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Abstract
The auxin efflux carrier PIN-FORMED 1 (PIN1) protein plays a crucial role
in polar auxin transport in plants as its asymmetrical localization in cells
determines the direction of cell-to-cell auxin flow. However, despite decades
of investigation, the successful high-yield purification of PIN1 has not been
reported. To understand the structure and function mechanism of PIN1 in polar
auxin transport, we developed a high-level heterologous expression system
using recombinant baculoviruses and Spodoptera frugiperda (Sf9) insect cells
for the production of Arabidopsis full-length PIN1, PIN1-CUT, and PIN5
(loop-truncated PIN1). We chacterized PIN1, PIN1_CUT, and PIN5 by
immunoblotting as well as in-gel fluorescence detetion. Confocal microsopy
confirmed the membrane-associated subcelullar localization of the three PIN
proteins, indicating intact protein production by Sf9 cells. Detergent screening
was conducted by the fluorescence-detection size-exclusion chromatography
(FSEC) analysis. Based on the FSEC results, we selected n-Dodecyl-N,NDimethylamine-N-Oxide (LDAO) and n-Dodecyl β-D-maltoside (DDM) as
optimized protein extraction and immunoaffinity purification detergents.
Buffer pH values between 7.4 and 8.0 without the presence of reducing agents
were also observed to have a positive effect on deminishing protein aggregates.
PIN1_CUT purification was optimized using anti-FLAG M2 affinity resin and
approciately 40% PIN1_CUT proteins were recovered from DDM-solubilized
protein samples. The overall PIN1_CUT purification yield from whole cell
lysate samples was close to 15%. We thus succeeded in overcoming the
heterologous expression and purification of PIN1_CUT, laying a solid
fundation for the future crystallographic studies.
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1 Introduction
1.1 Auxin and polar auxin transport
Auxins are a group of plant hormones that regulate fundamental plant growth.
Indole-3-acetic acid (IAA, Figure 1-1) is the major native auxin form in plants
and the first identified auxin molecule (Went, 1926). Auxin can “shape plants”
by regulating a wide range of plant development processes such as cell division
and cell elongation at the cellular level, plant morphogenesis and plant
responses to the environmental stimuli such as phototropism and gravitropism
at the tissue and whole plant levels (Bennett & Leyser, 2014; Teale et al., 2006;
Weijers et al., 2018; Zažímalová et al., 2007). Auxin functions through its
nonuniform distribution, forming local auxin maxima and minima at plant
tissues or organs and leading to differential plant growth activities.
Auxin can be transported passively in the phloem down its concentration
gradients, which is non-polar. Besides that, auxin can be transported actively
in the vascular cambium and xylem parenchyma cells, forming directional cellto-cell auxin flow. The nonuniform auxin levels in plants are maintained
through the coordination of auxin biosynthesis, metabolism, and most
importantly, directional cell-to-cell auxin transport, which is generally known
as polar auxin transport (PAT) (Zažímalová et al., 2007).

Figure 1-1. Reversible dissociation reaction of the native auxin – indole3-acetic acid (IAA).
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To understand the mechanism of how auxin molecules (IAA) move across
cellular plasma membrane during PAT, the chemiosmotic hypothesis was
proposed by Rubery et al. (Rubery and Sheldrake, 1974; Raven, 1975;
Goldsmith et al., 1981) and was gradually developed in the 1970s. IAA
(pKa=4.75) is a weak organic acid. The molecular form and the ability to move
across the plasma membrane of IAA is dependent on the surrounding pH level.
In the plant apoplast (pH 5.5), the equilibrium of IAA is calculated to be around
17% protonated (IAAH) and 83% deprotonated (IAA−) according to the
calculation equation pH = pKa + log [IAA−/ IAAH]. IAAH can pass the
membrane lipid bilayer through passive diffusion without the support of
transport proteins due to its hydrophobic nature. On the other hand, the
negatively charged IAA− cannot penetrate through the plasma membrane
freely and requires the facilitation of active influx transporters to enter into
cells. Once in the cytoplasm (pH 7.0), almost all IAA molecules are
deprotonated because of the more basic cytoplasmic environment. The anionic
IAA− cannot penetrate through cellular membrane and would be trapped in the
cytoplasm unless efflux transporters are present to facilitate auxin efflux.
Therefore, the asymmetrically localized auxin efflux transporters are required
to establish the directional cell-to-cell auxin efflux and maintain polar auxin
gradients. The chemiosmotic hypothesis of auxin transport proposed the
existence of multiple auxin transport proteins, particularly, the polarly
localized auxin efflux transporters (Zazímalová et al., 2010).

1.2 Auxin transporters in plants
Several families of auxin transporters (Figure 1-2) have been identified within
the last few decades after the chemiosmotic hypothesis is proposed. We now
know that the polar auxin transport in plants is achieved by the coordination of
primarily three auxin transporter families: AUXIN RESISTANT1/LIKE
AUX1(AUX/ LAX) protein family characterised as auxin influx carriers that
move auxins into cellular cytoplasm; plant-specific PIN-FORMED (PIN)
protein family as auxin efflux carriers directing auxin flow out of cells; ATP2

Figure 1-2. Chemiosmotic model of polar auxin transport in plants.
IAA enters cells by two methods: in the apoplasm (pH 5.5), non-ionized IAA
(IAAH, lipophilic, 17%) passes by passive diffusion and anionic IAA (IAA−)
by active transport through AUX/LAX influx carriers and some members of
ABCB family proteins. Inside cells (pH 7.0), almost all IAA is in anionic form
IAA−, which can only be exported from cells through PIN or ABCB efflux
transporters. Therefore, auxin efflux carriers play a rate-limiting role in cellto-cell auxin transport. As PIN proteins are localized asymmetrically on the
plasma membrane, they largely determine the direction of auxin flow.
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binding cassette subfamily B/ p-glycoprotein/ multidrug resistance
(ABCB/PGP/MDR) family proteins transporting auxin flow in both in-and-out
directions. Other auxin transporters, such as the PIN-LIKES (PILS) family
proteins, the Nitrate Transporter 1.1 (NRT1.1) and the vacuolar auxin
transporter WALLS ARE THIN1 (WAT1) are also observed with auxin
transport activities. Among all these auxin transporters, PIN proteins stand out
due to their asymmetrically-localized pattern on the plasma membrane,
determining the direction of intercellular auxin flow. Here we briefly discuss
the above-mentioned auxin transporters and details on PIN proteins are
discussed in the next section.
1.2.1

AUX/LAX protein family

The AUX/LAX family proteins are the predominant auxin influx carriers in
plants. In Arabidopsis thaliana, four members belonging to the AUX/LAX
protein family, AUX1 and LAX1, LAX2, LAX3, were identified through
genomic sequencing (Kaul et al., 2000). The amino acid sequence of AUX1
shares high sequence similarity to amino acid permeases, which suggests that
AUX1 might transport amino acids or some molecule of an amino acid-like
structure. The structural similarity of IAA to tryptophan helped targeting
AUX1 as an auxin transporter. AUX1 was the first gene cloned in the family
(Bennett et al., 1996), and aux1 mutants were identified in 1980 in a screen for
auxin (2,4-dichlorophenoxyacetic acid, 2,4-D) resistance with severe
agravitropic roots (Maher & Martindale, 1980). Compared with native auxins,
the synthetic auxins such as 2,4‐D can be detained in plants for longer periods
of time and have long been used as herbicides (Song, 2014). Experiments with
plant gene mutations expose to 2,4-D can be used to identify auxin transporters
with auxinic herbicide resistance (Song, 2014).
AUX1 is mainly involved in the regulation of root gravitropism. In
Arabidopsis, AUX1 is expressed in protophloem, columella, lateral root cap
and epidermal cells at the root apex, implying its function in root gravity
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perception, signal transmission and response (Swarup et al., 2001). Further
identification of aux1 mutants shows defects in basipetal auxin transport
(Swarup et al., 2001), which can be an explanation for the root agravitropic
phenotypes of the aux1 mutants. Transport assays of heterologously expressed
AUX1 in Xenopus oocytes showed saturable, pH-dependent 3H-IAA uptake
(Yang et al., 2006) and provided direct evidence of AUX1 as a high-affinity
auxin importer. Further experiments revealed that optimal binding of IAA to
AUX1 is achieved between pH 5-6 (Carrier et al., 2008).
The other members in the family, LAX1-3, play no role in root gravitropic
response (Swarup & Péret, 2012). AUX1 and LAX3 co-ordinately regulate
auxin gradients in lateral root development and apical hook formation
(Marchant, 2002; Swarup et al., 2008; Swarup & Péret, 2012; Vandenbussche
et al., 2010). AUX1 is expressed in the primordia of lateral roots and LAX3 is
expressed in the cortical and epidermal cells of lateral roots. Double mutations
of aux1 lax3 show a severe delay in lateral root initiation while lax3 single
mutants are defective in apical hook formation. LAX2 regulates vascular
patterning in cotyledons (Peret et al., 2012). LAX2 is expressed in the vascular
tissues of Arabidopsis and lax2 mutants show vascular breaks in cotyledons.

Figure 1-3. Topology representation of AUX/LAX proteins.
The structure of AUX proteins contains 11 TMs with an intracellular Nterminus and an extracellular C-terminus.
5

The AUX/LAX auxin influx carriers belong to the amino acid/auxin permease
(AAAP) family in the Transporter Classification Database (TCDB) (Saier et
al., 2016). The AUX/LAX family proteins are proposed to be proton-driven
transporters, which utilize the proton electrochemical gradient across the
plasma membrane to drive IAA− uptake and two protons are co-transported
with each IAA− molecule (Lomax et al., 1985). There is no crystallography 3D
structure reported for AUX/LAX family proteins and their transport
mechanism remains unknown. Sequence homologs of the Arabidopsis
AUX/LAX family proteins have been found in all plant species while nonplant species homologs share a distant connection with AUX1. Generally, the
AUX/LAX family proteins consist of 460-490 amino acids with estimated
molecular weight approximately 55 kDa (Kerr & Bennett, 2007). The
AUX/LAX proteins share a similar gene structure and show a high degree of
conservation (>60% sequence identity) from multiple sequence alignment
analysis (Peret et al., 2012). Transmembrane topology prediction suggests
AUX proteins contain 10, 11 or 12 transmembrane helices (TMs) connected
by intracellular and extracellular loops of various lengths whereas the
consensus number is 11 TMs (Figure 1-3) (Singh et al., 2018). Experimental
data of AUX1 fused with a yellow fluorescent protein (YFP) confirms the
existence of an odd number of TMs with a cytoplasmic N-terminus and an
apoplastic C-terminus, which supports the 11 TMs prediction (Swarup et al.,
2004).
At present, little is known about the biochemical structure of the AUX/LAX
proteins. Previous studies suggested that the AUX/LAX proteins possess an
inverted two-fold symmetry of “5+6” transmembrane helical bundles structure,
which is similar with other proton symporters (Singh et al., 2018). The
predicted transmembrane helices are also reported with helical periodicity in
residue hydrophobicity and conservation, especially with TM2, TM5, TM7
and TM10 (Kerr & Bennett, 2007). Mutational analyses in the aux1 allelic
series suggest that the functionally important residues of AUX1 are mostly
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located in the highly conserved transmembrane domains (Swarup et al., 2004).
The closest homolog of AUX1 in the Protein Data Bank (PDB) for homology
modeling is a sodium-coupled neutral amino acid transporter from zebrafish
(PDB ID: 6C08) that shares only 16% sequence identity with AUX1.
Limitations in availability of suitable homology modeling templates make the
modeling work challenging.
1.2.2

ABCB transporters

ATP-binding cassette (ABC) transporter superfamily is one of the most
ubiquitous transporter families that are associated with the movements of a
wide range of substrates, such as amino acids, lipids, and nutrients across the
plasma membrane. The subfamily B of the plant ABC superfamily/ Pglycoprotein/ multidrug resistance (ABCB/PGP/MDR) transporters are
reported to be involved in cellular auxin transport (Geisler & Murphy, 2006).
In Arabidopsis, there are 21 proteins identified as the ABCB subfamily
transporters. Among them, ABCB1, ABCB4, and ABCB19 have been
extensively studied in their roles as auxin transporters. ABCB1 and ABCB4
mediate shootward auxin transport whereas ABCB19 facilitates auxin loading
into the basipetal auxin flow. Recent studies show that other members of
ABCB family including ABCB6, ABCB14, ABCB15, ABCB21 are also
associated with auxin transport activities (Kamimoto et al., 2012; Kaneda et
al., 2011; Zhang et al., 2018).
ABCB1 was the first identified ABCB protein involved in auxin transport
when the expression level of ABCB1 was reported to regulate the hypocotyl
cell elongation in a light-dependent mode (Sidler et al., 1998). In Arabidopsis,
ABCB1 is expressed in the root stele tissues and root epidermal and cortical
cells (Geisler et al., 2005). ABCB19, a close homolog of ABCB1, expresses
at the vascular tissues of the hypocotyl and at the root stele (Cho & Cho, 2013).
Loss-of-function mutants of atabcb1 and atabcb19 show reduced basipetal
auxin transport and growth (Geisler et al., 2003). The auxin transport defects
7

Figure 1-4. Topology and transport model of ABCB proteins.
The structure of ABCB proteins (top) contains two transmembrane domains
(TMD1 and TMD2), and two nucleotide-binding domains (NBD1 and NBD2).
Each TMD comprises 6TMs. The transport model (bottom) of ABCB proteins
start from the inward-facing conformation, available for substrate binding. The
substrate binding to the TMD triggers ATP binding to the NBD, resulting in
NBD dimerization and forming the occluded state. ATP hydrolysis to ADP
releases the energy facilitating the substrate transport the other side of the
membrane.
and dwarf phenotypes are shown more apparently in the double abcb1 abcb19
mutants (Geisler and Murphy, 2006; Cho and Cho, 2013), suggesting
functional overlap among ABCB proteins. Further investigation of atabcb1
and atabcb19 mutants exhibit reduced 3H‐IAA efflux in the protoplasts of the
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leaf mesophyll cells and reduced sensitivity to auxin efflux inhibitors, such as
N-1-naphthylphthalamic acid (NPA) and its non-hydrolysable analog
cyclopropyl propane dione (CPD) (Geisler et al., 2005). Transport assays of
ABCB1 and ABCB19 heterologous expressed in yeast and HeLa cells showed
increased 3H‐IAA export activity and sensitivity to auxin efflux inhibitor NPA
(Bouchard et al., 2006; Geisler et al., 2005).
The third ABCB member involved in auxin transport is ABCB4. Like abcb1
and abcb19 mutants, the abcb4 mutants exhibit similar dwarf phenotypes and
reductions in the basipetal auxin transport. ABCB4 expresses at the root
epidermis and lateral root cap of the root apex and displays enhanced auxin
export activity in Arabidopsis root hair cells and tobacco suspension cells (Cho
et al., 2007). Overexpression of ABCB4 inhibits root hair elongation and
reduces cellular 3H‐IAA accumulation in tobacco BY-2 cells (Cho et al., 2007).
Heterologous expression of ABCB4 displays auxin import activity in
mammalian cells as suggested by the increased 3H‐IAA retention (Terasaka,
2005). In the yeast IAA-sensitive yap1-1 mutant, ABCB4 enhances the IAA
sensitivity of the cells (Santelia et al., 2005). Further investigation on ABCB
transporters show that the ABCB4-mediated auxin transport is dependent on
auxin level (Cho et al., 2007; Terasaka, 2005; Yang & Murphy, 2009). ABCB4
mediates IAA uptake with low IAA concentration (10–60 nM) during short
experiment time periods, while above the threshold concentrations of IAA over
long assay periods ABCB4 activity converted to auxin export (Kubeš et al.,
2012).
The full-length Arabidopsis ABCB genes encode proteins of 1200 to 1300
amino acid residues with an estimated molecular weight of 125-140 kDa. The
high-resolution crystal structure of murine ABCB1 complexed with a cyclic
tetrapeptide inhibitor has been solved in a ligand-binding conformation (PDB
ID: 3G5U) (Aller et al., 2009). Moreover, the crystal structures of bacterial
ABC transporters, including Sav1866, MsbA, and MalGFK are also reported
(Bailly et al., 2012; Oldham & Chen, 2011). While there is no ABCB protein
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structure reported from plants, structural studies of known ABC transporters
show a conserved architecture (Figure 1-4) (Bailly et al., 2012). The structure
of ABCB proteins is made up of two transmembrane domains (TMD1
including TM1-3, 6, 10, 11 and TMD2 including TM 4, 5, 7-9, 12) and two
highly conserved nucleotide-binding domains (NBDs) connected by a linker
(60 amino acids residues). The two TMDs form the inward-facing
conformation of ABCB, resulting in a large internal cavity exposed to the
cytoplasm and the inner leaflet. Especially, TM4/6 and TM10/12 forms two
transport portals, allowing the translocation of the substrates. ATP binding to
the NBD induces the dimerization of NBDs, resulting in structural changes of
the TMDs into the outward facing conformation and catalyzes the transport
cycle (Aller et al., 2009). The structural evidence on the substrate binding sites
of ABCB transporters indicates that the auxin-binding sites of plant ABCB
transporters are most likely localized to the TMDs (Kerr & Bennett, 2007).
1.2.3

PILS protein family

PIN-LIKES (PILS) family are a novel putative auxin transporter family
facilitating intracellular auxin homeostasis. PILS proteins were uncovered
because of their high topology similarity with PIN proteins (Barbez et al.,
2012). PILS proteins comprise two TMDs (each with 5 TMs) connected by a
short loop (Figure 1-5). PILS proteins share a very low sequence identity
(10 %~18 %) with PIN proteins in spite of their similarities in topology.
There are seven members, PILS1-PILS7, identified for the PILS protein family
in Arabidopsis. Sequence alignments of PILS proteins show varied sequence
identity (29 %-82 %) among the PILS protein family (Mohanta et al., 2015).
Evolutionary studies suggest that PILS proteins are conserved in the whole
plant kingdom, indicating that PILS proteins are more ancestral than PIN
proteins (Barbez et al., 2012).
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Figure 1-5. The predicted topology of the PILS family proteins.
The structure of PILS contains two TMDs (each with 5TMs) connected by a
short loop, which is similar with the structure of PIN proteins.
PILS proteins are localized at the ER when expressed in tobacco BY-2 cell
culture, Arabidopsis seedlings and heterologous in Saccharomyces cerevisiae
yeast cells. PILS proteins mediate intracellular auxin accumulation in ER
(similar with the functions of PIN5) and decrease nuclear auxin signaling lightdependently (Béziat et al., 2017; Mohanta et al., 2015). Recent studies show
that high temperature also affects PILS6-dependent cellular auxin
accumulation and organ growth in Arabidopsis (Feraru et al., 2019).
The discovery of the PILS protein family highlights the evolutionary and
developmental significance of intracellular auxin homeostasis.
1.2.4

NRT1.1 and WAT1

In addition to the well-characterized auxin transporters, auxin transport
activities are also observed with two other transporters: NRT1.1 and WAT1,
by the radiolabeled auxin transport assays.
NRT1.1 is a dual-affinity nitrate (NO3−) transporter and sensor from the nitrate
transporter 1/peptide transporter (NRT1/PTR) family. The NO3− transport of
NRT1.1 is dependent on the phosphorylation status of one key residue,
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threonine 101 (Thr101). While dephosphorylated NRT1.1 transports nitrate in
a low nitrate concentration and shows response to both low and high nitrate
concentration, the Thr101-phosphorylated NRT1.1 displays both high-affinity
nitrate transport and sensing (Ho et al., 2009; Liu & Tsay, 2003). The crystal
structure of NRT1.1 has been deciphered to understand the molecular
mechanism of nitrate uptake and sensing in plants (Parker & Newstead, 2014;
Sun et al., 2014).
Besides nitrate uptake, NRT1.1 also facilitates auxin influx in Arabidopsis
roots. NRT1.1 is localized to the root cap and lateral root epidermis, mediating
auxin uptake into the epidermal cells and allowing for the basipetal auxin
transport in lateral roots (Krouk et al., 2010). Heterologous expression of
NRT1.1 in Xenopus oocytes, yeast, and BY-2 cells also shows increasing
accumulation of 3H-IAA in the whole cell transport assays. NRT1.1 mediate
IAA accumulation under nitrogen-deficient conditions whereas the NRT1.1regulated IAA uptake is inhibited by high NO3− concentration (Krouk et al.,
2010).
WAT1 was the first characterized vacuolar auxin transporter in plants. WAT1
is predominantly localized in the tonoplast of cells and transports auxin from
the vacuole out to the cytosol in Arabidopsis thaliana, regulating intracellular
auxin homeostasis (Ranocha et al., 2013). The IAA export activity of WAT1
was also confirmed in heterologous yeast and Xenopus oocytes expression
systems by the radioactive IAA transport assays. Although WAT1 protein
shares very limited sequence identity with the other auxin transporters, the
topology features of WAT1 are similar to the ER-localized PIN5 and PILS2/5
with a centralized short hydrophilic loop (Ranocha et al., 2013).
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1.3 PIN protein family
1.3.1

The discovery of PIN proteins

The PIN-FORMED (PIN) proteins are a family of integral membrane proteins
that play important roles in polar auxin transport in plants. PIN1 is the most
studied member of the PIN protein family. The pin1 mutants were selected by
H. Kappert in 1959 and were firstly presented by A.R. Kranz in 1976. The
phenotypes of pin1 mutants show severe flower organ defects with a pinformed inflorescence axis of almost no flowers (Figure 1-6). In 1998, the gene
sequence of PIN1 from Arabidopsis thaliana was successfully cloned and
functionally characterized (Gälweiler et al., 1998b, 1998a). At the same year,
the Arabidopsis PIN2 gene was also identified by several groups under
different names (Chen et al., 1998; Luschnig et al., 1998; Müller et al., 1998;
Utsuno et al., 1998). Loss-of-function mutants of pin2 exhibit strong root
agravitropic phenotypes. PIN protein functionality has been extensively
investigated in multiple systems, including plant cells (tobacco BY-2 cells or
Arabidopsis suspension cell culture) and heterologous expression system
(Saccharomyces cerevisiae, Xenopus oocytes, and human HeLa cells) and the
transport data suggests increased auxin export activities (Petrásek et al., 2006).
Therefore, PIN proteins are identified as auxin efflux carriers.
At present, eight more members of PIN proteins from Arabidopsis thaliana are
identified and functionally characterized, including PIN3 (Grones et al., 2018),
PIN4 (Friml et al., 2002), PIN5 (Mravec et al., 2009), PIN6 (Bender et al.,
2013), PIN7 (Friml et al., 2003) and PIN8 (Ding et al., 2012). Members of PIN
protein family display functional redundancy and facilitate multiple plant
development activities such as embryogenesis, organogenesis, tropisms, root
meristem patterning, vascular tissue differentiation and regeneration (Vieten
et al., 2005).
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Figure 1-6. Phenotypes of Arabidopsis thaliana pin1 mutants.
Compared with the wild type Arabidopsis thaliana, pin1 mutants show severe
defects with a naked inflorescence axis of no flowers. The photo of pin1 mutant
was taken by Gälweiler et al. (1998).
1.3.2

PIN proteins in polar auxin transport

The eight members of Arabidopsis PIN proteins, namely PIN1-PIN8, have
sequences ranging from 351 amino acids to 622 amino acids with an estimated
molecular weight of around 39 kDa-70 kDa. Based on the structure of their
hydrophilic loop (Figure 1-8), the Arabidopsis PIN proteins are grouped into
two classes: long canonical PINs including five members of PIN family
(PIN1/2/3/4/7) with a long hydrophilic loop (HL) (around 300 amino acids)
and short PINs (PIN5/6/8) with have a short noncanonical HL (around 50
amino acids). Typically, long canonical PINs localize at the plasma membrane
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Figure 1-7. Schematic representation of auxin distribution and subcellular
localization of PIN protein in Arabidopsis thaliana root tip.
Auxin distribution (left) and IAA immunolocalization. The subcellular
localization of PIN proteins (right) is based on in vivo observations of proteins
fused with a green fluorescence protein (GFP). The arrows represent putative
PIN-dependant auxin transport. For clarity, PIN3 and PIN7 proteins are not
mapped in the stele due to their overlapping localization with PIN1. Graph was
made by Armengot et al. (2016).
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(PM) in an asymmetrical manner, which determines the direction of the cellto-cell auxin flow. In terms of the short noncanonical PINs, PIN5 and PIN8
share the endoplasmic membrane (ER) localization, while PIN6 has an
intermediate HL length (around 250 amino acids) and shows both PM and ER
localization controlled by the phosphorylation status. The three short-looped
PINs mediate internal auxin relocation from the cytoplasm to the ER lumen for
subcellular auxin homeostasis and metabolism (Mravec et al., 2009; Simon et
al., 2016; Zažímalová et al., 2007). The homeostasis between the ER auxin
pool and the ER-to-nucleus auxin flow regulates nuclear auxin signalling in
plants (Middleton et al., 2018).
PIN protein mediates auxin transport through their highly specific tissue
expression and asymmetrical subcellular localization. In Arabidopsis, PIN1 is
expressed predominantly in the stele and is the major member of the family
regulating aerial development. PIN2 is localized to the lateral root cap and
epidermal and cortical cells, regulating auxin distribution for root gravitropism.
PIN3, PIN4 and PIN7 localize to the gravity-sensing cells in the root tip and
facilitate auxin gradient formation and distribution for tropical root growth
(Křeček et al., 2009). Among the short PINs, PIN5 expression is relatively
weak and ubiquitous and regulate subcellular auxin homeostasis (Mravec et al.,
2009). PIN8 exclusively expresses in the male gametophyte and regulates
pollen development and pollen tube growth (Ding et al., 2012). PIN6 primarily
expresses in the inflorescence stem and nectary glands and mediates plant
bolting (Ditengou et al., 2018).
1.3.3

Regulation of the polar localization of PIN proteins

Other than tissue distribution, subcellular localization of PINs is critical in
directing intercellular auxin flow. For example, PIN-dependant auxin transport
is illustrated in the primary root of Arabidopsis thaliana (Figure 1-7). PIN1,
PIN2 and PIN7 in the stele, PIN2 in the cortex and PIN4 in the cells above the
quiescent centre (QC) display basal localization in the PM and direct tiporiented auxin flux in roots; PIN3 and PIN7 in the columella cells and PIN4 in
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the QC are symmetrically-localized in the PM, directing basipetal auxin export
from these cells; PIN2 in the epidermis cells localizes in the apical end of the
cells, export auxin flow in the basipetal direction; PIN1 in the endodermis
recirculates the auxin flow from the epidermis into the stele (Armengot et al.,
2016). The auxin circulation in the root generate local auxin maxima and
facilitate root development.
The polar subcellular localization of PIN proteins in each cell is established
and maintained by complex protein trafficking pathways of the endomembrane
organelles (Geldner et al., 2003; Naramoto et al., 2014). It is proposed that
three distinct membrane functions: the polar recirculation of endosomal
compartments, reduced lateral diffusion in the polar domains and restricted
spatial endocytosis, have coordinatively established and maintained the
polarity of PIN proteins (Naramoto, 2017). PIN proteins undergo constitutive
endocytic recycling mediated by the ADP ribosylation factor guanine
nucleotide exchange factor (ARF-GEF) GNOM in the endoplasmic reticulum
(ER)–Golgi trafficking for the polar recycling of PINs (Naramoto, 2017).
Basal polarity of PIN proteins is also proposed to be regulated by a GNOMLIKE1/GNOM-dependent early secretory pathway (Doyle et al., 2015).
Another

ARF

GTPase-activating

protein

(ARF-GAP),

VASCULAR

NETWORK 3/SCARFACE (VAN3/SFC), is reported regulating PIN protein
endocytosis through controlling the polar transport vesicles (Naramoto et al.,
2009). Besides, PIN proteins are shown with slower lateral diffuse speed
compared with the non-polar PM proteins. PINs localize asymmetrically at the
PMs forming less mobile PIN clusters that might reduce the lateral diffusion
(Kleine‐Vehn et al., 2011). The presence of cell wall in plant cells also exhibits
restriction on lateral diffusion of PINs (Feraru et al., 2011). Furthermore, it is
proposed that the mislocalized PIN proteins at the lateral PMs are removed by
selective endocytosis in a clathrin-dependent manner, leading to the nonuniform localization of PIN proteins (Kitakura et al., 2011). These findings
suggest the regulation pathways for the establishment of polar localization of
PINs.
17

1.3.4

Evolution of PIN proteins

Evolutionary analysis of PIN proteins from the model plant Arabidopsis
thaliana has given us a better understanding of their ancestry (Bennett et al.,
2014). The PIN family proteins have been widely found in higher plants and
share a high degree of sequence identity (32% ~ 85%), which suggests that the
PIN protein family is evolutionarily young (Zažímalová et al., 2007). It is
likely that PIN genes share a single evolutionary origin and the diverge of PIN
genes starts from relatively early stages of the evolution (Paponov et al., 2005).
In addition, it has been proposed that the PM-localized long PINs are present
exclusively in land plants while the ER-localized short PINs are older in the
evolutionarily perspective, with their origin tracing back to the Streptophyta
algae (Viaene et al., 2013; Zhang & Duijn, 2014).
In contrast, only distant connection can be found between PIN genes with the
related bacterial and algal homologues (Zažímalová et al., 2007). Sequence
homologues of PIN proteins have been identified in the moss Physcomitrella
patens (Viaene et al., 2014), which is a representative of early linage of land
plants. Several expressed sequence tags (ESTs) of PIN-like sequences were
observed in some species of green algae such as Spirogyra, Penium, and
Klebsormidiophyceae (Viaene et al., 2013). Particularly, there are four PINlike sequences in the moss Physcomitrella patens, naming PINA, PINB,
PINC, and PIND (Adamowski & Friml, 2015). PINA-PINC show high
sequence similarity with PIN1 with a long HL while PIND is more similar with
the short-looped PIN5. Consistent with the structure features, PINA shows
asymmetrical localization on the PM at the apical sides of moss filaments and
in leaves whereas PIND localizes at the ER (Adamowski & Friml, 2015;
Bennett et al., 2014; Viaene et al., 2014). Experiments with auxin transport
inhibitors treatment, externally applied auxins and pinA and/or pinB mutations
in P. patens revealed that the Physcomitrella PINs mediated the sporophyte
development in the gametophytes of Physcomitrella patens such apical
meristem development, leaf initiation patterns, and shoot tropisms (Viaene et

18

al., 2014). The functions of PINs from P. patens are similar to the PINregulated development functions in angiosperm sporophytes, which suggests
that the polar auxin transport mediated by PIN proteins in shoot development
are conserved within land plants (Viaene et al., 2014).
At present, it is still challenging to build the evolution history of the PIN family
due to the complex emerging patterns, gene duplications and losses, high
degree of molecular rate heterogeneity and asymmetric radiations. However,
through the phylogenetic and structural analysis of 473 PIN proteins sequences
from 109 species, Bennett et al. have discovered that PIN proteins throughout
the plant species share a highly conserved structure with a long HL, implying
that PIN proteins in land plants most possibly evolved from a single genomic
ancestor (Bennett et al., 2014). The phylogeny analysis of PIN family shows
that the PIN proteins from the vascular plants diversified through deep
duplications and then independent lineage-specific radiations further
diversified the PIN homologues (Bennett et al., 2014). The structural analysis
results reveal that the short-looped PINs like PIN5 and PIN8 evolved from the
long PINs as precursors with substantial modification to the protein structure,
which overturns the previously proposed PIN protein evolution models
(Bennett et al., 2014). The structurally divergent PIN proteins generated by
paralogous radiation from evolution is likely to contributing to the diverse
plant morphological growth (Bennett et al., 2014).
1.3.5

Sequence analysis of PIN protein family

The PIN protein family is categorized in the auxin efflux carrier (AEC) family
and the bile/arsenite/riboflavin (BART) transporter superfamily in Transporter
Classification Database (TCDB) (Saier et al., 2016). PIN proteins are predicted
to be secondary transporters that transport IAA molecules utilizing energy
from electrochemical gradients across membranes rather than directly from
ATP hydrolysis. It is predicted that AEC family proteins use proton energy for
auxin transport (Saier et al., 2016), but there is no evidence to confirm the
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prediction. Therefore, the energy source of PIN-mediated auxin transport
remains unknown.

Figure 1-8. Schematic representation of the topology of PIN proteins.
The structure of PIN proteins consists of two TMDs (each with 5TMs) and a
central HL. The canonical long PIN proteins (top) have a long HL while the
noncanonical short PIN proteins (bottom) have a short HL. The
phosphorylation sites, as well as the conserved motifs (HC1-4) in the HL
region are highlighted. Numbers of the sequences represent the sequence
position in Arabidopsis PIN1.
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PIN proteins are predicted with two TMDs connected by a HL in the cytoplasm.
Each TMD contains five TMs. The positions of the N-terminus and C-terminus
are on the apoplast (Figure 1-8). Notably, the “5+5 TM” topology has been
confirmed for Arabidopsis PIN1 in the laboratory by pH-dependent quenching
of fluorescent reporters combined with immunolocalization techniques
(Nodzyński et al., 2016). What is more, recent evolutionary analyses of PIN
proteins across the plant kingdom reveal a high degree of conservation in the
transmembrane domains (Bennett et al., 2014). The primary structures of long
canonical PIN proteins comprise 106 amino acid residues with more than 99%
identity and 87 amino acid residues with more than 90% identity, which is
suggestive of conserved structural features among PIN proteins (Bennett et al.,
2014).
The HL region is less conserved compared with the TMDs. The loop of the
canonical PIN proteins contains four regions of highly conserved motifs
(HC1–HC4, Figure 1-8) which includes known or suspected phosphorylation
sites (Bennett et al., 2014). Especially, three conserved phosphorylation motifs
(TPRXS) including T227/S1, T248/S2 and T286/S3 have been identified
(Figure 1-8). The serine or threonine residues of these three motifs are the
targets of the PINOID (PID) family kinases, D6 protein kinase (D6PK) and
mitogen-activated

protein

kinase

(MAPK/MPK)

respectively

for

phosphorylation (Barbosa et al., 2018). Two additional serine residues (S4, S5)
are also found in the loop and can be phosphorylated by PID and D6PK
(Zourelidou et al., 2014). Besides, the phosphorylation of PIN1 S337 and
possibly T340 facilitated by MPK kinase results in depolarization of PIN1
from the basal plasma membrane in the shoots (Barbosa et al., 2018). These
phosphorylation sites are pivotal in activating the PIN-dependent auxin export
activity and regulating the polarity of PIN protein in the PM (Barbosa et al.,
2018).
It is proposed that the highly conserved TMDs of PIN proteins are crucial for
the core IAA-transport function while the HLs are most possibly associated
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with the functional regulation and polar localization of PIN proteins as the loop
region contains multiple phosphorylation and glycosylation sites (Zažímalová
et al., 2007). Recently, two highly conserved cysteine residues (C39 and C560)
during evolution are also discovered with the function of regulating PIN2
mobility in a redox status-dependent manner (Retzer et al., 2017). These two
cysteine residues are located at the small loops in the cytosol connecting two
TMs in the TMD, signifying that amino acid residues in the TMD might also
regulate the localization PIN proteins.
1.3.6

Bioinformatics analysis of PIN proteins

1.3.6.1 Biochemical properties

Figure 1-9. Disorder tendency prediction of Arabidopsis PIN1 by IUPred.
The hydrophilic loop region of PIN1 between Arg155 and Lys487 is predicted
with high disorder tendency. Among the loop sequences, the region between
Gln188 and Ala452 is predicted to be most disordered. The positions of these
amino acids are pointed out by the dashed lines.
I used multiple computer-based bioinformatics analyzing tools to have a
comprehensive view of the PIN protein family. The sequences of PIN protein
family from Arabidopsis thaliana were obtained from the NCBI database
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(https://www.ncbi.nlm.nih.gov/)

and

analyzed

for

various

structural

information.
The estimated isoelectric points of PIN proteins by ExPASy (www.expasy.org)
range from 6.9 to 9.5, signifying that they are neutral or alkaline proteins with
overall positive charges. Signal peptide prediction by SignalP 4.1 server
(http://www.cbs.dtu.dk/services/SignalP-4.1/) returns no solid evidence of
positive signal peptides for PIN proteins. Sequence alignment by Jalview 2
(Waterhouse et al., 2009) confirms the conserved TMDs of PIN proteins. The
hydrophilic loops, constituting of nearly half of the total protein sequences for
long PIN proteins, are predicted to be intrinsically disordered domains with
high disorder tendency by IUPred (Figure 1-9) (Dosztanyi et al., 2005).

Figure 1-10. Conservation map of PIN1 in Arabidopsis PIN protein family.
The letters in the circle represented the amino acids at each position. The
colour of the circle indicates the degree of amino acid identity at that position
of PIN1 from the Arabidopsis PIN protein family: red 100%; pink, 87.5%;
green, 75%; blue, 62.5%; yellow, 50% and white, less than 50%. The graph is
made using Protter, designed by Omasits et al., (2013).
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Figure 1-11. Topology prediction of the Arabidopsis PIN protein family.
The predictions are made by TMHHM server 2.0 (Krogh et al., 2001). The
predicted TMs are shown by red peaks. Intracellular and extracellular regions
are shown by blue lines and red lines respectively. The black boxes in the dash
lines highlight the peaks with low TM possibility.
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Figure 1-12. Hydrophobicity prediction of the Arabidopsis PIN protein
family.
The prediction is made by using the online server Protscale, ExPAsy
(web.expasy.org/protscale/). Strong hydrophobic peaks were highlighted by
red lines. Positive scores, hydrophobicity; negative scores, hydrophilicity.
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Although experimental data already confirmed the “5+5 TM” topology of
PIN1, the predicted topology of PIN proteins using the currently available
prediction tools suggests various TMs arrangements (7-12 TMs) (Nodzyński
et al., 2016). Here, we visualize the topology of PIN proteins predicted by
TMHHM server 2.0 (Figure 1-11) associated with the hydrophobicity
prediction by ProtScale (Figure 1-12). The TMHHM prediction shows
consensus in the N-terminal 5TMs and the intracellular loops of PIN proteins.
Low TM possibilities are predicted at the position of TM6 or TM9 in the Cterminal. On the other hand, hydrophobicity analysis shows strong
hydrophobic peaks at TM6 and TM9. Therefore, it is likely that the
Arabidopsis PIN proteins possess a conserved “5+5 TM” topology similar to
PIN1.
1.3.6.2 Homology modeling
Currently, there is no PIN protein structure available in the PDB database. The
results of homology searching of PIN proteins using the Basic Local
Alignment Search Tool (BLAST) suggest that PIN proteins have sequence
homologs across the plant kingdom and only share distant sequence similarity
with the known bacterial homologs (Paponov et al., 2005).
Homology modeling of PIN proteins was conducted through the protein fold
recognition server Phyre2 (Kelley et al., 2015). The closest homolog of PIN1
with known structure has been identified as the crystal structures of two
bacterial homologs of the bile acid symporter ASBT: ASBTnm (from
Neisseria meningitides, PDB ID: 3ZUY) and ASBTyf (from Yersinia
frederiksenii, PDB ID:4N7X) (Hu et al., 2011; Zhou et al., 2014). Sequence
alignments of these two ASBTs with PIN1 exhibit less than 10 %sequence
identity.
Taking the structure of ASBTnm as an example, ASBTnm has cytoplasmic
amino and carboxy termini and two inverted structural repeats of 5TMs (TM1-
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TM5 and TM6-TM10) that are linked by a short loop (Figure 1-13). The first
two helices from each repeat (TM1-2, TM6-7) form a panel domain while the
other three helices (TM3-5, TM8-10) form a core domain for sodium ions
transporting (Figure 1-13). A striking feature is that the TM4 and TM9 (Figure
1-13) in the core domain are discontinuous in the middle and they cross over
each other with well-conserved peptide chains. Two sodium binding sites (Na1,
Na2, Figure 1-13) are also identified. Na1 is located co-ordinately by Ser114
and Asn115 on TM4b, Thr132 and Ser128 on TM5, and Glu260 on TM9a. The
Na2 binding sites consist of Glu260, Val261, Met263, Gln264 on TM9, and
Gln77 on TM3. The residues interacting with the two ions are completely
conserved in the ASBT protein family.
By employing ASBTnm as the modeling template, I was able to generate the
model of PIN1 structure (Figure 1-14). This model covers 23% of the PIN1
sequences (142 residues, 473-622) and contains only the C-terminal the
transmembrane domains. The model made from the loop-truncated sequences
of PIN1 (residues 1-188 and 452-622) covers 82% of the sequences and
generates most of the transmembrane helices (TM1-TM9) except for the TM10
in the C-terminal end (Figure 1-14). No model for the hydrophilic loop was
generated due to the high disorder tendency.
The overall quality of PIN1 models generated by homology modeling is quite
low. It is acceptable because ASBT and PIN1 (with or without the HL) share
approximately 10-15% sequence identity, which is not sufficient to generate
high-quality models. Understanding the structure of PIN proteins through
homology modeling remains challenging.
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Figure 1-13. Ribbon representation of ASBTnm structure at the inwardopen conformation.
The structure of ASBTnm (top) displays a “5+5 TM” topology. The N-terminal
TMs are coloured in blue and C-terminal TMs in yellow. The first two helices
from N- and C-terminal TMs (TM1-2, TM6-7) form a panel domain while the
other three helices (TM3-5, TM8-10) form a core domain for sodium ions
transporting. The two sodium ions (Na1 and Na2) are shown with pink spheres
and the taurocholate molecule is represented with the stick model. The sodium
binding residues (bottom) are shown with the dash lines: Ser114, Asn115,
Ser128, Thr132, and Glu260 for Na1 and Glu77, Glu260, Val 261, Met 263,
and Glu 264 for Na2. Graphs made by Hu et al., (2011).
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Figure 1-14. Homology model of PIN1 using ASBTnm as a template.
The models of the full-length PIN1 (top) and the loop-truncated PIN1 (bottom)
are generated by Phyre2 (Kelley et al., 2015) and visualized by Chimera
(Pettersen et al., 2004). The TMs are coloured from blue at the N-terminus to
red at the C-terminus. Predicted panel and core domains of PIN1 are depicted
following the structure of ASBTnm.
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1.4 Structure determination of membrane proteins
1.4.1

Membrane proteins and their importance in drug discovery

Membrane proteins constitute almost 30 % of total proteins in both prokaryotic
and eukaryotic cells and act as the cell gates for the exchange of nutrients and
drugs across the cell membrane. More than 40 % of membrane proteins are the
targets of pharmaceutical drugs associated with known diseases such as obesity,
Alzheimer's disease and cancer (Hendrickson, 2016). Determining the
structure of membrane proteins is critical in understanding their functional
mechanism and facilitating drug development.
Despite the functional significance in drug discovery, membrane proteins are
much understated. Until 14 June 2019, in total 152,800 biological
macromolecular structures have been recorded in the PDB database whereas
only 1629 membrane structures (912 unique structures) are determined. This
figure accounts for approximately 1.7 % of the solved protein structures
(Hendrickson, 2016).
Compared with soluble proteins, the structure determination of membrane
proteins is hindered by several aspects: membrane proteins are poorly
expressed in heterologous expression systems; the hydrophobic nature of
membrane proteins makes them insoluble in water solution and requires
detergents to facilitate protein solubilization; the detergent-solubilized
membrane proteins have poor stability for further purification and structure
determination processes (Perutz et al., 1960).
1.4.2

Membrane transport proteins

1.4.2.1 Transporters and channels
Membrane transport proteins are integral membrane proteins that facilitate the
movement of ions, sugars, amino acids and many more small molecules across
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the cell membrane. Membrane transport proteins are generally categorized into
two subgroups: channels and transporters.

Figure 1-15. Schematic illustration of channels and transporters.
Channels (left) in the open status are exposed to both sides of the membrane
and move ions down their concentration gradient. Primary active transporters
(middle) use the energy released from ATP hydrolysis for moving the
substrates against their concentration gradient. Secondary active transporters
(right) transport substrates coupled with ions and utilize energy from
electrochemical gradients of the ions to facilitate the transport cycle. Both
primary active transporters and secondary active transporters are depicted in
the outward-facing conformation. Star, substrate molecules; circle, ions;
triangle, concentration gradient decrease from grey to white.
Channel proteins mainly transport water, charged ions across the membrane
down to their concentration gradient and require no energy for the transport
process. Channel proteins can be un-gated, such as the two-pore domain K+
(K2P) channel proteins (Enyedi & Czirják, 2010; Miller & Long, 2012), which
stay open all the time and balance the water and ion concentrations of cells.
Gated channel proteins only open in response to chemical or electrical signals,
such as calcium-gated potassium channels (Jiang et al., 2002) and
neurotransmitter-gated ion channels (Smart & Paoletti, 2012) that play a
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pivotal role in nerve function. Once activated, channel proteins are
simultaneously exposed to both the intracellular environments and the
extracellular environments for efficient molecule movement.
In contrast to channel proteins, transporters move substrates across the
membrane against their concentration gradients and consume energy to
facilitate the transport. According to their energy sources, transporters are
categorized into two classes: primary active transporters and secondary active
transporters. Primary active transporters, such as ABC transporters (Borst &
Elferink, 2002), use chemical energy produced in the cell, such as adenosine
triphosphate (ATP) hydrolysis to catalyze the transmembrane movement of
substrates while secondary active transporters transport molecules utilizing
energy from electrochemical gradients across the membrane. Transporters are
not open to the extracellular and the intracellular environments at the same
time. Transporters bind to substrates from one side of the membrane and
release the substrates to the other side of the membrane through the
conformational changes induced by the substrate binding (Drew & Boudker,
2016).
1.4.2.2 Secondary active transporters
Secondary active transporters catalyze the transmembrane movement their
substrates using the electrochemical energy stored in the ion gradients, such as
Na+ or H+, across the membrane. Secondary active transporters are classified
as symporters, when the movement of the transported molecules and the cotransported ions share the same direction, or as antiporters that move the cotransported ions and substrates in opposite directions. For example, the bile
acid sodium symporter ASBT from Neisseria meningitidis transport one bile
acid molecule (taurocholate) together with two sodium ions into the cells for
each transport cycle (Hu et al., 2011). NhaA, a Na+/H+ antiporter from
Escherichia coli, moves Na+ out of cells in exchange for the proton flow
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entering into the cells using the electrochemical proton gradient maintained
across the bacterial membrane (Hunte et al., 2005).
Secondary active transporters are ubiquitously distributed across biological
kingdoms. Recent advances in the high-resolution crystal structures of
secondary active transporters allow for a better understanding of their
structural features. Indeed, secondary active transporters of different families
with no close sequence similarity are observed with some common folds,
especially the MFS fold, the LeuT fold and the NhaA fold (Shi, 2013).
The MFS fold is summarized from transporters of the major facilitator
superfamily (MFS) such as the crystal structures of human glucose transporter
GLUT1 (Deng et al., 2014). An MFS fold comprises 12 TMs forming into two
pseudo-twofold symmetric domains (TM1-3, TM4-6 in the N-domain and
TM7-9, TM9-12 in the C-domain) (Shi, 2013). The LeuT fold contains 10TMs
organized as two inverted domains (TM1-5 and TM6-10). Remarkably, the
first TM of each domain (TM1 and TM6) is discontinuous and the amino acid
residues in the discontinuous region are highly conserved. The LeuT fold is
shared in general by the transporters from the amino acid-polyamineorganocation superfamily (APC) (Shi, 2013). The NhaA fold consists of two
inverted structural repeats of 5 TMs. The fourth TM in each repeat (TM4 and
TM9) are discontinuous and crossed with each other in the discontinuous
region. The NhaA fold is shared by the apical sodium-dependent bile acid
transporter family (ASBT) (Shi, 2013). The pseudosymmetry in the TMD
organization and the discontinuous TMs are also observed as prominent
structural features among secondary active transporters (Shi, 2013).
1.4.2.3 Alternating transport mechanism
Transporter proteins undergo repeated cycles of conformational changes for
the binding and release of substrate molecules across the membrane. For
secondary active transporters, the prevailing model of their transport
mechanism is the alternating access model. According to this model,
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transporters have at least three distinct conformational states (Figure 1-16):
substrate-free outward-open state, substrate-bound occluded state, substratefree inward-open state.
The transport cycle consists of three stages. First, the substrate binding pocket
of the transporter is open to one side of the membrane, allowing for the
recognition and binding of the substrate to the transporter. Second, the binding
of the substrate and the co-transported ions induces the close of the binding
pocket, forming into the occluded state where substrates are not accessible to
both sides of the membrane. Finally, the transporter opens the pocket to the
opposite side of the membrane and releases the substrate.

Figure 1-16. Schematic diagram of the alternating access model.
Three key conformational states during the transport process are depicted:
substrate-free outward-open state (left), substrate-bound occluded state
(middle), substrate-free inward-open state (right). Star, substrate; cycle, ion.
Ever since the alternating access model was proposed in the 1960s (Jardetzky,
1966), it has received considerable support from newly solved structures of
transporters. The crystal structures of these transporters are captured in
different conformations. For example, the sodium-benzylhydantoin transport
protein Mhp1 from Microbacterium liquefaciens has been the first membrane
transporter captured in all of the three key conformations proposed by the
alternating access model: substrate-free outward-open state and substrate34

bound occluded state (Weyand et al., 2008), substrate-free inward-open state
(Shimamura et al., 2010). Crystal structures of other transporters, such as the
neurotransmitter

sodium

symporter

LeuT

from

Aquifex

aeolicus

(Krishnamurthy & Gouaux, 2012; Yamashita et al., 2005), the betaine sodium
symporter BetP from Corynebacterium glutamicum (Perez et al., 2012), are
also observed with different conformational states. The structures of these
transporter proteins put firm evidence to the alternating access model.

1.5 Membrane protein structure determination
Membrane proteins are challenging targets for structural analysis. In spite of
all the challenges, recent advances have made great progress in the structure
determination of membrane proteins.
The first atomic-level crystal structures of soluble proteins, myoglobin and
hemoglobin were solved in the 1960s (Kendrew et al., 1960; Perutz et al.,
1960). The first structure of membrane protein came one decade later in 1975
with bacteriorhodopsin at 7Å resolution (Henderson & Unwin, 1975). In 1985,
the high-resolution structure of the photosynthetic reaction center of
Rhodopseudomonas viridis was determined (Deisenhofer et al., 1985),
followed by potassium channels (Doyle et al., 1998), G-protein coupled
receptor (GPCR) complexes (Rasmussen et al., 2011) and many more.
Remarkably, the speed of membrane protein structure determination has been
accelerating in recent years. According to the data from PDB, approximately
80% of currently known membrane protein structures are solved in the last
decade and more than half of them are solved in the past five years
(Hendrickson, 2016).
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Figure 1-17. Growth of determined membrane protein structures year.
Annual numbers of unique structures are plotted against time. The data are
taken from the membrane proteins of known structure database by Stephen
White (http://blanco.biomol.uci.edu/mpstruc/).
Huge contributions of the newly reported membrane protein structures come
from the developments in the high-throughput screening in the recombinant
membrane proteins expression and purification; X-ray crystallographic
analysis such as lipidic cubic phase (LCP) crystallization; rapid development
in cryo-electron microscopy (cryo-EM) in solving membrane protein structure
at atomic resolution rival to that of X-ray crystallography.
1.5.1

Advances in membrane protein expression

1.5.1.1 Recombinant membrane protein expression systems
The recombinant membrane proteins are mostly generated by four expression
systems: E. coli, yeasts, insect cells, and mammalian cells. These expression
systems all have their advantages and drawbacks. It is important to select an
appropriate expression system for specific target proteins.
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E. coli expression systems have been the most frequently used expression
system with the advantages of rapid replication, simple genetic manipulation,
and cost-effective protein production. E.coli stains, such as E. coli BL21 (DE3)
can effectively produce prokaryotic membrane proteins. However, E.coli cells
are not the ideal expression hosts for eukaryotic membrane proteins as they
lack the ability of post-translational modifications for the correct folding of
eukaryotic membrane proteins.
Yeast expression systems are increasing in popularity for membrane protein
expression. Yeast species, dominated by Pichia Pastoris and Saccharomyces
cerevisiae, have the advantages of easy genetic manipulation, inexpensive cost,
high yields of heterologous protein, and most importantly, post-translational
modifications essential for the proper folding of eukaryotic membrane protein
(He et al., 2014). Yeast cells are considered as the more suitable expression
hosts than E.coli cells and are widely employed for expression screening of
optimal membrane protein constructs.
Mammalian expression systems are used for recombinant protein production
due to the eukaryotic post-translational modifications and protein assembly.
The cell line HEK293 from human embryonic kidney cells is the prevailing
expression hosts for mammalian expression system. Mammalian cell culture
has the drawbacks of slow cell growth rate, expensive culture maintenance,
and low protein yields, which puts limitations for the wide use of mammalian
expression system for the heterologous expression of membrane proteins (He
et al., 2014).
Insect cell expression systems have developed into the most dominant
heterologous expression system for eukaryotic membrane proteins. The most
popular insect cell lines are Spodoptera frugiperda (Sf9) and Trichoplusia ni
(Hi5). Similar to the mammalian expression system, insect cells have
eukaryotic post-translational modifications allowing for the proper folding of
membrane proteins. Although insect cell culture can be cost-consuming and
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labor intensive, insect cells are easy to grow and quick to scale up for large
scale protein production. Recombinant proteins expressed in insect cell also
have good yields (Van et al., 2015). Combined with the fact that our lab has
the well-established insect cell lines for protein production, insect cell
expression system is selected for the heterologous expression of the
Arabidopsis PIN proteins.
1.5.1.2 Baculovirus expression vector system (BEVS)
The baculovirus expression vector system (BEVS) combined with insect cell
culture is the prevailing expression system for obtaining high-quality
recombinant membrane proteins.
Baculoviruses are insect viruses that have a rod-shaped, double-stranded DNA
genome and infect lepidopteran (butterflies & moths) insects/insect cell culture.
The most commonly used baculovirus for heterologous expression is
Autographa californica nuclear polyhedrosis virus (AcMNPV). AcMNPV
particles are covered with polyhedrin coats protecting viruses from extreme
environments. These surrounding polyhedrin proteins are expressed under the
late polyhedrin (polh) promoter and are not essential for virus amplification in
cell culture. Therefore, the heterologous expression can be achieved through
replacing the polyhedrin gene by the gene of interests in the baculovirus
expression vector.
The flashBAC system was introduced to improve the efficiency of
recombinant baculovirus production and isolation (Figure 1-18). Major
improvements appear in the flashBAC virus DNA, where an essential gene
(ORF1629) is deleted and a bacterial artificial chromosome (BAC) is added to
the polyhedrin locus for the production of viral DNA in E.coli cells. When cotransfecting the flashBAC viral DNA with the transfer vector inserted with
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Figure 1-18. The working scheme of the flashBAC baculovirus expression
system.
The transfer vector containing the gene of PIN proteins and the flashBAC
DNA are co-transfected in insect cells. Recombinant baculoviruses are
generated by homologous recombination. lef2, flanking gene; BAC, bacterial
artificial chromosome, maintain the virus genome as a bacmid in bacterial cells;
ORF1629, an essential gene, allowing virus replication in insect cells. The
graph is adapted from the flashBAC overview produced by Oxford Expression
Technologies.
gene of PIN proteins in insect cells, the BAC sequences are flanked by the lef2
and the ORF1629 genes, allowing for the homologous recombination knocking
in the gene of PIN proteins under the control of the polyhedrin promoter,
eliminating the BAC sequences and restoring the essential gene ORF1629 so
that infectious baculoviruses are replicated. The recombinant baculoviruses
can be harvested from transfected insect cell culture for protein production.
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Recombinant baculoviruses produced by the flashBAC system require no
further selection process.
1.5.2

Advances in membrane proteins purification

1.5.2.1 Detergents in membrane protein structure determination
Detergents play an important role in membrane protein structure determination
by X-ray crystallography. Once the target proteins are produced in the
expression system, it is necessary to isolate the target proteins from the local
lipid environment for subsequent protein purification. Detergents can mimic
the lipid membrane by assembling into detergent micelles that cover the
hydrophobic surface of the membrane proteins (Figure 1-19). The proteindetergent complexes (PDC) are soluble in water and prevent the aggregation
of membrane proteins outside the native lipid bilayers. The minimal detergent
concentration required for the formation of detergent micelles is called critical
micelle concentration (CMC).
Generally, detergents are classified into three groups: non-ionic detergent,
zwitterionic detergent, and ionic detergent. Non-ionic detergents are mild
detergents and can mostly maintain the native states of membrane proteins.
From non-ionic detergents to zwitterionic detergent and to ionic detergent,
their effects on membrane proteins become harsher. Ionic detergents can
usually disrupt the structure of membrane proteins and render them into
denatured states.
Detergents have been often employed in the processes of the membrane
isolation, purification, and crystallization. The top ten detergents that are
currently used for membrane protein purification and crystallization are: nDodecyl-β-D-Maltopyranoside (DDM), n-Decyl-β-D-Maltopyranoside (DM),
n-Octyl-β-D-Glucopyranoside/

n-Nonyl-β-D-Glucopyranoside

(OG/NG),

Lauryldimethylamine-N-oxide (LDAO), Polyoxyethylene 8 dodecyl ether
(C12E8), n-Undecyl-β-D-maltopyranoside (UDM), Lauryl maltose neopentyl
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glycol (LMNG), Triton X-100, Digitonin, Cymal-5 and Cymal-6 and CHAPS
(Stetsenko et al., 2017). Remarkably, more than half of the already known
membrane protein structures were obtained in DDM and DM, signifying that
DDM and DM are suitable detergents for membrane protein extraction and
preliminary solubilization trials (He et al., 2014). DDM and DM are both nonionic maltoside-based detergents with a hydrophilic maltose headgroup and a
long hydrophobic alkyl chain (Figure 1-20). It is also observed that the sugarbased detergents are prevailing in membrane protein structure determination
as they comprise almost 75% of the detergents used in the reported structures
(Stetsenko et al., 2017).

Figure 1-19. Schematic representation of detergent solubilization.
Detergents can solubilize membrane proteins by mimicking the lipid
membrane surrounding the hydrophobic surface of membrane proteins.
Detergent can also form micelles or remains as free detergent monomers
depending on the concentration. IMP, integral membrane proteins.
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Figure 1-20. Structure of DDM, DM, LDAO and LMNG.
On the other side, LDAO is the most popular zwitterionic detergent with a long
hydrophobic tail and two opposite charges in the head group (Figure 1-20).
Although LDAO is considered to be harsher than DDM and DM, it has the
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advantage of small micelle size (approximately 21.5 kDa) which is in favor of
producing well-diffracting crystals (Stetsenko et al., 2017).
Despite the popularity of DDM and DM, the choice of detergent for a specific
unique protein remains empirical and there are a large number of membrane
proteins remaining challenging to study without suitable detergents. To solve
this problem, novel detergents are developed as additional tools for membrane
protein research. The most successful examples of the new detergents are the
maltose-neopentyl glycol (MNG) amphiphiles. Different from traditional
detergents, MNG amphiphiles are featured by the central quaternary carbon
from neopentyl glycol molecules that allows for the incorporation of two
hydrophilic maltose headgroups and two lipophilic n-decyl chains (Figure 1-20)
(Chae et al., 2010). Representatives of MNG amphiphiles, for instance, LMNG
have been proven to be very efficient for the enhancement of membrane
protein stability and well-diffracting crystal development due to their novel
amphiphile architecture and low CMC values (Moraes et al., 2014).
1.5.2.2 Fluorescence-detection size-exclusion chromatography
Fluorescence-detection size-exclusion chromatography (FSEC) has been
developed as an efficient method for the identification of suitable membrane
proteins constructs as well as proper detergents for stable protein solubilization
(Kawate and Gouaux, 2006; Hattori et al., 2012). FSEC system combines one
size-exclusion chromatography (SEC) column with a fluorescence detector to
monitor the elution profile of the target protein fused with a green fluorescence
protein (GFP). FSEC profile of high homogenous elution peak is suggestive of
protein samples with good expression and high protein stability suitable for
structure determination.
FSEC can be performed with un-purified proteins from whole cell lysates or
with partially purified proteins after one-step affinity purification. Besides,
FSEC analysis only requires nanogram quantities of protein samples and
allows for the evaluation of protein expression level, approximate protein
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molecular weight, and protein homogeneity. These advantages of FESC save
massive time and labour during preliminary protein expression trials. For
example, FSEC in combination with a thermostability assay (FSEC-TS) was
used for the precrystallization screening of the glutamate-gated chloride
channel α (GluCl) from Caenorhabditis elegans with different ligands,
divalent cations, and lipids including some of the new synthetic cholesterol
derivatives (Hattori et al., 2012). The identified lipids and ligands were
employed for the development of the well-diffracting GluCl crystals (Hibbs &
Gouaux, 2011).
1.5.2.3 Protein purification using affinity tags
The fusion of engineered purification tags together with target membrane
proteins can facilitate effective recombinant membrane protein purification
and achieve high protein yields and purity in a few purification steps. These
tags can be fused to both the N-terminal and the C-terminal of the target
proteins and enable the fusion protein to be selectively captured and purified
using a tag-specific affinity resin. Here a few of the most commonly used
purification tags as well as tag removal methods are discussed.
The polyhistidine tag (His-tag, 6×His-10×His) associated with the
immobilized metal-affinity chromatography (IMAC) has been the most widely
employed method for recombinant membrane protein purification. The
electron donor groups on the histidine imidazole ring exhibit strong interaction
with transition metal ions (Co2+, Ni2+, Cu2+, Zn2+) immobilized in the resin
matrix (Terpe, 2003). The binding ability between histidine and metal ions is
enhanced by polyhistidine peptides, resulting in the efficient binding of the
fusion proteins to the IMAC resin. After sufficient washing, the fusion proteins
can be eluted by competitive binding of free imidazole or adjusting the buffer
pH. One-step IMAC purification with polyhistidine affinity tags can quickly
purify the target membrane proteins to up to 95% purity in high yield
(Bornhorst & Falke, 2000).
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The FLAG tag is a hydrophilic immunogenic purification tag specially
designed for the immunoaffinity purification of recombinant proteins
(Einhauer & Jungbauer, 2001). The FLAG peptide comprises eight amino
acids: DYKDDDDK. Three monoclonal antibodies (anti-FLAG M1, antiFLAG M2, and anti-FLAG M5) have been developed for the FLAG epitope
binding. The anti-FLAG M1 monoclonal antibody (M1) binds to the FLAG
tag specific at the N-terminus of the FLAG fusion protein and the binding
ability of M1 to the FLAG peptide is calcium-dependent. Elution of FLAG
fusion protein by M1 resin is affected by chelating agents, such as DETA
(Einhauer & Jungbauer, 2001). The anti-FLAG M2 monoclonal antibody (M2)
is developed and allows for both N-terminal and C-terminal FLAG tag binding.
Besides, the binding of M2 is not dependent on calcium concentration. Elution
of FLAG fusion protein from M2 resin can be performed with competitive
elution with the FALG peptide or at low pH (Einhauer & Jungbauer, 2001).
The binding of the anti-FLAG M5 monoclonal antibody (M5) has no
requirement for the presence of calcium. M5 shows increased binding affinity
to the N-terminal fusion proteins. M2 is the most employed FLAG antibody as
a result of its broad binding ability for the FLAG-fused recombinant proteins
(Einhauer & Jungbauer, 2001). FLAG fusion proteins are generally purified to
a high degree of homogeneity in one-step affinity purification. Although
FLAG tags are highly selective, the binding capacities of the FLAG antibody
are relatively low, resulting in large-scale purification at high cost (Einhauer
& Jungbauer, 2001).
Many other affinity tags are also available for the recombinant protein
purification. For example, the ligand-binding domain tags, such as the Maltose
Binding Domain (MBD) and the Glutathione S-Transferase (GST) tags can
enhance both the expression level and the solubility of their fusion partners
(Wood, 2014). These tags have fully folded protein domains and are much
larger than the His-tag and the FLAG tag. The MBD tag and the GST tag have
a highly specific affinity for some ligands used for protein identification and
purification (Wood, 2014).
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The affinity tags might disrupt the structure and function of purified proteins
and it is necessary to remove these tags for subsequent structural determination.
Removal of the tag from the target proteins is usually accomplished by a sitespecific protease. The nuclear inclusion protease from tobacco etch virus (TEV)
is one of the most commonly used viral proteases for protein tag removal. The
sequence recognition site of TEV protease is E-X-X-Y-X-Q-S and the protease
cleavage is conducted between the conserved glutamine (Q) and serine (S).
The cleavage of TEV protease has the advantages of stringent specificity,
broad substrates and efficient at low temperature suitable for membrane
protein tag removal (Terpe, 2003).
1.5.3

Advances in crystallography, cryo-EM

The rapid growth of membrane protein structure determination has also
benefited from the technology advances in structural analysis. X-ray
crystallography still remains as the predominant method for the production of
high-resolution membrane protein structures, followed by Nuclear Magnetic
Resonance (NMR) spectroscopy and cryo-EM, which has evolved into a
promising contributor over the last five years.
1.5.3.1 Crystallography
X-ray crystallization for membrane protein structure analysis has developed
overall improvements in sample preparation, X-ray sources and diffraction
methods, and automated pipelines for crystallization and data collection.
Recent advances in protein expression and purification screen allow for the
rapid selection of suitable constructs for crystallographic analysis (Hattori et
al., 2012). The highly automated crystallization screens and data collection
facilitated by computer programs greatly reduce the time of solving each
protein structure (Monaco et al., 2013). Remarkably, the development in lipid
cubic phase (LCP) crystallization has accelerated the growth of well-diffracted
membrane protein crystals for structure determination (Caffrey, 2015). The
LCP environment mimics the native membrane lipid bilayers and allows for
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the crystal growth in the monoolein-based LCP medium, resulting in the
formation of well-ordered crystals. The LCP-grown crystals are usually small
(10 μm) and the developments in synchrotron beamlines have addressed this
problem by producing microbeams (X-ray beams of diameter 20 microns or
less) matching the size of microcrystals (Smith et al., 2012). Particularly,
significant development has been witnessed in the X-ray free electron laser
(XFEL) method. XFEL are capable of taking diffraction images of thousands
randomly oriented microcrystals in femtosecond pulses in a high-intensity Xray beam, showing great potential in imaging microcrystals with least beamcaused radiation damage (Higgins and Lea, 2017).
1.5.3.2 Cryo-EM
Membrane protein structure determination using cryo-EM has been boosted
during the five years with the development in detector technology and
computational algorithms. The innovative direct-electron detectors associated
with image processing techniques enable the membrane protein structures
solved by cryo-EM reaching at near-atomic resolution (Cheng, 2015).
Cryo-EM uses electron microscopy technique to study membrane proteins or
macromolecules frozen at cryogenic temperatures. A large number of electron
microscopy images of individual membrane protein are classified and aligned
for subsequent three-dimensional (3D) reconstruction to achieve protein
structures with high resolution (Nogales & Scheres, 2015). Structural analysis
using cryo-EM can be performed with small amounts of purified protein
samples and no crystallization process is required, which reduces a sufficient
amount of time in growing well-ordered crystals. Moreover, cryo-EM has the
advantage of capturing membrane proteins in their native states. The
cryogenically frozen condition preserves the protein molecules in a thin
vitreous ice layer, preventing protein samples from dehydration in the vacuum
environment of an electron microscope and decreasing the damage caused by
radiation (Cheng, 2015).
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The advances of cryo-EM have entered structural biology into a new stage and
make it possible for the structure determination of challenging membrane
protein targets and many other large and dynamic complexes that are difficult
to crystallize (Cheng, 2018). Cryo-EM is moving forward with many new
technologies being developed to facilitate this process.

1.6 Aims of this project
The overall objective of this project is to understand the structure of the
Arabidopsis PIN proteins. PIN proteins play a crucial role in establishing auxin
gradients during polar auxin transport. Understanding the structure of PIN
proteins will help us understand how PIN proteins accomplish the auxin
transport activity and how they are involved in various plant growth events.
The aims of this project are listed below:
1. To analyze the genetic sequence of PIN1 from the Arabidopsis PIN
family and identify their biochemical features for a comprehensive
overview of PIN proteins. Sub-aims are:
•

To select and design suitable constructs for structural analysis;

•

To build homology models of PIN proteins;

2. To express and optimize the designed constructs in insect cell
expression system and examine their subcellular localization with
confocal microscopy;
3. To select detergents and buffer conditions for improving the solubility
and stability of PINs with FSEC screening technique;
4. To purify and optimize the conditions of PIN proteins with affinity
purification.
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2 Methods
X-ray crystallization was selected for the structural analysis of the Arabidopsis
PIN proteins. The experimental procedures are summarized in Figure 2-1.
Multiple protein constructs from different PIN proteins combined with gene
promoters were designed and screened in insect cells for optimal protein
expression. Column affinity purification was employed for the best purified
protein samples. This thesis developed the expression and purification analysis
of PIN1 and PIN5, with the focus on PIN1.

Figure 2-1. Flow chart representation of membrane protein crystallization.
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2.1 Bioinformatics analysis
The bioinformatics analysis in this thesis is performed by the available
bioinformatic tools and softwire programs, which utilize the primary protein
sequences to predict and analyze the protein biochemical features,
classification, function, secondary structure and 3D structure.
The majority of the bioinformatics analysis tools are based on multiple
sequence alignments (MSAs). Sequences of biological molecules like DNA,
RNA and proteins are the fundamental bricks of biological research in the
current times. MSAs can help researchers to identify the common features of
their samples from different species and select the residues or motifs with
potential functionality. In addition, MSAs lay the foundation for various
computational tools such as predicting the secondary structure and tertiary
protein structure of an unknown protein with homologue modelling. The
Jalview 2 software is a multiple sequence alignment editor and visualization
tool that utilizes the Clustal Omega program for the computation and
alignment of multiple protein sequences quickly and output accurate alignment
results (Waterhouse et al., 2009).
The prediction tool of transmembrane helices in proteins, TMHMM, is
developed and validate for membrane protein topology. TMHMM prediction
of the transmembrane helices is based on a hidden Markov model (HMM) and
can correctly predicts 97-98 % of the transmembrane helices in the examined
membrane proteins (Krogh et al., 2001). In addition, TMHMM can distinguish
soluble proteins and membrane proteins with a high accurate rate (>90 %),
which allows us to generate reliable prediction of membrane proteins (Krogh
et al., 2001).
The protein fold recognition server Phyre 2 has become one of the most
popular tools for the homologue modeling of protein tertiary structure. Phyre
2 can accurately detect the protein homologue of a query protein, build highquality protein models, predict protein ligand binding sits, and evaluate the
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effect of amino acid variants (Kelley et al., 2015). Phyre 2 server generate the
3D structure of the query sequence in four stages (Kelley et al., 2015). Stage
one, the query sequence is scanned within the protein sequence database and
multiple sequence alignment is generated and employed for the prediction of
secondary structure. The MSA and the secondary structure prediction results
are combined in a query HMM. Stage two, the query HMM is scanned in the
protein HMMs database of protein of known structure. The alignments with
high scores are used to build crude backbone-only models. Stage three, loop
modeling is performed at this stage. Stage four, amino acid side chains are
placed in position to complete the final model (Kelley et al., 2015).
In this thesis, sequence alignment of the Arabidopsis PIN protein family was
performed with Clustal Omega and visualized by the multiple sequence
alignment editor Jalview 2.10.1 (Waterhouse et al., 2009). Predictions of the
protein molecular weight and the theoretical isoelectric point were performed
by Pepstats (https://www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/). Signal
peptides

prediction

was

analyzed

by

SignalP

4.1

server

(http://www.cbs.dtu.dk/services/SignalP-4.1/). Protein topology was predicted
by the transmembrane helices prediction tool TMHHM server 2.0
(http://www.cbs.dtu.dk/services/TMHHM/). Hydropathy of PIN proteins was
analyzed by Protscale from ExPAsy (www.expasy.org). Intrinsically
disordered regions were predicted by IUPred2A (https://iupred2a.elte.hu).
Homology modeling of PIN1 was conducted by the protein fold recognition
server Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/ht ml/page.cgi?id=index).

2.2 Construct design
2.2.1

Molecular cloning

The protein coding sequences for full-length Arabidopsis PIN1 (GenBank:
AY093960.1, UniProtKB/Swiss-Prot: Q9C6B8.1), PIN5 (UniProtKB/SwissProt: Q9FFD0) and a loop-truncated PIN1 version, PIN1_CUT (Met1-Ser209,
Met455-Leu622) were cloned and amplified by polymerase chain reaction
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(PCR). The sequences of PIN1, PIN1_CUT, and PIN5 were tagged with a Cterminal Tobacco Etch Virus (TEV) cleavage site, an enhanced green
fluorescent protein (eGFP) tag, a FLAG tag (DYKDDDDK) and a tandem
10×histidine (His10, HHHHHHHHHH) tag.
Gel purification of PCR products was performed using QIAquick gel
extraction kit (Qiagen, Hilden, Germany). Purified PIN1, PIN1_CUT, and
PIN5 genes were digested by restriction enzymes HindIII, XhoI (Figure 2-2,
A, B) and inserted into the baculovirus transfer vectors pOET1 and pOET3
respectively (Oxford Expression Technologies, Oxford, UK) by DNA ligation.
Similarly, GFP cassette was inserted to the C-terminal of PIN1, PIN1_CUT,
and PIN5 sequences by restriction digestion of XhoI, NotI enzymes.
The transfer plasmids containing fusion protein genes were transformed into
competent E.coli cells and plated in agar plates supplemented with 100 μg/ml
ampicillin. After 24 h incubation at 37°C, single colonies were picked up for
PCR and DNA agarose gel electrophoresis analysis. Positive colonies were
inoculated into the Luria broth (LB) with 100 μg/ml ampicillin. The
recombinant plasmid vectors were then isolated from E.coli cells, amplified
through second round PCR and cleaned up using QIAquick PCR Purification
Kit (Qiagen, Hilden, Germany) following the manufacturer’s instruction. The
cleaned DNA was quantified by Nanodrop and stored at -20°C for further use.
Correct sequence and orientation of the PIN fusion constructs were confirmed
by genetic sequencing (GATC Eurofins, Konstanz, Germany).
2.2.2

Insect cell culture

Two of the most commonly used insect cell lines Spodoptera frugiperda (Sf9)
and Trichoplusia ni (Hi5) were used for the baculovirus generation and protein
production. Sf9 cells were grown in glass flasks in suspension culture in
INSECT-XPRESS W/L-GLN media (Lonza Ltd, Basel, Switzerland)
supplemented with 10 %fetal bovine serum (FBS). Hi5 cells were cultured in
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Figure 2-2. Constructs design for the PIN fusion proteins.
The PIN1, PIN_CUT and PIN5 sequences were tagged with eGFP-FLAGHis10 tags at the C-terminal end. The TEV proteases cleavage sites were also
inserted in between the PINs sequences and the eGFP cassette. The PIN fusion
constructs were inserted in the transfer vector pOET3 with the p6.9 promoter
(top) and in the pOET1 vector with the polh promotor (bottom) of Autographa
californica nuclear polyhedrosis virus (AcMNPV). The positions of restriction
enzymes HindIII, XhoI and NotI were shown with the constructs.
Gibco Express Five SFM media (Fisher Scientific, New York, United States)
with the addition of 16 mM L-glutamine before use. Both cell lines were
cultured under constant shaking at 115 rpm and maintained at 27°C. Cell
density was counted by a Neubauer counting chamber (Celeromics, València,
Spain). Regular passages of insect cells were performed every two days to keep
cell density within the log-phase of growth.
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2.2.3

Generation and amplification of recombinant baculovirus

The PIN1, PIN1_CUT, and PIN5 recombinant baculoviruses were generated
using the flashBAC baculovirus expression system (Oxford Expression
Technologies, Oxford, UK). Using the flashBAC baculovirus expression
system, the transfer vector containing the gene of PIN proteins and the
flashBAC viral DNA are co-transfected in insect cells, where recombinant
baculoviruses are generated by homologous recombination. Briefly, subconfluent monolayers of log phase Sf9 cells at the cell density of 1 × 106
cells/ml in 2 ml growth medium were set up in 12-well plates. 100 ng
baculovirus DNA, 500 ng transfer vector DNA containing the PIN constructs
and 1.2 μl baculoFECTIN II reagent were gently mixed and incubated at room
temperature for 20 min. One ml culture medium was removed without
disrupting the cell monolayer before transfecting the cells with 100 μl
baculoFECTIN II/ DNA mixture and incubate the plates in a sandwich box
overnight at 28°C. One-ml fresh cell growth medium was added to the
transfected cells to guarantee each dish with 2 ml cell culture medium. The
plates were continued incubating at 28°C. After five days post-transfection, the
2 ml P0 recombinant virus was harvested by centrifugation at 4000 rpm for 5
min and stored in a sterile Falcon tube in the dark at 4°C.
P1 virus stock was amplified from P0 virus stock. Briefly, 100 μl virus from
the P0 virus stock was added to 100 ml Sf9 cell suspension culture at the cell
density of 1 × 106 cells/ml. The infected cells were cultured under constant
shaking at 115 rpm and maintained at 28°C for 5 days. The P1 virus stock was
harvested by centrifugation at 4000 rpm for 5 min to remove cell debris in the
cell culture. P2 virus working stock was reached through virus amplification
from P1. Similarly, 200 μl virus from the P1 virus stock was added to 200 ml
Sf9 cell suspension culture at the cell density of 1 × 106 cells/ml. The cell
suspension culture was incubated under constant shaking at 115 rpm and
maintained at 28°C for 5 days. The P2 virus stock was harvested by
centrifugation at 4000 rpm for 5 min to remove cell debris in the cell culture.
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The P1 and P2 viruses were stored in sterile 50 ml Falcon tubes with 2% FBS
4°C away from light.

Figure 2-3. Representation of virus serial dilution for plaque assay.
2.2.4

Virus titration

Virus titration of P2 virus stock was performed by plaque assay (Figure 2-3).
A series of 10-fold virus dilutions were prepared and 100 μl aliquots of each
diluted virus were inoculated onto 1× 106 Sf9 monolayer cells in 12-well plates.
After 1 h incubation at room temperature for the virus to attach the cells, virus
solution was removed and the monolayer cells were covered with one ml 2%
SeaPlague agarose (Lonza Rockland, Maine, United States) forming a gel layer.
The plates were incubated at 28°C for 3 days for the infected cells to lyse the
cells as they release new viruses. Due to the restriction from the agarose gel,
circular zones of infected cells (plaques) were formed. To make the plaques
more visible, the plates were stained with 0.5 ml 0.0125% Neutral Red (SigmaAldrich Corporation, Missouri, United States) diluted in the phosphatebuffered saline (PBS) for 4h for better contrast. The titre of P2 virus stock was
calculated in plaque-forming units per millilitre (pfu/ml). The plates containing
plaques with the range of 10~100 were counted to calculate the virus
concentration.
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2.3 Small-scale protein expression and characterization
2.3.1

Protein expression screen

Small-scale suspension cultures in glass flasks were set up for preliminary
expression testing. The log-phase cells were infected at a density of 1×106
cells/ml in 20 ml suspension culture shaking at 115 rpm at 28°C. Tested
expression conditions included: cell lines (Sf9, Hi5), time after infection (24 h,
48 h, 72 h, 96 h), multiplicity of infection (MOI, 0.1, 0.5,1, 2.5, 5). Meanwhile,
protein expression was monitored by GFP fluorescence intensity quantified
with relative fluorescence units (RFUs). One ml sample from different culture
conditions was centrifuged to collect cell pellets. The collected cell pellets
were resuspended in 100 μl PBS and measured by CLARIOstar (BMG Labtech,
Aylesbury, United Kingdom). The measured fluorescent counts were
converted to the concentration of PIN1, PIN1_CUT, and PIN5 calculated from
the fluorescence of pure GFP standard value (Drew et al., 2008) as described
in the formula below:

Conc. GFP =

RFU of sample
× 0.03 mg/ml
RFU of purified yGFP (0.03 mg/ml)

Conc. PIN1 =

67,019 (MW PIN1)
× Conc. GFP
26,866 (MW GFP)

Conc. PIN1 =

67,019 (MW PIN1)
× Conc. GFP
26,866 (MW GFP)

Conc. PIN5 =

38, 573 (MW PIN15)
× Conc. GFP
26,866 (MW GFP)

Where Conc. stands for concentration, MW stands for molecular weight.
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2.3.2

Cell viability determination

Cell viability is an important parameter for monitoring the health condition of
the cell culture. The determination of cell viability can be performed by Trypan
blue cell counting method. Live (viable) cells do not take up the blue dye while
the dead (non-viable) cells will be dyed in blue colour. Trypan blue staining
can also help the observation of cell morphology.
Cell viability is calculated by the following equation:
Cell viability =

Number of live cells
× 100 %
Number of total cells

A small aliquot of cell suspension culture (10 μl) was filled in the Neubauer
counting chamber (Celeromics, València, Spain) and stained with 0.4 %
Trypan blue solution (Thermo Fisher Scientific, Massachusetts, United States).
Counting of the live cells and the total cells are performed under an inverted
phase contrast microscope using 20 × magnification.
2.3.3

SDS-PAGE and western blot

The whole-cell protein lysate expressed from the small-scale infection was
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) with 10 % (w/v) Mini-PROTEAN TGX Precast Gels (Bio-Rad,
California, United States). In-gel fluorescence images were taken by
IMAGEQUANT LAS 4000 imager (GE healthcare, Illinois, United States)
with a blue filter. Proteins separated by polyacrylamide gel were transferred
onto a polyvinylidene difluoride (PVDF) membrane activated by methanol in
wet conditions and immunoblotted by monoclonal anti-His tag antibody
produced in mouse (1:10,000, Sigma-Aldrich Corporation, Missouri, United
States), monoclonal anti-FLAG M2 antibody (DYKDDDDK tag) produced in
mouse (1:10,000, Sigma-Aldrich Corporation, Missouri, United States), or
monoclonal anti-GFP antibody produced in mouse (1:10,000, Sigma-Aldrich
Corporation, Missouri, United States) respectively for western blot. After
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incubation with monoclonal anti-HRP (Horseradish Peroxidase) antibody
produced in mouse (1:10,000, Sigma-Aldrich Corporation, Missouri, United
States), the membranes were visualized by IMAGEQUANT LAS 4000 imager
by the chemiluminescence method. Small aliquots of 20 μl protein eluents
from each resin were separated by gel electrophoresis using 10 % (w/v) MiniPROTEAN TGX Precast Gels and imaged by IMAGEQUANT LAS 4000
imager for in-gel fluorescence analysis. Gels were also stained by InstantBlue
Protein Stain (Expedeon, Cambridge, UK) for 15 min to evaluate protein purity.
2.3.4

Mass spectrometry

Mass spectrometry (MS) is commonly used for accurate protein mass
determination and characterization. Protein samples for MS were prepared by
in-gel digestion method. Coomassie-stained protein bands were cut from the
polyacrylamide gel and destained by 50% (v/v) ethanol and 50 mM ammonium
bicarbonate (ABC) at 55°C shaking at 650 rpm for 20 min in Eppendorf tubes.
After dehydrating in 100% (v/v) ethanol for 5 min, 10 mM dithiothreitol (DTT)
and 50 mM ABC were added to reduce protein disulfate bands. After removing
the liquid, 55 mM IAA and 50 mM ABC were then added to alkylate the
cysteine residues and left incubating in the dark for 20 min before being
washed with 50% (v/v) ethanol and 50 mM ABC for 20 min. The gel was then
dehydrated with 100% (v/v) ethanol for 5 min and hydrated with 2.5 ng/μl
trypsin and 50 mM ABC for trypsin digestion at 37°C overnight. Peptide
extraction was done by adding 25% (v/v) acetonitrile and 5% (v/v) formic acid
(FA) with sonication in a water bath at room temperature for 10 min. Finally,
peptides were concentrated with Speed-Vac and resuspended in 2.5% (v/v)
Acetonitrile (ACN) and 0.05% (v/v) trifluoroacetic acid (TFA) for MS analysis.
The MS data was collected by the Warwick Proteomics Research Technology
Platform. A 20 μl aliquot of extracted peptides was analyzed by the nano liquid
chromatography tandem mass spectrometry (nano-LC-ESI MS/MS) using the
Ultimate 3000/Orbitrap Fusion instrumentation (Thermo Fisher Scientific)
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with a 45 min LC separation on a 50 cm column. The data were used to
interrogate the Arabidopsis PIN constructs and the Sf9 Uniprot database
(www.uniprot.org/proteomes) and the common contaminant database from
MaxQuant. MaxQuant software was used for protein identification and
quantification. Scaffold and Perseus software were used for data analysis and
visualization of results.

2.4 Confocal laser scanning microscopy
The subcellular localization of the PIN fusion proteins was visualized in live
Sf9 insect cells by a confocal laser fluorescence microscope (CLSM) with a
ZEISS LSM 880 laser. After 48 h infection, aliquots of 20 μl live cells were
mounted

on

glass

slides.

The

lipophilic

Triethylammoniumpropyl)-4-(6-(4-(Diethylamino)

styryl
Phenyl)

dye

N-(3-

Hexatrienyl)

Pyridinium Dibromide (FM4-64) was added to the slides with a final
concentration of 8 μM. Exogenous treatment of FM4-64 dye could selectively
stain cell plasma membrane by inserting into the outer leaflet of the membrane
lipid bilayers where strong fluorescence could be excited. The FM4-64 dye
was washed away with fresh cell culture medium after 1 min incubation on ice
because long time incubation would lead to the FM4-64 dye penetrating inside
the cells. The maximum excitation/emission wavelength of FM4-64 is 515/640
nm whereas eGFP has the excitation/emission peaks at 488 nm and 509 nm.
The colocalization images of the PIN fusion proteins and the FM4-64 dye were
visualized using the 488 nm and 514 nm argon-ion laser with a 100 × objective
oil lens.

2.5 Fluorescence-detection size-exclusion chromatography
Fluorescence-detection size-exclusion chromatography (FSEC) is an efficient
screening method for membrane protein stability analysis. Expressed
membrane protein samples fused with GFP are loaded onto a size exclusion
chromatography (SEC) column (Figure 2-4). The SEC elution curve is

59

monitored by fluorescence intensity. In this way, less protein sample (lower to
nanograms protein level) and un-purified protein from whole cell lysates could
be used for screening different stabilizing conditions. Therefore, the FSEC
method was used to quickly screen the homogeneity of the protein samples in
different detergents, lipids, buffer pH values, and reducing agents.
2.5.1

Column calibration

The SEC column we used was a Superose 6 10/300 GL column (GE Healthcare
Bio-Sciences, Sweden). Protein standards including γ-Globulins from bovine
blood (MW 150 kDa), albumin from chicken egg white (MW 45 kDa) and αLactalbumin (MW 14 kDa) were prepared for the column calibration. Blue
dextran 2000 (MW 2,000 kDa) was used to determine the void volume (V0) of
the column. Elution curve of protein standards was detected by the UV
absorbance at 280nm (A280). The value of the gel-phase partition coefficient
(Kav) was calculated for each standard using the equation:
𝐾𝑎𝑣 =

𝑉𝑒 − 𝑉0
𝑉𝑐 − 𝑉0

Where Ve is the elution volume, V0 is the column void volume, and Vc is the
geometric column volume. For standard proteins, the calculated Kav values
were plotted against the log of their respectively known molecular weight (Log
Mr). The linear equation
𝑦 = 𝑦𝑜 + 𝑎 × 𝑥
was then used to predict the molecular weight of protein sample (x), where a
is the slope and y0 is the y-intercept.
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Figure 2-4. Schematic flow chart of FSEC analysis.
Detergent-solubilized protein samples were loaded onto an SEC column. The
SEC column eluent was monitored by a fluorometer for GFP fluorescence
detection and a UV detector to monitor protein trace. A fraction collector was
also connected with the FSEC system for eluent collection. Hypothetical
graphs of the fluorescence curve for the GFP fusion proteins and the UV
absorbance curve for the protein samples were also presented.
2.5.2

FSEC analysis on different detergents

The homogeneity of the expressed PIN1 and PIN1_CUT fusion proteins
solubilized in DDM, or LDAO was screened by the FSEC technique as
described below. The GFP-fused PIN1 and PIN1_CUT pellets harvested from
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15 ml Sf9 insect cell culture were resuspended in the cell lysis buffer (1 × TBS
pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol, containing the SIGMAFAST
EDTA-free protease inhibitor cocktail, DNase II and 1 % (w/v) DDM/ 1 %
(w/v) LDAO). The whole cell mixture was lysed by sonication on ice for 2s
and incubated at 4°C for 2 h. Solubilized membrane was separated by
ultracentrifugation at 100,000 g for 45 min at 4°C and 500 μl supernatants were
directly injected into a Superose 6 10/300 GL column (GE Healthcare Life
Sciences, Illinois, United States) equilibrated with the FSEC buffer (1 × TBS
pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol, containing the SIGMAFAST
EDTA-free protease inhibitor cocktail and 0.1 % (w/v) DDM) at a flow rate of
0.3 ml/min. The eluents were collected by 0.5 ml fractions in 96-well deep
plates for 1 × column volume (CV, ~ 25 ml). GFP fluorescence of each fraction
was measured by the CLARIOstar microplate reader (BMG Labtech,
Aylesbury, United Kingdom) with emission at 512 nm and excitation at 488
nm.
The effects of cholesteryl hemisuccinate (CHS) on the homogeneity of PIN1
and PIN1_CUT protein samples were explored. Similar to the sample
preparation method mentioned above, 0.2 % (w/v) CHS was mixed with 1 %
(w/v) DDM and 1 % (w/v) LDAO respectively for the protein solubilization.
The elution fractions of PIN1 and PIN1_CUT solubilized with the addition of
CHS were collected and analyzed by the FSEC method.
2.5.3

Effect of pH on FSEC

To experiment the effect of buffer pH on the homogeneity of PIN1 and
PIN1_CUT, the solubilization buffers with 3 different pH values were
prepared as below:
•

50 mM MES pH 6.0, 300 mM NaCl, 10 % (v/v) glycerol, and 1 % (w/v)
DDM;
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•

1 × TBS pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol, and 1 % (w/v)
DDM;

•

1 × TBS pH 8.0, 150 mM NaCl, 10 % (v/v) glycerol, and 1 % (w/v)
DDM.

All of these buffers contained the SIGMAFAST EDTA-free protease inhibitor
cocktail. Sample preparation and data collection were performed in the same
procedure described in Section 2.5.2.
2.5.4

Effect of reducing agents on FSEC

To test the effect of reducing agents on the homogeneity of PIN1 and
PIN1_CUT protein samples, TCEP at the concentration of 1 mM was added to
the lysis buffer and membrane resuspension buffer in listed in 2.5.2. Other
experiment procedures remained the same as the Section 2.5.2.

2.6 Protein purification and optimization
2.6.1

Detergent solubilization screen

Cell pellets from 200 ml culture were thawed on ice and resuspended in 5 ml
ice-cold cell lysis buffer (1 × TBS pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol,
containing the SIGMAFAST EDTA-free protease inhibitor cocktail, DNase II).
After rolling 30 min at 4°C, the cells were lysed with a Dounce homogenizer
for 80 cycles. Membrane fractions were collected by ultracentrifugation at
100,000 g for 1 h at 4°C and resuspended in membrane resuspension buffer (1
× TBS pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol, containing the
SIGMAFAST EDTA-free protease inhibitor cocktail) using a glass
homogenizer. Detergents including DDM, LDAO, LMNG, Polyethylene
glycol

p-(1,1,3,3-tetramethylbutyl)-phenyl

ether

(TritonX-100),

3-((3-

cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS), and SDS
were used at final concentration of 1 % (w/v) for protein extraction, which was
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above 3 × CMC of the mentioned detergents. After incubating with mild
agitation for 2 h at 4°C, the non-solubilized membrane was pelleted by a
benchtop ultracentrifuge at 100,000 g for 45 min. GFP fluorescence of the
detergent-solubilized supernatant (100 μl) was measured for solubilization
efficiency.

Figure 2-5. Schematic representation of sample preparation and protein
purification.
Membrane extraction (a-c); detergent solubilization (d-e); AF, affinity
chromatography (f-h); SEC, size exclusion chromatography (i).
2.6.2

Membrane preparation

For PIN protein expression, Sf9 cells were grown at 28°C in 2L glass flasks
containing 800 ml suspension culture. Cells were infected at a density of 1×106
cells/ml at MOI 0.1 and harvest at after 48 h infection by centrifugation at 6000
g for 15 min. The cell pellets were resuspended in the ice-cold cell lysis buffer
(1 × TBS buffer pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol, containing the
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EDTA-free protease inhibitor cocktail and DNase II). After rolling at 4°C for
30 min, cells were broken using a Dounce homogenizer on ice for 80 cycles.
Crude membranes were pelleted down by ultracentrifugation at 100,000 g for
1 h and resuspended in membrane resuspension buffer (1 × TBS buffer pH 7.4,
150 mM NaCl, 10 % (v/v) glycerol containing the SIGMAFAST EDTA-free
protease inhibitor cocktail) using a Dounce homogenizer. The membrane
resuspension was flash frozen in liquid nitrogen and stored at -80°C for further
use.
2.6.3

Immobilized metal affinity chromatography

Immobilized metal affinity chromatography (IMAC) is widely employed as a
first-step protein affinity purification method. Metal ions, such as nickel and
cobalt (Ni2+, Co2+), are immobilized by the resin agarose matrix made from
nitrilotriacetic acid (NTA). Polyhistidine-tagged proteins will bind to the resin,
allowing the separation of target proteins from non-tagged proteins. Protein
elution from the resin can be done by competitive binding of imidazole or
lowering the pH values.
The initial purification trial was performed with cOmplete His-Tag
Purification Resin (Roche, Basel, Switzerland). The DDM-solubilized
PIN1_CUT was mixed with 25 μl resin equilibrated with the binding buffer
(1× PBS pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol and 0.03 % (w/v) DDM,
10 mM imidazole). The mixture was incubated with mild agitation for 2 h at
4°C and loaded onto a Mini Bio-spin column (Bio-Rad, California, United
States). After washing with 300 × CV washing buffer (1 × PBS pH 7.4, 150
mM NaCl, 10 % (v/v) glycerol, 30 mM imidazole and 0.03 % (w/v) DDM),
the PIN1_CUT-His10 fusion proteins were eluted with 5 × CV elution buffer
(1 × PBS pH 7.4, 350 mM NaCl, 10 % (v/v) glycerol, 250 mM imidazole and
0.03 % (w/v) DDM). Fractions were collected by 1 × CV and loaded onto the
SDS-PAGE gel for analysis. TALON Cobalt Affinity Resin (Clontech,
California, United States) was also tested with the same buffer compositions.
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2.6.4

Anti-FLAG affinity purification

The PIN1_CUT-GFP-FLAG-His10 fusion proteins were purified with AntiFLAG M2 Affinity Gel (Sigma-Aldrich, Missouri, United States). The M2
monoclonal antibody was covalently attached to the agarose and could bind
specifically to the FLAG peptide of the fusion proteins. Target protein could
be eluted by the competitive binding of the 3 × FLAG peptides. Briefly, the
DDM-solubilized membranes harvested from 200 ml cell culture were mixed
with 25 μl resin equilibrated with the binding buffer (1 × PBS pH 7.4, 150 mM
NaCl, 10 % (v/v) glycerol and 0.03 % (w/v) DDM). The mixture was incubated
with mild agitation for 2 h at 4°C and loaded onto a Mini Bio-spin column.
Bound proteins were washed with 300 × CV of the washing buffer (1 × PBS
pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol and 0.03 % DDM) and eluted with
5 × CV of the elution buffer (1 × PBS pH 7.4, 150 mM NaCl, 10 % (v/v)
glycerol, 1 % (w/v) DDM, 125 μg/ml 3 × FLAG peptides) and 1 × CV fractions
were collected for further SDS-PAGE analysis.
2.6.5

Anti-GFP affinity purification

The PIN1_CUT-GFP-FLAG-His10 fusion proteins were also purified with
GFP-Trap_A agarose beads (ChromoTek, Planegg-Martinsried, Germany)
with one-step immunoprecipitation. The DDM-solubilized membrane samples
were mixed with 25 μl resin equilibrated with the binding buffer (1 × PBS pH
7.4, 150 mM NaCl, 10 % (v/v) glycerol and 0.03 % (w/v) DDM). The mixture
was incubated with mild agitation for 2 h at 4°C and loaded onto a Mini Biospin column. Bound samples were washed with 300 × CV of the washing
buffer (1 × PBS pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol and 0.03 % (w/v)
DDM) and eluted with 2 × CV of the elution buffer (200 mM glycine, pH 2.5)
incubated with constant mixing for 30s. Eluents were collected in the
Eppendorf tubes containing 0.1 × CV of the neutralizing buffer (1 × PBS
pH10.4, 150 mM NaCl, 10 % (v/v) glycerol, 0.03 % (w/v) DDM). Fractions of
1 × CV were collected for further SDS-PAGE analysis.
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2.6.6

Purification optimization

Buffering conditions including the choice of buffer base (Tris-HCl, NaH2PO4–
Na2HPO4), pH (7.4, 8.0), the NaCl and imidazole concentration, the usage of
the reducing agents: Dithiothreitol (DTT), tris(2-carboxyethyl)phosphine
(TCEP) and β-mercaptoethanol (BME), were also tested for better purification.
Sample preparation are the same with the procedures described in the Section
2.5.2.

2.7 Large-scale purification
Crude membranes were solubilized in the membrane solubilization buffer (1 ×
TBS buffer pH 7.4, 350 mM NaCl, 10 % (v/v) glycerol,10 mM BME, 2 %
LDAO, 0.2 % (w/v) CHS and the SIGMAFAST EDTA-free protease inhibitor
cocktail) for 2 h at 4°C with gentle rotation. Unsolubilized material was
removed by centrifugation at 100,000 g for 45 min and the solubilized
PIN1_CUT supernatant was incubated with the anti-FLAG M2 affinity resin
rolling for 3 h at 4°C. The resin was washed with 300 × CV of the washing
buffer (1 × TBS buffer pH 7.4, 350 mM NaCl, 10 % (v/v) glycerol, 10 mM
BME, 1 % (w/v) DDM, 0.2 % (w/v) CHS and the protease inhibitor cocktail).
Proteins were eluted with the elution buffer (1 × TBS buffer pH 7.4, 10 % (v/v)
glycerol, 10 mM BME, 1 % (w/v) DDM, 0.2% (w/v) CHS, 125 μg/ml 3 ×
FLAG peptides and the protease inhibitor cocktail). Peak fractions were
collected. TEV protease in the reaction buffer (50 mM Tris-HCl pH 8.0, 0.5
mM EDTA and 1 mM DTT) was added into the FLAG column eluents with
the protease to protein ratio at 1:1 and left incubating with mild agitation
overnight at 4°C. TEV-cleaved mixture was loaded onto the Ni-NTA column
for the reverse IMAC purification. The flow through containing the tagcleaved PIN1_CUT was collected. The tag-cleaved PIN1_CUT proteins were
then loaded directly on to an SEC column at a flow rate of 0.3 ml/min. Small
aliquots of 20 μl protein eluents from the collected peak fraction were loaded
onto 10 % (w/v) Mini-PROTEAN TGX Precast Gels and imaged by
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IMAGEQUANT LAS 4000 imager for in-gel fluorescence. Gels were also
stained by InstantBlue Protein Stain (Expedeon, Cambridge, UK) for 15 min
to evaluate protein purity.
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3 Quality control of expressed PIN proteins

Chapter overview:
Overexpression of membrane proteins in a heterologous system has been one
of the bottlenecks for the crystallization of integral membrane proteins. To
investigate the structure of the Arabidopsis PIN family proteins, sequences of
full-length PIN1 and PIN5, as well as PIN1_CUT (a loop-truncated PIN1)
were cloned into the transfer vectors pOET3 (with the p6.9 promoter) and
pOET1 (with the polh promoter) for recombinant baculovirus expression in
insect cells. We optimized the expression conditions and observed best PIN
protein expression in Sf9 cells (with MOI 0.5 after 48 h infection) under the
control of the polh promoter. We also characterized the PIN proteins with
antibody interaction and fluorescence detection on the SDS-PAGE gels and by
confocal microscopy. These expression conditions were used for the largescale protein production.
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3.1 Expression with the p6.9 gene promoter
3.1.1

Protein expression test in insect cell expression system

The sequences of PIN1, PIN1_CUT, and PIN5 from Arabidopsis thaliana were
cloned into pOET3 transfer vectors with a late p6.9 gene promoter and inserted
into the baculovirus genome. These recombinant baculoviruses were used to
infect insect cells and produce our target proteins. Two insect cell lines, Sf9
and Hi5, were infected in parallel for initial small-scale protein expression tests.
The tests were performed with the log-phase cells grown in adherent culture in
12-well plates. Confocal microscopy was used to monitor the overall protein
expression at 24 h, 48 h, 72 h, and 96 h post-infection.
The initial examination of the infected cells using confocal microscopy
suggested that Sf9 cells had an overall better expression of the three PIN
constructs than that of Hi5 cells. Starting from 24 h infection, PIN1,
PIN1_CUT, and PIN5 produced in Sf9 cells could be detected by GFP
fluorescence under a 10 × objective lens of the confocal microscope. It was
difficult to quantify protein accumulation with time through eye observation
and no direct comparison was made with the expression level over infection
time. On the other hand, there was hardly any fluorescence signal with infected
Hi5 cells during the whole expression-monitoring period (data was not shown).
Therefore, the Sf9 cell line was employed for further PIN protein production.
The expression for PIN1, PIN1_CUT, and PIN5 in Sf9 cells showed obvious
differences (Figure 3-1). After 48 infection, the fluorescence signal of PIN1
was very weak and could be detected in less than half of the infected cells.
Production of PIN1_CUT was much stronger as suggested by the intense
fluorescence and the fluorescence signals could be detected in more than 90%
of the infected cells. Contrary to PIN1 and PIN1_CUT, only minimal
expression of PIN5 was detected.
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PIN1: GFP

PIN1_CUT: GFP

PIN5: GFP

Figure 3-1. Expression tests of the PIN fusion proteins in Sf9 insect cells
under the control of the p6.9 promoter.
The expressions of PIN fusion proteins were conducted by infecting the Sf9
cells at MOI 2.5. After 48 h infection, cells were collected and loaded onto
glass slides for confocal microscopy. Photos were taken by a 25 × water
immersion lens. Scale bar, 20 μm.
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We concluded that PIN1, PIN1_CUT, and PIN5 proteins were successfully
produced in Sf9 cells under the control of the late p6.9 promoter. The
expression level of PIN1_CUT was the highest, followed by PIN1 and PIN5.
3.1.2

Protein quantification estimated by GFP fluorescence intensity

GFP fluorescence signal from confocal images cannot be quantified for direct
comparison of various expression conditions. To determine the best expression
condition, GFP fluorescence intensity measured by a microplate fluorescence
reader was introduced for protein quantification indicated by relative
fluorescence units (RFU).
The Sf9 suspension culture was infected with MOI 1, 2.5, and 5 for optimizing
protein expression. One-ml aliquots of the infected Sf9 cell culture were
collected at 0 h, 24 h, 48 h, and 72 h post-infection, pelleted down by centrifuge
and resuspended in the PBS buffer for the GFP fluorescence intensity
measurement. The expression of PIN1, PIN1_CUT, and PIN5 were depicted
with MOI and time after infection (Figure 3-2).
The GFP fluorescence counts of PIN5 were generally low (less than 800 RFU,
Figure 3-2, B), signifying overall poor expression level. The expression of
PIN1 (Figure 3-2, A) reached around 600 RFU after one-day infection with no
big difference between MOIs. After 48 h infection, the expression of PIN1
reached to the peak reading at 1,100 RFU with MOI 2.5. This figure dropped
to 900 RFU after another 24 h infection. We concluded that the best to infect
PIN1 at MOI 2.5 and harvest the cells after two-day infection.
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Figure 3-2. Expression of PIN1, PIN1-CUT, and PIN5 in Sf9 cells under
the control of p6.9 promoter quantified by GFP fluorescence intensity.
The PIN1, PIN1_CUT, PIN5 expression screening were performed in Sf9
insect cells. Sf9 cells in 50 ml suspension culture were infected at a cell density
of 1×106 cells/ml at MOI 1, 2.5, and 5 respectively. GFP intensity of one ml
samples collected at 0 h, 24 h, 48 h, and 72 h after infection were measured for
selecting the best expression. Each experiment was repeated three times for
data point collection and was plotted as mean ± standard deviation (SD).
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Figure 3-3. Cell viability of Sf9 cells infected with PIN1_CUT baculovirus
monitored with expression time.
A small aliquot (10 μl) of the Sf9 cell culture was taken and stained with the
0.4 % trypan blue solution for cell counting under a microscope. Cell viability
was calculated as follow: Cell viability = (Number of live cells counted/
Number of total cells counted) ×100 %. Each measurement was repeated at
least three times and was plotted as mean ± standard deviation (SD).
The GFP reading of PIN1_CUT was the highest among the three PIN
constructs, reaching at around 2,000 RFU at 24 h infection and 2,421 RFU
after 48 h at MOI 1 (Figure 3-2, C). This reading continued to increase slightly
at 72 h post-infection. However, after 72 h virus infection, only less than 40 %
of the cells remain alive (Figure 3-3). Remarkably, the proportion of active
cells almost doubled (78 % viable cells) when the infected cells were harvested
at 48 h post-infection. Since cell lysis might lead to irreparable damage to the
vulnerable membrane proteins, we decided to harvest cells after 48 h infection
at MOI 1 for the best PIN1_CUT production. The PIN1_CUT protein bands
analyzed by in-gel fluorescence and western blot also showed the strongest
intensity at 48 h post-infection (Figure 3-4), which added additional support
for 48 h post-infection as the best cell-harvesting time.
Taken together, the expression of PIN1, PIN1_CUT, and PIN5 under the
control of the p6.9 promoter was quantified. PIN1_CUT expressed the best,
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followed by PIN1 and PIN5. The best expression conditions are 48 h infection
with MOI 2.5 in Sf9 insect cells.

Figure 3-4. Comparison of PIN1_CUT expression under the control of
p6.9 promoter with different infection time by in-gel fluorescence and
western blot.
Sf9 cells grown in 50 ml suspension culture were infected at MOI 1 at a density
of 1×106 cells/ml. Two-ml whole cell samples were collected at 24 h, 48 h and
72 h post-infection and loaded on a 10 %Mini Protein TGX Precast SDSPAGE gel (Bio-Rad) for in-gel fluorescence detection (left) and
immunoblotting analysis using an anti-FLAG antibody (right). M1, M2, protein
markers; TIR1 (a soluble auxin receptor) was used as a positive control (PC);
NC, negative control, uninfected cells. The positions of PIN1_CUTF and eGFP
on the gel were highlighted with the red arrows.
3.1.3

Protein characterization by in-gel fluorescence and western blot

To analyze the integrity of the PIN fusion proteins, we lysed the cells and
loaded the whole cell lysate and the cleared supernatant onto an SDS-PAGE
gel and visualized by in-gel fluorescence images and western blot for protein
characterization (Figure 3-5). The protein bands of PIN protein from the crude
cell lysate were stronger than that of the supernatant due to the low solubility
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of PIN proteins. No clear protein bands were characterized as PIN5 due to the
low heterologous expression (Figure 3-5). The protein band of PIN1-eGFP
showed weakly at the position of 80 kDa on the gel. The apparent molecular
weight of PIN1-eGFP was about 20 kDa smaller than its formula molecular
weight (98 kDa).

Figure 3-5. Characterization of the expressed PIN proteins under the
control of the p6.9 promoter by in-gel fluorescence and western blot.
Sf9 cells grown in 50 ml suspension culture were infected at MOI 1 at a density
of 1×106 cells/ml. Two-ml whole cell samples were collected at 48 h postinfection and loaded on a 10 %Mini Protein TGX Precast SDS-PAGE gel (BioRad) for in-gel fluorescence detection (top) and immunoblotting analysis using
an anti-FLAG antibody (bottom). M1, M2, protein markers; TIR1 (a soluble
auxin receptor) was used as a positive control (PC); NC, negative control,
uninfected cells. The positions of PIN1_CUT (PIN1_CUTF and PIN1_CUTNF),
PIN1, and eGFP on the gel were highlighted with the red arrows.
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PIN1_CUT was characterized as the major protein band on the in-gel
fluorescence image with an estimated molecular weight of 53 kDa
(PIN1_CUTF with fluorescence, Figure 3-5). Compared with the formula
molecular weight of the PIN1_CUT fusion protein (72 kDa), PIN1_CUTF
appeared to be around 20 kDa smaller (Table 3-1), which was commonly seen
with the gel migration of membrane proteins due to detergent interaction (Rath
et al., 2009). Two weaker protein bands were also detected at the position of
140 kDa and 29 kDa, which might be the PIN_CUT dimers and the free eGFP.
The immunoblotting image of PIN1_CUT identified PIN1_CUTF at 53 kDa
and an additional protein band as PIN1_CUTNF (no fluorescence) at 72 kDa
(Figure 3-5). PIN1_CUTNF fitted the calculated molecular weight of
PIN1_CUT (73 kDa) and was not detected by the in-gel fluorescence image,
which suggested that the PIN1_CUTNF might be unfolded. It is reasonable to
assume that PIN1_CUTNF and PIN1_CUTF represented the denatured and nondenatured forms of PIN1_CUT respectively. Quantification of these two bands
based on protein band intensity was calculated to be PIN1_CUTNF:
PIN1_CUTF = 1.2: 1 using Image J, which indicating that around half the
PIN1_CUT proteins might be damaged by the sample preparation method.
To summarize, PIN1_CUT was characterized at PIN1_CUTF (53 kDa, with
fluorescence) and PIN1_CUTNF (72 kDa, no fluorescence) by fluorescence and
antibody detection. Sample preparation method could cause severe loss of
PIN_CUT protein samples, resulting in the damaged PIN1_CUTNF. The low
expression level of PIN1 and PIN5 made it difficult for further investigation.
These results demonstrated that it would be exceedingly challenging to persist
with these constructs for further structural analysis.

3.2 Protein expression under the control of the polh promoter
To address the problem of low protein expression, the PIN1, PIN1_CUT, and
PIN5 fusion constructs were recloned into the pOET1 transfer vectors with the
very late and strong polyhedrin (polh) promoter. Polyhedrin promoter is
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frequently used for high-level expression of membrane transporters, for
example, the glucose transporter GLUT1 (Deng et al., 2014) and the nitrate
transporter NRT1.1 (Sun et al., 2014). Expression conditions screening results
suggested that under the control of the polh promoter, PIN1, PIN1_CUT, and
PIN5 all experienced a significant rise in their overexpression levels (Figure
3-6).
The expression of PIN1, PIN1, and PIN5 under the control of polh promoter
were tested at the MOI (0.1-5) for the MOI refinement (Figure 3-6). The GFP
counts of PIN1_CUT and PIN1 reached to the peak reading (2,398 RFU for
PIN1_CUT and 1,888 RFU for PIN1) after 48 h infection at MOI 0.5.
Therefore, the optimal expression conditions of PIN1_CUT and PIN1 were
determined to be MOI 0.5 and 48 h infection for harvesting. PIN1_CUT was
selected as major targets for structural analysis due to its good heterologous
expression. These optimized expression conditions were used for the largescale PIN1_CUT production.
3.2.1

Protein characterization and integrity examination

To examine the integrity of the PIN proteins produced under the control of the
polh promoter in comparison with that of the p6.9 promoter, we expressed the
six constructs (PIN1_CUT + p6.9/polh promoter; PIN1 + p6.9/polh promoter;
PIN5 + p6.9/polh promoter) using their optimized conditions. Protein samples
were applied onto SDS-PAGE gels for in-gel fluorescence and western blot
analysis (Figure 3-7).
Enhanced PIN1_CUT production under the control of the polyhedrin promoter
made it easier to see clear protein bands from the whole cell lysate samples.
The PIN1_CUT expressed under the control of the polyhedrin promoter was
characterized as PIN1_CUTF at the molecular weight of 53 kDa on the in-gel
fluorescence image (Figure 3-7), which was close to 20 kDa smaller than the
calculated molecular weight of PIN1_CUT (73 kDa, Table 3-1). Another
weaker protein band was identified as free GFP (29 kDa). These results were
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Figure 3-6. Expression of PIN1, PIN1_CUT, and PIN5 under the control
of the polh promoter quantified by GFP counts.
The PIN1, PIN1_CUT, and PIN5 are expressed in Sf9 cells infected with
expanded MOI range (0.1-5). GFP intensity of one-ml cell samples collected
at 0 h, 24 h, 48 h, and 72 h after viral infection were measured for comparison.
Each experiment was repeated three times for data point collection and was
plotted as mean ± standard deviation (SD).
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consistent with the previously characterized PIN1_CUTF and eGFP from the
PIN_CUT samples expressed under the control of the p6.9 promoter (Figure
3-5). PIN1_CUTF and GFP bands were also recognized by immunoblotting
with anti-FLAG antibody (Figure 3-7). Quantification of PIN1_CUTF and free
eGFP by the protein band intensity was calculated to 2.8: 1 using Image J,
signifying that possibly 74 % of the fusion proteins remained intact after cell
lysis. There was no sign of PIN1_CUTNF from the PIN1_CUT samples
expressed under the control of the polh promoter.
PIN1 whole cell lysates also were loaded on SDS-PAGE for protein
characterization. PIN1 was recognized in the sample expressed under the
control of the polyhedrin promoter at the size of ~80 kDa from both
fluorescence and western blot imaging (Figure 3-7). The size of PIN1
discovered on SDS-PAGE was about 18 kDa smaller than the estimated size
of PIN1 (98 kDa, Table 3-1). On the other hand, multiple degradation bands
(mainly at ~60 kDa, ~42 kDa, ~29 kDa) were detected with the PIN1 samples,
which could result from protease activities.
To prevent protein loss from degradation, various protease inhibitor cocktails,
such as cOmplete protease inhibitor cocktail (Roche), cOmplete EDTA-free
protease inhibitor cocktail (Roche), and SIGMAFAST EDTA-free protease
inhibitor cocktail tablets (Sigma-Aldrich) were employed to prohibit the
protease activities. Moreover, we could not find the optimal protease inhibitors
to effectively prevent PIN1 degradation. The results of PIN1 expression also
indicated that western blot analysis could be more sensitive for the
characterization the poorly-expressed membrane proteins. Combined, PIN1
was successfully expressed under the control of the polyhedrin promoter. The
sample preparation of PIN1 had to be further optimized to minimize PIN1
degradation.
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Figure 3-7. Characterization of PIN1, PIN1_CUT, and PIN5 expressed
under the control of polh+p6.9 promoter by in-gel fluorescence image and
western blot.
Sf9 cells grown in 50 ml suspension culture were infected at MOI 1 at a density
of 1×106 cells/ ml and collected after 48 h infection. Samples from whole cell
lysate were centrifugated at 4, 000 g for 10 min. The cleared supernatant was
loaded on a 10 % Mini Protein TGX Precast SDS-PAGE gel (Bio-Rad) for
fluorescence detection (top) and immunoblotting using an anti-FLAG antibody
(bottom). M1, M2, protein markers; NC, negative control, uninfected cells; an
auxin receptor TIR1 was used as a positive control (PC). The migrated
positions of PIN1, PIN1_CUT, PIN5 and eGFP were indicated by the red
arrows.
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Production of PIN5 was significantly increased under the control of the
polyhedrin promoter as shown by the intense PIN5 band (~54 kDa) visualized
with fluorescence signal and antibody binding (Figure 3-7). The apparent
protein size of PIN5 on the SDS-PAGE gel was 16 kDa smaller than the
formula molecular weight of PIN5 (70 kDa, Table 3-1). A weak eGFP band
(29 kDa) was shown on western blot image but was not detectable with
fluorescence, signifying the very little amount of free GFP proteins in the PIN5
samples. To sum up, PIN5 expressed under the control of the polyhedrin
promoter displayed a high-level protein integrity, which denoted the greater
potential of PIN5 for further structural studies.
Taken together, the expression of PIN1, PIN1_CUT, and PIN5 in Sf9 insect
cells was much stronger under the control of the polh promoter. The protein
samples from PIN1 and PIN1_CUT showed protein damage from protein
unfolding and degradation and requires optimization in sample preparation.
The protein sample of PIN5 that was expressed under the control of the polh
promoter showed good protein integrity and were more suitable for structural
studies.
3.2.2

Mobility of PIN proteins on the SDS-PAGE gel

As mentioned earlier, the apparent molecular weights of PIN1, PIN1_CUT,
and PIN5 on the SDS-PAGE gel seemed to be smaller than their estimated size.
The differences between apparent molecular weight and formula molecular
weight were quantified by gel shift (dMW, Table 3-1).
The gel shift phenomenon has been reported on membrane proteins (Rath et
al., 2009). According to Rath et al., the shifted molecular weight of membrane
protein on the SDS-PAGE gel might be caused by the binding of detergents to
the membrane proteins. Therefore, the apparent molecular weight of PIN
proteins would not interfere with their characterization based on fluorescence
detection and antibody recognition (Figure 3-7).
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Table 3-1. Mobility of PIN1, PIN1_CUT, and PIN5 on SDS-PAGE.
MW ( kDa)

dMW (%)

Protein

Apparent

Formula

Gel shift

PIN1

80

98.3

-19%

PIN1_CUT

53

72.9

-27%

PIN5

54

69.9

-23%

The migration distance of PIN1, PIN1_CUT, and PIN5 on the SDS-PAGE gel
was used to calculate the apparent molecular weight (MW) and compared with
the formulated MW.
Gel shift dMW= (apparent MW- formula MW)/formula MW × 100 %.
Negative values of dMW means a smaller apparent MW and faster protein
migration speed.
Taken together, the expression of PIN1, PIN1_CUT, and PIN5 has been
successfully optimized by the insect cell expression system.

3.3 Quality control of the overexpressed PIN proteins
3.3.1

Protein localization assessment using confocal microscopy

Functional assays are usually employed as the best technique for the
examination of the correct protein conformation. However, there are no
published methods for the PIN protein auxin transport assays in insect cells. It
is also time-consuming and cost-intensive to develop transport assays working
for multiple proteins in parallel.
The design of tagging the PIN proteins with a C-terminal GFP can not only
help to screen suitable membrane protein constructs with good protein
expression but can also facilitate the rapid protein quality evaluation in
associated with the confocal laser scanning microscopy (CLSM) technique.
The protein subcellular location imaged by confocal microscopy can be used
as an indication for proper protein folding. The newly synthesized eukaryotic
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membrane proteins have to go through ER on the secretory pathway for protein
folding and modification (Ellgaard & Helenius, 2003). Therefore, the ER
serves as a quality control system guaranteeing that only the properly
assembled and matured proteins can be secreted from the ER and be
transported further to the PM. Misfolded proteins are either retained in the ER
or translocated from the ER into the cytosol for degradation. Moreover, the
GFP fused to the target proteins should not interfere with the membrane protein
trafficking (Huh et al., 2003). Therefore, the subcellular localization of the
membrane fusion proteins suggested by GFP fluorescence can be used to
indicate successful assembly of the intact fusion proteins. Here we examined
the subcellular localization of the fusion proteins at varying expression levels
using confocal microscopy for the GFP fluorescence visualization.
To examine the subcellular localization of PIN1, PIN1_CUT, and PIN5 under
the promoter of polh + p6.9 promoter, aliquots of Sf9 cells infected after 48 h
were mounted onto the coverslips for confocal microscopy. The GFP
fluorescence signal of PIN1_CUT was detected from the ER surrounding the
cell nucleus as well as from the PM, which was suggestive of a mixed
localization pattern of PIN1_CUT in Sf9 insect cells (Figure 3-8). This mixed
localization style of PIN1_CUT was also observed with PIN1 and PIN5,
although PIN1 and PIN5 had more cytoplasmic localization than PIN1_CUT.
The GFP signals of PIN1, PIN1_CUT, and PIN5 are clearly associated with
intracellular membranes, indicating the well-preserved intact fusion proteins
in the cells.
The plasma membrane marker FM4-64 was used to stain the cellular PM to
determine the subcellular localization of PIN1 and PIN1_CUT. The outer
sphere with red fluorescence of the FM4-64 dye highlighted the plasma
membrane. The green GFP fluorescence signals were captured weakly on the
PM and more strongly in the ER, implying the combined localization style of
PIN1_CUT and PIN1. The combined PM and ER localization was supported
also by the localization images of the PIN proteins and DAPI, the nuclear dye.
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The PIN1, PIN1_CUT, and PIN5 were successfully expressed and sustained
passing from the ER expression control system.
Light

Merge

PIN5

PIN1_CUT

PIN1

GFP

Figure 3-8. Subcellular localization of PIN1, PIN1_CUT and PIN5 fusion
proteins in Sf9 insect cells under the control of p6.9 promoter by confocal
microscopy.
The Sf9 cells were infected at MOI 0.5 and harvested after 48 h infection for
confocal imaging. The expressed PIN proteins under the control of the p6.9
promoter were imaged with a 40 × water immersion lens. The expressed PIN
proteins under the control of the polh + p6.9 promoter were imaged with a 100
× oil immersion lens and displayed with GFP signal channel. Scale bar, 10 μm.
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Figure 3-9. Co-localization images of the PIN proteins expressed under
the control of the polh promoter by confocal microscopy.
Sf9 cell samples were prepared with 48 h viral infection at MOI 0.5. Photos
were taken under a 100 × oil immersion lens. The green signal channel, GFP;
Red signal channel, FM4-64; Blue signal channel, DAPI. Scale bar, 10 μm.
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Combined, the expressed PIN1, PIN1_CUT, and PIN5 shared a similar mixed
localization pattern in the membrane structures of Sf9 insect cells. This
membrane-associated localization served as a positive indicator of correct
protein folding.
3.3.2

Mass spectrometry analysis

The mass spectrometry (MS) analysis was employed as a final-step assessment
method for the protein integrity. The PIN1, PIN1_CUT, and PIN5 samples
were extracted from the cellular membrane, solubilized by 1 % (w/v) DDM,
mixed with the anti-FALG M2 affinity resins for one-step immunopurification.
Eluted protein samples from the FLAG column were analyzed by SDS-PAGE
and Coomassie stain. The stained results of PIN1 and PIN5 suggested low
protein abundance (data was not shown) and were not suitable for proteomics
analysis. The stained-bands of PIN1_CUTF and free eGFP from the
PIN1_CUT sample preparation were cut from the SDS-PAGE gel for
subsequent peptide digestion, fragmentation, ionization and eventually
analyzed by a mass spectrometer for protein identification.
Although the PIN1_CUT sample was detected with intense fluorescence signal
after the FLAG purification, the Coomassie-stained protein bands showed low
protein contents for the MS analysis (Figure 3-10, A, B). Lack of protein
sample made it difficult for protein identification. As a result, the MS analysis
based on the samples extracted from the PIN1_CUTF and GFP band recognized
less than 10 % of the PIN1_CUTF sequence and matched 12 peptides with the
Arabidopsis PIN1 (Figure 3-10, C, D). Among the 12 recognized peptides from
the PIN1_CUTF band, only one peptide (“LILIMVWR”) was localized within
the PIN1_CUT sequence while the others were resident in the GFP cassette
region. The samples extracted the GFP band also recognized one peptide
(“AAFAAAMR”) localizing in the C-terminal transmembrane domain of
PIN1_CUT. No conclusion could be drawn for the integrity of PIN1_CUTF
from the MS data as a result of limited sequence coverage.
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Figure 3-10. MS analysis for the identification of PIN1_CUT.
The DDM-solubilized PIN1_CUT was purified from the FLAG affinity
column, loaded onto the SDS-PAGE gel and detected by in-gel fluorescence
(A) and Coomassie stain (B). The bands of PIN1_CUTF (53 kDa) and GFP (29
kDa) were highlighted by the red arrows. Peptide fingerprints of PIN1_CUTF
(C) and GFP (D) were partly identified by MS. The amino acids highlighted in
yellow were identified with >90% probability. The green-colour amino acids
were the sequence of eGFP. M1, protein standards; F, protein flow through; W,
wash flow; E, protein eluents.
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3.4 Discussion
Membrane protein expression has been one of the bottlenecks for the structure
determination of membrane proteins due to their poor heterologous expression
level. Optimizing protein expression for better yields becomes crucial for the
structural studies of membrane proteins. Various aspects of optimization have
been proposed, such as codon optimization, screening of multiple expression
hosts, plasmid vectors, protein constructs and affinity tags, virus or inducer
concentration and cultivation conditions. Here, a GFP-based expression
screening method has been used for the evaluation of the PIN protein
expression (Drew et al., 2008).
The GFP-based expression screening method utilizes GFP fluorescence as an
indication for the proper folding of the target proteins combined with confocal
microscopy and in-gel fluorescence detection. The GFP-based screen method
can also directly compare the protein production under various expression
conditions though quantified GFP intensity as GFP fluorescence shows a linear
correlation with the fusion protein concentration (Drew et al., 2008).
We optimized the expression conditions of PIN1, PIN1_CUT, and PIN5 with
the GFP-based screening method. Best expression conditions were selected
among insect cell lines, transfer plasmids, cell culture and virus infection
conditions such as MOI and harvest time after infection. We observed better
expression of the PIN constructs in Sf9 cells under the control of the polh
promoter and 48 h after infection achieved for the best protein yields (Figure
3-7). The virus MOI did not significantly affect the PIN protein production.
The Sf9 cells have been the prevailing cell line in insect cell expression for
eukaryotic membrane protein production. The number of membrane protein
structures acquired with Sf9 cells is six times of that from Hi5 cells (He et al.,
2014). Despite that, Hi5 cells displayed efficient expression for recombinant
soluble proteins (Davis et al., 1992; Wickham & Nemerow, 1993). The
expression of PIN proteins was much stronger under the control of the very
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late polh promoter protein, which suggested that a significant quantity of the
PIN proteins were produced in the very late stage of viral infection.
The expression of PIN1, PIN1_CUT, and PIN5 was successfully characterized
by fluorescence detection and antibody recognition (Figure 3-5, and Figure
3-7). The apparent protein molecular weight was observed to be PIN1 80 kDa,
PIN1_CUT 53 kDa and PIN5 54 kDa, which is approximate 20 kDa smaller
than their respective formula molecular weight. The mobility changes of the
PIN proteins might be induced by detergent interaction (Rath et al., 2009).
However, the protein quality of PIN1_CUT and PIN1 because the major
concerns for further structural investigation. The PIN1_CUT samples prepared
from whole cell lysates of insect cells were observed with severe protein
damage as suggested by the protein bands of eGFP and PIN1_CUTNF in only
the p6.9 promoter system while not in the polh promoter system. We tried a
variety of additives in the cell lysis buffer to reduce PIN1_CUT breakage,
including 10 % (v/v) glycerol, 0.2M sucrose, 8M urea, 1 mM MgCl2, 150 mM/
300 mM/ 500 mM NaCl and doubled concentration of the protease inhibitor
cocktail (data not shown). Neither of these additives could diminish the
breakage of PIN1_CUT. Under the optimized conditions, PIN1_CUT
breakdown products (mainly eGFP) still constitute at least 26 % of the total
PIN1_CUT production. One possible reason for the breakage of PIN1_CUT
could be the physical force during cell lysis. Another cause could be the
structure of PIN1_CUT itself. The central hydrophilic loop of PIN1 comprises
nearly 50 % of the total protein sequence and is predicted to be an intrinsically
disordered region without a stable structure. The truncation of the loop
sequence away from the original PIN1 sequence could possibly destabilize the
structure of PIN1_CUT, resulting in the loss of C-terminal GFP cassette. No
conclusion was reached by the MS analysis on the PIN1_CUT sample as a
result of low protein abundance. We did not manage to prevent the problem of
protein damage. The protein damage control requires further optimization in,
for example, sample preparation and constructs screen.
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The structural investigation of PIN1 was hindered not only by low protein
yields but also by severe protein degradation (Figure 3-7). In most cases, the
use of protease inhibitor cocktails can prevent the majority of the protein
degradation. However, various protease inhibitors or the commerciallyavailable protease inhibitor cocktails were applied during the PIN1 sample
preparation but did not effectively prevent the degradation of PIN1. Further
work remains to be done for minimizing the proteases damage of PIN1.
Contrary to PIN1_CUT and PIN1, the protein characterization of PINs by
results identified PIN5 as the most stable constructs among the three, with the
single strong band appearing on the in-gel fluorescence image (Figure 3-7).
This observation proposes one question: Why the expression of PIN5 exhibits
the highest level of protein integrity? The primary differences of PIN5 with
PIN1_CUT and PIN1 lie in their central loops. PIN5 has a much shorter loop
region than PIN1 and possesses fewer amino acid residues involved in
functional regulation and protein-protein interaction, which might protect
PIN5 from various proteases cleavage activities.
Subcellular localization of PIN1, PIN1_CUT, and PIN5 in the overexpressed
insect cells was complex. All of the three PINs are resident in the membrane
structures of the Sf9 cells, which is indicated by the GFP signals fully loaded
with the protein trafficking pathway from the ER to the PM (Figure 3-8). The
overexpression of the three PIN proteins under the control of the polh promoter
make the localization more complicated. Co-localization of the FM4-64 dye
and the DAPI dye with the PIN proteins added extra evidence for the
membrane-associated localization of PIN1, PIN1_CUT, and PIN5 in insect
cells. Further investigations are required to confirm the subcellular localization
of PIN1, PIN1_CUT and PIN5, which can be important for understand the
function of these PINs in the insect cell systems. Besides, comparison of PIN1
and PIN1_CUT can be made, in terms of the subcellular localization as well
as the transport capacity, for understanding the loop function of PIN1. The
process of co-localization of the PIN fusion proteins with FM4-64 and DAPI
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requires more optimization to generate high-resolution images. Since it is
challenging to locate the overexpressed membrane proteins as a consequence
of limited cellular membrane capacity, the infected cell samples must be
monitored and imaged at different time points along with protein accumulation.
Another strategy that could be tried is to grow and infect cells in the special
96-well glass-bottom microscope slides to avoid the cells being squeezed by
the glass coverlids.
It is well-demonstrated that PIN proteins rely on specific localization to
achieve their functions. For example, in Arabidopsis, PIN1 plays a crucial role
in auxin distribution and directing auxin flow through its asymmetrical
localization on the plasma membrane. PIN5, on the other side, localizes on the
ER, mediating auxin homeostasis. The auxin transport activities of the PIN
proteins are also observed in other expression systems, such as tobacco BY-2
cells,

Arabidopsis

cell

suspension

cultures,

yeast

cells

including

Saccharomyces cerevisiae and Schizosaccharomyces pombe, Xenopus oocytes,
and mammalian HeLa cells (Chen et al., 1998; Petrášek et al., 2006; Yang &
Murphy, 2009; Zažímalová et al., 2007; Zourelidou et al., 2014). It is
interesting to see how the PIN proteins would localize and function in insect
cells. Particularly, if the different localization patterns of PIN1 and PIN5
observed in plants will remain in insect cells.
The production of PIN proteins in the high degree expression and integrity
remains challenging due to multiple factors. First of all, the PIN proteins are
integral membrane proteins which are generally poorly expressed (Geertsma
et al., 2008). Secondly, the recombinant protein yields from insect cells are not
as high as E.coli or yeast hosts. Last but not least, PIN proteins production
were further reduced by protein damage and degradation. Further optimization
on sample preparation process could help to minimize protein damage.
Moreover, sequence homologs of the Arabidopsis PIN proteins, especially
short-looped PIN proteins such as PIN5, can be screened from other plants for
suitable constructs with good expression and least protein damage. Another
92

strategy to improve heterologous expression is to codon-optimize the
Arabidopsis PIN protein constructs for insect cells. Site mutations can also be
introduced for screening more stable PIN protein constructs suitable for
subsequent structural analysis.
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4 FSEC screen of the protein purification conditions

Chapter overview:
Successful membrane protein purification and crystallization is heavily
dependent on maintaining the target proteins in a stable and homogenous
conformation after extracting them out of their native lipid environment. To
detect the protein stability and homogeneity, the fluorescence-detection sizeexclusion chromatography (FSEC) has been developed as a rapid screening
method for precrystallization of membrane proteins. FSEC analysis consists of
an SEC column with a fluorescence detector to monitor the fluorescence of the
GFP-fused target proteins. The FSEC method can be applied on the un-purified
protein samples from the whole cells lysate and allows for rapid examination
of multiple detergents and constructs. Here we calibrated an SEC column and
employed the FSEC analysis to estimate the molecular weights of PIN1_CUT
and PIN1 and evaluate their homogeneity degree under various purification
conditions including pH values, presence of reducing agents, detergents, and
lipids. Detergent screening based on FSEC results suggested 1 % (w/v) DDM
and 0.2 % (w/v) CHS as the best stabilizing detergent for PIN1_CUT and PIN1.
Buffer pH between7.4 to 8.0 without any reducing agents was also observed
to minimize protein aggregates. The screened results were used to facilitate
subsequent protein purification.
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4.1 SEC column calibration
The FSEC method combines a SEC chromatography system with a
fluorescence laser for the monitor of GFP fusion proteins. The use of the
calibrated SEC column allows for the estimation of the molecular weight of
the target proteins. Here, we calibrated the SEC column with multiple standard
proteins: α-Lactalbumin (14 kDa), Albumin (44 kDa), bovine serum albumin
(BSA, 67 kDa), γ-Globulins (150 kDa). Blue dextran (2,000 kDa) was used for
the void volume determination. The elution volumes of the standard proteins
were used for the calculation of the partition coefficients (Kav). We further
mapped the Kav values against the log of their molecular weight LogMr (Table
4-1). The linear regression equation of Kav against LogMr was calculated and
used for the molecular weight estimation of PIN1 and PIN1_CUT.
Table 4-1. Records of the elution volume for the standard proteins.
Name

Elution volume (ml)

MW (kDa)

BSA

17.04

67

Albumin

17.88

44

γ-Globulins

16.23

150

α-Lactalbumin

18.77

14

Blue Dextran

8.51

2000

4.2 Effects of pH
The solubility of proteins is affected by the isoelectric point (pI). A protein is
likely to precipitate at a pH close or equal to its pI. We tested the solubility and
stability of PIN1_CUT and PIN1 fusion proteins at various buffer pH values.
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Figure 4-1. SEC column calibration using standard proteins.
The partition coefficients (Kav) of the standard proteins are plotted against the
log of their molecular weights (Log Mr). The calculation of Kav is by the
following equation: Kav = (𝑉𝑒 − 𝑉0)/ (𝑉𝑐 − 𝑉0), where Ve is sample elution
volume, V0 is column void volume, and Vc is the geometric column volume.
As the pI of PIN1_CUT and PIN1 without the GFP cassette is predicted to be
9.2 and 9.3 respectively, the initial pH screen was selected accordingly
between the pH range of 6.0 ~ 8.0 (at least one pH unit away from the pI value).
The PIN1_CUT and PIN1 cell pellets were lysed in the buffers listed below:
•

pH 6.0:

50 mM MES, 300 mM NaCl, 10 %(v/v) glycerol, and

1 % (w/v) DDM;
•

pH 7.4:

1×TBS, 150 mM NaCl, 10 %(v/v) glycerol, and 1 %

(w/v) DDM;
•

pH 8.0:

1×TBS, 150 mM NaCl, 10 %(v/v) glycerol, and 1 %

(w/v) DDM.
The PIN1_CUT and PIN1 samples were solubilized with 1 % (w/v) DDM for
2 h with mild agitation. The cleared supernatant after ultracentrifugation were
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A
PIN1_CUT

B
PIN1

Figure 4-2. FSEC analysis of PIN1_CUT and PIN1 in buffers of different
pH values.
The PIN proteins were solubilized in buffer pH 6.0 (blue curve), pH 7.4 (red
curve), and pH 8.0 (green curve) for analysis. The peaks corresponding to the
void volume, PINs fusion proteins, and free GFP were indicated by the black
arrows. The elution volumes of PIN1_CUT (A) and PIN1 (B) were highlighted
as 13.27 ml and 13.42 ml respectively.
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loaded onto an SEC column. The eluents from the column were collected as
0.5 ml fractions in the 96 deep-well plates and measured by a plate reader for
GFP fluorescence counts.
The major peaks of PIN1_CUT and PIN1 elution were sharp and symmetric at
pH 7.4 and pH 8.0, indicating that the PINs stayed at a stable and homogenous
status in the buffers with pH 7.4 and pH 8.0. PIN1 and PIN1_CUT samples
prepared with buffer pH 6.0 were observed with a broad and asymmetric major
peak, indicating a low degree of homogeneity.
Our results suggested that the buffer pH affect the detergent solubility and the
degree of protein homogeneity during sample preparation. The solubilized
protein quantity was directly shown by the height of the protein peaks: pH 8.0 >
pH 7.4 > pH 6.0 (Figure 4-2). The major peak was eluted out at 13.27 ml for
PIN1_CUT and 13.42 ml for PIN1. The estimated molecular weight of
PIN1_CUT and PIN1 monomer was calculated to be approximately 544 kDa
based on the calibration equation of the SEC column.
Therefore, pH values between 7.4 and 8.0 would be the best choice for
achieving high protein homogeneity for PIN1_CUT and PIN1.

4.3 Effects of detergents and lipids
4.3.1

Initial detergent screen

Detergents play a critical role in protein solubilization and purification as they
are a necessity to extract membrane proteins out of their native lipid bilayers
without disrupting their natural conformation.
The initial detergent screen was performed with candidates covering three
types of detergents: anionic (SDS), non-ionic (DDM, OG, NM, TWEEN 20,
Triton X-100) and zwitterionic (LDAO, CHAPS). Ionic detergents consist of
a hydrophobic chain and a charged headgroup, which can be relatively harsh
for membrane proteins. In contrast, non-ionic detergents have a hydrophobic
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chain and an uncharged hydrophilic headgroup. Non-ionic detergents are
considered to be mild surfactants and can disrupt protein-lipid interactions but
do not denature proteins. Therefore, non-ionic detergents are like to solubilize
membrane proteins in the native form. Zwitterionic detergents have a
hydrophobic chain and a hydrophilic headgroup with both positive and
negative charges in equal numbers, leading to zero net charge. The
solubilization ability of zwitterionic detergents are harsher than non-ionic
detergents but milder than ionic detergents and can be used to solubilize
membrane proteins.
Table 4-2. The properties of detergents employed for detergent screen.
Detergents

CMC (%/mM)

Micelle

Molecular

Size

Weight

( kDa)

(Da)

Type

DDM

0.0087/0.17

72

510.6

Non-ionic

LDAO

0.023/1-2

21.5

229.4

Zwitterionic

OG

0.53/20

25

292.4

Non-ionic

NM

0.28/6

26

468.5

Non-ionic

CHAPS

0.49-0.62/8-10

6

615

Zwitterionic

Tween 20

0.0074/0.06

unknown

1228

Non-ionic

Triton X-100

0.01/0.2

60-90

624.8

Non-ionic

LMNG

0.001/0.02

393

1005.2

Non-ionic

SDS

0.1728-0.2304/6-8

18

288.4

Anionic

All the detergents were used at the concentration of 1 % (w/v), which was
above three times of their CMC values (as shown in Table 4-2). Additionally,
since DDM is the most widely used detergent for membrane protein isolation,
the concentration of DDM was screened from 0.5 % to 3 % (w/v). The
PIN1_CUT samples lysed with a sonicator were solubilized in the buffers
containing varied detergents followed by ultracentrifugation to remove the
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unsolubilized membranes. The cleared supernatant was analyzed by in-gel
fluorescence and GFP fluorescence intensity reading for the determination of
the solubilization efficiency.
In the initial test, the GFP readings of the solubilized PIN1_CUT by the
screened detergents were very low (as shown in Figure 4-3). Particularly, the
solubilization performances of OG, CHAPS, Tween 20 and NM were minimal.
The PIN1_CUT solubilized in Triton X-100 and DDM at the concentration of
1 % showed the overall better solubility, reaching at 1,570 RFU and 1,811
RFU respectively. The higher DDM concentration did not yield a better
outcome for solubilization. Remarkably, LDAO displayed an outstanding
solubilization ability for PIN1_CUT (15,335 RFU), which was nearly 10-time
of the GFP counts of DDM. The detergent-solubilized PIN1_CUT samples
were also visualized by in-gel fluorescence to verify the GFP reading results
(Figure 4-4). The LDAO-solubilized PIN1_CUT was revealed as the most
intensive protein band among the screened detergents, followed by DDM and
Triton X-100, which was corresponding with results of the GFP measurements.

0.5% DDM
1% DDM
2% DDM
3% DDM
1% LDAO
1% OG
1% TRITON X-100
1% TWEEN 20
1% CHAPS
1% NM
NC
0

2000

4000

6000

8000

10000 12000 14000 16000 18000

RFU (arbitrary units)

Figure 4-3. Comparison of detergent screening of PIN1_CUT by
quantified GFP fluorescence measurement.
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Table 4-3. Determination of the detergent solubilization efficiency.

Solubilization efficiency (%) = RFU after ultracentrifugation/RFU before
ultracentrifugation × 100%. NC, negative control.

The GFP fluorescence counts of the detergent-protein mixture before and after
ultracentrifugation were also recorded to compare the solubilization efficiency
of the screen detergents (Table 4-3). The calculated PIN1_CUT solubilization
efficiency for LDAO was 46 % while other detergents including DDM
solubilized approximately 10 % or less of the total proteins.
The solubilization efficiency comparison of the screen detergents added extra
support for the LDAO-facilitated PIN1_CUT extraction. It was also noticed
that the addition of detergents in the solubilization mixture might affect the
GFP fluorescence intensity. The GFP readings of the various detergent-protein
mixture were observed with an overall increase than that of no detergent
present (Table 4-3). While this effect was marginal for some detergents, the
addition of LDAO at the concentration of 1 % tripled the GFP counts (33,166
RFU). However, the detergent-induced changes in the GFP reading did not
affect the determination of solubilization efficiency.
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In gel fluorescence PIN1_CUT detergent screening
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The detergent-solubilized PIN1_CUT samples were loaded on the SDS-PAGE
gel for fluorescence detection. The positions of PIN1_CUTF and eGFP are
highlight by the red arrows.
To sum up, LDAO and DDM were selected as the PIN1_CUT-extraction
detergents with their solubilization efficiency to be around 46 % and 10 %
respectively in the initial examination. We performed further optimizations to
improve the PIN1_CUT solubilization.
4.3.2

Detergent optimization

The initial detergent screen results suggested an overall low PIN1_CUT
solubilization as more than half of the protein samples were unsolubilized with
LDAO and over 90 % with DDM and other detergents. To raise the yields of
the PIN1_CUT solubilization, we optimized the process of sample preparation,
adjusted the LDAO and DDM concentration, and examined the effects of
additional CHS in the protein solubilization buffer. We monitored the GFP
fluorescence intensity along with the process of protein extraction. Since
Dounce homogenizers have been frequently used for the cell lysis during
membrane protein isolation due to the milder shearing force of homogenization,
the optimized cell lysis was accomplished by homogenization with a hand-
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Figure 4-5. Detergent solubility screening of PIN1_CUT samples prepared
by homogenization.
The detergent solubilization of PIN1_CUT was performed with all the
detergents at the concentration of 1 % (A, B). The concentration of CHS in
LDAO and DDM was 0.2 %. C, LDAO+CHS, 1 % (w/v) LDAO and 0.2 %
(w/v) CHS. Membrane, crude membrane; The GFP fluorescence intensity of
each sample was measured at least three times. Error bar, standard deviation.
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hold Dounce homogenizer. The resulting whole cell lysate was sent to
ultracentrifugation for membrane collection and subsequent solubilization
approaches.
Repeated detergent screen with the PIN1_CUT samples prepared by
homogenization showed increased solubilization yields (as shown in Figure
4-5, A). The DDM-solubilized PIN1_CUT increased to approximately 45 %
of the total protein samples. The addition of 0.2 % (w/v) CHS in DDM
extracted slightly less protein than DDM alone. LDAO continued showing
effective extraction of PIN1_CUT, followed by the improved DDM extraction
(Figure 4-5, B). Other detergents including Triton X-100, LMNG and CHAPS
tested in parallel experiments showed poorer solubility than LDAO and DDM.
Remarkably, the GFP reading of the LDAO-solubilized PIN1_CUT was
slightly higher than that of the total proteins in the membrane. It was probably
because the addition of LDAO in the solubilization buffer increased the GFP
fluorescence counts, which was also seen by our previous observation.
We fine-tuned the extraction performance of LDAO by manipulating the
concentration and adding sterols (Figure 4-5, C). The LDAO at the
concentrations of 0.5 %, 1 %, and 2 % were applied in the solubilization buffer.
The LDAO-solubilized PIN1_CUT with 2 % LDAO was observed with the
maximum GFP counts at 1,500 RFU, followed by 1,018 RFU with 1 % (w/v)
LDAO and 960 RFU with 0.5 LDAO. The addition of 0.2 % (w/v) CHS in
association with 1 % (w/v) LDAO led to a slight decrease in GFP fluorescence
counts, indicating that the addition of CHS in the solubilization buffer could
not facilitate PIN1_CUT extraction.
Taken together, cell lysis by homogenization increased overall PIN1_CUT
extraction by detergents. The top two detergents for the solubilization of
PIN1_CUT was determined to be LDAO and DDM while adding CHS to
LADO and DDM solubilization did not improve the extraction efficiency. The
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PIN1_CUT solubilization was maximized with 2 % LDAO without the
presence of CHS.
4.3.3

Effects of detergent on the stability of PIN1_CUT and PIN1

It is crucial to maintain the detergent-solubilized membrane proteins in a stable
and homogenous status for the structure determination of membrane proteins.
Here, we evaluated the homogeneity of the solubilized detergent-protein
complexes using the FSEC analysis. The detergent-solubilized protein samples
were loaded onto an SEC column equilibrated with the FSEC buffer containing
0.3 % (w/v) DDM. The GFP counts of the eluted fractions from the SEC
column were collected and measured for fluorescence.
We evaluated the solubility and the degree of homogeneity of PIN1_CUT and
PIN1 solubilized in 1 % (w/v) LDAO and 1 % (w/v) DDM. As shown in Figure
4-6, the fluorescence peaks associated with the LDAO-solubilized PIN1_CUT
and PIN1 were much higher than of DDM, which could be an indication of
higher solubilized protein quantity. The elution curves of the PIN1_CUT and
PIN1 samples solubilized by LDAO were shown with broad and asymmetrical
peaks, which was suggestive of a low degree of sample homogeneity (Figure
4-6). Moreover, the elution peak at the void volume showed the tendency of
forming huge protein aggregates. The peak positions of PIN1_CUT and PIN1
were recorded at 14.03 ml and 11.82 ml. We calculated the molecular weight
of PIN1_CUT and PIN1 at the peak volume based on the calibration equation
and the resulting molecular weights were 391 kDa for PIN1_CUT and 1274
kDa for PIN1, which was suggestive of potential protein precipitates for PIN1.
The molecular weights of PIN1_CUT might be an indication of protein trimers.
The elution curves of PIN1_CUT and PIN1 samples solubilized in DDM were
shown with sharper and more symmetrical peaks than in LDAO, indicating the
better protein homogeneity and stability. The major fluorescence peak arrived
at 16.08 ml for PIN1_CUT and 13.72 ml for PIN1. The associated peak size of
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PIN1_CUT was calculated to be 133 kDa and 460 kDa for PIN1, which was
consistent with protein dimers or trimers.
In conclusion, the DDM-solubilized PIN1_CUT and PIN1 presented a higher
degree of homogeneity and reduced protein aggregates compared to LDAO. In
spite of weaker solubility, the high-quality samples of PIN1_CUT and PIN1
solubilized in DDM made DDM a more promising detergent for the
PIN1_CUT crystallization.
4.3.4

Effects of cholesterol with detergents

The purification of membrane proteins requires detergents to extract
membrane proteins out of the membrane lipid bilayers. It is sometimes difficult
to stabilize membrane proteins in the detergent micelles due to the specific
lipid requirements for membrane protein stabilization. Lipids combined with
detergents were thus employed to improve the membrane protein sample
quality for protein purification.
Cholesterol is an essential component of the plasma membrane of animal and
plant cells. Especially, cholesterol is observed to be enriched in the wellordered lipid raft microdomains of the plasma membrane, where membrane
proteins are prone to partition in (Grossmann et al., 2006; Malinsky et al., 2013;
Sezgin et al., 2017) (Figure 4-7). Additionally, cholesterol has been observed
to be co-crystallized with some membrane proteins, such as GPCR receptors
(Rasmussen et al., 2011). Therefore, we decided to explore how cholesterol
influences the stability and homogeneity of the PIN proteins. As cholesterol is
sparingly soluble in the water solution, an alternative cholesterol analog
cholesterol hemisuccinate (CHS) was used for the protein solubilization test.
The PIN1-CUT and PIN1 samples were solubilized by 0.2 % (w/v) CHS with
DDM and LADO at the concentration of 1 %. The resulting detergentsolubilized samples in the supernatant after ultracentrifugation were analyzed
by the FSEC method.
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PIN1_CUT

A

PIN1

B

C

D

E

F

Figure 4-6. FSEC analysis of PIN1_CUT and PIN1 with different
detergents combined with CHS.
The PIN1_CUT (A, C, E) and PIN1 (B, D, F) samples were solubilized in
LDAO, DDM combined with CHS for homogeneity examination. The peaks
corresponding to the void volume, the PIN fusion proteins, and free GFP were
indicated by arrows in the elution curves.
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As shown in Figure 4-6, adding CHS in the solubilization buffer yielded much
sharper and symmetrical peaks for PIN1_CUT and PIN1, indicating a higher
degree of homogeneity. The major peak of the LDAO-solubilized PIN1_CUT
was sharpened the most by the addition of CHS. The peak position of
PIN1_CUT was moved from forward to 12.79 ml with the presence of CHS
compared with the peak of 14.03 ml without CHS during solubilization.
Similarly, the peak position of PIN1_CUT solubilized by DDM and CHS was
moved to 13.52 ml compared with the peak position of 16.08 ml with the CHSfree DDM solubilization. The changes in peak positions were suggestive of the
increased molecular weight of the detergent-PIN1_CUT complexes induced
by the presence of CHS in the PIN1_CUT solubilization. Contrary to the
observation of PIN1_CUT, no peak shift was witnessed with PIN1.
To summarize, the presence of CHS in the PIN1_CUT and PIN1 solubilization
would improve the stability and homogeneity of the PIN1_CUT and PIN1
samples. Despite that the molecular weight of detergent-PIN1_CUT complex
could be enlarged by the addition of CHS, it is of great benefit to add CHS to
the PIN1_CUT and PIN1 solubilization.

4.4 Effects of TCEP
TCEP is a very powerful reducing agent to break the disulfide bonds within
and between proteins. Compared with other reducing agents, TCEP is less
toxic and more stable in water solution. The PIN1_CUT and PIN1 sequences
have respectively four cysteine residues in their primary sequences available
for the disulfide bond formation: Cys39 at the cytoplasmic side of TM2, Cys90
at the cytoplasmic side of TM3, Cys141 in the middle of TM5, Cys290
(PIN1_CUT)/ Cys535 (PIN1) at the cytoplasmic loop between TM7 and TM8.
To examine whether PIN1_CUT and PIN1 formed dimers or trimers by the
bonding of cysteine residues, TCEP at the concentration of 1 mM was added
into the solubilization buffer containing 1 % (w/v) LDAO and 0.2 % (w/v)
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CHS for protein solubilization. The cleared supernatant was analyzed by the
FSEC method.

Cholesterol (Mammals)

Ergosterol (Yeasts)

Sitosterol (Plants)
Figure 4-7. Chemical structure of different sterols in living organisms.
As shown in Figure 4-8, the elution peaks of PIN1_CUT and PIN1 with the
presence of TCEP in the solubilization buffer were shown to be broad and
asymmetric with no change in elution positions, indicating that there might be
no protein dimers linked by the disulfate bonds. The strong fluorescence
signals were observed at the void volume with the addition of TCEP. The
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results combined were suggestive of increased protein aggregates of
PIN1_CUT and PIN1 induced by the addition of TCEP in the solubilization
buffer. We also examined the effects of TCEP on frozen PIN1_CUT. The peak
position of the DDM-solubilized PIN1_CUT after flash freezing was revealed
at the void volume (Figure 4-8, C), indicating severe protein aggregation
caused by freezing. With the presence of TCEP, reduced aggregates were
observed with the DDM-solubilized PIN1_CUT after frozen.
In conclusion, there was no evidence observed for PIN protein dimers formed
from disulfide bonds. Adding TCEP in the PIN1_CUT and PIN1 solubilization
might result in severe protein aggregates.

4.5 Effect of GFP
The fluorescence proteins, such as eGFP and yellow fluorescence protein
(YFP), are prone to forming noncovalent dimers (Zacharias et al., 2002),
which could lead to the dimerization of the GFP-fused target proteins. To
examine the oligomer status of GFP in the solubilization buffer, we analyzed
the elution curves of pure GFP with and without the presence of TCEP by the
FSEC method.
The GFP eluted as a sharp and symmetrical peak, suggestive of monomers.
The elution position of GFP was approximately 18 ml with an estimated
molecular weight of 38 kDa. GFP in the solubilization buffer for PIN proteins
existed as monomers, which excluded the possibility of the GFP-induced PIN
protein dimerization.
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Figure 4-8. FSEC analysis of TCEP on PIN proteins.
The PIN1_CUT (A, C), PIN1 (B) and GFP (D) samples were solubilized by
1 % (w/v) DDM with and without TCEP in the solubilization buffer before
flash-freezing in liquid nitrogen for storage. The peaks corresponding to the
void volume, the PIN fusion proteins, and free GFP were indicated by arrows
in the elution curves.

4.6 Discussion
It is crucial to maintain the solubilized membrane proteins in a homogeneous
state for the development protein crystals. To evaluate the homogeneity and
stability of the PIN-detergent complexes, we took advantages of fusing a GFP
with the PIN proteins for FSEC analysis to evaluate the protein expression
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level, molecular weight, and the homogeneity status of the un-purified PIN
fusion proteins. Through FSEC screening of multiple protein purification
conditions including pH, detergents, lipids and reducing agents, we were able
to select the most suitable detergents and additives stabilizing the PIN1_CUT
and PIN1 protein samples in a high degree of homogeneity.
The FSEC analysis showed buffer pH range between 7.4 and 8.0 would largely
stabilize PIN1_CUT and PIN1 with least protein aggregates (Figure 4-2).
Nevertheless, our conclusions of the aligned sequences of the C-terminal GFPFLAG-His10 tags are not included for the pI calculation of PIN1_CUT and
PIN1 in the initial pH range selection. In fact, the pI of the PIN1_CUT and
PIN1 containing the tag sequences are predicted by pepstats to be 6.9 and 7.2
respectively, which is, surprisingly, extremely close to the optimized buffer
pH (7.4-8.0). It is likely that the formation of the detergent-solubilized
PIN1_CUT and PIN1 protein complexes hide some charges of the surface
amino acids, leading to the changes of the pI. It is also worth noting that these
C-terminal tags have a slightly acidic feature (pI = 6.2), which might have
some nonspecific electrostatic interactions with the PIN proteins (pI = 9.2/9.3).
The close positioning of the FLAG tag (pI = 4.0) and the His10 tag (pI = 7.7)
might also develop weak electrostatic interactions with each other. The nonspecific electrostatic interactions between PIN proteins with the C-terminal
tags as well as the electrostatic interactions between the FLAG and His10 tag
might add up and cause protein charge neutralization, leading to protein
aggregation.
The performance of detergents as well as cholesterol on the protein
homogeneity has been the focus of this chapter. The top three detergents in
terms of solubilization efficiency are observed to be LDAO, DDM and Triton
X-100 (Figure 4-3). LDAO is a non-denaturing zwitterionic detergent with two
opposite charges in the headgroup and a long hydrophobic tail. The strong
solubility of LDAO could be coming from its charged head group, making it a
harsher detergent than the non-ionic detergents like DDM. The compact
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micelles of LDAO (MW 21.5 kDa, Table 4-2) show great potential for the
LDAO-solubilized membrane proteins in developing well-ordered crystals
(Stetsenko & Guskov, 2017). LDAO shows excellent solubilization efficiency
but produces protein aggregates and poor-homogeneous PIN1 and PIN1_CUT
samples. DDM, on the other hand, extracts fewer PIN1 and PIN1_CUT
proteins but maintains them in a more stable and homogeneous status with
gentle solubilization. Even better, the quality of the DDM-solubilized PIN
proteins can be significantly improved by adding CHS into the solubilization
buffer as cholesterol in the cellular membrane can affect PIN protein
functionality (Figure 4-6). The auxin transport assays using radioisotopes
reveal that the transport of 3H-IAA is increased when cholesterol is added
during PIN1 expression in HeLa cells, implying the significance of sterols on
the auxin efflux (Willemsen et al., 2003). The polarity establishments of PIN1
and PIN3 in the root vascular cells are also disturbed in the C24-sterol
methyltransferase 1 (smt1) mutant, causing serious growth defects (Willemsen
et al., 2003). Besides, the polar localization of PIN2 on the plasma membrane
of the cortical and epidermal cells in the root elongation zone is also observed
to be sterol-dependent (Men et al., 2008). Altered membrane sterol
compositions in the sterol biosynthesis mutant cyclopropylsterol isomerase11 (cpi1-1) can cause the disruption of the PIN2 polarity and lead to the
agravitropic root growth. These observations combined indicate the
importance of sterols in the stabilization and functions of the PIN proteins.
However, the cholesterol concentration of the insect cell expression system,
for example, Sf9 cells, is extremely low. The proportion of cholesterol to
phospholipids of the Sf9 cells is calculated to be 0.04, which is much lower
than that of mammalian membranes (0.6 ~ 0.7) and yeast plasma membranes
(~ 0.9) (Marheineke et al., 1998; Opekarová & Tanner, 2003). Plant plasma
membranes from oat coleoptile and root cells were detected with 19–25%
sterols and the sterols to phospholipids ratio was estimated to be between 0.4
and 0.5 (Opekarová & Tanner, 2003). The low amount of cholesterol in the
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Sf9 cell membrane can be a potential drawback for the stabilization of
overexpressed PIN proteins.
Cholesterol has been found to be the principal sterol constituent of the plasma
membrane of mammalian cells rather than plant membranes. Plant cells
synthesize a variety of sterol compounds dominated by sitosterol, stigmasterol,
and

24-methylcholesterol

(Hartmann,

1998).

Sitosterol

and

24-

methylcholesterol mediate membrane fluidity and permeability in plant cells
similar to the function of cholesterol in mammalian cells (Figure 4-7), while
stigmasterol is mainly involved in regulating the membrane properties. The
major plasma membrane sterol of yeast, ergosterol, is similar to one of the
primary sterols in plants, sitosterol (Figure 4-7). We attempted to examine the
effects of ergosterol in combination with DDM and LDAO in the solubilization
process of PIN1_CUT and PIN1. Dissolving ergosterol in various approaches
using detergents, ethanol and dimethyl sulfoxide (DMSO) did not work due to
the extreme hydrophobicity of ergosterol.
In contrast, yeast cells, such as Schizosaccharomyces pombe, have unevenly
distributed microdomains in the plasma membrane that are rich in sterol
contents (Grossmann et al., 2008; Grossmann er al., 2007). This yeast line
Schizosaccharomyces pombe has been used for successful expression and
functional characterization of PIN1 (Titapiwatanakun et al., 2009;
Titapiwatanakun & Murphy, 2009; Yang & Murphy, 2009). With another
advantage of cell walls, the yeast cell expression system has been used as the
heterologous expression hosts of plant membrane proteins (Grossmann et al.,
2006). The hexose-proton symporter HUP1 protein from Chlorella and its
sequence homolog, the H+/monosaccharide cotransporter STP1 (Sugar
transporter protein 1) from Arabidopsis thaliana were functionally expressed
by the yeast cell expression system (Sauer et al., 1990). The lipid composition
of the yeast cells can provide the most similar lipid environment to the native
lipid bilayers of plant membrane proteins thus could be used for examining
PIN protein stability.
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Nevertheless, the elution positions of the PIN proteins in both LDAO and
DDM together with CHS indicate protein dimers or even bigger protein
oligomers. The possibility of PIN oligomers formed by the disulfide bonds was
tested by the FSEC results of TCEP (Figure 4-8). On the other hand, we cannot
ignore that the migration speed of proteins is not only affected by the protein
size but also by the shape of the protein samples. The standard proteins used
for the SEC column calibration are soluble proteins with regular sphere shapes.
While in the case of PIN proteins, their shapes are unknown as PIN proteins
are solubilized as the detergent-protein complexes with uncertain detergentprotein ratio. We need to understand how detergents interact with membrane
proteins at the molecular level. For that, the matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-TOF MS) has been used to
quantify detergents in complex with membrane proteins (Chaptal et al., 2017).
Chaptal et al. discovered that the detergent-membrane proportion of the
solubilized proteins is significantly dependent on the size of the membrane
proteins and the type of detergents. Besides, the amount of detergents for
membrane protein solubilization remains constant during protein purification.
What’s more, membrane proteins could recruit a minimal amount of detergents
that are sufficient to shelter their hydrophobic regions instead of inserting into
the detergent micelles (Chaptal et al., 2017). The observations on the
detergent-protein interaction at the molecular scale can be applied to PINs. For
the PIN proteins solubilization, detergents like LDAO and DDM would cover
the hydrophobic surface of the PIN proteins. The resulting detergent-protein
micelles might be in irregular shapes. Therefore, the calibrated equation might
not be suitable for estimating the molecular weight of the PIN protein
complexes. the Native PAGE technique is applied to further determine the
sizes of the solubilized PIN proteins. However, due to the limited time of
experiments, no conclusion can be drawn from the Native PAGE analysis.
Compared with the eluted protein size, the stability and homogeneity status of
the solubilized PIN proteins are of more importance for the structural studies.
From this perspective, PIN1_CUT and PIN1 are observed with good
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homogenous status in the DDM solution incorporated with CHS, inferring the
great potential of successful purification. Taken together, the DDM-solubilized
PIN1_CUT and PIN1 show a high degree of homogeneity and are suitable for
subsequent purification and crystallization.
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5 Protein purification using affinity tags

Chapter overview:
Purifying membrane proteins from the cell lysate is the fundamental step for
the biochemical studies of membrane proteins. Affinity purification by fusing
affinity tags to the proteins of interest has been proven to be a powerful
technique to enrich and purify the target proteins. Here, we evaluated the
purification outcomes of PIN1_CUT using four different affinity resins: the
Ni-NTA resin and the Co-NTA resin targeting on the His10 tag, the anti-FLAG
M2 affinity gel targeting on the FLAG tag and the GFP-trap agarose for onestep immunoprecipitation targeting on the GFP tag. The resulting purification
and optimization data combined suggested that the FLAG affinity purification
resin achieved the best PIN1_CUT purification with fewer impurities and
better protein recovery rate (close to 40 %) from the solubilized protein
samples. The tag removal was accomplished effectively by TEV proteases.
However, the observation of PIN1_CUTF (with fluorescence) and
PIN1_CUTNF (no fluorescence) in the purified FLAG eluents raised the
concerns of protein damage during sample preparation. Further optimization
steps are still required for the PIN1_CUT sample preparation to keep protein
loss to a minimum.
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5.1 Sample preparation
The biochemical study of the PIN proteins has been limited in recent years and
there are no published protocols for the purification of PIN proteins. Our initial
sample preparation method was adapted from the protocols of the GFP-based
membrane protein purification and the human glucose transporter GLUT1
(Deng & Yan, 2018; Drew et al., 2008). Briefly, the frozen Sf9 cell pellets
were thawed on ice with the pre-cold cell lysis buffer (1 × TBS buffer pH 7.4,
150 mM NaCl, 10 % (v/v) glycerol, containing the SIGMAFAST EDTA-free
protease inhibitor cocktail and DNase II). After rolling in a cold room for
30min, the cell pellets were lysed on ice by homogenization. Crude membranes
were pelleted by ultracentrifugation at 100,000 g for 1 h and resuspended in
the solubilization buffer (1 × TBS buffer pH 7.4, 150 mM NaCl, 10 % (v/v)
glycerol, containing the SIGMAFAST EDTA-free protease inhibitor cocktail,
1 % (w/v) DDM) and solubilize for 2 h. The DDM-solubilized PIN1_CUT was
collected in the supernatant by ultracentrifugation at 100,000 g for 45 min and
was ready to use for protein purification.
The sample preparation process was monitored by the GFP fluorescence
intensity for protein yields (as shown in Figure 5-1). Based on GFP
measurement, more than 95 % of the total proteins from the whole cell lysate
were pelleted down to the membrane. The major protein loss was caused by
inadequate detergent solubilization where only close to 40 % of the protein
sample was solubilized by 1 % (w/v) DDM. The DDM-solubilized PIN1_CUT,
after flash freezing with liquid nitrogen, experienced severe protein loss
(nearly another 50 %), which can be prevented by avoiding protein freezing
after solubilization.
Detergent solubilization remained as the bottleneck of achieving good protein
yields during sample preparation as the DDM-solubilized PIN1_CUT
comprised less than half of the total protein sample. Except for DDM, LDAO
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can be used as an alternative solubilizing detergent for effective PIN1_CUT
extraction.
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Figure 5-1. Tracking of PIN1_CUT during sample preparation by GFP
fluorescence intensity.
After breaking the Sf9 cells on ice for 80 cycles with a Dounce homogenizer,
the cell lysate (blue bar) was cleared by centrifugation at 4,000 rpm for 10 min
to remove the cell debris. The membrane was pelleted down from the collected
supernatant by ultracentrifugation at 100,000 g for 45 min and resuspended in
the membrane resuspension buffer (red bar) containing 1 % (w/v) DDM for 2
h before sending to the bench-top ultracentrifugation to harvest the supernatant
(green bar) which contained the DDM-solubilized PIN1_CUT. The solubilized
supernatant was flash frozen (purple bar) in liquid nitrogen and stored at -80°C
for examination.

5.2 Small-scale protein purification examination
5.2.1

IMAC purification using the nickel column

The immobilized metal ion affinity chromatography (IMAC) has been a widely
employed method for the purification of recombinant membrane proteins
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containing a polyhistidine affinity tag that can bind to the immobilized metal
ions matrices. The nickel-charged columns are most commonly used for IMAC
because of their high binding capacity. Here we examined the nickel-based
resin (Ni-NTA) for the purification of the 10 × His-tagged PIN1_CUT at the
C-terminal end and optimized the protein binding and elution conditions for
the best purification results. The PIN1_CUT solubilized by 1 % (w/v) DDM
from the cell membrane was loaded onto a self-packed 2 ml nickel column in
the binding buffer (pH 7.4, 20 mM Tris HCl, 200 mM NaCl, 0.03 % (w/v)
DDM and the protease inhibitors) for protein binding. The column was washed
by 10 × CV of the washing buffer containing (pH 7.4, 20 mM Tris HCl, 200
mM NaCl, 10 mM imidazole, 0.03 % (w/v) DDM and the protease inhibitors).
PIN1_CUT was released from the column with the elution buffer (pH 7.4, 20
mM Tris HCl, 200 mM NaCl, 200 mM imidazole, 0.03 % (w/v) DDM and the
protease inhibitors). The yield and purity of PIN1_CUT were evaluated on a
10 % SDS-PAGE gel by in-gel fluorescence and instant blue Coomassie stain.
As shown in Figure 5-2, the eluents from the nickel column were observed
with multiple protein bands in the Coomassie stained images, indicating low
protein purity. These protein bands were eluted together with severe protein
smears, making it challenging to locate the targeted PIN1_CUT. From the ingel fluorescence image, we were able to identify the PIN1_CUTF by
fluorescence (Figure 5-2, A). Compared with the solubilized PIN1_CUTF
sample before applying to the nickel column, the increased fluorescence signal
of the PIN1_CUTF bands were observed in the eluents, indicating the
concentrating ability of the nickel column purification. After 4 × CV elution,
imidazole at the concentration of 2M was used for elution. A strong
fluorescence signal was observed in the last-step imidazole eluents, suggesting
the possibility of insufficient elution or protein precipitation on the resin prior
to elution. The fluorescence signal of PIN1_CUT found in the flow through
(Figure 5-2, A) also signified insufficient protein binding. Optimization of the
nickel column purification was required to increase the binding/elution
efficiency and protein purity.
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5.2.2

Optimization of the IMAC purification

Multiple strategies were employed to optimize the IMAC purification. We
adjusted the Ni-NTA resin volume to minimize unspecific binding caused by
the excessive binding capacity of the resin and the final resin to protein ratio
was 0.5 ml resin to per 1mg protein; the resin-protein binding method was
changed from column binding to batch binding and the binding time was
extended from 1 h to overnight; the salt concentration in the purification
buffers was altered to 500 mM NaCl to reduce unspecific binding and
minimize the isoelectric precipitations; the buffer system was switched from
the Tris-based buffer to the sodium phosphate (NaH2PO4)-based buffer for the
best binding environment; the concentrations of imidazole in the protein
binding buffer, the washing buffer and the elution buffer were fine-tuned to 10
mM, 40 mM, and 500 mM respectively. The optimized nickel column
purification achieved a clear improvement in PIN1_CUT purity (as shown in
Figure 5-2, D). However, there were still protein smears in the stained eluents,
suggesting that the Ni-NTA resin was not adequate to yield highly purified
PIN1_CUT.
Except for the nickel columns, the cobalt-based columns were also used for
the purification of PIN1_CUT (Figure 5-3, A, B). The cobalt ions have the
advantage of more selective binding to the histidine residues than the nickel
ions, which can reduce more unspecific contaminants. We applied the Co-NTA
resin for PIN1_CUT purification and optimized the protein yields with the
binding and elution conditions. The optimized buffer recipes for the cobalt
column purification was based on 1 × PBS pH 7.4, 150 mM NaCl, 10 % (v/v)
glycerol, 0.03 % (w/v) DDM and the protease inhibitors, with 10 mM
imidazole in the washing buffer, 20 mM imidazole in the binding buffer and
300 mM imidazole in the elution buffer.
As shown in Figure 5-3, the purification results of PIN1_CUT with the cobaltcharged resin were overall not sufficient. Similar with the outcomes of the
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nickel column purification, multiple protein bands, as well as protein smears,
were revealed in the cobalt column eluents by Coomassie stain imaging while
no apparent protein band in the eluents could be recognized as PIN1_CUT
(Figure 5-3, B). The in-gel fluorescence and western blot detection allowed the
recognition of PIN1_CUTF with an estimated molecular weight of 53 kDa
(Figure 5-3, A, D). The PIN1_CUTF eluted from the cobalt column was
slighter weaker than of the nickel column suggested by the fluorescence

B

C

D

Optimized

Initial

A

Figure 5-2. Nickel column purification of PIN1_CUT.
The purification results were analyzed by in-gel fluorescence (A, C) and
Coomassie stain (B, D). Mr, molecular maker; S, solubilized proteins in the
cleared supernatant after ultracentrifugation; F, flow; W, wash; E, eluent; IW,
2M imidazole elution.
intensity. Contrary to the observation of the fluorescence analysis, antibody
detection of PIN1_CUT eluted from the cobalt column achieved a better
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PIN1_CUT yield than the nickel column. Repeated purification trials of
PIN1_CUT purification with nickel and cobalt columns showed no significant
differences.
To summarise, the IMAC purification of PIN1_CUT using optimized the
nickel and cobalt columns was unable to yield highly purified PIN1_CUT
proteins. Other resins should be considered to purify PIN1_CUT.
5.2.3

Resin screen for PIN1_CUT purification

The construct of PIN1_CUT (PIN1_CUT-TEV-eGFP-FLAG-His10) was
designed with multiple affinity tags at the C-terminal end. Besides the nickel
resins and the cobalt resins, we screened the anti-FLAG M2 affinity gel
targeting on the FLAG peptide tag and the GFP-trap agarose for one-step
immunoprecipitation of the GFP-fused PIN1_CUT.
The DDM-solubilized PIN1_CUT was mixed with the equilibrated anti-FLAG
M2 affinity gel and GFP-trap agarose respectively. The protein-resin mixtures
were rolled overnight in the cold room with mild agitation for sufficient
binding before being loaded onto the Mini Bio-Spin chromatography columns
and washed with 10 × CV of the washing buffer. The elution condition of
PIN1_CUT for the FLAG column was competitive elution with 125 μg/ml
FLAG peptide in the elution buffer. Low-pH glycine elution buffer (200 mM
glycine, pH 2.5) was used for the release of PIN1_CUT from the GFP-trap
column. The PIN1_CUT samples from the flow through, wash through and
elution of the columns were loaded onto an SDS-PAGE gel and analyzed by
in-gel fluorescence, Coomassie stain and western blot (anti-GFP) for protein
yield and purity assessment.

123

A

B

C

D

Figure 5-3. Comparison of PIN1_CUT purification under various
purification resins.
The samples from the flow through, wash through and eluents of the
PIN1_CUT purification by the Ni-NTA resin, the Co-NTA resin, the antiFLAG M2 affinity gel and the GFP-trap agarose respectively were loaded onto
an SDS-PAGE gel and analyzed by in-gel fluorescence (A), Coomassie stain
(B) and western blot (anti-GFP, C, D). Mr, molecular maker; F, flow; W, wash;
E, eluent; Ni, Nickel; Co, Cobalt.
The overall PIN1_CUT purification results were not sufficient. The stained
eluents from the four resins were weak and contaminated thus not informative
(Figure 5-3, B). We compared the PIN1_CUT yields from these four resins by
in-gel fluorescence imaging (Figure 5-3, A). The fluorescence bands of
PIN1_CUTF eluted from the FLAG column and the nickel column were more
intensive than that from the other two columns. The cobalt column elution of
PIN1_CUTF was slighter weaker while little PIN1_CUTF was detected from
the GFP column elution. Western blot results confirmed the best PIN1_CUTF
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elution ability of the FLAG resin (Figure 5-3, C, D). The elution performance
of the GFP column was the least sufficient as implied by the very weak protein
band, which excluded the GFP column for PIN1_CUT purification.
ThePIN1_CUT purification outcomes with the nickel column and the cobalt
column were mediocre. With fewer contaminants and better elution, the FLAG
column was selected with the great potential of purifying PIN1_CUT in high
purity.
To summarize, the FLAG column displayed the best performance in the
protein purity as well as the protein yields of the PIN1_CUT purification and
was employed for subsequent PIN1_CUT purification.
5.2.4

Purified PIN1_CUT with the FLAG resin

The best-purified PIN1_CUT was achieved with optimized FLAG affinity
purification. The PIN1_CUT cell pellets harvested from 200 ml infected Sf9
cell culture were solubilized in 1 % (w/v) DDM and 0.2 % (w/v) CHS and
mixed with 25 μl of the FLAG resin equilibrated with the protein binding
buffer (1 × PBS pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol, 10 mM BME,
0.03 % (w/v) DDM, and the protease inhibitors). The mixture was incubated
with mild agitation for 2 h at 4°C and loaded onto a Mini Bio-spin column.
The bound proteins were extensively washed with 300 × CV of the high salt
washing buffer (1 × PBS pH 7.4, 300 mM NaCl, 10 % (v/v) glycerol, 10 mM
BME, 1 % (w/v) DDM, and the protease inhibitors) to reduce the non-specific
protein binding. The following washing step of 50 × CV of the low salt
washing buffer (1 × PBS pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol, 10 mM
BME, 1 % (w/v) DDM, and the protease inhibitors) was also performed to finetune the salt concentration. PIN1_CUT was eluted with 5 × CV of the elution
buffer containing (1 × PBS pH 7.4, 150 mM NaCl, 10 % (v/v) glycerol, 10 mM
BME, 1 % (w/v) DDM, 125 μg/ml 3 × FLAG peptides, and the protease
inhibitors). The fractions of 1 × CV were collected and detected by the
Coomassie-stained gel for protein purity examination.
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Figure 5-4. PIN1_CUT purification with the FLAG column.
The FLAG eluents were visualized by the Coomassie-stained SDS-PAGE gel
(left) and analyzed by FSEC (only E2 fraction, right). The migration of
PIN1_CUT was pointed by a red arrow. E1-E5, eluted fractions.
As shown in Figure 5-4, one major protein band from the Coomassie-stained
gel was eluted in the collected fractions (E1-E5). The stained protein band was
identified as PIN1_CUT with an estimated size of 58 kDa. Although there were
still some contaminants coeluted with PIN1_CUT, a significant increase in
PIN1_CUT purity was observed under the optimized conditions. The eluted
fraction E2 was loaded onto an SEC column for a second-step purification as
well as the homogeneity examination by FSEC. The elution position of
PIN1_CUT was 14.27 ml with a major symmetric peak, indicating that the
purified PIN1_CUT was eluted out in a relatively stable and homogeneous
status. The peak fraction of the SEC column was too weak to be shown on the
Coomassie-stained gel, as a result of low PIN1_CUT concentration (data was
not shown). It is likely that the PIN1_CUT concentration was diluted by the
SEC column. Therefore, no further protein purity could be concluded from the
SEC column separation.
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Figure 5-5. Quantified PIN1_CUT fluorescence in the eluted fractions.
The eluted fractions were collected from the FLAG column by the volume of
1 × CV. GFP fluorescence intensity was measured for comparison.
We collected 10 elution fractions from the FLAG column and measured their
GFP fluorescence to calculate protein recovery rate. The most intensive
fluorescence signals were detected in the first 6 fractions (E1-E6), indicating
that the majority of PIN1_CUT was eluted out in E1-E6 (Figure 5-5). The latereluted fractions contained only minimal amounts of PIN1_CUT. We converted
the GFP fluorescence to PIN1_CUT concentration through calibrated GFP
standard curve (data was not shown) and estimated the PIN1_CUT yield from
sample preparation to the FLAG column purification. The resulting estimation
data suggested that approximately 40 % of the DDM-solubilized PIN1_CUT
was recovered from the FLAG column primarily due to competent elution
(Table 5-1). In total, 47 μg of the PIN1_CUT protein samples were purified
from 200 ml cell pellets, which consisted of 14.36 % of the total PIN1_CUT
production. When converted to per liter culture, the protein recovery yield is
235 μg/L, which is relatively lower than the protein yield of the human
equilibrative nucleoside transporter 1 (hENT1, 400 μg/L) and that of the
human proton-coupled folate transporter (hPCFT, 900 μg/L) (Boswell-Casteel
et al., 2018; Date et al., 2017). The principal protein loss during purification
was caused by insufficient protein-resin binding.
In summary, PIN1_CUT was purified by the one-step FLAG affinity
purification with close to 40 % protein recovery, accounting for 14.36 % of
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total PIN1_CUT production. The purified PIN1_CUT remained stable for
further polishing purification.
Table 5-1. PIN1_CUT yield for the one-step FLAG affinity purification.

Purification yield (%) = (protein in Elution / protein in Solubilization) × 100 %;
Overall yield (%) = (protein in Elution / Total protein) × 100 %; GFP
fluorescence was converted to PIN1_CUT concentration through calibrated
GFP standard curve.

5.3 PIN1_CUT purification with tag removal
5.3.1

Protein tag removal by the TEV cleavage

PIN1_CUT was purified from the FLAG column with affinity tags. We
attempted to remove the affinity tags using the TEV proteases as it was not
clear whether these tags would affect the structural integrity and biological
activity of PIN1_CUT.
The purified PIN1_CUT from the FLAG affinity purification was quantified
based on GFP fluorescence intensity and mixed with the TEV proteases at the
proportion of 1μg TEV for per 1μg PIN1_CUT. Two additional components,
0.5 mM EDTA and 1 mM DTT, were added to the mixture for improving the
TEV cleavage efficiency. The mixture was rotated overnight with mild
agitation at 4°C before being loaded onto the SDS-PAGE gel for cleavage
examination.
There was no recognizable protein band to identify the cleaved PIN1_CUT
from the Coomassie-stained gel as a consequence of low protein abundance
(as shown in Figure 5-6, B). The two protein bands observed on the stainedgel were identified as TEV proteases (27 kDa) and eGFP tags (29.2 kDa)
respectively. Since the tag-removed PIN1_CUT could not be detected with
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Coomassie stain, we used in-gel fluorescence imaging results as the indirect
evidence for determining the cleavage efficiency. It was shown that the
PIN1_CUTF band disappeared in the lane with the TEV treatment (Figure 5-6,
A), representing a positive sign of the TEV proteases activity. In conclusion,
the disappearing of the PIN1_CUTF band on the in-gel fluorescence image
suggested the efficient cleavage of the protein tags by the TEV proteases.

Figure 5-6. PIN1_CUT tag removal by the TEV protease after the FLAG
column purification.
The PIN1_CUT samples eluted from the FLAG column eluents were treated
with the TEV proteases and the results of tag removal were visualized by the
in-gel fluorescence (left) and Coomassie stain (right). L, whole cell lysate; E,
FLAG column eluents; E1 and E2, duplicate FLAG column eluents; EG,
elution with 100 mM glycine HCl pH 3.5; TEV, PIN1_CUT samples treated
with the TEV proteases. Each FLAG column purification and labeling on the
SDS-PAGE gel was independent and was not linked with previous or later
results. The positions of PIN1_CUTF, eGFP and TEV proteases on the gel
images were pointed out by the red arrows.
5.3.2

Reverse IMAC after the TEV cleavage

It is necessary to remove the cleaved tags (eGFP-FLAG-His10) and TEV
enzymes from the PIN1_CUT samples to harvest the tag-cleaved PIN1_CUT.
Here the reverse IMAC column packed with the Ni-NTA resin was used to
remove the cleaved tags as well as the His10-tagged TEV enzymes. The
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purified tag-free PIN1_CUT was harvested in the flow through and analyzed
by gel electrophoresis.
To increase the protein contents for Coomassie stain, PIN1_CUT eluted from
the FLAG column was concentrated 4 times from 2 ml and 500 μl and an
aliquot of 30 μl sample was loaded onto an SDS-PAGE gel for analysis. It was
shown that PIN1_CUT was partly detected with fluorescence with the eGFP
tags in the PIN1_CUT and TEV cleavage mixture (Figure 5-7), which
suggested that PIN1_CUT was at least partly un-cleaved by the TEV protease
treatment. In addition, The molecular weight of PIN1_CUT without tags was
calculated to be 42 kDa while there was no protein band appearing at the
expected gel position (Figure 5-7), which might be resulting from insufficient
TEV cleavage or low protein concentration in the gel wells. We tried to
improve the efficiency of TEV protease cleavage with elongated cleavage time
from 2 h to overnight at 4°C and increased the temperature to 28°C for optimal
TEV protease activity. The optimization measures for optimal TEV protease
performance showed no significant improvement in tag-free PIN1_CUT yield
(data not shown).
After the overnight TEV treatment, the un-cleaved PIN1_CUT, still possessing
the tags at the C-terminal end, was observed in the flow through of the reverse
IMAC column (Figure 5-7), which suggested that there was no binding activity
of the His10-tagged PIN1_CUT to the nickel resin. It might be caused by
protein aggregates that covered the histidine residues of the fusion proteins.
Additionally, after collecting the flow through of the nickel column, we
washed and eluted the column with 25 mM and 250 mM imidazole in the
buffer respectively and observed no PIN1_CUT from the wash and eluents on
SDS-PAGE gel (data was not shown), which confirmed that there was no
PIN1_CUT bound to the nickel column. The TEV protease treatment in
combination with the reverse IMAC purification. The TEV protease treatment
in combination with the reverse IMAC purification process might induce some
factors, such as purification time and second purification column system, that
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could result in increased protein instability and cause protein aggregates after
eluted out from the FLAG column.
A

B

Figure 5-7. PIN1_CUT purification by the FLAG column combined with
the Reverse IMAC and SEC column purification.
The PIN1_CUT samples from different stages of purification were analyzed
by fluorescence (A) and Coomassie stain (B). The PIN1_CUT eluted from the
FLAG column (E) was collected and treated with the TEV proteases. After
overnight cleavage, the FLAG eluents and TEV proteases mixture (TEV) was
loaded onto a nickel-charged IMAC column to remove the tags as well as TEV
proteases (reverse IMAC). The flow though from the IMAC column (F) was
collected and further purified by the SEC chromatography (SEC). The peak
fractions of SEC eluent (peak) was collected and examined for protein purity.
E, eluents of FLAG column; TEV, FLAG eluents and TEV protease mixture;
F, flow through of mixture from the reverse IMAC column; peak, peak
fractions of the flow though from the SEC column. Each sample (E, TEV, F,
and peak) was loaded and analysed by SDS-PAGE gels in duplicates. The
PIN1_CUTF and eGFP bands recognized by fluorescence were highlighted by
red arrows. PIN1_CUTNF identified in the stained gel was also pointed out by
a red arrow.

131

Several purification problems were exposed by the stained-gel. Two major
protein bands, PIN1_CUTF and PIN1_CUTNF were observed in the FLAG
eluents with some impurities (Figure 5-7). The PIN1_CUTF (52 kDa) band in
the stained image was corresponding to PIN1_CUTF from the fluorescence
detection (Figure 5-7). PIN1_CUTNF was only observed by the protein stain
and show no fluorescence. The estimated molecular weight of PIN1_CUTNF
was 58 kDa, slightly bigger than PIN1_CUTF. Loss of fluorescence for
PIN1_CUTNF could be an indication of the GFP unfolding during protein
purification. The previously showed purified PIN1_CUT from the Figure 5-4
appeared at the same position as PIN1_CUTNF.
In conclusion, PIN1_CUTF and PIN1_CUTNF appeared to be the major
purification products after the FLAG column. We determined to skip tag
removal process using TEV proteases for reducing protein instability after
FLAG column purification.

5.4 PIN1_CUT purification without tag removal
To avoid the potential protein precipitates induced by the tag removal
treatment, we employed a two-step purification strategy without removing tags
for the purification of PIN1_CUT. The expressed PIN1_CUT from Sf9 insect
cells was solubilized and purified with the FLAG column. The FLAG eluents
were concentrated to a final volume of one-ml and loaded onto an SEC column
to polish the protein purity. FSEC analysis was performed to evaluate the
PIN1_CUT stability. The concentrated PIN1_CUT eluents from FALG
column and the peak fractions from the FSEC column were analyzed with the
SDS polyacrylamide gel electrophoresis.
The Coomassie-stained protein gel showed similar results with our previous
experiments with two major bands recognized as the FLAG column
purification products, PIN1_CUTF and PIN1_CUTNF (Figure 5-8, C). The peak
fractions from the SEC column showed fewer contaminants with the stained
gel, but only weak PIN1_CUT bands could be observed.
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A

C

B

Figure 5-8. FSEC analysis of PIN1_CUT purified from the FLAG column.
The FLAG elution of PIN1_CUT was concentrated to 1ml and an aliquot of
500 μl sample was loaded onto the SEC column at the flow rate of 0.2 ml/min.
The eluted fractions were collected with the volume of 0.5 ml in the 96 deepwell plates until reaching the volume of 1 × CV (approximately 25 ml). The
collected fractions were sent for the GFP fluorescence measurement and the
peak fraction of FSEC (A) was loaded onto the SDS-PAGE gel for in-gel
fluorescence (B) and Coomassie stain (C) detection. Mr, molecular marker; P,
peak fraction from FSEC.
PIN1_CUTF was clearly shown with the fluorescence detection (Figure 5-8, B).
The SEC column sufficiently improved the purity of PIN1_CUT as a final step
purification. For the evaluation of protein purity after SEC column,
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concentrating the PIN1_CUT peak fractions from the SEC column could help
to increase the amount of PIN1_CUT for SDS-PAGE analysis. However, the
FSEC curve of PIN1_CUT from the concentrated FLAG eluents showed a
strong peak at the void volume (Figure 5-8, A), indicating severe PIN1_CUT
precipitation. The elution position of the major PIN1_CUT peak was observed
at 11.63 ml, signifying the tendency of PIN1_CUT forming huge protein
complexes.
To conclude, the purification of PIN1_CUT was faced with the problems of
protein precipitation. Further optimizations are required to stabilize
PIN1_CUT during purification.

5.5 Discussion
Purifying PIN proteins has been a challenging target as they are integral
membrane proteins containing multiple transmembrane domains, leading to
difficulties in solubilizing PIN proteins and maintaining them stable during
protein purification. Here we explored the PIN1_CUT affinity purification
targeting at different affinity tags and we managed to purify PIN1_CUT fusion
proteins by the one-step FLAG column purification.
The FLAG column immunoaffinity purification for PIN1_CUT is proved to be
successful with close to 40 % protein recovery from the solubilized PIN1_CUT
samples (Table 5-1). Overall, we recovered approximately 15 % purified
PIN1_CUT from the whole cell lysate until the FLAG purification. The TEV
proteases also effectively cleave the tags off PIN1_CUT (Figure 5-6), making
another step forward for the PIN1_CUT purification. Some problems remain
for further purification of PIN1_CUT. For example, it is challenging to recover
the tag-free PIN1_CUT after tag removal as there are no tags to monitor the
trace of PIN1_CUT. The Coomassie stain technique has to be heavily relied
on to detect the tag-free PIN1_CUT. In this case, PIN1_CUT protein yield
needs to be further improved for clear Coomassie stain images.
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We observed that the quality of the PIN1_CUT protein sample plays a pivotal
role in the purification outcomes. When PIN1_CUT was maintained in good
solubilization condition, the resulting FLAG purification and TEV cleavage
were better with fewer impurities and sufficient cleavage (Figure 5-4). On the
other hand, protein aggregates could lead to insufficient protein binding and
severe protein loss during purification (Figure 5-3). Moreover, the quantities
of the unbound PIN1_CUT cannot be diminished under the conditions of
overnight batch binding, nor with an excess amount of the affinity resin.
Increasing protein impurities and inadequate TEV protease cleavage were
observed when PIN1_CUT sample precipitates (Figure 5-7). Protein
aggregation has been the biggest obstacle for purifying PIN1_CUT. Further
optimizations are required to minimize the PIN1_CUT aggregation.
Protein aggregation can be caused by many reasons. First of all, the choice of
detergent has a crucial effect on the PIN1_CUT stability. We initially used
LDAO for PIN1_CUT solubilization due to its high protein extraction
efficiency. However, purifying the LDAO-solubilized PIN1_CUT even with
the presence of CHS yields only low protein purity (data was not shown). The
best-purified PIN1_CUT is achieved with the DDM and CHS solubilization
that can yield homogenous and stable PIN1_CUT as indicated by FSEC
analysis (Figure 5-4). Secondly, the purification process needs to be performed
quickly as the freeze-thawn process of PIN1_CUT should be avoided. The
FLAG purification performed with the DDM-solubilized PIN1_CUT sample
stored in -80°C after flash-frozen was observed with strong contaminants in
the elution and insufficient TEV protease cleavage even after time and
temperature optimization (data was not shown). Thirdly, special attention has
to be paid when concentrating PIN1_CUT for the SEC chromatography as it
is possible that the purified PIN1_CUT might aggregate during the
concentrating process.
The fact that the FLAG purification of PIN1_CUT was strongly enhanced by
the addition of BME (10 mM) in the purification buffers also suggested the
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existence of protein aggregates prior to elution (Figure 5-4). BME has been
used as a mild reducing agent and, unlike TCEP, BME is compatible with the
anti-FLAG M2 affinity resin. It is likely that the solubilized-PIN1_CUT
proteins could develop into huge protein complexes that would trap loads of
contaminant proteins inside. Moreover, the PIN1_CUT-detergent complexes
could protect the contaminant proteins from being washed away even under
harsh washing conditions. These contaminant proteins would also be eluted
together with PIN1_CUT elution. On the SDS-PAGE gel, the eluted
PIN1_CUT-detergent complexes could be unfolded by SDS, resulting in the
release of the trapped-contaminants and subsequent protein smear on the
Coomassie-stained gel (Figure 5-3). The employment of reducing agents, such
as BME in our experiments, can reduce protein complexes, which has led to
improved PIN1_CUT purities.
Apart from the FLAG resins, other resins for the purification of PIN1_CUT
did not accomplish sufficient purity (Figure 5-3). The attempts of employing
the nickel and cobalt chelation chromatography resulted in a high degree of
protein impurities. It is possibly caused by some histidine-rich proteins from
insect cells. The GFP-tag based PIN1_CUT purification harvested the lowest
protein yield (Figure 5-3) even though the GFP tag is much bigger than the
FLAG tag and the His10 tag. One possible reason for the low GFP binding
efficiency is that GFPs cluster as dimers and are not recognized by the antiGFP beads. The low-pH elution condition of the GFP column (0.2M glycine,
pH 2.5) might be another drawback of the GFP beads, as the low-pH glycine
buffer would possibly weaken or even demolish the fluorescence of GFP and
induce PIN1_CUT precipitation.
In summary, we successfully purified the PIN1_CUT fusion proteins using the
FLAG affinity purification followed by the SEC chromatography. The quality
of PIN1_CUT samples remains to be the key factor for determining the
purification outcome. Further investigations on PIN1_CUT purification should
be focused on the optimizations of PIN1_CUT sample preparation as well as
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improving PIN1_CUT sample abundance for the tracking of tag-cleaved
PIN1_CUT.
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6 Concluding remarks and outlook
The polar auxin transport in plants requires the coordination of various auxin
transporters. Among them, the PIN proteins are identified as the predominant
auxin efflux carriers as their asymmetrical localization in the plasma
membrane determines the direction of the intercellular auxin flow. The auxin
export activities facilitated by the PIN proteins has been extensively
investigated in plants and heterologous expression systems while structural
information of the PIN proteins remains largely unknown. The structural
determination of the PIN proteins has been hindered by their low heterologous
expression level, strong hydrophobicity and poor stability in detergentsolubilized forms.
Despite the challenges, we successfully overexpressed the Arabidopsis PIN1,
PIN1-CUT, and PIN5 in Sf9 insect cells. The expression conditions of these
three PIN constructs were largely affected by cell lines, gene promoters and
infection time. The optimal expression of PIN1 and PIN1_CUT was achieved
at MOI 1 and 48 h infection under the control of the polh promoter. The FSEC
analyses of PIN1 and PIN1_CUT suggest that PIN1 and PIN1_CUT exist as
monomers in the detergent-solubilized forms. We further developed and
optimized a protocol for the PIN1_CUT sample preparation and purification
using the one-step anti-FLAG affinity purification, which lay the foundation
for its structure determination.
However, there are still some obstacles to determine the structure of
PIN1_CUT using X-ray crystallography. Currently, the protein yield of
PIN1_CUT after FLAG column purification is approximately 235 μg /L, which
is relatively lower than other membrane proteins, such as the human
equilibrative nucleoside transporter 1 (hENT1, 400 μg/L protein yield) and the
human proton-coupled folate transporter (hPCFT, 900 μg/L protein yield)
(Boswell-Casteel et al., 2018; Date et al., 2017). On the other hand, the
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development of crystals requires pretty high concentration of pure protein
samples. Typically, the crystallization experiments require 10 mg/ml
concentration for proteins with the protein size between 10-30 kDa. With
larger proteins such as PIN1 (67 kDa) and PIN1_CUT (42 kDa), the
concentration requirement decreases to 2-5 mg/ml (Sonoda et al., 2011). In
contrast, the emerging technique of Cryo-EM for protein structure
determination requires much less pure protein and the protein concentration
can be as low to 20 µg/ml (Renaud et al., 2018). However, the use of CryoEM for the structure determination of PIN1 and PIN1_CUT is restricted by the
size limitation Cryo-EM (> 100kDa), making crystallization still the best
method for deciphering the structure of PIN1 and PIN1_CUT. Therefore, it is
necessary to improve the protein expression level and protein recovery from
the purification column.
The expression and purification of PIN1 and PIN1_CUT have gone through
extensive optimization including buffer composition, detergent screening, the
use of lipids and some other additives. The protein sample quality has been the
major problem we encountered during the PIN protein purification. It is crucial
to maintain the detergent-extracted PIN1 and PIN1_CUT in a stable status to
yield decent purification results. The membrane-associated organelles (ER and
PM) localizations of PIN1 and PIN1_CUT in insect cells suggested by the
confocal microscopy images (Figure 3-8) indicate that the expressed PIN1 and
PIN1_CUT remain intact while inside the cells. When extracted outside the
membrane, PIN1 is severely degraded (Figure 3-7). The degradation of PIN1
cannot be prevented with the presence of multiple protease inhibitors cocktail
tablets. It is likely that the hydrophilic loop of PIN1, containing a wide range
of protease recognition sites caused the protein degradation. PIN1_CUT, on
the other hand, with most of the loop sequences removed, is found to be more
amenable to protein purification than PIN1 during protein extraction. However,
PIN1_CUT is also susceptible to cleavage during affinity purification (Figure
3-7). The broken PIN1_CUT can be resulted from degradation, physical force
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by cell lysis or reduced stability of PIN1_CUT constructs itself by losing most
of the loop sequences.
We analyzed the effects of pH, detergents, lipids such as CHS, reducing agent
such as TCEP on the stability of PIN1 and PIN1_CUT by FSEC and selected
1 % (w/v) DDM in combination with 0.2 % (w/v) CHS as the most stabilizing
detergent for these two PIN constructs. We optimized the sample preparation
process for PIN1_CUT using mild treatment to preserve their native
conformation. A hand-held homogenizer has been used to break cell
membranes instead of a sonicator or a cell disrupter. All the processes have
been performed on ice and in the presence of protease inhibitors. We also tried
various affinity purification resins and adjusted the buffer composition and the
protein-resin ratio to achieve the best purification results. However, the
purified PIN1_CUT after the one-step anti-FLAG purification has not been in
a sufficiently stable status for subsequent crystal development.
Therefore, in this thesis, I would like to emphasize the importance of
maintaining the PIN proteins in functional stable status and preventing protein
aggregation for their structural determination. To keep PIN proteins stablysolubilized, further optimization steps can be applied. For example, a wide
range of solubilizing buffer additives, such as kosmotropes and chaotropes
(salts that stabilize/destabilize protein structure), amino acids, sugar and
polyhydric alcohols like sucrose and glycerol, can facilitate the proper folding
and solubility of membrane proteins as well as prevent protein from
precipitation after purification. A microfiltration solubility assay has been
developed for the quick screening of the best co-solvents that stabilize the
membrane proteins in a native soluble form for subsequent purification process
(Bondos & Bicknell, 2003). The aggregated proteins are filtered and separated
from soluble proteins before being dialyzed into different buffers to identify
the buffer conditions that prevent protein aggregation using SDS-PAGE and
western blot (Bondos & Bicknell, 2003).
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Another promising technique which might help to maintain the stability of the
native PIN proteins is the detergent-free protein isolation by styrene maleic
acid lipid particles (SMALPs). The SMALPs formed by the styrene maleic
acid (SMA) copolymers can directly extract target membrane proteins from
their lipid bilayers together with their surrounding lipids, thus preserving
membrane proteins largely in their native membrane compositions (Postis et
al., 2015). SMALPs have been used to solubilized membrane proteins with
both prokaryotic and eukaryotic origin, such as human P-glycoprotein (PGP),
photosynthetic reaction center, bacteriorhodopsin and potassium channel
KcsA (Dörr et al., 2016). Remarkably, SMALPs are reported to work
compatibly with all the popular structural determination approaches such as Xray crystallography (Broecker et al., 2017), cryo-EM (Parmar et al., 2018),
NMR spectroscopy (Radoicic et al., 2018) and Mass spectrometry (Hellwig et
al., 2018; Reading et al., 2017).
Protein quality assays of the short-looped PIN5 reveal that PIN5 is largely
intact and remain stable on the SDS-PAGE gel after isolation from the cellular
membrane (Figure 3-8), indicating a better chance for subsequent protein
purification and crystal development. It is likely that the short loop of PIN5 is
least affected by proteases and possesses small disordered sequence regions
for crystal formation. Besides, the PILS2 and PILS5 from the PILS protein
family show a PIN5-like topology and are proved to be evolutionarily older
proteins than PIN proteins (Barbez et al., 2012). Therefore, the structure
determination of PIN5 can be prioritized among other PIN proteins from the
Arabidopsis PIN protein family.
Except for the Arabidopsis PIN proteins, the PIN protein sequences from other
plant sources can be screened for the PIN homologs with decent expression
level and stability suitable for structure determination. The well-developed
GFP-based overexpression and purification screen method in collaboration
with the FSEC technique can be used to facilitate and accelerate the selection
and optimization process (Drew et al., 2008; Hattori et al., 2012a). the bacterial
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homologs of the Arabidopsis PIN proteins are also identified: a malate
transporter MleP from Oenococcus oeni (Labarre et al., 1996) and a malonate
carrier MdcF from Klebsiella pneumoniae (Hoenke et al., 1997). Although
they only share 20-25 % sequence similarity with the PIN proteins, Mlep and
MdcF have similar topology with PIN5 (Kerr & Bennett, 2007) and can serve
as alternative structural analysis targets facilitating the understanding of the
structure of the plant PIN proteins.
Computation-based membrane protein structure prediction has been
accelerating in the past decades. Homology modeling of PIN protein structure
is limited due to the lack of close homologs. New protein structure prediction
methods have been developed to solve the problem of low sequence identity.
For example, the I-TASSER Suite predicts protein structure using templates
identified through meta-threading-based protein fold recognition (Yang et al.,
2015). On the other hand, Rosetta generates de novo protein model without
temples. Rosetta can accurately predict protein structure using residue-residue
contacts from coevolution information (Rohl et al., 2004). Further,
metagenome sequence data and residual neural networks are used for the deep
learning-based protein contact prediction (Ovchinnikov et al., 2017; Wu et al.,
2019). Advances in de novo template-free protein structure prediction shed
light on the membrane protein structure analysis without appropriate homologs.
However, computational generated protein models still remain to be
hypotheses and require further validation with the experimental data.
Structural determination of the PIN proteins in the laboratory can be integrated
with computational approaches for better understanding the structure and
function relationship of the PIN proteins in polar auxin transport.
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Appendix
Appendix 1: Sequences of the PIN constructs
PIN1-TEV-eGFP-FLAG-His10
MITAADFYHVMTAMVPLYVAMILAYGSVKWWKIFTPDQCSGINRFV
ALFAVPLLSFHFIAANNPYAMNLRFLAADSLQKVIVLSLLFLWCKLSR
NGSLDWTITLFSLSTLPNTLVMGIPLLKGMYGNFSGDLMVQIVVLQCI
IWYTLMLFLFEFRGAKLLISEQFPDTAGSIVSIHVDSDIMSLDGRQPLE
TEAEIKEDGKLHVTVRRSNASRSDIYSRRSQGLSATPRPSNLTNAEIYS
LQSSRNPTPRGSSFNHTDFYSMMASGGGRNSNFGPGEAVFGSKGPTP
RPSNYEEDGGPAKPTAAGTAAGAGRFHYQSGGSGGGGGAHYPAPNP
GMFSPNTGGGGGTAAKGNAPVVGGKRQDGNGRDLHMFVWSSSASP
VSDVFGGGGGNHHADYSTATNDHQKDVKISVPQGNSNDNQYVERE
EFSFGNKDDDSKVLATDGGNNISNKTTQAKVASMPPTSVMTRLILIM
VWRKLIRNPNSYSSLFGITWSLISFKWNIEMPALIAKSISILSDAGLGM
AMFSLGLFMALNPRIIACGNRRAAFAAAMRFVVGPAVMLVASYAVG
LRGVLLHVAIIQAALPQGIVPFVFAKEYNVHPDILSTAVIFGMLIALPIT
LLYYILLGLSSGLEENLYFQGGGSVSKGEELFTGVVPILVELDGDVNG
HKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCF
SRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGD
TLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVN
FKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPN
EKRDHMVLLEFVTAAGITLGMDELYKGSSDYKDDDDKGGSHHHHH
HHHHH
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PIN1_CUT-TEV-eGFP-FLAG-His10
MITAADFYHVMTAMVPLYVAMILAYGSVKWWKIFTPDQCSGINRFV
ALFAVPLLSFHFIAANNPYAMNLRFLAADSLQKVIVLSLLFLWCKLSR
NGSLDWTITLFSLSTLPNTLVMGIPLLKGMYGNFSGDLMVQIVVLQCI
IWYTLMLFLFEFRGAKLLISEQFPDTAGSIVSIHVDSDIMSLDGRQPLE
TEAEIKEDGKLHVTVRASMPPTSVMTRLILIMVWRKLIRNPNSYSSLF
GITWSLISFKWNIEMPALIAKSISILSDAGLGMAMFSLGLFMALNPRII
ACGNRRAAFAAAMRFVVGPAVMLVASYAVGLRGVLLHVAIIQAALP
QGIVPFVFAKEYNVHPDILSTAVIFGMLIALPITLLYYILLGLSSGLEEN
LYFQGGGSVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATY
GKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKS
AMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKED
GNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLAD
HYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAA
GITLGMDELYKGSSDYKDDDDKGGSHHHHHHHHHH
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PIN5-TEV-eGFP-FLAG-His10
MINCGDVYKVIEAMVPLYVALILGYGSVKWWHIFTRDQCDAINRLV
CYFTLPLFTIEFTAHVDPFNMNYRFIAADVLSKVIIVTVLALWAKYSN
KGSYCWSITSFSLCTLTNSLVVGVPLAKAMYGQQAVDLVVQSSVFQ
AIVWLTLLLFVLEFRKAGFSSNNISDVQVDNINIESGKRETVVVGEAS
KSFLEVMSLVWLKLATNPNCYSCILGIAWAFISNRWHLELPGILEGSI
LIMSKAGTGTAMFNMGIFMALQEKLIVCGTSLTVMGMVLKFIAGPA
AMAIGSIVLGLHGDVLRVAIIQAALPQSITSFIFAKEYGLHADVLSTAV
IFGMLVSLPVLVAYYAALEFIHSSGLEENLYFQGGGSVSKGEELFTGV
VPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWP
TLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDG
NYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVY
IMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDN
HYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSSDYK
DDDDKGGSHHHHHHHHHH
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Appendix 2: Sequence alignment of the Arabidopsis PIN proteins

The sequence alignment of the Arabidopsis PIN proteins was performed by the
Clustal W and visualized in Jalview. The transmembrane helices are shown
from the red stick in the N-terminus to purple stick in the C-terminus. The
sequences are coloured with the amino acids of >75% conservation. The colour
scheme is: Blue (hydrophobic): A, I, L, M, F, W, V; Red (positive charge): K,
R; magenta (negative charge): E,D; Green (polar): N, Q , S, T; Pink: C; Orange:
G; Yellow: P; Cyan (Aromatic): H, Y. Blue lines, extracellular; Red lines,
intracellular; Dashed lines: HL (only part of the HL sequences are shown).
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