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Glycosyltransferases (GTs) are a large family of enzymes that
add sugars to a broad range of acceptor substrates, including
polysaccharides, proteins and lipids, by utilizing a wide vari-
ety of donor substrates in the form of activated sugars. Indi-
vidual GTs have generally been considered to exhibit a high
level of substrate specificity, but this has not been thoroughly
investigated across the extremely large set of GTs. Here
we investigate xyloglucan xylosyltransferase 1 (XXT1), a GT
involved in the synthesis of the plant cell wall polysaccharide,
xyloglucan. Xyloglucan has a glucan backbone, with initial
side chain substitutions exclusively composed of xylose from
uridine diphosphate (UDP)-xylose.While this conserved sub-
stitution pattern suggests a high substrate specificity for
XXT1, our in vitro kinetic studies elucidate a more complex
set of behavior. Kinetic studies demonstrate comparable kcat
values for reactions with UDP-xylose and UDP-glucose, while
reactions with UDP-arabinose and UDP-galactose are over
10-fold slower. Using kcat/KM as ameasure of efficiency, UDP-
xylose is 8-foldmore efficient as a substrate than thenext best
alternative, UDP-glucose. To the best of our knowledge, we
are the first to demonstrate that not all plant XXTs are highly
substrate specific and some do show significant promiscuity
in their in vitro reactions. Kinetic parameters alone likely do
not explain thehigh substrate selectivity inplanta, suggesting
that there are additional control mechanisms operating dur-
ing polysaccharide biosynthesis. Improved understanding of
substrate specificity of the GTs will aid in protein engineer-
ing, development of diagnostic tools, and understanding of
biological systems.

Keywords: Cell wall biosynthesis • Glycosyltransferase
• Polysaccharide biosynthesis • Substrate specificity
• Xyloglucan • Xyloglucan xylosyltransferase

Introduction

Xyloglucan (XyG) is a major hemicellulosic polysaccharide in
the primary plant cell wall that is essential for normal growth

and development. XyG was long thought to confer protec-
tive mechanical properties to the plant, but recent evidence
suggests it is not needed for strength and may play various
roles throughout the plant lifecycle (Kuki et al. 2020). XyG
is most abundant in vascular, flowering plants (Perrin et al.
2003), but has also been detected in ferns, hornworts, liv-
erworts, and mosses (Zabotina 2012). XyG has applications
for biofuels, biomaterials, nutrition, cosmetics, and medicine
(Mcdougall and Fry 1989, Larsbrink et al. 2014, Piqué et al. 2018).
In addition to XyG, other branched polysaccharides with similar
structures and substitutions may have industrial applications,
so understanding and subsequently harnessing the process of
polysaccharide synthesis lends itself to advances in materials
science.

XXXG-type (Fry et al. (1993), has established simple XyG AQ6
abbreviations to describe the substitution patterns found in var-
ious XyGs, with G for unsubstituted D-glucose, X for D-xylose, L
for D-galactose, F for D-fucose, and S for L-arabinose. Branched
polymers are named in theorder of unsubstituted sugars. InXyG
fromArabidopsis thaliana and other XXXG-type XyGs, the com-
mon motifs include XXXG, XXLG, XXFG and XLFG (Pauly et al.
2001, Obel et al. 2009)). XyG is synthesized by a Golgi-localized
multiprotein complex (Chou et al. 2012, 2015) consisting of a
glucan synthase and several glycosyltransferases (GTs; Ray 1980,
Hayashi and Matsuda 1981, Chou et al. 2012). GTs are a super-
family of enzymes that glycosylate a wide variety of substrates
including polysaccharides, proteins, lipids, nucleic acids and
small molecules by adding a sugar moiety from an activated
sugar donor, usually activated by a nucleotide or unsubsti-
tuted phosphate, to an acceptor substrate (Lairson et al. 2008).
XyG is composed of a 1,4-β-linked glucan backbone decorated
with 1,6-α-linked xylose residues, which are added by the GT,
xyloglucan xylosyltransferase 1 (XXT1). Diversity among XyGs
originates in the substitution patterns of the xylose residues
added to the backbone and theGT-catalyzed extension of these
xylose residues by other sugars such as galactose, fucose and ara-
binose (Zabotina 2012, Pauly and Keegstra 2016). Importantly,
during the first step in XyG branching, XXTs always substitute
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native XyGs with xylose residues from UDP-xylose (UDP-Xyl)
even though other UDP-sugars such as UDP-galactose (UDP-
Gal), UDP-glucose (UDP-Glc) and UDP-arabinose (UDP-Ara)
are present in the Golgi and can be utilized in subsequent
synthesis steps (Carpita and Gibeaut 1993, Brett and Waldron
1996). While in planta, it seems logical that XXT1 would have a
high substrate specificity for UDP-Xyl, our in vitro experimental
evidence suggests otherwise.

In the plant GT superfamily as a whole, sugar donor selec-
tion is currently unresolved. The large number of plant GTs
involved in polysaccharide biosynthesis and the high repro-
ducibility of the polysaccharide structures they produce has
suggested they perform with a high level of donor and acceptor
substrate specificity. A few individual studies on plant glycosyl-
transferases have been performed, many for those involved in
plant secondary metabolism. Of these, it has been suggested
that donor substrate specificity may be controlled by the ter-
minal domains of some specific GTs (Meech and Mackenzie
1997, Smith et al. 2020, Ross et al. 2001). For example, in a
glucuronosyltransferase, the N-terminal half was proposed to
be responsible for acceptor substrate specificity (Meech and
Mackenzie 1997). According to a phylogenetic study, the C-
terminal half of GTs could be involved in selecting donor sub-
strates. (Ross et al. 2001, Smith et al. 2020). In contrast, the
XXT1 crystal structure showed most donor substrate contacts
are near the N-terminus, while the acceptor substrate has more
contacts in the C-terminus (Culbertson et al. 2018). GT sub-
strate specificity prediction based on amino acid sequence has
also been investigated, particularly in highly conserved con-
sensus sequences like the PSPG box of secondary metabolic
proteins (Hughes and Hughes 1994, Jones et al. 1999, Vogt and
Jones 2000, Kubo et al. 2004, Osmani et al. 2008). However,
gene alignments have identified regions outside of these con-
sensus sequences that are also involved in substrate specificity
(Vogt and Jones 2000). Another study investigated a pectin-
synthesizing enzyme, AtGALS1, which was shown to be promis-
cuous for UDP-Gal and UDP-Ara in vitro and in vivo (Laursen
et al. 2018). Wewere not able to find any other kinetic studies to
show the extent of substrate specificity of plant-polysaccharide-
synthesizing GTs.

XXT1 is a retaining GT with a GT-A fold involved in XyG
synthesis in Arabidopsis thaliana. The XXT1 crystal structure
revealed a mode of UDP binding similar to other GT struc-
tures (Lairson et al. 2008, Culbertson et al. 2018). Unique
to XXT1 is the glucan chain acceptor substrate, which binds
in a groove that allows xylose to be transferred to the sixth
carbon (C6) hydroxyl group (Culbertson et al. 2018). XXT1
also contains a conserved glutamine residue that was pro-
posed to be involved in the SNi mechanism (Yu et al. 2015,
Culbertson et al. 2018). Solving the structure of XXT1 has
been a critical effort for understanding the mechanism of XyG
biosynthesis (Culbertson et al. 2018), however a vital unan-
sweredquestion remains—howdoes thismachinery control the
sequential selection of sugars during the synthesis of a com-
plex polysaccharide in the plant Golgi? Here we present the first

investigation into this unknown mechanism by investigating
XXT donor substrate specificity. To this end, a set of alterna-
tive UDP-sugar substrates potentially present in the plant Golgi
lumen are investigated. The soluble catalytic domain of XXT1,
which has been recombinantly expressed andpurified, was used
to reveal the donor substrate promiscuity of XXT1 for the first
time. Comparison of the kinetic parameters of XXT1 reactions
with different sugars shows UDP-Xyl to be a preferred sub-
strate but does not support the exclusive selectivity of XXT1
toward UDP-Xyl. Matrix-assisted laser desorption/ionization-
time of flight (MALDI-TOF) analyses and enzymatic digestion
of reaction products confirm XXT1’s preferred substrate and
its regiospecificity, showing that all donor substrates follow
the same addition pattern. Computational modeling shows the
similarities and differences between substrate fit in the XXT1
binding pocket. This study extends the conversation about sub-
strate specificity of plant-polysaccharide-synthesizing GTs and
offers promising directions in their applications.

Results

Assays for maximum UDP-sugar conversion and
MALDI-TOF identification of products
XXT1 was expressed without a transmembrane domain in
Escherichia coli cells and purified using Ni-NTA resin accord-
ing to Culbertson et al. (2016). Protein extract from E. coli AQ7
cells expressing an empty vector was passed through Ni-NTA
column and was used as a negative control in all reactions
(Fig. 1A). Screening of suitable XXT1 substrates (Fig. 1A) was
carried out in 18-h reactions containing XXT1, a UDP-sugar,
cellohexaose, Mn2+ and Tris-NaCl buffer (pH 7.4) in order to
observe a maximum amount of donor substrate conversion to
the glycosylated product. The reactions were allowed to pro-
ceed at room temperature, and the products were analyzed
using the pyruvate kinase lactate dehydrogenase (PKLD) system
(Gosselin et al. 1994). This indirect assay measures UDP pro- AQ8
duced in real time as a result of the sugar being added to the
glucan backbone and UDP released as a second product. UDP is
converted to uridine triphosphate and phosphoenolpyruvate is
converted to pyruvate by pyruvate kinase. Pyruvate is then con-
verted to lactate as nicotinamide adenine dinucleotide hydride
(NADH) is converted to NAD+ and the loss of NADH can
be monitored at absorbance 340 nm (Supplementary Fig. S1).
Each cellohexaose molecule can accept up to three units of
xylose34. The first addition of xylose is rapid and occurs on AQ9
all cellohexaose molecules present in the solution before the
addition of the second and third xyloses to the adjunct glu-
coses in the cellohexaose molecule (Cavalier and Keegstra 2006,
Culbertson et al. 2016). Previously, in vitro studies demon- AQ10
strated that most cellohexaose molecules are di-xylosylated,
with some cellohexaose being tri-xylosylated after 18 h of the
reaction (Culbertson et al. 2016). In this study, the reaction with AQ11
cellohexaose at a concentration of 0.3 mM produces 0.7 mM
of UDP, confirming previous results (Fig. 1B). Reactions using
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Fig. 1 (A) Chemical structures of UDP-sugars examined for XXT1 activity. (B) mM UDP produced as a result of transfer of sugar from UDP-sugar
to cellohexaose after 18-h reactions. Each reaction contained 1 mM UDP-sugar and 0.3 mM cellohexaose. A control containing no cellohexaose
was included as a baseline and was subtracted from all UDP values to account for any transfer of the sugar to water rather than to the glucan
backbone. A reaction using an empty vector confirmed no activity for any remaining background proteins in the sample. Error bars represent
standard deviation of triplicate reactions.

protein extract prepared from the cells expressing empty vector
did not produce any detectable product. Products have been
confirmed by MALDI-TOF mass spectrometry (MS) analyses
(Fig. 2A).

To investigate the level of XXT1 specificity in vitro, we used
other potential donor substrates using identical assay condi-
tions as described above. XXT1 catalyzed reactions containing
1 mM UDP-Glc and 0.3 mM cellohexaose acceptor produced
0.4 mM UDP (Fig. 1B). This suggests that the main prod-
uct of this reaction is mono-glucosylated cellohexaose, with
a minor amount of di-glucosylated cellohexaose also present.
This was confirmed by MALDI-TOF MS analysis of the prod-
ucts (Fig. 2A). Reactions with UDP-Ara and UDP-Gal produce
0.3 mM UDP and 0.04 mM UDP, respectively (Fig. 1B). Only
one moiety of arabinose is added to all cellohexaose molecules
in the reaction mixture (Fig. 2A). The reaction with UDP-
Gal shows incomplete conversion of cellohexaose to mono-
galactosylated cellohexaose; however, a significant amount of
mono-galactosylated cellohexaose is produced (Fig. 2A). UDP-
glucuronic acid (UDP-GlcA)was tested as a donor substrate, but
no products were detected, so it was concluded that UDP-GlcA
is not a suitable substrate for XXT1. Mannohexaose and man-
nan were tested as an alternative to the cellohexaose acceptor
substrates in reactionswith XXT1 usingUDP-Xyl as a donor sub-
strate, but neither of these reactions produce UDP (data not
shown), which is consistent with previous studies (Faik et al.
2002). An empty vector control also did not show any activity.

Product digestion
The products of 18-h reactions were subjected to enzymatic
digestion withβ-glucosidase to determine the substitution pat-
terns for each substrate according to a previous method by
Cavalier and Keegstra (2006). β-glucosidase removes glucose
units from the nonreducing end of the glucan backbone. If
a glucose residue has been substituted, this enzyme cannot
remove it.

Previous studies reported the first xylose addition at the
fourth position from the reducing end produced GGXGGGa,
the second addition formed GGXXGG or GXXGGG, and the
third addition formed GXXXGG (Cavalier and Keegstra 2006).
Here, the MALDI results of the products after β-glucosidase
digestion show peaks corresponding to XGGG, XXGG, XXGGG
and XXXGG oligosaccharides (Fig. 2B). Because cellohexaose
has six glucoses and unsubstituted glucoses are cleaved from
the nonreducing end, these subunit sizes are derived from
GGXGGG, GGXXGG, GXXGGG and GXXXGG reaction prod-
uct motifs, which agrees with the previous study (Cavalier and
Keegstra 2006).

Arabinocellohexaose, the other pentose, is added to a sim-
ilar position on cellohexaose as xylose: because arabinocel-
lohexaose was primarily mono-substituted during XXT1 reac-
tion, this single arabinose is added to the fourth glucose in
cellohexaose. After digestion of this product, only the SGGG
fragment is detected (Fig. 2B). Reactions that contained glu-
cose and those that contained galactose both hadMALDI peaks

3
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Fig. 2 (A) MALDI-TOF analysis of reaction products after 18-h reaction. Each sample was incubated in their respective UDP-sugar in a reaction
identical to the 18-h reactions as described in Fig. 1. Products were precipitated with ethanol and resuspended in water before being added to a
DHB matrix and subject to MALDI-TOF analysis by a Shimadzu AXIMA Confidence MALDI TOF Mass Spectrometer. Analysis was performed in
linear mode at a power between 90 and 110 and pulse extraction of 1200, and 100 profiles were collected. Masses are reported with the addition
of a sodium ion from the reaction buffer. (B) MALDI-TOF analysis of reaction products after 18-h digestion with β-glucosidase. β-glucosidase
cleaves unsubstituted glucose molecules from the nonreducing end. Peaks are labeled by first specifying the number of side chain extensions
followed by the position on the backbone which is numbered from the reducing end of cellohexaose.
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around 851.77, which likely corresponds to the addition of
the sugar at the fourth glucose from the reducing end of cel-
lohexaose (Fig. 2B). In these two last reactions, the moieties
added to the backbone have the same masses as the glucoses
within the backbone oligosaccharide, so it is difficult to deter-
mine whether the resulting molecules are linear chains of five
moieties or branched tetrasaccharides with one moiety added
as a branch. This peak could also be equivalent to a subunit with
two sugars added at the second glucose in the backbone, but
due to the low amount of di-glucosylated product and the lack
of di-galactosylated product produced during 18-h reactions,
this seems unlikely. HPAEC-PAD confirmed that digestion ofAQ12
glucocellohexaose was effectively complete since the peak cor-
responding to the cellohexaose internal standard disappeared.
It also showed that glucose was being added to the backbone as
a side chain extension, not as an extension of linear cellohexaose
because the peak on the chromatogram obtained for the sam-
ple after β-glucosidase digestion shifted significantly smaller
which, most likely, corresponds to the branched cellotetraose
(Supplementary Fig. S2).

Kinetic studies
The rate at which each sugar is added to the glucan back-
bone has been examined using an XXT assay coupled with a
PKLD assay (Gosselin et al. 1994). The enzyme concentration

was determined using a Bradford assay with absorbance at λ=
595 nm and then estimated based on band intensity. The reac-
tion using 1.875µM enzyme and UDP-Xyl exhibited a KM of
3.6± 0.7 mM and a kcat of 77.2± 0.1 min−1 (Fig. 3). The reac-
tion with UDP-Glc and 1.875µM enzyme exhibited a KM of
21± 1 mM and a kcat 53.39± 0.03 min−1 (Fig. 3), demonstrat-
ing donor substrate promiscuity of XXT1. The ability of XXT1 to
accept UDP-Ara was assayed using 4µM of enzyme, and calcu-
lations gave a KM of 13± 1 mM and a kcat of 3.93± 0.05 min−1

(Fig. 3). The reactionwithUDP-Gal and10µMof enzymeexhib-
ited a KM of 66± 29 mM and a kcat of 0.7± 0.3 min−1 (Fig. 3).
Thus, the calculated kinetic efficiencies (kcat/KM) of UDP-Xyl,
UDP-Glc, UDP-Ara and UDP-Gal were 21± 4 mM−1 ·min−1,
2.5± 0.2 mM−1 ·min−1, 0.30± 0.03 mM−1 ·min−1 and 0.010±
0.006 mM−1 ·min−1, respectively.

In order to confirm the ability of XXT1 to accept UDP-Glc as
a donor substrate, albeit at a higher KM than UDP-Xyl, products
of reactions containing both UDP-Xyl and UDP-Glc were exam-
ined usingMALDI-TOF (Fig. 4). When the concentrations of the
UDP-sugars were equivalent, there was a prominent monoxylo-
sylation peak at m/z 1146.06 and a smaller peak corresponding
to monoglucosylation at m/z 1176.08 (Fig. 4A). When the con-
centration of UDP-Glc was increased to three times that of
the concentration of UDP-Xyl, the peaks corresponding to the
masses of the xylosylated and glucosylated cellohexaose were
nearly equivalent. Additionally, a small peak appeared at m/z

Fig. 3 Michaelis–Menten representations of enzyme kinetics of XXT1 using (A) UDP-xylose, (B) UDP-arabinose, (C) UDP-glucose (D) UDP-
galactose and kcat determined by nonlinear curve fitting. Error bars represent standard deviation of reactions performed in triplicate.
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Fig. 4 MALDI-TOF analysis of 18-h reaction with (A) 1 mM UDP-Xyl and 1 mM UDP-Glc, and (B) 0.5 mM UDP-Xyl and 1.5 mM UDP-Glc. Apart
from this change in sugar concentrations, assays were run as described in Fig. 1, and samples were prepared for MALDI-TOF as described in Fig. 2.

1308.21, which corresponds to the addition of one glucose and
one xylose to the same molecule of cellohexaose (Fig. 4B).

Substrate modeling in the active site of XXT1
In a previous study we explored the conformation of UDP-
xylose and its binding in the cavity of XXT1 with accessibility to
the fourth carbon from the reducing end of cellohexaose and
a Mn2+ ion, which is required for coordination with UDP-Xyl
(Culbertson et al. 2018). Space in the cavity is limited, sug-
gesting that UDP-xylose fits snugly into the conformation as
shown (Fig. 5D). We have manually fit the other UDP-sugars
tested in this study into that previously reportedmodel of XXT1
(Culbertson et al. 2018), taking the analogous conformation of
UDP-Xyl as a starting position; UDP-Ara, UDP-Glc and UDP-Gal
were each manually aligned with UDP-Xyl in this conformation
and then subject to energyminimization (Fig. 5B).The resulting
UDP-sugars were all relatively easily accommodated; UDP-Ara,
UDP-Glc and UDP-Gal had small root-mean-square deviations
(RMSDs) of only 0.001, 0.3 and 0.3 Å, respectively, from the
original UDP-Xyl. UDP-Ara is likely to have the smallest RMSD
because it is the closest in structure to UDP-Xyl. None of the
UDP-sugars have any collisions with other atoms in the struc-
ture. These nearly identical positions and orientations suggest
a strong similarity in the binding poses for all four UDP-sugars
used in the present study. Because of the easy acceptance of
these UDP-sugars into the binding cavity, there was no need to
make further efforts to develop the bound enzyme–substrate
models.

Amino acid residues previously shown to be critical for enzy-
matic activity (Culbertson et al. 2018) were selected and the
distances between these residues and eachUDP-sugarwasmea-
sured (Fig. 5A). Distance difference matrices (DDMs) were used
to visualize the conformational changes between various atoms
in the donor substrate and the active site residues of XXT1. Dis-
tances between two specific atomsweremeasured in eachUDP-
sugar and then subtracted from the corresponding distance
in UDP-Xyl. Green cells represent an increase in distance, and

red cells—a decrease. According to these calculations, UDP-
Xyl binds most tightly in the active site in comparison to the
other UDP-sugars (Fig. 5C). Examining the distances between
the oxygen bridging the alpha and beta phosphates and the
O5 in the UDP-Sugar, UDP-Xyl has a corresponding distance of
2.46 Å, while UDP-Ara, UDP-Glc and UDP-Gal have distances of
2.53, 2.60 and 2.60 Å, respectively. When looking at how differ-
ences in sugar substrates may affect access to the acceptor, the
distances between C1 of each UDP-sugar and C6 of the fourth
glucose in cellohexaose where the new sugar must be attached
did not show significant differences for the donors used in this
study; UDP-Xyl and UDP-Ara were approximately 4.9 Å apart
and UDP-Glc and UDP-Gal were approximately 4.5 Å apart.

Although UDP-arabinofuranose (UDP-Araf ) is the most
abundant form of UDP-Ara found in plants, only UDP-
arabinopyranose (UDP-Arap) was available to us for use in this
study. UDP-Arap is synthesized from either UDP-Xyl or the
arabinose salvage pathway and is interconverted between UDP-
Arap and UDP-Araf by UDP-Arabinopyranose mutase (Konishi
et al. 2007, Bar-Peled and O’Neill 2011). It is generally assumed
that because UDP-Araf is the most abundant form, it would
act as the nucleotide donor. However, Laursen et al. (2018)
demonstrated that a pectin-synthesizing enzyme, AtGALS1,
which normally uses UDP-Gal as a substrate, not only utilizes
UDP-Arap in vivo and in vitro, but the enzyme cannot pro-
duce any detectable product with UDP-Araf (Laursen et al.
2018). To entertain the notion that UDP-Araf and UDP-Arap
may be accommodated differently in the active site of XXT1,
we modeled UDP-Araf into XXT1 and found no potential bind-
ing issues of UDP-Araf with other amino acids in the active
site (Supplementary Fig. S4A–D). The DDM profiles of UDP-
Xyl and UDP-Araf most closely matches with the profiles of
UDP-Xyl and UDP-Arap, not the other UDP-sugars (Supple-
mentary Fig. S4C). Because the UDP-Xyl and UDP-Araf profile
has a few more patches of green than the other sugars indicat-
ing a contraction in the active site, it is possible that UDP-Araf
binds more tightly in the active site. The biggest differences in
amino acid distances among UDP-Arap and UDP-Araf include
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Fig. 5 (A) Modeling of each sugar substrate into the active site of XXT1 using previously docked UDP-Xyl as a template. Key catalytic residues are
labeled and distances between each atom are reported in angstroms. (B) Superimposition of each UDP-sugar examined in this study. UDP-Xyl is
shown in green, UDP-Ara is yellow, UDP-Glc is blue and UDP-Gal is magenta. (C) DDM representation of atomic distances between pairs of atoms
in UDP-sugars subtracted from the same pairs of atoms in UDP-Xyl. A green box represents a positive distance difference between the atom pairs
in UDP-Xyl minus the pairs in the other UDP-sugar, while a red box represents a negative difference. (D) Surface representation of the active site
of XXT1 with each UDP-sugar substrate modeled into the binding cleft, which is in close proximity to the cellohexaose binding cleft. Colors are
as noted in (B).
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F203, which is further from the UDP-sugar in UDP-Araf and
K206, which is closer to the UDP-sugar in UDP-Araf. While it
is unclear how the changes between UDP-Arap and UDP-Araf
could affect kinetics, we found no steric issues after energy min-
imization and conclude that UDP-Araf could be relatively easily
accommodated in the active site like the other sugars.

Discussion

In this study, we have shown that all four sugars are readily
accepted by XXT1 as donor substrates and can be attached to
a glucan backbone in vitro. However, in plants, the first sugars
directly attached to the glucan backbone are exclusively xyloses,
despite the presence of other nucleotide sugars in the Golgi
lumen (Norambuena et al. 2002, Rollwitz et al. 2006, Handford
et al. 2012, Rautengarten et al. 2014, 2017, Ebert et al. 2015,
Khoder-Agha et al. 2019) and, thus, potentially available to XXTs
during synthesis of XyG. In order to investigate the apparent
discrepancy of XXTs specificities in the plant Golgi and their
ability to accept other UDP-sugars in vitro, we have investigated
XXT1 activitywith five different nucleotide sugars by employing
kinetics, MALDI-TOF analysis, and computational modeling.

In this study, the XXT1 enzyme was expressed in E. coli, puri-
fied, and assayed for activity following everything as reported
in Culbertson et al. (2016). The kcat of XXT1 with UDP-Xyl wasAQ13
previously reported to be 6.79 min−1 (Culbertson et al. 2016),
whereas our results indicated XXT1 to be a much more efficient
enzyme with a kcat of 77.17 min−1, although the calculated KM

in this study is higher in comparison to the previous estimation.
The only difference between the current study and the previous
one is how the products were measured. At this time, we do not
have a clear-cut explanation of this difference in Vmax and KM

observed for XXT1 in these two studies. Since KM values could
be impacted by the accuracy of Vmax estimation, it is plausible
to propose that the difference arises from the methods used for
product quantification. In the previous study, HPAEC-PAD was
used to quantify the production of xylosylated glucan oligosac-
charides, which has an upper limit of substrate detection that
could cause unintentional underestimation of xylosylated glu-
can after reactions with higher substrate concentrations. Such
an underestimation of the final product can lead to a prema-
ture flattening of Vmax curve followed by an underestimation
of the Vmax value, which would result in apparently lower KM

values. The upper limit of PKLD detection used in the current
study can always be adjusted by the UDP standard curve used
for quantification, so it does not have such rigid limitations in
product quantification, and as a result, we did not observe such
an abrupt saturation in the Menten curve as compared to the
previous study. In addition, it is known that UDP can inhibit GT
activity (Koster and Noordhoek 1983, Culbertson et al. 2016,AQ14
Walia et al. 2018), which could also suppress the Vmax in the
previous study where both UDP and xylosylated glucan were
accumulating. In the PKLD assay, UDP is used in the subse-
quent reaction for rate estimation. It is also notable that the
KM for XXT1 reported here is comparable to the KM of 1.4 mM

reported for IRX10-L, another xylosyltransferase (Urbanowicz
et al. 2014). Regardless, all assays of the sugars were performed
in parallel and used the same enzyme preparation, so we are
still able to accurately assess the promiscuity of XXT1. Among
the XXT1 reactions with different substrates, the kinetic param-
eters we unveiled may explain the enzyme’s preferences for
substrate selection in vivo. For example, the catalytic efficiencies
of XXT1 reactions with UDP-Ara and UDP-Gal in comparison
with UDP-Xyl are 70-fold and 2,000-fold lower, respectively.
These differences indicate that UDP-Ara and UDP-Gal would
need to be present in significantly higher concentrations in
the Golgi lumen in order to compete with UDP-Xyl. On the
other hand, XXT1 catalytic efficiency with UDP-Glc is only 8-
fold lower in comparison with UDP-Xyl. In vitro, this difference
in catalytic efficiency is not sufficient to prevent UDP-Glc addi-
tions altogether; UDP-Glc is able to compete with UDP-Xyl and
can occasionally be added to the backbone when the concen-
trations are equivalent (Fig. 4). Two different products in equal
amounts can be produced by increasing UDP-Glc only 3-fold in
comparison with UDP-Xyl concentration, and the product with
both xylose and glucose added to the glucan was also detected.
Hence, if the concentrations of UDP-Xyl and UDP-Glc in the
Golgi were comparable or there was an excess of UDP-Glc, this
would result in some glucoses being occasionally attached to
the glucan backbone of XyG instead of xyloses, but such a struc-
ture has never been detected in plant cell walls. One possibility
is that the concentrations of UDP-Xyl and UDP-Glc in the Golgi
lumen are not similar. Nucleotide sugar transporters (NSTs) for
UDP-Xyl, UDP-Ara andUDP-Gal and to a lesser extent, UDP-Glc,
have been identified in the Golgi, which may help understand
which UDP-sugars may be present there (Norambuena et al.
2002, Rollwitz et al. 2006, Handford et al. 2012, Rautengarten
et al. 2014, 2017, Ebert et al. 2015, Khoder-Agha et al. 2019).
The XXT1 reaction with UDP-Glc has a significantly higher KM

than UDP-Xyl, so if there is a lower availability of UDP-Glc in
the Golgi lumen, the UDP-Xyl would have significant prefer-
ence as a donor substrate. This is the most likely scenario, given
the lack of evidence suggesting that UDP-Glc is present in the
Golgi lumen. For example, the polysaccharides that have Glc in
their structures, such as mixed-linked glucans and glucoman-
nans, are synthesized by CSL proteins which, most likely, have AQ15
their active sites on the cytoplasmic side of theGolgimembrane
(Kim et al. 2015), and furthermore glucomannan synthases use
GDP-Glc rather than UDP-Glc (Liepman et al. 2005). Another
possible explanation for the high substrate specificity of XXT1
in the Golgi is that GTs may also access UDP-sugars by forming
complexes together with NSTs (Khoder-Agha et al. 2019), which
could potentially provide UDP-sugars directly to the enzymes
within the same complex. Although the association of any NST
with the XyG-synthesizing enzymatic complex has not been
investigated, the XyG-synthesizing complex could include a
UDP-Xyl-specific transporter. Formation of such multiprotein
complexes might also provide local conformational constraints
that reduceGTpromiscuity or increase the accessibility of selec-
tive substrates to active site of thoseGTs. There has not yet been
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any reported data on the abundance of each UDP-sugar in the
Golgi, and there is no knowledge about their distribution within
the cis, medial and trans Golgi. However, we cannot rule this
out as a possible factor in substrate local availability for enzymes
localized in different Golgi stacks.

UDP-Xyl and UDP-Ara are both pentoses and UDP-Glc and
UDP-Gal are both hexoses, all having pyranose rings, with UDP-
Glc and UDP-Gal carrying an additional hydroxymethyl on car-
bon 5 (Fig. 1A). In an earlier study of XXT1, UDP-Xyl had
been manually fit into the active site of the crystal structure
of AtXXT1 with bound UDP using the conformation of UDP-
Xyl from the structure of mouse xylosyltransferase (Culbertson
et al. 2018). Here, all sugars were manually aligned to that
UDP-Xyl-bound XXT1 model and distances between the sugar
substrate and amino acids previously considered important for
catalysis (Culbertson et al. 2018) were measured to learn which
interactions would be better or worse (Fig. 5A). A steric clash
between F203 and a C6 hydroxyl was previously thought to help
distinguish between pentoses and hexoses (Culbertson et al.
2018), but according to our modeling that does not appear
to be the case. The distances between C3 on each sugar and
enzyme residues T269 and Q319 were nearly identical in each
model, suggesting that these residues are more important for
binding than catalysis. Contacts between the hydroxyl group
on C4 and neighboring residues (D318 and K206) are suitable
for interactions with UDP-Xyl and UDP-Glc, while the contacts
for UDP-Ara and UDP-Gal are less than 2.4 and 2.8 Å, respec-
tively. For UDP-Ara and UDP-Gal, the negative charge of D318
could result in repulsion in the active site, decreasing the ability
for the sugars to bind and ultimately decreasing the enzymatic
activity. The reaction using UDP-GlcA as a donor substrate did
not produce any product, leading us to conclude that this UDP-
sugar is not accepted by XXT1. The structure of UDP-GlcA is
very similar to UDP-Glc, but the C6 carboxylic acid may cause
steric clashes and electrostatic repulsion with the active site
residue D318, preventing the binding of this sugar altogether.
DDMs were used to illustrate conformational changes (Fig. 5C).
While changes in kinetics cannot be directly correlated with dis-
tances between any one set of atoms, upon DDM analysis, it
is clear that there are differences in the conformation of the
enzyme when bound to different substrates. Interestingly, we
observed shorter distances between the oxygen bridging the
alpha and beta phosphates and the O5 in the UDP-sugar for
UDP-Xyl compared to the other substrates, potentially corre-
lating with a higher kcat. We also evaluated donor substrate
proximity to the acceptor substrate. With only a 0.4 Å differ-
ence between UDP-Xyl/UDP-Ara and UDP-Glc/UDP-Gal, we
suggest that all UDP-sugars are positioned in the XXT1 active
site in similar orientation, bringing their anomeric carbon to
the acceptor carbon involved in the new covalent bond forma-
tion at similar proximities and, most likely, not contributing to
the differences in kinetics observed for different UDP-sugars.
This is in agreement with our previous MALDI-TOF analysis
(Fig. 2B).

Previous studies have suggested that GTs are regiospecific
(Hansen et al. 2003). In our study, MALDI-TOF analysis after
18-h assay shows that a majority of XXT1 xylosylation began
on the fourth glucose from the reducing end of cellohexaose,
which agreeswith the regiospecificity reported in previouswork
(Cavalier and Keegstra 2006). Other sugars were added in a sim-
ilar fashion, suggesting that the substrates bind similarly in the
active site of XXT1. We did not investigate the type of new gly-
cosidic linkage formed as a result of the reaction. But we assume
that XXT1 acts as a retaining GT in all reactions because there
is no residue that is positioned close enough to anomeric car-
bon in the donor to act as a nucleophile, which is required
for SN2 invertion mechanism (Culbertson et al. 2018). Addi-
tionally, the cellohexaose acceptor-binding site was essentially
identical for each substrate in our models (data not shown).
Cellohexaose is a chain of six glucose molecules, whereas man-
nohexaose is a chain of six mannose molecules. Glucose and
mannose are epimers with the only difference at the second
carbon; the C2 hydroxyl group in glucose is positioned equa-
torial down, while in mannose it is positioned axial up. To
address the possible XXT1 promiscuity toward the acceptor
substrate, mannohexaose and mannan were used in place of
cellohexaose in the reactions with UDP-Xyl. Neither reaction
produced any detectable product, in agreement with a previ-
ous study (Faik et al. 2002). These results could indicate that
XXT1 has higher selectivity toward acceptor molecules in com-
parison with donor substrates; however, this will need to be
investigated in more detail in the future using a larger set of
possible oligosaccharides and considering all protein–acceptor
interactions.

General patterns of substrate specificity of plant GTs remain
unresolved due to their limited biochemical characterization.
In this study, we demonstrated for the first time that XXT1,
which had previously been regarded as having high substrate
specificity, is instead able to accept a variety of UDP-sugars
as donor substrates in vitro. Enzymatic assays producing the
maximum product conversion, kinetic parameters of reactions
using different UDP-sugars and computational modeling have
all offered partial explanations as to why the glucan backbone
in native XyG is always initially substituted with xylose residues
and no other structures have been reported, despite the great
diversity of nucleotide sugars available in the plant Golgi. The
surprising substrate promiscuity of this plant GT raises inter-
esting questions about the mechanisms controlling the high
fidelity of complex polysaccharide structure synthesis in the
plantGolgi and the substrate specificity of theGTs involved. The
substrate promiscuity of XXT1 lends itself to interesting appli-
cations in materials science, through which designer polysac-
charides could be synthesized, carrying branches of any sugar
moiety accepted by XXT1. Given the large number of plant
GTs, it is plausible that some others are also likely promiscuous,
which could open the door for the synthesis of polysaccharides
with virtually endless combinations of sugars, all synthesized
by GTs.
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Materials and Methods

Protein expression
A truncated version of xxt1 lacking 22 amino acids in the putative transmem-
brane domain (Culbertson et al. 2016) was cloned into a pET20b vector withAQ16
an N-terminal 6x-His tag and a protein G B1 domain (GB1) solubility tag as
described in Culbertson et al. (2016). SoluBL21 E. coli cells containing theAQ17
expression vector were grown at 37◦C, while shaking at 200 rpm in 500 mL of
Luria-Bertani (LB) growth media. After cells reached an optical density of 0.4
at 600 nm, the temperature was decreased to 18◦C and protein expression was
induced with the addition of 0.5 mM isopropyl β-D-1-thiogalactopyranoside.
Expression was allowed to proceed at 18◦C for 18 hs. Cells were pelleted at
6,000 g for 10 minutes. The pelleted cells were resuspended in 12.5 mL of 25 mM
Tris-HCl (pH 7.4), 300 mM NaCl and 0.1 mM EDTA per 500 mL of LB growth
media. Cells were flash frozen in liquid nitrogen for mechanical lysis. Cells
were thawed and incubated with 1 mg lysozyme per 1 mL lysate at 4◦C for
30 minutes. Final lysis via sonication was performed with an amplitude of 40
for 15-s pulses for a total of five times. The solubilized protein was isolated by
centrifugation at 20,000 g for 30 minutes.

Protein purification
Crude lysate was purified using a nickel-nitrilotriacetic acid (Ni-NTA) column
with a 1:10 (v/v) resin to lysate mixture. The mixture was incubated at 4◦C
for 1 h while rocking. The flow-through containing unbound protein and
other small-molecule contaminants was discarded. The resin was washed four
times with 8 mL of wash buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM
NaCl and 20 mM imidazole. XXT1 protein was eluted from the column using
8 mL of an elution buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl
and 300 mM imidazole. Protein was concentrated and buffer was changed to
150 mMNaCl and 50 mMTris-HCl (pH7.4) using 30Kfiltration tubes (Millipore-
Sigma, UFC901024). As imidazole strongly affects XXT1 activity, protein was
washed and filtered with approximately 4 mL 150/50 mM Tris-NaCl buffer (pH
7.4) after concentrating using the same 30K filtration tubes. Glycerol was added
to the purified protein at a concentration of 20% (v/v) and stored at −80◦C.

Protein quantification
Protein purity was estimated via sodium dodecylsulfate-polyacrylamide gel
electrophoresis and Coomassie Blue G250 stain by observing the band purity.
The total protein concentration was determined by Bradford assay using QuickAQ18
Start Bradford Dye reagent 1X (Biorad 500-0205) and absorbance at 595 nm
with a BSA standard curve, then was estimated based on band intensity.AQ19

Maximum sugar conversion assays
Assays were incubated in 75 mM NaCl, 50 mM Tris-HCl (pH 7.4), 1 mM UDP-
sugar (UDP-Xyl, UDP-Ara Carbosource services; UDP-Glc, UDP-Gal Sigma-
Aldrich 117756-22-6 and 137868-52-1), 0.3 mM cellohexaose (Megazyme, O-
CHE), 0.5 mM MnCl2 and 4.5µM XXT1 enzyme for 18 h at 25◦C while shaking
at 180 rpm. Assays were performed in triplicate in 50-µL reaction volumes
where 25µL of reaction was used for pyruvate kinase lactate dehydrogenase
(PKLD; Sigma-Aldrich P0294) detection and the remainder was purified for
MALDI-TOF analysis.

XXT1 product purification
After 25µL overnight XXT1 activity assay had been removed for UDP quantifi-AQ20
cation, the remainder was purified and xylosylated cellohexaose was assessed
with MALDI-TOF. To purify, the solution was incubated in 900µL of 100%
ethanol at −20◦C overnight. Afterward, it was centrifuged at 21,000 g for
30 minutes and the supernatant was removed. The pellet was resuspended in

water and centrifuged at 21,000 g again. The resulting supernatant was used for
analysis in triplicate.

Glucosidase treatment
After the reactions proceeded for 18 h, the reactants were digested with β-
glucosidase (Megazyme, E-BGLUC) to determine which position on the back-
bone they were added according to Cavalier and Keegstra (2006). Samples were
spiked with 0.3µM cellohexaose to use as an internal standard, insuring com-
plete digestion. Samples were dried and then resuspended in 25 mM sodium
acetate. Fifty milliunits of β-glucosidase was added to the sample and the reac-
tion was proceeded at 37◦C overnight. The reaction was terminated by heating
at 100◦C for 10 minutes. The sample was centrifuged at 14,000 × g for 5 minutes
and 25µL of supernatant was analyzed with MALDI. Reaction was carried out
in triplicate.

MALDI-TOF analysis
AMALDI-TOF plate (Kratos Analytical) was spottedwith equal volumes of puri-
fied product sample and 10 mg/mL 2,5-dihydroxybenzoic acid (DHB) matrix.
The Shimadzu AXIMA Confidence MALDI TOF Mass Spectrometer was cali-
brated using 1 mg/mL of adrenocorticotropic hormone fragment 18–39 human
(Sigma-Aldrich, A0673) and equal volumes of DHB matrix. The spots were
allowed to dry overnight before MALDI-TOF analysis. Samples were analyzed
in linear mode. Laser power was set at 100 mV and 100 profiles were collected
for each run.

HPAEC-PAD
Glucocellohexoase was digested with β-glucosidase to further confirm the
addition of glucose onto the cellohexaose backbone. Glucocellohexaose was
digested according to β-glucosidase treatment. As described above, the diges-
tion reactions were spiked with cellohexaose to ensure the completeness of
digestion. One digestion mixture was not spiked with additional cellohexaose
to distinguish the peaks corresponding to glucosylated cellohexaose and cel-
lohexaose in the same reaction mixture. Products obtained from the enzymatic
activity assays and afterβ-glucosidase digestion were analyzed by HPAEC with a
pulsed amperometric detector (Dionex), as described previously (Cavalier and
Keegstra 2006). The reactionmixtures were boiled for 10 min and centrifuged to
precipitate denatured enzymes. The aliquots of the supernatants were injected
onto a CarboPac PA-20 column and eluted using the following gradient: 0–
80 mM of sodium acetate for 40 min, with 100 mM NaOH remaining constant
through the entire run; after the 40-min run, the column was re-equilibrated for
15 min to the initial conditions.

XXT1 kinetic activity assays
Kinetics assays were coupled to a PKLD detection assay and performed in a
96-well plate. Assays had a total volume of 100µL and contained 150 mM
NaCl, 50 mM Tris-HCl (pH 7.4), 1 mM cellohexaose, 3 mM MnCl2 , 1.875µM
XXT1 enzyme, 2µL PKLD mix (Sigma-Aldrich, P0294), 1.2 mM NADH (Fisher,
PI88018) and 1 mM PEP (Fisher, AAB2035806). The reaction was initiated by the
addition of XXT1 and PKLD enzymes and an initial velocity progress curve was
immediately measured at 340 nm using a Biotek plate reader. PKLD enzymes
were added to the reaction mixture first in order to burn off any UDP contam-
inant. Assays with varying concentrations of PKLD enzymes were performed to
ensure that XXT1 catalysis is the rate-limiting step, and the initial velocity was
shown to increase linearly with XXT1 concentration.

The conversion of NADH to NAD+ was monitored for 5–10 minutes at
340 nm to determine the initial velocity. The stoichiometry for the coupled reac-
tion is 1:1:1, so the rate ofNADHconsumption is proportional to the rate ofUDP
production, which is proportional to the rate of sugar addition to the back-
bone. The results of control reactions without cellohexaose were subtracted
from the initial velocitymeasurements to account for any background reactions
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due to the presence of free UDP in UDP-sugar samples. Assays were performed
in triplicate.

Manual alignment of sugars
UDP-Xyl was previously modeled into the XXT1 active site by using a homolog
as described previously (Culbertson et al. 2018). The chemical structures of
the remaining three UDP-sugars were obtained from the Pubchem database
(CID: 3082070, CID: 8629 and CID:18068) and were manually aligned to UDP-
Xyl. After the manual alignment, the structures were subjected to minimization
using the Yasara server (Krieger et al. 2009).
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