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ABSTRACT: Cytokinesis is the process by which one cell divides into two. Key in the cytokinetic mechanism
of Schizosaccharomyces pombeis the contractile ring myosin, which consists of two heavy chains (Myo2p),
two essential light chains (Cdc4p), and two regulatory light chains (Rlc1p). Cdc4p is a dumbbell-shaped
EF-hand protein composed of N- and C-terminal domains separated by a flexible linker. The properties
of these two domains are of particular interest because each is hypothesized to have independent functions
in binding different components of the cytokinesis machinery. To help define these properties, we used
NMR spectroscopy to compare the structure, stability, and dynamics of the isolated N- and C-terminal
domains with one another and with native Cdc4p. On the basis of invariant chemical shifts, the N-domain
retains the same structure in isolation as in the context of the full-length Cdc4p, whereas the C-domain
appears markedly perturbed. This perturbation results from intramolecular binding of the residual linker
sequence at the N-terminus of the C-domain in a mode similar to that used by native Cdc4p to associate
with target polypeptide sequences. NMR relaxation, thermal denaturation, and amide hydrogen exchange
experiments also indicate that the C-domain is less stable and more dynamic than the N-domain, both in
isolation and in the full-length protein. We hypothesize that these properties reflect a conformational
plasticity of the C-domain, which may allow Cdc4p to interact with several regulatory or contractile ring
proteins necessary for cytokinesis.

Research on cell division has been ongoing since the 19th
century, and although significant progress has been achieved,
it is still unclear how this process works precisely at the
molecular level (1). Understanding the mechanisms and the
regulation of cell division is of great importance not only
because of the fascinating coordination of the cytoskeletal
“nanomachinery” but also because proteins involved in cell
division are targets for drug design to treat diseases such as
cancer (2).

The final stage of cell division is known as cytokinesis.
In most organisms, the cell divides into two via the
contraction of an actin-myosin ring (3). The contractile ring
responsible for cytokinesis contains, among other proteins,

actin and myosin, a well-characterized molecular motor. Type
II myosin is a hexamer composed of two heavy chains, two
essential light chains (ELC),1 and two regulatory light chains
(RLC) (4). One of the model organisms for characterizing
cytokinesis at the molecular level is the fission yeast
Schizosaccharomyces pombe(5). In S. pombe, there are two
type II myosins. Myo2p is the main myosin heavy chain of
the contractile ring, while Myp2p is nonessential and required
by cells under conditions of stress (6). Co-immunoprecipi-
tation and genetic studies have shown that the essential and
regulatory light chains are Cdc4p (7, 8) and Rlc1p (9, 10),
respectively. Myo2p has two IQ motifs (IQxxxRGxxxR,
where “x” is any residue), with Cdc4p binding principally
to IQ1 and Rlc1p to IQ2 (8, 9, 11).

Similar to calmodulin (12-16), troponin C (17-20), and
the myosin light chains (21, 22), Cdc4p is a dumbbell-shaped
protein composed of N- and C-terminal EF-hand domains
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separated by a flexible linker (Figure 1A) (23). In contrast
to many EF-hand proteins, yet similar to skeletal muscle ELC
(21, 24, 25), purified Cdc4p does not bind calcium (23), and
the mechanism for its regulation is still unknown. The
existence of two domains connected by a flexible linker in
Cdc4p raises questions about their structural and functional
independence. In addition to binding Myo2p and Myp2p,
two-hybrid screens revealed that only the C-domain of Cdc4p
is required for interaction with a phosphatidylinositol (PI)
4-kinase, whereas both the N- and C-domains are needed
for binding Vps27p, a zinc-finger domain protein implicated
in vacuolar and endocytic membrane traffic (26-28). There
is also evidence that Cdc4p interacts with Rng2p, an IQGAP
protein, and with Myo5p, a type V myosin (11, 29). Recently,
Terrak et al. determined the crystal structures ofSaccharo-
myces cereVisiaeMlc1p, an orthologue of Cdc4p, bound to
peptides corresponding to the neck region of the Myo2p from
this yeast (30). Interestingly, the Mlc1p bound different IQ
motifs of Myo2p in two distinct modes, one involving only
its C-domain and the other using both N- and C-domains
(30).

With the goal of characterizing the structure, dynamics,
and binding properties of the domains of Cdc4p, genes
encoding each were cloned and expressed separately, yielding
fragments denoted as Cdc4p-N and Cdc4p-C (Figure 1B).

The structure and fast time scale backbone dynamics of
isolated Cdc4p-N resemble closely those of the N-domain
in Cdc4p, yet surprisingly, its stability is higher as judged
by amide hydrogen-exchange measurements. On the other
hand, the stability, structure, and fast time scale dynamics
of isolated Cdc4p-C are all different from those of the
C-domain in Cdc4p. In particular, properties of the isolated
C-domain are dependent upon its precise N-terminal se-
quence due to intramolecular binding of this residual linker.
Our results demonstrate that the C-domain of Cdc4p is both
more structurally plastic and conformationally dynamic, as
well as less thermodynamically stable, than the N-domain
of this ELC. We hypothesize that these properties may allow
Cdc4p to interact differentially via each domain with several
regulatory or contractile ring proteins necessary for cytoki-
nesis.

EXPERIMENTAL PROCEDURES

Cloning. A cdc4cDNA construct in theEscherichia coli
expression vector pRSET B (Invitrogen) was a gift of Dr.
Dan McCollum (Vanderbilt University). The genes encoding
full-length Cdc4p (accession number Q09196, residues
1-141), its N-terminal domain (Cdc4p-N, residues 1-75),
and its C-terminal domain (Cdc4p-C, residues 72-141) were
subcloned by PCR methods into pET28a expression vector
(Novagen). The plasmid also encodes an N-terminal His6

tag with a thrombin cleavage site such that three extra amino
acids (Gly-Ser-His) remain after removal of the tag (Figure
1B). The clones were verified by DNA sequencing.

Protein Expression and Purification.The expression and
purification of Cdc4p, lacking a His6 tag, have been described
previously (23). This protein was used for NMR relaxation
and thermal denaturation studies. In the cases of the pET28a-
encoded proteins, freshly transformedE. coli BL21(λDE3)
cells were grown overnight in 25 mL of Luria broth, collected
by centrifugation, and transferred to 1 L of Luria broth for
unlabeled proteins or minimal M9 medium containing 1 g
of (99%)15NH4Cl (Spectral Stable Isotopes) for uniform15N
labeling. When cells reached an OD600 of ∼0.6, protein
expression was induced with 1 mM IPTG. Cells were then
grown overnight at 30°C, harvested by centrifugation, and
frozen at-70 °C prior to further purification.

ThawedE. coli pellets were resuspended in binding buffer
(5 mM imidazole, 50 mM HEPES, 500 mM NaCl, 5% (v/v)
glycerol, pH 7.5) and lysed by passage through a French
press (1000 psi) followed by sonication (duty cycle∼50%,
10 min). After centrifugation at 15000 rpm for 30 min, the
supernatant was passed through a 0.8µm filter (Millex) and
applied to a 5 mLHi-Trap metal affinity column (Amersham
Biosciences). The column was washed with 200 mL of
washing buffer (binding buffer plus 60 mM imidazole), and
the His6-tagged proteins were eluted with elution buffer
(binding buffer plus 250 mM imidazole). Fractions contain-
ing the protein were pooled and placed in 2K MWCO
dialysis tubing. The His6 tag was removed by incubation with
thrombin (∼0.5 mg, Roche) during overnight dialysis at 4
°C into NMR buffer (30 mM potassium phosphate, 100 mM
KCl, 2 mM DTT, 0.1 mM EDTA, pH 6.5). After 48 h, the
reaction was terminated by incubation with 100µL of
p-aminobenzamidine beads (Sigma) for 1 h. The supernatant
was applied to the 5 mL Hi-Trap column to remove the

FIGURE 1: (A) Sequence alignment of the N- and C-domains of
Cdc4p.R-Helices (bars) andâ-strands (arrows) are from the NMR-
derived structure of Cdc4p (PDB entry 1GGW). Identical and
similar residues are highlighted in black and gray, respectively. (B)
Schematics of the constructs studied. The N-terminal Met1 is
posttranslationally removed from Cdc4p. (C) Similar patterns of
1HR secondary chemical shifts (δobs - δref) are observed for
corresponding residues in the isolated C-domains (Cdc4p-C, Cdc4-
Cs) as in Cdc4p, indicating similar secondary structures. Note that
upfield (∆δ < 0) and downfield (∆δ > 0) shifted1HR signals are
diagnostic of R-helices andâ-strands, respectively (75). This
conclusion is confirmed by NOE patterns between main chain
protons (not shown).
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cleaved tag and any uncleaved protein. The samples were
concentrated using a 1K MWCO filter (Pall Filtron) in an
Amicon stirred cell concentrator under N2 gas and stored at
4 °C. Cdc4p-C used for ATCUN-copper binding was
dialyzed into NMR buffer without EDTA and DTT. In each
case, the protein purity was judged to be>95% by SDS-
PAGE, and the protein identity was confirmed by ESI-MS.
The observed (predicted) masses, in daltons, of the15N-
labeled proteins were 15706 (15707.5) for Cdc4p without
an N-terminal Met, 16126 (16125.9) for Cdc4p with a
residual N-terminal Gly-Ser-His, 8670 (8669.5) for Cdc4p-
N, and 8165 (8165.2) for Cdc4p-C. Protein concentrations
were determined by UV light absorption spectroscopy using
predictedε278 values (31) of 4200 M-1 cm-1 for Cdc4p, 1400
M-1 cm-1 for Cdc4p-N, and 2800 M-1 cm-1 for Cdc4p-C.

CleaVage by Acid Hydrolysis.Acid hydrolysis, which
cleaves the Cdc4p linker between Asp75 and Pro76 (32),
was used to produce a further truncated fragment of the
C-domain (Cdc4p-Cs), comprising residues 76-141. A
sample of 15N-labeled His6-tagged Cdc4p, prepared as
described above, but not subjected to thrombin digestion,
was diluted to 8.5 mg/mL in 75% (v/v) formic acid. The
sample was incubated at 37°C for 48 h, dialyzed exhaus-
tively in binding buffer at 4°C, and passed through a Hi-
Trap metal affinity column to remove any uncleaved Cdc4p
and the cleaved N-domain. The resulting Cdc4p-Cs from the
flow-through was purified further by HPLC on a C18 reverse-
phase column (Vydac, 25× 10 cm, 20 mL bed volume)
using a water/acetonitrile gradient with 0.1% trifluoroacetic
acid. After lyophilization, the sample was dissolved in NMR
buffer. The15N-labeled Cdc4p-Cs was judged to be>90%
pure by SDS-PAGE and ESI-MS, with an observed
(predicted) mass of 7478 (7474.4) Da.

Thermal Unfolding.Thermal unfolding measurements
were monitored by CD spectropolarimetry using a Jasco 810
spectropolarimeter equipped with a PRF-452S Pelletier
thermal control. All proteins were purified further by HPLC
on a C18 reverse-phase column (Vydac, 25× 10 cm, 20 mL
bed volume), eluting at 60-65% acetonitrile/water in 0.1%
trifluoroacetic acid. Pooled fractions were lyophilized,
reconstituted in distilled water, and dialyzed overnight at 4
°C into NMR buffer. Samples (∼15 µM final) were placed
in a 0.2 cm quartz cell and thermal denaturation curves
recorded by monitoring the signal at 222 nm as a function
of temperature, increased at a rate of 1°C/min. Reversibility
was confirmed by the observation of similar CD spectra at
5 °C recorded before and after heating.Tm and∆H°vh values
were obtained by fitting the resulting data to a two-state
model (33, 34).

NMR Spectral Assignments.Spectra were recorded at 30
°C using Varian Unity 500 MHz and Inova 600 MHz spec-
trometers. Unless stated otherwise, all samples were in NMR
buffer with ∼5% D2O added for the lock signal. NMR data
were processed using NMRpipe (35) and analyzed by
SPARKY (36). Spectral assignments of full-length Cdc4p
were reported previously (23). The1H-15N HSQC spectrum
of the untagged protein overlapped exactly with that of the
protein with the cleaved His6 tag, indicating that the addi-
tional four N-terminal residues (Gly-Ser-His-Met) did not
perturb the structure of Cdc4p.1H and15N resonance assign-
ments for Cdc4p-N, Cdc4p-C, and Cdc4p-Cs were obtained

from 3D 15N-edited TOCSY- and NOESY-HSQC experi-
ments.

NMR Relaxation Measurements.Amide 15N relaxation
parameters were acquired at a proton frequency of 500 MHz
as described by Farrow et al. (37). Steady-state heteronuclear
{1H}15N-NOE spectra were recorded with and without 3 s
of 1H saturation and a total recycle delay of 5.017 s.
Relaxation rates and correlation times were calculated using
Curvefit (38) and Tensor2 (39), respectively.

Amide Proton-Deuterium Exchange.After recording
reference1H-15N HSQC spectra,15N-labeled Cdc4p, Cdc4p-
N, and Cdc4p-C (∼1 mM) in 500µL of protonated NMR
buffer were lyophilized and redissolved in an equivalent
volume of D2O. Amide exchange rates were measured by
recording a series of sensitivity-enhanced1H-15N HSQC
spectra at 30°C, starting∼5 min after the addition of D2O.
Initial spectra were obtained with a small number of scans
to detect the exchange of the least protected residues, while
later spectra were recorded with a greater number of scans
for improved signal-to-noise ratio. Spectra were scaled
according to the acquisition time and residue-specific
exchange rates,kex, determined by fitting peak heights,I(t),
to the equationI(t) ) I0e-(kex)t + I∞, whereI∞ is the baseline
value, close to zero, due to residual protonated water. The
pH* values after exchange were 6.7( 0.1 for all of the
proteins. Control experiments using H2O buffer demonstrated
that each protein retains its folded structure after rehydration.

Protection factors (krc/kex) were derived from the predicted
exchange rates (krc) for a random coil polypeptide with the
sequence of Cdc4p. These rates were calculated with the
program SPHERE using poly(D,L-alanine) reference data
corrected for amino acid type, pH, temperature, and isotope
effects (40, 41).

Paramagnetic Relaxation.The titration of the ATCUN
motif in Cdc4p-C (500µL, 100 µM) with aliquots of 500
µM CuSO4 in NMR buffer without EDTA and DTT was
monitored using1H-15N HSQC spectroscopy. Amide reso-
nance assignments for the final 1:1 complex were confirmed
from 3D 15N-edited TOCSY- and NOESY-HSQC spectra.
The effective distances from the paramagnetic center to
selected amide protons were calculated as described previ-
ously (42), using paramagnetic relaxation enhancements
derived from proton line width changes and an average global
correlation time of 4.1 ns for Cdc4p-C.

Peptide Binding.A peptide corresponding to IQ1 (residues
775-795) of Myp2p (NSFSARIRGFLTRRRLYRFNHW,
IQ motif underlined) was synthesized on a Rainin Symphony
automated peptide synthesizer and purified by reverse-phase
HPLC. An amidated Trp residue was appended to the
C-terminus of Myp2p IQ1 for quantitation purposes. The
peptide mass was verified by MALDI-MS and quantitated
by absorbance using a predictedε280 ) 6970 M-1 cm-1. The
lyophilized peptide was dissolved in NMR buffer, and
aliquots were added to 500µL solutions of∼100 µM 15N-
labeled Cdc4p, Cdc4p-C, and Cdc4p-Cs. Saturation of
binding was determined by monitoring each titration point
with a 1H-15N HSQC spectrum.

RESULTS

The Isolated Domains Are Folded and Retain the Second-
ary Structure of Full-Length Cdc4p.The 1H-15N HSQC
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spectra of Cdc4p and its isolated domains, Cdc4p-N, Cdc4p-
C, and Cdc4p-Cs, recorded under identical experimental
conditions are shown in Figure 2 (and Supporting Informa-
tion, Figure S1). As evident by the good dispersion of these
HSQC spectra, the individual domains adopt well-folded
structures when separated. From15N-NOESY-HSQC spectra,
similar patterns of sequential, short-range, and cross-strand
NOE interactions between1HN, 1HR, and1Hâ protons were
found for corresponding residues in Cdc4p and its isolated
domains (data not shown). Therefore, Cdc4p-N, Cdc4p-C,
and Cdc4p-Cs retain similarR-helix andâ-strand secondary
structures as in native Cdc4p. This conclusion is supported
by a comparison of the1HR secondary chemical shift patterns
for Cdc4p, Cdc4p-C, and Cdc4p-Cs (Figure 1C).

The Tertiary Structure of the Isolated C-Domain Is
Perturbed RelatiVe to Full-Length Cdc4p.Chemical shift
differences between corresponding amides in the full-length
protein and each domain are plotted in Figure 2C. With the
exception of signals arising from the cleaved linker, peaks
in the spectrum of Cdc4p-N superimpose almost exactly with
the corresponding signals in the spectrum of Cdc4p. Given
the exquisite sensitivity of the1H and15N chemical shifts of
an amide to its environment, this clearly demonstrates that
the N-domain retains the same secondary and tertiary
structure whether in isolation or in the context of the full-
length protein. In contrast, resonances from amides through-
out Cdc4p-C and Cdc4p-Cs are significantly altered relative

to Cdc4p, indicative of structural perturbations. Since their
secondary structures are retained, the differences in the1H-
15N HSQC spectra between native Cdc4p and the isolated
C-domain fragments must reflect conformational changes at
the tertiary structural level.

The observation that the structure of the C-domain, but
not N-domain, changes upon its isolation is surprising, as
one would have expected neither domain to be perturbed if
they behave as “beads on a string” or both to be perturbed
if they interact in the context of native Cdc4p. To probe for
possible interactions between the isolated domains of Cdc4p,
1H-15N HSQC spectra of15N-labeled Cdc4p-C or Cdc4p-N
(∼130µM) were recorded in the absence and presence of a
10-fold molar excess of unlabeled Cdc4p-N or Cdc4p-C,
respectively. No significant spectral changes were observed
in either case, indicating that the two separate domains do
not interact with any measurable affinity (data not shown).
This prompted us to examine the effects of the N-terminal
residues remaining from the cleaved linker.

Previous NMR spectroscopic studies of Cdc4p (23)
demonstrated that the N-domain and C-domain are connected
by a flexible proline-rich linker (65NRPNGFDMPGDPEE78,
Figure 1B). We initially reasoned that cleavage at Met72,
near the center of the linker, would leave seven unstructured
residues, plus a Gly-Ser-His tripeptide from the His6 tag,
preceding the C-domain, and thus should avoid the introduc-
tion of any non-native effects such as a new positively

FIGURE 2: Superimposition of the1H-15N HSQC spectra of (A) Cdc4p-N (black) and (B) Cdc4p-C (blue) onto that of Cdc4p (red). Main
chain amide assignments are for residues of Cdc4p-C showing a chemical shift perturbation with respect to Cdc4p greater than 35 Hz.
Aliased peaks are marked (*). (C) Changes in the amide chemical shifts of corresponding residues in the isolated domains [(b) Cdc4p-N,
(1) Cdc4p-C, and ([) Cdcp4-Cs] versus full-length Cdc4p, calculated as [(∆V1H)2 + (∆V15N)2]1/2 with data recorded on a 500 MHz NMR
spectrometer. The secondary structure elements of Cdc4p are shown (R-helices, bars;â-strands, arrows). The excellent overlap between the
spectra of Cdc4p and Cdc4p-N indicates that the N-domain has the same secondary and tertiary structures in isolation and in the native
protein, whereas the poor overlap between parts of the spectra of Cdc4p and Cdc4p-C indicates a perturbation in the tertiary structure of
Cdc4p-C.
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charged amino group immediately adjacent to the domain
(Figure 1). Indeed, on the basis of the lack of medium/long-
range NOE interactions (data not shown), the residual linker
of Cdc4p-C appears to be predominantly unstructured.
Nevertheless, to test this assumption, we subsequently used
acid hydrolysis to selectively cleave Cdc4p between Asp75
and Pro76 and thereby remove the Gly-Ser-His extension
as well as residues 72-75. With the exception of the first
∼10 N-terminal residues, the chemical shifts of correspond-
ing amides in the1H-15N HSQC spectrum of the truncated
construct, Cdc4p-Cs, appeared to be intermediate between
those of Cdc4p and Cdc4p-C (Figure 2C and Supporting
Information, Figure S1). Thus the spectral, and hence
structural, perturbations of the C-domain depend on the
nature of the preceding linker sequence.

Thermal Denaturation Studies ReVeal That Cdc4p-N Is
More Stable Than the Cdc4p-C.CD spectropolarimetry was
used to monitor the temperature-dependent unfolding transi-
tion of Cdc4p and its isolated domains (Figure 3). Cdc4p
reversibly unfolds with an apparent midpointTm of 67 °C at
pH 6.5. The transitions corresponding to unfolding of the
individual domains could not be resolved. Surprisingly, upon
cleavage of its linker, theTm values of both isolated domains
increased, with Cdc4p-N having the highestTm of 74 °C
and Cdc4p-C an intermediate value of 71°C. However,
further truncation of the linker to produce Cdc4p-Cs sig-
nificantly lowered the stability of the C-domain, as reflected
by a Tm of 60 °C. Consistent with1H-15N HSQC spectral
comparisons, the properties of the C-domain are dependent
upon the residues at its N-terminus.

The C-Domain Shows Less Protection from Amide Hy-
drogen Exchange Than the N-Domain.Amide proton-
deuterium exchange (HX) experiments were used to probe
the stability and dynamics of the domains of Cdc4p in
isolation and in their native context. In addition to the known
effects of sequence, the exchange rate of a specific amide

hydrogen in a protein is dependent upon its structural
environment, including hydrogen bonding and solvent ac-
cessibility, as well as local and global fluctuations leading
to water contact (43). The measured exchange lifetimes (1/
kex) of Cdc4p, Cdc4p-N, and Cdc4p-C reveal three striking
conclusions (Figure 4). First, whether in isolation or in the
full-length protein, amides within the N-domain exchange
on the order of 10-100-fold slower than those in the
C-domain. Second, amides in Cdc4p-N and Cdc4p-C have
lifetimes 1.5-10 times longer than the corresponding amides
in Cdc4p. Third, in all cases, the linker residues, as well as
helix E of the C-terminal domain, exchange within the
deadtime of the experiment (∼2 min), indicative of signifi-
cant solvent accessibility and/or conformational mobility.

Under EX2 conditions, protection factors can be inter-
preted as the inverse of an equilibrium constant for fluctua-
tions between a closed nonexchangeable state and a tran-
siently open exchange-competent state (43). Thus protection
factors provide a measure of residue-specific free energy
changes,∆G°HX ) RT ln(krc/kex), governing local and global
conformation dynamics allowing exchange. On the basis of
the largest protection factors measured for the N-domain in
Cdc4p-N (Phe60, 2.8× 105) and in Cdc4p (Phe60, 4.4×
104), the minimum estimates of the free energy changes for
global unfolding of this domain under native conditions are
7.5 kcal/mol in isolation and 6.4 kcal/mol in the native
protein. Similarly, from the largest protection factors for the
C-domain in Cdc4p-C (Lys109, 6.9× 103) and in Cdc4p
(Leu119, 5.4× 102), the minimum estimated free energy
changes for unfolding of this domain are 5.3 kcal/mol in

FIGURE 3: Thermal denaturation of Cdc4p (s), Cdc4p-N (- -),
Cdc4p-C (‚‚‚), and Cdc4p-Cs (- ‚ -) at pH 6.5 monitored by CD
spectropolarimetry demonstrates that the isolated N-domain is more
stable than the isolated C-domain and that stability of the C-domain
is dependent upon the residual linker sequence. The displayed data
were smoothed with a running average function and then normalized
to the respective end points. The raw data were fit (34), yielding
the following parameters: Cdc4p,Tm (apparent)) 67 °C; Cdc4p-
N, Tm ) 74 °C, ∆H°vh ) 45.4 kcal mol-1; Cdc4p-C,Tm ) 71 °C,
∆H°vh ) 38.2 kcal mol-1; and Cdc4p-Cs,Tm ) 60 °C, ∆H°vh )
23.9 kcal mol-1. The van’t Hoff enthalpy for Cdc4p was not
determined because its denaturation profile represents the contribu-
tions of its two constituent domains.

FIGURE 4: Amide proton-deuterium exchange reveals that Cdc4p-N
is more stable than Cdc4p-C, and both are more stable in isolation
than when linked together in Cdc4p. (A) HX lifetimes for Cdc4p
(hatched bars) and Cdc4p-N and Cdc4p-C (solid bars) at pH 6.5
and 30°C. The dashed horizontal lines show the minimum lifetimes
that could be measured under the experimental conditions for Cdc4p
and Cdc4p-C (lower line) and Cdc4p-N (upper line). The initial
spectra of Cdc4p and Cdc4p-C were acquired faster than the initial
spectra of the slower exchanging Cdc4p-N, giving the difference
in these lower limits. Dots indicate residues for which a signal was
detected only in the first spectrum recorded for each protein, thus
precluding a reliable measurement ofkex. Filled and empty dots
correspond to residues in Cdc4p and the isolated domains,
respectively. Missing data are for prolines, residues with no
detectable signal in the first spectra recorded (i.e., linker and helix
E), or residues with overlapping signals. (B) Difference in free
energies,∆∆G° ) -RT ln(kex,domain/kex,Cdc4p), associated with the
conformational equilibria between closed and open exchange states
for each residue in the isolated domains compared with those in
Cdc4p.
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isolation and 3.8 kcal/mol in Cdc4p. Thus, Cdc4p-N is more
stable against HX than Cdc4p-C, and both are more stable
in isolation than in the intact protein under native conditions.

NMR Relaxation Highlights the Context-Dependent Dy-
namics of the C-Domain.The dynamic properties of Cdc4p
and its isolated domains were investigated using amide15N
relaxation experiments (Figure 5). From the measuredT1 and

T2 values, summarized in Table 1, the effective correlation
times for the global tumbling of Cdc4p-N and Cdc4p-C are
4.6 and 4.1 ns, respectively. These values are consistent with
those expected for monomeric proteins having the molecular
mass of Cdc4p-N (8.7 kDa) and Cdc4p-C (8.2 kDa) (44).
The longerT1 and shorterT2 times measured for Cdc4p
reflect the higher molecular weight and hence slower
tumbling of this full-length protein.

In addition to providing a measure of the global rotational
diffusion of a protein,15N relaxation data reflect the local
mobility of its polypeptide backbone on a residue-specific
basis. In general, reduced{1H}15N-NOE values and elevated
T2 lifetimes indicate enhanced flexibility on a nanosecond
to picosecond time scale, whereas shortT2 lifetimes arise
from conformational exchange broadening on a millisecond
to microsecond time scale. Although motional anisotropy
may also lead to local, structure-dependent variations in the
measured relaxation parameters, these effects are attenuated
by consideration of the productR1R2 [)1/(T1T2)]. Specifi-
cally, low R1R2 values reflect residues with enhanced fast
time scale mobility, whereas high values serve to distinguish
those residues undergoing conformational exchange broaden-
ing (45). For example, flexibility on the nanosecond to
picosecond time scale for the linker, termini, and loops (i.e.,
between helixes A and B) of Cdc4p is evident from the
relaxation data presented in Figure 5. This behavior has been
discussed previously in terms of the structure of Cdc4p (23).

Focusing on a comparison of Cdc4p with the isolated
domains, the relaxation parameters measured for Cdc4p-N
closely mirror those of the corresponding residues in Cdc4p.
In combination with HSQC spectral comparisons, these data
indicate that neither the structure nor fast time scale dynamics
of the N-domain are perturbed upon its isolation. Although
the 15N relaxation of Cdc4p-C overall resembles that of the
C-domain of Cdc4p, several notable differences can be seen
in Figure 5 and in Table 1. First, Gly92 appears unusually
dynamic in Cdc4p, with a1H{15N}-NOE value of-0.2,
whereas in Cdc4p-C its relaxation behavior is similar to that
of its neighboring amides. The role of this residue in peptide
binding will be discussed below. Second, several residues
of the C-domain of Cdc4p exhibit anomalously highR1R2

values, whereas the N-domain of Cdc4p, Cdc4p-N, and
Cdc4p-C show more uniform relaxation parameters (Figure
5D). Thus,15N relaxation data indicate the occurrence of
millisecond to microsecond motions in the C-domain of
Cdc4p that are absent in the N-domain and in isolated Cdc4p-
C. Third, although the initial N-terminal linker residues of
Cdc4p-C are clearly flexible, amides 77-93 (helix E and
the preceding two linker residues) have higher1H{15N}-NOE
values than in Cdc4p, indicative of more restricted motion
on the nanosecond to picosecond time scale. This behavior
is unexpected as these residues are no longer tethered to the
N-domain of Cdc4p and, if anything, should show increased
mobility. Indeed, upon further truncation to produce Cdc4p-
Cs, the1H{15N}-NOE values of residues 77-85 become
markedly reduced relative to both Cdc4p and Cdc4p-C,
indicating such increased flexibility (Figure 5A). As shown
below, these differences are explained by the cleaved linker
region binding intramolecularly to the remainder of Cdc4p-
C.

The Chemical Shifts of Thr91 and Gly92 Are Indicators
of the Peptide-Bound Conformation of the C-Domain.The

FIGURE 5: Global and local backbone dynamics of Cdc4p (b),
Cdc4p-N (9), Cdc4p-C (2), and Cdc4p-Cs (1) probed by amide
15N relaxation. Data were collected at 30°C and pH 6.5 using a
500 MHz spectrometer. Missing points correspond to prolines or
residues with overlapping or anomalously weak signals. (A)
Heteronuclear{1H}15N-NOE values of Cdc4p reveal that the fast
time scale dynamics of amides 77-93, which include helix E, as
well as Gly92, are dependent upon the residues N-terminal to the
C-domain. Errors are 2% for Cdc4p and Cdc4p-C and 18% for
Cdc4p-Cs, with the latter reflecting the reduced concentration of
the acid-cleaved protein available for these studies. Based on15N
(B) T1 and (C)T2 relaxation data, (D) the products of the amideR1
()1/T1) and R2 ()1/T2) relaxation rates were calculated, with
average values for each domain indicated by the horizontal lines.
Anomalously lowR1R2 values are indicative of enhanced mobility
on a nanosecond to picosecond time scale, whereas high values
reveal a contribution of millisecond to microsecond conformational
exchange broadening,Rex, to the amide15N transverse relaxation.
With the exception of mobile loop regions, residues in Cdc4p-N
and the N-domain of Cdc4p show relatively uniformR1R2 values.
In contrast, several residues in the C-domain of Cdc4p (Gln84,
Ile94, Asp126, Tyr131, and His132) exhibit highR1R2 values,
indicative of exchange broadening. Such behavior is less pro-
nounced in the isolated Cdc4p-C.
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most pronounced differences between the NMR spectra of
Cdc4p-C and the C-domain of Cdc4p lie with the1HN

chemical shifts of Thr91 and Gly92 (Figure 2C). For
example, the signal from Gly92 is at 8.33 ppm in Cdc4p,
yet at 10.06 ppm in Cdc4p-C (Figure 6). Remarkably, upon
binding a peptide corresponding to the first IQ motif of
Myp2p, the 1HN resonance from Gly92 in Cdc4p shifts
dramatically downfield to 10.16 ppm, whereas in Cdc4p-C
it only moves to 10.11 ppm. Similar to Cdc4p, when the
peptide Myp2p IQ1 is added to Cdc4p-Cs, a clear signal for

Gly92 appears at 9.95 ppm (Figure 6D). Such dramatic
chemical shift changes in Thr91 and Gly92 can be rational-
ized by examining the available structures of apo-Cdc4p (23)
and peptide-bound Mlc1p (30). In the former, the amide
nitrogens of Thr91 and Gly92 are∼9 and∼8 Å away from
the side chain carboxyl of Asp87, respectively (Figure 6G),
whereas in the latter, the corresponding Thr98 and Gly99
are both∼2.8 Å from the side chain of Asp94 (Figure 6H).
This suggests that, upon peptide binding, the conformation
of the Cdc4p C-domain changes, leading to formation of this
hydrogen bond network, as evident by the downfield-shifted
resonances of these two amides, as well as the increased1H-
{15N}-NOE value of Gly92. The observation of such a
spectral signature for apo-Cdc4p-C led us to hypothesize that
the residual linker sequence is bound intramolecularly in a
manner comparable to the intermolecular binding of an IQ-
motif peptide. This hypothesis is supported by paramagnetic
relaxation enhancement studies.

Paramagnetic Relaxation Enhancement Confirms In-
tramolecular Linker Binding by Cdc4p-C.To investigate the
position of the N-terminus of Cdc4p-C with respect to the
remainder of the protein, we exploited the Gly-Ser-His
tripeptide, remaining after thrombin cleavage of the His6 tag,
as an ATCUN motif (46). This motif binds Cu2+ with very
high affinity (KD ≈ 10-15 M), thereby providing a means to
introduce a paramagnetic probe at a specific site in Cdc4p-C
and obtain long-range distance restraints to backbone amide
protons via relaxation enhancement NMR spectroscopy. In
the case of an ordered ATCUN, proton-Cu2+ distances of
∼10-20 Å can be measured from enhanced1H relaxation
(47). At distances less than this lower limit, signals are
generally broadened beyond detection. However, mobility
will attenuate the 1/r6-dependent effect, and thus we have
used this approach primarily as a qualitative indicator of the
proximity of an amide proton to the bound Cu2+ probe.

The relative changes in the1H-15N HSQC peak intensity
of each amide in Cdcp4-C in the absence and presence of a
stoichiometric amount of Cu2+ are presented in Figure 7A
(with spectra shown in Supporting Information, Figure S2).
As expected, signals from amides near the N-terminus of
Cdc4p-C were severely broadened due to paramagnetic
relaxation enhancement from the adjacent ATCUN-bound
metal. However, amides from residues 106-111, between
helices F and G, and residues 134-141 at the C-terminus
of the protein also showed weakened signals indicative of
proximity to the metal ion. To estimate the location of the
ATCUN motif in Cdc4p-C, the distances between the
paramagnetic center Cu2+ and three representative amides,
Glu77, Gly107, and Val135, were approximated from their
1HN relaxation enhancements. Triangulation from their
counterparts in the peptide-bound Mlc1p structure revealed

Table 1: 15N Relaxation Data for Cdc4p and Its Isolated Domains

T1 (ms)a T2 (ms)a R1R2 (s-2)a NOEa τc (ns)b

N-domain in Cdc4p 503( 25 101( 8 19.9( 1.8 0.63( 0.07 7.6( 0.1c

C-domain in Cdc4p 512( 34 91( 27 23.1( 7.7 0.56( 0.14 8.1( 0.1c

Cdc4p-N 403( 26 158( 11 15.9( 1.7 0.64( 0.09 4.6( 0.1
Cdc4p-C 382( 34 164( 18 16.4( 2.9 0.61( 0.08 4.1( 0.1

a Average ((standard deviation) values, excluding highly mobile amides from N- and C-termini.b The effective correlation time (τc) for global
tumbling was calculated for each domain excluding amides exhibiting anomalousT1/T2 ratios or low1H{15N}-NOE values indicative of enhanced
internal mobility.c Each domain was fit separately due to the dumbbell shape of Cdc4p and the presence of a flexible linker.

FIGURE 6: The downfield chemical shifts of Thr91 and Gly92
(boxed) are diagnostic of a peptide-bound conformation of the
C-domain. The left column shows portions of the1H-15N HSQC
spectra of the apoproteins, and the right column shows the same
proteins bound to the Myp2 IQ1 peptide for Cdc4p (A, B), Cdc4p-
Cs (C, D), and Cdc4p-C (E, F). (G) Structure of the C-domain in
apo-Cdc4p (PDB entry 1GGW). The amides of Thr91 and Gly92
are distant from the side chain of Asp87. (H) Structure of peptide-
bound Mlc1p (PDB entry 1M46). The nitrogen atoms of the amides
of Thr98 and Gly99, equivalent to residues 91 and 92 in Cdc4p,
are both positioned∼2.8 Å from the side chain oxygen atoms
Asp94. These hydrogen bonds are likely responsible for the
downfield1HN shifts of Thr91 and Gly92 upon peptide binding by
Cdc4p and Cdc4p-Cs. Surprisingly, free Cdc4p-C shows these
downfield-shifted peaks in the absence of added peptide, indicating
intramolecular binding to the residues from the cleaved linker
sequence.
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that the Cu2+ must lie within the peptide-binding cleft of
Cdc4p (Figure 7). This strongly supports the hypothesis that
the residual linker, including the ATCUN motif, is bound
intramolecularly by Cdc4p-C. However, as evident by the
low 1H{15N}-NOE values of these N-terminal residues
(Figure 5) and their lack of any predominant structure, this
interaction may be transient, reflecting a conformational
ensemble of a bound state(s) in equilibrium with a more
dynamic unbound state(s).

DISCUSSION

Although several studies have stressed the importance of
intact Cdc4p for cytokinesis, its exact roles in this process
remain to be fully elucidated. Cdc4p binds to the actin-
myosin contractile ring, but the observation of interallelic
complementation between mutant forms of the protein,
combined with the results of two hybrid screens and in vitro
assays of myosin motility activity with Cdc4p mutants,
indicates that its function extends beyond that of a simple
ELC (7, 11, 28, 48). In particular, Cdc4p also associates with
other non-myosin proteins via one or both of its two domains
(28). To provide a framework for understanding the molec-
ular mechanisms by which Cdc4p functions in cytokinesis,
we have characterized the structure, stability, and dynamics
of its isolated N- and C-domains. Despite their 39% sequence
similarity and conserved secondary structures, the properties
of the two domains are very distinct. Most dramatically, the
C-domain exhibits a high degree of conformational plasticity
that is revealed by varying the cleaved linker sequence
preceding this domain.

Spectral Perturbations Indicate Structural Plasticity of the
C-Domain.Our studies demonstrate that the structure and
fast dynamics of the N-domain do not change when it is
cleaved from the C-domain. In contrast, the striking differ-
ences between the1H-15N HSQC spectra of Cdc4p-C,
Cdc4p-Cs, and Cdc4p indicate changes in the tertiary
structure of the C-domain that are dependent upon the nature
of the sequence preceding the domain. The structural

perturbation of the isolated C-domain, but not N-domain, is
unexpected. In general, with homologues of Cdc4p such as
vertebrate calmodulin and caltractin, each domain is structur-
ally independent as evident by superimposable NMR spectra
with the full-length proteins (49-52). However, in the case
of S. cereVisiae calmodulin, both isolated domains show
structural changes when expressed separately from the full-
length protein (50). These changes were attributed to
interdomain interactions in the intact protein that were no
longer possible when each domain was studied in isolation.
In support of this argument, mixing of the two domains led
to a heterodimeric complex (KD ∼ 5-15 mM) with an HSQC
spectrum resembling that of the full-length calmodulin.
However, using a similar approach, we were unable to detect
any interdomain interactions between Cdc4p-C and Cdc4p-
N. This indicates that the conformational changes exhibited
by the C-domain, when isolated, are not due to absence of
the N-domain. Furthermore, these results point to a plasticity
of the C-domain that allows it to adopt different conforma-
tions that are dependent upon the precise linker sequence at
its N-terminus.

The Structure of the C-Domain Is Context Dependent Due
to Intramolecular Binding of the Linker Sequence.The
structural perturbations observed for the C-domain of Cdc4p
when isolated prompted us to investigate the effects of the
residual linker preceding its folded structure. On the basis
of our studies, we conclude that the residual linker, including
possibly the Gly-Ser-His remaining after cleavage of the His6

tag, is responsible for the structural perturbations of Cdc4p-C
due to intramolecular binding in a mode similar to that for
the intermolecular association of IQ-motif sequences. This
conclusion is supported by three lines of evidence.

The first and most direct evidence comes from structural
characterization of Cdc4p-C by Cu2+ paramagnetic relaxation
measurements (46, 53). Addition of Cu2+ to Cdc4p-C resulted
in selective signal broadening and chemical shift perturba-
tions for amides near its N-terminal ATCUN motif, as well
as at positions 106-111 and 134-141. On the basis of

FIGURE 7: The N-terminal ATCUN motif (Gly-Ser-His) of Cdc4p-C is proximal to residues at its N- and C-termini and in the loop between
its two EF-hands. (A) Relative1H-15N HSQC peak intensities for a 1:1 Cdc4p-C:Cu2+ complex versus the metal-free protein. Paramagnetic
relaxation enhancement due to proximity of an amide proton to the bound metal leads to a decrease in signal intensity beyond that of∼5/6
due to dilution of the sample (initially 500µL) upon addition of CuSO4 solution (100µL). Missing data points correspond to prolines,
residues with overlapping signals, or residues undetectable due to severe to line broadening. (B) Structure of the C-domain of Mlc1p, the
S. cereVisiaeorthologue of Cdc4p, bound to an IQ-motif peptide (PDB entry 1M46). Line broadening of representative amides in different
parts of Cdc4p-C (Glu77, Gly107, and Val135) was used to calculate the approximate distances to the paramagnetic Cu2+. Triangulating
from the corresponding amides in Mlc1p (Glu84, Gly114, and Ile143) indicates that the ATCUN-bound Cu2+ (black ball) lies within the
cleft of Cdc4p-C corresponding to that occupied by the bound peptide in the crystal structure of Mlc1p. This demonstrates that the residual
linker at the N-terminus of Cdc4p-C is located within its peptide binding cleft (Thr79 in Mlc1p corresponds to Met72 in Cdc4p).
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distances between selected amides and the bound Cu2+,
estimated from the observed paramagnetic relaxation en-
hancements, the approximate location of Cu2+ in Cdc4p was
obtained. Remarkably, this location corresponds closely to
the X-ray crystallographically determined position of an IQ-
motif peptide within the binding cleft of Mlc1p (Figure 7).
This result suggests strongly that the intramolecular associa-
tion of the residual linker sequence by Cdc4p-C involves
the same binding site as that used by the C-domain to
intermolecularly associate with a myosin heavy chain.

The second line of evidence for intramolecular binding
of the residual linker in Cdc4p-C is the presence of
significantly downfield-shifted amide resonances for Thr91
and Gly92 in its1H-15N HSQC spectrum. These signals are
absent in apo-Cdc4p and -Cdc4p-Cs, yet appear upon binding
to an IQ-motif peptide from Myp2p (Figure 6). The amide
Gly92 is also conformationally mobile in Cdc4p, but not in
Cdc4p-C, as evident by its1H{15N}-NOE values (Figure 5).
NMR signals from deshielded glycine amide protons have
been observed in many EF-hand proteins such as Ca2+-loaded
calmodulin, rabbit skeletal troponin C (54), pike parvalbumin
(55), and caltractin (49, 56), among others. Their unusual
1HN chemical shifts are diagnostic of a hydrogen bond with
the side chain of an aspartate within a loop linking the two
helices of the EF-hand motif (57, 58). Interestingly, Thr91
and Gly92 are far from the IQ-motif binding site of the
C-domain (see Gly99 in Figure 7B), indicating that the
formation of the hydrogen bonds to Asp87 must result from
an overall change in the tertiary conformation of the
C-domain accompanying peptide binding.

The third piece of evidence for intramolecular binding in
Cdc4p-C is seen from the effect of truncating its residual
linker. Cdc4p-Cs lacks seven residues at the N-terminus of
Cdc4p-C. With the exception of the flexible residues near
helix E, which may be perturbed by the adjacent charged
amino terminus, the1H-15N amide shifts of Cdc4p-Cs
resemble more closely those of Cdc4p than Cdc4p-C (Figure
2 and Supporting Information, Figure S1). This suggests that
the much shorter residual linker can no longer interact with
the C-domain, yielding a conformation closer to that of apo-
Cdc4p.

The sequence of the residual linker (GSH72MPGDPEE78)
is clearly different from the IQ motifs (IQxxxRGxxxR) in
Myo2p and Myp2p that are recognized by Cdc4p. Therefore,
there must be other factors that allow this sequence to
associate with the peptide-binding cleft of Cdcp4-C. Most
obviously, the residual linker is covalently attached to the
C-domain, leading to intra- rather than intermolecular
binding, a less entropically unfavorable event. That is, the
covalent attachment leads to a high local concentration of
the linker sequence, which greatly increases the propensity
for binding, even if in a suboptimal fashion. This principle
was clearly illustrated by Martin et al. (59) in studies of
Xenopus laeVis calmodulin covalently fused, through a highly
flexible pentapeptide linker at its C-terminus, to a 24-residue
target peptide. In this case, the enhanced intramolecular
binding of the tethered peptide was reflected by an increased
affinity for Ca2+. Additionally, the plasticity of the C-domain
could allow it to adopt different conformations to facilitate
recognition of different target sequences. Note that this
association may be relatively weak, as15N relaxation
measurements indicate that the N-terminal residues in

Cdcp4-C remain conformationally dynamic on a subnano-
second time scale (Figure 5). Fast HX rates and the lack of
medium- and long-range homonuclear NOE interactions with
the remainder of the C-domain are further evidence of the
flexibility of the residual linker. It is also not readily clear
why the C-domain binds the linker when isolated, yet not
when it is attached to the N-domain in Cdc4p, since this
region appears unstructured, and thus accessible, in the native
protein (23). Most likely, steric hindrance from the folded
N-domain prevents linker binding by the C-domain in full-
length Cdc4p. Indeed, our HX data suggest that the C-domain
binds either the linker or the N-domain when the latter is
transiently unfolded (see below). Alternatively, the artificial
N-terminal Gly-Ser-His or the positively charged amino-
terminal group may contribute toward the intramolecular
association of the residual linker in Cdc4p-C.

Non-native intramolecular association of a C-terminal EF-
hand domain with its N-terminus has been previously
reported for a construct of the calmodulin-like protein, centrin
2 (56). However, in that case, the N-terminal sequence was
much longer (19 residues) and comprised all the residues of
helix D, an amphipathic helix from the N-domain that, not
surprisingly, interacted with the C-domain through hydro-
phobic interactions. In contrast, the N-terminal sequence of
Cdc4p-C is much shorter and corresponds to an unstructured,
flexible linker within the context of the native protein.
Interestingly, different C-terminal extensions of the N-domain
of Parameciumcalmodulin have also been reported to alter
its properties in the absence of the remaining C-domain (60).
The alteration was attributed mainly to the stabilization of
helix D by polar and charged residues, augmented by a few
contacts between the C-terminal extension and helix A. The
structural perturbations were smaller and more localized than
what we observe in Cdc4p-C.

The C-Domain Is Less Stable Than the N-Domain.
Understanding the conformational stability of proteins is key
in the quest of discovering their function (61). Accordingly,
we determined the stability of Cdc4p and its domains under
both denaturing and native conditions using thermal unfold-
ing and amide HX measurements, respectively. On the basis
of Tm and ∆H°vh values, the stabilities of the isolated
domains against thermal unfolding follow the order of
Cdc4p-N > Cdc4p-C > Cdc4p-Cs. The CD-monitored
denaturation profile of Cdc4p could not be deconvoluted into
distinct transitions for its N- and C-domains, thus precluding
a comparison of their relative stabilities within the context
of the full-length protein. In contrast, amide HX measure-
ments by1H-15N HSQC spectroscopy allowed us to measure
the relative stabilities of the N- and C-domains, both in
isolation and in Cdc4p, under native conditions. Assuming
that most protected amides in a protein exchange via global
fluctuations (62, 63), ∆G°HX values were calculated using
the largest protection factor measured for each construct
(Figure 8). Since exchange may also occur via local
fluctuations, these values represent minimum estimates of
the∆G° for global unfolding of each species. The HX data
clearly indicate that the stability of the constructs is Cdc4p-N
> N-domain in full-length Cdc4p> Cdc4p-C> C-domain
in full-length Cdc4p. Due to the low quantities of Cdc4p-Cs
available, it was not practical to carry out HX studies on
this truncated protein.
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The increased stability of the folded state of Cdc4p-C
relative to Cdc4p-Cs and the C-domain in Cdc4p is attributed
to the intramolecular binding of its residual linker sequence.
In addition to favorable interactions between residues in the
linker with those along the peptide-binding cleft of the
C-domain, this association induces the formation of hydrogen
bonds between the amides of Thr91 and Gly92 with the side
chain of Asp87. On the basis of HX protection factors, linker
binding by Cdc4p-C leads to a stabilization of∼1.5 kcal/
mol at 30 °C. However, even with this contribution, the
C-domain is consistently less stable than the N-domain,
whether isolated or in Cdc4p.

Surprisingly, amide HX measurements indicate that the
stability of the N-domain increases upon its isolation, despite
having an unperturbed tertiary structure and fast time scale
dynamics, as evident by invariant1H-15N HSQC spectra
and 1H{15N}-NOE values, respectively. On the basis of
protection factors, Cdc4p-N is∼1.1 kcal/mol more stable
than its counterpart in the full-length protein under native
conditions. A plausible explanation for this observation is
that a transiently unfolded, exchange-competent state of the
N-domain in Cdc4p is stabilized by the binding of this
domain and/or the linker sequence to the folded C-domain
in a manner similar to that found for the association of
Cdc4p-C with its residual N-terminal linker (Figure 8). Note
that, in contrast to thermal unfolding studies where the less
stable C-domain will be largely unfolded at theTm of the
N-domain, and thus unable to partake in such an interaction,
under the native conditions used for HX measurements,
fluctuations of each domain occur predominantly within the
context of a folded neighboring domain. This interaction is
reminiscent of that reported between the folded and unfolded
domains ofDrosophila melanogasterapo-calmodulin. Ma-
sino et al. discovered that the Ca2+-free N-domain from
calmodulin was∼0.8 kcal/mol less stable when isolated than
in the intact protein, whereas the isolated C-domain was
∼0.45 kcal/mol more stable than in the full-length protein
(64). They postulated that this was due to an unfolding
intermediate in which interactions between the folded N-
domain and the unfolded C-domain take place. Such an
intermediate was indeed observed later by NMR-monitored
thermal denaturation studies ofD. melanogasterapo-
calmodulin mutants (65, 66). In another EF-hand protein,

troponin C, an interaction between its domains that affects
their stability has also been reported (34). Thus it appears
that interdomain interactions may be an important factor in
dictating the stability of some members of the EF-hand
superfamily.

The C-Domain Is More Dynamic Than the N-Domain in
Cdc4p.The backbone of the N-domain of Cdc4p is well
ordered, with similar15N relaxation parameters whether in
isolation or in its native context. The relaxation data indicate
that only the loops and termini of this domain are mobile
on a fast time scale. In contrast, the C-domain of Cdc4p
shows a rich array of motions detected by15N relaxation
analyses. First, the presence of significant conformational
mobility in the millisecond to microsecond time scale in the
C-domain of Cdc4p is evident by many outlying data points
in an R1R2 plot (Figure 5), as well as byRex terms (∼1.5-
15 s-1) in the model-free relaxation analysis for the native
protein (data not shown). Interestingly, the C-domain, but
not the N-domain, of vertebrate calmodulin (which shares
41% identity with Cdc4p) has also been reported to adopt
two different interconverting conformations in solution, with
a population ratio of 25:1 (15, 67). Second, the lower than
average{1H}15N-NOE values for residues 77-93 indicate
that this region of the C-domain in Cdc4p is flexible on a
nanosecond to picosecond time scale. The dynamic nature
of these residues, which include those forming helix E, is
confirmed by the lack of any measurable protection against
HX. The motions of these residues are dampened in Cdc4p-
C, as evident by higher heteronuclear NOE values, due to
intramolecular binding of the residual linker. Third, and
perhaps most strikingly, the amide of Gly92 has highT1 and
T2 values, an abnormally low{1H}15N-NOE value, and weak
signal intensity in the1H-15N HSQC spectrum of full-length
Cdc4p, indicative of significant conformational mobility. In
contrast, Gly92 shows average relaxation properties in
Cdc4p-C. The reduction of the mobility of this amide in the
isolated Cdc4p-C is attributed to the formation of a hydrogen
bond with Asp87 that accompanies a structural change to
its peptide-bound conformation. However, when intramo-
lecular binding is removed by shortening the linker in Cdc4p-
Cs, the heteronuclear NOE values for residues 77-93
decrease dramatically (Figure 5A), and the amide of Gly92
is no longer detectable in the HSQC spectrum of this protein.
Consistent with these relaxation studies, it is noteworthy that
the C-domain has higher rms deviations than the N-domain
within the NMR-derived structural ensemble of Cdc4p (0.71
( 0.11 versus 0.41( 0.07 Å2 for backbone atoms) (23).
This was also attributed to a difference in the motional
properties of the domains, leading to fewer measurable NOE
and dihedral angle restraints for the C-domain.

Biological Implications of the Cdc4p Domain Structure.
Cdc4p belongs to the superfamily of EF-hand proteins.
Kretsinger et al. have studied extensively the evolution of
these proteins (68-70), concluding that they appear to have
derived from a single EF-hand motif by two cycles of gene
duplication. Furthermore, these authors have classified EF-
hand proteins into 45 distinct subfamilies, 13 of which are
congruent with each other and are known as CTER (for
containing thecalmodulin,troponin C,essential light chain,
and regulatory light chain subfamilies) (68). Cdc4p, an
essential light chain of Myo2p, belongs to this CTER group.
Most members of CTER have four EF-hand motifs fashioned

FIGURE 8: Schematic representations of the unfolding equilibria
for Cdc4p, Cdc4p-N, and Cdc4p-C leading to HX under native
conditions. The C-domain shows consistently lower∆G°HX values,
in kcal mol-1, than the N-domain, whether in isolation or in the
full-length protein. The higher∆G°HX measured for Cdc4p-C
relative to the C-domain of Cdc4p is attributed to the stabilization
of its folded structure by the intramolecular binding of the residual
linker sequence (dotted arrow). The lower∆G°HX of the N-domain
in Cdc4p relative to that of Cdc4p-N may result from an intramo-
lecular interaction between the transiently unfolded N-domain or
linker with the folded C-domain of Cdc4p (dotted arrow).
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into globular N- and C-domains. One re-occurring theme that
arises from our study of Cdc4p, as well as those on troponin
C and calmodulin, is that the apo-N-domains of these proteins
are generally more stable than the apo-C-domains (34, 64).
Furthermore, the reduced stability in the C-domain seems
to be inversely related to its affinity for Ca2+ or for another
protein (71). It has been shown that this difference in ligand
affinity between the domains is biologically vital. For
example, the C-domain of troponin C has such a high Ca2+

affinity that it is saturated with this metal ion even in the
resting state of the muscle and, hence, constitutively bound
to a portion of TnI. The more stable N-domain only binds
the second amphiphilicR-helix of TnI when Ca2+ is present
at high concentrations (72). Similarly, only the apo-C-domain
of calmodulin binds the gating domain of the Ca2+-activated
K+ membrane channel at low Ca2+ concentrations, and the
apo-N-domain remains free. At high Ca2+ concentrations,
the N-domain becomes Ca2+ loaded and binds the regulatory
domain from a second molecule leading to the opening of
the channel (73). It is also interesting to note that the
N-domains of CTER proteins show more variation in their
architecture than the C-domains do. For instance, in fast
muscles, the essential light chain has two different isoforms
that result from differential mRNA splicing. One of these
isoforms has an N-terminal 45-residue extension that serves
as an arm for the interaction between the essential light chain
and actin (25). Troponin C also has additional N-terminal
residues that form a fifth helix in the N-domain. This extra
helix seems to increase the stability to the domain (34). Thus,
it appears that evolution has conserved the structure and
dynamics of the C-domain in CTER proteins, which has the
highest ligand affinity, while changing that of the N-domain,
thereby tuning the characteristics of each protein.

The domain structure of Cdc4p provides several possible
avenues for its function and regulation. Desautels et al.
showed that the isolated domains of Cdc4p were insufficient
for S. pombecytokinesis (28). Thus their covalent linkage
is crucial. The linkage may allow cooperative, high-affinity
binding of the IQ motifs in Myo2p or Myp2p by both
domains of Cdc4p. The greater stability of the N-domain
may also provide protection to the C-domain from proteolysis
in the cell. Indeed, Desautels et al. could express the isolated
N-domain in vivo, whereas the isolated C-domain could not
be detected inS. pombe(28). We also failed to express the
C-domain inE. coli without the N-terminal His6 tag (data
not shown). Alternatively, the domain structure of Cdc4p
might enable it to serve as a bridge between the actin-
myosin contractile ring and additional cytokinesis proteins
(29, 30, 49, 74). Indeed, Terrak et al. (30) observed two
binding modes for the highly homologous Mlc1p, one of
which had both the N- and C-domains bound to an IQ-motif
peptide. In the other mode, only the C-domain was peptide
bound whereas the N-domain was in an exposed position,
available to interact with a potential third protein. However,
such an N-domain-binding protein has not yet been identified,
as yeast two-hybrid screens revealed that Cdc4p interacts
with a PI 4-kinase via its C-domain and with Vps27p using
both domains (28).

The association of Cdc4p with many partner proteins is
presumably crucial in the regulation of cytokinesis. We are
currently investigating the interactions of Cdc4p with its
known partners to determine the role of each domain. On

the basis of the properties of Cdc4p documented herein, the
analogy with other EF-hand proteins, and structural studies
of Mlc1p by Terrak et al. (30), we predict that the C-domain
will be the main mediator of the interactions between this
S. pombeELC and its IQ-motif-containing proteins.
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