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ABSTRACT

STRUCTURAL AND FUNCTIONAL STUDIES OF PROTEINS INVOLVED IN
MITOCHONDRIAL FUNCTION AND STRUCTURE

Yanfeng Zhang

The dynamics of continuous fission and fusion events maintain normal mitochondrial
morphology and reduce the number of functional defects that could lead to a variety of
diseases. DLP-1 and MFNs are essential protein components of human mitochondrial
fission and fusion machineries, and functional and structural studies of these proteins
would increase our understanding of the molecular mechanisms of mitochondrial
dynamics, function, and structure.

In this thesis, the biochemical and structural properties of recombinant DLP-1 and
selected mutants have been studied. The G350D and R365S mutants in the middle
domain severely impair the GTPase activity, but have no significant impact on the
protein’s oligomeric state, indicating that these two mutations interrupted the
intramolecular but not intermolecular interactions, and therefore, the middle domain of
DLP-1 is important for the protein activity probably by facilitating appropriate
connections between the GTPase domain and the GED. The DLP-1 and the isolated PH-
like domain bound free phosphoinositides indicated that DLP-1 may interact with
membranes directly by binding acidic phospholipids preferentially phosphoinositides,
and the PH-like domain may be responsible for the interactions. Although GTPase
activity is abolished, the APH bound to liposomes, which suggested that in addition to the
PH-like domain, other regions of DLP-1 may function as lipids-interacting enhancer as
well as scaffolds for orienting the PH-like domain into appropriate membrane targeting.

Structural studies of DLP-1 and MFNs by way of X-ray crystallography have been



attempted. Molecular protein engineering was designed and performed to improve
protein solubility and to increase the likelihood of protein crystallization.

The recently identified (pro)renin receptor ((P)RR) is an important protein molecule
for the renin-angiotensin system (RAS), a mechanism regulating blood pressure and
cardiovascular function. The (P)RR C-terminus including the cytoplasmic tail is involved
in the assembly of the V, portion of the vacuolar proton-translocating ATPase. The
cytoplasmic tail is short, but functionally important for the pivotal roles of (P)RR in a
number of signal transduction pathways that activated by binding of (pro)renin.

Finally, the last 19 amino acids of the (P)RR corresponding to the cytoplasmic tail
were fused into the C-terminus of E. coli maltose binding protein (MBP), and the chimera
was expressed in E. coli and purified to homogeneity. Protein crystals, in the presence
and absence of the MBP ligand maltose, were obtained, and X-ray diffraction data to 2.0
A resolution were collected. Despite significantly different unit-cell dimensions and
molecular packing, two monomers of the MBP fusion protein were found in the
asymmetric unit for both structures. Although the (P)RR cytoplasmic tail appeared as a
relatively flexible loop without obvious secondary structural elements, it seemed
responsible for the dimerization of MBP fusion protein in the asymmetric unit. The
residues in the cytoplasmic tail, particularly the two tyrosines, dominate the interdimer

interactions, suggesting a role of the cytoplasmic tail in protein oligomerization.
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CHAPTER1

Background and introduction



1.1 Mitochondrial fission and fusion, dynamin-like protein 1 and mitofusins
1.1.1 Mitochondrial evolution and function

Mitochondria are essential organelles of eukaryotes. It is generally believed that
mitochondria were originally derived from prokaryotes by endosymbiosis (Osteryoung
and Nunnari 2003; Dyall, Brown et al. 2004; Gray, Lang et al. 2004; Dolezal, Likic et al.
2006; Embley and Martin 2006). The evolutionary scenario is that an aerobic prokaryote
(probably an alpha-proteobacterium) was first engulfed by an ancestor of eukaryotes
about 1.5 billion years ago. Then, the two organisms developed a symbiotic relationship
in which the host provides nutrients for the endosymbiont and takes advantage of the
energy generated by the endosymbiont through aerobic respiration. After years of
adaptation and evolution, genome reduction eventually occurred by which most genes of
the endosymbiont were lost, while some were transferred to nucleus of the host. One of
the key events of endosymbiotic organelle biogenesis is the development of
mitochondrial division machinery for reproduction. Another key step is evolution of a
protein translocation mechanism that allows movement of nuclear-encoded proteins into
the mitochondria.

The main function of mitochondria is to produce energy for cellular activities by the
process of oxidative phosphorylation (OXPHOS). Maintenance of normal mitochondrial
function is essential for cellular energy metabolism. Dysfunction of nuclear-encoded or
mitochondrial DNA (mtDNA)-encoded mitochodrial genes results in various

mitochondrial diseases such as autosomal dominant optical atrophy, Charcot-Marie-Tooth



(CMT) type 2A, Friedreich’s ataxia (FRDA), and Kearns-Sayre syndrome (KSS)
(Chinnery and Schon 2003; Newmeyer and Ferguson-Miller 2003; Rotig, Lebon et al.
2004; Zeviani and Di Donato 2004; Sato, Nakada et al. 2006; Debray, Lambert et al.
2008). Mitochondrial diseases damage a wide range of organs, including brain, heart, and
muscles, and impact the progression of disease states such as diabetes, heart disease,

kidney failure, mental and developmental defects.

1.1.2 Mitochondrial fission and fusion

Mitochondria exist as highly dynamic tubular networks, which are thought to be the
normal morphological state. The dynamic morphology is maintained by tightly regulated
fission and fusion processes (Osteryoung 2000; Osteryoung 2001; Chen, Chomyn et al.
2005; Okamoto and Shaw 2005; Heath-Engel and Shore 2006; Santel 2006; Cerveny,
Tamura et al. 2007; Hoppins, Lackner et al. 2007; Berman, Pineda et al. 2008; Santel and
Frank 2008; Benard and Karbowski 2009; Hoppins and Nunnari 2009). The balance
between the fusion and fission events regulates the morphology of mitochondria
throughout the cell cycle stages. During cell division, the mitochondria divide and are
distributed to daughter cells. They also undergo continuous fusion to process genetic
recombination with one another to prevent dysfunction arising from mutated genes.
Disruption of fission machinery causes formation of clusters that contain elongated,
interconnected mitochondria (Smirnova, Griparic et al. 2001; Yoon, Krueger et al. 2003;

Stojanovski, Koutsopoulos et al. 2004). Disruption of fusion results in fragmentation of



normal mitochondria (Chen, Detmer et al. 2003; Chen, Chomyn et al. 2005).

Although still controversial, mitochondrial fission and fusion have been suggested to
be involved in apoptosis, a form of programmed cell death that is essential for embryonic
development (Perfettini, Roumier et al. 2005; Youle and Karbowski 2005; Parone and
Martinou 2006; Cheng, Leach et al. 2008; Jeong and Seol 2008; Suen, Norris et al. 2008).
The remarkable morphological characteristic of mitochondria during apoptosis is that
they are fragmented, which indicates that the mitochondrial fission is related to apoptosis.
Disruption of protein components of the fission machinery before induction of apoptosis
not only inhibits mitochondrial fission, but also affects apoptosis (Frank, Gaume et al.
2001; Lee, Jeong et al. 2004). Overexpression of the fission proteins induces apoptosis
(James, Parone et al. 2003). On the other hand, upregulation of the mitochondrial fusion
machinery inhibits apoptosis (Sugioka, Shimizu et al. 2004).

The human mtDNA is 16.6 kb in size and it is circular and double stranded. It encodes
13 respiratory chain subunits, 22 transfer RNAs and 2 ribosomal RNAs (Anderson,
Bankier et al. 1981). Other protein components of the respiratory chain are encoded by
the nuclear DNA. Theoretically, normal mitochondria are thought to contain wild type
mtDNAs. In reality, the mtDNA is a mixture of wild type and mutated mtDNA
(heteroplasmy) (Sato, Nakada et al. 2006). Because mtDNA has a much higher mutation
rate than nuclear DNA, the extensive and continuous fusion among mitochondria may be
a specific defense mechanism to complement mutated mtDNA and prevent mitochondria

diseases. However, cells only tolerate the mtDNA mutation within a specific level. Once



a particular threshold of the content of mutated mtDNA is passed, normal functions of the
respiratory chain are disrupted and mitochondria-related diseases would occur (Zeviani

2004; Sato, Nakada et al. 2006).
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1.1.3 Molecular mechanisms of mitochondrial fission and fusion

1.1.3.1 Dynamin superfamily

Correct mitochondrial mechanisms depend on the functions of dynamin-related
proteins, which are large GTPases in the dynamin superfamily (Fig. 1.1). Proteins in the
dynamin superfamily can be divided into two major groups: classical dynamins and
dynamin-related proteins (Praefcke and McMahon 2004). Classical dynamins are proteins
involved in scission of clathrin-coated vesicles during endocytosis (Grigliatti, Hall et al.
1973; Obar, Collins et al. 1990). They have five identifiable domains: GTPase domain,
Middle domain, Pleckstrin-homology domain (PH domain), GTPase effector domain
(GED) and Proline-rich domain (PRD). The dynamin-related proteins are involved in
various membrane tubulation and remodeling events mainly involving fission and fusion
of organelles (Stacheli, Horisberger et al. 1984; Staeheli, Haller et al. 1986; Rothman,
Raymond et al. 1990; Gu and Verma 1996; Hales and Fuller 1997; Hermann, Thatcher et
al. 1998; Kang, Jin et al. 1998; Labrousse, Zappaterra et al. 1999; Santel and Fuller 2001;
Olichon, Emorine et al. 2002; Gao, Kadirjan-Kalbach et al. 2003; Santel, Frank et al.
2003; Gao, Sage et al. 2006; Glynn, Froehlich et al. 2008; Glynn, Yang et al. 2009). They
lack one or more domains (such as the PH domain or the PRD) or have additional
domains (such as insertions or organelle-localization signals) compared to the classical
dynamins.

Oligomerization plays an essential role in the functions of proteins in the dynamin

family. Most of them form ring-like or helical structures that bind to the target membrane



and stimulate GTPase activity. Two models have been proposed for molecular functions
of proteins in the dynamin family. One is that the stimulated GTP hydrolysis upon
membrane binding results in a conformational change to generate mechanical force,
which facilitate the membrane constriction and scission (Sweitzer and Hinshaw 1998).
The opposing model is that GTPase activity regulates the function of other molecules that
are actually involved in the membrane fission and remodeling (Scheffzek, Ahmadian et al.
1997; Sever, Muhlberg et al. 1999; Sever, Damke et al. 2000). However, the exact
mechanism remains controversial.

Dynamin family GTPases are unique, and are clearly different from canonical small
GTPases such as Ras-like and heterotrimeric GTP-binding proteins. They are much larger
(70-100 kDa) containing a large GTPase domain (30-40 kDa), and have relatively lower
affinity for guanine nucleotides. They are stable in the absence of guanine nucleotides but
have high turnover rates of GTP (Schweins, Geyer et al. 1995; Binns, Helms et al. 2000;
McEwen, Gee et al. 2001). The GTPase activity of proteins in the dynamin family is
regulated by self-oligomerization, while canonical small GTPases require guanine
nucleotide-exchange factors (GEF) and GTPase-activating protein (GAP) to catalyze

GTPase activity. All of these properties distinguish them from canonical small GTPases.

1.1.3.2 Mitochondrial fission and DLP-1
Human mitochondrial fission is regulated by dynamin-like protein 1 (DLP-1), which

represents a class of highly conserved GTPases (Dnml in yeast / Drpl in C.elegans)



(Hales and Fuller 1997, Hermann, Thatcher et al. 1998; Smirnova, Shurland et al. 1998;
Bleazard, McCaffery et al. 1999; Labrousse, Zappaterra et al. 1999; Smimova, Griparic et
al. 2001). The molecular mechanism of mtichondrial fission is mostly studied in yeast. In
yeast, in addition to Dnm1, Mdv1 and Fisl are required to form fission complexes that
catalyze mitochondrial fission (Fekkes, Shepard et al. 2000; Mozdy, McCaffery et al.
2000; Tieu and Nunnari 2000; Cerveny, McCaffery et al. 2001; Lackner, Horner et al.
2009). Fisl is an outer mitochondrial membrane protein with the C-terminus inserted into
the membrane and the N-terminus forming a tetratricopeptide repeat domain (TPR) that
faces the cytoplasm (Suzuki, Neutzner et al. 2005). Mdv1 is a WD-40 repeat-containing
protein which probably functions as a molecular adaptor to mediate the formation of
fission complex (Tieu, Okreglak et al. 2002; Lackner, Horner et al. 2009). It is believed
that the membrane-anchored Fis1 recruits Mdv1 first, and then this Fis1-Mdv1 complex
consequently recruits Dnm1 (Mozdy, McCaffery et al. 2000; Cerveny, McCaffery et al.
2001; Tieu, Okreglak et al. 2002; Karren, Coonrod et al. 2005). In humans, DLP-1
mediated mitochondrial fission has been thought to have a mechanism similar to that of
yeast. The structure of human Fis1 (hFisl) has been shown to be similar to that of Fisl in
yeast (Suzuki, Jeong et al. 2003; Dohm, Lee et al. 2004; Suzuki, Neutzner et al. 2005).
However, the homologue of Mdv1 has not been identified in humans.

DLP-1 also undergoes various posttranslational modifications for regulation of
mitochondrial fission. cAMP-deperida.nt protein kinase-dependent phosphorylation on

residues in the C-terminus affects the DLP-1 GTPase activity, promotes mitochondrial



fission in mitotic cells, and alters mitochondria morphology (Chang and Blackstone 2007,
Cribbs and Strack 2007; Taguchi, Ishihara et al. 2007). Nitric oxide can trigger
mitochondrial fission, synaptic loss, and neuronal damage, possibly due to the
S-nitrosylation of DLP-1 (Cho, Nakamura et al. 2009). The mitochondrial E3 ubiquitin
ligase MARCH V regulates mitochondrial fission by facilitating DLP-1 binding to actual
mitochondrial division sites (Nakamura, Kimura et al. 2006; Yonashiro, Ishido et al. 2006;
Karbowski, Neutzner et al. 2007). In addition, small ubiquitin-like modifier (SUMO)
proteins are reported to be involved in the DLP-1 mediated mitochondrial fission (Harder,
Zunino et al. 2004; Di Bacco and Gill 2006; Wasiak, Zunino et al. 2007; Zunino, Schauss
et al. 2007).

DLP-1 is comprised of four domains: an N-terminal GTPase domain (1-340 aa) with
conserved GTP-binding motifs; a middle domain (341-500 aa) with a potential role in
self-assembly; an insertion (501-607 aa) of unknown function (a “putative” PH-like
domain); and a GED (608-710 aa) with potential roles in not only self-assembly, but also
cooperative stimulation of GTPase activity.

The GTPase domain contains conserved G1-G4 GTP-binding motifs, which are spread
over the whole domain. Based on the crystal structure of other GTP-binding proteins (Pai,
Krengel et al. 1990; Vetter and Wittinghofer 2001), the Gl motif, or P-loop
(G32xxxxG37K38S39 in DLP-1) is involved in the binding of phosphates, while the G2
motif (Tso in DLP-1) coordinates magnesium ion and water for catalysis. The G3 motif

(D15s6xxGis9 in DLP-1) is hydrogen-bonded with gamma-phosphates of GTP. The G4

10



motif (T/N21sK/Rz16xD21s in DLP-1) coordinates the base and ribose. Conformational
change caused by hydrolysis of GTP occurs in the switch 1 and switch 2 regions, which
overlap with the G2 and G3 motif, respectively. Mutation of DLP-1-K38A abolishes the
GTPase activity of DLP-1 in vitro, and overexpression of DLP-1-K38A in COS-7 cells
markedly reduces the mitochondrial fission (Yoon, Pitts et al. 2001; Zhu, Patterson et al.
2004). Experiments using labeled GTP have demonstrated that DLP-1-K38A binds but
does not hydrolyze or release GTP (Yoon, Pitts et al. 2001). The crystal structures of the
GTPase domain of Dictyostelium discoideum dynamin A (Dyn A) and rat dynamin 1 have
shown that the overall fold is similar with but larger than those of the canonical GTPase
(Niemann, Knetsch et al. 2001; Reubold, Eschenburg et al. 2005). The structures display
an eight-stranded beta-sheet with six parallel and two antiparallel strands surrounded by
nine helices.

The PH domain of classical dynamins is involved in binding to negatively charged
lipid membranes. The single PH domain of dynamin binds to the lipids with a relatively
low affinity compared to other PH domains. The oligomerized PH domains lead to strong
binding of dynamins to the membranes (Klein, Lee et al. 1998; Lemmon and Ferguson
2000). The crystal structure of the PH domain of classical dynamin shows a
seven-stranded beta sheet followed by an alpha helix in the C-terminus. Three variable
loops form a positive surface that may be sites for interaction with lipids (Ferguson,
Lemmon et al. 1994). For DLP-1, sequence analysis does not indicate any region that

shows a high degree of homology to the PH domains of classical dynamins or other PH
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domains. However, DLP-1 has been shown to tubulate membrane in vitro (Yoon, Pitts et
al. 2001). Although this behavior is reminiscent of the PH domain in classical dynamins,
whether DLP-1 binds to specific lipids and which DLP-1 domain is critical for membrane
binding remain unknown.

The middle domain and the GED of classical dynamins are thought to be important for
oligomerization and subsequent multimerization (Zhang and Hinshaw 2001). In yeast,
Mutant Dnm1-GsgsD, which contains a point mutation in the middle domain of Dnml,
fails to self-assemble and forms stable dimers (Ingerman, Perkins et al. 2005). This
mutation inhibits mitochondrial fission but still can interact with the fission complex
containing Mdvl and Fisl (Bhar, Karren et al. 2006). Point mutaions in the middle
domain of the human dynamin forms a dimer instead of a tetramer and fails to integrate
into higher order structures under conditions which stimulate assembly. The dimeric form
also markedly reduces the GTPase activity of the dynamin (Ramachandran, Surka et al.
2007).

The GED of DLP-1 has a potential role in not only self-assembly, but also cooperative
stimulation of GTPase activity. The crystal structure of a member of the dynamin family,
human Guanylate-binding protein 1 (hGBP1) in both nucleotide-free and GTP analogue
GppNHp-bound forms has been solved (Prakash, Praefcke et al. 2000; Prakash, Renault
et al. 2000). hGBP1 is a protein induced by gamma-interferon to mediate antiviral
pathway (Anderson, Carton et al. 1999). Unlike DLP-1, hGBP1 lacks the PH-like domain.

The structure is composed of two parts: the large global domain that is the GTPase
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domain, and the long, purely alpha-helical domain that contains the Middle domain and
the GED. The structure also reveals that the GED forms a long helix that folds back to
interact with the helical bundle in the middle domain, and contacts the global GTPase
domain. The three-dimensional map of classical dynamin determined from cryo-electron
micrographs at a resolution of 20 ' suggested a similar structural property (Zhang and
Hinshaw 2001). Yeast two-hybrid experiments showed that the GED of DLP-1 strongly
interacts with the middle and GTPase domains. Mutant DLP-1-Kg79A, which contains a
mutation in the GED of DLP-1, impairs the GTPase activity and affects the intra- and
intermolecular interactions (Zhu, Patterson et al. 2004). The crystal structure of the
GTPase domain of DynA reveals a hydrophobic groove, suggesting a GED interacting
site (Niemann, Knetsch et al. 2001). The crystal structure of the GTPase domain of rat
dynamin 1 also supports the model that the C-terminus, probably GED, folds back to
stimulate GTPase activity (Reubold, Eschenburg et al. 2005). However, elucidation of
how the GED is involved in the assembly and the stimulation of GTPase activity will

require the detailed structure of the full-length protein.

1.1.3.3 Mitochondrial fusion and MFNs

Mitochondrial outer membrane fusion is mediated by mitofusins (MFNs), belonging to
a group of highly conserved mitochodrial transmembrane GTPase homologues (yFzol in
yeast / Fzo in Drosophila) (Hales and Fuller 1997; Hermann, Thatcher et al. 1998; Santel

and Fuller 2001). The two mammalian MFNs, MFN-1 and MFN-2 share the same
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structural motifs with 77% sequence similarity (Santel, Frank et al. 2003). They contain
four domains: an N-terminal GTPase domain (1-370 aa in MFN-1) with conserved
GTP-binding motifs; two heptad repeat regions, HR1 (371-580 aa in MFN-1) and HR2
(630-741 aa in MFN-1), with the HR2 forming a dimeric, antiparallel coiled coil that
mediates tethering of adjacent mitochondria (Koshiba, Detmer et al. 2004); énd a
bipartite transmembrane domain, or TM (581-629 aa in MFN-1). Structﬁral and
biochemical studies have established that the MFNs are anchored in the mitochondrial
outer membrane with both N- and C-terminus exposed to the cytosol (Rojo, Legros et al.
2002). MFN-1 and MFN-2 may play both redundant and distinct roles in mitochondrial
fusion in a GTPase activity-dependent manner (Ishihara, Eura et al. 2004; Chen, Chomyn
et al. 2005).

Similar to those of DLP-1, the conserved G1-G4 GTP-binding motifs of the GTPase
domain of MFNs are spread over the entire domain. GTP hydrolysis has been shown to
be important for MFN-1 mediated tethering of mitochondria (Ishihara, Eura et al. 2004).
Mutant MFN-1-KggT, which contains a mutation in the G1 motif of the GTPase domain,
blocks the ability of overexpressed MFN-1 to induce formation of elongated networks of
mitochondria (Santel, Frank et al. 2003). Overexpression of mutant MFN-1-T A,
containing a mutation in the G2 motif, results in fragmentation of mitochondria (Santel,
Frank et al. 2003).

The HR1, HR2, and TM of MFN-2 are found to be important for mitochondrial

targeting. Deletion of any one of these domains caused partial localization to
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mitochondria and significant amounts of protein remained in the cytosol (Rojo, Legros et
al. 2002). The crystal structure of a part of HR2 (HR2¢60.735) of MFN-1 revealed that it
forms a dimeric antiparallel coiled coil that is 95 ' long (Koshiba, Detmer et al. 2004).
Mutant HR2¢60.735 Leo1 P and LosP reduce the stability of the HR2 coiled coil and mutants
MFN-1-Lgo;P and MFN-1-L7osP cannot restore mitochondrial tubules in MFN-null cells
to the extent that with wide-type MFN-1, indicating that the HR2 coiled coil is important
for the mitochondrial fusion (Koshiba, Detmer et al. 2004). It is believed that HR2
functions as a mitochondrial fusion tether (Rojo, Legros et al. 2002; Koshiba, Detmer et
al. 2004). The crystal structure of cyanobacterial DLP (BDLP) in both nucleotide-free
and GDP-associated conformation provided structural insights into the functional
mechanisms of dynamins (Low and Lowe 2006). Sequence analysis shows that the BDLP
is closed related to the Arabidopsis chloroplast FZO-like protein (FZL) (Gao, Sage et al.
2006), suggesting a bacterial ancestry of dynamins (Low and Lowe 2006).

Based on the best-studied virus-mediated fusion and vesicle fusion mechanism, and
genetic and structural studies of MFNss, it has been proposed that MFNs form complexes
in trans that mediate homotypic interactions between adjacent mitochondria and are
likely directly involved in outer membrane fusion (Koshiba, Detmer et al. 2004; Griffin,

Detmer et al. 2006).

1.2 Renin-angiotenisn system, (pro)renin receptor, and the membrane connection

1.2.1 Renin-angiotensin system (RAS)
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The renin-angiotensin system (RAS) is an incompletely understood mechanism
regulating blood pressure, cardiac and vascular function. The aspartyl protease, renin,
which is released by kidney, cleaves the angiotensinogen to generate the decapeptide
angiotensin (Ang) I. The inactive Ang I was further processed by the
angiotensin-converting enzyme (ACE) to an active octopeptide, Ang II. Ang II interacts
with cell membrane receptors AT1 and AT2, which belong to the G protein-coupled
receptor family, to active downstream signal pathways and regulate blood pressure and
cardiovascular modeling.

Renin is considered to catalyze the rate-limiting step of RAS to generate the precursor
of active end product, Ang I (Ang I; Asp'-Arg?-Val’-Tyr*-Il¢’ -His®-Pro’-Phe®-His’-Leu'%)
(de Gasparo, Catt et al. 2000). The X-ray crystal structure shows that the general fold of
renin is comprised of two homologous domains (Sielecki, Hayakawa et al. 1989). The
active site and ligand-binding motif are located in between the two domains (Rahuel,
Priestle et al. 1991). The two major catalytic residues Asp 32 and Asp 215 are in each part.
Renin cleaves the Leu'® -Val'! peptide bond and releases Ang I. The ACEs bind Ang I and
cleave off the two C-terminal residues and create active Ang II. The heptapeptide
Ang-(1-7) and dodecapeptide Ang-(1-12) are among those angiotensins discovered
recently and involved in different signal transduction pathways.

The signals of renin and angiotensins were mediated by two major G protein-coupled
receptors, AT1 and AT2. Although Ang II binds to both AT1 and AT?2, the majority of the

Ang II signal was transducted by AT1 (Timmermans, Wong et al. 1993). The Gg/1; family
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of G proteins dominates the downstream interactions of AT1 (Wang, Jayadev et al. 1995).
The Gy, G112, and G213 are other G protein interaction partners of the AT1 (Shirai,
Takahashi et al. 1995; Ushio-Fukai, Griendling et al. 1998; Fujii, Onohara et al. 2005).
Besides G proteins, AT1 also interacts with beta arrestins to activate a mitogen activated
protein kinase (MAPK) cascade (McDonald, Chow et al. 2000; Tohgo, Pierce et al. 2002).
The AT1 receptor-associated protein (ATRAP), the epidermal growth factor (EGF)
receptor, and the nicotinamide adenine dinucleotide phosphate oxidase
(NADPH)-generated reactive oxygen species (ROS) are other partners with which AT1
interacts (Griendling, Minieri et al. 1994; Sabri, Govindarajan et al. 1998; Daviet,
Lehtonen et al. 1999; Zuo, Ushio-Fukai et al. 2005; Mehta and Griendling 2007; Tamura,
Tanaka et al. 2007). The blood pressure regulation mechanisms that mediated the AT2
receptor are less understood. AT2 interacts with G; (Kang, Richards et al. 1995). The
vasodilation effect mediated by the cascade of bradykinin (BK), nitric oxide (NO), and
c¢GMP is thought to be induced by AT2 (Siragy and Carey 1996; Siragy, Jaffa et al. 1996,
Siragy and Linden 1996).

Since renin, ACE, and AT1 and AT2 are the major protein components of the RAS
system, inactivating renin or ACE or blocking the Ang II-receptor interaction are current
therapeutic strategies in hypertension drug development. According to molecular
modeling and X-ray crystal structure of the active site of renin, a number of renin
inhibitors have been created for direct renin inhibition (Rahuel, Priestle et al. 1991;

Rahuel, Rasetti et al. 2000; Holsworth, Powell et al. 2005; Tice, Xu et al. 2009). These
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inhibitors occupy the active site of renin so that its substrate angiotensinogen could not
bind and be processed. One of the representative direct renin inhibitors is aliskiren which
has a very high binding affinity for renin (Rahuel, Rasetti et al. 2000; Wood, Maibaum et
al. 2003). RAS blockers such as ACE inhibitors or Ang II AT1 blockers cause
accumulation of Ang I and decrease of Ang II. However, they also stimulate the renin
activity probably because of disruption of the feedback loop which inhibits renin (Vander
and Geelhoed 1965; Bing 1973; Borghi, Boschi et al. 1993; Roig, Perez-Villa et al. 2000;

Azizi and Menard 2004).

1.2.2 Prorenin and (pro)renin receptor

Prorenin is the renin inactive precursor and it has a 43-amino acid prosegment in the
N-terminus(Fukamizu, Nishi et al. 1988; Inagami 1991; Morris 1992; Morris 1992). The
prosegment has been thought to block the interaction between the active site and
angiotensins (Baxter, James et al. 1989; Heinrikson, Hui et al. 1989; Shiratori, Nakagawa
et al. 1990). Prorenin can be activated proteolytically by cleaving off the prosegment or
non-proteolytically at low pH, low temperature or by interaction with specific antibodies
(Sealey and Laragh 1975; Derkx, von Gool et al. 1976; Leckie and McGhee 1980; Derkx,
Schalekamp et al. 1987; Pitarresi, Rubattu et al. 1992; Reudelhuber, Brechler et al. 1998;
Suzuki, Hatano et al. 1999). The presence of non-proteolytic activation has led to the
identification of the “gate” and “handle” regions in the prosegment which may control

prorenin activation (Suzuki, Hayakawa et al. 2003). In blood, the level of prorenin is
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about 10 times higher that that of renin (Sealey, Glorioso et al. 1986; Leckie, Birnie et al.
1994). However, the exact function of the circulating prorenin remains unclear.

There are two proteins that are generally accepted to be (pro)renin receptors. One is the
mannose 6-phosphate/insulin-like growth factor II receptor (M6P/IGF2R) (van Kesteren,
Danser et al. 1997; van den Eijnden, Saris et al. 2001). The M6P/IGF2R binds renin and
prorenin but does not stimulate any protein activity. However, on binding to the
MG6P/IGF2R, prorenin is processed to renin by removing the prosegment. Therefore, the
MG6P/IGF2R is considered as a clearance receptor of (pro)renin (van den Eijnden, Saris et
al. 2001; Saris, van den Eijnden et al. 2002).

The second recently identified receptor is the (pro)renin receptor ((P)RR) (Nguyen,
Delarue et al. 2002). The (P)RR binds both renin and prorenin and it increases the renin
catalytic activity of converting angiotensinogen to Ang I up to four fold (Nguyen,
Delarue et al. 2002; Nabi, Kageshima et al. 2006). Moreover, binding of (P)RR probably
causes a conformational change of prorenin prosegment to activate the prorenin (Nguyen,
Delarue et al. 2002; Batenburg, Krop et al. 2007) (Fig. 1.2). One controversial hypothesis
is that the “gate” region of T;FKR and the “handle” region of I;;FLKR on the prosegment
of prorenin may be critical for its binding to the (P)RR (Suzuki, Hayakawa et al. 2003).
The (P)RR gene encodes a 350-amino acid protein with a short signal peptide in
N-terminus, a putative 20-amino acid transmembrane region near the C-terminus, and a

short 19-amino acid cytoplasmic tail.
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1.2.3 Roles of the C-terminus of (P)RR in functions of intracellular compartments

The N-terminal extracellular domain of the (P)RR receptor displays no sequence
similarity to any known pfotein, but the C-terminal domain of (P)RR is highly
homologous to ATP6M8-9, a highly conserved accessory protein involved in the
assembly of the V, portion of the vacuolar proton-translocating ATPase (V-ATPases)
(Ludwig, Kerscher et al. 1998). As a consequence, (P)RR is also known as ATP6AP2
(adaptor protein type II vacuolar H'-ATPase). The V-ATPases play essential roles in
regulating cytoplasmic pH maintenance and the acidifying intracellular compartments
including endosomes, lysosomes and secretory vesicles (Nishi and Forgac 2002). Some
important cellular activities such as endocytosis, intracellular targeting of lysosomal
enzymes, protein processing and degradation, and small molecule trafficking, are
functioned by the V-ATPases (Stevens and Forgac 1997; Forgac 1999; Bowman and
Bowman 2000; Nishi and Forgac 2002).

The ATP6MS8-9 is a 70 amino acid portion of the (P)RR C-terminus, which includes a
small portion of the extracellular domain, the transmembrane region, and the cytoplasmic
tail. How the (P)RR is cleaved and which molecule(s) is involved remain unclear,
although the arginine 277 is the putative cutting site for the protease furin (Bader 2007).
The (P)RR is also present in lower species that do not have RAS such as C. elegans and
Drosophila. The protein sequence of the extracellular part before the putative cutting site
shows little homology between vertebrates’ and invertebrates’ (P)RR, although high

sequence similarity was observed among mammals’ (P)RR. However, The C-terminus
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after the putative cutting site exhibits about 40% - 50% sequence identity (Bader 2007).
Moreover, a mutation of (P)RR caused X-linked mental retardation and epilepsy
syndrome in humans (Ramser, Abidi et al. 2005). Zebrafish with mutant (P)RR died in
early development (Amsterdam, Nissen et al. 2004) and mouse embryonic stem cells that
are deficient for the (P)RR could not generate chimeras after injection into blastocysts
(Burckle and Bader 2006). These results indicate that besides roles in binding (pro)renin,
the (P)RR may be involved in other important cellular functions and the conserved
C-terminus ATP6M8-9 may be a major component in those functions. Therefore, it has
been hypothesized that the (P)RR was evolved from an old version of ATP6M8-9 that
was essential for basic cellular functions (Burckle and Bader 2006). The extracelluar
domain adapted to a new environment and evolved to take over new function of binding

(pro)renin.

1.2.4 Pivotal role of the cytoplasmic domain of the (P)RR in signal transduction

On binding of (pro)renin to (P)RR, a series of signal transduction pathways are
triggered that are independent of the RAS pathway. The binding of renin to (P)RR
induces phosphorylation of serine and tyrosine residues on the (P)RR and activates the
extracellular signal-regulated kinases (ERK) 1/2 and stimulate growth factor TGF-B 1
and plasminogen activator inhibitor-1 (PAIl) (Nguyen, Delarue et al. 2002; Huang,
Wongamorntham et al. 2006; Huang, Noble et al. 2007; Sakoda, Ichihara et al. 2007;

Feldt, Batenburg et al. 2008). Small interfering RNA targeting the (P)RR abolished those
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stimulations indicating the (P)RR is involved in these signaling pathways. In
cardiomyocytes, prorenin binding activates the p38 mitogen-activated protein kinase
(MAPK) in a concentration-dependent manner and simultaneously phosphorylates
Hsp-27 (Saris, t Hoen et al. 2006). Although short, the cytoplasmic domain is the only
region that is exposed to a downstream receptor molecule, suggesting that it is a very
important mediator of these signal transduction mechanisms.

The (P)RR was first reported to localize on the cell surface (Nguyen, Delarue et al.
2002). However, later research indicated that the (P)RR is mainly localized in the
intracellular perinuclear region, with a minor portion on the cell membrane (Saris, t Hoen
et al. 2006; Schefe, Menk et al. 2006; Feldt, Maschke et al. 2008). The sequence analysis
of the (P)RR revealed two putative intracellular targeting motifs which are in the
cytoplasmic tail (Burckle and Bader 2006), a tyrosine-based motif Y>*°DSI and a
C-terminal dibasic motif K>*IRMD. The Yxx¢ (where x is a random residue and ¢ is a
large hydrophobic residue) is typical for protein sorting to endosomes and lysosomes.
The K(x)Kxx or R(x)Rxx are conventional ER retention/retrieval signals. Although
further experimental evidence is needed, the intracellular location may be another cellular
function of the (P)RR that has not yet been elucidated. The signal sequences on the

cytoplasmic tail may also play an important role in the protein localization.

1.2.5 Interactions of the (P)RR with Promyelocytic Zinc Finger Protein

The transcriptional factor Promyelocytic Zinc Finger Protein (PLZF) was identified as
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a downstream partner that interacts with the cytoplasmic domain of the (P)RR by yeast
two-hybrid screening and coimmunoprecipitation (Schefe, Menk et al. 2006; Danser,
Batenburg et al. 2008; Schefe, Unger et al. 2008). The PLZF belongs to the family of
Kruppel-type zinc finger proteins (Chowdhury, Deutsch et al. 1987). It is a transcriptional
repressor involved in regulating cell cycle and growth suppression, and has been
suggested in limb development, differentiation of myeloid cells, and spermatogenesis
(Melnick and Licht 1999; Yeyati, Shaknovich et al. 1999; Barna, Hawe et al. 2000;
Takahashi and Licht 2002). The human PLZF has a Broad-Complex, Tramtrack, and
Bric-a-brac (BTB), or Poxvirus and Zinc Finger (POZ) domain in the N-terminal 120
amino acids, a central second repressor domain (RD2) of about 250 amino acids, and nine
C2H2 Kruppel-type zinc fingers in the C-terminus. The BTB domains in transcription
factors are usually involved in regulation of gene expression by controlling the chromatin
conformation (Albagli, Dhordain et al. 1995). The RD2 contains a proline-rich region,
which may be responsible for protein-protein interactions (Li, English et al. 1997,
Melnick, Westendorf et al. 2000). The zinc fingers are responsible for DNA binding, or
interactions with RNA or other protein partners. The X-ray crystal structure of the BTB
domain of human PLZF revealed a tightly intertwined dimer with about 25% of the
monomer surface involved in the hydrophobic interface (Ahmad, Engel et al. 1998).

On binding of (pro)renin by (P)RR, the PLZF is activated and translocated to the
nucleus to be recruited to the cis element of the (P)RR promoter. The transcription of the

(P)RR is repressed by the activated PLZF and therefore, a short negative feedback loop
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was created (Schefe, Menk et al. 2006). These results support a novel signal transduction
pathway in which (pro)renin, (P)RR, and PLZF are involved. This negative feedback
pathway, which downregulates the (P)RR expression, explains why accumulation of
(pro)renin during renin inhibitor exposure does not increase the (P)RR activity to a
significant level. Activation of (P)RR will cause a six-fold increase in recruitment of
PLZF to (P)RR promoter region and therefore prevent further (P)RR activation through
suppression of (P)RR expression (Schefe, Menk et al. 2006). Direct interaction of PLZF
with the cytoplasmic domain of the (P)RR was demonstrated by the yeast two-hybrid
study and coimmunoprecipitation with truncated (P)RR fragments (Schefe, Menk et al.
2006). However, which region(s) of the PLZF is responsible for the interaction remains
unclear.

Together with PLZF, the promoter activity of the p85a subunit of the
phosphatidylinositol-3 kinase (PI3K-p85a) was stimulated by 45% (Schefe, Menk et al.
2006). Nuclear PLZF binds to the PI3K-p85a consensus sequence and positively regulate
the gene. The PI3K-p85a is a protein involved in activation of protein synthesis and
cardiac hypertrophy (Senbonmatsu, Saito et al. 2003). What the exact roles of the

(P)RR-PLZF-PI3K-p85a pathway are in cellular function remain unclear.
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CHAPTER 2

Functional expression of DLP-1



2.1 Introduction

Functional and structural studies on DLP-1 would shed light onto the molecular
mechanisms of mitochondrial fission, increasing our understanding of mitochondrial
defects and prevent human diseases. The middle domain and the GED of dynamins and
related proteins are considered to be important for protein intra- and intermolecular
interactions (Shin, Takatsu et al. 1999; Smimova, Shurland et al. 1999; Zhang and
Hinshaw 2001; Zhu, Patterson et al. 2004). Mutations in the yeast homolog Dnm!l and
the human dynamin have been showed to impair the protein GTPase activities and disrupt
the protein oligomeric states (Ingerman, Perkins et al. 2005; Ramachandran, Surka et al.
2007). However, the functions of the DLP-1 middle domain on protein GTPase activities
and oligomerization have not been directly studied.

The dynamins also bind to lipids, particularly to negatively charged phospholipids,
primarily through their PH domains (Klein, Lee et al. 1998; Lemmon and Ferguson 2000).
Usually the regions between the middle domains and the GEDs of dynamin-related
proteins are topologically analogous to the dynamin PH domain, and these regions
contain high content of positively charged residues that have the potential to interact with
negatively charged membrane lipids. However, for the dynamin-related proteins, there is
no domain or motif that is obviously similar to the canonical PH domain in dynamin.
DLP-1 binds and tubulates membranes (Yoon, Pitts et al. 2001), but the specificities of
the binding and what region(s) is responsible for the binding remain unclear.

Finally, one bottleneck that impacts protein structural studies, especially
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membrane-interacting proteins of large size, such as DLP-1, is obtaining sufficient
amounts of highly purified protein suitable for functional and structural studies.
Towards solving the issues mentioned above, this chapter describes the recombinant
DLP-1 expression and purification, and biochemical analyses for functional

characterizations and future structural studies.

2.2 Materials and methods

2.2.1 DNA Cloning of DLP-1 and Mutants - The DNA encoding for wild type human
DLP-1 isoform 2, the GTPase domain (1-307aa), and the PH-like domain (497-607aa)
were amplified from cDNA IMAGE (clone ID 3882922) by PCR. The PCR amplification
was comprised of 35 cycles of denaturing at 94 °C for 30 sec, annealing at 55 °C for 45
sec, and elongation at 72 °C for 2 min and 30 sec for wild type DLP-1; 1 min for the
GTPase domain; and 40 sec for the PH-like domain, followed by 72 °C for 10 min. The
PCR products were purified by QIAquick PCR purification kit (QLAGEN), digested with
restriction enzymes Afl III and Xhol. The pLWO01 expression vector digested with Ncol
(Compatible with Afl III) and Xhol together with digested PCR products was transformed
into E.coli DH5a competent cells. Positive clones growing from LB plates containing
100 pg/ml ampicillin were picked, and plasmid DNAs were isolated and sequenced.
Site-directed mutagenesis was performed using GeneEditor in vitro site-directed

mutagenesis system (Promega).
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2.2.2 Protein Expression and Purification - The sequenced plasmid was transformed

into expression host E. coli C41 (DE3) competent cells. A fresh single colony from the
selection plate was inoculated into 100 ml LB media containing 100 pg/ml antibiotic at
37 °C with shaking at 200 rpm for overnight. Twenty ml of this culture was transferred
into 1 L fresh LB media and the cells were grown at 37 °C until the ODgoo reached to
0.8-1.0. The cells were then induced by adding 0.05 mM IPTG and incubated with
shaking at room temperature for 17 hrs. Cells were harvested by centrifugation and
stored at —80 °C.

To purify DLP-1 wild type and mutant proteins, the cell pellets were resuspended in
Buffer A (50 mM sodium phosphate, 300 mM NaCl, 250 mM sucrose, 10% glycerol, 10
mM B-mercaptoethanol, 0.1 mM EDTA, pH 8.0). After sonication, the crude cell extract
was centrifuged at 4 °C for 20 min at 12,000xg. The supernatant was loaded onto a
pre-equilibrated column containing 20 ml Ni-NTA agarose slurry. The column was
washed with buffer B (50 mM sodium phosphate, 300 mM NaCl, 10% glycerol, 10 mM
-mercaptoethanol, 20 mM imidazole, pH 8.0). The protein bound column was eluted by
Buffer C (50 mM sodium phosphate, 300 mM NaCl, 10% glycerol, 10 mM
-mercaptoethanol, 200 mM imidazole, pH 8.0). The protein eluates were pooled and

concentrated to 1 ml by Amicon ultra centrifugal filter molecular cutoff (Millipore).

223  Ion Exchange and Size Exclusion Chromatography — Ion exchange
chromatography was performed to further purify target proteins and remove
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contaminants. The pooled and concentrated eluates from Ni-NTA were loaded onto a 1
ml HiTrap Q ion exchanger (Amersham Biosciences) pre-equilibrated with Buffer D (20
mM Tris-HCl, pH 8.5). Protein was eluted off the column with a linear concentration
gradient of NaCl from 0 to 1 M, at a flow rate of 1 mI/min. The peak fractions containing
highly purified target protein were pooled and concentrated.

The oligomeric states of wild type DLP-1 and mutants were determined by analytical
size exclusion chromatography. A Superdex 200 10/30 GL or Superdex 75 10/30 GL
column was pre-equilibrated with buffer F (20 mM HEPES, 150 mM NaCl, 5% glycerol,
pH 7.2). The protein was loaded onto the column and eluted at a rate of 0.5 ml/min.
Fractions containing homogenous protein was combined and concentrated. Protein
concentration was estimated by Bradford assay using bovine serum albumin as standard.
For SDS-PAGE analysis, samples were electrophoresed on precast NuPAGE 4-12%
Bis-Tris polyacrylamide gels (Invitrogen) and visualized with Coomassie blue staining

and by Western blotting.

2.2.4 Measurement of GTPase Activity - The GTPase activities of DLP-1 wild type, the

GTPase domain, the G350D, the R365S, the APH, and the K38A were measured using a
Malachite Green phosphate assay kit (Bioassay systems) at room temperature. The
reaction included 1uM purified target protein with 0.05% bovine serum albumin, 16uM
GTP, and 2 mM MgCl; with Buffer F in an 800uL volume. At different time points,
200puL malachite green reagent was added to stop the reaction and the mixture was
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incubated at room temperature for 10 minutes to allow color to develop. Absorbance at
650 nm was measured spectrophotometrically, and the amount of released inorganic
phosphate was determined by using a standard curve of known phosphate concentrations.

All data points represent an average of at least three independent measurements.

2.2.5 Lipid-Protein Interactions - FAT-Western blot assay was used to investigate the

interaction of DLP-1 with free lipids. Membrane strips (Invitrogen) pre-spotted with
phospholipids were blocked using TBS-T-BSA buffer (10 mM Tris-HCl, 150 mM NacCl,
0.1% Tween 20, 3% fatty acid-free BSA, pH 8.0) for 1 h at room temperature. Two
pg/mL of target protein were incubated with TBS-T-BSA buffer at 4 °C overnight. The
membrane strips were washed three times and soaked into TBS-T-BSA with an
anti-hexaHis mouse monoclonal antibody (Clontech) at a 1:1,000 dilution at 4 °C
overnight. The membranes were then washed three times and incubated with secondary
antibody at a 1:5,000 dilution in TBS-T-BSA for 1 h at room temperature. After another
three-time washing, the target protein was detected by using the standard Western
Lightning Chemiluminescence Reagent (PerkinElmer LAS Inc.).

Further protein-lipids interactions were analyzed by liposome-binding assays. The
lipids consist of phosphatidylcholine, phosphatidylserine, or phosphoinositides were
incubated in TBS buffer (50 mM Tris-HCI, 100 mM NaCl, pH 7.0) at 37 °C for 1 h. After
vortexing for 5 min, the solution was centrifuged at 20,000xg at 4 °C. The pellet
containing 200 pg liposomes was resuspended in 100 pl TBS followed by adding 10
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pg/mL of protein. The binding reaction was performed by incubating the mixture at 30 °C
for 30 min. The solution was centrifuged at 20,000xg at 4 °C and the distribution of target
proteins was determined by SDS-PAGE and Western blotting using an anti-hexaHis
mouse monoclonal antibody (at 1:5,000 dilution) and anti-mouse antibody (at 1:10,000

dilution).

2.3 Results and Discussion

2.3.1 Protein Expression and Purification - To produce high-yield recombinant proteins

for functional and structural analysis, several aspects regarding membrane-associated
protein expression in E. coli were considered. First, a small 3.4 kb, hexa-histidine tagged
vector with high copy numbers, pLWO01, was selected as an expression vector. The
pLWO1 was generated based on pET-23d and pBluescript II KS + vectors and was
successfully used to express membrane protein P450 in E. coli (Bridges, Gruenke et al.
1998). Second, the E. coli C41 (DE3) strain was chosen as expression host. Although
DLP-1 exists primarily in the cytoplasm, it functions as a membrane-interacting protein
and probably binds to mitochondrial membranes. The C41 strain is a derivative of E. coli
BL21 (DE3) and can allow high-yield expression of membrane proteins, probably
because of the formation of internal membranes (Miroux and Walker 1996; Arechaga,
Miroux et al. 2000). Third, the growth conditions including temperature and
concentration of the inducer (IPTG) were optimized to reduce the rate of protein
synthesis and minimize formation of inclusion bodies. With these optimizations, about 10
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mg DLP-1 protein was purified from 1 L bacterial culture.

Several DLP-1 mutant species with deletions or point mutations were also
recombinantly expressed and purified for investigation of impacts of specific domains or
key amino acids on the biochemical properties of DLP-1. I have aligned the DLP-1
protein sequence with its homologues from other organisms and analyzed the secondary
structure to determine possible essential residues and domain boundaries. Except the
putative PH-like domain, other regions of the protein are highly conserved and contain
regular secondary structures with combination of helices and strands (data not shown).
However, no obvious secondary structures or sequence conservation were identified in
the PH-like domain. Therefore, I isolated the PH-like domain and also created DLP-1
APH in which the PH-like domain was deleted, to investigate whether the domain has
effects on DLP-1 biochemical functions. In addition, the GTPase domain was isolated to
analyze whether other domains are required for the DLP-1 full GTPase activity and
whether the GTPase domain is critical for protein oligomerization.. The G350 and the
R365 are located in the middle domain and are conserved in dynamin and a number of
dynamin-related proteins (Fig. 2.1). These two residues in DLP-1 homologues were
previously reported to be important for protein function including oligomerization and
GTPase activities (Ingerman, Perkins et al. 2005; Bhar, Karren et al. 2006;
Ramachandran, Surka et al. 2007). The K38A was used as a control to evaluate the
GTPase activities of other DLP-1 species. The K38 is conserved in dynamin and related
proteins (Fig. 2.1). It is located in the GTP/GDP binding motif of the GTPase domain and
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is critical for the GTP hydrolysis. Mutation of K38A was previously reported to abolish
the DLP-1 GTPase activity (Yoon, Pitts et al. 2001; Zhu, Patterson et al. 2004). The
schematic demonstration of these mutants is shown in Fig. 2.2A. With considerations of
DNA cloning and protein expression methods as described above, all the recombinant
DLP-1 species were purified to near homogeneity by Ni-NTA column and ion exchange

chromatography (Fig. 2.2B).

HsDLP T[e}s]S[erg=F]V Li4S LAY
HsDYN Glofs]Aler @RIV LN F )Y
ScDNM S[ofs]S[ep @R T LT LAY
DmDRP S[efs]S[ed g3V T14S VY

CeDRP S[efiA[edq-R1V L3N LY

ScDNM D[ejT|S S DENE§ Kipf Clefey-9 T
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Figure 2.1: Sequence alignments of partial GTPase domain (upper) and the middle
domain (lower) of dynamin related proteins. HsDLP, H. sapiens DLP-1; HsDYN, H.
sapiens Dynamin; ScDNM, S. cerevisiae Dnm1p; DmDRP, D. melanogaster dynamin
related protein; CeDRP, C. elegans dynamin related protein. The K38, G350, and R365 of
DLP-1 were indicated by arrows.
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Table 2.1: Specific GTPase activity of DLP-1 WT and mutants. The specific activities
were measured based on the linear regions of the reactions.

Protein Specific Activity

DLP-1 WT 0.90 uM GTP/ min / pM protein
GTPase domain (1-307) 0.35 puM GTP/ min / uM protein
R365S 0.12 uM GTP/ min / pM protein
G350D 0.10 uM GTP/ min / uM protein

53



WT
APH

G350D
GTPase [ R363S K PHD R365S

< GTPae > GTPase Domain
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Figure 2.2: Purification of DLP-1 WT and mutants. (A) Schematic illustration of
constructs. APH, DLP-1 lacking 501-607 aa; G350D and R365S, DLP-1 with a point
mutation at G350 and R365, respectively; GTPase domain, DLP-1 1-307 aa; PH-like
domain, DLP-1 501-607aa. (B) SDS-PAGE analysis of purified recombinant DLP-1 WT
and mutants. From left to right: molecular weight markers; DLP-1 WT; APH; G350D;
R365S; the GTPase domain; the PH-like domain.
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Figure 2.3: GTPase activity of purified DLP-1 WT and mutants by malachite green
colorimetric assay. (A) GTP hydrolysis by DLP-1 WT. The data were plotted as time
(min) vs. released phosphate (uM). Square, DLP-1 WT; triangle, DLP-1 K38A; (B) GTP
hydrolyzed by DLP-1 WT and mutants. The data were plotted as time (min) vs.
hydrolyzed GTP/total GTP (%). Squares, WT; triangles, the GTPase domain; stars,
R365S; circles, G350D; rhomboids, APH. All data points represent an average of at least
three independent measurements.
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2.3.2 _GTPase Activities — The full-length DLP-1 showed efficient GTPase activity (Fig.

2.3A and Table 2.1) as apposed to the GTPase null mutant K38A, which is consistent
with previous studies (Yoon, Pitts et al. 2001; Zhu, Patterson et al. 2004). The isolated
GTPase domain demonstrated lower activity than the full-length protein (Fig. 2.3B and
Table 2.1). Although the GTPase domain is supposed to provide enzymatic function, its
lower activity measured in this experiment suggests roles of other domains in the DLP-1
full GTPase activity. Presumably it is the lack of GED that is probably responsible for the
reduced GTPase domain activity based on previous reports about roles of the GED of
dynamins or related proteins in GTPase activity.

Although controversial, the GED of dynamin was considered to have GTPase
activating protein (GAP) activity (Muhlberg, Warnock et al. 1997; Sever, Muhlberg et al.
1999). Direct interactions between the GTPase domain and the GED of dynamin were
demonstrated by yeast two-hybrid studies (Smirnova, Shurland et al. 1999). Meanwhile,
the crystal structures of the GTPase domains of Dictyostlium dynamin A and rat dynamin
1 revealed a hydrophobic groove suggesting a putative GED interacting site (Niemann,
Knetsch et al. 2001; Reubold, Eschenburg et al. 2005). Although strong interactions
between the GTPase domain and the GED of DLP-1 was not detected directly by yeast
two-hybrid assay, point mutations in the GEDs of DLP-1 or yeast DNM1 were reported
to cause a reduction of GTPase activity probably by interfering the interactions of GED
with the middle domain and further the GTPase domain (Shin, Takatsu et al. 1999;
Fukushima, Brisch et al. 2001; Zhu, Patterson et al. 2004). Therefore, The possible roles
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of the C-terminus, particularly the GED in the DLP-1, on GTPase activity may explain a
relatively low activity of the GTPase domain. Our results from another aspect,
demonstrated that the GED is important for the full GTPase activity of DLP-1.

Both the G350D and the R365S mutations showed much lower GTPase activities (Fig.
2.3B and Table 2.1). Since these two mutations are not physically located in the GTPase
domain, it is possible that they affect the protein activity by interfering with the
intramolecular interactions, particularly between the middle domain and the GED so that
the GED could not reach effectively to the GTPase domain (Fig. 2.4B). The crystal
structure of a member of the dynamin superfamily, human guanylate-binding protein 1
(hGBP1) showed that the GED folds back interacting with the middle domain and
extends to the GTPase domain (Prakash, Praefcke et al. 2000; Prakash, Renault et al.
2000). The three-dimensional map of dynamin from cryo-electron micrographs suggested
a similar structural property of a “stalk” region constituted by the middle domain and the
GED (Zhang and Hinshaw 2001). In addition, yeast two-hybrid assays of dynamins and
related proteins showed direct interactions between the GED and the middle domain
(Shin, Takatsu et al. 1999; Smirnova, Shurland et al. 1999; Zhu, Patterson et al. 2004).
Therefore, The two mutations may cause conformational changes in the middle domain
of DLP-1 and interfere the intramolecular interactions and further affect the GTPase
activity.

The results that the two point mutations have lower activities than isolated GTPase
domain indicated that besides affecting the interactions between the GED and the GTPase
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domain, other local protein structures that are important for the activity may also be
affected. Given the fact that the two residues are close, the similar low activities that both
point mutations exhibited indicated that they may fall in the same functional or structural
group. Meanwhile, to my knowledge, for the first time, I demonstrated that the middle

domain is important to the DLP-1 GTPase activity.
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Figure 2.4: Schematic model of DLP-1 intr lecular interacti GTPase: the
GTPase domain; Middle: the middle domain; PL: the PH-like domain. Arrow: active site
the GTPase domain (A) wild type DLP-1. The lines show the interactions between the
middle domain and the GED. (B) G350D or R365S. (C) APH.




Surprisingly, deletion of the PH-like domain abolished the GTPase activity (Fig. 2.3B).
It is hard to interpret this result since the GTPase domain is intact in the APH. A possible
interpretation is that deletion of the PH-like domain forces the GED to fold back from the
very end of the middle domain instead of from the end of the PH-like domain as in
full-length DLP-1. This structure change makes the C-terminus of the GED reaching
further than normal to the GTPase domain and blocking the active site of the GTPase
domain (Fig. 2.4C).

The GTPase activities of dynamins can be largely stimulated by assembly into higher
order structures from tetramers at low ionic strength environments or in presence of
specific phospholipids (Warnock, Hinshaw et al. 1996; Barylko, Binns et al. 1998;
Stowell, Marks et al. 1999). I have attempted to measure the stimulated GTPase activity
of wild type DLP-1. At low ionic state of 20 mM NaCl, DLP-1 formed a structure larger
than its native size (data not shown). However, no stimulated GTPase activity was
observed either in low ionic state or in presence of phospholipids (data not shown). These
observations may be accounted for by the fact that particular components of the fission
complex or specific mitochondrial membrane structures may be required for the

stimulation of DLP-1 GTPase activity.

2.3.3 Oligomeric States — Since the GTPase domain, the G350D, the R365S, and the
APH demonstrated reduced GTPase activities, I was interested in studying the oligomeric
states of these species to analyze whether the decreased activities have relationships with
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protein oligomerization. For the middle domain, intermolecular interactions of dynamin
were previously reported to be important for the protein oligomerization and further
assembly (Smimova, Shurland et al. 1999; Zhang and Hinshaw 2001). The yeast
mutation equivalent to DLP-1 G350D and the human dynamin mutation equivalent to
DLP-1 R365S have been showed to impair the protein GTPase activities and disrupt the
multimeric or tetrameric protein states to dimeric state (Ingerman, Perkins et al. 2005;
Ramachandran, Surka et al. 2007). Therefore, I sought to determine whether the reduced
GTPase activities of the G350D and the R365S are caused by disruption of protein
oligomerization. For the GTPase domain and the PH-like domain, I am interested in their
oligomeric states for investigating whether the domains are critical for full-length protein
oligomerization.

DLP-1 exists primarily as tetramers in the cytosol and forms higher order structures
once binding to membranes (Shin, Takatsu et al. 1999; Zhu, Patterson et al. 2004). Our
size exclusion chromatography results showed that the full-length DLP-1 can be isolated
as a size of about 350 kDa, corresponding to the tetrameric state (Fig. 2.5A and Table 2.2),
consistent with previous reports (Shin, Takatsu et al. 1999; Zhu, Patterson et al. 2004).
Similarly, the G350D and the R365S were eluted also at about 350 kDa (Fig. 2.5B, C and
Table 2.2), displaying stable tetrameric forms that are almost indistinguishable from that
of the wild type protein. These results suggested that the G350D and the R365S
mutations do not seem to affect the intermolecular interactions, and the reduced GTPase
activities do not appear to be caused by loss of protein quaternary structures. Although
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the middle domain may be important for not only protein activities, but also protein
oligomerization, mutations in these two positions may not be strong enough to alter the
intermolecular interactions. However, they are sufficient to show that the middle domain
of DLP-1 is important for protein activities, and the untouched protein oligomeric states
support our interpretation about the reduced GTPase activities of the G350D and R365S
that alteration of intramolecular interactions caused by possible conformational changes
in the middle domain may be responsible for decreased activities (Fig. 2.4A).

Unlike the DLP-1 G350D and R365S which keep uninfluenced oligomeric states, the
equivalent mutations in yeast DNM1 and human dynamin was disrupted to dimers
compared to the wild type multimers and tetramers, respectively (Ingerman, Perkins et al.
2005; Ramachandran, Surka et al. 2007). Although these proteins are functionally similar,
difference in protein natures may explain the distinct effects of equivalent mutations on
protein oligomerization. For example, compared to the tetrameric DLP-1 found in cytosol
or in vitro (Shin, Takatsu et al. 1999; Zhu, Patterson et al. 2004), the Dnm1 aggregates in
cytosol and was isolated as multimers likely 8-12 mers (Ingerman, Perkins et al. 2005).
Therefore, it is possible that either DLP-1 forms relatively stronger tetramers, or other
residues evolved in DLP-1 that is critical for the dimer to tetramer transition.

In addition, the reduced GTPase activities with untouched tetrameric forms that the
two middle domain mutations G350D and R365S exhibited are similar with the
phenotypes reported previously for the mutation in the DLP-1 GED, K679A (Zhu,
Patterson et al. 2004). Because of the intramolecular interactions between the middle
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domain and the GED, mutations on either side would disrupt the similar interactions and
cause similar defective “open” state. The parallel phenotypes of mutations from different
locations may provide another evidence that the middle domain interacts with the GED.

The isolated GTPase domain (1-307aa) was characterized as 35 kDa, a monomeric size
by exclusion chromatography (Fig. 2.5D and Table 2.2), indicating that probably this
domain is not involved in DLP-1 oligomerization. Lack of oligomerization may be
another factor responsible for the reduced activity of the isolated GTPase domain. In
addition, during testing possible domain boundary of the GTPase domain, I also isolated
the 1-323aa and 1-340aa fragments because secondary structure prediction suggested a
long helix ending at residue 323 and sequence alignments favored residue 340 as the
domain boundary (data not shown). However, although these fragments were purified,
they aggregated when analyzed by size exclusion chromatography (data not shown). This
may suggest that the part from residue 308 to 340 is involved in the formation of middle
domain helix bundle and inclusion of this part into the isolated GTPase domain may
cause the hydrophobic region exposed to solvent.

Taking the activities and protein oligomerization results of the isolated GTPase domain,
the G350D, and the R365S, our findings support the idea that the GED plays roles in the
protein GTPase activity. And proper intramolecular interactions with the middle domain
are important for normal GED functions on DLP-1 activity.

Because deletion of the PH-like domain abolished the GTPase activity, I was interested
in investigating the oligomeric state of the DLP-1 APH to determine whether the loss of
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activity was caused by collapse of the overall protein structure without the PH-like
domain, and whether the PH-like domain is critical for the full-length protein
oligomerization. The chromatography results showed that the APH exists as about 300
kDa, stable tetramers without any sign of quaternary structure being disrupted (Fig. 2.5E
and Table 2.2), indicating that deletion of the PH-like domain does not affect the protein

oligomerization.
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Figure 2.5: Size exclusion chromatography of DLP-1 WT and mutants. Panels A, B,
C, and E show chromatography on a Superdex 200 10/30 gel filtration column; panels D
and F show chromatography on a Superdex 75 10/30 gel filtration column. (A) DLP-1
WT; (B) G350D; (C) R365S; (D) the GTPase domain; (E) APH; (F) the PH-like domain;
(G) Kav versus molecular weight plot of protein standards. The standards were plotted as
Kav vs. molecular weight. K;, was obtained by the formula of K,y = (V-Vo)/(Vi-Vo),
where V. is the elution volume of each molecular weight markers, V, the void volume,
and V, total volume of the column.
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Figure 2.5 continued
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Figure 2.5 continued
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Figure 2.5 continued
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Table 2.2: Calculated molecular weight of DLP-1 WT and mutants by gel filtration.
Molecular weight was based on the protein standards (Fig. 4G).

Protein Calculated MW | Oligomeric state
DLP1 WT 350000 tetramer
DLP1_G350D 350000 tetramer
DLP1_R365S 350000 tetramer

DLP1 1-307 35000 monomer
DLP1_APH 300000 tetramer
DLP1_PH-like domain 45000 tetramer

A number of research has described the GED of dynamins or related proteins as a key
player in protein oligomerization and higher order structure formation (Danino and
Hinshaw 2001; Praefcke and McMahon 2004). Also, the middle domain was considered
to be critical for these structures (Zhang and Hinshaw 2001; Ingerman, Perkins et al.
2005; Ramachandran, Surka et al. 2007). I have attempted to expressed DLP-1 fragments
with the middle domain or the GED deleted to directly study the effects of these two
domains on protein oligomerization. Unfortunately, they were aggregated in non-soluble
inclusion bodies in regardless of expression conditions optimized. However, this may
suggest that both the middle domain and the GED are critical for the intra- and
intermolecular interactions, and when lacking one of these domains, the hydrophobic
regions that are supposed for the interactions are exposed to solvent and the protein
aggregate. Since the GTPase domain itself is a monomer, and the PH-like domain is not
essential for the protein oligomerization, our results suggest important roles of the middle

domain and the GED in DLP-1 oligmerizations.
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The isolated PH-like domain showed a size of about 45 kDa, a tetramer by exclusion
chromatography (Fig. 2.5F and Table 2.2). At this point, although we could not exclude
the PH-like domain to be involved in the protein oligomerization, the fact that the APH is
in stable tetrameric state suggested that tﬁe PH-like domain may not be the major
determinant of DLP-1 tetramerization. The untouched quaternary protein structure
without major damage on the ability of oligomerization of the APH also supports our
previous interpretation that inappropriate intramolecular interactions may cause the
abolishment of the APH GTPase activity (Fig. 2.4B).

Taken together, our results support the potential roles of the middle domain and the

GED in DLP-1 intra- and intermolecular interactions.

N
BN

Interactions with Lipids and Membranes - The dynamins bind to lipids,

particularly to negatively charged phospholipids, primarily by their PH domains
(Klein, Lee et al. 1998; Lemmon and Ferguson 2000). However, for the
dynamin-related proteins, there is no obvious domain or motif indicating a
typical PH domain. Usually the regions between the middle domains and the
GEDs of dynamin-related proteins are physically analogous to the dynamin PH
domain, and these regions also contain large content of positively charged
residues that have potential to interact with negatively charged membrane lipids.
For dynamin-related proteins, only Arabidopsis dynamin-like protein 2 (ADL2)
was reported to bind specially to phosphatidylinositol 4-phosphate (PI(4)P) in
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vitro without knowing which region is responsible for the binging (Kim, Park et
al. 2001). DLP-1 was reported to bind and tubulate membranes (Yoon, Pitts et al.
2001). However, the specificities of the binding and what region(s) is responsible

for the binding remain unclear.

A B

5 13
2 2
3 3
4 47
5 5
6 63
7 7
8 8 :
DLP-1 WT PH-like domain

Figure 2.6: Lipids-binding of DLP-1 WT and the PH-like domain. For phospholipids
that each number represents, see Tables 2.3.
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Table 2.3 A: Illustration of binding strength of DLP-1 WT to phospholipids. “--”, no
binding; “+”, binding. The strength of binding is relative to the control spot (No. 16).

8. Phosphatidylcholine

16. Blank

Lipids Binding Lipids Binding

1. Lysophosphatidic acid -- 9. Sphingosine 1-Phosphate --

2. Lysophophatidylcholine -- 10. PtdIns(3,4)P2 ++++
3. Phosphatidylinositol (PtdIns) -- 11. PtdIns(3,5)P2 +++
4. PtdIns(3)P ++++ | 12. PtdIns(4,5)P2 ++

5. PtdIns(4)P +++ 13. PtdIns(3,4,5)P3 ++++
6. PtdIns(5)P +++ 14. Phosphatidic acid +/--

7. Phosphatidylethanolamine -- 15. Phosphatidylserine +

Table 2.3 B: Illustration of binding strength of the PH-like domain to phospholipids.

Please refer to A for legend.

8. Phosphatidylcholine

16. Blank

Lipids Binding Lipids Binding

1. Lysophosphatidic acid -- 9. Sphingosine 1-Phosphate --

2. Lysophophatidylcholine -- 10. PtdIns(3,4)P2 +++
3. Phosphatidylinositol (PtdIns) -- 11. PtdIns(3,5)P2 +++
4. PtdIns(3)P ++++ | 12. PtdIns(4,5)P2 ++

5. PtdIns(4)P ++ 13. PtdIns(3,4,5)P3 ++

6. PtdIns(5)P ++ 14. Phosphatidic acid ++++
7. Phosphatidylethanolamine -- 15. Phosphatidylserine +/--

Using Fat-Western blot assay, I found that DLP-1 wild type protein bound to free lipids,

specifically to negatively charged phospholipids (Fig. 2.6A). The protein bound

dominantly to phosphoinositides (PIs) with minor interactions with phosphatidylserine

(PS) and phosphatidic acid (PA) (Table 2.3). Different with the ADL2 that the protein

bound exclusively to PI(4)P and the dynamins that bound to PI(4,5)P2 specifically,
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DLP-1 interacted with all PIs similarly without distinguishable specificities to one or a
few of them. Although some reported membrane-interacting proteins seem to bind to
specific lipids, binding to PIs without specificities is not uncommon to proteins that
interact with membranes (DiNitto, Cronin et al. 2003; Lemmon 2007; Lemmon 2008).
For example, the Annexin, epsin N-terminal homology (ENTH), AP180 N-terminal
homology (ANTH), Bin/amphiphysin/Rvs (BAR), and Fer-CIP4 homology (F-BAR)
domain-containing proteins bind either general acidic phopholipids or PIs without
specific preferences (Lemmon 2008). However, research on a number of
membrane-binding proteins indicated that, for proteins that bind lipids without specificity,
if specificity exists, it could be acquired by induction of specific signals or environments
(Lemmon 2008). For example, increase of calcium concentration in cytosol is a signal for
some Annexin domain-containing proteins, and curved membrane environments seem to
be required for the BAR domain-containing proteins to acquire PIs-binding specificity
(Zimmerberg and McLaughlin 2004; Gerke, Creutz et al. 2005; Lemmon 2008).
Therefore, non-specific interactions of DLP-1 with PIs do not exclude the possibilities
that it binds specifically to one of the PIs at specific mitochondrial fission time or
location. Meanwhile, since usually each individual PI is not abundant on the
mitochondrial outer membranes, the ability to bind promiscuously to PIs or other acidic
phospholipids may provide an advantage for DLP-1 to interact efficiently with
membranes. Moreover, during mitochondrial fission events, the PIs may aggregate to
specific fission sites to allow membranes recognition by DLP-1. However, lipid binding
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does not exclude the possibility that DLP-1 interacts with other molecules such as hFisl
to form division complex onto the mitochondrial outer membranes. It is likely that the
interaction of specific (or some non-specific) lipids with protein is necessary for DLP-1
to function properly in the mitochondrial fission process. Also, DLP-1 binding to PIs may
serve as a signal to cytosol or to the inner mitochondrial space to further promote
mitochondrial fission or other events such as apoptosis. For example, even if the DLP-1
doe not directly provide mechanical force to break the membrane, binding to the
membrane may signal other molecules to facilitate the fission events. Generally speaking,
our results suggested that DLP-1 may interact with membranes partially, if not totally, by
binding acidic phospholipids in general and PIs preferentially.

Using the Fat-Western blot assay, the isolated PH-like domain was found to bind to
lipids with a pattern that is similar with that of the wild type DLP-1, mostly to PIs with
similar binding strength (Fig. 2.6B and Table 2.3). These results, to some extent, indicate
that the PH-like domain may facilitate the interactions of DLP-1 with membranes, which
is consistent with the three-dimensional structure of dynamin from cryo-electron
micrographs that the PH domain is oriented to face the membrane directly (Zhang and
Hinshaw 2001).

Although contains large content of positively charged residues, the protein sequence of
the DLP-1 PH-like domain was not found to be conserved when aligned with other
dyanmin-related proteins. This may suggest that function of the PH-like domains of
dynamin-related proteins may not be limited to binding to membranes. They could have
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evolved and acquired other functions, possibly interacting with specific proteins to

facilitate the formation of protein 1 This ph is ly observed

for some lipids-bind domains such as the ENTH, ANTH, BAR, and F-BAR, which

d

pi p to specific acidic phospholipids, but are involved
in other cellular functions such as curving or deforming membranes (Itoh and De Camilli
2006; Lemmon 2008). Also, the PH domain-containing proteins often have protein
interacting domains such as Src homology 2, 3 (SH2, SH3) to strengthen membrane
binding by interacting with other protein molecules (Schlessinger 2000). Since there is no
such a domain predicted or identified in the DLP-1, the PH-like domain may be bi- or

multifunctional to involve in both membranes and protein interactions.

MWSINPSINP SIN P SINP SIN P
DLP-1 APH G360D R366S PH

Figure 2.7: Liposome-binding of DLP-1 WT and mutants. The liposomes used in the
assay were made from DOPS (see text). S/N refers to the supernatant fraction and P to the
pellet.
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DLP-1 has been reported to bind and tubulate lipid membranes in liposome-binding
assays (Yoon, Pitts et al. 2001). I investigated whether the mutant DLP-1 species
impaired the liposome-binding properties by using this assay, since liposome vesicles are
good approximation of the lipid membrane structure (DiNitto, Cronin et al. 2003). The
results showed that the G350D, the R365S, and the APH were dominantly fractionated in
the pellets as wild type DLP-1 was (Fig. 2.7), indicating that the mutations did not cause
significant changes on the protein liposome-binding properties. Since these mutants also
retained proper oligomeric states (Fig. 2.4), it is likely that the tetrameric structure is one
of the factors required for the membranes binding. Interestingly, APH still bound
liposomes, indicating that besides the PH-like domain, there must be other regions in
DLP-1 also are responsible for the membrane association. If the PH-like domain alone
binds too weakly to lipids to drive DLP-1 to membranes, combination of other
lipids-interacting regions would help cooperatively promote membranes targeting.
Unexpectedly, although bound to free lipids, the PH-like domain was almost exclusively
fractionated in the supernatant, indicating that it did not bind liposomes (Fig. 2.7). This
contradictory results could be explained by the unique structures of liposomes that more
approximate in vivo membrane structures than free lipids do, and the PH-like domain
may need specific structural scaffolds which is provided by other domains of DLP-1 to
interact with membranes. Unlike the free lipids, the membrane surface is usually curved
and global which may only be associated by specific protein structures. In vivo, the
PH-like domain may be oriented the way that one side interacts with membranes and
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another side with other protein molecules. For the wild type protein, other domains may
help drive membranes associations by both interacting with membranes themselves and
stabilizing the PH-like domain orientation to enhance the binding. However, for isolated
PH-like domain, although has lipids-interacting abilities, without other domains’ support
as scaffolds, the membranes interactions may not be stable given the fact that the binding
may be weak or non-specific.

Taken together, the results suggested that other than the PH-like domain, DLP-1 may
contain more membrane-interacting regions, and these regions may also function as a
scaffold for supporting and orienting the PH-like domain for appropriate membrane

targeting and protein interactions.

2.4 Conclusion

The biochemical and structural properties of recombinant full-length DLP-1 and
selected mutants have been studied. The DLP-1 WT, G350D, R365S, APH, GTPase
domain, and PH-like domain were expressed in E. coli and purified to near homogeneity
by a number of protein purification tools including Ni-NTA column, ion exchange, and
analytical gel filtration chromatography. GTPase activity, oligomeric state, and
lipid-binding properties of appropriate DLP-1 species were investigated.

Compared to the full-length DLP-1, the isolated GTPase domain exhibited a relatively
lower GTPase activity, suggesting a role of the C-terminus of DLP-1 probably the GED
in the full GTPase activity. The G350D and R365S mutants in the middle domain
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severely impair the GTPase activity, but have no significant effects on the protein
oligomeric state, indicating that these two mutations interrupted the intramolecular but
not intermolecular interactions, and therefore, the middle domain of DLP-1 is important
for the protein activity probably by facilitating appropriate connections between the
GTPase domain and the GED.

Size exclusion chromatography showed that deletion of the PH-like domain has no
significant effects on protein oligomeric state. Together with the results that the isolated
GTPase is a monomer, this indicated that the GTPase domain and the PH-like domain
may not be major determinants of DLP-1 tetramerization, further suggesting important
roles of the middle domain and the GED in protein intermolecular interactions.

The DLP-1 and the isolated PH-like domain bound free phosphoinositides suggesting
that DLP-1 may interact with membranes directly by binding acidic phospholipids
preferentially phosphoinositides, and the PH-like domain may be responsible for the
interactions. Although GTPase activity abolished, the APH bound to liposomes
suggesting in addition to the PH-like domain, other regions of DLP-1 may function as
lipids-interacting enhancer as well as scaffolds for orienting the PH-like domain into

appropriate membrane targeting.
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CHAPTER 3

Structural studies of DLP-1 and MFN-1
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3.1 Introduction

Structural studies on DLP-1 and MFNs, particularly X-ray crystal structure
determinations at high resolution, would provide a physical foundation for functions of
these proteins, shed light on the molecular mechanisms of mitochondrial fission and
fusion, and help understand some human diseases caused by mitochondria-related defects.
One of the rate-limiting steps in structural biology is protein crystallization. Depending
on a protein’s physical nature, some proteins are relatively easy to crystallize, while,
some others, such as large and complex proteins from higher organisms, are much more
challenging for crystallographer. For membrane-interacting proteins, particularly integral
membrane proteins, other factors such as protein expression and purification may also
become rate-limiting steps for structural studies instead of the crystallization. This
situation arises from the fact that membrane-interacting proteins contain hydrophobic
transmembrane or membrane-interacting regions, which can interfere with folding and
assembly during expression. Molecular protein engineering sometimes is a helpful tool
bypassing these problems and increasing the chance of protein crystallization.
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