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Coiled-coil motifs are ubiquitous in biology and play essential Aij = 1/2 (3 cos, cos@i — 6ij) (,j=xvVv,2 (@)
roles in protein assembly and molecular recognition and are,
therefore, the targets of many ongoing structural and functional yielding an overall solute alignment tensor
studiest The highly conserved structural features of coiled-coils
are ofter_l exploited in predlctlng the atomic coordlr?aFes of this c!ass Aijstruc: f Aij pg(r, L) dr dQ/f pe(r.Q) dr dQ  (2)
of protein from the primary sequence. However, it is not possible
to derive, using a knowledge-based approach, a unique solution|n eq 1, 6; denotes the angle between title molecular axis and
for the relative orientation of subunit packing. Although the majority the direction of magnetic field andj; the Kronecker delta. In the
of coiled-coil dimers are parallel, there are a growing number of present study, we extended this approach by averajiiy° over
antiparallel cases in the database. Current methods for establishingan ensemble df protein conformers, obtained from NMR structure
the packing mode of coiled-coil proteins are labor-intensive and refinement, to account for structural uncertainty and dynamics,

involve introducing disulfide bondsor synthetic spin-labels. yielding a final protein alignment tensor
In an earlier study, we explored the utility of combining
knowledge-based coiled-coil packing distances and orientation Aijm0|: ZKAUSUUC ()

constraints derived from NMR residual dipolar couplings (RDCs)
for rapid determination of the solution structure of a coiled-coil The predicted one-bond RDC between a pair of spin 1/2 nuclei, P
dimer without carrying out the time-consuming procedure of and Q, in the protein'Dpg) can then be computed fromy ™!,
analyzing Nuclear Overhauser Enhancement (NOE) spétttveas To determine the monomemonomer orientation of the coiled-
found that both parallel and antiparallel models could be constructed coil domain of cGKy, the high-resolution structure of the rigid
from the information given in the Protein Data Bank (PDB), and segment encompassing the coiled-coil (residued4) was deter-
that both agreed equally well with experimental RDCs. Here, we mined by RDC-based molecular fragment replacermért.close
show that the relative subunit orientation of coiled-coil proteins in  structural model was first selected by fittify, 1Dece, andDey
solution can be determined without chemical modification by of cGK1a® 44 measured in Pf1 medium, to all 36-residue segments
comparison of RDCs measured in charged liquid-crystalline medium of the 2.7 A crystal structure of the 14-heptad-repeat coiled-coil
with values predicted from the three-dimensional charge distribution domain of cortexillin | fromDictyostelium discoideurd? To define
of the protein. The method is demonstrated for the coiled-coil the subtle helix curvature specific to cG#44, the selected crystal
domain of the cGMP-dependent protein kinase (EGKla), a structure was further refined against experimental RDCs using a
protein responsible for mediating the interaction between the kinaselow-temperature simulated annealing protocol as described by
and the myosin-binding subunit of myosin phosphatase. Schnell et aft Since RDCs were measured for protein containing
Sizable one-bond internuclear dipolar couplings can be measuredresidues +59 of cGKlo and 8 residues at the N-terminus from
for proteins weakly aligned in liquid-crystalline medifRecently, cloning (see Figure 1), of which the non-native segment and
it has been reported that when using charged liquid-crystalline residues +4 and 49-59 of cGKla are dynamic as previously
medium formed by filamentous phage (Pfl) particles to partially indicated by!>N relaxation rate$ the entire polypeptide chain (67
align biological macromolecules, the magnitude and orientation of residues long) was used during structure calculation. However,
the protein’s alignment tensor can be predicted with reasonable experimental restraints were applied only to the more or less rigid
accuracy from the three-dimensional charge distribution and shapesegment (residues-%8 of cGKiln). Antiparallel and parallel
of the macromoleculé® A highly simplified model was developed,  dimeric coiled-coil models were then built with knowledge-based
which approximates the electrostatic interaction between a soluteintermonomer distance restraints.
and an ordered phage particle as that between the solute surface Due to the inherent 4-fold orientational degeneracy of RDCs and
charges and the electric field of the phage. The solute, representedhe molecular symmetry of the coiled-coil structure, RDC refine-
by effective charges; placed at the positiong of its ionizable ment alone cannot be used to distinguish between parallel and
residues, was treated as a particle in the external field of the liquid antiparallel packing of cGKd>-48. The overall shapes of the parallel
crystal, and its electrostatic potentiglr) was obtained by solving ~ and antiparallel structures are very similar (Figure 1). Hence,
the nonlinear three-dimensional Poissd@oltzmann equation. The ~ methods that attempt to distinguish the two packing modes based
distance and orientation-dependent electrostatic free energy wason the overall dimension of the structures are likely to fail. Indeed,
approximated byAGe(r,Q2) = 3; ¢ ¢[ri(r,)]. The Boltzmann when using a purely steric obstruction model to predict solute
factor ps(r,R2) = exp[—AGg(r,R)/ksT] provided relative electro- alignment on the basis of molecular shdpthe two models
static weights when averaging individual alignment tensors, derived (residues 548 of cGKln) yield almost identical RDCs. The
for each orientation and distance: alignment tensors are both axially symmetric, with a magnitude of
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a including all 23 flexible residues. Since the flexible tails sample a

:::fe‘:‘;;ﬁ. large conformational space that could lead to large variations in
WLMLKEERIR predicted alignment tensors, a total of 300 different conformations
ELEKRLSEKE were calculated for both the parallel and antiparallel dimer, but
%‘mm only the 30 structures that individually gave the best fit between
pr— charge-shape-predicted and experimental RDCs were averaged (eq

3). Again, only RDCs predicted for the parallel dimer fit reasonably

well to experimental values & 0.74 for the parallel and= 0.23

for the antiparallel dimer), suggesting that the distinction between
the two arrangements is robust. If 60 best-fitting structures were

Figure 1. The coiled-coil region of cGKd&. (a) Sequence with acidic and
basic residues colored in red and blue, respectively. Leucines and isoleucine:
in heptad positions andd are shown in green. This sequence includes 8
residues at the N-terminus from the cloning. The bar denotes the well-
structured coiled-coil region; (b) and (c) are electrostatic surface models of
the antiparallel and parallel homodimer, respectively.
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Figure 2. Correlations between experimentiu, 'Dccq, and'Den values

and values predicted from the three-dimensional charge distributions and
shapes of different stoichiometries and relative arrangements of eGK1
(a) The parallel homodimer, (b) the antiparallel homodimer, and (c) the
monomer.

—11.44+ 0.2 and—11.3+ 0.2 Hz for the parallel and antiparallel
structure, respectively.

Although, parallel and antiparallel dimers have similar shapes
and identical net charges, very different charge distributions are
associated with the two structural models (Figure 1). The acidic
and basic residues are primarily located in the N- and C-terminal
half of cGK1a, respectively, such that the parallel dimer possesses
a large dipole moment of 48% 28 D. For the antiparallel
arrangement, on the other hand, positive and negative charges ar
proximal, and the dipole moment amounts to only=8&1 D. In
addition, the orientation of the multipole moments of the parallel
and antiparallel arrangements differ by about & the dipole
vector and about 30for the generalize'd quadrupole vector.

Figure 2 compares the measured RDCs with values predicted
from the charge distribution and shape of the parallel dimer, the
antiparallel dimer, and the monomer structure of cGK#8, RDCs
predicted from the parallel dimer fit very well to experimental values
with a linear correlation coefficient of 0.94 (Figure 2a). A very
different alignment tensor, on the other hand, is predicted for the
antiparallel dimer, and charge-shape-predicted RDCs differ strongly
from experimental values (= 0.39) (Figure 2b). Finally, experi-
mental RDCs do not correlate with values predicted from the
monomer structurer (= 0.21) (Figure 2c¢). The above indicate that
the coiled-coil region of cGKd forms a parallel homodimer in
solution.

The excellent agreement between predicted and observed RDC
for the parallel dimer of cGKd suggests that charges located in
the flexible termini (N terminus, E3, R57, and C terminus), which
were not included in the calculations, do not significantly contribute
to the observed alignment. RDCs may also be predicted when

considered; = 0.59 and 0.23 for the parallel and antiparallel dimer,

Jespectively.

To obtain high-resolution structural details of the constituent
helices of cGK®, three types of backbone RDCs and side chain
x1 angles were used for the structure calculatibHewever, when
the major aim is the determination of the global arrangement of
the constituent helices and not their detailed local structure, only a
small set oftDyy couplings is sufficient. The same approach was
used, but with only 33Dyy couplings, to refine and assemble
cGK1la monomers into parallel and antiparallel homodimers, which
could then be distinguished (RDC correlations of 0.74 aid20
for the parallel and antiparallel dimer, respectively).

This report demonstrates that the relative arrangement of
constituent monomers within coiled-coil dimers can be determined
rapidly in solution by comparison of experimental RDCs with values
predicted from the 3D charge distribution of different multimeric
models of the protein. Since, as is the case for c@Kdharged
residues are frequently found at the “e” and “g” positions of coiled-
coil heptad repeats, this method of discriminating between packing
modes is expected to be general. For coiled-coil proteins, a full-
scale structure determination of the monomer is not required a priori,
as it can be easily obtained from the known coiled-coil structures
by the RDC-based molecular replacement method. We anticipate
that the method introduced here can be extended to determine the
relative orientation and stoichiometry of other types of multimeric
protein assembly.
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