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Subcellular localization of the type II cAMP-depend-
ent protein kinase is controlled by interaction of the
regulatory subunit with A-Kinase Anchoring Proteins
(AKAPSs). This contribution examines the solution struc-
ture of a 44-residue region that is sufficient for high
affinity binding to AKAPs. The N-terminal dimerization
domain of the type Ila regulatory subunit of cAMP-de-
pendent protein kinase was expressed to high levels on
minimal media and uniformly isotopically enriched
with °N and '3C nuclei. Sequence-specific backbone
and side chain resonance assignments have been made
for greater than 95% of the amino acids in the free
dimerization domain using high resolution multidimen-
sional heteronuclear NMR techniques. Contrary to the
results from secondary structure prediction algorithms,
our analysis indicates that the domain is highly helical
with a single 3-5-residue sequence involved in a
B-strand. The assignments and secondary structure
analysis provide the basis for analyzing the structure
and dynamics of the dimerization domain both free and
complexed with specific anchoring proteins.

The protein kinases constitute a diverse family of enzymes
with well over one thousand members discovered to date. They
differ in substrate specificity (serine/threonine- versus tyro-
sine-specific) as well as in their role in specific signal transduc-
tion pathways. Despite this considerable diversity, genetic and
structural analyses of the catalytic portions of these enzymes
have shown that they evolved from a common ancestor and
share a conserved overall fold (1-3). This catalytic core is often
flanked by well defined structural domains that confer func-
tional properties upon the enzyme. For example, SH2, SH3,
pleckstrin, C1, C2, and Lim domains have been implicated in
mediating specific protein-protein or protein-lipid interactions
that control specificity and/or alter activity in particular pro-
tein kinases (4—6). With this added structural complexity, in
many cases it is still unclear how signals from outside the cell
reach a specific target in the dense reaches of the cytoplasm
and nucleus in a timely fashion. An attractive proposal has
recently been raised to address this particular problem. The
“targeting hypothesis” proposes that phosphorylation events
are controlled, in part, by subcellular localization of protein
kinases and phosphatases in the cell via the interaction of

targeting domains on the enzymes with specific anchoring pro-
teins (7-10). The principle behind localization is that the pro-
tein kinase will be held in close proximity to its target and
released when the activation signal is discharged. A pressing
issue, then, is to define the molecular basis for these targeting
interactions.

The correct intracellular targeting of protein kinases and
phosphatases confers specificity to the enzymes, in part, by
placing them in close proximity to their preferred substrates.
Targeting of these enzymes occurs via association with specific
proteins that are found in different locations in the cell (7, 8,
10-12). The classic example of localization of kinase function is
the scaffolding of the enzymes involved in the yeast mitogen-
activated protein kinase signaling cascade. The pathway is
tightly controlled as a result of the interaction of each enzyme
in the cascade with a common scaffolding protein, Ste5 (13).
Mammalian proteins that serve a similar function are the
family of A-Kinase Anchoring Proteins (AKAPs)! identified by
Scott and co-workers (14, 15). AKAPs maintain the cyclic AMP-
dependent protein kinase (PKA) in specific subcellular com-
partments, thereby ensuring accessibility of the kinase to a
limited number of substrates in a particular location (7, 8, 10,
12). This compartmentalization occurs through the interaction
of the regulatory domain of PKA with a conserved “anchoring
site” on the various AKAPs. The AKAPs also contain a unique
“targeting domain” that interacts directly with specific struc-
tural proteins, organelles, or membranes.

The current PKA anchoring hypothesis is best described by
the model depicted in Fig. 1. The enzyme is an inactive tet-
ramer composed of a regulatory dimer (R,) and two catalytic
(2C) subunits (R,C,) that make up the inactive PKA holoen-
zyme complex. Binding of the second messenger cAMP to the
regulatory subunit dissociates the tetramer to produce the
intact R, dimer and release two catalytically active monomeric
C subunits. Localization of PKA occurs through interaction of
the AKAP with the N-terminal dimerization domain of the
regulatory subunit. The site of RII binding to the AKAPs has
been identified for several anchoring proteins, and computer-
aided secondary structure prediction has revealed sequences of
about 14 residues in Ht31, Ht21, P150, and mitogen-activated
protein-2 that have a high probability for amphipathic helix
formation (16) that are most likely the RII binding region. A
22-residue peptide mimicking the RII binding site of Ht31 has
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Fic. 1. Anchoring model. A schematic model for the anchoring of
PKA to a specific subcellular target. The tetrameric holoenzyme asso-
ciates through its dimeric regulatory subunit with the putative helical
anchoring site on the AKAP.

been synthesized which inhibits the binding of full-length Ht31
binding to RII (17).

Although x-ray crystallographic analysis has been successful
in elucidating the structure of a fragment that encompasses the
cAMP binding domains of the regulatory subunit (18), until
this time there was no structural information on the dimeriza-
tion and AKAP binding regions. We bacterially expressed, iso-
topically enriched, and purified the 44-residue dimerization
domain of the type II, R, subunit (RII-(1-44)). This region is
highly stable and binds anchoring proteins and peptides with
nanomolar affinity (19, 20). In this article, we report the *H,
15N, and '3C backbone resonance assignments and secondary
structure analysis of uniformly °N and !3C isotopically en-
riched RII -(1-44) as determined by multidimensional hetero-
nuclear NMR techniques.

EXPERIMENTAL PROCEDURES

Purification of RII —~(1-44)—The plasmid encoding the gene for re-
combinant RII -(1-44) was inserted into the pET16b (Novagen, Inc.)
expression vector. This construct allows for the rapid purification of the
expressed protein by Ni®* affinity chromatography. The intact RIl«
domain is released from the N-terminal His-tag by factor Xa cleavage
(21, 22). The expression plasmid was transformed into Escherichia coli
BL21 (DE3) cells. 1 liter of media (either Luria-Bertani broth (LB) for
obtaining unlabeled RII -(1-44) or minimal media supplemented with
2.5 gfliter [**Clglucose and/or 2.0 g/liter ["*N]ammonium sulfate (Iso-
tech, Inc.) for obtaining *N/**C-enriched RII -(1-44)) containing 150
mg/ml ampicillin is inoculated with a 5-ml starting culture of E. coli.
The 1-liter culture is grown at 37 °C to an A, of 0.5 prior to induction
with 1 mM isopropyl B-D-thiogalactoside. Cells are harvested by centrif-
ugation for 45 min at 7,000 X g.

The cells are resuspended in 40 ml of buffer A (5 mM imidazole, 0.5
M NaCl, 20 mm Tris-HCL, pH 7.9, 4 °C) and lysed by sonication. The
cellular debris is collected by centrifugation at 30,000 X g. RII -(1-44)
grown in LB media is expressed as inclusion bodies, which are solubi-
lized and unfolded using 5 ml of 6 M guanidine HCI for 1 h at 25 °C. The
protein is refolded by slow dilution with 25 ml of buffer A containing 1
M imidazole over 2 h, followed by subsequent dialysis into buffer A at 4 °C.
RII -(1-44) grown in minimal media is found in the soluble fraction.

The dialysate or supernatant was applied to a nickel chelating col-
umn (Novagen, Inc.) equilibrated in buffer A. The column is washed
with 3 column volumes of buffer A and 10 column volumes of buffer A
containing 60 mM imidazole to remove any nonspecifically bound pro-
tein. The RIla His-tag fusion protein is eluted in 20 ml of buffer A with
1 M imidazole and concentrated to 10 ml by Centriplus (Amicon, Inc.).
The protein is then exchanged into buffer B (20 mm Tris-HCI, 100 mm
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NaCl, 2 mm CaCl,, pH 8.0) using a PD-10 column (Pharmacia Biotech
Inc.).

Release of RII  from the fusion protein is accomplished by incubating
25 mg of factor Xa (New England Biolabs, Inc.) for every 8 mg of
RII_-(1-44). The reaction mixture is incubated overnight at 37 °C with
shaking. The efficiency of the cleavage reaction is ~90%, as judged by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. A Superdex
75 HiLoad 16/60 (Pharmacia) 120-ml gel filtration column equilibrated
in 20 mM sodium phosphate buffer, pH 4.0, separated the factor Xa and
the cleaved His-Tag from the RIla protein. Purified RII -(1-44) eluted
at 70 ml and was concentrated by Centriplus (Amicon, Inc.). The puri-
fied RII_-(1-44) contains two additional N-terminal amino acids (des-
ignated His™'-Met®) as a result of the vector construction (Novagen,
Inc.).

The protein concentration was determined at a wavelength of 278 nm
using an extinction coefficient of 2800 M~! cm™! obtained from the
method of Gill and von Hippel (23). RII_-(1-44) was >95% pure as
determined from SDS-polyacrylamide gel electrophoresis analysis.
Complete cleavage of the fusion protein was confirmed by electrospray
ionization mass spectrometric analysis.

NMR Experiments—All NMR experiments were performed at 25 °C
on either a Bruker DMX500 or a DRX600 spectrometer using a triple
resonance gradient probe. Optimal NMR conditions were determined
from a two-dimensional homonuclear TOCSY (24) pH titration per-
formed on a 2 mM (dimer concentration) unlabeled sample of RII -(1—
44) in 20 mM sodium phosphate buffer, 90% H,0, 10% D,0O. The 'H
spectral widths were 5000 Hz (10 ppm) in both ¢, and ¢,. 2K by 512 point
matrices were collected. Water suppression was achieved through a
WATERGATE sequence (25, 26). An MLEV-17 (24) sequence of 59.3 ms
was used for the TOCSY spin lock. The optimal pH was determined as
pH 4 to be used in further NMR experiments.

Typically, the isotopically enriched NMR samples were prepared at a
dimer concentration of 1 mM (2 mM monomer) in 20 mM sodium phos-
phate buffer, 90% H,0, 10% D,0, pH 4.0. The *H chemical shift of water
was 4.755 ppm when referenced to sodium 2,2-dimethyl-2-silapentane-
5-sulfonate, whereas '°N and '3C were indirectly referenced to sodium
2,2-dimethyl-2-silapentane-5-sulfonate, as established by Wishart et al.
(27). Quadrature phase detection in the indirectly detected dimensions
for all experiments was obtained via time proportional phase incremen-
tation (28), except for the CBCA(CO)NH and HNCACB experiments,
which utilized States (29) for the *C dimension and sensitivity-en-
hanced gradient-detected echo/antiecho (30—32) in the N dimension.

Using the same unlabeled protein sample as described for the two-
dimensional TOCSY experiments, a two-dimensional homonuclear
NOESY (33) experiment was collected with a mixing time of 200 ms.
The 'H spectral widths were 5000 Hz (10 ppm) in both ¢, and ¢,. A 4K
by 512 point matrix was collected. Water suppression was achieved
through the WATERGATE sequence (25, 26).

The two-dimensional 'H-**N heteronuclear single quantum coher-
ence (HSQC) experiment (34, 35), the three-dimensional 'H-'N
NOESY-HSQC (36), and the three-dimensional *H-*N TOCSY-HMQC
(36) were acquired on a uniformly enriched N protein sample, pH 4.0.
In the HSQC and the NOESY-HSQC experiments, the 'H carrier dur-
ing the evolution of the N and 'H dimensions was centered at the
water frequency but was shifted to 8.045 ppm before acquisition. In the
TOCSY-HMQC experiment, the 'H carrier was placed on the water
frequency throughout the entire experiment. In all three experiments
the ®N carrier was placed at 117.5 ppm. Mixing times of 150 and 200
ms were used for the NOESY-HSQC, while the TOCSY-HMQC exper-
iments were run at spin-lock times of 40.5, 81.0, and 101.3 ms. Water
suppression for the HSQC and NOESY-HSQC was accomplished using
the gradient tailored WATERGATE sequence (25, 26). A presaturation
pulse was employed to suppress the water in the TOCSY-HMQC.
Broadband N decoupling for the three 'H-'N experiments was ac-
complished using a WALTZ16 decoupling scheme (37). In the two-
dimensional HSQC experiment, 128 real ¢; (**N) and 512 complex ¢,
(*H) points were collected with spectral widths corresponding to 1773
Hz (35 ppm) (¢;) and 3005 Hz (6 ppm) (£,). For the three-dimensional
'H-'°N experiments, a total of 128 real ¢, (*H), 64 real ¢, (**N), and 512
complex ¢, (*H) points were collected. The spectral widths were 4999 Hz
(10 ppm) (¢,), 1773 Hz (35 ppm) (¢,), and either 5000 (10 ppm) or 3005
Hz (6 ppm) (¢5).

The three-dimensional CBCA(CO)NH (30, 38), the three-dimensional
HNCACB (30, 39), the three-dimensional CT-HNCA (40), the three-
dimensional CT-HN(CO)CA (41), and the three-dimensional HCCH-
TOCSY (42, 43) were acquired on a uniformly ?N-'3C enriched protein
sample at pH 4.0. The 'H carrier was either placed at the water
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Fic. 2. Comparison of the two-dimensional TOCSY spectra of RIIa-(1-44) recorded at pH 7.0 (A) and pH 4.0 (B). Except for pH, the
sample conditions were identical with a mixing time of 60 ms. In the pH 4.0 spectrum, several of the correlations that are missing in the pH 7.0

spectrum are indicated.

frequency throughout the entire experiment (HNCACB, CBCA-
(CO)NH), shifted to 8.045 ppm (HNCA, HN(CO)CA), or shifted to 2.407
ppm (HCCH-TOCSY) prior to data acquisition. The **N carrier was
placed at 117 ppm for all triple resonance experiments, and the *C
carrier was set to either 42.3 (HNCACB and HCCH-TOCSY) or 57.3
ppm (HNCA and HN(CO)CA). For the CBCA(CO)NH experiment, the
13C carrier originated at 42.3 ppm but once the magnetization was
transferred to '*C’, the carrier was shifted to 177.3 ppm. The WATER-
GATE sequence (25, 26) was used to suppress the water signal in the
CT-HNCA, CT-HN(CO)CA, and HCCH-TOCSY experiments. When the
13C carrier was at 42.3 ppm, '*C’ pulses were achieved using off-
resonance phase-shifted laminar pulses (44). WALTZ16 (37) and SE-
DUCE-1 (45, 46) pulse sequences were used for broadband *H, °N, and
13C decoupling. The total number of points collected for the CBCA-
(CO)NH and HNCACB experiments was 38 or 52 complex ¢, (**N), 52
complex ¢, (**C), and 1024 complex ¢, (*H), and the spectral widths were
1520 Hz (25 ppm)(¢,), 10564 Hz (70 ppm)(t,), and 7184 Hz (12 ppm) (z,).
In the HNCA and HN(CO)CA experiments, 64 real ¢, (*3C), 48 or 50 real
t, (*5N), and 512 complex ¢, (*H) points were collected at spectral widths
of 3771 Hz (¢,), 1266 (25 ppm) or 1367 Hz (27 ppm) (¢,), and 3005 Hz (6
ppm) (¢5). The HCCH-TOCSY experiment was acquired with 128 real ¢,
(*H), 110 real ¢, (**C), and 512 complex ¢, (*H) points and 4999 Hz (10
ppm) (¢,), 8400 Hz (67 ppm) (¢,), and 3005 Hz (6 ppm) (¢;) spectral
widths.

Amide proton exchange experiments were carried out on a 0.5 mm
protein sample originally in 20 mM sodium phosphate buffer, 90% H,0,
10% D,0, pH 4.0, which was exchanged into 20 mM deuterated sodium
phosphate buffer, 100% D,O pD 3.5, using Quick Spin™ Protein Col-
umns (Boehringer Mannheim). Two-dimensional HSQC experiments,
matrix size 512 X 64, were run at times of 10 and 30 min, 2, 7, and 25 h
after exchange into D,0O.

All experiments were processed using Felix 95.0 software (MSI, San
Diego, CA) using an Indigo-2 workstation (Silicon Graphics, Inc.). The
data were apodized with a squared sinebell function shifted by 70° in all
dimensions before Fourier transformation. For all three-dimensional
experiments linear prediction to an additional one-third of the number
of points collected was applied before apodization in both ¢, and ¢,.

Circular Dichroism Spectroscopy—Circular dichroism (CD) spectra
were measured at pH values 4.0 and 7.0 in 20 mM sodium phosphate
buffer at 25 °C. CD spectra were obtained on an Aviv 61DS spectropo-
larimeter (Aviv Associates) calibrated with a standard solution of 10-
camphorsulfonic acid (47, 48). Spectra were measured with a 0.5-nm

bandwidth, 0.5-nm step size, and a 1.0-s time constant over a wave-
length range of 260 to 180 nm in 0.1-cm optical cells.

Gel Filtration Chromatography—Gel filtration chromatography was
performed on a TSKGel G2000SW column (Tosohaas, Inc.), 30 cm by 7.8
mm. 50 ul of a 0.8 mg/ml RII _-(1-44) sample was injected onto the
column equilibrated in 20 mM phosphate, 100 mm NaCl, pH 4.0, at a
flow rate of 0.5 ml/min. The column was calibrated with standard
proteins corresponding to molecular masses of 670, 158, 44, 17, and 1.35
kDa (Bio-Rad, Inc.).

RESULTS

Optimizing NMR Conditions—At pH 7.2, the two-dimen-
sional 'H-1°N HSQC experiment of RII -(1-44) displays a well
dispersed spectrum (data not shown). Fig. 24 shows that at this
same pH, the efficiency of the TOCSY transfer in the two-
dimensional homonuclear TOCSY is extremely poor. The data
in the TOCSY experiment were greatly improved as the pH was
varied from pH 7 to pH 4, as seen in Fig. 2B. It is evident from
these NMR spectra that as the pH of the sample decreases, the
protein becomes more amenable to study by NMR methods.

One concern with doing NMR studies at pH 4 is that signif-
icant structural changes may accompany the change in solution
conditions. To address this issue, we examined two parameters.
First we found that the aliphatic proton resonances do not shift
upon variation of pH (data not shown). Second, circular dichro-
ism (CD) analysis was performed. A comparison plot of the
mean residue ellipticity of the protein at pH values 4.0 and 7.0
as a function of wavelength is given in Fig. 3. The spectra show
the classic double minima at 210 and 222 nm expected for
helical structure in solution (49). In addition, the spectra of the
domain were identical at pH 4.0 and 7.0 (Fig. 3), indicating no
gross structural changes occur as a result of the change in
solution conditions. Our CD results indicate the presence of
significant helical structure (~50%) (49), consistent with our
interpretation of the NMR data (see “Discussion”).

Dynamic light scattering results indicate a decrease in the
apparent molecular weight upon decreasing pH, suggesting a
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Fic. 3. Comparison of the CD spectra of RIla-(1-44) at pH
values 7.0 and 4.0. CD spectra of RIla-(1-44) were measured as
described under “Experimental Procedures.”

reduction in non-native protein association into higher order
oligomers. The minimum apparent molecular weight observed
by this technique is in the pH range of 3 to 4. Gel filtration
chromatography demonstrates the presence of a single species
at pH 4.0 with the apparent molecular weight expected for
dimeric RII -(1-44) (data not shown). TOCSY observations
also indicate a reduction in the amount of nonspecific protein
association upon decreasing pH. Aliphatic proton linewidths at
pH 4.0 are consistent with a dimeric system (results not
shown).

Based on the increase in magnetization transfer, the obser-
vation of a single species by gel filtration chromatography, a
molecular weight consistent dimeric RII -(1-44), and line
widths typical of an 11-kDa protein, a pH of 4.0 was chosen as
optimal for further NMR spectroscopic structural studies. At
this pH, the integrity of the AKAP interaction is still intact
according to RII overlay techniques (50) and analysis of peptide
binding by NMR at pH 7.0 and 4.0.2 A significant amount of
biochemical data demonstrates dimerization of RII is essential
for AKAP binding (19, 51, 52), confirming the presence of dimer
in our present study.

Resonance Assignments—The two-dimensional 'H-°N
HSQC of RII_-(1-44) is shown in Fig. 4. All 41 non-proline
backbone resonances that were expected (excluding the N-
terminal histidine) were observed. The number of cross-peaks
in this experiment is equivalent to the number of backbone
resonances expected for the monomer of RII -(1-44), which
suggests a stable, symmetric homodimer conformation. The
difficulty in distinguishing inter- from intraresidue NOE cross-
peaks in a dimeric system led us to use triple resonance tech-
niques to complete sequential backbone resonance assign-

2 M. Newlon and P. A. Jennings, manuscript in preparation.
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Fic. 4. Complete 'H, '’N HSQC spectrum of RIla-(1-44) at
25 °C, pH 4.0. All backbone amide resonances are identified. Cross-
peaks due to the side chains of glutamine are not labeled (there are no
asparagine residues in this sequence).

ments. Comparison of the intraresidue HY, *N to *Ca/*3CB
connectivities observed in the CT-HNCA and the HNCACB
three-dimensional spectra with the sequential intraresidue
1HN | 15N to 13Ca/*3Cp connectivities observed in CBCA(CO)NH
and CT-HN(CO)CA data allowed nearly complete identification
of sequential connectivities. A series of the HY, °N to ¥Ca
connectivities obtained in the CT-HNCA experiment for resi-
dues 8-17 is presented in Fig. 5. The combined spectra allowed
for assignment of 1N and *HN resonances for 41 of 42 expected
residues (98% of backbone amides), 3C* and 'H® resonances
for 44 of 46 (96%) residues, and 3C*? and *HP for 41 (93%) of the
non-glycine residues. ®C* chemical shifts used in secondary
structure prediction (see below) were measured with the higher
resolution CT-HNCA and CT-HN(CO)CA experiments.

Side chain spin systems were identified either completely or
partially from the TOCSY-HMQC and HCCH-TOCSY data.
The TOCSY-HMQC experiment provided information of only
1H and 'HP resonances, whereas the improved magnetization
transfer afforded by the HCCH-TOCSY experiment was able to
identify the majority of the side chain 'H and '®C resonances
that remained, approximately (85%), and confirmed existing
assignments. The HCCH-TOCSY established the assignment
of 3C~ and 'H" resonances of Pro® and Pro?®, which were not
probed in any other heteronuclear experiment, and 'H? reso-
nances of all four of the proline residues were identified by
combining information obtained by the HCCH-TOCSY experi-
ment and the two-dimensional homonuclear NOESY
experiment.

DISCUSSION

Secondary Structure Determination—Elucidating the struc-
ture of the N-terminal anchoring domain of RIla is an essential
first step toward understanding the mechanisms of localization
and anchoring of PKA. The lack of structural information and
sequence homology to other proteins whose structures are
known prompted us to initiate NMR studies of this domain. We
expressed RII -(1-44) to high levels on minimal media and
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Fic. 5. Correlation of residues Gly®-
Thr'? of RIla-(1-44) from the three-
dimensional CT-HNCA experiment.
The strips were originally selected from a
two-dimensional *H-*N HSQC which se-
lected the 'H and '°N resonances. Se- ¢
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zontal lines. The extra peaks for strip
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uniformly isotopically enriched it with °N and '3C nuclei. This
region is sufficient for high affinity binding to AKAPs (19, 20).
We now report the first structural information for this domain.

Initial evaluation of secondary structure conformation in
RIla was accomplished by determining the 13C® chemical shifts
and comparing them to random coil chemical shift information
(53-56). The chemical shift index (CSI) method is based on the
consideration that the ®, ¥ angles change with B-sheet and
a-helix conformations, which result in characteristic changes
in 13C chemical shifts. Although 2C?, 13C# and 'H* chemical
shifts are all useful probes, the most accurate measure of
secondary structure elements by this method is the 3C* chem-
ical shift. Wishart et al. (55) have determined that C¢ reso-
nances that shift downfield relative to random coil values are a
result of a-helical structure formation, whereas upfield shifts
indicate the presence of B-strand. The C® secondary shifts of
RIIa-(1-44) (observed chemical shifts minus random coil chem-
ical shifts) are assigned a value of +1 for shifts > +0.7 ppm, a
value of —1 for shifts < —0.7 ppm, and a value of 0 for shifts >
—0.7 but < +0.7 ppm relative to the random coil chemical
shifts. The data obtained for RIla-(1-44) are plotted as a func-
tion of residue number in Fig. 6. This secondary shift data
indicates that RIla-(1-44) contains two a-helices and one
B-strand in each monomer of the dimeric protein.

Data obtained in NOE spectra are a direct observation of
residue interactions. Regions typical of either B-strand, a-helix,
or B-turn show characteristic NOE cross-peaks (57). The three-
dimensional NOESY-HSQC was analyzed conservatively based
on the initial through-bond sequential assignments. The NOE
cross-peaks observed in RII,-(1-44) confirm the *C* secondary
shift data presented in Fig. 6. Intense dyy, dgng, i+1) and weak
d.Ng, 1+3) cross-peaks, which are all characteristic of a-helical
structures, were detected for a large portion of the molecule,
including Leu® through GIn23 and Leu?® through Ala*2. This
consistency is especially important for a dimeric protein be-
cause the NOE data by itself, which is a direct observation of
secondary structure, can be overinterpreted due to the pres-
ence of intramolecular as well as intermolecular NOE signals
(58-61).

a-Helical Structures—In contrast to secondary structure pre-
diction algorithms, RII -(1-44) demonstrates a high proportion

TIO EIN LI2 LI3 Q4 GI5 Yie Ti7

of a-helix when analyzed by circular dichroism (Fig. 3) as well
as NMR spectroscopy. The two a-helical regions span residues
Leu®-GIn?2 (helix I) and Leu?®-Ala*? (helix II) as observed from
strong dyy and dgyg, i41) cross-peaks and medium intensity
d.Ng, 1+3) cross-peaks as well as 13C* secondary shift analysis
(Fig. 6). Residue GIn2* is not included in the C-terminal end of
the first helix because of the lack of d ,n i+3) NOE cross-peaks
and the change in CSI characterization to B-strand at this
residue (indicative of a change in secondary structure) (54),
although a dyy cross-peak with GIn?3 still exists.

Hydrogen exchange experiments were used to detect slowly
exchanging amide protons in RIla. Twenty-five amide protons
show protection from amide proton exchange with solvent, and
12 out of 41 possible amide protons were still observed after
25 h in D,O (data not shown). Amide protons that exchange
slowly are either buried inside the protein or involved in hy-
drogen bonding interactions, thereby implying stable second-
ary structure elements. The slowly exchanging protons in RII -
(1-44) lie in the regions defined as a-helical from both the
NOESY and CSI method (Fig. 6).

Consideration of 13C“ chemical shift and NOE data indicates
65% of the protein is involved in helical interactions, and CD
experiments indicate 50% helical content. Although the CD
results provide a qualitative assessment of secondary structure
content, the contributions of aromatic amino acids in the far
UV-CD (62) as well as the reduction in signal as a result of
non-optimal alignment of the carbonyl groups if the helices are
frayed (49, 62) will result in an underestimation of the helical
content of a protein in solution by CD methods.

Indeed, helical fraying is apparent from the exchange rates
when compared with the intrinsic exchange rate for the partic-
ular amino acid at pD 3.5 and 25 °C. The rate of hydrogen-
deuterium isotope exchange of the amide protons of residues
located at the center of the helices are much slower than those
observed for protons lying on both ends of the helices (Fig. 6).
These data indicate that the ends of the helices are less likely
to be involved in stable hydrogen bonding interactions (63, 64).
Estimation of stable helical content from hydrogen exchange
predicts 54% of the protein is involved in stable hydrogen
bonding interactions (helical structure), in line with our CD
results. Thus it appears that helical fraying is affecting the CD
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spectrum. A more detailed hydrogen exchange study is cur-
rently in progress.

B-Turns—There are two regions of the sequence that show
B-turn-like behavior in RII -(1-44). The region that encodes
Pro%-Pro’-Gly®-Leu® is a proposed B-turn based on the change
in 13C* chemical shift from pB-strand to random coil (Ile® to
Gly®) and the presence of NOE cross-peaks characteristic of
B-turns. The HCCH-TOCSY data allowed the identification of
the 3C* and 'H® resonances of Pro’, which were important for
defining the conformation of this turn. The distances between
the "H* of residue i and the "H™ of residue i + 1 (d,n¢, i+ 1) and
'H* of residue i and the "H of residue i + 2 (d ¢, 1+ 2) in a type
II B-turn are 2.2 and 3.3 A, respectively (57). The turn appears
to adopt a type II B-turn configuration due to the observation of
an intense d,ng, i+1) cross-peak for residues Pro’ and Gly®, a
weaker d g ;42 cross-peak for Pro” and Leu®, and a medium
intensity dyyg, ;1) cross-peak between Gly® and Leu®. The
hydrogen-deuterium exchange rate of the backbone amide of
Leu® is much slower than the intrinsic exchange rate at this pH
(65—67) and that observed for the surrounding residues, so the
existence of a hydrogen bond between the amide proton of Leu®
with the carbonyl oxygen of Pro® is proposed. Studies on linear
peptides containing the sequence N-Ac-Pro-Gly-X-OH, where X
is Gly, Ala, Leu, or Ile, occur in type II turns (68), consistent
with our proposal.

The sequence defined by residues Pro?®-Leu?® constitutes the
second turn. The second turn demonstrates a change in the
13C* chemical shift from a-helix at GIn?3 to B-strand at GInZ*
and Asp?’. Again, two prolines lie in this region, and partial
side chain identification of the prolines has been determined.
We propose the second turn is formed by the residues Pro25-
Pro?%-Asp?’-Leu®®. The NOE cross-peaks and HY exchange
data suggest a type I turn conformation. Significant NOE
cross-peaks involved in determining this turn include a weak
dona, i+ 1) cross-peak observed between Pro®® and Asp®’, a me-
dium dsng, ;1) cross-peak between Pro® and Asp®’, a medium
dnwa, i+1) between Asp?” and Leu?®, and a strong doNg, i+1)
cross-peak between Asp?” and Leu®®. A weak d.ng, i+2) NOE
cross-peak between Asp?’ and Val?® suggests that helix II
starts with 3;, helix behavior and then turns into regular
a-helical structure.

It is worth restating at this time that intermolecular NOE
cross-peaks can be observed in this dimer, which may be con-
fusing the identification of this turn. There are also no residues
in this region of the sequence that show slow amide exchange
rates indicative of the presence of stable hydrogen bonds. In-
terestingly, the only difference in the sequence between the
first and second turn is the replacement of a glycine for an
aspartic acid residue (Fig. 6); thus, consistent with the detailed

Q 44800060000 400 000000 +4040
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B-Strand 1 Helix I

Helix IT

work of Dyson and co-workers (69-72), this replacement is
likely affecting the conformation of the turn.

Data obtained from two-dimensional heteronuclear NOESY
experiments reveal that at least three of the four of the proline
residues are involved in trans-peptide bonds with its preceding
residue. No strong d,.g, ;+1) for the sequence Xaa'-Pro'*! were
observed, which would indicate a cis-peptide bond, but in the
cases of Pro’, Pro®, and Pro®é, strong d 5 ;1) cross-peaks are
observed, which are indicative of trans-peptide bonds (57) .

B-Strand—The presence of B-strand structure in RII -(1-44)
is low. The residues Gly'-Ile® show the only B-strand charac-
teristic intense d g, i+ 1) cross-peaks and the residues Tle3-Tle®
correspond to a B-strand motif using the CSI method as well.
The residues Ile® and Ile®, which have been implicated in
AKAP binding by mutagenesis (19), reside in this p-strand
region.

Structural Implications—Mutagenesis experiments indicate
that the side chain of Phe®® in helix II is critically important for
dimer formation (52). The side chain of this residue shows
medium range NOE cross-peaks to Val?° in helix I. Val2° also
shows intense side chain NOE cross-peaks to Phe?! (data not
shown). Helical wheel projections (Fig. 7A) indicate that Phe?!
and Phe®¢ are 1% turns away from one another and lie on
opposite sides of helix II, suggesting that one of these contacts
with Val?® must be intermolecular. If our current model of two
helices separated by a tight hairpin turn is correct, this would
place Val?° near Phe®! as an intrasubunit contact, and the con-
tact of Val2® with Phe®® would then be across the two subunits.

Mutagenesis experiments also implicate other residues im-
portant for dimerization. The side chain of Leu®? is critical for
dimer formation (52). This residue resides on the same side of
helix I as Val?°, which would place it on the same face of the
helix that interacts with Phe3¢ in the intersubunit contact.
Additional studies have shown that the first 10 residues are
also important for dimer formation (19, 73). We propose that
Leu®, which is located on the same interface of helix I as Val?°
(Fig. 7TA), may be responsible for this important dimer contact.

A cartoon of a possible protomer conformation is given in Fig.
7B. Although not necessarily a representation of the tertiary
fold, this model gives some insight into the available mutagen-
esis data that demonstrate residues Ile® and Ile® located on the
N-terminal B-strand, (19, 73) are necessary for AKAP target-
ing. Mutagenesis of Pro” to Ala, which changes the AKAP
binding specificity of RIla to that of RIIB (73), lies in the turn
between this B-strand and helix I. This mutation may alter the
packing of the strand in respect to the helix or cause slight
alterations in the relative orientations of these helices. Simi-
larly, Pro?® in the turn region of Rl is also an Ala in RII
which also may be a target for AKAP binding specificity by
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Fic. 7. Helical wheel analysis and protomer model of RITIa-(1-
44). A, the amino acid residues comprising helices I and II are mapped
on a-helical wheel projections. The residues are represented by single-
letter codes. Hydrophobic residues are represented as filled circles.
Residues 23 and 28, the last and first residues of helices I and II, are
indicated. Observed NOE cross-peaks between Val?*® and Phe?' are
represented by a dashed line. The sequence Pro®*-Leu®® comprises a
turn. B, predicted protomer model of RIIa-(1-44). All residues located
in the turn regions are indicated. Residues Ile® and Ile®, both necessary
for AKAP binding, are shown on the B-strand. Also shown are residues
Val?® and Phe?®! which make a proposed intrasubunit contact.

causing minor conformational changes. A structural model in
which the helix turn helix motif of the monomer packs in an
anti-parallel arrangement with its partner in the dimer to form
a four-helix bundle explains both the mutagenesis and NOE
data. The quaternary structure and orientation of the B-strand
with respect to the helical core in Rlla is currently under

23643

investigation and will delineate the true conformation of the
domain.
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