analogs for the Rldomair?

Isolated wt-B domaink/ Intact RI, K{ Isolated A334T-B domaink/

Cpd Cyclic nucleotide [*H]cAMP- binding Initial rate Literature valu@s [*H]cAMP-binding Initial rate

1 8-methylamino cAMP 12 12 393 8.4 4.6

2 8-aminohexylamino cAMP 3.8 1.2 6 2.3 15

3 6-Cl cPuMP 1.1 2.5 0.60 2.1 2.0

4 cAMP 1.0 1.0 1.6 1.0 1.0

5 N8-phenyl cAMP 0.31 11 0.48 0.50 15

6 1, N8 etheno cAMP 0.11 19 0.11° 0.79 1.7

7 N6-butyryl cAMP 0.047 0.36 0.093 0.094 0.38

8 8-piperidino cAMP 0.025 0.21 0.065 0.019 0.065

9 cIMP 0.023 0.16 0.0 0.11 0.24
10 Né-ethylamino cAMP 0.017 0.50 — 0.034 0.17
11 8-amino cGMP 0.010 0.043 — 14 14
12 cGMP 0.0085 0.080 0.012 2.5 2.2
13 1,N2-B-p-phenyletheno cGMP 0.0072 0.083 0.0087 7.9 2.3
14 cUMP 0.00049 0.0068 — 0.0054 0.036
15 2-deoxy cAMP 0.00041 0.0013 0.000%72 0.00067 0.0013
16 2-deoxy cGMP N.D. 0.000046 — 0.0011 0.0019

aRelative inhibition constantd</) are expressed &&MP/Ka"a°9 Values were determined by either {ifel]cAMP binding assay or the initial rate assay
described in Materials and methods. The initial rate-determiq&d#'” was 25 nM for the isolated wt-B domain and 32 nM for the isolated A334T B
domain.Kj values are the means of at least three determinations except where footnoted. Standard errors of the mean did not exceed 25%.

bLiterature values are fdf/ determinations of the B domain in the intactaR$ubunit.

°@greid et al.(1989.

9De Wit et al.(1982.

€This K{ value is the mean of duplicate determinations.

kon at low ligate concentrations dampened enthusiasm for thigguanosine-3%'-cyclic monophosphat@GMP), inosine-35’-cyclic
method. In addition, use of initial rates insteadkgf minimized monophosphate(cIMP), uridine-3,5'-cyclic monophosphate
ligate depletion and the consequent invalidation of pseudo-first{cUMP), 2'-deoxyadenosine‘®’'-cyclic monophosphatg2’-
order kinetics, a concern that has been raised with regard to theéeoxy cAMB, 2'-deoxyguanosine%’-cyclic monophosphat@’-
IAsys biosensofHall & Winzor, 1997; Hall et al., 199/ deoxy cGMB, 8-methylaminoadenosiné8-cyclic monophos-
Equilibrium approaches to determining inhibition constants sim-phate (8-methylamino cAMP, 8-aminohexylamino-%',-cyclic
ilar to the ones described by othdidorelock et al., 1995; Mann monophosphate8-aminohexylamino cAMP 6-chloropurine
et al., 1998 were also tried. Considerably more time was requiredriboside-3,5'-cyclic monophosphat¢6-Cl cPuMB, Né-mono-
for data accumulation with this approach. Furthermore, the instabutyryladenosine-®’-cyclic monophosphatéN 5-monobutyryl
bility of dilute solutions of B domain tended to complicate inter- cAMP), and 1, N®-ethenoadenosine;3'-cyclic monophosphate
pretation of association kinetics. (1,N®-etheno cAMP were from Sigma(St. Louis, Missoufi.
The resonant mirror biosensor provides a sensitive, reliable, anfl-Piperidinoadenosine;8’-adenosine cyclic monophosphate
cost-effective alternative to radioisotope methods for the study of8-Piperidino cAMB, N8-phenyladenosine3'-cyclic monophos-
cyclic nucleotide—receptor interactions. The highly stable characphate (N8-phenyl cAMP, and 8-phenyl-1N?-ethenoguanosine-
ter of the immobilized cAMP cuvette significantly reduces expend-3',5’'-cyclic monophosphaté PET-cGMP were from BiolLog
able costs for the biosensor assay. This is in contrast to the higtLa Jolla, California. 8-Aminoguanosine-%’-cyclic monophos-
cost of purchase and disposal[8H]cAMP used in the traditional ~phate(8-amino cGMP was a gift from Jackie Corbif\vanderbilt
radioisotope assay. The biosensor assay also has some advantatyaversity). N°-(2-aminoethyl adenosine-%’'-cyclic monophos-
in terms of time required to generate the raw data. This is espegphate(N®-ethylamino cAMP was synthesized according to Dills
cially true when initial rates are used to calculate inhibition con-et al. (1979.
stants. The methods used in this study should prove to have general
applicability to small ligand—receptor interactions with the major
challenge being the generation of an appropriately recognized andreparation of isolated wild-type and A334T B domains

easily regenerated immobilized ligand. Vectors encoding the 14,380 kDa isolated B domain of wild-type

(WT) and A334T R& were constructed as described previously
(Shabb et al., 1995The domains were expressedBscherichia
coli and purified to near homogeneity in a cIMP-saturated state by
cAMP-affinity chromatographyShabb et al., 1995Aliquots con-
taining 10 mM potassium phosphate, 1 mM ethylenediamine-
[2,8*H]cAMP (50 Ci/mmol) was from AmershantPiscataway, tetraacetic acitEDTA), 0.01% Triton X-100 pH 6.8 were frozen in
New Jersey Adenosine-35'-cyclic monophosphatécAMP), liquid nitrogen and stored at 70°C. Protein stored in this manner

Materials and methods

Materials
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Fig. 7. Comparison oK/ values for the wild-type and A334T B domains. TKg values are from Table 2. TH8H] and biosensor

assays for determininig values refer to the equilibriufifH]cAMP-binding and the biosensor initial rate assays described in Materials

and methods. Wild-type and A334T refer to the isolated wild-type and A334T B domains. InfactfRis to the B domain in intact

rabbit skeletal muscle Rl The numbers beside each square indicatkihalues for the corresponding compound listed in Table 2.

Closed squares represent cGMP analogs. Open squares represent all other cyclic nucleotides. Linear regressions were done with all data
points in each panel except fBr, where compounds 11, 12, and 13 were excluded. Slopes and correlation coefficients for each dataset
are stated in the text.

tended to be dimeric. Prolonged storage 8€C4esulted in the on a 1X 40 cm column of Sephadex G-25 superfine equilibrated
formation of high molecular weight aggregates with altered kineticin 50 mM potassium phosphate, 1 mM EDTA pH 6.8. One milli-
properties. To maintain the monomeric form of the B domain andliter fractions were collected, and those containing B domain were
a single kinetic cyclic nucleotide-binding species of the protein,identified by protein dye-binding ass&BioRad, Hercules, Cali-
aliquots of B domain were incubated with 20 nivmercaptoethanol  fornia). Peak fractions were pooled and concentrated to AD0
before each use. with Amicon Centriprep 10 and Centricon concentrators. The cUMP
exchange was repeated as above. After the second exchange and
chromatography, approximately 80% of the B domain was recov-
ered as determined bf?H]cAMP-binding activity. Reversed-

To minimize the contribution of bound cyclic nucleotide in inhi- phase analysis of cyclic nucleotide content of the boiled aliquots of
bition assays, the cIMP was displaced with the lower affinity cUMP doubly exchanged B domain according to the method of Krstu-
through a series of exchange and desalting steps. Cyclic IMPlovic et al. (1979 showed that the cIMP concentration was less
saturated B domait100 L at 70 uM) was incubated with an than 5% of the B domain concentration. The effect of cIMP re-
equal volume of 0.2 M cUMP in KPE for 30 min at 30. Cyclic moval was easily demonstrated by an increased apparent associa-
nucleotides were separated from the B domain by chromatographtyon rate constant as determined by biosensor analysis. The molar

Generation of cUMP-exchanged B domain



2454 W.W. Muhonen and J.B. Shabb

ratio of cUMP to B domain in these preparations was at least 1:4Determination of kinetic rate and equilibrium constants

but never more than 1:1. The determination of rate and equilibrium constants using biosen-

sor data has been described in detail by othengewed in Hall &
Determination of cyclic nucleotide/Kalues for the Winzor, 1998: All manipulations Were_ c_arried out at 30. The
isolated WT B domain using théH]cAMP AHA-cAMP single-well cuvette _contalnlng 20QL of Buffer A
(150 mM NacCl, 50 mM potassium phosphdieH 6.8, 1 mM
EDTA, 0.01% Triton X-10Q was incubated in the 1Asys for at least
Wild-type (10 nM) or A334T B domain was incubated in the 4 min or until the baseline stabilized. One to 30 of B domain
presence of 50 mM potassium phosphate, pH 6.8, 1 mM EDTAwas added to give a final concentration range of between 1 and
2 M NaCl, 0.01% Triton X-100, 0.4uM [®H] cAMP (8.2 X 200 nM as indicated in the results. The change in arc-s, reflecting
10~° pmol/dpm) and increasing concentrations of competitor the apparent on-raték,,) of unliganded B domain with the im-
nucleotide for 45 min at 3C. Samples were diluted with ice- mobilized AHA-cAMP, was monitoredtdl s intervals. The max-
cold KPE (10 mM potassium phosphate pH 6.8, 1 mM EDTA  imum amount of data in the first 3 min of association was used that
and immediately filtered over Millipore HAWP nitrocellulose. would allow fitting to a single phasie,, as determined by random
Filters were washed with KPE, dried, and the protein-bounddistribution of error of the fitted curve relative to experimental data
[3H]CAMP was measured in a scintillation counter. Relative in- using FASTFIT SoftwaréAffinity Sensors. The dissociation rate
hibition constants(K/) where K{ = K#“P/K"@°9 were calcu-  constant(k$") and association rate constdkg") were calculated

lated according taDeskeland et al., 1983All determinations  py linear regression of a plot ¢, vs. the concentration of free B
were performed in duplicate and agreed to withi20% of the  domain(C) using the relationship:

mean.

equilibrium binding assay

Kon = kg + ky'C )

Biosensor instrumentation

. o ) At least four different B domain concentratiof@xcept for one
Experiments were qlqne with either a smgle well 1Asys or a d“allow-range wild-type experiment that used only threere used
well 1Asys Plus(Affinity Sensors, Franklin, Massachusettall ¢, each association experiment. Individual experiments were used

manipulations with the 20QL capacity single-well system were ) \yhen the standard deviation of each kinetic constant for that
done at 30C. Because the 8fL capacity dual-well system of the experiment was<25% of the mean. Alternatively, tHe, was de-

IAsys Plus was more sensitive to evaporation, experiments Withe mined from plots of initial rate measurements vs. B domain

this instrument were done at 25. The temperature at which o centratio Edwards & Leatherbarrow, 199@sing the follow-
kinetic parameters were determined is therefore indicated. Protql-,]g relationship:

cols are given only for the indicated instrument, and volume ad-

justments are necessary to adapt the protocol to the other instrument.

Comparison oK/ data from the two instruments was permissible d_R —
because these values represented ratios of inhibition constants and dt
are therefore temperature independent.

Ko Rimax C )

whereRax IS the maximum arc-s achieved upon saturation of the
cuvette with B domain. The initial ratedR/dt) was determined
Immobilization of 8-aminohexylamino cAMP onto from linear regression of the first 15 to 60 s of association data at
the biosensor cuvette each concentration of B domain using FASTFIT. To determine
8-Aminohexylamino-cAMP (AHA-cAMP) was immobilized kdiss loss of B domain bound to immobilized AHA-cCAMP was
through its frees-amino group to an lAsys carboxymethyldextran Monitored after the addition of 4L of 12.4 mM cAMP to the
(CMD) cuvette(Affinity Sensorg based on the manufacturer’s in- cuvette. The dissociation curve was fitted to either single- or double-
structions. All reactions were done at®0 Unless indicated, buffer Phase dissociation kinetics using FASTFIT. Equilibrium dissocia-
additions to the cuvette were 2@ for single-well cuvettes. Buffer ~ tion constants were derived from either thg-determined rate
exchanges were accomplished by aspiration of the cuvette conter@@nstants(Kg™ = kg"/kg"), or from equilibrium binding data at
before addition of the next reagent. The CMD cuvette was activate§@rious concentrations of B domaii§) using FASTFIT. The
for 10 min with 0.4 M 1-ethyl-3@3-dimethylaminopropyl carbo- K§9was calculated from the scatchard plotR4€ vs. R, whereR
diimide (EDC) and 0.1 MN-hydrosuccinimidé NHS) followed by is the maximum extent of arc-s achieved at equilibrium for a given
three washes with water. The cuvette was equilibrated 2 min wittffoncentratiorfC) of B domain. Extents were calculated from single-
50 uL of 50 mM sodium bicarbonate, pH 8.5. To this was addedPhasek,, data. All kinetic constants were reportedstandard error
50 uL of 2.8 mM AHA-CAMP. After a 10 min incubation, the cu- ©f the mean.
vette was washed three times with water to remove unreacted AHA-
cAMP. Remaining activated sites in the cuvette were blocked WithCuvette regeneration
1 M ethanolamine pH 8.5 for 2 min and then washed three times
with water. The maximum extent of B domain binditi},,) yielded  After every associatiofdissociation, the single-well cuvette was
a signal on the IAsys from 500 to 1,200 arc-s, which equated to aegenerated with two 15 s washd8dM guanidine HClI, followed
density of 3.8 to 7.5 pmol of binding sites as calculated using a cuby two 15 s washesfal M formic acid. The cuvette was then
vette constant of 200 arc-s for 1 mm? bound protein for the car- washed three times with Buffer A and allowed to equilibrate for the
boxymethyl dextran cuvette, a cuvette surface area of 18,;amil  next measurement. The longest lived cuvette was regenerated up to
a mass of 14,380 kDa for the isolated B domain. 500 times with a progressive loss of binding capacity of no more
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than 50% over the life of the cuvette. The formic acid washes werdRearrangement of Equation 6 to give a quadratic equation and
eliminated for the dual well cuvette in order to increase its longevity.solving for[L] gives

Biosensor competition assay L= [LTe =[] = Ki + ([ — [L] + K2 + 4K [L],
The following procedure is designed for the dual-well cuvette sys- 2 '
tem. Use of the two-well system allowed simultaneous duplicate

measurements. All cyclic nucleotide inhibitor stock solutions and ()

serial dilutions were made in water and were stored &0°C until . lated he initial f - fli
use. Concentrations of stock solutions were determined from eXBecause{L] Is related to the initial rate of association of ligate to

tinction coefficients for each analog. Ten microliter aliquots of in- tge mmolzallléed s_urfa7ce of tlhe Elosensor Clévette as shown in
hibitor were added to 18aL of Buffer A and 2L of 1.5 uM B quation 2, Equation 7 can also be expressed as
domain to give a final concentration 6f15 nM. The mixture was

equilibrated for 30 min at 28C. Ninety microliters of this mixwas ~ dR ALl [ —Ki+ V([ = [L]+ K2 + 4K [L],
added to each well of a dual-well cuvette after establishment of sta-gt =~ = ™ 2 '
ble baselines in the presence of @D of Buffer Aand 5uL of wa-

ter. Association data were accumulated simultaneously from both (8

wells for 2 min at one to five readings per second. Sometimes the

first few seconds of data needed to be discarded because of baselifh&/te" Ka- Rmaxor [L]; are known, thei; can be calculated from
fluctuations caused by the buffer change. Faalues were cal- nonlinear regression of a plot dR/dt vs. [1]; using Equation 8.
culated by curve fitting oflR/dt vs.[I ], plots as described above.

Relative inhibition constants were calculated asK{i&""/K#"@°9  acknowledgments
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