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ABSTRACT. Hyperpolarization activated cyclic nucleotide modulated (HCN) ion channel currents are
activated by hyperpolarization and modulated in response to changes in cytosolic adehBsoyel&
monophosphate (cCAMP) concentrations. A cDNA chimera combining the rat HCN2 cyclic nucleotide
binding domain and the DNA binding domain of the cAMP receptor protein (CRP) Eoooli and the
histidine tag (HCN2/CRP) was expressed and purified. The construct is capable of forming only non-
ligand dependent dimers because the C-linker region of the channel is not present in this construct. The
construct binds 8-[[2-[(fluoresceinylthioureido) amino] ethyl] thio] adenosin&-8yclic monophosphate

(8-fluo cAMP) with aKq of 0.299uM as determined with a monomer binding model. Hevalues of

20 ligands related to cAMP were measured in order to determine the properties necessary for a ligand to
bind to the HCN2 binding domain. This is the first report of cAMP and gunaosir-Sclic
monophosphate (cGMP) affinities to the HCN2 binding domain being equivalent, even though they
modulate the channel with a 10-fold differencekins. Furthermore, the array of ligands measured allows

the preference rank order for each purine ring position to be determined: positiore1INH, > O;

position 2, NB > ClI > H > O; position 6, NH > Cl > H > O; and position 8, Npi> Cl > H > O.

Finally, the ability of HCN2/CRP to bind cyclic nucleotide pyrimidine rings at concentrations approximately
1.33 times greater than cAMP suggests that ribofuranose is key for binding.

A functional understanding of ligand gated ion channels The existence of the hyperpolarization activated cyclic
depends on the ability to distinguish between ligand binding nucleotide modulated (HCiNion channel was first found
to and ligand activation of, or gating of, the ion chanrigl (  (2) and characterized] in sino-atrial node tissue as inward
Current maximalgay) and apparent affinities represented by current that was activated by membrane hyperpolarization,
half activation Kos) can give information about the ability — called Inyperpolarization) (OF lwunny). Similar current was then
of a ligand to activate and lead to assumptions about how identified in hippocampal pyriamidal neurond) (and rod
ligands bind and activate the channel. In the end, however,photoreceptors5) and calledlgueery At least four physi-
they are only assumptions. The goal of this research is to

sep_arate channel aCt'Ya“O” from ligand binding for _a class 1 Abbreviations: HCN, hyperpolarization activated cyclic nucleotide
of ligand modulated ion channels. By understanding the modulated ion channel; CRP, cAMP receptor protein; CAP, catabolite
ability of different ligands to bind to the binding domain in  gene activating protein; CNG, cyclic nucleotide gated ion channel; Rp-

P AMPS, adenosine-%-monophosphorthioate, Rp-isomer; Sp-cAMPS,
the absence of other parts of the channel, the binding energyf o o a0t 0 oﬁh osphoFr)othigte, Sp_isomer?Cchi A ytf’ Gine.3

for ligand only can be determined without concern for the monophosphate; 6-Cl-cPMP, 6-chloropurine ribositj§-8yclic mono-
reciprocity of other portions of the channel and the energy phosphate; cPMP, purine/o-ribofuranoside-35-cyclic monophos-

o ; ot ; phate; cUMP, uridine-3'-cyclic monophosphate; 8-MA-cAMP,
dissipated or used in channel activation. Hence, only ligand 8-methylaminoadenosing;3-cyclic monophosphate; 2-CI-cAMP, 2-chlo-

binding is determined, and the amount of energy available roadenosine:F-cyclic monophosphate; cXMP, xanthosires3cyclic
for channel activation can be determined. Here, we introducemhonoah?Spggt?v;l 8-gkﬂ<:§l\/zlpo, 8-Czl]0|r0adenqsih5£&y0"|¢ mono-

T ; AT ; ; phosphate; 20-Me-c , 2-0- methylguanosine-%'-cyclic mono-
a blndlng_ assay that gives binding in termskofor a wide phosphate; 1-NHcGMP, 1-aminoguanosing;3-cyclic monophos-
array of ligands. phate; Sp-cAMPS-AM, adenosing3-cyclic monophosphate, Sp-
isomer, acetoxymethyl ester; NO-cAMP, adenodiiesxide-3,5-
cyclic monophosphate;--MB-cAMP, 2-O-monobutyryladeonsine-
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ological roles have been attributed tg (1) control of of the tertiary structure of the binding domain may be
pacemaker activity in the heart and brain, (2) regulation of questionable.

resting potential, (3) control of membrane resistance and The ability of the ligand to bind is defined by the amino
dendritic integration, and (4) regulation of synaptic transmis- acids that line the binding domain region. It is these amino
sion (). Four subtypes of HCN have been clong&d8) with acids that define the interactions, the energy available for
varying tissue localization. These channels are related to thepther activities in the channel, and what ligands are capable
cyclic nucleotide gated (CNG) channel family by structural of binding to the channel. It is for this reason that we
homology, even though the gating mechanism of the two designed a construct to measure the binding of many different
channels differ, one relying on voltage and modulated by ligands to determine the ability of the ligand to bind to the
ligand and the other solely on ligand activatio®).(A ion channels binding domain. If the ligand cannot bind to
functional channel takes four subunits to work with each the binding domain alone, then logically, it is unable to bind
subunit coming from a single transcript. Each transcript to a complete channel and modulate or activate current. If,
contains 6 transmembrane helices, a pore region betweemowever, the ligand is capable of binding to the binding
transmembrane helices 5 and 6, the voltage sensor being thglomain but shows varied channel activation, this is due to
fourth helix, an N-terminal region, and a C-terminal region the way in which the binding domain communicates with
which contains the cyclic nucleotide binding domain and the ligand and then transfers that information to the rest of
C-linker region @). The cyclic nucleotide binding domain  the protein.
used in this series of experiments is taken from the rat HCN  \n/e made a soluble construct by replacing the binding
type 2. The mod.uIaFion of HCN2 by cAMP occurs with a  4omain of the cAMP receptor protein (CRP or CAP,
Koss 0f 0.54M, which is roughly an order of magnitude lower  catapolite gene activating protein) with that of the HCN ion
in concentration than thos of cCGMP of 6uM (8). channel. CRP is a soluble 209 amino adi+15) transcrip-
Crystal structures of the HCN2 cyclic nucleotide binding  tjon, factor fromEscherichia colthat binds cAMP and cGMP
domain interacting with either cAMP or cGMP suggest that \yith similar affinity but is activated only by cAMP16).
the following residues are important for ligand binding and gacny subunit contains an N-terminal cyclic nucleotide
channel activation: residues Gly 581 (construct number 88), binding domain and a C-terminal DNA binding domain. The
Glu 582 (89), Cys 584 (91), Arg 591(98), and Thr 592 (99), cRp cyclic nucleotide binding domain was the first member
with the r_|b0furanose. ReS|_due Ar_g 632 (139) _posmonmg of this family whose structure was determindd)(and has
Glu 582 via a chargecharge interaction and witint-cAMP defined the cyclic nucleotide binding domain, an eight
via the residue’s backbone nitrogen. Hydrophobic res'duesstrandedB’—barrel preceded by a singtehelix and followed
that interact with the purine ring are Val 564 (71), Met 572 by two a-helices. There are two conserved glycines (560
(79), Leu 574 (81), and lle 636 (143)Q). There are three  5nq 581 in HCN2 binding domain) that are important for
crystal structures available in the protein database for the maintaining the fold of the barrelL8) as well as conserved
HCN2 binding domain. Two were used in molecular model- g, (582) and Arg (591) residues that interact with the cyclic
ing, 1Q50, which bindanti-cAMP, and 1Q3E, which binds  ,,cleotide ribofuranose and are important for binding the
synGMP. _ ligand (19, 20). This construct is similar to that used to
The major difference we are concerned with between theseeasure cAMP and cGMP binding in a soluble cyclic
structures, other than containing different .Iigands, is the ycleotide gated (CNG) channel cyclic nucleotide binding
position of3-strands 4 and 5 and B anddzhelices. Allthe  4omain @1). The measurements differ in using a fluorescent

other heavy atoms in thebarrel of the binding domain line  prope that allows for measurement of ligands that do not
up within the error of the structures. The other major naye radioactive analogues.

difference between these structures is the quaternary structure
of the binding domains. A dimer is formed between the large
helix of each binding domain in an antiparallel configuration
with the C-linker region faced away from the dimerization
area with cGMP bound in pdb file 1Q3E. A tetramer is
formed between the cAMP-bound binding domains using the
C-linker region as the tetramerization domain in pdb file
1Q50. We are not concerned with any higher order multi-
merization other than a dimer because our construct lacks
the C-linker region altogether.

The interactions that occur in the soluble constructs are
thought to necessarily occur in the complete channel with
respect to the bound ligand. A growing sense is that the
tertiary structure of the cAMP-bound binding domain as
suggested by the HCN2 crystal structures may be the close
conformation {1). The structurally homologous CNGC \MATERIALS AND METHODS
binding domain fromM. loti crystallizes with the binding
domains in different orientations altogether and may repre- Ligands.The ligands used in this study from Biolog Life
sent the open conformation with A-helices interacting  Science Institute are as follows (format: name (abbreviated
between two binding domaind?). What will not changeis  name) (catalog number)): adenosiri&-3nonophosphor-
the ability of the ligand to take different conformations and thioate, Rp-isomer (Rp-cAMPS) (A 002 S); adenosing-3
interact with surrounding amino acids, even though the role monophosphorothiate, Sp-isomer (Sp-cAMPS) (A 003 S);

Herein, we look at a series of 20 ligands in order to map
interactions between ligand and the HCN2 cyclic nucleotide
binding domain. Thirteen of these ligands, including cAMP
and cGMP, have variations in the purine ring, 5 have changes
in the ribofuranose, and 2 replace the purine ring with a
pyrimidine ring. Each of these ligands has two components,
a ribofuranose and a purine or pyrimidine ring. The ribo-
furanose defines the ability of the ligand to bind, and
alterations made to it can result in a loss of binding. The
second component is the purine or pyrimidine ring, which
modulates the ability of the ligand to bind. By making
modification to the ribofuranose or ring, we explored the
ability of the HCN2 binding domain to bind various ligands
dand refine the amino acids with which the ligand binds.
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cytidine-3,5-monophosphate (cCMP) (C001); 6-chloropu-
rine riboside-35'-cyclic monophosphate (6-Cl-cPMP) (C
002); purine-18-p-ribofuranoside-35'-cyclic monophos-
phate (cPMP) (P010); uriding;3'-cyclic monophosphate
(cUMP) (U 001); 8-methylaminoadenosings3cyclic mono-
phosphate (8-MA-cAMP) (M001); 2-chloroadenosiries-
cyclic monophosphate (2-CI-cAMP) (C 020); xanthosine-
3,5'-cyclic monophosphate (cXMP) (X 001); 8-chloroadeno-
sine-3,5'-cyclic monophosphate (8-Cl-cAMP) (C 007)-2
O-methylguanosine‘¥'-cyclic monophosphate (-Me-
cGMP) (M 036); 1-aminoguanosiné;8-cyclic monophosphate
(1-NH;-cGMP) (A 041); adenosine-5'-cyclic monophos-
phate, Sp-isomer, acetoxymethyl ester (Sp-cAMPS-AM) (A
035); adenosind&-oxide-3,5-cyclic monophosphate (NO-
CcAMP) (A023); 2-O-monobutyryladeonsine-3'-cyclic mono-
phosphate (20-MB-cAMP) (M 007); 2- aminopurine
riboside-3,5'-cyclic monophosphate (2-NHPMP) (A 027);
8-hydroxyadenosinet%'-cyclic monophosphate (8-OH-
cAMP) (H 003), and 8-[[2-[(fluoresceinylthioureido) amino]
ethyl] thio] adenosine“®'-cyclic monophosphate (8-fluo-
cAMP) (F002). The following ligands were obtained from
Sigma-Aldrich: adenosine-5'-cyclic monophosphate so-
dium salt monohydrate (CAMP) (A6885) and gunaosihB-3

The slurry was sonicated with a sonic dismembrator (Model
500 manufactured by Fisher Scientific) 6 times with a duty
cycle of 1 min on and 1 min off, with an amplitude 40% on
ice. The resultant mixture was centrifuged at 12,000 rpm in
a C0382-91 angel rotor at & 50 mL at 4 °C. The
supernatant was combined and dialyzed against a purification
buffer (50 mM Tris at pH 7.4, 0.1 M NaCl, 2 mM EDTA,

1 mM S-mercapto ethanol, and 5% glycerol) before loading
onto~20 mL of BioRex 70 ion-exchange resin. Upto 12 L
of bacteria grown over 3 days were combined for a single
purification.

The Bio-Rex 70 column was washed withl00 mL of
buffer and eluted with a salt gradient from 100 mM to 2 M
NaCl in PC buffer, collecting 5 mL fractions for a total
gradient of 150 mL. All purifications and dialysis were
carried out at £C. The fractions were analyzed by SBS
PAGE and Western blotting. Fractions were selected for
purity and quantity of HCN2/CRP. Selected samples were
dialyzed into N#t column binding buffer (20 mM Tris (pH
7.9), 0.5 M NaCl, 0.1% Triton X 100, and 5 mM imidazole)
and bound to a Ni column. Approximately 12.5 mL of
Ni%* agarose resin from Novagen was charged and pre-
washed with binding buffer before the protein was batch-
cyclic monophosphate sodium salt (cGMP) (G6129). loaded onto the column. The column was washed with 120

Protein ConstructionThe clones used for construction of mL of binding buffer, followed by 80 mL of wash buffer
HCN2/CRP were CRP in vector pET28a (Novagen) and a (20 mM Tris (pH 7.9), 0.5 M NacCl, 0.1% Triton X 100, and
fragment of the HCN2 channel in pCR 2.1- TOPO cloning 60 mM imidazole). The protein was released from the
vector. The PCR methods of gene splicing by overlap column in a step with elution buffer (20 mM Tris (pH 7.9),
extension 22) were used to add the CRP N-terminus and 0.5 M NaCl, 0.1% Triton X 100, ah1 M imidazole) in 5
DNA-binding domain to the cyclic nucleotide binding mL fractions. Fractions were again selected for purity and
domain of HCN2 and mutate SER 128 in CRP to ALA. The amount via SDSPage and Western blotting, combined, and
constructs were sequenced after cloning into the pET28adialyzed into working buffer (20 mM Tris (pH 7.9), 0.5 M
vector from both the's and 3-ends. The first round of PCR  NaCl, 1 mM EDTA, 1 mM g-mercaptoethanol, and 0.1%
joined the N-terminal CRP fragment with HCN2 using the Triton X 100). Typically, selections of Rif column samples
T7 promoter of pET28a, internal primers linking the CRP were made within 24 h and in no more than 72 h. Final
N-terminal to the HCN2 binding domain N-terminal region, protein concentration was determined using SIPAGE
GCAAACAGACCCCAACTTCGTC and AGTTGGGGTCT-  gels and running varying amounts of proteir-@5 uL) with
GTTTGCGGTTT, and a C-terminal primer which was used fixed amounts of LMW Calibration Kit for SDS Electro-
to mutate SER 128 and join the HCN2 binding domain phoresis (Amersham Pharmacia Biotech UK Limited).
C-terminus to the DNA binding domain, CTTTCTCTGC- Transblotting. Transblotting was performed per the in-
TATGCGGTCCAGA-CGGT. The full PCR fragment was structions of the Panther Semidry Electroblotter, model HEP-
produced using the two external primers of T7 and the 1, Owl Separation Systems. Briefly, a recently run SDS
C-terminal primer. A third DNA fragment was produced PAGE gel was placed on wet transblot paper (Whatman gel
using the complimentary C-terminal primer, ACCGCAT- blot paper, GB 004, from Schleicher & Schuell) with
AGCAGAGAAAGTGGGCAAC, and T7 reverse primer on  transblot buffer (25 mM Tris, 200 mM Glycine, and 20%
the CRP pET28a clone. The T7/C-terminus fragment and v/v Methanol), a sized piece of Whatman Protran Qu#b
the third fragment were combined with the external primers Nitrocellulose membrane, BA 85, from Schleicher & Schuell
of T7 and T7 reverse primers to produce the full construct. was placed on top of the gel, followed by a final piece of
The construct was restricted with Nde | and Ecor | and placed transblot paper. The transblot was typically finished within
into fresh pET 28a vector. 2 h. The gel was Coomassie stained to ensure that transfer

Expression and PurificatiorHCN2/CRP containing His

was complete. The transblot was then washed in blocking

Tags were expressed in the IPTG-inducible vector pET 28a buffer (50 mM Tris at pH 7.4, 200 mM NacCl, 0.1% v/v

in BL21 (DE3) Lys S cells at 37C from Novagen. Four
liters of LB media were allowed to grow to an @ of

Tween 20, and 5% w/v Carnation Instant Nonfat Dry Milk)
for at leas 1 h before 1:1000 HiFag antibody (HisTag

~0.8 when 0.24 g/L IPTG was added. The temperature wasMonoclonal Antibody from Novagen, Cat #. 70796-3)

decreased to 2% in a refrigerated shaking incubator (Model
# SHKA 4000-7 manufactured by Barnstead/Lab-Line). The
cells were allowed to grow for an additidnd h before

resuspended in water in blocking buffer was added for an
hour. The blot was then washed 3 times for 10 min with
wash buffer (50 mM Tris at pH 7.4, 200 mM NacCl, and

harvesting. The cells were centrifuged at 3,000 rpm for 30 0.1% v/v Tween 20). The transblot with primary antibody
min in a refrigerated centrifuge (Hermle Z383K, distributed was then mixed with 1:1000 secondary antibody (Anti-Mouse
by Labnet International Inc.), with a CO383-75 swing out 1gG (H&L) HRP Linked Antibody from Cell Signaling, Cat

rotor. The pellets were resuspended in PC buffer at pH 7.4.# 7076) in blocking buffer for 1 h. This was washed 3 times
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with wash solution for 10 min. The secondary antibody was measurement was taken after 2 min. The method derived by

labeled using Super Signal West Pico Chemiluminescent Nikolovska-Coleska et al.2@) was used to determine the

Substrate by Pierce, product number 34080. Equal amountsK| of each inhibitor. Briefly, the following equation was used

of SuperSignal West Pico Stable Peroxide Solution and to determineK;:

SuperSignal West Pico luminol/Enhnacer solution were

mixed to make typicajl a 1 mLsolution. The blot was placed Ki = [ sd/([L]so/Kg + [Pl/Ky + 1) (2)

face down onto this solution for 5 min and then dabbed with

a paper towel to remove excess solution. X_ray film was where [l};o is the concentration of free inhibitor at 50%

p|aced onto the blot for430 s before being deve|0ped with |nh|b|t|0n, [L]so is the concentration of the free 8-fluo-cAMP

a Kodak Processor (Model M7B). at 50% inhibition, [P} is the concentration of free protein
F|uorescence B|nd|ng Experimenﬁuorescence b|nd|ng at 0% |nh|b|t|0n, ande iS the Concentration Of the fl’ee

experiments of 8-fluo-cAMP (BioLog, La Jolla, CA) and protein—ligand complexKq was calculated from the protein

HCN2/CRP were carried out at 2@ using an 1SS OC binding experiments, and [FAk easily calculated with known

spectrofluorimeter (ISS, INC. Champaign, IL). The excitation [Pltoa @nd [PLb. The [L]so, the concentration of 8-fluo-

Wave|ength was 480 nm and the emission 540 nm. The cAMP at half |nh|b|t|0n, can be ea.Sin calculated from the

protein and 8-fluo-cAMP were mixed in a cuvette with a known variables by the following equation:

total volume of 20QuL. Following each measurement, an

aliguot was removed and then replaced with the ligand [Llso = [Llrota — [PLIo/2

decreasing the protein conoentraton. Polarization was meaCe Concentation ofinibitor athal inibion, is calculated

sured after equilibration following each addition, typically from an inhibition curve by fitting the following relationship:

after 90-120 s. A 1-site binding model was used to fit these _ _

data with protein expressed as monomer concentrations. " (Prvasimum = Priimurn)/ (1 (] 7otaf 1C50)) + i

Attempts to use 8-fluo-cGMP as a probe failed as there was,nere [1};. is the total concentration of inhibitor. Once the

minimal increase in polarization at high protein concentra- ICsois known, the [Ik can be calculated from the following

tions. o equation:
Determination of lg. Determination oKy was performed

by normalizing all of the protein binding curves generated [I] ;= IC.,— [Plyom + Kq([PL1/2)/ [L]so + ([PL]y/2)

throughout the experiments into a single curve. The single 3)
curve was fit to the following single binding site series of
equations: where all of the variables have been previously defined. The
variables in eq 2 are replaced by known values, andihe
Ka= ([L]1o x [Plo)/[PL], for each inhibitor, or ligand, is now known.
Molecular Models Molecular models were made of the
[L] 7ot = [L]o + [PLIo HCN2/CRP construct from two starting templates, 1Q50
(monomer with cAMP) and 1Q3E (dimer with cGMPQ).
[Pltota = [Plo + [PL]o Five series of models were made with all of the purine ring

ligands replacing the bound ligand. Thgn conformation
Protal = Poound[PLI/[L] tota) T Prrecl[L] of[L] Tota) (1) of cGMP from 1Q3E was used as the starting template for
all synligands, and thanti-cAMP conformation of 1Q50
where [PL} is the bound ligandky is the binding constant,  \as used for alnti conformation purine ring ligands. These
[L] 7ot is the total concentration of ligand, [Bliis the total  two structures were chosen because they best represented
concentration of protein binding sites, {li} the free ligand,  the two conformations of the G-helix present in the series
[Plo is the free proteinppounaequaled the maximum polariza-  of structures when the available structures, 1Q3E, 1Q43, and
tion when all protein is boungb. the associated polarization  1Q50, were aligned along the 8-strandédarrel. These
when ligand is not bound, anfro is the polarization  two structures differ by having a different angle between
measured. The resulting polynomial was solved for fPL] the B and Ca-helices, which propagates through the C

as follows: a-helix.
) Three models used 1Q3E as the starting template including
[PLlo" = (Kg t [Plrota T [L] rota) % [PLIo + ([Plrota X a series with the construct as a dimer, the construct as a
[L] 1) = O monomer, and then of the cyclic nucleotide binding domain

alone as a monomer. The starting template removed all heavy

using an assumedg; and taking the negative root to calculate atoms not present in the construct including the C-terminal
protal The least squares method was used to determine theregion thought to be important for tetramerization. The A
bestKy to fit the measure@rota. The ppound @Nd prree Values a-helix, the end of the @-helix, and DNA binding domain
used were 0.32 and 0.074, respectively. from CRP @4, 25) were added by using the template’s heavy

Competition Binding Experiment€ompetition binding atoms to guide positioning. The DNA binding domain was
experiments were carried out by mixing an inhibitor (for put in an open position parallel to the cyclic nucleotide
example cAMP), 8-fluo-cAMP, and HCN2/CRP in a 200 binding domain to mimic the likely early stages of CRP
uL cuvette. An aliquot was removed and then replaced with protein conformationZ6). Selenomethionine residues were
a fixed concentration of protein and 8-fluo-cAMP effectively replaced with methionine. Two models used 1Q50 as the
decreasing the inhibitor concentration. The polarization starting template including a series with HCN2/CRP as a
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Ficure 1: Producing a chimera containing the HCN2 cyclic nuclectide binding domain. (A) Sequence of the HCN2/CRP chimeric protein.
The first 20 amino acidsGQAPITAL ITALICS represent the HiFag added to ease purification. The next 8 and final 61 residues (lower
case) represent CRP amino acids and include the CRP DNA binding domain. The middle amino acids (CAPITAL) are those of HCN2
cyclic nucleotide binding domain. The single mutatidower case italics was added to ensure that no contribution occurred from the
CRP-like binding domain. The residues marked with * interact with the purine ring and those with # the bound cyclic nucleotide’s ribofuranose.
The structural elements for HCN2 were defined by the HCN crystal structure just as those of CRP were defined by the CRP crystal
structure. (B) Scheme of the chimera. The cyclic nucleotide binding domain (circle) was taken from the rat HCN2 clone and replaced the
equivalent binding domain (circle with stripes) in cAMP receptor protein (CRP). The CRP DNA binding domain was retained (large
square), and a Hi¥ag was added for purification (small square with stripes). (C) Purification of the HCN2/CRP chimera. A two column
approach was used. First, a BioRex 70 column at pH 9.0 was used to remove CRP contamination using differences in protein pl. Second,
the fractions in the dotted box were run over thé"\Ngolumn to remove remaining contamination. A visible band just below the HCN2/

CRP band would be apparent if there was greater than 5% CRP contamination. An antibody againsiTéggelisprotein was used to
ensure that the correct protein was purified.

monomer and the HCN2 cyclic nucleotide binding domain RESULTS

alone. The choice of models represents the complete Construction of HCN2/CRPThe rat HCN2 subunit

gon_strgct _ahs ‘:: pfOSS'ble %'??r’ a&; a mﬁnomer, and as t_IhaE:ontains 834 amino acidg§), has large cytoplasmic domains
erived with the e\_/vest additions from the structure_s avall on the N- and C-termini, 6 transmembrane regions, and a

able from the protein database. The models were minimized

) ) - , pore region between transmembrane 5 and 6 (see schematic
as described previousI2®). Briefly, heavy atoms were fixed

) MR 1y atiils in Figure 1B). The cyclic nucleotide binding domain is
while missing, mostly hydrogen and differing ligand atoms, ¢ontained in a 115 amino acid stretch of the C-terminus. This

were minimized into position using AMMR2). Once these s the general layout for all HCN/CNG channel family
were positioned, all atoms of the model were minimized until members, although the size of the cytoplasmic domains can
an energy minimum was reached. The models were visually vary. CRP contains a binding domain that has minimal, 22%
checked for structural deformations, particularly the replaced identical, 39% homologous, sequence homology but high
ligands. The interaction energy of the ligand with the model structural homology to the HCN2 binding domain. CRP
was calculated for each ligand to see if it corresponded to contains a DNA binding domain in the C-terminus, which
binding order or could predianti or synconformation. was combined with the HCN2 ligand binding domain. The
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initial N-terminus of CRP was retained in order to provide A.

for the initial fold of the protein. A HisTag was added to S 035

the N-terminus in order to help purify the protein and provide § 0.30

a known epitope for antibody binding. The construct was § 0.25

created using PCR methods and was sequenced in order to T 20

check the fidelity of the sequence (see Figure 1A). In Figure E

1, the initial HisTag is in capital italic letters, the sequence 3 01

derived from HCN2 is in capital letters, the CRP derived § 0.10

sequence is in lower case letters, and a mutation in either Z 005

sequence is in lower case italic. 1e-10 1e9 1ed le7 1eb leS fle4

Expression and Purification of Soluble HCN2/CRfhe [HCN2/CRP], M

construct was produced under the T7 promoter of the pET28a B. 35

vector in BL(21)DE3 cells (all from Novagen). The bacteria 0.30

were grown, typically overnight, until the required absorption ¢
in 4 L when 200 mg/L of IPTG was added was reached and 025

c
o
the cells allowed to grow for a further 5 h. The cells were N 020
collected via centrifugation, resuspended into buffer, and < 015
sonicated. The supernatant from a 30 min 14 K spin was &
retained and dialyzed into buffer at %4C. Up to three 0.10
supernatants would be combined into a single batch before 0.05
purification for a total of supernatant from 12 L of bacteria. 5 ded  de3  de2  fed
No more than 3 days were allowed to pass from the [cAMP], M

production of the initial supernatant until loading the column. Ficure 2: 8-Fluo-cAMP binding and competition curves. (A)
The supernatant was batch-loaded onto a BioRex70 column,Normalized polarization curve of all 8-fluo-cAMP curves fit to a

: . _~+Single binding site model. ThKy for 8-fluo-cAMP is 0.299uM
washed, and then treated to a salt concentration grad|entWith anr? = 0.988. (B) Competition curve of CAMP and HCN2/

Typical eluents are seen to the left of Figure 1C. The cRrp with 8-fluo-cAMP and an 16 = 3.45 mM with arr2 = 0.996.
fractions containing the protein of interest (outlined with The I1G,was used to determine tiig of cAMP with 8-fluo-cAMP
dotted box) were combined and dialyzed into buffer for using the method of Nikolovska-Coleska et al. to be GIV8
purification by the HisTag. Typically, most of the protein
would come off the HisTag column in a single eluent curves was 0.227 to 0.34, and the free range was 0.074 to
(middle of Figure 1C) with initial amounts in the preceding 0.115. In all curves used, the effective signal was greater
fraction and more tapering off. The protein was at least 95% than the free polarization, ranging from 0.111 to 0.256. The
pure as seen in this Figure. The protein was shown to be theprotein concentration was determined by running protein gels
construct by Western blotting (right of Figure 1C). and estimating the concentration based on standards run using
Fractions were collected and dialyzed into buffer for Scion imaging software by Scion Corp. The fit data had a
fluorescence assay. The typical yield was up to 20 mL of Ky of 0.299uM with an r2 of 0.988. For completeness the
protein concentrated to no more than 0.2 mg/mL for a total data sets were fit by a Hill Equation. The individual data
of ~4 mg/12 L bacterial culture. Further concentrating the sets had &5 = 0.341uM with a standard deviation of
protein resulted in the formation of particulates. Once formed, 0.066xM and anN, = 1.07+ 0.09. The combined data set
the particulates would seed further rapid precipitation of the had aKys= 0.3454M with an N, = 1.04 and am? = 0.988.
protein. The protein was therefore not concentrated further. Cyclic Nucleotide Inhibition Cures 8-Fluo-cAMPCyclic

:;Sgré)srggtnevla:risng%rﬁti 3\};2 (?ct)na:jl{]gtrzgsTehxecigtluvglr:eeZOn-AMP competitively bound 8-fluo-cAMP in order to produce
P ' a competition curve (Figure 2B) with an €= 3.45 mM

struct was a dimer in solut|on_ (_data not shown). Proteolytic nd an? = 0.996. The IGois meaningless without entering
cleavage assays showed minimal ligand dependence and . : : :
it into eq 3 and entering the corresponding result into eq 2

showed a stable-12 kDa protein (data not shown), which . ) .
corresponds to a well folded ligand binding domain with the corresponding numbers for the batch. The following

HCN2/CRP Binds 8-Fluo-cAMPEach batch of ligand ~ Values were obtained: ko= 3.45 mM, [L]so = 50.9 nM,
binding assays had at least one 8-fluo-cAMP curve run LPlroa = 16.6uM, [PL]o = 98.2 M, andKq = 0.299uM
during the series of curves to obtain bound and free © 9ive an [lkoof 3.43 mM with a [P} = 16.54M. A result
polarization, to ensure correct standardization of protein ©f Ki = 60.84M is obtained. This competition curve is made
concentration, and to ensure a high signal-to-noise ratio. WeUP of two data sets collected on the same batch of protein.
decided to fit the curves as a single data set, even thoughA” batches of protein had at least one ligand curve repeated
each curve could be individually fit fdkq by the series of ~ from another batch so as to standardize all the curves. For
equations (eq 1). The reason for fitting the combined data €xample, when cCAMP was run on a different batch of protein,
set was to obtain a composite value Kyusing all the data  the following results were obatined: [I&]= 1.06 mM, [L]so
points. The free and bound polarizations changed as the= 52.6 nM, [P]o = 5.53uM, andKq = 0.299uM, resulting
protein aged; therefore, all the curves were normalized to in aK; = 53.8uM or K; = 57.3uM with a standard deviation
the curve with the best signal-to-noise ratio for polarization of 5uM over the two batches. Only select ligands were run
in order to produce Figure 2A. The bound polarization of on more than a single batch because of the limited amount
this Figure is 0.32 with a free of 0.074 with an effective of protein and ligand. Those ligands were 6 CI-cPMP with
signal of 0.246. The range of bound polarizations for all K; =103uM and SD= 23.5uM, and cPMP withK; = 146
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Table 1: Purine Ring Substituent of Each Ligand and the
AssociatedK?

ligand 1 2 6 8 Ki (uM)
CAMP H NH,  H 57.3
NO-cAMP (@] H NH H 853
2-Cl-cAMP cl NH, H 34.2
8-Cl-cAMP H NH, cl 18
8-MA-CAMP H NH, MA 14.9
8-OH-cAMP H NH OH 656
2'-O—MB-CAMP® H NH, H NBe
Rp-cAMPS H NH, H 83 ) .
Sp-cAMPS H NH, H 34 anti syn
Sp-cAMPS-AM H NH; H Bf il
cCMP 87.2 2-NH.-cPMP b b e - cPMP 8-MA-cAMP
cGMP H NH2 O H 44.5 G
1-NH,-cGMP NH. NH2 O H 101
2-0—Me-cGMP>  H NH2 O H NBe 2-Cl-cAMP NO-cAMP
cIMP H H o) H 140 sl
cPMP H H H 146 CGMP +—* 1-NH.-cGMP CAMP * » 8-Cl-cAMP
2-NH,-cPMP NH2 H H 101 &l | ey | \
ViR ; “ i 103 6-Cl-cPMP
cUMP® 91.9 ; -
CXMP H o o H 395 :
CXMP cIMP 8-OH-cAMP

aLigand is the abbreviated name. 1, 2, 6, and 8 are purine ring . . . . . .
positions.K; is the inhibition constant when a constant concentration FIGURE 3: Relationship between different purine rings. (A) This
of 8-fluo-cAMP and HCN2/CRP is use#i These ligands have modified ~ IS_a cyclic nucleotide iranti (left) and syn (right) configuration
ribofuranose rings These ligands have pyrimidine ringsThere is a with the positions discussed labeled. The ligands are shown with
hydrogen atom bound by the 3 position nitrogeNB means negligible  the carbons in light gray, oxygens in black, and nitrogens in dark
binding at the highest concentrations useBl.means that there is  9gray. Notice that the 6 position stays in approximately the same

noticeable binding at high concentrations but not enough for a curve. area and that the 2 and 8 positions switch approximate steric space,
the 2 position lying over the ribofuranosesgnconformation and

_ . the 8 position iranti conformation. See Table 1 for the substituent
#Mand SD= 28.2uM. A total of 4 batches of protein were  |5cated in each position for a given ligand. (B) The purine ring

used to complete measurements of the ligands. analogues are shown here with the single substituent change. The
The resulting values for 17 of the 20 ligands are shown ligands used to test the purine ring 2 position are to the left, those
in Table 1. The first column denotes the abbreviated name to test the 1,6 position are in the middle, and those for the 8 position

. . . are to the right. A dashed line denotes a likely conformational
of the ligand with the next four columns denoting what change in purine ring conformation. Solid lines denote related purine

chemical substituent is in the 1, 2, 6, or 8 position of the ingsthat likely do not undergo conformational change. The changes
purine ring (Figure 3A for positioning). Note that the 6 denote heavy atom changes and not hydrogen changes or bond
position stays near the same area whether it &yiror anti distribution. Only one heavy atom changes from point to point.
conformation. What changes is the location of the 2 and 8
substituents. The 2 position lies to the right of the ribofura- Table 2: Relative Binding Preference Compared to those of
nose, and the 8 position lies over the ribofuranose in the Hydrogen or the Native Atom in Each Ligand Position

anti conformation (left). The 2 position lies over the 1 2 6 8
ribofuranose with the 8 position to the right of the ribofura- cl 0.60 0.79 0.31
nose in thesynconformation (right). Substituents in the 8 NH; 1.23 0.41 0.43 0.26

i ; ) ; : o} 8.05 8.88 1.04 6.19
position typically force the ligand into synconformation,

given the steric hindrance of the position with the ribofura-  *Ligands with a single position difference were compared. The
nose. This is not true of 2 substituents where there is no baverage was taken when more than one set of ligands could be used.
steric collision and there may even be some positive .. c-MACAMP was used to get Nifor the 8 position.

interaction with the ribofuranose.

All ligands had sufficiently complete inhibition curves to  the arrow between cPMP and cAMP denotes the gain of
have their 1Go, and therefore theiK;, determined except CAMP’s 6 amino group to cPMP’s purine ring. The dashed
for 2-O-MB-cAMP, 2-Me-cGMP, and Sp-cAMPS-AM, all  lines denote likely conformational changes of the ligand.
ribofuranose substituted ligands. There was difficulty in Beginning with cPMP with hydrogen in positions 2, 6, and
obtaining complete curves for the two ligands, Sp-cAMPS- 8, theK; of each position and its effect on ligand binding
AM and 2-Me-cGMP. Only 50% and 25% of the curves, may be compared (Table 2). For example, the addition of
respectively were complete. The data suggest that 1 mMthe 6 amino group increases the binding affinity by 0.43.
might be the reliable limit for the determination kf using The addition of oxygen to cIMP (¥ H,2=H, 6= 0) in
this assay. Note that two of the ligands were pyrimidine rings, C* makes cXMP, resulting in a decrease of binding affinity
cCMP and cUMP, binding witk; values only slightly higher by a factor of 8.88.
than that of the native ligand cAMP. cGMP binds slightly =~ The values less than one denote higher affinity binding,
better than cAMP. whereas the numbers greater than one denote lower affinity

The 13 purine ring substituted ligands were divided into binding. In this way, we have cataloged any potential ligand
groups in order to make sense of the data (Figure 3B). Cyclicusing the functional groups O, CI, and BlHelative to
AMP is in the center, and each double headed arrow pointshydrogen for a purine ring binding to the HCN2 binding
to a ligand with a single substituent change. For example, domain. The preference rank order for each purine ring
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A. 1Q3E Derived Models

Monomer  Binding Domain

B. 1Q50 Derived Models

Monomer  Binding Domain

Ficure 4. Molecular models of HCN2/CRP. (A) Molecular models based on the crystal structure 1Q3E. The left panel is an example of
the dimer with the original coordinates (cyan), the addedHig (red), the Ala mutation (blue), and the added DNA binding domain
(green). This model was also explored as a monomer (middle panel) and as the minimal binding domain (right panel). All these models
showsynGMP (yellow). (B) Molecular models based on the crystal structure 1Q50. The structure was used in a monomer model (left
panel) and as a minimal binding domain model (right panel). The color scheme is as described in A.

position to be determined was as follows: position 1>H  shows unigue interactions compared to those of the monomer
NH, > O; position 2, NH > Cl > H > O; position 6, NH (Figure 4A, left panel). The model was composed of
> Cl > H > O; and position 8, NpWi> Cl > H> O. Changes  coordinates from the crystal structure (ligand, yellow, and
to ribofuranose generally result in lower affinity binding with  cyan ribbon), coordinates of added DNA binding domain
the exception of Sp sulfur substituting for oxygen. (green), and coordinates of the added-Hé&gy (red). No
Molecular Modeling of the HCN2/CRP Construdthe unique long range interactions were found in the dimer. We
goal of molecular modeling was to gain insight into the then looked at the monomer (middle panel, colors as in the
interactions necessary for ligand binding and to understanddimer) and again found no unique long range interactions.
the binding characteristics shown in Table 2. A series of The model of the binding domain alone (right panel) showed
molecular models was made for each purine ring ligand on the expected interactions noted previously in the crystal
the basis of the crystal structures of HCN2 with cAMP structure 10). Briefly, the main interactions that could be
(1Q50) and with cGMP (1Q3E) from the pdb database using expected are a chargeharge interaction between the
the program AMMP. The models lacked crystallographic or ribfuranose and Arg 591, interactions by the ribofuranose
other water molecules. All models were minimized until a with additional residues Glu 582 and Thr 592, and purine
limit was reached. ring interactions with Thr 592, Arg 632, and the hydrophobic
The file 1Q3E bound ayncGMP and was thought to best  pocket represented by Val 564, Met 572, and lle 636. Not
represent the @-helix position for molecules in theyn all of the purine ring interactions were available ggn
conformation. Three of these models were based on theligands because Arg 632 was mediated by water in the crystal
cGMP crystal structure. The structure is a dimer with the structure. Not all ligands in both conformations showed all
dimerization region along the @-helix; therefore, the first ~ these interactions, but they were the interactions sought and
series of models were produced to explore any interactionsexplored by the modeling. It was assumed thyat confor-
different from the crystal structure and to see if the dimer mation ligands would be preferred in the 1Q3E series of
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models. An analysis of the models did not support this 8-MA-cAMP. The 8 position lies near the hydrophobic

assumption because batfinandanti conformation ligands
were equally likely in these models.

pocket represented by Leu 574 on tBebarrel and the
charge-charge interaction of Glu 582 on tlfebarrel and

The 1Q50 structure was chosen because it bound cAMPArg 632 on the Ca-helix.

in the anti conformation, and the @-helix positioned in
relation to the eight-strandegibarrel differed from that in

Determination of Ligand ConformationEarlier work

suggested that ligand conformation could be predicted on

1Q3E. Two models were based on the cAMP bound crystal the basis of molecular models for the related CNGC binding
structure (1Q50). A series of dimer models was not domain @9). This suggests that before looking at models
attempted because the crystal structure contains only aand predicting what residues may interact with the bound
monomer and the symmetry mates of the monomer have noligand, we must first divide the ligands inyn and anti

connections through the cyclic nucleotide binding domain.

conformations. Irsynandanti conformations, the 6 position

The first series of 1Q50 models contained the whole HCN2/ is nearly in the same position with the 2 and 8 positions
CRP monomer (Figure 4B, left panel; the coloring scheme swapping general regions depending on the conformation
is as described above), and these showed no unique londFigure 3A). There is a nearly complete or complete
range interactions. The final series of models were based onconjugated ring system in all of the purine substituents,
the cyclic nucleotide binding domain and showed the same although the partially double bond oxygen can break this
groups of interactions as those described above. Again, itdown. This is especially true of cXMP with two double

was believed that thanti conformation of ligands would

bonded oxygens, causing the ring system to be less planar

be preferred here, and again this was not supported bythan with other substituents.

numeric analysis.
Ligands were modeled in tteynandanti conformations

The following assumptions were used to decide what
conformation a ligand would likely be in when bound to the

in each model in an attempt to calculate which conformation HCN binding domain. First, any ligand would prefer toati
was preferred as studied previously. When the five models conformation because this conformation is preferred by
where combined, only cGMP showed a preference for being cAMP in solution. Second, a positive interaction between

in the synconformation. The remainder of the purine ring

the 2 position with a positive partial charge and the Sp

ligands showed no preference because these had calculateposition would cause thesyn conformation to be more

energy differences betwesgnandanti conformations being
less than 2 kJ/mol29). Furthermore, there seemed to be no

desirable as seen with cGMP in solution. Finally, any
substituent in the 8 position would cause the ring to be in

correspondence between the interaction energy and thesynconformation, as occurs in solutioB(). The additions
binding order of ligand. For example, the interaction energies to the ribofuranose would not effect the purine ring confor-

of the models for 20-MB-cAMP (—129 kJ/mol average
interaction energy) and'®©-Me-cGMP (-114 kJ/mol)
consistently interacted better than cAMP1(10 kJ/mol) or
cGMP (107 kJ/mol), even though the construct had
minimal affinity for 2-O-MB-cAMP and 2-O-Me-cGMP.

mation, and therefore, the conformation would be that of
the parentsynfor cGMP andanti for cAMP derivatives.
Therefore, the purine ring is assumed to be in Hri
conformation unless a partial positive charge exists in the 2
position, or there is a substituent in the 8 position. It is further

The models containing only the binding domain are used assumed that the purine ring conformation would not change

to describe interactions. The eight-strandgébarrel is
preceded by a single-helix and followed by twax-helices.

conformation upon binding to the HCN2 binding domain,
and to our knowledge, there is no experimental evidence that

Three amino acids are shown in each Figure for orientation, a purine ring has changed conformation upon binding to this

Met 572 and Glu 582 in th@g-barrel and Arg 632 on the
final o-helix of the binding domain. The first model (Figure
5A and B) shows thanti purine ring of 6 CI-cPMP between
the g-barrel and Ca-helix. Again, there are stacking
interactions with the purine ring, but the éd6 unable to

class of cyclic nucleotide binding domain.

Alterations of the N Position. The N position lies near
the hydrophobic pocket in trenti conformation (Figure 5B)
or in the hydrophobic pocket and near the Arg 632 oxygen
in the syn conformation (Figure 5D). The addition of a

interact with the backbone oxygen of Arg 632, an interaction second polar region that cannot be balanced by the backbone

that occurs with bound cAMP. A different orientation (Figure

oxygen of Arg 632 likely leaves a highly polar group in the

5C) shows the interaction that occurs in the crystal structure middle of the hydrophobic pocket. The result of this is

betweensyncGMP and the Thr 592 side chain oxygen. In
this Figure (Figure 5D), the ©of syncXMP is unable to
attain the same interaction as that of cGMP’s dHbstituent,
forcing the oxygen to face away from the ligand. Thé O
interacts differently with Met 572 thaanti-cAMP because
of the differences in purine ring conformation and steric

reduced binding of the Namino group or oxygen of 1.23
and 8.05, respectively. The reason for the decreased affinity
of oxygen is likely due to it's proximity to the hydrophobic
pocket in the parent’'s cAMBNti configuration. The parent

of the amino group, cGMP, is in thsyn conformation,
placing the amino group near the Arg 632 backbone oxygen

positioning. Met 572 now interacts with the electron dense with the possibility of an interaction occurring between the
oxygen instead of the electron dense purine ring. Arg 632 is two.

still able to attain stacking interactions with the purine ring

Alterations of the € Position. The replacement of

and interact with Glu 582. This model does not represent a hydrogen with a neutral or positively partial charged sub-
structure that likely occurs in nature because of unfavorable stituent leads to a higher affinity of 0.60 and 0.41, respec-
interactions that would occur between the ligand and Thr tively. The placing of a negative partial charged oxygen
592. In a third orientation (Figure 5E and F), the Glu 582 substituent reduces the binding by 8.88 times. The molecular
and Arg 632 chargecharge interaction can be seen in models suggest that the reason for this binding pattern is
relation to the nearbgyn 8 position of the purine ring of  that in thesynconformation the 2 position is near Thr 592
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FiGURE 5: HCNZ2 binding domain models from different views. (A) 6-CI-cPMP in th@i conformation viewed from the Qposition.
Molecular model of 6-Cl-cPMP (yellow) based on the pdb file 1Q50. Secondary structure elements are labeled for orientation, either as
pB-sheet §) or asa-helix (). The associated numbes)(or letter @) corresponds with structural elements in Figure 1 and typical cyclic
nucleotide binding domain nomenclature. The view of the ligand and selected residues (blue) is expanded in the dotted box in B. (B)
Selected amino acids that surround the ligand are shown from the C6 position, which has chlié)idétdCed. The Cl can no longer
interact with the Arg 632 backbone oxygen as cAMP’s amino group did, nor does it disrupt the stacking interactions of Arg632. The
hydrophobic interactions with the purine ring are represented by Val 564, Met 572, and Leu574 throughout these figursgnfGIRA

1Q3E based model as viewed from thegdsition. A close-up view of the model is seen in D represented by the dotted box. (D) The close
up shows the reason cXMP is likely in tlti conformation. Thesynconformation would force the Thr 592 oxygen that interacts with
bound cGMP’s amino group away from the ligand in an unfavorable interaction. Glu 582 interacts in a-aengg interaction with Arg

632, which also stacks with the purine ring€ ® shown for the orientation of the purine ring. (E)s#n8-MA cAMP 1Q3E based model

as viewed from the €position. The view of the dotted box is expanded in panel F. @amd C8 represent the methylamind@ubstituent.

The N substituent is shown for the orientation of the purine ring. This Figure shows that there is ample room between the hydrophobic
pocket and the Glu 582-Arg 632 chargeharge interaction for large 8Gubstituents. The Tsubstituent lies near the chargeharge
interaction and likely can interact with it affecting Arg’s stacking interaction.

(Figure 5D). The positively partial charged amino group is charge is removed and Cl is put in the position, the increased
able to positively interact with the Thr's oxygen leading to size compared to that of hydrogen seems to be enough to
the highest affinity in binding, 0.41. When the positive partial increase binding. This is because with this substituent, the
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ligand would likely be in aranti conformation and in the
hydrophobic pocket of the ligand. When oxygen is & C

Biochemistry, Vol. 46, No. 33, 200427

a binding domain fragment of the HCN2 channel. The work
is an exploration of the real affinity of the binding domain

substituent, the additional electron density is not capable of for any ligand. Previously, it was mentioned that HCN2
interacting with the Thr as NHand actually inhibits the  channels have a 10-fold greater apparent affinity for cAMP
binding of ligand. This suggests that the ligand would be in over cGMP. This result is very different from the near
the anti conformation also and the partially negatively equivalent binding of cAMP and cGMP shown here. Thus,
charged oxygen would be in the hydrophobic pocket and we believe the difference in binding and apparent affinity
possibly interact with Arg 632, disrupting stacking interac- exhibited by the complete channel must be due to the ability
tions with the purine ring and chargeharge interactions  of the ligand to modulate the channel and promote com-
with Glu 582. munication between the four subunits and not due to
Alterations of the €Position.The C position is the most  differences in binding.
tolerant of the four purine ring positions of the replacement ~ Whereas the binding domain does not distinguish between
of hydrogen with a partial charge. Both chloride and the cAMP and cGMP, the complete channel does. The complete
amino group have greater affinity than hydrogen alone by channel reads the binding domain for information about the
0.79 and 0.43 times, respectively. The oxygen substituentbound ligand and the differences in the positioning ofthe
binds slightly less than hydrogen alone by 1.04 times. This 4/5 strand loopg 6/7 strand loop, and the B/@-helices.
position interacts with the backbone oxygen of Arg 632. The Therefore, we suggest that the binding domain adopts
amino group would interact directly with this atom and different conformations as a function of the ligand as read
therefore binds the tightest with 0.43. Theé® @buld benefit by the complete, functional channel. This information is
from the hydrophobic pocket allowing, presumably, water transmitted throughout the channel. That is why the ligands
to bind the backbone oxygen®@ould need to interact with  bind with the same affinity to the binding domain fragment
the Arg 632 oxygen via water and the hydrogen in tHe N but have different apparent affinities in the complete channel.

position. This translates to a reduced binding of 1.04
compared to that of the others. This binding is lower in
affinity than hydrogen alone, showing that the steric effect
of having an atom there is more important than any partial

Comments about 8-Fluo-cAMPhere is no physiological
relevance to 8-fluo-cAMP other than as a fluorescent probe.
To our knowledge, it has not been used on HCN2 channels
as a ligand. It was beyond the scope of this article to perform

negative charges. electrophysiology experiments to determine 8-fluo-cAMP’s

Alterations of the € Position. Any substituent in this  effect on channel modulation in comparison to that of CAMP.
position would likely cause a ligand to adopt tlsyn The 8-fluo-cGMP and other 8-substituent ligands bind tightly
conformation. This places the position in/near the hydro- to the rod CNGC channel, and in that case, it is thought to
phobic pocket (represented by Met 572 and Leu 574) and be due to the hydrophobic pocket aroundsiie8-substituent
the charge-charge interaction of Arg 632 and Glu 582 position. It can be surmised that a similar situation occurs
(Figure 5F). The hydrophobic pocket seems to like a steric with the HCN2 binding domain.
substituent represented by the 0.31 binding of Cl. The region Comments about the Construthe construct has a DNA
prefers an amino group even more, represented by methyl-binding domain from CRP in addition to the HCN2 nucle-
amino group in our data, in this position represented by 0.26. otide binding domain. The main use of the DNA binding
The oxygen substituent is unfavorable in this position domain is to solubilize the cyclic nucleotide binding domain
compared to hydrogen by 6.19. The reason could be that itbecause its removal causes precipitation of the binding
may reposition Arg 632 away from Glu 582, breaking down domain. A construct containing the C-linker region was not
the series of bonds interacting with the ribofuranose, thereby used because it does not appear to be soluble withaiyt 5
reducing overall binding. cAMP (10), which would have interfered with our binding

Alterations to RibofuranoseRibofuranose is the main  experiments and made the analysis more complicated,
reason for this class of binding domains to bind ligands, as especially if the submicromolar apparent affinity had held
shown in many previous experiment81¢34). If the true.
previous experiments were not enough evidence, we show Our construct is a dimer in solution, which is consistent
that any cyclic nucleotide, purine, or pyrimidine ring is with previous work 10, 12, 21). The dimer likely does not
capable of binding with less than a 2-fold increaseKin change, given previous work and a lack of the C-linker
The experiments here reinforce the importance of ribofura- region. The dimer in solution could very well look like the
nose in binding with any large addition resulting in a loss structure modeled. What is known is that the tertiary structure
of binding. The only change that is better tolerated is the provides no protection for the DNA binding domain and
change of Sp oxygen to sulfur on the phosphate, which showstherefore does not take a CAP-like tertiary structure, evidence
an increased binding of 0.59. This effect was explored again that the modeled structure could be correct. It cannot
previously in a similar binding domain, and it was believed be ruled out, however, that the interactions occur through
that the tilt of the whole ligand favored the interaction with the A a-helix as in theM. loti structure and not through the
Thr 592. Replacing the Rp oxygen with sulfur resulted in a C a-helices as in the HCN2 crystal structure with cGMP.
reduced binding of 1.45 and was seen previously, explained This class of binding domain has been shown to bind
as a tilt reducing the ability of the binding domain to bind cAMP and cGMP with similar affinities in the related cyclic
the ligand 85). nucleotide gated ion channel protein fragme2it)(and in

the structurally related CRR2§). That the HCN2 binding

DISCUSSION domain binds the two ligands with similar affinity is therefore

Herein, we further increase the understanding of what the not surprising. What these experiments add to the literature
HCN2 binding domain requires for ligand binding by using is the knowledge of the ability of HCN2 to bind many
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different ligands without the bias of channel activation. The shows no ligand, but that would also be very fluid, able to
literature contains previous attempts to study ligands in cyclic move about the binding pocket to find the minimal energy
nucleotide gated ion channels, but these were limited by anconformation.

inability to separate activation and bindingl( 32). Hypothetical Binding ModelThe cyclic nucleotide binding

Value of Static Molecular ModelsThe value of static ~ domain likely acts similarly, whether a part of CRP, protein
molecular models is to learn which amino acids and purine kinases, CNG channels, or HCN channels. First, the eight-
ring positions could interact. The static models show what strandedg-barrel breathes, exposing the conserved Arg
could be occurring at a particular time in the binding domain. (residue 591 in HCN2) on the6/7 strand loop. Arg interacts
We assume that the binding domains are showing the with the phosphate group to seat ribofuranose into the binding
important interactions because the model has been minimizedoocket. The conserved Thr or Ser (Thr 592)fhlocks the
to the lowest energy and is based on the crystal structure.ribofuranose into position with the rest of the pocket
This allows comparison of the ligand’s interactions with the collapsing around the ligand, including the conserved Glu
binding domains and allows rough assumptions to be made(582). The ligand conformation likely does not change from
about what is occurring. These models were also goodthe conformation in solution unless amino acid side chain
enough to suggest minimal, if any, long range interaction interactions force the purine ring to adapt a new conforma-
between the ligand and the subdomains outside the bindingtion.
domain in the construct, including the artificial DNA binding The ligand’s purine ring is then able to alter the position
domain, the HisTag region, or the other binding domain. of the collapsing loop betweefi-strands 4/ 5 and the C
These models do not speak to the interdomain interactionso-helix. Theanti cAMP typically causes a rotation in the C
that could occur when the binding domain is part of the a-helix as seen in HCN210) and proposed for CRP26).
complete channel. The position of the @-helix directly positions the Bt-helix

The crystallographic water molecules were removed as it forms the fulcrum from which the @-helix is an
because they did not correspond in the two structures, 1Q3Eextension. The Bx-helix in turn positions the Aa-helix,
and 1Q50. Retaining the water molecules would have which runs antiparallesyncGMP more easily positions the
possibly biased the position of new atoms added by different § 4/5 strand loop as proposed for the bovine cedubunit
purine ring substituents as well as the hydrogen atoms of CNG channels32), althoughanti-cAMP clearly interacts
missing for the crystal structure resulting in distorted with this region also as seen in CRR6]. The final
structures. Water is fluid and compensates for ligand changespositioning of thes 4/5 strand loop or the B and & helices
in nature. Water would have had to be static in the models determines the contacts of the subdomains surrounding the
and forced to remain in position with high force restraints; binding domain and determines whether the protein is active
otherwise, it would move away from the model unless all or inactive.
water, crystallographic and bulk water, was added. This Why the difference in ¢ and K for cAMP and cGMP?
would have been outside the scope of the modeling for this Can we explain the difference between theKigs and K;
study. for cAMP and cGMP given the hypothetical binding model?

The inability of the models to show correspondence All binding measurements on binding domains from CRP
between calculated and actual bindii3§,(37) suggests that  (26), CNGC @1), and HCN have given results in the
something was not accounted for. It could be that there is amicromolar range. The molecular models of the three binding
large entropic contribution (including water effects), that the domains cannot account for thig 29, 32) because they
hydrophobic effect is not completely well modeled, or that all have the important residues for binding conserved,
the actual position of thg 4/5 strand loop or the @-helix including Arg (HCN 591), Thr (592) or Ser, and Glu (582).
is different. The molecular modeling best takes into account It has been shown through ligands and mutagenesis that the
enthalpic and charge interactions. The only way to account Arg (591) interacting with the ligand’s ribofuranose is the
for entropic effects would be to use dynamic models over a main determinant of binding for this class of binding domain.
period of time, which again is outside the scope of this article. How then does this yield a sudden boost to nanomolar
The position offs 4/5 andp 6/7 strand loops and the C apparent affinity?
o-helix have been shown to be highly variable in a related  Static molecular models, the type shown here and those
binding domain using NMR, pdb file IWGP (Chikayama, referenced, leave out an important component of binding
E., Nameki, N., Kigawa, T., Koshiba, S., Inoue, M., energy, entropy. The molecular models do a good job of
Tomizawa, T., Kobayashi, N., and Yokoyama, S. (released estimating enthalpy that comes from charges and distances
2004-11-28), unpublished work), showing another place for but do not address entropy. Therefore, given the Arg, Thr
entropic effects. This suggests that hd/5 strand loopp or Ser, and Glu, one will always record similar enthalpy
6/7 strand loop, or the Gx-helix could be in different measurements. What can change to give better binding is
positions for each ligand, and this positioning would affect the exposure of the Arg to the ligand or the breathing rate
the binding calculations. of the 8 6/7 strand loop.

The inability to calculate conformation or binding does  All of the K4 or Ki measurements on the binding domains
not invalidate the models because they serve only as guideshave been done in solution with no concern for voltage
to suggest what interactions may occur. The models aregradients. The complete HCN2 channel is voltage gated and
successful in this endeavor because they show the regionsnodulated by cyclic nucleotide. Hence, we propose that the
that likely interact. This claim is further strengthened by the reason for nanomold£, s is an entropic component derived
20 NMR models that show minimal to no movement of the from the channel itself, in the form of voltage. When the
8 f-barrel backbone except for the loops betwgestrands HCN channel experiences a voltage change, part of the
4/5 and 6/7. The rest of th@-barrel is static. The structure energy is allocated to the ligand binding domain, which
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breathes more than it normally does. The added exposure othermore, large 8-substituents can lead to much tighter

Arg therefore leads to an increased rate of binding cyclic
nucleotide. The other binding domains mentioned, CRP and
CNG channels, do not have this influx of energy and
therefore have reduced affinities for the ligand. This entropic
mechanism is consistent with the inhibitory effect of the
cyclic nucleotide binding domain on the channel as shown
in experiments in which removal of the binding domain

binding than expected, as seen with 8-fluo-cAMP. Similar
high binding affinities have been proposed for the bovine
rod a-CNG channel and the ligand 8-fluo-cGMBIj.

There is 93% identity between HCN2 and HCN1 cyclic
nucleotide binding domains, 81% between HCN 2 and HCN
3, and 97% between HCN2 and HCNA4. All of the interactions
mentioned previously should be retained because only the

generated response curves similar to those with saturatingiet 572 interaction differs in HCN3 and HCN4 being

cAMP (38).

This positive entropic effect is also visible in the interac-
tion between cGMP and the binding domain. The apparent
affinity of cGMP for the intact channel is M, almost an
order of magnitude higher than the affinity of the binding

domain alone. This means that the energetic enhancemen

of the complete channel experienced by cAMP is also
available to cGMP. The additional apparent affinity of CAMP
compared to that of cGMP is likely due to cAMP’s ability
to allow better communication between the binding domain
and the channel, likely communicated via thexhelix.

What emerges is a binding model where the intact channel
using a voltage gradient allows cAMP to bind and com-

municate its presence to the channel via the nucleotide

binding domain better than cGMP is able to communicate
it. The reason foanti-cCAMP’s superiority as an agonist is
that the intact channel reads the presence and position o
the binding domain elements, ti#e4/5 strand loopp 6/7
strand loop, and the @-helix better then it reads the
positioning achieved bgyncGMP. These elements must
communicate with the channel gating region in a more
efficient way when cAMP is bound than when cGMP is
bound.

Purine Ring InteractionsAlthough the purine ring has
been shown to affect binding, its main job is to be read by
the binding domain in order to activate the protein. It is no
mistake that cAMP and cGMP bind to the proteins with
similar affinity but can cause marked differences in protein
activation. It is the substitutents on the purine ring and their
interactions with the binding domain that determine activa-
tion. The first consideration about the purine ring is the
conformation it takes in the binding domain. This conforma-
tion defines the location of the substituents and the sur-
rounding amino acids it interacts with. These interactions,
positive or negative, determine whether the ligand will

replaced by Thr. The other differences occur throughout the
binding domains and likely do not affect the purine ring

interactions but could affect the communication of the

binding domain with other parts of the channel.

t All of the purine ring interactions have correlates to those
in CRP (22% identity with HCN2) and the bovine rod
o-CNG channel (41% identity) cyclic nucleotide binding
domains. The equivalent of Thr 592 is present in both binding
domains, as Ser in CRP, and has similar interactions with
the C position. The Met 572 interaction has correlates also,

with Ser in CRP and Phe in the bovine radCNG channel.

Ser is in an equivalent position, and Phe is one position
higher in the highly variablg 4/5 strand loop. The Arg 632
backbone interaction with positionf@ replaced by amino
acid interactions with Thr in CRP and Asp in the bovine

frod 0o-CNG channel. The hydrophobic pocket arourfdi<C

present in both CRP and the bovine NG channel, as

is the Glu-Arg charge interaction, although a Lys replaces
the Arg in the bovine rod-CNG channel. Therefore, all of
the main amino acid interactions present in HCN2 are
consistently present in other cyclic nucleotide binding
domains. Furthermore, because the positions work in concert
in these other binding domain39) to determine the ability

of a ligand to activate the protein, the same likely occurs in
the HCN2 binding domain.

Biological SignificanceHow does the construct relate to
the whole channel, and is it able to take on biologically
relevant conformations in the absence of the rest of the
channel? The principal assumption of this work is that
fragments of the channel will work in the absence of the
rest of the channel. Therefore, we believe that the construct
takes on the biologically relevant conformation when the
ligand binds, with much of thg-barrel remaining static while
the s 4/5 and 6/7 strand loops anddGhelix collapse on the

activate the channel. In addition, these same interactionsligand as itis bound as described above. These motions occur

modify the length of time a ligand will stay bound to the
binding domain. The results shown here only speak to

in the complete, functional channel but are influenced by
other regions and subunits.

binding, and other experiments must be pursued to determine Again, as previously stated, the channel likely contributes

the ability of these ligands to activate the channel.

The following four purine ring positions that interact with
the binding domain have been mapped heré&: Q% C?, and
C® positions. The Nand C positions interact with the Arg
632 backbone oxygen and Met 572 whether in $iga or
anti conformation. Thesynconformation can interact with

to the binding domain becoming more receptive to the ligand
in order to account for the higher than expected apparent
affinity. The results here show the ability of a well folded
fragment of the channel to bind ligands in the absence of
the rest of the channel. The results here state that certain
purine ring substituents are preferred in the &, C5, and

the backbone via a water molecule as shown in the crystal C® positions with the following rank order: position 1,H

structure 10). The C position interacts with Thr 592 in the
synconformation and the hydrophobic pocket and Arg 632
when in theanti conformation. The Thr 592 interaction with
cGMP is likely very important for determining that the ligand
is bound. The €position will interact with the hydrophobic
pocket and Arg 632. If charged, this can interact with the
charge-charge interaction of Glu 582 and Arg 632. Fur-

NH, > O; position 2, NH > Cl > H > O; position 6, NH

> Cl > H > O; and position 8, Nl> Cl > H > O. The
binding rank order may change in the complete channel, but
this is unlikely because the channel relies on the binding
domain to determine what is on the purine ring. This does
not say that the activation rank order has to be the same,
and it likely is different.
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The rest of the channel can determine what it does with
the information read out of the binding domain. That is why
equivalent interactions in the binding domain can lead to
very different results. For example, the HCN 1 and 2 binding
domains are the same in the purine ring contact residues yet
have very different responses to cAMBY). This is due not
to the binding domain but to the way in which the rest of
the channel responds to the information received from the
binding domain. A similar rank order of ligands likely will
result from a study of the HCN1 binding domain for binding.
A very different response of the channel can be expected
because cAMP has little response in HCN1.

The results here can be used to parse out individual
interactions and be used for activities such as drug design.
There are several proteins that use the binding domain motif
explored here, including CNG channels, the various cyclic
nucleotide dependent kinases, and HCN subtypes. By
determining the rank order of binding to these binding
domains, we can determine which modified ligands might
prefer certain binding domains. This information, along with
functional studies of the complete protein, can be used to
determine whether possible drug targets will have the desired
effect and, more importantly, whether they will have a cross
effect on a protein with a similar binding domain.

In summary, we have developed a fluorescent binding
assay for the HCN2 binding domain that can determine
binding domain kinetics independent of channel activation.
The assay can be used to rapidly determine which ligands
are capable of binding to the binding domain, even though
they may not alter channel currents. Furthermore, ligand
modifications can be rapidly assessed as to their effect on
channel binding, effectively mapping important interactions
between the ligand and the binding domain. We used
molecular models to visualize and interpret the possible
interactions that occur to suggest a way in which the binding
domain may select for certain substituents in each purine
ring position. Finally, this assay should be adaptable to other
soluble constructs to define binding and ligand interactions
with other cyclic nucleotide binding domains.
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