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Abstract
Germ cells are the unique source of gametes for multicellular organisms and are specified
through different mechanisms. One such specification mechanism is inheritance-mediated, in
which the molecular factors necessary and sufficient to impart germ cell fate (collectively
referred to as “germ plasm”) are maternally synthesized and deposited during oogenesis or early
embryogenesis. Incorporation of this germ plasm into newly formed cells results in primordial
germ cells. This mechanism stands in contrast to the predominant metazoan (and likely ancestral)
mode of germ cell specification termed induction; germ cells specified via induction are the
result of extracellular signaling from one embryonic tissue to another, triggering the expression
of germ plasm components in the recipient cell type. In Drosophila melanogaster, the gene oskar
(osk) is necessary and sufficient for organizing germ plasm in the oocyte, leading to primordial
germ cell specification. While many investigators have offered thorough developmental and
genetic investigations of osk, an understanding of the specific molecular mechanisms by which
its protein products accumulate germ plasm is presently lacking. Oskar protein is uncharacterized,
but is predicted to contain two well-folded domains: an N-terminal winged helix-turn-helix
domain (the LOTUS/OST-HTH domain) and a C-terminal domain bearing sequence similarity to
SGNH hydrolases (the lipase-related domain). The function of both domains is unknown, but
previously published mutational data demonstrate that the lipase-related domain is crucial for
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Osk protein function. It is currently not known if the LOTUS/OST-HTH domain is necessary for
the accumulation of germ plasm at the posterior pole. Using X-ray crystallography, I solved four
structures of the LOTUS domain (corresponding to residues 139-241) and found that it forms a
homodimer. In contrast to published characterized winged helix-turn-helix structures, the
LOTUS homodimer conformation results from two !-hairpins (one from each protomer) forming
a completed !-sheet. Analytical size exclusion chromatography, bacterial two-hybrid, and multiangle light scattering experiments confirm that the LOTUS domain exists as a dimer in solution
and combined with site-directed mutagenesis, the dimerization interface is indeed formed by a
completed !-sheet as revealed by the crystal structures. Using a GAL4/UAS inducible D.
melanogaster transgenic osk reporter, deletion of the LOTUS domain was found to abrogate the
accumulation of germ plasm components, indicating that this domain is necessary for Oskar
protein function. Furthermore, substituting the LOTUS domain with exogenous dimerization
domains does not restore Osk activity. It is then postulated that oligomerization as mediated by
the LOTUS domain constitutes at least one crucial aspect of its function within the context of full
length Oskar protein.
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CHAPTER 1

INTRODUCTION

1

Germ cell specification resolves an inherent barrier to the evolution of multicellularity

The transition to multicellularity involved many changes for a unicellular organism [1, 2],
perhaps the most significant being a shift from metabolic/functional generalization to
specialization. A single-celled organism must perform all the necessary tasks for its survival and
reproduction, whereas a multicellular organism can divide these tasks within a network of
differentiated cells [3]. This division of labor is a benefit to the multicellular organism
morphological, metabolic, and regulatory innovation are readily achievable through cellular
differentiation [3, 4]. The transition to multicellularity, however, is only evolutionarily favorable
for a unicellular organism if its reproductive fitness is increased [1, 3, 4]. A dilemma then
emerges: a single cell is better able to survive to potentially reproduce when part of a
multicellular organism, but by maintaining its differentiated and cooperative (somatic) state, the
cell compromises its capability to directly contribute to the next generation [1, 3-5].

To stabilize the multicellular state, the conflict between the potential and (un)realized
reproductive fitness of a somatic cell must be resolved [1, 3, 4]. The solution is the specification
of a genetically identical cell type (the germ cell) whose sole function is reproduction [1, 3, 4].
The division of labor and, thus, the adaptive value of multicellularity are then reinforced: germ
cells pass on a genetic complement identical to that of the somatic cells, while somatic cells
perform all the processes necessary for germ cell survival [6, 7].

2

Inheritance and inductive mechanisms of metazoan germ cell specification

While all multicellular organisms form germ cells, they are specified in various ways.
Metazoan germ cell specification predominantly occurs through one of two mechanisms [8, 9].
The inheritance mechanism involves the maternal synthesis and localization of germ cell
determinants (particular RNAs and proteins) during oogenesis (Figure 1A) [9, 10]. Incorporation
of these cytoplasmic factors into newly formed cells is necessary and sufficient for germ cell
specification (see [11] for an example). The inductive mechanism involves extracellular signals
sent during embryogenesis. These signals are received and processed by certain cells, leading to
the expression of germ cell determinants and subsequent specification of the germ line (Figure
1A). Importantly, while most germ cell determinants are conserved among all metazoans [12],
their source is what distinguishes the two specification mechanisms: determinants either
originate from the mother (inheritance) or from the developing organism itself (induction).

Morphological and molecular data suggest that induction-mediated germ cell
specification is representative of an ancestral mechanism by which the last common ancestor to
extant metazoans specified a germ line [8, 9, 13, 14]. Given this assumption and the evolutionary
relationships between extant taxa, it follows that inheritance-mediated germ cell specification
arose multiple times during metazoan evolution (Figure 1B) [8, 9]. Despite these putative
separate origins for the maternal deposition of germ cell determinants, most of the determinants
themselves bear strong conservation in sequence and molecular function among extant taxa. Are
there then common developmental and/or molecular characteristics between independently
evolved inheritance-mediated germ cell specification mechanisms?
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A

B
Inheritance

porifera
diptera
hymenoptera
orthoptera
myriapoda

oocyte

Induction

embryo

lophotrocozoa
hemichordata
echinodermata
cephalochordata
Induction
Inheritance

embryo

Both

germ cell determinants

urochordata
vertebrata

Figure 1. Metazoan germ cells are predominantly specified through one of two
mechanisms: inheritance and induction. A. Germ cells are specified either through an
inheritance or induction based mechanism [8]. In the former, maternally derived germ cell
determinants (green) are localized within the single-cell oocyte (or zygote). Later cellular
incorporation of these determinants specifies the resulting cells as the future germ line. In
contrast, the inductive mechanism involves extracellular signals (blue arrows) sent from one
tissue type to another within the cellularized embryo. These signals induce the production of
germ cell determinants in the recipient tissue, thus specifying the germ line. B. A survey of germ
cell specification mechanisms among metazoans suggests that the last common ancestor
specified its germ line via induction (white; [8, 9]). If this is true, then given the evolutionary
distribution of extant taxa, inheritance-based mechanisms of germ cell specification evolved
multiple times. Tree adapted from [8, 9].

4

Drosophila melanogaster specifies germ cells via inheritance and relies on one critical gene: osk

Among metazoans, Drosophila melanogaster (the fruit fly) is a notable model organism
from which much has been learned of its inheritance-mediated germ cell specification. In D.
melanogaster, a particular collection of RNAs and proteins (termed the “germ plasm”) is
synthesized and transported from nurse cells to the transcriptionally quiescent oocyte (Figure 2A;
reviewed in [15, 16]). The posterior accumulation of germ plasm is necessary and sufficient for
pole cell formation (the progenitors of germ cells) [17, 18]. The protein products from one gene,
oskar (osk), are absolutely critical for this accumulation; osk is both necessary and sufficient for
germ cell formation and posterior patterning [19-23]. During early oogenesis, osk mRNA is
transported from nurse cells to the oocyte as a component of a translationally repressed
ribonucleoprotein complex; osk mRNA is subsequently localized to the posterior pole by
microtubule and actin filament based motors [19-21, 24-53]. Once localized, osk mRNA
translation is derepressed [22, 23, 26, 36, 39, 42, 44, 46, 54-65], leading to the synthesis of two
protein isoforms, long and short Osk, from two alternate initiation codons within the same
transcript [55].

While long (606 amino acids) and short (468 amino acids) Osk differ only by 138 Nterminal amino acids (Figures 3 and 4), they possess distinct developmental activities (see Figure
5) and molecular associations [55, 66-70]. Notably, expression of only short Osk is not sufficient
to maintain osk mRNA or Osk protein at the posterior pole [67], but it nonetheless promotes a
low frequency of pole cell formation (Figure 5) [55]. In contrast, long Osk can maintain both osk
mRNA and itself at the posterior pole, but it cannot promote pole cell formation (Figure 5) [67].
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D. melanogaster
anterior

posterior

egg chamber
nurse cell
oocyte
germ plasm components
Oskar protein

embryo

Figure 2. Oskar protein localizes germ plasm components at the oocyte posterior. During
Drosophila melanogaster oogenesis, factors necessary for development are synthesized in and
transported from the fifteen nurse cells (dark grey) into the oocyte (light grey). A subset of those
factors is necessary and sufficient for the formation of pole cells (the progenitors of the germ
cells). The posterior localization of these factors (collectively termed germ plasm components or
the germ plasm; green) in the oocyte is dependent on Oskar protein function (red). osk mRNA is
produced in the nurse cells and subsequently localized (by microtubule and actin filament based
motors) to the oocyte posterior. Oskar protein is then translated at the posterior pole (where it
remains during the remainder of oogenesis) and promotes the local accumulation of germ plasm,
resulting in pole cell formation (green circles).
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G. bimaculatus Osk!
D. melanogaster short Osk!
D. melanogaster long Osk!
% Physicochemical Conservation!

100!
90!
80!
70!
60!
50!
40!
30!
20!
10!
0!
1!

26!

51!

76! 101! 126! 151! 176! 201! 226! 251! 276! 301! 326! 351! 376! 401! 426! 451! 476! 501! 526! 551! 576! 601! 626!

LOTUS/OST-HTH domain!

lipase-related domain!

Figure 3. Multiple sequence alignment of Oskar proteins orthologs. The alignment was
generated using MAFFT (algorithm E-INS-I; [71]). The physicochemical conservation of
aligned residues is indicated (as determined in JalView: [72]. Drosophila melanogaster long and
short Osk proteins and Gryllus bimaculatus Osk are indicated at the top; the LOTUS/OST-HTH
[73, 74] and lipase-related domains are indicated at the bottom. The following Oskar orthologs
(with accession numbers) were aligned: D. melanogaster (NP_731295.1), D. virilis (Q24741), D.
immigrans (ABH12272.1), D. ananassae (XP_001953297.1), D. erecta (XP_001980894.1), D.
grimshawi

(XP_001994345.1),

D.

mojavensis

(XP_002000116.1),

D.

persimilis

(XP_002017385.1), D. sechellia (XP_002031969.1), D. willistoni (XP_002070280.1), D. yakuba
(XP_002096875.1), D. simulans (XP_002104196.1), D. pseudoobscura pseudoobscura
(XP_001359508.2), Anopheles gambia (XP_313289.3), Aedes aegypti (XP_001656415.1), Culex
quinquefasciatus (XP_001848641.1), Nasonia vitripennis (ADK94458.1), Messor pergandei
(ADM07366.1), Camponotus floridanus (EFN70685.1), Solenopsis invicta (EFZ14148.1),
Acromyrmex echinatior (EGI63400.1), and G. bimaculatus (JQ434102).
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Oskar protein domain architecture
Short Oskar
Long Oskar
1

241

139

401

606
lipase-related domain

LOTUS/OST-HTH

Germ Plasm Component

Binding Sites

Valois

478-543

260-288

Lasp

290-369

Vasa and Staufen

290-606

Phosphorylation sites
S244 S248 S270 S275

S326

Loss of Function Alleles
osk1
180:stop

osk2
254:stop

osk9
324:stop

osk8

osk7 osk6B10

osk3 osk5
osk6

Figure 4. Primary structure, domain organization, and specific molecular features of D.
melanogaster Oskar protein. Shown at the top is a schematic of the entire protein coding region
for osk mRNA; this transcript leads to the translation of two protein isoforms, long (residues 1606) and short (residues 139-606) Oskar. Two well-folded domains (light grey boxes) are
demarcated (black arrowheads): the LOTUS/OST-HTH domain [73, 74] and a domain that bears
sequence similarity to SGNH hydrolases (the lipase-related domain) [75-77]. Directly below the
primary structure are region(s) of Oskar protein shown to bind four indicated germ plasm
components (dark grey boxes) [66, 78, 79], determined phosphorylation sites [80, 81], and
sequence verified nonsense (black) or nonsynonymous (blue) mutations that result in a loss of
function phenotype (no posterior patterning or pole cell formation) [19-21, 55, 66].
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Tight posterior localization of short Osk protein and osk mRNA is restored when long Osk
protein is reintroduced [67]. These observations inform a simple (but currently unconfirmed)
model for D. melanogaster germ plasm assembly as mediated by Oskar proteins: long Osk
anchors short Osk, which in turn binds germ cell determinants [67].

Subsequent investigations into the direct associations between Oskar proteins and germ
plasm components (summarized in Figure 6) generally corroborate this model: yeast two-hybrid
and pull down assays [66, 78, 79, 82-84] suggest that long and short Osk possess low and high
affinity, respectively, for germ plasm components. Furthermore, an immunoelectron microscopy
investigation into the subcellular oocyte location of long and short Oskar protein demonstrated
that short Osk associates with polar granules (electron dense aggregations of mRNAs and
proteins necessary for germ cell specification), while long Osk associates with endosomal
membranes [68]. These data support the notion that short, but not long, Oskar protein activity
leads to pole cell formation [55, 67].

However, it is perplexing that two protein isoforms, which only differ with respect to 138
N-terminal amino acids (see Figure 4), possess distinct biochemical and developmental functions
[55, 67]. How do long Osk residues 1-138 inhibit (directly and/or indirectly) the capacity of long
Osk residues 139-606 (i.e. the short Osk sequence) to promote germ plasm accumulation and
pole cell formation? And furthermore, how does the short Osk sequence localize germ plasm
components? To better understand Oskar protein function, I investigated its structure to form a
foundation for subsequent biochemical and developmental genetic hypotheses.
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maternal genotype

egg chamber

egg chamber
early stage

late stage

early stage

embryo

late stage

osk

wildtype

long Osk only

short Osk only

+

osk mRNA

Osk protein

pole cell

Figure 5. Long and short Osk proteins provide distinct developmental functions during
oogenesis. The osk mRNA transcript encodes two protein isoforms (long and short Osk) that are
translated from alternative initiation codons (M1 and M139; black arrowhead). By introducing
either M1L or M139L mutations (grey arrowhead), short Osk or long Osk, respectively, is
translated, allowing for their separate characterization. Long Oskar protein maintains the
posterior localization of both osk mRNA (black) and Osk protein (red) within the oocyte (light
grey). In contrast, short Osk protein is not able to maintain the posterior localization of osk
mRNA. Surprisingly, even though short Osk dissociates from the posterior pole during later
stages of oogenesis, germ plasm accumulates (green) and pole cells form (green circles). This is
not true for long Osk: despite its robust localization at the posterior, long Osk does not promote
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Figure 5 (Continued)

the accumulation of germ plasm components and the formation of pole cells. When long Osk is
introduced into a background that only expresses short Osk, wild type posterior localization
patterns for all osk expression products and germ plasm components are restored. This would
indicate that long Osk is not able to accumulate germ plasm components, but serves as an anchor
for short Osk at the posterior; in turn, short Osk accumulates all germ plasm components.
Posterior in all cases is to the right and ventral is down. Based on [67].
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Figure 6. Oskar protein is believed to form direct interactions with germ plasm
components. A survey of documented biochemical associations between germ plasm
components (black outline) and Oskar protein isoforms (red outline). Interactions among D.
melanogaster proteins or with subcellular structures (dashed outline) are shown as lines (edges)
connecting the binding partners (nodes). Line color corresponds to one of three assays utilized to
determine the corresponding interaction: co-immunoprecipitation (black line), yeast two hybrid
(blue line), and immunoelectron microscopy (yellow line). Less frequently referenced assays are
directly stated (and colored in grey): isothermal titration calorimetry (ITC), X-ray
crystallography (X-ray), and genetic screen (genetics). Phosphorylation by Par-1 and GSK-3
kinases is shown as a black dotted line. Edges marked in two colors denote two sources of

12

Figure 6 (Continued)

evidence for the indicated interaction. Each edge is associated with a literature reference in
parentheses: one [66]; two [85]; three [86, 87]; four [78]; five [82]; six [68]; seven [84]; eight
[79]; nine [83]; ten [81].
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A closer examination of the short Oskar protein sequence reveals two folded domains
that are strongly conserved among Osk homologs (see Figures 3 and 4). Towards the N-terminus
is a LOTUS/OST-HTH domain, a protein fold that adopts a winged helix-turn-helix
conformation and as a result is predicted to bind RNA [73, 74]. At the C-terminus is a region
(the lipase-related domain) that bears sequence similarity to SGNH hydrolases [75-77]. Most
members of this enzyme family mediate the hydrolysis of ester linkages (particularly in
phospholipids), but activity on amide bonds has been documented [88-91]. These enzymes
accomplish their enzymatic activity through an acid-base-nucleophile catalytic triad composed of
conserved serine, histidine, and aspartate residues [88, 89, 91]. Because the lipase-related
domain completely lacks this catalytic triad, it is assumed to be enzymatically inactive [70, 7577, 92]. However, due to the fact that, between homologous proteins, similarity in structure
diverges more slowly than in sequence [93, 94], the overall structure of the lipase-related domain
may resemble those of SGNH hydrolases. If so, then the lipase-related domain structure should
retain a lipid binding pocket that corresponds to the active site in SGNH hydrolases. Does the
lipase-related domain then bind lipids? If not, does the lipase-related domain bind something
else, perhaps germ plasm components?

Previous investigations into the molecular function of distinct Oskar protein regions have
found that the C-terminal half (including the lipase-related domain) mediates crucial interactions
with germ plasm components (see Figures 4 and 6 and references therein). Because Oskar
protein is not predicted to possess enzymatic activity (no region outside of the lipase-related
domain is suspected of folding into a known enzyme motif), it is reasonable to assume that it
mediates germ plasm accumulation through direct association with required factors. Many
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published co-immunoprecipitation and yeast two-hybrid assays have corroborated this
hypothesis (see Figure 6 and references therein). However, one must be cautious when relying on
in vitro and heterologous cell-based assays to infer in vivo function. Most of the studies cited in
Figure 6 utilized experimental methods (such as in vitro translated Oskar protein for pull down
experiments and yeast two-hybrid trials with full length Oskar) that produced Oskar without a
validation of proper protein folding. Furthermore, there is disagreement between in vitro and in
vivo data. For example, Vasa protein was found to interact with the C-terminal (residues 290606) half of Oskar through yeast two-hybrid trials and immunoprecipitation experiments [66].
This result contradicts a later finding: immunoprecipitation of Vasa protein from embryos does
not yield Oskar protein as revealed by mass spectrometry [95]. And using isothermal titration
calorimetry, pull down, and yeast two-hybrid assays, a third, very recent study found that Oskar
protein does bind Vasa protein, but through the LOTUS/OST-HTH domain (residues 139-240)
[70]. See Chapter 4 for a more complete discussion of the credibility of published interactions.
Without the rigorous in vivo characterization of interactions between Osk and germ plasm
components (and itself), we have an incomplete model for Oskar protein function and shallow
molecular and mechanistic understanding of germ plasm accumulation in D. melanogaster.

To begin to address this deficiency, I pursued biochemical, developmental genetic, and
structural studies of Oskar protein alone, in complex with germ plasm components, and in vivo.
As the structures of the LOTUS/OST-HTH and lipase-related domains could inform powerful
hypotheses concerning Oskar function, I pursued the X-ray crystal structures of both. I found that
the LOTUS/OST-HTH domain forms a dimer in solution and in four crystal structures. Further
investigation revealed that exogenous dimerization domains could not restore Oskar activity in
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the absence of the LOTUS/OST-HTH domain. While experiments to reveal the structure of the
lipase-related domain were ultimately unsuccessful, I found evidence that it binds specific lipids
found in the ovary. Implications for Oskar function and the evolution of inheritance-mediated
germ cell specification are discussed in light of LOTUS/OST-HTH structural and biochemical
data presented here and recent evidence demonstrating that the lipase-related domain binds
mRNAs [70, 92].
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CHAPTER 2

STRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF THE LOTUS/OST-HTH DOMAIN
(LOSK139-241)
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Introduction
Towards the Oskar protein N-terminus is a region predicted to fold into a domain of
uncharacterized function [1, 2]. It has been postulated that this region, referred to as the LOTUS
(Limkain, Oskar and TUdor containing proteinS 5 and 7) or OST-HTH (Oskar-TDRD5/TDRD7
helix-turn-helix) domain (Pfam family PF12872; [3]), adopts a winged helix-turn-helix (wHTH)
conformation [1, 2]. Members of this structurally related family of proteins commonly
participate in nucleic acid binding [4-6], such as the HlyU transcription factor from Vibrio
cholera [7, 8], the SarR transcription factor from Staphylococcus aureus [9], and components of
ribonucleoprotein granules and/or complexes [10, 11]. Family members have also been shown to
participate in purely protein-protein interactions, such as the C-terminal homodimerization
module of Saccharomyces cerevisiae Sir3 [12]. The LOTUS/OST-HTH domain is enriched
among protein germ plasm components [1, 2], particularly RNA-binding proteins (e.g. Tudor;
[11]).; this fact, coupled with the observation that specific mRNAs are significant components of
germ plasm [14, 15], underlies a prevailing hypothesis that LOTUS domains serve as RNA
binding modules [1, 2].

A question then follows: is the Oskar LOTUS/OST-HTH domain able to bind RNA and
if so, what relevance does this pose to the accumulation of germ plasm? It is known that
localized Oskar protein activity leads to the accumulation of many mRNAs necessary to form
and maintain germ cell identity (e.g. mitochondrial large ribosomal RNA [17], nanos (nos) [1820], polar granule component (pgc) [21], germ cell-less (gcl) [22], and even osk mRNA [23]).
As a result of these observations, it is assumed that Oskar protein directly binds RNAs. Until
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very recently [24, 25], though, there was no published biochemical evidence for Oskar protein
directly binding RNA. Furthermore, even in light of recent findings, a tenable alternative (and
not necessarily mutually exclusive) explanation for the posterior accumulation of germ plasm
mRNAs is the ability of Oskar protein to localize RNA-binding proteins (e.g. Vasa, Tudor, and
Staufen proteins [20, 23, 26-29]) that in turn localize the necessary mRNAs.

Therefore, does Oskar protein directly bind mRNAs at all and if so, is it via the
LOTUS/OST-HTH domain? Furthermore, if Oskar does not bind mRNA, or if it does at a region
distinct from the N-terminus, then what functional capacity (if any) does the LOTUS domain
provide? Published random mutagenesis D. melanogaster screens have yielded loss-of-function
osk mutants resulting from nonsynonymous substitutions in the coding DNA sequence, but all of
these lesions localize to the C-terminal lipase-related domain (see Figure 4) [18, 28-31]. A
simple question then follows: is the LOTUS/OST-HTH domain even necessary for the
accumulation of active germ plasm mediated by Oskar protein? If so, then what activity or
activities does this domain provide?

Two recent publications have provided some qualified answers to these questions. It has
been shown that Oskar protein binds the 3’-UTR of nos and osk mRNAs in vitro [24] and full
length nos, pgc, and gcl mRNAs when UV-crosslinked and immunoprecipitated from early stage
embryos [25]. Intriguingly, though, both investigations concluded that the C-terminal lipaserelated domain (residues 401 to 606) provides this RNA binding function and not the LOTUS
domain. Furthermore, while one study could not deduce a function for the LOTUS domain [24],
the other put forth evidence that the LOTUS domain binds Vasa protein [25]. An in vivo
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validation of this LOTUS domain interaction with Vasa protein is presently lacking, however,
and the literature contains evidence from earlier investigations that argues against this finding
(discussed more fully in the Results and Discussion section) [29, 32, 33].

Finally, a key finding presented in [24, 25], but not expounded upon nor tested in vivo, is
the observation that the LOTUS/OST-HTH domain homodimerizes. What role does this
oligomerization play in Oskar protein-mediated germ plasm accumulation? Is homodimerization
necessary for Vasa protein binding? Or perhaps homodimerization occurs between the long
(Losk) and short Oskar (Sosk) protein isoforms, thus explaining the observation that Losk
recruits and anchors Sosk at the posterior pole [23]. These basic questions as to the function of
the Oskar LOTUS/OST-HTH domain informed a structural, biochemical, and in vivo analysis
presented here.

Materials and Methods

Purification of the D. melanogaster Oskar LOTUS/OST-HTH domain (residues 139-241 or
Losk139-241)

Initial sequence boundaries for the LOTUS/OST-HTH domain were based on sequence
similarity using a multiple sequence alignment of Drosophilid Oskar protein homologs (from D.
melanogaster (UniProt Acc. No. P25158), D. sechellia (UniProt Acc. No. B4HKZ1), D.
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simulans (UniProt Acc. No. B4QXC8), D. yakuba (UniProt Acc. No. B4PTX6), D. immigrans
(UniProt Acc. No. A1Y1T7), D. virilis (UniProt Acc. No. Q24741), D. pseuodoobscura
pseuodoobscura (UniProt Acc. No. Q295Q4), D. erecta (UniProt Acc. No. B3P1W4), D,
ananassae (UniProt Acc. No. B3LZ06), D. persimilis (UniProt Acc. No. B4GFV0), D. willistoni
(UniProt Acc. No. B4N815), D. mojavensis (UniProt Acc. No. B4K9E4), and D. grimshawi
(UniProt Acc. No. B4JTJ1)) generated with MAFFT [34] using the L-INS-i setting and default
parameters. Oskar residues 139 to 241 (abbreviated as Losk139-241) were designated as the
beginning and end, respectively, of the LOTUS/OST-HTH domain as sequence similarity rapidly
deteriorated beyond this point.

Almost all bacterial expression constructs were derived from pET-43.1b(+) (Novagen),
which encodes an N-terminal NusA solubility fusion partner, followed by a polyhistidine tag and
a TEV protease cleavage site. Short Oskar (corresponding to residues 139 to 606 of UniProt Acc.
No. P25158; abbreviated as Losk139-606 or Sosk) was amplified from a cDNA clone (obtained
from Dr. Hernán Lopez-Schier, Helmholtz Zentrum München, Neuherberg, Germany) and
inserted into pET-43.1b(+) via circular polymerase extension cloning (CPEC – see Appendix I)
[35, 36], yielding pET-43.1b(+)-Sosk. This new expression vector was subsequently truncated to
Losk139-241 via round-the-world polymerase chain reaction (RTW-PCR – see Appendix I),
generating pET-43.1b(+)-Losk139-241. This second plasmid was subsequently modified via
RTW-PCR to remove all upstream elements (the NusA solubility partner, polyhistidine tag, and
TEV cleavage site), introduce a C-terminal 3C protease cleavage site (LEVLFQ|GP), and a Cterminal decahistidine purification tag, yielding pET-Losk139-241_C10H (see Figure S1,
Appendix I for a vector map). This final expression vector served as the primary source of
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purified protein for all structural and functional studies, as well as the DNA template to generate
all subsequent LOTUS domain point and deletion mutants (generated via RTW-PCR).

To express the LOTUS domain, BL21(DE3) E. coli were transformed with pETLosk139-241_C10H and a single colony used to inoculate 50 mL Luria-Bertani (LB) medium
containing 100 !g/mL ampicillin for overnight growth at 37 ºC and 250 rpm shaking in a 250mL flask. The following day, two 2-L LB/ampicillin cultures were each inoculated with 20 mL
of the overnight starter culture and grown at 37 ºC with 225 rpm shaking until reaching OD600 ~
0.6. The culture was then transferred to 20 – 22 ºC (room temperature) and isopropyl-"-Dthiogalactopyranoside (IPTG) added to a final concentration of 0.5 mM for overnight expression
with 225 rpm shaking. Cells were harvested from all 4 L of culture via centrifugation at 4200
rpm, 4 ºC in a JS-4.2 rotor (Beckman Coulter) for 25 minutes.

Harvested cells were resuspended with lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM
NaCl, 20 mM imidazole pH 8.0, 10% (v/v) glycerol, 10 mM 2-mercaptoethanol, 1 !g/mL
pepstatin-A, 1 !g/!L aprotinin, 1 mM PMSF, 0.4 mg/mL hen egg white lysozyme) at a ratio of 5
mL buffer to 1 g of cells. Cells were lysed via sonication and the resulting crude lysate
centrifuged at 20,000 rpm, 4 ºC for 45 minutes in a JA-20 rotor (Beckman Coulter). The
resulting supernatant (clarified lysate) was applied to 5 mL Ni-NTA agarose (QIAGEN or
Thermo Scientific) and agitated gently at 4 ºC for 1 hour to allow for batch affinity binding.
Then, the slurry was passed through a column support to collect and separate the Ni-NTA
agarose resin from the flowthrough. The resin was washed with 20 column volumes of lysis
buffer at ~1 mL/min by gravity. Losk139-241_C10H was eluted in four separate 10-mL fractions
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with elution buffer (50 mM Tris pH 8.0, 300 mM NaCl, 500 mM imidazole pH 8.0, 10% (v/v)
glycerol, 10 mM 2-mercaptoethanol) and its purity assessed by SDS-PAGE.

The polyhistidine purification tag was removed via overnight treatment of Losk139241_C10H with 1:100 m:m glutathione-S-transferase tagged 3C protease at 4 ºC, resulting in
Losk139-241 (note that this leaves a remnant cleavage site sequence of LEVLFQ at the Cterminus). Subsequent purification of Losk139-241 via gel filtration (HiLoad Superdex 75 16/60
pg (GE Healthcare) using 20 mM Tris pH 8.0, 200 mM NaCl, 5 mM 2-mercaptoethanol) yields a
Gaussian distribution of pure protein centered at the retention volume of ~65 mL. The final
purity of Losk139-241 was determined via SDS-PAGE and the protein concentrated with an
Amicon Ultracel 10K MWCO regenerated cellulose device (Millipore)

Purification of Gryllus bimaculatus Oskar LOTUS/OST-HTH domain (residues 1-90 or Gbosk190)

A published bacterial expression construct (pET-151-Gbosk1-440; [37]) encoding an Nterminal hexahistidine-tagged copy of full-length cricket Oskar (abbreviated as Gbosk1-440;
UniProt Acc. No. K4MTL4) served as the template for subsequent truncation to the
LOTUS/OST-HTH domain (residues 1 to 90, abbreviated as Gbosk1-90) via RTW-PCR, thus
producing pET-151-Gbosk1-90. To express N-terminally polyhistidine tagged Gbosk1-90
protein, BL21(DE3) E. coli were transformed with pET-151-Gbosk1-90 and protein production
induced overnight at room temperature as described above for Losk139-241_C10H. The
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expressing cells were lysed and Gbosk1-90 purified on Ni-NTA as described for Losk139241_C10H; afterwards, the polyhistidine affinity tag was removed via overnight TEV protease
[38] cleavage (1:100 m:m protease:substrate) at 4 ºC.

To subsequently remove polyhistidine-tagged TEV protease and uncleaved substrate, the
overnight TEV digestion was repeatedly diluted and concentrated with Ni-NTA lysis buffer (thus
reducing the imidazole concentration) and passed through a Ni-NTA agarose column. The
flowthrough from this second Ni-NTA purification was subsequently concentrated and purified
via size exclusion chromatography on a HiLoad Superdex 75 16/60 pg column (GE Healthcare)
with 20 mM Tris pH 8.0, 200 mM NaCl, 5 mM 2-mercaptoethanol. Gbosk1-90 elutes at a
retention volume of ~77 mL. The final purity of Gbosk1-90 was determined via SDS-PAGE and
the protein concentrated with an Amicon Ultracel 3K MWCO regenerated cellulose device
(Millipore)

Crystallization, data collection, and structure solution for Losk139-241 crystal forms 1-4

Crystals of Losk139-241 belonging to form 1 appeared after ~3 weeks via either sitting or
hanging drop vapor diffusion at 4 °C: 5 mg/mL Losk139-241 and reservoir solution (0.1 M
MgCl2, 50 mM Tris pH 8.5 or 9.0, 17 or 18% (w/v) PEG 3350) were combined in a volume ratio
of 1:1 or 1:2 protein:reservoir solution and a total drop volume of either 1.5 !L (for sitting drop
vapor diffusion using a reservoir volume of 70 !L) or 2-6 !L (for hanging drop vapor diffusion
using a reservoir volume of 500 !L). Before plunge-freezing crystals in liquid nitrogen, they
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were carefully transferred from the crystallization drop with a cryo-loop into five successive 5
!L drops of reservoir solution stepwise-diluted with cryoprotectant (0.1 M MgCl2, 50 mM Tris
pH 8.5 or 9.0, 20% (w/v) PEG 3350, 25% (v/v) glycerol) as follows: 4 !L reservoir solution + 1
!L cryoprotectant, 3 !L reservoir solution + 2 !L cryoprotectant, 2 !L reservoir solution + 3 !L
cryoprotectant, 1 !L reservoir solution + 4 !L cryoprotectant, and 5 !L cryoprotectant. Each
crystal spent ~1 minute in each drop before freezing.

Crystals of Losk139-241 belonging to forms 2 and 3 were the discovered during the
inspection of 3-year-old 4 ºC commercial sitting drop screens set up as follows: 10 mg/mL
Losk139-241 and reservoir solution were combined in a volume ratio of 1:1 in a total drop
volume of 1 !L and a reservoir volume of 70 !L. Form 2 crystals resulted from a reservoir
solution of 0.05 M sodium sulfate, 0.05 M lithium sulfate, 0.05 M Tris pH 8.5, 30% (w/v) PEG
400. Form 3 crystals resulted from a reservoir solution of 0.2 M sodium acetate, 0.1 M Tris pH
8.5, 16% (w/v) PEG 4000. Unfortunately, crystals belonging to forms 2 and 3 could not be
reproduced in a 3-month time period. Form 2 crystals were plunge frozen in liquid nitrogen
directly from the drop using a cryo-loop. Form 3 crystals were quickly soaked (less than 10
seconds) in reservoir solution supplemented with 25% (v/v) glycerol before freezing in liquid
nitrogen.

To derivatize the LOTUS domain for intended single anomalous dispersion (SAD)
experiments, freshly prepared 1 mM mercury chloride (dissolved in MilliQ water, Millipore) was
combined with 5.0 mg/mL Losk139-241 in a 5:1 molar ratio and incubated on ice for 25 minutes.
The derivatization reaction was then centrifuged at 20,800 x g and 4 ºC for 30 minutes to pellet
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any precipitated protein. This Losk139-241 + HgCl2 sample subsequently crystalized (form 4) at
4 ºC over the course of 12 to 24 hours via sitting drop vapor diffusion: a 1.5 !L drop consisting
of 2:1 protein:reservoir solution (100 mM Tris pH 7.0, 150 mM KBr, 25-30% (w/v) PEG MME
2000) volume ratio and a reservoir volume of 70 !L. These crystals were cryoprotected by
quickly soaking (less than 10 seconds) in cryoprotectant (100 mM Tris pH 7.0, 150 mM KBr,
28% (w/v) PEG MME 2000, 20% (v/v) glycerol) before plunge-freezing in liquid nitrogen.

All X-ray diffraction data were collected at 100 Kelvin; crystal form 1 data were
collected with an ADSC Q315 detector and data for crystal forms 2-4 were collected with a
Dectris Pilatus 6MF pixel array detector (ID24 beamline, Advanced Photon Source, Argonne,
Illinois, U.S.A.). Data were processed in HKL2000 [39]; data statistics are shown in Table 1.
Initial phases for the Losk139-241 + HgCl2 structure (crystal form 4) were obtained via
molecular replacement using MR-Rosetta [40] (as part of the PHENIX software package [16])
and a search model template consisting of a monomeric homology model of Losk139-241
generated with MODELLER [41] as part of the HHPred webserver [42]. These phases were
improved by incorporating SAD data collected at the mercury K-edge peak wavelength with
MR-SAD and AutoSol as part of the PHENIX software package [16]. This phased structure
(crystal form 4) then served as the molecular replacement search model to phase native
diffraction data collected from crystal forms 1-3 in Phaser [16]. Any necessary (and ongoing)
model building was performed in COOT [43]. Figures were generated with PyMOL
(Schrödinger, LLC) [44].
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Analytical size exclusion chromatography (analytical SEC)

All analytical SEC experiments were conducted on the same day in rapid succession on
an ÄKTA Micro system equipped with a Superose 6 PC 3.2/30 column (GE Healthcare). Fly and
cricket Oskar LOTUS domains (Losk139-241 and Gbosk1-90, purified and concentrated as
described previously) were each tested in triplicate at 5.0 mg/mL using identical run parameters
that consisted of the following: a running buffer of 20 mM Tris pH 8.0 with either 200, 500, or
1000 mM NaCl and a flowrate of 0.05 mL/min. Gel filtration standards (BIO-RAD) were tested
in all three buffers for subsequent determination of apparent molecular weight. Peak retention
volumes were determined using UNICORN software (GE Healthcare).

A relationship exists between the extent to which a protein can penetrate a gel filtration
matrix (the partition coefficient) and the logarithm of its molecular weight [45, 46]. This
partition coefficient (Kav) can be quantitatively expressed as follows

Kav = (Ve – Vo)/(Vt – Vo)

where Ve is the elution (retention) volume of the sample protein, Vo is the column void volume
(for a Superose 6 PC 3.2/30 column, this is 0.86 mL), and Vt is the total column volume (for a
Superose 6 PC 3.2/30 column, this is 2.4 mL). The underlying assumption for this relationship to
hold true is that the sample protein bears significant surface biochemical and three-dimensional
structural similarity to the standards. A calibration curve (for each running buffer) was
subsequently generated in Microsoft Excel using the determined retention peak volumes and
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known molecular weights for the gel filtration standards. This calibration curve was
subsequently applied to Losk139-241 and Gbosk1-90 analytical SEC data, thus generating their
apparent molecular weight.

SEC multiangle light scattering (SEC-MALS)

Fly and cricket Oskar LOTUS domains (Losk139-241 and Gbosk1-90, purified and
concentrated as described above) were tested at 10 mg/mL on an Agilent liquid chromatography
system equipped with a Superdex 75 10/300 GL column (GE Healthcare) in 20 mM Tris pH 8.0,
200 mM NaCl. Downstream of the gel filtration column was a DAWN HELEOS multiangle light
scattering instrument with an accompanying Optilab T-rEX refractive index detector (Wyatt).
SEC-MALS data were subsequently analyzed using ASTRA 6.0.3.16 software and compared to
a standard of bovine serum albumin.

Bacterial two-hybrid analysis

All necessary bacterial two-hybrid strains (BTH101 and DHM1 E. coli) and plasmids
(pKNT25, pUT18, pKT25, pUT18C, pKT25-zip, and pUT18C-zip) were purchased as
components of the Bacterial Adenylate Cyclase-based Two-Hybrid (BACTH) kit (Euromedex).
The two-hybrid analysis was conducted according to kit instructions. Fly short Oskar (Losk139606) and fly Oskar LOTUS domain (Losk139-241) were inserted into pKNT25, pKT25, pUT18,
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and pUT18C via isothermal ligation assembly (see Appendix I and [47]). The appropriate pair of
plasmids (i.e. a plasmid encoding a T25 adenylate cyclase fragment and a plasmid encoding a
T18 adenylate cyclase fragment) was transformed into both bacterial display strains (BTH101
and DHM1 E. coli) and the transformants plated on LB/agar supplemented with 100 !g/mL
ampicillin, 50 !g/mL kanamycin, 40 !g/mL 5-bromo-4-chloro-3-indoyl-"-D-galactopyranoside
(X-gal), and 0.5 mM isopropyl-"-D-thiogalactopyranoside (IPTG). These plates were incubated
at either 30 ºC or room temperature (20–22 ºC). Colonies that subsequently appeared on the
plates were scored for oligomerization/interaction based on their color as compared to negative
control colonies (E. coli transformed with empty pKNT25 and pUT18 vectors; these appear
white) and positive control colonies (E. coli transformed with pKT25-zip and pUT18C-zip
vectors; these appear blue). For later BACTH analysis of mutations in the fly Oskar LOTUS
domain (Losk139-241), substitutions were only introduced into pKNT25-Losk139-241 and
pUT18-Losk139-241 (prepared as described above) via RTW-PCR.

Generating D. melanogaster osk transgenic constructs for anterior localization

A former graduate student in the Extavour lab, Ben Ewen-Campen, had previously
obtained a DNA clone encoding a fusion of D. melanogaster osk coding DNA sequence
(including the upstream 15-nucleotide 5’-untranslated region (5’-UTR)) with the D.
melanogaster bicoid 3’-UTR (obtained from Dr. Akira Nakamura, Institute of Molecular
Embryology and Genetics, Kumamoto University, Japan; described in [48]). This fusion was
subsequently inserted into the D. melanogaster transgenic vector pVALIUM22 (obtained from
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Dr. Norbert Perrimon (Harvard Medical School, Massachusetts, U.S.A.) and described in [4951]), resulting in pVAL22-Dmosk-bcd3UTR [37]. This construct served as the template for
subsequent modifications. To insert a C-terminal hemagglutinin (HA) epitope tag (YPYDVPDA),
pVAL22-Dmosk-bcd3UTR was modified via RTW-PCR to generate pVAL22-Dmosk-HAbcd3UTR (see Figure 7 for a vector map). To generate deletions of the LOTUS (residues 140 to
241) or lipase-related (residues 401 to 606) domains, pVAL22-Dmosk-HA-bcd3UTR served as
the template for RTW-PCR, thus producing pVAL22-Dmosk-#LOTUS-HA-bcd3UTR and
pVAL22-Dmosk-#lipase-HA-bcd3UTR.

To insert exogenous protein domains in place of the LOTUS domain, the necessary DNA
fragments were inserted into pVAL22-Dmosk-#LOTUS-HA-bcd3UTR via isothermal ligation
assembly [47]. The Vibrio cholera transcription factor hlyU (residues 1 to 109 from UniProt Acc.
No. C3LST3; abbreviated as VcHlyU1-109) was purchased from the DNASU Plasmid
Repository (Arizona State University). The LisH domain from D. melanogaster lis1 (residues 1
to 86 from UniProt Acc. No. Q7KNS3; abbreviated as DmLisH1-86) was amplified from a wild
type D. melanogaster (OregonR) ovarian cDNA library (generated by a previous graduate
student in the Extavour lab, Delbert Green III). The Gryllus bimaculatus osk LOTUS domain
(residues 1 to 90 from UniProt Acc. No. K4MTL4) was amplified from pET-151-Gbosk1-440
(published in [37]).
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Figure 7. DNA vector map of the D. melanogaster osk transgenic expression construct
pVALIUM22-Dmosk-HA-bcd3UTR. Using a pVALIUM22 backbone [49-51], the D.
melanogaster osk coding DNA sequence was inserted downstream of two pairs of loxP
recombination sites and 5X UAS elements. Fused to the 3’ end of the osk coding DNA sequence
is a glycine-serine (GS) linker, hemagglutinin (HA) tag, and the 3’-UTR from D. melanogaster
bicoid, targeting the transcript to the anterior pole.
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Drosophila stocks

The maternal driver lines w*; P{w+mC=matalpha4-GAL-VP16}V2H; (stock number 7062)
and w*; P{w+mC=matalpha4-GAL-VP16}V2H (stock number 7063) were obtained from the
Bloomington Drosophila Stock Center (Indiana, U.S.A.). y v; Sco/CyO flies (obtained from Dr.
Norbert Perrimon (Harvard Medical School, Massachusetts, U.S.A.)) were used for screening
transformants. All transgenic constructs were injected by Genetic Services, Inc. (GSI, Cambridge,
Massachusetts, U.S.A.) into y, v; attP40/attP40; GSI additionally used y, v; attP40/attP40 when
screening for transformants.

Antibody staining and imaging of embryos from transgenic mothers

Balanced transgenic lines were crossed to a maternal driver line, yielding female progeny
expressing the corresponding osk transgene (henceforth, these progeny and their offspring are
referred to by their associated transgene). These progeny were mated and fattened on yeast at 25
ºC for 2-3 days before collecting fertilized embryos (0-4 hours after egg laying) on apple juice
agar plates. Embryos were rinsed with water into a mesh basket, dechorionated in 50% (v/v)
bleach for 4-5 minutes, and washed extensively with water afterwards. Embryos were then fixed
in a 1:1 volume:volume mixture of heptane and 4% (w/v) paraformaldehyde at room temperature
with nutation for 15 minutes. The bottom aqueous layer was removed, an equal volume of 100%
methanol added, and the embryos devitellinized by vigorously shaking their container. The top
organic layer was removed, another volume of 100% methanol added, and the container
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vigorously shaken again. After letting the embryos sink, the entire liquid solution was removed
and 100% methanol added; this was repeated five times and the fixed embryos stored at –20 ºC
in 100% methanol until staining.

Fixed embryos were rehydrated in 1X PBTw (phosphate buffer saline (PBS) + 0.1% (v/v)
Tween-20) at room temperature on a roller parallel to the longitudinal axis of the tube. Embryos
were subsequently blocked with 5% normal goat serum (NGS; made up in 1X PBTw) for 45
minutes at room temperature with rolling as above. A cocktail of primary antibodies (diluted in
5% NGS) was added to the embryos for overnight staining, followed by three 1-minute washes
and three 30-minute washes with 1X PBTw the next morning, and subsequent overnight staining
with fluorescently-labeled secondary antibodies and Hoescht 33342 nuclear stain (all diluted in
5% NGS). After final washing, completely stained embryos were mounted in VECTASHIELD
(Vector Laboratories).

Primary antibodies and working dilution: 1:50 rat anti-hemagglutinin (HA) tag
(purchased from Roche, catalogue number 3F10), 1:300 rabbit anti–D. melanogaster Nanos
(obtained from Dr. Satoru Kobayashi (Okazaki Institute for Integrative Bioscience, Japan)), 1:3
mouse anti–D. melanogaster Vasa (purchased from the Developmental Studies Hybridoma Bank,
catalogue number 46F11-5), 1:300 rabbit anti–D. melanogaster Vasa (obtained from Dr. Paul
Lasko (McGill University, Montreal, Canada)), 1:1000 rabbit anti–D. melanogaster Osk “anix”
(obtained from Dr. Anne Ephrussi (European Molecular Biology Laboratory, Heidelberg,
Germany)). The following secondary antibodies were used at a 1:500 dilution: goat anti-rabbit
conjugated to Alexa 488, goat anti-rat conjugated to Alexa 568, and goat anti-mouse conjugated
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to Alexa 647 (Life Technologies). DNA was stained with Hoeschst 33342 (Life Technologies) at
2 !g/mL.

Confocal images were collected on a Zeiss LSM 780 confocal microscope using
comparable gain, offset, and averaging parameters between all samples. Image analyses were
performed with AxioVision v.4.8, Zen 2009 (Zeiss) and images were processed in Photoshop
CS4 (Adobe).

Results and Discussion

Purification and crystallization of Drosophila melanogaster Oskar LOTUS/OST-HTH domain
(residues 139 – 241)

Initial attempts to purify Losk139-241_C10H via gel filtration resulted in a non-Gaussian
distribution of high-order oligomers centered on the theoretical retention volume of a dodecamer
(see Figure 8A). Upon further investigation, removal of the C-terminal polyhistidine purification
tag from Losk139-241_C10H resulted in the appearance of a gel filtration peak centered at the
theoretical retention volume of a dimer and the disappearance of higher-order oligomers (see
Figure 8A). An investigation into this phenomenon by native PAGE (see Figure 8B) revealed
that Losk139-241_C10H forms two distinct species that both disappear upon treatment with 3C
protease, yielding a new and more mobile protein species (which is presumably Losk139-241).

44

Because an exogenous purification tag seemed to promote this oligomerization, I only used
Losk139-241 for all experiments and characterizations (see Figure 9).

The appearance of such a distinct high-order oligomeric species (based on the fact that
native PAGE reveals only two bands rather than a smear, which I would expect if there was a
distribution of oligomeric states with no defined/regular conformation), though, is surprising and
currently without explanation. An examination of the Oskar protein sequence after the
LOTUS/OST-HTH domain does not reveal any concentration of histidine residues, making it
unlikely that this phenomenon is the consequence of an unintended mimicry of Oskar protein
structure. Furthermore, an examination of Vasa, Lasp, and Valois protein sequences (all
documented as interacting with Oskar protein [25, 29, 33, 52]) does not uncover any stretch or
density of histidine residues in their respective primary structures.

Very intriguingly, though, the RNA-binding protein Staufen contains an 80 amino acid
N-terminal region rich in glutamine, proline, and histidine residues (see Figure 8C). Furthermore,
it has been shown that the N-terminal half of Staufen protein interacts with Oskar protein in a
yeast two-hybrid assay [29]. Since there are no further published investigations into this
interaction, though, it is not clear if the two-hybrid result represents an association that occurs in
the oocyte or is an artifact of expressing both proteins in a heterologous system. Furthermore,
additional experiments presented in [29] indicate that the C-terminal half of Oskar (residues 290
– 606) is responsible for binding Staufen (the LOTUS/OST-HTH domain was not explicitly
tested in this investigation). These data are not necessarily reliable, however, as the same
publication provides evidence of the Losk290-606 binding Vasa protein, a finding that was

45

recently refuted [25] by the very same group using a similar two-hybrid assay (it was found that
Losk139-240 binds Vasa – discussed more fully below). I am thus skeptical of any binding
between Staufen and Oskar proteins (let alone between the C-terminal half of Oskar and the Nterminal half of Staufen) as described in [29] and await further experimentation that tests this
hypothetical interaction in the oocyte.

Therefore, without any further evidence supporting a biological explanation for the high
order Losk139-241_C10H oligomeric state, I must conclude at this time that it is an artifact
resulting from the purification tag; while not common, this finding is not entirely unprecedented
(see [53]).
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Figure 8. Losk139-241_C10H forms a high order oligomer. A. Gel filtration purification of
Losk139-241_C10H (black) and Losk139-241 (red; after overnight 3C protease cleavage) on a
Superdex 200 column. When the LOTUS domain is polyhistidine tagged, it is able to form one
or more high order oligomer conformations (theoretically centered at a dodecamer). This
quaternary structure vanishes upon affinity tag removal and Losk139-241 elutes at
approximately the retention volume for a dimer. Units of measure for the x-axis (retention
volume) are in fractions of the column volume (CV). B. Native PAGE analysis of Losk139241_C10H before (–) and after (+) overnight incubation with 3C protease. C. The N-terminal
sequence of Staufen protein (residues 1-80 from Uniprot Acc. No. P25159) is enriched for
glutamine, proline, and histidine residues, of which the latter are in bold.

47

A

B

Nickel Affinity Purification
[imidazole]

800

FT W

A280 (mAU)

L

Size Exclusion Chromatography

25 kDa
15 kDa
10 kDa

-10

0

Retention Volume (mL)

120

Figure 9. Purification of Losk139-241 from E. coli. A. The LOTUS/OST-HTH domain (Oskar
residues 139 – 241) expresses from pET-Losk139-241_C10H in BL21(DE3) E. coli cells as a Cterminal decahistidine tagged protein (formula weight: 12.3 kDa). The resulting protein is
captured on Ni-NTA agarose and eluted in a linearly-increasing gradient of imidazole. SDSPAGE gel labels: soluble clarified lysate (L), flowthrough (FT), wash (W), linear elution
gradient of imidazole. B. Ni-NTA purified Losk139-241_C10H is further refined by removing
the C-terminal polyhistidine tag via addition of 3C protease and subsequent size exclusion
chromatography on a HiLoad Superdex 75 16/60 pg column. Shown is the chromatogram trace
(absorbance at 280 nm) from the SEC purification.
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A

B

C

Figure 10. Crystallization form 1 of the D. melanogaster Oskar LOTUS domain (Losk139241). A. Initial crystallization conditions were obtained with 10 mg/mL protein in a commercial
sitting drop diffusion screen at 4 °C. These initial conditions were refined to the components
described in the Materials and Methods as reservoir solution 1 (0.1 M MgCl2, 50 mM Tris pH
8.5 or 9.0, 17-18% (w/v) PEG 3350) in the sitting drop (B) or via hanging drop (C) at the same
temperature with 5 mg/mL protein. Scale bar is 200 !m.
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From commercial sitting drop vapor diffusion crystallization screens (see Figure 10), I
found a reproducible Losk139-241 condition that resulted in small (largest dimension ~75 !m)
square crystals that diffracted to ~3.2 Å (see Figure 11 and Table 1; crystal form 1). Due to the
large number of predicted molecules in the asymmetric unit (10 monomers for a solvent content
of 0.55) and low sequence similarity between Losk139-241 and the initial search model,
molecular replacement (MR) did not yield a solution to these diffraction data. I subsequently reexamined 3-year-old commercial sitting drop screens for new crystallization conditions in an
attempt to find crystal belonging to a space group more amenable for MR (specifically, with
fewer molecules in the asymmetric unit). I found and collected native diffraction datasets from
two new space groups (I4 – crystal form 2; and C222 – crystal form 3; see Table 1), but the unit
cell dimensions once again predicted a large number of molecules in the asymmetric unit (see
Figure 11 for a summary).

I therefore pursued experimental means of phasing. Specifically, I soaked native
Losk139-241 crystals (form 1) in heavy-atom solutions and attempted to crystallize a
selenomethionine-substituted Losk139-241 variant; the intended experiment for both strategies
was single anomalous dispersion (SAD) phasing. See Table 2 for a summary of these results. For
any one heavy metal and any protein crystal, there is very little one can predict in regards to
productive soaking; crucial variables such as metal concentration and soaking times must be
empirically determined [54, 55]. Unfortunately, the most reliable means to detect productive
heavy atom incorporation is X-ray diffraction, making crystal soaking very low throughput [5458]. To more rapidly screen heavy compounds, I pursued a native PAGE assay: the underlying
assumption of this assay is that if a protein in solution binds a metal, then the same protein in a
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crystal will bind the same metal (see Figure 12) [13]. Furthermore, to determine if a protein
productively associates with a metal in solution, one can observe its migration on native PAGE:
a protein-metal complex should migrate differently than the free protein as its mass/charge has
been altered. Using this assay, I found two compounds (mercury chloride and mercury acetate)
that reduce the mobility of Losk139-241 (see Figure 12). I subsequently soaked Losk139-241
crystals (form 1) in both compounds and found that they promoted crystal deformation and
shattering. The resulting diffraction from these mercury soaks was mosaic and at best, overall
diffraction extended to 8 Å (see Table 2). I attempted to crystallize Losk139-241 (form 1) in the
presence of HgCl2 using reservoir solution 1 (0.1 M MgCl2, 50 mM Tris pH 8.5 or 9.0, 17-18%
(w/v) PEG 3350), but no crystals grew.

Because Losk139-241 did not appear to bind any metal compounds other than mercury
chloride and mercury acetate in solution (as determined by native PAGE; see Figure 12), I
soaked Losk139-241 crystals (form 1) in heavy metal compounds for variable amounts of time
(from 10 minutes to 5 hours) and probed metal incorporation via lower throughput methods; see
Table 2 for a summary of these trials. With the exception of mercury chloride, mercury acetate,
and potassium dicyanoaurate, all other tested heavy metal soaks did not result in any noticeable
defects in crystal morphology. Osmium-soaked crystals changed color to brown/amber and as a
result were not further tested for metal incorporation. Extended X-ray absorption fine structure
(EXAFS) scans confirmed the presence of platinum in potassium tetrachloroplatinate and
uranium in uranyl acetate soaked crystals. The incorporation of some heavy metals could not be
confirmed because the observed diffraction was too poor to warrant further investigation and/or
there were time constraints during data collection. Among the compounds tested, I found that
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Figure 11. Crystallization conditions of and diffraction results from native Losk139-241
crystal forms 1-3. All images are on a comparable scale. Below each image is a brief description
of the crystal form. The actual number of molecules in the asymmetric unit (ASU) is presented
from solved structures when possible, otherwise they are estimated using a solvent content of
0.55 (Xtriage, PHENIX; [16].). Those crystallization conditions that were found after inspecting
3-year-old sitting drop vapor diffusion trays are indicated and of those, only one condition was
reproducible in 3-month time period. Scale bar is 75 !m.
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Table 1 – Summary of diffraction for Losk139-241 crystal forms 1–4
Crystal Form
1
2
3
4
Losk139-241 + HgCl
Sample
Losk139-241
Losk139-241
Losk139-241
2
P12 1
Space Group
P4
I4
C222
1

a, b, c (Å)
!, ", # (º)
Wavelength (Å)
No. of unique reflections
Resolution Range (Å)
R
merge

Overall I/$(I)
Completeness (%)
Multiplicity
Anomalous completeness (%)
Anomalous multiplicity

138.95, 138.95,
61.90
90, 90, 90
0.9800
18398
50 – 3.21
0.053
8.0 (1.2)
92.6
1.8
–
–

141.1, 141.1,
219.9
90, 90, 90
0.9800
20643
50 – 3.13
0.107
9.6 (1.3)
99.0
3.5
–
–
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128.6, 205.4,
172.4
90, 90, 90
0.9800
18656
50 – 4.16
0.158
5.4 (1.1)
98.4
2.8
–
–

39.60, 63.57, 40.15
90, 97.22, 90
1.0039
13341
50 – 2.00
0.198
16.0 (1.9)
100.0 (100.0)
16.3
99.9 (99.9)
8.2
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b

EXAFS
57
3.7
8.3

potassium
tetrachloroplatinate

Pt

The experiments summarized all involve soaking native Losk139-241 crystals (form 1) in the
indicated compound except for selenium: crystals were grown of selenomethionine labeled
Losk139-241 and tested for anomalous signal.
b
Methods of confirming the successful incorporation of a heavy atom into the crystal: Extended Xray absorption fine structure (EXAFS), native polyacrylamide gel electrophoresis (native PAGE)
[13], not confirmed (nc). Crystals soaked with osmium trichloride turned brown.
c
The highest resolution diffraction observed for any crystal tested.
d
The resolution at which Xtriage (PHENIX [16]) is no longer confident in detecting an amplitude
difference between Bijvoet pairs. Note that all diffraction experiments were conducted at their
peak anomalous-edge wavelength.

a

Incorporation
Number of crystals tested
c
Overall resolution (Å)
d
Anomalous resolution (Å)

Compound

Phasing Atom

Table 2 – Summary of Losk139-241 crystal (form 1) diffraction with heavy atomsa
Hg
Se
Sm
Os
La
Hg
lanthanum
mercury
samarium (III)
osmium
nitrate
mercury
chloride
selenomethionine acetate hydrate trichloride
hexahydrate
acetate
visual
native
native PAGE
EXAFS
nc
inspection
nc
PAGE
21
51
2
2
4
2
5.0
5.0
5.6
6.4
8.0
12.5
12.4
23.5
–
–
–
–
EXAFS
3
18.5
–

U
uranyl
acetate
dihydrate
nc
1
–
–

potassium
dicyanoaurate

Au

nc
1
–
–

Eu
europium
nitrate
hydrate

Compound
Element

–

La

Au

Pt

Hg

Hg

Hg

Pt

Figure 12. Native PAGE analysis of Losk139-241 derivatization by heavy atom containing
compounds. Purified Losk139-241 (1 mg/mL) was combined with 10 mM of the listed
compounds and incubated for 10 minutes at 4 ºC before running on a native gel. Mercury
chloride and mercury acetate appear to produce the most pronounced shifts in protein mobility.
Procedure based on [13].
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A

B

30% (w/v) PEG MME 2000
0.15 M KBr

C

25% (v/v) Sokalan CP 42
0.1 M BIS-TRIS pH 6.0

26% (w/v) PEG MME 2000
0.15 M KBr
100 mM Tris pH 7.0

Figure 13. Crystallizing HgCl2-derivatized Losk139-241 (crystal form 4). A and B. From
sitting drop vapor diffusion crystallization screens, a number of conditions yielded crystals of
Losk139-241 derivatized with HgCl2. Shown are two such conditions that produced showers of
needle and plate crystals after approximately one day at 4 ºC. C. Refinement of the condition in
A yields thin rods that diffract to 2.0 Å and exhibit anomalous mercury signal.
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soaking Losk139-241 crystals (form 1) in potassium tetrachloroplatinate resulted in the best
diffraction (in terms of overall resolution and strength of anomalous signal; see Table 2), but the
diffraction was noticeably mosaic compared to native crystals. All other soaks severely harmed
the diffraction quality and resolution; they were subsequently abandoned (Table 2). I further
pursued potassium tetrachloroplatinate by attempting to grow Losk139-241 crystals in its
presence – these crystals diffracted at best to 3.9 Å and showed anomalous diffraction up to 8.3
Å.

I then capitalized on two observations: Losk139-241 binds mercury chloride in solution
very quickly (see Figure 12) and native Losk139-241 crystals soaked with mercury chloride
show weak anomalous signal (see Table 2). Thus, instead of crystallizing Losk139-241 to then
soak with HgCl2, I performed random sitting drop vapor diffusion screening with mercuryderivatized protein to find crystallization conditions for Losk139-241 + HgCl2. I found two such
conditions (see Figure 13A and B) and optimized one (see Figure 13C – form 4) for further
diffraction analysis. These optimized crystals diffract to 2.0 Å with weak anomalous signal up to
~2.4–4 Å when collected at the mercury K-edge wavelength (see Table 2). The detection of
anomalous signal was promising, but the processing of SAD phasing data (as performed with
AutoSol (PHENIX) [16] and SHELX C/D/E [59]) did not return the mercury atom locations. In
general, SAD phasing can be difficult if the relative number of anomalous and native atoms is
small, the strength of anomalous signal is low, and/or the bound heavy metals of low occupancy
throughout the crystal [60, 61]. Given that mercury derivatives preferentially bind the thiol side
chain in cysteine residues [54, 62, 63] and Losk139-241 contains only one cysteine residue
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(C209), the weak anomalous signal may be the confluence of partial occupancy and too few
anomalous atoms relative to the protein size.

As such, I abandoned initially phasing Losk139-241 + HgCl2 crystals via SAD and
attempted molecular replacement. These crystals (form 4) seemed more amenable for molecular
replacement because, unlike crystal forms 1-3 (see Figure 11), the space group and unit cell
dimensions indicated a small number of molecules in the asymmetric unit (two). To further
improve the odds that molecular replacement would return a correct solution, I made use of MRRosetta [40] (as part of the PHENIX software package [16]) – briefly, this program generates a
specified number of homology models and performs molecular replacement via Phaser [16]. The
intended goal of this approach is to overcome any hurdle that an inaccurate search model may
pose for successful molecular replacement [64]. As such, MR-Rosetta successfully found a
solution to the crystal form 4 diffraction data; I subsequently refined phases by combining the
collected mercury K-edge anomalous signal with the successful search model in MR-SAD (as
part of the PHENIX software package) [16]. When comparing the successful molecular
replacement search model generated by MR-Rosetta to the failed homology model generated by
MODELLER [41] (as part of the HHPred webserver [42]), I found them to only differ in the
conformation of five N-terminal amino acids. It is not clear why the relative conformation of
these positions dramatically impeded molecular replacement solutions to crystal forms 1-3, but
one hypothesis is that the MODELLER model may have produced steric clashes when placed in
the crystal; this, coupled with the inherent difficulty is phasing a crystal containing many copies
of a protein in the asymmetric unit (even with a perfect model), may have confounded Phaser. I
subsequently used the structure solution of crystal form 4 to phase diffraction data collected from
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crystal forms 1-3 via molecular replacement (using Phaser as part of the PHENIX software
package) [16].

Losk139-241 structures reveal homodimer and tetramer arrangements

Despite originating from different space groups, all four structures share a common
homodimerization arrangement in which the "-hairpin motif from both protomers align to
complete a " sheet (interface 1; see Figures 14 and 15). This allows the LOTUS domain to bury
three hydrophobic side chains (L200, A207, and F217). Salt bridges formed across the
dimerization interface between the side chains of R215 from one protomer and T196 and D197
from the other provide further stabilization (see Figure 15). From the structures, it is not clear
why mercury chloride promoted the crystallization of two monomers in the asymmetric unit
(crystal form 4) versus at least eight (crystal forms 1-3) in its absence; the mercury binding site
(and the sole cysteine (C209) in the Losk139-241 sequence) is not near any crystal contacts
present in crystal forms 1-3. Furthermore, binding of mercury chloride does not appear to have a
pronounced allosteric effect on the rest of the structure. Despite the fact that the mercury atoms
bind at the dimerization interface in crystal form 4 (see Figure 15), I am able to recover the same
homodimer arrangement from crystal forms 1-3 in the absence of mercury. This would argue that
the crystal form 4 structure is not an artifact of the derivatization process. Furthermore, recently
published structures of the Oskar LOTUS/OST-HTH domain confirm our determined
dimerization arrangement [24, 25].
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One unanticipated feature of the described dimer arrangement (other than the fact that we
had not predicted the LOTUS/OST-HTH domain to dimerize in the first place) is its departure
from documented winged helix-turn-helix (wHTH) oligomerization interfaces. Other structurally
characterized wHTH motifs typically form a dimerization interface mediated by the packing of
helices 2 and 4 [4, 5]. Therefore, the Oskar LOTUS/OST-HTH dimer presented here has
functional implications because the primary means by which wHTH motifs bind nucleic acids is
through helix 3 and the "-hairpin [4, 5]. In the four structures presented solved here, the
completed "-sheet mediated by each "-hairpin partially occludes helix 3 from the solvent,
making it difficult to imagine that the dimeric form of this domain is capable of interacting with
nucleic acids. A new question then follows: if wHTH motifs normally mediate function through
binding nucleic acids via helix 3 and the "-hairpin (the “wing”), then is the function of the Oskar
LOTUS/OST-HTH domain conferred by other interfaces? It was recently published that the
Oskar LOTUS/OST-HTH domain binds Vasa protein in vitro [25] – if we are to a priori believe
that his interaction reflects biological reality in the oocyte, where does this occur on the LOTUS
domain? Furthermore, is LOTUS domain dimerization necessary for Vasa protein binding?
These questions await experimentation.

An additional feature common to the structures from crystal forms 1-3, is a tetramer
arrangement comprised of two of the previously described homodimers (see Figure 14). The
presence of a higher-order oligomer was not necessarily surprising given the predicted number of
molecules in the asymmetric unit for these crystal forms. It is surprising, however, that the same
tetramer arrangement is present in all three structures, solved from three distinct space groups.
Recently published structures of the Oskar LOTUS/OST-HTH domain reveal two additional
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crystal forms that contain more than two molecules in the asymmetric unit; furthermore, these
crystal structures also exhibit an arrangement of dimers very similar to the tetramer observed in
crystal forms 1-3 [24, 25]. Whether this arrangement reflects a true quaternary structure that is
present in the oocyte is an open question, but given I have not found any evidence for a tetramer
in solution, I must conclude at this time that this tetramer may be the result of convergent
constraints on crystal formation. As the crystallographic refinement of these structures continues,
I hope to discern the specific interactions mediating this higher-order oligomeric state.
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A

form 1

B

form 2

C

form 3
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Figure 14. Losk139-241 structures resulting from crystal forms 1-3 exhibit a common
homodimer and homotetramer arrangement of protomers. A. The asymmetric unit for
crystal form one (10 molecules, four are in grey), B. crystal form two (16 molecules, ten are in
grey), C. and crystal form three (10 molecules, four are in grey) share two distinct oligomeric
arrangements, the constituents of which are colored. In blue and orange are two molecules that
form a homodimer mediate by a completed "-sheet. This dimerization orientation is found in
crystal forms 1-4 (see Figure 15). Colored in green, red, black, and tan are four molecules that
constitute a tetramer arrangement (specifically a dimer of homodimers as described previously).
This tetramer arrangement is also present in crystal forms 2 and 3.
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90º

90º

Figure 15. The Losk139-241 + HgCl2 crystal structure (crystal form 4) reveals a single
dimerization interface mediated by a completed "-sheet. The asymmetric unit of crystal form
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Figure 15 (Continued)

4 contains two molecules (colored blue and orange) that form a homodimer (forming a
completed "-sheet). This dimerization orientation was also found in structures resulting from
crystal forms 1-3 (see Figure 14A-C). Six residues are shown in sticks: the first set of three
(T196, D197, and R215) participate in a salt bridge across the interface and between protomers,
while the second set of three (L200, A207, and F217) constitute a hydrophobic core that is
shielded from the aqueous environment upon dimerization. In grey are the two mercury atoms.
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Losk139-241 is a dimer and Gbosk1-90 is a monomer in solution

Initial observations during the gel filtration purification of Losk139-241 (see Figures 8A
and 9B) indicated that it did not migrate as expected of a monomeric protein and instead
appeared to elute at the theoretical retention volume of a dimer. To more thoroughly investigate
the LOTUS domain oligomeric state, I pursued three strategies that differ in their accuracy
(multi-angle light scattering (MALS) being the most accurate [65], followed by analytical size
exclusion chromatography (SEC) [45], and bacterial two-hybrid analysis [66, 67]) and
throughput (bacterial two-hybrid analysis being the highest throughput, followed by analytical
SEC and MALS) [46].

First, I more thoroughly characterized the retention volume of the LOTUS domain via
analytical SEC on a Superose 6 gel filtration column using buffers of increasing ionic strength;
see Figure 16 for the 280 nm absorbance traces from each run. When compared to known protein
standards, the fly LOTUS domain (Losk139-241) elutes much earlier (between 1.77 and 1.80
mL) than would be expected for a 12.3 kDa protein (compare to horse myoglobin, a 17 kDa
protein that elutes at 1.87 mL). Two caveats must be recognized when interpreting analytical
SEC data, though: (1) the elution profile of a protein of unknown molecular weight is compared
to the profiles of known protein standards, thus relying on the assumption that both sets of
proteins exhibit common chromatographic behavior despite being unrelated in sequence,
structure, and ancestry; and (2) the elution profile provides direct information on the apparent
volume (more specifically, the average Stokes radius) of a particle, which bears a correlation to,
but is not absolutely predictive of, molecular weight [46, 68-70]. Therefore, the apparent
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molecular weight of Losk139-241 as determined by analytical SEC may be an overestimate of
the true molecular weight if Losk139-241 bears no structural or biochemical similarity to the
standards. To mitigate this possibility, I also analyzed the SEC behavior of cricket Oskar LOTUS
domain (Gbosk1-90; 10.5 kDa) using identical parameters (see Figure 16). One would expect
that because Losk139-241 and Gbosk1-90 are both winged helix-turn-helix motifs (i.e. similar
shapes), of similar formula weights, and share a common evolutionary origin, then any
differences in elution profiles are more likely to result from distinct oligomeric arrangements
rather than a breakdown in the underlying assumptions stated above. As shown in Figure 16,
Gbosk1-90 elutes approximately where one would predict for a monomer (between 1.89 and
1.90 mL) and much later than Losk139-241 (1.77-1.79 mL). A quantitative analysis of the data
shown in Figure 16 confirms that, compared to the gel filtration standards, the apparent
molecular weight of Losk139-241 is approximately that of a dimer and Gbosk1-90 of a monomer
(see Figure 17). These results are consistent across increasing ionic strength.
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Figure 16. Analytical SEC of Drosophila melanogaster and Gryllus bimaculatus Oskar
LOTUS domains reveals the former to be dimeric and the latter to be monomeric. Overlaid
A280 chromatograms from triplicate gel filtration experiments of fly Osk LOTUS domain
(Losk139-241 (12.3 kDa), red curves), cricket Osk LOTUS domain (Gbosk1-90 (10.5 kDa), blue
curves), and standards (black curve – standards correspond to bovine thyroglobulin (670 kDa),
bovine gamma-globulin (158 kDa), chicken ovalbumin (44 kDa), horse myoglobin (17 kDa), and
vitamin B12 (1.35 kDa)). All gel filtration runs were performed at 4 ºC on a Superose 6 PC 3.2/30
column (GE Healthcare) with 20 mM Tris pH 8.0 and either 200 mM, 500 mM, or 1 M NaCl.
The monomeric molecular weights and peak retention volumes of standards and samples are
indicated.
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Figure 17. Quantitative determination of D. melanogaster and G. bimaculatus Oskar
LOTUS domain apparent molecular weights confirm the former to be a dimer and the
latter to be a monomer. A. Using the observed retention peak volumes (black curves, Figure
16) and known molecular weights for gel filtration standards, calibration curves for each
analytical SEC buffer condition were generated in Microsoft Excel. See Materials and Methods
for a full description of the quantitation. B. The apparent molecular weight of the fly (Losk139241) and cricket (Gbosk1-90) Osk LOTUS domains was determined by comparing their
calculated partition coefficient (based on the data presented in Figure 16; see Materials and
Methods for a full description of the quantitation) with the corresponding standards calibration
curve in (A). The formula weight (FW) for each monomeric protein is indicated.

68

A

C

B
T25

T18

ATP

T18

T25

X

cAMP
ATP

Osk

Osk

T25

T18

cAMP
ATP

D

cAMP

cAMP

CAP cAMP
CAP
cAMP-CAP promoter

E

T25-S
S-T18

S-T25
S-T18

Reporter genes (lac and mal operons)

F

T25-S
T18-S

T25-L
T18-L T25-S
T18-S

T25
T18

T25-L T25
L-T18 T18

pos.
ctrl.

T25-S
S-T18

T25-L
T18-L

T25-L
L-T18

pos.
ctrl.

L-T25
L-T18

S-T25
S-T18

L-T25
L-T18

Figure 18. A bacterial two-hybrid assay confirms that Losk139-241 homo-oligomerizes. A.
and B. The Bacterial Adenylate Cyclase-based Two-Hybrid (“BACTH,” from Euromedex) assay
is based on the reconstitution of adenylate cyclase activity in E. coli [66, 67]. It exploits the fact
that the catalytic activity of Bordetella pertussis adenylate cyclase is generated from one
polypeptide chain containing two complementary domains (T25 and T18). This activity is lost
when T25 and T18 are physically separated (i.e. when expressed as distinct polypeptide chains).
C. If T25 and T18 are fused to exogenous domains that interact (for example, Oskar protein
fragments (red)), then cAMP synthesis activity is restored. D. cAMP produced by the
reconstituted chimeric enzyme binds to the catabolite activator protein (CAP), leading to the
expression of several genes, including those in the lactose (lac) and maltose (mal) operons.
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Figure 18 (Continued)

Therefore, if an interaction occurs between Oskar protein fragments, then this restores cAMP
production, leading to the host expression of genes related to maltose and lactose metabolism.
The resulting change in the expression of lac and mal operon genes is detectable on indicator and
selective media. E and F. Eight distinct combinations of T25 and T18 fusions were transformed
into one of two adenylate cyclase deficient E. coli strains (BTH101 or DHM1) and plated on
indicator media containing X-gal; therefore, if an interaction between Osk protein fragments
occurs, the host colonies will turn blue in color. N-terminal and C-terminal fusions of T25 and
T18 were linked to Losk139-606 (short Oskar, S) or Losk139-241 (LOTUS domain, L). A
positive control (leucine zipper motifs; provided by Euromedex) and a negative control (empty
vectors) produce blue and white colonies, respectively. In both E. coli strains, the combination of
N-terminally fused T25 LOTUS protein (T25-L) and N-terminally fused T18 LOTUS protein
(T18-L) produces blue colonies to the same degree as the positive control, indicating that the
LOTUS domain homo-oligomerizes.
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I next pursued SEC-MALS [65, 71] to validate the analytical SEC results. Both Losk139241 and Gbosk1-90 only yielded one elution peak during gel filtration and the absolute
molecular weight of the protein contained in this peak was determined. Losk139-241 (12.3 kDa)
was found to be approximately a dimer (Mw = 21.55 ± 4.13 kDa; polydispersity = 1.003 ± 0.271)
and Gbosk1-90 (10.5 kDa) almost exactly a monomer (Mw = 10.03 ± 3.89 kDa; polydispersity =
1.010 ± 0.546) in solution. The slight discrepancy between the measured (21.55 kDa) and
theoretical (24.6 kDa) molecular weight for Losk139-241 is within the measurement error, but
may also be due to the presence of a small monomer population in equilibrium with the
predominant dimer population. Recently published analytical SEC and SEC-MALS
characterizations of the Oskar LOTUS/OST-HTH domain corroborate our findings [24, 25].

Finally, I used a bacterial two-hybrid assay (the BACTH system, Euromedex) to further
verify that Losk139-241 homo-oligomerizes. The assay revolves around a bipartite cAMP
synthase (see Figure 18A for details) [66, 67]; both enzyme domains physically associate with
one another to provide catalytic activity. Therefore, if each cAMP synthase partial domain is
fused to unrelated oligomerization domains, cAMP is produced. When these fusion proteins are
expressed in a bacterium lacking endogenous cAMP synthase activity, the production of cAMP
relieves the repression of key metabolic operons, in particular the maltose (mal) and lactose (lac)
operons. The generation of mal and lac operon gene products can be detected on selective or
screening media. I assayed for "-galactosidase (lacZ) activity by growing transformants on
media containing 5-bromo-4-chloro-3-indoyl-"-D-galactopyranoside (X-gal) and isopropyl-"-Dthiogalactopyranoside (IPTG) and screening for blue colonies. Using this assay, I found that
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Losk139-241 homo-oligomerizes as indicated by the blue appearance of transformed colonies
when compared to positive and negative controls (see Figure 18E and F).

Losk139-241 dimerization is mediated by a completed !-sheet (Interface 1)

While there is a sole dimerization interface between Losk139-241 protomers from crystal
form 4, structures determined from crystal forms 1-3 (described above), exhibit two possible
dimerization interfaces (see Figure 19). Interface 1 is formed between the sole " hairpins of
participating protomers, resulting in a completed "-sheet, whereas interface 2 is formed between
$-helices 2 and 4 between participating protomers (see Figure 19). Interface 2 is commonly seen
among unrelated winged helix-turn-helix domain dimers [4, 5], whereas interface 1 is not as
commonly observed. All four crystal forms contain dimers mediated by a completed "-sheet
(interface 1), while crystal forms 1-3 additionally contain dimers mediated by $-helical packing
(interface 2; see Figures 14 and 15). As the structure from crystal form 4 resulted from HgCl2derivatized protein, a valid concern is that interface 1 is non-physiological and appears in crystal
forms 1-3 due to constraints on crystal packing. To validate interface 1 as the dimerization
surface, I determined the oligomeric state of LOTUS domain mutants containing substitutions at
interface 1 and 2.

Having biochemically-characterized wild type Losk139-241 as a dimer (see above), I
applied the BACTH assay and analytical SEC to test the effect of potentially disruptive sitedirected mutations at both interfaces. I tested most mutations using both assays and found that
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almost all substitutions at interface 2 did not perturb a dimer oligomeric state (see Table 3). In
contrast, a large majority of substitutions introduced at interface 1 (even if conservative) resulted
in insoluble protein (precluding analytical SEC experiments) and no detectable oligomerization
using the BACTH assay (see Table 3). Of those mutations at interface 1 that did not completely
result in insoluble protein (T196S, R215E, R215K, and R215Q), only one (R215E) had a
measurable effect on oligomerization (dimerization is weakened) as determined by the BACTH
assay and analytical SEC (see Table 3). Intriguingly, R215Q exhibits a temperature-dependent
effect on oligomerization as observed when performing the BACTH assay at 30 ºC (at which
there is no detectable oligomerization – white colonies) and room temperature (at which
oligomerization is apparent – blue colonies). The effect of R215E on dimerization was recently
corroborated via SEC (notably, though, lacking gel filtration standards and quantification) [25].
Furthermore, another recent publication describing the structure of the LOTUS/OST-HTH
domain found that S210P (which presumably disrupts the completed "-sheet by introducing a
kink in between "-strands 1 and 2) results in monomeric protein as determined by SEC-MALS
[24].

After pursuing two assays to characterize the oligomeric state of Losk139-241 mutants, I
found analytical SEC preferable because the oligomeric state can be directly observed. In
contrast, the BACTH assay can only positively identify oligomerization (blue colonies), leaving
one to wonder if no detectable oligomerization (white colonies) is the result of mutations that
create monomeric Losk139-241, or mutations that simply create insoluble protein that is
subsequently unavailable to test. Furthermore, the bacterial two-hybrid assay only indicates
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whether there is detectable oligomerization and not the oligomeric state itself, data that analytical
SEC provides.
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F217
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L200
90º

T196
D197

C
Interface 1

L184
90º

L165
A162
R161
S158

Interface 2

D155

Figure 19. There exist two putative dimerization interfaces between Losk139-241
protomers. A. Four Losk139-241 protomers are shown in three distinct views extracted from the
crystal form 1 structure (additional protomers not shown). Two distinct interfaces are apparent:
interface 1 (red box) is comprised of a completed "-sheet and is present between the blue and
orange molecules (as well as between the green and black molecules); interface 2 (black box) is
only present between the orange and green molecules and is characterized by the packing of
helices 2 and 4. B. Closer inspection of interface 1 reveals specific interactions between the side
chain of R215 from one protomer and the side chains of T196 and D197 on the other. This
hydrophilic clasp shields the hydrophobic side chains of L200, A207, and F217 from the solvent.
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Figure 19 (Continued)

These six sites were further probed by site-directed mutagenesis. C. The chemical environment
at interface 2 is composed of a mixture of hydrophilic interactions between protomers as well as
the seclusion of hydrophobic side chains from the solvent. Six sites (D155, S158, R161, A162,
L165, and L184) were investigated by site-directed mutagenesis (five are shown for the orange
protomer and one for the green protomer as L184 from the orange molecule is behind the
interface).
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Interface 2

Interface 1

Table 3 – The effect of mutations at two putative dimerization interfaces on Losk139-241 oligomerization
Soluble expression Estimated molecular
Mutation
BACTHa at 30 ºC
BACTHa at RT
and purificationb
weight (kDa)c
none (wild type)
+
+
+
28.8
T196C
TBD
TBD
+
TBD
T196R
–
–
–
–
T196S
TBD
TBD
+
28.4
D197E
TBD
TBD
–
–
D197N
TBD
TBD
+
TBD
D197R
–
–
–
–
D197S
TBD
TBD
–
–
L200R
–
–
–
–
L200W
–
–
–
–
A207R
–
–
–
–
A207W
–
–
–
–
R215E
–
–
+
18.3
R215K
TBD
TBD
+
28.4
R215Q
–
+
+
28.4
F217A
–
–
–
–
F217R
–
–
–
–
#213-241
–
–
–
–
#203-241
TBD
TBD
–
–
D155A
+
TBD
+
28.0
D155R
+
+
+
28.0
S158A
+
TBD
+
28.4
S158R
+
TBD
+
28.0
R161A
–
TBD
+
28.0
R161D
–
–
TBD
TBD
A162D
–
TBD
+
28.4
A162S
+
+
+
28.0
L165A
+
+
+
28.0
L165R
+
TBD
+
28.4
L165T
+
TBD
+
28.0
L184A
–
+
+
28.0
L184R
+
+
+
28.0
L184T
–
–
+
28.0
a
All mutations were tested in the context of pKNT25-Losk139-241 and pUT18-Losk139-241 BACTH plasmids in
two BACTH E. coli strains (BTH101 and DHM1). If any strain at any temperature (30 ºC or room temperature)
resulted in blue colonies, then a “+” is denoted, but if only white colonies resulted then a “–” is indicated.
b
All mutations were introduced individually into the pET-Losk139-241_C10H bacterial expression plasmid and the
resulting mutants were expressed and purified as described for wild type. Note that all the indicated mutants
expressed, but the resulting proteins were either insoluble (“–”) or soluble and could be purified on Ni-NTA and gel
filtration (“+”).
c
Molecular weight estimated by analytical SEC in 20 mM Tris pH 8.0, 200 mM NaCl at 4 ºC as described in the
Materials and Methods. New gel filtration standards were tested before each day of analyses.
“TBD” = to be determined
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Losk139-241 is necessary for Oskar activity and cannot be substituted for with exogenous
dimerization domains

To test the in vivo effect of mutations in the LOTUS domain, I desired an assay that
would be reproducible, specific, and straightforward. As such, I took advantage of the fact that
osk is the only gene sufficient for the accumulation of active germ plasm and subsequent pole
cell specification [20, 26]. Previously published experiments elegantly demonstrated this ability
by targeting the osk coding DNA sequence to the oocyte anterior via fusion to the 3’-UTR from
the anterior morphogen bicoid (bcd) [26]. Anteriorly-localized osk transcript is subsequently
translated and the resulting ectopic Oskar protein is able to localize known germ plasm
components to (e.g. Vasa and Nanos proteins), posteriorly pattern, and produce pole cells at the
anterior [26]. Capitalizing on this finding, I utilized the phiC31 system to insert transgenic osk
constructs into a single D. melanogaster genomic locus [51].

I designed all transgenic constructs such that the encoded osk is targeted to the anterior
pole via fusion to the bcd 3’-UTR; I would then subsequently determine if germ plasm
components and pole cells appear at the anterior as a result of this ectopic osk localization (see
Figure 20 for a summary). All constructs are under the control of ten UAS elements, allowing for
the induction of expression in a tissue specific manner (specifically, in the female germ line
during oogenesis (when osk is active in assembling germ plasm) by driving GAL4 expression
[72] with a nanos (nos) promoter).
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A

HA

UAS

bcd 3’-UTR

osk cDNA

B
D. melanogaster
anterior

Osk transgene
not active

posterior

or

Osk transgene
active
egg chamber
(wildtype background)

embryo

transgenic osk mRNA

HA-tagged Oskar protein

germ plasm component

oocyte

nurse cell

wildtype osk mRNA

Figure 20. A strategy to assay Oskar protein activity at the D. melanogaster anterior pole. A.
The overall strategy is based in large part on a previously published methodology (see [26, 48]):
transgenic D. melanogaster osk mRNA (yellow) is targeted to the anterior pole by fusing the
protein coding sequence to the 3’-UTR from the D. melanogaster anterior morphogen bicoid
(bcd). An additional modification is the introduction of a C-terminal hemagglutinin (HA) tag
(red triangle). The expression of this transgene is under the control of UAS elements and all
components reside on a pVALIUM22 genomic insertion vector (see Figure 7 for a vector map)
[49-51]. B. Expression of the transgenic construct described in A is induced by a tissue-specific
GAL4 in the female germ line [72]; this results in transgene expression specifically in the ovaries.
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Figure 20 (Continued)

Once the transgenic mRNA (yellow) is expressed, it is targeted to the oocyte anterior, where the
encoded HA-tagged Oskar protein is translated and localized (red). Oskar activity is then
determined by testing for the accumulation germ plasm components (green; e.g. Vasa and Nanos
proteins) and pole cells at the embryo anterior. All transgenic flies also contain the endogenous
copy of osk, resulting in the posterior localization of wild type osk mRNA (black), germ plasm
components (green), and pole cells (green).
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I isolated early stage (0-4 hour) embryos from transgenic mothers also carrying the germ
line-specific GAL4 driver and stained them for the HA tag and either Vasa protein or Nanos
protein, both of which are germ plasm components and reliable markers of Oskar protein activity
(see Figure 21) [19, 20, 26, 73]. The wild type construct shows clear accumulation of both Vasa
and Nanos proteins at the anterior, as well as HA signal (see Figure 21A). When the C-terminal
lipase-related domain is removed (residues 401-606; #lipase), the anterior localization of Vasa
and Nanos proteins is abolished despite the clear accumulation of HA signal (see Figure 21B).
This would indicate that the transgene is correctly localized and translated, but is not functional.
This finding was expected given published data demonstrating that the lipase-related domain
mediates many interactions with crucial germ plasm components (such Vasa, Staufen, Valois,
and Lasp proteins [25, 29, 33, 52]). Furthermore, Oskar activity is completely lost via point
mutations in the C-terminal lipase-related domain [18, 28-31], therefore one would expect that a
complete deletion of this region to also result in a loss-of-function. Recent publications into the
function of this domain have presented that it binds mRNAs, specifically nos, pgc, gcl, and osk
transcripts [24, 25]. This would explain the lack of Nanos protein at the anterior of #lipase
embryos (though it would be prudent to also perform in situ hybridization experiments to
confirm a lack of nos mRNA at the anterior). However, the LOTUS/OST-HTH domain was
recently described as interacting with Vasa protein [25], a finding in disagreement with the lack
of Vasa protein at the anterior #lipase embryos. The validity of these recently proposed
interactions among Oskar protein domains is tenuous, however, because the presented
conclusions rely on in vitro biochemical data and heterologous two-hybrid analysis without any
in vivo confirmation [24, 25]. The deletion of the lipase-related domain suggests that if the
LOTUS/OST-HTH domain does indeed bind Vasa protein, it is not sufficient for this interaction.
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Just as with deleting the C-terminal lipase-related domain, there is loss of Vasa and
Nanos protein accumulation at the anterior upon deletion of the LOTUS/OST-HTH domain
(residues 140-241; #LOTUS) despite the clear accumulation of HA signal (see Figure 21C). This
indicates that the transgene is correctly localized and translated, but is not sufficient for the
accumulation of active germ plasm. Given a lack of documented loss-of-function mutations in
the LOTUS/OST-HTH domain [18, 28-31], there was no reason to believe a priori that this
region is necessary for accumulating germ plasm components. Given recent publications
showing that the C-terminal lipase-related domain binds nos mRNA, it is surprising that Nos
protein does not accumulate in #LOTUS embryos [24, 25]. Furthermore, while one publication
demonstrates an interaction between Vasa and the LOTUS/OST-HTH domain [25], previously
published data demonstrates that the C-terminal lipase-related domain directly recruits this germ
plasm component [29]. Given these conflicting data, it is difficult to conclude if either the
LOTUS/OST-HTH or lipase-related domains are sufficient to recruit germ plasm components,
but the experiments presented demonstrate that each is necessary for Oskar activity. Furthermore,
these findings are consistent across embryos derived from ~70-100 mothers (see Table 4) and
double staining with anti-HA and anti-Oskar protein verify that the HA signal is indeed due to
the transgenic Oskar at the anterior pole (see Figure 22).

Having demonstrated that the LOTUS/OST-HTH domain is necessary for the
accumulation of germ plasm components (see Figure 21C) and that it forms a homodimer (see
Figures 14-18), a simple question then follows: what role does Losk139-241 oligomerization
play in regards to Oskar activity? Is it simply a dimerization module, or does it provide another
function? To address this, I designed transgenic constructs similar to those described above in
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which the LOTUS domain was replaced with either unrelated dimerization domains (Vibrio
cholera HlyU protein (UniProt Acc. No. C3LST3), residues 1-109 {Williams, 1993 #2413}, or
D. melanogaster LisH domain (UniProt Acc. No. Q7KNS3), residues 1-86 [74]) or the
monomeric (see Figures 16 and 17) LOTUS/OST-HTH domain from cricket Oskar (residues 190) [37]. I selected these domains to test the role of oligomerization using a structurally unrelated
dimerization domain (LisH), a dimeric winged-helix-turn-helix motif (HlyU), and a monomeric
winged helix-turn-helix motif. It should also be noted that there is precedent for HlyU restoring
dimerization (and protein function) when put in place of an endogenous wHTH motif [12].
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Figure 21. The LOTUS/OST-HTH and lipase-related domains are both necessary, but
neither are sufficient, for Oskar-mediated germ plasm accumulation at the anterior pole.
All constructs are in pVALIUM22, with D. melanogaster osk cDNA expression under the
control of UAS elements. Additionally, all constructs contain the two endogenous start codons
(black arrowheads), a C-terminal HA-tag (red arrowhead), and a bicoid 3’-UTR to direct the
transcript to the oocyte anterior. From this general scaffold, the constructs vary as to the
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Figure 21 (Continued)

presence/absence of the LOTUS or lipase domains (grey boxes). Below each construct schematic
are confocal images of embryos from mothers carrying the construct and a maternal GAL4 driver
(driven specifically in the germ line by a maternal matalpha-tubulin promoter). The embryos
have been stained for DNA (Hoescht, blue), the HA epitope (red) and one of two germ plasm
components: Nanos or Vasa proteins (green). In all cases, anterior is oriented to the left and
ventral is down. Scale bar is 75 !m.
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Table 4 – Quantifying anterior Vasa and Nanos protein localization in embryos from transgenic mothers
Embryos with anterior VasaEmbryos with anterior
maternal genotype
positive cells or staining/total
Nanos-positive cells or
(%)
staining/total (%)
matalpha >> wt-osk-HA:bcd3UTR
18/51 (35%)
16/50 (32%)
matalpha >> "LOTUS-osk-HA:bcd3UTR
0/144 (0%)
0/122 (0%)
matalpha >> "lipase-osk-HA:bcd3UTR
0/83 (0%)
0/93 (0%)
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Figure 22. Transgenic wild type, %LOTUS, and %lipase Oskar proteins are translated at
the anterior pole. Embryos from mothers carrying a GAL4 driver and either HA-tagged anterior
localized wild type (wt; A, A’, and A’’), #LOTUS (#LOTUS; B, B’, and B’’), or #lipase
(#lipase; C, C’, and C’’) transgenes were stained with rabbit “anix” anti-Osk antibody (green),
rat anti-HA antibody (red) and Hoescht DNA stain (blue). Scale bar is 75 !m.
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I isolated embryos from mothers carrying both a UAS construct and a GAL4 driver and
stained them for the HA tag and either Vasa protein or Nanos protein, both of which are germ
plasm components and reliable markers of Oskar protein function (see Figure 23). In all three
cases, the chimeric transgenic construct produced protein at the expected anterior location (as
determined by HA staining). There is no detectable Nanos or Vasa staining at the anterior for all
three chimeric constructs, consistent with the #LOTUS null phenotype. Note that these results
are from a small sample size (%12 embryos from %30 mothers) and it could be that a dimerization
domain partially restores activity at a low frequency. These results do not rule out that the
LOTUS domain dimerizes in vivo, but do indicate that the LOTUS domain, if a dimer in vivo,
may provide another unknown function. A recent publication [25] puts forth the idea that this
domain binds Vasa protein, however as stated above, there is data in the literature (and presented
here) directly in conflict with this notion and more rigorous in vivo data are necessary to
conclude any potential LOTUS/OST-HTH – Vasa interaction. The next set of experiments
should probe the role of Losk139-241 oligomerization in germ plasm accumulation necessitate
disrupting dimerization (e.g. introducing the R215E mutation) and determining the effect on pole
cell formation.

88

Figure 23. Exogenous dimerization domains do not restore germ plasm accumulation in
place of the Oskar LOTUS/OST-HTH domain. All constructs are in a pVALIUM22
background and expression of the D. melanogaster osk coding region is under the control of a
ten UAS elements. Additionally, all constructs contain the two endogenous start codons (black
arrowheads), a C-terminal HA-tag (red arrowhead), and a bicoid 3’-UTR to direct the transcript
to the oocyte anterior. From this general scaffold, the constructs vary as to the LOTUS domain
substitution (polka dots: the LisH domain (a dimer) from D. melanogaster Lis1, a regulator of
the motor protein dynein; diagonal stripes: HlyU, a winged helix-turn-helix protein (dimer) from
Vibrio cholera involved in transcription; black – the LOTUS domain from G. bimaculatus Oskar
protein (found to be a monomer – see Figures 16 and 17)). Below each construct schematic are
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Figure 23 (Continued)

confocal images of embryos from mothers carrying the construct and a maternal GAL4 driver
(driven specifically in the germ line by a maternal matalpha-tubulin promoter). The embryos
have been stained for DNA (Hoescht, blue), the HA epitope (red) and two germ plasm
components: Nanos and Vasa proteins (green). In all cases, anterior is oriented to the left and
ventral is down. Scale bar is 75 !m.
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CHAPTER 3

STRUCTURAL AND FUNCTIONAL INVESTIGATION INTO THE C-TERMINAL LIPASE/SGNHHYDROLASE-RELATED DOMAIN (LOSK401-606)

98

Introduction

At the C-terminus of Oskar (residues 401-606) is a domain of uncharacterized function as
perplexing ancestry. This domain appears to share a common ancestor with SGNH hydrolases
[1-3], a large superfamily of hydrolytic enzymes that display many distinct substrate specificities
[4]. Most SGNH hydrolases cleave acyl fatty acid moieties from phospholipids via hydrolysis at
ester linkages [5-7]; however, activity has also been reported on polysaccharides [8], proteins [9],
other small molecules [10], and there are examples of enzymes active on two or more the
aforementioned substrate classes [11, 12]. Catalysis as mediated by SGNH hydrolases relies on a
triad of amino acids in the active site, specifically serine, histidine, and aspartate side chains [4,
11]. These three residues, along with others that define the SGNH hydrolase superfamily [4, 11],
are invariant as they are critical for catalysis. Intriguingly, the Oskar C-terminal domain
(henceforth referred to as the “lipase-related domain”) lacks these catalytic residues and in their
place are substitutions conserved amongst Oskar proteins. This would indicate that the lipaserelated domain lacks the enzymatic capacity to hydrolyze various biomolecules. However, given
the moderate level of sequence similarity between the Oskar lipase-related domain and SGNH
hydrolases, it follows that they share a similar three-dimensional fold and furthermore, the Oskar
lipase-related domain may bind lipids.

The origin of the Oskar lipase-related domain is surprising: a BLAST search using the
lipase-related domain as the query predominantly returns bacterial SGNH hydrolases. This is in
contrast to a similar BLAST search with the Oskar LOTUS/OST-HTH domain, which returns
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winged helix-turn-helix domains from other invertebrates as well as vertebrates. This would
seem to indicate that the last common ancestor to all extant osk sequences might have acquired
the lipase-related domain independent of the LOTUS/OST-HTH domain. Furthermore, given the
high sequence similarity between the Oskar lipase-related domain and bacterial SGNH
hydrolases, the mechanism by which this ancestor acquired the lipase-related domain might have
been horizontal gene transfer from a single-celled organism (possibly an endosymbiont) to a
multicellular ancestor of insects [2].

Of the published and finely mapped osk alleles that lead to a loss-of-function phenotype
[13-17], the few documented nonsynonymous point mutations (see Table 5) all localize to the
lipase-related domain (see Figure 24), indicating that this domain is critically important for
specifying pole cells. All these mutations seem to lie on one face of a homology model of the
lipase-related domain, (see Figure 24) but due to low sequence similarity between bona fide
SGNH hydrolases and the Oskar lipase-related domain, this model is of uncertain quality and
reliability.

To gain a deeper insight into the molecular function that the Oskar lipase-related domain
provides in the context of accumulating germ plasm, I sought to elucidate its three dimensional
structure and investigate whether it binds lipids.
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Table 5 – Nonsynonymous mutations in the Oskar lipase-related domain affect the association and
accumulation of specific germ plasm components
osk mRNA
a,d
osk allele Synonymous alleles Amino Acid Change
Characterized Molecular Effect
localized?
temperature dependent effect on
c
8
301
P424S
Yes
abdominal development
7
255
S452L
Yes
–
b
6B10
–
S457F
–
assoc. with Vas and Stau
3

88

N561Y

Yes

assoc. with Vas and Stau
assoc. with Vas and Stau

5

150

6
116, 166
Kim-Ha et al. 1991. Cell.
b
Breitwieser et al. 1996. Gen. & Dev.
c
Lehmann et al. 1986. Cell.
d
Ephrussi et al. 1991. Cell.
e
Markussen et al. 1995. Development
a

R593Q
R593W
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b
b

e

Yes

reduced Sosk levels

Yes

only one PTM Sosk isoform
–

e

osk[3]
N561Y
osk[5] osk[6]
R593Q R593W

W588

osk[7]
S452L

osk[6B10]
S457F

octanoic acid

osk[8]
P424S

Figure 24. Mutations in the lipase-related domain that affect germ plasm accumulation lie
near a putative lipid-binding pocket. Shown is a homology model of the Oskar lipase-related
domain (long Oskar residues 420 to 606) made using MODELLER. I then aligned this homology
model to the structure of E. coli thioesterase I/protease I/lysophospholipase-related L1
complexed with octanoic acid (PDBID: 1U8U) to orient a bound lipid with respect to the lipaserelated domain. Loss-of-function alleles are indicated in blue text along with the corresponding
nonsynonymous mutation. These five sites are in turn shown in blue as sticks. Finally, the sole
tryptophan residue is shown in red as sticks. The structure is oriented with the catalytic pocket
facing the viewer; osk[5], osk[6], and osk[6B10] border the catalytic pocket.
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Materials and Methods

Initial expression and purification of the C-terminal Oskar lipase/SGNH-hydrolase-related
domain (residues 391-606 or Losk391-606)

Initial sequence boundaries for the C-terminal Oskar lipase-related domain determined
based on sequence similarity using a multiple sequence alignment of Drosophilid Oskar protein
homologs (from D. melanogaster (UniProt Acc. No. P25158), D. sechellia (UniProt Acc. No.
B4HKZ1), D. simulans (UniProt Acc. No. B4QXC8), D. yakuba (UniProt Acc. No. B4PTX6), D.
immigrans (UniProt Acc. No. A1Y1T7), D. virilis (UniProt Acc. No. Q24741), D.
pseuodoobscura pseuodoobscura (UniProt Acc. No. Q295Q4), D. erecta (UniProt Acc. No.
B3P1W4), D, ananassae (UniProt Acc. No. B3LZ06), D. persimilis (UniProt Acc. No. B4GFV0),
D. willistoni (UniProt Acc. No. B4N815), D. mojavensis (UniProt Acc. No. B4K9E4), and D.
grimshawi (UniProt Acc. No. B4JTJ1)) generated with MAFFT [18] using the L-INS-i setting
and default parameters. Oskar residues 391 to 606 were designated as the beginning and end,
respectively, of the lipase-related domain because sequence similarity deteriorated rapidly before
these boundaries.

To generate a bacterial expression construct, I used the parental expression vector is pET43.1b(+)-Sosk (previously described in Chapter 2, Materials and Methods) as a template for
round-the-world polymerase chain reaction (RTW-PCR, see Appendix I) to remove sequence
corresponding to residues 139 to 390, generating and preserving an N-terminal NusA solubility
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fusion tag, polyhistidine tag, and TEV protease cleavage site; the resulting plasmid is referred to
as pET-43.1b(+)-Losk391-606. I used this second plasmid as a template for RTW-PCR to
remove all N-terminal elements (the NusA solubility partner, polyhistidine tag, and TEV
cleavage site), introduce a C-terminal 3C protease cleavage site (LEVLFQ|GP), and a C-terminal
decahistidine purification tag, yielding pET-Losk391-606_C10H.

To express the Oskar lipase-related domain, BL21(DE3) E. coli were transformed with
pET-Losk391-606_C10H and a single colony used to inoculate 50 mL of Luria-Bertani (LB)
medium containing 100 µg/mL ampicillin for overnight growth at 37 ºC and 225 rpm shaking.
The following day, two 2-L LB/ampicillin cultures were each inoculated with 20 mL of the
overnight starter culture and grown at 37 ºC with 225 rpm shaking until reaching OD600 ~ 0.6,.
The culture was then transferred to 20 ºC and isopropyl-β-D-thiogalactopyranoside (IPTG)
added to a final concentration of 0.5 mM for overnight expression with 225 rpm shaking. Cells
were harvested from all 4 L via centrifugation at 4200 rpm, 4 ºC in a JS-4.2 rotor (Beckman
Coulter) for 20 minutes.

Harvested cells were resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl,
10 mM imidazole pH 8.0, 20% (v/v) glycerol, 10 mM 2-mercaptoethanol, 1 µg/mL pepstatin-A,
1 µg/µL aprotinin, 1 mM PMSF, 0.4 mg/mL hen egg white lysozyme) at a ratio of 5 mL buffer
to 1 g of cells. Cells were lysed via three passes on an ice-cooled French press at a pressure of
≥1200 bar. The resulting crude lysate was centrifuged at 40,000 rpm, 4 ºC for 30 minutes in a 45Ti ultracentrifuge rotor (Beckman Coulter). The resulting supernatant (clarified lysate) was
applied to 10 mL Ni-NTA agarose equilibrated with lysis buffer (QIAGEN, Thermo Scientific)
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and agitated gently at 4 ºC for 1 hour to allow for batch affinity binding. The resulting slurry was
passed through a column, thus collecting and separating the Ni-NTA agarose beads from the
flowthrough. The resin was washed with twenty column volumes of lysis buffer at ~1 mL/min by
gravity. Bound Losk391-606_C10H was eluted in a linear gradient from five column volumes of
100% lysis buffer to five column volumes of 100% elution buffer (50 mM Tris pH 8.0, 300 mM
NaCl, 500 mM imidazole pH 8.0, 20% (v/v) glycerol, 10 mM 2-mercaptoethanol). Protein purity
in the resulting fractions was assessed via SDS-PAGE. Ni-NTA purified Losk391-606_C10H
was further refined by gel filtration chromatography using a HiLoad Superdex 75 16/60 pg (GE
Healthcare) column with running buffer 20 mM Tris pH 8.0, 300 mM NaCl, 5 mM 2mercaptoethanol, and 20% (v/v) glycerol. Resulting fractions judged to be pure by SDS-PAGE
were pooled and concentrated with an Amicon Ultracel 10K MWCO regenerated cellulose
device (Millipore).

Limited proteolysis of Losk391-606_C10H

Losk391-606_C10H (purified as described above; theoretical molecular weight of 27.5
kDa) was subjected to limited proteolysis with varying protease:substrate mass ratios (from 1:50
to 1:1000), reaction times (from 0.25 to 19 hours), and proteases (subtilisin, thermolysin, trypsin,
α-chymotrypsin, and endoproteinase-Lys-C). All reactions took place at 4 ºC. To sequence the
N-termini resulting from the most promising digestions, the appropriate subtilisin and
thermolysin reactions were directly spotted onto a polyvinylidene fluoride (PVDF) membrane
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and submitted for Edman sequencing (Mass Spectrometry and Proteomics Core Laboratory,
Harvard University).

Optimized expression and purification of the C-terminal Oskar lipase/SGNH-hydrolase-related
domain (residues 401-606, 415-606 and 420-606)

The previously described bacterial expression construct (pET-Losk391-606_C10H) was
modified via RTW-PCR to produce three truncations of the Oskar lipase-related domain: pETLosk401-606_C10H (encoding residues 401-606), pET-Losk415-606_C10H (encoding residues
401-606), and pET-Losk420-606_C10H (encoding residues 401-606). The proteins encoded by
these new plasmids were expressed in BL21(DE3) E. coli and purified on Ni-NTA agarose as
described above for Losk391-606_C10H with the following three modifications: (1) expressing
cells were resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 20 mM
imidazole pH 8.0, 20% (v/v) glycerol, 10 mM 2-mercaptoethanol) at a ratio of 5 mL to 1 g of
cells and lysed via sonication; (2) the resulting crude lysate was centrifuged at 20,000 rpm, 4 ºC
for 45 minutes in a JA-20 rotor (Beckman Coualter); (3) bound protein was eluted in four
separate fractions with elution buffer (50 mM Tris pH 8.0, 300 mM NaCl, 500 mM imidazole pH
8.0, 20% (v/v) glycerol, 10 mM 2-mercaptoethanol).

The polyhistidine purification tag was removed via overnight treatment of Losk401606_C10H, Losk415-606_C10H, and Losk420-606_C10H with 1:100 m:m glutathione-Stransferase tagged 3C protease at 4 ºC (note that this leaves a remnant cleavage site sequence of
106

LEVLFQ at the C-terminus). The cleavage reaction was then repeatedly diluted with Ni-NTA
lysis buffer and concentrated with an Amicon Ultracel 10K MWCO regenerated cellulose device
(Millipore). To remove uncleaved protein from the cleavage reaction, the resulting concentrate
was passed the concentrate through a 1-mL Ni-NTA agaorse column (equilibrated with lysis
buffer) and the flowthrough subsequently centrifuged at 20,800xg, 4 ºC for 30 minutes. To
further purify the protein, the supernatant was then applied to a HiLoad Superdex 75 16/60 pg
gel filtration column (GE Healthcare) with 20 mM Tris pH 8.0, 200 mM NaCl, 5 mM 2mercaptoethanol) as the running buffer. Resulting fractions judged to be pure by SDS-PAGE
were pooled and concentrated with an Amicon Ultracel 10K MWCO regenerated cellulose
device (Millipore).

Design, expression, and purification of MBP-lipase-related domain fusion proteins

When designing the necessary constructs for overexpressing maltose binding protein
(MBP)-lipase-related domain fusions, I relied upon previously established findings intended to
increase the probability of such a fusion crystallizing [19-21]. Three fragments of D.
melanogaster Oskar protein were generated via PCR corresponding to Losk401-606, Losk415606, and Losk420-606. These fragments were inserted downstream of an in-frame MBP moiety
in the pMAL-c2 bacterial expression vector (New England Biolabs) via isothermal ligation
assembly (see Appendix I and [22]). The MBP moiety was subsequently truncated via RTWPCR at its C-terminus to reduce conformational flexibility relative to the downstream fusion
partner as described in [19]. The C-terminus of MBP was further modified via RTW-PCR to
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introduce a tri-alanine linker separating it from the N-terminus of the inserted lipase-related
domain [19]. The resulting bacterial expression constructs (pMBP-E-3A-Losk401-606, pMBP-E3A-Losk415-606,

and

pMBP-E-3A-Losk420-606)

were

individually

transformed

into

BL21(DE3) E. coli and a single colony used to inoculate 50 mL of Luria-Bertani (LB) medium
containing 100 µg/mL ampicillin for overnight growth at 37 ºC and 225 rpm shaking. The
following day, two 2-L LB/ampicillin cultures were each inoculated with 20 mL of the overnight
starter culture and grown at 37 ºC with 225 rpm shaking until reaching an OD600 ~ 0.6. The
culture was then transferred to 20 ºC and isopropyl-β-D-thiogalactopyranoside (IPTG) added to a
final concentration of 0.5 mM for overnight expression with 225 rpm shaking. Cells were
harvested from all 4 L via centrifugation at 4200 rpm, 4 ºC in a JS-4.2 rotor (Beckman Coulter)
for 20 minutes.

Harvested cells were resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl,
20% (v/v) glycerol, 1 mM dithiothreitol, 1 µg/mL pepstatin-A, 1 µg/µL aprotinin, 1 mM PMSF,
0.4 mg/mL hen egg white lysozyme) at a ratio of 5 mL buffer to 1 g of cells. Cells were lysed on
a French press as described above for Losk391-606_C10H and subsequently centrifuged at
20,000 rpm, 4 ºC for 45 minutes in a JA-20 rotor (Beckman Coulter). The resulting supernatant
(clarified lysate) was applied to amylose resin (New England Biolabs) and agitated gently at 4 ºC
for 1 hour to allow for batch affinity binding. The resulting slurry was passed through a column
support to separate the resin from the flowthrough. The resin was washed with twenty column
volumes of lysis buffer at ~1 mL/min by gravity. Bound protein was eluted with elution buffer
(50 mM Tris-HCl pH 8.0, 300 mM NaCl, 20% (v/v) glycerol, 1 mM dithiothreitol, 10 mM D(+)-maltose), protein purity assessed via SDS-PAGE, and the fusions further purified via gel
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filtration using a HiLoad Superdex 75 16/60 pg gel filtration column (GE Healthcare) with 20
mM Tris pH 8.0, 100 mM NaCl, 5 mM 2-mercaptoethanol, 5 mM D-(+)-maltose as the running
buffer. Resulting fractions judged to be pure by SDS-PAGE were pooled and concentrated with
an Amicon Ultracel 30K or 50K MWCO regenerated cellulose device (Millipore).

Lysine methylation of the C-terminal Oskar lipase-related domain

The lipase-related domain was chemically modified as described in [23]. Briefly, affinity
and gel filtration purified MBP-lipase-related domain fusions (prepared as described above) were
repeatedly diluted with lysine methylation buffer (50 mM HEPES pH 7.5, 250 mM NaCl) and
concentrated with an Amicon 30K or 50K MWCO regenerated cellulose device (Millipore).to
remove Tris buffer as this quenches the reaction. The buffer-exchanged protein was finally
concentrated to 1 mg/mL. Per 1 mL of protein sample 20 µL 1 M dimethylamine-borane
complex (ABC) and 40 µL 1 M formaldehyde were added and the reactions subsequently
incubated at 4 ºC for 2 hours; this was repeated once and a final 10 µL ABC per mL of protein
added before an overnight incubation at 4 ºC. The reactions were subsequently centrifuged at
20,800xg, 4 ºC for 30 minutes to remove precipitated protein, concentrated with an Amicon 30K
or 50K MWCO regenerated cellulose device (Millipore), and applied to a HiLoad Superdex 75
16/60 pg gel filtration column (GE Healthcare) with 20 mM Tris pH 8.0, 100 mM NaCl, 5 mM
D-(+)-maltose, 5 mM 2-mercaptoethanol and the pure fractions pooled and concentrated to 10
mg/mL before crystallization screening.
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Mass isolation of D. melanogaster ovarian tissue and lipid extraction from whole fly and ovarian
tissue sources

Using a protocol (obtained from Dr. Elizabeth Gavis, Princeton University, New Jersey,
U.S.A.) modified to improve upon yield and convenience (females do not need to be separated
from males because male reproductive tissue can be separated from female tissue). OregonR
wild type D. melanogaster flies (≥5 g) were fattened on yeast at 25 ºC for 2-4 days before
anesthetized and combined with 250 mL of 1X modified Robb’s Buffer (100 mM HEPES pH 7.4,
55 mM sodium acetate, 40 mM potassium acetate, 100 mM sucrose, 10 mM glucose, 1.2 mM
magnesium chloride, 1 mM calcium chloride) in a kitchen blender. I pulsed this suspension on
low speed for ~5 seconds, 3-4 times, to disembowel the flies, then passed the lysate through a 1
mm-hole mesh and collected the flowthrough. Then, I passed this filtered lysate through a 250µm-nylon mesh and allowed the ovarian tissue in the subsequent flowthrough to settle to the
vessel bottom; I removed solution from the top of the vessel. The remaining lysate is very gently
centrifuged (≤10 x g for 5 minutes) to remove a majority of the supernatant. I gauged the purity
of this ovarian extraction via microscopy.

In an ice-cold 15 mL glass douncer, I combined 4 mL chloroform, 2 mL methanol, and 2
mL water with ≥ 5 g of female OregonR flies or 500–800 mg of ovarian tissue (from 5–10 g of
flies) prepared as described above and homogenized on ice. Then, I centrifuged the crude lysate
at 2500 x g, 4°C for 10 minutes and transferred the bottom organic layer to a new container; I
repeated this once more. Solvent was removed under nitrogen overnight and the subsequent
concentrated lipids resuspended with DMSO.
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Lipid enrichment experiments with the Oskar lipase-related domain

In quadruplicate, sample and negative control spin columns were loaded with 10 µL NiNTA agarose (QIAGEN) and either 10 nmol of SEC-purified polyhistidine-tagged lipase-related
domain or protein storage buffer (20 mM Tris pH 8.0, 300 mM NaCl, 20 % (v/v) glycerol, 10
mM 2-mercaptoethanol) and incubate at 4°C for 3 hours. 100 µL 1:25 diluted lipids (prepared
above; the concentration of DMSO should not exceed 4% (v/v)) were added to each spin column
and incubated at each binding and control reaction at room temperature for 1 hour. After washing
each column with wash buffer (20 mM Tris pH 8.0, 300 mM NaCl, 20 % (v/v) glycerol, 10 mM
2-mercaptoethanol, 20 mM imidazole pH 8.0), the lipase-related domain was eluted along with
any accompanying small molecules with elution buffer (20 mM Tris pH 8.0, 300 mM NaCl,
20 % (v/v) glycerol, 10 mM 2-mercaptoethanol, 500 mM imidazole pH 8.0).

The contents of each sample and negative control elution were separated by reversed
phase liquid chromatography (Aglient 1200 binary pump system) followed by mass spectrometry
analysis (Agilent 6220 ESI-TOF). In negative ion mode mode, a Gemini C18 reversed phase
column (5 µm, 4.6 x 50 mm, Phenomonex) and a C18 reversed phase guard column (3.5 µm, 2
mm x 20 mm, Western Analytical) were used for LC-MS. In positive ion mode, a Luna C5
reversed phase column (5 µm, 4.6 x 50 mm, Phenomonex) with a C4 reversed phase guard
column (3.5 µm, 2 mm x 20 mm, Western Analytical) were used for LC-MS. All buffers were
made with HPLC-grade solutions: Solvent A consisted of 95:5 v:v water:methanol and Solvent B
consisted

of

60:35:5

v:v:v

2-propanol:methanol:water.

Ammonium

hydroxide

(final

concentration of 0.1% (w/v)) was added to each solvent for negative ion mode; formic acid (final
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concentration of 0.1% (w/v)) and 5 mM ammonium formate were added to each solvent for
positive ion mode.

XCMS [24] was used to process the mass spectrometry data and identify ions that were
more abundant in the sample pulldowns relative to the negative control. Raw data files were
converted to the mzXML format before processed with XCMS to filter identified ions based on a
peak size (≥10,000 counts) and statistical significance (p-value < 0.05). Subsequent candidates
were then manually inspected and verified; fold changes were calculated based on the integrated
peak area for the corresponding ion.

Synthesizing and purifying 1-palmitoleoyl-2-hydroxy-sn-glycero-3-phosphocholine

The synthesis of 1-palmitoleoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC(16:1)) is
largely based on [25] with modifications from [26, 27] and is summarized in Figure 25. The lipid
backbone (sn-glycero-3-phosphocholine, or GPC) is activated with an equimolar amount of
dibutyltin (IV) oxide (DBTO) for 2 hours at 90 ºC in isopropanol (IPA). In parallel, an equimolar
quantity of palmitoleic acid is converted to its reactive acid chloride with a molar excess of
oxalyl chloride; the solvent is later removed with an evaporator. The activated GPC is combined
with palmitoleic acid chloride in the presence of triethylamine to yield LPC(16:1) and the DBTO
catalyst. Acylation preferentially occurs at sn-1, but does occur at sn-2 in a ratio ranging from
1:9 to 1:50 sn-2:sn-1 [25, 26].
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The subsequent purification of LPC(16:1) is largely based on published purifications of
other lysophosphocholine species [28, 29]. The final reaction products from above were applied
to a silica column using a mobile phase of 50:40:10 v:v:v chloroform:methanol:water. The purity
of elution fractions was determined via thin layer chromatography using the mobile phase
solvent and staining with phosphomolybdic acid (see Figure 35). The contents of specific
fractions were further analyzed by positive mode mass spectrometry (Agilent 6220 ESI-TOF)
(expected m/z of [LPC(16:1) + H]+ = 494.32 and [2LPC(16:1) + H]+ = 987.64).
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Figure 25. Organic synthesis of 1-palmitoleoyl-2-hydroxy-sn-glycero-3-phosphocholine. The
lipid backbone (sn-glycero-3-phosphocholine or GPC) is activated with dibutyltin (IV) oxide
(DBTO) for 2 hours at 90 ºC with isopropanol (IPA) to yield an activated intermediate. In a
separate reaction (not shown), palmitoleic acid is converted to its reactive acid chloride simply
by dissolving it in oxalyl chloride and later evaporating the solvent. The activated GPC is
combined with palmitoleic acid chloride in the presence of a base (triethylamine, TEA) to yield
LPC(16:1) and the DBTO catalyst. Reaction is largely based on [25].
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Results and Discussion

Producing a soluble lipase-related domain through bioinformatics and limited proteolysis

Based on a multiple sequence alignment of Drosophilid Oskar proteins, I had initially
defined the lipase-related domain as residues 391 to 606 (Losk391-606). Subsequent expression
of a C-terminal polyhistidine tagged lipase-related domain (Losk391-606_C10H) in BL21(DE3)
E. coli and purification on Ni-NTA agarose (see Materials and Methods) yielded pure, but
unstable protein product that precipitated when concentrated above 1 mg/mL. Even in the
absence of concentration, a significant portion of Losk391-606_C10H aggregates after Ni-NTA
purification (as assessed by gel filtration chromatography). Given this persistent difficulty in
handling Losk391-606_C10H, I attempted to find either a more stable storage buffer or a more
stable lipase-related domain construct. I pursued the former using a solubility screen (based on
previously published screens; [30-33]) and found that sodium acetate pH 5.0, 0.5 M trehalose,
and low (<200 mM NaCl or KCl) ionic strength increased Losk391-606_C10H stability a 1
mg/mL, but did not allow for further concentration. Because I intended to eventually crystallize
this domain, I needed a more stable protein sample that could be concentrated further. Therefore,
I attempted to find new domain boundaries that would yield a more stable protein product.

Rather than continue to use bioinformatics analyses to guide educated guesses regarding
Losk391-606 truncations, I conducted a series of limited proteolysis experiments. The
underlying assumption of limited proteolysis studies is that when a substrate is in vast molar
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excess relative to a protease, only the most accessible sites will be cleaved first; it is interpreted
that the most accessible sites are the most flexible and therefore impediments to crystallization
[34]. Initial subtilisin and thermolysin digests produced truncated products (~2.5 kDa smaller
than Losk139-606_C10H assessed by SDS-PAGE), whereas trypsin resulted in complete
digestion, α-chymotrypsin produced barely discernible proteolysis products, and endoproteinaseLys-C did not produce proteolysis fragments. It is likely that the trypsin, α-chymotrypsin, and
endoproteinase-Lys-C digestions could be optimized, but I further pursued subtilisin and
thermolysin digestions given their initial success. I submitted optimized subtilisin and
thermolysin digestions (see Figure 26A) for Edman N-terminal sequencing. Surprisingly both
proteolysis reaction products would not transfer from an SDS-PAGE gel to a PVDF membrane
(despite modifying the transfer buffer to include 0.1% (w/v) SDS and CHAPS pH 11.0), so I
spotted each reaction directly onto a PVSF membrane for analysis. As such, a caveat must be
recognized: because there is no separation between cleavage products, all available N-termini
were analyzed, resulting in a collection of sequences. The least ambiguous alignments between
the Edman products and expected sequences are shown in Figure 26B. The Edman sequencing
reveals that proteolysis did occur at the N-terminus for both digests and furthermore, subtilisin
and thermolysin cleaved at different positions. Based on these data, I generated new expression
constructs (see Materials and Methods) corresponding to residues 401-606 and 415-606 (I also
made a third expression construct for residues 420-606 based on computational analysis of the
Oskar lipase-related domain as compared to structurally-characterized SGNH hydrolases;
residues 420-606 correspond to the shortest possible N-terminus).
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I purified all three proteins via Ni-NTA affinity and gel filtration chromotagraphies to
≥95% purity (see Figure 27) essentially as described above for Losk391-606_C10H (see
Materials and Methods). I found that expressing BL21(DE3) E. coli produced more Losk401606_C10H and Losk420-606_C10H compared to Losk415-606_C10H. Most notably, all three
proteins can be concentrated up to 5 mg/mL and do not form soluble aggregates (as determined
by the presence of protein that elutes at the void retention volume during gel filtration), marking
two significant improvements over Losk391-606_C10H. There is, however, still a requirement
for a chemical chaperone to aid in lipase-related domain solubility: 20% (v/v) glycerol. The
presence of this much glycerol in all buffers made subsequent applications for the purified
proteins (e.g. crystallization and NMR) problematic.

Recently, two structures of the Oskar lipase-related domain were published and along
with it, details regarding its purification [35, 36]. Unfortunately, one study [35] does not provide
enough information to reproduce the expression and purification of this domain, but the
investigators made use of Ni-NTA affinity, cation exchange, and size exclusion chromatographic
steps in their purification of an identical fragment as the subtilisin digestion product (residues
401-606). No justification for these chromatographic steps, the domain boundaries, or the
missing components of the storage buffer is provided. One notable detail provided in [35] is the
corroboration that Losk401-606 “showed only a moderate solubility (2 mg/mL)” and
furthermore, the authors were able to achieve crystallization at higher protein concentrations (6-7
mg/mL) via addition of 0.01% β-D-octylglucoside. During my solubility screening trials, I did
not test this detergent, but as the authors do not provide a full description of the protein storage
buffer, it is not clear if inclusion of this additive would have improved solubility. It is intriguing,
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though, that inclusion of a detergent improved solubility given my analysis of Losk401-606
lipid-binding capacity (see below).

In the second study, [36], the authors fortunately provide enough details to understand
their purification of the Oskar C-terminal lipase-related domain. An Oskar fragment very similar
to my initial, poorly behaved domain (residues 393-606 as compared to residues 391-606) was
expressed in and purified from E. coli as a SUMO fusion protein. After Ni-NTA affinity
purification, the authors subsequently removed the fusion tag and purified the protein on a
Heparin column (as a cation exchanger) then a gel filtration column. Very intriguingly, the
authors were able to concentrate purified Losk393-606 to ~5 mg/mL in a buffer similar to mine
(see Material and Methods) with the notable exclusion of glycerol and inclusion of EDTA. This
seems very surprising, as I would not expect two N-terminal residues to have such a dramatic
effect on protein solubility. A common feature between both publications that is also lacking in
my protocol is the inclusion of a cation exchange chromatographic step after affinity purification.
This, perhaps in conjunction with an additive, could be a crucial step to generating stable lipaserelated domain for biochemical and structural analyses.
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Figure 26. Limited subtilisn and thermolysin proteolysis of the Oskar lipase-related
domain (Losk391-606) reveals two stable truncations. A. A C-terminal 10X-histidine tagged
fragment of Oskar (residues 391-606; Losk391-606_C10H; 27.5 kDa) was subjected to limited
subtilisin and thermolysin proteolysis at 4 ºC. Shown is an SDS-PAGE analysis of uncut
substrate (–) relative to the reaction products from optimized subtilisin and thermolysin digests.
B. Edman N-terminal sequencing of each digest aligned to the most similar Oskar sequence
(Database – UniProt Acc. No. P25158). Identical residues are colored in red.
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Figure 27. Affinity and gel filtration purification of Losk415-606_C10H from E. coli. A. The
lipase-related domain (Oskar residues 415-606; UniProt Acc. No. P25158) is expressed with a Cterminal decahistidine tag in BL21(DE3) E. coli cells. The resulting protein is captured on NiNTA agarose and eluted in a linearly increasing gradient of imidazole. Formula weight: 24.9 kDa.
SDS-PAGE gel labels: soluble clarified lysate (L), flowthrough (FT), wash (W), and linear
elution gradient of imidazole (imidazole). B. Ni-NTA purified Losk415-606_C10H is further
refined via size exclusion chromatography on a HiLoad Superdex 75 16/60 pg column; above is
the absorbance (at 280 nm) trace from the gel filtration purification, below is an SDS-PAGE
analysis of fractions corresponding to Losk415-606_C10H. Losk401-606_C10H is purified using
exactly the same procedure with similar results and purity.

120

The Oskar lipase-related domain is recalcitrant to crystallization

I performed extensive sitting drop vapor diffusion crystallization screening (≥6
commercial screens per protein) with three C-terminally-tagged lipase-related domain constructs
prepared as described in Materials and Methods (Losk401-606, Losk415-606, and Losk420-606).
The most promising condition (see Figure 28) could not be optimized to produce larger
crystalline objects. Despite many attempts to improve lipase-related domain solubility (see
above), I could concentrate the protein up to ~5 mg/mL only in 20% (v/v) glycerol – the
relatively low protein concentration coupled with the large amount of solubilizing reagent may
have hindered crystallization. Of those conditions that did produce discernible precipitation, the
sitting drops appeared grainy appearance; very few conditions produced heavy aggregation.

Given that the lipase-related domain precipitates at high protein concentrations, but is not
able to form heavy aggregates during crystallization screening, I suspected that there were not
enough potential contacts for crystal formation. Instead of screening more precipitant conditions,
I decided to focus on creating a series of protein constructs that were theoretically more likely to
crystallize [34, 37-40]. I pursued two classes of constructs: (1) surface entropy reducing
mutations; and (2) N-terminal fusions with a crystallization chaperone (maltose binding protein,
MBP).
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A

C

B

Figure 28. Microcrystalline material from a crystallization condition with Losk401-606. A.
Visible light image of Losk401-606 microcrystals grown in 2.0 M ammonium sulfate and 0.1 M
sodium acetate pH 4.6. B. UV image of the (A). C. Visible light close up of the microcrystalline
objects in (A). Scale bar is 200 µm.
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An underlying assumption that motivates introducing surface entropy-reducing (SER)
mutations is that the change in enthalpy upon crystallization (∆Hcryst. ~ 0) is small. If
crystallization is to happen spontaneously (i.e. thermodynamically favorable), the quantity
∆Gcryst defined as follows

∆Gcryst. = ∆Hcryst. – T(∆Sprotein + ∆Ssolvent)cryst.,

must be negative. Therefore, if ∆Hcryst. ~ 0 and ∆Gcryst < 0 upon crystallization, then the entropy
of the system (∆Scryst.) must increase. There are two major underpinnings of an entropic barrier
(i.e. a decrease in ∆Scryst) to crystallization: flexible surface residues whose side chain moieties
lose rotational degrees of freedom upon crystallization (i.e. ∆Sprotein < 0); and few water
molecules are ordered by hydrophilic surface residues and, upon crystallization, would be freed
(i.e. a negligible increase in ∆Ssolvent) [38, 39, 41, 42]. With these criteria in mind, lysine,
glutamate, aspartate, and glutamine residues (especially in consecutive stretches) are prime
candidates for substitution, specifically to alanine.

An online SER analysis (SERp; [43]) of the Oskar lipase-related domain identified three
candidate clusters of amino acids for mutation to alanine (see Figure 29). I introduced all three
clusters of alanine substitutions (K582A + E583A, K506A + E507A, and E562A) separately into
the Losk401-606 and Losk415-606 and found that each set reduced protein solubility as
compared to wild type. Furthermore, none of the mutants produced crystals in commercial sitting
drop vapor diffusion screens. The reduction in solubility is somewhat expected (and desired if
crystallization is the intended goal) given the substitution of hydrophilic amino acids with
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nonpolar alanine. However, if the effect is too drastic (as may have been the case with the lipaserelated domain) and the final protein concentration too low to promote crystallization, then it
may be more prudent to pursue a more conservative strategy when introducing SER mutations.
Specifically small and conformationally-restrained residues, such as histidine, threonine, and
serine.
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Figure 29. Promoting the crystallization of the Oskar lipase-related domain through the
introduction of surface-entropy reducing mutations. A. Multiple sequence alignment of
Drosophilid Oskar proteins with three clusters of hydrophilic residues identified from the online
SERp server [43] with accompanying SERp scores (the likelihood that substitutions at a cluster
promote crystallization; higher scores indicate a higher probability of promoting crystallization).
Phylogeny adapted from [44]. B. Three candidate regions of lysine and/or glutamate residues
(corresponding to those in A) are indicated along with their SERp score (green, sticks) on a
homology model of Losk415-606 (built with MODELLER [45] using structurally-characterized
SGNH hydrolases as templates). Residues indicated in blue correspond to three residues in the
ancestral lipid-binding pocket that are conserved among Oskar proteins.
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In parallel to introducing SER mutations to promote crystallization, I pursued fusions of
the lipase-related domain with MBP. The reasons for doing so are rooted in the idea that MBP
may act as a crystallization chaperone: the fused target protein should be more soluble
(increasing the probability of crystal nucleation) and the chaperone is able to provide additional
crystal contacts. A further benefit of pursuing MBP fusions is the ability to phase diffraction data
via molecular replacement using previously solved structures of MBP as search models. The
ability of MBP to promote the crystallization of recalcitrant target proteins for the reasons
described above has been exploited successfully [19, 20, 46-49].

I tested MBP fusions with one of three lipase-related domain fragments (Losk401-606,
Losk415-606, and Losk420-606) and found that the inclusion of the crystallization chaperone
greatly improved solubility (typically greater than 20 mg/mL). I attempted to crystallize these
three fusions using commercial sitting drop vapor diffusion screens: no conditions gave crystals
for any construct. Of note, though, MBP-E-3A-Losk415-606 produced objects that appeared to
be gelatinous phase separation (Figure 30), but handled as solid objects; furthermore, these
objects were highly concentrated in protein as revealed by UV absorbance. Unfortunately, these
objects did not diffract.

Suspecting that the fusion of MBP causes an overly soluble protein, I attempted to reduce
its solubility through reductive lysine methylation. By methylating the ε-amino group in the
lysine side chain, it is postulated that the resulting moiety is now more hydrophobic, leading to
the local ordering of water molecules; thus, upon crystallization of a lysine-methylated protein,
these ordered waters are freed, causing an increase in the system entropy and making further
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crystallization favorable [23]. Using lysine-methylated MBP-E-3A-Losk415-606, I found one
condition that produced small protein-containing objects (see Figure 31), but unfortunately these
are too small for diffraction experiments. Subsequent secondary screening and refinement around
this initial condition do not result in larger objects. If the crystallization of the Oskar lipaserelated domain is to be further pursued (which, given that two structures have been published [35,
36], seems unnecessary), then one strategy could involve these small objects (as shown in Figure
31), either directly for macroseeding around the initial condition, or to pulverize for random
microseeding [50].

As a final strategy to crystallize MBP-fusions with the lipase-related domain, I
introduced pairs of MBP mutations that promote the coordination of divalent cations and
subsequent symmetrization/oligomerization of the fusion protein [51]. It was demonstrated that
this approach allows MBP to crystallize in many new conditions and space groups [51]. Another
benefit of this strategy is that incorporation of anomalous scattering cations may not only
promote crystallization, but also allow for experimental phasing. I separately introduced three
pairs of mutations (K26H + K30H, A216H + K220H, and E310H + K314H) into the MBP
moiety of three fusion proteins (MBP-E-3A-Losk401-606, MBP-E-3A-Losk415-606, and MBPE-3A-Losk420-606) and determined the oligomeric state of these mutants in the presence of
three metals (copper sulfate, nickel chloride, and zinc acetate). In the absence of metals, all
mutations in all fusion proteins had no measurable effect on overall stability and solubility. Upon
addition of an equimolar quantity of zinc acetate, the fusion proteins precipitated immediately.
Interestingly, this precipitation is reversed upon addition of a molar excess of EDTA, suggesting
that these fusions are able to aggregate in a reversible and metal-dependent manner. I attempted
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to crystallize metal-binding MBP-lipase-related fusions with equimolar quantities of nickel
chloride, zinc acetate, or copper sulfate using commercial sitting drop vapor diffusion screens,
but no crystals resulted; see Table 6 for a summary.
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200 μm

Figure 30. Putative phase separation of MBP-E-3A-Losk415-606. An N-terminal fusion
protein between maltose binding protein and Losk415-606 yielded phase separation-like objects
in 0.2 M KCl, 0.05 M HEPES pH 7.5, and 35% (v/v) pentaerythritol propoxylate. The objects do
not diffract, but are highly concentrated with protein and reproducible.
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A

C

B

Figure 31. Potential crystallization of methylated MBP-lipase-related domain fusion. An Nterminal fusion protein between maltose binding protein and Losk415-606 was treated with the
necessary reagents to methylate surface-exposed lysine side chains, thus reducing protein
solubility and potentially increasing the chances of it crystallizing [23]. One condition (0.2 M triammonium citrate pH 7.0, 20% (w/v) PEG 3350) produced small objects (A) that are UV-active
(B) and upon closer inspection may be microcrystalline material (C). Scale bar is 200 µm.
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Table 6 – Summary of expression, purification, and attempted crystallization of MBP-lipase-related domain
fusions with metal-coordination mutations
Lipase-related
MBP mutation
Purified
Metal
Attempted Crystallization
domain
copper sulfate
Yes – 6 screens
Losk401-606
Yes
nickel chloride
No
zinc acetate
Yes – 6 screens
copper sulfate
No
K26H + K30H
Losk415-606
Yes
nickel chloride
No
zinc acetate
No
copper sulfate
Yes – 8 screens
Losk420-606
Yes
nickel chloride
Yes – 8 screens
zinc acetate
Yes – 8 screens
copper sulfate
Yes – 7 screens
Losk401-606
Yes
nickel chloride
Yes – 7 screens
zinc acetate
Yes – 7 screens
copper sulfate
No
A216H + K220H
Losk415-606
Yes
nickel chloride
No
zinc acetate
Yes – 6 screens
copper sulfate
No
Losk420-606
Yes
nickel chloride
No
zinc acetate
No
copper sulfate
No
Losk401-606
Yes
nickel chloride
No
zinc acetate
No
copper sulfate
Yes – 5 screens
E310H + K314H
Losk415-606
Yes
nickel chloride
Yes – 5 screens
zinc acetate
Yes – 5 screens
copper sulfate
No
Losk420-606
Yes
nickel chloride
No
zinc acetate
Yes – 6 screens
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The Oskar lipase-related domain binds lipids isolated from whole fly and ovarian tissue

Given that the lipase-related domain bears low, but detectable, sequence similarity with
SGNH hydrolases, we hypothesized that Losk401-606 may adopt a similar three-dimensional
structure as true lipases and as such, may bind lipids. In collaboration with Dr. Alan Saghatelian
(formerly of Harvard University, currently at the Salk Institute, San Diego, California, U.S.A.), I
determined if the Oskar lipase-related domain binds lipids from D. melanogaster. A schematic of
the lipid enrichment experimental strategy is shown in Figure 32. I conducted the first set of
enrichment experiments with lipids extracted from whole female OregonR D. melanogaster flies
and Losk391-606_C10H. As determined by mass spectrometry, no lipids were significantly
enriched compared to a negative control, perhaps owing to low stability of this protein construct
(see above). I repeated these experiments with an N-terminal glutathione-S-transferase (GST)
tagged lipase-related domain (residues 391-606) fusion protein such that I could immobilize the
protein on glutathione resin at pH 5 (this pH would abolish binding of Losk391-606_C10H to
Ni-NTA because deprotonated histidine side chains allow for affinity capture and the pKa of
histidine is ~6.1). GST-Losk391-606 also did not significantly enrich lipids. Finally, I repeated
the lipid enrichment experiment with Losk401-606_C10H immobilized on Ni-NTA agarose
using whole fly lipid extract and found that it enriched for ions that potentially are or contain
unsaturated fatty acids, specifically linoleic acid and palmitoleic acid (see Figure 33).

To better understand the potential role of lipid binding plays in Oskar protein activity,
one could generate mutations in the lipase-related domain, demonstrate that they affect lipid
binding in vitro, then introduce those mutants into the fly and determine the effect on germ
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plasm accumulation. While this is a very straightforward strategy to investigate Oskar lipid
binding, it requires screening through mutants without a structure of the lipase-related domain;
furthermore, given that wild type Losk401-606 is difficult to handle, various mutants might be
equally or more difficult. Therefore, I decided to reverse the strategy such that I took advantage
of published lipase-related domain mutations that abolish germ plasm accumulation [13-17] and
determined if they differ in their ability to bind lipids. I cloned and attempted to express all six
published individual point mutants in the Losk401-606_C10H and Losk415-606_C10H
constructs. In summary, almost all Losk401-606 mutants expressed at high levels, whereas most
of the Losk415-606 mutants expressed at a lower level (see Table 7). As a result, I attempted to
purify all expressed Losk401-606_C10H mutants, successfully doing so for only two (S452L and
S457F) in a Losk401-660_C10H background (see Table 7). I performed the whole fly lipid
enrichment experiments with the S452L and S457F mutants and found that they enriched for a
broader set of ions, some of which overlap with wild type (see Figure 33). Overall, the mutants
appeared to also exhibit higher fold change enrichment compared to wild type. The binding
specificity seems to have broadened in the case of both mutations when compared to wild type,
with respect to not only the acyl chain length/saturation as well as head group identity. It is not
clear if this change in specificity is due to a loosening of specific chemical constraints on the
ligand imposed by S452 and S457, or the consequence of simply making the binding site more
hydrophobic through the described mutations.
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Sample

+lipase

or

Ni-NTA!
-lipase

Control

Lipid Extraction!
(female OregonR!
or OregonR ovaries)!

Lipid Pulldown!
(in quadruplicate)!

Liquid Chromatography!
(hydrophobicity)!

MS!
(qTOF)!

Figure 32. Mass spectrometry analysis of D. melanogaster Osk lipase-related domain
putative lipid binding activity. A. Simplified workflow of lipid pulldown assay. Lipids (and
other hydrophobic molecules) are extracted by homogenizing either whole female OregonR flies
or ovarian tissue. The lipid extract is then applied to Ni-NTA agarose beads in the presence or
absence of histidine-tagged Osk lipase-related domain. After washing the beads and eluting the
bound protein with imidazole, the elution is run on an HPLC/qTOF machine to ascertain if the
lipase-related domain enriches for certain lipids. Two MS modes are run: positive and negative
where positive ions and negative ions are samples, respectively.
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Table 7 – Expression and purification of loss-of-function lipase-related domain mutants
Construct
Mutation
Expression
Solubility
Purified
P424S
High
Low
No
S452L
High
Low
Yes
S457F
High
Low
No
401-606_C10H
N561Y
High
Low
Yes
R593Q
High
Low
Very little
R593W
Low/Undetectable
Low
No
P424S
Low/Undetectable
–
–
S452L
Moderate
–
–
S457F
Low/Undetectable
–
–
415-606_C10H
N561Y
High
–
–
R593Q
Moderate
–
–
R593W
Low/Undetectable
–
–
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wildtype
745.5038 [PG(16:0/18:2)]
747.5211

S452L

831.5034 [PI(18:2/16:1)]
829.4869
834.6392
474.2710
349.2040

857.5193 [PI(18:2/18:2)]
743.4876 [PG(16:1/18:2)]
769.5039 [PG(18:2/18:2)]
771.5189 [PG(18:1/18:2)]

S457F

805.4875 [PI(16:1/16:1)]
807.5040 [PI(16:1/16:0)]
855.5024 [PI(18:2/18:3)]
859.5339 [PI(18:2/18:1)]
717.4709 [PG(16:1/16:1)]
719.4913 [PG(16:0/16:1) ]
450.2637 [PE(16:1/0:0)]
476.2813 [PE(18:2/0:0)]
772.5193
767.4856
806.4898

Figure 33. S452L and S457F mutations broaden lipid-binding specificity for PIs, PGs, and
PEs from whole fly extract. Venn diagram of ions (m/z) enriched by one or more variants of the
lipase-related domain (wild type, S452L, or S457F mutants of Losk401-606_C10H) along with a
putative chemical description/identity when possible. Specific criteria for selecting enriched
ions: p-value < 0.05, average sample abundance is greater than the average control abundance,
fold enrichment change greater than 4, and the average sample abundance is greater than 10,000
counts.
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Up until this point, I had used whole flies as a source of lipids because they were easier to
obtain and the prospect of dissecting enough ovaries for a lipid extract seemed daunting.
However, because I showed that the lipase-related domain enriches for lipids from whole fly
extracts, I decided to perform a lipid enrichment experiment with a more functionally relevant
pool of lipids from ovarian tissue. To first do so, I obtained and modified a protocol for the mass
isolation of ovarian tissue, allowing me to avoid thousands of dissections. Using this protocol
(see Materials and Methods), I generated a lipid extract from ovarian tissue for enrichment
experiments with wild type and S452L mutant protein. Surprisingly, compared to the enrichment
experiments with whole fly lipid extract (see Figure 3), I found that the list of enriched ions is
much smaller from ovarian tissue and almost identical between wild type and the S452L mutants
(see Tables 8 and 9). There appears to now be enrichment of lysophosphatidylethanolamine 16:1
(LPE(16:1)) and lysophosphatidylcholine 16:1 (LPC(16:1)) (see Figure 34); these putative
assignments were corroborated by collision induced dissociation data.
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Table 8 – Negative ions enriched by wild type and S452L mutant Losk401-606_C10H from
ovarian lipid extract
Expected
Potential
–
Protein
Median m/z Fold Change
p-value
Identity
[M–H] m/z
450.2634
7.03
0.000345
PE(16:1/0:0)
450.2633
Wild type
554.3111
5.56
6.33E-06
–
–
450.2635
6.39
0.00650
PE(16:1/0:0)
450.2633
554.3111
5.41
0.00129
–
–
S452L
palmitoleic
253.2176
4.18
0.00911
253.2168
acid (16:1)
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Table 9 – Positive ions enriched by wild type and S452L mutant Losk401-606_C10H from
ovarian lipid extract
Median
Fold
Potential
Expected
Protein
p-value
Ion
m/z
Change
Identity
m/z
516.3106
6.91
8.21E-07
–
–
–
Wild type

S452L

+

494.3245

6.86

3.59E-05

PC(16:1/0:0)
PE(19:1/0:0)

452.2793

4.51

2.09E-06

PE(16:1/0:0)
PA(18:2/0:0)

516.3101

6.82

3.73E-05

–

[M+H]
+
[M+H]
[M+H]+
+
[M+NH4]
–

494.3246

6.66

0.000194672

PC(16:1/0:0)
PE(19:1/0:0)

[M+H]
+
[M+H]

494.3241
494.3241

1.98E-05

PE(16:1/0:0)
PA(18:2/0:0)

[M+H]
+
[M+NH4]

452.2771
452.2771

452.2781

4.39
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+

+

494.3241
494.3241
452.2771
452.2771
–

O
OH
O

O

m/z: 450.26 (100.0%), 451.27 (23.5%), 452.27 (4.1%)
lysophosphoethanolamine(16:1(9Z))

N

O
OH
P
O
O
OH
O

O

m/z: 494.32 (100.0%), 495.33 (26.8%), 496.33 (5.0%)

lysophosphocholine 16:1
lysophosphocholine(16:1(9Z))

NH2

O
O
P
O
O
OH
O

O

m/z: 450.26 (100.0%), 451.27 (23.5%), 452.27 (4.1%)

lysophosphoethanolamine
16:1
lysophosphoethanolamine(16:1(9Z))

N

OH
Figure 34. Losk401-606_C10H
enriches for two structurally related lysophospholipids from
P
O

O
O

ovarian lipid extract. The identity
of each ion was verified via collision-induced dissociation.
OH
O

O

m/z: 494.32 (100.0%), 495.33 (26.8%), 496.33 (5.0%)
lysophosphocholine(16:1(9Z))
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Synthesizing and purifying LPC(16:1)

Unfortunately, the lipase-related domain enriches for lysophospholipids that are either
not available for purchase or prohibitively expensive for custom synthesis. With the help of
members of the Saghatelian lab, I planned the synthesis of one potential ligand (1-palmitoleoyl2-hydroxy-sn-glycero-3-phosphocholine, abbreviated here as LPC(16:1)) using sn-3-glycerophosphocholine and palmitoleic acid as starting materials. The reaction (as described in [25])
makes use of dibutyltin (IV) oxide as a catalyst. The end product of this reaction should be
LPC(16:1). The synthesis pathway is summarized in Figure 25 and is largely based on [25].
Briefly, the lipid backbone (sn-glycero-3-phosphocholine or GPC) is activated with dibutyltin
oxide (DBTO) to form an intermediate product. This intermediate is added to palmitoleic acid
chloride (produced in a separate reaction) along with a base (triethylamine) to produce
LPC(16:1).

Key to purifying LPC(16:1) from other products was the choice of solvent system. Based
on published purifications of other lysophosphocholines [28, 29], I chose a combination of
chloroform, methanol, and water to separate the product from other species. I initially used
65:24:5 chloroform:methanol:water as a solvent, but the rate of LPC(16:1) mobility in such a
solvent was too low. Instead, I increased the hydrophilicity of the solvent to 50:40:10
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A

5
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25

30 35 40

45 50

migration

1

LPC(16:1)

origin

B
Fraction 15
494.3312
[M+H]+

987.6437
[2M+H]+
121.1228

Figure 35. Purification of LPC(16:1). A. The products of the final reaction described in Figure
25 were purified on silica as described (see Materials and Methods). Shown is TLC analysis of
select purification fractions run in the same solvent described above then stained with
phosphomolybdic acid. The origin of migration and the mobility of LPC(16:1) are indicated. B.
Mass spectrometry analysis of fraction 15 from (A) on a qTOF (positive mode) reveals that the
two most abundant ions agree well with the expected m/z of [LPC(16:1) + H]+ = 494.32 and
[2LPC(16:1) + H]+ = 987.64.
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chloroform:methanol:water and found that it now allowed for the purification of LPC(16:1) from
other molecular species on a silica column (see Figure 35).

NMR analysis of Losk420-606 and its capacity to bind LPC(16:1)

As NMR is a very sensitive technique when probing the chemical environment of
individual amino acids, I attempted to study the effect of adding LPC(16:1) to the lipase-related
domain. Specifically, I wanted to understand if specific residues are responding to LPC(16:1) to
ultimately quantify its affinity. After labeling Losk420-606 with a heavy isotope of nitrogen
(15N), I performed a 1HSQC experiment to examine the chemical shift of every N–H pair in the
lipase-related domain in the presence and absence of LPC(16:1). In the absence of LPC(16:1),
the resulting protein spectra show many distinct peaks, approximately as many as expected for
the number of amino acids (see Figure 36). This result in of itself is promising if all
crystallographic means of structure determination fail, though it would take very long to collect
enough data given low protein solubility (see below). In the presence of LPC(16:1), there are a
handful of chemical shifts, as well as the appearance of new shifts (see Figure 37). Overall, the
number of peaks did not dramatically change, but specific binding between a protein and a ligand
usually results in more differences between bound and unbound protein spectra.

During NMR experiments, I encountered problems in regards to lipase-related domain
solubility and stability. I successfully substituted glycerol with a mixture of L-arginine/L-
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Figure 36. 1HSQC NMR of the Oskar lipase-related domain. Shown are the chemical shifts
between covalently linked

15

N and 1H for each residue in Losk420-606. Spectra were taken at

room temperature and the peak resolution improved with increasing temperature from 4 ºC to
room temperature.
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Figure 37. 1HSQC NMR of the Oskar lipase-related domain (Losk420-606) with and
without lysophosphocholine 16:1 (LPC(16:1)). Shown are the chemical shifts between
covalently bonded 15N and 1H nuclei for each residue in Losk420-606 in the presence (red) and
absence (black) of its putative ligand. Spectra were taken at room temperature as it was observed
that the peak resolution improved with increasing temperature from 4 ºC to room temperature.
Highlighted in green boxes are obvious chemical shifts that appear only in one condition versus
the other, suggesting that their chemical environment changes upon addition of LPC(16:1).

145

glutamate in the sample buffer (thus reducing the sample viscosity and increasing the rate of
molecular tumbling during data collection), but the resulting protein still could not be
concentrated beyond ~5 mg/mL and would precipitate at any temperature after short data
collection times. I therefore adopted two strategies to produce a more stable NMR sample: (1)
introducing a handful of point mutations on the (putative) protein surface of the protein. The
other is to add detergents to the solution to form a micelle around the protein, potentially
protecting it from aggregation.

I approached the first strategy using a previously described rational mutagenesis scheme
that relies on evolutionary conservation in guiding the selection of sites [52]. Briefly, one
compares the target protein sequence to those of homologs and identifies hydrophobic positions
in the target that are hydrophilic in one or more homologs. The underlying assumptions are that
sites that lack physicochemical conservation are not functionally important and the presence of
an potential aggregation-prone hydrophobic residue on the target protein surface may be
ameliorated through substitution with a hydrophilic residue. Using a homology model of the D.
melanogaster Osk lipase-related domain (Dm-lipase) and a multiple sequence alignment of
twelve Drosophilid Oskar lipase-related domain sequences I identified eleven positions that are
hydrophobic in Dm-lipase-related and hydrophilic homolog. I then eliminated five of those
eleven positions either because they were near the putative active site, not modeled, or not near
the surface. I pursued the remaining six positions (see Figure 38A) and prioritized their
investigation by evolutionary distance and the identity of the amino acids (see Figure 38B). I
have since introduced the top four mutations singly and in combination into three Dm-lipaserelated domain construct lengths.
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Figure 38. Prioritizing lipase-related domain surface mutations to promote crystallization.
A. A homology model of the D. melanogaster Oskar lipase-related domain demonstrates that six
non-conserved hydrophobic surface positions (colored in red) may reside away from the putative
binding site (octanoic acid, in orange, demarcates the potential lipid binding site). B. An
evolutionary comparison of the six positions shown in A allows for a prioritization of mutations.
Higher priority is given to positions in which D. melanogaster Oskar lipase-related domain
exhibits a hydrophobic residue and a closely related Drosophilid lipase-related domain exhibits a
hydrophilic residue. The proposed mutations at each position are boxed in blue. Phylogeny
adapted from [44].
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All single, double, triple, and quadruple mutations failed to produce a protein product more
stable than the wild type construct and as such, I abandoned this approach.

Outlook, reflections, and proposed experiments

While the lipase-related domain can meaningfully enrich lipids from fly extract, the
binding does not appear to be high affinity (by NMR) and the in vivo relevance of such an
activity is therefore called into question. Furthermore, The lipase-related domain seems to enrich
for molecules that are necessarily pronounced in abundance, asymmetric distribution, or
relevance to germ plasm accumulation [53, 54]. A compounding problem is that targeted studies
focused on exhaustively characterizing the oocyte lipid composition have not been performed
and stand as a barrier to further understanding the role specific lipids pose in development, let
alone oogenesis and germ cell specification.

Given that Osk has been shown to associate with endosomal membranes [55], an
attractive hypothesis is that the lipase-related domain provides this function. Even though
immunoelectron microscopy is relatively low throughput, it may be informative to examine the
association of ∆lipase-related osk with membranes. Any avenue to explore the relevance of lipid
binding to Osk protein activity would be the modulation LPC(16:1) and/or LPE(16:1) levels. If
one were able to specifically change the abundance and/or distribution of those
lysophospholipids in the oocyte, one could then determine what effect (if any) that has on germ
plasm accumulation. Unfortunately, it may be difficult to not only perturb lipids solely in the
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ovary, but also the specific lipid classes/molecules as much of the lipid biosynthetic machinery
displays broad specificity in regards to head group and acyl chain [56].

The distribution of deleterious mutations on a homology model of the lipase-related
domain, however, is tantalizing and seems to indicate that the ancestrally-related active site
retains some sort of functional capacity, whether it is binding small molecules and proteins, or
something else (see Figure 25). Furthermore, a portion of these mutations have been shown to
disrupt the association of Osk with certain germ plasm components (see Table 5), though the
methods used in these investigations (as well as the results from Chapter 4) cast doubt on the
validity and reproducibility of these interactions. While I have pursued a number of homology
models to frame hypotheses concerning lipase-related domain structure-function relationship of
the lipase-related domain, an experimental map of the lipase-related domain will ultimately be
needed to understand how this specific sites impact Oskar function. Fortunately, the structure of
the lipase-related domain was recently reported and with this information, a great number of
hypotheses can be rigorously tested [35, 36].
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CHAPTER 4

INVESTIGATING INTERACTIONS BETWEEN OSKAR PROTEIN AND GERM PLASM COMPONENTS
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Introduction

Compared to the literature concerning the synthesis, ribonucleoprotein particle assembly,
and transport/localization of osk mRNA [1-29], very little is known about the specific molecular
mechanism by which Oskar protein functions. Because Oskar protein accumulates germ plasm
components at the posterior [3, 30-33], it then follows that to gain insight into the molecular
function of Oskar, one should study the direct interactions it forms with these components. A
network of physical associations between Oskar protein and germ plasm components can be
constructed from the literature (see Figure 6), but unfortunately this body of work is supported
by data generated largely from heterologous systems or with in vitro assays and almost all
uncovered interactions lack in vivo validation (see Chapter 1 for a discussion). With that said,
data concerning Oskar interactions with Vasa, Valois, Stau, and sLasp proteins are of sufficient
detail for finer molecular interrogation [32, 34, 35]. One of these germ plasm components
(sLasp) has been found to only interact with a region predicted to be unstructured (Oskar
residues 242-400; [34]), while the other three additionally bind the C-terminal half of Oskar
(containing the lipase-related domain; [32, 35]). The credibility of these specific interaction
regions is dubious, however, when one reviews the published methods and experimental
strategies (see the Results and Discussion below). Regardless, I sought to recapitulate binary
interactions between Oskar and either Vasa, Valois, or sLasp protein

In parallel to the in vitro reconstitution of Osk protein complexes, I sought to capitalize
on a peculiar in vivo finding described in the literature [36]. It has been shown that even though
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D. melanogaster (Dm) and D. virilis (Dv) are closely related Drosophilid species and their
respective Osk proteins very similar (52% identical), Dm-osk and Dv-osk have diverged in
function [36]. Dv-osk cannot fully complement a loss of Dm-osk function: posterior patterning
(as determined by nanos mRNA localization) is partially restored by Dv-osk in a Dm-osk–/–
background, but not pole cell formation [36]. Because Osk protein is responsible for the
accumulation of germ plasm and localization of nanos mRNA [3, 30-33], these data would argue
that Dv-Osk and Dm-Osk are not completely equivalent in function [36]. This finding presents
an opportunity to determine what portion(s) of Osk protein are responsible for germ plasm
assembly in D. melanogaster. In particular, are critical associations between Dm-Osk protein and
D. melanogaster germ plasm components abrogated with Dv-Osk protein? If so, what region of
Dm-Osk provides these associations and how has this changed in Dv-Osk? A recently molecular
evolution sequence analysis [37] has approached these questions: it was found that osk overall is
under purifying selection, but the N-terminal region specific to long Osk and the region between
the well-folded domains are evolving at a faster rate than the LOTUS/OST-HTH and lipaserelated domains. These data hint that there may be different functional constraints on different
regions of Oskar protein. I’ve designed chimeric fusion protein constructs with different
combinations of Dm-Osk and Dv-Osk regions to investigate the questions posed above.
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Materials and Methods

Generating bacterial expression constructs to reconstitute Oskar germ plasm complexes

To co-express Oskar protein fragments with putative protein binding partners, three
strategies were pursued (see Figure 39 for a summary of the approaches) that rested upon a
common set of vectors. The bacterial expression constructs pET-Losk139-606_C10H
(alternatively referred to as pET-Sosk_C10H), pET-Losk139-241_C10H, and pET-Losk391606_C10H were used to generate short Oskar, the LOTUS/OST-HTH domain, and the lipaserelated domain, respectively (see Materials and Methods sections in Chapters 2 and 3 for details
as to their construction and design). To express two additional Oskar fragments (Losk260-606
and Losk292-606), pET-Losk139-606_C10H was truncated via round-the-world polymerase
chain reaction (RTW-PCR; see Appendix I).

Full-length sequences of D. melanogaster Vasa (Vas – UniProt Acc. No. P09052), Valois
(Vls – UniProt Acc. No. Q9VIP8), and short Lasp (sLasp – UniProt Acc. No. Q8I7C3) proteins
were inserted into pET-41b(+) (Novagen) via circular polymerase extension cloning (CPEC; see
[38, 39] and Appendix I), thus introducing an N-terminal glutathione S-transferase (GST)
affinity/solubility. These GST fusion sequences were subsequently amplified and inserted into
the first multiple cloning site (MCS) in a pRSFDuet-1 co-expression vector (Novagen) via CPEC
(generating pRSFDuet-GST-Vas1-648, pRSFDuet-GST-Vls1-367, and pRSFDuet-GST-sLasp1504). Each GST-Vas, -Vls, and -sLasp pRSFDuet-1 construct was subsequently truncated via
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RTW-PCR to specific sequence boundaries (as denoted in Figure 40) previously shown to bind
Oskar protein fragments [32, 34, 35]. Finally, to generate co-expression vectors containing two
open reading frames, one of five Oskar fragments (Losk139-606, Losk391-606, Losk292-606, or
Losk260-606) was inserted via CPEC into the second MCS of previously described pRSFDuet-1
constructs containing GST-tagged Vas, Vls, sLasp, or sLasp SH3 domain (residues 443-504) in
the first multiple cloning site. This resulted in the following twenty constructs: pRSFDuet-GSTVas1-648-Losk(139-606 or 391-606 or 292-606 or 260-606)_C10H, pRSFDuet-GST-Vls1-367Losk(139-606 or 391-606 or 292-606 or 260-606)_C10H, pRSFDuet-GST-sLasp1-504Losk(139-606 or 391-606 or 292-606 or 260-606)_C10H, and pRSFDuet-GST-sLasp443-504Losk(139-606 or 391-606 or 292-606 or 260-606)_C10H.
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Figure 39. Co-expression and co-lysis strategies to purify Oskar germ plasm component
complexes from E. coli. A. Plasmids separately encode Oskar (full length or fragments; red) or
specific germ plasm components (full length or fragments of Vasa (Vas), Valois (Vls), or sLasp;
green). All Oskar fragments are C-terminal histidine tagged (light grey) and all germ plasm
components are N-terminal GST tagged (dark grey). All Osk species are expressed from pET
vectors (pET amplicon) that confer ampicillin resistance (Ampr); all Vas, Vls, and sLasp
fragments are expressed from pRSF vectors (pRSF replicon) that confer kanamycin resistance
(Kanr). Expression from both plasmids in the same bacterial cell is induced by IPTG in the
presence of ampicillin and kanamycin. GST-tagged germ plasm components are subsequently
purified on glutathione resin; if an interaction forms between a germ plasm component and a co-
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Figure 39 (Continued)

expressed Oskar fragment, then the polyhistidine-tagged Oskar fragment should co-purify on
glutathione resin. B. The same plasmids describe in A. are separately expressed in the presence
of IPTG and either ampicillin or kanamycin. The resulting expression cultures are co-lysed and
GST-tagged germ plasm components purified on glutathione resin as described in A. C.
pRSFDuet-1 vectors encode two open reading frames (ORFs): ORF1 encodes a GST-tagged
germ plasm component (Vas, Vls, or sLasp proteins) and ORF2 encodes a polyhistidine-tagged
Oskar fragment. Cells transformed with Duet vectors are induced to co-express with IPTG;
GST-tagged germ plasm components purified on glutathione resin as described in A.
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Co-expression and co-lysis experiments

To express an Oskar fragment and a germ plasm component from separate plasmids in
the same bacterial cell (see Figure 39A), BL21(DE3) E. coli were transformed with a pET vector
encoding a polyhistidine-tagged Oskar fragment (pET-Losk139-606_C10H, pET-Losk139241_C10H, pET-Losk391-606_C10H, pET-Losk292-606_C10H, or pET-Losk260-606_C10H;
described in the previous section) and a pRSFDuet-1 vector encoding a GST-tagged germ plasm
component (pRSFDuet-GST-Vas1-648, pRSFDuet-GST-Vls1-367, pRSFDuet-GST-sLasp1-504,
or a truncation these as shown in Figure 40B and described in the previous section). A cotransformed colony was selected for on Luria-Bertani (LB) medium (supplemented with 100
µg/mL ampicillin and 25 µg/mL kanamycin) and used to inoculate an overnight starter culture at
37 ºC and 225 rpm shaking. The following day, one 1-L LB/ampicillin/kanamycin culture per
co-transformation was inoculated with 10 mL of the overnight starter culture and grown at 37 ºC
with 225 rpm shaking until reaching OD600 ~ 0.6. The culture was then transferred to 20 ºC and
isopropyl-β-D-thiogalactopyranoside (IPTG) added to a final concentration of 0.5 mM for
overnight co-expression with 225 rpm shaking. Cells were harvested via centrifugation at 4200
rpm, 4 ºC in a JS-4.2 rotor (Beckman Coulter) for 25 minutes..

To express one protein from one plasmid in separate bacterial cells for subsequent colysis (see Figure 39B), the same expression protocol involving the same expression plasmids as
described above was applied with the necessary changes to supplemented antibiotics (E. coli
transformed with pET plasmids were cultured with only 100 µg/mL ampicillin; E. coli
transformed with pRSFDuet plasmids were cultured with only 25 µg/mL kanamycin). To co-
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express an Oskar fragment and germ plasm component from one plasmid in the same bacterial
cell (see Figure 39C) the same expression protocol as described above was applied with the
following modifications: all E. coli were cultured in LB/kanamycin and transformed with one of
twenty Duet vectors (pRSFDuet-GST-Vas1-648-Losk(139-606 or 391-606 or 292-606 or 260606)_C10H, pRSFDuet-GST-Vls1-367-Losk(139-606 or 391-606 or 292-606 or 260-606)_C10H,
pRSFDuet-GST-sLasp1-504-Losk(139-606 or 391-606 or 292-606 or 260-606)_C10H, and
pRSFDuet-GST-sLasp443-504-Losk(139-606 or 391-606 or 292-606 or 260-606)_C10H).
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Figure 40. Designing Oskar, Valois, Vasa, and sLasp fragments for co-expression based on
published interaction data. A. Long Oskar protein contains two well-folded domains (grey
boxes): a LOTUS/OST-HTH domain (residues 139-241; described in [40-43]), and a C-terminal
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Figure 40 (Continued)

domain related to SGNH-hydrolase (the lipase-related domain, residues 401-606; described in
[42-46]). Short Oskar is identical to long Oskar, but is missing 138 amino acids at the Nterminus. Regions of Oskar shown in the literature to interact with Valois [35], Vasa [32, 35],
and Lasp [34]are indicated in black lines; the boundaries of five Oskar fragments for coexpression are indicated in red lines (see Figure 39). B. Valois protein contains four discernible
WD40 domain repeats (residues 101-139, 152-192, 198-238, and 240-284) and an
uncharacterized C-terminal domain (residues 309-367) [35, 47]. Vasa protein contains two
domains that belong to the DEAD-box helicase family (residues 269-442 and 508-583; [48, 49])
and an N-terminal region (checkered box) that binds to Gustavus protein (residues 163-200;
[50]). sLasp protein contains an N-terminal LIM domain (residues 1-63), two Nebulin domains
(residues 64-95 and 96-130), and a C-terminal SH3 domain (residues 443-501) [34]. Regions of
each germ plasm component shown in the literature to interact with Oskar [32, 34, 35] are
indicated in black lines; the boundaries of seven Valois, three Vasa, and two sLasp fragments for
co-expression are indicated in green lines (see Figure 39).
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All harvested expressing and co-expressing cells were resuspended with lysis buffer (50
mM Tris-HCl pH 8.0, 300 mM NaCl, 20% (v/v) glycerol, 1 mM DTT, 1 µg/mL pepstatin-A, 1
µg/µL aprotinin, 1 mM PMSF, 0.4 mg/mL hen egg white lysozyme) at a ratio of 5 mL to 1 g of
cells. Cells were lysed via sonication and the resulting crude lysate centrifuged at 20,000 rpm, 4
ºC for 45 minutes in a JA-20 rotor (Beckman Coulter). The resulting supernatant (clarified
lysate) was applied to glutathione sepharose 4B fast flow resin (GE Healthcare) and agitated
gently at 4 ºC for 3 hours to allow for batch affinity binding. The resulting slurry was then passed
through a column support to collect and separate the glutathione resin from the flowthrough. The
resin was washed three times each with 10 column volumes of lysis buffer at ~1 mL/min by
gravity. Bound proteins were subsequently eluted in five fractions with 2 column volumes of
elution buffer (lysis buffer + 10 mM reduced L-glutathione). Elution fractions were analyzed via
SDS-PAGE.

Generating D. melanogaster/virilis osk chimeric constructs

To expand upon the findings published in [36], it was necessary to preserve the DNA
elements that direct the endogenous expression and localization of osk. As a result, the
GAL4/UAS enhancer, promoter, and k10 3’UTR elements were removed from pVALIUM22
[51-53] via round-the-world polymerase chain reaction (RTW-PCR; see Appendix I), only
leaving the gypsy insulator elements. A ~6.5 kb ApaI-XhoI D. melanogaster genomic digest
fragment corresponding to the genomic osk locus (GenBank Acc. No. AE014297, region
8932758-8939335; obtained from Dr. Anne Ephrussi, European Molecular Biology Laboratory,
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Heidelberg, Germany) was inserted into this linearized and modified pVALIUM22 via
isothermal ligation assembly (see Appendix I and [54]), generating pVAL22-Dm1234. This
genomic loci has previously been shown to provide wild type osk function in a loss-of-function
background [31]. A C-terminal hemagglutinin (HA) epitope tag (YPYDVPDA) was introduced
into pVAL22-Dm1234 via RTW-PCR, generating pVAL22-Dm1234-HA. A clone of the D.
virilis osk genomic locus (GenBank Acc. No. L22556; obtained from Dr. Paul Macdonald,
University of Texas at Austin, Texas, U.S.A. and described in [36]) served as the template for
fragment amplification.

To subsequently generate various combinations of D. melanogaster and D. virilis osk
fragments, RTW-PCR was applied to pVAL22-Dm1234-HA to delete a specific region, PCR
used to amplify the corresponding region from the D. virilis osk genomic locus clone, and
isothermal ligation assembly used to insert the D. virilis osk fragment into the truncated
pVAL22-Dm1234-HA plasmid. This strategy was applied to four specific regions in pVAL22Dm1234-HA (see Figure 41). Fifteen distinct constructs result (pVAL22-Dm1234-HA,
pVAL22-Dm123-Dv4-HA, pVAL22-Dm12-Dv34-HA, pVAL22-Dm1-Dv234-HA, pVAL22Dv1234-HA, pVAL22-Dm2-Dv134-HA, pVAL22-Dm3-Dv124-HA, pVAL22-Dm4-Dv123-HA,
pVAL22-Dm23-Dv14-HA, pVAL22-Dm13-Dv24-HA, pVAL22-Dm24-Dv13-HA, pVAL22Dm34-Dv12-HA, pVAL22-Dm234-Dv1-HA, pVAL22-Dm134-Dv2-HA, and pVAL22-Dm14Dv23-HA). The nomenclature for each construct is illustrated by the following example:
pVAL22-Dm12-Dv34-HA contains regions 1 and 2 from D. melanogaster genomic osk and
regions 3 and 4 from D. virilis genomic osk; the resulting coding DNA sequence would express a
chimeric C-terminal HA-tagged Oskar protein in which residues 1-241 originate from D.
melanogaster Osk and residues 242 onward originate from D. virilis Osk. All transgenic
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constructs possess the D. melanogaster osk genomic regions necessary for transcription and
posterior localization (i.e. the only sequences being swapped are the exonic regions containing
protein coding sequence and introns).
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Figure 41. A series of D. melanogaster and D. virilis chimeric transgenic osk constructs to
test the role four regions play in conferring posterior identity and accumulating germ
plasm components. Into a pVALIUM22 vector background [51-53] are inserted different
combinations of four D. melanogaster (yellow) and D. virilis (blue) osk regions, comprising
either the region unique to long Oskar (region 1), the LOTUS/OST-HTH domain (region 2), the
region in between the LOTUS/OST-HTH and lipase-related domains (region 3), the lipaserelated domain (region 4). Because the only regions combined are exonic fragments containing
protein coding sequence and introns, all transgenic constructs possess the D. melanogaster osk
genomic regions necessary for transcription and UTR’s (grey). Furthermore, all resulting
chimeric proteins contain a C-terminal HA tag (red arrowhead) for expression analysis and
purification. A total of 15 chimeric constructs result, all of which are individually integrated into
the D. melanogaster genome for analysis.
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Results and Discussion

Bacterial co-expression and co-lysis experiments failed to recapitulate published Oskar protein
interactions

Because Oskar protein has not been shown to possess or is theoretically capable of a
catalytic activity based on recently published structures [42, 43], but is crucial for the formation
of pole cells, I hypothesized that its function is rooted in directly binding one or more germ
plasm components. As a result, I attempted to recapitulate published binary protein-protein
interactions between Osk and three germ plasm components: Vasa (Vas), Valois (Vls), and
sLasp [32, 34, 35]. Note that at the time these experiments were performed, data showing the
LOTUS/OST-HTH domain binds Vasa protein and the lipase-related domain binds mRNA were
not yet published [42, 43]. See Figure 39 for an overview of the co-expression and copurification experiments to form Oskar complexes. I attempted co-expression from two separate
plasmids in one cell (Figure 39A) and from one plasmid with two open reading frames (Figure
39C) because the relative stoichiometry of each protein was not known. Additionally, I pursued a
co-lysis strategy (Figure 39B) in the event that two proteins cannot be expressed as soluble
products capable of binding at one growth condition.

I selected the fragment boundaries for all four proteins (see Figure 40) based on
published studies of these interactions [32, 34, 35]. This resulted in five Osk pET constructs
(corresponding to short Osk, the LOTUS/OST-HTH domain, the lipase-related domain, and two
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C-terminal fragments), seven Vls pRSF constructs (corresponding to each individual WD40
motif, all WD40 motifs, a C-terminal domain of unknown structure, and the full length protein),
three Vas pRSF constructs (corresponding to full length protein and two fragments of no
predicted tertiary structure and found to bind Osk), and two sLasp pRSF constructs
(corresponding to the full length protein and just the C-terminal SH3 domain).

I first attempted to co-express fragments of Osk and putative binding partners using two
plasmids with different antibiotic resistances and replicons (Figure 39A). I chose to purify each
co-expression on glutathione beads to reduce nonspecific enrichment. Very strangely, I found
that each GST-tagged species expressed alone, but in the presence of a plasmid encoding an Osk
fragment, only expression of the Osk fragment was detectable (and of those only the LOTUS and
lipase-related domains). This held true regardless of the identity of germ plasm component and
Osk fragment. Even more perplexing, I found that all GST-Vls fragments express as insoluble
fusions at all growth temperature (ranging from 16 ºC to 37 ºC). This is particularly discouraging
given the documented success in purifying GST-Vls and fragments thereof (though, it’s
surprising the author was able to express and purify soluble GST fusions of individual WD40
motifs – see below for a discussion; [35]). I found all Vasa and sLasp GST fusions to express as
soluble fusions at room temperature. Given a seemingly systematic problem with this strategy, I
abandoned further efforts to co-express fragments of Osk and putative binding partners from two
separate plasmids.

I next pursued a set of co-lysis experiments (Figure 39B). Because I had already
discovered that three out five Oskar fragments (short Osk, Losk260-606, and Losk292-606) and
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all Vls fragments produce insoluble fusion protein, I only conducted co-lysis experiments
between the remaining proteins. After co-lysis and purification on glutathione resin, I did not
observe the enrichment of the LOTUS or lipase-related domains due to fragments of Vas and
sLasp, despite all GST fusions purifying well on their own. This is in stark contrast to previous
publications demonstrating an interaction between Oskar and Vasa using a GST-pull down assay
(see below for a discussion of this literature; [32, 35, 42])– a notable difference between those
investigations and the experiment presented here is the use of in vitro translated proteins and/or a
substantial molar excess of one purified binding partner compared to another during the pull
down.

I finally attempted to co-express Osk and germ plasm component fragments from the
same dual cassette plasmid (Figure 39C). For these experiments, I limited the number of GSTtagged fragments to full length Vas, Vls, sLasp and the sLasp SH3 domain; I tested all five Osk
fragments. Unlike the co-expression experiments with two plasmids (see above), both fragments
expressed, but only at high (30 – 37 ºC) expression temperatures. This is problematic because all
Osk fragments expressed alone at those temperatures are insoluble. As expected, purification on
glutathione beads from these co-expressing cells only returned the GST-fusion and never Oskar
fragment (due to insolubility).

While I ran into considerable technical hurdles that obscured conclusive evidence for or
against Oskar-complex formation, there are also reasons to question the merit and credibility of
published Oskar interactions with germ plasm components. The evidence for an interaction
between Vls and Oskar proteins is presented in a single publication [35]. In this investigation, the
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author tested for an interaction between fragments of Vls by fusing the former to glutathione-Stransferase (GST) (expressed in and purified from E. coli), immobilizing on glutathione resin,
and determining if in vitro translated short Oskar protein is pulled down. No evidence is
provided to demonstrate that the in vitro translated short Oskar protein product is correctly
folded and active. Furthermore, short Oskar is not purified from the in vitro translation reaction;
therefore a caveat must be noted that the author is not strictly testing for a binary interaction.
Further shortcomings from this investigation can be found in the design of the GST-tagged Vls
fragments. The author appropriately tests full length Vls and a fragment containing all four of its
WD40 motifs, but then goes on to break the entire β-propeller domain into its individual WD40
motifs and testing the ability of each individual propeller to pulldown in vitro translated short
Oskar protein. Given the general tertiary structure of β-propeller proteins, I find it difficult to
believe that a WD40 motif extracted from Vls is able to fold properly [55-57], especially without
any structural validation offered in [35]. Finally, during the course of the co-expression
experiments described here, I failed to find suitable expression conditions to produce GSTtagged Vls protein – the publication [35] does not provide the details necessary to reproduce
protein expression and the author did not reply to a personal communication inquiring as much.

The published evidence for an interaction between Oskar protein and sLasp protein is
presented in one publication [34] and relies on a similar set of experiments as those performed
for Vls [35]. The authors were initially motivated to analyze this interaction based the results of a
yeast two-hybrid screen using short Oskar as bait. They subsequently tested the ability of GSTtagged full length Lasp (and fragments) to pull down

35

S-radiolabeled in vitro translated short

Oskar and found that the Lasp SH3 domain is sufficient for this interaction. Just as with the

174

investigation into the Vls-Oskar interaction [35], the authors in [34] do not provide evidence that
short Oskar is properly folded in their two-hybrid and pull down assays, nor is the radiolabeled
short Oskar sample purified before the pull down is performed. The authors provide indirect
evidence of an interaction between Lasp and Oskar proteins, including co-localization at the
oocyte anterior and a genetic interaction when mutating both genes, but no in vivo validation of
their pull down conclusion is presented. Finally the authors uncover the specific region of Oskar
(residues 290-369) that interacts with the Lasp SH3 domain, but explicitly do not show the data
that lead to this conclusion.

Finally, multiple publications have provided evidence of an interaction between Oskar
protein and Vasa protein. Initial characterizations [32] were performed using a yeast two-hybrid
assay that identified a moderately strong association between Vasa protein and long Oskar
(residues 1-606), a stronger interaction with short Oskar (residues 139-606), and the strongest
interaction with Oskar residues 290-606. Oskar residues 7-498 and 451-606 were not found to
interact with Vasa protein, but that is likely because those sequence boundaries would truncate
the lipase-related domain (residues 401-606), thus producing an unstable protein product.
Subsequent experiments in [32] demonstrated that Oskar residues 292-606 can pull down Vasa
protein from ovarian extract and as a

35

S-radiolabeled in vitro translation product. Finally, the

authors show that specific nonsynonymous substitutions in the C-terminal half of Oskar protein
abrogate its association with Vasa as determined by pull downs from ovarian extract – no
evidence is provided that these Oskar mutants are folded correctly. A caveat concerning the
evidence of a Vasa/Oskar interaction presented in [32] is that the most credible data are the pull
downs from ovarian extract, but these data do not prove a binary interaction. Instead, the authors
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rely on in vitro and heterologous cell-based assays to show a binary interaction. Furthermore,
none of these proposed binary interactions were validated in vivo.

Since this initial characterization of the Vasa/Osk interaction, further data has been
published that either corroborate [35], weaken [58], or contradict [42, 43] the findings in [32]. In
contrast to detecting Vasa when immunoprecipitating Oskar [32], Vasa immunoprecipitation
from embryos does not return Oskar protein as determined by mass spectrometry [58].
Furthermore, it was recently shown by GST pull down and yeast two-hybrid assays (i.e. very
similar experiments performed in [32]) that Losk290-606 does not interact with Vasa protein;
instead Oskar residues 139-240 (the LOTUS/OST-HTH domain) are sufficient to bind Vasa
protein (additional isothermal titration calorimetry (ITC) data showed a weak affinity between
the two proteins; KD = 6.7 µM) [42]. A curious feature of the in vitro binding experiments
presented in [42] is the use of GST-tagged Losk139-240 and polyhistidine-tagged Vasa; given
that polyhistidine-tagged Losk139-241 forms high order oligomers (see Figure 8), it would be
satisfying to see their experiments repeated with untagged proteins in case the mere presence of a
histidine tag strengthens binding. Data presented in [43] corroborates no interaction between the
C-terminal lipase-related domain (Losk393-606) and Vasa protein, but also finds no evidence of
an interaction between the LOTUS/OST-HTH domain (Losk150-240) and Vasa (as performed
with purified proteins using gel filtration chromatography). If the affinity of the LOTUS/OSTHTH-Vasa interaction is as weak as determined by ITC, then it is likely not possible to recover
an interaction using gel filtration. However, it is interesting to note that the authors used a
slightly shorter LOTUS/OST-HTH sequence than [42] and removed the histidine purification tag
from Losk150-240 (the Vasa purification conditions are not presented). Regardless of these
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shortcomings contained in [42, 43], the investigations share one significant weakness: no
evidence is presented of a direct and specific interaction between Oskar protein (either via
Losk139-240 or another region) and Vasa protein in vivo. Given the published in vitro data
summarized here, it seems that more in vitro experiments are not needed and instead a set of
careful and rigorous in vivo experiments are necessary to convincingly conclude if Oskar directly
binds Vasa protein.

Owing in large part to the pervasive insolubility of many Oskar, Vas, Vls, and sLasp
fragments, I do not believe it to be prudent to further pursue the formation of germ plasm
component complexes in bacteria. This is not to say, however, that such a goal in general should
be avoided. In fact, structural and biochemical investigations are the next necessary steps to
deepen an understanding of germ cell specification, especially given the wealth of developmental
genetic studies to build upon. Co-expression of full length Oskar and germ plasm components
(using, for example, the MultiBac system [59, 60]) in insect cell culture (for example S2, Sf21, or
Sf9 cell lines) may constitute a system to study these interactions and more deeply probe .

Proposed domain swapping experiments between D. melanogaster and D. virilis osk to
determine the regions responsible for pole cell formation

While I successfully built all 15 chimeric constructs for injection into D. melanogaster as
described in Materials and Methods (see Figure 41), I was not able to perform the experiment to
test the effect of each combination on germ plasm accumulation (see Figure 42). I still believe
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testing these constructs would be straightforward and informative (see Figure 42 for a summary
of the experimental strategy and comparisons). In the future, though, it may prove worthwhile to
redesign these constructs such that all chimeras are targeted to the oocyte anterior via fusion to
the bicoid 3’-UTR. This would allow for a rapid determination of any region or combination of
regions capable of providing sufficient activity to accumulate germ plasm. Furthermore, this
would be a consistent extension of the work presented in [36].

Recent publications of proposed biochemical activities for the LOTUS/OST-HTH and
lipase-related domains [42, 43] may inform expected outcomes for the chimeric constructs. It
was found in both studies [42, 43] that the lipase-related domain is capable of binding mRNA.
Specifically, the lipase-related domain pulls down nanos, polar granule component (pgc), and
germ cell-less (gcl) mRNAs from embryos [42] and binds specific regions of the osk and nanos
3’UTRs [43]. If one is to believe that both studies present credible data, then the only common
result is that the lipase-related domain binds nanos mRNA. Additionally, one investigation [42]
presented evidence that the LOTUS/OST-HTH domain binds Vasa protein.

With these data in mind, a hypothesis emerges that could explain the results in [36]: D.
virilis (Dv) osk is able to restore only posterior patterning and not pole cell formation in osk –/– D.
melanogaster (Dm) because the Dv-Oskar lipase-related domain is capable of binding Dm-nos
mRNA, but the Dv-Oskar LOTUS/OST-HTH domain is not capable of binding Dm-Vasa protein.
Given this hypothesis, one would then expect the following results: (1) the pVAL22-Dm13Dv24-HA, pVAL22-Dm134-Dv2-HA, pVAL22-Dm14-Dv23-HA, pVAL22-Dm34-Dv12-HA,
pVAL22-Dm3-Dv124-HA, and pVAL22-Dm4-Dv123-HA chimeric constructs will only restore
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posterior patterning and not pole cell formation in D. melanogaster (i.e. exhibit the same
phenotype as pVAL22-Dv1234-HA; see Figure 42B); and (2) the pVAL22-Dm12-Dv34-HA,
pVAL22-Dm23-Dv14-HA, pVAL22-Dm24-Dv13-HA, pVAL22-Dm2-Dv134-HA, pVAL22Dm123-Dv4-HA, and pVAL22-Dm124-Dv3-HA chimeric constructs will restore both posterior
patterning and pole cell formation (i.e. exhibit the same phenotype as pVAL22-Dm1234-HA; see
Figure 42B). These experiments exploit what I believe to be the greatest strength of [36]: the
discovery of a system in which the posterior patterning and germ plasm localization activities of
Oskar protein are separated, allowing for the independent dissection of each.
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Figure 42. Proposed domain swapping between D. melanogaster and D. virilis osk to
determine the regions responsible for accumulating germ plasm components. A. It has
previously been found [36] that D. virilis (Dv) osk mRNA (blue) localizes to the posterior pole in
transgenic D. melanogaster (Dm) embryos. This localized Dv-osk transcript, however, is not
sufficient to restore pole cell formation in Dm-osk2 and Dm-osk6 loss-of-function embryos (not
shown here, but described in [36]). Furthermore, unlike Dm-osk, Dv-osk is not sufficient to
induce ectopic pole cells (green) at the anterior of a D. melanogaster embryo when fused to the
bcd 3’-UTR. B. The chimeric constructs described previously (see Figure 41) will be inserted
into D. melanogaster that lacks a functional endogenous osk. Each construct is C-terminal HA-
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Figure 42 (Continued)

tagged (red arrowhead).. Unmodified Dm-osk (yellow; Dm1234) should form pole cells (green
circles) and properly pattern the posterior. Unmodified Dv-osk (blue; Dv1234) should not form
pole cells, but pattern the posterior (based on the work presented in [36]). Combinations of both
osk sequences should then reveal which region(s) is/are responsible for pole cell formation.
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CHAPTER 5

CONCLUSIONS
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There is increasing interest in the physical description and assembly of membrane-less,
gel-like structures such as germ plasm [1, 2]. Specifically, recent studies have uncovered a
molecular mechanism by which such structures arise: the binding capacity of two or more
polyvalent binding partners leads to a spontaneous aggregation of those and any associated
components in a concentration dependent manner [3]. This characteristic is particularly relevant
to germ plasm because of its abundance of mRNA transcripts and RNA-binding proteins [4-6].
One such family of domains is LOTUS/OST-HTH; as a component of other germ plasm
components (e.g. Tudor), such a motif can bind mRNAs relevant to pole cell specification [7, 8].
But an outstanding and basic question is only now being addressed [9, 10]: does Oskar protein
directly bind RNA?

Recently published evidence indicates that Oskar protein does indeed bind mRNA, but
not via the LOTUS/OST-HTH domain [9, 10]. The lipase-related domain appears sufficient to
interact with germ plasm mRNAs (specifically, [9] showed that the lipase-related domain
immunoprecipitates nanos (nos), polar granuale component (pgc), and germ cell-less (gcl) from
embryos, whereas [10] showed that the lipase-related domain binds the 3’-UTR of osk and nos
mRNA in vitro). The credibility of these data is fully discussed previously (see Chapter 4,
Results and Discussion), but most importantly neither investigation demonstrate a phenotype
upon disruption of mRNA binding mediated by the lipase-related domain in vivo. Undoubtedly
the published lipase-related domain structures [9, 10] will serve as a foundation to test many
hypotheses as to the mechanism of mRNA recognition.
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In light of the evidence that Oskar protein binds mRNA [9, 10] and the observation that
RNA-binding proteins with polyvalent binding domains spontaneously aggregate to form
membrane-less organelles [1, 2], the tetramer arrangement of LOTUS/OST-HTH domains in
crystal forms 1-3 (see Figure 14) and the capacity of Losk139-241_C10H to spontaneously form
a high order oligomer in solution (see Figure 8) are intriguing. Could these data indicate that
Oskar protein aggregates germ plasm via the LOTUS/OST-HTH domain in vivo? And if so, how
does this affect the concentration of germ plasm components? I have attempted to show that
Losk139-241 forms an oligomer higher order than a dimer via analytical SEC in low (25 mM
NaCl) ionic strength buffer, but only a single peak at the apparent retention volume of a dimer
results (data not shown).

However, formaldehyde and glutaraldehyde crosslinking experiments with Losk139-241
have provided tantalizing hints of defined higher order oligomers: when Losk139-241 is
denatured after crosslinking. At short crosslinking reaction times and/or low crosslinker
concentrations, a distinct dimeric Losk139-241 species results. If either parameter is increased,
though, then two species approximately the molecular weight of a trimer and tetramer are
detectable via SDS-PAGE (data not shown). It is especially striking that only distinct bands
corresponding to integer-multiples of the monomeric molecular weight appear, rather than a
smear (which one would expect for non-specific crosslinking). Deducing oligomeric state via
crosslinking is murky, though, because most crosslinks result in branched polypeptides, the
mobility of which on SDS-PAGE is hard to interpret. Additional, and more specific, experiments
would be needed to corroborate any oligomeric state demonstrated by chemical crosslinking.
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Homodimerization between LOTUS/OST-HTH protomers is a potential explanation for
long Osk recruiting short Osk to the posterior pole (see Figure 5 and reference [11]). If true, one
immediate question follows: given that both isoforms contain a LOTUS/OST-HTH domain, does
long Osk only bind short Osk, or are homotypic interactions possible (and functional)? Given
that long and short Osk are translated from alternative initiation codons in one mRNA, one can
express only one isoform by mutating the start codon for the other (see Figure 5). In doing so,
one could explore the relationship between the LOTUS domain and short Oskar anchoring by
introducing mutations that disrupt Losk139-241 oligomerization in one isoform while
maintaining wild type Losk139-241 in the other isoform.

Given that the LOTUS domain is at least a dimer, may bind Vasa protein [9], and lies
upstream of a putative mRNA-binding lipase-related domain [9, 10], a potential mechanism for
Oskar protein nucleating germ plasm accumulation is beginning to emerge. Questions pertaining
to the evolution of inheritance-mediated germ cell specification as (typified by fly Oskar protein)
may now be testable. It is interesting to note that cricket Oskar LOTUS/OST-HTH domain is
monomeric in solution (see Figures 16 and 17) and cannot substitute for fly Oskar LOTUS/OSTHTH when assaying for pole cell formation at the anterior (see Figure 23). These data, coupled
with the fact that Gyllus bimaculatus does not specify germ cells via inheritance [12], inform a
specific molecular hypothesis: inheritance-mediated germ cell specification among insects
evolves in concert with the capacity of Oskar protein to assemble active germ plasm due to (1)
LOTUS/OST-HTH oligomerization, (2) mRNA binding mediated by the lipase-related domain,
and possibly (3) Vasa protein binding mediated by the LOTUS/OST-HTH domain. Additional
data concerning the oligomeric state of LOTUS/OST-HTH domains from other insect Oskar
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protein homologs [9] both refute (Anopheles gambiae and Messor pergandei Oskar
LOTUS/OST-HTH domains were found to be monomeric, yet these organisms specify germ
cells via inheritance) and corroborate (Ceratitis capitata and Nasonia vitripennis Oskar
LOTUS/OST-HTH domains were found to be dimeric and these organisms also specify germ
cells via inheritance). This may indicate that the three molecular criteria postulated above to
provide Oskar protein-mediated germ plasm accumulation may be a subset and/or not all
required. Furthermore, the findings presented in [9] may hint that even if Oskar protein is
capable of accumulating germ plasm, there are other evolutionary steps before the appearance of
inheritance-mediated germ cell specification.

Our current perspective on Osk protein function is framed by its well-documented ability
to accumulate germ plasm components at the oocyte posterior, but what we lack is highresolution information concerning those very interactions. As a result, our understanding of
Oskar protein function is coarse and until all its associations are discovered, validated, and
structurally characterized, future developmental and evolutionary studies may suffer a
concomitant lack of insight and depth. Thus, I am strongly of the opinion that considerable effort
and resources be directed to further biochemical and structural studies that characterize germ
plasm components. Such studies were performed many years ago [13-15] and while the specific
molecular conclusions may no longer be valid, the same fundamental questions concerning
organization, composition, and molecular activity can now be probed using more precise and
insightful tools. Purification and characterization of germ plasm directly from embryos using
general biochemical techniques may still be a useful, unbiased means to comprehensively
characterize all components. A more targeted option may be the co-immunoprecipitation of
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Oskar followed by mass spectrometry, or in vivo labeling of proteins in close vicinity to Oskar
followed by enrichment of those labeled molecules and mass spectrometry (for example, using
APEX [16] or Bio-ID assays [17, 18]). The resulting information could subsequently complete a
model of Oskar protein function that is currently emerging from data presented here.
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APPENDIX 1

CLONING PROTOCOLS
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To generate the necessary DNA constructs for the experiments described in other
chapters, I utilized one of three cloning techniques: round-the-world polymerase chain
reaction (RTW-PCR), isothermal ligation (“Gibson”) assembly, and circular polymerase
extension cloning (CPEC).

Round-the-world polymerase chain reaction (RTW-PCR)

RTW-PCR is a rapid and robust means to generate truncations of an open reading
frame, insert sequence into a construct, and make point mutations. The entire plasmid of
interest is linearized/amplified with primers that provide the intended modification before
subsequent ligation and thus re-circularized. Conceptually, this process can be divided
into three steps: RTW-PCR amplification, phosphorylation of the expected product, and
ligation to yield a newly modified circular plasmid.

All RTW-PCR amplifications were performed using Phusion High-Fidelity DNA
polymerase (New England BioLabs) according to the manufacturer instructions assuming
a polymerization rate of 20 s/kb. The linearized plasmid product is separated from other
undesired products on a 1% (w/v) agarose/TAE gel, physically excised, and purified
according to an extraction kit (QIAGEN).

The purified DNA products are subsequently phosphorylated using T4
polynucleotide kinase (New England BioLabs) according to the manufacturer instructions.
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Without any further purification, the phosphorylation reaction product is treated with T4
DNA ligase (New Englad BioLabs) according to the manufacturer instructions for at least
2 hours at room temperature. DH5alpha E. coli were subsequently transformed with the
ligation reaction products and plated on LB/agar with the appropriate antibiotic.

Circular Polymerase Extension Cloning (CPEC)

CPEC is a ligase-independent method for combining theoretically an indefinite
number of DNA fragments into one circular construct. It can be used to introduce
multiple mutations at once, extra sequences and features, or it can be used to simply
combine an insert with a vector [1, 2]. The strategy proceeds through the generation of
new sequence at the ends of an amplicon that is identical to the end of another fragment.
These fragments are combined into a second reaction and when identical ends from
separate amplicons anneal, each fragment serves as a primer for DNA polymerase
extension. I essentially followed the published protocol using enzymes purchased from
New England BioLabs [1, 2].

Isothermal Ligation Assembly

Isothermal ligation assembly (also referred to as “Gibson” assembly) is a nondenaturing and rapid method for combining theoretically an indefinite number of DNA
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fragments into one construct [3]. The considerations for DNA sequence at the ends of
fragments to be combined are very similar to those for CPEC [1, 2]. I essentially
followed the published protocol using New England BioLabs enzymes [3].
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Figure S1. DNA vector map for the bacterial expression construct pET-Losk139241_C10H. A pET-43.1b(+) vector (Novagen) was modified (see Materials and Methods,
Chapter 2 for details) and the Oskar LOTUS/OST-HTH domain (residues 139-241)
inserted. Losk139-241 is fused to a C-terminal 10X-histidine tag that can be removed
upon addition of 3C protease.
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