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CHAPTER 8 Plant GT expression

Abstract

Much of the carbon captured by photosynthesis is converted into the polysaccharides that
constitute plant cell walls. These complex macrostructures are composed of cellulose, hemi-
cellulose, and pectins, together with small amounts of structural proteins, minerals, and in
many cases lignin. Wall components assemble and interact with one another to produce dy-
namic structures with many capabilities, including providing mechanical support to plant
structures and determining plant cell shape and size. Despite their abundance, major gaps
in our knowledge of the synthesis of the building blocks of these polymers remain, largely
due to ineffective methods for expression and purification of active synthetic enzymes for
in vitro biochemical analyses. The hemicellulosic polysaccharide, xyloglucan, comprises
up to 25% of the dry weight of primary cell walls in plants. Most of the knowledge about
the glycosyltransferases (GTs) involved in the xyloglucan biosynthetic pathway has been de-
rived from the identification and carbohydrate analysis of knockout mutants, lending little in-
formation on how the catalytic biosynthesis of xyloglucan occurs in planta. In this chapter we
describe methods for the heterologous expression of plant GTs using the HEK293 expression
platform. As a demonstration of the utility of this platform, nine xyloglucan-relevant GTs from
three different CAZy families were evaluated, and methods for expression, purification, and
construct optimization are described for biochemical and structural characterization.

Introduction

The plant cell wall is a complex matrix that is largely composed of polysaccharides,
including cellulose, hemicelluloses, and pectin. The synthesis of these polysaccha-
rides involves the coordinated action of Leloir glycosyltransferases (GTs), which
catalyze the formation of glycosidic bonds by transferring sugars from activated
nucleotide-sugar donors (termed glycosyl donors) to a saccharide, protein, lipid,
DNA or other acceptor molecule (Rini & Esko, 2015). GTs have been classified into
sequence-based families in the carbohydrate-active enzyme (CAZy) database
(Lombard, Golaconda Ramulu, Drula, Coutinho, & Henrissat, 2014). Due to the
complexity and structural diversity of the hemicelluloses and pectins present in plant
cell walls, their biosynthesis requires the participation of many GTs that function
together and with other enzymes to form complex synthetic pathways, many of
which remain poorly understood.

Hemicelluloses are structurally diverse, and generally consist of a p-1,4-linked
glycosyl backbone that is often, but not always, decorated with glycosyl and/or acetyl
substituents. The common types of hemicelluloses found in plants include xyloglu-
can, xylans, mixed-linkage p-(1 — 3,1 —4)-glucans, and mannans (Scheller &
Ulvskov, 2010). Xyloglucan is the major hemicellulose present in the primary cell
walls of dicots. The basic structure of xyloglucan consists of a linear backbone of
B-1,4-linked p-glucan regularly substituted with a-1,6-linked p-xylose. The xylosyl
residues can be further decorated with mono and disaccharides, and the structure of
these sidechains is often variable across species and even within different tissues
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of the same plant (Tuomivaara, Yaoi, O’Neill, & York, 2015). Xyloglucan is syn-
thesized in the Golgi through the concerted actions of GTs with different acceptor
and donor specificities. The importance of hemicelluloses is realized outside of the
plant cell wall as well, as they are some of the most abundant biopolymers on Earth
and act as dietary fiber for humans, confer useful rheological properties in the food
industry, and are used as natural gelling agents, sugar substitutes, coating agents,
and sources of high-value molecules (Saha, 2003). In order to fully valorize plant
biomass for use as a renewable industrial feedstock, it is critical to better understand
how we can synthesize and modify cell wall polysaccharides. However, in order to
study the molecular pathways involved in the synthesis of plant cell walls, robust
workflows to probe these biocatalysts in vitro are required.

Extensive studies of xyloglucan structural variants isolated from different plant
species have demonstrated that the different sidechains on the xyloglucan backbone
are reliably repeated every four to five backbone residues. Thus, to simplify the rep-
resentation of xyloglucan structures, a single-letter nomenclature was developed,
yielding a code that conveys the structure of a xyloglucan repeating unit (Fry
et al., 1993). For example, most vascular plants contain XXXG-type xyloglucan
composed of XXXG, XXFG, XXLG, or XLFG units. Here, the letter G represents
an unsubstituted backbone f-pD-glucose, X represents a glucose backbone residue
substituted with an a-1,6-linked p-xylose, L represents a -1,2-linked p-galactose at-
tached to an X sidechain, and F represents an «-1,2-linked L-fucose attached to an
L sidechain (Fig. 1B). To date, 19 different XyG sidechain structures have been
identified (Tuomivaara et al., 2015).

The GTs involved in synthesis of xyloglucan have been identified by a com-
bination of biochemistry and plant reverse genetics. In the model species Arabi-
dopsis thaliana, previous studies have shown that XYLOGLUCAN XYLOSYL
TRANSFERASE!1 (XXT1), XXT2, and XXT5 are a-1,6-xylosyltransferases that
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FIG. 1

Schematic of a primary cell wall where xyloglucan is the main hemicellulose (A) and a
fucosylated XLFG subunit characteristic of XXXG-type xyloglucan from dicots (B).
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add xylose to the -1,4-glucan backbone produced by members of the CELLULOSE
SYNTHASE-LIKE C (CSLC family; Cocuron et al., 2007). XXTs are retaining GTs
from GT34 that adopt a GT-A fold (Culbertson, Ehrlich, Choe, Honzatko, &
Zabotina, 2018; Faik, Price, Raikhel, & Keegstra, 2002). From there, galactosylation
of the two central X sidechains can be performed by two p-(1,2)-galactosyltrans-
ferases: XYLOGLUCAN L-SIDE CHAIN GALACTOSYLTRANSFERASE POSI-
TION 2 (XLT2) and MURUS3 (MUR3). Based on genetic experiments, XLT2
(Jensen, Schultink, Keegstra, Wilkerson, & Pauly, 2012) and MUR3 (Madson
et al., 2003) proteins regiospecifically add galactose to the second and third xylosyl
residues within the XXXG core structure, generating XLXG and XXLG, respec-
tively. In specialized cell types such as the root hairs of Arabidopsis thaliana, a
unique acidic xyloglucan is synthesized that contains galacturonic acid (GalA)
in place of Gal, and these sidechains are designated by the letter Y in the single-
letter nomenclature. Genetic experiments have demonstrated the involvement of
XYLOGLUCAN-SPECIFIC GALACTURONOSYLTRANSFERASE (XUT1) in
the formation of the P-p-galactosyluronic acid-(1 — 2)-a-p-xylosyl linkage at the
O,-position to the first or third xylosyl residue within the XXXG core structure
(Pena, Kong, York, & O’Neill, 2012). XLT2, MUR3, and XUT1 are inverting
GTs from GT47, and there are no structural determinations of representatives from
this family. Finally, FUCOSYLTRANSFERASEI1 (FUT1) can fucosylate the galac-
tose in the third sidechain from the non-reducing end (XXLG) to produce an
F sidechain (XXFG) (Faik et al., 2000). Structural analysis of FUT1 determined that
it adopts the glycosyltransferase B (GT-B) fold, is metallo-independent, and uses an
atypical water-mediated fucosylation mechanism (Rocha et al., 2016; Urbanowicz
et al., 2017).

Despite genetic approaches facilitating an understanding of these and other bio-
synthetic enzymes, it is necessary to utilize heterologously expressed enzymes to val-
idate that syntheses of specific glycosidic linkages are catalyzed by specific GTs
(Amos & Mohnen, 2019). Many plant GTs predominantly function in membrane-
bound complexes within the Golgi, and as such have been challenging to express,
purify, and biochemically characterize using traditional approaches. Heterologous
expression of GTs has mostly been accomplished through expression of the soluble
portion of the protein containing the catalytic domain(s) and lacking the membrane
anchored region (Fig. 2). One of the most popular systems for protein expression
is E. coli. However, E. coli lacks the necessary biosynthetic machinery required
for proper assembly, folding, and glycosylation to generate many functional eukary-
otic proteins. This obstacle is broadly avoided by heterologously expressing GTs in
eukaryotic expression systems such as yeast, insect cells, transgenic plants, or mam-
malian cells (Gupta, Dangi, Smita, Dwivedi, & Shukla, 2019). The utilization of
mammalian-cell expression platforms is advantageous compared to the other systems
due to better expression of glycosylated proteins with high yields. Of these, Chinese
hamster ovary (CHO) and human embryonic kidney 293 cells (HEK293) have been
widely used for protein production for structural biology (Bussow, 2015; Cuozzo &
Soutter, 2014; Dyson, 2016; Geisse & Fux, 2009; Geisse & Voedisch, 2012;
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Schematic representation of a type-Il membrane anchored glycosyltransferase.

(A) Schematic of Arabidopsis thaliana FUCOSYLTRANSFERASE 1 (FUT1) depicts the amino-
terminal cytoplasmic region (pink), the predicted transmembrane domain (amino acids
41-63, shown in aqua blue; TMHMM Server v. 2.0), and the lumenal catalytic domain
(residues 81-552). The structure of the catalytic domain (92-558 residues) of FUT1
structure is shown (5KOE) and the amino-terminal region where no structural information is
available is depicted as a disordered structure for representation purpose only. An XXLG (in
green) oligosaccharide is shown in the active site of FUT1.

He, Wang, & Yan, 2014; Jain et al., 2017; Owczarek, Gerszberg, & Hnatuszko-
Konka, 2019; Wang & Lomino, 2012). HEK293F cells in particular have recently
gained further momentum for heterologous gene expression as they are easy to grow
and maintain as a suspension culture in serum-free medium, are simple to transfect,
and express reproducible levels of protein from small scale flasks to large fermenters
(Nettleship et al., 2015; Nigi, Fairall, & Schwabe, 2017). Glyco-engineered insect
cells also provide alternative methods to express glycosylated proteins, particularly
single large-domain proteins, integral membrane proteins, or proteins that require
chaperones (Geisler, Mabashi-Asazuma, & Jarvis, 2015; Jarvis, 2009; Kost,
Condreay, & Jarvis, 2005; Trometer & Falson, 2010).

Given the inherent complexity of xyloglucan and the number of GT families in-
volved in its synthesis, xyloglucan biosynthetic enzymes are ideal candidates to show-
case methods for expression and purification of plant GTs in HEK293 cells. The
robust HEK293 protein expression system advanced by Moremen and coworkers
at the University of Georgia (Moremen et al., 2018) has been used to heterologously
express several plant enzymes, including GTs (Jensen et al., 2018; Ruprecht,
Dallabernardina, Smith, Urbanowicz, & Pfrengle, 2018; Urbanowicz et al., 2017,
Urbanowicz, Pefia, Moniz, Moremen, & York, 2014), GT complexes (Amos et al.,
2018), polysaccharide modifying enzymes (Urbanowicz et al., 2014), and plant lectins
(Muchero et al., 2018). Previously, we have applied this methodology to identify and
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characterize challenging and novel pectin biosynthetic enzymes (Amos et al., 2018;
Voiniciuc et al., 2018), study the enzymatic characteristics of protein complexes
(Amos et al., 2018), and determine enzyme structure and mechanisms (Amos &
Mohnen, 2019; Amos et al., 2018; Urbanowicz et al., 2017, 2014). Here, we describe
methods for heterologous expression and purification of plant GTs for biochemi-
cal and structural analyses using nine xyloglucan biosynthetic enzymes from three
different CAZy families as a proof of concept.

Methods

Materials, equipment, and reagents

Freestyle™ 293 expression medium (ThermoFisher Cat. No. 12338026), Ex-cell 293
serum-free medium (Sigma Cat. No. 14571C), polyethylenimine (PEI; Polysciences
Inc. Cat. No. 23966), valproic acid (VPA; Sigma Cat. No. P4543), 500mL Erlenmeyer
flasks (Corning), a biological safety cabinet II, a platform shaking (150 rpm) incubator
(37°C) with humidity (85%) and CO, (5%), Countess™ automated cell counter
(ThermoFisher), Trypan Blue Stain (0.4% Catalog number: T10282), NaCl, HEPES,
imidazole, glycerol (Sigma), 47 mm membrane filters (0.45 pm, Millipore), ultrafiltra-
tion membranes (preferably polyethersulfone (PES)) with 10-kDa molecular weight
cut off (Millipore), 10% Tris-glycine SDS polyacrylamide gels and electrophoresis
chamber (NuPAGE, ThermoFisher Scientific; Mini-PROTEAN®, Bio-Rad), electro-
phoresis power supply, Ni-NTA Resin (GE Healthcare), HisTrap HP columns (GE
Healthcare), Sephadex G-75, diafiltration devices (Millipore), peristaltic pump, liquid
chromatography system in a cold cabinet with a fraction collector (NGC Chroma-
tography System, Bio-Rad; AKTA pure, Cytiva), Pierce™ BCA Protein Assay Kit
(ThermoFisher Scientific), SDS-PAGE Gel Running units with power pack, 4 x
Laemmli Sample Buffer (Bio-Rad) with reducing agent (dithiothreitol is preferred
for storage), EZNA® Plasmid Mini Kit (Omega Bio-tek), and Amicon ultrafiltration
cells (Millipore) were obtained from the specified vendors. For chromatography buffer
preparation a glass filtration assembly is recommended comprised of the following
components: a coarse porosity fritted glass filter support base with a ground glass
connection (47 mm, Wheaton) with a fitted silicone stopper, regenerated cellulose
membrane filters (47mm, 0.45um pore size, Whatman), an aluminum clamp
(Wheaton), a 250-500mL glass funnel (Wheaton), a 1L vacuum flask, a rubber
stopper, and a vacuum source.

Cloning and construct design

Cloning was performed as previously described (Moremen et al., 2018) for expres-
sion of human GTs in HEK293 cells. GTs from three different CAZy GT families
involved in the synthesis of xyloglucan sidechain structures in Arabidopsis thaliana,
including FUT1 (At2g03220, GT37), MUR3 (At2g20370, GT47), XLT2 (At5g62220,
GT47), XUT1 (Atlg63450, GT47), XXT1 (At3g62720, GT34), XXT2 (At4g02500,
GT34), XXT3 (At5g07720, GT34), XXT4 (Atlgl8690, GT34), and XXT5
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FIG. 3

Schematic representation of a typical construct used for expression of plant GTs. SS, signal
sequence; GFP, green fluorescent protein; TEV-site, recognition sequence of the tobacco
etch virus (TEV) protease; ORF, open reading frame.

(At1g74380, GT34) were used in this study. Final pGEn2 expression constructs are
designed to encode for a fusion protein comprised of an NH,-terminal signal sequence
(SS), an 8 x His-tag, an Avi-tag recognition site, “superfolder” GFP, and the recog-
nition sequence of the tobacco etch virus (TEV) protease in frame with respect to the
OREF of the catalytic domain sequence (Fig. 3).

Clone the truncated coding sequences by amplifying the region encoding the cat-
alytic domain (includes all or part of the predicted stem region) by PCR (referred to
as PCR1) using Phusion® High-Fidelity DNA Polymerase (NEB) and Arabidopsis
thaliana cDNA as template with the primers indicated in Table 1. A#B sites are
added to PCR1 products by a second PCR reaction (called PCR2) using universal
primers and the PCR1 product as template. Gel purify the completed attB-PCR prod-
ucts using the NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel) and clone into
pDONR221 (ThermoFisher Scientific) using Gateway BP Clonase II Enzyme Mix
(ThermoFisher Scientific) according to the manufacturer’s instructions. Screen re-
sultant colonies to identify positive transformants by colony PCR and confirm
by sequence analysis using M13 universal primers: M13 (-20) Forward and M13
Reverse (ThermoFisher Scientific). Generate expression clones by recombining
the entry clones into pGEn2-DEST (Moremen et al., 2018) using Gateway LR
Clonase II Enzyme Mix (ThermoFisher Scientific) and confirm by colony PCR
using restriction fragment analysis.

DNA isolation and preparation

For transfection, purify plasmids using the PureLink HiPure Plasmid Filter Maxiprep
Kit (ThermoFisher) according to the manufacturer’s instructions with the following
modifications. For Maxiprep-scale DNA isolation (~1-1.5mg) of pGEn2-based
constructs, inoculate 300-500mL of LB media supplemented with ampicillin
(100mg/L) in a 2L baffled flask with an overnight culture and grow for 16h. Use
the bacterial pellet from 250 mL for DNA isolation. After treating the final DNA pel-
let with 80% ethanol, carry out all steps under sterile conditions in a laminar flow
hood. Dissolve the ethanol washed DNA pellet in 500 pL cell culture grade sterile
water (Corning), not TE buffer. To verify sterility of DNA prior to transfections,
add 10pL of the DNA in solution, or sterile water as a control, to 1 mL of LB broth



Table 1 List of primers used to amplify genes in this study.

Gene

FUT1

MUR3

XLT2

XUTH

XXT1

XXT2

XXT3

XXT4

XXT5

OptXLT2

Optv2XLT2

Universal Primer 1

Universal Primer 2

Details

AtFUT1_81F
AtFUT1_558R?
AtMUR3 57F
AtMURS 619R
AtXLT2 91F
AtXLT2 517F
AtXUT 105F
AtXUT 661R
AXXT1AA51F?
AXXT1 AA457RP
AXXT2 AA48F
AXXT2 AA462R
AIXXT3 AA71F
AIXXT3 AA457R
AXXT4 AAB2F
AXXT4 AA509R
AtXXT5 AA71F
AXXT5 AA457R
OptXLT2 92F
OptXLT2 517R
OptXLT2 103F
OptXLT2 517R

Primer sequence 5'-3'

AACTTGTACTTTCAAGGCGGAGTTTTCCCAAATGTTA
ACAAGAAAGCTGGGTCCTATACTAGCTTAAGTCCCCA
AACTTGTACTTTCAAGGCAGTAACATTGATAAACAGC
ACAAGAAAGCTGGGTCCTACTGTGTCTTATCTCTCTG
AACTTGTACTTTCAAGGCGTCACCACCACCGTCACA
ACAAGAAAGCTGGGTCCTATCTCCATTTGTACCATTTCTC
AACTTGTACTTTCAAGGCAAGCTCACTGACCTTTAT
ACAAGAAAGCTGGGTCCTATGCAATCTTCTTGAATAAAC
AACTTGTACTTTCAAGGCATCGAGGAGATCCGTGAG
ACAAGAAAGCTGGGTCCTACGTACTAAGCTTGGCCG
AACTTGTACTTTCAAGGCGAGCAAGATCTTGACGAG
ACAAGAAAGCTGGGTCCTAGTACAAACCAATCAAGTT
AACTTGTACTTTCAAGGCAACTTCGGAACTTCCGAC
ACAAGAAAGCTGGGTCCTAGCTTCGTGCTTCAATCTT
AACTTGTACTTTCAAGGCATCCGTGTTGGGAACCTT
ACAAGAAAGCTGGGTCCTACATGTGCATTCTTCGAAT
AACTTGTACTTTCAAGGCGGTAACCTAGGAAGCTCA
ACAAGAAAGCTGGGTCCTAGTTCTGTGGTTTGGTTTC
AACTTGTACTTTCAAGGCACCACAACTGTGACCAC
ACAAGAAAGCTGGGTCCTACCTCCACTTATACCA
AACTTGTACTTTCAAGGCGCTGCATCTAGTAACC
ACAAGAAAGCTGGGTCCTACCTCCACTTATACCA

GGGGACAAGTTTGTACAAAAAAGCAGGCTC
TGAAAACTTGTACTTTCAAGGC

GGGGACCACTTTGTACAAGAAAGCTGGGTC

The primers were designed to amplify the amino acid (AA) residues according to the full-length peptide sequence indicated by the numbering in the primer name.
Underlined sequences denote the partial attB adapter sequences appended to the primers used in the first round of PCR amplification, and the bold sequence

indicates the inserted STOP codon

@Primers are published in Dallabernardina et al. (2017).
bPrimers equivalent to FUT1_pDONR_GS-F and FUT1_pDONR_GS-R from Urbanowicz et al. (2017).
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in a culture tube, shake at 250 rpm overnight at 37 °C, and check for bacterial growth.
Clear cultures indicate that the DNA is sterile. Dilute DNA 1:10 in sterile water and
quantify its concentration using a NanoDrop Microvolume Spectrophotometer
(ThermoFisher).

Note: When larger quantities of DNA (~10-15mg) are needed, the PureLink™
HiPure Expi Plasmid Gigaprep Kit (ThermoFisher) can be used. All procedures are
the same as those above using 2.5L of an overnight bacterial culture, and the final
pellet is resuspended in 2mL of cell culture grade water.

Transfection

1. Grow and maintain HEK293F cells at 0.5-3.0 x 10° cells/mL in a humidified
CO, platform shaker incubator at 37 °C in Freestyle 293 expression medium
(ThermoFisher). Check cell density and viability daily using a Countess
automated cell counter (ThermoFisher) by mixing 10pL of sample with 10 L
of trypan blue according to the manufacturer’s instructions. Perform
transfections only when culture viability is >95%.

2. Two days before transfection, seed HEK293F cells at a cell density of
1.0 x 10° cells/mL in Freestyle 293 expression medium.

3. Day of transfection—Count cells using an automated cell counter and calculate
the total number of cells required for a SOmL (for 100mL transfection, you
require 50mL of cells) transfection using the following formula:

2.5 x10° x Final volume

Total cells required = Cell count

4. Spin cells at 330 x g for 10 min at room temperature and resuspend cells in 50mL
fresh Freestyle 293 expression medium.

Note: Resuspension in fresh media prior to transfection is critical.
Conditioned medium contains metabolites that inhibit transfection.

5. Remove medium from the cell pellet and resuspend the pellet in 50mL of fresh
Freestyle 293 expression medium.

6. Add plasmid DNA to the cells at a final concentration of 4 pg/mL of transfection
volume and swirl to mix the DNA. Return the flask to the shaker platform in the
incubator for 5min.

7. Add polyethylenimine (PEI) to a final concentration of 9 pg/mL of transfection
volume and swirl the culture to mix the PEI, return the flask to the shaker
platform in the incubator.

8. After 24h, dilute the cells 1:1 with (50 mL for a 100 mL transfection) pre-warmed
(37°C) 9:1 Freestyle 293 expression and Ex-cell 293 serum-free medium
supplemented with valproic acid (VPA) to a final concentration of 2.2 mM.

Note: No further media supplementation is required for the duration of the
transfection.

9. Return the culture flask(s) to the CO, incubator on the orbital shaker. Harvest the
transfected cells 6 days after transfection.
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Estimation of protein production

The incorporation of the “superfolder” GFP (sfGFP) domain has been shown to im-
prove protein production and secretion for several mammalian GTs tested in both
human and insect cell culture expression systems (Moremen et al., 2018). The
pPGEn2 vector was selected for expression of Golgi-localized plant GTs that are pre-
dicted to be single pass Type-II transmembrane proteins. Genes cloned into pGEn2
are NH,-terminal GFP fusion proteins constructed by replacing the predicted NH,-
terminal transmembrane domains of candidate GTs. In addition to its positive effect
on fusion protein solubility, sSfGFP as a fusion partner facilitates protein quantitation
during expression and purification, aiding in estimation of the total amounts of
protein produced and secreted into the extracellular medium.

1. Six days after transfection, transfer 100 pL of the culture into a 96-well black
flat bottom polystyrene microplate. This is referred to as the Media+ Cells
fraction (Fig. 4), and represents total protein expression.

2. Transfer 200 pL of the culture to a 1.5 mL microcentrifuge tube and centrifuge at
150 x g for Smin, then carefully transfer the supernatant to a new tube and
centrifuge again at 1500 x g. Next, transfer 100 pL of the supernatant
(extracellular medium) into a well of a 96-well black flat bottom polystyrene
microplate, being careful not to introduce any bubbles. This is referred to as the
Media fraction (Fig. 4) and represents total secreted stGFP-fusion protein.

1600 p
1400 }
1200 }
)
< 1000 }
[
(%)
[
S 800 }
w
(
S
2 600 |
400 }
200 }
0
XXT4
[ Media + Cells| 386 301
S Media 391 146
FIG. 4

Expression and secretion of GTs involved in xyloglucan biosynthesis as measured by sfGFP
fluorescence.



2 Methods 155

3. Measure fluorescence of the Media+ Cells and the Media fractions at 515nm
emission (excitation at 450nm) using a microplate reader equipped to measure
fluorescence, such as a BioTek Synergy H1 Hybrid Multi-Mode Reader (Fig. 4).

4. Using a standard curve of purified sfGFP, which can be generated by expression
of the empty pGEn2-DEST vector and purification of the 8 x His-tagged
“superfolder” GFP protein, it was estimated that 13.1 Fluorescent Units (FU)
represents 1 mg/L of fusion protein. Results will vary on different plate readers;
thus, this value should be empirically determined by comparing the florescence
value to the concentration of a protein standard curve calculated by another
method, such as a BCA assay.

5. Estimate the amount of the protein with the following formula.

Measured Media Fluorescence
13.1

Estimated amount of protein in the media inmg /L =

Note: This method can also be used to check and optimize protein production by
aseptically removing 100 pL aliquots from transfected cultures at 24 h intervals, clar-
ifying the media by centrifugation, and analyzing by SDS-PAGE and/or fluorescence
measurement to determine the optimal time needed for expression.

Purification of heterologously expressed protein from
extracellular media

Prepare three buffers for purification of recombinant proteins. All buffers used for
chromatography must be filtered and degassed. Filter solutions using a setup com-
prised of a coarse porosity fritted glass filter support base (Wheaton) topped with a
regenerated cellulose membrane filter (47 mm, 0.45 pm pore size, Whatman) clasped
with an aluminum clamp (Wheaton) to a 500mL glass funnel (Wheaton) that is
fitted onto a 1 L vacuum flask attached to vacuum source via a non-collapsible rubber
hose. Transfer buffer to upper glass funnel and filter into the vacuum flask by apply-
ing low vacuum. Remove filtration device, add a stir-bar, seal top of flask with rubber
stopper, attach vacuum hose to sidearm of vacuum flask, turn on vacuum to low, and
stir solution on a stir plate (100rpm) to promote release of gases for 60min to
overnight. Degassing is complete when it no longer appears to “boil.” Chill buffers
to 4 °C prior to use.

1. 10 x Buffer A: 500mM HEPES free acid, 4M NaCl, and 200mM Imidazole,

pH 7.2

Buffer A: 50mM HEPES free acid, 400mM NaCl, and 20mM Imidazole,
pH 7.2

Buffer B: 50mM HEPES free acid, 400mM NaCl, and 500 mM Imidazole,
pH 7.2

Note: Proper preparation of buffers is critical for chromatography
experiments. Dissolved gases in buffers can come out of solution (outgas) and
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form bubbles within the resin bed, interfering with column function and resulting
in decreased binding capacity and elution efficiency.

2. Harvest extracellular medium 6 days post-transfection by sequential
centrifugation at 377 x g for 15min, 2683 x g for 15min, and 22,100 x g for
30min at 4°C to remove any remaining cellular debris and larger aggregates.
Corning™ 250 mL polypropylene (PP) centrifuge tubes or equivalent are ideal for
applications requiring large volume centrifugation. All samples must be kept
on ice.

3. Measure the total volume of supernatant, and slowly add 10 x Buffer A to reach a
final concentration of 1 x. For example, for 90mL of cell culture supernatant,
10mL of 10 x Buffer A would be added to reach a final concentration of
1 x, which is referred to as buffer-adjusted extracellular media. Pass
buffer-adjusted extracellular media through a 5-pm cellulose filter
(Pall Corporation, https://www.pall.com) followed by a 0.45-pm filter
(Pall Corporation, https://www.pall.com).

Note: This filtration step is critical to avoid damaging or locking up
chromatography columns in the next steps.

4. IMACI purification: Carry out small scale purification of 8 x-His-tagged fusion
proteins from buffer-adjusted extracellular media with a HisTrap HP
(1mL column volume (CV); GE Healthcare) prepacked column on an AKTA
Pure 25L protein purification system (GE Healthcare) using a step gradient.
Maintain the flow rate at I mLmin~ ' throughout the purification. If large scale
purification is required, a HisPrep FF 16/10 column (20 mL CV; GE Healthcare)
can be used by adjusting the protocol scheme according to the recommended
CV values with flow rates of up to 4 mL min " (recommended). To eliminate the
possibility of protein contamination, purification of different enzymes or
enzyme variants should be carried out on individual columns.

Note: For new columns, it is important to perform a blank run to remove
any weakly bound Ni** ions. Wash columns in line at 1 mL min~' beginning with
5 CV of water, followed by 5 CV of 100% Buffer A, followed by a linear
gradient of Buffer A to 100% Buffer B for 5 CV. Then, wash the columns with
100% Buffer B for 5 CV, followed by a linear gradient of 100% Buffer B to
100% Buffer A in 5 CV, prior to re-equilibrating with Buffer A.

Note: Columns can be washed with water containing 0.04% (w/v) sodium
azide and stored at 4 °C in 20% ethanol between uses.

5. For purification, all steps are carried out at 1 mL min~"'. Load adjusted media onto
a HisTrap HP column pre-equilibrated with at least 5 CV Buffer A. Wash
and elute the column with a step gradient of 5 CV per condition, consisting of
three sequential wash steps of 0%, 10%, and 20% Buffer B, followed by two
elution steps of 60% and 100% Buffer B (Fig. 5). Fractions containing GFP
fluorescence (typically 60% Buffer B elution fractions), which will also be
visibly green in natural light, represent those containing the target fusion protein.

6. After purification, take 30 puL aliquots of adjusted media, flow-through, wash,
and eluted fractions and dilute each with 10pL of 4 x Laemmli sample buffer
(Bio-Rad) containing reducing agent. Heat the mixed samples at 95 °C for 6 min


https://www.pall.com
https://www.pall.com
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*Pass 5 CV of Buffer A.

Equilibration

*Add 1/10 volume of 10X Buffer A to clarified extracellular media.
sFilter through a 5 pm and .45 pm filter to remove any precipitants.

media

eLoad buffer adjusted extracellular media.
Loading

*10 CV of Buffer A.
Wash *5 CV of 10% of Buffer B and 5 CV of 20% of Buffer B.

*5 CV of 60% Buffer B.
cution | *D CV of 100% Buffer B.

*5 CV of Buffer B.
Equitibration| *9 CV of Buffer A.

FIG. 5
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Flow chart for protein purification on a HisTrap HP (1 mL).

and centrifuge at 12,500 x g for 2min before performing SDS-PAGE to assess
protein purity (Fig. 6).

. Dialysis and buffer exchange: Further concentrate eluted protein from the
IMACT step to approximately 2mg/mL using a 5 mL Amicon concentrator with a
10-kDa molecular weight cutoff. At this point, if necessary, the protein can

be further purified using the size exclusion chromatography protocol described in
step 5 in Section 2.7 or exchanged into a new buffer for biochemical analysis
or storage in step 8.

. Exchange the protein buffer in 75 mM HEPES sodium salt pH 6.7 via dialysis
(3.5kDa MWCO) overnight in 500mL of cold buffer at 4 °C stirring at 100 rpm.
Decant buffer and replace with 500mL of fresh cold (4 °C) buffer and
continue dialysis for an additional 2—4h an additional two times. Dialyzed
samples are ready to use for assays or flash frozen.

Note: Buffer conditions for dialysis and storage must be empirically
determined for each protein.

Note: Do not use regenerated cellulose dialysis membranes when working
with glycoside hydrolases that cleave -1,4-glycosidic linkages.
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FIG. 6

IMAC1 purification of XyG glycosyltransferases. AKTA UV chromatogram (left) and
SDS-PAGE of the eluted fractions to assess protein purification (right). Color code: unbound
protein (red), wash (green), wash with 10% Buffer B (purple), wash with 20% Buffer

B (light blue), elution with 60% Buffer B (orange), elution with 100% Buffer B (dark blue).
UV is shown in milli-absorbance (mA). EM, FT, W1, E1, E2, and M represent

extracellular media, flow through, wash (20% of Buffer B), elution (60% of Buffer B), elution
(100% of Buffer B) and marker, respectively.

2.7 De-glycosylation and NH,-terminal tag removal

X-ray crystallography is currently the most favored technique for studying detailed
molecular interactions of acceptors and donors with GTs, such as those involved in
xyloglucan biosynthesis. In this scheme, the NH,-terminal tags are removed via
cleavage by the tobacco etch virus (TEV) protease (Wu et al., 2009), which recog-
nizes the amino acid sequence Glu-Asn-Leu-Tyr-Phe-GIn-(Gly/Ser) and cleaves be-
tween the Gln and Gly/Ser residues (Fig. 3). For structural biology, GTs are
expressed in HEK293S GnTI- cells (ATCC® CRL-3022™), which limit
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N-glycosylation to MansGlcNAc, structures. To further reduce protein complexity
for structural analyses, N-glycans are cleaved with endoglycosidase F1 (EndoFl1;
Tarentino, Gomez, & Plummer, 1985), resulting in a single GIcNAc residue at the
glycosylation site.

1. Both TEV and EndoF are heterologously expressed in E. coli and contain 8 x -His
tags, and thus can be generated in-house and purified using Ni-NTA
(Moremen et al., 2018; Tarentino et al., 1985; Wu et al., 2009). Purified enzymes
are buffer exchanged into 50mM HEPES, pH 8.0, 100mM NacCl and 10%
glycerol, flash frozen, and stored at —80°C for further use.

2. Pool enzymes eluted in the 60% B fractions from IMACI, concentrate to
3mg/mL, and exchange buffer to 50mM HEPES buffer, pH 7.5 and 300 mM
NaCl via dialysis.

3. Mix 10pg of IMACI eluted protein (60% Buffer B elution, step 5 in Section 2.6)
with TEV protease and EndoF in 10:1, 20:1 and 40:1 ratios (by weight) and
incubate at 4 °C for 24-36h followed by 2h at room temperature to determine
the optimum ratio for large scale digestion. Assess the extent of digestion by
SDS-PAGE. The lowest ratio with complete digestion is used for the final
digestion. Incubate the final TEV and EndoF digestion at 4 °C for 24-36h,
followed by 2h at room temperature, and dilute 15-fold with 25 mM HEPES,
300mM NacCl, pH 7.0.

4. IMAC2: To remove the cleaved NH,-terminal fusion tag, His-tagged GFP-TEV
protease, and His-tagged EndoF1, pass the treated sample through a second,
separate IMAC column using the same chromatography scheme described for
IMACTI. In this case, the unbound protein in the flow-through fraction contains
the tag-free target protein, as the His-tag has been removed and the target
protein should no longer associate with the IMAC resin.

5. Size exclusion chromatography: Concentrate fractions containing the tag-free
target protein to ~2mg/mL using a 20 mL Amicon centrifugal filter device before
loading. Load the sample using a SmL syringe loop on a HiL.oad 16/600
Superdex 75 pg (Cytiva) column pre-equilibrated with 50mM HEPES, 400 mM
NaCl, and 20mM Imidazole, pH 7.2. After injecting the sample, run 1.5 CV
of buffer at a flow rate of I mLmin . Collect peak fractions based on absorbance
at 280nm and analyze by SDS-PAGE as previously described.

Considerations for optimization

In this chapter, a suite of GTs involved in xyloglucan biosynthesis were used as an
example to showcase optimized methods for heterologous expression of plant pro-
teins in HEK293 cells and associated downstream purification protocols. All of the
vectors described throughout this chapter, thus far, were constructed using unmodi-
fied plant coding sequences amplified from cDNA templates. However, not all con-
structs display medium to high levels of expression and/or secretion using our initial,
more conservative schema. For high-value targets, construct optimization can often
result in improved protein secretion and increased efficiency of NH,-terminal tag

.
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removal for biochemical and structural studies. In our lab, we follow a general
optimization strategy that is illustrated below using the xyloglucan galactosyltrans-
ferase XLT2 as an example. As a reference, the first round of expression using
the original XLT2 construct (GFP-OriXLT2) resulted in expression of 34.5mg/L
(452 FU) of secreted protein based on GFP fluorescence (Fig. 5).

As a first pass, we generally clone the ORF directly from cDNA generated from
the plant species of interest to generate expression constructs. In some cases, these
constructs do not perform well, and we have found that generating new constructs via
commercial gene synthesis with codon optimization for human cells often, but not

GFP-OptXLT2 :TEV (1:5)
GFP-OptXLT2 :TEV (1:10)
GFP-OptXLT2 :TEV (1:20)

| GFP-Optv2XLT2 :TEV (1:10)

| GFP-Optv2XLT2 :TEV (1:20)

GFP-Optv2XLT2

GFP-OptXLT2
| GFP-Optv2XLT2 :TEV (1:5)

250 kb

100 kb

50 kb

25 kb

FIG. 7

SDS-PAGE of TEV protease cleavage of GFP-OptXLT2 and GFP-Optv2XLT2. Cleavage of the
NH,-terminal 8 x-His-sfGFP tag (MW 29kDa) is carried out by treatment of GFP-OptXLT2
and GFP-Optv2XLT2 with different ratios (fusion protein:TEV) of TEV protease (right). Data
indicate that GFP-Optv2XLT2 is more susceptible to TEV cleavage, apparent as the
appearance of a protein band (27 kDa) consistent with the size of NH,-terminal 8 x-His-
sfGFP tag. In contrast, little to no cleavage of the NHx-terminal 8 x -His-sfGFP tag is observed
after TEV treatment of GFP-OptXLT2, indicating that the GFP-OptXLT2 fusion protein is
resistant to cleavage by TEV.
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always, results in improved levels of expression and/or secretion. In this example, a
codon optimized version of the full-length ORF of XLT2 (henceforth referred to as
OptXLT2) was synthesized by a commercial supplier (GenScript) using their
in-house codon optimization parameters and used as a PCR template to generate dif-
ferent truncation variants. The presence and location of transmembrane domain(s)
can be predicted using servers like TMHMM 2.0 (Krogh, Larsson, von Heijne, &
Sonnhammer, 2001) or the ARAMEMNON plant membrane protein database
(Schwacke et al., 2003). Using the AramTmCon prediction in ARAMEMNON,
XLT2 has three potential transmembrane domains spanning the following amino
acid regions with the probability indicated in parentheses: 50-70 (0.94), 82-102
(0.16), and 205-225 (0.34). Two truncation variants were generated using the opti-
mized gene sequence: XLT2%% (GFP-OptXLT2) and XLT2%'* (GFP-Optv2-
XLT2). XLT24%% was designed in between the first two hydrophobic patches, while
XLT2%'%% was designed to bypass both NH,-terminal hydrophobic regions. Fluores-
cence intensity of the secreted GFP-OptXLT2 and GFP-Optv2XLT2 was measured
at718 and 518 FU (HEK293S cells), which is nearly a 59% and 14% increase relative
to GFP-OriXLT2, respectively.

As stated earlier, the NH,-terminal tag is cleaved via TEV protease for further
studies, such as crystallography. There are several routes we have used to increase
TEV cleavage efficiency of resistant constructs, including truncation of the stem re-
gion, adding linkers, or moving a NH,-terminal GFP to the C-terminus of the ORF.
The first route we pursued was to design and evaluate different truncation variants
in the stem region. As visualized by SDS-PAGE, GFP-OptXLT2 (XLT2%%?) is
resistant to TEV cleavage at all tested ratios, while the slightly more truncated var-
iant, GFP-Optv2XLT2 (XLT24'%), is highly susceptible even at the lowest XLT2:
TEV ratio of 1:20 (Fig. 7).

Conclusions

The Arabidopsis genome alone encodes more than 1200 carbohydrate-active en-
zymes, including 561 GTs (nearly 2% of total genes) distributed across 42 GT fam-
ilies in the CAZy database at the time of publication. Among these GTs, only a select
few have been biochemically characterized due to the historical difficulties associ-
ated with expressing and purifying functional enzymes in vitro, recently reviewed
in detail by Amos and Mohnen (2019). This chapter highlights methods based in
the use of HEK293 cells to express plant GTs relevant to the biosynthesis of xylo-
glucan as an example. The methods laid out herein can facilitate strategies to ex-
press and screen large numbers of uncharacterized GTs and glycoside hydrolases
for functional characterization, and be used to test their importance in the generation
and modification of plant polysaccharide structures.

It is also worth mentioning that not all GTs express in quantities required for
crystallography, or even biochemistry experiments. In these cases, several parame-
ters can be tinkered with to optimize protein expression and secretion, including
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media components, transformation methods, time of harvest, and purification con-
ditions. Unfortunately, despite extensive efforts some protein targets still present
a challenge for recombinant expression and characterization, and require additional
advances in our understanding of the production of functional proteins for down-
stream experiments. Future optimization of expression systems and protocols may
involve, for example, the generation of stable lines, the use of different cell lines
or expression hosts, engineering of new transgenic cell lines, and/or altering fusion
tags or secretion signals to facilitate proper folding and export. However, these chal-
lenges are outside of the scope of this chapter and should be followed up with further
reading and research.
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