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1 | INTRODUCTION

Swallow is a multidomain Drosophila protein (UniProt*
Entry P40688) that is required for the proper localization
of several mRNAs that are involved in oogenesis, such as
bicoid mRNA? and huli-tai shao-adducin-like mRNA.?
Sequence analysis and biophysical measurements®®
strongly imply that Swallow has the domain
structure shown in Figure 1(a), in which the mostly dis-
ordered N- and C-terminal regions flank a central self-
association domain consisting of residues 205-275. Upon
dimerization, this self-association domain is predicted to
form a dimeric a-helical parallel coiled-coil with the hep-
tad repeat pattern shown in Figure 1(c). Our previous
studies of this system®® suggest the model shown in
Figure 1(b) in which, on its own, Swallow's propensity
for self-association is relatively weak. The dimeric form
of Swallow is greatly stabilized by the binding of dynein
light chain LC8 (DYNLL1), a highly-conserved

Swallow, a 62 kDa multidomain protein, is required for the proper localization
of several mRNAs involved in the development of Drosophila oocytes. The
dimerization of Swallow depends on a 71-residue self-association domain in
the center of the protein sequence, and is significantly stabilized by a binding
interaction with dynein light chain (LC8). Here, we detail the use of solution-
state nuclear magnetic resonance spectroscopy to characterize the structure of
this self-association domain, thereby establishing that this domain forms a par-
allel coiled-coil and providing insight into how the stability of the dimerization
interaction is regulated.

coiled-coil, dimer, protein structure, self-association domain, solution-state NMR spectroscopy

homodimeric hub protein,®™® at a site that is close to, but
separate from, Swallow's self-association domain.

At physiological temperatures and concentrations,
Swallow's dimerization interaction is relatively weak with
a dissociation constant of 4 uM at 20°C, and is prone to
aggregation at higher concentrations.* Consequently, for
the purpose of structurally characterizing the dimeric
form of this self-association domain, which is stabilized
by LC8 binding, we focused on a construct of residues
205-275 (Swapnver) that incorporates two key mutations
that allow it to form stable and soluble dimers in the
absence of LC8.° As shown in Figure 1, an arginine at
position 224 was replaced with a glutamate (R224E) to
minimize electrostatic repulsion with lysine 219, and a
lysine at position 244 was replaced with an isoleucine
(K2441) to remove a charged residue from the coiled-
coil's hydrophobic interface. These two substitutions
were sufficient to promote formation of a stable dimer at
temperatures of up to 60°C.° In addition to these two
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Schematic domain structure of Swallow, model of its interaction with LC8, and helical wheel diagram for the self-

association domain. (a) The self-association domain of Swallow (residues 205-275) forms a coiled-coil upon dimerization, whereas the
remainder of the protein is predicted to be mostly intrinsically disordered (solid line), except for short a-helical (barrel) and p-sheet (arrow)
regions. For studying the structure of the self-association domain, a construct with stabilizing mutations (Swappvgr) Was used. (b) Previous

work with Swallow indicates that the dimerization interaction is relatively weak, resulting in an equilibrium between monomeric and
dimeric forms in solution that is almost entirely shifted to the dimeric form upon binding by LC8.* The LC8 homodimer (Protein Data
Bank entry 3E2B) was rendered using PyMOL.*” (c) Helical wheel diagram for the predicted coiled-coil region of Swallow (residues 205-275)
generated using DrawCoil 1.0.%* The hydrophobic residues at the a and d positions of the heptad repeat form the interaction surface of the
dimer. Colors in the diagram indicate amino acids types: hydrophobic (grey), basic (blue), acidic (red), hydrophilic neutral (orange). Dashed
blue lines indicate the location of hydrogen bonds that are predicated to stabilize the coiled-coil structure. Locations of the mutations
(R224E, K2441, C253D, and C265A) in the Swappygr construct are indicated by asterisks (*)

stabilizing mutations, two further mutations to remove
cysteines (C253D, C265A) were introduced to prevent
aggregation due to disulfide bond formation, thereby eas-
ing sample preparation and structural characterization.
Although these mutations result in a stabilized dimer,
the structure described in this paper differs from an
“ideal” coiled-coil and hints at how evolution might have
shaped the stability of the coiled-coil in Swallow such
that binding with LC8 at a site ~15 residues away from
the self-association domain can easily perturb Swallow's
monomer-dimer equilibrium.

Previous examples of coiled-coils studied using nuclear
magnetic resonance (NMR) spectroscopy include mono-
mers that form hairpins (Protein Data Bank® entries
2K48'® and 2KE4'), parallel homodimers (1JUN,'*"3
2GD7,'* S5IEW,” 6N2M'), antiparallel homodimers
(1HF9,"” 2LW9,'® 2N9B,"® and 6E4H?°), heterodimers
(2A93%*"), homodimers that form four-helix bundles

(2MAJ*), homotrimers (2FXP,?* 2KP8,%* and 2N64*°), and
even computationally designed heterodimeric four-helix
bundles (6DMP*®). Swappyeg is, to our knowledge, the
longest coiled-coil structure determined by NMR spectros-
copy to date, albeit only slightly longer than the coiled-coil
structures in some previous studies.***

2 | RESULTS

2.1 | Chemical shift assignments

We were able to completely assign the 'H, °C, and °N
chemical shifts of all backbone and sidechain resonances
for Swapper With the exception of amino, hydroxyl, car-
boxyl, and guanidinium functional groups (due to fast
exchange with the solvent), and phenylalanine/tyrosine
y-carbons and tyrosine {-carbons. In doing so, we corrected



LOENING anp BARBAR

s | WILEY-$9 S

some mistakes in the previous chemical shift assignments.’
Only a single set of peaks were observed in the NMR spec-
tra, which is consistent both with the expected structure of
a parallel coiled-coil dimer with C, symmetry and with the
presence of a single oligomeric form. Analysis of the sec-
ondary chemical shifts as a function of heptad position is
provided in the Supplementary Material (see Figure S1).

2.2 | Calculation of the Swaper
structure

Coiled-coil structures tend to have NMR spectra with
limited chemical shift dispersion for amide resonances,

leading to "H-'">N correlation spectra (Figure S2A) that
resemble those for intrinsically disordered proteins. As a
result of the small de-gree of chemical shift dispersion,
chemical-shift matching of the peaks in the NOESY spec-
tra resulted in NOE restraints that were highly ambigu-
ous. This ambiguity was further increased because many
of these peaks could be due to intra- or interchain inter-
actions. Due to this high ambiguity, initial attempts to
calculate the structure using ARIA?’ resulted in the occa-
sional appearance some ‘“hair-pin” structures in the
ensemble due to erroneous long-range restraints biasing
the initial rounds of the structure calculation. To promote
convergence without manually assigning the majority of
the NOE peaks, we used a low-energy structure from a

Residue

FIGURE 2

(a) Structural ensemble for Swappgr. Cartoon representation of the water-refined Swappygr structural ensemble calculated

using a combination of NOE restraints, residual dipolar couplings, and chemical shift-based torsion angle restraints. The structure is
oriented with the N-terminus (residue 205) on the left and the C-terminus (residue 275) on the right; an approximate scale is provided at the
top of the figure. Colors represent the R,/R; values from Figure S3F, with the minimum value colored blue and the maximum value colored

red. (b) Wireframe representation of the Swappgr structural ensemble showing only the backbone atoms. Carbon, nitrogen, oxygen, and

hydrogen atoms are colored black, blue, red, and white, respectively. (c) Wireframe representation of the lowest-energy structure in the

Swapmer ensemble with black lines indicating the location of the intermolecular NOEs used in the structure calculation to constrain the

dimer structure. (d) Overlay of the lowest-energy structure from the Swappygr structural ensemble (in green) with the leucine zipper region
of GCN4 (in blue, PDB SIEW") illustrating the “bulge” in the center of the Swapgr coiled-coil
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TABLE 1 Structural statistics for the Swappgr ensemble

Physical parameters
Number of residues 71 X 2 =142
Average molecular weight (unlabeled, Da) 8544.4 x 2 =17,088.8

Structural restraints

NOE-derived distance restraints (ARIA cycle 8)

Intraresidue (]i-j| = 0) 566
Sequential (Ji—j| = 1) 295
Short (2 < [i-j| £3) 223
Medium (4 < |i-j| < 5) 110
Long (|i-j| > 5) 0
Interchain 110
Ambiguous 1302
Total 2699

Dihedral constraints
Phi 64 X 2 =128
Psi 64 X 2 =128
Residual dipolar couplings (RDC)
"Dun 43x2=86

Statistics for accepted structures

Accepted structures 20 of 100
Mean CNS energy terms
E total (kcal mol™) —4,260 (+140)
E van der Waals (kcal mol ™) —312 (+16)
E NOE distance restraints (kcal mol™) 820 (+10)
E dihedral angle restraints (kcal mol ™) 3.2(x1.8)
E RDC restraints (kcal mol™) 4.0 (+1.0)
Restraint violations
NOE > 1.0 A, > 0.5 A (average # per structure) 0,21 (+2)
Dihedral >5° (average # per structure) 0.1 (+0.4)
"Dy RDC > 1 Hz, > 0.5 Hz (average # per structure) 0,2(x2)
RMS deviations from the ideal geometry used within CNS
Bond lengths (A) 4.19 X 1073 (+8 x 107°)
Bond angles (°) 0.532 (+0.015)
Improper angles (°) 1.25 (+0.08)
Ramachandran statistics (PROCHECK 3.5.4>%)
Most favored (%) 96 (+£3)
Additionally allowed (%) 4(x3)
Generously allowed (%) 0
Disallowed (%) 0
Average atomic RMS deviations from average structure®
N, C,, C, and O atoms (all residues, 10\) 0.91 (+0.17)
All heavy atoms (all residues, A) 1.38 (+0.16)
N, C,, C, and O atoms (for residues 207-271, A) 0.47 (+£0.14)
All heavy atoms (for residues 207-271, A) 0.98 (+0.15)

(Continues)
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TABLE 1 (Continued)

Physical parameters
MolProbity analyses (v3.19°¢)
Clashscore
Clashscore percentile (%)

Clashscore Z-score

20.0 (+1.2)
33 (x3)
—0.41 (+0.09)

*Two sets of atomic RMS deviations are provided. The first set is for the full-length sequence (residues 205-275), whereas the second set is calculated including
only residues for which the circular order parameters (cop) for both ¢ and y are >0.9 (residues 207-271).

prior calculation, rather than a structure with random-
ized torsion angles, as the initial structure in the ARIA
protocol. This allowed all of the NOEs to be properly
assigned by ARIA, and resulted in a contact map that
shows the expected short- and medium-range NOE
contacts and a complete absence of long-range contacts
(Figure S2B). Intermolecular NOE restraints were gath-
ered using a '*C/"’N-filtered NOESY experiment with
a sample containing a 1:1 mixture of isotopically-
labeled and unlabeled Swapyer (Figure S2C). This
resulted in almost 100 interchain NOE restraints that
were distributed across most of the dimer interface
(Figure 2(c)).

2.3 | Analysis of the Swappggr Structure
The structure calculation resulted in a well-converged
ensemble (Figure 2(a),(b), Table 1) that shows an almost
completely coiled-coil structure with only a small amount
of fraying at the C-terminus. This structure is consistent
with coiled-coil predictions, measurements of 'Dyyy resid-
ual dipolar coupling (RDC) values, and measurements of
15N relaxation rates for Swappgpr (Figure S3). The
Swapmver Structure shows looser coiled-coil packing in
the center of the structure at a position that matched the
K2441 mutation that was needed to stabilize the dimer
structure, resulting in a bulge that other coiled-coils lack
(Figure 2(d)).

Coiled-coil structure can be identified by the presence
of a characteristic “knobs-into-holes” side-chain packing
first detailed over 50 years ago,”® in which the “knob”
formed by the sidechain of an amino acid in one helix
packs into a “hole” made from four residues on the oppo-
site helix. Using SOCKET*® with a packing distance cut-
off of 7.0 A, we found 12 knobs-into-holes interactions
for each chain of Swapggr, With the knobs distributed
relatively evenly along the chain (residues 213, 216,
220, 223, 227, 230, 248, 251, 255, 258, 262, and 265 were
identified as knobs). There is a gap in the appearance of
knobs between residues 230 and 248, consistent with
reduced packing in this “bulge” region.

We also analyzed the Swappgr structure using the
CCCP (Coiled-Coil Crick Parameterization) tool,*® which
fits o-helices to the Crick parameterization for ideal
coiled-coils.®® This analysis shows that the entire length
of Swapnver is not well-described by a single set of
coiled-coil parameters due to the bulge in the middle of
the structure (for further details, see the Supplementary
Material and Table S1).

3 | DISCUSSION

The reduced packing (“bulge”) in the middle of the
Swapmver Structure (approximately residues 235-250)
suggests the possibility that, in the wild-type sequence, it
is the center of the self-association domain that destabi-
lizes the coiled-coil and results in the observed
monomer-dimer equilibrium.’> We hypothesize that this
locus of instability is what drives the monomer-dimer
equilibrium of Swallow so that the formation of the
active, dimeric form can be facilely regulated by inter-
acting with the hub protein LCS8, a binding partner that
regulates the dimerization of a wide variety of proteins
in vivo.°® This form of regulation has been previously
observed, for example, in the tetrameric coiled-coil multi-
merization domain of RNA virus phosphoprotein where
a locus of instability was correlated with viral activity.'
Interestingly, the region of Swapprr With the bulge does
not have noticeably different '°N relaxation properties
than more tightly-packed regions, indicating a lack of
additional dynamics on the pico- and nanosecond time
scale. This can be rationalized by the fact that the bulge
region, like the rest of the protein, is composed of rela-
tively rigid a-helices. Consequently, we believe it likely
that processes on much slower time scales are responsible
for the monomer-dimer interconversion in the wild-type
protein.

The amide peaks (Figure S2A) for Swapppr are
broader than what would typically be expected for a
~ 17 kDa protein complex. This is attributable to aniso-
tropic tumbling of the long, axially-symmetric Swapgr
structure, which results in a correlation time for
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tumbling about the long axis (i.e., the symmetry axis) that
is much shorter than the rotational correlation times for
tumbling about perpendicular axes. As has been noted
previously,> the N—H bond vectors for the backbone
amides in coiled-coils are nearly parallel to the long axis
(Figure 2b), so the '°N relaxation rates are insensitive to
tumbling about this axis and any correlation times esti-
mated from these relaxation rates reflect the slower tum-
bling about the axes perpendicular to the long axis.

The unfavorable °N relaxation rates for amides in
coiled-coils such as Swapprr (Figure S3E) sets a limit to
the size of coiled-coil that can be studied by NMR. In the
case of Swapngg, the spectra were still interpretable due
to the use of high relatively high temperatures (40°C) and
high magnet fields (which maximize the TROSY effect).
We believe that Swapmvgr is close to the limit of what can
reasonably be studied by NMR for regular (protonated)
samples. To tackle longer coiled-coil systems, deuteration
of non-amide protons might further improve linewidths,
especially if TROSY-based experiments are used. However,
this would be at the expense of the number of NOEs (and,
in particular, intermolecular NOEs) that can be measured
for structure determination. Still larger coiled-coils may be
achievable using selective methyl-labeling strategies and
methyl-TROSY experiments, but would be complicated by
the lack of chemical shift dispersion for the methyl peaks
of coiled-coil proteins.

4 | CONCLUSION

Our solution-state NMR structure confirms sequence-
based predictions that the self-association domain of
Swallow forms a symmetrical homodimeric coiled-coil.
Interestingly, the center of this domain deviates from the
ideal packing for a coiled-coil, resulting in a bulge. As the
location of this bulge matches the position of the main
mutation (K244I) used to stabilize the dimeric form, we
hypothesize that this is the site of structural instability
that drives the monomer-dimer equilibrium for wild-type
Swallow. Our structure of Swappyer iS, at present, the
longest coiled-coil structurally characterized by solution-
state NMR spectroscopy, and is likely close to the practi-
cal limit of what can accomplish using NMR without
resorting to deuteration and methyl-labeling strategies.

5 | MATERIALS AND METHODS
Isotopically-labeled (**N and '°N/*C) samples of
Swapver Were prepared as previously described.” A brief
summary of the sample preparation is provided in the
Supplementary Material.

B o WILEY- L2

All NMR spectra were acquired using a sample tem-
perature of 40°C on NMR spectrometers operating at
600, 800, 900, and 950 MHz for 'H. A detailed list of
experiments used for backbone and side-chain assign-
ments are provided in the Supplementary Material, along
with details about relaxation and 'Dyyy residual dipolar
coupling measurements.

NOE restraints were generated from '*C-separated
NOESY-HSQC and '°N-separated NOESY-TROSY spec-
tra, both of which used 100 ms mixing times, and a *C-
separated NOESY-HMQC spectrum of the aromatic
region with a 70 ms mixing time. Interchain restraints
were generated by collecting a '*C/*’N-filtered, *C-
separated NOESY-HSQC spectrum with a 120 ms mixing
time using a sample containing equimolar amounts of
13C/"N-labeled and unlabeled Swappygr. This mixed
sample was constituted in the presence of 4 M urea,
refolded by dialysis into NMR buffer, and then concen-
trated to 0.8 mM prior to the '°C/"N-filtered NMR
experiment.

NMR data were processed using a combination of
TopSpin 3.7 (Bruker BioSpin) and NMRPipe.** Peak
assignment and relaxation analysis were performed using
CCPN Analysis 2.5.>3

5.1 | Structure calculations

For calculating the structure of Swapngr, wWe used chem-
ical shift-matched peak lists from the NOESY spectra
along with torsion angle restraints derived using TALOS-
N** and 'Dyy values for rigid parts of the protein
(i.e., residues 208-268) as input for ARIA 2.3*7 (see
Table 1). Many of the errors for torsion angle restraints
calculated wusing TALOS-N were unusually small
(between +6° and + 13°), so they were set to a minimum
value of +20°. The absence of peak doubling in the NMR
spectra indicated that Swappgr forms a symmetrical
homodimer, so we included non-crystallographic symme-
try (NCS) restraints in the structure calculation. We devi-
ated from the standard ARIA protocol by increasing the
number of cooling steps for the first and second simu-
lated annealing periods (cooll and cool2) by a factor of
four and by calculating 30 structures (rather than 20) for
each iteration. In the final iteration, 100 structures were
calculated. The 20 structures with the lowest energy were
selected for water refinement and used to generate the
structural ensemble. Statistics describing the restraints
used for the calculations and the resulting ensemble are
provided in Table 1. Chemical shifts and restraints were
deposited at the BioMagResBank (BMRB ID 30768) and
atomic coordinates were deposited in the Worldwide Pro-
tein Data Bank (PDB ID 6XOR).
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