BIOCHEMISTRY

including biophysical chemistry & molecular biology

Biochemistry 2009, 48, 11381-11389
DOI: 10.1021/b1901589w

Article

Light Chain LC8'

Gregory Benison, Marcus Chiodo, P. Andrew Karplus,* and Elisar Barbar*
Department of Biochemistry and Biophysics, Oregon State University, Corvallis, Oregon 97331
Received September 10, 2009, Revised Manuscript Received October 27, 2009

ABSTRACT: Dynein light chain LC8 is a small, dimeric, very highly conserved globular protein first identified as
an integral part of the dynein and myosin molecular motors but now recognized as a dimerization hub with
wider significance. Phosphorylation at Ser88 is thought to be involved in regulating LC8 in the apoptotic
pathway. The phosphomimetic Ser88Glu mutation weakens dimerization of LC8 and thus its overall ligand-
binding affinity, because only the dimer binds ligands. The 1.9 A resolution crystal structure of dimeric
LC8gggr bound to a fragment of the ligand Swallow (Swa) presented here shows that the tertiary structure is
identical to that of wild-type LC8/Swa, with GIlu88 well accommodated sterically at the dimer interface.
NMR longitudinal magnetization exchange spectroscopy reveals remarkably slow association Kinetics
(kon ~ 15~ mM™") in the monomer—dimer equilibrium of both wild-type LC8 and LC8gggr, possibly due
to the strand-swapped architecture of the dimer. The Ser88Glu mutation raises the dimer dissociation
constant (Kp) through a combination of a higher k.¢and lower k,,. Using a minimal model of titration linked
to dimerization, we dissect the thermodynamics of dimerization of wild-type LC8 and LC8gggr: in their various
protonation states. When both Glu88 residues are protonated, the LC8gggr dimer is nearly as stable as the
wild-type dimer, but deprotonation of one Glu88 residue raises Kp by a factor of 400. We infer that
phosphorylation of one subunit of wild-type LC8 raises Kp by at least as much to prevent dimerization of LC8
at physiological concentrations. Some LC8 binding partners may bind tightly enough to promote dimeriza-
tion even when one subunit is phosphorylated; thus linkage between phosphorylation and dimerization

11381

Structural, Thermodynamic, and Kinetic Effects of a Phosphomimetic Mutation in Dynein

provides a mechanism for differential regulation of binding of LCS to its diverse partners.

Dynein light chain LC8' (called DYNLLI in mammals (1))
was first described as an essential component of the dynein (2—4)
and myosin V (§) molecular motors, binding directly to specific
sites on the dynein intermediate chain IC74 (6, 7) and the myosin
V heavy chain (8, 9). Because LCS8 also binds to some putative
dynein cargos, it has been described as a cargo adaptor (10—12);
however, a large fraction of LC8 is not associated with any
molecular motor (/3), and some of its ligands, such as neuronal
nitric oxide synthase (nNOS) (/4), are not clearly associated with
active transport, leading to the emerging concept that LC8 acts as
a dimerization hub, binding to diverse partners with some
disordered regions and inducing them to dimerize and to form
more ordered structures (6, 15, 16).

Wild-type LC8 can exist as a folded monomer or a folded
dimer, with the dimeric form predominating at neutral pH and
the monomeric form predominating at low pH (/7). The disrup-
tion of the dimer at low pH has been attributed to protonation
of His55, which is solvent-exposed in the monomer with pK, ~6.5
and becomes buried at the dimer interface with pK, <4.5 (18).
The tertiary structure remains similar in the pH-induced
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monomer, the apo dimer, and ligand-bound complexes (/19—
22). The dimer interface consists of a central 5-sheet composed of
four strands from one subunit and one strand crossed over from
the other subunit (Figure 1). All known ligands bind in a cleft
at the dimer interface by appending as a sixth f-strand to the
central fS-sheet. Both subunits of the dimer contribute to the
ligand-binding site, and thus monomeric LC8 fails to bind
ligands (18, 23).

Phosphorylation at Ser88 can regulate LC8 in vivo. This was
first described in the apoptotic pathway, where phosphoryla-
tion disrupts binding to BimL, which in turn inhibits apop-
tosis (24—26). Initially Pakl, which binds directly to LC8 (27),
was implicated as the kinase responsible for phosphorylation (25);
however, this has been questioned (27). Despite uncertainty
about the kinase involved, the occurrence of LC8 phosphoryla-
tion in vivo is clear, and its regulatory role is potentially of much
broader importance because LC8 is now recognized as a hub
protein and general promoter of dimerization involved in numer-
ous pathways (/6).

Though phosphorylation at Ser88 disrupts ligand binding,
Ser88 is not in direct contact with the ligand in any known
structure (21, 28), suggesting that phosphorylation does not
act by directly occluding the binding site (23). Phosphorylation
can act primarily by altering quaternary structure, as observed in
glycogen phosphorylase (29), STAT3 (30), and the Kv chan-
nel (37). In LC8, Ser88 is at the dimer interface, and in vitro
studies show that the phosphomimetic mutant LC8ggsg dime-
rizes much more weakly than wild-type LC8 (23, 26). The
stable LC8 monomer is thus of physiological importance

Published on Web 10/28/2009 pubs.acs.org/Biochemistry



11382  Biochemistry, Vol. 48, No. 48, 2009

Benison et al.

FIGURE 1: Overview of the LCS8 structure. (a) In the monomer, His55 and Ser88 (red) are solvent-exposed. The two identical subunits of LC8 are
shown in blue and cyan. (b) In the dimer, His55 and Ser88 are buried. Strand /33 forms part of the central 5-sheet of the opposite subunit. (¢) Ligands
(yellow) bind in a cleft at the dimer interface by appending to the central 3-sheet. Figure made with PyMol (47) using PDB structures 3BRI and 3E2B.

and not just a curiosity of extreme low-pH conditions. Mono-
meric LC8 cannot bind ligands; therefore, by increasing
the monomeric population at the expense of the dimeric popula-
tion, the Ser88Glu mutation reduces the overall ligand-binding
affinity.

The NMR spectra of monomeric, dimeric, and ligand-bound
LC8ggsi suggest that they are structurally very close to their wild-
type counterparts (23). The Ser88Glu mutation therefore intro-
duces a titrable group at the dimer interface, which could disrupt
the LC8ggsr dimer at neutral pH in the same way that His55
disrupts the wild-type dimer at low pH. To test this model of
action, we have performed structural, thermodynamic, and
kinetic analyses of LC8ggsg. The crystal structure at 1.9 A
resolution of dimeric LC8gggr/Swa is essentially unchanged from
that of the wild-type complex. A quantitative model linking
dimerization with the titration of interface residues, fit to
thermodynamic data for dimer association/dissociation, reveals
the energetics of dimerization for wild-type LC8 when both, one,
or neither His55 residue is protonated and similarly for LC8gggp
in its various protonation states.

NMR spectra of LC8 and LC8gggE, recorded at conditions
where the dimer dissociation constant is similar to the total
protein concentration, contain two distinct sets of signals,
corresponding to monomer and dimer. This slow-exchange
behavior allows the use of Nz-exchange spectroscopy (34) to
compare dimerization kinetics in LC8 and LC8ggg. This method
offers the advantage of defining both the association and
dissociation rates without perturbing the chemical equilibri-
um (32, 33) and therefore reveals the impact of the phosphomi-
metic Ser88Glu mutation on the activation energy for dimer
dissociation.

EXPERIMENTAL PROCEDURES

X-ray Crystallography. Wild-type LC8, LC8gggp, and Swa
were prepared as described previously (20, 21, 23). Crystals were
grown at room temperature in hanging drops made by a 1:1
mixture of the reservoir with a stock solution of 1 mM protein
and 2 mM peptide in 20 mM Tris-HCI (pH 8.0). The reservoir
solution was 0.2 M calcium acetate, 0.1 M sodium cacodylate,
and 15% PEG8000, pH 5.5. The crystals grew as hexagonal rods
with long axes greater than 300 yum and diameters up to 80 ym
and were flash frozen in liquid nitrogen following transfer to a
cryoprotectant consisting of reservoir solution plus 20% (v/v)
glycerol.

Diffraction data were collected on beamline 5.0.3 at the
Advanced Light Source, Berkeley National Laboratories

4 =10 A; A¢ = 1°; high-resolution pass, 120 10-s images;
low-resolution pass, 100 3-s images). Data sets were processed
using the HKL suite of programs (35). Crystals of LC8sgge/Swa
belong to space group P6,22 with a = b = 44.19 A and ¢ =
203.22 A with one molecule in the asymmetric unit and a solvent
content

of 50%.

Before refinement, 10% of the reflection data were set aside for
cross-validation. The test set comprised the same reflections used
in the test set for the 2 A LC8/Swa refinement (21), plus new
randomly selected reflections beyond 2 A resolution. The struc-
ture was solved by using the LC8 chain from the previously
reported LC8/Swa structure (PDB entry 2plk (27)) as a search
model for molecular replacment at 3.5 A resolution using
MOLREP (36). Rigid body refinement using REFMAC (37)
resulted in an initial Repys/Reree Of 33%/37%. There was strong
electron density present for the bound peptide at the rigid body
refinement stage. A model for Swa was built into this density, and
LCS8 residue 88 was changed to Glu. The structure was iteratively
refined using REFMAC and Coot (38), including TLS refine-
ment (39), to Reryst/ Riree of 19.0%/25.4%. During refinement,
ordered water molecules were added or removed by the criterion
of having reasonable hydrogen-bonding partners and a peak in
the 2F, — F, electron density map of at least 1. Water molecules
were numbered on the basis of final peak electron density from 1
(the strongest) to 79 (the weakest).

Per-atom contributions to solvent-accessible surface area were
calculated using VOLBL (40). Structure diagrams were produced
with PyMol (41).

The coordinates of the LC8ggge/Swa complex have been
deposited in the RCSB Protein Data Bank with accession code
3BRL.

NMR Spectroscopy. NMR samples of '"N-labeled wild-
type LC8 and SN-labeled LC8sgsr were purified as described
previously (21, 23). Samples contained 0.5—1.0 mM protein,
50 mM sodium citrate, 50 mM sodium chloride, 50 mM sodium
phosphate, 3% glycerol, and 10% “H,O. pH was in the range
3.0—7.0 and verified to within 0.1 using an internal maleic acid
standard. All NMR experiments were recorded on a Bruker
DRX 600 spectrometer at 30 °C. Monomer—dimer exchange
rates were measured using Nz-exchange spectroscopy (34). In
these experiments, magnetization is first frequency-labeled with
the amide nitrogen chemical shift and then after a mixing period
is transferred to the amide proton and detected. This leads to four
distinct peaks for residues having sufficiently distinct monomer
and dimer chemical shifts in both the proton and nitrogen



Article

dimensions: a monomer—monomer autopeak; a dimer—dimer
autopeak; and two cross-peaks (monomer—dimer and dimer—
monomer) arising from magnetization which has changed
environments due to chemical exchange during the mixing
period. From the intensities of these four peaks as a function
of mixing time, the forward and backward exchange rates can be
determined. Nz-exchange spectra were collected in an interleaved
fashion, where the mixing time was incremented before the
t; delay. For wild-type LC8, mixing times were 150, 300, and
450 ms. For LC8gggsp, mixing times were 35, 70, 105, 140, 175, and
210 ms.

Peak intensities were determined by fitting signals to two-
dimensional Lorenzian lineshapes using in-house software. In
fitting the cross-peaks of Nz-exchange experiments, we con-
strained the chemical shifts to match the more easily measured
autopeaks while allowing the intensity to vary freely. This gives
reasonable estimates for the intensities of even very weak cross-
peaks, because their position is fixed by the much more intense
autopeaks (33). Uncertainties in peak intensities were estimated
using Monte Carlo sampling. Using the best-fit model as a
starting point, model parameters (intensity, line width, peak
position) were varied randomly to generate a set of plausible
models, accepting only those meeting a y criterion of p > 0.05.
Error estimates for the parameters (e.g., peak intensity) were
taken as the standard deviations of the parameters within this
model set. Kp values were calculated from the intensities of peaks
corresponding to monomeric and dimeric populations in 'H—"C
CT-HSQC spectra (for wild-type LC8 (18)) or 'H=""N HSQC
spectra (for LC8gggr) With a 3 s recycle time. Error estimates for
Kp were calculated by standard error propagation rules from
errors in the peak intensities. .

Peak volume as a function of time (I) was modeled by the
Bloch equations for two-site exchange between a monomeric
environment (M) and a dimeric environment (D):

lim] = —k . [Tn] + k- [Ip] —=Ru[Iu] (1)

lip] =k [u] =k - [Ip] =Rp|Ip] (2)

where Ry; and Rp are the T, relaxation rates for monomer and
dimer, respectively. The forward and backward magnetiza-
tion exchange rates k. and k_ are equivalent to the chemical
exchange rates for a unimolecular reaction such as protein
unfolding (34). For this bimolecular reaction, they are deter-
mined by the relations k, = koM and k— = kg, where ko,
and kg are the rate constants of the LC8gggr dimerization
equilibrium:
kon
2M=D 3)

kotr

The monomer concentration M is a constant and can be
calculated from the (known) total protein concentration and the
rate constants k., and k. therefore, ko, and kg are sufficient to
determine &, and k_ .

An error function was calculated as the sum of squared
residuals between measured and predicted peak volumes. For
each residue, the fitting procedure included both cross-peaks
and both autopeaks. When too weak to measure, the cross-
peak intensity was set to an upper bound of 1 (expressed as a
signal-to-noise ratio) for fitting purposes, leading in turn to an
upper bound on the kinetic constants. The kinetic parameters
kon and ko, when fit on a per-residue basis, clustered within
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a distribution of ~450%, suggesting that modeling the
data as the result of a single exchange process affecting the
entire protein was justified. Therefore, we performed a global
fit in which monomer and dimer initial peak intensities
were independent parameters for each residue, but rate
constants were constrained to be equal for all residues. The
predicted volume was thus a function of the four independent
parameters, kon, kof, Rm, and Rp, in addition to two
independent parameters (I}; and ID) for each residue included
in the fit.

The best-fit parameters were determined by a gradient-descent
search, with error estimates on parameters derived from the
gradient at the minimum. The minimization and the solution of
the differential equations involved in fitting were both performed
using the numerical package R (www.r-project.org).

Minimal Model. To explain the pH dependence of ko, kofy,
and Kp, we developed a minimal model based on coupled
equilibria of protein dimerization and titrating residues at the
dimer interface. Our model is an adaptation of one that has been
used to explain the pH dependence of folding kinetics in an SH3
domain (42).

Our model for wild-type LCS8 includes His55 as the sole
titrable residue at the dimer interface. In such a system, the
dimer can form by three distinct pathways: association of two
unprotonated monomers, association of one protonated and one
unprotonated monomer, or association of two protonated mono-
mers (Scheme 1). The acid dissociation constant in the monomeric
state (pKY") and the first and second acid dissociation constants in
the dimeric state (pK>" and pKD?) are not generally equal, because
the titrating group is in a different environment. Because of
thermodynamic cycles linking protonation to dimerization, of the
six parameters in this model (three acid dissociation constants
and three dimer dissociation constants) only four can be varied
independently.

We extended the model to LC8gggg by incorporating titration
of Glu88, leading to additional parameters and thermodynamic
cycles. In general, the overall free energy of association as a
function of pH is given by

+ M 2
AAG®—p =RT Y In—— (HT] K, (4)
T [ 2HTKY) + KK

where the sum extends over all titrating residues.

Kinetic predictions can be obtained by considering pK,
values in the transition state as well as in the monomeric and
dimeric states. For a protein dimerization reaction, the
transition state is itself dimeric and resembles the bound
state (43, 44). Overall kinetic behavior in the presence of
titrating groups can be described in terms of a pH-dependent
free energy for the initial state, the final state, and a transition
state ensemble (42):

. ([H]+RM)?
AAGNM — = RT Y In—————
T [HT+2HYIK, + KK

a, i’ ra,i

(%)

H*J2 4 2[H*]KP! 4 KP! kD2
AAGOD_,i :RTZ]H[ } [ ] dyl a,i7a, il (6)

T 2K KK

a, i ta, i

where M, D, and } are the monomeric, dimeric, and transition
states, respectively. The sum contains one term for each
titrating group at the interface.
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Scheme 1: Model of Titration-Linked Dimerization®

AH+AH — AH, AGY
e e
A+ AH — AH AGJ=AG? + 2.3 RT (pKD' - pKM)
[ [
A+A — A, AGY=AGJ+ 2.3 RT (pKD2 - pKM)

“Abbreviations: A, unprotonated monomer; AH, protonated
monomer; A,, unprotonated dimer; A,H, singly protonated
dimer; A,H,, doubly protonated dimer.

From the free energies of the monomeric, dimeric, and
transition states, we can calculate dimer dissociation equilibrium
and rate constants:

RTInKp = AG° —p (7)
kky T
—RT Inky, = —RT1n<Tb> +AGy (8)

kk, T
h

—RT Inkoy = —RT ln< ) +AG°p -+ 9)
where k, and /1 are the Boltzmann and Planck constants,
respectively, and « is a transmission coefficient.

For wild-type LC8, His55 pK}, pkD', and pKD>? were set
initially to the acid dissociation constant of free histidine and then
iteratively adjusted to give the best least-squares fit simultaneously
to Kp, kon, and ko according to eqs 7, 8, and 9. Experimental K
values were taken from ref /8, and k., and kg were taken from
this study. For LC8gggp, titration of His55 and GIu88 was
considered. Though the acid dissociation constants for His55 in
LC8gggr may differ from those in wild-type LC8, the amount of
available data did not justify fitting the pK, values for both
residues independently. Thus, to model LC8ggg5, we used the acid
dissociation constants of His55 from wild-type LC8 and adjusted
the acid dissociation constants of Glu88 iteratively to give the best
match to the experimentally measured Kp, kop, and kogr.

RESULTS

Crystal Structure of LC8ggsk. The structure of LC8ggsr/
Swa was solved by rigid body refinement using the LC8 chain
from the wild-type LC8/Swa complex (27) as the initial model
and refined at 1.9 A resolution to Ryyse = 19.0% and Rpree =
25.4% (Table 1). All residues were in the most favored Rama-
chandran region except for AsnS1, which as in all LC8 structures
has a positive ¢ angle and is part of a turn which also features a
cis-peptide bond between Pro52 and Thr53. Electron density
clearly shows the conformation of Glu88 (Figure 2a). The
structure of LC8ggsr/Swa is nearly identical to that of wild-type
LC8/Swa (C* rmsd of 0.28 A), and even at the site of mutation,
the backbone and side chain torsion angles are similar
(Figure 2b). In wild-type LC8, Ser88" O has two hydrogen bond
donors: Ser88 Oy and His55 Ne. In S88E, the hydrogen bond
from Ser88 Oy is lost. Instead, the methylene group of Glu8§8 isin
steric contact with Glu88' O, at a favorable nonbonded dis-
tance (45). Glu88 adopts a rotamer directing the side chains away

Benison et al.

Table 1: Data Collection and Refinement Statistics
0—1.90 (2.01—1.90)

resolution

reflections (total/unique) 195803/10183
completeness 100.0 (99.8)
Rieas” 9.6 (72.4)

Ijo 279 (3.8)

refinement

resolution (A) 00—1.90 (1.95—1.90)

no. of reflections 9605 (685)
no. of amino acids (LC8) 88

no. of amino acids (ligand) 10

no. of solvent atoms 79

total no. of atoms 880
average B (all atoms) (A2) 34
Reryst(%0) 19.0 (22.0)
Ripree(%) 25.4 (27.3)
rmsd bonds (/QX) 0.009
rmsd angles (deg) 1.1

¢, 1 most favored” 96/97

“As defined by Diederichs and Karplus, 1997. °As defined in Lovell
et al., 2003.

from each other, such that the distance between the carboxylates
is 7 A (Figure 2a). The Glu88 side chain is mostly buried in a
pocket formed by residues ThrS3, His55, and Thr67', with the
carboxylate group only partially exposed (18 A? solvent-acces-
sible surface compared with 60—80 A* for the most exposed
carboxylate groups).

Thermodynamics of Dimerization. In HSQC spectra of
wild-type LC8 in the pH 4.2—5.3 range, and those of LC8ggg in
the pH 4.2—6.7 range, certain residues (primarily those at the
dimer interface) have two distinct peaks, corresponding to
monomer and dimer. Changing the pH, and thus the mono-
mer/dimer populations, alters the intensities but not the positions
of these peaks (i.e., they are in the NMR slow-exchange regime),
allowing determination of Ky, through ratios of peak intensities
(Figure 3). The Kp of wild-type LC8 decreases monotoni-
cally with increasing pH with a midpoint at pH 4.5, reaching
a limit <1 uM at high pH (/8). The pH dependence of
LC8gggr dimerization is remarkably different (Figure 4; Support-
ing Information Table 1): Kp decreases with increasing pH
until reaching a minimum of Kp = 930 uM at pH 5.5 and
then increases again at higher pH. We attribute these oppos-
ing trends to perturbation of titrating residues at the dimer
interface: in the dimer, the pK, of His55 is lowered, and that of
Glu88 is elevated.

To show that dimerization coupled to titration of residues at
the interface can quantitatively account for the different pH
dependence of K, for wild-type LC8 and LC8gggp, we developed
a minimal model (see Experimental Procedures). We began by
constructing a model of wild-type LC8 considering only titration
of His55. In fitting Ky vs pH, the freely variable parameters were
pKM (the acid dissociation constant in the monomer), pK?! and
pKP? (the acid dissociation constants in the dimer), and either
AG®; or AG°; (Scheme 1). It was not possible to fit all four
parameters simultaneously through global fitting procedures, but
by iterative refinement from reasonable starting values, we found
a local best fit (Table 2). The model based on the best-fit
parameters accurately reproduced experimentally measured Kp
over the pH 3—7 range (Figure 4). To test the robustness of the
reported parameters, we performed systematic searches around
the best-fit values (Figure 5). All good fits had the following
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FIGURE 2: Crystal structure of LC8gggr showing the environment of Glu88. (a) Electron density for Glu88 in LC8gggr/Swa. View is along the 2-
fold symmetry axis with 2F, — F. density contoured at 1.20 and showing LC8sgsr (cyan) and the peptide (yellow). (b) Stereoview of the
environment of residue Ser88 in wild-type LC8/Swa (blue) and of residue Glu88 in LC8sgsr/Swa (cyan). The peptide is shown in yellow. Chain Bis
shown in a darker shade than chain A. Figure made with PyMol (47) using PDB structures 3BRL (LC8sgsg/Swa) and 3E2B (LC8/Swa).

properties: pK\' in the range 6.0—6.5, as expected for an exposed
histidine; pkY and pk® % less than 4.5; and AG®s, the free energy
of association in the limit of high pH, below 0.3 M.

The model of LC8ggsr considered titration of His55 and Glu§8.
We retained the best-fit parameters for His55 from the wild-type
model and iteratively adjusted the parameters of Glu88. As for
wild-type LCS, the model accurately reproduced the experimental
measurement of Kp (Figure 4), including the opposite trends for
wild-type LC8 vs LC8gggg over the pH 5—7 range. We used a grid
search to investigate the robustness of the pK, values (Figure 5).
The best-fit pKQ/I of Glu88 is 4.2, near its unperturbed value in the
free amino acid. A good fit required that Glu88 pk>' > 6 and
Glu88 pkP* > 7, with best-fit values of 6.8 and 7.5. The initial fit
was performed when only three of the six Kp measurements for
LC8ggsr were available (see points marked with an asterisk in
Figure 4). The later collected points, despite their not being
included in the initial fit, were in good agreement with the model,
serving as a cross-validation of the modeling approach and best-
fit parameters. When all of the data were included in the fit, the
best-fit pK, values remained unchanged to within 0.1 unit.

Using the relationships in Scheme 1, we calculated separate Kp
values for LC8 in its distinct protonation states (Table 3). For wild-
type LC8, the most tightly dimerizing form (Kp = 0.06 uM) is
that in which neither His55 is protonated, corresponding to the
limiting Kp, at high pH. The most weakly dimerizing form (Kp =
21000 uM) is that in which both HisS5 residues are protonated,
corresponding to the limiting Kp at low pH. Similarly, for LC8sggE,
the most tightly dimerizing form (Kp = 0.07 M) is that in which
all titrating residues are neutral, and the most weakly dimerizing
form (Kp = 1.8 x 10'° uM) is that in which all titrating residues are
charged. Interestingly, these states, unlike those of wild-type LCS,
do not predominate at any pH and thus do not correspond to any
observable limit. Over the pH range studied (4.0—6.7), the
observed macroscopic Kp of LC8sgsr reflects a mixture of
protonation states and reaches a minimum of 0.9 mM at pH 5.2.

Kinetics of Dimerization. We measured dimer association
rate constants (k,,) and dimer dissociation rate constants (k) for
wild-type LC8 and LC8gggr using Nz-exchange NMR spectro-
scopy (34) (Figure 3). For four residues (Asp37, Gly59, Gly63, and
Ala82) both cross-peaks and both autopeaks were sufficiently
resolved to allow quantitative measurements of exchange rates: for
wild-type LC8 between pH 4.2 and pH 5.3, ko = 0.05—0.24 5

and ko, = 1.0-3.0 s mM™!; for LC8ssr: between pH 5.5 and
pH 6.7, kor = 1.9-5.7s and ko, = 1.2-3.0s ' mM ™! (Figure 4
and Supporting Information Table 1).

The rate constants for dimerization are pH-dependent, which
we explained by extending the model to include acid dissociation
constants in the transition state (pKi' and pK:%). These were
iteratively adjusted to match the kinetic data, resulting in best-fit
values intermediate between those in the monomeric and dimeric
states. The resulting model accurately reproduced the experi-
mentally measured rate constants for wild-type LC8 and LC8sgsr
(Figure 4).

DISCUSSION

Phosphorylation of Ser88 regulates LC8 by weakening its
dimerization, which in turn diminishes overall affinity for ligands
which can bind only to the dimer (23, 25, 26). Our biophysical
studies of LC8gsggr as a phosphomimetic mutant probe the
origin of this weakened dimerization. NMR spectra first sug-
gested that LC8gggr/Swa is structurally very close to its wild-type
counterpart (23), and this is now confirmed by the crystal
structure (Figure 2B). We have measured dimer stability and
dimerization kinetics as a function of pH for both wild-type LC8
and LC8ggge. Using a minimal model, we dissect the thermo-
dynamics and kinetics of association for wild-type LC8 and
LC8gggk in their various protonation states.

Dimer Disruption by Titrating Residues at the Interface.
Previously, we showed that titration of His55, uniquely among the
histidine residues of LC8, is linked thermodynamically to dimer-
ization (/8). When His55 is protonated, formation of the dimer
would result in the unfavorable burial of a charge at the interface.
His55 and His55' are in close proximity in the dimer, leading to an
additional energetic penalty from like-charge repulsion when both
are protonated. Glu88, like His55, is buried at the dimer interface
near its symmetry mate. To demonstrate that titration of these two
residues sufficiently explains the pH dependence of dimerization,
we constructed a minimal model incorporating only His55 (for
wild-type LC8) or His55 and Glu88 (for LC8gggsp) that accurately
reproduces Kp over a wide pH range (Figure 4A).

From the best-fit model parameters, we calculated the energetics
of dimerization in all possible protonation states (Table 3), allow-
ing us to assess the relative importance of burial of a single charge
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vertical scale of the dd and mm plots is four times that of the md and dm plots. The fits to eq 1 are shown as solid lines (wild-type LC8) or dashed
lines (LC8ggsE). (b) Excerpts of the same region from additional Nz-exchange spectra at different mixing times, showing the buildup of the cross-
peaks. (c) Similarly for wild-type LCS.
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FiGuRrE 4: pH dependence of kinetic and thermodynamic parameters for LC8 dimerization: (a) Kp, (b) kon, and (¢) kog. Experimental data points
are shown as circles for wild-type LCS8 and as triangles for LC8gggg. The best-fit model is shown as solid lines for wild-type LC8 and dashed lines
for LC8ggsk. The experimental data also appear in Supporting Information Table 1. Arrows indicate measurements which are upper or lower
bounds. Data points collected after initial model fitting are marked with asterisks (see Results).

vs like-charge repulsion between symmetry mates. For wild-type
LC8 in the limit of high pH (conditions where His55 is entirely

Table 2: Acid Dissociation Constants in the Monomeric, Dimeric, and
Transition States Derived from the Minimal Model of Titration-Linked

deprotonated in both the monomer and dimer), the calculated Kp Dimerization”

is 0.06 uM, which is consistent with a recently reported experi- His55 Gluss
mental upper bound of 0.5 uM at pH 7.4 (27). The burial of one

charged His55 residue destabilizes the dimer by 3.3 kcal/mol, pkM 6.2 42
corresponding to a 250-fold rise in Kp (Table 3). Protonation of pK>! 3.0 6.8
the second histidine residue incurs an additional energetic penalty pKy”? 38 7.5
of 4.4 kcal/mol, equivalent to a 1500-fold rise in Kp. We attribute E?; ‘;2 g"g

the greater energetic penalty (by 1.1 kcal/mol) of the second

deprotonation to like-charge repulsion between His55 and His55'.
This is in reasonable agreement with an expected penalty of 1.6
keal/mol calculated by considering HisS5 and His55" as point
charges separated by 6 A (the distance between the imidazole rings
in the crystal structure) and estimating an effective dielectric
constant of 40 (taken from a variety of mutagenesis and titration
studies of charged residues at or near the protein surface (46—48)).

“The pK, values for His55 were obtained by fitting the model to the wild-
type data and were fixed to be the same in both the wild-type and LC8ggsk
models (as described in Experimental Procedures).

For states of LC8ggsr in which both Glu88 and Glu88' are
protonated, Kp is only slightly higher than that for the corre-
sponding states of wild-type LC8 (Table 3). Therefore, steric
effects and/or loss of intersubunit hydrogen bonds involving
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FIGURE 5: Exploration of the robustness of the model parameters near the best fit. (a) Grid search of His55 pK2! and pK2? in wild-type LCS.
(b) Grid search of Glu88 pk>! and pKD? in LC8gggr. The cross symbol marks the location of the best-fit parameters. The goodness of fit, reported
as a reduced y square value, is shown for the surrounding parameter space.

Table 3: Dimer Dissociation Constants (in M) for Wild-Type LCS8 (wt)
and LC8ggsr in All Possible Distinct Protonation States, Derived from the
Titration-Linked Model

LCSSSSE
wt GIUgg/GIUgg GIU33/G1ug8 Glugg/Glugg
Hisds/Hisds 2.1 x 10 2.5 x 10* 1.1 x 10° 1.8 x 10"
Hisss/Hisis 14 17 6300 1.2 x 107
Hisss/Hisss  0.060 0.071 28 5.9 x 10*

Ser88, which have been proposed as mechanisms for the disruption
of the LC8sggg dimer (23, 26), appear to play a minor role. This is
consistent with the crystal structure of LC8gggr/Swa, which shows
Glu88 easily accommodated sterically at the dimer interface, and
with the thermodynamics of LC8ggga, which also lacks the
hydrogen bonds involving Ser88 yet remains strongly dimeric (49).
It is only when the GlIu88 side chain is deprotonated that the
Ser88Glu mutation becomes disruptive: the first deprotonation
destabilizes the dimer by 3.6 kcal/mol, raising Kp 400-fold. The
second deprotonation destabilizes the dimer by 4.5 kcal/mol and
raises Kp an additional 2000-fold. We attribute the 0.9 kcal/mol
higher penalty to like-charge repulsion between Glu88 and Glu8§',
in reasonable agreement with the expected penalty of 1.4 kcal/mol
calculated for two point charges separated by 7 A (the distance
between the carboxylates in the crystal structure).

Impact of the Ser88Glu Mutation on Dimerization
Kinetics. Nz-exchange spectroscopy has been used to measure
the kinetics of the folding—unfolding transition of an SH3
domain (34) and of protein dimerization in type II cadherin (50).
The method requires that both states are similarly populated and
that exchange rates are in the appropriate range of 0.5—
10 s' (32, 34, 51). These conditions are satisfied for mono-
mer—dimer exchange in wild-type LC8 over the pH 4.2—5.3
range and for LC8ggsr over the pH 5.5—6.7 range. Dimer
association of both wild-type LC8 and LC8ggsp is remarkably
slow: the observed k., values of 1.0—2.0s~' mM ~ ' are at the low
end of the range seen for protein—protein interactions, an order
of magnitude below typical values and a million times lower
than the fastest, diffusion-limited protein—protein association
rates (52). The slow kinetics may reflect the complexity of the
dimerization process for LC8, which is not a simple association of
complementary surfaces; rather, a disordered strand in each
monomer is incorporated into a f3-sheet, requiring formation of
several new intersubunit hydrogen bonds (53).

We measured the rates for LC8gggp at near-neutral pH (6.7),
but for wild-type LC8 measurements are not possible above
pH 5.3 because the monomer population is too low to detect
by NMR. Using the model, however, we can extrapolate to
neutral pH, obtaining ko, = 89s~' mM ~! for wild-type LC8
and kon = 157" mM ! for LC8sgsr (Figure 4B). Thus at
physiological pH the Ser88Glu mutation not only disrupts the
dimer but also greatly slows association and, hence, raises the free
energy of the transition state as well as that of the dimeric state
(Figure 6).

Dimerization Coupled to Ligand Binding. Dissociation of
LC8 to monomers, by decreasing the amount of dimer available
to bind ligands, decreases the apparent ligand affinity. The
effective ligand-binding constant XK'y, taking into account the
ligand-binding sites that become unavailable due to dimer
dissociation (see Scheme 2), is

(1 + h/%’)KL +L

K1 =K
L L KL+l

(10)

For example, consider a 1:1 mixture at 10 uM of LC8 and the
dynein intermediate chain (IC), which binds with an affinity of
3uM (53). Kp of wild-type LCS at neutral pH is less than 0.1 M,
so dimer dissociation lowers the effective ligand affinity by only
1%. In contrast, Kp for LC8sggr is 7 mM, leading to a 4-fold de-
crease in effective ligand affinity. Thus dimer dissociation explains
the results of GST pulldown experiments in which LC8gggg bound
IC with only about half the efficiency of wild-type LCS8 (23), even if
the intrinsic ligand affinity (K1 ) is the same for both wild-type LC8
and LC8gggp. Similarly, in a fluorescence assay at micromolar
concentration a complex of wild-type LC8 and the ligand
Bim formed to completion, yet only a small amount of LC8gggp/
Bim was detected even when LC8gggr was present in 50-fold
excess (26).

Binding of ligands to the dimer also decreases the apparent
dimer dissociation constant K'p in the presence of ligands
(Scheme 2):

Ko\2
K'p :KD<KL+L—L) (11)

This explains the observation that LC8ggsr at 0.2 mM is
mostly monomeric but in the presence of 1 equiv of Swa (K =
0.6 uM (53)) is 90% bound dimer (23).
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Ser88Glu as a Phosphomimetic. Because of similarities of
charge and side-chain length, glutamic acid is commonly used to
mimic phosphoserine, and there is at least one example of a natural
“phosphomimetic” mutation: in phosphorylase kinase, a glutamic
acid residue in the activation loop replaces a conserved threonine
that serves as a phosphorylation target in homologous kinases (54).
LC8ssgr: has been used extensively in experiments both in vitro and
in vivo to mimic phosphorylated wild-type LC8 (26). How appro-
priate is Glu88 as a model for LC8 phosphoserine-88? GIu88 is
partially buried at the dimer interface and incurs only a small steric
penalty. Phosphoserine is composed of heavier atoms and one
additional atom and therefore may incur a larger steric penalty.
Phosphoserine can have up to two negative charges, and the first
acid dissociation constant (pK,; = 2) ensures that, even if its pK, is
perturbed by several pH units in the dimer, phosphoserine always
has at least one negative charge at neutral pH (55). Thus we
conclude that the Kp of wild-type LC8 with one subunit phos-
phorylated is at least as high as that of LC8gggr with one Glu88
residue deprotonated (28 uM; Table 3) and possibly higher due to
steric effects and/or greater charge. By the same argument, we
expect the K of doubly phosphorylated LC8 at neutral pH to be
at least as high as that of LC8ggsr when both Glu88 residues are
deprotonated (59 mM; Table 3), and we expect the dimerization
transition state energy in phosphorylated LC8 to be at Ieast as high
as that in LC8ggg, leading to similarly slower association kinetics
compared to wild-type LCS.

Functional Implications. The LC8 dimer has two identical
phosphorylation sites, one on each subunit. Does regulation
require phosphorylation of both sites or is phosphorylation of
just one sufficient? Phosphorylation of multiple sites is a way to
achieve cooperativity in response to kinase activity and has been
demonstrated in other systems such as the MAPK signaling
protein Ste5 (56). On the basis of our studies with LC8gggg, we
conclude that for a heterodimer of phosphorylated and unpho-
sphorylated LC8 Kp is 28 uM or higher (Table 3); therefore,
phosphorylation of one subunit is sufficient to prevent formation
of the apo-LC8 dimer at physiological concentration. Different
behavior may occur in the presence of ligands. Swa and the
apoptotic factor Bim both bind with affinities better than 1
uM (53) and, therefore, when present at 10 uM decrease the
apparent dimer dissociation constant by a factor of 100 (eq 11).
Tightly binding ligands such as these may overcome the energetic
penalty to dimerization due to phosphorylation of one subunit
and allow formation of singly phosphorylated heterodimers of
LC8, whereas more weakly binding ligands such as the dynein
intermediate chain (IC) may not. Thus the presence of two
identical phosphorylation sites on LC8 provides this hub protein
with a mechanism to regulate its diverse ligands differently in
response to phosphorylation.
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Benison et al.

20 7

kcal/mol

monomer dimer

FIGURE 6: Energetic consequences of the Ser88Glu mutation at
neutral pH. Free energies for monomer, dimer, and transition state
were calculated from the model for wild-type LC8 (solid line) and for
LC84gsk (dashed line).

Scheme 2: LC8 Dimerization Coupled to Ligand Binding”
Kp K K
2M = D = DL = DL

“Abbreviations: M, LC8 monomer; D, LC8 dimer; L, ligand;
Kp, dimer dissociation constant; Ky, ligand-binding constant.
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