THE
% PROTEIN
SOCIETY

Crystal structures of designed armadillo
repeat proteins: Implications of construct
design and crystallization conditions on

overall structure

Christian Reichen, Chaithanya Madhurantakam, Andreas Pluckthun,*

and Peer R. E. Mittl*

Department of Biochemistry, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland

Received 20 May 2014; Revised 6 August 2014; Accepted 11 August 2014

DOI: 10.1002/pro.2535
Published online 13 August 2014 proteinscience.org

Abstract: Designed armadillo repeat proteins (dlArmRP) are promising modular proteins for the engi-
neering of binding molecules that recognize extended polypeptide chains. We determined the struc-
ture of a dArmRP containing five internal repeats and 3rd generation capping repeats in three different
states by X-ray crystallography: without N-terminal Hisg-tag and in the presence of calcium (YMsA/
Ca?*), without N-terminal Hise-tag and in the absence of calcium (YMsA), and with N-terminal Hisg-tag
and in the presence of calcium (His-YMsA/Ca2*). All structures show different quaternary structures
and superhelical parameters. His-YMsA/Ca?" forms a crystallographic dimer, which is bridged by the
Hisg-tag, YMsA/Ca?* forms a domain-swapped tetramer, and only in the absence of calcium and the
Hisg-tag, YMsA forms a monomer. The changes of superhelical parameters are a consequence of cal-
cium binding, because calcium ions interact with negatively charged residues, which can also partici-
pate in the modulation of helix dipole moments between adjacent repeats. These observations are
important for further optimizations of dArmRPs and provide a general illustration of how construct
design and crystallization conditions can influence the exact structure of the investigated protein.
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Introduction

The specific recognition of macromolecules is essen-
tial for many applications in biochemical research,
medical diagnostics and disease treatment.
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Traditionally, researchers utilized antibodies that
were generated by immunization of animals to fulfill
these tasks. However, for many applications a
renewable resource is desirable, where binders are
clearly defined by their protein sequence. With the
recent progress of combinatorial biochemistry meth-
ods, alternative scaffolds have been successfully
explored.! Among those, scaffolds with modular
architectures, such as ankyrin-, HEAT-, and tetratri-
copeptide repeat proteins are becoming increasingly
popular, because the modular topology facilitates a
simple adaptation to the size of the targeted
protein.?

A common prerequisite for most established
techniques to generate target-specific binding mod-
ules is the availability of sufficient amounts of sta-
ble target protein. Unfortunately, this prerequisite
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Figure 1. (a) Schematic view of Y;;MsA, (left) with an N-terminal capping repeat (Yy;), five identical internal repeats (M)
and a C-cap (A)). Each internal repeat is composed of three a-helices, designated H1, H2, and H3 (right), except Yy,
which is lacking H1. (b) Sequence alignment of N-cap with and without 3C protease cleavage site (the scissile bond is
indicated by a grey arrow), M-type internal repeat as described in Refs. 5 and 6, M"-type internal repeat, and C-cap. The
M"-type internal repeat described here differs from the M-type repeat by two mutations that are highlighted in red. (c) Gel-
filtration chromatograms of His-Y,;,M"sA, (left side) and Y,,M"sA,, before and after cleavage of the Hisg-tag (right side).
Chromatograms are separated because different SEC columns were used (Superdex 200 PC 3.2/30 for the analysis of His-
YuM"sA; and Superdex 75 PC 3.2/30 for the analysis of His-3C-Y,,M"sA;). The protein concentrations are ~10 puM. B-
Amylase (BA, 200 kDa), bovine serum albumin (BSA, 66 kDa), and cytochrome ¢ (CC, 12.4 kDa) were used as molecular
weight standards. Under these conditions, the apparent molecular weights for His-Y,;M"sA),, un-cleaved and cleaved His-
3C-Y,yM"sA,, are 54.2 kDa (theoretical M,, 31.0 kDa), 63.0 kDa (theoretical M,, 32.2 kDa), and 39.6 kDa (theoretical M,,
29.9 kDa) and the ratios between apparent and theoretical molecular weights are 1.8, 2.0, and 1.3, respectively. Ratios of
~1.8 and 2.0 describe the monomeric and dimeric forms of dArmRPs. Notably, all proteins eluted as a monomer on the

larger Superdex 200 10/30 column (data not shown).

is often the bottle-neck for the production of novel
binding modules, because recombinant protein
expression can be an elaborate and time-consuming
process. To overcome this limitation, we explored
the armadillo repeat scaffold to establish a modular
system that allows the rational design of peptide
recognition modules (reviewed in Ref. 3). The arma-
dillo repeat scaffold was selected, because natural
armadillo repeat proteins bind their targets in
extended anti-parallel conformations with very reg-
ular binding topologies. The main chain atoms of
the peptide are recognized by a belt of conserved
asparagine residues, whereas the peptide side
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chains are bound in specific pockets between adja-
cent repeats.

Initially, designed Armadillo Repeat Proteins
(dArmRP) were constructed using a consensus
design approach based on importin-a and B-catenin
sequences in combination with force field-based opti-
mizations of the hydrophobic core.* The thermody-
namic stabilities of these dArmRPs were further
optimized using structure-based computational tech-
niques.>® dArmRPs possess the overall composition
Y,M,A,, where Y, M, and A denote the type of the
N-terminal, internal-, and C-terminal repeats,
respectively [Fig. 1(a)l. The generation number (z)
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and the number of internal repeats (n) are indicated
as subscripts in roman and arabic numbers, respec-
tively. First generation dArmRPs of the Y{M_,A;
series were well-expressed, stable and monomeric
proteins (M-repeats are derivatives of the consensus
C-type repeats).*® However, none of them yielded
crystals that diffracted to high resolution. Molecular
dynamics calculations suggested modifications in the
capping repeats resulting in the 2nd generation
series of caps. For YiiM4Ay; this redesign increased
the melting temperature by 9.5°C, compared to its
1st generation ancestor.’

Although proteins from the YyM,Ay; series were
predominantly monomeric in solution, the crystal
structures of YitMsAyr and YiiM4A revealed domain-
swapped N-caps.® To overcome the domain swapping
of the N-caps and to improve the thermodynamic sta-
bility of the C-caps, 9 and 6 mutations were inserted
in the N- and C-caps, respectively. The so obtained
3rd generation N-cap (Yi-type) increased the melting
temperature by 4.5°C, over the 2nd generation, but
the modifications of the C-cap (Ap-type) decreased it
by 5.5°C. The crystal structures of Yi;tMsAp and Yy
M3Ar revealed monomeric molecules, suggesting
that the redesign obviously reduced the propensity of
the N-cap for domain swapping, as desired.®

Domain swapping is defined as the exchange of
one or more secondary structural elements among
adjacent protein chains (referred to as “domains”),
with the consequence that initially monomeric pro-
teins become tightly entangled oligomers.” An
extreme example for domain swapping was observed
for RNase A, a naturally monomeric protein that
forms four different domain-swapped oligomers
(reviewed in Ref. 8). Domain swapping has been
associated with various processes ranging from the
evolution of novel domain folds to pathological disor-
ders caused by the formation of amyloid-fibrils.>™!

Despite its importance for the understanding of
amyloid diseases, the molecular events that lead to
the transformation from monomeric proteins to
domain-swapped oligomers are unclear. In principle,
domain-swapped oligomers should not exist, because
oligomer formation is coupled to a loss of entropy
while most of the enthalpic contributions are main-
tained, albeit in an intermolecular arrangement. On
the other hand, extreme conditions (pH, high protein
concentration, denaturants, and temperature) foster
domain swapping, because they liberate the swapped
secondary structural elements from the protein core
by partial protein unfolding. In fact, it was shown
that the energy barrier between monomers and
domain-swapped dimers is similar to the energy bar-
rier between the folded and unfolded states.!?'3
Domain swapping is often observed in combination
with particular molecular features, such as high ther-
mal mobility, strained loops, cis/trans isomerization
of proline residues or binding of metal ions.®
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Domain swapping can also be an issue for pro-
tein design. Mutagenesis studies on pl3sucl
revealed that the conformation of the hinge region,
which connects the swapped domains, is crucial for
the equilibrium between swapped and non-swapped
states.!* Typically, an increase of the strain in the
loop of the monomeric state by loop shortening!®1®
or the restriction of its main-chain torsion angle
space (e.g., mutation Glu91 to Pro in p13sucl) shifts
the equilibrium towards the oligomeric state.l
Domain-swapped dArmRPs were observed previ-
ously for 2nd generation N-caps. In the domain
swapped YiMsAp structure a continuous helix was
formed by helix 3 of the N-cap and helix 1 of the
first internal repeat. The equilibrium was shifted
towards the monomer by mutating Asp*' to Gly,
which decreases the helix propensity by increasing
the torsion angle space of the hinge region between
N-cap and internal repeat, combined with eight
additional mutations in the interface between adja-
cent repeats.® Here we show that dArmRPs with 3rd
generation caps can also adopt different states—
including a domain-swapped state—depending on
the presence or absence of the Hisg-tag and the
exact crystallization conditions. These results show
that solvent conditions and the exact construct
design can have large effects on the overall struc-
ture of the investigated molecules.

Results

Design, expression, and characterization

of dArmRPs

The main goal of this study was to investigate the
superhelical parameters of internal repeats of
dArmRPs. Therefore, we used the 3rd generation
capping repeats together with five internal repeats.
The internal repeat used in this study, termed M”,
differed from the previously established internal
repeat (termed M) at two sites [Fig. 1(b)].>¢ Serine
at position 36 was replaced by glycine because it
was expected that the serine side chain might dis-
turb the orientation of the Asn®’ side chain (super-
scripted numbers refer to the positions in the
repeat). Alanine at position 34 was mutated to thre-
onine to enforce a stronger twist of the superhelix,
which might cause improved peptide binding affin-
ities. In contrast to previous studies we used longer
dArmRP with more internal repeats for several rea-
sons: more internal repeats allow a better determi-
nation of the superhelical parameters because more
repeat pairs can be compared. Furthermore, the
stacking of internal repeats is not disturbed by long-
range effects from the capping repeats. On the other
hand, the yield of purified dArmRP decreases with
an increasing number of internal repeats. A
dArmRP with five internal repeats offers a good
compromise.

dArmRP Crystal Structures



Figure 2. (a) Ribbon diagram of YMsA. N-cap, internal
repeats, and C-cap are shown in green, cyan and orange,
respectively. The Trp®® and Asn®” belts are indicated as side
chains. (b) Sketch showing the superhelical parameters given
in Table Il. Grey cylinders represent single internal repeats in
the absence of Ca?" ions. Calcium binding causes tilting of
the internal repeat (two repeats shown as blue cylinder) and
consequently variation of the superhelical parameters (blue
arrows). (c) The cavity in the hydrophobic core between
repeats M, and Ms is indicated by grey spheres and the side
chains of Pro'* and Leu®®* by salmon sticks.

The dArmRPs used in this study have the gen-
eral composition YiiM” sA; [Fig. 1(a)l. To improve
readability by avoiding unnecessary details this
dArmRP will be called YMsA unless a more precise
nomenclature is necessary. In this context, His-
YM;A refers to YiiM”5Ap with an N-terminal Hisg-
tag and YMsA to the same molecule without it. The
suffix “/Ca%"” refers to the crystallization in the
presence of Ca2* ions. After expression and purifica-
tion by immobilized metal ion affinity chromatogra-
phy (IMAC), a yield of 80 mg of pure protein was
obtained from one liter bacterial culture for all con-
structs. Cleavable purification tags were removed
before proteins were further purified by size-
exclusion chromatography (SEC). In SEC the reten-
tion volumes of dArmRPs differed depending on pro-
tein concentration and the presence or absence of
the Hisg-tag.

At semi-preparative scale SEC using a Superdex
200 10/30 column, all proteins were monomeric and
no sign of oligomerization was detectable (data not
shown). At higher concentration on an analytical
SEC system (i.e., 10 uM) His-YMsA eluted as a
dimer (MW ,/MW_.y = 1.8—-2.0), whereas YM;A
was still monomeric (MWy,/MW,.,; = 1.3) [Fig. 1(c)].
Elution volumes around MW, ,,/MW,.,; = 1.3 have
been reported previously for monomeric dArmRPs
and were interpreted as an increase of the hydrody-
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namic radius due to the elongated shape to the mol-
ecules.*® Higher oligomers than dimers have never
been observed under the tested conditions. The
accelerated elution of His-YMsA (but not YMsA) at
high protein concentration suggests that the Hisg-
tag causes the formation of a weak dimer, that is,
with a high dissociation constant.

Structure of YMsA

After purification and elimination of the N-terminal
Hisg-tag, YMsA was crystallized at pH 7.5 using
sodium citrate as the precipitating agent with one
molecule per asymmetric unit. The structure was
refined at 2.1-A resolution. Data and refinement sta-
tistics are summarized in Table I. The structure
comprises a single domain with overall dimensions
of 70 X 30 X 30 A. All residues including Gly8 (non-
superscripted numbers refer to the positions in the
sequence of the complete protein), which corre-
sponds to the N-terminus that was generated by 3C
protease cleavage, are visible in the electron density
map (residue numbering according to Ref. 6). The
polypeptide chain folds into the N-cap (helices Y2
and Y3), five internal armadillo repeats (consisting
of helices H1, H2, and H3 each), and the C-cap (heli-
ces Al, A2, and A3) [Fig. 2(a)].

YM;A is bent in such a way that the seven
armadillo repeats fold into a right-handed superhe-
lix (Table II). The superhelix that is generated by
the internal repeats has a radius of 14.9 = 0.7 A, a
height of 86 = 7 A per turn and each turn consist of
12.4 *= 0.3 repeats, based on the averaged parame-
ters calculated between pairs of subsequent internal
repeats [Fig. 2(b)]. The concave surface of this super-
helix is formed by five H3 helices from the internal
repeats and helices Y3 and A3 from the caps. Many
naturally occurring armadillo repeat proteins, such
as importin-a, show very similar superhelical topolo-
gies. In most cases, the target peptide binds to the
concave side of the superhelix. In YMsA this puta-
tive peptide binding site is formed by a belt of Trp>?
and Asn® residues [Fig. 2(a)l. The corresponding
tryptophan and asparagine residues directly interact
with the cognate peptide in importin-o.'”

The hydrophobic core is well packed by interdi-
gitating side chains of aliphatic residues and can be
subdivided into two clusters (Supporting Informa-
tion Fig. 1). The first cluster involves mainly resi-
dues from helices H1 and H3. Here Ile*, Val’, Ile®,
and Leu'® interact with Ile®® and Ala®*. The second
cluster involves residues from helices H2 and HS3,
namely residues Leu?’, Leu?®, Ala®!, Leu®?, and
Leu®, which interact with Ala'?* Leu'®* Leu'®¥,
and I1e?™ (* and # indicate the positions in the pre-
vious and following repeats, respectively). All
repeats contain two proline residues. Pro'* and
Pro?® are located at the N-terminus of helix H2 and
in the H2/H3 loop, respectively. Particularly Pro'*
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Table I. Data and Refinement Statistics

Molecule YHIM” 5AIII

Structure No Hisg-tag, no calcium With Hisg-tag with calcium No Hisg-tag, with calcium

Synonym YM;sA His-YMsA/Ca?* YM:A/CaZ*

Data statistics

Crystallization 1.4 M sodium citrate; 18% PEG 8000; 25 % PEG 2000-MME;
condition 0.1 M HEPES; pH 7.5 0.2 M calcium acetate; 0.2 M calcium acetate;

0.1 M sodium cacodylate; pH 6.5 0.1 M Tris pH 8.5

Space group P2,2:2 14, P2,2:2;

Number of molecules/AU 1 2 4

Unit cell parameters, 45.53, 105.04, 55.57, 116.05, 116.05, 63.87, 95.86, 177.07,
A 90°, 90°, 90° 86.93, 90°, 90°, 90° 90°, 90°, 90°

Resolution® (A) 2.1 (2.2-2.1) 2.1 (2.2-2.1) 2.35 (2.40-2.35)

R erge (%) 6.2 (62.2) 11.8 (66.1) 8.0 (55.1)

No. of observations
No. of unique reflections

102,543 (13209)
16,190 (2079)

I/o(I) 18.2 (3.1)
Completeness (%) 99.7 (99.9)
Refinement statistics

Resolution range A) 49.12-2.10
R ryst 19.97
Riree 26.26
B-factors

Wilson B (A%) 37.0
Mean B value (A2) 34.0
RMSD from ideal values

Bond lengths (A) 0.017
Bond angles (°) 1.96
Total number of atoms

Protein 2086
Water 62
Calcium 0
Ligands 0

242,625 (12876)
45,974 (2756)

212,948 (30917)
33,688 (4908)

8.0 (2.6) 16.0 (3.0)
99.9 (100.0) 99.5 (98.9)
44.56-2.10 46.27-2.35

17.22 18.32
24.77 26.69
38.0 36.7
52.1 39.7
0.008 0.013
1.00 1.70
4297 8301
134 210

8 10

0 8

? Values for highest resolution shells are given in parenthesis.

interrupts the regular H-bond pattern of the a-helix
and introduces a short loop between helices H1 and
H2. Because of subtle side-chain rearrangements the
kink between H1 and H2 creates cavities in the
hydrophobic core of some repeats. These cavities are
located in direct proximity to the side chain of
Leu®* [Fig. 2(c)].

The analysis of YMsA revealed elevated B-
factors for the capping repeats compared to the five
internal repeats (Table III). The same trend was pre-
viously observed for its YiiMsApn; homolog.® How-
ever, for YMsA the average B-factor of the C-cap is
significantly higher than the average B-factor of the
N-cap, whereas for YiiMsApp the opposite distribu-
tion was observed. To investigate whether the ele-
vated B-factor of the C-cap is a consequence of
crystal packing, we analyzed the crystal contacts.

Table II. Superhelical Parameters as Defined in
Figure 2b

YMs;A  His-YMzA/Ca?* YMsA/Ca?*

Repeats per turn 124 = 0.3 14.0 £ 0.5 13.5 £ 0.6
Height of turn (A) 86.4 = 9.0 97.2 = 5.5 97.4 £ 11.5
Radius (A) 14.9 = 0.7 17.1 = 1.7 16.3 = 0.6
2 Omega (°) 29.0 = 0.7 25.8 = 0.9 26.7 = 1.1
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Crystals are tightly packed (V; = 2.1 A®Da™') and
every molecule forms six crystal contacts. The larg-
est crystal contact buries a surface area of 1591 A2,
This crystal contact is generated by a twofold rota-
tion axis, which places the N-cap of YMsA on the
concave surface of the symmetry-related molecule.
The crystal contact involving the N-cap contains sev-
eral hydrogen bonds between symmetry-related mol-
ecules, whereas the C-cap is only weakly fixed in
the crystal lattice. Therefore, the different average
B-factors of the caps are most likely a consequence
of their involvement in crystal contacts (Table III).

Structure of His-YMsA/Ca®*

In this construct, YMsA was expressed with an N-
terminal Hisg-tag and no 3C protease cleavage side.
It was crystallized in the presence of 0.2 M calcium
acetate (Table I). The structure was refined at 2.1-A
resolution and forms a dimer in the asymmetric
unit. The structure of the armadillo domain is very
similar to the domain in the absence of the Hisg-tag.
Just as there, the N-cap binds to the concave surface
of the neighboring molecule. However, in the pres-
ence of the Hisg-tag the armadillo domain is tilted
and the extended N-terminal Hisg-tag occupies the

dArmRP Crystal Structures



Table III. Average B-factors of Armadillo Repeats

Chain N-cap N-cap (swapped)? Internal C-cap C-cap (swapped)?

YMsA A 35.91 30.21 50.41
His-YM;A/Ca®" A 59.12 47.72 68.67

B 58.29 47.49 67.96
YM;5A/Ca®* A 69.65 33.85 52.49

B 50.91 28.44 64.19

C 40.50 35.91 81.88

D 72.87 32.53 41.41

All values given in A2

2 The following domain-swapped caps form the sequestered cap domain: N-cap, chain B with C-cap, chain A and N-cap,

chain C with C-cap, chain D.

peptide site on the
molecule.

In the His-YM;A/Ca?"/Hisg-tag complex the
main chain of the armadillo domain and the cognate
Hisg-tag run in the same direction [Fig. 3(a)]l. The
binding of the Hisg-tag is dominated by n—mn stack-
ing interactions between the imidazole and indole
rings of His4/Trp117" and His6/Trp159' (where '
indicates the position in the symmetry-related mole-
cule). Furthermore, a salt bridge is formed between
the side chains of His6 and Glul56' [Fig. 3(b)]. In

contrast to many naturally occurring armadillo/pep-

binding symmetry-related

F;} Trp159"

- ™ His :

Figure 3. (a) Ribbon diagram of His-YMsA/Ca®" with bound
calcium. The Ca2" ions are shown as spheres (spheres are
shown with reduced radii). Blue spheres indicate Ca®" ions
that belong to symmetry related molecules and magenta
spheres indicate Ca®" ions sitting on the twofold axis (see
text). All other Ca®" ions are grey. (b) Close-up view of the
interaction between the Hisg-tag and side chains from the
peptide binding site of the second subunit. The salt bridge is
shown as a dashed line. (c) Superposition of calcium binding
sites in His-YMsA/Ca®" (light blue carbon atoms) and YMsA/
Ca?* (orange carbon atoms) with bound Ca?* ions (grey) and
water molecules (red). Bright colored atoms belong to YMsA/
Ca?" and darker atoms to His-YMsA/Ca?*.

Reichen et al.

tide complexes, the belt of asparagine residues does
not participate in binding the Hisg-tag, because the
tag polypeptide backbone crosses the asparagine belt
at an angle of ~30°. In natural armadillo/peptide
complexes the peptide runs almost antiparallel to
the asparagine belt. A similar interaction between
the Hisg-tag and side chains from the peptide bind-
ing site was observed previously in the His-YMAp
crystal structure.®

The B-factors of His-YMzA/Ca2?® are similarly
distributed as in the structure without Hisg-tag. The
internal repeats possess lower average B-factors
than the caps and the average B-factor of the C-cap
is higher than for the N-cap (Table III). The elevated
flexibility of the N-cap partially explains the confor-
mational differences between both structures. The
superposition of YMsA with and without Hisg-tag
reveals different conformations of the N-cap, which
are propagated towards the internal repeats (Sup-
porting Information Fig. 2). The superposition sug-
gests that the binding of the N-terminal Hisg-tag
causes a counter-clockwise rotation of the N-
terminal repeats compared to the structure in the
absence of the Hisg-tag. This rotation could have
implications for the superhelical parameters. With a
radius of 17.1 + 1.7 A and 14.0 + 0.5 A repeats per
turn, the superhelix of His-YM;A/Ca?* is wider than
in the absence of the Hisg-tag and requires addi-
tional 1.5 repeats to complete a full superhelical
turn.

During the refinement we observed strong posi-
tive difference electron density at the N-terminal
end of helix H3. Because His-YM5sA was crystallized
in the presence of 0.2 M calcium acetate we inter-
preted this difference electron density as a Ca®" jon.
This assumption was corroborated by the octahedral
coordination of the metal ion and by the fact that
the B-factors of the ion and Glu?® were similar.
Besides the interactions of the Hisg-tag the binding
of Ca?" ions seems to play an equally important role
in stabilizing the crystal lattice. The His-YMzA/Ca2*
dimer binds eight Ca?" ions [Fig. 3(a)]l. Six CaZ"
ions bind into well-defined binding sites at the N-
terminal ends of H3 helices and connect molecules

PROTEIN SCIENCE ‘ VOL 23:1672-1683 1371



that are related by crystallographic symmetry. These
ions are distributed in a peculiar stoichiometry.
Each His-YM;A/Ca2?" chain is connected to its sym-
metry mate by three Ca®' ions, where two ions
occupy binding sites between helices Y3/H3," and
H3,/H35" (the subscript refers to the internal repeat
number and the { to the symmetry mate) and one
ion is located exactly on a two-fold axis between hel-
ices H35/H3,". Each Ca?" ion is octahedrally coordi-
nated by Pro?*-0 and Glu?>-OE1 (GIn?°-OE1 in Y3)
from both subunits and two water ions [Fig. 3(c)].
Therefore, the N-cap and the internal repeats M; to
M, participate in calcium binding, whereas the bind-
ing sites in My and the C-cap remain unoccupied.
Two further Ca®" ions connect the molecules within
the asymmetric unit. Here, each Ca2" ion is bound
between the C-terminus of H35 and the N-terminus
of HllT.

Structure of YMsA/Ca®™*

To investigate whether the altered superhelical
parameters are caused by the presence of the Hisg-
tag or the binding of Ca?' jons we analyzed the
structure of YMsA without Hisg-tag but in the pres-
ence of calcium (Table I). This structure was refined
at 2.35-A resolution and revealed four polypeptide
chains in the asymmetric unit. The crystallographic
tetramer shows a basket-shaped arrangement of
domain-swapped subunits [Fig. 4(a)l. Two YMsA/
Ca?" molecules are connected by a head-to-tail
stacking of internal repeats, forming an extended
armadillo domain dimer with 10 internal repeats.
The C-cap of the N-terminal subunit and the N-cap
of the C-terminal subunit are extruded from the
hydrophobic core. Instead of serving as capping
repeats they interact and form a handle-like exten-
sion at the center of the armadillo domain. This
domain is designated the sequestered cap domain.
Two domain-swapped dimers are connected in an
anti-parallel orientation by 10 Ca%' ions that bind
to the N-termini of the H3 helices. The calcium bind-
ing modes seen here are identical to the binding
modes seen in the His-YMzA/Ca2?' structure [Fig.
3(c)]. The superhelical parameters of the domain-
swapped YM;A/Ca?" structure are also very similar
to the His-YMsA/Ca?" structure (Table II).

Again, internal repeats showed lower average
B-factors than the capping repeats. The average B-
factors of capping repeats differ significantly among
each other, whereas the average B-factors of internal
repeats are very similar for all four chains (Table
III). The average B-factors of the interacting caps in
the sequestered cap domains are almost identical
(Y(chain B) and A(chain A) =~ 41 Az; Y(chain C) and
A(chain D) =~ 52 A?) and significantly lower than the
values for the repeats that act as true caps for the
armadillo domains. This observation is surprising,
because the extruded caps form a separate
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structural domain, which seems to be only loosely
attached to the central armadillo domain.

A superposition of His-YMzA/Ca?" on the
sequestered cap domain reveals that the packing
interactions between Y and A’ are almost identical
to the packing interactions between Y and M; (or Mj
and A) in the non-swapped armadillo domain [Sup-
porting Information Fig. 3(a)l. The only exception
here concerns the residue at position 34. In the
sequestered cap domain Leu®® from the N-cap is con-
tacted by Ala®* from the C-cap, whereas in the
intact armadillo domain Leu®® interacts with Thr34,
Because the side chain of threonine is bulkier than
alanine, the side chain of Leu®® adopts different
rotamer conformations in the intact armadillo and
in the sequestered cap domains.

The inter-chain interface between M5 and M;" is
also very similar to the intra-chain M:M interfaces,
which is shown by the low RMSD of 1.06 A for all
atoms (0.5 A for Ca atoms) for the superposition of
residues 127-210 (repeats M3 and M) on 211-251
(Ms) and 427-84" (M;"). In both interfaces most side
chain conformations of hydrophobic core residues
and some water molecules are conserved. Major dif-
ferences are only seen for Gly*! and Gly*? from the
loops [Supporting Information Fig. 3(b)]. In the non-
swapped armadillo structures Gly*! and Gly*? adopt
main-chain conformations that fall into the B-sheet
region of the Ramachandran plot, whereas in the
domain-swapped structure Gly*! and Gly*? from Mj;
and Gly*? from the N-cap adopt a-helical main chain
conformations. Gly*' from the N-cap adopts a main
chain conformation that is only allowed for glycine
residues (¢ = 76°, ¥ = —173°). In the domain-
swapped structure the linker between the Ms-repeat
from the armadillo domain and the sequestered C-
cap domain is formed by a continuous a-helix. Gly*!
and Gly*? participate in the H-bond network of this
helix. However, this helix is kinked, because I1e248-
O and Gly252-N interact via a water-mediated H-
bond [Supporting Information Fig. 3(b)]. This water
molecule occupies the position of Gly*! in the non-
swapped armadillo structures. The B-factors suggest
that domain swapping has no effect on the rigidity
of Gly*! and Gly*2.

Discussion

Precise knowledge of three-dimensional structure is
key to understanding the biological function of pro-
teins, for inhibitor design and protein engineering.!®
However, biological macromolecules are flexible
structural entities and their three-dimensional
structures are therefore affected by crystal lattice
forces. It can be rather difficult to distinguish the
impact of the crystal lattice on the true structure of
the protein in solution, but for the development of a
peptide-binding module we need to determine the
exact superhelical parameters of YM5A in a setting

dArmRP Crystal Structures



(a) sequestered

cap

sequestered
cap
domain

Figure 4. (a) Structure of the YMsA/Ca®" tetramer. The domain-swapped dimer of chain A and B is shown in surface represen-
tation (N-caps, internal repeats and C-caps are colored in green, blue and orange), whereas chain C and D are shown as rib-
bons (colored in light blue). Internal repeats of domain swapped dimers are specified by light and dark colors according to their
chains. Chain names are indicated as subscripts at the N- and C-terminal labels. Ca®* ions are shown as grey spheres. (b)
Sketch showing the stoichiometry of the domain-swapping reaction as observed in the crystal. (c) Superposition of one YMsA/
Ca?* chain (chain B, dark blue carbons and chain D, light blue carbons) on YMsA (salmon carbons). Hydrogen bonds in YMsA/
Ca®" and YMsA are shown as grey and yellow dotted lines, respectively. The directions of helix dipole moments are indicated.

resembling as closely as possible the equilibrium
conformation in solution, because the conformation
of the extended target peptide and the spatial distri-
bution of binding sites on the dArmRP have to
match as precisely as possible.

Reichen et al.

We identified two parameters, which could have
a major impact on those parameters: the presence of
dispensable purification tags and the crystallization
condition. Therefore, we determined the crystal
structures of YM5A in three states: (i) with Hisg-tag
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and in the presence of calcium, (ii) without Hisg-tag
also in the presence of calcium, and (iii) without
Hisg-tag and in the absence of calcium. The crystal
structures with calcium are peculiar, because in
both cases significant structural alterations com-
pared to the calcium-free structure were observed.
When the N-terminal Hisg-tag was not removed
prior to crystallization, the tag partially occupied
the peptide binding site and thereby crosslinked two
adjacent molecules, whereas after the removal of the
Hisg-tag, some of the capping repeats are seques-
tered from their expected positions and form a sepa-
rate domain. Despite these significant structural
alterations, the superhelical parameters of the
calcium-bound structures (with and without Hisg-
tag) are almost identical, suggesting that neither
the binding of the Hisg-tag to the neighboring mole-
cule nor the swapping of caps affect the conforma-
tion of the superhelix.

In contrast, the binding of Ca®" ions to the N-
termini of the H3 helices seems to have a major
impact on the superhelix, because the parameters of
the calcium-free structure are clearly different from
those in the presence of calcium (RMSDs for the
pairwise superposition of internal repeats of His-
YM:A/Ca?" vs. YM:sA/Ca?", YMsA vs. His-YM:A/
Ca®", and YM;A vs. YMsA/Ca®" are 0.7 A, 1.1 A and
1.3 A, respectively). The binding of Ca®" ions entails
that approximately one additional armadillo repeat
is needed to finish one superhelical turn (Table II).
Therefore, the superhelix is shorter and narrower in
the absence of calcium [Fig. 2(b)].

The impact of calcium on the superhelical
parameters can be explained by the observation that
in the absence of Ca?" ions the side chain of Glu®®
binds the N-terminus of the H3 helix in the follow-
ing repeat via the side chain of Asn?* [Fig. 4(c)].
Therefore, Glu?® bridges adjacent repeats and serves
as an N-terminal helix cap, because the negative
charge of Glu?® compensates the positive dipole
moment of H3. The positive charge of the Ca%* ion
competes with this inter-repeat interaction. After
adding calcium, the inter-repeat interaction is
destroyed, because the side chain of Glu?® binds
directly to the Ca%* ion in the crystal contact. The
lack of this inter-repeat interaction in the calcium-
bound structures could explain the structural altera-
tion of the superhelix.

Unfortunately the crystal lattice forces that act
on the protein structure through the binding of
Ca?" ions are difficult to measure, but it can be
assumed that those forces strong.
Because of the repetitive character of the armadillo
domain there are as many putative calcium binding
sites as there are repeats. Furthermore, the calcium
binding sites are distributed with a crystal-like regu-
larity, causing an additive effect of these lattice
forces on the structure of the protein. These additive

are rather
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effects are often seen in full-consensus repeat pro-
teins. For example in the case of the full-consensus
designed ankyrin repeat protein NI3C, three bound
sulfate ions contributed significantly to the thermo-
dynamic stability of the protein.'® Thus, 10 CaZ"
ions, which connect four YMsA/Ca?" chains, could
exert lattice forces that are sufficiently strong to
cause the swapping of caps.

Besides calcium-induced lattice forces, the rigid-
ity of the swapped domains seems to be equally
important for the resulting structure. In the
domain-swapped YMzA/Ca?" structure the inter-
molecular interactions seen in the Ms:M;" and A:Y'
interfaces are almost identical to the intra-molecular
Y:M; and MjzA That the
molecular interactions are energetically equal or
perhaps even stronger than the intra-molecular
interactions is supported by low B-factors, because
the caps in the sequestered cap domain possess
average B-factors that are even lower than the
equivalent B-factors in the armadillo domain (Table
III). This observation could be explained by strained
loops between the caps and the armadillo domain. If
the B-strand conformation in the loops of the non-
swapped caps is energetically less favorable than
the a-helix conformation of the loops in the swapped
structure, the B—a transition would contribute sig-
nificantly to the stabilization of the swapped state.
Indeed, it was shown previously that the reduction
of the a-helix propensity of the loop between the N-
cap and the first internal repeat (e.g., replacement
of Asp*! by Gly) in combination with eight addi-
tional mutations in the interface between the N-cap
and the first internal repeat abrogated domain
swapping between Y;iMsA molecules with 2nd gen-
eration caps.®

When the Hisg-tag was not removed prior to
crystallization, the binding of the Hisg-tag to the
neighboring subunit keeps the N-cap in place,
thereby preventing the swapping of domains. The
observation that His-YMsA/Ca?" forms a clear
dimer at elevated protein concentrations, whereas
YM;A does not, suggests that the interactions seen
in the crystal structure are also present in solution.
Thus, the Hisg-tag seems to exert a stabilizing
effect on the His-YMzA/Ca?" structure in the pres-
ence of calcium, when calcium otherwise facilitates
domain swapping. Because His-YMzA/Ca?* shows
the same superhelical parameters like the domain-
swapped YM3zA/Ca?* it can be assumed that
domain swapping is not a consequence of the struc-
tural rearrangements in the superhelix. Further-
more, the Hisg-tag binds in direct vicinity to the
peptide binding site and might compete with puta-
tive target peptides. Liberating the peptide binding
site by Hisg-tag cleavage should thus improve the
likelihood to obtain structures of dArmRPs/peptide
complexes.

interactions. inter-

dArmRP Crystal Structures



The thermodynamics of domain swapping has
been investigated for the Cyanovirin-N protein,
where it was shown that the transition energy
between domain-swapped species is of the same
order of magnitude as unfolding.'® These results are
in agreement with previous studies on pl3sucl
where complete unfolding was required to obtain the
domain swapped dimer.!* Partial unfolding would
also be required for the domain swapping of YMsA/
Ca®", but in contrast to many other swapped struc-
tures where a single domain is exchanged between
subunits, the swapped structure presented above
requires the existence of two partially unfolded spe-
cies. To form the sequestered cap domain and to per-
mit the head-to-tail stacking of internal repeats
molecules with unfolded N- and C-caps have to exist
simultaneously in solution.

Unfortunately the folding/unfolding mechanisms
of armadillo repeat proteins are unknown, but for
the Sell-like repeat protein HepB it was shown that
the refolding of internal repeats is much faster than
the proper formation of the N-cap. Thus, the folding
of the capping repeat was the rate-limiting step
upon oxidative refolding of HcpB.2° Provided that
the folding of dArmRPs follows a similar mechanism
like HepB a sufficient amount of YMzA/Ca%" mole-
cules with partially unfolded caps might exist simul-
taneously in solution. This assumption requires that
dArmRPs with displaced caps and solvent accessible
hydrophobic cores are fairly stable molecules that
possess lifetimes that are long enough to allow the
dimerization of partially unfolded molecular species.
The capping repeats being of lower stability have
also been observed for ankyrin repeat proteins.2'24

Indeed it was shown recently that dArmRPs can
be assembled from two fragments, where one carries
only an N-cap and two internal repeats, the other one
an internal repeat and a C-cap.?? NMR studies
showed that the association is practically identical as
in covalently connected repeats, indicating that the
ArmRPs have a very strong ability to stack in a pre-
cise geometrical manner. This may explain why both
caps can stack with each other, and the “uncapped”
internal repeats can stack as if they were covalently
connected in YMsA/Ca?*t. Furthermore, even the iso-
lated C-terminal dArmRP fragment lacking the N-cap
was stable enough to permit structural investigation
by NMR.?® Therefore, it can be assumed that for
YM;5A two open conformations with displaced N- and
C-caps are in equilibrium with a closed conformation
where the caps are shielding the hydrophobic core.
Nonetheless, our studies show that the interaction
energy between caps and internal repeats may still
need further improvements, which could be achieved
by reverting the design from the 3rd generation to the
more stable 2nd generation C-cap® or by releasing the
strain in the hinge region by extending the loops that
connect the caps with the internal repeats.

Reichen et al.

Interestingly, neither YMsA dimers nor higher
order oligomers have been discovered in SEC after
Hisg-tag cleavage, suggesting that oligomerization
by domain swapping is a dynamic process that
requires even higher protein concentration than eas-
ily achievable in solution. Provided that the lifetime
of partially unfolded molecules (i.e., with one of the
caps removed from the internal repeats) is relatively
short, elevated protein concentrations would
enhance the likelihood that two molecules with dif-
ferent open conformations interact to form the
domain-swapped molecule that we observe in the
crystal structure. Whether the equilibrium between
open and closed conformations is a consequence of
imperfect molecular design or whether it is an
intrinsic and unavoidable property of many solenoid
proteins remains to be seen in the future.

Materials and Methods

General molecular biology methods

Unless stated otherwise, experiments were per-
formed as described previously.* The cloning and
expression vector for genes without cleavable Hisg-
tag was pPANK (GenBank accession number
AY327140), a pQE30 (Qiagen, Switzerland) deriva-
tive lacking the Bpil and Bsal sites. For Hisg-tag
cleavage, the vector p148_3C was used. The vector
p148_3C, also a derivative of vector pQE30, has an
N-terminal MRGS-Hisg-tag followed by a GGGGS
linker, a 3C-cleavage site and a removable selection
marker SacB from the pDNR-DUAL vector system
(GenBank: DQ666273.1, Clontech, CA). Cloning and
expression was performed in E. coli XL1-blue cells
(Stratagene, CA).

Gene assembly and protein expression

The DNA module of the internal M”-repeats was gen-
erated by PCR amplification of the M-type internal
repeat® by primer pQE30_for and M4_34T 36G_rev
(a complete list of all oligonucleotides used is given in
Supporting Information Table 1). Oligonucleotides
were purchased from Microsynth AG (Balgach, Swit-
zerland). Full-length gene assembly for the protein
containing an N-terminal capping repeat (Yip), five
internal repeats (M”) and a C-terminal capping
repeat (App), was performed by a single multi-
fragment ligation step before insertion into pPANK or
p148_3C. Expression was also done as described pre-
viously?, with the following modification: 2YT
medium was used and the expression time after
induction was increased to 4 h. Proteins were purified
by suspending cells in lysis buffer (50 mM Tris, pH
7.6, 500 mM NaCl, 20 mM imidazole) supplemented
with 1 mg mL ™! lysozyme and lysed by sonication
(Branson Sonifier 250, USA). Lysed material was
treated with 10 pg mL ™! of DNase and the insoluble
material was separated by centrifugation at 20,000g
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for 30 min. The supernatant was purified by IMAC on
a nickel-loaded NTA resin (Qiagen, Germany), equili-
brated with lysis buffer. Columns were washed exten-
sively with the lysis buffer and proteins were eluted
with elution buffer (lysis buffer, supplemented with
250 mM imidazole). The elution buffer was exchanged
against cleavage buffer (50 mM Tris, pH 7.6, 300 mM
NaCl) using a PD-10 column (GE Healthcare Life Sci-
ences, United Kingdom). To eliminate the Hisg-tag,
proteins with cleavable tags were dialyzed for 12 h at
4°C with purified 3C protease at a dArmRP:3C prote-
ase ratio of 50:1 against cleavage buffer. Uncut pro-
teins were removed by a second IMAC column. Size
exclusion chromatography on a Superdex 200 HiLoad
26/60 column using an AKTA explorer system (GE
Healthcare Life Sciences, United Kingdom) was used
to prepare protein samples for crystallization. The
protein was concentrated in crystallization buffer (10
mM Tris, pH 7.6, 100 mM NaCl) to 20 mg mL ™! using
Amicon Ultra centrifugation filters (Millipore, USA).
Prior to crystallization, samples were filtered through
a 0.22 um Milex® filter (Millipore). Analytical SEC
was performed on an AKTA micro system with Super-
dex 75 or Superdex 200 columns (PC 3.2/30, GE
Healthcare Life Sciences) in crystallization buffer.

Crystallization and structure determination
Sparse-matrix screens from Hampton Research (Cal-
ifornia) and Molecular Dimensions (Suffolk, UK)
were used to identify initial crystallization condi-
tions. Sitting-drop vapor-diffusion experiments were
pipetted into 96-well Corning plates (Corning Incor-
porated, NY) using a Phoenix crystallization robot
(Art Robbins Instruments). Prior to crystallization,
YM;A and YM;A/Ca?" were supplemented with a
1.5-fold molar excess of (Lys-Arg)s peptide (peptide
was dissolved in water and changed the volume of
the sample by 1%). Protein solutions were mixed
with reservoir solutions at 1:1, 1:2, or 2:1 ratios
(200-300 nL final volume) and the mixtures were
equilibrated against 50 pL of reservoir solution at
4°C. Reservoir conditions are summarized in Table I.
After washing the crystals in reservoir solutions
that were supplemented with glycerol (10% for
YM;A and YM;A/Ca®*; 15% for His-YMsA/CaZ*)
and 10-fold molar excess of peptide (only for YMsA
and YMzA/Ca2") crystals were flash-cooled in liquid
nitrogen. For ArmRPs which were subjected to crys-
tallization in a mixture with the peptide, only the
protein alone crystallized from the mixture.

Data were collected at beam lines X06SA and
X06DA at the Swiss Light Source (Paul Scherrer
Institute, Villigen, Switzerland) using a Pilatus
Detector (Dectris, Baden, Switzerland) and a wave-
length of 1.0 A. Diffraction data from His-YMsA/
Ca?" crystals were processed using programs
MOSFLM?® and SCALA?’, whereas data from YM:A
and YM;A/Ca?" crystals were processed with XDS.?8
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Structures were solved by molecular replacement
using program PHASER.?° Models for molecular
replacement were prepared as follows. For His-
YM;A/Ca?" a homology model was generated based
on the structure of YmMsArr (PDB id: 4DB9).® For
YM:A and YM:A/Ca?" the refined His-YMsA/Ca?"
structure was used as a template.

The His-YMsA/Ca2?'  structure was
against measured intensities using the program
PHENIX,?® whereas the structures of YMsA and
YM;A/Ca?" were refined against structure factor
amplitudes using the program REFMACS5.3! For
manual model building we used the program
COOT.?>? Water molecules were added to well-
defined difference electron density peaks at H-bond
distance from the protein. No (Lys-Arg)s; peptides
were identified in the final electron density maps.
Figures were prepared using program PYMOL.?3

refined

Analysis of superhelical parameters

Superhelical parameters were determined by analyz-
ing the geometry of internal repeat pairs using the
generalized helix description as it has been imple-
mented in the make_symmdef file.pl script from the
Rosetta symmetry framework.>* As input structures
we used the Ca-atom coordinates from 41 residues
of two consecutive internal repeats (the flexible resi-
dues at position 23 were excluded). Curvature
parameters as depicted in Table IT were first gener-
ated for each pair of internal repeats (M;:Ms,
My:M3, M3s:My, and M4:M;) and for each molecule
found within the asymmetric unit and then aver-
aged. The angle 2-Q (°) describes the angle between
the centers of mass of two consecutive internal
repeats [Fig. 2(a)].
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