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NADPH-dependent glyoxylate reductases from Arabidopsis thaliana (AtGLYR) convert both glyoxylate and
succinic semialdehyde into their corresponding hydroxyacid equivalents. The primary sequence of cytosolic
AtGLYR1 reveals several sequence elements that are consistent with the 3-HAD ([3-hydroxyacid dehydrogenase)
protein family, whose members include 3-hydroxyisobutyrate dehydrogenase, tartronate semialdehyde reduc-
tase and 6-phosphogluconate dehydrogenase. Here, site-directed mutagenesis was utilized to identify catalyti-
cally important amino acid residues for glyoxylate reduction in AtGLYR1. Kinetic studies and binding assays
established that Lys170 is essential for catalysis, Phe231, Asp239, Ser121 and Thr95 are more important in
substrate binding than in catalysis, and Asn174 is more important in catalysis. The low activity of the mutant
enzymes precluded kinetic studies with succinic semialdehyde. The crystal structure of AtGLYR1 in the absence
of substrate was solved to 2.1 A by molecular replacement using a previously unrecognized member of the
3-HAD family, cytokine-like nuclear factor, thereby enabling the 3-D structure of the protein to be modeled
with substrate and co-factor. Structural alignment of AtGLYR1 with 3-HAD family members provided support
for the essentiality of Lys170, Phe173, Asp239, Ser121, Asn174 and Thr95 in the active site and preliminary sup-
port for an acid/base catalytic mechanism involving Lys170 as the general acid and a conserved active-site water
molecule. This information established that AtGLYR1 is a member of the 3-HAD protein family. Sequence and ac-
tivity comparisons indicated that AtGLYR1 and the plastidial AtGLYR2 possess structural features that are absent
in Arabidopsis hydroxypyruvate reductases and probably account for their stronger preference for glyoxylate over

hydroxypyruvate.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In 1953, Zelitch [1] provided the first report of NAD(P)H-dependent
glyoxylate reductase (GLYR, EC 1.2.1.79) activity in crude or partially
purified extracts from spinach leaves. Subsequently, evidence from
highly purified enzyme preparations of several plant species, as well as or-
ganelle fractionation, was obtained for the existence of multiple enzymes
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with overlapping specificities for glyoxylate versus hydroxypyruvate
and NADPH versus NADH, and for distinct cytosolic and plastidial
NADPH-dependent glyoxylate reductases that have only low activity
for hydroxypyruvate and/or NADH [2-5]. More recently, Arabidopsis
genes for the two isoforms (cytosolic AtGLYR1, GenBank accession no.
AY044183, and plastidial AtGLYR2, GenBank accession no. AAP42747)
were identified using a combination of strategies, including yeast com-
plementation and in silico analysis of gene/protein sequence, in vivo
targeting analysis of green fluorescent protein fusions in tobacco BY-2
suspension cells and Arabidopsis plants, and production and kinetic
characterization of recombinant proteins [6-10]. Both recombinant
AtGLYRs prefer NADPH over NADH and convert glyoxylate to glycolate,
and the AtGLYR1 has negligible hydroxypyruvate-dependent activity
[7,9]. Notably, the two isoforms also convert SSA (succinic semialdehyde)
to gamma-hydroxybutyrate, albeit with much lower catalytic efficiency
than for glyoxylate [7,9], and the use of single atglyr1 and atglyr2 knock-
outs indicates that they can function in <y-aminobutyrate metabolism
during stress [11,12].
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Preliminary analysis of the primary sequence of AtGLYR1 revealed
several sequence elements that are consistent with members of the
-HAD (p-hydroxyacid dehydrogenase) protein family [6]. Identification
of the B-HAD family was originally based on similarities in hydroxyacid
substrate specificity, oxidative reaction mechanism and conserved
glycine-rich sequence elements [13]. The crystal structure of NADP-
dependent sheep 6-PGDH (6-phosphogluconate dehydrogenase) in the
presence of its substrate 6-phosphogluconate revealed 14 strictly
conserved amino acid residues with the potential to be catalytically
important [14] (PBD ID 1PGP), and sequence alignments between this
protein and NAD-dependent rat 3-HIBADH (3-hydroxyisobutyrate dehy-
drogenase) enabled identification of a conserved glycine-rich consensus
element that includes two residues from the 6-PGDH active site [13].
Directed mutagenesis demonstrated K173 as catalytically crucial and
N177 as catalytically important residues in 3-HIBADH. Subsequent
mutagenesis and modeling studies enabled identification of additional
amino acids as catalytically important residues at the 6-PGDH active
site [15-19]. Recently, the crystal structures for Thermus thermophilus
HB8 3-HIBADH [20] (PDB ID 2CVZ), as well as Salmonella typhimurium
LT2 TSAR (tartronate semialdehyde reductase) [21] (PDB ID 1VPD) and
NADPH-dependent Eubacterium barkeri 2-(hydroxymethyl)glutarate
dehydrogenase [22] (PDB ID 3CKY) became available. This information
indicated that TSAR and 2-(hydroxymethyl)glutarate dehydrogenase
are also members of the 3-HAD family.

In the present paper, information about the 3-HAD protein family
allowed us to identify catalytically important amino acid residues
for glyoxylate reduction in AtGLYR1 by characterization of the kinetic
and binding properties of mutant enzymes. Initially, we had hoped to
gain insights into the mechanistic importance of the residues in both
glyoxylate and SSA reduction; however, kinetic studies of the mutant
enzymes were not possible with SSA since the activities were too low.
We were also able to solve the crystal structure of AtGLYR1 in the
absence of substrate (apoprotein; PDB ID 3DQJ) to 2.1 A by molecular
replacement using a previously unrecognized member of the R-HAD
family, cytokine-like nuclear factor. This allowed us to model the 3-D
structure of the protein with substrate and co-factor. Together, these
studies provided support for the importance of these residues and
established the basis for including AtGLYR1 in the 3-HAD protein family.

2. Materials and methods
2.1. Expression and purification of recombinant AtGLYR1

Recombinant AtGLYR2 was produced by amplifying a truncated
AtGLYR2 (Gene ID 838342) cDNA sequence lacking the N-terminal 58
amino acids using primers 5'-GCATCATATGTCTACCAGAGATGAACTTG
GAAC-3’ and 5’-GCATGGATCCCTAAGCTTCTCGGGATTTTGC-3/, thereby
providing a Ndel restriction site on the forward primer and a BamHI site
on the reverse primer. The amplified PCR product was cloned into the
PET-15b expression vector using Ndel/BamHI (Novagen, EMD Biosciences
Inc., Madison, WI, USA) and sequenced (University of Guelph, Laboratory
Services Branch, Guelph, ON, Canada).

The recombinant AtGLYR1 and AtGLYR2 were expressed from
the isopropyl-p-D-thiogalactopyranoside-inducible pET15b plasmid in
Escherichia coli BL21 pLysS and purified as described previously [7].
Briefly, post induction (2 h) the BL21 cells were collected by centrifuga-
tion, frozen overnight at —20 °C, lysed with lysozyme (1 mg/mL) in
buffer (100 mM Tris, pH 8.0, 0.5 mM phenylmethylsulfonyl-fluoride,
1 pg/mL pepstatin A, 2 pg/mL leupeptin) and precipitated with 10% poly-
ethylene glycol 8000 overnight. The precipitate was resuspended in
equilibration buffer (50 mM Tris, pH 8.0, 0.5 M NaCl, 20 mM imidazole,
100 M phenylmethylsulfonyl-fluoride) and loaded on a 4 mL HIS-
Select® Nickel Affinity Gel (Sigma) to purify the Hise-tagged protein (as
per manufacturer's protocol). The purity of the eluted protein was veri-
fied by SDS-PAGE (coomassie stained and western blot) and its concen-
tration was determined with the Bradford assay [7].

2.2. Site-directed mutagenesis of AtGLYR1 active site

The QuickChange site-directed mutagenesis kit (Stratagene) was
used to introduce S121A, K170A, K170R, K170E, K170H, N174A,
F231A, D239A, T95A mutations into AtGLYR1 expression plasmid
pET15b, using the appropriate primers (see Table S1 in the supplemen-
tal material). Mutated plasmids were sent to Genologics (University of
Guelph, Laboratory Services Branch, Guelph, ON, Canada) for sequenc-
ing (ABI PRISM Sequencer Model 377, PerkinElmer Life Sciences, Foster
City, CA, USA).

2.3. Analysis of recombinant protein stability

Purified recombinant proteins were separated by electrophoresis on
a 10% SDS-PAGE gel. The separated proteins were detected by immuno-
blot analysis on nitrocellulose membrane with anti-His monoclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at 1:500 dilution.
Blots were developed using alkaline phosphatase-linked secondary
antibody at 1:10,000 dilution (goat anti-mouse AP-linked, Sigma, St.
Louis, MO) and the alkaline phosphate conjugate substrate kit (Biorad,
Hercules, CA).

The purified recombinant enzymes were analyzed by steady-state
Trp fluorescence emission scans using PTI QuantaMaster C-61 steady-
state fluorimeter (Photon Technology International, London, Ontario,
Canada). The temperature of the cuvette was maintained at 22 °C
with a circulating water bath. For emission scans, the excitation
wavelength was 290 nm and the emission was scanned from 305 to
400 nm with a scan rate of 1.0 nm/s. The excitation and emission wave-
lengths were set to 2 and 4 nm, respectively. The final concentrations of
the native enzyme, denatured native enzyme (using 5 M guanidine-
HCI) and the mutant proteins were 60 pg/mL. Each protein spectrum
was corrected for the buffer only spectrum and the corrected spectra
were normalized. The normalized corrected spectra of the native and
mutant enzymes were superimposed to assess differences in shape
and emission maxima.

2.4. Enzyme assays

Enzymatic activity of the purified native and mutant AtGLYR1
enzymes was measured continuously as the oxidation of NADPH using
the protocol described previously [7]. Briefly, the reaction mixture
consisted of 50 mM 4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic
acid, pH 7.8, 10% sorbitol, NADPH, glyoxylate and purified recombinant
enzyme. Kinetics with glyoxylate as the varied substrate were
conducted at a fixed concentration of NADPH (50 puM); for each enzyme
the concentration of glyoxylate was varied to give five to six data points
both above and below the K, When NADPH was varied, the fixed con-
centration of glyoxylate was typically 8-10 times the K, for glyoxylate;
the only exception was for the F231A mutant where the maximum
concentration of glyoxylate achievable was 2.5 times the K, For each
enzyme, the concentration of enzyme used was determined to be within
the linear range (0.75-2500 nM). One unit of activity equals 1 pmol/min,
and all kinetic data were obtained from measurements of initial rate.
Measurements were obtained in triplicate at each concentration and typ-
ically three to four biological replicates were used. Kinetic data were fit to
the Michaelis-Menten equation using non-linear least-squares analysis
(SigmaPlot2000, version 6.1; Enzyme Kinetics Module, version 1.0; Systat
Software Inc., Point Richmond, CA). A fit was deemed acceptable if it ex-
hibited random residuals, passed the runs test and reached minimum
error in all fitting parameters. Kinetics of the native AtGLYR1 enzyme
with lithium B-hydroxypyruvate (Sigma, St. Louis, MO) as the varied sub-
strate were performed essentially as described above for glyoxylate with
fixed concentrations of NADPH (50 uM) and enzyme (25 nM). For native
AtGLYR2, kinetics using glyoxylate as a varied substrate were essentially
the same as for AtGLYR1 with the exception that enzyme concentration
was 25 nM.
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Glyoxylate-dependent quenching of intrinsic tryptophan fluores-
cence was used to determine the binding constants (Kj). Triplicate
reactions were performed in the above described reaction buffer over
a concentration range of 0-50 uM glyoxylate in the presence of 1 M
enzyme. Fluorescence measurements were obtained using a Cary
Eclipse fluorescence spectrophotometer (Santa Clara, CA) according to
the method reported elsewhere [23].

2.5. Crystallization of recombinant AtGLYR1

Purified AtGLYR1 was desalted and concentrated to 10 mg/mL
in 50 mM Tris, pH 7.8, using Microcon-10 centrifugal concentrators
(Amicon). Crystallization trials were set up using the sitting-drop
vapor-diffusion method at 20 °C. The crystallization conditions were
identified from a preformulated commercial screening kit (Hampton
Research, Aliso Viejo, CA). The best crystals were obtained by equilibrat-
ing a mixture of 2 pL of protein solution and an equivalent volume of
reservoir solution (0.2 M calcium acetate hydrate, 20% polyethylene
glycol 3350, pH 6.5). Needlelike crystals formed within a few days and
grew to diffracting quality size single crystals after approximately six
weeks.

2.6. Data collection, structure solution and refinement

Before flash freezing in liquid N, the crystals were transferred to
paratone-N (Hampton research) for cryo-protection. A native 2.35 A
dataset was collected with our in-house Enraf-Nonius FR571 diffrac-
tometer equipped with a rotating Cu anode and a proteum pt135 ccd
detector (Bruker AXS). The diffraction images were processed using
Proteum? software package (Bruker AXS). The space group was deter-
mined to be body-centered tetragonal with a Matthews coefficient indi-
cating only one molecule per asymmetric unit with a solvent content of
66%. The structure of AtGLYR1 was solved by molecular replacement
using Molrep [24] and the cytokine-like nuclear factor (N-PAC) (PDB
entry, 2UYY) as search model. The solution from molecular replacement
was used as input to warpNtrace [25], which was able to trace ~70% of
the structure. The model was rebuilt in Coot [26] and refined in Refmac5
[27] using TLS at 2.35 A resolution. Finally, a 2.1 A data set was collected
on the same crystal at beamline 08-ID at the Canadian Light Source in
Saskatoon, SK, Saskatchewan. After processing the new data using the
HKL2000 software package [28], the model was re-refined at 2.1 A in
Phenix [29] using the new reflection file after extension and transfer
of the test set. The buried surface area was calculated by PISA [30].

2.7. Alignments

The multiple sequence alignment was carried out using ClustalW
[31] (http://www.ebi.ac.uk) and the output was loaded into the
ESPRIPT utility (http://espript.ibcp.fr) to incorporate secondary struc-
ture assignment from the AtGLYR1 crystal structure. The AtGLYR1
structure was superimposed on the structures of 3-HIBADH-NADPH,
6-PGDH-NAPDH and TSAR-TA using the Brute force alignment com-
mand in LSQMAN [32]. Structural figures were prepared in PyMOL
[33].

2.8. Statistical analyses

All statistical analyses for the kinetic data were done using SAS 9.1 at
the o = 0.05 level (SAS Institute, Cary, NC). Data were first checked for
homogeneity of variance (Brown and Forsythe's test for homogeneity
of variance) and log transformed in cases where equal variance was
not observed before being analyzed using Duncan's multiple range
(Proc GLM). Unless otherwise indicated, values represent means of
three to four biological replicates + SE.

3. Results and discussion
3.1. Sequence alignment of AtGLYR1 and 3-HAD family members

Sequence alignment reveals that the amino acid identity among
AtGLYR1, two known members of the 3-HAD family (3-HIBADH and
TSAR), and N-PAC ranges from 23 to 48% (Fig. 1). However, the identity
between these four proteins and 6-PGDH ranges from only 10 to 19%,
and the subunit size is ~30 kD and ~50 kD, respectively. Furthermore,
3-HIBADH, TSAR and AtGLYR1 all catalyze low energy electron transfer
oxidations and reductions [13,14,34], whereas 6-PGDH catalyzes a
three-step, high energy oxidative decarboxylation [35]. Also evident
from the sequence alignment is that all five proteins share 10 strictly
conserved glycines within their primary sequence, contributing to a
common structural framework. They contain a rather large conserved
primary structure consensus element at their N-terminus that was
originally identified by Hawes et al. [13] and later confirmed as the
3-HIBADH signature sequence by Prosite ([LIVMFY](2)-G-L-G-x-[MQ]-
G-x(2)-[MA]-[SAV]-x-[SNHR]) (Prosite (http://expasy.org/prosite/) ac-
cession number: PS00895). This element is forgiving in amino acid
identity but not in character; therefore, small deviations can be seen
in the case of 6-PGDH and N-PAC.

3.2. Kinetic characterization of putative active-site mutants of AtGLYR1

Based on earlier studies of 3-HIBADH, 6-PGDH and TSAR [34,36]; see
also references above), five putative active-site residues and a charac-
teristically conserved T95 residue were identified in AtGLYR1 (Fig. 1)
and replaced with Ala (S121A, K170A, N174A, F231A, D239A, T95A).
Lys170 was also replaced with Arg, Glu or His. The mutant enzymes,
like the native AtGLYR1 [7], could be highly expressed in E. coli and
then extracted and purified to homogeneity (see Fig. S1A in the
supplemental material). Trp emission scans revealed that the emission
maximum and the shape of the fluorescence scan were similar for
mutant and native enzymes (see Fig. S1B in the supplemental material),
indicating that stability and probably folding were unaffected by the
introduced mutations.

We had planned to investigate the importance of the various resi-
dues in the reduction of SSA, as well as glyoxylate; however, the activi-
ties of the mutant enzymes with SSA were generally too low for kinetic
studies. Thus, we focused on the glyoxylate-dependent reaction; the
kinetic and binding parameters are summarized in Tables 1 and 2.
The native enzyme displayed values for catalytic efficiency (kcat/Km)
and affinity (Km) for glyoxylate and NADPH of 3407 s~ ! mM~1, 18 uM
and 3.4 uM, respectively, as determined with the use of a microplate
reader. These values are in agreement with previous data obtained
with a double beam spectrophotometer, which demonstrated a much
higher catalytic efficiency and affinity for glyoxylate (2870 s~! mM ™},
4.5 uM) than for SSA (11.6 s~! mM~!, 870 uM), as well as a compara-
ble affinity for NADPH (2.2 uM) [7]. Here, even less favorable values
were obtained for these kinetic parameters using hydroxypyruvate
(kcat/Km = 0.232 s7' mM~"' and K, = 6.1 mM), indicating that
hydroxypyruvate is a very poor substrate for AtGLYR1. These bio-
chemical properties are consistent with those reported in early stud-
ies of NADPH-dependent glyoxylate reductase activity from tobacco
and spinach [2,3,5].

There was a four- to 70-fold range in the K, and kc,/K;, values for
NADPH across the enzymes tested (Table 1), whereas the values for
glyoxylate varied by 800- to 18,000-fold (Table 2), indicating that
interactions with glyoxylate were dramatically more sensitive to the
putative active-site mutations. For the K170A mutant, glyoxylate turn-
over could not be detected even at elevated enzyme and substrate
concentrations, and the K4 value was comparable to that in the native
enzyme (Table 2), indicating that this Lys is crucial for catalysis. The
keae values for glyoxylate in the K170R and K170E mutants were about
three and four orders of magnitude, respectively, lower than that for
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Fig. 1. Primary sequence and secondary structure alignments of native AtGLYR1 (PDB ID 3DOJ) and N-PAC (PDB ID 2UYY) with the original members of the 3-HAD family: 3-HIBADH (PDB
ID 2CVZ), 6-PGDH (PDB ID 1PGO), and TSAR (PDB ID 1VPD). The black bar denotes the position of the N-terminal Prosite 3-HIBADH signature sequence [LIVMFY](2)GLGX[MQ]Gx(2)[MA]-
[SAV]X[SNHR]. The blue stars indicate the positions of the AtGLYR1 active-site consensus sequence Sx(48)Kx(3)Nx(56)Fx(7)D. The red stars indicate the positions of the 6-PGDH active-
site consensus sequence Nx(25)Sx(54)Kx(2)HNx(2)EYx(68)KxTx(24)Rx(158)Rx(2)Fx(2)H [7]. The numbering for 6-PGDH in the above alighment is one amino acid higher than the
numbering related to the 1PGO entry, wherein the sequence starts at the Ala, which corresponds to the second amino acid in the alignment above.
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Table 1

Kinetic parameters for recombinant native and mutant AtGLYR1s with NADPH. Values
represent the mean of two-four biological replicates + SE. Shared letters within each
column indicate no significant difference between samples as determined by a Duncan's
multiple range test (when necessary, data were log transformed in order to ensure
equal variance).

AGLYR1 Kear/Kin (s™1 M) K (UM) kear (s71)
Native 243+ 16b 344 + 026D 841 + 104a
S121A 51.7 £ 66a 1.80 + 0.07 cd 937+ 14.1a
N174A 109 + 4.0c¢ 0902 + 0.108d 9.09 + 238b
K170A ND* ND ND

F231A 434 4+ 055¢ 2.04 £+ 0.65 cd 9.56 + 4.26b
D239A 104 + 23 ¢ 2.73 + 0.67 bc 254 +28b
T95A 0.779 4+ 0.186 d 648 +£3.1a 51.1 & 14.5ab

4 Not detectable at a minimum limit of 120 nM s~ .

the native enzyme; however, there was much less change, if any, in the
K., and Ky values. Furthermore, it was not possible to saturate the reac-
tion for the K170H mutant, even up to a glyoxylate concentration of
200 mM, indicating extremely low interaction with the substrate
(data not shown). These findings are in agreement with similar studies
on the K183 that is identically positioned within 6-PGDH [14,17].

The S121A, N174A, F231A, D239A and T95A mutants had lower
keat/Km values for glyoxylate than the native enzyme, but enzymatic
activity was not eliminated (Table 2), indicating that these residues
are not crucial participants in the catalytic event. Of these mutants,
N174A had the lowest ke, (turnover), but the K4 was unaffected, indi-
cating that N174 is more important in catalysis than in binding. F231A
and D239A had lower k¢, values, and much higher (weaker affinity)
or undeterminable Ky values due to their extremely low binding,
indicating that these residues are more important in binding than in
catalysis. The k¢, for S121A was unaffected, whereas the Ky was slightly
compromised, suggesting that S121 is more important in binding than
catalysis. Similarly, the k..; for T95A was unaffected, but the Ky was
undeterminable, indicating that T95 is very important in binding.

3.3. Structure of AtGLYR1 protomer and oligomer

Diffraction data for the AtGLYR1 crystal without substrate were
collected to a maximum resolution of 2.1 A and the structure was solved
by molecular replacement using the phase coordinates from N-PAC,
which has a sequence identity of 49%, resulting in high quality electron
density maps (see Fig. S2 in the supplemental material). The data reduc-
tion and refinement statistics for the model are summarized in Table S2
in the supplemental material. The overall structure of AtGLYR1 consists
of two domains and contains eight p-strands (named 1 through 38)
placed in domain I and 13 «a-helices (a1 through «13) distributed
between the two domains (Fig. 2A). Domain I, with the dinucleotide-
binding region, comprises residues 1-165 in the N-terminus. This
typical Rossmann fold domain contains two o/ units: a six-stranded
parallel B-sheet (31-36a) covered by four helices (a1-a5) and followed
by a mixed three-stranded 3-sheet (R6b-38) covered by two helices

Table 2

(06 and 7). Domain II (residues 195-287) consists of only helices
(a8-a13) from the C-terminal segment of the protein. The two do-
mains are connected by a long a-helix, a8 (residues 166-194). Like
the 3-HIBADH [23], TSAR (PDB ID 1VPD) and N-PAC (PDB code 2UYY)
structures, the AtGLYR1 exists as an apparent tetramer in the crystal.
Even though the four enzymes were crystallized in different space
groups they all contain a globally identical tetrameric structure
(Fig. 2B), which lends further support that these enzymes function as
a homotetramer. As carefully described for the 3-HIBADH structure [20]
each subunit of the tetramer interacts primarily with two neighboring
subunits. The AB subunits show a major buried surface area of
23445 A? corresponding to 17.4% of the total protomer surface. The
AC and AD interface show minor areas of 676.4 A? and 294.3 A2, respec-
tively. Furthermore, the AB interface is essentially mediated by hydro-
phobic interactions, whereas several hydrogen bonds mediate the AC
and AD interface. The tetrameric structure of the AtGLYR1 oligomer in
solution was further confirmed using gel exclusion chromatography
(data not shown).

3.4. Structural alignment and NADPH binding in AtGLYR1 and (3-HAD
family members

The solved crystal structure of AtGLYR1 without substrate superim-
poses nicely onto the structures of 3-HIBADH-NADPH, 6-PGDH-NADPH
and TSAR-tartaric acid (TSAR-TA) with r.m.s.d. values of 1.5 A, 1.9 A
and 1.2 A, respectively, for the C, atoms (Fig. 3A). This supports
the structural relationship of AtGLYR1 to the 3-HAD family. Many
NAD(H)/NADP(H)-dependent dehydrogenases contain the Rossmann
fold for binding the dinucleotide cofactor [37]; the pyrophosphate
group interacts with the GxGxx(G/A) sequence fingerprint motif found
in the Rossmann fold. This characteristic glycine-rich fingerprint motif
is present in the N-terminal domain (G7-G12, as numbered in
AtGLYR1). We were not successful in crystallizing AtGLYR1 in the pres-
ence of substrate or infusing glyoxylate into the AtGLYR1 crystal, but the
presence of NADPH (from 3-HIBADH-NADPH) and TA (from TSAR-TA)
enables identification of residues that are most likely to contribute to
substrate binding in AtGLYR1. Modeling of each substrate into the
crystal structure of AtGLYR1 illustrates a good fit within the proposed
binding site (Fig. 3B and C, respectively). Like the 3-HIBADH-NADPH
structure, NADPH is most likely bound to the interdomain cleft of the
AtGLYR1 structure. The ADP portion of the cofactor is exposed to the
solvent, whereas the nicotinamide ring as well as the TA substrate are
shielded from the solvent.

The residues surrounding the NADPH and TA substrates (M11, N30,
R31, L64, S121, K170, N174,D239, F231, and T95 as numbered in
AtGLYR1) in the superposition of the four structures are highly con-
served and have almost perfectly overlapping positions (Fig. 3D). The
potential hydrogen bonds in the apo structure of AtGLYR1 are listed in
Table S3 in the supplemental material and compared to the correspond-
ing bonds in 3-HIBADH-NADPH and TSAR-TA structures. Residues K170,
N174 and D239 are positioned within hydrogen bonding distance of

Kinetic parameters for recombinant native and mutant AtGLYR1s with glyoxylate. Values for native and mutant enzymes represent the mean of nine and three—four biological
replicates + SE, respectively. Shared letters within each column indicate no significant difference between samples as determined by a Duncan's multiple range test (when necessary,

data were log transformed in order to ensure equal variance). ND, not detectable.

AtGLYR1 keat/Km (571 mMil) K (mM) keat (571) Ka (HNI)

Native 3407 £ 983 a 0.018 £+ 0.002 e 546 £ 132a 147 + 042d
S121A 480 + 17b 0.181 £ 0.015¢ 864 + 6.7a 15.13 + 4.02b
N174A 728 £ 129¢c¢ 0.088 + 0.011d 6.06 +£ 0.32 ¢ 192 + 032 cd
K170A ND? ND ND 3.89 + 1.61¢
K170R 0.86 + 0.05e 0.061 £ 0.008 d 0.051 4 0.004 d 141 £ 0.28d
K170E 0.19 4+ 003 f 0.033 £ 0.014e 0.0052 + 0.0012 e 1.77 £ 0.18 cd
F231A 087 £ 0.13e 124+ 1.70a 11.0+ 26¢ ND

D239A 745 + 053d 3.00 + 0.18b 220+ 04b 1839 + 1449 a
TI95A 146 + 28d 46 + 0.16b 67.8 + 104 a ND

2 Not detectable at a minimum limit of 120 nM s

—1
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Fig. 2. Ribbon representation of native AtGLYR1 in the 2.1 A crystal structure. (A) Protomer with domain and secondary structure assignments; a-helices are shown in green, loops in red
and PB-strands in light brown. (B) Tetramer as packed in the crystal structure, with subunit A colored in blue, B in orange, C in green and D in purple.

each other, with D239 always hydrogen bonded to a conserved active-
site water molecule, as in the 3-HIBADH-NADPH and TSAR-TA struc-
tures. These hydrogen-bond interactions could act as a proton relay
from the active-site water to K170 via D239 and N174 residues, and
then to glyoxylate. Furthermore, the highly conserved water, as seen
in the HIBADH holo structure (PDB code TWP4), could move closer to
the catalytically crucial Lys and becomes highly coordinated, giving it
the potential to also function as a general acid/base catalyst.

The D239A or N174A substitution in AtGLYR1 would affect the pro-
ton relay between active-site water and active-site Lys and decrease cat-
alytic efficiency and turnover in these mutant enzymes, as is evident
from the observed kinetic data (Table 2). For N174, the hydrogen bond-
ing also supports its involvement in orienting K170 during catalysis.
The D239A mutant of AtGLYR1 also had a much weaker binding affinity
for glyoxylate than the native enzyme (Table 2), and the binding affinity
for the T95A and F231A mutants was below the detection limit
(Table 2). However, the k., values for these three mutants were quite
comparable, indicating that T95, F231 and D239 serve a more important
role in substrate orientation and docking than in catalysis. All p-HAD
family members (except 6-PGDH) have a Phe in their primary sequence,
which is identical to the position of F231 in the AtGLYR1 model. The
TSAR model suggests that the steric presence of F231 positions TA
towards the cofactor position [21]; a similar relationship most likely ex-
ists in AtGLYR1. The T95 residue of AtGLYR1 is also characteristically
conserved as Ser, Thr or Asn among all B-HAD family members, indicat-
ing that a small polar residue is probably required at this position in
order to form polar interactions with the substrate molecule. The Ky of
the S121A mutant with glyoxylate was slightly compromised; however,
the catalytic efficiency was not significantly affected (Table 2), suggest-
ing that the S121 hydroxyl is likely important for recognizing and
orienting the substrate.

Overall, these data support the assignment of K170 as a general acid
in the acid/base catalytic mechanism of AtGLYR1. With this in mind, we
can speculate on the impact of the K170 mutations on AtGLYR1 activity
(Table 2). The K170A mutation would eliminate the side chain of the Lys
residue and therefore any possibility of acid-base catalysis. The side
chain of Glu in the K170E mutant would be less likely to accept a proton
from the active-site water, probably due to its lower pK and shorter side
chain compared to Lys, even though it could form hydrogen-bonding
interactions with glyoxylate. The guanidinium group of Arg in the

K170R mutant would be capable of accepting a proton from the water
molecule, and therefore could function as a general acid by donating a
proton to the developing product. However, the catalytic activity with
Arg would be lower because it likely has a higher pK in the enzyme
environment than does Lys and is therefore a weaker acid [17]. This is
not unexpected as the pK of the guanidinium group of Arg is about
12.5 in solution compared to 10.5 for the primary amine group of Lys.
With the K170H mutant, there would be a dramatically lower binding
affinity for glyoxylate, likely due to the result of steric interference by
the imidazole group of the His side chain. We attempted to determine
the pK value of the K170 in AtGLYR1 using nuclear magnetic resonance;
however, it was unsuccessful due to the large molecular mass of
the AtGLYR1 tetramer (~120 KDa) and the sorbitol required for enhanc-
ing protein solubility/stability in the buffer used. Alternatively, we
used the computational pK, feature in the modeling suite, Molecular
Operating Environment 2011.10 (Chemical Computing Group, INC) to
calculate the pK, for K170 in AtGLYR1 and it was found to be 8.09. How-
ever, it must be considered that the AtGLYR1 (3DO]J) structure does not
have bound cofactor or substrate, which will undoubtedly shift the pK,
for K170.

3.5. Comparison of glyoxylate and hydroxypyruvate reductases and
potential role during abiotic stress

Photorespiratory flux in plants is typically a function of the ambient
levels of CO, and O, (Fig. 4, [38]). Abiotic stress conditions such as
drought and salinity can cause stomatal closure, thereby reducing
the internal CO,/0, ratio and resulting in corresponding increases in
the oxygenation of ribulose 1,5 bisphosphate, glycolate-2-phosphate,
glycolate, and glyoxylate production [39]. In contrast, under hypoxia
the photorespiratory pathway would not be expected to generate
glyoxylate due to limiting glycolate oxidase activity [40]. All three
stresses are likely associated with an elevated NAD(P)H/NAD(P)
ratio [11,12], which could limit the mitochondrial conversion of glycine
into serine via glycine decarboxylase and where appropriate, cause
glyoxylate to further accumulate. The generation of glyoxylate from
hydroxypyruvate via the non-photorespiratory serine pathway might
also be restricted by unfavorable redox conditions during abiotic stress.
Notably, the activities of NAD*-dependent succinic semialdehyde
dehydrogenase and glutamate decarboxylase and NADPH-dependent
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Fig. 3. Structural comparison of native AtGLYR1 with the 3-HAD family. (A) Superposition of the AtGLYR1 structure (green) with the structures of 3-HIBADH-NADPH (yellow) (PDB ID
2CVZ), 6-PGDH-NADPH (red) (PDB ID 1PGO) and TSAR-TA (blue) (PDB ID 1VPD). Overall ribbon representation of the four structures with the NADPH bound to the 3-HIBADH is
shown in yellow sticks, the NADPH bound to the 6-PGDH is shown in red sticks, and the TA bound to the TSAR is shown in blue sticks. (B) Surface representation of AtGLYR1 with
NADPH is shown in gray ball and stick. The surface is colored according to conservation based on the sequence alignment shown in Fig. 2. (C) ~90° rotation of the view as seen in B showing
the other side of the binding pocket with the bound TA in black ball and stick. (D) Ball and stick representation of conserved residue side chains important for the catalytic activity of the
four structures (colored as in A). NADPH from the HIBADH-NADPH structure is shown in gray and TA from the TSAR-TA structure is shown in black. For clarity the C, atoms are presented

in slightly larger spheres.

SSA reductase activities would be decreased and increased, respectively,
resulting in increases in 'y-aminobutyrate and y-hydroxybutyrate pro-
duction [41,42].

Hydroxypyruvate reductase (HPR) activity is important in the
recycling of metabolites derived during photorespiration (Fig. 4).
Recent evidence indicated that there are distinct HPR isoforms located
in different cellular compartments and with dual substrate specificity:
HPR1 is a peroxisomal protein that prefers NADH over NADPH and
hydroxypyruvate over glyoxylate; HPR2 is a cytosolic protein that pre-
fers NADPH over NADH but utilizes hydroxypyruvate and glyoxylate
similarly; and HPR3 is a plastidial protein that prefers NADPH over

NADH and glyoxylate over hydroxypyvruvate (HPR3) [43,44]. Based
on substrate specificity, it seems plausible that the NADPH-dependent
cytosolic and plastidial AtGLYRs and AtHPRs could support the optimum
reduction of glyoxylate, as well as hydroxypyruate [12,44]. However,
purified recombinant preparations of both AtGLYR1 and AtGLYR2
strongly favored the reduction of glyoxylate over hydroxypyuvate,
whereas AtHPR2 and AtHPR3 had similar maximal activities with both
glyoxylate and hydroxypyruvate (Table 3). Comparison of primary
sequences indicated that AtHPR2 and AtHPR3 were 45% identical to
each other at the amino acid level, but only 19-25% identical to
AtHPR1, the NADH-dependent form, and 8-9% identical to the AtGLYRs
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enzymes under consideration are indicated in black/white balloons and squares, respectively. The thick arrow represents reactions of glycolysis, and the question mark represents uncer-

tainty about the fate of GHB [38,39].

(see Fig. S3 in the supplemental material). Furthermore, none of the
AtHPRs contained the active-site residues conserved in AtGLYR1 and
AtGLYR?2, indicating that the sites responsible for reducing glyoxylate
differ greatly between the AtGLYRs and AtHPRs.

4. Conclusion

Despite low sequence identity, site-directed mutagenesis and struc-
tural information revealed that AtGLYR1 shares common secondary
structure, 3-D architecture and functionally important amino acid resi-
dues with the 3-HAD family, which includes 3-HIBADH, TSAR, 6-PGDH
and 2-(hydroxymethyl)glutarate dehydrogenase. The data reported
here establishes AtGLYR1 as the fifth member of the p-HAD family of
proteins with known function and as the first family member reported
to catalyze the production of either a p-hydroxy (ie., glycolate from
glyoxylate) or a y-hydroxyacid (i.e., y-hydroxybutyrate from SSA) [4].
Unfortunately, it was not possible in this paper to assess the mechanistic
role of the important amino acid residues in SSA reduction. Further

Table 3

characterization of AtGLYR1 should contribute to our understanding of
the structure-function relations in the small 3-HAD protein family and
to identification of new family members.

A general acid/base kinetic mechanism is a common feature of
oxidoreductase enzymes [45] and previous studies of 6-PGDH have pro-
posed that the oxidation of 6-phosphogluconate to ribulose 5-phosphate
utilizes K183 as a general base for deprotonation and stabilization of
transition state intermediates [14,17]. In this paper, we proposed that
the active site of AtGLYR1 is an excellent candidate for general acid/
base catalysis and addressed the relative kinetic importance in catalysis
and binding of five potentially active-site residues (i.e., F231, S121,
K170, N174, D239) and a conserved hydroxyl in a Thr residue.

Sequence and activity comparisons indicated that AtGLYR1 and
AtGLYR2 possess structural features that are absent in the AtHPRs and
that these features could account for their stronger preference for
glyoxylate over hydroxypyruvate. On this basis, it is possible that the
AtGLYRs serve a more important role than the AtHPRs in glyoxylate
detoxification and the recycling of reducing equivalents during the

Substrate specificity for NADPH-dependent activities of known recombinant native AtGLYRs and AtHPRs. Kinetic parameters for AtGLYR1 with glyoxylate as the substrate were
recalculated from Table 2. Kinetic parameters for AtGLYR1 with hydroxypyruvate as the substrate and for AtGLYR2 with glyoxylate as the substrate were determined using one typical
biological replicate. Values for maximal activity of the AtHPRs for glyoxylate or hydroxypyruvate were taken from published literature [43,44] and represent the mean of three biological
replicates.

Enzyme (subcellular location) Substrate

Glyoxylate Hydroxypyruvate

Vimax O maximal activity Km Vimax O maximal activity Km

(umol min~! mg~" prot) (M) (umol min~! mg~! prot) (mM)
AtGLYR1 (cytosol) 109 18 2.8 6.1
AtGLYR2 (plastid) 25 16 - -
AtHPR1 (peroxisome) 0.26 =2 12 -
AtHPR2 (cytosol) 46 - 55 -
AtHPR3 (plastid) 23 - 1.1 -

2 Data not available.
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response to abiotic stress. Recent research demonstrated that the dele-
tion of the NADPH-dependent AtHPRs influences the photorespiratory
phenotype [43,44], but further work is required to assess the involve-
ment of the AtGLYRs in photorespiration and during abiotic stress.
These findings have potential implications for engineering stress resis-
tance in important crop plants.
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