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Cytoplasmic dynein is an ATP-dependent, microtubule-based molecular motor
involved in the positioning and trafficking of cellular cargo. The cargo binding sub-
domain of dynein contains the natively disordered intermediate chain (IC) and the
homodimeric light chains (Tctex1, LC8 and LC7). The structure and stoichiometry of
this complex, how the light chains interact with natively disordered IC and the role of
the light chains in dynein assembly is not clear. The focus of these studies is to
elucidate the interactions between IC and the light chains using dynamical,
thermodynamical and structural biophysics techniques.

In chapters 2 and 3 we show changes in LC8 internal dynamics are important
for partner binding. Furthermore we show the two binding sites on LC8 are allosteric,
with both structural and dynamical changes apparent between binding events. These
results demonstrate the importance of protein dynamics in LC8 binding.

In chapter 4 we determined the structure of the ICsTctex1+LC8 complex and
show multivalency between Tctex1 and LC8 results in a 50-fold affinity enhancement
for IC binding despite no direct Tctex1eLC8 interaction. Interestingly, a purely
entropic 1000-fold binding affinity enhancement exists for a designed IC construct
containing two LC8 sites instead of a Tctex1 and LC8 site. These results demonstrate
Tctex1 and LC8 multivalency is tailored to fit the association needs of the system

instead of maximizing potential binding energy.



In chapter 5 we determine the structure of the ICeLC7 complex and show the
LC7 recognition sequence on IC proposed in the literature is wrong, instead the LC7
recognition sequence overlaps residues previously thought to be the ICeIC self-
association domain. Furthermore, we show Tctex1 and LC8 have a negligible effect
on net IC-LC7 binding affinity, despite evidence that Tctex1 and LC8 affect the nature
of the IC<LC7 interaction. Thus this work provides the first atomic-level structure of
the IC-LC7 complex, corrects decade long misconceptions about ICeL.C7 binding and
demonstrates an interconnection between the light chains for IC association.

Individually these results provide detailed descriptions of IC and the light
chains; together they strongly suggest the light chains structurally regulate IC

assembly into the mature cargo binding sub-domain of dynein.
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Biophysical Basis of Macromolecular Assembly in the Dynein Cargo
Attachment Complex

Chapter 1

Introduction



Dyneins are a class of ATP-dependent, microtubule-based molecular motors
involved in ciliary/flaggelar motion (axonemal dynein) or transport/positioning of
cellular components in eukaryotes (cytoplasmic dynein). In all contexts, dyneins
function by holding onto a microtubule on one end, a variable cargo on the
opposite end, and then coupling the chemical energy of ATP hydrolysis to the
mechanical process of walking along a microtubule track.

Cilia and flagella are organelles capable of producing motility by repetitive
episodes of bending, which are powered by axonemal dyneins. During an ATP
turnover cycle, adjacent axonemal dynein motors coordinate to bind and move a
single microtubule in a concerted direction. The coordinated motion of the
microtubule creates a bend in the organelle, which returns to a relaxed state when
released in preparation for the next cycle (Brokaw 1972; Sale et al. 1977; King
2010). Both cilia and flagella have the same internal arrangement of microtubules
and associated axonemal dynein motors; thus, in both cases motion is the product
of axonemal dyneins.

Cytoplasmic dynein, referred to simply as dynein here, has multiple
cellular roles and is essential in animals. During interphase, dynein is involved in
general cellular development and maintenance processes including minus-end
directed intracellular transport (Mische et al. 2007), and the positioning of
organelles (Varma et al. 2010). During metaphase, dynein is involved in mitotic
spindle assembly and orientation (Echeverri et al. 1996), as well as being recruited
to the kinetochore complex where it is thought to be involved in initial microtubule
attachment (Pfarr et al. 1990). During anaphase, dynein is involved in the physical
separation of chromosomes (Compton 2000; Yang et al. 2007). Consistent with its
multiple cellular roles, dynein dysfunction is linked to several human diseases
including lissencephaly (Faulkner et al. 2000), motor neuron disease (Hafezparast
et al. 2003; Stokin et al. 2006), and male infertility (Zuccarello et al. 2008).

Dynein is a multi-protein complex which may be conceptually divided into

two functional sub-domains; the first is the microtubule and ATP binding sub-



domain comprising of the heavy chain (HC) (Pfister et al. 1984) and the second is
the cargo binding sub-domain comprising of the intermediate chain (IC) (Steffen et
al. 1997), the light intermediate chains (LIC) (Gill et al. 1994) and the light chain
proteins Tctex1, LC8 and LC7 (Dick et al. 1996; King et al. 1996; Harrison et al.
1998; Bowman et al. 1999; Susalka et al. 2002) (Figure 1.1).

Cargo attachment to dynein occurs either directly through interaction with
proteins in the cargo binding sub-domain, or indirectly through a bridging
interaction with an adaptor complex associated with the cargo binding sub-domain.
Since the dynein cargo binding sub-domain is central to dynein cargo transport,
understanding how it is assembled and regulated is important for understanding the
greater process of dynein cargo transport. Our work has therefore been to
biophysically characterized IC and the light chain proteins of the cargo binding

sub-domain as a step towards understanding dynein mediated cargo transport.

The dynein heavy chain

The dynein HC is an unusually large (4,639 a.a. in Drosophila
melanogaster) protein. Mutations in D. melanogaster HC result in larval lethality
(Gepner et al. 1996). HC is responsible for the motor activity of dynein as well as
containing the ATP and microtubule binding sites. Schematically, HC has an N-
terminal domain involved in force generation and linkage to the cargo binding sub-
domain (linker), a ring structure formed from six AAA+ domains which contain
the ATP binding site (AAA+), and a microtubule-binding domain (MTBD)
extending from the AAA+ ring (residues 3,285-3,373 in D. melanogaster)
(Imamula et al. 2007) (Figure 1.2).

The main ATP binding site is the 1 AAA+ domain (Imamula et al.
2007), though domains 2-4 can also bind ATP and may play a regulatory role in
ATP hydrolysis (Kon et al. 2004; Cho et al. 2008). During a mechanical cycle,
ATP binding reduces microtubule affinity in the MTBD (Imamula et al. 2007).
ATP hydrolysis is associated with motion in the linker domain, followed by ADP
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Figure 1.1: Schematic representation of cytoplasmic dynein. Cytoplasmic dynein
is shown as an assembly of six proteins: the N-terminal domain of IC (N-IC, grey
bars, predicted coiled-coil shown with red hashes, region of unknown structure
shown as grey dashes) is natively disordered while the C-terminal domain of IC
(C-IC, grey spheres) is predicted to be an ordered toroidal bladed B-propeller; the
three homodimeric light chains are Tctex1 (yellow), LC8 (green) and LC7 (blue);
the light intermediate chains (LIC, purple) and the heavy chain (light blue) bound
to a microtubule (orange). The motor sub-domain of dynein consists of the heavy
chain subunits which form a ring of AAA+ domains (Burgess et al. 2003) and a
microtubule binding domain attached to the AAA+ ring by a flexible 15-nm
coiled-coil stalk (Carter et al. 2008). The cargo binding sub-domain is comprised
of IC (Steffen et al. 1997), LIC, Tctex1, LC8 and LC7 (Bowman et al. 1999;
Susalka et al. 2002). Figure adapted from Figure 1 of Hall et. al 2009 (Hall et al.
2009).



Figure 1.2: The dynein heavy chain. a) Electron microscopic image of the mean
conformation of the dynein heavy chain. Image reprinted with permission from
Figure 4a of Burgess et al., 2003 (Burgess et al. 2003). b) Schematic representation
of the heavy chain (light blue) with the linker, AAA+ and MTBD labeled. c)
Structure of the MTBD with coiled-coil 1 (dark blue), coiled-coil 2 (bright blue)
and a surface representation of the microtubule binding region (light blue). Images
were produced with PyMol (DeLano 2002) using PDB code 3ERR.



into the mechanism by which changes in the AAA+ domain are propagated to the
MTBD (Carter et al. 2008) (Fig 1.2c). The MTBD is connected to the AAA+
domain by an anti-parallel coiled-coil, changes in the registry of the coiled-coil
modulate the MTBD affinity for the microtubule (Gibbons et al. 2005; Kon et al.
2009). These results suggest ATP-dependent changes in coiled-coil registry at the
AAA+ proximal end could be the mechanism by which microtubule affinity is
modulated. Similarly, ATP-dependent structural changes in the AAA+ domain are
communicated to the linker connecting HC to the cargo binding sub-domain,
though the details of the mechanism are not yet understood (Carter et al. 2008).
The linker contains the IC binding site (residues 629-730 in D. melanogaster)
(Habura et al. 1999) and as such provides a link to the cargo binding sub-domain
of IC.

The dynein intermediate chain

IC is a medium sized (642 a.a. in D. melanogaster) protein. Mutations in D.
melanogaster IC result in larval lethality (Boylan et al. 2002). IC has two
structurally distinct regions corresponding to a disordered first half (N-IC, residues
1-289 in D. melanogaster) (Makokha et al. 2002; Nyarko et al. 2004) followed by
a predicted toroidal bladed p-propeller (C-IC, residues 290-642 in D.
melanogaster) (Wilkerson et al. 1995; Nurminsky et al. 1998). C-IC is the site of
binding to the heavy chains (Habura et al. 1999) and N-IC contains the binding

sites for multiple proteins including the p150°"*

subunit of dynactin (Vaughan et
al. 1995), an interaction thought to mediate many dynein-related activities
including Golgi complex and endosome organization (King et al. 2000; Kardon et
al. 2009), and other proteins presumed to be cellular cargo such as the herpes
simplex virus protein (Ye et al. 2000), the CIC-2 chloride channel (Dhani et al.
2003) and B-catenin (Ligon et al. 2001). In addition to these partners, the dynein
light chains Tctex1, LC8, and LC7 bind to distinct sites on N-IC (Susalka et al.

2000; Makokha et al. 2002). Binding of each of these light chains causes the light



chain recognition sequence on IC to undergo a local disorder-to-order transition
(Makokha et al. 2002; Nyarko et al. 2004; Benison et al. 2006) to form a B-strand
for Tctex1 or LC8 (see Figure 4.3a, chapter 4) (Benison et al. 2007; Williams et al.
2007; Hall et al. 2009) or an a-helix for LC7 (see Figure 5.2b, chapter 5) while the

rest of N-1C remains disordered.

The dynein light chains Tctex1 and LC8
Tctex1l and LC8 are both small (111 and 89 a.a. in D. melanogaster,
respectively) homodimeric proteins (Barbar et al. 2001; Talbott et al. 2006). In D.

melanogaster Tctex1 mutants result in male sterility (Caggese et al. 2001; Li et al.
2004) and LC8 null mutants are lethal in late pupal stages (Phillis et al. 1996).
Despite negligible sequence identity (Figure 1.3), structures of apo-Tctex1 and the
NNOS<LC8 complex show Tctexl and LC8 are paralogs (Liang et al. 1999;
Williams et al. 2005), with both proteins adopting the same fold with a distinct
crossover (-strand (f3) at the dimer interface (Figure 1.4a, b).

Both Tctexl and LC8 separately bind to a large number of proteins
(fourteen and twenty different partners for Tctex1l and LC8, respectively) (Table
1.1 and 1.2) with approximately 60% of cellular LC8 interacting with non-dynein
partners (King et al. 1996); of these partners only IC binds both Tctex1 and LC8.
Because they are known to bind within the dynein cargo attachment sub- complex,
Tctex1 and LC8 were once presumed to act as cargo adaptors between dynein and
their other binding partners. However, structures were determined showing IC
binds LC8 at the same site as other LC8 binding partners (Benison et al. 2007,
Williams et al. 2007), leading to the suggesting that LC8 regulates partner
dimerization instead of acting as cargo adaptors (Barbar 2008). This functional
model has been extended to Tctex1 as well, though no structures exist yet for
Tctex1 bound to any partner but IC. A regulatory role for Tctex1 and LC8 is
supported by evidence that LC8 binding induces ICeIC self-association in vitro

(Benison et al. 2006), in vivo studies showing IC lacking the Tctex1 and LC8



Figure 1.3: Dynein light chain sequences from model organisms. Sequences for a)
Tctex1, b) LC8 and c) LC7 are shown for Homo sapiens (Hsa), Rattus norvegicus
(Rno), Gallus gallus (Gga), Xenopus (Slurana) tropicalis (Xta), Danio rerio (Dre),
Drosophila melanogaster (Dme), Caenorhabditis elegans (Cel), and
Chlamydomonas reinhardtii (Cre). Identical residues between Dme and other
organisms are highlighted in yellow. Tctex1, LC8 and LC7 from Dme and Hsa are
71.4, 96.6 and 81.3% identical, respectively.
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Figure 1.4: Secondary structure and fold of the dynein light chains. Secondary
structure (top) and fold (bottom) of a) Tctex1 (yellow), b) LC8 (green) and c) LC7
homodimers with one protomer of each light chain colored grey. B, of Tctex1 is
involved in non-specific crystallographic contacts in the structure (not shown), but
is included in the fold (white) for clarity. Images were produced with PyMol
(DeLano 2002) using PDB codes 1YGT, 3BRI and 2HZ5 for Tctex1, LC8 and
LC7, respectively.
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Table 1.1: Tctex1 and binding partners.

Protein Method of detection Role in interaction Reference
BMPR-II" Y2H’, Colmm, GST-PD Phosporylation of Tetex1 Machado, Rudarakachana et al. 2003
CaM-KII ¥2H, Colmm, GST-PD Dynein transport/unspecified Bauch, Campbell et al. 1998
CDI155 Y2H, Colmm, GST-PD Dynein transport/unspecified Mueller, Cao et al. 2002
Doc2 Y2H, Colmm, GST-PD Dynein transport/unspecified Nagano, Orita et al. 1998
Fip-1 Y2H, Colmm, GST-PD Dynein transport/unspecified Lukashok, Tarassishin et al. 2000
Gy Colmm, GST-PD Regulation of neurite outgrowth Sachdev, Menon et al. 2007

IC Structure - pdb accession 2PG1 IC Dimerization Hm?;;?;‘:z:ite;l;.lé:%‘?:
p59fyn Y2H, Colmm, GST-PD Dynein transport/unspecified Campbell, Cooper et al. 1998
PTH/PTH-RPR Y2H, Colmm, GST-PD Dynein transport/unspecified Sugai, Saito et al. 2003
Rhodopsin Y2H, Colmm, GST-PD Dynein transport/unspecified Yeh, Peretti et al. 2006
SATBI Y2H Dynein transport/unspecified Yeh, Chuang et al. 2005
Tastin Y2H, Colmm, GST-PD Affects Tastin/microtubule adhesion Nadano, Nakayama et al, 2002
Trk-NR Y2H, Colmm, GST-PD Dynein transport/unspecified Yano, Lee et al. 2001
VDAC Y2H, Colmm, GST-PD Affects VDAC channel voltage Schwarzer, Barnikol-Watanabe et al. 2002

®Tctex1 binding protein abbreviations are: bone morphogenetic receptor type Il
protein (BMPR-I1), Ca/calmodulin-dependent kinase Il (CaM-KII), the polio virus
receptor (CD155), Ad E3-14.7K-interacting protein (Fip-1), G protein beta gamma
(GPy), tyrosine kinase P59fyn (p59fyn), class B G-protein coupled receptor
PTH/PTH-related protein receptor (PTH/PTH-RPR), transcription factor SATB1
(SATBL), the Trk neurotrophin receptors (Trk-NR) and voltage-dependent anion-
selective channel (VDAC).

®Method abbreviations are: Yeast 2-hybrid (Y2H), coimmunoprecipitation
(Colmm) and glutathione S-transferase-pull down (GST-PD).
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Table 1.2: LC8 binding partners.

Protein Method of detection Role in interaction Reference
Puthalakath, Huang et al. 1999,

Bim" Structure - pdb accesion 1F95 Regulates proapoptotic activity Fan, Zhang et al. 2001
Dazl YZHb, Colmm, GST-PD Transports mRNA in male germ cells Lee, Lee et al. 2006
Egalitarian Y2H, Colmm Transports macromolecules to the oocyte Navarro, Puthalakath et al. 2004
EWG Y¥2H, Colmm Dynein transport/unspecified Herzig, Andersson et al. 2000
Gephyrin Y2H, Colmm, GST-PD Dynein transport/unspecified Fuhrmann, Kins et al. 2002
IC Structure - pdb accession 2P2T IC dimerization ;;:i&‘saoﬁ?:;::r:fjse;tail_lzggg‘}
IxBa Y2H, Colmm, GST-PD Dynein transport/unspecified Crepieux, Kwon et al. 1997
LV Phosprotein P ¥2H, Colmm Dynein transport/unspecified Jacob, Badrane et al. 2000
Myosin Va NMR titration, GST-pull down, Myosin Va dimerization Hodi, Nemeth et al. 2006
nNOS Structure - pdb accession 1ICMI  Transport along axons in neuron cells ']]jfnrzy .la:fgrz:if:_ 119:965;
NRF1 Y¥2H, Colmm Dynein transport/unspecified Herzig, Andersson et al. 2000
Nupl59 Colmm, electron microscopy Nup159 dimenzation Stelter, Kunze et al. 2007
P53-BP Y¥2H, Colmm, GST-PD Transports p53 in response to DNA damage Lo, Kan et al, 2005
. o Vadlamudi, Bagheri-Yarmand et al. 2004;
Pakl Structure - pdb accession 3DVT Pak1 dimerization Lightcap, Sun et al. 2008
PTH mRNA Colmm Dynein transport/unspecified Epstein, Sela-Brown et al. 2000
Rabies Phosprotein P Y2H, Colmm Phosphoprotein P dimerization Poisson, Real et al. 2001
RasGRP3 Y2H, Colmm, GST-PD Regulates RasGRP3 subcellular localization Okamura, Oki-Idouchi et al. 2006
. . o Schnorrer, Bohmann et al. 2000,
Swa Structure - pdb accession 3E2B Bicoid mRNA localization Benison, Karplus et al. 2007
Syntaphilin Colmm, GST-PD Enhances Syntaphilinemicrotuble binding Chen, Gerwin et al. 2009
TRPS1 Y¥2H, Colmm, GST-PD Suppresses transcriptional repression activity Kaiser, Tavassoli et al. 2003

LC8 binding protein abbreviations are: proapoptotic Bcl2 family protein BimL
(Bim), transcription factor EWG (EWG), Lyssavirus phosphoprotein P (LV
Phosprotein P), neuronal nitric oxide synthase (nNOS), transcription factor NRF1
(NFR1), yeast nuclear pore complex protein 159 (Nup159), P53 binding protein
(P53-BP), p2l-activated kinase-1 (Pakl), parathyroid hormone mRNA (PTH
MRNA), rabies phosphoprotein P (Rabies Phosprotein P), Ras guanyl-releasing
Erotein (RasGRP3), swallow protein (Swa), transcription factor (TRPS1).

Method abbreviations are: Yeast 2-hybrid (Y2H), coimmunoprecipitation
(Colmm) and glutathione S-transferase-pull down (GST-PD).
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recognition sequences binds less efficiently to p150°"* (King et al. 2003), and
that C-1C does not efficiently bind to the dynein heavy chains without the light
chain binding sites (Ma et al. 1999).

The dynein light chain LC7

LC7 isasmall (97 a.a. a.a. in D. melanogaster) homodimeric protein. In D.

melanogaster LC7 mutants are larval lethal (Bowman et al. 1999). X-ray and
NMR structures of apo-LC7 from Homo sapiens or Rattus norvegicus (llangovan
et al. 2005; Song et al. 2005; Liu et al. 2006) show it is not a paralog of Tctex1 or
LC8, but instead belongs to an ancient protein superfamily involved in NTPase
regulation (Koonin et al. 2000) (Figure 1.4c). In addition to IC, LC7 binds to three
other partners: members of the Rab6 family, where LC7 is thought to modulate
Rab6 intrinsic GTPase activity (Wanschers et al. 2008); the human reduced folate
carrier, where LC7 facilitates folate uptake (Ashokkumar et al. 2009); and the
transforming growth factor-B (TGF-B) receptor complex, where LC7 binding is
required for Smad-dependent downstream signaling (Tang et al. 2002; Jin et al.
2007; Jin et al. 2009). No structure of LC7 in complex to IC or its other partners
exist, nor are the molecular details of these interactions known, but mutation in
LC7 (Ding et al. 2005) or changes in LC7 isoform expression levels (Jiang et al.
2001) have been observed in ovarian and hepatic cancers suggesting LC7 may
have an important cellular role regulating interactions with the TGF-f receptor

complex.

Understanding biological observations using biophysical methods

The scientific approach to understanding any process involves experiments
in a controlled environment with limited variables; this is not always possible in
the complicated environment of an intact cell. Necessarily, in vitro methods have
been developed to understand in vivo observations, where components of a

biological system are individually isolated and functions assayed through
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hypothesis driven experiments. In this way in vivo observations can be tested using
in vitro methods, and insights from in vitro methods can also be applied back to in
ViVO test systems.

To probe proteineprotein interactions in the dynein cargo binding sub-
domain, | have isolated and characterized proteins using a variety of biochemical
and biophysical techniques. In these studies | have used a total of fifteen different
protein constructs, the majority of which were already available in the Barbar lab,
including wild-type Tctex1, LC8 and LC7, a H55K mutant of LC8 that is an
obligate monomer, four synthesized peptides, and seven protein constructs of IC
(Figure 1.5). Proteins used were from D. melanogaster gene products engineered
to contain a His or His-SUMO-tag, and expressed using Escherichia coli host cell
lines before tag removal. Proteins were initially purified using a nickel-NTA
column, and polished using size-exclusion chromatography or high performance
liquid chromatography. The three main biophysical techniques used in these
studies were nuclear magnetic resonance (NMR) spectroscopy to measure
conformational dynamics (Figure 1.6), isothermal titration calorimetry (ITC) to
measure thermodynamic association parameters (Figure 1.7), and X-ray
crystallography for structure determination (Figure 1.8).

These three techniques can give unique information. For our system, | have
used a battery of NMR pulse sequences to probe per residue dynamics on
timescales from h to ps. Within these timescales | have characterized motions as
small as bond vibrations (ns-ps) or rotamer motions (ns-ms), to larger scale
“breathing” motions for entire protein domains (min-h).

While there are many techniques capable of measuring the association
strength (AG®) between two proteins, ITC is unique in its ability to additionally
provide a direct measurement of the enthalpy (AH®) and entropy (-TAS°)
contributions to binding. Access to AH® and -TAS® values invites comparison of
thermodynamic parameters between multiple partners, which has provided us with

insight into the molecular basis of interactions in our system.
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Figure 1.5: IC light chain binding regions and constructs used in these studies.
The upper IC diagram locates the binding sites for Tctex1 (yellow), LC8 (blue)
and LC7 (blue) with red hashes noting breaks in the sequence. Numbering is
relative to amino acids from the D. melanogaster Cdic2b genes, subscripts T, L, 7
and -d7 stand for Tctex1, LC8, LC7 and disrupted LC7 recognition sequences,
respectively.
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Figure 1.6: Macromolecular NMR spectroscopy can provide information about
protein motion on a wide range of timescales. a) Determining residue assignments
is the first step in NMR, an HSQC correlating *°N and *H resonances is shown
with each residue resonance already assigned. b) Information on the dynamics of
each residue can be determined from pulse sequence-specific time-dependent
changes in resonance intensity. A representative curve and best-fit are shown for a
single residue in a spin-spin relaxation (T,) experiment. Motions seen in a T,
experiment can contain important information on both small and large domain
protein motions. c) Large scale “breathing” motions of entire domains often occur
on the ps-ms timescale. Chemical exchange rate (Rex) measurements describe
protein motions on this timescale, and are determined in part from T, experiments.
Representative data shown here highlight two regions (residues 5-15 and 63-75) of
a protein with large Rex contributions to motion. Panel “a” and “c” are adapted
from Figure 5 and 7 of Hall et al. 2008 (Hall et al. 2008).
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Figure 1.7: ITC can determine the thermodynamic association parameters
governing binding. For proteins that bind multiple partners, changes in enthalpy
(AH®) or entropy (-TAS°) can provide valuable insight into the nature of the
interactions governing binding, particularly for partners with similar binding
affinities (AG®). a) Representative ITC data with binding isotherms (top panel),
integrated heats (middle panel) and complete thermodynamic association
parameters (bottom panel) for LC8 binding to peptides from Swa and b) nNOS at
10 °C. Though both have similar overall affinity at these conditions, Swa binding
is exothermic and enthalpically driven (AH® = -8.6 kcal/mol), while nNOS binding
is endothermic and entropically driven (-TAS® =-9.4 kcal/mol).
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Figure 1.8: X-ray crystallography can provide 3D protein structures. a) Example
of protein crystals. Finding conditions in which a protein will crystallize is the first
and often rate limiting step in protein crystallography. b) Representative
diffraction pattern for a protein crystal. Diffraction intensities are used to calculate
electron density maps into which protein models are built. ¢) Stereo view of an
incomplete protein model with some side chains included for reference. Missing
(green) or extra (magenta) electron density unaccounted for by the model is shown,
through which a helical backbone atom trace (orange) has been added to guide the
eye. Panel “c” adapted from Figure 5.3a.
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X-ray crystallography is unparalleled in its ability to provide structural
information on proteins. Typical X-ray crystal structures contain atom positions
accurate to greater than 0.1 nm, and have allowed us to determine the constellation
of hydrogen bonds and hydrophobic interactions that stabilize partner binding.

For any system, the combination of NMR, ITC and X-ray crystallography
provides unique but complementary lines of information. For example,
measurements from ITC provide a link between protein dynamics measured by
NMR and the -TAS® of binding. Similarly, structures of protein complexes can
provide a foundation for interpreting dynamic and thermodynamic results. Thus if
tractable by all three techniques, an unparalleled understanding of the molecular
details of a biological system may emerge. To understand how the dynein cargo
binding sub-domain is assembled and regulated, I have used these techniques to
characterize the components of the cargo binding sub-domain separately and

together.

Work presented in this study

Tctex1 and LC8 both bind to a large number of proteins (fourteen and
twenty different partners for Tctexl and LC8, respectively, Table 1.1 and 1.2).
Work published by the Barbar lab proposes the function of Tctex1 and LC8 is to
regulate partner dimerization (Barbar 2008). Phosporylation of Tctexl or LC8
directly disrupts IC binding, and in the case of LC8 results in dimer dissociation
(Song et al. 2007). Since LC8 binds all its partners at the same site as IC,
monomerization of LC8 is expected to similarly affect LC8 association with other
partners. Consistent with this, increased pools of phosphorylated LC8 have been
observed in human breast cancer cells, where LC8 is no longer able to bind the
apoptotic protein Bim, resulting in reduced apoptosis (Song et al. 2007; Song et al.
2008). To wunderstand the molecular interactions governing LC8epartner
recognition, | assayed changes in LC8 internal dynamic between monomer and
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dimer forms, as well as dynamic and thermodynamic differences between LC8 in
complex to multiple binding partners (see Chapters 2, 3).

Tctex1 and LC8 are paralogs which bind separate partners and a single
common partner, IC, to which they bind to at adjacent sites and in an analogous
manner. To understand the function of adjacent Tctex1 and LC8 binding sites on
IC, 1 employed structural and thermodynamic characterization of the
ICeTctex1eLC8 ternary complex (see Chapter 4).

LC7 is an integral components of both cytoplasmic and axonemal dyneins
(Wickstead et al. 2007) and is known to bind IC in response to phosphorylation in
vivo (Ding et al. 2005). To understand the molecular basis for the 1CeLC7
interaction, | determined the structures of apo-LC7 and the ICLC7 complex (see
Chapter 5).

The results of these studies provide evidence for a dynamic and
thermodynamic basis for LCB8epartner recognition; for Tctexl, LC8 and LC7
affecting each others’ binding to IC despite no direct light chainelight chain
interactions; and for the light chains fulfilling a regulatory role for IC dimerization

and assembly into dynein (see Chapter 6).
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Chapter 2

Differences in dynamic structure of LC8 monomer, dimer and dimer-peptide
complexes

Justin Hall, Andrea Hall, Nathan Pursifull and Elisar Barbar

Published in Biochemistry,
2008, 47 (46), 11940-11952
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Summary
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 N 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 B; and B3 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 LC8eIC but is lost in LC8Swa,
suggesting that the degree of ordering upon binding is ligand dependent. The
reduced complexity of motion in LC8eSwa correlates with the less favorable
entropy of binding of LC8 to Swa relative to IC. We propose that the
conformational motility of B3 has functional significance in dimerization and in
ligand binding. In the latter, B3 flexibility apparently accommodates different

binding modes for different ligands resulting in ligand-specific conformational

The abbreviations used are: LC8, 10 kDa dynein light chain; H55K and S88E are
LC8 mutants with His 55 changed to Lys and Ser 88 changed to Glu, respectively;
Bim, peptide corresponding to residues 48-64 from proapoptotic Bcl2 family
protein Bim; IC, peptide corresponding to residues 123-138 of cytoplasmic dynein
intermediate chain; Swa, peptide corresponding to residues 281-297 from Swallow
protein; CaM, calmodulin; CD, circular dichroism; HSQC, heteronuclear single
quantum correlation; NOE, nuclear Overhauser effect; H/D, hydrogen/deuterium
exchange; H/H, hydrogen/hydrogen exchange; ITC, isothermal titration
calorimetry; DSS, 2, 2-dimethylsilapentene-5-sulfonic acid; DTT, dithiothreitol;
GdnCl, Guanidinium chloride.
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dynamics of the binding site that may impact other processes such as accessibility

to phosphorylation.

Introduction

Dynein light chain LC8 (also referred to as DYNLL) was first discovered
as an essential component of the microtubule-based molecular motor dynein (King
et al. 1996) and as such is involved in fundamental processes associated with
minus-end directed trafficking. As a component of the dynein complex, LC8
associates directly with dynein intermediate chain (IC) (Lo et al. 2001; Makokha
et al. 2002). A large fraction of LC8, however, is not associated with dynein (King
et al. 1996) suggesting alternate functions for LC8 independent of its function in
dynein. LC8 interacts with non-dynein proteins in diverse systems, including
neuronal nitric oxide synthase, nNOS (Jaffrey et al. 1996), the proapoptotic Bcl2
family protein Bim (Puthalakath et al. 1999), Swallow protein which is involved in
bicoid mRNA localization in Drosophila (Schnorrer et al. 2000; Wang et al.
2004), the rabies virus phosphoprotein (Tan et al. 2007), and Nupl59 of the
nuclear-pore complex in yeast (Stelter et al. 2007). 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 (Liang et al. 1999; Fan
et al. 2001; Benison et al. 2007; Williams et al. 2007), we have proposed that the
wide array of LC8 binding partners reflects its role as an essential hub protein
(Barbar 2008). 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 (Nyarko et al. 2004; Wang et al.
2004; Benison et al. 2008).

LC8 is an 89 amino acid homodimer (Liang et al. 1999) with each
protomer composed of a 3-sheet packed against two helices. In the dimer structure
complexed with the consensus peptide of a binding partner (Figure 2.1, left)
(Liang et al. 1999; Fan et al. 2001; Benison et al. 2007), each 5-stranded B-sheet
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Figure 2.1: Structure of LC8 dimer and monomer. A ribbon diagram of a) dimeric
LC8 bound to Swa peptide with the two protomers shown in grey and green and
Swa peptide in red (Bpeptice), and b) pH 3 monomer of LC8. Secondary structure
elements are labeled. For the pH 3 monomer, B1 and B, much shorter and B3 is
disordered. Images were produced with PyMol (DeLano 2002) using PDB codes
2P1K and 1RHW for LC8¢Swa and pH 3 monomer, respectively.
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includes one strand (B3) that is contributed by the other protomer. The two B3
strands are at the protomer-protomer interface where they form the symmetrical
binding grooves of the dimer. Binding of ligands to LC8 dimer involves residues
in the binding grooves, primarily those of the B3 strands. Interestingly, binding
leads to further extension of the same B-sheet, as the recognition sequence of the
binding partner (Bpeptice in Figure 2.1a) forms a sixth strand. Sequence analyses of
the binding partners show that they are intrinsically disordered in the vicinity of
their recognition sequence (Barbar 2008), 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 B-strand (Bpeptige). Dissociation of
the LC8 dimer at low pH (Barbar et al. 2001) eliminates the requisite groove at the
dimer interface by disrupting the two B3 strands (Figure 2.1b) and thereby prevents
binding to IC and other LC8 partners that interact in the groove (Wang et al. 2003;
Makokha et al. 2004). Phosphorylation of LC8 at Ser 88 is proposed to be
involved in vesicle formation, trafficking functions and cell survival (Song et al.
2008). The interaction of phosphorylated LC8 with the apoptotic protein Bim is
abolished, resulting in reduced apoptosis specifically in human breast cancer cells
(Song et al. 2007; Song et al. 2008). 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 (Song et al. 2007). The phosphomimetic mutant S88E does not bind Bim in
vitro and in vivo (Song et al. 2008), 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 B3 strands are crucial for stabilizing both the
dimer and the LC8etarget 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 B3 strands upon LC8 dimer

dissociation and upon LC8etarget complex formation. Our model for
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phosphorylated LC8 monomer at neutral pH is the mutant H55K which is a pure
monomer at high protein concentration (Nyarko et al. 2005; Song et al. 2007). The
single mutation of a buried histidine at position 55 at the dimer interface is
sufficient to dissociate the dimer at physiological pH (Barbar et al. 2004).

In this work we examine the structure and dynamics of the B3 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 2.2). The results support a critical role
of B3 flexibility in the molecular-level functioning of LC8. We find that, in
solution, residues of the B3 strand in apo-LC8 dimer (no bound ligand) are highly
flexible, even though these residues are organized into the p-sheet in the apo-LC8
dimer NMR (Fan et al. 2001) and crystal (Benison 2008) 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.

Results

Sability and Two-Sate Unfolding of H55K.

Far-UV CD (Figure 2.3) 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 (Barbar et al. 2001), are different (Figure 2.3b) 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
2.4), suggesting a two-state unfolding transition. Similar thermodynamic

parameters were obtained using a two-state unfolding model for fitting both data
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Bimyg g, MSCDKSTQTPSPPCQAF
ICyp3.158 KETIVYTKQTQTTSTG

Swayg0g; MYHIRSATSAKATQTDF

Figure 2.2: Amino acid sequences of peptides used in this study. The sequence of
Bim, IC and Swa with KXTQT motif in bold and the segment that forms a Bpeptide
underlined.
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Figure 2.3: H55K and LC8 dimer have similar secondary structure. 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 uM for both proteins.
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Figure 2.4: 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 pM 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).
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sets (Table 2.1). Equilibrium denaturation experiments carried out over the protein
concentration range of 0.4 — 14 uM 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 **N and *3C labeled protein
(Figure 2.5a). Comparison of the N, H, Ca and CP chemical shifts between H55K
and LC8 shows that the largest changes occur for residues 55 through 74 and for
residue 88 (Figure 2.5b, c, d). In the dimer, these residues primarily correspond to
Bs (residues 63-67), which aligns antiparallel to the opposing protomer’s [
(residues 53-58). Thus, dissociation of the LC8 dimer results in small changes in
chemical shifts for residues in B, 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 *°N Ry, R, and steady-
state heteronuclear NOEs for H55K and dimeric LC8 at similar solution conditions
(Figure 2.6). For H55K, the average R; rate is 2.0 s™* with the largest deviation for
residues 4-6, 35, 36 and residues 62-73. The average R, rate is 11.3 s 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 R,/R; 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 2.2). A correlation time of 6.36 ns for H55K compared to

the 10.61 ns for the LC8 dimer is consistent with the smaller size of the monomer.
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Table 2.1: Thermodynamic parameters obtained from equilibrium denaturation of
H55K at pH 7.
AG?° (kcal/mol) C, (M) slope (kcal/mol/M)
CD 7.80 2.99 -2.61
fluorescence 7.45 3.06 -2.44
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Figure 2.5: NMR analysis of H55K. a) *H-"*N HSQC spectrum with backbone
assignments, and absolute b) H-N, c) 2Ca and d) *CP 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 B3 at the dimer
interface. The secondary structure of LC8 without B3 is shown above the plots.
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Figure 2.6: Dynamics analysis of H55K and LC8 dimer. Plots of °N R, R, and
steady-state *H-""N NOE recorded for H55K (a, b, ¢) and LC8 (e, f, g) at pH 6.7
and 30 °C. R,/R; ratios are shown in d and h for H55K and LCS8, respectively.
There is more heterogeneity in R, measurements in H55K relative to the LC8
dimer. Protein secondary structure is shown above the plots.
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Table 2.2: Principal axis ratios and axially symmetric diffusion tensor summary.
principal axis ratio

protein L Iy I, T (1S) Dati0 (D/D2)
H55K 1.00 0.89 071 6.36x0.03 1.07
LC8 1.00 093 052 11.31+£0.07 1.39
LC8/1C 1.00 094 059 14.07x0.04 1.28
LC8/Swa 1.00 093 058 13.16+0.06 1.11

%Calculated average correlation time.
®pH 6.7 values.
‘oH 5.5 values.
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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 2.7
for H55K and LC8 dimer. A higher percentage of residues in H55K were fit by
models 3 or 4 than by model 1 (Figure 2.7a). Two stretches of residues in H55K
contain significant Rex terms compared to the average (Figure 2.7d) suggesting
conformational heterogeneity. These include residues 4-13, which correspond to
the N-terminus and B, and residues 64-74, which correspond to B3 (disordered in
monomer), the loop connecting B3 to B4 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 B3 regions observed in H55K has decreased
significantly in the LC8 dimer. A small Ry term was necessary to improve the fit
of some residues, which are primarily located in either a; or ap with the largest
corresponding to residue 74 in Pg.

Comparison of S? values between H55K and LC8 shows little difference
between residues that have ordered secondary structure elements in LC8, with the
exception of B3. In H55K, the S? values for residues 65-73 display significantly

lower values than the same residues in the dimer (Figure 2.7b, f).

Dynamics of LC8¢1C and LC8«Swva 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 2.8). The
average R, values for apo-LC8, LC8¢IC and LC8Swa are 15.2, 18.1 and 16.9 s™,
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 R, values relative to the average are observed for residues 29-34 and
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Figure 2.7: Model free analysis of H55K and LC8 dimer. Comparison of model
free analysis between H55K (a, b, ¢, d) and LC8 (e, f, g, h). Residues in B3 have
lower order parameters (S?) (b, f) in the monomer relative to the dimer. Rey terms
are more prominent in H55K, particularly in residues 9,10 and 64-74 (d). Re is
distributed along the sequence in LC8 dimer (h).
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Figure 2.8: Dynamics analysis of apo-LC8 and LC8 complexes. Plots of *°N Ry,
R, and steady-state *H-">N NOE recorded for apo-LC8 (a, b, c) LC8¢IC (e, f, g)
and LC8eSwa (i, j, k) at pH 5.5 and 25 °C. R,/R; ratios are shown in d, h and | for
apo-LC8, LC8eIC and LC8+Swa, respectively. A line is drawn in b, d, f, h, k and |
to aid visual comparison. Higher R, and R,/R; for LC8eIC indicate more
heterogeneous dynamics than for LC8sSwa. Protein secondary structure is shown
above the plots.
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31-35 for LC8eIC and LC8eSwa, respectively. Both LC8IC and LC8sSwa have
similar average steady state NOE values with residues 4-6 having the largest
deviations from the average. R,/R average ratio is lower for LC8+Swa relative to
LC8eIC and apo-LC8, consistent with more isotropic tumbling and homogeneity
of motion in LC8eSwa.

Relaxation data analysis (Table 2.2) shows that both LCB8epeptide
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 LC8eSwa
relative to LC8eIC is consistent with it being more compact. In accord with this,
the D /DL of LC8Swa (1.11) is smaller than that of LC8IC (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 LC8IC were mostly fit by models 1 or 3
(Figure 2.9a, €). A general comparison of the S? values, model type and level of
heterogeneous motions in apo-LC8 and LC8eIC 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 homogenous motion for

the whole molecule (Figure 2.9i).

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 experiments 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 7 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 conditions. Interestingly, residues in B3 at the dimer

interface are not protected in the dimer in this time window.
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Figure 2.9: Model free analysis of apo-LC8 and LC8 complexes. Comparison of
model free analysis between apo-LC8 (a, b, ¢, d), LC8+IC (e, f, g, h) and LC8+Swa
(i, J, k, ). Less then half of the residues in apo-LC8 or LC8IC 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 LC8eSwa (i). Loss of the Rey term is observed only with LC8sSwa.
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H/H experiments provide exchange rates within the 1 to 100 millisecond
timescale and are thus complementary to H/D exchange experiments for fast
exchanging residues. CLEANEX HSQC spectra for H55K and LC8 are presented
in Figure 2.10. At a 20 millisecond 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 2.11, red). The stretch of residues 63-67 which correspond to B3
are observed only in the monomer. Only loop residues 61-62 preceding B3 are
observed in the dimer indicating that residues in 3 are more protected in the dimer
at this timescale and therefore not observed. In the LC8eSwa complex, only
residues 3, 4 and 5 at the flexible N-terminus are observed at similar conditions,
consistent with diminished flexibility of LC8 upon binding to Swa peptide. Figure
2.11 summarizes the H/D and H/H exchange boundaries mapped onto the

structures of monomeric and dimeric LCS8.

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 2.12). Interestingly,
while all three peptides share the same binding site on LC8, the thermodynamic
parameters governing association are different. At 30 °C, binding to IC is
entropically favorable (K4 of 3.0 uM, AH® of -4.0 and -TAS® of -3.8 kcal/mol),
while the binding to Bim or Swa is entropically unfavorable (Kq of 0.6 uM, AH°
of -10.4 kcal/mol and -TAS® of 1.8 kcal/mol for Bim; K4 of 0.6 uM, AH® of -10.7
kcal/mol and -TAS® of 2.0 kcal/mol for Swa). A similar pattern for thermodynamic

parameters is observed at 35 °C (Figure 2.13).
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Figure 2.10: H/H exchange spectra for H55K and dimeric-LC8 show differences
at the dimer interface. *H-">"N CLEANEX HSQC spectra for (a) H55K and (b)
LC8 collected at pH 6.7 and 30 °C with a mixing time of 20 milliseconds. 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 LC8sSwa (star).
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Figure 2.11: Comparison of H/D and H/H exchange between LC8 dimer and
H55K monomer. Amino acids are colored with respect to amide proton exchange
rates, 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 a) monomeric and b)
dimeric LC8, respectively.
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Figure 2.12: LC8 binds peptides from Bim, IC and Swa with distinct
thermodynamic parameters. ITC raw data (top panels) and binding isotherms
(bottom panel) for the titration of LC8 with a) Bim, b) IC and c) Swa peptides at
30 °C. Solid lines in the bottom charts represent the theoretical fit for A + B — AB
binding model where A corresponds to the peptide and B corresponds to one
protomer of LC8. The transition region of the curves is well fit indicating accurate
determination of association constants. LC8 binds IC with the lowest affinity.
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LC8/Bim LC8/1C LC8/Swa

Figure 2.13: Plot of thermodynamic association parameters for LC8<Bim, LC8+IC
and LC8¢Swa at 30 and 35 °C. The dissociation constants (Kg) at 30 and 35 °C for
LC8<Bim are 0.6 and 0.8 uM, for LC8<IC are 3.0 and 3.3 uM and for LC8+Swa are

0.6 and 1.0 uM.
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Discussion
H55K Isa 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 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
(Barbar et al. 2001).

The pH 3 WT LC8 is also a stable monomer whose structure is similar to
one chain of the LC8 dimer except that B3 is disordered (Figure 2.1b) and more
flexible than the rest of the protein. (Barbar et al. 2001; Makokha et al. 2004). The
B3 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 31 and B3, however, is inferred from higher steady state NOEs
and more heterogeneous dynamics than in those observed in the pH 3 WT
monomer (Makokha et al. 2004). The heterogeneity in residues 62-73 may be
partially due to protonated-deprotonated states of His 68 and His 72 as previously
suggested (Mohan et al. 2006) which in H55K have pKa values of 6.5 and 6.2,
respectively (Nyarko et al. 2005). 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 (Makokha et al. 2004) since
the B3-PB2’° contacts of the dimer are not replicated in analogous PB3-f2 contacts in
the monomer, as expected for domain swapping (Schlunegger et al. 1997).

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 (Chatterjee
et al. 2007). 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
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model for monomeric LC8 at neutral pH, as in previous literature (Mohan et al.
2006; Chatterjee et al. 2007; Krishna Mohan 2007; Krishna Mohan et al. 2008).

Heterogeneity in H55K Is Specific to Residues that Form the Binding Groove in
the Dimer.

Three groups of residues in H55K show non-uniform backbone dynamics
at intermediate (millisecond-microsecond) and fast (nanosecond-picosecond)
timescales: 1) Residues 62-73 exhibit conformational heterogeneity at both the fast
timescale (higher Ry, lower steady state NOE, lower S?) and intermediate
timescale (higher R, and higher Re); 2) Residues 9 and 10 show conformational
heterogeneity at the intermediate timescale (higher R, and higher Re); 3)
Residues 35 and 36 in the loop connecting helix 1 and 2 show more flexibility at
the fast timescale (higher Ry, 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 GIn of the KXTQT-motif in IC and Swa. Residues 62-73,
corresponding to B3 and the loop connecting B3 to B4, make direct contacts with
the peptide at the dimer interface (Bpeptice, Figure 2.1). 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 Bi, B3 and loop connecting B3 to B4, 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.
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All residues in B and B3 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 B3, whose stabilization is inferred
from the dimer NMR structure (Fan et al. 2001) and from higher S and steady
state NOE values relative to the monomer (Figures 2.6 and 2.7). 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 B3, and 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 (Benison 2008). It is
possible that the higher H/D exchange rates in B3 is due to the presence of a minor
population of the monomer, which has a disordered B3 in equilibrium with the
dimer. This possibility cannot be ruled out but lack of protection in B3 is also
observed at neutral pH (Fan et al. 2002) and a high protein concentration where
the population of a monomer is minimal (Barbar et al. 2001; Nyarko et al. 2005).

While B3 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
Bs 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 in the
solution dimer, B3 is primarily native-like but also samples disordered
conformations. Further, in the solution dimer, B3 is apparently more flexible than
in either the apo-L.C8 dimer crystal structure or in the dimerepeptide complex.

Another interesting difference is in 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 slowly to be observed in H/H exchange in
the dimer but exchanges fast enough to be observed in the H/H of the monomer.
Slowing the exchange of 88 NH is consistent with ordering of the interface and
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possible formation of a transient hydrogen bond as reported in (Mohan et al.
2008).

Changes in Conformational Heterogeneity of LC8 Are 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 (Lo et al. 2001;
Rodriguez-Crespo et al. 2001). 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 B3 from LC8 can be overlaid with an RMSD of 0.2
A (Benison et al. 2007). 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 T, and Re¢x parameters are required for more than
half of the residues being fit. In contrast, residues in LC8eSwa were analyzed
almost exclusively by model 1, consistent with higher homogeneity of motion
relative to apo-LC8 or LC8eIC. 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 (Benison et al. 2007). *N
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 (Fan et al. 2002). 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
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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 (Barbar 2008). As has been demonstrated for calmodulin,
CaM, (Frederick et al. 2007), another primarily ordered hub protein (Dunker et al.
2005), LC8 can bind to a large number of different proteins in the same groove,
with roughly the same affinity but with different thermodynamic association
parameters. Similar to CaM, the flexibility of the binding groove may allow
accommodation of significantly different peptide sequences for high affinity
binding (Lee et al. 2000; Fan et al. 2002).

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 TAS® between IC and Bim or Swa
binding is compensated by a difference of 6.5 kcal/mol in AH° at 30°C. A recent
study by Leung et al. shows rearrangement of solvent hydrogen bond networks
may provide the driving force for non-specific binding interactions (Leung et al.
2008). In principle, the finding of Leung et al. can be applied to the LC8eligand
system; however the differences between non-specific hosteguest and a pre-
organized proteineligand binding system make it difficult to interpret the
magnitude of solvent contributions to the measured LC8eligand thermodynamic
binding parameters.

The LC8¢IC and LC8eSwa crystals structures show similar burial of
hydrophobic surface area (Benison et al. 2007). Differences in side chain
electrostatic interactions are observed in the crystal structures of LC8eIC and
LC8eSwa, and are consistent with the larger enthalpy of binding for LC8eSwa.
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
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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 electrostatic differences between LC8¢IC and LC8eSwa interactions.

N 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 are consistent with the increase in homogeneous
dynamics in LC8sSwa and LC8Bim 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 LC8eligand electrostatics and changes in protein
dynamics. As has been observed for CaM association with several of its binding
partners (Frederick et al. 2007), changes in LC8’s internal dynamics are ligand
dependent and illustrate the importance of conformational entropy in high affinity

protein-protein interactions (Lee et al. 2000; Frederick et al. 2007).

Dynamics and Regulation.

In crystal structures of apo-LC8 and LC8epeptide 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 (Vadlamudi et
al. 2004), becomes phosphorylated in the cell. The studies presented here show an
overall conformational 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 possibility that the conformational heterogeneity

in apo-LC8 permits transient exposure of Ser 88 side chain for phosphorylation.
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Using the same reasoning, it is also possible that the flexibility in the LC8IC
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 suggests that dimerization and ligand binding selects for minor
populations of native-like conformations in the inactive monomer ensemble. In
both the monomer and dimer, B3 is highly disordered, but is nevertheless more
ordered on average in the dimer, and becomes considerably more ordered in the
complex. Upon binding, B3 makes contacts with the peptide that is itself
intrinsically disordered but forms the 6™ strand in the complex (Barbar 2008),
making this an example of two highly flexible segments (B3 and Bpeptice) 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.

Materials and Methods

Protein Preparation.
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Both unlabeled and uniformly 15N or 15N/13C labeled LC8 and H55K
were prepared from Drosophila gene products following methods described earlier
(Makokha et al. 2004). 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 2.2) were purified by high performance liquid
chromatography on a YMC C-18 column in 0.1% trifluoroacetic 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 M.W. = 1827.9 Da (1828.0 Da theoretical), IC M.W. =
1786.1 Da (1785.9 Da theoretical), and Swa M.W. = 1928.1 Da (1928.1 Da

theoretical).

Unfolding Studies.

CD experiments were conducted on a JASCO 715 spectropolarimeter ina 1
mm cell for a protein concentration of 14 uM in 10 mM sodium phosphate buffer,
0.1 M NaCl, 5 mM TCEP at pH 7. Data were acquired @t f8lowing
procedures and experimental conditions published elsewhere (Barbar et al. 2001).
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

(Santoro et al. 1988; Cheng et al. 1993; Fan et al. 1998):

Ky
Mo U (eq.1)

where M and U are the folded and unfolded monomer, respectively. The two-state

process was modeled by calculation of K, and AG® at each point in the unfolding

transition phase. K, was calculated using equations 2 and 3:

i )

u = M] 1- £ (eq.2)
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f = J/m -y
| =
Jm— N

where fy is the fraction of unfolded protein and yy and y, are the observed

(eq.3)

spectroscopic signals for the monomer and unfolded monomer, respectively. AG°®

was calculated as — RT In K ,, and linear extrapolation of AG® to 0 M guanidinium
chloride (GdnCl) gives AG°H,0, the free energy of unfolding under standard
conditions. The midpoint of the transition (Cy) was determined using the

relation C, = AG®°, ,/m . The fits were performed using a y2 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 and protease inhibitor cocktail (Roche), 10 %
(v/v) D,0 and 3% (v/v) glycerol. Experiments were collected at 30°C. For LC8
and LC8epeptide comparison experiments, the protein concentration 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 ‘&. ZBhe peptide to protein
concentration ratio was greater than two-fold. The pH was measured before data
acquisition and verified using an internal maleic acid standard. *H chemical shifts
were referenced from an internal DSS signal at zero ppm (Wishart et al. 1995).

'H->N 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, R, and steady state heteronuclear NOE spectra were recorded using the

pulse sequence described by Farrow et al. (Farrow et al. 1994). R; relaxation



55

delays were 0.05, 0.1, 0.15, 0.02, 0.3, 0.5 and 1 s. R, 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 Ry and R, experiments. Steady state heteronuclear NOE experiments
were recorded in the presence 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 (Delaglio et al. 1995) and analyzed
with Burrow-Owl (Benison et al. 2007). Change in *H->N HSQC chemical shifts
(AN-H) between LC8 and H55K was determined using the equation AN-H =
[(A'H)? + (A™N)?* after multiplying the *H chemical shift by 6.4 (fractional
difference in *>N:*H spectral widths) to eliminate >N chemical shift bias (Wishart
et al. 1992).

Dynamics Analysis.

Peak intensities were measured as peak heights with uncertainty estimated
from baseline standard deviation within a 1.4x5 ppm rectangle of the spectrum. R
and R, data were fit using CurveFit version 1.3. 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 Ry and R, were fit to a

single exponential 1=1y x e xt

, Where Iy 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
(c) was determined using the equation 6/NOE = [(Sunsat/lunsat)’+ (Ssar/lsar)’]%,
where | and ¢ correspond to the peak intensity and the baseline noise, respectively.

Backbone amide relaxation parameters were analyzed with the extended
Lipari-Szabo formalism (Lipari 1982; Clore 1990) using the program TENSOR2
(Dosset et al. 2001) to assess global tumbling and internal motions. The *°N CSA
was set to -170 ppm and the N-H bond length to 1.02 A. For each data set, a global

tumbling correlation time (r,) was calculated from the R,/R; ratio of residues
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assumed to have a negligible exchange contribution to *°N relaxation following the
criteria described by Tjandra et al. (Tjandra N. 1995). Residues in oz commonly
failed the acceptance criteria as well as residues 87-89 for all five systems studied.
For H55K, LC8 and LC8eIC, additional residues corresponding to the loop
connecting a2/, (51-53), B3 (61-69) and the loop connecting B3/B4 (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 (Dosset et al. 2001). Five
standard models were used to describe internal mobility with motion complexity
increasing with model number. Model 1 motion is described by S% model 2 by S?
and T¢; model 3 by S? and Rey; model 4 by S?, 1. and Rex; model 5 by S?, S¢ and
5. S is the order parameter and describes the amplitude of the N-H vector motion
on the nanosecond-picosecond timescale, t. is the effective correlation time for the
internal motions and R describes slow chemical exchange type motions on the
millisecond-microsecond timescale (Mandel et al. 1995). Model 5 can account for
internal motions occurring at two distinct timescales; 1 is the effective correlation
time for the slow internal motions (Clore 1990). A model for the internal motions
was rejected if the experimental 5 value was higher than the simulated y° value at
the 90% confidence limit. Residues in H55K, LC8, LC8IC and LC8eSwa that
were not adequately fit by any of the five models were omitted from further
analysis. For anisotropic analyses, pdb codes 1IRHW (Makokha et al. 2004), 2P2T
(Benison et al. 2007) and 2P1K (Benison et al. 2007) were used for H55K, LC8¢IC
and LC8eSwa respectively, and a recent apo-LC8 crystal structure was used for the
LC8 dimer (pdb 3BRI) (Benison 2008). 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 3BRI) for H55K, the
NMR dimer structure (pdb 1F3C) (Fan et al. 2001) for apo-LC8, and the LC8+Swa
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structure (pdb 2P1K) (Benison et al. 2007) 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, 100 mM
sodium chloride at pH 5.5. Samples prepared for H/D were flash frozen and
lyophilized prior to addition of 100% D,0. *H->N HSQC spectra were collected
continuously for the first 18 hours and then once every day for 14 days. The
deadtime of the experiment, defined as time between first exposure to D,0O and the
middle of the first HSQC experiment, was 30 min. Peak intensities as a function of
time were fit to | = I x e*X' + Q, where t is the time following deuteration, k is
the exchange rate, and Q is a correction factor for baseline distortion and residual
H,0 in the sample.

Hydrogen/Hydrogen (H/H) exchange spectra for H55K, LC8 dimer, and
LC8sSwa were collected using the CLEANEX-PM-FHSQC pulse sequence
(Hwang et al. 1998) at 30 °C in 50 mM sodium phosphate and 50 mM sodium
chloride at pH 6.7 with a mixing time of 20 millisecond.

|sothermal 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, 1 mM
sodium azide at pH 5.5. The concentration of Bim was determined by weight of
dry peptide on a CAHN 25 automatic elecrobalance, accurate to a thousandth of a
milligram. The concentrations of IC and Swa were determined using sequence-
based calculated €250 0f 1490 M™*xcm™. The concentration of LC8 was determined
using g,g9 0f 13370 Mxem™,
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Thermodynamics of binding were obtained using a VP-ITC isothermal
titration calorimeter from MicroCal (Northampton, MA). Data were processed
using the software package Origin 7.0 (OriginLab Corp., Northampton, MA). For
each experiment, an initial injection of 2 pl was performed followed by 27
injections of 10 ul 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.

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 ceil X
Ks?Y) was within the 5 to 500 value required for reliable determination of
association constants (Turnbull et al. 2003). The error reported for Bim, IC and

Swa associations to LC8 is based on deviation from the theoretical best fit.
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Summary
Dynein light chain LC8? is a highly conserved protein which binds at least

twenty different partners. Binding studies of LC8 in complex to short peptides
from different partners show overall similar crystal structures and affinities, yet
NMR measurements show distinct changes in LC8 backbone dynamics for these
same partners. Here we present ITC and NMR data supporting an allosteric
binding model for LC8 and a correlation between changes in binding entropy from
ITC and changes in LC8 backbone dynamics, consistent with LC8 conformational

entropy playing an important role in partner recognition.

Introduction

LC8 is a highly conserved and ubiquitous protein, it was first identified as
a component of the dynein motor protein complex (Dick et al. 1996; King et al.
1996) where it binds to the intermediate chain (IC) of dynein (Lo et al. 2001;
Makokha et al. 2002). Approximately 60% of cellular LC8 is not dynein bound
(King et al. 1996), instead LC8 associates with at least twenty different partners
where it is thought to aid in partner dimerization (Barbar 2008). LC8 is itself a
homodimer, a cross over B-strand from each protomer creates two identical
binding sites on opposite sides of LC8 at which binding partners associate as a -
strand (Benison et al. 2008) (Figure 3.1).

Structures have been determined for LC8 bound to peptides from IC, the
proapoptotic Bcl2 family protein Bim, neuronal nitric oxide synthase (nNOS),

p2l-activated kinase-1 and the bicoid mMRNA localization protein Swallow (Swa)

2LC8, 10 kDa dynein light chain; Bim, peptide corresponding to residues 48-64
from proapoptotic Bcl2 family protein Bim; IC, peptide corresponding to residues
123-138 of cytoplasmic dynein intermediate chain; nNOS, peptide corresponding
to residues 233-249 of neuronal Nitric oxide synthase 1; Swa, peptide
corresponding to residues 281-297 from Swallow protein; NMR; nuclear magnetic
resonance; NOE, nuclear Overhauser effect; ITC, isothermal titration calorimetry;
DSS, 2, 2-dimethylsilapentene-5-sulfonic acid.
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Figure 3.1: LC8 is a homodimer with two binding sites created by the LC8 dimer
interface. a) Secondary structure and b) surface representation of homodimeric
apo-LC8 (the two chains of LC8 are colored black and white). c) Secondary
structure and d) surface representation of the nNOSeLC8 complex with nNOS
(orange) shown as a ball and stick model. nNOS binds parallel to the LC8 2-fold
symmetry axis at equivalent LC8 residues. The two nNOS peptides are 15 A
separate. Figures generated using Pymol (DeLano 2002) with pdb structures 3BRI
(apo-LC8) (Benison et al. 2008), 1CMI (nNOSeLC8) (Liang et al. 1999).
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(Liang et al. 1999; Fan et al. 2001; Benison et al. 2007; Williams et al. 2007;
Lightcap et al. 2008). Each of these peptidesLC8 complexes has overall similar
conformations despite different LC8 recognition sequences (Figure 3.2).
Conversely, changes in LC8 backbone dynamics between apo-LC8 and LC8
bound to these same partners are distinct (Fan et al. 2002; Hall et al. 2008) and
involve communication between the first and second binding site (Benison et al.
2008), suggesting changes in internal LC8 conformational entropy as well as
allosteric interaction between the two binding sites may play an important role in
partner recognition. To address the role of LC8 conformational dynamics in
partner recognition, we used ITC and NMR to determine entropic changes
between different peptides as well as between the first and second binding events
for the same peptide. Our results show a correlation between changes in entropy
from ITC and changes in LC8 backbone dynamics for Bim, IC, nNOS and Swa,
and a large change in entropy between the first and second binding events for Bim
and Swa. Altogether these results suggest changes in entropy measured by ITC
may be due to peptide specific changes in LC8 conformational entropy.

Results and Discussion

LC8 binds its partners with distinct thermodynamic parameters.

For a protein with multiple binding partners, ITC can illuminate important
thermodynamic differences between partners. There are twenty different partners
known to associate with LC8; comparison of thermodynamic association
parameters for LC8 binding to peptides from four of these partners (Bim, IC,
nNOS and Swa) shows that while each of these partners binds with similar
affinities, the thermodynamic contributions of each are distinct (Table 3.1).

LC8 is a homodimer with two symmetric binding sites parallel to the LC8
2-fold axis (Figure 3.1). When two peptides bind to LC8, they interact with
equivalent LC8 residues on opposite sides of the LC8 homodimer, and are held 15

A apart at their closest point. Thus based on structural analysis of LC8 in complex
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Bim g ¢ MSCDKSTQTESPPCQAF
ICq 05135 KETIVYTKQTQTTSTG
nINOS, 55 549 MEDMGIQVDRDLDGKSH

SWaogy oy MYHIRSATSAKATQTDFE

Figure 3.2: Peptide sequences used in this study. The sequence of Bim, IC, nNOS
and Swa peptides are shown with the KXTQT or GIQVD motif in bold and the
segment that forms a p-strand underlined.
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Table 3.1: Thermodynamic association parameters for LC8 binding to Bim, IC,
nNOS and Swa peptides at 10 °C.

Interaction Ky Ky, AG®, AG®, AH®, AH®°, -TAS°; -TAS°,
Syringe Cell (M) (M) (kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Bim" LC8 | 0.4z01 0.3 0.1 -83+02 -84x02 -63+08 -98x1.0 -20x07 1.4z+11
Ic® LC8 | 4.3109 -7.0£15 1.1 40.1 81415
nNOS® LC8| 3.9:03 -7.0 £0.6 2.4 0.1 9.4 1+05
Swa“ LC8 | 0.2+01 0.3 0.1 -8.6+02 -85x01 -6.903 -11.2x06 -1.7205 2707
LC8  Bim | 0.2z01 8.8 402 8.3 403 0.5 +0.2
LC8  Swa| 02z01 -8.940.1 8.6 40.1 0.3 +0.1

®alues are the average of six experiments with error estimation from standard
deviation between repeats.

®Values are from one experiment with error estimation based on data deviation
from the theoretical best fit.

“Values are the average of seven experiments with error estimation from standard
deviation between repeats.

%alues are the average of two experiments with error estimation based on data
deviation from the theoretical best fit.
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to peptides from Bim, IC, nNOS and Swa, LC8 may bind the two peptide chains
independently, with no communication between first and second binding events.

To test for independent binding, ITC experiments capable of measuring the
thermodynamic association parameters of the first and second peptide binding
events were performed. In the first experiments, peptides from Bim, IC, nNOS and
Swa were titrated into a sample cell containing LC8. During the first few
injections of these experiments, the initial concentration of apo-LC8 in the sample
cell was significantly higher than the concentration of singly-bound LC8, allowing
measurement of the apo-LC8 to singly-bound LC8 transition (first binding event).
Subsequent injections contained increasing concentrations of singly-bound LCS8,
allowing measurement of the singly-bound to doubly-bound transition (second
binding event). In these experiments, if the two binding events are independent, no
thermodynamic difference will be observed between the first few injections and
subsequent injections (Figure 3.3a) (Houtman et al. 2006; Popovych et al. 2006;
Houtman et al. 2007). Interestingly, both I1C and nNOS titrated into LC8 at 10 °C
are entropically driven (-TAS° = -8.1 and -9.4 kcal/mol, respectively) with
seemingly independent binding events (Figure 3.4b, c) whereas Bim and Swa are
enthalpically driven (AH® = -83 and -8.6 kcal/mol, respectively) with
thermodynamic differences between the first few injections and subsequent
injections. These results suggest allosteric communication may occur between the
first and second binding events for Bim and Swa (Figure 3.4a, d) (Gorshkova et al.
1995; Popovych et al. 2006; Toke et al. 2006).

To ensure the differences observed for Bim and Swa were due to
thermodynamic difference between the first and second binding events, orthogonal
control experiments were performed with LC8 and peptide positions
reversed (Houtman et al. 2006; Houtman et al. 2007). In these experiments LC8 is
titrated into a sample cell containing saturating concentrations of peptide, thereby
preventing the accumulation of singly-bound LC8 (Figure 3.3b). Since the first and

second binding events are not resolved in these experiments, the thermodynamic
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Figure 3.3: ITC can resolve individual steps for sequential binding. a) For a
monomeric peptide (orange) titrated into a sample cell containing LC8 (the two
protomers of LC8 are colored black and white), binding creates a singly-bound
LC8 in the first injection, followed by formation of doubly-bound LC8 in
subsequent injections. b) For the orthogonal experiment where LC8 is titrated into
a sample cell containing peptide, singly-bound LC8 is not accumulated; instead
measured thermodynamic association parameters are an average of the first and
second binding events. Figures generated using Pymol (DeLano 2002) with pdb
structures 3BRI for apo-LC8 (Benison et al. 2008) and 1CMI for singly and
doubly-bound LC8 (Liang et al. 1999).
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association parameters are an average of the first and second binding events.
Consistent with theoretical expectations, the orthogonal ITC data for Bim and Swa
show no thermodynamic differences between the first few injections and
subsequent injections (Figure 3.4f, h).

To determine the thermodynamic association parameters for the first and
second binding event for Bim or Swa binding to LC8, ITC data for Bim or Swa
titrated into LC8 were globally fit by a two-site binding model of the A + A + B
— A + AB — ABA type (where A and B refer to a single chain of peptide and a
dimer of LC8, respectively) which allows for allosteric interactions between the
first and second binding events (Figure 3.4e, g) (Houtman et al. 2007). For Bim
and Swa, the second binding event occurs with a favorable increase in enthalpy of
the system (AAH® = -3.5 and -4.3 kcal/mol, respectively) consistent with the more
negative enthalpy observed after the first injection, but an unfavorable decrease in
enthalpy of the system (A(-TAS®) = 3.4 and 4.4 kcal/mol, respectively) resulting in
equivalent affinities for the first and second binding events (AAG® = 0.1 kcal/mol).
The average of the thermodynamic association parameters of the first and second
binding events are in good agreement with values from the orthogonal experiments
(Table 3.1). The differences in thermodynamic association parameters between the
first and second peptide binding events show that despite no direct peptidespeptide
contact for Bim and Swa, the first and second peptide binding events are

communicated to each other.

LC8 retains much of its backbone heterogeneity upon nNOS binding.

Changes in *N-backbone dynamics between apo and bound-LC8 are a
direct measure of changes in entropy upon peptide binding. . and R are two
separate measures of protein entropy occurring on fast and intermediate timescales
respectively. T, describes contributions to motion between states separated by
small energetic barriers with fast exchange rates (ps-ns), such as might exist within

a broad energy well, while Rex describes contributions to motion between states
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Figure 3.4: LC8 binds different partners with distinct thermodynamic association
parameters. a) Representative ITC thermograms (top panels) and binding
isotherms (bottom panels) for Bim, b) IC, ¢) nNOS and d) Swa peptides titrated
into LC8 at 10 °C. Bim and Swa data are not well fit by a single-site binding
model (solid line in the bottom panel) indicating the first and second binding event
have different binding enthalpies. ) Orthogonal experiments with Bim titrated into
LC8, f) LCS8 titrated into Bim, g) Swa titrated into LC8 and h) LC8 titrated into
Swa at 10 °C show biphasic and monophasic binding profiles for peptide titrated
into LC8 and LCS8 titrated into peptide, respectively. Data in panels e) and h) are
the same data shown in a) and d), but are well fit here using a two-site binding
model (solid line in the bottom panel).
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separated by larger energetic barriers with slow exchange rates (us-ms), such as
might exist between two equally stable energy wells.

When IC binds to LC8, only a small decrease in T, and Rex contributions to
backbone heterogeneity are observed (Hall et al. 2008), but a large decrease in T,
and Rex contributions to backbone heterogeneity occurs for Bim (Fan et al. 2002)
or Swa binding (Hall et al. 2008), with Swa binding causing a cessation of almost
all Te and Rex motions. Similar to IC binding, the nNOSeLC8 complex retains
some t¢ and Rex contributions to backbone heterogeneity, particularly in residues
of B1 and B3 (Figure 3.5). The retention of fast and intermediate timescale motion
in the NNOS<LC8 complex is therefore consistent with ITC thermodynamics
measurements showing IC and nNOS binding is entropically favorable relative to
Bim or Swa binding.

Conclusions.

There is a strong correlation between total system entropy measured by
ITC, and LC8 specific changes in entropy measured by NMR (Table 3.1).
Thermodynamic association parameters measured by ITC are for all components
of a system, therefore there is no a priori reason why changes in entropy of the
system for different LC8 binding partners should necessarily correlate to changes
in LC8 backbone dynamics. Nevertheless, the correlation observed here indicates
changes in total entropy of the system may be largely due to changes in the
internal entropy of LC8 between different binding partners, as has been observed
for other proteins (Frederick et al. 2007).

For Bim and Swa binding, NMR shows a large decrease in LC8 backbone
entropy. ITC data for these two peptides shows the first and second binding events
to be distinct, with a large unfavorable entropic change occurring for the second
binding event. These results therefore suggest the NMR measured decrease in LC8
conformational entropy may occur during the second binding event for these

peptides. Since a favorable change in enthalpy accompanies the unfavorable
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Figure 3.5: LC8 retains 1, and R contributions to backbone heterogeneity after
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dynamics data verses residue. Model free analysis with €) model type, f) S g) e
and h) Rex parameters verses residue. Secondary structure elements of LC8 are
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pH 5.5.
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change in entropy of the second binding event, the parsimonious interpretation is
that the second binding event maybe locking LC8 into a lower entropic state as a
consequence of formation of favorable electrostatics satisfied in fewer LC8

conformations.

Materials and Methods

LC8 was prepared following methods described earlier (Makokha et al.
2004). Synthetic peptide (Biosynthesis Inc., Lewisville, TX) corresponding to
residues 48-64 (numbering relative to Homo sapiens) of BCL2L11 (Bim), residues
123-138 (numbering relative to Drosophila melanogaster Cdic2b gene form) of
the intermediate chain (IC) of dynein, residues 233-249 (numbering relative to H.
sapiens) of neuronal nitric oxide synthase 1 (nNOS) and residues 281-297
(numbering relative to D. melanogaster) of Swallow protein (Swa) were purified
following methods previously described (Hall et al. 2008).

Binding enthalpy experiments were carried out using a VP-ITC isothermal
titration calorimeter from MicroCal (Northampton, MA). Data were processed
using the manufacturer’s supplied software package, Origin 7.0 (OriginLab Corp.,
Northampton, MA). Heats of dilution, determined from titrating protein into
buffer, were subtracted from the binding data prior to fitting.

Experiments with 1C or nNOS in the syringe and LC8 in the sample cell,
and experiments with LC8 in the syringe and Bim or Swa in the sample cell,
displayed monophasic binding behavior and were accurately fit using
the SEDPHAT single-site binding model: A + B— AB, where A refers to a single
protein chain in the syringe and B refers to a single protein chain in the
cell (Houtman et al. 2007). Experiments with Bim or Swa titrated into the sample
cell containing LC8 displayed biphasic binding behavior and were accurately fit
using the SEDPHAT two-site binding model: A + A + B> A + AB — ABA
where A refers to a single chain of Bim or Swa and B refers to a dimer of LC8. For

all experiments the “c value” (c = [protein]sample cell * K4™) was within the 5 to 500
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range required for reliable determination of association constants using a
syringe/cell concentration of 0.5/0.03 mM (Turnbull et al. 2003). Thermodynamic
association parameters for LC8 binding to Bim, IC, nNOS and Swa in 50 mM
sodium phosphate, 50 mM sodium citrate, 50 mM sodium chloride, 1 mM sodium
azide, pH 5.5 at 10 °C are reported in Table 3.1.

NMR spectra for the nNOSeLC8 complex were collected and analyzed
following methods previously described to allow direct comparison to LC8 in
complex with other peptides (Hall et al. 2008). Briefly, nNOS<LC8 samples were
prepared with 5 mM unlabelled nNOS and 1 mM **N-labeled LC8 at pH 5.5.
Experiments were conducted at 25 °C and *H chemical shifts were referenced from
an internal DSS signal at zero ppm (Wishart et al. 1995). HNCA and
CBCACONH experiments for nNOSeLC8 backbone assignments were performed
with 1024 (H), 64 (C) and 20 (N) points and have been deposited in the BMRB
with accession code 16847. Ry, R, and steady state heteronuclear NOE spectra
were recorded using the pulse sequence described by Farrow et al. (Farrow et al.
1994), processed with NMRPipe (Delaglio et al. 1995) and analyzed with Burrow-
Owl (Benison et al. 2007). R; and R, were fit using CurveFit v1.3.

Relaxation parameters were analyzed with the extended Lipari-Szabo
formalism (Lipari 1982; Clore 1990) using TENSOR2 (Dosset et al. 2001). The
global tumbling correlation time (t,) was calculated from the R,/R; ratio for
qualifying residues (Tjandra N. 1995). Correlation times and rotational diffusion
parameters were determined using Gaussian Monte Carlo simulations. A model for
internal motions was rejected if the experimental y* value was higher than the
simulated %* value at a 90% confidence level. For anisotropic analyses, pdb code
1CMI (Liang et al. 1999) was used to fit nNOSL.C8 data.
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Summary
Dynein light chains are thought to increase binding efficiency of dynein

intermediate chain to both dynein heavy chain and dynactin, but their exact role is
not clear. Isothermal titration calorimetry and x-ray crystallography reported
herein indicate that multivalency effects underlie efficient dynein assembly and
regulation. For a ternary complex of a 60-amino acid segment of dynein
intermediate chain (IC)3, bound to two homodimeric dynein light chains Tctex1
and LCS8, there is a 50-fold affinity enhancement for the second light chain binding.
For a designed IC construct containing two LC8 sites, the 1000-fold enhancement
observed reflects a remarkably pure entropic chelate effect of a magnitude
commensurate with theoretical predictions. The lower enhancement in wild-type
IC is attributed to unfavorable free energy changes associated with incremental
interactions of IC with Tctex1. Our results show assembled dynein IC as an
elongated, flexible polybivalent duplex, and suggest that polybivalency is an
important general mechanism for constructing stable yet reversible and

functionally versatile complexes.

Introduction
Cytoplasmic dynein is a 1.2 MDa microtubule-associated motor protein
complex involved in Golgi maintenance, nuclear migration, mitotic spindle
formation, and organelle positioning and transport (Vallee et al. 2004). Dynein has
multiple subunits in the 10-500 kDa molecular weight range (Pfister et al. 2006):
two heavy chains, two light intermediate chains (LIC), two intermediate chains

(IC), and three light chains known in Drosophila melanogaster as Tctex1, LC8,

*The abbreviations used are: Tctex1; the 12 KDa dynein light chain corresponding
to gene dynltl; LCS8, the 10 kDa dynein light chain corresponding to gene dynll;
IC, the 74 kDa dynein intermediate chain corresponding to gene dyncli2; IC,, IC
residues 123-138; ICy., IC residues 84-143; IC.., IC residues 84-143 with
residues 111-120 (SVYNVQATNI) replaced with residues 126-135
(LVYTKQTQTT); ITC, isothermal titration calorimetry.
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and LC7. The three light chains are homodimers when active, and each binds at a
separate site on the N-terminal domain of IC (Figure 4.1a).

Molecular genetic analyses in D. melanogaster indicate that 1C serves an
essential function (Boylan et al. 2002), consistent with its multiple roles in dynein
assembly, regulation, and binding to cargo. Its C-terminal domain (C-IC) provides
the sites for assembly of heavy chains, whereas its N-terminal domain (N-IC)

provides binding sites for diverse light chains, for the p150%"*

subunit of dynactin
(King et al. 2000; Kardon et al. 2009), and for several other proteins presumed to
be cellular cargo such as herpes simplex virus capsid protein (Ye et al. 2000), the
CIC-2 chloride channel (Dhani et al. 2003) and B-catenin (Ligon et al. 2001). In
vivo disruption of dynein dynactin interaction affects Golgi complex and
endosome organization (Ma et al. 1999; Vaughan et al. 2001). In vitro studies of
various segments of N-IC indicate that it is natively disordered and monomeric
(Makokha et al. 2002; Nyarko et al. 2004); two N-IC chains bind to both Tctex1
and LC8, and within each chain the 10-12 amino acid recognition sequence
undergoes a disorder-to-order transition (Benison et al. 2006) to form a B-strand
incorporated into a B-sheet at the light chain dimer interface (Figure 4.1 and
Appendix Figure Al.1) (Benison et al. 2007; Williams et al. 2007).

Tctexl and LC8 are homologs (Appendix Figure Al1.1) that bind at
adjacent highly conserved IC recognition sequences (Appendix Table Al.1). In
addition to binding IC, both associate with a wide variety of proteins once
presumed to be dynein cargo linked by Tctexl or LC8 to the dynein motor.
However, recent structural data (Benison et al. 2007; Williams et al. 2007)
challenge this view because the LC8 dimer (and by analogy the Tctex1 dimer
(Williams et al. 2007)) binds either two chains of IC or two chains of putative
cargo proteins at the same location (Wang et al. 2004; Benison et al. 2007),
making the adaptor hypothesis much less attractive. An alternative hypothesis is
that LC8 is a hub protein essential for promoting the dimerization and

physiological activity of its diverse protein partners, including IC (Barbar 2008).
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Figure 4.1: Schematic representation of cytoplasmic dynein and of IC constructs
used in this study. a) The cytoplasmic dynein core is shown as an assembly of six
proteins: the N-terminal domain of IC (grey bars, predicted coiled-coils shown
with red hashes) is natively disordered; the C-terminal domain of IC (grey spheres)
is predicted to be ordered; three homodimeric light chains are Tctex1 (yellow),
LC8 (green) and LC7 (blue). In mammals, the corresponding light chains are
DYNLT, DYNLL and DYNLRB, respectively (Pfister et al. 2005). Also shown
are the light intermediate chains (LIC, purple), the heavy chain (light blue) and a
microtubule (orange). The motor region of dynein consists of the heavy chain
subunits which form a ring of AAA+ domains (Burgess et al. 2003) and a
microtubule binding domain attached to the AAA+ ring by a flexible 15-nm
coiled-coil stalk (Carter et al. 2008). An enlargement of the IC segment from
residue 84-143 (dark blue brackets) has residues colored yellow and green
indicating the recognition sequences for Tctexl and LC8, respectively. b) The
three IC constructs IC, ICt_ and IC_ are, respectively, IC residues 123-138, IC
residues 84-143, and IC residues 84-143 with the residues 111-120 replaced by a
second copy of the LC8 binding sequence.
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Such a regulatory role for these light chains in dynein assembly has been
suggested based on the evidence that LC8 binding induces IC*IC self-association
(Benison et al. 2006), and that the binding affinity of LC8 to IC is enhanced when
Tctex1 is present (Williams et al. 2007). In vivo studies (King et al. 2003) of
various truncations of N-IC show that an IC lacking the light chains recognition

sequences binds less efficiently to p150°"

and is less effective at inhibiting
dynein-based transport than a longer IC containing the light chain recognition
sequences and the second predicted coiled-coil. In such experiments,
overexpressed IC is presumed to bind free dynactin and competes with
endogenous dynein IC resulting in perturbed microtubule organization and
centrosome integrity. A similar experiment with deletions of N-IC shows the intact
C-IC is not sufficient for efficient binding to the heavy chain, but requires both
light chain binding sites and the second coiled-coil (Ma et al. 1999). The
importance of both light chains for dynein function is documented; unknown are
the mechanisms by which the two light chains work together to enhance the
binding of IC to p150°"*! on one end and to the dynein heavy chain on the other.
To determine the potential role of Tctexl and LC8 in IC assembly and

regulation, we measured the thermodynamics of formation of the ICeTctex1¢LC8
system, along with the model system ICeLC8¢LC8. Mutual enhancement was
expected as prior binding of IC to either light chain produced a bivalent IC duplex.
The thermodynamics of these complexes and the structural organization of IC
promote the formation of an IC duplex that serves as a poly-bivalent scaffold for
dynein assembly and illustrate a novel aspect of the LC8 driven dimerization of a

new class of intrinsically disordered proteins.

Results
Design of IC constructs.
Three 1C constructs were used (Figure 4.1b): ICt_ — a wild-type sequence
corresponding to IC residues 84-143 with both Tctexl and LC8 recognition
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sequences (T and L refer to sites for binding Tctex1 and LCS8, respectively); IC
— a mutated version of the same segment with the Tctex1 recognition sequence
replaced by the LC8 recognition sequence; and IC, — a shortened sequence
corresponding to IC residues 123-138 with only one LC8 recognition sequence.
The ICt, IC_L and IC_ constructs do not include the IC regions predicted to be
coiled-coils (Benison et al. 2006). LC8 and Tctex1 bind the longer IC constructs
that contain either predicted coiled-coil with similar affinity as ICy_ (data not
shown) and therefore for simplicity and for ease of comparison of ITC and X-ray
crystallography data, these studies focus on IC+_. The apo-IC constructs used are
all monomeric and disordered, whereas both Tctex1 and LC8 are dimeric and bind
two monomers of IC. When fully assembled, the complexes formed by the IC
constructs are, respectively, ICt_*Tctex1LC8, IC_ *LC8°LC8, and IC *LC8.

Thermodynamics of |C_eTctex1+L.C8 complex formation.

Representative isothermal titration calorimetry (ITC) data are shown in
Figure 4.2. Association parameters (AG°, AH°, -TAS°) and the related heat
capacity change (ACpexp) are given in Table 4.1 and Appendix Figure 1.2. For
ICt., we measured the binding of Tctex1 to both apo-IC+_ and to the pre-bound
ICt_*LC8 complex and similarly the binding of LC8 to apo-ICt_ and to pre-
bound ICt_* Tctex1. Control experiments showed that in the absence of IC there is
no interaction between Tctex1 and LC8 (data not shown).

Apo-1C1_ binds Tctex1 or LC8 with similar affinity (K4 of 8 uM), and a
ACpexp 0f -0.42 and -0.26 kcal/mol/K, respectively (Table 4.1, Appendix Figure
Al.2b, c). When IC+, is pre-bound to either Tctex1 or LC8, the second light chain
binds with higher affinity (Kq of 0.2 uM), and results in a more negative ACpeyp Of
-0.59 and -0.41 kcal/mol/K, for Tctex1 and LC8 respectively (Table 4.1, Appendix
Figure Al.2d, e). Between the first and second binding events, there is a 50-fold
(AAG?® of -2.4 kcal/mol) binding affinity enhancement accompanied by a change
in ACpexp (AACpexp Of -0.16 kcal/mol/K). The more negative ACpexp SUgQests
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Figure 4.2: Representative ITC data for IC constructs binding to Tctex1 and LC8.
Thermograms (top panels) and binding isotherms (bottom panels) are shown for
the titration of apo-1C+_ with a) Tctex1 and b) LC8, the titration of pre-bound 1Cy_
with ¢) Tctex1 and d) LC8, and e) the titration of IC_ with LC8. Solid lines
correspond to the non-linear least squares fit for an A + B— AB binding model.
Data were collected at 25 °C in 50 mM sodium phosphate, 50 mM sodium
chloride, pH 7.5.
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Table 4.1: Thermodynamic parameters for association of IC constructs with
dimeric LC8 and Tctex1 at 25 °C?.

Trberaion Ki AG® AH° -TAS® ACp.,, ACp..
Protein Ligand (M)  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol/K) (kcal/mol/K)
LC8 IC,. 8.0+21 -7.0x01 11103 -8.1+04 -0.26 -0.27
Tctex]l ICq 96436 -6.8+02 -69108 0.1+05 -0.42 -0.56°
LC8 IC 8.0+15 -7.001 -13.710.6 6.7 +0.2 -0.26 -0.27
Tctex]1 IC/LC8 |0.21£0.09 -9.1+02 -88103 -0.3x07  -0.59 -0.56
LC8 IC;/Tctex1 |0.13 £0.09 -9.4 +0.3 -14.5+03 5.2 +04 -0.41 -0.25
LC8 IC;. 0.50 +0.06 -9.0 0.1 -13.7 0.2 4.8 +0.2 -0.26 -0.25

®Average values are reported with error estimated as the standard deviation of
replicates. The binding stoichiometry (n) was 1.04 £ 0.08 for IC, 0.96 + 0.07 for
IC+t., and 2.06 £ 0.05 for IC . All data were fit to one monomer of either light
chain binding to a single IC chain.

bACpcaI values were computed as described by Spolar and Record (Spolar et al.
1994) based on the surfaces buried by a light chain monomer binding to a single

IC chain.

No structure is reported for IC with Tctex1 in the absence of LC8, so ACpcac for
apo-ICt_*Tctexl was determined from the WT ICeTctex1eLC8 complex
(BFMT).
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additional burial of surface area accompanies the second binding event (Spolar et
al. 1994).

Interestingly, LC8 binds IC, and apo-IC+. with indistinguishable affinities
and ACpeyp Values (Table 4.1) indicating that binding is limited to the short
recognition sequence of IC and that there is no change in rigidity of IC not in
direct contact with LC8.

Thermodynamics of IC_ * LC8¢LC8 complex formation.

To examine the origin of the binding enhancement associated with pre-
bound IC+_ relative to apo-1Ct., we engineered an IC construct, IC that has the
Tctex1 binding site replaced with the LC8 recognition sequence, giving two sites
for binding dimeric LC8 (Figure 4.1b). IC, serves a dual purpose, allowing the
investigation of the thermodynamics of binding enhancement in a simplified
system, and also probing the biological relevance of two contiguous sites on IC for
two distinct proteins, Tctex1 and LC8, instead of two copies of a single protein
given that there exists real protein systems with two or more adjacent LC8 sites.
The latter point is intriguing given that Tctex1 and LC8 are homologs with similar
tertiary and quaternary structures (Appendix Figure Al.1), and similar binding
affinity to IC.

Binding of IC to LC8 to form IC_*LC8¢LC8 was measured using ITC.
For strong positive enhancement, as expected between the first and second LC8
dimer binding, ITC cannot resolve individual binding events, so the data were fit
to a single binding event with a macroscopic K4 of 0.5 uM and a stoichiometry of
two IC . chains per two LC8 dimers (Figure 4.2e, Appendix Figure Al.2f). The
single binding event model with AG® of -9.0 kcal/mol, AH® of -13.7, -TAS® of 4.8
kcal/mol and a ACpex, Of -0.26 kcal/mol/K corresponds to the average of the two
binding events. However, distinct thermodynamic parameters for each binding
event can be separated if the first binding is assumed to have thermodynamic
parameters similar to LC8 binding to apo-ICy.. This assumption is reasonable
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because the value for ACpexp 0f -0.26 kcal/mol/K for LC8 with IC is the same as
for LC8 with IC_ and apo-ICt_ (Table 4.1). Using this reasoning, the inferred
thermodynamic parameters for the second binding event are a K4 of 0.01 uM, AG®
of -11.0, AH® of -13.7, -TAS® of 2.8 kcal/mol and a ACpey, 0f -0.26 kcal/mol/K.
The inferred enhanced affinity for the second binding of LC8 to IC., is
considerably higher than that of the second light chain binding to ICy., and
corresponds to a 1000-fold (AAG® of -4.0 kcal/mol) enhancement, arising solely
from a favorable change in entropy A(-TAS®) of -4.0 kcal/mol in the 20-35 °C

temperature range (Table 4.1).

Crystal structures of the ternary complexes.

The crystal structure of a fragment of IC bound to Tctex1 and LC8 solved
at 3.5 A resolution shows homodimers of Tctex1 and LC8 binding two chains of
IC (residues 109-135) as extended B-strands in the ligand binding grooves (Figure
4.3a): I1C residues 110-122 interact directly with Tctex1, IC residues 123-125 link
the Tctex1 and LC8 binding sites, and IC residues 126-135 contact LC8. The IC
linker adopts an extended polyproline-1I (P;) conformation and no direct ICeIC or
light chainelight chain interactions occur.

The crystal structure of ICy, *LC8¢LC8 solved at 3.15 A resolution shows
a 4:2 stoichiometric complex in which two chains of IC| (residues 111-135) are
brought together by two LC8 dimers with a linker region consisting of five IC
residues separating the LC8 dimers (Figure 4.3c). The longer exposed linker
observed in this structure reflects the shorter IC*LC8 interface relative to the
ICeTctex1 interface in the WT complex. Although there is visible density for IC|
residues within the linker region, there is no density for residues N- or C-terminal
to the LC8 recognition sequences. As with the WT ICeTctex1LC8 complex, the
IC_. linker adopts a Py, conformation and has no IC«IC or light chainelight chain

contacts.
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Figure 4.3: Crystal structure of the ternary complexes of IC constructs with light
chains. Semi-transparent surface and secondary structural elements are shown for
a) the WT ICeTctex1eLC8 structure reported here (pdb entry 3FM7), b) the
ICeTctex1LC8 structure previously reported (pdb entry 2PG1) (Williams et al.
2007), and c) the IC *LC8¢LC8 structure reported here (pdb entry 3GLW). In
2PG1, Tctex1 and LC8 form a small contact surface due to a bend in IC which is
not observed in the structures reported here, implying that the IC linker remains
flexible in the bound complex. Data collection and refinement statistics are given
in Appendix Table Al1.2. Figures were generated using Pymol (DeLano 2002).
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Discussion
Tctex1 and LC8 have mutually enhanced binding affinities for 1C.

Three constructs, IC_ having binding sites for two LC8 subunits, ICt_
having binding sites for Tctex1 and LC8, and IC_ having a single LC8 binding
site, provide a powerful system for quantitatively dissecting bivalency effects in
this multicomponent assembly complex. The full thermodynamic cycle for 1IC_
ternary complex formation is shown in Figure 4.4 along with the corresponding
binding steps in IC_ . and IC.. The second light chain binds ICt_eTctex1 or
IC+_*LC8 with affinity enhancement of about 50-fold (AAG® of -2.4 kcal/mol).
This is consistent with and extends a hydrogen exchange study that indicated
enhanced binding of at least 10-fold for the second light chain, i.e. AAGZ -1.4
kcal/mol (Williams et al. 2007). Interestingly, LC8 binds IC, *LC8 with affinity
enhancement of about 1000-fold (AAG® of -4.0 kcal/mol).

A pure chelate effect in IC sLC8 binding.

The 1000-fold affinity enhancement of the second LC8 binding to IC,
agrees well with a 3-order of magnitude enhancement estimated from calculations
of the entropic barrier to binding in bivalent small molecules (Murray et al. 2002).
It is due entirely to a favorable change in the association entropy with a minimal
enthalpic change between the first and second binding events (AAH% 0) (Figure
4.5a). This enhancement is an entropic multivalency effect known in a number of
biological systems as the chelate effect (Page et al. 1971; Mammen 1998; Breslow
2000; Bertozzi et al. 2001). The first LC8 dimer connects two equivalent I1C
chains resulting in a bivalent IC, | duplex that has significantly higher binding
affinity for the second LC8 dimer than for the first (Appendix Figure Al1.3). The
second binding event is of higher affinity because the unfavorable loss of
translational and rotational entropy is fully paid in the first binding step, so that the
subsequent binding step does not incur this entropic penalty. The enhancement in

the IC *LC8 system is a remarkable demonstration of the solely entropic origin
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Figure 4.4: Thermodynamic cycle for IC constructs binding to Tctex1 and LC8.
Complete thermodynamic parameters on which this figure is based are given in
Table 4.1. a) Binding free energies AG® (kcal/mol), and experimental ACp
(kcal/mol/K) for Tctex1 and LC8 binding to ICt._. The computed ACpcqc are given
in parentheses following the experimental ACp. The difference in free energy
change and heat capacity change between the second and first binding events are
expressed as AAG® and AACp, respectively, and are shown in the center of the
cycle. Similar binding parameters are shown for b) LC8 binding to IC, ., which
assumes the first IC ¢ LC8 binding event has thermodynamic binding parameters
equal to the apo-IC+_*LC8 binding event and ¢) LC8 binding to IC_. All inferred
data are labeled by *.



86

g A b . ¢
- ® @ ® a7
S 0— o ; : ‘o= . o (=]
E e L
2 0. . = o
j ----------- . aBREELIERE B: 0 &l _.
-4+ E'I'__'::::'.:::El....._:::];]::: ....... o ®
20 25 30 35 20 25 30 35 20 25 30 35

Temperature (°C)

Figure 4.5: Changes in thermodynamic parameters between first and second
binding events (AAG®, grey diamonds; AAH®, black circles; and A-TAS®, white
squares) for IC ternary complexes. Temperature dependence of the differences in
association parameters between a) LC8 with apo-IC,; and LC8 with IC_ *LCS8,

b) Tctex1 with apo-1Ct. and Tctex1 with ICy eLC8 and c¢) LC8 with apo-1Cy_
and LC8 with ICy_e Tctex1.



87

of the chelate effect in a multisubunit protein assembly. It suggests that the

alignment of the two IC arms is optimal for the second LC8 binding.

Deviation from a purely entropic chelate effect in wild-type.

The 50-fold affinity enhancement of LC8 with IC+_Tctex1 is less than the
full chelate enhancement observed for LC8 with IC_ *LC8 and suggests that
additional unfavorable interactions occur during the second binding event that
offset the full gain from multivalency.

As pointed out by Jencks (Jencks 1981), underestimation of the free energy
contribution from the chelate effect is due to destabilizing interactions in a bivalent
system that do not occur in the equivalent monovalent systems, since contributions
from the chelate effect and the destabilizing interactions are additive. The 2.4
kcal/mol enhancement of binding seen for the ICy_ system implies that the full
entropic enhancement of 4.0 kcal/mol realized in the IC__. model system is
reduced by 1.6 kcal/mol.

The lower enhancement is accompanied by a AACpey, 0f -0.16 kcal/mol/K
associated with the second binding (Figure 4.4, 4.5b and c). Since a change in heat
capacity is normally associated with burial of nonpolar surface, the implication of
the AACp value is that the surface area buried in the ternary complex is larger than

in the binary complex with either Tctex1 or LC8.

Structural basis for the destabilizing interactions.

To identify the site that undergoes additional structural changes, we
compared ACpeyp for each step in the thermodynamic cycle to ACpcac derived
from empirical calculations based on surface areas buried in the complexes (Spolar
et al. 1994). Crystal structures for IC_*LC8, ICy *Tctex1*LC8 and
IC_ *LC8¢LC8 have a similar IC*LC8 interface each yielding a ACpcac Near -
0.26 kcal/mol/K. For Tctex1, the crystal structure of ICy_*Tctex1eLC8 yields a

ACpcalc 0f -0.56 kcal/mol/K for interactions in the ternary complex, but no crystal
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structure is available to guide the calculation for a binary complex of
ICt_eTctexl.

As seen in Figure 4.4, ACpeyp and ACpcac agree very well for apo-1C+.
binding LC8, and for IC+_*LC8 binding Tctex1. They are also in good agreement
for IC_ with LC8 and apo-IC, with LC8. The only discrepancies occur on the left
side of the ICy_ thermodynamic cycle. For apo-ICr. binding Tctex1, ACpexp IS
less negative than the ACpcqy Of -0.56 kcal/mol/K (based on the ternary complex),
and for the second step of ICr_*Tctex] binding LC8, ACpex IS more negative
than ACpcac by a similar difference of 0.16 kcal/mol/K. A simple model
explaining these data is that less of ICt_ becomes buried when it is in a binary
complex with Tctex1 (explaining the less negative ACpeyp Of the first step), and
this portion becomes buried during LC8 binding (explaining the more negative
ACpexp Of the second step).

Analysis of the ICy_*Tctex1eLC8 crystal structure suggests that the part
of IC not interacting with Tctex1 in the binary complex is the C-terminal end of
the recognition site. When LC8 binds ICeTctex1, the two C-terminal ends of the
Tctex1 recognition site would be pulled in closer to the Tctex1 surface, but the N-
terminal ends should not be affected. The ACpcalc values match ACpeyp if the last
four residues of the Tctex1 recognition site (NIPP in D. melanogaster) remain
solvent exposed in the binary ICt_*Tctexl complex and then become burried
during LC8 binding. Interestingly these last four residues of the Tctex1 recognition
site have high sequence conservation (Appendix Table Al.1). We therefore
attribute the lower enhancement of LC8 binding to ICy_ Tctex1 versus IC *LC8
to additional disorder-to-order transition at the IC+_e Tctex1 interface, with the last
four residues of the Tctex1 recognition site acting as an attenuator of the favorable
bivalency effects of the system.

Disorder and flexibility in 1C complexes.
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When natively disordered apo-IC (Benison et al. 2006) binds to dimeric
Tctex1 and LCS8, the IC recognition sequences form two extended p-strands at the
light chain interfaces (Figure 4.3) (Benison et al. 2007; Williams et al. 2007). The
linker connecting the interfaces is elongated, but ordered enough to show
appreciable electron density in the crystal structure. In WT ICeTctex1*LC8 and
IC *LC8¢LCS8 structures, the IC linker assumes a P, conformation, commonly
observed in unfolded peptides (Pappu et al. 2002). In a previously reported
structure of Rattus norvegicus IC peptide bound to D. melanogaster Tctex1 and
LC8 (Williams et al. 2007), Tctex1 and LC8 contact each other due to a bend in
the IC linker (Figure 4.3b). Williams et al. noted the contact surface is small and
occurs through non-conserved Tctex1 and LC8 residues. In our D. melanogaster
WT ICeTctex1eLC8 and IC *LC8LC8 structures no contact is observed
(Figure 4.3a, c). Together these results indicate that IC in the linker region of the
ternary complex is flexible, and can therefore sample the different orientations

observed in both crystal structures of Figure 4.3a and b.

Evolution of adjacent sites.

Tctexl and LC8 are homologs and have similar IC binding sites in
vertebrate IC (e.g. SKVTQV and SKETQT in Danio rerio). Both observations
raise the prospect that there may have been an ancestral IC that bound either two
LC8 dimers or two Tctex1 dimers. Interestingly, adjacent LC8 sites are common in
real systems. In guanylate kinase-associated protein (GKAP) (Rodriguez-Crespo et
al. 2001) and the nuclear pore protein (Nup159) (Stelter et al. 2007), for example,
there are two and six adjacent LC8 recognition sequences, respectively. Since
Tctex1 and LC8 bind apo-IC with similar affinities, the evolutionary selection of
two distinct light chains is unlikely to be due just to enhanced affinity. Indeed, an
enhancement lower than the full multivalent effect suggests affinity has been

modulated in the dynein IC assembly to optimize the balance of stability and
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reversibility. Consistent with this, contiguous sites for both Tctex1 and LC8 along

with the linker separating them are observed in eukaryotes (Appendix Table Al1.1).

Poly-bivalency in dynein assembly and regulation.

The emerging picture of dynein IC is one of an elongated, flexible scaffold
that contains a number of binding sites for attachment of bivalent dynein light
chains (Figure 4.1), dimeric p150%"“* subunit of dynactin (King et al. 2003) and
various cargo proteins. Bivalency arises because alignment of two IC chains
results in a duplex with multiple additional bivalent sites. We refer to this as a
poly-bivalent scaffold, which will be created when apo-IC binds any of its bivalent
ligands, or forms a self-associated coiled-coil (Benison et al. 2006; Williams et al.
2007). Multiple bivalent sites provide the potential for mutual enhancement of
affinity for every additional ligand bound, as well as for coiled-coil interchain
interactions (Figure 4.1). For any two sites, the extent of binding enhancement
depends on the length of the linker between them. A short linker such as that
connecting Tctex1 and LC8 will result in higher local effective concentration and
higher binding enhancement than a longer linker such as that connecting LC8 and
the weakly predicted coiled-coil.

A poly-bivalent system can be quite stable even when the association
constant of any single ligand is moderate to weak. Although the assemblage is
stable, multivalency, combined with flexibility, provides ready reversibility of
ligands, a property very useful for regulation and functional adaptability (Kiessling
et al. 2006). The resultant dynein N-IC assembly, endowed by multivalency,
retains disorder and associated flexibility, which provide versatility and
reversibility in response to the local cellular environment.

A poly-bivalent assembled IC can explain the considerably higher binding

efficiency of p150°"ed

to a fragment of IC containing four bivalent sites (the N-
terminal predicted coiled-coil, the light chains binding site and the central

predicted coiled-coil) relative to a fragment that contains only one bivalent site
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(the N-terminal coiled-coil domain) (King et al. 2003). Any of the three additional
sites enhances coiled-coil interchain interactions resulting in a tighter binding to
p150°"¢. A similar explanation applies to the more efficient binding to the heavy
chain of an IC fragment containing the light chains binding site in addition to the
WD repeat C-terminal domain (Ma et al. 1999).

These insights into dynein IC assembly are relevant to other non-dynein
proteins that bind LC8. Analysis of these non dynein proteins lead to the
hypothesis that LC8 acts as a hub protein that promotes dimerization of its binding
partners (Barbar 2008). One such protein, Nup 159 (Stelter et al. 2007), when
bound to LCS8, is expected to be an aligned and elongated dimer on which one or
more additional bivalent binding sites are available (Barbar 2008). We propose
that like IC, many of the LC8 binding partners become poly-bivalent scaffolds and
that the ICelight chain system is a canonical example of poly-bivalency in the

assembly of a new class of intrinsically disordered proteins.

Materials and Methods

Protein preparation.

A synthetic peptide corresponding to IC residues 123-138 was purified as
described earlier (Hall et al. 2008). D. melanogaster IC+, Tctex1 and LC8 were
prepared as described earlier (Barbar et al. 2001; Makokha et al. 2002; Benison et
al. 2006). The IC__ gene was produced by nucleotide synthesis (GeneScript,
Piscataway, NJ). Purity was verified by SDS-PAGE and MALDI-TOF mass
spectrometry: IC;, M.W. = 7893.1 Da (7897.5 theoretical). Sequence-based
calculation of absorptivity at 280 nm was used to measure protein concentrations
(Wilkins et al. 1999).

Isothermal titration calorimetry.
Proteins were dialyzed in buffer containing 50 mM sodium phosphate, 50

mM sodium chloride, 1 mM sodium azide, pH 7.5. Thermodynamics of binding
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were determined at 20, 25, 30 and 35 °C using a VP-ITC calorimeter (MicroCal,
Northampton, MA). Data were processed using the manufacturer’s supplied
software package, Origin 7.0 (OriginLab Corp., Northampton, MA), and fit to a
single-site binding model, A + B — AB, where A refers to a single IC chain and B
refers to a single protomer of Tctex1 or LC8. Heat of dilution, estimated to be
equal to the enthalpy of the final injection, was subtracted from the binding data
prior to fitting. Experiments were conducted with IC in the sample cell, and Tctex1
or LC8 in the syringe. For all experiments the “c value” (c = [protein]sample cen X
Ks?Y) was within the 5 to 500 range required for reliable determination of
association constants (Turnbull et al. 2003). Similar experiments were conducted
with 1Cy_ saturated with a five-fold excess of either Tctex1 or LC8. Cell and
syringe concentrations of 0.07 and 0.8 or 0.025 and 0.4 mM were used for apo- or
pre-bound IC+, respectively. Cell and syringe concentration of 0.07 and 1.35 mM
were used for IC, .. Average values are reported with error estimation as the
difference between a minimum of two repeats for each temperature.

Changes in heat capacity at constant pressure (ACpex) Were determined
from the change in enthalpy (AH®) as a function of temperature. All ACpex, Values
were obtained with linear correlation coefficients of > 0.98. Calculated changes in
heat capacity (ACpcac) Were computed as described by Spolar and Record (Spolar
et al. 1994). Changes in solvent accessible surface area were determined using
SURFACE RACER 5.0 (Tsodikov et al. 2002). Protein Data Bank structures 2P2T
(Benison et al. 2007), 3FM7 (Tctex1 site only), 3FM7 (LC8 site only) and 3GLW
were used to model apo-IC+ *LC8, pre-bound ICt_*Tctexl, pre-bound ICt_ *LC8

and IC_ <LC8 complexes, respectively.

Sze exclusion chromatography and multi-angle light scattering.
Association states were determined from analytical size-exclusion
chromatography (Superdex75) with an online multi-angle light scattering detector

(miniDawn, Wyatt Technology) in 200 mM sodium sulfate, 50 mM sodium
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phosphate, pH 7.3. Data were processed using ASTRA v5.1.9.1 (Wyatt
Technology). The molecular mass of apo-ICt. and the ICt *Tctex1eLC8
complex were 7.7 and 68.7 kDa, respectively, in good agreement with the
theoretical molecular mass for a monomer (7.8 kDa) and a dimer of heterotrimers

(67.3 kDa), respectively.

X-ray crystallography.

An IC construct (corresponding to residues 92 to 260) bound to Tctex1 and
LC8 (WT ICeTctex1*LC8) and IC  *LC8¢LC8 complex were in buffer
containing 15 mM sodium chloride, 5 mM Tris, pH 7.5 and a final protein
complex concentration of 0.2 mM. Crystals were obtained at 4 °C using hanging
drops setup with a 1ul protein and reservoir solution equilibrated against a 400 pl
reservoir.

For WT ICeTctex1LC8, hexagonal pyramidal crystals were obtained
using a reservoir of 16% PEG 8000, 100 mM sodium cacodylate, 200 mM calcium
acetate, pH 6.5. Crystals grew to a final size of 0.16 x 0.16 x 0.3 mm?®. For
IC_ L *LC8°LC8, blade shaped crystals were obtained using 30% PEG 400, 100
mM Hepes, 200 mM magnesium chloride, pH 7.5. Crystals grew to a final size of
0.15 x 0.15 x 0.5 mm?® (Appendix Table Al1.2). Crystals for both complexes were
analyzed by SDS-PAGE after data collection and showed the full length IC
constructs were proteolyzed. Therefore both complexes contain an IC domain of
unknown length N- and C-terminal to the Tctex1 and LC8 binding sites. IC is
natively disordered and sensitive to protease degradation, it seems likely that
formation of the crystal lattice occurred opportunistically during in situ proteolysis
(Dong et al. 2007), and future attempts at reproducing these crystals may be aided
by the addition of protease to the protein solution.

Crystals were pulled through oil before flash-freezing in loops using liquid
nitrogen. For WT ICeTctex1+LC8, 3.5 A resolution oscillation data (Ag = 1.0°)
were collected at the Berkeley Advanced Light Source, HHMI beam line 8.2.2.
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For IC_ *LC8LC8, 3.15 A resolution oscillation data were collected using an in-
house Raxis IV system with CuKa-radiation. Data were integrated using Imosflm
(Leslie 1992) and scaled using SCALA (Diederichs et al. 1997). The WT
ICeTctex1eLC8 and IC_ *LC8LC8 space groups were P6, with unit cell of
a=b=115.66, ¢=90.37 A and P6,22 with a=bh=44.65, c= 219.38, respectively.
Phases were determined for both crystals by molecular replacement using
PHASER (McCoy 2007) and 2PG1 and 3BRI as search models.

The WT ICeTctex1eLC8 crystal had a full ICeTctex1eLC8 complex (six
protein chains) in the asymmetric unit. Molecular replacement placed a dimer of
Tctex1 and a dimer of LC8 allowing an electron density map to be calculated that
showed density for the IC peptides. IC residues were manually added using Coot
(Emsley et al. 2004) and the complex was refined using REFMAC (Murshudov et
al. 1997). The IC__*LC8¢LC8 crystal had just one-fourth of the IC_ *LC8LC8
complex (one LC8 chain and one half of an IC,, chain) in the asymmetric unit.
Molecular replacement placed a protomer of LC8 in the cell and the resulting
electron density map revealed density for the portion of IC interacting with LC8
and weaker density for the five residue IC linker connecting LC8 protomers in
adjacent unit cells. The five IC linker residues, modeled in an extended Py
conformation, fit well in the distance between the LC8 dimers and improved R ree.
The linker IC residues were modeled at half occupancy because only half of the
unit cells should contain these residues (Figure 4.3d, e).

For both structures one domain per chain was used for TLS refinement.
Crystallographic data collection and refinement statistics are summarized in
Appendix Table A1.2.

Accession Codes.

The atomic coordinates and structure factors for WT ICeTctex1«LC8 and
IC_ *LC8¢LC8 have been deposited into the Protein Data Bank with accession
numbers 3FM7 and 3GLW.
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Summary
The roadblock/LC7 dynein light chain is a ubiquitous component of all

dyneins and is essential for many diverse processes including proper axonal
transport and dendrite growth. In addition, LC7 functions in non-dynein
transcriptional activation of the transforming growth factor-f complex. Crystal
structures of Drosophila melanogaster LC7 in the apo form and in complex with a
segment of the disordered N-terminal domain of dynein intermediate chain (IC)*
provide the first definitive identification of the IC sequence recognized by LC7.
The site, confirmed by isothermal titration calorimetry studies, overlaps the IC
sequence considered in the literature to be an IC self-association domain. The IC
peptide binds as two amphipathic helices that lie along an extensive hydrophobic
cleft on LC7 and ends with a polar side chain interaction network that includes
conserved residues from both proteins. The LC7 recognition sequence on IC and
its interface with LC7 are well conserved and thus likely representative of all
ICeLC7 structures. Interestingly, the position of bound IC in the ICsLC7 complex
mimics a helix that is integrated into the primary structure in distantly related LC7
homologs. The ICsLC7 structure further shows that the naturally occurring robl?
deletion mutation contains the majority of the IC binding site, and suggests that

promotion of IC binding by phosphorylation of LC7 is an indirect effect.

Introduction

*The abbreviations used are: IC, the 74-kDa dynein intermediate chain corresponding to
gene Cdic2b; N-IC, IC residues 1-289; IC+_q7, IC residues 92-237; I1Ct.7, IC residues 92-
260; 1C4, IC residues 212-260; 1Cgy.059, IC residues 92-289; Tctex1, the 12-kDa dynein
light chain corresponding to gene DIc90F; LC8, the 10-kDa dynein light chain
corresponding to gene Cdlc2; LC7, the 11-kDa dynein light chain corresponding to gene
robl; robl?, truncation mutant of D. melanogaster LC7; PDB, Protein Data Bank; TGF-B,
the transforming growth factor- receptor complex; Mgl, homodimeric gliding protein
MgIB from Thermus thermophilus pdb accession code 1J3W; MP1epl4, mitogen-
activated protein kinase interacting heterodimer pdb accession code 1SKO; ITC,
isothermal titration calorimetry..
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Cytoplasmic dyneins are large multi-subunit protein complexes that are
responsible for ATP-driven minus-end directed transport of diverse cargo along
microtubules. They play fundamental roles within the cell including mitotic
spindle assembly and orientation (Echeverri et al. 1996), chromosome segregation
(Compton 2000), and intracellular trafficking of vesicles and mRNA (Mische et al.
2007). Dyneins are essential for the development and maintenance of neurons
(Stokin et al. 2006), and for this reason dynein dysfunction is associated with
several human diseases, such as lissencephaly (Faulkner et al. 2000), neural
degeneration (Hafezparast et al. 2003), and male infertility (Zuccarello et al.
2008).

Dynein heavy chains are responsible for motor activity while intermediate
chain (IC) and light chain subunits comprise the cargo attachment complex. The
N- and C-terminal domains of IC are structurally and functionally independent.
The primarily disordered N-terminal domain (N-IC) is central to dynein assembly,
regulation and cargo binding as it contains a self-association domain and the
binding sites for the three light chains, the p150°"“* subunit of dynactin, and
several putative cargoes (King et al. 2000; Ye et al. 2000; Ligon et al. 2001;
Kardon et al. 2009). Dynein light chains Tctex1, LC8, and LC7 are all integral
components of both cytoplasmic and axonemal dyneins (Wickstead et al. 2007)
which bind distinct regions of N-IC (Susalka et al. 2000; Makokha et al. 2002)
(Figure 5.1). Tctex1 and LC8 are dimeric structural homologs and each binds two
chains of IC at its dimer interface (Benison et al. 2007; Williams et al. 2007; Hall
et al. 2009). Tctexl and LC8 show mutually enhanced affinity, as one protein
binds two IC chains to form a bivalent IC that has higher affinity for the other light
chain (Hall et al. 2009). We recently proposed that Tctex1 and LC8 work together
to create a poly-bivalent IC duplex that serves as a stable and versatile scaffold
providing tighter IC self-association and higher affinity for multiple bivalent
binding partners (Hall et al. 2009). LC7 is less well understood than the others, and

this study is focused on the IC<LC7 interaction.
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Figure 5.1: IC light chain binding regions and constructs used in this study. The
upper IC diagram locates the verified binding sites for Tctexl and for LC8
(hatched) along with a proposed IC self-association domain (black) and the
proposed binding site for LC7 (open). The second diagram updates the model to
include the LC7 recognition sequence identified in this study (grey). IC
recognition sequences for Tctex1 and LC8 are, respectively, residues 110-122 and
126-135 (Benison et al. 2007; Williams et al. 2007; Hall et al. 2009). The four
additional lines define the residue ranges of the IC constructs used in this study.
Numbering is relative to amino acids from the D. melanogaster Cdic2b gene,
subscripts T, L, 7 and -d7 stand for Tctexl, LC8, LC7 and disrupted LC7

recognition sequences, respectively.
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LC7, also called roadblock (Robl) or km23, is a ubiquitous component of
cytoplasmic dyneins. The roadblock name originates from knockout mutants in D.
melanogaster that result in posterior sluggish motility leading to complete
paralysis. LC7-null mutants in D. melanogaster have mitotic defects and display
phenotypes with defective axonal transport, neuronal blast cell division and
dendrite growth (Reuter et al. 2003). LC7-null mutants result in flagellar assembly
and motility defects in Chlamydomonas reinhardtii (Pazour et al. 2000), and
disrupted dynein-mediated nuclear distribution in Aspergillus nidulans (Zhang et
al. 2009).

NMR and X-ray crystal structures of apo-LC7 from Homo sapiens and
Rattus norvegicus (llangovan et al. 2005; Song et al. 2005; Liu et al. 2006) show
LC7 is a homodimer structurally unrelated to Tctex1 and LC8. LC7 belongs to an
ancient protein superfamily that is widely represented in archaea and bacteria and
is implicated in regulation of NTPase activity (Koonin et al. 2000). Superfamily
members share a common structural fold of five B-strands and three a-helices,
except the C-terminal a-helix is missing in LC7. LC7 apparently has multiple non-
dynein interaction partners including the Rab6 family of GTPase regulators
(Wanschers et al. 2008), the human reduced folate carrier (Ashokkumar et al.
2009) and the transforming growth factor-p (TGF-B) receptor complex (Tang et al.
2002; Jin et al. 2009), but in no case is the molecular-level interaction with a
binding partner characterized. The TGF-p complex is central to signaling networks
controlling growth, differentiation, extracellular matrix production, apoptosis and
oncogenesis. Consistent with a role for LC7 in multiple cellular pathways,
mutations of LC7 (Ding et al. 2005) or changes in LC7 isoform expression levels
(Jiang et al. 2001) have been observed in ovarian and hepatic cancers.

Phosphorylation is one mechanism that appears to regulate the multiple
roles of LC7. LC7 is serine phosphorylated following TGF-B receptor activation
and binds IC in response to this activation. Two phosphorylation site mutants

disrupt the interaction with IC (Ding et al. 2005) leading to the conclusion that
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phosphorylation of LC7 is necessary for IC binding. However, at present there is
no clear molecular-level picture of processes associated with LC7
phosphorylation/dephosphorylation or of its involvement in IC binding.

As part of our ongoing effort to elucidate structure-function relationships
of dynein light chains, and build a comprehensive understanding of dynein
assembly, we report here the first molecular-level structure of an ICeLC7 complex
from D. melanogaster (79% sequence identity to H. sapiens LC7). The IC<LC7
complex structure reveals unexpected insights into dynein assembly and
regulation. It also provides interesting evolutionary perspectives. Comparing LC7
to its likely ancestral fold suggests that the multi-functionality of LC7 is the result
of its recruitment for new dynein-related function even while ancient functions are

maintained.

Results
Crystal structure of apo-LC7.

The apo-LC7 crystal structure was solved to 1.95 A with two LC7
homodimers in the asymmetric unit, each dimer with the expected LC7 fold seen
for H. sapiens and R. norvegicus apo-LC7 (llangovan et al. 2005; Song et al. 2005;
Liu et al. 2006): a pair of alpha helices (a1, a1) flanking a continuous antiparallel
10-stranded B-sheet (strand order B2-B1-Bs-Pa-Ps*Ps-Ba-Ps-P1--B2r) on one face
and a 2-helix bundle (a2°a,-) on the opposite face (Figure 5.2a). The four LC7
chains in the asymmetric unit have somewhat different N-terminal electron density,
with chain B being the best defined (starting residues are Leu9 for chain A, Metl
for chain B and Val5 for chains C and D). In contrast, the C-terminal density of
each chain is equivalent, ending at Asn94 with residues 95-97 too disordered to
model. Conformational differences among the four chains are observed for helix
a; and the loops connecting strands 1 to B2 (L2) and B4 to Bs (Ls) (Figure 5.2c).
The differences in a; among the four chains are due to variations in the angle of
the
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Figure 5.2: Structures of apo-LC7 and the IC-LC7 complex. a) Two orthogonal
views are shown of the LC7 homodimer. Chains B (steel blue) and D (grey) are
shown with secondary structural elements labeled for chain B. b) The same two
views of the ICsLC7 complex with chains of IC in orange and light orange, and IC
a-helix 1 (oyc1, residues 223-230) and 2 (oyce, residues 233-254) labeled. ¢)
Stereoview of an overlay of the four independent apo-LC7 chains (semi-
transparent bright blue) onto one LC7 chain from the ICsLC7 complex as colored
in panel “b”. Regions moving upon IC binding occur in a-helix 1 (a1), Loop 2 (L>)
and Loop 6 (Lg). d) Stereoview of the ICeLC7 interface. Side chains for
hydrophobic residues burying greater than 5 A, and the residues of the fingerprint
region are shown. G243 Ca position is indicated.
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Figure 5.2: (Continued).
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loop connecting a; to B1 (L1), with a; acting as a rigid rod to amplify differences
N-terminal to L. These differences appear related to crystal packing near L;.
Interestingly, conformational variations among the four chains in the
asymmetric unit recapitulate differences between previously reported structures of
apo-LC7, with chain B similar to the average conformation in NMR structures
(llangovan et al. 2005; Song et al. 2005) and the orientation of a; in chain A
similar to a4 in the 2.1 A H. sapiens LC7 crystal structure (Liu et al. 2006). The
latter also shows the first five residues and loop Lg are too disordered to fully

model.

Crystal structure of the ICsLC7 complex.

ICg2-289 bound to LC7 fortuitously crystallized in the presence of protease
added to aid crystal formation (Dong et al. 2007). Using these crystals, the ICeLC7
complex was solved at a nominal resolution of 3.0 A with the asymmetric unit
containing two LC7 homodimers binding two IC chains per dimer. Each chain of
IC and LC7 in the asymmetric unit has similar electron density, with 1C chains
initially observed as helical density not accounted for by LC7. Data interpretation
at 3 A is challenging, so the N-to-C directionality of IC segments was determined
by modeling a poly-Ala chain in both directions, with one orientation clearly
fitting better to the unbiased electron density. The unique sequence and registry of
IC was determined from the pattern of side chain densities, including buried Leu,
Ile and Phe residues at the ICeLC7 interface. This ultimately guided the modeling
of residues Leu221 through Thr258 for each IC chain and GIn3 through Asp97 for
each LC7 chain. A set of unbiased electron density maps provide strong support
for the final interpretation (Figure 5.3 and Appendix Figure A2.1). Based on this
interpretation, the IC; construct, encompassing IC residues 212-260 (Figure 5.1)
was designed for use in subsequent studies. As a further verification that the IC
segment bound in the ICeLC7 crystals was correctly identified, 1CeLC7

crystallization conditions (without in situ proteolysis) produce isomorphous
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Figure 5.3: Unbiased electron density evidence for the ICeLC7 complex. a) Fo-Fc
electron density showing the IC presence in the ICeLC7 complex after molecular
replacement with an LC7 model (steel blue). A Ca trace of the final IC model
(with 4 residues labeled) and some side chains of LC7 are included for reference.
Side chains for residues R71, R73, E78 and Q93 (cyan) are omitted. Density is
contoured at 3o (green) and -36 (magenta). b) 2Fo-Fc and Fo-Fc maps calculated
after inclusion in the refinement of a 19 residue poly-Ala helix (carbon, oxygen
and nitrogen atoms are colored orange, red and blue, respectively) modeled into
the strong helical density seen in panel “a” with an N-to-C directionality parallel to
a; of LC7. 2Fo-Fc density is contoured at 2¢ (blue), and Fo-Fc density is
contoured as in panel “a”. Labels are based on the final interpreted model. c¢) 2Fo-
Fc and Fo-Fc density for LC7 side chains R71, R73, E78, Q93 (grey/steel blue)
and IC side chains E252 and N253 (light orange/orange) after refinement of a
model with the complete ICeLC7 complex except these side chains. Potential
hydrogen bonding side chains are connected by dashed lines with the hydrogen
bond from E252 drawn halfway between nN1 and N2 of R71 to reflect
uncertainty in side chain position in this analysis. 2Fo-Fc density is contoured at
1o (blue), and Fo-Fc density is contoured as in panel “a”.
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Figure 5.3: (Continued).
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Figure 5.3: (Continued).

E252
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crystals of the 1C;+LC7 complex. The IC;<LC7 crystals grew within four days and
a low resolution data set shows helical density for IC; bound to LC7. These
crystals diffract similarly to the original ICsLC7 crystals produced from in situ
proteolysis and thus were not analyzed further.

The final 1CsLC7 model shows IC binds LC7 as two amphipathic helices
separated by a turn, with IC chains entering and exiting parallel to the LC7 two-
fold symmetry axis (Figure 5.2b). The first IC a-helix (ac1, residues 223-230)
packs against B4 and L, of LC7, the turn (residues 231-232) caps a1 of LC7, and
the second a-helix (oc2, residues 233-254) packs against ay, B4, Bs, L1 and Lg of
LC7. ayc1 has weaker electron density (and higher B-factors) than acz. ac1 and
aic2 have two and five complete helical turns, respectively, with a,c; having a
bend after the third helical turn. IC residues 255-258 have a non-regular extended
conformation, and interact with residues from L; and the C-terminus of LC7
(Figure 5.2b).

The IC-LC7 binding surface is large, comprising 22 IC residues and 27
LC7 residues and accounting for close to 2400 A? of surface, of which nearly 75%
(=1800 A% is nonpolar (Figure 5.2d, Appendix Figure A2.2, Appendix Table
A2.1). Multiple packing interactions are formed by each of the highly conserved
residues Phe235, Phe238, 11e246 and Leu250 of IC and Val5, Val31, Phe69, Phe87
and Leu89 of LC7. The C-terminal end of a,c2 contains a network of buried inter
and intrachain hydrogen bonding and salt bridge interactions which may constitute
a specificity-determining fingerprint for ICeLC7 recognition.

The fingerprint region contains well-conserved polar residues including
Glu252 and Asn253 of IC and Lys16, Arg71, Arg73, Glu78 and GIn93 of LC7.
While side chains in a 3 A structure are sometimes poorly defined, the residues of
the fingerprint region that are largely buried at the ICeLC7 interface have well-
defined side chain densities (Figure 5.3c). Glu252 and Arg73 are partially solvent
exposed and have the weakest side chain densities, while Arg71 is almost

completely buried and has very strong side chain density (Appendix Table A2.1).
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Arg71 stacks against Arg71’ while interacting with Glu252 and Glu252’ at the
LC7 two-fold axis (Figure 5.3c) (Soetens 1997; Persson et al. 2009). A polar
interaction network bridges the Asn253 side chain, Arg71 guanidino group, GIn93
side chain, and the Lys16 backbone (Figure 5.3c).

Whereas a4, L, and Lg are the most structurally variable regions of apo-
LC7 (Figure 5.2c), the four LC7 chains in the asymmetric unit of the ICsLC7
complex have consistent positions and strong electron density for these segments
despite the lower resolution of the IC°LC7 complex. Interestingly, the a1 position
in chain A of apo-LC7 is close to that of a; in the ICeLC7 complex and also
contains a hydrogen bond between Ne of GIn93 and the carbonyl oxygen of Lys16;
conversely, the a; position in chain B (which also matches the NMR solution
structure) undergoes a 7 A shift in the position of ;. All four chains have
consistent shifts of 2.5 A for L, and 4 A for Lg (Figure 5.2¢).

Thermodynamics of 1CeLC7 complex formation.

Isothermal titration calorimetry (ITC) was used to further confirm the
newly determined LC7 recognition sequence and to establish the thermodynamic
parameters governing ICeLC7 association (Figure 5.4a, b, Table 5.1). IC
constructs used are given in Figure 5.1. The designed I1C; peptide, containing the
crystallographically determined recognition residues 221-258, binds LC7 with
moderate affinity of K4 = 5.7 uM. For comparison, LC7 binds to the more
physiologically relevant ICt 7¢Tctex1eLC8 complex with similar Ky = 2.0 uM.
For both complexes, AG°, AH® and —TAS® values are quite similar, consistent with
the 1C; segment containing all of the LC7 interactions important in the larger
IC+tL7 construct (Table 5.1). Data for IC;+LC7 binding show slight deviations from
a theoretical best fit for a single-site binding model; however, this is not true for
LC7 binding to the ICt 7eTctex1eLC8 complex. A small (< 3-fold) apparent
affinity enhancement is seen for LC7 binding to the ICy ;*Tctex1eL.C8 complex

relative to IC;. For further confirmation of the LC7 recognition sequence, we
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Figure 5.4: Representative ITC and gel filtration data for LC7 binding to IC at 25
°C. ITC data with thermograms (top panels) and isotherms (bottom panels) for
LC7 binding to a) IC7 and b) IC+.7 (pre-bound by a four-fold excess of Tctex1 and
LC8). Solid lines correspond to the non-linear least squares fit. ¢) Sizing gel
(Superdex200, 10/300) elution profile for samples of the ICt 7¢Tctex1eLC8eLC7
complex produced in ITC experiments (from panel “b”) give a single peak for the
complex along with peaks for excess Tctex1, LC8 and LC7, dotted lines indicate
MALS determined mass for each peak. LC8 and LC7 are not resolved, separate
injections of apo-IC+ 7, LC8 and LC7 were used to determine individual masses
and verify co-elution of LC8 and LC7 (data not shown). The void volume for this
column is 10 ml. d) SDS-PAGE analysis of the eluted ICt 7¢Tctex1eLC8¢LC7
complex (from panel “c”). The quaternary complex (lane 2 from the left) has
bands of approximately equal staining density and mobility matching free 1C1.;
(lane 3), Tctex1 (lane 4), LC7 (lane 5) and LC8 (lane 6).
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Table 5.1: Thermodynamic parameters for LC7 binding to IC constructs at 25 °C?,
Ky AG° AH° -TAS°

M)  (kcal/mol) (kcal/mol) (kcal/mol)

IC, LC7 |57+05 -72+01 -15.0+03 7.8+03

ICr,*Tetex]sLC8  LC7 2001 -7.8:01 -148105 7.1:07

®Values are the average plus or minus the standard deviation of three (1C;) and two
(ICtL7) experiments.

Cell Syringe
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determined if LC7 binds IC with a disrupted recognition sequence (ICt_.q47); the
absence of detectable binding (data not shown), implies that residues 238-260 are
important for binding.

Analytical gel filtration chromatography coupled to multi-angle light
scattering (MALS) gave molecular masses of 20.9 and 112.2 kDa, for a
monomeric apo-ICr. 7 and a 2:2:2:2 complex of ICy 7*Tctex1eLC8<LC7 (Figure
5.4c), in good agreement with the 20.5 and 110.6 kDa theoretical masses. SDS-
PAGE analysis of the peak corresponding to the quaternary complex shows IC+.7,
Tctex1, LC8, and LC7 are present at comparable concentrations (Figure 5.4d). The
association state of 1C; was confirmed to be monomeric as it migrates slower than
a similar sized IC construct which is monomeric and disordered (Benison et al.
2006; Hall et al. 2009) (Appendix Figure A2.3).

Discussion
Essential residues for IC<LC7 binding.

Residues in the IC+LC7 interface are well conserved among species (Figure
5.5a, Appendix Figure A2.4), suggesting universality of this interaction mode
among D. melanogaster and vertebrate dyneins. Two conserved patterns are
notable: the first is helix o c2, which is amphipathic in all IC sequences, and packs
into the hydrophobic cleft created by ai, B4 and Ps of LC7. The second is
electrostatic interactions between Asn253 of IC with Arg73 and GIn93 of LC7 and
between Glu252 and Glu252’ from the two IC chains with Arg71 and Arg71’ of
LC7 (Figure 5.3c). In apo-LC7, Arg73 and Glu78 form an intrachain salt bridge,
but Arg71 and Arg71’ do not stack (Soetens 1997; Persson et al. 2009). The
electrostatic interaction network formed in the complex may explain why IC
constructs ending at residue 250 (Susalka et al. 2002; Song et al. 2005; Lo et al.
2006) and 237 (this work) do not bind LC7 even though they contain most of the
hydrophobic packing interactions. Consistent with a substantial electrostatic
interaction, IC+LC7 binding is abolished in 1 M NaCl (Susalka et al. 2002). These
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Figure 5.5: Location of residues impacted in the robl®* mutant, differences
between human LC7 isoforms and phosphorylation sites. a) Sequences of LC7
from D. melanogaster (Dm), the robl? mutant of D. melanogaster (robl%) and H.
sapiens LC7a and LC7b isoforms (Hsa and Hsb, respectively). Indicated also are
the LC7 secondary structure (above), residues with more than 5 A? of surface
buried by IC (orange bars), Dm LC7 residues differing from Hsa and Hsb LC7
(cyan background), potential phosphorylation sites (Ding et al. 2005) (red
background) and conserved sequence differences between Hsa and Hsb (yellow
background) (see Appendix Figure A2.4 for complete sequence comparison of
LC7 isoforms in vertebrates). Ser33 (Ding et al. 2005) and Ser38 (Blom et al.
1999) are both potential phosphorylation sites and conserved sequence difference.
The twelve residue insertion of robl“ is shown in lowercase letters. b) Surface
representation of LC7 (white) with IC bound (light orange/orange) showing
residues with more than 5 A? surface buried by IC divided into those that are
retained in robl“ (dark blue), not retained in robl“ (bright blue) and those that may
be functionally substituted by the twelve residue insertion of robl* (violet). The
robl* mutant of LC7 results in the loss of residues essential for the LC7
homodimer, but leaves at least 70% of the ICsLC7 interface (dark blue). c)
Potential phosphorylation sites of LC7 (red) and conserved sequence differences
between LC7 isoforms (yellow). Solvent accessible surface area calculations were
determined using SURFACE RACER 5.0 (Tsodikov et al. 2002), figures
generated using Pymol (DeLano 2002).
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Figure 5.5: (Continued).
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data support the conclusion that the specific interactions between Glu252 and
Asn253 of IC with conserved polar residues of LC7 form a fingerprint region

necessary for strong IC-LC7 binding.

The newly identified LC7 recognition sequence on IC is different from that
expected in the literature.

The crystallographic LC7 recognition sequence corresponds to IC residues
221-258, which is upstream from the sequence implied by truncation mutations
(Susalka et al. 2002) and commonly presumed to be the LC7 recognition site
(Susalka et al. 2002; Song et al. 2005; Lo et al. 2006). The proposal that the LC7
recognition sequence on IC corresponds to residues 250-289, immediately
preceding a WD40 repeat domain, derives from two sets of observations. First,
Susalka et al. showed that LC7 binds to IC between residues 1- 322, but does not
appreciably bind to a construct ending at residue 250, suggesting that the binding
sequence begins after IC residue 250 (numbering relative to D. melanogaster
Cdic2b gene form) (Susalka et al. 2002). Second, the region preceding IC residue
250 maps to the IC self-association domain (Lo et al. 2006). Similarly, others
proposed that apo-IC dimerizes through an interchain coiled-coil based on
sequence prediction involving residues 207-237 (Figure 5.1) (see Figure 6 of
Nurminsky, D. I. et al. 1998) (Nurminsky et al. 1998). Experimental data
consistent with formation of an IC-IC interchain coiled-coil includes enhanced
helix content arising from light chain binding (see Figure 3 of Nyarko, A., et al.
2004; Figure 10 of Benison, G. C., et al. 2006) (Nyarko et al. 2004; Benison et al.
2006) as well as enhancement of ICelight chain binding with an IC construct that
contains the proposed self-association domain (see Figure 4 of Williams, J. C., et
al. 2007) (Williams et al. 2007).

NMR spectra of LC7 titrated with an IC construct of residues 250-289
show only six LC7 residues with chemical shift changes > 0.08 ppm (Song et al.
2005). Furthermore, the Ky of 100 uM determined by Song et al. is 20-50 fold

weaker than the binding affinity of IC constructs reported here. The weak
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interaction and minimal chemical shift differences support our conclusion that IC

residues 250-289 are not the true recognition sequence.

LC7 binding prevents IC self-association at the proposed self-association domain.

Since the LC7 recognition sequence identified here, residues 221-258,
overlaps with the predicted IC self-association domain, residues 207-237 (Figure
5.1), any IC self-association in the presence of bound LC7 must occur N-terminal
to Leu221, which is the most N-terminal IC residue in the ICeLC7 crystal structure
and 50 A from Leu221’ of the other IC chain (Fig 5.2b). Far from positioning the
two IC chains for mutual interactions in the self-association domain, it is not
possible for LC7 to hold Leu221 and Leu221’ further apart. If IC residues N-
terminal to residue Leu221 adopt the extended polypeptide-11 conformation
observed for unstructured peptides (Hollingsworth et al. 2009) and head directly
toward each other, more than 12 residues from both chains would be required to
close the 50 A gap before any interaction occurs. Thus with LC7 bound, a coiled-
coil cannot form between IC residues 207-237.

LC7 induced fit and I C disorder-to-order transition in dynein assembly.

Conformational variations among the four apo-LC7 chains is likely
associated with collective motion of the N-terminal helix and disorder in loops 2
and 6 (Fig 5.2c). In IC-bound LC7, these regions accommodate IC in a well
defined average conformation in the ICeLC7 complex consistent with induced fit
and mass action selection of LC7 forms receptive to IC binding.

To bind LC7, IC undergoes a disorder-to-order transition. In solution, free
IC is primarily disordered, but presumably samples helix-like structure in some of
its residues (Benison et al. 2006). The IC segment interacting with LC7 adopts a
helical structure in the complex that matches its predicted secondary structure
remarkably well, including the turn between the two helices (Appendix Figure

A2.5). An analogous disorder-to-order transition in IC also accompanies binding
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of Tctex1 or LCS8, where the recognition sequence acquires a f-strand structure
that adds to the B-sheet of the respective light chain (Benison et al. 2007; Williams
et al. 2007; Hall et al. 2009). When fully assembled the 1CeTctex1eLC8LC7
complex forms an IC duplex with two parallel IC chains bound to three
homodimeric light chains; non-interacting regions of IC apparently retain disorder
and associated flexibility (Nyarko et al. 2004; Benison et al. 2006; Hall et al. 2009).

Pre-binding of Tctexl or LC8, whose recognition sequences are three
residues apart, results in a 50-fold mutual IC affinity enhancement for the other
light chain due to multivalent interactions (Hall et al. 2009). Pre-binding of Tctex1
and LC8 is expected to display a similar multivalent enhancement for IC binding
to LC7 albeit of lower magnitude due to the longer (85 residue) disordered linker
separating the LC8 and LC7 recognition sequences (Appendix Figure A2.5).
However, pre-binding of Tctex1 and LC8 increases binding affinity of 1Cy ;7 to
LC7 by less than 3-fold relative to IC; binding to LC7. It is interesting to note that
LC7 binding to prebound ICt.7 is better fit to a single-site model than with free
IC+, suggesting bound Tctex1 and LC8 may restrict non-productive LC7 binding
(Figure 5.4a, b).

Retained interface residues in robl” deletion mutation.

A naturally occurring deletion mutation of LC7 (robl?), with the entire
dimer interface missing, has a phenotype more severely affected than the
completely null allele (Bowman et al. 1999). One possible reason for the severity
of the robl* phenotype is retained binding activity of robl? sufficient to compete
with LC7 dynein interactions (Bowman et al. 1999). While this suggestion seems
unlikely considering that robl“ mutation in D. melanogaster results in a 54-residue
deletion and a 12-residue insertion between B, and Bs (Figure 5.5a) and that a
similar mutation in H. sapiens LC7 (Ding et al. 2005) which lacks the 12-residue
insertion shows no interaction with IC, it is interesting to note that the retained

sequence of robl“ accounts for structural elements with more than 70% of the IC



119

binding surface (Figure 5.5b). This supports the possibility that a small population
of D. melanogaster robl adopts native-like conformations of a1, f1 and Bs that
could be stabilized by IC binding.

Regulation by phosphorylation is an indirect effect.

There is an apparent contradiction between in vivo and in vitro effects of
phosphorylation on 1CeLC7 binding. For in vivo mammalian systems, IC binds
only phosphorylated LC7 (Tang et al. 2002) and the S33A or S74A (numbering
relative to D. melanogaster) single site mutants abolish ICeL.C7 binding (Ding et
al. 2005). However, in this work and in studies of mammalian IC there is ample
evidence that IC binds unphosphorylated LC7 in vitro (Susalka et al. 2002; Lo et al.
2006). Based on the sequence conservation of both LC7 and the LC7 recognition
sequence on IC (Figure 5.5a and Appendix Figure A2.4), it is likely that in other
organisms IC binds unphosphorylated LC7 in vitro as well. In the ICeLC7
structure, the two potential LC7 phosphorylation sites are distant from the IC
binding site (Figure 5.5c) suggesting that phosphorylation does not directly affect
LC7 binding to IC but may modulate LC7 binding to other proteins. It is possible
that interactions between unphosphorylated LC7 and an as yet unidentified
protein(s) can either directly block the IC binding site or indirectly prevent IC
binding by limiting the structural transitions of aj, L, and Lg seen between apo
and IC-bound LC7.

Vertebrates have two LC7 isoforms (LC7a and LC7b) that are expressed
simultaneously in most tissues (Jiang et al. 2001), but at varying levels (Bowman
et al. 1999; Jiang et al. 2001; Nikulina et al. 2004). Interestingly, the few residues
that have conserved sequence differences between paralogs (Appendix Figure
A2.4) are primarily located on LC7 surfaces distant from the IC binding interface
(Figure 5.5c). The different phosphorylation sites between isoforms and their
distance from the IC binding interface suggests that functional differences between

isoforms could be modulated by phosphorylation.
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The helix segment of bound IC is analogous to an integral part of LC7-related
proteins.

LC7, homodimeric Mgl and the heterodimeric MP1ep14 are structural
homologs belonging to an ancient superfamily of small subcellular adaptor
proteins (Koonin et al. 2000; Ilangovan et al. 2005; Song et al. 2005) (Figure 5.6).
A major structural difference between these homologs and LC7 is that Mgl and
MP1ep14 contain an amphipathic C-terminal helix (a3) not present in apo-LC7.
Interestingly, a3 packs in the spot occupied by ac, in the 1CsLC7 complex,
although a3 and o,c, lie in opposite directions. In addition, the orientation of o in
the ICsLC7 structure is similar to the orientation of oy in Mgl and MP1lepl4
(Figure 5.6). Binding of IC to LC7 adds an element of secondary structure to the
apo-LC7 fold to make it more like its homologs. Addition of an element of
secondary structure to the fold of a light chain also occurs in IC binding to apo-
Tctex1 and apo-LC8 (Benison et al. 2008). In these cases a disordered segment of
IC is incorporated as a single -strand into each of the folds of apo-Tctex1 or apo-
LC8, and in a manner analogous to ICeLC7, IC completes their fold topology.
Integration of a secondary structural elements into the fold of its binding partners
appears to be a common theme for assembly of disordered IC with dimeric light
chains and may exemplify a general mechanism for assembly of an elongated
flexible scaffold in multisubunit complexes.

Assuming the common ancestor of this superfamily has the C-terminal
helix, then the IC binding function of LC7 is a relatively recent adaptation for this
superfamily. The remarkable placement of o c; at the position of ag in other
superfamily members suggests that LC7 or even the ICsLC7 complex might bind
Rab6, the human reduced folate carrier or the TGF-p receptor complex at sites
different from the IC binding site and equivalent to where other LC7 superfamily
proteins bind their partners. The conformational diversity of apo-LC7 suggests that
structural flexibility plays a role in its development of new specialized function(s)
while retaining ancestral function(s) (James et al. 2003). In this view, the loss of
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Figure 5.6: Bound IC mimics a helix contained in LC7 homologs. a) The ICeLC7
complex (light orange/orange and grey/steel blue, respectively), b) the
homodimeric Mgl complex (grey/steel blue) and c) the heterodimeric MP1epl4
complex (grey and steel blue, respectively). Arrows indicate the N-to-C
directionality of helices ac; and its cognate helix in the other complexes. Figures
generated using Pymol with pdb accession codes 1J3W and 1SKO for Mgl and
MP1ep14, respectively (DeLano 2002).
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Figure 5.6: (Continued).
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the C-terminal helix was a key step in the evolution of conformational and

functional diversity of LC7.

Materials and Methods

Protein preparation.

The gene for D. melanogaster LC7 was a generous gift from Dr. T. Hays
(University of Minnesota). The LC7 construct and IC constructs were cloned into
pCR2.1 TOPO using the TOPO TA cloning kit (Invitrogen, Eugene, OR), then
subcloned into pET15d (Novagen, Darmstadt, Germany). The IC construct
corresponding to residues 212-260 (IC7) was cloned into pET SUMO (Invitrogen)
which contains an N-terminal SUMO fusion protein. All proteins included an N-
terminal hexahistidine tag. Sequences were verified by automated sequencing.

Recombinant proteins were expressed in Escherichia coli BL21(DE3) host
cell lines. Cells expressing LC7, ICt 47, ICtL7, and 1Cg,.289 Were grown in LB
medium, and cells expressing IC; were grown in TB medium. All cells were
grown at 37 °C to an Agg of ~0.6 and protein expression was induced by addition
of isopropyl-1-thio-p-D-galactopyranoside (IPTG). LC7 was induced with 0.4 mM
IPTG at 22 °C and IC constructs were induced as previously described and formed
inclusion bodies (Makokha et al. 2002). Proteins were initially purified using a
nickel-NTA column (Qiagen); the IC constructs were refolded on the column by
decreasing the urea concentration. The hexahistidine tag was cleaved from LC7
using FactorXa protease (Novagen) and the SUMO tag was cleaved from IC;
using Ulpl-Sumo protease (Mossessova et al. 2000). Final purification of LC7,
ICtL47, ICtL7, and I1Cg280 Was done using size-exclusion chromatography
(HiLoad Superdex75 26/60, GE Healthcare). Final purification of 1C; was done
using high performance liquid chromatography on a YMC C-18 column in 0.1%
trifluoroacetic acid with a linear gradient (40-65%) of acetonitrile. Protein purity
was verified by SDS-PAGE and MALDI-TOF mass spectrometry: LC7 M.W. =
10,823.6 Da (10,823.4 theoretical), ICt; M.W. = 20,401.8 Da (20,518.5
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theoretical), IC; = 5,803.6 Da (5,804.5 theoretical) and 1Cg,.289 = 24,122.0 Da
(23,935.4 theoretical). The deviation from theoretical mass for ICt.; may be due
to N-terminal demethionation and retention of a Na* ion. The higher mass of 1Cg,.
289 could be due to its low signal to noise and ambiguous centroid mass, or a
covalent difference as in ICy 7. Protein concentrations were determined from

sequence-based calculation of absorptivity at 280 nm (Wilkins et al. 1999).

X-ray crystallography.

Apo-LC7 and the 1Cg;.289¢L.C7 complex were stored in 15 mM sodium
chloride, 5 mM Tris at pH 7.5. The monomeric concentration of LC7 in both apo-
LC7 and the 1Cg;-239°LLC7 complex was 0.5 mM, with a two-fold excess of ICg,.
289. Crystals were obtained at 4 °C using 2 pl hanging drops with an equal volume
of reservoir solution equilibrated against a 400 pl reservoir.

In attempts to crystallize a supercomplex of [Cgy2g9¢TCtex1eLC8sLC7,
ICg2.289 Was proteolytically degraded, but some apo-LC7 crystals formed.
Optimization of these crystals was done using LC7 alone, and diffraction quality
apo-LC7 crystals were grown using a reservoir of 20% iso-propanol, 20% PEG
4000, 100 mM sodium citrate at pH 5.6. Rectangular crystals grew to a final size
of 0.1 x 0.12 x 0.05 mm®. For ICsLC7, a 1:500 (v:v) of FactorXa protease
(Novagen) was added to a stock solution of 1Cg,.289¢LC7 to aid opportunistic
crystal lattice formation during in situ proteolysis (Dong et al. 2007). Hexagonal
rod crystals were obtained using a reservoir of 1 M sodium citrate, 100 mM
sodium chloride, 100 mM Tris at pH 7.0. Crystals grew to a final size of 0.25 x
0.06 x 0.06 mm?® within two weeks. Mass spectrometry analysis of ICsLC7 crystals
showed 1Cg,.289 Was proteolyzed with no fragments larger than 9 kDa present.
Crystals of the 1C;+LC7 complex having the same morphology and diffraction
properties as those of ICeLC7 were reproducibly grown using the same
crystallization conditions but with a 1.1-fold excess of IC; replacing 1Cg;.259 and

with no FactorXa protease added.
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Crystals were pulled through oil before flash-freezing in loops using liquid

nitrogen. For apo-LC7, 1.95 A resolution oscillation date (= 1.0°) were
collected using an in-house Raxis IV system with CuKa-radiation. For ICeLC7,
oscillation data (Ap = 1.0°) were collected using HHMI beam line 5.0.1 at the
Berkeley Advanced Light Source. Data were integrated using Imosflm (Leslie
1992) and scaled using SCALA (Diederichs et al. 1997). For IC+LC7, data were
input into the Diffraction Anisotropy Server without B-factor sharpening (Strong
et al. 2006), and an elliptical resolution boundary of 2.7 x 3.0 x 3.0 A (a*, b* and
c* respectively) was chosen based on the default 3 Fo/cFo cutoff. Thus the
ICsL.C7 complex has a nominal resolution of 3.0 A but includes data to 2.7 A in
the a* lattice direction. The apo-LC7 space group was P2; with unit cell of 3
=101.8°, a=56.22, b=58.69, c= 65.10 A; that for IC*LC7 was P3; with unit cell
a=b=107.13, c=65.29 A. Crystallographic data collection and refinement statistics
are summarized in Table 5.2.
Phases were determined for both crystals by molecular replacement using
PHASER (McCoy 2007) with PDB structure 2HZ5 (Liu et al. 2006) as the search
model. In each case two dimers of LC7 were placed. Electron density maps
calculated for the ICeLC7 complex show extra helical density for four IC chains.
Model building was performed in Coot (Emsley et al. 2004) and both apo-LC7 and
the 1C-LC7 complex were refined using restrained isotropic B-factor refinement
with one TLS domain per chain in REFMAC (Murshudov et al. 1997). NCS
restraints were applied to the four IC and LC7 chains in the 1CsLC7 complex. To
confirm the accuracy of the model, unbiased electron density maps were generated
starting with a molecular replacement model leaving out side chains for residues
R71, R73, E78 and Q93. Refinement of this model with poly-Ala helices for ac2,
and the final model, show unbiased density for residues R71, R73, E78 and Q93 of
LC7 and E252 and N253 of IC.

Solvent accessible surface area buried upon complex formation was
calculated using SURFACE RACER 5.0 (Tsodikov et al. 2002). The atomic
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Table 5.2: Data collection and refinement statistics for apo-LC7 and the ICsLC7

complex.

Data apo-LC7 IC-LC7"
Resolution (A) 63.72-1.95 (2.00 - 1.95)b 53.6-3.0(3.15-3.0)
Completeness (%) 98.9 (98.9) 100 (100)

I/o 9.15 (2.5) 6.4 (0.80)
R neas 0.14 (0.46) 0.09 (1.12)
Rpim 0.07 (0.23) 0.04 (0.47)
Total Reflections 271,466 95,560
Unique Reflections 27,041 15,919
Refinement

Resolution (A) 63.72-1.95(2.00-1.95) 53.6-2.7(3.15-3.0 / 2.86-2.7)
No. Reflections Used 27,041 (1,802) 17,314 (839 / 393)
Reryet 0.19 (0.28) 0.20 (0.31 / 0.42)
Reree 0.25 (0.37) 0.24 (0.40 / 0.47)
Average B-factor (all atoms) (A" 27 103
RMSD from ideal:

Bond length (A) 0.022 0.018

Bond angles (°) 1.9 1.9
@,y prefered (%)? 95.5 86.1
@,y allowed (%) 100 99.2

®Data statistics are reported for a nominal resolution limit of 3.0 A for which all
collected data were used; as refinement included some additional data to 2.7 A

(see Methods), the refinement statistics are reported with that cutoff, and
information is given for both the 3 A and 2.7 A highest resolution bins.

®\alues in parentheses are for the highest resolution bin.

‘Average B-factors are within the acceptable range for their resolution (Sarma et al.
2003).

Reported values are based on MOLPROBITY (Lovell et al. 2003). The values
using PROCHECK (Laskowski 1993) are within 4% of the MOLPROBITY values.
The only o,y-outlier is Lys85 in loop 6, which has weak density and so is not
reliably determined. Lys85 has (@,y)~ (-115°,55°) in apo-LC7 and (¢,y) = (-
80°,100) in the ICLC7 complex.



127

coordinates and structure factors for apo-LC7 and the ICsLC7 complex have been

deposited into the PDB with accession numbers 3L7H and 3L9K, respectively.

|sothermal titration calorimetry.

Proteins were dialyzed into 50 mM sodium phosphate, 50 mM sodium
chloride, 1 mM sodium azide at pH 7.5. Thermodynamics of binding were
determined at 25 °C using a VP-ITC isothermal titration calorimeter (MicroCal,
Northampton, MA). Experiments were conducted with IC; and ICy.7 in the
sample cell and LC7 in the syringe. ICt_7; was pre-bound by a 4-fold excess of
Tctex1 and
LC8. Data were processed using the manufacturer’s supplied software package,
Origin 7.0 (OriginLab Corp., Northampton, MA). Heat of dilution, estimated to be
equal to the enthalpy of the final injection, was subtracted from the binding data
prior to fitting. LC7 binds IC7 or ICt 7eTctex1+LC8 with a stoichiometry of 1.0 £
0.1, but whereas IC+ 7+Tctex1+LC8 is well fit by a single-site binding model (A +
B — AB, where A and B refer to a single chain of IC and LC7, respectively), 1C;
data show small deviations from the best fit. Nonetheless, a single-site binding
model was chosen for IC;¢LC7 in the absence of further information justifying
additional fitting parameters. For all experiments the “c value” (¢ = [protein]sampie
cell X Kd'l) was within the 5 to 500 range required for reliable determination of
association constants (Turnbull et al. 2003) using cell/syringe concentrations of
0.028/0.55 and 0.045/0.55 mM for IC; and ICt_7, respectively. Average values are
reported with error estimation from the difference between experimental repeats
(Table 5.1).

Sze exclusion chromatography and multi-angle light scattering.
To determine association states, samples from ITC were run on an
analytical size-exclusion column (Superdex200 10/300, GE Healthcare) at 0.5

ml/min in 200 mM sodium sulfate, 50 mM sodium phosphate, 1 mM sodium azide
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at pH 7.3. The monomeric concentrations of Tctexl, LC8, LC7 and the
ICtL7¢Tctex1eLC8LC7 complex were 0.135, 0.135, 0.068 and 0.045 mM at
loading, respectively. Multi-angle light scattering (MALS) (mini-Dawn, Wyatt
Technology) and refractive index (ProStar 350, Varian) data were collected and
processed using ASTRA v5.1.9.1 (Wyatt Technology). The peak corresponding to
the ICy 7¢Tctex1eLC8.LC7 complex was collected during elution and
concentrated 10-fold for SDS-PAGE analysis.
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Chapter 6

Summary and future work
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Summary
The cargo binding sub-domain of dynein is comprised of IC and associated

light chain proteins Tctex1, LC8 and LC7. The studies described herein were
undertaken to elucidate the function of these proteins with the ultimate goal of
better understanding the role of each in the assembly and regulation of the dynein
cargo binding sub-domain. This final chapter will summarize the results presented
in previous chapters and describe the aim of future projects designed to take up

where these works end.

Changesin LC8 internal dynamics are partner dependent.

Tctex1 and LC8 are homodimers with a distinct crossover B-strand at the
dimer interface (B3) (Fig. 1.4a, b). When Tctex1 or LC8 binds IC, B3 and B3
directly contact IC, which folds into a 6™ strand at the dimer interface (Fig. 2.1a).
Phosphorylation of Tctex1 or LC8 disrupts IC association, and in the case of LC8
results in monomerization (Song et al. 2007; Song et al. 2008). LC8 backbone
dynamics show B3 is disordered in the H55K monomer of LC8 (Fig. 2.7), and
becomes increasingly ordered in the LC8 dimer or LC8 complexes with peptides
from Bim, IC, nNOS or Swa (Fig 2.9, Fig 3.4). Interestingly, LC8 backbone
heterogeneity is differentially retained between peptides, with IC or nNOS
complexes retaining more heterogeneity than Bim or Swa complexes. These
results demonstrate LC8 backbone dynamics are important for partner recognition,
and raise the possibility that differences in LC8 internal dynamics may play a role
in differential downstream regulation of LC8epartners complexes.

Furthermore, changes in LC8 backbone dynamics upon peptide binding
correlate with ITC determined entropies, with a large unfavorable entropic cost
accompanying Bim or Swa binding relative to IC and nNOS (Table 3.1). ITC data
also shows LC8 binds the first and second peptide of Bim or Swa with distinct
thermodynamic parameters (Fig. 3.4), with the large unfavorable entropy change

occurring during the second binding event. The correlation between measured
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dynamics and entropy suggest the unfavorable entropy of the second peptide
binding event may be due to changes in LC8 dynamics, with the second binding
event locking LC8 into the lower entropic state seen in NMR experiments. This
model for LC8 binding is therefore consistent with an allosteric interaction

containing contributions from dynamics.

Adjacent Tctex1 and LC8 binding sites provide reciprocal binding enhancement.

Tctex1 and LC8 are homologs which bind IC with similar affinities (Kq =~ 8
uM, Table 4.1), and in an analogous manner both fold natively-disordered IC into
a B-strand at their binding sites. Additionally, Tctexl and LC8 are bound at
adjacent sites on IC (Fig. 4.3) which contain similar sequences in vertebrates
(SKVTQV and SKETQT in D. rerio, Appendix Table Al.1). Interestingly, while
IC is the only example of a protein with adjacent Tctex1 and LC8 binding sites,
two or more adjacent LC8 binding sites exist in several proteins (Rodriguez-
Crespo et al. 2001; Stelter et al. 2007), suggesting an ancestral IC might have had
two adjacent LC8 sites. Interestingly, for adjacent Tctex1 and LC8 sites (IC+.),
there is a 50-fold binding enhancement for Tctex1 or LC8 binding to IC if the
other light chain is pre-bound to IC. In contrast, IC engineered to contain a second
LC8 site in place of the Tctexl site (IC..) enjoys a 1000-fold binding
enhancement arising purely from a favorable change in system entropy (Fig. 4.5).

There are no examples of adjacent LC8 sites in naturally occurring IC
sequences, instead adjacent Tctexl and LC8 sites exist without exception.
Selective pressures must therefore exist to maintain adjacent Tctexl and LC8
binding sites, presumably in favor of the 50-fold enhancement over the 1000-fold
potential offered by adjacent LC8 sites.

For both ICt_ and IC, ., binding enhancement is due to an entropic effect
known in a number of biological processes as the chelate effect. The first light
chain dimer connects two monomeric IC chains, reducing IC translational and

rotational entropies and resulting in a higher affinity (Appendix Figure Al.3). The
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purely entropic enhancement seen for IC_ is a remarkable proof of principle for
the entropic origin of the chelate effect. The smaller enhancement seen for IC+_ is
due to additional destabilizing interactions occurring during the second binding
event which offset some of the favorable enhancement from the chelate effect.

A clue for the origin of the additional destabilizing effects in IC+_ is seen
in the heat capacity change between the first and second binding events (Fig. 4.4,
4.5b and c). A change in heat capacity is normally associated with nonpolar
surface burial, suggesting additional contact area is created during the second
binding event, presumably at the ICsTctex1 interface.

Analysis of the 1CeTctex1eLC8 complex suggests when LC8 binds the
ICeTctex1 complex, the two C-terminal ends of the Tctex1 recognition site would
be held more tightly to the Tctex1 surface, but the N-terminal ends should not be
affected (Fig. 4.3). If the observed change in heat capacity is due to additional
ICeTctex1 contact, this would correspond to the last four residues of the Tctex1
recognition site. Comparison of Tctex1 binding sequences on IC show the four C-
terminal residues have the highest conservation between species (Appendix Table
Al.1). These results therefore suggest the last four C-terminal residues of the
Tctex1 recognition sequences may be responsible for attenuating some of
favorable enhancement from the chelate effect to fit the functional needs of the

dynein system.

LC7 recruitment to dynein is an indirect effect of phosporylation.

The last protein of the cargo binding sub-domain of dynein, LC7, binds IC
approximately 85 residues C-terminal to the LC8 binding site (Appendix Figure
A2.5). Potentially because of the longer linker separating light chain binding sites,
Tctex1 and LC8 pre-bound to IC do not significantly enhance ICeLC7 association,
despite evidence that Tctex1 and LC8 affect the nature of the ICeLC7 interaction
(Fig. 5.4).
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Like Tctex1 and LC8, LC7 is also a homodimer though it is not related to
Tctex1 or LC8 (Fig. 1.4c). LC7 belongs to an ancient protein superfamily with
members thought to be involved in regulation of NTPase activity (Koonin et al.
2000). LC7 has multiple non-dynein interaction partners, and the ICeLC7 structure
presented here is the first glimpse of the molecular details of LC7 interacting with
any of its partners.

While IC binding to Tctexl or LC8 is disrupted by light chain
phosphorylation, the opposite is true for LC7, which only binds IC after
phosporylation in vivo (Tang et al. 2002). Studies described here provide ample
evidence that IC is able to bind unphosphorylated LC7 in vitro; furthermore,
analysis of the IC<LC7 structure shows the potential LC7 phosphorylation sites do
not interact with IC (Fig. 5.5¢). These two observations lead us to conclude
phosphorylation does not directly affect ICsLC7 interaction, but instead must
modulate LC7 binding to an as yet unidentified in vivo factor(s) which prevents
IC-LC7 association in the absence of phosphorylation.

Previous work aimed at determining the LC7 recognition sequence on IC
identified a sequence starting 30 residues upstream of the crystallographic LC7
recognition sequence (Susalka et al. 2002). Additionally, the LC7 recognition
sequence identified here partially overlaps the C-terminal half of a region
previously identified as the IC self-association domain (Fig. 5.1) (Nurminsky et al.
1998; Lo et al. 2006). Since LC7 is constitutively present in dynein, if 1C does
self-associate, it must do so N-terminal to the LC7 recognition sequence.
Strikingly, the most N-terminal residues of the two IC chains are 50 A apart in the
ICeLC7 structure (Fig 5.2b). Far from positioning the two IC chains for mutual
interaction, LC7 holds the two IC chains as far away from each other as possible,
such that it is not possible for the residues remaining in the IC self-association
domain to contact each other. Thus these results provide valuable information on
the function of LC7 as well as correcting decade long misconceptions about the

nature of the IC+LC7 interaction.
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In conclusion, the results of these experiments provide three important
insights into the dynein cargo attachment sub-domain. First, changes in LC8
internal dynamics are partner dependent and may play a role in differential
downstream regulation. Secondly, adjacent Tctex1l and LC8 binding sites have
evolved to reciprocally provide tighter binding tuned to the functional needs of the
system. Lastly, LC7 recruitment to dynein is an indirect effect of phosporylation
and appears to prevent the formation of a coiled-coil immediately N-terminal to

the LC7 recognition sequence.

Future work

Previous experiments have shown Tctexl mutants in D. melanogaster
result in male sterility through an unknown mechanism (Caggese et al. 2001; Li et
al. 2004). My data shows Tctexl enhances LC8 affinity for IC by 50-fold,
suggesting the sterile phenotype may be due to impaired assembly of the dynein
cargo binding sub-domain.

To determine whether the sterile phenotype is due to impaired dynein
function, future experiments could be performed to test the in vivo effect of IC
mutants that have the Tctex1 binding site replaced with a poly-alanine sequence or
a second LC8 binding motif. A poly-alanine mutant is expected to have impaired
dynein assembly relative to wild-type IC, whereas IC with a second LC8 binding
site will not. If the sterile phenotype is due to Tctexl involvement in dynein
assembly, the poly-alanine IC mutant should also have a sterile phenotype.

IC has two distinct domains, a primarily disordered N-terminal domain
containing light chain binding sites, and an ordered C-terminal domain containing
the heavy chain binding site (Habura et al. 1999) (Fig 1.1). Sequence prediction
strongly suggests IC folds into a B-propeller shortly after the LC7 recognition
sequence (Wilkerson et al. 1995; Nurminsky et al. 1998); thus, LC7 marks the
beginning of the boundary separating the two domains of IC. N-terminal to the
LC7 binding site, the two IC chains are held apart by LC7, but C-terminal to the
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LC7 binding site, the two IC chains are positioned closer together (Fig 5.2b). Since
the B-propeller region of IC is the point of connection between the cargo binding
and motor sub-domains, future experiments could be performed to determine what
role LC7 plays in the formation of the predicted B-propeller and the connecting
point of the two dynein sub-domains.

Our strategy till now has been to separately analyze components of the
dynein complex; future efforts should build on our successes while the focus
onward to the C-terminal domain of IC, but also incorporate an outward expansion
to in vivo test systems. Armed with this information, a complete picture of the

assembly and regulation of the dynein cargo binding sub-domain will emerge.
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chain - supplemental information
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Figure Al.1: Tctex1 and LC8 are homologs which bind IC in a similar way and
share a common fold. Secondary structural elements of a) the Tctexl dimer
(yellow) and b) the LC8 dimer (green) with IC segments (black and grey). ¢) The
topology of Tctex1 and LC8 dimers showing the crossover B-strand at the dimer
interface (B’3). The Tctex1 fold does not contain a strand ;. The two subunits of
the homodimer are light and dark blue, and the strands of bound IC (Bic) are
charcoal. Panels a and b were generated using Pymol (DeLano 2002), pdb code
3FM7.
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Figure Al.2: Plots of thermodynamics association parameters (AG®, grey
diamonds; AH®, black circles; and -TAS®, white squares) versus temperature. a)
LC8 binding to IC; b) Tctex1 binding to apo-ICy.; ¢) LC8 binding to apo-I1C+y;
d) Tctex1 binding to pre-bound ICt.; e) LC8 binding to pre-bound IC.; f) LC8
binding to IC_.. Thermodynamic association parameters for IC, at 30 and 35 °C
were reported previously by Hall et al. (Hall et al. 2008).
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1C,/LC8 IC,,/LC8/LC8

Figure A1.3: Pre-bound IC as a bivalent ligand. a) Diagram of a generic bivalent
ligand (left), with two binding sites (orange spheres) connected by a flexible linker
(blue), binds to a green molecule (over arrow) with dual symmetric binding sites.
b) llustrative example of IC | (black and white chains) pre-bound to LC8 (green).
Here the 1C *LC8 complex forms a bivalent IC duplex presenting equivalent
ends for binding another LC8 molecule. Equivalent illustrations could be prepared
for ICt_ pre-bound to Tctex1 or LC8. Panel b figures generated using Pymol
(DeLano 2002), pdb code 3GLW.
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Table A1.1: IC sequence similarity in model organisms for the region binding
Tctex1 and LCS8.

Organism Sequence Accession Number
NM 053880.1

Rattus norvegicus¥

Homo sapiens U39575.1
Gallus gallus NM 001006519.1
Xenopus laevis S AF319781.1
Danio rerio WSES K0 ) XM_685023.3
Dictyostelium discoideum PMBS KGO TM BDT U25116.1
Caenorhabditis elegans AIMSKGIWOTD DERIS NM_068637.2
Chlamydomonas reinhardtii FPLSLG IE NL Eﬂxxsow sﬁ;\c. ¥M_001701832.1
Drosophila melanogasterd  KOBLN BsUyNJoATNI LUFSNKOMOTT SWEGG  AACT70937.1
Consensus Sequence o | LGHY“DFPP E: VY BV <4

105 —— 140

A 36 residue segment of IC from nine model organisms is shown along with a
consensus sequence prepared by WebLogo (Crooks et al. 2004) (D. melanogaster
numbering). For clarity the Tctex1 (gold bar) and LC8 (green bar) binding
segments are separated by a space from adjacent residues. The most frequently
occurring residue (dark grey background), residues similar to the most frequently
occurring residue (light grey background), and globally conserved residues
(yellow background) are indicated. The core LC8 binding residues are highly
similar between species, with the three residue linker segment being the next
highest similar region with an R/K-E-I/S/T pattern. In contrast, aside from the
vertebrate sequences, the core Tctex1 binding residues have lower sequence
similarity; the most similar residues are the first, the fifth and the last four residues
(L, V and NIPP in D. melanogaster, respectively). Interestingly, despite the lower
sequence similarity of the putative Tctex1 binding sites, the difference between
any two IC sequences is no greater than the difference between R. norvegicus and
D. melanogaster sequences (stars), and structures determined for D. melanogaster
Tctex1 binding IC from both R. norvegicus and D. melanogaster prove recognition
occurs despite poor sequence similarity. These results indicate that ICe Tctex1
recognition has a higher plasticity than IC e LC8 recognition, and the level of
sequence similarity of the last four residues which bind Tctex1 and the three
residue linker support the conclusion that the Tctex1 site is conserved among these
organisms.
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Table A1.2: Data collection and refinement statistics, values in parentheses are

for the highest resolution shell.

Data IC/Tctex1/LC8 ICy/LC8/LC8

Resolution (A) 379-35 (359-3.5) 38.66-3.15 (3.23-3.15)
Completeness (%) 99.9 (99.9) 100 (99.9)
Rineas 0.10 (0.35) 0.10 (0.41)
Total Reflections 257,493 69,639
Unique Reflections 8,803 2,695

Refinement
Resolution (A) 379-35 (3.59-35) 38.66-3.15 (3.23-3.15)
No. Reflections Used 8,803 (1,267) 2,520 (362)
Reryst (%) 17.0 (26.5) 203 (26.3)
Rfree (%) 27.5(28.1) 27.1 (30.1)
Average B-factor (all atoms ) (A%, f e, 671

RMSD from ideal:
Bond length (A)
Bond angles ( °) p 78

¢ @ outliers (%) * LV 64

¢ ¢ most favored (%) * w936

®As defined by Lovell, S. C., et al. (Lovell et al. 2003)
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The crystal structure of dynein intermediate chainelight chain roadblock
complex gives new insights into dynein assembly — supplemental information

Justin Hall, Yujuan Song, P. Andrew Karplus and Elisar Barbar

Published in Journal of Biological Chemistry,
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Figure A2.1: Electron density does not support an a,c, directionality antiparallel
to oy of LC7. 2Fo-Fc and Fo-Fc maps calculated after inclusion in the refinement
of a 19 residue poly-Ala helix (carbon, oxygen and nitrogen atoms are colored
orange, red and blue, respectively) modeled into the strong helical density seen in
Figure 5.3a with an N-to-C directionality antiparallel to a; of LC7. 2Fo-Fc density
is contoured at 2c (blue), Fo-Fc density is contoured at 3¢ (green) and -3c
(magenta). The backbone model fit in this direction agrees much more poorly with
the density than the helix modeled in the other direction (see Fig. 5.3b). For
example, in some residues the carbonyl oxygen, rather than the Ca, point into the
missing side-chain density. No residue positions are labeled in this figure, as there
is no correct sequence for a chain modeled in this direction.
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Figure A2.1: The nonpolar packing network at the ICsLC7 interface. Nonpolar
side chains of IC (orange) and LC7 (grey) that have greater than 5 A? of surface
area buried at the interface are shown. Interactions between IC and LC7 side
chains in the large contiguous nonpolar network as viewed in Figure 5.2d are
indicated with black lines.
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Elution volume (ml)

Figure A2.3: Representative gel filtration data for LC7 and IC constructs at 25 °C.
Elution profile for IC constructs corresponding to residues 84-143 (ICt.) (Benison
et al. 2006; Hall et al. 2009), 92-260 (ICt.7), 212-260 (IC7), LC7 and the IC7¢LC7
complex show IC; elutes after the similarly sized 1Cy_ which is monomeric. The
protein component of each peak was verified by MALDI-TOF MS. Data collected
in 200 mM sodium sulfate, 50 mM sodium phosphate, 1 mM sodium azide at pH
7.3 using an Superdex75 10/300 (GE Healthcare) with a void volume of 10 ml.
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Figure A2.4: Sequence conservation of IC and LC7. a) Sequences of LC7 shown
are from D. melanogaster (Dm) and LC7a and LC7b isoforms from H. sapiens
(Hs), R. norvegicus (Rn), G. gallus (Gg), X. (Slurana) tropicalis (Xt) and D. rerio
(Dr); LC7 secondary structure (above), residues burying more than 5 A? of surface
area when bound to IC (orange bar), amino acid differences between Dmand Hs
LC7 (cyan background), the conserved sequence differences between LC7
paralogs (yellow background) and potential phosphorylation sites (Ding et al. 2005)
(red background) are shown. b) Sequence comparison of the Dm IC isoform 2 with
IC1 and IC2 isoforms from vertebrates; IC secondary structure when bound to

LC7 (above), sequence coloring as in panel “a”. Vertebrates contain two alternate
LC7 recognition sequences while Dm contains ten IC isoforms which have
identical LC7 recognition sequences. LC7 from Dmis 72 and 73% identical to Hs
LC7a and LC7b, respectively; the LC7 recognition sequence of DmICg is 55 and
47% identical to the LC7 recognition sequence of HsIC; and IC,, respectively; Hs
IC; and IC; are 73% identical to each other.
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> (Continued).

Figure A2.4
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Figure A2.5: The predicted secondary structure of IC matches the structure it
adopts when bound to light chains. The sequence of I1Cg,.259 is Shown above the
predicted secondary structure elements from Jpred (Cole et al. 2008) (an arrow for
a B-strand, a cylinder for an a-helix and dashed lines for disordered) and their
confidence scores (with most confident predictions shown in red). Above the ICg,.
289 Sequence are the secondary structures adopted by IC segments when bound to
Tctex1 (residues 110-122, yellow), LC8 (residues 126-135, green) and LC7
(residues 221-258, blue).
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Table A2.1: Surface area buried in the IC<LC7 complex®.

LC7 IC
Residue ASA (A%|Residue ASA (A?

E4 41 40)° | L221 47 (32)
V5 97 (94) K226 65 (64)
T8 41 (41) 1229 42 (42)
L9 16 (16) 1230 53 (51)
112 48 (46) N234 48 (45)
H15 82 (82) F235 61 (56)
K16 73 (71) Q236 55 (54)
V18 44° | F238 113 (107)
V23 28(28) | V239 73 (68)
129 62(62) | V240 55 (52)
V31l 92(69) | A242  32(25)
K32 18 (18) G243 21 (0)
F69  43(43) | V245 60 (58)
R71  48(47) | 1246 90 (89)
R73  18(18) | E247 66 (66)
E78 7 (7) A249 46 (44)
M80  48(48) | L250  97(93)
A82  32(29) | s251 5 (4)
D84  40(38) | E252 21 (20)
K85  77(77) | N253 114 (82)
D86  22(22) | V254 77 (70)
F87  90(87) | 1256 52 (24)
L89 52 (49)

Vol 11(11)

Q93  37(37)

P95 8 (3)

T96 63 (57)

2Solvent accessible surface area for residues burying>5 A2 and V18, which is
part of the large contiguous nonpolar network shown in Appendix Figure A2.2.
Calculations performed using SURFACE RACER 5.0 (Tsodikov et al. 2002).
®Values in parenthesis are for side chains.
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Appendix 3

Hydrogen/deuterium exchange rates for LC8, nNNOS<LC8 and Swa-L.C8

complexes

Justin Hall



Table A3.1: Hydrogen/deuterium exchange rates for LC8, nNOSeLC8 and
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SwasLC8 in 50 mM NaPO4, 50 mM NaCl, 3% (v/v) glycerol, pH 6.7 at 30 °C.

20 gir. | Residue | Apo-LC8" | Nos'LC8b | Swa-LC8* 2¢ gir. | Residue| Apo-LC8* | Nos-LC8b | SwaLC8*
Number| PFz Error | PFzxError | PF# Error Number| PF+ Error | PFxError | PF t Error

Loop [ 5 | FAST® | FAST | FAST 54 5006 | 49+24 | 51+05
6 | FAST | 50+02 | FAST 55 6.4+25 SLOW SLOW
7 | FAST | 4421 | FAST Strandl  %° 6.6+ 0.8 SLOW 6.9£0.6

Strand| 8 | 43+05 | FAST | FAST 57 51+1.6 SLOW SLOW
9 | FAST | 37%06 | FAST 58 FAST SLOW SLOW
10 | 39+04 | 41£03 | FAST 59 48+04 FAST 57+1.0
16 i 40+£02 i FAST i N.A. | e I FAST I FAST I 58+09
17 | TFAST | 29%03 | FAST 64 | FAST | FAST | 49%02
18 | 48£01 | 62%15 | 52%27 Strandl 65 | FAST | 47£05 | 46%03
19 | 37£01 | 57%33 | 45%02 66 | FAST | SLOW | NA.
20 | 40£01 | 63%17 | 47%01 67 | FAST | SLOW | 46+03
21 | 50£05 | 60%31 | SLOW 68 | FAST | 72x16 | 42%17
22 | 50£18 | 39%54 | SLOW 69 | FAST | 5209 | NA.

Helix |23 | 41£02 | 48426 | 48402 Loop|[ 70 | 50%11 | 40%05 | FAST
24 | 63£21 | 57%16 ' 6.0£03 71 | FAST | TFAST | FAST
25 | 62+49 | SLOW SLOW 72 | 51%03 | 60%25 | 64%03
26 | 5105 | SLOW 7.0+05 73 | 51%02 | SLOW | 65+17
27 | 38%06 | 55%06 | 45+02 Strandl 74 | 49#19 | SLOW | sLow
28 | 48+11 | 56%07 | 55+04 75 | 48+08 | SLOW | SLOW
29 | 45+02 | 53%09 | 54x04 76 | 52%16 | 52+26 | SLOW
30 | FAST | 30%02 | FAST 77 | 50+08 | 48+25 | 58+08
31 | 49+02 | 39+02 | FAST 78 | TFAST | 34+02 | 43+01
32 | 51+04 | 49+03 | 32%09 Loop| 79 | FAST | 54%10 | FAST

Loop | 33 | FAST | FAST | FAST 80 | FAST | 51+04 | 54+02
3 | FAST | 31+02 | FAST 81 | FAST | 44+04 | 32%01
35 | FAST | FAST | 48+03 2 | NA" | stow | sLow
3 | TFAST | 43%03 | FAST 83 | 4102 | 2903 | SLOW
37 | 30£03 | 52%09 | 4802 Strandl 34 | 54%21 | 42%17 | SLOW
38 | 34%02 | SLOW | 46=%10 85 | 49%39 | SLOW | SLOW
39 | SLOW® | 54:16 | SLOW 86 | NA. | 25:08 | sLow
40 | 51+04 | SLOW | SLOW 87 | 35+04 | SLOW | SLOW
41 | 56+15 | 49%26 | SLOW 88 | FAST | 37%06 | 41+08
42 | 50+24 | 5609 | sLow

Helix
43 | stow | stow | sLow
4 | 50+36 | 5635 | SLOW
45 | 52%22 | 5116 | SLOW
46 | 42+33 | 5006 | SLOW
47 | 56+16 | sSLow | sLow
48 | 50+05 | SLOW | 5503
49 | 36+02 | 58+13 | 42%02
50 | 55+15 | SLOW | 55+03

#Data available at /nome/justin/nmr-data/jh-an.
Y Data available at /nome/justin/nmr-data/jh-ao.
¢ Data available at /nome/justin/nmr-data/jh-aq.
¢ Exchange rate too fast to measure.

¢ Exchange rate too slow to measure.
"Peak overlap prohibits exchange rate measurement.
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Appendix 4

Protocol for growth and purification of His-SUMO-1C 312260
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Buffers to prepare:

1 L TB media, Lysis Buffer, Affinity Buffer with 0, 10 and 350 mM

imidazole, Affinity Buffer with 8 M Urea, 5% Acetonitrile and .1% TFA in H,0
(Buffer A) and 95% Acetonitrile and .1% TFA in H,O (Buffer B).

Day 1.
i)

Vi)

vii)

Streak LB with Kanomyacin (“Kan”) plate using His-SUMO-IC 315260
glycerol stock in BL21DE3 cells with a petl5da (Kan+) expression
vector. Place in oven at 37 °C overnight (*o/n”, 12-15 h).

Prepare 1 L TB media either in a single 4 L flask or 500 ml split

between two 2 L flasks, autoclave 35 m liquid.

Select a colony from the plate and inoculate 10 ml LB with 0.5 mg of

Kan (500 pg/ml final concentration). Grow at 37 °C at 200 rpm o/n.

Add Kan to your 1 L TB media to a final concentration of 50 ug/ml and
set aside 0.5 ml of media for a sample blank.

Spin down the 10 ml culture (4000 rcf for 15 m), pour off supernatant
into ethanol to kill non-pelleted cells.

Dissolve cells in 1 ml of the fresh TB media and inoculate the 1 L TB.
Grow at 37 °C, 200 rpm until the optical density (“OD”) is = 0.6 at 600
nm. Take 1 ml of sample for “pre-induction sample” (Appendix Figure
A4.1).

Induce protein production by adding IPTG to a final concentration of
0.8 mM. Grow for 4 h.

Harvest cells by placing 1 L TB media in centrifuge bottle, spin at 4000
rpm (rcf unknown for the 1 L bucket centrifuge) for 30 m.

Pour off supernatant into 2 L beaker, add bleach to kill non-pelleted

cells. Save cell pellet at -80 °C.
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Figure A4.1: SDS-PAGE analysis of 1C,1,-260 purification. Gel labels are Protein
plus molecular marker (M.M.), pre induction (1), supernatant (2), pellet with band
corresponding to Sumo outlined in blue (3), post Ni-column cleaning with
incomplete Sumo cleavage product in outlined in green (4), and pure 1C212-260
outlined in red after C-18 purification (5).



Day 4.

vi)

vii)

viii)

Xi)
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Resuspend cells in “Lysis Buffer” (see Barbar lab recipes) using 200 ml
per 1 L of media grown. Use the vortex to resuspend and homogenize
cells.

Make sure the resuspended cells are in a plastic beaker, a glass beaker
may break during cell sonication (next step).

Add PMSF to 1:400 (PMSF:lysis buffer) and sonicate your cells using
a duty cycle of 60 and an output control of 6 for 2 m. Make sure to turn
the resuspended cells during sonication so that lysis is homogenous.
Spin your sonicated sample at 14000 rcf for 30 m to pellet debris.

Save “supernatant”, and resuspend “pellet” in “Affinity Buffer” (see
Barbar lab recipes) containing 8 M Urea and no imidazole.

Spin your sonicated sample at 14000 rcf for 45 m to pellet debris.
While the pellet is spinning, prepare the nickel column beads by
washing with Affinity Buffer using 10 ml affinity buffer per 1 ml of
column volume. Allow beads to go dry, transfer dry beads to a beaker
large enough to hold the supernatant from your pellet resupension.
Apply your supernatant to the dry nickel beads making sure to break up
any clumps of dry beads (try swirling or shaking), add a stir bar to mix
bead/supernatant for 30 m.

Apply the beads to the column using a Pasteur pipette. Wash the beads
with 10 ml of 8 M Urea Affinity Buffer, then 10 progressive mixtures
of 1ml decreasing 8 M Urea Affinity and 1ml increasing Affinity
Buffer at final volume of 10 ml (e.g. 9:1, 8:2... 1:9, 0:10).

Elute the protein off the column by adding 4 times your bed volume of
350 mM imidazole containing Affinity Buffer. Take a 0.05 ml sample
for “pre-cleavage sample”.

Add 0.02 ml of ULP1-Sumo protease stock and let cleavage reaction

occur at room temperature for = 1 h.
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xii)  Load half of your sample onto the C-18 column. 1C;12-260 €lutes at 36-

39 m followed closely by an impurity (Appendix Figure A4.2).
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Figure A4.2: Elution profile for 1C512.260 0n a C-18 column. Protocol for time,
flow rate, and percent acetonitrile (top panel) with resultant elution profile for

I1C 212260 ON @ C-18 column (bottom panel).
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Appendix 5

ITC data for ICy7 binding to Tctexl
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Figure A5.1: Representative ITC data for ICyr binding to Tctex1. Thermograms
(top panels) and binding isotherms (bottom panels) are shown for the titration of

Tctexl into IC+r ata) 20 °C, b) 25 °C, ¢) 30 °C, and d) 35°C. Solid lines

correspond to the non-linear least squares fit for an A + B — AB binding model.
Data were collected in 50 mM sodium phosphate, 50 mM sodium chloride, pH 7.5.
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Table A5.1: Thermodynamic association parameters for IC+r binding to Tctex1 in
50 mM sodium phosphate, 50 mM sodium chloride, pH 7.5°

Temperature Kp "¢" value AG® AH° -TAS®
(K) (nM) (K, x [cell]) (kcal/mol) (kcal/mol) (kcal/mol)
293.15 93+45 5 67105 -27+02 -4.0+0.2
298.15 11.0+45 4 -68+04 -39+04 -28+02
303.15 13.2+44 4 -68+02 -55+x07 -13%05
308.15 27.1+£9.0 2 -64+03 -69+03 05+0.1

®Average values are reported with error estimated as the standard deviation of
replicates (see Appendix Figure A5.1). The average binding stoichiometry (n) was
2.11 £ 0.20 over all experiments. All data were fit to one monomer of either light
chain binding to a single IC chain.
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Table A5.2: Thermodynamic association parameters for Tctex1 binding to the
ICtreTctex1 complex in 50 mM sodium phosphate, 50 mM sodium chloride, pH
7.5%

Temperature Kp AG® AH° -TAS®
(K) (M)  (kcal/mol) (kcal/mol) (kcal/mol)
293.15 78+38 -69£05 -05+01 -63+03

298.15 125+51 -67+04 -10+£01 -57x04
303.15 159+53 -67+04 -16+02 -50%19
308.15 508+169 -61+02 -28+01 -33+.04

Average values are reported with error estimated as the standard deviation of
replicates (see Appendix Figure A5.1).
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