
fpls-13-899738 May 17, 2022 Time: 15:18 # 1

ORIGINAL RESEARCH
published: 23 May 2022

doi: 10.3389/fpls.2022.899738

Edited by:
Ricardo Antonio Ayub,

Universidade Estadual de Ponta
Grossa, Brazil

Reviewed by:
Matias Damian Asencion Diez,

Coastline Agrobiotechnology Institute
(IAL), Argentina

Masahiko Yamaguchi,
Dalian University of Technology, China

*Correspondence:
Lin Liu

liulin@ahu.edu.cn

†Present address:
Shun Zhao,

Structural Biology Program, Memorial
Sloan Kettering Cancer Center,

New York, NY, United States

‡These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Plant Metabolism
and Chemodiversity,

a section of the journal
Frontiers in Plant Science

Received: 19 March 2022
Accepted: 04 May 2022
Published: 23 May 2022

Citation:
Zhang C, Zhao S, Li Y-S, He C,

Wang X and Liu L (2022) Crystal
Structures of Arabidopsis thaliana

GDP-D-Mannose Pyrophosphorylase
VITAMIN C DEFECTIVE 1.

Front. Plant Sci. 13:899738.
doi: 10.3389/fpls.2022.899738

Crystal Structures of Arabidopsis
thaliana GDP-D-Mannose
Pyrophosphorylase VITAMIN C
DEFECTIVE 1
Chi Zhang1‡, Shun Zhao2†‡, Yu-Shuai Li1, Chao He1,3, Xiao Wang1,3 and Lin Liu1,3*

1 School of Life Sciences, Anhui University, Hefei, China, 2 Key Laboratory of Photobiology, Institute of Botany, Chinese
Academy of Sciences, Beijing, China, 3 Anhui Key Laboratory of Modern Biomanufacturing, Anhui University, Hefei, China

Plant GDP-D-mannose pyrophosphorylase (GMPase) catalyzes a committed step in
ascorbic acid biosynthesis pathway. Arabidopsis thaliana VTC1 is the first genetically
characterized plant GMPase and has unique properties when compared with bacterial
and animal homologs. Here we present the crystal structures of VTC1 in the
unliganded and product-bound states at resolutions of 2.8 and 3.0 Å, respectively.
VTC1 dimerizes in a same way like other known GMPases, but dodecamerizes in a
previously unobserved arrangement. The interactions to GDP-D-mannose and inorganic
pyrophosphate are revealed by the product-bound VTC1 structure. An in vitro GMPase
activity assay confirms the regulatory role of the C-terminal left-handed β-helix domain,
and structural analyses suggest the models of VTC1 hetero-complex with its interacting
proteins. The structural information advances our insights into the different mechanisms
involved in VTC1 regulation.

Keywords: ascorbic acid, nucleotide sugar, guanylyltransferase, crystallography, oligomerization

INTRODUCTION

Ascorbic acid (vitamin C) is essential for growth and development of animals and plants by
playing key functions such as antioxidant and enzymatic cofactor (Englard and Seifter, 1986;
Foyer et al., 2020). Plant vitamin C biosynthetic pathway contains conversion of D-mannose-
1-phosphate (Man-1-P) to GDP-D-mannose (GDP-Man) (Figure 1A), a step catalyzed by
the Man-1-P guanylyltransferase which is commonly named GDP-Man pyrophosphorylase
(GMPase) (Wheeler et al., 1998; Smirnoff et al., 2001; Fenech et al., 2019). The first plant
GMPase gene VITAMIN C DEFECTIVE 1 (VTC1) was genetically defined in the model plant
Arabidopsis thaliana (Arabidopsis) by screening the vitamin C-deficient mutants (Conklin
et al., 1997, 1999), and was found to be identical to the gene CYTOKINESIS DEFECTIVE1
(Lukowitz et al., 2001). Studies of the Arabidopsis vtc1 mutants have revealed that VTC1
is implicated in physiological processes including cell-wall formation (Nickle and Meinke,
1998; Nishigaki et al., 2021), cytokinesis (Falbel et al., 2003), control of the transcription
of defense-related and senescence-associated genes (Pastori et al., 2003; Barth et al., 2004;
Pavet et al., 2005), and ammonium sensitivity (Qin et al., 2008; Barth et al., 2010). These
findings reflect the diverse functions of the nucleotide sugar GDP-Man in plants (Bar-Peled
and O’Neill, 2011; Figueroa et al., 2021). At the protein level, VTC1 can interact with the
COP9 signalosome subunit 5B (CSN5B) in response to light and darkness (Wang et al., 2013),
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and its CSN5B-interacting region is within the N-terminal 40-
residue fragment (Li et al., 2016). It is expected that structural
characterization of VTC1 will help to uncover the molecular basis
for plant GMPase catalysis and regulation.

Structures of two GMPases have been reported, which are
the crystal structure of GMPase from the hyperthermophilic
bacterium Thermotoga maritima (TmGMP) (Pelissier et al.,
2010) and the cryo-EM structure of human GMPase (GMPPA-
GMPPB complex) that is arranged into a dodecamer (Zheng
et al., 2021). These structures show that an oligomer-forming
monomer (protomer) of GMPase consists of two domains: an
N-terminal Rossmann fold-like domain and a C-terminal left-
handed β-helix (LβH) domain. The Rossmann fold-like domain

consists of a β-sheet core flanked mainly by α-helices and belongs
to the glycosyltransferase (GT)-A fold according to the CAZy
database (Coutinho et al., 2003; Drula et al., 2022). As this domain
hosts the active site (Lairson et al., 2008), it is referred to as
the catalytic domain. The LβH domain was first discovered in
Escherichia coli UDP-N-acetylglucosamine acyltransferase (Raetz
and Roderick, 1995) and was also found in potato ADP-
glucose pyrophosphorylase (AGPase) (Jin et al., 2005). In plant
AGPase, the LβH domain is involved in oligomerization and
allosteric regulation of the AGPase activity (Figueroa et al., 2022).
The LβH domain in TmGMP is responsible for dimerization
(Pelissier et al., 2010). In human GMPase, the catalytically
inactive GMPPA subunit and active GMPPB subunit assemble

FIGURE 1 | GMPase-catalyzed reaction and amino acid sequences of VTC1, GMPPB, KJC1, and GMPPA. (A) Interconversion of Man-1-P and GDP-Man.
(B) Sequence alignment of VTC1, GMPPB, KJC1, and GMPPA. Conserved residues are in black background and similar residues are boxed. The secondary
structural elements of VTC1 defined by DSSP are shown on the top.
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through three types of dimeric interface at which the LβH domain
provides the main or sole inter-subunit contact (Zheng et al.,
2021). Arabidopsis VTC1 shares 38%/62% amino acid sequence
identity with human GMPPA/GMPPB, indicating that VTC1 and
GMPPB are functional homologs (Figure 1B). However, unlike
human GMPPB that forms a homo-dimer and coexists with
GMPPA, VTC1 appears not to dimerize as revealed by yeast two-
hybrid assay (Sawake et al., 2015). The GMPase activity of VTC1
can be upregulated by the GMPPA homolog KONJAC1 (KJC1)
or KJC2 (Sawake et al., 2015). Thus, despite the amino acid
sequence similarities among Arabidopsis and human GMPases,
their function and underlying mechanism should differ from each
other at certain aspects.

To uncover the structural basis of Arabidopsis GMPase
catalysis, we determined the crystal structures of VTC1 in the
unliganded and product-bound states at resolutions of 2.8 and
3.0 Å, respectively. VTC1 dimerizes via its LβH domain and
forms a dodecamer in crystal. Structure of the GDP-Man-bound
protomer delineates details of the active site. The regulatory role
of LβH domain is confirmed by GMPase activity assay and the
regulatory mechanism is suggested by structural comparison.

MATERIALS AND METHODS

Protein Production and Crystallization
Production and crystallization of VTC1 were described
previously (Zhao and Liu, 2016). The VTC11C truncation
mutant was generated with the Fast Mutagenesis System
kit (TransGen Biotech, Beijing, China), and its expression
and purification procedure was the same as that of the
full-length VTC1.

Structure Determination and Analysis
Diffraction data (Table 1) were collected at beamline BL17U
(current BL02U1) at the Shanghai Synchrotron Radiation Facility
(Wang et al., 2018) and were processed with HKL-3000 (Minor
et al., 2006). The initial phase of the unliganded VTC1 was
determined with Phaser (McCoy et al., 2007) using the cryo-EM
structure of GMPPB (chain G of PDB entry 7D72) (Zheng et al.,
2021) as search template. The model was rebuilt with AutoBuild
(Terwilliger et al., 2008) and was refined with phenix.refine
(Afonine et al., 2012) and Coot (Emsley and Cowtan, 2004) using
the Fo–Fc and 2Fo–Fc maps. Model quality was evaluated with
MolProbity (Williams et al., 2018). The product-bound VTC1
structure was determined using the unliganded VTC1 structure
as search template. The structural figures were rendered with
PyMOL (Schrödinger, LLC, New York). Sequence alignment was
performed with Clustal Omega (Sievers et al., 2011) and drawn
with ESPript (Robert and Gouet, 2014).

GDP-D-Mannose Pyrophosphorylase
Activity Assay
The GMPase activity was measured based on previously reported
procedure (Wu et al., 2002; Pelissier et al., 2010; Zheng et al.,
2021). Assays were performed at 37◦C with BioTek Synergy

TABLE 1 | Data collection and refinement statistics.

Crystal Unliganded VTC1 Product-bound VTC1

PDB code 7 X 8J 7 X 8K

Data collection

Space group P21 R32

Wavelength 0.979 0.979

Resolution range (Å) 50.00–2.80 (2.90–2.80) 50.00–3.00 (3.11–3.00)

Unit cell dimensions

a, b, c (Å) 44.5, 146.9, 70.9 185.1, 185.1, 371.8

α, β, γ (◦) 90, 100.5, 90 90, 90, 120

No. of measured reflections 82,303 (8,227) 545,568 (53,383)

No. of unique reflections 21,924 (2,165) 49,084 (4,853)

Redundancy 3.8 (3.8) 11.1 (11.0)

Completeness (%) 99.6 (99.7) 99.8 (100)

I/σI 16.1 (2.3) 26.0 (2.1)

Rmerge
a 0.078 (0.523) 0.091 (1.0)

Rpim
b 0.047 (0.310) 0.031 (0.366)

CC1/2 0.967 (0.881) 0.969 (0.859)

Wilson B-factor 63.82 54.68

Refinement statistics

Resolution range (Å) 31.48–2.798
(2.898–2.798)

30.82–3.002
(3.109–3.002)

Rwork
c/Rfree

d 0.215/0.258 0.234/0.260

No. of Molecules 2 4

No. of non-hydrogen atoms 5,546 11,191

Protein 5,430 11,002

Ligand 85 178

Water 31 11

Average B value (Å2) 63.81 58.65

Protein 63.69 58.41

Ligand 73.80 74.66

Water 57.48 41.78

R.m.s deviations

Bond lengths (Å) 0.003 0.002

Bond angles (◦) 0.56 0.61

Ramachandran plot

Most favored (%) 95.77 95.03

Additional allowed (%) 0.56 4.69

Outlier (%) 0.00 0.28

Values in parentheses are for the highest resolution shell.
aRmerge = 6hkl6 i | Ii (hkl) – < I(hkl) > | /6hkl6 i Ii (hkl), where Ii (hkl) is the ith observation
of reflection hkl and < I(hkl) > is the weighted intensity for all observations i of
reflection hkl.
bRpim = Rmerge[1/(N–1)]1/2.
cRwork = 6| | Fo | –| Fc| | /6| Fo |, where Fo and Fc are the observed and calculated
structure factors, respectively.
dRfree is the cross-validated R factor computed for a test set of 5% of the
reflections, which were omitted during refinement.

H1 plate reader (Agilent, Beijing, China) using a total volume
of 100 µL. The reaction mixture contained 50 mM Tris-HCl,
pH 7.5, 1 mM MgCl2, 1 mM DTT, 0.2 mM Man-1-P, and
0.2 mM GTP. Reaction was started by adding VTC1 (0.2 µM final
concentration), lasted for 90 s, and stopped by boiling for 10 min.
The product pyrophosphate (PPi) was converted to inorganic
phosphate by Sigma-Aldrich pyrophosphatase (0.5 U/mL final
concentration) at 25◦C for 10 min. The content of inorganic
phosphate was measured by the malachite green phosphate
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assay kit (Sigma-Aldrich, Shanghai, China) by recording the
absorbance at 620 nm.

RESULTS

Unliganded Structure
The size exclusion chromatography (SEC) elution profile of
VTC1 showed three peaks, corresponding to the dimeric,
di-dimeric, and higher-order oligomeric states (Figure 2A).
Recombinant VTC1 had a molecular weight of 41 kDa, and the
apparent molecular weights of ∼80 and 170 kDa were estimated
for the major and shoulder peaks, respectively. Crystallization
of the purified VTC1 was reported previously (Zhao and Liu,
2016). The 2.8-Å unliganded structure was solved by molecular
replacement using the model based on the cryo-EM structure
of the GMPPA-GMPPB complex (Zheng et al., 2021). In crystal,
VTC1 dimerizes in a manner similar to that of GMPPB, with the
dimerization interface being solely mediated by the C-terminal
LβH domain (Figure 2B). We then inspected the crystal-packing
mode to obtain possible insight into how VTC1 oligomerizes.
Two inter-dimer interfaces (Figure 2C) were found: the first
interface is between catalytic domain and LβH domain, and
the second interface results from side-by-side arrangement of
two catalytic domains. The first interface could be of biological
relevance while the inter-catalytic domain association may be
merely due to crystal packing.

For structural description, one VTC1 protomer (chain A) was
analyzed by the dictionary of secondary structure of proteins
(DSSP) algorithm which defined the secondary structural
elements (Kabsch and Sander, 1983). The VTC1 protomer has
7 α-helices, 7 η-helices, and 30 β-strands (Figures 1B, 2D).
The catalytic domain comprises of 14 helical elements and 13
β-strands (β1–β13), and the LβH domain consists of 17 β-strands
(β14–β30). The central β-sheet of the catalytic domain is made up
by nine strands in the order of β5-β4-β1-β6-β11-β8-β12-β9-β10.
Two small β-sheets (β2–β3 and β7–β13) lie near the C-terminal
α-helix (α7) of the catalytic domain. The LβH domain has 5
three-β-stranded coils and one two-β-stranded coil.

Overall Structure of the VITAMIN C
DEFECTIVE 1-Product Complex
The 3.0-Å product-bound structure was solved based on the
unliganded VTC1 structure. Different from the unliganded
structure (Figure 2C), the overall structure of product-bound
VTC1 has a threefold symmetry with each asymmetric unit
having two dimers. Six dimers form a dodecameric assembly
in shape of a three-petaled flower (Figure 3A). Each petal
is composed of three protomers, which are referred to as
the inner, middle, and outer protomers with respect to the
symmetry center. The inner and middle protomers dimerize
in the same way as the unliganded VTC1 dimer, and so do
the outer protomer and the stalk protomer. Hence, the VTC1
dimerization interface is conserved irrespective of absence or
presence of substrate/product. We then inspected the interfaces
that contribute to trimerization of dimers, and found that each
petal has two such interfaces (Figure 3B). The first one is

between the N-terminal end (including η7) of inner protomer’s
LβH domain and the N-terminal end of middle protomer’s LβH
domain. The second interface involves both catalytic and LβH
domains of the inner and outer protomers. The flower stalk
is formed by three protomers not interacting with each other
(Figure 3C). The stalk protomer, aside from dimerizing with the
outer protomer, has an interface with the catalytic domain of the
middle protomer via its LβH domain (Figure 3D). These three
afore-mentioned interfaces bring the VTC1 dimers together.

Active Site
The two dimers within an asymmetric unit bind a total of one
GDP-Man, two inorganic PPi, and two citrates (Figure 4A).
Specifically, the stalk protomer binds a citrate, the middle
protomer binds a GDP-Man and a citrate, and the inner and
outer protomers each bind a PPi. The two dimers can be
aligned with a root mean square deviation of 0.49 Å. Their
superimposition demonstrates that citrate and PPi bind to the
same site on catalytic domain (Figure 4B). As the structures
of four protomers are highly similar to each other, we used
the middle protomer structure to describe the active site. The
product GDP-Man binds at the edge of the central β-sheet
(Figure 4C). The oxygen at guanine C6 forms a hydrogen bond
with the backbone amide of Gly85, the guanine N1 forms two
hydrogen bonds with the side chain of Asp80, and the hydroxyl
groups at C2 and C3 of D-mannose form hydrogen bonds with
the side chain amide of Asn173 and the backbone amide of
Gly146, respectively (Figure 4D). The pyrophosphate moiety
of GDP-Man is flanked by, but not directly interacting with
the catalytically critical residues Glu195-Lys196, Asp111, and
Asp219. The citrate is located near the loop between β1 and η1
(Figure 4E). It makes direct polar contacts with the backbone
amide groups of Gly9, Thr12, and Arg13, the hydroxyl group
of Thr12, and the guanidino group of Arg13. PPi binds to the
same site as citrate (Figure 4F), but in the inner protomer, the
interacting residues differ from the afore-mentioned residues in
that Gly9 is not directly involved and Lys23 replaces Arg13 for
ligand recognition.

Protomer Conformations and
GDP-D-Mannose Pyrophosphorylase
Activity
The unliganded and product-bound VTC1 structures provide
an ensemble containing six conformers. Their superimposition
reveals that the central β-sheet of the catalytic domain and
coils of the LβH domain are conformationally conserved while
variations occur in the loop regions (Figure 5A). Aside from the
C-terminal end, four loops contributing to GDP-Man binding
exhibit larger differences. These loops are connecting β5–α3,
β8–β9, β10–β11, and η6–α6, respectively. The β5–α3 loop
hosts the guanine-interacting residue Gly85; the β8–β9 and
β10–β11 loops are near the mannose moiety; the η6–α6 loop
contains Glu195-Lys196, which should participate in catalysis
by interacting with the phosphate moiety of Man-1-P (Pelissier
et al., 2010). In contrast to the four GDP-Man-binding loops, the
β1–η1 loop contributing to citrate/PPi binding only undergoes
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FIGURE 2 | Purification of VTC1 and the unliganded structure. (A) SEC profile on a HiLoad 16/60 Superdex 200 column (GE Healthcare). The peak volumes of the
VTC1 aggregate, tetramer, and dimer are labeled; the peak positions of the protein standards are indicated with corresponding molecular weights. (B) Ribbon
representation of VTC1 dimer and GMPPB dimer (gray). Each VTC1 protomer is colored in rainbow with N-terminus in blue and C-terminus in red. (C) Crystal
packing of VTC1. Four neighboring dimers are shown in green, blue, cyan, and yellow, respectively. The insets are enlarged view of the inter-dimer interfaces.
(D) Ribbon representation of a VTC1 protomer. The secondary structures are colored as: dark blue, dark yellow and pale green for α-/η-helices, β-strands and loops.
For clarity, only the first two and last two β-strands in the LβH domain are labeled.

small variations. The ensemble reflects that the LβH domain is
dispensable for catalysis. We then measured the GMPase activity
of VTC1 and its truncation mutant (VTC11C) that lacks the
C-terminal 139 residues. Compared with the full-length VTC1,
VTC11C retained, but only ca. one third of the GMPase activity
(Figure 5B). This result indicates that the C-terminal region of
VTC1 is involved in the positive regulation of catalytic domain
by forming a homo-oligomer.

DISCUSSION

Our VTC1 structures revealed previously uncharacterized
features of GMPase. Structural comparison of TmGMP, GMPPA-
GMPPB, and AGPase with VTC1 shows that their oligomers
vary with size and organization (Figure 6). TmGMP has a small
LβH domain with only two and a half coils, and dimerizes by
pairing of the extra β-strand (Pelissier et al., 2010). The GMPPA-
GMPPB dodecamer can be divided into two hetero-hexamer,
each being composed of two GMPPA-GMPPB hetero-dimers and
a GMPPB homo-dimer (Zheng et al., 2021). GMPPA and GMPPB

dimerize in a same way as the GMPPB homo-dimer. The two
hetero-dimers and one GMPPB homo-dimer are arranged in a
pseudo threefold symmetry. The potato AGPase exists as a homo-
tetramer which can be considered as a dimer of dimers (Jin et al.,
2005). The AGPase LβH domain mediates dimerization in a way
as its TmGMP counterpart, and the catalytic domain is solely
responsible for dimerization of dimers. The VTC1 dodecamer
consists of a top hexamer and a basal hexamer. Trimerization
of dimers forms the top hexamer, while the basal hexamer can
be viewed as an appendant of the top hexamer because there
is no direct inter-dimer interaction within the basal hexamer
(Figure 3). The top hexamer differs from the hetero-hexamer
of GMPPA-GMPPB in that the inter-dimer LβH domains are
arranged in a partial pairing way, and six LβH domains are
arrayed as a triangle.

The structures provide clues for explaining previous
experimental data. Yeast two-hybrid assay showed that VTC1
could form a hetero-complex with KJC1 but not a homo-
complex with itself (Sawake et al., 2015). The undetected
VTC1 homo-complex could be due to method limitation, since
VTC1 can form homo-complex at different oligomeric states as
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FIGURE 3 | Dodecameric structure of product-bound VTC1. (A) Overall structure of dodecamer. Six dimers are colored in green, blue, cyan, yellow, brown, and
magenta, respectively. GDP-Man, PPi and citrate are in stick representation. The three-fold symmetry center is denoted by a triangle. The petal on a light pink
background is shown in (B,D). A transparent surface of the dodecamer is shown in the right panel. (B) The inner, middle, and outer protomers. Upper left panel is
the enlarged view of the petal. Two interfaces contributing to trimerization are enlarged and shown in the lower panels (pink boxes), where only two interacting
protomers are shown for clarity and the orientations differ from those in upper panels to delimitate the interfaces. (C) Three stalk protomers. The image is the
enlarged view of the stalk shown in the left panel in (A). (D) The stalk-petal interface.

described in this work. The KJC1-VTC1 hetero-complex could
be either similar to the GMPPA-GMPPB complex or the VTC1
homo-complex. Compared with GMPPA, KJC1 has a 7-residue
longer loop between η6 and α6 and a 19-residue shorter insertion
(β25–β26) of the LβH domain (Figure 1B). Both loops have been
found to be involved in allosteric regulation of GMPPA-GMPPB
(Zheng et al., 2021). While it remains unclear how KJC1 regulates
the GMPase activity of VTC1 until the hetero-complex structure

is available, the differences between GMPPA and KJC1 for these
two loops suggest that they may act in different ways. In addition,
VTC1 was found to directly interact through its N-terminal
region with the metalloprotease catalytic center CSN5B (Wang
et al., 2013; Jin et al., 2014). The VTC1 structures indicate that
the region should be between β1 and α1 for it is exposed and
that the CSN5B-interacting residue Asp27 is within this region
(Li et al., 2016).
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FIGURE 4 | VTC1 active site. (A) Overall structure of the two dimers in an asymmetric unit. Proteins are in transparent ribbon representation and each protomer is
shown in a different color. Ligands are in stick representation. (B) Dimer-to-dimer superimposition. Regions in colored background are shown in (D–F). (C) Structure
of the middle protomer. Color scheme is same as in Figure 2D. The middle protomer has an extra β-strand (β31) and a helix (α8) at the C-terminal end. The loop
between β10 and β11 has a missing residue (Lys165). (D) VTC1–GDP-Man interactions. Side chains of Asp80, Asn109, Asp111, Tyr145, Glu162, Asn173, Glu195,
Lys196, Trp217, and Asp219, and backbone amides of Gly85 and Gly146 are shown in sticks. Dashed magenta dots represent intermolecular hydrogen bonds with
distance (Å) labeled. (E) VTC1–citrate interactions. (F) VTC1–PPi interactions. The inner protomer is shown and colored as in (A).

The structural ensemble of VTC1 protomers also reflects the
dynamics during catalytic process (Figures 4, 5). The β5–α3 loop
near guanine-binding site, the critical η6–α6 loop, and the β8–
β9 and β10–β11 loops around mannose-binding site undergo
large conformational changes. The substrate GTP should bind to

the active site with its guanine moiety in the same orientation
as in the product GDP-Man, and with its β- and γ-phosphate
moieties pointing toward the β1–α1 loop. The Man-1-P-binding
mode is expected to be the same with the moiety of itself in
GDP-Man. Upon reaction, the product PPi should be repulsed
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FIGURE 5 | Superimposition of VTC1 protomers and activity assay. (A) Conformational ensemble containing six conformers. GDP-Man, PPi, and citrate are in sticks.
VTC1 is colored in rainbow with N-terminus in blue and C-terminus in red. Inset: details of the active site. Side chains of residues shown in Figure 4D are drawn as
lines. (B) GMPase activity of VTC1 and VTC11C. Bars represent standard deviation from three independent experiments.

from the pyrophosphate moiety and be accommodated in the
β1–η1 loop.

Taken together, our study has uncovered the molecular basis
for VTC1 oligomerization and delineated the active site. The

FIGURE 6 | Comparison of TmGMP, GMPPA-GMPPB, AGPase, and VTC1.
The corresponding PDB entries are 2 × 5Z, 7D72, 1YP4, and 7 × 8K. The
half GMPPA-GMPPB complex in a pseudo threefold symmetry is shown for
comparison with the VTC1 dodecamer. TmGMP, two GMPPB dimers, two
AGPase dimers, and three VTC1 dimers are shown in dark blue; GMPPA
(di-dimer) is shown in dark yellow; two GMPPB dimers, two AGPase dimers,
and three VTC1 dimers are in pale green. Triangle denotes the threefold
symmetry center.

structural information lays a foundation for future work on plant
GMPases which undergo an intricate mechanism of assembly and
hence a fine regulation due to the diverse function of GDP-Man.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://doi.org/10.
2210/pdb7X8J/pdb; https://doi.org/10.2210/pdb7X8K/pdb.

AUTHOR CONTRIBUTIONS

CZ, SZ, and Y-SL performed the experiments. CH, XW, and LL
analyzed the structure. SZ and LL designed the study. CZ and LL
wrote the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the National Key R&D Program
of China (2017YFA0503703), the National Natural Science
Foundation of China (31870729), and an Intramural Start-
Up fund.

ACKNOWLEDGMENTS

We thank the beamline scientists at the Shanghai Synchrotron
Radiation Facility and Ming-Zhu Wang at Anhui University for
assistance in data collection.

Frontiers in Plant Science | www.frontiersin.org 8 May 2022 | Volume 13 | Article 899738

https://doi.org/10.2210/pdb7X8J/pdb
https://doi.org/10.2210/pdb7X8J/pdb
https://doi.org/10.2210/pdb7X8K/pdb
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-899738 May 17, 2022 Time: 15:18 # 9

Zhang et al. Arabidopsis VTC1 Structure

REFERENCES
Afonine, P. V., Grosse-Kunstleve, R. W., Echols, N., Headd, J. J., Moriarty, N. W.,

Mustyakimov, M., et al. (2012). Towards automated crystallographic structure
refinement with phenix.refine. Acta Crystallogr. D Biol. Cryst. 68, 352–367.
doi: 10.1107/s0907444912001308

Bar-Peled, M., and O’Neill, M. A. (2011). Plant nucleotide sugar formation,
interconversion, and salvage by sugar recycling. Annu. Rev. Plant Biol. 62,
127–155. doi: 10.1146/annurev-arplant-042110-103918

Barth, C., Gouzd, Z. A., Steele, H. P., and Imperio, R. M. (2010). A mutation
in GDP-mannose pyrophosphorylase causes conditional hypersensitivity
to ammonium, resulting in Arabidopsis root growth inhibition, altered
ammonium metabolism, and hormone homeostasis. J. Exp. Bot. 61, 379–394.
doi: 10.1093/jxb/erp310

Barth, C., Moeder, W., Klessig, D. F., and Conklin, P. L. (2004). The timing
of senescence and response to pathogens is altered in the ascorbate-deficient
Arabidopsis mutant vitamin c-1. Plant Physiol. 134, 1784–1792. doi: 10.1104/
pp.103.032185

Conklin, P. L., Norris, S. R., Wheeler, G. L., Williams, E. H., Smirnoff, N., and Last,
R. L. (1999). Genetic evidence for the role of GDP-mannose in plant ascorbic
acid (vitamin C) biosynthesis. Proc. Natl. Acad. Sci. U.S.A. 96, 4198–4203.
doi: 10.1073/pnas.96.7.4198

Conklin, P. L., Pallanca, J. E., Last, R. L., and Smirnoff, N. (1997). L-ascorbic acid
metabolism in the ascorbate-deficient arabidopsis mutant vtc1. Plant Physiol.
115, 1277–1285. doi: 10.1104/pp.115.3.1277

Coutinho, P. M., Deleury, E., Davies, G. J., and Henrissat, B. (2003). An evolving
hierarchical family classification for glycosyltransferases. J. Mol. Biol. 328,
307–317. doi: 10.1016/s0022-2836(03)00307-3

Drula, E., Garron, M. L., Dogan, S., Lombard, V., Henrissat, B., and Terrapon,
N. (2022). The carbohydrate-active enzyme database: functions and literature.
Nucleic Acids Res. 50, D571–D577. doi: 10.1093/nar/gkab1045

Emsley, P., and Cowtan, K. (2004). Coot: Model-building tools for molecular
graphics. Acta Crystallogr. D Biol. Cryst. 60, 2126–2132. doi: 10.1107/
s0907444904019158

Englard, S., and Seifter, S. (1986). The biochemical functions of ascorbic acid.Annu.
Rev. Nutr. 6, 365–406. doi: 10.1146/annurev.nu.06.070186.002053

Falbel, T. G., Koch, L. M., Nadeau, J. A., Segui-Simarro, J. M., Sack, F. D., and
Bednarek, S. Y. (2003). SCD1 is required for cytokinesis and polarized cell
expansion in Arabidopsis thaliana. Development 130, 4011–4024. doi: 10.1242/
dev.00619

Fenech, M., Amaya, I., Valpuesta, V., and Botella, M. A. (2019). Vitamin C content
in fruits: biosynthesis and regulation. Front. Plant Sci. 9:2006. doi: 10.3389/fpls.
2018.02006

Figueroa, C. M., Asencion Diez, M. D., Ballicora, M. A., and Iglesias, A. A. (2022).
Structure, function, and evolution of plant ADP-glucose pyrophosphorylase.
Plant Mol. Biol. 108, 307–323. doi: 10.1007/s11103-021-01235-8

Figueroa, C. M., Lunn, J. E., and Iglesias, A. A. (2021). Nucleotide-sugar
metabolism in plants: the legacy of Luis F. Leloir. J. Exp. Bot. 72, 4053–4067.
doi: 10.1093/jxb/erab109

Foyer, C. H., Kyndt, T., and Hancock, R. D. (2020). Vitamin C in plants: novel
concepts, new perspectives, and outstanding issues. Antioxid. Redox Signal. 32,
463–485. doi: 10.1089/ars.2019.7819

Jin, D., Li, B., Deng, X. W., and Wei, N. (2014). Plant COP9 signalosome subunit
5, CSN5. Plant Sci. 224, 54–61. doi: 10.1016/j.plantsci.2014.04.001

Jin, X., Ballicora, M. A., Preiss, J., and Geiger, J. H. (2005). Crystal structure
of potato tuber ADP-glucose pyrophosphorylase. EMBO J. 24, 694–704. doi:
10.1038/sj.emboj.7600551

Kabsch, W., and Sander, C. (1983). Dictionary of protein secondary structure:
pattern recognition of hydrogen-bonded and geometrical features. Biopolymers
22, 2577–2637. doi: 10.1002/bip.360221211

Lairson, L. L., Henrissat, B., Davies, G. J., and Withers, S. G. (2008).
Glycosyltransferases: structures, functions, and mechanisms. Annu. Rev.
Biochem. 77, 521–555. doi: 10.1146/annurev.biochem.76.061005.092322

Li, S., Wang, J., Yu, Y., Wang, F., Dong, J., and Huang, R. (2016). D27E mutation
of VTC1 impairs the interaction with CSN5B and enhances ascorbic acid
biosynthesis and seedling growth in Arabidopsis. Plant Mol. Biol. 92, 473–482.
doi: 10.1007/s11103-016-0525-0

Lukowitz, W., Nickle, T. C., Meinke, D. W., Last, R. L., Conklin, P. L.,
and Somerville, C. R. (2001). Arabidopsis cyt1 mutants are deficient in

a mannose-1-phosphate guanylyltransferase and point to a requirement of
N-linked glycosylation for cellulose biosynthesis. Proc. Natl. Acad. Sci. U.S.A.
98, 2262–2267. doi: 10.1073/pnas.051625798

McCoy, A. J., Grosse-Kunstleve, R. W., Adams, P. D., Winn, M. D., Storoni,
L. C., and Read, R. J. (2007). Phasercrystallographic software. J. Appl. Cryst. 40,
658–674. doi: 10.1107/s0021889807021206

Minor, W., Cymborowski, M., Otwinowski, Z., and Chruszcz, M. (2006). HKL-
3000: the integration of data reduction and structure solution - from diffraction
images to an initial model in minutes. Acta Crystallogr. D Biol. Cryst. 62,
859–866. doi: 10.1107/s0907444906019949

Nickle, T. C., and Meinke, D. W. (1998). A cytokinesis-defective mutant of
Arabidopsis (cyt1) characterized by embryonic lethality, incomplete cell walls,
and excessive callose accumulation. Plant J. 15, 321–332. doi: 10.1046/j.1365-
313x.1998.00212.x

Nishigaki, N., Yoshimi, Y., Kuki, H., Kunieda, T., Hara-Nishimura, I., Tsumuraya,
Y., et al. (2021). Galactoglucomannan structure of Arabidopsis seed-coat
mucilage in GDP-mannose synthesis impaired mutants. Physiol. Plant. 173,
1244–1252. doi: 10.1111/ppl.13519

Pastori, G. M., Kiddle, G., Antoniw, J., Bernard, S., Veljovic-Jovanovic, S., Verrier,
P. J., et al. (2003). Leaf vitamin C contents modulate plant defense transcripts
and regulate genes that control development through hormone signaling. Plant
Cell. 15, 939–951. doi: 10.1105/tpc.010538

Pavet, V., Olmos, E., Kiddle, G., Mowla, S., Kumar, S., Antoniw, J., et al. (2005).
Ascorbic acid deficiency activates cell death and disease resistance responses in
Arabidopsis. Plant Physiol. 139, 1291–1303. doi: 10.1104/pp.105.067686

Pelissier, M. C., Lesley, S. A., Kuhn, P., and Bourne, Y. (2010). Structural insights
into the catalytic mechanism of bacterial guanosine-diphospho-D-mannose
pyrophosphorylase and its regulation by divalent ions. J. Biol. Chem. 285,
27468–27476. doi: 10.1074/jbc.M109.095182

Qin, C., Qian, W., Wang, W., Wu, Y., Yu, C., Jiang, X., et al. (2008). GDP-
mannose pyrophosphorylase is a genetic determinant of ammonium sensitivity
in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A. 105, 18308–18313. doi:
10.1073/pnas.0806168105

Raetz, C. R., and Roderick, S. L. (1995). A left-handed parallel beta helix in the
structure of UDP-N-acetylglucosamine acyltransferase. Science 270, 997–1000.
doi: 10.1126/science.270.5238.997

Robert, X., and Gouet, P. (2014). Deciphering key features in protein structures
with the new ENDscript server. Nucleic Acids Res. 42, W320–W324. doi: 10.
1093/nar/gku316

Sawake, S., Tajima, N., Mortimer, J. C., Lao, J., Ishikawa, T., Yu, X., et al. (2015).
KONJAC1 and 2 are key factors for GDP-mannose generation and affect
L-ascorbic acid and glucomannan biosynthesis in Arabidopsis. Plant Cell. 27,
3397–3409. doi: 10.1105/tpc.15.00379

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., et al. (2011).
Fast, scalable generation of high-quality protein multiple sequence alignments
using Clustal Omega. Mol. Syst. Biol. 7:539. doi: 10.1038/msb.2011.75

Smirnoff, N., Conklin, P. L., and Loewus, F. A. (2001). Biosynthesis of ascorbic acid
in plants: a renaissance. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52, 437–467.
doi: 10.1146/annurev.arplant.52.1.437

Terwilliger, T. C., Grosse-Kunstleve, R. W., Afonine, P. V., Moriarty, N. W., Zwart,
P. H., Hung, L. W., et al. (2008). Iterative model building, structure refinement
and density modification with the PHENIX AutoBuild wizard. Acta Crystallogr.
D Biol. Crystallogr. 64, 61–69. doi: 10.1107/S090744490705024X

Wang, J., Yu, Y., Zhang, Z., Quan, R., Zhang, H., Ma, L., et al. (2013). Arabidopsis
CSN5B interacts with VTC1 and modulates ascorbic acid synthesis. Plant Cell
25, 625–636. doi: 10.1105/tpc.112.106880

Wang, Q. S., Zhang, K. H., Cui, Y., Wang, Z. J., Pan, Q. Y., Liu, K., et al. (2018).
Upgrade of macromolecular crystallography beamline BL17U1 at SSRF. Nucl.
Sci. Tech. 29, 1–7. doi: 10.1007/s41365-018-0398-9

Wheeler, G. L., Jones, M. A., and Smirnoff, N. (1998). The biosynthetic pathway of
vitamin C in higher plants. Nature 393, 365–369. doi: 10.1038/30728

Williams, C. J., Headd, J. J., Moriarty, N. W., Prisant, M. G., Videau, L. L., Deis,
L. N., et al. (2018). MolProbity: more and better reference data for improved
all-atom structure validation. Protein Sci. 27, 293–315. doi: 10.1002/pro.
3330

Wu, B., Zhang, Y., Zheng, R., Guo, C., and Wang, P. G. (2002). Bifunctional
phosphomannose isomerase/GDP-D-mannose pyrophosphorylase is the point
of control for GDP-D-mannose biosynthesis in Helicobacter pylori. FEBS Lett.
519, 87–92. doi: 10.1016/s0014-5793(02)02717-5

Frontiers in Plant Science | www.frontiersin.org 9 May 2022 | Volume 13 | Article 899738

https://doi.org/10.1107/s0907444912001308
https://doi.org/10.1146/annurev-arplant-042110-103918
https://doi.org/10.1093/jxb/erp310
https://doi.org/10.1104/pp.103.032185
https://doi.org/10.1104/pp.103.032185
https://doi.org/10.1073/pnas.96.7.4198
https://doi.org/10.1104/pp.115.3.1277
https://doi.org/10.1016/s0022-2836(03)00307-3
https://doi.org/10.1093/nar/gkab1045
https://doi.org/10.1107/s0907444904019158
https://doi.org/10.1107/s0907444904019158
https://doi.org/10.1146/annurev.nu.06.070186.002053
https://doi.org/10.1242/dev.00619
https://doi.org/10.1242/dev.00619
https://doi.org/10.3389/fpls.2018.02006
https://doi.org/10.3389/fpls.2018.02006
https://doi.org/10.1007/s11103-021-01235-8
https://doi.org/10.1093/jxb/erab109
https://doi.org/10.1089/ars.2019.7819
https://doi.org/10.1016/j.plantsci.2014.04.001
https://doi.org/10.1038/sj.emboj.7600551
https://doi.org/10.1038/sj.emboj.7600551
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1146/annurev.biochem.76.061005.092322
https://doi.org/10.1007/s11103-016-0525-0
https://doi.org/10.1073/pnas.051625798
https://doi.org/10.1107/s0021889807021206
https://doi.org/10.1107/s0907444906019949
https://doi.org/10.1046/j.1365-313x.1998.00212.x
https://doi.org/10.1046/j.1365-313x.1998.00212.x
https://doi.org/10.1111/ppl.13519
https://doi.org/10.1105/tpc.010538
https://doi.org/10.1104/pp.105.067686
https://doi.org/10.1074/jbc.M109.095182
https://doi.org/10.1073/pnas.0806168105
https://doi.org/10.1073/pnas.0806168105
https://doi.org/10.1126/science.270.5238.997
https://doi.org/10.1093/nar/gku316
https://doi.org/10.1093/nar/gku316
https://doi.org/10.1105/tpc.15.00379
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1146/annurev.arplant.52.1.437
https://doi.org/10.1107/S090744490705024X
https://doi.org/10.1105/tpc.112.106880
https://doi.org/10.1007/s41365-018-0398-9
https://doi.org/10.1038/30728
https://doi.org/10.1002/pro.3330
https://doi.org/10.1002/pro.3330
https://doi.org/10.1016/s0014-5793(02)02717-5
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-899738 May 17, 2022 Time: 15:18 # 10

Zhang et al. Arabidopsis VTC1 Structure

Zhao, S., and Liu, L. (2016). Expression and crystallographic studies
of the Arabidopsis thaliana GDP-D-mannose pyrophosphorylase
VTC1. Acta Crystallogr. F Struct. Biol. Commun. 72, 795–798.
doi: 10.1107/S2053230X16013406

Zheng, L., Liu, Z., Wang, Y., Yang, F., Wang, J., Huang, W., et al. (2021). Cryo-EM
structures of human GMPPA-GMPPB complex reveal how cells maintain GDP-
mannose homeostasis. Nat. Struct. Mol. Biol. 28, 1–12. doi: 10.1038/s41594-
021-00591-9

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Zhao, Li, He, Wang and Liu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 10 May 2022 | Volume 13 | Article 899738

https://doi.org/10.1107/S2053230X16013406
https://doi.org/10.1038/s41594-021-00591-9
https://doi.org/10.1038/s41594-021-00591-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Crystal Structures of Arabidopsis thaliana GDP-D-Mannose Pyrophosphorylase VITAMIN C DEFECTIVE 1
	Introduction
	Materials and Methods
	Protein Production and Crystallization
	Structure Determination and Analysis
	GDP-D-Mannose Pyrophosphorylase Activity Assay

	Results
	Unliganded Structure
	Overall Structure of the VITAMIN C DEFECTIVE 1-Product Complex
	Active Site
	Protomer Conformations and GDP-D-Mannose Pyrophosphorylase Activity

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


