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Leucine zippers are oligomerization domains used in a wide
range of proteins. Their structure is based on a highly conserved
heptad repeat sequence in which two key positions are occupied
by leucines. The leucine zipper of the cell cycle-regulated Nek2
kinase is important for its dimerization and activation. How-
ever, the sequence of this leucine zipper is most unusual in that
leucines occupy only one of the two hydrophobic positions. The
other position, depending on the register of the heptad repeat, is
occupied by either acidic or basic residues. Using NMR spec-
troscopy, we show that this leucine zipper exists in two confor-
mations of almost equal population that exchange with a rate of
17 s~1. We propose that the two conformations correspond to
the two possible registers of the heptad repeat. This hypothesis
is supported by a cysteine mutant thatlocks the protein in one of
the two conformations. NMR spectra of this mutant showed the
predicted 2-fold reduction of peaks in the >N HSQC spectrum
and the complete removal of cross peaks in exchange spectra. It
is possible that interconversion of these two conformations may
be triggered by external signals in a manner similar to that pro-
posed recently for the microtubule binding domain of dynein
and the HAMP domain. As a result, the leucine zipper of Nek2
kinase is the first example where the frameshift of coiled-coil
heptad repeats has been directly observed experimentally.

Intracellular signaling pathways that regulate processes such
as cell cycle control rely on formation of specific protein com-
plexes at the right time and place. As a result, a wide range of
conserved interaction motifs have evolved among which the
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leucine zipper is one of the most common and versatile. Leu-
cine zippers were first identified as dimerization domains in
bZIP transcription factors with a sequence motif consisting of
leucines repeated every 7 amino acids (1). The relevance of the
repeating heptad sequence was clarified when it was shown that
leucine zippers assume a coiled-coil fold (2—4). In this struc-
ture, the first and fourth residues (i.e. positions A and D in the
heptad sequence, ABCDEFG) of each helix point toward each
other and thus form a hydrophobic core. Residues in positions
E and G flank the hydrophobic core residues and are often
occupied by charged residues that can form salt bridges. The
latter are of particular significance in heterodimeric leucine
zippers as they help to determine specificity. Residues in posi-
tions B, C, and F are usually not of importance as their side-
chains point away from the coiled-coil interface. Leucine zip-
pers show great versatility as they can exist as dimers, trimers,
or tetramers, can be homo- or hetero-oligomers and can form
parallel or anti-parallel complexes (5-7).

Although leucine zippers have been best characterized in
transcription factors, they also exist in many other signaling
proteins including protein kinases (8). Protein kinase activation
often involves a trans-autophosphorylation step that is facili-
tated by the physical proximity of two kinase molecules. In the
case of receptor tyrosine kinases, this may be brought about by
crosslinking of two receptors as a result of extracellular ligand
binding. Some cytoplasmic kinases on the other hand contain
their own oligomerization domain. One example is the cell
cycle-regulated kinase, Nek2, which consists of an N-terminal
catalytic domain and a C-terminal region that contains multi-
ple regulatory motifs, including a leucine zipper (9) (Fig. 14).
For this kinase, oligomerization via the leucine zipper is essen-
tial for full activation both in vitro and in vivo, most likely as a
result of it promoting trans-autophosphorylation (10, 11).

In a previous study on the role of the Nek2 leucine zipper, we
noted that the sequence, in terms of the distribution of hydro-
phobic and charged residues, is somewhat unusual (10) (Fig. 2).
However, no structural studies were undertaken at the time.
Here, we now show that the Nek2 leucine zipper does indeed
display highly atypical biophysical properties with NMR spec-
troscopy clearly showing that the leucine zipper exists in two
conformations, which exchange on a relatively slow timescale.
This raises the intriguing possibility that the dimerization and,
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as a result, activation of the Nek2 kinase may be subject to
specific regulation. It is also the first time that the exchange of a
coiled-coil domain, indirectly inferred for several completely
unrelated proteins, has been directly observed experimentally.

EXPERIMENTAL PROCEDURES

Sequence Analysis—Domain definitions for Nek2 kinase
were taken from annotations of entry P51955 from the Uniprot
database with small modifications for Fig. 1A. Leucine zipper
prediction was performed with the 2ZIP server (12). The
coiled-coil prediction was performed with the COILS server
(13). Single helix preference as well as N- and C-caps were cal-
culated with the web-based version of AGADIR (14). Pattern
searches were performed with the program pattinprot (15).
Phosphorylation sites around the Nek2 leucine zipper were
taken from the literature (11, 16). The helical wheel in Fig. 2B
was initially generated using the EMBOSS (17) application pep-
wheel and then adapted to incorporate the two heptad repeats.

Limited Proteolysis—SDS-PAGE analysis was performed fol-
lowing a 1:500 trypsin:target (w/w) incubation at 25 °C. Ali-
quots were withdrawn at 2, 5, 10, 20, 30, and 60 min. The reac-
tion for each time point was immediately halted by the addition
of Pefabloc SC (2 mu final) and PSC protector solution (5% v/v
final) from Roche. Sequencing grade modified trypsin was
obtained from Promega. To identify the protected fragments, a
60-min limited digest was performed, as above, and the prod-
ucts separated by reverse-phase chromatography using a
JASCO HPLC and a 4.5 ml Zorbex stable bond 300 C3 column
at 1 ml/min heated to 55 °C. The column was developed with
5-50% acetonitrile, 0.05% TFA (trifluoroacetic acid) pH 1.8 at
1% acetonitrile/min. Peaks were collected in 0.5-ml fractions
and monitored at 280, 220, and 210 nm wavelengths. The frac-
tions were analyzed by standard electrospray MS procedures.

Mass Spectrometry—Protein molecular weight was deter-
mined using a stand-alone syringe pump (Perkin Elmer, Foster
City, CA) coupled to a Platform electrospray mass spectrome-
ter (Micromass, Manchester, UK). Samples were desalted on-
line using a 2 X 10 mm guard column (Upchurch Scientific,
Oak Harbor, WA) packed with 50 micron Poros RII resin (Per-
septive Biosystems, Framingham) inserted in place of the sam-
ple loop on a rheodyne 7125 valve. Proteins were injected onto
the column in 10% acetonitrile, 0.10% formic acid, washed with
the same solvent and then step-eluted into the mass spectrom-
eter in 70% acetonitrile, 0.1% formic acid at a flow rate of 10
ml/min. The mass spectrometer was calibrated using myoglo-
bin. Standard samples comprised of 100 pmol of protein at a
minimum concentration of 1 um.

Construct Generation—All protein expression constructs
were cloned into pETM-11 vectors obtained from the Protein
Expression Laboratory at EMBL Heidelberg. Inserts were
generated by polymerase chain reaction using 2.5 units of
Platinum® Pfx DNA Polymerase (Roche) with 200 ng of tem-
plate, 500 nm of each primer, 1.2 mm dNTP mix, and 1 mm MgSO,,
on a Techne TC-312 thermocycler. Amplification was done by
initial denaturation for 2" at 94 °C followed by 30 cycles of 15"
meltingat 94 °C, 60" at 60 °C and 30" extension at 68 °C. Primers
for constructs LZ0 and LZ5 were LZ05": GGAGCGCCCATG-
GCGCGACAATTAGGAGAG; LZ03": GGATCCTTATAGC-
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AAGCTGTAGTTCTTCACAGATTTTCTGC; LZ55": GCG-
CCCATGGCGGTATTGAGTGAGCTGAAACTG; LZ53":
GGATCCTTAGTCCTCTGCTAGTCTCTCACG, respec-
tively. PCR products were purified with QIAquick PCR purifi-
cation kit according to the manufacturer’s protocol. Purified
PCR products and pETM-11 target vector DNA were double
digested with Ncol and BamHI. The product of the vector
digestion was purified by electrophoresis on a 1% agarose gel
(analytical quality, Melford Labs). DNA was extracted from
excised bands using the QIAquick gel extraction kit. 50 ng of gel
purified digestion product from the vector and 150 ng of
digested PCR product were mixed and ligated using the rapid
DNA ligation kit (Roche). 1/10 of the ligation reaction was
transformed into 100 ul DH5a-T1R chemical competent cells
(Invitrogen). Transformed cells were checked for inserts by col-
ony PCR.

Site-directed Mutagenesis—Point mutations were generated
using the QuikChange kit (Stratagene) using the manufactur-
er’s protocol. Mutagenesis primers were C335A: CAGAAAG-
AACAGGAGCTTGCAGTTCGTGAGAGACTAG and GTC-
TCTCACGAACTGCAAGCTCCTGTTCTTTCTG; K309C:
CTGTATTGAGTGAGCTGAAACTGTGTGAAATTCAGT-
TACAGGAGCGAGA and TCTCGCTCCTGTAACTGA-
ATTTCACACAGTTTCAGCTCACTCAATACAG; E310C:
ATTGAGTGAGCTGAAACTGAAGTGTATTCAGTTACA-
GGAGCGAGAGC and GCTCTCGCTCCTGTAACTGAA-
TACACTTCAGTTTCAGCTCACTCAAT (mutated codon
indicated in bold). For all constructs and mutants, small scale
cultures were grown for several positive clones, and DNA was
prepared with the Qiagen miniprep kit. Accuracy of vector and
insert was checked by DNA sequencing.

Protein Expression and Purification—For protein expression,
miniprep DNA was transformed into BL21* cells (Invitrogen).
Transformed cells were grown up in LB medium to OD ~0.8
when they were induced with 0.75 mm IPTG for 4 h. For '°N
isotope labeling the protocol was modified as suggested (18).
Cells were opened using a French Press cell at 1000 psi. The
proteins were purified on fast flow 6 (GE Healthcare) columns
of 2 ml resin, equilibrated as per the manufacturer’s instruc-
tions. After loading the samples, the columns were washed with
30 ml of wash buffer (20 mm phosphate pH 7.5, 500 mm NaCl,
10 mm imidazole, 1 mm B-ME, 0.02% NaN,) before elution with
10 ml of elution buffer (as wash buffer, but with 500 mm imida-
zole). The eluted protein was incubated with AcTEV prote-
ase (Invitrogen) for 2 h at room temperature followed by dialy-
sis 3X against 1 liter of fast flow 6 wash buffer. The protein
solution was applied a second time to the affinity column to
remove nonspecific binding proteins. Where required, a final
polishing step using a Sephadex 16/70 gel filtration column (GE
Healthcare) was performed using an AKTA purification sys-
tem. Fractions containing the pure protein were pooled and
concentrated in Vivaspin concentrators (Sartorius) with 3 kDa
molecular mass cut-off. Protein concentrations were deter-
mined using the Qbit fluorescence assay (Invitrogen). Protein
samples were exchanged into NMR buffer (20 mm sodium
phosphate, 50 mM NaCl, pH 7.0, 2 mm DTT, 0.02% NaN,) using
PD10 or Nap5 columns (GE Healthcare), which were also used
for all other experiments. The only exceptions were samples of
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disulfide locked LZ5 K309C/C335A, LZ5 E310C/C335A, and
LZ0 K309C/C335A for which DTT was omitted from the
buffer.

CD spectroscopy. All CD experiments were recorded on a
JASCO700 instrument fitted with a Peltier temperature control
system. Square cuvettes with 0.1 or 1 mm path length were used
with protein concentrations ranging from 20 -200 um. Spectra
were calibrated using software provided by the manufacturer.
Secondary structure content was estimated using home written
Mathematica (Wolfram Research) macros by comparison to
standard curves for a-helix, B-sheet, and random coil. To mea-
sure thermal unfolding curves, samples were heated at 1 °C/min
while the CD signal at a constant wavelength of 222 nm was
measured. Unfolding curves were fitted to the equation for a
two-state unfolding reaction using a home written Math-
ematica macro to extract the melting temperature.

Analytical Ultracentrifugation—Analytical ultracentrifuga-
tion (AUC)? sedimentation velocity experiments were carried
out on a Beckman XL-I centrifuge using an An50-Ti rotor at
4 °C and a speed of 42,000 rpm (LZ0) and an An-60 Ti rotor at
20 °C and a speed of 60,000 rpm (LZ5 and LZ5 mutants). Scans
were recorded using the interference optical system until no
further sedimentation occurred. Sample concentrations were
about 10 -200 uM in standard NMR buffers. Protein partial spe-
cific volume and buffer density and viscosity were calculated
using SEDNTERP (19). The experimental data were analyzed
using Sedfit (20) by fitting to the c(s) and c(s,f/f,) models with
one discrete component (LZ0) and results for some samples
confirmed by two-dimensional spectrum analysis, enhanced
van-Holde-Weischet analysis and Genetic Algorithm analysis
using UltraScan (21) confirmed by Monte-Carlo analysis.

NMR Spectroscopy—Spectra were recorded at a temperature
of 298 K on Bruker Avance 600 and 800 MHz spectrometers
fitted with 5 mm cryoprobes. The HSQC spectrum was used as
provided by the manufacturer with small modifications to
increase safety of the probe. Exchange experiments were as pre-
viously described (22), except modified to increase the disper-
sion of the peaks by changing from a >’N-'H view to a '"H-'"H
NOESY-like view and also by combining both views into
a three-dimensional experiment.* For qualitative analysis
exchange experiments with a mixing time of 64 ms were used,
for the quantitative analysis of the exchange rate the following
mixing times were used: 8, 16, 24, 32, 64, 96, and 160 ms. Diag-
onal and cross peak intensities for sufficiently well resolved sys-
tems of exchanging amide resonances were extracted using
CCPN analysis (23) and fitted to standard equations for slow
exchange (22) using a home written Mathematica macro to
yield exchange rates and '°N longitudinal relaxation rates. '>N
longitudinal (R;) and transversal (R,) were also measured
directly using delays of 16, 48, 96, 192, 288, 384, 512, 704, 880,

3The abbreviations used are: AUC, analytical ultracentrifugation; NOESY,
nuclear Overhauser enhancement spectroscopy; HSQC, heteronuclear
single quantum coherence; TOCSY, total correlation spectroscopy; RDC,
residual dipolar couplings; MTBD, microtubule binding domain; HAMP,
domain in histidine kinases, adenylyl cyclases, methyl accepting che-
motaxis receptors, and phosphatases.

“F. W. Muskett, R. A. Croasdale, A. M. Fry, and M. Pfuhl, unpublished results.
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1120, and 1440 ms for R, and 5, 10, 15, 20, 31, 41, 61, 82, 102,
133, 154 ms for R,.

Sequence-specific assignment of mutant LZ5 K309C/C335A
in non-reducing NMR buffer was based on standard triple
resonance three-dimensional experiments (HNCACB, HN-
(CO)CACB, HBHA(CBCACO)NH) recorded on a 0.6 mm
'5N/'C labeled sample on a Bruker Avance 500 MHz spec-
trometer equipped with a cryoprobe combined with a 3D '°N
resolved NOESY spectrum recorded on a 0.8 mm '°N labeled
sample on a 700 MHz Bruker Avance spectrometer equipped
with a cryoprobe. The assignment was performed with CCPN
analysis (23).

RDCs were measured in the presence of 10 mg/ml of pfl
phage (Hyglos GmbH, Germany) in NMR buffer using a stan-
dard IPAP "H-'°N correlation experiment (24). The error asso-
ciated with the measured RDC values is = 1.5 Hz.

Model Building—A coiled-coil model was generated for the
Nek2 leucine zipper residues 299 -341 using a program pro-
vided by G. Offer (25). This program generates standard coiled-
coils based on the definition of the geometry provided as input.
No further energy minimization was performed. Parameters
used were pitch = 144 A, helix radius = 4.7 A, relative rotation
of strands = 210°, residue translation for one residue in the
helix = 1.495 A. The same sequence was used as input for mod-
els for both heptad repeats. The only difference was the defini-
tion of the first A- residue: Leu-306 in Hepl and Leu-303 in
Hepll.

RDCs were calculated for the models using PALES (26)
selecting pfl phage as alignment medium at a concentration of
10 mg/ml, electrostatic mode, a sodium chloride concentration
of 50 mm and default settings for all other parameters.

RESULTS

The Nek2 Leucine Zipper Resides within a Larger Proteolyti-
cally Resistant Fragment—The Nek2A kinase consists of an
N-terminal catalytic domain (residues 8 —271) followed by a
C-terminal regulatory region (residues 272—445) that encom-
passes a leucine zipper (residues 305-335) followed immedi-
ately by an additional short coiled-coil (residues 340 -355) (Fig.
1A). To determine whether the C-terminal region is subdivided
into a particular domain organization, limited proteolysis
experiments were performed on full-length protein (Fig. 1B)
and the complete C-terminal regulatory region (Fig. 1C and
supplemental Fig. S1) to identify stable fragments. A ~8 kDa
fragment appeared consistently in both experiments. It was
shown by mass spectrometry to cover not only the leucine zip-
per but all of the following coiled-coil and a short section of the
linker connecting it at the N-terminal end to the catalytic
domain (residues 290-360). This 8 kDa fragment was sub-
cloned into the pETM-11 expression vector and termed LZO0.
For comparison, a series of constructs was generated covering
only the predicted core leucine zipper. The best behaved of
these, based on a number of criteria including expression yield
in bacteria, solubility and stability, was termed LZ5 (residues
299 -343). For all biophysical experiments, LZ0 and LZ5 pro-
teins were expressed in bacteria, purified using nickel affinity
chromatography followed by removal of the His tag and pol-
ished via gel filtration (data not shown).
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FIGURE 1. Nek2 domain organization and limited proteolysis. A, scheme of full-length Nek2A kinase annotated with functional and structural motifs
indicated with their position in the sequence. B, SDS-PAGE and Coomassie Blue analysis of full-length Nek2A kinase subjected to limited proteolysis for the
times indicated (mins) FL, full-length protein; KD, kinase domain; *, 8 kDa fragment. C, as for B, but using the C-terminal non-catalytic region in the proteolysis
assay. CTD, C-terminal domain; *, 8 kDa fragment; Z, nonspecific fragment corresponding to a region of Nek2A lacking tryptic sites.

Sequence Analysis of the Nek2 Leucine Zipper—Meaningful
leucine zipper scores provided by the program 2zip (12) start
around residue 305 and continue to approximately residue 335
(Fig. 24). Coiled-coil scores provided by the COILS software
(13) cover the leucine zipper, drop to insignificant levels around
residue 335, and then return to a significant level from residue
340-355. The leucine zipper is defined by the presence of leu-
cine residues every 7 amino acids. However, in the conventional
heptad repeat of a leucine zipper, a second position is also occu-
pied by another leucine or equally compatible hydrophobic res-
idue such that, in the repeating heptad ABCDEFG, positions A
and D would normally both be occupied by hydrophobic resi-
dues. In Nek2, though, one of these hydrophobic positions is
missing, such that the heptad pattern can be positioned in two
ways: the leucines can be in the A-position (heptad I) or in the
D-position (heptad II). It is traditionally thought that leucine
prefers the D-position, but the energetic contribution to coiled-
coil stability and the frequency by which leucine is found in
either position in leucine zipper sequences are very similar (27).
Regardless of the positions of the heptad repeats in Nek2,
charged residues would occupy the second conserved position. In
heptad [, it would be lysine or arginine in the D position, while in
heptad 1II, it would be glutamate in the A position. Curiously,
lysine and arginine in general prefer the A position while gluta-
mate prefers the D position (27, 28). Even though charged res-
idues have been found in the hydrophobic core of other coiled-
coils, e.g myosin, they compromise the stability and make the
Nek?2 leucine zipper a non-ideal coiled-coil. It is interesting to
note the consistent occupation of the normally hydrophobic A
and D positions by charged residues in the leucine zipper of
Nek2. Of the 6 A positions in heptad 1, 5 are occupied by glu-
tamate (the first is occupied by a leucine), while in the case of
heptad I, lysine and arginine each take 3 of the 6 D positions
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(Fig. 2). The high degree of conservation of these destabilizing
residues suggests an important function.

To determine whether other proteins contain related leucine
zippers which might allow hetero-oligomerization, similarity
searches were performed with a pattern search program (15)
using the pattern LXXR/KEXX repeated five times. No coiled-
coil sequences other than that of Nek2 were found in this
search, even allowing for up to two mismatches. Hence, the
primary function of this motif in Nek2 would appear to be to
promote homodimerization rather than heterodimerization
with a different partner molecule.

Circular Dichroism Spectroscopy of the Wild-type Nek2 Leu-
cine Zipper—As a first biophysical approach to understand
their conformation, CD spectroscopy was performed on the
LZ0 and LZ5 polypeptides. The spectra were virtually identical
and typical of coiled-coils with minima at 208 and 222 nm and
the intensity of the 208 nm peak slightly stronger than the 222
nm peak (Fig. 34). The molar ellipticities at 222 nm of approx-
imately —22,000 deg mol ' cm™? suggested the presence of
~70% a-helix, in good agreement with expectation. Melting
curves showed reasonably cooperative thermal unfolding with
relatively high melting temperatures of 57 °C for LZ5 and a
slightly higher value of 66 °C for LZ0 (Fig. 3B). These data show
that the core leucine zipper sequence alone is sufficient to
assume a proper fold and that the additional coiled-coil only
adds extra stability.

Analytical Ultracentrifugation—To determine whether the
bacterially expressed LZ0 and LZ5 proteins were dimeric as
opposed to higher order oligomers, they were subjected to sed-
imentation velocity analytical ultracentrifugation (AUC).
Results strongly supported the conclusion that LZ0 and the LZ5
proteins predominantly formed dimeric molecules that were
stable over the relevant concentration range (tested over
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FIGURE 2. Sequence analysis of the Nek2 leucine zipper. A, sequence of the Nek2 leucine zipper is shown color coded by properties (green, hydrophobic; red,
negatively charged; blue, positively charged; magenta, polar uncharged; yellow, cysteine). Below the sequence, the two heptad repeats, Hepl and Hepll, are
shown with the key hydrophobic positions, A and D, marked in uppercase. The leucine zipper prediction by the program 2ZIP is then shown (Lzip) followed by
the coiled-coil prediction by the program COILS (cc). The next three lines are provided by the program AGADIR: probability for folding as isolated a-helix
(agadir) as well as putative N- and C-caps and finally predicted serine phosphorylation sites (S-PO). B, helical wheel plots of the core leucine zipper residues of
Nek2. Amino acids shown in boxes are colored as in A. Heptad repeat positions are indicated in circles for the two possible conformations, Hepl and Hepll.

10-250 um). As an example, the sedimentation velocity analy-
sis is shown for LZ0 (Fig. 4A) with the main peak indicating a
molecular weight within 500 Da of the calculated molecular
mass of the dimer at 17,468 Da. All parameters are listed in
Table 1. Although the peaks are not perfectly symmetrical, it
can be concluded that the leucine zipper of the Nek2 kinase,
with or without the extra coiled-coil portion, forms a dimer as
the predominant species. Under the conditions of these exper-
iments there was no sign of higher order oligomers.

NMR Spectroscopy of the Wild-type Nek2 Leucine Zipper—
Early NMR studies of constructs of the Nek2 leucine zipper
showed unusual “twins” of resonances in homonuclear NOESY
and TOCSY spectra suggesting the presence of multiple forms
of the protein (data not shown). A more detailed analysis of
potential isoforms was therefore performed using a '°N-labeled
sample of LZ5. In an HSQC experiment, automatic peak pick-
ing with CCPN analysis (23) gave >75 peaks, significantly more
than the expected ~40 peaks, confirming the presence of at
least two forms of the protein (Fig. 5A4). Very similar spectra
were obtained for LZ0, although as the quality of the spectra
was much inferior (Fig. 3) all subsequent NMR work was done
on LZ5.

To establish if the isoforms were in dynamic equilibrium, two
NMR exchange experiments were recorded (22) via transfer to
'>N. The resulting two-dimensional spectrum can then take the
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shape of an HSQC experiment by frequency labeling the nitro-
gen in t1 (Fig. 5B), or the appearance of a NOESY experiment
with frequency labeling of the amide proton in t1 (Fig. 5C).
Both experiments clearly demonstrated that a substantial
number of resonances in the Nek2 leucine zipper undergo slow
exchange on the chemical shift time scale (Fig. 5, B and C). To
further improve the identification of exchange cross peaks,
both versions of the exchange experiment were combined into
a three-dimensional version that has the appearance of a three-
dimensional >N NOESY-HSQC. A few representative slices
are shown in Fig. 5D. Using this three-dimensional exchange
spectrum it was possible to identify more than 34 exchanging
pairs of resonances suggesting that essentially the entire pro-
tein is subject to exchange and that only two isoforms of the
protein exist in solution. Comparison of the diagonal peak
intensities of selected well-resolved exchange pairs suggests
that both forms of the protein exist in almost equal abundance.
A quantitative analysis of the exchange was performed by
fitting cross and diagonal peak intensities of pairs of exchanging
resonances from a series of exchange experiments with differ-
ent mixing times to yield the exchange rate (k) and the N
longitudinal relaxation rate (R;) (22). An example for the fit is
shown in Fig. 5E for one of the four exchanging pairs that were
analyzed. The values obtained for k., 18.2,17.4,16.9, 17.2 s L

ex’?

were well within the error of the fitting procedure so that they
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FIGURE 3. Comparison of the leucine zipper constructs LZ5 (blue) and LZ0
(red). A, CD spectrum at T = 298 K, concentration 50 um, path length 1 mm.
B, thermal melting curve measured at A = 222 nm. Melting temperatures
obtained from fits to a two state unfolding equation are 57.8 =+ 0.2 °C for LZ5
and 66.6 = 0.2 °C for LZ0. C, superposition of >N HSQC experiments recorded
at 600 MHz and T = 298K.

were averaged to give a single rate constant of 17.4 + 1.7 s~ !
assuming a single, cooperative exchange event. '°N R, values
obtained from the same fit for the four systems were 1.5, 1.7,
1.4, and 1.6 s~ ', averaged to 1.6 * 0.3 s~ '. Fitting the peak
intensities of resolved diagonal peaks directly to an exponential
decay to obtain the apparent '°N R, gave values of 14.9, 16.8,
15.3,16.1 s " which averaged to 15.8 + 1.6 s~ ', approximately
ten times the nominal value. These dynamics values were com-
plemented by the direct measurement of >N R, and R, values.
For the four well defined resonances R, values of 14.1, 15.9,
14.6,15.3 s~ ' and R, values 0f 29.7, 30.8,29,9 and 31.1 s~ * were
obtained giving averages of 15.0 = 0.7 s~ ' and 30.4 = 0.8 s,
respectively.

To ensure that the residues undergoing exchange were not
doing so because they are unstructured, a three-dimensional
5N NOESY-HSQC experiment was also recorded and several
representative slices are shown superimposed on the exchange
spectrum (Fig. 5D). It is apparent that for the majority of reso-
nances with exchange cross peaks there are genuine amide-
amide sequential NOE cross peaks, typical for a-helices. Thus,
the exchange is not a result of unfolding events.

Probing the Leucine Zipper Conformational Exchange by Site-
directed Mutagenesis—The existence of two conformations in
all recombinant versions of the leucine zipper made interpreta-
tion of NMR spectra very difficult. This was due, firstly, to
extensive overlap of peaks: the chemical shift dispersion of
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FIGURE 4. Sedimentation velocity analytical ultracentrifugation. c(s) dis-
tributions for (A) 228 uM LZ0 (B) LZ5 (blue) and LZ5 K309C/C335A at a con-
centration of 224 uM in reducing (red) and non-reducing conditions (green).
LZ5 wt is shown in blue, LZ5 K309C/C335A in reducing buffer in red and in
non-reducing buffer in green. For details on the data analysis see “Experimen-
tal Procedures.” For full results see Table 1.

TABLE 1

Sedimentation velocity results for the leucine zipper constructs
employed in this study

Monomer Apparent

Construct Supp S20w  F/Eg MW MW

N S kDa kDa
LZ0, 228 um 086 140 1.7 87 17.0
LZ0, 29 um 089 140 1.7 87 17.7
LZ5 1.10 111 1.5 5.4 10.7
LZ5 C335A/K309C reduced 1.07 1.08 15 54 10.0
LZ5 C335A/K309C oxidized 1.05 1.06 1.6 54 10.1

coiled-coils is notoriously poor and so was made worse by hav-
ing two highly similar versions of the same protein in the sam-
ple. Furthermore, although the chemical exchange is slow on
the chemical shift time scale, it is very close to the transition
region toward intermediate exchange. As a result, both longi-
tudinal and transversal relaxation rates of protons and nitro-
gens are significantly accelerated, making the recording
of complex three-dimensional experiments required for
sequence specific assignment and structure calculation vir-
tually impossible.

It was therefore decided to employ site-directed mutagenesis
to probe the LZ structure and dynamics. For this, we hypothe-
sized that the conformational dynamics might result from
exchange between the two alternative heptad repeats described
earlier (see Fig. 2). To test this hypothesis, individual arginine/
lysine or glutamate positions in the 2nd or 3rd heptad repeats
were mutated to cysteine. The intrinsic cysteine of the leucine
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FIGURE 5. NMR spectra of LZ5. A, HSQC spectrum at T = 278K, 600 MHz. B, '°N exchange experiment shown as HSQC (red), mixing time 60 ms, superimposed
on HSQC (blue). Connections of exchanging species in the HSQC spectrum via the cross peaks in the exchange spectrum are shown by black boxes for a few
residues. C, >N exchange experiment shown as NOESY, mixing time 60 ms. The exchange for a number of residues is illustrated by red squares. D, superposition
of "H-"H slices of the three-dimensional °N exchange experiment (64 ms mixing time) with a >N NOESY-HSQC (100 ms mixing time). Contours for the NOESY
arein red, contours for the exchange experiment in blue. E, time dependence of exchange (red, green) and diagonal peak (blue, magenta) intensity of a selected

residue (boxes) compared with the results of the fits (continuous lines). Fitting errors are shown below.

zipper, Cys-335, was replaced by alanine to avoid interference.
Assuming that the Nek2 leucine zipper folds as a parallel coiled-
coil, a disulfide bridge can form between cysteines in either
the A-position (mutation from glutamate) or the D-position
(mutation from lysine/arginine) once the sample is in non-re-
ducing buffer. Disulfide bonds in coiled-coils have been
observed to occur naturally, e.g. in myosin (29) and were shown
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to contribute to the stability of the coiled-coil in synthetic leu-
cine zippers (30).

Based on this hypothesis, one would predict that a glutamate
to cysteine or lysine/arginine to cysteine mutant under non-
reducing conditions should exist in only one conformation and
should not exchange. Should it be possible to obtain NMR spec-
tra of conformationally “locked” mutants then, at least in gen-
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FIGURE 6. CD spectroscopy of the LZ5 K309C/C335A mutant. A, CD spec-
trum at T = 278 K. The spectrum of the reduced protein is shown in red, the
spectrum of the oxidized protein is shown in blue. B, thermal unfolding
curves. The measured data is shown in red boxes for the reduced sample and
in blue boxes for the oxidized sample. The fitted curves are shown for both
samples as thin black lines. Melting temperatures obtained from a fit to a two
state unfolding equation are 57.7 * 0.3 °C for the oxidized sample and 24.3 =
0.3 °C for the reduced sample.

eral, it should be possible to reconstruct the spectrum of the
wild-type protein from the spectra of one pair of cysteine
mutants, representing the heptad I or heptad II conformation.
Initially, experiments were attempted with an LZ5-E310C/
C335A mutant that should lock the protein in the heptad II
conformation with the acidic residues in the A position. How-
ever, CD spectra showed only a modest amount of a-helix at
lower temperatures, regardless of the oxidation state of the
buffer, while AUC data of this mutant could not be interpreted
and "N HSQC spectra were even more complex than those
obtained with the wild-type protein (data not shown). All of
these data suggest that the mutant is unfolded or at best only
partially folded.

We therefore prepared an LZ5-K309C/C335A mutant to
lock the heptad I conformation with the basic residues in the D
position. A preliminary analysis of this mutant by CD showed
that oxidation of the cysteines to form the expected disulfide
bond led to a substantial increase in the a-helix content (Fig.
6A). This reflects the fact that a reduced cysteine in position D
destabilizes the leucine zipper (30). The reduced form also had
a much lower stability compared with the oxidized form as
illustrated by the thermal unfolding characteristics. The melt-
ing temperature of the reduced form was around 27 °C, while
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FIGURE 7. NMR spectra of the LZ5 K309C/C335A mutant. A, '°N HSQC of
LZ5-K309C/C335A, oxidized, T = 298K. B, same as in A superimposed on the
spectrum of wild-type LZ5. Two exchange pairs are indicated by brackets in
the well resolved part of the spectrum of the wild-type protein B: "N
exchange experiment shown in NOESY view of oxidized LZ5 K309C/C335A
superimposed on the same experiment for wild-type LZ5. In both Band Cthe
spectrum of wild-type LZ5 is red, for LZ5-K309C/C335A blue.

the oxidized form melted at 55°C (Fig. 6B). While the CD
experiments did not provide information on the protein
dynamics, they did suggest that the mutated protein folds into a
parallel coiled-coil. This was supported by AUC sedimentation
velocity data indicating the existence of a dimer in non-reduc-
ing buffer (Table 1). Fig. 4B shows the c(s) distributions for LZ5
and the double mutant K309C/C335A in reducing and non-
reducing conditions. Again, there is one main peak with fitting
parameters suggesting a molecular weight close to that of the
dimer over the entire concentration range tested.

To analyze the effect of disulfide bond formation on the
exchange dynamics, a HSQC spectrum of the mutant LZ5
K309C/C335A was recorded in non-reducing buffer (Fig. 7A).
It was apparent that the total number of peaks was significantly
less than in a spectrum of wild-type LZ5. Automatic peak pick-
ing produced a total of just over 40 peaks, very close to the
predicted number of 45. This suggests that this sample con-
tained only a single conformation of the leucine zipper. A direct
comparison of the C335A and K309C/C335A mutants of LZ5
revealed the similarity of the spectra (Fig. 7B, supplemental Fig.
S2). In the resolved region on the left, it was particularly appar-
ent that, as predicted, one peak of an exchanging pair (indicated
by brackets) vanished leaving only its partner behind. It was
apparent that the peaks were much sharper than in the HSQC
of the wild-type protein, also hinting at a significant change in
the dynamics of the protein. This observation was confirmed by
a NOESY-type exchange experiment which had no exchange
cross peaks at all (Fig. 7C). The good quality of the spectra
allowed us to obtain an almost complete backbone and partial
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side chain assignment (deposited with the BMRB, accession
code 17417). This was used to collect an extensive set of sec-
ondary structure specific proton-proton distances which sup-
port the well defined helical structure (supplemental Fig. S6). In
addition, 'H-"°N residual dipolar couplings were recorded and
compared with RDC values calculated for models created for
both conformers shown in Fig. 84. As can be seen in Fig. 8C
there is good agreement of the experimental data with those
predicted for the Hepl model (axial component Da = 9.33 10~ %,
rhombic component Dr = 1.80 10~ %, correlation coefficient r =
0.84, Q-value 0.21) while very little agreement is seen with those
predicted for Hepll (axial component Da = —3.20 102, rhom-
bic component Dr = —2.06 103, correlation coefficient r =
0.34, Q-value 37.3). Taken together, these data strongly support
the hypothesis that the LZ5 K309C/C335A mutant represents
one of the conformers observed for the wild type leucine zipper.

DISCUSSION

Unusual slow chemical exchange between two conforma-
tions with a rate of 17 s~' was observed for the Nek2 leucine
zipper in solution. This exchange was observed regardless of
construct, sample or any other experimental conditions (sup-
plemental Fig. S4—6) so that it cannot be dismissed as an arti-
fact but has to be seen as a genuine property of the isolated
domain that may well hold true for the full-length kinase in vivo.

Examples of dynamics in leucine zippers based on experi-
mental data are few and far between. A modest level of dynam-
ics, albeit fast on the chemical shift timescale, was inferred from
a comparison of the NMR data with the crystal structure of the
first well characterized leucine zipper, GCN4 (3, 31) and similar
observations were made in the leucine zipper of c-Jun (32, 33).
These were based on the presence of an asymmetric conforma-
tion of a central asparagine in the crystal structure while only a
single signal was seen in the NMR spectra suggesting fast aver-
aging in solution.

Slow chemical exchange between folded conformations for a
protein involving a leucine zipper was only ever observed once,
in the case of the tetramerization domain of the Mnt repressor
(34). The tetrameric leucine zipper exists in two different con-
formations which are generated by a staggered assembly of two
coiled-coil dimers that are packed into a distorted four helical
coiled-coil. Such a complex assembly is well beyond the capa-
bilities of the small dimeric Nek2 leucine zipper.

The best explanation for the unusual dynamics of the Nek2
leucine zipper would therefore seem to be the existence of two
coiled-coils based on a shift in the heptad register (Fig. 84)
where the charged side chains in the A/D positions minimize
adverse interactions by extending outside the hydrophobic core
with their charged groups (Fig. 8B). Determination of the struc-
ture by experimental methods is very challenging and efforts to
crystallize the protein may well fail as a result of these inherent
dynamics. Also standard NMR methods cannot be used to
obtain structural information because of the detrimental effects
caused by the exchange rate of 17 s '. Even though it is slow on
the chemical shift timescale, it is still sufficiently fast to have
detrimental effects in NMR experiments. As a consequence it is
impossible to record triple resonance three-dimensional exper-
iments required for complete assignments.
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We were therefore forced to use an indirect approach based
on its unusual sequence to investigate the dynamics of the Nek2
leucine zipper. As this sequence contained only one leucine
every seven amino acids, there were two ways of positioning the
heptad (Figs. 24 and 8A4). In essence, both heptads satisfied the
definition of a leucine zipper albeit with charged residues in
places normally occupied by hydrophobic amino acids. A sim-
ilar arrangement has been previously described in the myosin
coiled-coil (29), where polar residues in these positions have
long side chains so that the charged group is at least partly
solvent accessible, while the long aliphatic portion can make
some contribution to the hydrophobic core as shown in Fig. 8B.
The downside of such an arrangement is unfavorable side chain
torsion angles that compromise the stability of such leucine
zippers.

To provide experimental proof for the two heptad hypothesis
we decided to lock the protein in one of the two conformations
using a disulfide bond. Two mutants were generated in LZ5,
K309C to lock heptad I and E310C to lock heptad II, both as
double mutants with C335A to avoid interference. Mutant
K309C/C335A in non-reducing buffer performed very much as
expected: it stopped the exchange and reduced the number of
peaks in the HSQC to that expected for a simple leucine zipper.
Moreover, the line widths of the peaks were now more consis-
tent with proteins of this molecular weight. The fact that these
peaks did not exactly match the peaks in the wild type spectrum
can be explained by the presence of a double mutant and the
significant changes in environment introduced by the disulfide
bond. A similar, though less apparent, effect of the formation of
the disulfide bond in the K309C/C335A double mutant was also
seen in LZ0 (supplemental Fig. S6). In addition to supporting
our assumption that the K309C/A335C mutant represents
the Hepl conformation this result provides indirect evidence
for the distinct charge distribution on the surface of the two
conformers. Their overall shape is virtually identical (Fig.
8A) so that not much of a difference could be expected if
their alignment was purely steric. Using pfl phage as align-
ment medium, however, means that the alignment is
strongly driven by electrostatic interactions, which allows to
differentiate the two different conformers as suggested pre-
viously (35, 36).

In contrast, mutant E310C/C335A did not give a clear cut
resultin agreement with previous results. The disulfide bond
for residue Cys-310 would be in the A position which was
shown to be destabilizing rather than stabilizing unless
located right at the N or C terminus (30). As the Nek2 leucine
zipper is already less than ideal, the modest destabilization
by a disulfide bond in the A position could compromise the
entire structure.

While it would be preferable to have at least one mutant to
lock each conformation, we believe that these data are sufficient
to provide support for the hypothesis that the slow exchange
seen in the NMR spectra of the Nek2 leucine zipper results from
the interconversion of the two possible heptad arrangements.
The actual conformational change would be a simple rotation
of each helix by ~20° about its long axis. The relationship
between degree of structural change required and time scale of
exchange matches well the two examples in the literature: the
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FIGURE 8. A, model of the proposed conformations of the Nek2 leucine zipper. The leucine zipper for both conformations is shown with the N terminus at the
top and the C terminus at the bottom. The main chain is shown as a helical scheme, the side chains are shown as stick models. No hydrogens are shown. Side
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of the coiled-coil as marked by arrows in A. C, validation of the model by measurement of "H-">N RDC values for mutant K309C/C335A of LZ5. Measured RDCs
on the x-axis are compared with predicted RDCs (on the y-axis) calculated with PALES for the two models.

rearrangement in the Mnt tetramerization domain is substan-  chain in GCN4 and c-Jun, which happens on a fast timescale
tial which is reflected in the slow exchange rate (1 s~') when (>1000s").

compared with the Nek2 leucine zipper (17 s~ '), which in turn The populations of the two conformations as judged by the
is much slower than the simple rotation of the asparagine side peak intensities in the HSQC spectra is not far from 50:50, sug-
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gesting that the exchange, at least in vitro, does not serve to shift
the equilibrium toward one or other of the conformations. Nev-
ertheless, the surfaces, in particular the charge distribution, of
both conformations are very different: heptad I has a highly
positive charge density in the center and negative charges on
the edges, while heptad IT has negative charges on the inside and
positive charges on the ridges, indirectly supported by the RDC
data (Fig. 84). As a result the conformational exchange could be
modulated by the interaction of Nek2 with partner proteins or
via phosphorylation, which has been shown to occur on serines
299 and 300 in a cell cycle-dependent manner (16).

An externally triggered shift in the register of a heptad repeat
has been suggested recently for two completely different pro-
teins, the microtubule binding domain (MTBD) of dynein (37,
38) and the HAMP domain that is found in a range of trans-
membrane proteins (39). In the case of MTBD it is hypothe-
sized that binding to microtubules is the initial trigger and that
the heptad repeat shift is used to transmit this signal to the
distant AAA+ domain ring structure to activate the ATPase
activity. For both these proteins indirect data based mainly on
site directed mutagenesis was used to support this hypothesis
even though only one form of each protein was observed. The
latter is possibly due to the fact that the heptad repeat sequence
conforms much more to the standard than is the case with
Nek2. As a result, it is therefore not surprising to see a heptad
repeat shift as a tool for signal transmission within a protein.
The leucine zipper of Nek2 kinase is simply a more extreme
case than MTBD and HAMP, which makes it the first protein
where this shift could be observed experimentally. In eukary-
otic cells coiled-coil proteins are often part of highly dynamic
structures and we expect that our findings will stimulate new
approaches to understanding cellular regulation. This will
make the Nek2 leucine zipper a powerful model system for the
experimental study of this novel mechanism for the regulation
of protein function.
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