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ABSTRACT

In this paper we report the first crystal structure of a prokaryotic sucrose synthase
from the non-photosynthetic bacterium Nitrosomonas europaea. The obtained structure
was in an open form, whereas the only other available structure from the plant
Arabidopsis thaliana was in a closed conformation. Comparative structural analysis
revealed a “hinge-latch” combination, which is critical to transition between the open and
closed forms of the enzyme. The N. europaea sucrose synthase shares the same fold as
the GT-B family of the retaining glycosyltransferases. In addition, a triad of conserved
homologous catalytic residues in the family showed to be functionally critical in the N.
europaea sucrose synthase (Arg567, Lys572, Glu663). This implies that sucrose synthase
shares not only a common origin with the GT-B family, but also a similar catalytic
mechanism. The enzyme preferred transferring glucose from ADP-glucose rather than
UDP-glucose like the eukaryotic counterparts. This predicts that these prokaryotic
organisms have a different sucrose metabolic scenario from plants. Nucleotide preference
determines where the glucose moiety is targeted after sucrose is degraded.
IMPORTANCE

We obtained biochemical and structural evidence of sucrose metabolism in non-
photosynthetic bacteria. Until now, only sucrose synthases from photosynthetic
organisms have been characterized. Here, we provide the crystal structure of the sucrose
synthase from the chemo-litho-autotroph N. europaea. The structure supported that the
enzyme functions with an open/close induced fit mechanism. The enzyme prefers as
substrate adenine-based nucleotides rather than uridine-based like the eukaryotic

counterparts, implying a strong connection between sucrose and glycogen metabolism in
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these bacteria. Mutagenesis data showed that the catalytic mechanism must be conserved

not only in sucrose synthases, but also in all other retaining GT-B glycosyltransferases.
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INTRODUCTION

In plants, sucrose is a major photosynthetic product and plays a key role not only
for carbon partition but also in sugar sensing, development, and regulation of gene
expression (1-3). It was first thought that sucrose metabolism was a characteristic of
plants but it was later found in other oxygenic photosynthetic organisms (4, 5). In the last
decade, Salerno and coworkers demonstrated the importance of sucrose for carbon and
nitrogen fixation in filamentous cyanobacteria (6, 7). More recently, genomic and
phylogenetic analyses revealed the existence of sucrose-related genes in non-
photosynthetic prokaryotes such as proteobacteria, firmicutes, and planctomycetes (4, 5,
8). It has been suggested that these organisms acquired the genes of sucrose metabolism
by horizontal gene transfer (4, 5, 8). However, analysis of the enzymes encoded by such
genes is currently lacking.

Nitrosomonas europaea is a chemo-litho-autotrophic bacterium that obtains
energy by oxidizing ammonia to hydroxylamine and nitrite in presence of oxygen (9). It
is a member of the B-proteobacteria group with a putative photosynthetic ancestor (10).
N. europaea has potential for many biotechnological applications, including
bioremediation of water contaminated with chlorinated aliphatic hydrocarbons (11) or
ammonia, in combination with Paracoccus denitrifi (9). N. europaea displays some
metabolic resemblance to photosynthetic organisms, but with marked differences. For
instance, it possesses all the coding genes for enzymes of the Calvin-Benson cycle, but
with two exceptions that could be replaced by other glycolytic enzymes (12). All the
genes coding for enzymes from the tricarboxylic acid cycle were found in N. europaea

(12); however, activity of a-ketoglutarate dehydrogenase is non-detectable (13).
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The evidence from genomic studies suggests that N. europaea can synthesize
sucrose (12); however, the biochemical properties of enzymes from sucrose metabolism
have not been characterized. Generally, in plants, sucrose is synthesized from UDP-
glucose (UDP-Glc) and fructose-6-phosphate (Fru-6P) in a reaction catalyzed by sucrose-
6-phosphate synthase (EC 2.4.1.14), followed by removal of the phosphate group by
sucrose-6-phosphatase (EC 3.1.3.24). The disaccharide can be degraded to Glc and Fru
by invertases (EC 3.2.1.26) or cleaved by UDP to form UDP-Glc and Fru by sucrose
synthase (NDP-glucose:D-fructose 2-a-D-glucosyltransferase, EC 2.4.1.13, also
abbreviated as SUS or SuSy) (2, 3). However, some plant sucrose synthases have a
certain degree of substrate promiscuity (14-21) while the one from Thermosynechococcus
elongatus prefers ADP (16). For that reason, a general reversible reaction could be

written as:

NDP + sucrose = NDP-Glc¢ + Fru

Besides its physiological role, sucrose synthase catalyzes a reversible reaction and
its activity can be measured in both directions in vitro. In filamentous cyanobacteria, the
products derived from sucrose cleavage contribute to other biological processes, such as
polysaccharides synthesis (22). Therefore, understanding the catalysis and the regulation
of sucrose synthase is of great significance. Recently, Zheng et al. (23) reported the
crystal structure of the Arabidopsis thaliana sucrose synthase in complex with UDP and
fructose in a closed conformation. This enzyme is a homotetramer composed of four
identical subunits of ~90 kDa and belongs to group 4 of the GT-B retaining

glycosyltransferase family (http://www.cazy.org/GlycosylTransferases.html) (24). A Sni-

like reaction mechanism has been proposed for this enzyme family (23-25).
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Although several cyanobacterial (8, 16, 19) and plant (14, 17, 26-29) sucrose
synthases have been characterized, the enzyme from non-photosynthetic bacteria has
never been studied and no structural information of any sucrose synthase from bacterial
sources is available. In this work we report the recombinant expression and biochemical
characterization of N. europaea sucrose synthase and its crystal structure. We also
determined the catalytic implications of highly conserved residues and the specificity for

nucleotide substrates.

MATERIALS AND METHODS
Materials

Chemicals and coupled enzymes used for activity assays were from Sigma-
Aldrich (St. Louis, MO). Escherichia coli BL21 (DE3) cells were purchased from New
England BioLabs (Ipswich, MA). Bacterial growth media and antibiotics were from
Fisher Scientific (Pittsburgh, PA) and Sigma-Aldrich. Crystallization screen solutions and
other supplies were purchased from Hampton Research (Aliso Viejo, CA) and Emerald
Bio (Bedford, MA). All the other chemicals were of the highest quality available.
Cloning

The sequence coding for the sucrose synthase from N. europaea (gene ss2,
accession: CAD85125.1) was amplified by PCR using genomic DNA from N. europaea
ATCC 19718 as template, the specific oligonucleotides
CATATGACCACGATTGACACACTCGCCACCTGTACCC (forward, Ndel site
underlined) and GTCGACTCATATCTCATGGGCCAGCCTGTTTGCCAGCGGCC

(reverse, Sall site underlined) as primers, and Phusion HF DNA polymerase (Thermo
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Fisher Scientific, Rockford, IL) following the manufacturer’s instructions. The program
used included an initial denaturation of 30 s at 98 °C; 30 cycles of 98 °C for 5 s, 50 °C
for 20 s, and 72 °C for 2 min; and a final extension of 72 °C for 5 min. The PCR product
was purified after agarose gel electrophoresis and inserted into the pSC-B vector using
the StrataClone Blunt PCR cloning kit (Agilent Technologies, Santa Clara, CA).
Sequence identity was checked by automated DNA sequencing at CRC (Comprehensive
Cancer Center at University of Chicago, IL). Afterwards, the sequence was subcloned
into the pET28¢ vector (Merck KGaA, Darmstadt, Germany) between Ndel and Sall sites
to obtain pNESS2, which is the plasmid that encodes the recombinant N. europaea
sucrose synthase with an N-terminal Hise¢-tag.

Site-directed mutagenesis

Site-directed mutagenesis was performed by PCR overlap extension as previously
described using Phusion DNA polymerase (30, 31). The plasmid encoding the N.
europaea sucrose synthase (pNESS2) was used as a template for mutagenesis.

To introduce mutations in pNESS2 we used the following primers:
TTTACCATGGCGgcgCTGGATCGGATC (forward) and
GATCCGATCCAGcgcCGCCATGGTAAA (reverse) for mutant RS67A;
CTGGATCGGATCgcgAACATTACCGGC (forward) and
GCCGGTAATGTTcgcGATCCGATCCAG (reverse) for mutant KS72A; and
CCAGCCCTGTTCgcgGCATTCGGCCTG (forward) and
CAGGCCGAATGCcgcGAACAGGGCTGG (reverse) for mutant E663A. PCR

conditions were the same as those described above. Flanking primers for the PCR overlap
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extension were the same used for cloning (described above). All mutations were
confirmed by DNA sequencing.
Protein expression and purification

Transformed E. coli BL21 (DE3) cells with pNESS2 were grown in 4 x 1 L of LB
supplemented with 100 pg/ml carbenicillin. This was performed in a 2.8 L Fernbach flask
at 37 °C and 250 rpm until ODggg nm reached ~0.6. Protein expression was induced by the
addition of 0.5 mM isopropyl-p-D-1-thiogalactopyranoside. Cells were incubated at 25
°C and harvested after 16 h by centrifuging at 5000 x g and 4 °C for 15 min. The cell
paste was resuspended in Buffer C [20 mM Tris-HCI pH 8.0, 200 mM NaCl, 5% (v/v)
glycerol, 10 mM imidazole] and disrupted by sonication. The resulting suspension was
centrifuged twice at 30000 x g and 4 °C for 15 min and the soluble fraction (crude
extract) was loaded onto a 5 ml HisTrap column (GE Life Sciences, Piscataway, NJ)
containing Ni** and previously equilibrated with Buffer C. Elusion of the retained
proteins was achieved with a linear imidazole gradient (20 column volumes, 10-300
mM). Fractions containing sucrose synthase activity were pooled, concentrated to 2 ml,
and loaded onto a 16/60 Superdex 200 column (GE Life Sciences) previously
equilibrated with 50 mM HEPES-NaOH pH 8.0 and 300 mM NacCl. Fractions containing
enzyme activity were pooled, concentrated, supplemented with 5% (v/v) glycerol, and
stored at -80 °C until use. Under these conditions the enzyme remained stable and fully
active for at least 3 months.
Protein assay and detection

Protein concentration was determined by measuring the protein absorbance at 280

nm using a NanoDrop 1000 (Thermo Fisher Scientific) and an extinction coefficient of
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1.153 ml mg" ¢cm™, determined from the amino acid sequence using the ProtParam server

(http://web.expasy.org/protparam/). Denaturing protein electrophoresis was performed as

described by Laemmli (32).
Enzyme assays

Activity assays were performed as previously described (16), with minor
modifications. In the direction of sucrose synthesis, the reaction medium contained 50
mM HEPPS pH 8.0, 10 mM MgCl,, 5 mM UDP-Glc, 500 mM Fru, 0.3 mM
phosphoenolpyruvate, 0.3 mM NADH, 1 U pyruvate kinase, 1 U lactate dehydrogenase,
0.2 mg ml" BSA, and enzyme in an appropriate dilution in a final volume of 50 pl.
Alternatively, activity was measured with 1| mM ADP-Glc and 20 mM Fru. NADH
oxidation was followed by measuring the absorbance at 340 nm in a Multiskan Ascent
microplate reader (Thermo Fisher Scientific) at 37 °C. One unit of enzyme activity (U) is
defined as the amount of protein necessary to produce 1 pmol of product in 1 min under
the specified conditions.
Kinetic characterization

Since the saturation kinetics of the enzyme were slightly sigmoidal, data of initial
velocity (V) versus substrate concentration (S) were plotted and fitted to a modified Hill
equation: V= Vpax gty (S).S”H + SnH), where S5 is the concentration of substrate
necessary to obtain 50% of the maximal velocity (Vmax) and ny is the Hill coefficient.
Fitting was performed by a non-linear least-squares algorithm provided by the software
Origin 7.0 (OriginLab Corporation). Kinetic parameters were obtained using the averages
of two independent datasets that were reproducible within errors of = 10%.

Phylogenetic analysis
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We searched for protein sequences using the term “sucrose synthase” and applied
the RefSeq filter in the National Center for Biotechnology Information (NCBI) database.
Afterwards, we manually curated them to discard some which were clearly wrongly
annotated since they had higher identity to other glycosyltransferases. Sequences were
analyzed with the program BioEdit 7.0.5.3 (33) and aligned using the ClustalW server

(http://www.genome.jp/tools/clustalw/). Tree reconstruction was performed using the

Neighbor-Joining algorithm with a bootstrap of 1000 in the program SeaView 4.4.0 (34).
The tree figure was prepared using the FigTree 1.4.0 software

(http://tree.bio.ed.ac.uk/software/figtree/).

Crystallization and data collection

After the initial crystallization screen and optimization, the recombinant protein
was crystallized via the hanging drop method. The hanging drops were prepared with 1 pl
of 15 mg ml™ sucrose synthase and 1 pl of the reservoir solution, containing 5%
Tacsimate pH 5.0, 5% (w/v) PEG 3350, and 0.1 M sodium citrate pH 5.6. The hanging
drops were kept at 20 °C for crystallization. Crystals appeared in 3 days and were
allowed to continue growing at 20 °C for 4 more days until they reached their maximum
sizes. Crystals with good morphology and large sizes were transferred to a cryo-
condition, which contained 25% glycerol in addition to the components of the reservoir
solution, before being frozen in liquid nitrogen.

X-ray diffraction data sets were collected at the SBC19-ID beamline at the
Advanced Photon Source (Argonne National Laboratory, Chicago, IL). The wavelength
used in the monochromatic data collection was 1.008 A. All the collected data sets were

indexed and integrated using iMosflm and scaled with Scala in the CCP4 program suite

10
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(Collaborative Computational Project Number 4) (35). After investigating all statistic
values indicating data quality, especially I/o<I>, and CCy;, (36), we decided to cut the
data resolution at 3.05 A, where I/o<I> = 2 while CC,,, = 0.561 indicating good data
quality (Table 2).
Phasing, model building, and refinement

Molecular replacement was carried out using the program Phaser (37) from the
CCP4 program suite. The starting search model in molecular replacement was modified
from the known A. thaliana sucrose synthase structural model (PDB ID: 3S29) (23). The
molecular replacement using the full-length A. thaliana Sucrose synthase as a search
model did not yield any solutions using Phaser. Suspecting that and inter-domain
movement may have been the problem; we tried to virtually isolate some domains based
on homology. Then, when we truncated the GT-B(D) domain (cyan domain in Fig. 1B)
and used the rest of the molecule as the search model for molecular replacement in
Phaser, a solution was finally obtained. Afterwards, model building was conducted in
COOT (38). The GT-B(D) domain was built according to the electron density maps.
Rigid body refinement and restrained refinement were conducted in refmac5 (39). In
order to remove model bias and achieve the best refinement results possible, simulated
annealing refinement and ordered solvent identification were conducted using
PHENIX refine (40). Final model and the structure factor have been deposited in the
RCSB Protein Data Bank with the accession code 4RBN.
Homology modeling

A model of the monomeric closed form of the N. europaea sucrose synthase

(residues 16 to 788) was constructed with the program Modeller 9.11

11
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(http://salilab.org/modeller/) (41). As template we used the atomic coordinates of the A.

thaliana sucrose synthase (3S27) with the ligands UDP and fructose (23). Before the
modeling process, sequence alignment was performed manually to match functionally
conserved residues and secondary structures. An identity of 50.3% ensured a high
confidence alignment since we only had to introduce four one-residue indels. The
accuracy of the models was assessed with the Verify3D Structure Evaluation Server

(http://nihserver.mbi.ucla.edu/Verify _3D/) (42).

Difference distance matrix map

We used an ad hoc program written in C applying previously developed concepts
to detect domain motion and identify regions that move closer upon conformational
changes (43). Distances were calculated between all pair of C, of one reference structure
(open), and a second pairwise distance matrix was calculated for the target (closed)
structure. Afterwards, the target matrix was subtracted from the reference matrix to
calculate the Adistance plot (https://github.com/ballicoragroup/didimama).
Hinge analysis

In order to detect possible local conformations or hinges, we performed an
analysis with the ad hoc program “hingescan”
(https://github.com/ballicoragroup/hingescan). We compared the crystal structure of the
open form of the N. europaea sucrose synthase with a closed form homology model of
the same enzyme. To detect if there is a significant local conformational change around a
given residue (“hinge”), we extracted the coordinates of a given number (n) of C, before
the putative hinge and the same given number (n) of residues after (window size = 2n+1).

This was done for both the open and closed forms and obtained two fragments to

12
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compare. After optimal rigid body superposition of only these two set of coordinates, an
average distance was calculated (root-mean-square deviation, RMSD). This RMSD
calculated in these conditions was called the “hinge score”. When this score is at a peak,
the “flanking” n number of C, at both sides display a maximum change between the two
structures. For that reason, a hinge is detected. The bigger the window, the bigger the
domain movement is detected surrounding the hinge. To identify hinges that link small
and bigger domains, different window sizes were scanned. A flowchart illustrating the

process is in Fig. S1.

RESULTS AND DISCUSSION
Sequence analysis

To know how the sucrose synthase from N. europaea relates to others from
divergent organisms we constructed a phylogenetic tree using 117 amino acid sequences
retrieved from the NCBI database (Fig. 2, Table S1, and Fig. S2). The tree comprised
seven major branches, containing the sequences from cyanobacteria (group I; 21
sequences), proteobacteria (groups II and III; 17 sequences), the moss Physcomitrella
patens subsp. patens (group IV; 4 sequences), and vascular plants (groups V, VI, and VII;
75 sequences) (Fig. 2). The shape of the tree shown in Fig. 2 is similar to the one
published by Kolman et al. (8). Group I is subdivided in two branches, containing the
sequences encoded by the SUSA (cyan) and susB (orange) genes (Fig. 2) (8). Most
sequences from proteobacteria are included in group III (including -, y- and 6-
proteobacteria); though, the sequences from d-proteobacterium MLMS-1 and

Desulfurivibrio alkaliphilus AHT?2 are in a diverging branch (group II) (Fig. 2). Sucrose

13
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synthase sequences from P. patens subsp. patens (group IV) are clearly separated from
those of vascular plants (Fig. 2). Interestingly, groups V and VII are further divided in
two major branches, containing the sequences from dicots (green) and monocots (blue),
respectively. This separation is less clear in group VI (Fig. 2). The sucrose synthase from
N. europaea is in a small branch with other B-proteobacteria in group III (proteobacteria).
Clearly, it is well separated from plant and cyanobacterial enzymes, although they share a
significant similarity. For instance, the identity between sequences from N. europaea and
those from Nostoc sp. PCC 7120 susA, P. patens, Zea mays sucrose synthase 1, and A.
thaliana sucrose synthase 1 were 45.3, 49.3, 50.4, and 50.3%, respectively (Fig. S2).
These values are indicative of a high structural conservation among enzymes from very
divergent organisms.
Protein expression and characterization

The gene of the putative sucrose synthase in N. europaea (NCBI Protein ID
NP_841269) codes for 794 amino acids. To shed light on sucrose metabolism of group III
(Fig. 2), we amplified this sequence and expressed the recombinant protein in E. coli
cells. The enzyme was purified to homogeneity by HisTrap column and gel filtration
chromatography as mentioned in “Materials and Methods”. The recombinant protein
migrated in SDS-PAGE as a single band of ~95 kDa (data not shown), which is in good
agreement with the predicted molecular mass of 93 kDa (including the His-tag provided
by the pET28c vector). The enzyme eluted from the Superdex 200 (size exclusion)
column as a protein of ~360 kDa (data not shown), suggesting a tetrameric quaternary
structure, as it was reported for cyanobacterial and plant sucrose synthases (16, 19, 23).

Substrate specificity of the sucrose synthase from N. europaea

14



(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

Sucrose synthases from plants have shown a certain degree of promiscuity to
transfer glucoses from ADP-Glc and UDP-Gle, though UDP-Glc is generally preferred.
We tested the substrate specificity of sucrose synthase from N. europaea in the sucrose
synthesis direction (Table 1), and observed that ADP-Glc is a more efficient substrate
than UDP-Glc. The main difference is not given by Viax, but by a higher apparent affinity
towards ADP-Glc. The § 5 for ADP-Glc is 0.044 mM in presence of optimal
concentrations of Fru (20 mM); whereas the $ s for UDP-Glc is 0.98 mM in presence of
optimal concentrations of Fru (500 mM). On the other hand, the apparent affinity for Fru
is higher in presence of ADP-Glc rather than UDP-Glc. The S 5 for Fru at saturated
concentrations of ADP-Glc is 5.6 mM whereas the § s for Fru in presence of UDP-Glc is
significantly higher. Because of the high concentrations of Fru needed to reach saturation,
it is not possible to measure the § s for Fru with high precision; but it is at least ~20-fold
higher (120 mM). The catalytic efficiencies calculated for ADP-Glc and Frupp.gic)y were
17- and 37-fold higher than those obtained for UDP-Glc and Fruwppgic), respectively
(Table 1). These results indicate that the sucrose synthase from N. europaea prefers ADP-
Glc over UDP-Glc as substrate. Similar conclusions were obtained for the enzyme from
the cyanobacterium T. elongatus, which showed a 26-fold higher catalytic efficiency for
ADP-Glc than UDP-Glc (16). As it was stated for T. elongatus (16), this suggests that the
metabolism of sucrose could be linked to the synthesis of glycogen, since ADP-Glc is the
donor for its polymerization.

X-ray diffraction, data processing, model building, and refinement
The best data set collected at synchrotron beamline was processed to 3.05 A and

indexed as space group P65. It was integrated and scaled producing good statistics (Table
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321  2). After the molecular replacement search, four copies of the starting model described in
322 “Materials and Methods” were found in one asymmetric unit. Iterative cycles of model
323  building and refinement were conducted yielding a well-defined structure with Ry and
324 Ry values of 17.37 % and 21.75 %, respectively (Table 2). The truncated GT-B(D)

325  domain was built according to the electron density map. The final structural model
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326  contains all the residues except the first three at the N-terminus and the last two at the C-
327  terminus of the amino acid sequence (Fig. 1).

328  Structural analysis of the sucrose synthase from N. europaea

329 Overall structure. Although the resolution of the data set was 3.05 A, the

330  backbone of the protein and some of the key residues side chains were well defined by
331  the electron density (Fig. S3 and Fig. S4). This allowed us to conduct detailed structural
332 analysis on sucrose synthase’s conformational changes involving backbone movement,
333  which are relevant to the catalytic cycle. The crystal structure displayed a similar fold to

334  the previously reported structural model from the A. thaliana enzyme (PDB ID 3S29)

Journal of Bacteriology

335  (23). The sucrose synthase from N. europaea is a tetramer composed of four identical
336  subunits (Fig. 1A), where each monomer contains four domains (Fig. 1B).

337 The first domain designated as “Sucrose Synthase N-terminal-1” (SSN-1)

338  included residues 1-112 (Fig. 1B, red) and contained five a-helices and four B-strands.
339  The second domain, which included residues 142-264, is the “Sucrose Synthase N-

340  terminal-2” (SSN-2) domain (Fig. 1B, green) with five a-helices. Domain SSN-1 and

341  SSN-2 correspond to domains CTD and EPBD in the enzyme from A. thaliana (23). CTD
342 and EPBD stand for “cellular targeting domain” and “ENOD40 peptide-binding domain”,

343  which indicate the domain functions for the plant enzyme. In the case of the bacterial

16
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form, the roles for these domains are not known, thus the nomenclature is only based on
structure. Both the third and fourth domains constitute a typical GT-B fold of
glycosyltransferases (24). The third is a domain that typically binds the nucleotide donor
for the glycosyl group in that family (23, 25, 44). For this reason, we refer to it as GT-
B(D) domain (Fig. 1B, cyan), although in sucrose synthase the transfer of glucosyl group
is reversible. This nomenclature also matches the systematic name of the sucrose
synthase (NDP-glucose:D-fructose 2-a-D-glucosyltransferase). The GT-B(D) domain
includes residues 514-742 with eight a-helices and three B-strands. The fourth domain is
the GT-B(A) domain (Fig. 1B, blue and yellow), which consists of residues from three
separate regions. These separate regions are encompassed by the SSN-1, SSN-2 and GT-
B(D) domains in the center of the monomer. The first region is a linker (residues 113-
141) that joins SSN-1 and SSN-2 but structurally integrated to GT-B(A). The other two
regions are 265-513, and 743-794. The GT-B(A) domain included nine a-helices and
eight B-strands and functions in the GT-B family as the sugar acceptor (A) in catalysis
(23, 25, 44).

As mentioned above, the identity between sequences from N. europaea and A.
thaliana is considerably high (50.3%). When the different domains were analyzed
separately, we found identity values of 26.2% for SSN-1 (CTD), 40.2% for SSN-2
(EPBD), 52.4% for GT-B(D), and 61.9% for GT-B(A), suggesting a high structural
conservation. A comparison between the A. thaliana and N. europaea x-ray structures
confirms it. With the exception of conformational changes, each of the folds for their
respective domains is identical. The fact that the structure is so conserved, even for the

domains that are not related to catalysis, would suggest that certain non-catalytic
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functional roles have been preserved or adapted. On the other hand, SSN-1 (CTD in A.
thaliana) does not have the Ser that is phosphorylated in plants, indicating that it is a role
acquired in eukaryotes. Therefore, it is not certain whether N. europaea sucrose synthase
is regulated for binding macromolecular structures such as actin or membranes as plant
enzymes do (26, 45). Prokaryotes do not have cytoskeleton, although actin related
proteins have been detected in Anabaena species (46). Whether sucrose synthase from
bacteria can actually interact with actin or similar structures is a matter of further studies.

In N. europaea, SSN-2 is involved in the oligomerization forming one of the
contacts between subunits. It is not clear if it has any other physiological role. In A.
thaliana, EPBD (SSN-2 in N. europaea), together with the CTD domain (SSN-1 in N.
europaea), forms a groove hypothesized to bind actin (23). In our structure, the same
structural arrangement is present (data not shown) highlighting the possibility that a
similar role has been conserved. However, this needs to be investigated.

The obtained N. europaea sucrose synthase structure with no substrates bound has
a clearly different overall conformation when compared to the A. thaliana structure with
UDP and Fru (23). This implies that substrate binding induces significant conformational
changes (Fig. 3), and correlates with similar conformational changes that occur upon
binding of substrates in other GT-B retaining glycosyltransferases (25, 47). After
superimposition of only the GT-B(A) domains of the A. thaliana and N. europaea
structures (using the least squares function in COOT), the SSN-1, SSN-2, and GT-B(A)
domains overlapped well while the GT-B(D) domains were in a different relative
position. The angle between the GT-B(A) and GT-B(D) domains in the obtained structure

was about 23.5 degrees wider than in A. thaliana. Based on such comparison, we suggest
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that the N. europaea structure in this work was in an “open” conformation whereas the A.
thaliana form was “closed” (23). We have identified some distinct structural
determinants (hinges and latches) related to the movements of the sugar (GT-B(A)) and
nucleotide (GT-B(D)) binding domains.

Sugar-binding GT-B(A) domain. In this analysis, we compared the open structure
crystal structure of N. europaea enzyme with the homology model in a closed
conformation built as described in “Materials and Methods”. Considering how modeling
works, and that the closed structure template (A. thaliana) has no gaps with the N.
europaea target in the sites of interest, the backbone comparison with the model is as
reliable as comparing the backbones of both structures directly. The RMSD of backbone
between the model obtained and the closed A. thaliana template was 0.29 A. However,
the use of the model is more convenient since the number is not shifted, which would be
really confusing in the following analysis. One of the important assumptions we make is
that the closed structure of the A. thaliana enzyme is a fair representation of the closed
structure of that from N. europaea. We believe that this is a reasonable assumption, at
least in the critical areas. Otherwise, the backbone of critical residues may not align
properly for catalysis.

Analysis of a difference distant matrix map of the Fru-binding GT-B(A) domain
as described in “Materials and Methods” highlights three main regions that move closer
upon sugar binding (Fig. 4). These are 325-375 to 280-290 (~5 A), 425-435 to 280-290
(~4 A), and 425-435 to 325-375 (~3 A) (Fig. 4). Other pair of regions that move towards
each other are 280-290 to 490-505 (~3 A) and 280-290 to 450-460 (~2 A) (Fig. 4). From

this analysis, the area 280-290 is the most involved in an induced fit interaction with Fru.
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Further inspection of these areas reveals that Fru induces local conformational changes
via superimposition of the GT-B(A) domains of the A. thaliana (closed) and the N.
europaea (open) sucrose synthase (Fig. 5). These include the side chain of K431 and the
backbone of residues 288-290. The re-shaping of the Fru binding site facilitates the
closing via a set of inter-domain hydrogen bonds (Fig. 5 in green). These local
conformational changes along with the presence of Fru further promote the interactions
between the GT-B(A) and GT-(D) domains. Thus, we propose that Fru binding
contributes to stabilizing the closed structure.

Nucleotide-binding GT-B(D) domain. The GT-B(D) domain binds to sugar
nucleotide (synthesis direction) or nucleotide (cleavage direction) substrates. When
overlapping GT-B(D) domains from both A. thaliana and N. europaea structures, the
residues interacting with the phosphate and ribose moieties of the nucleotides are not only
conserved, but also at the same positions (Fig. 6). On the other hand, two residues
interacting with the nucleotide base are not conserved. Residues Q648 and N654 from A.
thaliana are replaced by R636 and A642 in the N. europaea sucrose synthase,
respectively. This difference creates a more spacious binding site in N. europaea, which
may accommodate bulkier adenosine nucleotide substrates. Modeling an ADP ligand into
the N. europaea structure shows that the site may have a deeper pocket, which would be
needed not to clash with the adenine ring (Fig. 6 and Fig. 7). Similar sequence differences
were observed in the sucrose synthase from T. elongatus (16). Based on sequence
analysis and homology modeling it was suggested that these two residues could be
responsible for the preference towards ADP/ADP-Glc over other nucleotides such as

UDP/UDP-Glc in the cyanobacterial enzyme (16). It is important to notice that the side
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chains in R636 and A642 in the N. europaea sucrose synthase are not conserved in the E.
coli glycogen synthase, which is another glycosyltransferase that binds ADP-Glc (48). E.
coli glycogen synthase has a different motif in that position with a Tyr and Ser instead of
Arg and Ala (25, 47, 48), implying a different structural arrangement for accommodating
ADP-Glc. Overall, the nucleotide binding to the GT-B(D) domain does not seem to
trigger significant local conformational changes (Fig. 6). The direct interactions with the
nucleotide do not make major contributions to the induced fit mechanism.

Hinge Analysis. We scanned the structures of the acceptor and donor domains for
hinges and subtle conformational changes that could be functionally important in
catalysis. We used the in-house program hingescan described in “Materials and
Methods”. Using several window sizes we detected several local conformational changes
(Fig. S5). For a window size of 51, we detected two clear hinge elements near residues
~515 and ~744 (Fig. 8). These two elements actually form a single “hinge” that
comprises a hydrogen bond between two conserved residues (G514 and W743) in a
flexible area (Fig. 3, Fig. S4, and Fig. S5). These two residues remain at the same
position in both the open and the closed conformations of the enzyme. For smaller
windows, we found other significant local secondary structure rearrangements between
the open and closed structures (Fig. S5, Fig. S6, and Fig. 8). Upon closing, two a-helices
in the GT-B(D) domain are extended, and a B-strand replaces a previously coiled stretch.
The outcome is a more ordered structure of the GT-B(D) domain. We propose that this
secondary structure rearrangement, despite the local entropy decrease, would release

extra energy to close the conformation facilitating the binding of substrates.
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There are also differences between the conformations of the SSN-1 and SSN-2
domains from the open structure of the N. europaea enzyme and the model of the closed
form (Fig. 8). The analysis detected hinges because of local differences, and there are
four major regions with scores above 2 (Fig. 8, Fig S5, Fig. S7). This predicts that some
of the loops in these two domains are quite flexible, but we cannot assign a functional
role to them (Fig. S7). In A. thaliana, the flexibility of the CTD domain (SSN-1) is
hypothesized to have a role in actin binding (23).

Latches. A feature that contributes to the stabilization of the closed form is a
“latch”, E609, which comprises the highly conserved E609 residue located at the
periphery of the GT-B(D) domain (Fig. S2). Going from an open to a closed
conformation, this glutamate residue moves ~11 A towards the GT-B(A) domain and
ends up hydrogen-bonded to two tyrosine residues (Y432 and Y446) stabilizing the
closing (Fig. 3 and Fig. S8). Interestingly, there were small secondary structure
rearrangements in the vicinity of this latch, which could facilitate the interaction between
E609 and the two tyrosines (Fig. S6). On the other side of the active site, opposite to the
latch described, there is a hydrophobic patch that also contributes to the closing (Fig. 9).
Two hydrophobic residues (M635, L637) in the GT-B(D) domain get in contact with a
hydrophobic cluster (V281, L282 and L284) in the GT-B(A) domain, upon closing. The
side chain of N280 also provides a methylene to build a non-polar pocket that latches on
to M635 and L637 (Fig. 9). On the other hand, the amide polar group is exposed to the
solvent.

The closed structure seems to induce stronger interactions with the nucleotide and

vice versa. In the N. europaea sucrose synthase, the conserved E671 is in the same
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position as E369 in the E. coli trehalose-6-phosphate synthase (OtsA) (48, 49). In OtsA,
as well as in the close conformation of the A. thaliana sucrose synthase (E683), the
carboxylate of this side chain forms two hydrogen bonds with the hydroxyl groups of the
ribose of the nucleotide. In these enzymes, the carboxylate is surrounded by hydrophobic
residues (Y520, Y646, L667 and T668 in N. europaea sucrose synthase; Y533, Y658,
L679 and T680 in the A. thaliana enzyme), which makes the hydrogen bonds stronger in
the non-polar environment. In the open form of the sucrose synthase structure, V291
(V306 in A. thaliana) moves away from the side chain of the glutamate residue (Fig. S9).
This implies that the closing recruits a non-polar side chain to completely surround the
carboxylate. Consequently, nucleotide binding stabilizes the carboxylate charge and
facilitates the interaction with V291 upon closing. Interestingly, in another
glycosyltransferase such as bacterial glycogen synthase, E671 has been replaced by a
Tyr, and V291 was replaced by Asp, thus, switching their roles (48). Therefore, this
ligand-dependent interaction may be a common feature in this family of enzymes.
Site directed mutagenesis of critical residues

Previously, important residues for catalysis were identified in other retaining GT-
B glycosyltransferases. A triad of critical residues has been found in the active site of
maltodextrin phosphorylase (50, 51) and glycogen synthase from E. coli (52). Based on
X-ray structures, these residues were also predicted to be important for catalysis in OtsA
(49) and the A. thaliana sucrose synthase (23). The homologue residues in N. europaea
are R567, K572, and E663 (Fig. 10). When any of those residues were replaced by
alanine the activity in the direction of sucrose synthesis severely decreased, either in

presence of ADP-Glc or UDP-Glc (Table 3). The most active of all these mutants was
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E663A in presence of ADP-Glc, but it was still 200-fold less active than the wild type.
These results indicate that this triad is critical in sucrose synthases. Consequently, it also
suggests that sucrose synthases together with all other retaining glycosyltransferases with
a GT-B fold share the same reaction mechanism (Fig. 10).

Structural and mechanistic consequences of the open/closed conformational change

Large conformational movements may have a large impact on the architecture of
the active site. For that reason, it is important to analyze how critical catalytic residues
are arranged in the closed and open structure of sucrose synthase. We have identified and
confirmed by mutagenesis three critical side chains in N. europaea sucrose synthase
(R567, K572, E663, corresponding to R580, K485, E675 in A. thaliana). In addition, the
comparison with other glycosyltransferases predicts another interaction (protein
backbone-substrate) that stabilizes the transition state (24), which is not possible to be
replaced by mutagenesis. The comparison between the open and closed forms of N.
europaea and A. thaliana sucrose synthases, respectively, provide important information.
But, the arrangement of the critical residues needs to be put in context of the reaction
mechanism.

It has been proposed that retaining glycosyltransferases either have a Syi-like
mechanism with a oxocarbenium-phosphate short lived ion pair intermediate, or a Sxi
mechanism forming an oxocarbenium ion-like transition state that is not totally
dissociated from the donor and acceptor (24, 53, 54). In either of those two cases, an
important stabilization of the transition state would be based on the interaction between
the anomeric carbon (C1) of the sugar being transferred and the oxygen of the main chain

of a His residue (24, 55). Recently, an alternative elimination/addition mechanism has
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been proposed for the Pyrococcus abyssi glycogen synthase (56), which was argued to be
compatible with the current available data. In this mechanism, a general base is needed to
extract a proton from C2 of the glycosyl group. The authors proposed this base is the
same main chain oxygen from the His residue mentioned above. Interestingly, in the
crystal structure of the A. thaliana sucrose synthase, the oxygen of the main chain of
H438 (H425 in N. europaea) is at a close distance of both C1 and C2 of a proposed 1,5-
anhydro-D-arabino-hex-1-enitol (Fig. S10). This ligand mimics the planar structure of the
transition state in either the Sni, Syi-like, or the elimination/addition mechanism (56).
This type of in situ generated intermediate was also observed in the E. coli and P. abyssi
glycogen synthase (25, 56). Regardless of these alternative mechanisms, it must be
critical that the main chain oxygen of H425 in N. europaea sucrose synthase is near
C1/C2 in the transition state. Since this residue is located in the GT-B(A) domain, and
there are other critical residues in GT-B(D) (Table 3), a precise arrangement between
these two domains is necessary for a proper architecture of the catalytic site. Only in the
closed structure all these functional groups would be at the right distance for catalysis
(Fig. S10). Therefore, one of the roles of the closing is to bring the critical residues to a
proper position.

It is tempting to argue that UDP-Glc/ADP-Glc can induce the closing, based on
the fact that the base and the ribose have numerous contacts with the GT-B(D) domain,
and the glycosyl group with the opposing GT-B(A) domain (23). However, it is not clear
how stable the closed form would be in presence of the donor without the acceptor.
During the crystallization process, the A. thaliana enzyme cleaves UDP-Glc to generate

UDP and possibly 1,5-anhydro-D-arabino-hex-1-enitol (or its tautomer 1,5-anhydro-D-
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fructose) yielding a closed structure (23). But, this structure, which could occur
transiently, may have been driven and stabilized by the extremely slow generation of 1,5-
anhydro-D-arabino-hex-1-enitol. It is expected that this putative transition state analog
binds favorably to the most active form of the enzyme, which in this case, is the closed
one.

The rationale for a conformational change induced by substrates (“induced fit™)
was first described by Koshland to explain why a specific (good) substrate reacts faster
than smaller (poor) alternatives that can also fit into the active site (57). If the changes
that lead to a precise orientation of catalytic groups occur only upon binding of the (good)
substrate, another (poor) substrate that does not trigger those conformational changes will
not react effectively, even at high concentrations. This concept or at least its
interpretation has been controversial (58, 59). On the other hand, Fersht stated that an
induced fit mechanism does not increase substrate specificity per se (59), and the only
contribution that matters is the relative binding affinities to the transition states of the
competing reactions. According to this, to increase the sucrose synthase specificity for
the acceptor Fru against water, selective interactions seems to be maximized by
surrounding Fru completely by different functional groups from the enzyme.
Consequently, the active site is isolated from the solution as it is shown in Fig. S11. For
that reason, an induced fit mechanism becomes an indirect necessity to allow substrates
and products to enter and leave, while maximizing a selective interaction with Fru.

For retaining glycosyltransferases, another key issue is the stabilization of the -
phosphate to make it a better leaving group (54, 60). A hydroxyl group from the acceptor

(Fru in this case) participates in a hydrogen bond with the B-phosphate. Consequently, the
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oxygen of this group becomes a better nucleophile to attack the C1 of the forming
oxocarbenium ion (54). Water could in theory compete with the acceptor (Fru) for this
role, but is a poor substrate, probably because it does not stabilize the closed structure as
well as Fru does. Fru not only interact with the phosphate leaving group, but also
interacts more tightly with the closed form. Not only the distances between the residues
in the GT-B(A) domain that contact Fru gets closer upon closing, but also networks of
interactions of Fru with the GT-B(D) domain are established (Fig. 6 and Fig. S11).
Noteworthy are the interaction of Fru with R580 (A. thaliana) and the hydrogen bond
with K444 that brings the Y445 closer to E621, forming the latch (Fig. S11, panels D and
E). Interestingly, the closed structure of the A. thaliana enzyme with the cleaved products
of UDP-Glc seems to shape the active site to readily accommodate Fru. Even if Fru is
absent, the site is nearly identical to the structure with Fru bound (Fig. S11, RMSD 0.27
A). On the other hand, the structure of the open form of the N. europaea enzyme does not
have all these residues at a proper distance to bind Fru (Fig. S11, C). This indicates that
Fru would preferentially bind to the closed form, stabilizing it.

This mechanism in which the catalytic residues get into places upon closing may
explain why it is not trivial to obtain a closed structure with an intact sugar-nucleotide.
For instance, crystal structures of the closed forms were obtained for the E. coli glycogen
synthase and the A. thaliana sucrose synthase grown in presence the sugar nucleotide, but
the glycosyl group was slowly cleaved (23, 25, 56). There are other retaining GT-B
structures with a sugar nucleotide bound, but those were described as “semi-closed” (44).
A mechanism with a domain movement that allows the exchange of ligands to the

solution is not unique for sucrose synthase and may be general among retaining GT-B
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enzymes. However, not all of them may require such a large conformational change. The
glycogen synthase was another case with closed and wide open structures described (25,
47, 56). The sucrose-6-phosphate synthase must also have the same type of behavior, but
only an open structure is available (61). In other cases, open/closed structures have been
obtained, but the most significant movements were local rearrangement of loops (rather

than a large domain rearrangement) such as in OtsA (44) and VIdE (62, 63).

CONCLUSIONS

In this manuscript, we observed an “open” conformation for sucrose synthases.
Based on the comparison with a previously published “closed” sucrose synthase structure
(23), a “hinge-latch” combination was identified as a critical feature responsible for the
open-close enzyme actions.

We identified three highly conserved amino acids proposed to be critical for
catalysis. We concluded that the triad composed of residues R567, K572, and E663
(numbers according to the N. europaea enzyme) plays a key role not only in sucrose
synthases, but also in all the retaining GT-B glycosyltransferases (23, 49-52).

With both structural and kinetic results we propose that the sucrose synthase from
N. europaea has a substrate preference in favor of ADP/ADP-Glc over UDP/UDP-Glc.
This behavior is similar to the one observed for T. elongatus sucrose synthase (16).

The evolutionary origin of enzymes from sucrose metabolism in proteobacteria
has been previously discussed (4, 5, 8, 64). The evolution of sucrose synthases in
cyanobacteria, proteobacteria, and plants is not yet fully understood, but most likely it

involved horizontal gene transfers. On one hand, the sucrose synthase from N. europaea
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is closer to the plant enzymes in the phylogenetic tree (Fig. 2), but on the other hand, the
specificity for nucleotides is similar to several cyanobacterial enzymes examined (8, 16).
It is possible that the enzyme from N. europaea evolved from a protein already present in

the common ancestor of proteobacteria and cyanobacteria (10).
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FIGURE LEGENDS
FIGURE 1. The crystal structure of the sucrose synthase from N. europaea. A.
Tetrameric structure of the enzyme. B. Monomeric structure and its different domains:

SSN-1, SSN-2, GT-B(A), and GT-B(D), and a linker between SSN-1 and SSN-2.

FIGURE 2. Phylogenetic tree of sucrose synthases. Group I contains sequences from
cyanobacteria and is divided in two major branches, susA (cyan) and susB (orange)
proteins; groups II and III (pink) contain sequences from proteobacteria; group IV
contains the sequences from the moss P. patens (violet); and groups V, VI, and VII,
which contain the sequences from vascular plants are further divided in two branches,
dicots (green) and monocots (blue). Numbers for major branches are the bootstrap values
obtained during tree reconstruction, as described in the “Materials and Methods” section.
Neu, N. europaea; Ath, A. thaliana sucrose synthase 1; Nos, Nostoc sp. PCC 7120 susA;

Tel, T. elongatus.

FIGURE 3. Comparison of the open and closed monomeric forms. The open form
structure is represented by the N. europaea sucrose synthase structure reported in this
paper; the closed form is represented by the A. thaliana enzyme (PDB ID 3S29). The
SNN-1, SNN-2 and GT-B(A) domains are shown in blue for the open form structure and
in cyan for the closed form structure. The GT-B(D) domain is shown in magenta for the
open form and in green for the closed form. The “hinge-latch” features of the domain

movement are shown in blown-up views.
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FIGURE 4. Difference distance matrix map of the GT-B(A) domain. Distances were
calculated between all pair of Ca carbon of the open structure (N. europaea sucrose
synthase). A second pairwise distance matrix was calculated for the closed structure
(homology model as described in “Materials and Methods”). Afterwards, these two
matrices were subtracted, and the Adistance was color coded. The negative and zero
values are represented in white. Red colors (higher Adistance values) are pairs of Ca
carbon that are getting closer upon closing of the enzyme. Only residues from 260 to 510

are shown, which correspond to the GT-B(A) domain.

FIGURE 5. Overlap comparison of the fructose binding sites of the open (N.
europaea) and closed (A. thaliana, PDB ID 3S29) sucrose synthase structures. The
carbon atoms in the closed form structure are in pale yellow. The carbon atoms in the
open form structure are in cyan (GT-B(A) domain) and pink (GT-B(D) domain).
Conserved residues between two structures are labeled with respective residue numbers;
the residue numbers of the open form structure are in parenthesis. The hydrogen bonds in
the GT-B(D) domain are shown in black. The hydrogen bonds in between GT-B(A) and

GT-B(D) domains and the ones in GT-B(A) domains are shown in green.

FIGURE 6. Overlap comparison of the nucleotide binding sites of the open (N.
europaea) and closed (A. thaliana, PDB ID 3S29) sucrose synthase structures. The
carbon atoms in the closed form structure are in pale yellow. The carbon atoms in the
open form structure are in cyan (GT-B(A) domain) and pink (GT-B(D) domain).

Conserved residues between two structures are labeled with respective residue numbers;
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the residue numbers of the open form structure are in parenthesis. The asterisks indicate
the non-conserved binding residues with the closed form residues labeled in front of the

ones in the open form structure.

FIGURE 7. Modeling of the ADP-Glc binding site. Panel A shows the GT-B(D)
domain of the N. europaea sucrose synthase, in which ADP has been modeled with
Modeller. For that purpose, the closed structure of glycogen synthase with ADP bound
(PDB code: 2QZS) was manually aligned to the closed structures of A. thaliana, (PDB
code: 3S27 and 3S28) and the structure from N. europaea (this paper). All those
alignments were used as templates. Loops that did not structurally align well were not
used for the modelling and the backbone structure was inherited from the A. thaliana
structures. The rest of the modelling and validation proceeded as described in “Materials
and Methods”. Panel B shows the GT-B(D) domain from A. thaliana (PDB code: 3S27)

and the UDP bound.

FIGURE 8. Hinge analysis by comparison of the open v. close conformations. The
blue and red show the “hinge score” using 51 and 9 windows, respectively. The magmata
dots (also point with black arrows) shows the two distinct hinges: G514 and W743. The

purple arrows points at the region displaying the secondary structure rearrangements.

FIGURE 9. Hydrophobic residues contribute to the latch action. Panel A depicts the
open (N. europaea sucrose synthase crystal structure) and B a homology model of a

closed structure, which was built as described in the “Materials and Methods” section.
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Upon closing, the hydrophobic residues: M635, L637 in the GT-B (D) domain and N280,
V281, L282 and L284 in GT-B(A) domain generate a hydrophobic environment that

stabilize the close action.

FIGURE 10. Three highly conserved catalytic residues in different members of the
retaining GT-B glycosyltransferase family. The structures analysed in this figure are
maltodextrin phosphorylase (PDB ID 1E40), trehalose-6-phosphate synthase (PDB ID
1GZ5), and glycogen synthase (PDB ID 2ZQS) from E. coli, sucrose synthase from A.

thaliana (PDB ID 3S29), and N. europaea (this work).
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TABLE 1. Kinetic parameters of substrates of the N. europaea sucrose synthase in
the synthesis direction. Assays were performed using the conditions described in the
“Materials and Methods” section. Analogous values to catalytic efficiency (k../Ss) were

calculated using the predicted molecular mass of 93 kDa.

S).S Vmax kcat/S).S
Substrate (mM) U mg-l) Ny (mM-l S-l)
UDP-Glc 0.89 +£0.05 43+0.1 1.1 7.5
ADP-Glc 0.044 + 0.006 3.7+0.1 1.3 130.3
Fruwpe.cic) 120+ 10 2.8+0.2 1.3 0.036
Fruape-cic) 5.6+0.4 4.8+0.2 1.6 1.33
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895 TABLE 2. Data collection and refinement statistics.

Data Processing

Accepted Manuscript Posted Online

Space group P65
Cell dimensions
a; b; ¢ (A) 236.90; 236.90; 231.44
o By () 90.00; 90.00; 120.00
Resolution (A) 3.05
Mosaicity (°) 0.47
"Rinerge 0.169 (0.963)
CCi 0.993(0.561) 0.993(0.561)
I/sigma 9.6 (2.1)
Completeness 97.9 (98.6)
> Multiplicity 6.3 (6.3)
Tg Refinement
:g Resolution (A) 3.05
© No. reflections 794715
§ No. unique reflections 126170
3 *R york/ Riree 17.37/21.75
YRMSD Bond length (A) 0.009
RMSD Bond angle (°) 1.439

896

897  The values for the highest resolution bin are in parentheses.

898  “Linear Rimerge = Zlobs-lavel/ Zlave

899 "R = X|Fops-Fealcl/ ZFops.

900  “Five percent of the reflection data were selected at random as a test set and only these
901 data were used to calculate Rgee.

902  “RMSD, root mean square deviation.
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TABLE 3. Activity of wild type and mutants of the N. europaea sucrose synthase.

Assays were performed using the conditions described in the “Materials and Methods”

section.
Vmax
-1
Substrate Umg’)
WT R567A K572A E663A
UDP-Glc 43+0.1 <0.0017 <0.0019 <0.01
ADP-Glc 3.7+0.1 <0.0014 <0.0016 0.020 £ 0.02
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