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ABSTRACT: Dimerization of dynein light chain LC8 creates two symmetric grooves at the dimer interface
with diverse binding capabilities. In addition to pH and protein concentration, dimerization is affected by
phosphorylation, as illustrated by a phosphomimetic mutation that promotes dissociation of LC8 to a
monomer and subsequent dissociation from the dynein complex in Vitro. In this work we characterize the
dynamic structure and unfolding profiles of an LC8 mutant, H55K, as a model for monomeric LC8 at
neutral pH. Backbone 15N relaxation experiments show that the monomer, while primarily ordered, has
more heterogeneous dynamics relative to the LC8 dimer, predominantly in residues that ultimately form
the binding groove, particularly those in �1 and �3 strands. This heterogeneity suggests that conformations
that are primed for binding are sampled in the inactive monomer and favored in the active dimer. Further
changes of LC8 backbone dynamics upon binding to short peptides from Swallow (Swa) and dynein
intermediate chain (IC) were elucidated. The conformational heterogeneity apparent in the LC8 dimer is
retained in LC8/IC but is lost in LC8/Swa, suggesting that the degree of ordering upon binding is ligand
dependent. The reduced complexity of motion in LC8/Swa correlates with the less favorable entropy of
binding of LC8 to Swa relative to IC. We propose that the conformational motility of �3 has functional
significance in dimerization and in ligand binding. In the latter, �3 flexibility apparently accommodates
different binding modes for different ligands resulting in ligand-specific conformational dynamics of the
binding site that may impact other processes such as accessibility to phosphorylation.

Dynein light chain LC81 (also referred to as DYNLL) was
first discovered as an essential component of the microtubule-
based molecular motor dynein (1) and as such is involved
in fundamental processes associated with retrograde traf-
ficking. As a component of the dynein complex, LC8
associates directly with dynein intermediate chain (IC) (2, 3).
A large fraction of LC8, however, is not associated with
dynein (1), suggesting alternate functions for LC8 indepen-
dent of its function in dynein. LC8 interacts with non-dynein
proteins in diverse systems, including neuronal nitric oxide
synthase, nNOS (4), the proapoptotic Bcl2 family protein
Bim (5), Swallow protein which is involved in bicoid mRNA
localization in Drosophila (6, 7), the rabies virus phosphop-
rotein (8), and Nup159 of the nuclear-pore complex in yeast
(9). Based on the diversity of these interactions, and the fact
that all known LC8 binding partners share a common binding

groove on LC8 with the dynein intermediate chain (10-13),
we have proposed that the wide array of LC8 binding partners
reflects its role as an essential hub protein (14). In this capacity,
LC8 functions not simply as a dynein cargo adaptor, as more
widely viewed, but as a promoter of dimerization of its
monomeric, partially disordered binding partners (6, 15, 16).

LC8 is an 89 amino acid homodimer (12) with each
protomer composed of a �-sheet packed against two helices.
In the dimer structure complexed with the consensus peptide
of a binding partner (Figure 1, left) (10, 12, 13), each five-
stranded �-sheet includes one strand (�3) that is contributed
by the other protomer. The two �3 strands are at the
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FIGURE 1: Ribbon diagram of (A) dimeric LC8 bound to Swa
peptide with the two protomers shown in gray and green and Swa
peptide in red (�peptide) and (B) pH 3 monomer of LC8. Secondary
structure elements are labeled. For the pH 3 monomer, �1 and �2
are much shorter and �3 is disordered. Images were produced with
PyMol (52) using PDB codes 2P1K and 1RHW for LC8/Swa and
pH 3 monomer, respectively.
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protomer-protomer interface where they form the sym-
metrical binding grooves of the dimer. Binding of ligands
to LC8 dimer involves residues in the binding grooves,
primarily those of the �3 strands. Interestingly, binding leads
to further extension of the same �-sheet, as the recognition
sequence of the binding partner (�peptide in Figure 1) forms a
sixth strand. Sequence analyses of the binding partners show
that they are intrinsically disordered in the vicinity of their
recognition sequence (14), suggesting that disorder in these
partners may underlie the pleiotropic binding of LC8.
Binding is accompanied by disorder to order transition as
the ligand partner forms a �-strand (�peptide). Dissociation of
the LC8 dimer at low pH (17) eliminates the requisite groove
at the dimer interface by disrupting the two �3 strands (Figure
1B) and thereby prevents binding to IC and other LC8
partners that interact in the groove (18, 19).

Phosphorylation of LC8 at Ser 88 is proposed to be
involved in vesicle formation, trafficking functions, and cell
survival (20). The interaction of phosphorylated LC8 with
the apoptotic protein Bim is abolished, resulting in reduced
apoptosis specifically in human breast cancer cells (20, 21).
Experiments with a phosphomimetic Ser 88 to Glu (S88E)
mutant suggest that phosphorylation acts in Vitro as a
molecular switch by promoting dissociation of the LC8 dimer
and subsequent dissociation from dynein (21). The phos-
phomimetic mutant S88E does not bind Bim in Vitro and in
ViVo (20), corroborating the idea that phosphorylation results
in an inactive LC8 monomer that does not bind any ligand
that occupies the binding grooves at the dimer interface.

Interactions involving the �3 strands are crucial for
stabilizing both the dimer and the LC8/target interfaces and,
therefore, play primary roles in both regulation of activity
and binding diversity. To investigate both processes, we focus
on changes in the structure and dynamics of �3 strands upon
LC8 dimer dissociation and upon LC8/target complex
formation. Our model for phosphorylated LC8 monomer at
neutral pH is the mutant H55K which is a pure monomer at
high protein concentration (21, 22). The single mutation of
a buried histidine at position 55 at the dimer interface is
sufficient to dissociate the dimer at physiological pH (23).

In this work we examine the structure and dynamics of
the �3 region in the model LC8 monomer (H55K) which
mimics the biologically relevant phosphorylated form, in LC8
dimer, and in complexes of LC8 dimer bound to consensus
peptides of LC8 partners (Figure 2). The results support a
critical role of �3 flexibility in the molecular level functioning
of LC8. We find that, in solution, residues of the �3 strand
in apo-LC8 dimer (no bound ligand) are highly flexible, even
though these residues are organized into the �-sheet in the
apo-LC8 dimer NMR (13) and crystal (16) structures. The
thermodynamics of LC8 binding to three peptides and
the dynamics of the LC8-peptide complexes reveal a
correlation between the flexibility of the binding groove and
the entropic cost of binding and demonstrate that the change
in flexibility of LC8 is ligand-dependent.

METHODS

Protein Preparation. Both unlabeled and uniformly 15N-
or 15N/13C-labeled LC8 and H55K were prepared from
Drosophila gene products following methods described
earlier (18). Purity of >95% was verified by SDS-PAGE
and analytical size exclusion chromatography.

Synthetic peptides (Biosynthesis Inc., Lewisville, TX)
corresponding to Bim residues 48-64 (Bim), intermediate
chain residues 123-138 (IC), and Swallow residues 281-297
(Swa) (Figure 2) were purified by high-performance liquid
chromatography on a YMC C-18 column in 0.1% trifluo-
roacetic acid with a linear gradient (10-30%) of acetonitrile
with Bim, IC, and Swa elution at 25%, 15%, and 20%,
respectively. Purity and molecular weight were verified by
MALDI-TOF mass spectrometry: Bim: 1827.9 Da (1828.0
Da theoretical), IC: 1786.1 Da (1785.9 Da theoretical), and
Swa: 1928.1 Da (1928.1 Da theoretical).

Unfolding Studies. CD experiments were conducted on a
JASCO 715 spectropolarimeter in a 1 mm cell for a protein
concentration of 14 µM in 10 mM sodium phosphate buffer,
0.1 M NaCl, and 5 mM TCEP at pH 7. Data were acquired
at 30 °C following procedures and experimental conditions
published elsewhere (17). Intrinsic fluorescence emission
spectra of the single tryptophan residue were determined on
a Jobin Yvon/Spex spectrofluorometer at 30 °C.

The denaturation curves were analyzed using a two-state
unfolding model (24-26):

M S
Ku

U (1)

where M and U are the folded and unfolded monomer,
respectively. The two-state process was modeled by calcula-
tion of Ku and ∆G° at each point in the unfolding transition
phase. Ku was calculated using eqs 2 and 3:
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where fu is the fraction of unfolded protein and ym and yu

are the observed spectroscopic signals for folded and
unfolded monomer, respectively. ∆G° was calculated as -RT
ln Ku, and linear extrapolation of ∆G° to 0 M guanidinium
chloride (GdnCl) gives ∆G°H2O, the free energy of unfolding
under standard conditions. The midpoint of the transition
(Cm) was determined using the relation Cm ) ∆G°H2O/m. The
fits were performed using a �2 procedure implemented in
Microsoft Excel.

NMR Spectroscopy. All NMR spectra were collected on
a 600 MHz Bruker DRX spectrometer. LC8 and H55K
samples were prepared at 1 mM protein concentration in 50
mM sodium phosphate and 50 mM sodium chloride at pH
6.7 and contained 1 mM DTT, maleic acid, sodium azide,
protease inhibitor cocktail (Roche), 10% (v/v) D2O, and 3%
(v/v) glycerol. Experiments were collected at 30 °C. For LC8
and LC8/peptide comparison experiments, the protein con-
centration was 1 mM in 50 mM sodium phosphate, 50 mM
sodium citrate, and 100 mM sodium chloride at pH 5.5, and
experiments were collected at 25 °C. The peptide to protein
concentration ratio was greater than 2-fold. The pH was

FIGURE 2: Amino acid sequences of Bim, IC, and Swa peptides
with the KXTQT motif in bold and the segment that forms a �peptide
underlined.
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measured before data acquisition and verified using an
internal maleic acid standard. 1H chemical shifts were
referenced from an internal DSS signal at 0 ppm (27).

1H-15N HSQC spectra were recorded using States-TPPI
phase discrimination of 256 increments defined by 128 scans
and 1024 points. HNCA and CBCACONH experiments for
H55K backbone assignments were performed with 1024 (H),
64 (C), and 20 (N) points. Resonance assignments were
deposited in the BMRB with accession number 15953.

R1, R2, and steady-state heteronuclear NOE spectra were
recorded using the pulse sequence described by Farrow et
al. (28). R1 relaxation delays were 0.05, 0.1, 0.15, 0.2, 0.3,
0.5, and 1 s. R2 relaxation delays were 15.8, 31.7, 63.4, 79.2,
95.0, 126.7, and 142.6 ms. At least one redundant data point
was collected for R1 and R2 experiments. Steady-state
heteronuclear NOE experiments were recorded in the pres-
ence and absence of amide proton saturation with 240
complex points. Spectra with proton saturation used a 3 s
period of saturation and an additional delay of 1.5 s.

Spectra were processed with NMRPipe (29) and analyzed
with Burrow-Owl (30). Change in 1H-15N HSQC chemical
shifts (∆N-H) between LC8 and H55K was determined
using the equation ∆N-H ) [(∆1H)2 + (∆15N)2]1/2 after
multiplying the 1H chemical shift by 6.4 (fractional difference
in 15N:1H spectral widths) to eliminate 15N chemical shift
bias (31).

Dynamics Analysis. Peak intensities were measured as
peak heights with uncertainty estimated from baseline
standard deviation within a 1.4 × 5 ppm rectangle. R1 and
R2 data were fit using CurveFit version 1.3 (http://www.cum-
c.columbia.edu/dept/gsas/biochem/labs/palmer/software/cur-
vefit.html). Errors reported include both uncertainty in the
peak height and the error of the exponential fit.

Peak intensities (I) as a function of delay time for R1 and
R2 were fit to a single exponential I ) I0e-ratet, where I0 is
the peak intensity extrapolated to time 0. NOE values were
obtained from the ratios of peak intensities in the presence
and absence of amide proton saturation. Uncertainty in the
NOE value (σ) was determined using the equation σ/NOE
) [(δunsat/Iunsat)2 + (δsat/Isat)2]1/2, where I and δ correspond
to the peak intensity and the baseline noise, respectively.

Backbone amide relaxation parameters were analyzed with
the extended Lipari-Szabo formalism (32, 33) using the
program TENSOR2 (34) to assess global tumbling and
internal motions. The 15N CSA was set to -170 ppm and
the N-H bond length to 1.02 Å. For each data set, a global
tumbling correlation time (τm) was calculated from the R2/
R1 ratio of residues assumed to have a negligible exchange
contribution to 15N relaxation following the criteria described
by Tjandra et al. (35). Residues in R1 commonly failed the
acceptance criteria as well as residues 87-89 for all five
systems studied. For H55K, LC8, and LC8/IC, additional
residues corresponding to the loop connecting R2/�2 (51-53),
�3 (61-69), and the loop connecting �3/�4 (70-74) were
removed from global tumbling calculations, while for LC8/
Swa, only residue 62 was additionally omitted. Correlation
times and rotational diffusion parameters were determined
using Gaussian Monte Carlo simulations.

Internal motions were determined using Monte Carlo
sampling methods and F-tests validation incorporated in
TENSOR2 (34). Five standard models were used to describe
internal mobility with motion complexity increasing with

model number. Model 1 motion is described by S2; model 2
by S2 and τe; model 3 by S2 and Rex; model 4 by S2, τe, and
Rex; model 5 by S2, Sf

2, and τs. S2 is the order parameter and
describes the amplitude of the N-H vector motion on the
nanosecond to picosecond time scale, τe is the effective
correlation time for the internal motions, and Rex describes
slow chemical exchange type motions on the millisecond to
microsecond time scale (36). A model for the internal
motions was rejected if the experimental �2 value was higher
than the simulated �2 value at the 90% confidence limit.
Residues in H55K, LC8, LC8/IC, and LC8/Swa that were
not adequately fit by any of the five models were omitted
from further analysis. For anisotropic analyses, PDB codes
1RHW (18), 2P2T (10), and 2P1K (10) were used for H55K,
LC8/IC, and LC8/Swa, respectively, and a recent apo-LC8
crystal structure was used for the LC8 dimer (PDB code
3BRI) (16). To check for bias introduced from the structure,
H55K, apo-LC8, and LC8/IC were reanalyzed using alternate
structures: a single chain from the dimeric LC8 crystal
structure (PDB code 3BRI) for H55K, the NMR dimer
structure (PDB code 1F3C) (13) for apo-LC8, and the LC8/
Swa structure (PDB code 2P1K) (10) for LC8/IC. For all
cases the resultant Dratio (D|/D⊥), calculated global tumbling
time, and internal motions were the same within error as
the values obtained using original structures (data not shown).

H/D and H/H Exchange. Hydrogen/deuterium exchange
(H/D) experiments for H55K and LC8 were collected at 25
°C in 50 mM sodium phosphate, 50 mM sodium citrate, and
100 mM sodium chloride at pH 5.5. Samples prepared for
H/D were flash frozen and lyophilized prior to addition of
100% D2O. 1H-15N HSQC spectra were collected continu-
ously for the first 18 h and then once every day for 14 days.
The dead time of the experiment, defined as time between
first exposure to D2O and the middle of the first HSQC
experiment, was 30 min. Peak intensities as a function of
time were fit to I ) I0e-kt + Ω, where t is the time following
deuteration, k is the exchange rate, and Ω is a correction
factor for baseline distortion and residual H2O in the sample.

Hydrogen/hydrogen (H/H) exchange spectra for H55K,
LC8 dimer, and LC8/Swa were collected using the CLEAN-
EX-PM-FHSQC pulse sequence (37) at 30 °C in 50 mM
sodium phosphate and 50 mM sodium chloride at pH 6.7
with a mixing time of 20 ms.

Isothermal Titration Calorimetry. Bim, IC, and Swa
peptides and LC8 were prepared in buffer containing 50 mM
sodium phosphate, 50 mM sodium citrate, 100 mM sodium
chloride, and 1 mM sodium azide at pH 5.5. The concentra-
tion of Bim was determined by weight of dry peptide on a
CAHN 25 automatic elecrobalance, accurate to one-
thousandth of a milligram. The concentrations of IC and Swa
were determined using a sequence-based calculated ε280 of
1490 M-1 · cm-1. The concentration of LC8 was determined
using ε280 of 13370 M-1 · cm-1.

Thermodynamics of binding were obtained using a VP-
ITC isothermal titration calorimeter from MicroCal (Northamp-
ton, MA). Data were processed using the software package
Origin 7.0 (OriginLab Corp., Northampton, MA). For each
experiment, an initial injection of 2 µL was performed
followed by 27 injections of 10 µL with a 300 s equilibration
time between injections. The heat of dilution determined from
titrating peptide into buffer at 30 and 35 °C was subtracted
from the binding data prior to data fitting.
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The stoichiometric number (n) was 1.00 ( 0.08 for all
experiments using a syringe/cell concentration of 0.5/0.03
mM. The “c value” (c ) [protein]sample cell × Kd

-1) was within
the 5-500 value required for reliable determination of
association constants (38). The error reported is based on
deviation from the theoretical best fit.

RESULTS

Stability and Two-State Unfolding of H55K. Far-UV CD
(Figure 3) and fluorescence spectra (data not shown) of H55K
are similar to those of the WT LC8 dimer, indicating that
there is no measurable change upon dissociation of CD-
detected secondary structure and of Trp 54 local packing.
Near-UV CD spectra, dominated by the signal of Tyr 65 at
the dimer interface (17), are different (Figure 3B) as
expected, consistent with dimer dissociation.

Unfolding profiles for monomeric H55K followed by
changes in both fluorescence and far-UV CD at increasing
GdnCl concentration are similar (Figure 4), suggesting a two-
state unfolding transition. Similar thermodynamic parameters

were obtained using a two-state unfolding model for fitting
both data sets (Table 1). Equilibrium denaturation experi-
ments carried out over the protein concentration range of
0.4-14 µM show similar unfolding profiles, consistent with
H55K being a pure monomer (data not shown).

NMR Structural Characterization of H55K. Resonance
assignments of H55K were determined for residues 3-89
from analysis of 3D experiments collected on uniformly 15N-
and 13C-labeled protein (Figure 5A). Comparison of the N,
H, CR, and C� chemical shifts between H55K and LC8
shows that the largest changes occur for residues 55 through
74 and for residue 88 (Figure 5B-D). In the dimer, these
residues primarily correspond to �3 (residues 63-67), which
aligns antiparallel to the opposing protomer’s �2 (residues
53-58). Thus, dissociation of the LC8 dimer results in small
changes in chemical shifts for residues in �2 and large
changes for residues in �3. The change in residue 88 is
attributed to being buried at the dimer interface and fully
solvent exposed in the monomer.

Dynamics of H55K and Comparison to WT LC8 Dimer.
Backbone relaxation dynamics were measured from 15N R1,
R2, and steady-state heteronuclear NOEs for H55K and
dimeric LC8 at similar solution conditions (Figure 6). For
H55K, the average R1 rate is 2.0 s-1 with the largest deviation
for residues 4-6, 35, 36, and 62-73. The average R2 rate is
11.3 s-1 with the largest deviation for residues 9, 35, 36,
and 62-74. The average NOE value is 0.78 with the largest
deviation for residues 4-6 and 62-73. Deviation from the
average dynamics behavior in H55K is clearly reflected in
R2/R1 ratios for residues 9, 10, 64, 70, and 74. Except for
residues 73 and 74, dimeric LC8 shows more homogeneous
dynamics.

Relaxation data were analyzed using the axially symmetric
anisotropic diffusion model (Table 2). A correlation time of
6.36 ns for H55K compared to 10.61 ns for the LC8 dimer
is consistent with the smaller size of the monomer. The D|/
D⊥ of LC8 (1.27) is larger than H55K (1.07), indicating that
the LC8 dimer is more oblate.

Model-free parameters and model-type distribution are
shown in Figure 7 for H55K and LC8 dimer. A higher
percentage of residues in H55K were fit by models 3 or 4
than by model 1 (Figure 7A). Two stretches of residues in
H55K contain significant Rex terms compared to the average
(Figure 7D), suggesting conformational heterogeneity. These
include residues 4-13, which correspond to the N-terminus
and �1, and residues 64-74, which correspond to �3

(disordered in monomer), the loop connecting �3/�4, and the
first two residues of �4.

Residues in LC8 dimer were fit primarily by models 1
and 3. The large Rex term at the N-terminus, �1, and �3

regions observed in H55K has decreased significantly in the
LC8 dimer. A small Rex term was necessary to improve the
fit of some residues, which are distributed across the
sequence with the largest corresponding to residue 74 in �4.

Comparison of S2 values between H55K and LC8 shows
little difference between residues that have ordered secondary

FIGURE 3: (A) Far- and (B) near-UV CD spectra of H55K (light)
and WT LC8 (dark). Data were collected at pH 7.0 and monomeric
protein concentration of 14 µM for both proteins.

FIGURE 4: GdnCl unfolding profiles of H55K. Loss of intensity in
far-UV CD spectra was monitored at 222 nm (circles) and loss of
fluorescence intensity was monitored at 327 nm (triangles). Protein
concentration was 14 µM for both experiments. Data were acquired
at pH 7 and 30 °C using a batch-type experiment to ensure that
equilibrium was achieved before data acquisition. A 2-state
unfolding model best fits the data (dashed line).

Table 1: Thermodynamic Parameters Obtained from Equilibrium
Denaturation of H55K at pH 7

∆G° (kcal ·mol-1) Cm (M) slope (kcal ·mol-1 ·M-1)

CD 7.80 2.99 -2.61
fluorescence 7.45 3.06 -2.44
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structure elements in LC8, with the exception of �3. In H55K,
the S2 values for residues 65-73 display significantly lower
values than the same residues in the dimer (Figure 7B,F).

Dynamics of LC8/IC and LC8/Swa Complexes. Backbone
relaxation dynamics were measured for LC8 and compared
to LC8 bound to two KXTQT-motif containing peptides: the
intermediate chain residues 123-138 (IC) and the Swallow
residues 281-297 (Swa) (Figure 8). The average R2 values

for apo-LC8, LC8/IC, and LC8/Swa are 15.2, 18.1, and 16.9
s-1, respectively. The lower value for apo-LC8 is consistent
with its smaller size relative to the complexes, and the lower
value for LC8/Swa relative to LC8/IC suggests faster
tumbling due to a more compact structure (there is a
negligible difference in the size of IC and Swa peptides: Swa
is 142 Da greater in mass than IC). Lower R2 values relative
to the average are observed for residues 29-34 and 31-35
for LC8/IC and LC8/Swa, respectively. Both LC8/IC and
LC8/Swa have similar average steady-state NOE values with
residues 4-6 having the largest deviations from the average.
R2/R1 average ratio is lower for LC8/Swa relative to LC8/
IC and apo-LC8, consistent with more isotropic tumbling
and homogeneity of motion in LC8/Swa.

Relaxation data analysis (Table 2) shows that both LC8/
peptide complexes have slower tumbling times compared to
apo-LC8 of 11.3 ns: 14.1 ns for LC8/IC and 13.2 ns for LC8/
Swa. The faster tumbling time of LC8/Swa relative to LC8/
IC is consistent with it being more compact. In accord with
this, the D|/D⊥ of LC8/Swa (1.11) is smaller than that of
LC8/IC (1.28), and both are smaller than that of the apo-
LC8 dimer (1.39), suggesting that peptide binding results in
a more spherical structure.

As with apo-LC8, residues in LC8/IC were mostly fit by
models 1 or 3 (Figure 9A,E). A general comparison of the
S2 values, model type, and level of heterogeneous motions
in apo-LC8 and LC8/IC suggests a little change in the overall
magnitude and type of backbone motions. In contrast,
residues in LC8/Swa were fit almost exclusively by model
1, indicating near homogeneous motion for the whole
molecule (Figure 9I).

Hydrogen Exchange Measurements. LC8 dimer is more
protected from hydrogen exchange than H55K. Eleven amide
protons in LC8 and none in H55K have H/D exchange rates
that are too slow for accurate determination by H/D experi-
ments under our experimental conditions. There are 41 amide
protons in LC8 and 48 in H55K that exchange in the
deadtime of the experiment. The additional seven residues
in H55K are located at the ends of secondary structure
elements of the LC8 dimer. Only residues involved in
secondary structure in LC8 have H/D exchange rates
measurable in both WT LC8 and H55K under these condi-
tions. Interestingly, residues in �3 at the dimer interface are
not protected in the dimer in this time window.

H/H experiments provide exchange rates within the 1-100
ms time scale and are thus complementary to H/D exchange
experiments for fast exchanging residues. CLEANEX HSQC
spectra for H55K and LC8 are presented in Figure 10. At a
20 ms exchange time, H55K spectra show more peaks
corresponding to fast exchanging amide protons consistent
with more exposed residues in the monomer. For both
proteins, the fast exchanging protons observed in H/H
experiments are in the loops and at the ends of secondary
structure elements (Figure 11, red). The stretch of residues
63-67 which correspond to �3, are observed only in the
monomer. Only loop residues 61-62 preceding �3 are
observed in the dimer, indicating that residues in �3 are more
protected in the dimer at this time scale and therefore not
observed. In the LC8/Swa complex, only residues 3, 4, and
5 at the flexible N-terminus are observed at similar condi-
tions, consistent with diminished flexibility of LC8 upon
binding to Swa peptide. Figure 11 summarizes the H/D and

FIGURE 5: NMR analysis of H55K. (A) 1H-15N HSQC spectrum
with backbone assignments and absolute (B) 1H-15N, (C) 13CR,
and (D) 13C� chemical shift differences between H55K and LC8
are shown. Residues greater than two standard deviations (dashed
line) above the average chemical shift difference are labeled. The
majority of labeled residues are in the segment which forms �3 at
the dimer interface. The secondary structure of LC8 without �3 is
shown above the plots.
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H/H exchange boundaries mapped onto the structures of
monomeric and dimeric LC8.

Thermodynamics of LC8 Binding to DiVerse Peptides.
Isothermal titration calorimetry (ITC) measurements of LC8
binding to Bim, IC, and Swa peptides performed at 30 and
35 °C show a lower association constant for LC8/IC relative

to LC8/Bim or LC8/Swa (Figure 12). Interestingly, while
all three peptides share the same binding site on LC8, the
thermodynamic parameters governing association are dif-
ferent. At 30 °C, binding to IC is entropically favorable (Kd

of 3.0 µM, ∆H° of -4.0, and -T∆S° of -3.8 kcal/mol),
while the binding to Bim or Swa is entropically unfavorable
(Kd of 0.6 µM, ∆H° of -10.4 kcal/mol, and -T∆S ° of 1.8
kcal/mol for Bim; Kd of 0.6 µM, ∆H° of -10.7 kcal/mol,
and -T∆S° of 2.0 kcal/mol for Swa). A similar pattern for
thermodynamic parameters is observed at 35 °C (Figure 13).

DISCUSSION

H55K Is a Model for Monomeric LC8 at Neutral pH.
H55K is a stable monomer with an average structure similar
to one chain of the LC8 dimer as demonstrated by similar
CD and fluorescence spectra. Unfolding profiles of H55K
show a two-state transition with unfolding free energy of

FIGURE 6: Plots of 15N R1, R2, and steady-state 1H-15N NOE recorded for H55K (A-C) and LC8 (E-G) at pH 6.7 and 30 °C. R2/R1 ratios
are shown in (D) and (H) for H55K and LC8, respectively. There is more heterogeneity in R2 measurements in H55K relative to the LC8
dimer. Protein secondary structure is shown above the plots.

Table 2: Principal Axis Ratios and Axially Symmetric Diffusion Tensor
Summary

principal axis ratio

protein Ixx Iyy Izz τm
a (ns) D ratio (D|/D⊥)

H55K 1.00 0.89 0.71 6.36 ( 0.03 1.07
LC8b 1.00 0.93 0.52 10.61 ( 0.02 1.27
LC8c 1.00 0.93 0.52 11.31 ( 0.07 1.39
LC8/IC 1.00 0.94 0.59 14.07 ( 0.04 1.28
LC8/Swa 1.00 0.93 0.58 13.16 ( 0.06 1.11

a Calculated average correlation time. b pH 6.7 values. c pH 5.5
values.
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7.45 kcal/mol. This value is similar to the 7.5 kcal/mol
obtained for the monomer unfolding step in the three-state
unfolding transition of WT dimeric LC8 at pH 7 (17).

The pH 3 WT LC8 is also a stable monomer whose
structure is similar to one chain of the LC8 dimer except
that �3 is disordered (Figure 1B) and more flexible than the
rest of the protein (17, 18). The �3 strand in H55K is also
disordered as indicated by random coil-like secondary
chemical shifts and relatively low order parameters. A minor
population of ordered conformations for �1 and �3, however,
is inferred from higher steady-state NOEs and more hetero-
geneous dynamics than in those observed in the pH 3 WT
monomer (18). The heterogeneity in residues 62-73 may
be partially due to protonated-deprotonated states of His
68 and His 72 as suggested by ref 39 which in H55K have
pKa values of 6.5 and 6.2, respectively (22). However, both
residues are exposed to solvent in the monomer structure,

and therefore we do not anticipate their ionization state to
significantly influence conformational heterogeneity. The
disorder in �3 argues against a domain-swapping mechanism
of assembly (18) since the �3-�2′ contacts of the dimer are
not replicated in analogous �3-�2 contacts in the monomer,
as expected for domain swapping (40).

The two-state unfolding mechanism for H55K at pH 7 is
in contrast to the complex global unfolding profiles reported
for the pH 3 WT monomer (41). The differences in unfolding
mechanisms and backbone dynamics between pH 3 and pH
7 monomers suggest that further unfolding occurs at low pH
in addition to dimer dissociation and argue against the
suitability of pH 3 WT as a model for monomeric LC8 at
neutral pH, as in previous literature (39, 41-43).

Heterogeneity in H55K Is Specific to Residues That Form
the Binding GrooVe in the Dimer. Three groups of residues
in H55K show nonuniform backbone dynamics at intermedi-

FIGURE 7: Comparison of model-free analysis between H55K (A-D) and LC8 (E-H). Residues in �3 have lower order parameters (S2) (B,
F) in the monomer relative to the dimer. Rex terms are more prominent in H55K, particularly in residues 9, 10, and 64-74 (D). Rex is
distributed along the sequence in LC8 dimer (H).
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ate (millisecond to microsecond) and fast (nanosecond to
picosecond) time scales: (1) Residues 62-73 exhibit con-
formational heterogeneity at both the fast time scale (higher
R1, lower steady-state NOE, lower S2) and intermediate time
scale (higher R2 and higher Rex). (2) Residues 9 and 10 show
conformational heterogeneity at the intermediate time scale
(higher R2 and higher Rex). (3) Residues 35 and 36 in the
loop connecting helices 1 and 2 show more flexibility at
the fast time scale (higher R1, lower steady-state NOE). In
the dimer, while some overall heterogeneity is retained, it is
considerably less pronounced than in the monomer.

In crystal structures of LC8 complexes with IC and Swa
peptides, residues 9, 35, 36, and 62-73 are directly involved
in peptide binding. The side chain of Lys 9 in LC8 makes
electrostatic interactions with Asp 296 of Swa. The side chain
of Asp 35 and the amide proton of Lys 36 in LC8 form
hydrogen bonds with the highly conserved Gln of the
KXTQT motif in IC and Swa. Residues 62-73, correspond-
ing to �3 and the loop connecting �3/�4, make direct contacts
with the peptide at the dimer interface (�peptide, Figure 1).
Thus, the residues that exhibit heterogeneous backbone
dynamics in H55K ultimately form the binding grooves at
the dimer interface. These data suggest that in the inactive
monomer residues in strands �1, �3, and loop �3/�4, while
on average disordered, also sample a minor population of
conformations that are primed for dimerization and ligand
binding and are favored upon dimerization.

Hydrogen Exchange Differences upon Dimerization. All
residues in �1 and �3 in the dimer exchange much faster than
the rest of the secondary structure. While the susceptibility
to exchange is not surprising for �1 at the flexible N-terminus,
it is surprising for �3 whose stabilization is inferred from
the dimer NMR structure (13) and from higher S2 and steady-
state NOE values relative to the monomer (Figures 6 and
7). The apparent mobility of this region in the solution
structure is in contrast to the ordered crystal structure. Amide
protons of residues 63, 65, and 67 in �3 and residues 69 and
72 in the loops are completely buried in the crystal structure
of the apo-LC8 dimer, and their low temperature factors
suggest a high degree of order (16). It is possible that the
higher H/D exchange rates in �3 is due to the presence of a
minor population of the monomer, which has a disordered
�3 in equilibrium with the dimer. This possibility cannot be
ruled out, but lack of protection in �3 is also observed at
neutral pH (44) and a high protein concentration where the
population of a monomer is minimal (17, 22).

While �3 residues are more flexible by hydrogen exchange
criteria than residues in other secondary structure elements
in the dimer, they are more ordered than residues in the
adjacent loops, residues 61-62 and 69-72. All residues
within �3 have slower exchange rates than those of the same
sequence position in the monomer. Taken together, the data
at neutral pH suggest that, in the monomer, �3 is primarily
disordered but also samples native-like conformations, while

FIGURE 8: Plots of 15N R1, R2, and steady-state 1H-15N NOE recorded for apo-LC8 (A-C) LC8/IC (E-G), and LC8/Swa (I-K) at pH 5.5
and 25 °C. R2/R1 ratios are shown in (D), (H), and (L) for apo-LC8, LC8/IC, and LC8/Swa, respectively. A line is drawn in (B), (D), (F),
(H), (K), and (L) to aid visual comparison. Higher R2 and R2/R1 for LC8/IC indicate more heterogeneous dynamics than for LC8/Swa.
Protein secondary structure is shown above the plots.
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in the solution dimer, �3 is primarily native-like but also
samples disordered conformations. Further, in the solution
dimer, �3 is apparently more flexible than in either the apo-
LC8 dimer crystal structure or the dimer/peptide complex.

Another interesting difference is for Ser 88 which packs
against �3 residues at the dimer interface. The amide NH of
Ser 88 shows no protection in H/D exchange in the dimer,
exchanges too slow to be observed by H/H exchange in the

FIGURE 9: Comparison of model-free analysis between apo-LC8 (A, B, C, D), LC8/IC (E, F, G, H), and LC8/Swa (I, J, K, L). Less than
half of the residues in apo-LC8 or LC8/IC were adequately fit by model 1, whereas residues in LC8/Swa were fit almost exclusively by
model 1, indicating a greater heterogeneity of motion for apo-LC8 (A) or LC8/IC (E) relative to LC8/Swa (I). Loss of the Rex term is
observed only with LC8/Swa.

FIGURE 10: 1H-15N CLEANEX HSQC spectra for (A) H55K and (B) LC8 collected at pH 6.7 and 30 °C with a mixing time of 20 ms.
Peaks shown in the spectra correspond to amide protons that rapidly exchange with water and are colored red on the corresponding structures
in Figure 11. Only residues 3, 4, and 5 are observed in LC8/Swa (star).
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dimer, but exchanges fast enough to be observed by H/H
exchange in the monomer. Slowing the exchange of 88 NH
in the dimer is consistent with ordering of the interface and
possible formation of a transient hydrogen bond as reported
in ref 45.

Changes in Conformational Heterogeneity of LC8 Is
Ligand Dependent. Most known LC8 binding partners have
either a KXTQT or a less common GIQVD sequence that is
considered to be an LC8 binding motif (3, 46). In crystal
and NMR structures of LC8 with Bim, IC, and Swa peptides,
all containing the KXTQT recognition sequence, these
ligands share a common site on LC8. The backbone atoms
for the bound IC and Swa peptides and the adjacent �3 from
LC8 can be overlaid with an RMSD of 0.2 Å (10). Despite
average structure similarities, dynamics analysis of LC8 in
complex with IC or Swa peptides shows a striking difference
in the complexity of motion. These experiments were
performed with a large excess of the ligand, at conditions
where the protein is >99.9% bound. For both apo-LC8 and
LC8/IC, models containing τe and Rex parameters are required
for more than half of the residues being fit. In contrast,
residues in LC8/Swa were analyzed almost exclusively by
model 1, consistent with higher homogeneity of motion
relative to apo-LC8 or LC8/IC. The difference in complexity
of motion suggests a significant ordering of LC8 backbone
dynamics only upon binding to Swa.

The greater order in LC8/Swa relative to LC8/IC inferred
from backbone relaxation dynamics is consistent with the
increased protection from hydrogen exchange observed for
LC8/Swa relative to LC8/IC (10). 15N backbone dynamics
of LC8/Bim reported earlier show that, as with Swa, Bim
binding to LC8 causes an increase in the homogeneity of
the motion particularly in the binding groove and led to the
proposal that the flexibility of the binding grooves in LC8
underlies its binding diversity (44). Comparison of the
dynamics of LC8 with the three peptide partners suggests
that the extent of ordering of the binding groove is not the
same for all peptides. There is an increase in homogeneity
of the whole protein with Swa and Bim but not with IC.
Since all three peptides share the KXTQT recognition motif,
residues that flank the recognition motif must dictate the
ordering of the groove upon binding.

Correlation between Thermodynamics and Dynamics of
Binding. LC8 binds many diverse partners and fits the
definition of an ordered hub for disordered partners (14).

As has been demonstrated for calmodulin, CaM (47), another
primarily ordered hub protein (48), LC8 can bind to a large
number of different proteins in the same groove, with roughly
the same affinity but with different thermodynamic associa-
tion parameters. Similar to CaM, the flexibility of the binding
groove may allow accommodation of significantly different
peptide sequences for high-affinity binding (44, 49).

The association between LC8 and IC is entropically
favorable, while the association between LC8 and Bim or
Swa is enthalpically driven and entropically disfavored. A
difference of 5.5 kcal/mol in T∆S° between IC and Bim or
Swa binding is compensated by a difference of 6.5 kcal/mol
in ∆H° at 30 °C. A recent study by Leung et al. shows that
rearrangement of solvent hydrogen bond networks may
provide the driving force for nonspecific binding interactions
(50). In principle, the finding of Leung et al. can be applied
to the LC8/ligand system; however, the differences between
nonspecific host/guest and a preorganized protein/ligand
binding system make it difficult to interpret the magnitude
of solvent contributions to the measured LC8/ligand ther-
modynamic binding parameters.

The LC8/IC and LC8/Swa crystal structures show similar
burial of hydrophobic surface area (10). Differences in side
chain electrostatic interactions are observed in the crystal
structures of LC8/IC and LC8/Swa and are consistent with
the larger enthalpy of binding for LC8/Swa. Asp 296 of Swa
and Lys 9 of LC8 form an electrostatic bridge, which is
absent in IC (the corresponding residue in IC is Thr 135).
There is also an intrachain hydrogen bond between the
carboxyl oxygen of Swa Thr 288 and the side chain of Ser
289, whereas there is no such interaction between the
corresponding residues of IC (Val 127 and Tyr 128). Thus
the differences in binding enthalpies correlate with electro-
static differences between LC8/IC and LC8/Swa interactions.

15N backbone order parameters are similar for both
complexes, but conformational heterogeneity measured as
deviations from the simplest model is quite different. The
entropically favored IC binding to LC8 shows a minimal
change in the backbone dynamics relative to apo-LC8, while
the entropically disfavored Swa and Bim binding is consistent
with the increase in homogeneous dynamics in LC8/Swa and
LC8/Bim relative to both apo-LC8 and LC8/IC. Thus the
differences in binding entropies correlate with changes in
backbone dynamics occurring upon binding.

Based on the available data it is our conclusion that a
significant contribution to the difference in enthalpic and
entropic binding energies can be explained by differences
in LC8/ligand electrostatics and changes in protein dynamics.
As has been observed for CaM association with several of
its binding partners (47), changes in LC8’s internal dynamics
are ligand-dependent and illustrate the importance of con-
formational entropy in high-affinity protein-protein interac-
tions (47, 49).

Dynamics and Regulation. In crystal structures of apo-
LC8 and LC8/peptide complexes, the side chain of Ser 88
is buried and not apparently accessible to phosphorylation.
This raises the question of how Ser 88, the putative
phosphorylation site (51), becomes phosphorylated in the
cell. The studies presented here show an overall conforma-
tional heterogeneity in apo-LC8 that is not restricted to the
binding groove but spans the sequence and is retained with
IC binding but not with Swa binding. This raises the

FIGURE 11: Comparison of H/D and H/H exchange between H55K
monomer (A) and LC8 dimer (B). The slowest exchanging protons
are shown in blue, those that are measured by H/D exchange are
shown in green, and the protons that are too fast to measure by
H/D exchange but too slow to measure by H/H exchange are shown
in yellow. The fastest exchanging protons are shown in red. Images
were produced with PyMol using PDB codes 1RHW and 2P1K as
models for monomeric and dimeric structures, respectively.
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possibility that the conformational heterogeneity in apo-LC8
permits transient exposure of the Ser 88 side chain for
phosphorylation. Using the same reasoning, it is also possible
that the flexibility in the LC8/IC complex is retained to allow
phosphorylation in the bound form, while no such regulation
may be required for the LC8/Swa or LC8/Bim complexes.

Summary. H55K is a model for monomeric LC8 at neutral
pH and shows considerable conformational heterogeneity
relative to the pH 3 WT monomer, primarily for residues
that ultimately form the binding grooves at the dimer
interface. The presence in the monomer of a few mostly
disordered residues that sample ordered conformations sug-
gests that dimerization and ligand binding selects for minor
populations of native-like conformations in the inactive
monomer ensemble. In both the monomer and dimer, �3 is
highly disordered but is nevertheless more ordered on
average in the dimer and becomes considerably more ordered
in the complex. Upon binding, �3 makes contacts with the
peptide that is itself intrinsically disordered but forms the
sixth strand in the complex (14), making this an example of
two highly flexible segments (�3 and �peptide) that fold upon
specific binding. Comparison of backbone dynamics between

the two bound forms shows a more dynamic fit of IC relative
to Swa in the binding groove and suggests that the increase
in ordered structure observed in LC8 upon binding is peptide-
dependent. The difference in the entropic energetic cost
associated with LC8 binding correlates with the large
difference in LC8 backbone dynamics upon association with
peptide partners and suggests that the conformational entropy
of the protein modulates its affinity to diverse ligands. This
raises the possibility that there are functional pressures on
LC8 to tailor changes in its internal dynamics for different
binding partners. Conformational heterogeneity may also
underlie selective regulation by phosphorylation.
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