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ABSTRACT: Coiled coils (CCs) are among the best-understood protein folds. Nonetheless, there are gaps in our
knowledge of CCs. Notably, CCs are likely to be structurally more dynamic than often considered. Here, we explore this
in an abundant class of CCs, parallel dimers, focusing on polar asparagine (Asn) residues in the hydrophobic interface. It
is well documented that such inclusions discriminate between different CC oligomers, which has been rationalized in
terms of whether the Asn can make side-chain hydrogen bonds or not. Analysis of parallel CC dimers in the Protein Data
Bank reveals a variety of Asn side-wchain conformations, but not all of these make the expected inter-side chain hydrogen
bond. We probe the structure and dynamics of a de novo designed coiled-coil homodimer, CC-Di, by multidimensional
NMR spectroscopy, including model-free dynamical analysis and relaxation-dispersion experiments. We find dynamic
exchange on the millisecond timescale between Asn conformers with the side chains pointing into and out of the core.
We perform molecular-dynamics (MD) simulations that are consistent with this, revealing that the side chains are highly
dynamic, exchanging between hydrogen-bonded-paired conformations in picoseconds to nanoseconds. Combined, our
data present a more-dynamic view for Asn at CC interfaces. Although inter-side chain hydrogen bonding states are the
most abundant, Asn is not always buried or engaged in such interactions. Since interfacial Asn residues are key design
features for modulating CC stability and recognition, these further insights into how they are accommodated within CC
structures will aid their predictive modelling, engineering and design.

INTRODUCTION

Coiled coils (CCs) are one of the most abundant
protein folds in nature.! They play key roles in many
biological processes, directing and stabilizing pro-
tein structures and protein-protein interactions.
Over the past three decades short CCs (20 - 40 ami-
no acids long) have become favored models for
studying protein folding and protein-protein inter-
actions. As a result, CCs are one of the best under-
stood protein-folding motifs available.*? In turn,
this has led to them being used widely in peptide
and protein design and engineering, and for applica-
tions in materials science, biotechnology, synthetic
biology and biomedicine."* Whilst sequence-to-
structure relationships have been discerned, this

does not mean that these are understood in physico-
chemico terms at the atomistic and molecular levels.

In CCs two or more « helices combine to form
bundles with a left-handed supercoil. Underlying
this is a regular seven-residue, or heptad-repeat se-
quence of hydrophobic (h) and polar (p) residues,
hpphppp, commonly denoted abcdefg.>s When
configured into an o-helix this pattern brings to-
gether the a and d positions. The resulting hydro-
phobic face drives association of multiple helices to
form the bundles. These helix-helix interfaces are
cemented by intimate side-chain interactions
termed knobs-into-holes (KIH) packing.’

Despite this apparent simplicity, CCs show a

diversity of oligomeric states, the helices can be par-
allel or antiparallel, and the complexes can be ho-



mo- or heteromeric. In nature, CCs are mostly di-
meric, trimeric and tetrameric, although pentamers
and higher-order oligomers are known both in na-
ture and through design.>>7 The influence of the
type of the residues at the a and d positions on the
oligomeric state has been studied systematically in
the GCN4 leucine-zipper peptide (GCN4-p1).8 In
detail, isoleucine (Ile) at a plus leucine (Leu) at d
positions guide association to parallel CC dimers;
having Ile at both a and d results in trimers; and Leu
at a plus Ile at d are characteristic of tetrameric as-
semblies.

Charged amino acids at the e and g positions,
notably glutamic acid (Glu) and lysine (Lys), also
play roles in CC structure and stability. These resi-
dues can direct CC folding, parallel or antiparallel
helix orientation, and homo- versus heterotypic as-
sembly.9%

Despite the importance of hp patterns, polar
residues occur surprisingly frequently at a and d,
accounting for =25% of all residues in the CC+ data-
base of CCs culled from the Protein Data Bank
(PDB).51¢  Although thermodynamically destabiliz-
ing, it has become evident that these residues play
important roles in the specification of CC oligomeric
state and orientation.’*372' Indeed, such residues
are often highly conserved through evolution.?

Asparagine (Asn) is amongst the most abun-
dant of these polar inclusions. For example, in the
trimeric CC domains of the autotransporter adhe-
sins conserved Asn residues occur at d.?4 X-ray crys-
tal structures of these motifs show that these side
chains are often associated with sequestered halide
anions in the core. More commonly, however, bur-
ied Asn residues occur at the a sites of CC dimers,
for example the bZip transcription factors,?2¢ where
the residues is often required for dimer
specificity.82728 Indeed, Asn-at-a is now almost an
obligatory design feature in the specification of
completely de novo designed of homo- and hetero-
dimeric CCs, and in the construction of orthogonal
CC pairs.372931. However, as a cautionary note and
additional nuance to this, the Asn-at-a has to be
located centrally to specify oligomer state otherwise
alternative and unintended CC assemblies can be
observed.>

These sequence-to-structure relationships
present rules for the de novo design of CCs. On this
basis, we and others have designed and character-
ized sets of homomeric and heteromeric coiled coils,
which have been used in synthetic biology and ma-
terials design.”»3733 However, the demands on de
novo CCs through these and advancing applications

are increasing; notably, larger sets of orthogonal
heterodimers are required for more-complex CC
assemblies,3#35 and structures beyond simple dimers
to tetramers are being designed.”3® As a conse-
quence, more sequence-to-structure relationships
are needed, and we need a deeper understanding of
those that we have.

An important aspect of this will be to under-
stand the dynamics of CCs, especially of residues at
the CC interfaces, and how these contribute to CC
specification. Analyses of crystal structures alone
will not be sufficient as these give only one or a
small number of the many possible CC confor-
mations. The controversial discussion of whether
interhelical electrostatic interactions in CC dimers
are stabilizing or not provides an example of this:
Whilst X-ray crystal structures anticipate salt-bridge
formation at CC interfaces, solution-phase nuclear
magnetic resonance (NMR) gives a more-complex
view and generally identify fewer salt bridges than
expected.”# In GCN4-p1, acidic residues in these
pairs make little contribution to dimer stability, but
certain basic residues do contribute favorably.+43
Nonetheless, pH titrations removing any formal
electrostatic interactions result in subtle changes in
the overall CC structure and supercoil .4

For buried Asn residues: hydrogen bonding
between the amide side chains is observed in X-ray
crystal structures,® and is commonly assumed to
offset the destabilization of burying these functional
groups. As with salt-bridge interactions, however,
these interactions are not straightforward, and are
more likely highly dynamic. Indeed, the aforemen-
tioned pH titration of GCN4-p1 reveals a range of
Asn side-chain conformations.#4 Related to this, the
native dimeric state of GCN4-p1, which has a central
Asn-at-a, forms trimers under certain conditions.
In this state, the Asn side chains point out from the
hydrophobic core and water fills the space left be-
hind. This dimer-trimer ambiguity is accentuated
by mutating Asn>GIn in GCN4 system.?® These
conformational dynamics in GCN4-p1 might be ex-
treme, but they are not unique. NMR spectroscopy
focusing on core Asn residues of a disulfide-linked
Jun homodimer confirms hydrogen bonded Asn side
chains, but suggests fast exchange between two dif-
ferent asymmetric hydrogen bonds.#6

Due to the importance of the buried Asn resi-
dues in CC assembly, recognition and design, it is
imperative to completely understand the dynamics
and interactions of these inclusions. This would
provide clarity on the mechanism of dimer specifica-
tion by Asn in CC dimers, and facilitate the manipu-



lation of these interactions to redesign and design
CC interfaces.

Here we shed light on Asn inclusions through
detailed analysis, experiments and modelling of a de
novo designed parallel CC homodimer, CC-Di.7 CC-
Di has four heptads with Asn at the a site of the
third. This is highly specifying for dimer, as muta-
tion to the canonical Ile gives a trimer.”” The X-ray
crystal structure of the dimer shows that the core
Asn residues are dynamic with multiple Asn-Asn
paired conformations present. We combine anal-
yses of Asn residues buried in dimeric CC interfaces
of the PDB and 2D - 4D NMR experiments to probe
the dynamics Asn-Asn interaction directly. These
reveal multiple paired Asn-Asn conformations.
Whilst the major conformers are the hydrogen-
bonded pairs, other states exist in which the Asn
side chains point out from the hydrophobic core
and do not interact with each other. Finally, we per-
form molecular dynamics (MD) studies to visualize
a mechanism for this exchange process.

MATERIALS AND METHODS

General. Fmoc-protected amino acids, HBTU and pep-
tide grade DMF were purchased from AGTC Bioproducts
(Hessle, U.K.). H-Rink Amide-Chemmatrix® resin was
acquired from PCAS BioMatrix Inc. (Saint-Jean-sur-
Richelieu, Canada). 15N labelled amino acids Fmoc-
Asn(Trt)-OH and Fmoc-Leu-OH were obtained from
Sigma-Aldrich. H-Leu-OH, which was 13C labelled at the
a-carbon was acquired from Campro Scientific (Berlin,
Germany) and subsequently Fmoc-protected following
standard procedures. All other chemicals were purchased
form Fisher Scientific (Loughborough, U.K.). Water was
purified with a Synergy® UV water purification system
from Millipore. Peptide concentrations were determined
by UV-absorbance (A280 (Trp) = 5690 mol-1 cm-1, A280
(Tyr) = 1280 mol-1 cm-1) using a NanoDrop 2000 Spec-
trophotometer from Thermo Scientific.

Peptide Synthesis. The peptide amides were synthesized
on a H-Rink Amide-Chemmatrix” resin on a 0.1 mmol
scale on a CEM microwave-assisted synthesizer. The syn-
thesis was conducted via a standard Fmoc-protocol using
DIC/HOBt as coupling reagent mixture. N-acetylation of
the peptides was carried out by using acetic acid anhy-
dride / pyridine (1:9). Acidic cleavage from the resin was
achieved by a treatment of the resin with a mixture of
trifluoroacetic acid (TFA) / triisopropylsilane / water
(90:5:5, 3 h). The resin was extracted with additional TFA
(s mL), and the combined extracts were concentrated to a
third of the initial volume under a flow of nitrogen. The
crude peptide was then precipitated in cold diethylether
(40 mL) and isolated by centrifugation and decantation of
the ether. The precipitate was redissolved in 5 mL of a 121
mixture of acetonitrile and water and then freeze-dried to
give a fine white solid.

Peptide purification. Peptides were purified by reverse-
phase HPLC using a JASCO chromatography system and a
Kromatek C18HQsil column (150 by 10 mm) using a linear
gradient of water and acetonitrile (buffer A: water, 0.1 %
TFA, buffer B: acetonitrile, 0.1 % TFA) run from 30-60 %
buffer B over 30 min.

Peptide characterization. The peptides were character-
ized by mass spectrometry on a Bruker Daltonics Ultra-
fleXtreme MALDI-TOF mass spectrometer operating in
positive-ion  reflector mode (matrix: a-cyano-4-
hydroxycinnamic acid (CHCA), external calibration).
High-resolution mass spectrometry was performed on a
Waters Synapt G2-S nano-ESI-IMS-TOF mass spectrome-
ter. Analytical HPLC measurements were performed us-
ing a JASCO chromatography system and a Phenomenex”
Prodigy ODS-3 (5 pm, 4.6 x 100 mm). For peptide charac-
terization a linear gradient of water and acetonitrile
(buffer A: water, 0.1 % TFA, buffer B: acetonitrile, 0.1 %
TFA) run from 20-80 % over 20 min was used. Chromato-
grams were monitored at 220 and 280 nm wavelengths.

NMR Measurements. The unlabelled and labelled CC-Di
samples were made at 2 mM total peptide concentration
in a phosphate buffer (8.2 mM sodium phosphate, 1.8 mM
potassium phosphate, 68 mM sodium chloride, 1.4 mM
potassium chloride, pH adjusted to 7.0), containing 10%
D,O at 20°C or 40°C. The NMR data were acquired on
Bruker Avance and Avance III spectrometers at 600 MHz
(TCI Cryoprobe) and Bruker Avance III HD spectrometers
at 700 MHz (QCI Cryoprobe) and 8oo MHz (TCI Cry-
oprobe). Primary assignments and structure calculations
for CC-Di were obtained from the unlabelled sample us-
ing proton 2D TOCSY (6oms mixing time), 2D NOESY
(80 ms and 150 ms mixing time), 2D COSY and “N-edited
SOFAST-HMQC+# at 600 MHz.

A selectively labelled N Leu and Asn sample was used at
600 MHz and 700 MHz to study the dynamic properties
of CC-Di. A model free approach was used on the data
from >N-edited- T1, -T2 and N 'NOE of the backbone
residues.#® The conformational exchange detected on the
labelled Asn amide side-chains was studied by “N-edited
relaxation dispersion experiments.#

To study the connectivity of CC-Di, an equimolar mixture
of 1mM selectively *NNe-labelled-Asn17 sample and 1 mM
selectively 3Ca -labelled on Leu13 sample was prepared,
yielding a 0.5 mM abundance of CC-Di with one coil be-
ing “N-labelled-Asn and the other 3C-labelled-Leu. The
trans-coil connectivity was checked through a 4D 5C-
edited-HSQC-NOE-5N-edited-HMQC>°  with 120 ms
NOESY mixing time at 8oo MHz. Due to the selective
labelling limiting the number of peaks observed, only the
proton-proton 2D plane was necessary.

The same sequence was used in a 1D form to record an
NOE build-up to gain insight into the cross-relaxation of
the labelled spins. The NOE build-up rate is proportional
to the cross-relaxation ¢ from a spin S to a spin I, follow-
ing:

dl

dt = 015520 &,



with Sz being the starting magnetisation of spin S.

In turn, the cross relaxation is linked to the distance Ris
between the spin [ and S:>

59.947\ /¢
R = (—C) (2)
Ois

with 7c being the molecular correlation time in ns giving
Risin A.

One problem with measuring the cross-relaxation is a
lack of normalisation of the NMR signals. Here, we use
the knowledge of the N17nu-Li3can protons distance from
the crystal structure: R¥\y;.1; . From the equation (2)
above we get:

59.947, 3
ONH = 75x ¢
(RI)\I(17—L13)6

where owr is the cross-relaxation between the N17 amide
proton of one strand and the Li13 alpha proton of the oth-
er strand of the dimer and 7c the global correlation time
of the dimer. Replacing sigma in equation (7) gives the
opportunity to get rid of Sz (representing the Li3Ha start-
ing magnetisation):

_ Cuﬂ(Rz)\l(17—L13)6 )

207 dt 59.941,

with dlyu/dt being the NOE build-up curve of the Niy
amide proton. Since the starting point of the magnetisa-
tion for the NOE transfer to the side-chains of N17 was
also L13Ha, we can substitute Sy in the build-up calcula-
tions, giving a way to evaluate the cross-relaxation and
hence the distances to the side-chains:

dlge
dt  59.94t,

(o) =
¢ dlﬂ (RI)\§17—L13)6
dt

3)

with osc is the cross-relaxation between the Ni7 side-
chain protons of one strand and the Li3 « proton of the
other strand and 7c the global correlation time of the di-
mer. The ratio of the build-up curves can be substituted
for the ratio of the slopes of the build-up curves calculat-
ed with a normalisation to the NH peaks. This allows for a
distance to be calculated once put back into equation (2):

dlyy\ °

Rsc = Rfj17-113 " d(ft (@

sc

dt
The equations (7-6) are set for a standard set-up of pro-
ton-proton interaction. In our case, we know that the
side-chains are in exchange. However, since the exchange
rate is slow/intermediate (only one peak is seen) and like-
ly to be around 20 s?, hence substantially more than the
R1 values of any backbone or side-chain residues, the ex-
change dependence on the measured (Ri, NOE build-up)
or calculated (ois or Ris) values are averaged but also
unique, and the equations above still stand. Furthermore,
since the exchange is slower than the overall molecular
tumbling, the averaging is truly over <r%>, and not <r3>.5?
The distances and build-up slopes calculated from equa-

tions (7-6) are shown in Table S3.

The build-up curves were calculated with a linear regres-
sion model and the errors with an error propagation
model using R (R Core Team (2016). R: A language and
environment for statistical computing (https://www.R-
project.org/).

The NMR data was processed with either NMRPipe> or
Bruker Tospsin and MestreNova. Structural data were
analysed with Bruker Topspin or MestreNova and dynam-
ic data were analysed with RELAX NMR >

Molecular Dynamics Simulations. Starting PDB struc-
tures of dimeric assemblies with asparagine-at-a and as-
paragine-at-d derived from PDB 4DZM were capped at
the N-terminus with an acetyl residue and at the C-
terminus with an amide residue. These were converted to
GROMACS co-ordinate and topology files using the
AMBERggsb-ildn forcefield, and solvated in a dodecahe-
dral box 1.5 nm larger than the peptide assembly in all
directions with TIP3P water molecules. To simulate iso-
tonic ion concentrations the genion utility in GROMACS
was used to add Na* and CI" ions to a final ionic strength
of 150 mM at neutral pH with no overall charge. Struc-
tures were subjected to an initial 200-step energy minimi-
zation using the steepest descents method. Simulations
were performed using periodic boundary conditions.
Short range electrostatic and van der Waals’ interactions
were truncated at 1.4 nm, while long-range electrostatics
were treated with the particle-mesh Ewald’s method, and
a long-range dispersion correction was applied. Pressure
was controlled by Berendsen’s thermostat and tempera-
ture by the V-rescale thermostat. Simulations were inte-
grated with a leap-frog algorithm over a 2 fs timestep,
constraining bond vibrations with the P-LINCS method.
For replica exchange, 64 replicas were created with expo-
nentially distributed temperatures from 298 K - 419 K.
These were subjected to an additional 200-step energy
minimization as before, followed by 200 ps of position-
restrained MD in which the peptide atom coordinates
were fixed. An initial 200 ps unrestrained REMD run
showed average exchange rates for both simulations rang-
ing from o0.2-0.3, this was judged sufficient for a longer
REMD simulation runs of 100 ns, giving a total REMD
simulation time of 6.4 ps for each system. Simulations
were performed using 64 nodes on the Bristol High Per-
formance Computer BlueCrystal.ss In order to test for
convergence of the system, the distributions of rms-
distance for each structure in each replica were compared
and found to be equivalent (Figure Sg).

Replica trajectories were concatenated such that each
trajectory had a continuous temperature, and the replica
with the temperature closest to that at which the NMR
experiments were performed (313K) was selected for anal-
ysis.

RESULTS

Multiple asparagine conformers occur in coiled-
coil interfaces. The X-ray crystal structure of the de
novo designed parallel homodimeric CC, CC-Di
(PDB identifier 4DZM, Table S1), reveals a near-C2-



symmetric quaternary assembly.” However, the
crystallographic unit cell contains two peptide
monomers from different assemblies, and C2 sym-
metry is broken by the Asn residues at position 17,
which populate three primary side-chain dihedrals
(%). (n.b. As detailed below, the full description of
the side-chain conformation requires this plus the
second dihedral angle (y.), but for the immediate
discussion, we only need to consider ¥, as this di-
rects the side chain relative to the interface.) We
refer to the three conformers as ‘inside’ (y, = -70°, “g°
”), ‘middle’ (. = +180°, “t”), and ‘out’ (Yx = -120°, “t*”)
(Fig. 1A). As a result, there are nine potential paired
conformations for the Asn-Asn pair. Two of these
could result in hydrogen bonding between the side
chains (both ‘inside-middle’ conformations) if the
second dihedral allowed; in six, the residues are too
distant to form hydrogen bonds (the two ‘inside-
out’, ‘middle-middle’, two ‘middle-out’, and ‘out-out’
conformations); and there is one disallowed con-
formation (‘inside-inside’) as the Asn side chains
would clash in full quaternary models.

To test if this heterogeneity of Asn-Asn inter-
actions was representative of Asn-containing CC
dimers more generally, we inspected such structures

A T4

/" Iinside’
\'middle’

‘out’

in the RCSB Protein Data Bank (PDB).> We used
CC+' to mine the PDB for parallel CC dimers con-
taining pairs of Asn residues at a positions. The con-
formations of the Asn side chains varied (Fig. 1B).
However, clustering the structures according to
both side-chain dihedral angles, %, and y. referred to
above, revealed a number of specific conformations
(Fig. 1C). The most-populated conformer was the
‘inside-middle’ arrangement, more formally go/tg
;56 with approximately two thirds of structures ac-
counting for this state (Fig. 1C(i)). This promotes a
buried hydrogen bond between the two Asn side
chains. Of the other, less-populated conformations,
only one allows a hydrogen bond (Fig. 1C(ii), tg*/g
t), which is an alternative configuration within the
‘inside-middle’ group, equivalent to g-o/tg  but with
the amide atoms swapped. The rest either preclude
a hydrogen bond altogether (Fig. 1C(v) and 1C(vi)),
or allow a hydrogen bond only if the side chain of
one Asn residue were to flip at the Cy position (Fig.
1C(iii) and 1C(iv)). N.b., This analysis assumes that
the atoms have been built into these structures cor-

rectly, and given the nature of the Asn side chain
there could be some ambiguity in the placement of
atoms.

Figure 1. Conformations adopted by Asn pairs in dimeric CC interfaces of the PDB. Structures were superposed on the
backbone atoms using ProFit.5” Images generated using PyMOL (www.pymol.org). (A) Multiple conformations of aspara-
gine residues in PDB entry 4DZM. Two of the nine potential conformations allow hydrogen-bonding between the Asn
residues, one would be prohibited due to steric clashes and others would point both residues out into solvent. (B) All Asn
at a pairs identified from CC+ using a redundancy cut-off of 70%. (C) Structures grouped according to side-chain dihedral
combinations. Side-chain dihedrals y; and y, were calculated using a Python script. y, is the dihedral formed by atoms
N,Co,Cp,C, and 1y, is the dihedral formed by atoms Cq,Cp,C;,Os,.. These were classified as follows: t, 3 > 120° or < -120°,
with t* assigned a subclass of t where y = +/-120° g, < 0° and y > -120°% ¢*, % > 0° and y < 120°. ‘0’ indicates a dihedral
angle with a mean of around o° which classifies as neither g  nor g*. (i), 47 examples; (ii), 4 examples; (iii), 7 examples; (iv),
7 examples; (v), 2 examples; (vi), 2 examples. A further three combinations of side-chain dihedral angles had one example

each and are not depicted: g*g*/g'g*, g*g’/tg* and g'g*/g*g*.

As with CC-Di, we found several of the structures in
the broader PDB with Asn in multiple confor-
mations. One was in a CC from M. tuberculosis in

which 3 conformers of the Asn are seen on each
strand (PDB identifier 3mg1,5%). This structure is
complicated further by two flanking helices that


http://www.pymol.org/

provide additional Asn residues that compete for
hydrogen bonding with the central Asn side chains
(Fig. S1). Interestingly and more generally, such po-
tential interactions between Asn residues often only
became apparent when symmetry mates were gener-
ated, and not all the combinations of conformations
listed in the PDB file would be allowed due to steric
clashing (Fig. 1A).

It is clear from this analysis that there are mul-
tiple possible individual and paired conformations
for buried Asn residues at dimeric CC interfaces,
which opens possibilities for dynamics between
these.

The interfacial asparagine of CC-Di is dynamic
but forms hydrogen bonds. We turned to NMR
spectroscopy of CC-Di in solution to probe side-
chain dynamics experimentally (Table Si, Fig. Sz2).
'H chemical shifts for CC-Di were assigned using 2D
'H-'H correlation spectra (TOCSY and NOESY, Table
S2). This gave a single set of resonances consistent
with the largely C2 symmetric X-ray structure. We
extracted structural information for CC-Di from the
intramolecular connectivities observed in the 2D
NOESY, Fig. 2A. dnn(i, i+1), don(i, i+3) and den(i,
i+4) NOEs were found along the whole peptide se-
quence, indicative of a fully o-helical structure. This
was corroborated by negative differences in chemi-
cal shifts (A3 values) of the «H protons from those
expected for the fully unfolded peptide (Fig. 2B).

More specifically, we found that the Asn reso-
nances were broadened in all NMR spectra (Fig. 2Ci-
iii), and that this was most apparent for the side-
chain resonances (Fig. 2Ciii). This could be due in
part to hydrogen bonding or even exchange with
solvent. However, the cross-peak between the side-
chain amide protons (Asni7(HD21-HD22)) was
broad and asymmetric indicative of multiple reso-
nances and an ensemble of conformers (Fig. 2Ciii).
Consequently, the resulting weaker signal meant
that Asn side-chain resonances were not detected in
2D 'H-5N correlation spectra (“N-edited SOFAST-
HMQC and 'H-N HSQC, Fig. S6B).

To resolve these issues, we introduced site-
specific isotopic labelling. First, CC-Di was made
with Asn17 “N-labelled (CC-Din(Asn), Table S, Fig.
S3). This gave visible Asn17(HD) resonances in the
2D 'H-5N correlation spectrum at 20°C. Peak
broadening was observed for both resonances, but
to different extents (Fig. S6C): the 17Asn(HD22) res-
onance was significantly lowered in intensity com-

pared with 17Asn-HD21. On this basis, we posit that
HD22 is likely involved in hydrogen bonding, and,
based on our analysis of the PDB, that this hydrogen
bond is formed between the Asn residues of partner-
ing CC strands.
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Figure 2. Structural elucidation of CC-Di in solution by
NMR spectroscopy. (A) NOE connectivity table based on
TOCSY and NOESY experiments for CC-Di measured at
20 °C. (B) AS of the Ha proton chemical shifts. A§ values
were calculated as the difference in the observed chemical
shifts and the sequence-corrected random-coil chemical
shifts.59 (C) TOCSY (i), 5N-edited SOFAST-HMQC (ii),
and NOESY (iii) spectra showing signal broadening of the
N17 amide backbone resonances (i & ii) and the amide
side-chain resonances (iii). Conditions: 2 mM total pep-
tide concentration, 10 mM phosphate buffer (68 mM so-
dium chloride, 1.4 mM potassium chloride, pH adjusted to
7.0),10% D,0, using a cryoprobe-equipped Bruker 600
MHz spectrometer.
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Figure 3. Multi-dimensional NOE experiments to estimates inter-chain side-chain contacts. (A) '“N-edited NOESY at 10
°C, 20 °C, and 40 °C. Assignments: 1 = HD1 Leu13/Leuzo, 2 = HD2 Leu13/Leuzo, 3 = BH Leu13/Leuzo, 4/5 = fH Asmi7, 6 =
oH Lew3, 7 = aH Asniy/Leuzo. (B) 2D plane of the 3C-HSQC-NOESY-5N-HMQC showing cross peaks between Asniy
and Leurs of the partnering peptides. (C) Relative intensity plot of Asmi7(HN) (rhombus, dashed line), HD21 (square,
dashed-dotted line), and HD22 (triangle, solid line) as a function of mixing time in 1D spectra of 3C-HSQC-NOESY-5N-
HMQC. Intensities were normalized to Asn17(HN). Conditions: 2 mM total peptide concentration, 10 mM phosphate
buffer (68 mM sodium chloride, 1.4 mM potassium chloride, pH adjusted to 7.0), 10% D,O, using a cryoprobe-equipped
Bruker 600 MHz spectrometer (A,C) or 8oo MHz spectrometer (B).

Non-hydrogen-bonding conformations are al-
so populated. At pM concentrations, CC-Di has a
midpoint melting temperature of 78 °C and its
thermal unfolding transition starts above 40 °C.”7
This stability allowed us to investigate the tempera-
ture dependence of signal broadening, and so to
probe side-chain dynamics further, through 3D N-
edited NOESY at 10 °C, 20 °C and 40 °C for CC-
Din(Asn). In the 'H-'H planes of these spectra, Fig.
3A, peaks became sharper and more resonances ap-
peared for Asn1y as the temperature was raised. By
40 °C all peaks were sharpened and the HD22 reso-
nances were visible. We used this 40 °C spectrum to
assign NOE contacts to the Asn side-chain amide
protons. The most intensive NOEs were to leucine
(Leu) side chains, Leu13 or Leuzo, which flank Asni17
in the hydrophobic core. This indicates strongly
that the Asn side chains are buried in the hydro-
phobic core as expected. However, this experiment
has a caveat: it does not distinguish intra- and inter-
strand NOEs.

To address this, we made a third CC-Di pep-
tide variant, CC-Dic(Leu13), with Leu13 B3C- labelled
at the Ca position (Table Si, Fig. S4), and mixed this
with CC-Din(Asn) for 4D NOE experiments (3C-
HSQC-NOESY-5N-HMQC).®>  The peptides were
mixed 1:1, which, all other things being equal, should
have given 50% hetero-labelled dimers. Consistent
with this, the (*H, 'H) plane from the 4D experiment
revealed NOEs between all three nitrogen-bound
protons of Asni7 and the Ca proton of Lews (Fig.
3B). This is only possible if the two labelled pep-
tides are complexed and the Asn side chains spend
at least some time buried in the interface. Moreover,
the NOEs from Leui3 had different intensities: the
weakest was to the backbone NH of Asmi7, that for
the HD22 proton was also weak but slightly more
intensive, and the strongest was for HD21. This sug-
gests decreasing contact distances between these
pairs of protons, again consistent with at least par-
tial burial of the Asn side chains.



We estimated the Leu13-to-
Asn17(HD21/HD22) inter-proton distances relative
to that for Leuwi3-Asmi7(HN) through an inter-
peptide NOE-build-up experiment with mixing
times of 40 ms - 120 ms (Fig. 3C). This gave cross-
relaxation rate constants for HN, HD21 and HD2>.
From the X-ray crystal structure of CC-Di, the
Leu13(CaH) to Asmi7(NH) distance is 7.5 A (Fig. S7).
As molecular dynamics simulations (vide infra) sug-
gested that the backbone structure of the dimer is
relatively rigid, we used this as a reference to esti-
mate the other distances Lew3(CaH) to
Asmi7(HD21/HD22) (Methods and Table S3). In this
way, we measured the Leui3(CaH) to Asni7(HD21)
and Asmi7(HD22) distances both as =7 A, which we
recognize are averages over the experimental time.
From the X-ray crystal structure and MD simula-
tions of CC-Di, with both Asn side chains buried
(i.e., ‘inside’ or ‘middle’ conformations) these dis-
tances are expected to be 3.3 A - 6.3 A (Fig. S7 A-D)
and if they adopt out-conformations 6.5 A - 7.6 A
(Fig. S7 E). That the experimentally determined dis-
tances are towards the higher ends of these ranges
indicates strongly that the non-hydrogen-bonding
out-conformations do exist in solution and with a
significant population, together with ‘inside’- and
‘middle’-conformations. However, since many con-
formations are potentially present, each with differ-
ent distances resulting in different NOE enhance-
ments, it is not possible to infer their relative popu-
lations.

Asparagine conformers exchange on the
millisecond time scale. To probe the dynamics of
Asni7 in the dimer, we performed two relaxation
NMR experiments with a peptide, CC-Din(Leu,Asn),
in which the four Leu residues at d positions and
Asn1y were fully 5N-labelled (Table Sy, Fig. Ss).

First, model-free analyses were carried out for
backbone-amide protons. These probe fast motions
on the ps - ns timescale. This is done by transform-
ing observable relaxation parameters, Ti, T2 and
hetero-nuclear NOEs (Table S4) into interpretable

parameters: the squared generalized order parame-
ter (S?) and the effective correlation time (z.),#8
which indicate the amplitude and the timescale of
local motions, respectively. We employed the
method of d’Auvergne and Gooley, which refines the
model-free coefficients using an independent tum-
bling time z, for each residue and a selection of dif-
fusion models to compute S* and t. (RELAX).>* The
52 values for all of the backbone amide protons were
closely similar at =~ 0.8 (Fig. 4A and Table S5). This
revealed that the majority of the backbone structure
of the peptide was almost evenly rigid. However,
notably, the $* value for Asni; was the largest
among 5 labelled residues, indicating that the mo-
tion of the Asn17-NH bond was the most restricted.
Also, its t. was the largest, and by a factor of 2 com-
pared with the neighboring leucines. These experi-
ments and analyses illustrates that Asn17 has unique
internal motions compared to the more-rigidly held
leucines in the dimer interface.

Second, to investigate conformational ex-
change of the Asn17 side chain, we performed relax-
ation-dispersion experiments.®*> These detect slow
chemical exchange in the @s to ms regime by acquir-
ing a series of Carr-Purcell-Meiboom-Gill (CPMG)
sequence experiments with varying refocusing pulse
delays (Fig. 4C). The data indicated that the Asniy
side-chain conformers exchange in the 10 - 100 ms
regime, while none of backbone-amide protons ex-
hibits any comparable exchange (Fig. S8). The ex-
change rate for HD21 was calculated more precisely
at 20 s + 4 s. However, due to the broader line
shape of HD22, no exchange model could be rea-
sonably fitted. This calculated value likely combines
exchanges between several conformers at several
exchange times and motion on a shorter time scale.
Nonetheless, considering that the results of the
NOE experiments indicated that the main Asniy
side-chain  conformers were with an out-
conformation, it is likely that these will experience
an exchange regime in the 10 - 100 ms.



A B C 2441
1.0 1 30 - -
084 . 1 . " i z. 22:
. 06 7 201 S 2044

04 4 ® — n:N _ L
10 - [ 184
0.2 1 J | :

0- O'I = 16-|||||||||||

L6 L13N17L20L27 L6 L13N17L20L27 0 200 400 600 800 1000
residue residue RF (CPMG) [Hz]

Figure 4. Dynamics in CC-Di investigated by NMR experiments. (A) S and (B) z. values obtained from model-free anal-
yses for backbone amide protons of Leu6, Leu13, Asmi7, Leu2o and Leu27. An S of 1.0 indicates the greatest restriction of
bond-vector motion. (C) Relaxation dispersion curves for Asn17(HD21) at 600 MHz (black) and 700 MHz (gray). The plots
were obtained from a series of CPMG sequence experiments with varying refocusing frequencies (RF (CPMG)). The data
intensity at each of the refocusing frequencies was converted into an R, value and the resulting curve fitted to the Bloch-
McConnell equations to extract the exchange rate R...>> The line is the fit of the selected model: "CR72 Full" slow exchange
giving a Rex of 20 s £ 4 s™. Conditions: 1 mM total peptide concentration, 10 mM phosphate buffer (68 mM sodium chlo-
ride, 1.4 mM potassium chloride, pH adjusted to 7.0), 50% D,O, using a cryoprobe-equipped Bruker 600 and 700 MHz

spectrometer with 2H decoupling.

Asparagines at a form hydrogen bonds that
exchange on ps - ns timeframe. To explore Asn
conformations within CC interfaces and to examine
how these might influence oligomeric-state selec-
tion, we performed Replica-Exchange Molecular
Dynamics (REMD) simulations.®>  Starting struc-
tures were generated from the X-ray crystal struc-
ture of CC-Di.” From possible starting confor-
mations for the Asmi7 pair (Fig. 1A), we selected that
with both Asn side-chain amide groups pointing
‘out’ towards solvent. We chose this to test if a hy-
drogen bond would form between the Asn side
chains during the simulation, rather than starting
with a lower-energy hydrogen-bonded state and at-
tempting to see bond rupture. Indeed, we found
that hydrogen bonding between the Asn side chains
appeared at = 200 ps into the simulation. This be-
came the default state around 5 ns and the structure
remained stable from that point on (Fig. 5A). None-
theless, the hydrogen bond was very dynamic. The
Asn residues switched frequently between two
forms of one conformation with concomitant break-
ing and reforming of the hydrogen bonds (Fig. S9C).
The conformation observed matched the most pop-
ular hydrogen-bonded conformation from the PDB
analysis (Fig. 1 C(i)), i.e.,, go/tg or ‘inside-middle’.
What was not obvious from the latter static struc-
tures, but became apparent in the REMD, was that
the Asn residues interconvert between the two
equivalent conformations, go/tg  and tg/go: effec-
tively, the side chains of the two peptides switch
conformations and, therefore, exchange between
being a hydrogen-bond acceptor and a donor, (Fig.
5C). This interconversion occurred ~2800 times in
~7800 consecutive snapshots of the simulation that

had exactly one hydrogen bond between the two
residues; i.e., the hydrogen bond was retained be-
tween steps but the conformation of the asparagine
pair switched.

Thus, pairs of Asn residues at a are accommo-
dated in the otherwise hydrophobic interfaces of
parallel CC dimers, and some of the loss in solvation
energy is compensated by the formation of inter-
helix side-chain interactions. However, these hy-
drogen bonds are not static but extremely dynamic,
with different rotamers of the Asn being explored to
effect exchange between outward and inward facing
amides groups, with only the latter leading to hy-
drogen bonding.

For comparison, a second REMD simulation
was performed with Asn residues at a d position of
CC-Di. For this, a starting structure was construct-
ed from 4DZM in which position 17 was mutated to
Ile, to match the other a positions in the structure,
and position 13 was mutated to Asn. Asn rotamers
were chosen based on the small number of CC di-
mers found in CC+ with Asn at d.** In contrast to
the Asn-at-a simulation, the second calculation re-
vealed that Asn residues paired at d positions rarely
form a hydrogen bond (Fig. 5B). Moreover, on the
odd occasion that a hydrogen bond was made it was
at the expense of the overall structure: a kink
formed in the helix near the Asn position (Fig. SgD);
this destabilizes the core; and the helical structure
unfolds C terminal to the Asn residues. Consistent
with this, we found that Asn occurs only rarely at d
positions in dimeric CC structures: there were 19
examples in CC+ at 50% redundancy, compared
with 128 examples of Asn at a sites.”” Interestingly,
the majority of the former also have an Asn at a,



which may help accommodate an Asn at the d posi-
tion by specifying the dimer state. These findings
are consistent with recently described experimental
systems that show that Asn at d destablizes dimers
more than Asn at a, and that Asn at d is better ac-
commodated in parallel trimeric CCs.77:2432

DISCUSSION

The coiled-coil (CC) motif is one of the most wide-
ly used peptide building blocks in synthetic biology
and biomaterials.?3 Such work relies on having se-
quence-to-structure relationships to guide and de-
liver peptide designs de novo. Ideally, these rela-
tionships should be understood at the physico-
chemico level. For CCs such rules do exist, but the
underlying mechanisms of action are not under-
stood for all of these. Here we focus on examining
in detail one such rule of thumb; namely, that as-
paragine (Asn) residues placed at the a sites of the
heptad sequences repeats of CCs, abcdefg, directs
the formation of parallel dimeric CCs. These posi-
tions are traditionally considered as being buried
within the otherwise hydrophobic CC interface, and,
as such, they are usually paired with another Asn
residue in the partnering strand of the CC. It is as-
sumed in the literature that specificity for parallel,
in-register dimers in conferred by the abilities of
these Asn pairs to form inter-side-chain hydrogen
bonds.

Our study combines bioinformatics analysis of
known X-ray crystal structures of dimeric CCs to
explore the static conformations accessible to these
buried Asn residues; and NMR experiments and mo-
lecular-dynamics (MD) simulations to probe the
dynamic states accessible to these pairings. The CC
crystal structures show different conformations for
Asn where the side chain points ‘inside’, towards the
‘middle’ and ‘outside’ of the CC interface. Only cer-
tain combinations have the potential to make side-
chain hydrogen bonds, however; namely, ‘inside-
middle’. Although other paired conformers are ob-
served, this is by far the dominant one.

2D NMR experiments of a designed CC dimer with
an Asn-at-a (CC-Di) confirm a fully o-helical struc-
ture, but importantly, reveal significant broadening
of both the Asn backbone and side-chain resonances
indicative of chemical exchange. Intra- and inter-
strand NOE contacts to the Asn residues are ob-
tained from in 3D and 4D NMR experiments with
5N labelled peptides. These confirm contacts to
neighboring leucine residues of the hydrophobic
core, but show reduced intensity cross peaks indi-
cating that the Asn side chains are not exclusively
inside the core. Moreover, many of the possible
combinations of ‘inside’, ‘middle’ and ‘out’ confor-
mations appear to be populated in an ensemble of
local structures. These dynamics are probed further
with model-free analysis and relaxation dispersion.
The former confirm that the backbone structure of
the CC-Di is evenly rigid, but with unique internal
motions for Asmi7; and the latter reveal ms chemical
exchange of its side-chain amide protons. Together,
these data strongly suggest that Asni7 side chain is
in conformational exchange on a 10 - 100 ms time
scale. MD studies of CC-Di, initiated with non-
hydrogen-bonded ‘inside-inside’ pair conformation,
confirm the formation of the ‘inside-middle’ hydro-
gen bond, and that this is a highly dynamic state
switching between two analogous side-chain dihe-
dral conformations. By contrast, MD simulations of
a CC-Di variant with Asn-at-d show that the side
chains are unable to form hydrogen-bonded pairs in
a parallel CC dimer. This accords with the relatively
few examples of CCs with Asn-at-d,’#%36 and with a
recent experimental study in which the Leui3>Asn
mutation of CC-Di loses dimer specificity.3> This
underlines the importance and worth of Asn-at-a as
a protein-design rule

Taking all of these results into account, we pro-
pose the following model (Fig. 5C): Asn residues at
the a positions of parallel coiled-coil dimers in-
crease the
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dimer specificity because the formation of a hydro-
gen bond between side-chain amide groups is gen-
erally enabled. However, the Asn pair can adopt
several conformations in a dynamic equilibrium.
The most preferred conformations are the two ‘in-
side-middle’ pairs, go/tg and tg/go. These both
lead to hydrogen-bond formation between the Asn
side chains, and there is fast exchange between the
two conformations. This constant bond breaking
and making occasionally results in a switch from an
‘inside-middle’ conformation to ‘out’ conformations,
most likely driven by the hydrophilicity of the Asn
residue. Subsequent hydrogen-bond formation is
potentially slowed because the ‘out’ conformations
can be stabilized by contacts to polar groups and
water. This chemical exchange in the ms regime is
likely to be responsible for signal broadening of the
asparagine resonances in the NMR experiments.

Our model has features in common with that from
a foregoing study on NMR studies of the Jun leucine
zipper, which is another CC dimer.#® However, we
have been able to address details and specifics of the
mechanism to an unprecedented level by: identify-
ing the different conformation states that are possi-
ble through analyses of many X-ray crystal struc-
tures; quantifying the timescales of the dynamics
and exchange processes with multi-dimensional
NMR experiments; validating a sequential mecha-
nism for these processes using MD simulations; and
comparing data for how different Asn inclusions
specify dimer or not. This presents a holistic view of
the roles of buried Asn residues in promoting and
maintaining CC-dimer states.

A recent NMR study by Kaplan et al. further high-
lights the significance of the dynamics of side chains
on CC structure.# As pH is lowered from near neu-
tral to acidic in the GCN4-p1 system, inter-chain
salt-bridges are lost and the titratable (glutamate
and lysine) side chains involved become more dy-
namic. As a consequence, and although helicity and
CC interactions are maintained, the whole structure
relaxes with the helices moving slightly further apart
and the supercoil unwinding slightly.

Whilst these and other studies illustrate that dy-
namics in CC systems have not been entirely over-
looked, it is true to say that much of knowledge of
these relationships comes from examining static
structures and experiments that assume near-static
structures. Our study adds to this move towards a
holistic view of these assemblies that considers dy-
namics as well. We have focused on buried Asn res-
idues in CC dimers and found that these are far
more dynamic than previously thought with the in-

clusion of different Asn conformations in the hydro-
gen-bonded state, and even that the Asn side chains
temporarily shift outside of the hydrophobic core.
The latter observation has not been described in any
foregoing reports. This helps to explain why the in-
corporation of polar residues is actually destabiliz-
ing, because a favorable contribution from buried
polar residues to stability is only possible if the un-
favorable energy of dehydration is completely com-
pensated by hydrogen bonding within the folded
state.®7° Understanding of these effects should help
in the design of alternative specification motifs for
distinguishing between CC states. Indeed, this has
been attempted to some extent, though without
considerations of structural dynamics, using urea
and guanidinium recognition motifs.”"73 Generally,
incorporating dynamical aspects of CC structure,
assembly and specificity will improve our ability to
model, engineer and design these important pro-
tein-protein recognition motifs.
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