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Abstract

Most calmodulin (CaM) targets are a-helices. It is not clear if CaM induces the
adoption of an a-helix configuration to its targets or if those targets are selected
as they spontaneously adopt an a-helical conformation. Other than an a-helix
propensity, there is a great variety of CaM targets with little more in common.
One exception to this rule is the IQ site that can be recognized in a number of
targets, such as those ion channels belonging to the KCNQ family. Although
there is negligible sequence similarity between the IQ motif and the docking
site on SK2 channels, both adopt a similar three-dimensional disposition. The
isolated SK2 target presents a pre-folded core region that becomes fully
a-helical upon binding to CaM. The existence of this pre-folded state suggests
the occurrence of capping within CaM targets. In this review, we examine the
capping properties within the residues flanking this core domain, and relate
known IQ motifs and capping.
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1 | INTRODUCTION

Calmodulin (CaM) is a highly conserved eukaryotic pro-
tein formed by two similar globular domains, the N- and
C-lobes, linked by a very flexible sequence."* CaM can
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bind up to four Ca*" ions and, depending on site occu-
pancy, jumps through open, semi-open, and close confor-
mations adjusting to the target o-helix,> much like two
hands holding onto a rope, where the thumbs represent
one EF-hand, and the other four fingers constitute the
other EF hand. CaM is a very flexible protein that can
recognize a large number of diverse target sequences that
almost invariably adopt an a-helical configuration.> CaM
targets often have two anchoring bulky hydrophobic resi-
dues separated by 6, 10/11, 14, and 16 residues, that is,
with an a-helical periodicity (3.6 residues per turn)*®
(Figure 1). CaM versatility is so that it can even recognize
the same a-helix in two orientations.™®? It is not clear if
CaM recognizes already formed o-helices (conforma-
tional selection) or if CaM induces the formation of the
helix as a part of the target recognition process.

SOCIETY

2 | CaMASAFOLDINGINDUCTOR
FOR THE SK2 CHANNEL CALCIUM
RESPONSIVE DOMAIN

Small conductance Ca*"-activated potassium (SK) channels
contribute to after-hyperpolarization following an action

potential. SK channels mediate the intrinsic excitability of
many cells,'® modulate the activation of immune responses,**
and contribute to the regulation of vascular tone.'?

These Ca®" operated channels have a six transmem-
brane domain (6TM) architecture (S1-S6) and both N-
and C-termini are located in the intracellular region. The
calcium responsive domain (CRD) is formed by CaM
docked into two antiparallel a-helices (hA and hB) that
run parallel to the plasma membrane. CaM remains con-
stitutively bound through the C-lobe anchored at the dis-
tal part of hA, which harbors the sequence “LRxxWL,”
conserved among the SK channel family. These residues
within the helix A adopt an orientation that is structur-
ally equivalent to that of IQ motifs of other targets
anchored to the CaM C-lobe” (Figure 2a). The N-lobe is
freely moving and is responsible for gating. Upon Ca*"
loading, the N-lobe pulls down the S4-S5 a-helix linker
and this mechanical force is transmitted to the pore
domain, leading to opening of the gate.'

The IQ motif (IQxxOR, where a hydrophobic bulky
residue often occupies the © position) is the best-
recognized site for CaM anchoring and upon binding to
CaM adopts an o-helical disposition within the C-lobe.
The name of this well-known motif refers to the first two

(a) .
Motif Subclase Sequence
1 2 345 6 7 8 9 10 11 12 13 14
1Q 1Q (FILV) Q x x x (RK) G x X X (RK) x x (FILVWY)
1Q-like (FILV) Q x x Xx (RK) X X X X X X X X
-3 -2 -1 1 2 345 6 7 8 9 10 11 12 13 14
1-5-8-14 (FIVW)  x x x (FAILVW) x x (FAILVW) x x X x x (FILVW)
114 Basic 1-8-14  (RK) (RK) (RK) (FILVW) x x x x X x (FAILVW) x x X x x (FILVW)
1-8-14 (FILVW)  x x x X X x (FAILVW) x x X x x (FILVW)
1-14 (FILVW)  x x x x X X X X X X x x (FILVW)
-3 -2 -1 1 2 345 6 7 8 9 10
1-5-10 X X X (FILVW)  x X x X (FAILVW) x x X (FILVW)
1-10  Basic1510 (RK) (RK) (RK) (FAILVW) x x x x (FILV) X X x (FILVW)
1-10 (FIVW)  x x x x X X X x (FILVW)
1 2 345 6 7 8 9 10 11 12 13 14 15 16
1-16 (FILVW)  x x x X X X X X X X X X X x  (FILVW)
(b)
1Q Motif 1-14 Motif 1-10 Motif 1-16 Motif
"j\(d\: Lys1922
— '
lle1912 Val1925
e :
Gn1913 |
Argl917 )
FIGURE 1 Two bulky hydrophobic residues define most CaM binding motifs. (a) Classification of CaM binding domains and motif

alignments using one-letter amino acid codes. The residues within brackets often appear at the indicated position. “x” refers to any amino

acid. Residue positions are indicated relative to the IQ motif (adapted from Calmodulin Target Database”). (b) Selected examples of helices

(in grey) engaged with CaM (in cyan), indicating the anchoring residues as orange sticks (PDBs: 4JPZ for IQ motif, 2BBN for 1-14, 1CDM

for 1-10 and 1CCK for 1-16)


http://firstglance.jmol.org/fg.htm?mol=4JPZ
http://firstglance.jmol.org/fg.htm?mol=2BBN
http://firstglance.jmol.org/fg.htm?mol=1CDM
http://firstglance.jmol.org/fg.htm?mol=1CCK
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FIGURE 2 Structure of the hA region of SK2 in the absence
and presence of CaM. (a) Superimposition of SK2 CRD (dark grey)
and an IQ motif (from PDB: 6FEG) (light grey) in complex with C-
lobe. The lateral chain of the CaM anchoring residues are shown as
stick in grey for the IQ and in purple and orange for SK2 CRD,
using the same color patterns as in (b). (b) Solution SK2 CRD
structure resolved by NMR (PDB: 1KKD). The structural
conformations of the 5-residue-long turn (purple) and 6-residue-
long a-helix (orange) are similar in all 23 models. The sequence is
shown at the bottom of the panel. (c) Structure of SK2 CRD in
complex with the CaM C-lobe (PDB: 3SJQ). The surface of the C-
lobe is shown in cyan and the color patterns of the CRD are as in
(b). Images were rendered using PyMol 1.3

amino acids: isoleucine (I) and glutamine (Q). It was
first described in 1988 as a CaM binding motif in
neuromodulin,'* and thereafter, it was characterized
in the myosin family of proteins."® This amphipathic
motif is present in several cell signaling, transport, and
cytoskeletal proteins.* Nevertheless, the IQ motif is just
one of many sequences recognized by CaM. CaM can
structurally recognize more than 300 target proteins with
little sequence similarity, triggering diverse regulatory
mechanisms."®"”

Within the CRD of SK channels, the Ile position of the
IQ motif, which is often replaced by Val or Leu, is occu-
pied by Leu. The © position, which holds a hydrophobic
residue in IQ peptides, is occupied by Trp432 in SK2.> The
equivalent region to the IQ motif is in a pre-folded state in
the absence of CaM. The NMR structure shows an incipi-
ent helix region in solution.'® This structure (PDB: 1KKD)
consists of a well-ordered core region, forming an unusu-
ally folded helical domain between Ala28 and Asn 42 (note
that there are Ala423 and Asn437 in the full channel

B oosn-WiLey L=

enumeration) flanked by highly flexible N- and C-termini
(Figure 2b). The CRD of SK2, however, forms an a-helix
in complex with CaM (Figure 2c). Constitutive association
with CaM does not occur after the introduction of muta-
tions within hA (V32G/L33G), which abolish Ca**-
dependent channel activation. Superposition of the back-
bone of the 15 best structures for the V32G/L33G mutant
show a clear difference in comparison with WT. Whereas
the WT peptide maintains a well-organized core region,
the mutant peptide does not, indicating that these two res-
idues are involved in the stabilization of the core helical
region. These observations led to the proposal of the exis-
tence of a pre-folded state for some CaM targets that medi-
ates the initial steps during target recognition. How is this
pre-folded state maintained? A requirement for the forma-
tion of an a-helix is a phenomenon named “capping” that
we address below.

3 | WHATIS CAPPING?

The 1950s was the golden age for structural biology. Pau-
ling et al. proposed the secondary structural motifs of
proteins:*® a- helices and p-sheets. The first one was con-
firmed when Kendrew et al. reported the three-
dimensional X-ray structure of myoglobin, which was the
first resolved protein.? Since then, this research area has
grown significantly, revealing all kind of complex
domains, combining a-helices, p-sheets, turns, and other
components. As its name indicates, a-helices have spiral
geometry, forming a right-handed helix. p-sheets, instead,
are an extended segment of the polypeptide chains,
linked by turns kept together by a network of interactions
between parallel or antiparallel strands.

How those complex forms are maintained is of utmost
importance. For example, an a-helix is stable due to the
main-chain hydrogen bonds (H-bond) formed by an
amino acid and the fourth residue located upstream and
downstream in the helix. However, these characteristic
H-bonds are missing at the helix termini, and thus, some
other kinds of interactions are required. Stabilization of
the terminal regions of o-helices occurs by a process
named capping. Although capping was first recognized
70 years ago, there are still many open questions.

As mentioned above, a-helices are characterized by
consecutive main-chain i — i + 4 H-bonds between each
amide hydrogen and a carbonyl oxygen from the adjacent
helical turn.** The repetitive turns have canonical values
for their backbone dihedrals (¢p = —64° + 7°; y = —41°
+ 7°), which allow these interactions. However, the ter-
mini of the helix cannot be stabilized because no helix
turn follows, and the required H-bonds are missing. Pre-
sta and Rose observed different H-bond patterns capable


http://firstglance.jmol.org/fg.htm?mol=1KKD
http://firstglance.jmol.org/fg.htm?mol=6FEG
http://firstglance.jmol.org/fg.htm?mol=1KKD
http://firstglance.jmol.org/fg.htm?mol=3SJQ
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of satisfying backbone amide hydrogen and carbonyl oxy-
gen groups in these terminal turns,*® that were named
“helix capping.”®* Interestingly, some amino acids have
particular positional preference at the helix boundary,
forming clusters of residues, known as capping domains,
which initiate helix formation during protein folding.**
Indeed, several folding disorders, such as spongiform
encephalopathies® or diabetes mellitus produced by a
misfolded transcription factor,?® have been described as
capping defects.

Because the first and last turns of a helix cannot form
the characteristic main-chain i — i + 4 H-bonds, capping
stabilizes the boundaries of the a-helices, providing alter-
native ways to satisfy the required interactions. Probably,
as a direct consequence, isolated a-helices are marginally
stable structures and unfold readily.””*® In addition, cap-
ping can be recognized as an early event during folding
of barnase® and lysozyme.*°

The nomenclature of capping residues is as follows:

[-]—=N¥ —-N'—Ncap—N1-N2—-N3—[--]-C3—-C2
—Cl1—Ccap—C' —C¥ —[--]

where N1—N2—N3—[:--]-C3—C2—C1 participate in the
helix backbone hydrogen-bonding network and have
helical backbone dihedral angles. Ncap and Ccap resi-
dues are the first (amino termini) and the last residue
(carboxyl termini), respectively, which participate in the
hydrogen-bonding network. Ncap and Ccap do not adopt
dihedral angles compatible with a-helix fold. Residues
labeled with one or more apostrophes neither participate
in helix backbone H-bonding nor have helical dihedral
angles. Thus, they are turns out of the helical region.*?

Multiple strategies are possible for helix capping.
Whereas most of the capping interactions involve
backbone-to-backbone (BB-BB) H-bonds, approximately
one-third of the interactions setting caps are side-chain-
to-backbone H-bonds. In fact, side-chain capping is more
common at Ncap than at Ccap, since the helix geometry
predisposes side chains towards upstream backbone posi-
tions, promoting the H-bonds with the amide hydrogen
of the first helical turn.*

H-bonds are only one of many types of stabilizing
interactions. Hydrophobic interactions also stabilize
caps.’? Predominantly, residues nearby in sequence pro-
vide hydrophobic caps and they often form hydrophobic
clusters. Aurora and Rose redefined, in 1998, the phe-
nomenon of helix capping to include both H-bonding
and hydrophobic interactions. Their classification was
based on the structural observation of 1,316 helices,
which supports that at least there was one short- or mid-
range interaction (interactions between residues sepa-
rated by 3-4 or 4-7 amino acids, respectively, in the

Ncap/Ccap sequence) at the Ncap in 81% of cases and at
the Ccap in 87% of cases.>

Salt bridges between side chains of opposite charge
could replace hydrophobic capping due to a positional
preference for charged polar residues (e.g., a high-
normalized positional preference for Asp at N’ and Arg
or Lys at N4). Still, some positions occupied by Lys or
Arg may function as hydrophobic residues because their
long and flexible alkyl side-chain moieties can interact
with buried apolar surfaces.

The solvent plays a major role in folding events, inter-
acting with the helices and affecting their stability. The
dynamics of folding and unfolding might involve many
water molecules, which have different anchoring sites
with different helix intermediates.®> Water molecules
bind to helices, either externally to the backbone car-
bonyl O atom or internally by tilting open the helix H-
bond and lodging between the backbone carbonyl O
atom and the amide group. When the distance between
donor and acceptor atoms is long, a water molecule, act-
ing as a bridge, can stabilize the structure enabling the
formation of two H-bonds within the two residues.***

Intermolecular interactions might be also relevant for
helix capping and stability. Ligand—protein interactions
are of paramount importance in stabilizing the buried
isolated charges and in electrostatic interactions of
diverse nature for L-Arabinose-, sulfate-, and leucine/iso-
leucine/valine binding proteins.®® Ligand-protein inter-
action might be exploited for pharmacological
applications. For example, Imidazolium IL 1-butyl-
3-methylimidazolium chloride induces the inactivation of
the endocellulase 1 from Acidothermus cellulolyticus,
destabilizing capping domains and propagating the
unfolding process in an irreversible way.*’

Another reported intermolecular capping case is the
Zn*"-protein capping in a coiled-coil model domain.*® This
model protein is rich in Ala residues. Because the —CH3
side chain of the alanine core has relatively low hydropho-
bicity, the peptide has low inherent thermodynamic stabil-
ity, and is unfolded in aqueous solution. In the presence of
Zn**, the protein adopts a coiled-coil trimer configuration,
because Zn*" forms three N-capping domains (Figure 3).

4 | CAPPING MOTIFS

A great effort has been made to organize capping
motifs depending on either sequence or structural pat-
terns. Seven patterns were identified within a large data
set,3! which included some already known as “big box” or
“Schellman motif’. The systematic nomenclature of the
patterns is based on the shortest hydrophobic interaction
at the helix terminus. Hydrophobic interactions between
residues at positions A and B are written as A — B, where
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FIGURE 3
interactions involved in capping. Caps

Diagram of stabilizing

can be stabilized by different interactions
shown in this figure. BB-BB, backbone-
backbone interactions; SC-SC, side-
chain-side-chain interactions

'/l f/‘

Solvent

the arrow points from the hydrophobic non-helical residue
to the hydrophobic residue within the helix. Several motifs
are further differentiated by the presence of a particular
residue located at a preferred position. Such cases are
annotated by appending a slash followed by the position
and its one-letter code. For example: A — B/C X means
that the shortest hydrophobic interaction will be between
residues at position A and B, and at position C, residue X
will be the preferred one.

There are three N-capping patterns:

) N’ — N3 N — N4
(I) N¥ —N3 N?¥ — N4
(M) N¥ - N3 N¥ — N4

There are four C-capping patterns:

) ¥ —c3/CG
(V) C¥—-C3/Cn
(VD) C¥ - C3/C'G
(VID) C¥ — C3/C'P

C¥ — C3/C'n
c¥— C3/C'G
C” — C3/C'P

Where “n” refers to a non-p-branched residue (any
residue except Val, Ile, Thr, or Pro). These patterns are

Hydrophobic
interactions

B oosn-WiLey L=

C-SC H-Bond
(o]

Capping stabilizing
interactions

summarized in Table 1. Both the systematic and classical
nomenclatures are included. Schematic representations,
theoretical structures, and dihedral angles of each motif
are shown in Figure 4.

Almost all N-capping domains present a preference for
a proline at N1, which plays a key role (Table 1). The N1
position is well suited to the steric and chemical character-
istics of proline® because it lacks the flexibility of other
residues. Furthermore, its backbone dihedral angle is simi-
lar to that of an ideal helix.*' However, when proline
adopts a helical conformation, the bulky pyrrolidine ring
affects the conformation of the preceding residue, that is,
forces the Ncap residue into a non-helical conformation.

Schellman and oL motifs are classic names for C-
capping motifs,** which are characterized by a glycine at
C'. The other two motifs are also named Non-Glycine-
Schellman and Proline motifs. These are characterized by
a non-B-branched residue or a proline at C’, respectively.
Proline and glycine are commonly known as “helix brea-
kers”: while proline is structurally too rigid, glycine is
very flexible. The entropy effect drives a structural
rearrangement from a defined secondary structure to a
loop.* In addition to preferences, all the C-capping
motifs are able to form at least one H-bond interaction
apart from having hydrophobic interactions (Figure 4).



THE
2034 | Wl L EY—@ PROTEIN MUGURUZA-MONTERO ET AL.

SOCIETY

TABLE 1 Residue preferences in capping sequences

Classic name Nomenclature Residue preference in N-capping positions
N capping motifs N* N N Ncap NI N2 N3 N4
1 Box N — N3 A (3.0) D(28) P(21) E(22) M@3D
F (2.9 P(2.3) K(1.8) D(.1) H(Q.9)
1(24) S(1.9 R(.5) A(14) L(21)
L(2.1)
N — N4 M (4.9) T(4.6) E(3.8) E(38) E@73) M®@1)

L(3.5) S(29) P(26) D(25 Q(.0) F(7)
1(3.0) D(4) R(@(14) A(1.5) D (2.5) V(24)

1(24)
11 Big box N¥ = N3 A4l D@ D@44 P@B3) EQ7) M@
F3.3) G(29) G(1.8) E(.7) D(1.7) F (3.6)
Y(@27) S(23) T8 RQ7) AQ7) AGO)
N¥ — N4 F(55) D(29) T(35) P@6) E@B6) Q6.3 R(4.0)
1(39) T(28) S27 A@16) D29 EG8 M@B7)
S(2.1) N (2.3) S(1.5) D9 L(2.8)
D (22)
III B-box N¥ — N3 A(B9 T@B1) D(36) D@48) P30 E(65) Y(7.6)
1(38) N(2.7) S (2.7) EQ.6) A(23) K (2.3) F (3.6)
F(36) E(26 N(27) N@2.7) E(@26) R (3.3)
N¥ — N4 F(37) E®@5) G(338) C@4) KXGB1 QG0 E®62 R(46)

Y(39) R(GB4) N(@27) D24 E@08) D@9 QB8 F@B.7)
1(26) S@30) EQ7) T8 I1(1.8) A1) N(@36) V(25)

C capping motifs C3 Cc2 C1 Ccap c c” c¥ c* c®
IV Schellman Cc¥ — C3/C'G L(31) Q4) EG30) H@24) G@A20) 122
AQ29 R(22 AGBO  K(L9) V (1.8)
M@22) K(@22) K(@24) L (1.6) K (1.5)
V Non-glycine c¥ — C3/C'n L(28) R(28) R(28) H(3.6) N(4.6) L25 L(@27)
Schellman AG4 Q23) E(28 N@1) K@BI Y16 1(26)
M@22) 123 K24 L(1.9) D(25) M (2.5)
C” -~ C3/Cn L5 RGO E@7) F(32) N@B0) V(@25 D@9 I1(53)
AG4) Q22 K1) L(25 D@G6) TR0 TE@5) V(33)
R(20) 1(20) A®19 H@15 K(20) P25  Y(23)
VIag C¥ - C3/CG  L(29) K(28) R(28) L(26) G@120) G5 L(27)
A28 L(23) E(28  R(21 N@25) 124
K22 N@1) K4  T(9) T@25) M(2.2)
c¥ — c3/C'G L(30) Q@BGl R@(3.7) TG32) G(120) E@0) E@B9 V(53)
F(3-0) L(28) E(.0)  H(25) S3.0) SB35 A40)
K(29) R(28) V(29 I1(1.5) D(30) G@27) L4
VII Proline c” — C3/C’P L(3.5) K@3.5) K(@2.7) H(48) P(220) E(.3) D22 H(2S)
Y(3.0) R(28) E(@25  D(20) Q22 T@1) F(26)
Y(3.0) EQ22 Q2 L(1.8) N(20) R@8) L(20)
Cc¥ — C3/C'P K(30) K@G39) E(3.0) Y@42) P(220) E@0) R@40) K(@G3) V(@2
L(20) L(19 H@GO)  C(25) S20) Q@21 Q@0 1(3.0)
F(20) R@18) F(2.7) Q(20) E(20) F(2.1)

Note: Motifs are classified as N-capping motifs (top) and C-capping motifs (bottom). The classic and systematic names are indicated at the first and second
columns, respectively. Residue positions in caps are indicated within the line with a grey background. The relative preference for each position is indicated in
brackets. This number is computed for each i residue: f = (fraction of i in motif)/(fraction of i in data set). Adapted from Aurora and Rose.*!
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(a) (1) BOX BOX N3 BOX N4 $ v

(N" — N3) (N — N4)

M)
N2 —

6
“ W W

T Neap

N’ [-102 £ 12] 140 % 25

Ncap -86 + 12 150 + 25

7
(b) (1) BIG BOX BIG BOX N3 BIG BOX N4
(N — N3) (N —

| N? (A) N (F) N [-100 + 15] 10 + 15 or
- 130 + 15
-
| \ N -102 + 14 10 %15
R (T SR - 170 + 15 '
Neap — N' Ncap -112 + 15 130 + 24

()

BETA BOX N3 BETA BOX N4

(N” — N3) (N” — N4)
N¥ [-82 £ 28] -50 + 12
N -90 + 14 85 * 15
N’ -95 + 12 0+ 14

Ncap -112 + 15 100 + 25

(d) (IV) SCHELLMAN SCHELLMAN
(¢ — c3/c'G)
Ccap -87 + 8 -20 f 4 o
€l — C2 <= 160 + 9
| //@g @5 c 85 + 9 150 + 25
Ccap o
c -90 + 11 [-30 & 26]0[‘
[144 + 17)
(e) (V) NON-GLYCINE SCHELLMAN Caap -90 ¢ 8 0+ 15
NON-GLY SCHELLMAN ¢¥ NON-GLY SCHELLMAN C¥
(€~ c3/Cn) (e — c3/c'n) c 60 £ 7 40 t 12
100 + 12
2 - +
€1 — 2 <= ¢ 90+ 12 -10 + 12 or
| — >C1‘
cCa,,»/é ©) C¥ If C? § = 100, then:
-85 + 14  -130 + 14
(©) If C2’ ¢ = -10, then:
-85 + 15 -30 + 12
« -90 + 22 [120 + 30
() (vi)aL ac
(c¥ — c3/C'G)
Ccap -90 + 9 -9+ 7
1 — C2
| . c 85 + 6 12+ 9
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FIGURE 4 Legend on next page.
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Looking at theoretical structures generated using
VMD* and PyMol* (Figure 4, middle panel), the hydro-
phobicity coloring does not always match with theory. Note
that some of the surfaces of the hydrophobic interacting res-
idues (shown as sticks) are white instead of red (hydropho-
bic residues). This occurs for two arginine residues (for Big
and Beta Box N4 motifs) and for a lysine (in C3 of Proline
C” motif). However, these two amino acids need to be
accurately analyzed in terms of interactions because their
long alkyl chain can act as hydrophobic donors/acceptors.

The number of capping domains identified is steadily
increasing. Bioinformatics has grown leading to the
deployment in 2000 of an interactive and user-friendly
database, CAPS-DB, that creates a large structural classi-
fication of capping domains based on geometry.*

5 | CAPPING INTERACTIONS OF
THE SOLUTION STRUCTURE OF
SK2 CRD

Does the pre-folded core of the SK2 CRD or the IQ sites
have properties of capping motifs? To address this ques-
tion, the sequence was compared to those preferred
sequences shown in Table 1. The solution NMR structure
of SK2 CRD presents a structurally conserved N-capping
domain, which stabilizes the core region (shown in pur-
ple in Figure 2b). In contrast, a C-capping domain could
not be detected in any of the 23 models in PDB 1KKD.
Although helix stability should be maintained by both N-
and C-capping domains, we will focus on N-capping
interactions, as they can be analyzed based on structural
conservation within NMR SK2 models. The N-terminus
of the core domain (Figure 4a, shown in purple) stabilizes
the little helix (shown in orange), being E35 at the Ncap
position. For the N-capping motifs, the only glutamic
acid that appears at the Ncap position is in the -Box, yet
the rest of the sequence does not match with this CDR of

SK2. Sequence searching in CAPS-DB returns caps from
already resolved structures but does not find the solution
structure of SK2 (PDB: 1KKD), thus, pre-folded states of
proteins are not taken into account.

Within the hydrophobic interactions, V32 interacts with
W37 and L38. In other words, N* interacts with N2 and N3.
There are also hydrophobic interactions between A30 (N*),
L33 (N¥), and V32 (N*) (Figure 5a). Therefore, V32 has the
interactions required to be considered a stabilizing residue,
in agreement with mutagenesis.'® H-bonds may also play a

(b) 1\

133 (N?)

4

138 (Na)R

(©
_ 100
2
g ®
%
% 60
8 a0
5
© 20
£
&
R & B K T N
. L 7, %, 7,
T, % N ok, S Y % %
A T T T T TS
Gy Ry Ry,
FIGURE 5 Structural analysis of the pre-folded state of SK2

CRD (PDB: 1KKD). The backbone of the protein follows the color
code of Figure 4. (a) Hydrophobic residues (red surface) are labeled
and the theoretical N-capping positions are indicated between
brackets. (b) H-bonds are indicated with black, dashed lines (State
22). (c) Prevalence (%) of H-bonds within the 23 models of the
1KKD structure. Images were rendered using PyMol 1.3

FIGURE 4

Structural characteristics of capping motifs. N-capping motifs are (a) Box, (b) Big Box, and (c) p-Box; C-capping motifs are

(d) Schellman, (e) Non-glycine Schellman, (f) oy, and (g) Proline. The capping patterns are indicated below the name. (Left) Schematic

representation of the capping domains using positional nomenclature. Black lines indicate peptide bond. Grey-dashed lines connecting two
residues surrounded by circles represent hydrophobic interactions. Three circles represent the two types of hydrophobic interactions
detected for that motif, for example, for the Box motif the hydrophobic interaction can occur between N’ — N3 or N’ — N4. Green arrows
indicate H-bonds. (Middle) Theoretical structure created using the Molefacture Protein Builder plugin of VMD for peptide generation. Red
intensity corresponds to Eisenberg hydrophicity scale. Dihedral angles selected for each amino acid are indicated on the right panel. The
preferred sequence for each motif was selected from Table 1 (first line of each motif) and a 5-residue-long peptide was added to ensure
visualization of a helix in a cartoon representation. The residues contributing to capping with just an H-bond interaction are shown as lines.
The interacting residues are labeled, naming the position and the one-letter-code of the residue in brackets. H-bonds are represented with
black, dashed lines. (Right) Dihedral angles (®; ¥) for each non-helical position in the motif. For completeness, dihedral angles at terminal
positions that are irrelevant for the conformation of the motif, are included within square brackets. This figure is adapted from Aurora and
Rose.*! PyMol has been used for image generation. The Color h script® was used for hydrophobic-surface-coloring in red. Stick
representation was employed for residues involved in hydrophobic interactions
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b

Capping within IQ motifs. (a) Schematic representation of Ncap stabilizing interactions. Inset, the structure presented in

Figure 5a is shown to ease the schematic interpretation. (b) Left, example of IQ sequence alignment of some ion channels. The SK2 CRD

sequence is colored as in Figure 2b. The complete alignment is shown in Table S1. Right, percentage of sequences that can form both Hp,

just one of them or no one from 102 sequences (Table S1). (c) Percentage of non-polar, polar and positively and negatively charged (pos. and

neg. respectively) residues for each Ncap position in the first hydrophobic core and in the second hydrophobic core (left and right,

respectively). The percentage of each residue for all the Ncap positions is collected in Table S2

role in helix stabilization. Apart from those canonical
a-helical H-bonds in the core zone (shown in orange in
Figure 5; E35 — 139; T36 — Y40), there is just one H-bond,
a backbone-to-backbone one, present in 22 out of the
23 models of the dynamic structure (Figure 5c). The rest of
the H-bonds are present in less than 40% of the models. This
BB-BB H-bond between E35 (Ncap) and N31 (N*) under-
scores the importance of the Ncap residue.

In short, the SK2 helix seen in solution deviates from
the classic capping motifs, as its interaction pattern is dif-
ferent. The SK2 helix has predominantly Ncap hydropho-
bic interactions or cores (Hpl: N*—N2—N3 and Hp2:
N*—N*—N?¥) (Figure 6a), and some transient H-bonds
may contribute to cap stabilization.

However, the described Ncap interactions confer a
static vision of the core formation. State-of-the-art molec-
ular dynamics simulations could envision the dynamism
of the pre-folded SK2 helix. To illustrate the dynamic
interactions, we performed a replica exchange molecular
dynamics simulation using the solution structure of the
CRD of SK2 as the starting configuration (PDB 1KKD;
see Supporting Information). The simulation confirms
that the SK2 CRD can form a stable a-helix between E35
(Ncap) and N42, whereas the upstream residues

(N27-R34) remain mostly in a turn, coil, or bend configu-
ration (Figure 7a), as described in the static structure. As
for the intermediate- and long-range interactions stabiliz-
ing this a-helix (Figure S1b,d, respectively), most of them
are of a hydrophobic nature. The residues with the
greatest short-range hydrophobic contribution are mainly
V32 (N*) and W37 (N2) (Figure 7b). These two residues
interact with each other during the simulation stabilizing
the helix, and they also interact with most of the residues
of the N-terminus of the core domain, suggesting that
V32 and W37 are key residues for helix stability and cap-
ping. Y40 may also play a role in helix stability since it
partially interacts with some N-terminal residues such as
N27, A28, A30, and N31 (Figures 7b and S1b,d). When
focusing on the static hydrophobic interactions or cores
described above (Hpl: N”—N*—N?¥ and Hp2:
N*—N2—N3) (Figures 5 and 6a), at a long-range interac-
tion (9.5 A) all the residues interact with the rest except
for A30 (N*) and L38 (N3) (Figure Sle), suggesting that
those two hydrophobic cores are responsible for
maintaining the pre-folded a-helix. When the attention is
focus on these residues forming the hydrophobic cores at
a short-range distance (cutoff: 4.5 A; Figure 7c) it can be
observed that the most relevant interaction is between
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Replica exchange molecular dynamics simulation reveal stability of the pre-folded helix. (a) Secondary structure of the SK2

CRD, according to the DSSP definition, along a 200-ns Hamiltonian replica exchange molecular dynamics simulation. (b) Hydrophobic

contact probabilities in the SK2 CRD a-helical conformations sampled along the simulation. (c) A more detailed view of the hydrophobic

contact probabilities of the simulation among the residues involved in the hydrophobic cores (H,) of the structure. For (b) and (c), a contact

cutoff of 4.5 A has been used (see Supporting Information, Molecular Dynamics section). In all panels, same colors as in Figure 2b are used

(related to Figure S1)

the V32 and W37, which maintains together the pre-
folded helix with the cap (colored in orange and in purple
in Figure 2b, respectively). However, the rest of the resi-
dues involved in these hydrophobic cores may play an
important role in stabilizing the helix as they do interact
with residues belonging to the same hydrophobic core.

Overall, the molecular dynamics simulation illus-
trates the stability observed in the structure of the SK2
CRD that is maintained by two hydrophobic cores and
the interaction between V32 and W37 may particularly
contribute to this stability.

6 | CANTHEIQ MOTIF CONFER A
PRE-FOLDED STATE?

The question that we address now is whether the IQ
motifs could also confer a pre-folded state as seen in the

SK2 structure (Figure 5). Since there are no available
structures of isolated peptides bearing an IQ motif in
solution, sequence-based criteria have to be applied to
address this question. A total of 102 IQ and IQ-like motifs
were aligned to the SK2 core domain sequence, taking
E35 as the Ncap residue (Table S1). The prevalence of
residue type was then quantified (Figure 6). For the first
hydrophobic core (Hpl; N¥—N¥—N%) the residue at
position N* for the IQ motifs is the first amino acid of
this conserved motif (Ile). Ninety-eight percent of the res-
idues at this position are hydrophobic (Figure 6¢). At the
N position, three positions upstream of Ile, about 83% of
the residues are hydrophobic. Interestingly, the N posi-
tion, involved in both Hp, is the less conserved amino
acid in terms of hydrophobicity (52%). Lys and Arg are
quite conserved in this position (18 and 11%, respectively;
see Table S2). As the side chains of Arg and GIn have a
long alkyl tail, they can form local hydrophobic
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interactions. Taking these residues as partially hydropho-
bic, a 53% of the analyzed IQ motifs can form Hpl
(Table S2).

In the second hydrophobic core (Hp2; N¥—N2—N3),
76% of the sequences have a hydrophobic residue at the
N2 position, the 0 residue of IQ motif (Figure 6). The N3
position is the highly conserved Arg of IQ motifs (93%) (-
Table S2) which could form the hydrophobic interaction
with the alkyl chain.

Considering both hydrophobic cores, about 37% of
the IQ domains could adopt similar capping geometry
(Figure 6b, right; Table S1). About 25% of the sequences
can form just one Hp, and 38% sequences cannot form
any Hp. Interestingly, a hydrophobic residue is not pre-
sent in the N* position, the common residue for both
Hp, in 80% of the sequences that cannot form any Hp, yet
they do have hydrophobic residues in the other two Hp
positions.

The interaction stabilizing the pre-folded helix with
the cap, between residues V32 (N*) and W37 (N2) for the
SK CRD, could play a role in the stability of the IQ
motifs, as 47% of them have apolar residues at those posi-
tions. The N2 position is the 0 residue of the IQ motif.

Interestingly, some residues may participate within
both N- and C-capping domains for the SK2 CRD. Note
that the residue at position N5 is the last residue of the
SK2 CRD a-helix in solution, and, therefore, it can be
regarded as Ccap. For instance, the N2 and N3 positions,
which are involved in N-capping, also correspond to C3
and C2, respectively (Figure 6b). As mentioned before,
the different NMR models display structural diversity,
opening a question mark for the role of these C3 and C2
residues in C-capping stability. Regarding the IQ
sequences, there is an intriguing preponderance of argi-
nine at position C¥ (66% of the cases analyzed),
suggesting that this amino acid may play a particular role
in stabilizing the C-capping domain.

A unique hydrophobic pattern was not evident in
many IQ motifs, implying the existence of varied recogni-
tion processes, with some IQ motifs presenting pre-folded
states and others not doing so. The still intriguing CaM
recognition might be a crucial process for a-helix forma-
tion. The rapidly evolving structural techniques together
with the increasing computational power will be crucial
for resolving all the unknowns about the ability of CaM
to recognize a huge diversity of seemingly unrelated
sequences.

7 | CONCLUSION

It is not clear if CaM recognizes already formed a-helices
(conformational selection) or if CaM induces the

B oos-WiLey L=

formation of the helix as a part of the target recognition
process. The solution structure of SK2 CRD reveals a pre-
folded helix stabilized with a structurally conserved N-
capping domain, suggesting that CaM probably induces
the formation of the remaining a-helix when recognizing
this pre-folded domain. Choosing the correct folding
pathway may depend critically of the N-capping stabiliz-
ing properties imposed by the core domain, as they are
the first residues that start folding as translation prog-
ressed within the ribosome. Many proteins start folding
as the nascent chain move through the exit tunnel of the
ribosome (reviewed in Liutkute et al.*®). CaM target rec-
ognition may occur during this process, and it may con-
tribute to the correct folding of many targets during the
co-translational synthesis.*’

In this review, we have mainly focused on the N-
capping domains of the IQ motifs. The cap stabilizing
this pre-folded helix is different from classical capping
motifs. The pre-folded helix is stabilized mainly by two
very stable hydrophobic cores (Hpl: N¥—N*—N?*/Hp2:
N*—N2—N3), as revealed by molecular dynamics.
Besides, the interaction between V32 (N3’) and W37
(N2) in the SK2 CRD is important for maintaining the
pre-folded helix and the cap together. The SK2 CRD is
analogous to the IQ domains, raising the question if a
similar recognition process is used when this CaM bind-
ing motif is present. Analysis of the several IQ motifs
reveals heterogeneity regarding capping properties, and
about 37% could form two hydrophobic interactions
adequate for a pre-folded SK2-like recognition mecha-
nism. On the other hand, the majority of IQ sites are
likely to be unfolded, and some sort of mutual structural
induction between the target and CaM is likely
involved.

We are far from understanding the ability of CaM to
recognize such a diverse array of targets, and current
methods fail to identify all existing targets. Solving the
structure of IQ domains in solution, extended molecular
dynamics, such as replica exchange, and the use of
machine learning techniques encompassing the proper-
ties of different CaM binding domains are three possible
avenues to reveal the secrets of the mysterious CaM-
target recognition process.
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