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ABSTRACT: Calmodulin (CaM) is a calcium binding protein
that plays numerous roles in Ca-dependent cellular processes,
including uptake and release of neurotransmitters in neurons.
a-Synuclein (a-syn), one of the most abundant proteins in
central nervous system neurons, helps maintain presynaptic
vesicles containing neurotransmitters and moderates their Ca-
dependent release into the synapse. Ca-Bound CaM interacts
with a-syn most strongly at its N-terminus. The N-terminal
region of @-syn is important for membrane binding; thus, CaM
could modulate membrane association of a-syn in a Ca-
dependent manner. In contrast, Ca-free CaM has negligible
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interaction. The interaction with CaM leads to significant signal broadening in both CaM and a-syn NMR spectra, most likely
due to conformational exchange. The broadening is much reduced when binding a peptide consisting of the first 19 residues of a-
syn. In neurons, most a-syn is acetylated at the N-terminus, and acetylation leads to a 10-fold increase in binding strength for the
a-syn peptide (Kp = 35 = 10 uM). The N-terminally acetylated peptide adopts a helical structure at the N-terminus with the
acetyl group contacting the N-terminal domain of CaM and with less ordered helical structure toward the C-terminus of the
peptide contacting the CaM C-terminal domain. Comparison with known structures shows that the CaM/a-syn complex most
closely resembles Ca-bound CaM in a complex with an IQ motif peptide. However, a search comparing the a-syn peptide
sequence with known CaM targets, including IQ motifs, found no homologies; thus, the N-terminal a-syn CaM binding site

appears to be a novel CaM target sequence.

he protein a-synuclein (a-syn) is well known for its

association with Parkinson’s disease, a neurodegenerative
disease involving the loss of dopamine-producing neurons."”
The histological hallmark of the disease is the presence of Lewy
bodies, proteinaceous inclusions found in the neurons of
Parkinson’s patients.”> @-Syn is a primary constituent of Lewy
bodies,* and though the majority of Parkinson’s cases have no
clear genetic cause,” rare mutations in a-syn as well as gene
duplication and triplication lead to an autosomal dominant
form of the disease.’® A vertebrate specific protein, a-syn is
expressed primarily in neurons of the central nervous system
(CNS)." It is found at the highest concentrations (~100 M)
in the presynaptic spaces at the ends of axons."" Lower levels of
the protein are observed in other cell types of the CNS, and the
gene is also transcribed in other tissues, such as the heart,
skeletal muscle, and pancreas.'

Despite extensive study, pinpointing specific biological roles
for a-syn has proven difficult. Mice with the a-syn gene
(SNCA) knocked out presented no obvious Eathology, with
only subtle perturbation of neuronal function.'” There are two
other a-syn-related proteins expressed in neurons, f-syn,
expressed primarily in the CNS, and y-syn, expressed mostly
in peripheral neurons. Mice with both a-syn and f-syn knocked
out likewise displayed only subtle CNS changes."> However, for
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mice with all three synuclein genes knocked out, pathology was
pronounced, altering synaptic structure and transmission and
causing age-dependent neuronal dysfunction, implying a role
for the synucleins in long-term maintenance of neurons.'*
Detailed investigation of neurotransmitter release from
presynaptic vesicles has revealed a role for a-syn as a chaperone
protein, aiding the rapid reassembly of the SNARE complex of
proteins.”> The SNARE complex is responsible for membrane
fusion in the exocytosis process that releases the neuro-
transmitters from the vesicles into the synapse.'®
Neurotransmitter release is a carefully regulated event, where
the voltage pulse of the firing neuron traveling down the axon
introduces calcium into the presynaptic space via voltage-gated
calcium channels."” The neuron has numerous proteins that
bind calcium, many of which act as calcium-sensitive triggers of
various signaling pathways.'®'® One of the most important
calcium-binding proteins is calmodulin (CaM), ubiquitously
expressed in all cell types, regulating processes throughout the
cell from the cell membrane to the nucleus.”” Binding calcium
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induces structural changes in CaM that target it to bind peptide
sequences in numerous proteins.”’ While CaM does not
directly induce neurotransmitter release, this role belongs to
another calcium-binding protein, synaptotagmin,'® it regulates
the exocytosis process in multiple ways, for instance, via its
interactions with calcium-CaM-dependent kinase I1.** At higher
concentrations CaM can inhibit SNARE-mediated membrane
fusion.”® CaM regulates exocytosis in other secretory cell types
too, such as adrenal chromaffin cells and pancreatic ﬂ-cells,“’25
where a-syn is also expressed and affects the release of
secretory vesicles.”*’

Three studies have reported interaction between a-syn and
CaM.*®*7*° Given the association of these proteins with
presynaptic and other secretory vesicles, an interaction between
the two has important implications regarding how CaM might
regulate secretory processes. The two earlier studies reported
binding affinities in the submicromolar range,zg’29 more than
strong enough to allow interaction in neurons, where both a-
syn and CaM can reach concentrations in the 10—100 M
range.'"'” However, the later study observed a much weaker
dissociation constant, ~10 uM, and questioned the physio-
logical relevance of the interaction.*

These studies showed that the N-terminal region of a-syn
interacts with CaM. It is now known that the protein is N-
terminally acetylated;*"*> however, the previous studies on
CaM interaction were done with nonacetylated a-syn. In
addition, two of the studies reached different conclusions
regarding the role of calcium in the interaction, with one report
seeing interaction only in the presence of calcium-bound (holo-
) CaM, whereas the other observed little difference between the
two forms. Understanding the difference between apo- and
holo-CaM binding to a-syn is critical for gaining insight into
how this interaction might regulate calcium-triggered secretion.

Here, we examined the binding of a-syn to CaM using
nuclear magnetic resonance (NMR) spectroscopy in both its
N-terminally acetylated (Ac-a-syn) and nonacetylated forms
with both apo- and holo-CaM. By monitoring changes in the
NMR spectra due to interaction, we map the interacting regions
in a-syn and CaM at the residue level. Using an N-terminally
acetylated peptide containing the first 19 residues (AcN19) of
a-syn, we determine the 3-dimensional solution structure of the
CaM/a-syn peptide complex.

B MATERIALS AND METHODS

Protein and Peptide Expression and Purification. Full-
length nonacetylated a-syn was expressed in E. coli and purified
as previously described.**** N-Terminally acetylated, full-
length a-syn was obtained by coexpression in E. coli of a
plasmid carrying the components of the NatB complex®® with a
plasmid containing the wild-type a-syn gene followed by a C-
terminal His-tag sequence and purification as described in
Maltsev et al.*°

Natural abundance a-syn N-terminal peptides N19
(MDVFMKGLSKAKEGVVAAA-NH,) and the N-terminally
acetylated form AcN19 (Ac-MDVFMKGLSKAKEGVVAAA-
NH,) were purchased from Biosynthesis (Lewisville, TX).
Isotopically labeled AcN19 peptide (Ac-MDVFMKGLSKAK-
EGVVAAA-NH,), where underlined residues are uniformly
13C/"*N-labeled, was purchased from Anaspec (Fremont, CA).
Peptide amounts were determined gravimetrically, and
concentrations were confirmed by 1-D NMR comparison
with standards.
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Human CaM was expressed using a pET17b plasmid in E.
coli BL21(DE3) pLysS and purified by ammonium sulfate
precipitation, anionic exchange chromatography on a DEAE
column, and Ca-dependent hydrophobic interaction chroma-
tography on a phenyl sepharose column. Ammonium sulfate
precipitation was done using 52 g of ammonium sulfate per 100
mL lysate solution after centrifugation removing cellular debris
(20 mM Tris, 200 mM NaCl, and 1 mM EDTA at pH 8). The
precipitated pellet was resuspended in and dialyzed against 20
mM Tris and 1 mM EDTA at pH 8 buffer. The sample was
then applied to a DEAE column (GE Healthcare) and eluted
using a linear NaCl gradient from 0.05 to 1.0 M. Pooled
fractions were applied to a phenyl sepharose column after the
additions of (NH,),SO, (1 M) and CaCl, (5§ mM) and eluted
with a linear gradient from 20 mM HEPES, 1 M (NH,),SO,,
and S mM CaCl, at pH 7.5 to 20 mM HEPES and 5 mM
EDTA at pH 7.5. To prepare apo-CaM,, the protein was passed
through a column containing chelex resin (200—400 mesh,
Biorad) equilibrated with SO mM (NH,)HCO, at pH 9.0. All
NMR samples were exchanged into a buffer containing 50 mM
MES, 100 mM NaCl, and 3 mM CaCl, at pH 6.4, except for
samples with apo-CaM where CaCl, was omitted, and with 5%
D,0.

NMR Spectroscopy. Experiments were carried out on
Bruker Avance 600, 800, and 900 MHz spectrometers equipped
with cryoprobes. Backbone resonance assignment of the
13C/N-labeled holo-CaM, free and bound to natural
abundance a-syn, full-length, and peptides AcN19 and N19
was done by standard techniques at 600 MHz using
CBCA(CO)NH and HNCACB experiments at 300 K.
Resonance assignment for full-length a-syn, free and bound,
was done similarly. Resonance assignment of the isotopically
labeled AcN19, both free and in complex with CaM, was done
by '*N-edited NOESY (800 MHz, t,,;, = 500 ms for free and
100 ms for the complex). *N-edited NOESY (800 MHz, £,
100 ms), aliphatic "*C-edited NOESY (900 MHz, t,,,, = 100 ms,
BC frequency = 40 ppm) and aromatic *C-edited NOESY
(800 MHz, t,;, = 100 ms, *C frequency = 125 ppm) spectra
were measured for structure determination for *C/**N-labeled
CaM in complex with natural abundance AcN19 and for
isotopically labeled AcN19 in complex with natural abundance
CaM. Chemical shift perturbations for the titration analyses
were obtained from 'N heteronuclear single-quantum
correlation (HSQC) spectra at 800 MHz. To confirm sufficient
calcium was present to form fully calcium bound holo-CaM,, the
N HSQC spectrum of CaM in complex with N19 peptide was
also recorded with S mM CaCl,, and no perturbations were
seen compared to the spectrum with 3 mM CaCl,.

Backbone HN-N residual dipolar couplings (RDCs) were
measured for CaM using in-phase/antiphase HSQC measured
at 800 and 900 MHz in filamentous phage pfl (10 mg/mL).
Backbone HN-N and Ha-Ca residual dipolar couplings were
also measured at 800 MHz using '*N and "*C HSQC with no
'"H decoupling during indirect evolution. The squared deviation

from average in the three measured amide RDC values in phage
was summed, divided by two (not three since the true average
is not known), and the square root taken, yielding an
experimental uncertainty of 0.72 Hz. When combined with
the r.m.s deviation of the isotropic j-coupling values measured
in two separate experiments, 0.25 Hz, this yielded a total
uncertainty of 0.76 Hz for the amide RDC values. The T,
relaxation and N CPMG chemical exchange rates were
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measured by standard procedures.’” Except where noted above,
all experiments were done at 310 K. All spectra were processed
with NMRPipe.*®

Titration binding curves were fit to the two-state binding
model (AB < A + B), with species A being titrated at
concentration a into solution with species B held at constant
concentration b using the following equation:

A(a) = (A /2b)(a + Ky + b — \/(a + Kp + b)* — 4ab)

where A(a) is the measured chemical shift perturbation of
species B at concentration a of species A. The two fit
parameters are K, the dissociation constant, and A, the
asymptotic limit of the chemical shift perturbation. To
simultaneously fit several residues, one residue was arbitrarily
chosen, and the rest were scaled by a factor

£ =20 A(@A(a)/ Y] AX(a)

where Ay(a) is the perturbation at concentration a of the
residue to scale, and A;(a) is the perturbation of the residue to
be scaled, and the sums are carried out over all concentrations.
Following the determination of A, in the fit, the vertical scale
of the plot was divided by A, to give percent saturation. All
fits were performed using Kaleidagraph (Synergy Software).

Kp of the N19 peptide was estimated assuming that values of
A, for the CaM backbone amides were similar to those
determined in the titration binding curves using AcN19. Then,
in the fast NMR time scale regime, the fraction bound is equal
to A(a)/A,,,, and the fraction unbound is (1-A(a)/A,,,) in
the 1:1 complex, where A(a) is the perturbation measured at
concentration a. Then Kj, is simply

)2

[A][B] _ (1

=a
[AB] A(a)

K, values were estimated this way for 10 different amides in the

CaM complex, with their standard deviation given as the error.

In the backbone HN chemical shift perturbation versus

residue plots, the combined HN perturbation was calculated as

1 Al
o

2
where Ay and Ay are the differences in the proton and the
nitrogen frequencies in ppm, respectively.

Structure Determination. Backbone dihedral phi and psi
restraints were obtained using TALOS+>® based on the
observed Ca, Cf, Ha, and N frequencies using only dihedrals
predicted with high confidence, with ranges equal to twice the
TALOS+ uncertainty. NOE-derived distance restraints were
obtained for assigned NOE cross-peaks, using peak intensities
(heights) normalized by the corresponding diagonal peak
intensities. Normalized intensities from the CaM NOESY
spectra were converted to distances by calibrating with a subset
of nonoverlapped cross-peaks arising from close intra,
sequential, and medium range distances in regions of well-
defined covalent and secondary structure, yielding d(A) =
1.82-17°22 for the “N-edited NOESY, d(A) = 1.67-1"°1 for
the aliphatic *C-edited NOESY, and d(A) = 2.34-17°%) for
the aromatic '3C-edited NOESY where d is distance, and I is
the normalized cross-peak intensity. Upper and lower bounds
were determined by assuming a factor of 10 variability in
intensity. As the NOESY spectra from the labeled peptide had

A

max

_ A(a)
A

max

Kp =

Apy =
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too few appropriate cross-peaks for calibration, peptide distance
restraints used the same formulas as calibrated for CaM. Four
calcium ions were placed at the known binding sites** and
restrained to be within 2.2—2.6 A of their four respective
monodentate coordinated carboxyl and carboxylate oxygens,
and within 2.3-2.7 A of the carboxylate oxygens of the
bidentate coordinated glutamates.

Structures were calculated by simulated annealing using the
XPLOR-NIH program.*’ For the RDC restraints, the average
value of the measured HN-N residual dipolar couplings and
Ha-Ca residual dipolar couplings were used. RDC restraints
were included for all residues whose RDC values could be
measured accurately, with no spectral overlap, with the
exception of residues with large measured N chemical
exchange rates and those residues adjacent to them. Alignment
tensor parameters were first calculated with XPLOR-NIH using
only the RDC restraints for the CaM N-terminal domain (D,,
—5.0; thombicity, 0.67) and then only those for the C-terminal
domain (D,, —5.0; rhombicity, 0.60). The average D, and
rhombicity values were used as starting values and their values
optimized during the structure calculations. Floating chirality
was em}ﬂoyed for diastereotopic methylene and methyl
groups.” One hundred structures were generated, with a
high starting temperature 10,000 K to allow thorough sampling
for floating chiral groups. For backbone and side chain dihedral
angles, the torsionDBPot term in XPLOR-NIH was em-
ployed.43 The radius of gyration for CaM structures, ie., the
r.m.s. distance from the centroid of the protein structure, was
calculated using all CaM coordinates, including both heavy and
hydrogen atoms.

B RESULTS

Spectra of CaM Bound to Full-Length a-Syn and N-
Terminal Peptides. NMR spectra of the holo-CaM complexes
with a-syn and Ac-a-syn were recorded, including spectra with
isotopically labeled CaM and spectra with isotopically labeled
a-syn and Ac-a-syn. In the "N HSQC spectra of CaM bound
to either form of a-syn, all CaM backbone amide resonances
except for the first two residues were observed, similar to the
free form. However, many CaM resonances were significantly
broadened in the complex (Figure la), indicating significant
environmental fluctuations at those amide positions, possibly
due to (1) local motions induced by binding, (2) exchange
between different bound forms of CaM, or (3) exchange
between bound and unbound forms.

In the "N HSQC spectra of a-syn and Ac-a-syn, the largest
chemical shift perturbations due to holo-CaM interaction are
seen in the stretch spanning the first 20 residues with
additional, smaller perturbations for residues 20—30 (Figure
2a). Half of the backbone amides in this N-terminal region
disappeared, presumably due to broadening. The Ca and Cp
resonances for the first 29 a-syn residues also disappeared in
the spectra of the complex, while the Ca and CJ3 resonances for
residues 30—140 were the same as free a-syn within error.
Negligible perturbations were seen with apo-CaM, calmodulin
with no bound calcium (Figure 2a).

Since CaM typically binds to a helical segment of
approximately 20 amino acids,** we recorded spectra for
complexes with isotopically labeled CaM using N-terminally
acetylated (AcN19) and nonacetylated (N19) peptides
consisting of the first 19 amino acids of a-syn. These first 19
residues were chosen for study because they not only show the
largest perturbations but also include the first of seven
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Figure 1. Reduction in holo-CaM NMR resonance broadening when
bound to N-terminally acetylated a-syn peptide (AcN19) compared to
acetylated, full-length a-syn (Ac-a-syn). (a) The "N HSQC spectra of
a selected region of 100 uM holo-CaM with 0 uM (green), SO uM
(blue), and 100 uM (purple) of Ac-a-syn are superimposed.
Significant broadening is seen for the Val 55 amide signal in the *N
dimension, and broadening of the Gly 113 amide signal is also
apparent. (b) Spectra of the same region of 100 #M holo-CaM with 0
uM (orange), SO uM (red), and 100 yM (brown) of AcN19 are
superimposed. The signals for Val 55 and Gly 113 are much stronger, a
consequence of much less broadening when interacting with the
peptide.
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Figure 2. a-Syn and CaM backbone amide chemical shift
perturbations upon CaM/a-syn interaction, with primary sequence
diagrams shown above. (a) The first 100 residues of a-syn contain 7
imperfect repeats of 11 residues each (purple rectangles), and the a-
syn AcN19 peptide sequence shown above contains the first of these
repeats (purple lettering). Backbone amide chemical shift perturba-
tions as a function of residue for 100 uM Ac-a-syn (red diamonds)
and nonacetylated a-syn (blue circles) in the presence of 100 uM
holo-CaM, and in the presence of 100 yM apo-CaM (green squares).
(b) CaM consists of two lobes, the N-terminal domain (orange,
residues 1—79) and the C-terminal domain (green, residues 80—148).
Backbone amide chemical shift perturbations for 100 yM holo-CaM in
the presence of 100 uM a-syn AcN19 peptide (violet circles) and 100
UM Ac-a-syn (red diamonds).

imperfect 11 amino acid amphiphatic helix repeat
(PXKXKEGVXXXX") motifs in the N-terminal region (Figure
2a). Stronger signals with less broadening were observed for the

peptide compared to full-length a-syn (Figure 1b) with quite
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similar chemical shift perturbations for the most part (Figure
2b). Closer inspection of the perturbations in Figure 2b,
however, reveals differences in the C-terminal region CaM,
suggesting that these residues might be affected by portions of
a-syn near or beyond residue 19.

Binding Strengths of CaM/a-Syn Complexes. The
strength of binding of a-syn to CaM was estimated by titrating
increasing amounts of unlabeled a-syn, with constant CaM
concentration, and fitting the chemical shift perturbations of
CaM resonances to a two-state binding equilibrium. This
procedure is valid when bound and free forms exchange on the
fast NMR time scale, typically faster than 10 ns, though the
exact number depends on a number of factors, including
magnitude of chemical shift change between forms, and thus
can vary from residue to residue.*> NMR resonance broadening
occurs when local environmental fluctuations become slower
than the fast time scale; thus, care was taken to choose
resonances with no significant broadening. The perturbations of
each residue were scaled as described in Materials and Methods
to allow a global fit. The global fits for Ac-a-syn and the
corresponding peptide, AcN19, are shown in Figure 3a.
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Figure 3. Binding data to determine dissociation constants for Ac-a-
syn and AcN19 and comparison of holo-CaM perturbations due to
AcN19 and nonacetylated a-syn peptide, N19. (a) Global fits of
chemical shift perturbations for 10 selected backbone amide
resonances of holo-CaM (100 uM), due to the titration of AcN19
peptide (purple) and Ac-a-syn (pink), scaled on the y-axis to
correspond to the fraction of holo-CaM bound. The black curves are
fits to a two-state, one-to-one binding equilibrium. (b) Backbone
amide chemical shift perturbations of holo-CaM in a 1:1 complex with
AcN19, protein and peptide both at 600 uM (violet circles), and with
N19, protein and peptide both at 900 M (blue triangles).

AcN19 appears to bind twice as strongly to CaM (Kp = 35 +
10 uM) compared to Ac-a-syn (Kp = 70 + 20 uM). The
titration for full-length a-syn was not extended to 400 uM due
to limited material; nevertheless, sufficient data are present to
fit the binding curve, albeit with greater uncertainty. The
resulting dissociation constants are consistent with Figure 2b,
where slightly larger chemical shift perturbations of CaM are
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Biochemistry

seen when bound to the peptide, with a-syn peptide or protein
and CaM all at 100 M.

A very similar pattern of changes in the CaM spectra was
observed for CaM/AcN19 versus CaM/N19 but with the 'H
and "*N chemical shift perturbations scaled down by a constant
factor in the CaM/N19 complex (Figure 3b). Assuming that
the asymptotic limits of the chemical shift changes for both
acetylated and nonacetylated forms are similar at saturating
concentrations of the respective peptides, our data would
indicate that the binding constant for the nonacetylated peptide
is at least 10 times weaker than that for the acetylated peptide,
estimated as 540 + 200 uM (see Materials and Methods).

T, Relaxation and CPMG Dispersion of CaM. In order to
further assess molecular motions associated with resonance
broadening, T, relaxation and CPMG dispersion experiments
were performed on CaM bound to AcN19 (Figure 4). CaM
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Figure 4. Backbone dynamics of holo-CaM in the complex with
AcN19. (a) Transverse backbone N relaxation times (T,) and (b)
CPMG dispersion chemical exchange rates (R,,), taking the difference
in transverse relaxation rates measured at 50 and 800 Hz repetition
rate of the CPMG refocusing pulse train, and with the noise threshold
indicated by dashed lines. The concentrations of CaM and AcNI19
were 600 uM.

consists of two lobes, the N- (residues 1—79) and C- (residues
80—148)-terminal domains (Figure 2b), and both domains
show similar backbone N T, times on average, indicating that
they experience similar overall molecular tumbling in the
complex. The amide "N chemical exchange rates calculated
from the CPMG dispersion experiment show two CaM N-
terminal domain residues with large rates, Phe 19 and Val S5,
indicating that the N-terminal domain experiences significant
fluctuations in its environment in the bound form on the
millisecond time scale.

Secondary Structure of the AcN19 Peptide. To test
whether using the a-syn peptide would also reduce broadening
of the a-syn resonances, a "N HSQC spectrum was recorded
of unlabeled CaM in complex with a '*C/"*N-labeled AcN19
peptide. CaM—peptide complexes involve numerous hydro-
phobic contacts,** and due to the greater cost of isotopically
labeled hydrophilic residues, only hydrophobic residues in the
peptide were labeled with *C and "*N. Also, because a-syn is
found 3predominantly in the N-terminally acetylated form in
vivo,”*> we chose not to study the isotopically labeled,
nonacetylated peptide. Figure S shows the AcN19 peptide °N
HSQC spectra for free and CaM-bound forms. Significant
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Figure 5. "N HSQC spectra of (a) isotopically labeled a-syn AcN19
peptide free in solution and (b) bound in a 1:1 complex with holo-
CaM, with protein and peptide concentrations of 700 uM.

broadening is still present in the bound form, but six residues
not previously observed for full-length a-syn are now seen,
including the acetylated first residue, Met 1.

Backbone amides and side chains of the isotopically labeled
a-syn peptide were assigned by standard techniques, and
additional backbone proton assignments for nonlabeled
residues were deduced via NOE cross-peaks in '*N-edited
and *C-edited NOESY spectra. A summary of the secondary
structure for the bound peptide is shown in Figure 6, along with

Ace MDVFMEKGLSKAKEGVVAAA NH2
4

T S I] ]
a 2 i
2 1 I]Ij i
o -1

HN-HN N’ B WA
aN,, — v i ceeee B
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aN,,; T | e—
0”Ni,i+4 e

Figure 6. Summary of holo-CaM-bound AcN19 peptide a-helical
secondary structure data. The peptide sequence is shown on top, with
nonisotopically labeled residues in gray. The ACa—ACS chemical
shift index (CSI) is shown in the histogram below the sequence for
bound AcN19 (blue) and free AcN19 (green). Positive CSI values
correlate with more helical structure. Observed NOE cross-peaks for
the complex are indicated below, with solid squares and lines
indicating observed nonambiguous cross-peaks. Hatched squares and
dashed lines indicate where the expected peaks are overlapped with
stronger signals and thus can neither be confirmed nor ruled out. The
absence of squares and lines indicates where expected cross-peaks were
not observed (for isotopically labeled residues) or could not be
observed due to lack of isotopic labeling for that particular residue.

the ACa—ACf chemical shift indices* of the free peptide.
Unfortunately, the Ca and CJ resonances of these residues for
bound full-length a-syn could not be observed, presumably due
to the same exchange process that causes disappearance of most
of the amide resonances in the same region. For the bound
peptide, the chemical shift indices are largest at the N-terminus.
For free AcN19, the indices near the N-terminus are still
slightly positive, indicating that it may retain some degree of
helical structure free in solution, confirming results from
previous studies.***¢
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Figure 7. NMR solution structure of the holo-CaM/AcN19 complex (pdb code 2mSS). (a) The lowest energy structure is shown with the CaM N-
terminal domain going from red to yellow and its C-terminal domain going from yellow-green to green. The bound peptide is purple. The calcium
ions are shown as pink spheres. (b) Superposition of the 20 lowest energy structures of the complex. (c) Close-up view of the N-terminal region of
AcN19 (acetyl group (Ace) and Phe 4, in purple lettering) making hydrophobic contacts with the CaM N-terminal domain (residues Phe 19, Leu 32,

Val 35, Met 36, and Leu 39, in orange lettering).

Solution Structure of the CaM/N-Terminally Acety-
lated a-Syn Peptide Complex. The improvement in the
spectra using AcN19 made a full structure determination of the
complex feasible (pdb code 2m55). *N-Edited, aliphatic *C-
edited, and aromatic *C-edited NOESY spectra were collected
for isotopically labeled CaM bound to unlabeled peptide and
unlabeled CaM bound to isotopically labeled peptide yielding a
total of 3451 NOE distance restraints, with 216 arising from the
peptide spectra. A total of 29 nonambiguous NOE CaM-
peptide cross-peaks were observed, with 21 from the peptide
spectra. Using the measured backbone chemical shifts,
backbone phi and psi restraints were generated with the
TALOS+ program, 258 for CaM and 22 for the isotopically
labeled residues of AcN19.

Two nonambiguous N- to C-terminal domain NOE cross-
peaks were observed in the NOESY spectra of CaM, though 17
ambiguous cross-peaks were also observed, a consequence of
the many degenerate chemical shifts at the putative
interdomain interface. Many residues at the putative interface
show broadened resonances, the side chain amides of Gln 41
and Asn 111, and Ha of Val 108, for example, indicating
dynamics in the intermediate NMR time scale (roughly 100
ns—100 ms).*” The implications of the dynamics observed at
the interface are addressed in the discussion. To further probe
the CaM interdomain orientation, residual dipolar couplings
were measured for the CaM/AcN19 complex in pfl phage,
yielding 103 amide HN-N and 44 Ha-Ca RDC restraints.

One hundred structures were calculated with XPLOR-NIH,
and 20 with the lowest energies were retained. The structure
that best fit the restraints is shown in Figure 7a along with the
superposition of the 20 structures in Figure 7b. Table 1
summarizes the r.m.s. errors in the experimental restraints and
geometry, and various backbone and all-atom r.m.s. deviations
of the superposed structures. The backbone r.m.s. deviation of
1.18 A for the complex reflects the uncertainty in the
positioning of the two domains of CaM, as well as the
uncertainty in the bound peptide structure. Superposing each
domain of CaM individually yields much smaller backbone
deviations, 0.34 A for the N-terminal and 0.57 A the C-terminal
domain. The bound a-syn peptide shows the greatest structural
uncertainty, with a backbone r.m.s. deviation of 1.67 A
superposing just the peptide. Its structure is more consistently
helical near its N-terminus and becomes progressively less
helical toward the C-terminus, in agreement with its
ACa—ACp chemical shift indices seen in Figure 6. The N-
terminal acetyl group of the peptide is packed against the CaM
N-terminal domain, with Phe 4 of the peptide making
numerous hydrophobic N-terminal domain contacts (Figure
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Table 1. Statistics for the NMR Structure of the Holo-CaM/
AcN19 a-Syn Peptide Complex

restraints (number) r.m.s. violation superposition rm.s.d.
NOE (3451) 0.076 A all heavy 136 A
dihedral (280) 0.48° all backbone 1.18 A
RDC (147) 0.74 Hz peptide backbone 1.67 A
geometry CaM backbone 0.82 A
bond 0.004 A CaM N-domain bb ~ 0.34 A
angle 0.57° CaM C-domain bb  0.57 A
improper 0.52°
Ramachandran Plot
RDC parameters most favored 92%
Da —4.93 Hz additional allowed 8%
Rh 0.65
(HN-N) Rfactor 104
(Ha-Ca) Rfactor 5.0

7c), while the C-terminal portion of the peptide contacts the
CaM C-terminal domain.

B DISCUSSION

Over 60 structures of CaM complexes with peptides have been
previously determined. A Dali structural similarity search®®

AcN19 MDVFMKGLSKEKGVVAAA
2F3Y KKFYATFLIQEYFRKFKKR
IQ consensus FOXXXR
Q IQ K

L

v

Figure 8. Alignment of the AcN19 peptide sequence with the IQ motif
peptide of the cardiac Ca(v)1.2 calcium channel, pdb structure 2F3Y.
The IQ portion is highlighted in red, and the consensus IQ sequence is
shown below.

using the NMR structure of the CaM complex with a-syn
peptide AcN19 found many close matches, the closest being a
holo-CaM complex with the IQ motif peptide of the calcium
channel protein Ca(v)1.2 (pdb code 2F3Y*), with an r.m.s.
deviation of 3.4 A, aligning the backbones of both CaM and the
bound peptides. IQ motifs are found in a variety of proteins,
myosin and neuromodulin, for example, and the consensus
sequence is shown in Figure 8. Both AcN19 and Ca(v)1.2 IQ
motif peptides have their N-terminus packed against the N-
terminal domain of CaM, but, surprisingly, there is almost no
similarity in the peptide sequences. Phe 4 contributes the most
hydrophobic contacts with the N-terminal domain in the CaM/
a-syn complex (Figure 7c); in contrast, the IQ motif peptide
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Figure 9. Diagram of hypothetical CaM/a-syn interactions in the
presynaptic region of an axon, near a docked vesicle containing
neurotransmitters (a) before voltage induced Ca** influx. (b) After
Ca?* influx, apo-CaM (with two lobes, orange and green) binds Ca*
(pink dots) and can bind a-syn (purple with red C-terminal region):
(I) holo-CaM interacting with cytosolic a-syn; (II and III) holo-CaM
competing with the membrane for a-syn interaction.

has an alanine in this position with few protein contacts. The a-
syn binding site sequence appears to be novel; a search in the
Calmodulin Target Database’' using the AcN19 peptide
sequence produced no hits.

The CaM/a-syn complex is more open, that is, with fewer N-
to C-terminal domain contacts than other CaM/peptide
complex structures. Using pdb coordinates, calculated radii of
gyration (see Materials and Methods) of CaM/peptide
complexes typically fall in the 15—17 A range, while the radius
calculated from the CaM/a-syn complex coordinates is 18 A.
For example, the CaM/IQ peptide complex (2F3Y), whose
structure is most similar to the CaM/a-syn peptide complex,
has a radius of gyration of 16.4 A. The more open structure is a
consequence of the few observed NOE signals between the
domains. To test whether the RDC restraints also contributed
to the larger radius of the complex, the structure calculation was
repeated without them. The resulting structures had practically
the same radii but with different interdomain orientation and a
much more pronounced bend in the middle of the bound
peptide; thus, the RDC restraints influence domain orientation
but not the radius of gyration of the complex.

The broadening of signals seen for several of the residues at
the domain interface arises from dynamics in the intermediate
NMR time scale, roughly in the range from 100 ns to 100 ms.*”
One possibility is that dynamics occur only locally for the
affected residues without affecting overall structure. It is also
plausible that exchange occurs between different domain
orientations, between more closed and more open structures,
for example. In the study by Bertini et al.,* they found that for
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CaM bound to full-length, nonacetylated a@-syn many
interdomain orientations could possibly contribute to the
ensemble but that the most probable was a closed orientation
similar to the structure presented here. In a later study that re-
examined the same data, the CaM domain orientation in their
a-syn complex is found to be similar to 2F3Y, the same
structure identified by our Dali structural similarity search.>’

CaM interaction most strongly perturbs the first 20 residues
of a-syn, both for the acetylated and nonacetylated forms. This
stretch of residues contains the first of 7 imperfect, 11-residue
repeats in the a-syn sequence (Figure 2a). In addition, this
region, in particular residues 1—15, can bind the membrane
with an affinity comparable to that of the full-length protein.®"
It has been observed that CaM can compete with the
membrane for a-syn binding, at least for the nonacetylated
form.”® While the peptide chosen for the structural study
encompasses the region of strongest perturbations for full-
length a-syn, the smaller perturbations seen for a-syn residues
20—29 could indicate additional structural features in this
region. Furthermore, the structure near the C-terminus of the
bound peptide, the less defined peptide helical structure, for
instance, could arise due to truncation. Residues 30—140,
however, have Ca and Cf chemical shifts in the bound form
indistinguishable from free a-syn and thus are predicted to be
random coil.

The binding of CaM to N-terminally acetylated a-syn, (K =
70 + 20 puM), is weaker than values reported in previous
studies,”*° and much weaker than the nanomolar values
typically seen for other CaM/peptide complexes.** However,
the interaction was strengthened by 2-fold, (Ky = 35 + 10 uM)
in the case of AcN19. Perhaps CaM has some degree of
unfavorable interaction with residues past the first 19. Another
possibility is that CaM binding competes with intramolecular
interactions between the N-terminal and other regions within
a-syn. Indeed, interaction between the N- and C-terminal
regions of a-syn is known to occur.’>*? Additionally,
unfavorable interaction with the C-terminal His-tag of the
acetylated a-syn cannot be ruled out. The acetylated peptide
binds to holo-CaM significantly more tightly than the
corresponding nonacetylated peptide (Kyg = 540 + 200 uM).
This is despite the fact that acetylation removes a positive
charge from the N-terminus and since CaM has a net negative
charge (—16, including Ca®* ions), acetylation might result in
less favorable electrostatic interaction. However, burial of a
charged group at a hydrophobic interface incurs a desolvation
penalty. In addition, acetylation increases the helical content of
the a-syn N-terminal region***® and should predispose it to the
helical structure seen in the complex. Evidently, reduced cost of
desolvation and/or helical predisposition due to acetylation
compensates for less favorable electrostatics.

There is disagreement whether apo-CaM can interact with a-
syn,”**” though in our hands no interaction was seen. The
dependence on calcium suggests CaM/a-syn interaction could
play a role in calcium-triggered events in neurons and other cell
types where a-syn is found. a-Syn is concentrated in the
presynaptic region of axons, where voltage induced Ca* influx
triggers fusion of neurotransmitter-containing vesicles with the
plasma membrane, releasing their cargos into the synaptic gap.
Much of the a-syn in neurons resides in the cytosol,”* and it
could be in this cellular milieu where Ca®>" binding to CaM
leads to biologically relevant interaction with a-syn. However, a
significant fraction of a-syn is also membrane-bound;** indeed,
N-terminal acetylation increases its affinity for negatively
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charged membranes.>® @-Syn binds to holo-CaM with a binding
constant comparable to that of a-syn binding membranes
containing anionic lipids.*>*® Thus, competition between holo-
CaM and the membrane for the binding of a-syn might play
some role, perhaps facilitating the transport of a-syn from the
membrane to the cytosol during Ca®* influx. Intriguingly, a-syn
has been proposed to stabilize the curved surface of vesicles;
thus, loss of bound a-syn could conceivably aid the fusion
process.57 These hypothetical CaM/a-syn interactions are
depicted in Figure 9.

In conclusion, CaM forms a complex with the N-terminal
region of a-syn, the same region known to be most important
for membrane binding. This interaction is dependent on Ca*,
as negligible binding was seen with apo-CaM, and so could play
a role in calcium-triggered events in cells where both CaM and
a-syn are present. The binding constant of CaM to a-syn is
quite weak, however, and it seems unlikely that a-syn binding
to CaM could compete with other CaM substrates without
additional factors to promote interaction. Further study is
needed to determine whether the interaction of CaM with a-
syn plays a significant biological role.
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