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Abstract

Sugar aminotransferases (SATs) are an important class of tailoring enzymes that catalyze the 5’-
pyridoxal phosphate (PLP)-dependent stereo- and regiospecific installation of an amino group
from an amino acid donor (typically .-Glu or .-GlIn) to a corresponding ketosugar nucleotide
acceptor. Herein we report the strategic structural study of two homologous C4 SATs
(Micromonospora echinospora CalS13 and Escherichia coli WecE) that utilize identical substrates
but differ in their stereochemistry of aminotransfer. This study reveals for the first time a new
mode of SAT sugar nucleotide binding and, in conjunction with previously reported SAT
structural studies, p.rovides the basis from which to propose a universal model for SAT stereo-
and regiochemical control of amine installation. Specifically, the universal model put forth
highlights catalytic divergence to derive solely from distinctions within nucleotide sugar
orientation upon binding within a relatively fixed SAT active site where the available ligand
bound structures of the three out of four representative C3 and C4 SAT examples provide a basis
for the overall model. Importantly, this study presents a new predictive model to support SAT
functional annotation, biochemical study and rational engineering.
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B TDP-4-amino-4,6-dideoxyGal (external aldimine) in WecE
TDP-4-amino-4,6-dideoxyGlc (external aldimine) in CalS13

Aminosugars are prevalent in nature, where they function as precursors in primary
metabolism, building blocks within biological macromolecular structures, and key
contributors to biological molecular recognition events that dictate remarkably divergent
phenomena such as small molecule targeting, signaling, bacterial pathogenicity, and
immunological definition.1~10Bjosynthetically, sugar amine installation is catalyzed by 5/'-
pyridoxal phosphate (PLP)-dependent sugar aminotransferases (SATSs) belonging to the
aspartate aminotransferase fold type I superfamily (AAT-I) (E.C. 2.6.1.X) that use an amino
acid (typically .-Glu or -GlIn) as the amino donor and a free ketosugar or ketosugar
nucleotide as the amino acceptor (Figure 1A).11-17 In recent years, the crystal structures of
several sugar nucleotide-dependent SATs from bacteria have been described.18-26 Yet,
given the diversity of substrates employed by the SATSs structurally interrogated to date
(Figure 1B), the general features that control the regio- and/or stereospecificity of an SAT-
catalyzed amine installation remain poorly understood. To address this gap in knowledge,
herein we describe a structural study of two highly homologous sugar nucleotide-dependent
SATSs (CalS13 and WecE) that share common substrates (TDP-4-keto-4,6-dideoxy-a-o-
glucose as the acceptor and .-Glu as the amino donor) but differ in the stereochemistry of the
C-4 amine installation (Figure 2A). Of these, CalS13 was demonstrated to function as a key
SAT en route to the calicheamicin aryltetrasaccharide in M. echinospora via comparative
genomics, genetic complementation, and in vitro biochemical characterization to provide the
corresponding C-4 (S) configuration (Figure 2B).27-30 In contrast, WecE provides the
corresponding C-4 (R) configuration and serves as an integral SAT in lipopolysaccharide
biosynthesis.3%:31 The strategic structural comparison highlighted herein provides, for the
first time, a uniform structural model for the molecular basis of SAT amine installation
stereospecificity wherein C-4 (R) installation is accomplished via rotation of the sugar
through two distinct strategies. Specifically, in WecE, the nucleotide portion of the substrate
is bound in a nearly 180° opposed orientation to that in CalS13 wherein this “nucleotide
flip” mechanism in WecE affords top face amine installation to achieve the C-4 (R) product.
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This is a novel mechanism compared to that previously put forth based upon the ligand-
bound structures of ArnB and PseC,16:19.20.26 SATs which bind the nucleotide portion of the
substrate in the same manner as CalS13, wherein top face amine installation is afforded via
simple rotation of the sugar (i.e., a “sugar flip” mechanism). Thus, the combined “nucleotide
flip” and “sugar flip” models provide a universal blueprint for nature’s stereochemical
control of SAT amine installation and a potential starting point for rational SAT
engineering.

RESULTS AND DISCUSSION

Overall Structures

The crystal structure of the CalS13/PLP/TDP-4-keto-4,6-dideoxy-a-o-glucose ternary
complex was determined at 2.47 A resolution (Table 1, PDB 4ZAS). This ternary complex
was found to belong to the P2 space group with six subunits in the asymmetric unit. All six
subunits contained PLP as internal aldimines of Lys202. One subunit had sufficient electron
density to model the sugar nucleotide substrate (Figure S1A), three had electron density for
just TDP, while the remaining two lacked interpretable electron density in the sugar
nucleotide site. The root-mean-square deviation (r.m.s.d.) among different asymmetric unit
members bound to PLP, PLP, and TDP; PLP and TDP-4-keto-4,6-dideoxy-a-o-glucose
ranged between 0.21 and 0.25 A, where only minor changes in active site side chain residues
upon ligand binding were observed.

WeckE cocrystallization led to WecE/PLP/TDP-4-amino-4,6-dideoxygalactose ternary
complexes that diffracted at 2.70 A (Lys181 internal aldimine-containing) and 2.24 A
resolution (sugar nucleotide external aldimine-containing), belonging to the P2 and P1 space
groups, respectively (Table 1, PDB: 4PIW and 4ZAH, respectively), with each containing
eight subunits in the asymmetric unit. The presence of the external aldimine (Figure S1B) is
consistent with the well-established reversibility of SATs16:39 and has been observed in
other SAT structures.18-26 Consistent with the comparisons among other apo and ligand-
bound SATS structures,18-26 there is very little conformational change between the WecE
internal aldimine and external aldimine complexes (r.m.s.d. 0.31 A). These are reserved to a
slight upward shift of the pyridinium ring into the active site and very small changes in the
orientation of active site residue ligand-interacting side chains.

Both CalS13 and WecE belong to the AAT-I family16:17 and share many structural
characteristics. Consistent with AAT-1 enzymes, multimeric state calculation by
PDBePISA38 indicated both CalS13 and WecE to be homodimers with an extensive dimer
interface comprising an area of ~4564 A2 (CalS13 dimer interface) and ~4405 A2 (WecE
dimer interface), respectively (Figure 3A). Each dimer assembly contains two active sites set
apart by ~28-30 A (based upon the distance between the pyridinium rings of bound PLP),
with both monomers contributing critical residues to each of the active sites (Figure 3A).
Analogous to other AAT-I enzymes, CalS13 and WecE have a conserved active site lysine
(Lys202 and Lys181 in CalS13 and WeckE, respectively) that forms the requisite internal
aldimine with PLP, a conserved general acid (Asp173 and Asp152 in CalS13 and WecE,
respectively) that is key to cofactor activation in the context of AAT-catalyzed
transamination and a putative base (GIn176 and GIn155 in CalS13 and WecE, respectively).
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The overall architecture of each subunit is composed of a N-terminal “large domain”
(colored yellow in Figure 3B) and a C-terminal “small domain” (colored blue in Figure 3B).
The large domain contains a mixed -sheet formed by seven f-strands (strand order 1, 7,
[36, B5, p4, B2, p3) and eight B-strands (strand order 1, 37, 6, p5, p4, B2, B3, f8a) in CalS13
and WeckE, respectively, where 37 is antiparallel to the rest of the B-strands in the $-sheet.
This large p-sheet is flanked by a-helices on both sides. The C-terminal small domain is
formed by a two-stranded antiparallel sheet (3-strands p8 and $9) surrounded by helices. The
N-terminal large and C-terminal small domains are linked by a three stranded antiparallel 3-
hairpin. The size of the 13 a-helices in each subunit ranges from 3 to 31 residues with the
largest a-helix (a8, containing a kink near residues 13-14) contributing to both the large and
small domains (Figure 3B).

Cofactor-Binding Site

The PLP-binding site is situated within a deep cleft of the active site of each monomer. The
cofactor is oriented such that the pyridinium ring is positioned above the central 3-sheet of
each monomer unit (Figure 3B), while the PLP phosphate moiety points toward the dimer
interface. The pyridinium ring and C6 methyl of PLP are positioned for n—m stacking and
hydrophobic interactions with the side chains of Phe96 and Val141 in CalS13 (Figure 4A)
and Phe81 and Val126 in WeckE, respectively (Figure 4B). The pyridoxal C5 hydroxyl also
forms a hydrogen bond with the side chain amine of GIn176 in CalS13 and GIn155 and
Tyr321 in WecE, respectively, while the cofactor N1 ring nitrogen is anchored by hydrogen
bonds with the side chain of the previously discussed general acid active residue (Asp173,
CalS13; Asp152, WecE) and backbone amide of Thr99 and Thr84 in CalS13 and WecE,
respectively (Figure 4).16:18-26 The PLP phosphate is held in place by several direct and
indirect water-mediated intrasubunit (Gly62, Thr63, and Ser197 in CalS13; Cys55, Thr56,
and Ser176 in WecE) and intersubunit (Arg250 in CalS13; Ser232 in WecE) hydrogen
bonding interactions (Figure 4).

The Nucleotide Sugar-Binding Site

The thymidine binding pockets in CalS13 and WecE are remarkably opposed to one another
by nearly 180° and this distinguishing feature defines the stereochemical outcome of
aminotransfer by virtue of the sugar orientation (bottom face installation in CalS13 versus
top face installation in WecE). Specifically, these distinct nucleotide interaction loops are LO
(residues Ser13-Alal6) and L1 (residues Gly32-Gly37) in CalS13 and L7 (residues Arg213—
Thr225) and L9 (residues Val318-11€322) in WecE, respectively (Figure 5). Key thymidine
hydrogen bonding interactions include the thymidine exocyclic O4 with the L1 backbone
amide of Leu34 and Glu35 in CalS13 and the L7 backbone amide of Tyr224 in WecE,
respectively, and the thymidine endocyclic N3 with the L1 backbone carbonyls of Gly32
and L7 Tyr224 in CalS13 and WecE, respectively. Additional stability is provided by
thymine aromatic stacking contributions from the L1 side chain of Arg33 and the L7 side
chain of Tyr224 of CalS13 and WecE, respectively. The nucleotide ribose moiety in both
CalS13 and WeckE is solvent exposed and does not make any direct contacts with the
enzyme. The pyrophosphate of the nucleotide sugar extends away from the ribose moiety
through a deep protein cavity that leads to the cofactor binding site of the protein and is
anchored to the enzyme by direct hydrogen bonding interactions with the guanidinium side
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chains of L7 of Arg233 and Arg237 in CalS13 (Figure 5A) and the 9 Arg352 L7, Arg213,
and L7 side chain hydroxyl of Tyr224 of WecE (Figure 5B), respectively. Interestingly,
CalS13 also contains a structurally equivalent L7 tyrosine (Tyr242), but this residue does
not interact with the substrate pyrophosphate. Direct sugar contacts are apparent in WecE
(Figure 5B) and include hydrogen bonds of the pyranose O2 and O3 with the imidazole ring
of His320 (loop L9) (Figure 5B). In contrast, only water-mediated contacts are observed in
CalS13 between the pyranose O2 and the L1 side chain carboxylate of Glu35 (Figure 5A).
Cumulatively, the “base flip” observed in WecE as compared to CalS13 dictates the
divergence in the stereochemical outcome of aminotransfer among these two highly
homologous enzymes (Figure 5C), where the key pyrophosphate interactions may direct the
divergence in sugar nucleotide orientation.

A Structure-Based Model for the Stereochemical Outcome

To date, crystal structures of nine other sugar nucleotide-dependent SATs have been
determined. These include the following: Desl and DesV from Streptomyces venezuelae
involved in TDP-desosamine biosynthesis; 2921 Per from Caulobacter crescentus CB15
involved in the GDP-perosamine biosynthesis;22 QdtB from Thermoanaerobacterium
thermosaccharolyticum involved in the biosynthesis of TDP-mycaminose;23 ArnB from
Salmonella typhimurium involved in the biosynthesis of UDP-4-amino-.-arabinose;18:26
PseC from Helicobacter pylori involved in the biosynthesis of UDP-pseudaminic acid;1°
AtS13 from Actinomadura melliaura, a putative C4-aminotransferase involved in the
biosynthesis of TDP-4-alkylamino-2,4-dideoxypentose of AT2433 (PDB 4RXK and
4XAU;* WhpE from Pseudomonas aeruginosa PAO1 involved in the biosynthesis of UDP-
ManNAc-(3NAC)A;24 and PglE from Campylobacter jejuni (PDB: 1061, 1062, 1069)
involved in the biosynthesis of UDP-4-amino-4,6-dideoxy-a-o-GIcNAc. Of these, CalS13,
Desl, Per, and PglE catalyze C4 equatorial amine installation (in the context of a

standard #C1 sugar conformation, Figure 1) to provide the corresponding C4-Sstereocenter,
while WecE, PseC, and ArnB catalyze C4 axial amine installation to provide the
corresponding C4-R (WecE and PseC) or C4-S (ArnB) stereocenter. The structure
elucidation of two highly homologous C4 SATSs that act upon an identical substrate but
differ solely in their stereochemistry of amine installation adds to this growing set of SAT
structures and presents critical new information from which a universal SAR model can be
proposed as highlighted below.

Importantly, an analysis of all nine SATSs reveals structural conservation of the key residues
involved in catalysis (Figure S2); specifically, the active site lysine (Lys202 and Lys181 in
CalS13 and WecE, respectively) that forms the requisite PLP internal aldimine, the
conserved general acid (Asp173 and Asp152 in CalS13 and WecE, respectively), and a
conserved putative active site base (GIn176 and GIn155 in CalS13 and WecE, respectively).
This apparent conservation of a fixed active site scaffold across SATSs that catalyze diverse
stereo- and regiochemically amine installation reactions suggests subtle alterations in the
sugar substrate orientation to drive stereo-chemical (and possibly regiochemical)
divergence. Within this context, a comparison of ligand-bound SAT structures reveals two
distinct strategies to control the sugar orientation. Specifically, compared to CalS13, Desl,
Per, or PglE, the inverted C4 amine installation catalyzed by PseC and ArnB is
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accomplished via substrate pyrophosphate rotation to ultimately achieve inverted active site
entry of the sugar (i.e., a “sugar flip” mechanism, Figure 6). This strategy was first noted by
Holden and co-workers via a comparison of PseC and Desl.20 Surprisingly, the current study
reveals WecE to accomplish the requisite sugar reorientation via an alternative
unprecedented mode of nucleotide binding (i.e., a “base flip” mechanism, Figure 6) where
WeckE stands as the only structurally characterized SAT to date to adopt this alternative
nucleotide-binding orientation.

This model can be further extended to C3 SATSs. Specifically, analysis of WdpE, QdtB, and
DesV ligand bound structures reveals each to utilize the “sugar flip” mechanism reminiscent
of PseC and ArnB to accomplish inverted sugar orientation to that observed for CalS13-like
catalysts (Figure 6). This is consistent with the corresponding observed C3 equatorial amine
stereo-chemical outcome (in the context of a standard “C4 sugar conformation, Figure 1).
Furthermore, C3 SATSs adopt a ~30° twist of the sugar as compared to C4 SAT comparators
to enable amine installation chemistry at C3 rather than C4. Based upon this trend, we
anticipate the C3 SATSs that catalyze C3 axial amine installation to bind their sugar
nucleotides in an orientation reminiscent of CalS13-like catalysts but with the required a
~30° twist of the sugar to enable C3 modification. While many such putative C3 axial SATs
exist (DnrJ,* Snogl,*2 and AknZ43), their three-dimensional structures have yet to be
reported.

In summary, the strategic selection and structural study of two homologous C4 SATs
(CalS13 and WeckE) that utilize identical substrates but differ in their stereochemistry of
aminotransfer reveals for the first time a new mode of SAT sugar nucleotide binding. Global
analysis of the structures deriving from the current study and those previously reported
provide the basis from which to propose a universal model for SAT stereo- and
regiochemical control of amine installation. Specifically, this universal model highlights
catalytic divergence to derive solely from distinctions within nucleotide sugar orientation
upon binding within a relatively fixed SAT active site where the available ligand bound
structures of the three out of four representative C3 and C4 SAT examples provide a basis
for the overall model. Cumulatively, this study and the corresponding universal model
provide a blueprint for future SAT engineering and biochemical study. This work also
highlights the importance of structure elucidation for one or more representative members of
the C3 axial set to test the SAR hypothesis put forth.

MATERIALS AND METHODS

Materials

E. coli B834 (DE3) and BL21 (DE3) competent cells were purchased from Invitrogen
(Carlsbad, CA). The pET-28a E. coli expression vector and thrombin were purchased from
Novagen (Madison, WI). Primers were purchased from Integrated DNA Technology
(Coralville, 1A). Pfu DNA polymerase was purchased from Stratagene (La Jolla, CA).
Restriction enzymes and T4 DNA ligase were purchased from New England Biolabs
(Ipswich, MA). Ni-NTA superflow column and gel filtration column HiLoad 16/600 were
purchased from GE Healthcare (Piscataway, NJ). Amicon Ultra centrifugal filter units were
purchased from EMD Millipore (Merck, KGaA, Darmstadt, Germany). Crystal screen kits
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were purchased from Hampton Research (Aliso Viejo, CA), Molecular Dimensions
(Altamonte Springs, FL), Rigaku (Seattle, WA), and Microlytic (Burlington, MA). All other
chemicals were reagent grade or better and purchased from Sigma (St. Louis, MO). X-ray
data were collected at beamline 21-1D-F (LS-CAT) in the Advanced Photon Source at
Argonne National Laboratory (Chicago, IL).

Two HPLC methods (A and B) were employed for sugar nucleotide resolution, and for each,
protein was removed using an Amicon Ultra centrifugal filter device prior to HPLC analysis.
Method A: Analytical reverse-phase high pressure liquid chromatography (RP-HPLC) was
conducted with a Gemini NX C-18 (5 um, 250 x 4.6 mm) column (from Phenomenex,
Torrance, California, USA) with a gradient of 1% B to 50% B over 30 min, 50% B for 5
min, 50% B to 1% over 1 min, 1% B for 7 min (A = 50 mM phosphate buffer pH 6 with 5
mM tetrabutylammonium bisulfate; B = acetonitrile; flow rate =1 mL min~1) and detection
monitored at 254 nm. Method B: Analytical RP-HPLC was conducted with a Gemini NX
C-18 (5 pm, 250 x 4.6 mm) column (from Phenomenex, Torrance, California, USA) with
2% B over 10 min, 2% B to 10% B over 10 min, 10% B to 50% B in 1 min, 50% B for 5
min, 50% B to 2% over 1 min, 2% B for 5 min (A = 50 mM triethylammonium acetate
buffer pH 7; B = acetonitrile; flow rate =1 mL min~1) and detection monitored at 254 nm.

Protein Expression and Purification

The wecE gene was amplified from E. coli BL21 (DE3) strain (Invitrogen) by colony PCR
using primers (forward: 5’- ATACTGGCTAGCATGATTCCATTTAACGCA reverse: 5'-
TTGTTGAACTACTTTTCCTGAGAATTC) containing engineered 5’-Ndel and 3’-EcoRI
restriction sites. The PCR products were subsequently digested with Ndel and EcoRI and the
corresponding digested fragments purified and ligated into pET28a vector to provide
expression of N-Hisg-WecE. For selenomethionyl and native WecE production, the pET28a-
WecE construct was transformed into the E. coli methionine auxotroph strain B834 (DE3)
and BL21 (DE3), respectively. Se-Met N-Hisg-WecE overproduction was accomplished
using autoinduction medium at 25 °C following standard protocols32 while unlabeled N-
Hisg-WecE and N-Hisg-CalS13 were overproduced and purified as previously described.30
The Hisg-tag of unlabeled and Se-Met N-Hisg-WecE was removed by thrombin cleavage at
4 °C overnight in buffer B (25 mM Tris pH 8.0, 150 mM NacCl, 0.5 mM TCEP buffer
containing 2 mM PLP). After proteolysis, Se-Met WecE and unlabeled WecE were purified
by Superdex 200 gel filtration in buffer B and concentrated to 25 mg mL~1 and 45 mg mL™2,
respectively, flash frozen in liquid nitrogen, and stored at =80 °C. N-Hisg-CalS13 (referred
to simply as CalS13 herein) was dialyzed against 25 mM Tris pH 8.0, 150 mM NacCl, 0.5
mM TCEP buffer containing 2 mM PLP and then purified by superdex 200 pg gel filtration
in buffer B and concentrated to 14 mg mL™1, flash frozen in liquid nitrogen, and stored at
-80 °C.

Protein Crystallization

Initial crystallization screens were performed using an in house screen comprising IndexHT,
SaltHT, Crystal Screen HT, PegRx (Hampton Research), MIDAS, Morpheus, JCSG™*
(Molecule Dimensions), Wizard screens 1-4 (Rigaku), and MCSG screens 1-4 (Microlytic)
by the sitting drop method using a Mosquito dispenser (TTP labTech Hertfordshire, United
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Kingdom). The Se-Met WecE crystals were grown by mixing 1 uL of protein sample
solution (10-25 mg mL~1, 20 mM HEPES pH 7.5, 150 mM NaCl) with 1 pL of reservoir
solution (100 mM sodium acetate, 100 mM MES pH 6.5, 30% w/v PEG 2000 MME) at 20
°C using the hanging drop method. The native WecE crystals were grown by mixing 0.3 pL
of protein sample solution (22.5 mg mL~1 WecE, 2 mM PLP, 2 mM TDP-4-keto-4,6-
dideoxy-a-o-glucose/TDP-4-amino-4,6-dideoxy-a-o-galactose, 20 mM Tris pH 8.0, 150 mM
NaCl, 0.5 mM TCEP) with 0.3 uL of reservoir solution (10% 2-propanol, 0.1 M sodium
citrate pH 5.0, 26% v/v PEG 400) at 20 °C using the sitting drop method. The CalS13
crystals were grown by mixing 0.3 pL of protein sample solution (14 mg mL~1 CalS13, 2
mM PLP, 2 mM TDP-4-keto-4,6-dideoxy-a-o-glucose/TDP-4-amino-4,6-dideoxy-a-o-
glucose, 20 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM TCEP) with 0.3 uL of reservoir
solution (200 mM ammonium sulfate, 100 mM Bis-Tris pH 6.5, 25% w/v PEG 3350) at 20
°C using the sitting drop method. The best crystals for the protein—ligand complexes
appeared in the presence of TDP-4-keto-4,6-dideoxy-a-o-glucose and TDP-4-amino-4,6-
dideoxy-a-o-galactose for CalS13 and WecE respectively. The Se-Met WecE crystals were
cryoprotected with 27% PEG 2000 MME and 10% glycerol. Native WecE crystals were
cryoprotected with 20% glycerol and 20% PEG 400. CalS13 crystals were directly frozen.
All crystals mentioned above were then flash frozen in liquid nitrogen for data collection.

Data Collection and Structure Refinement

X-ray diffraction data were collected at the Life Sciences Collaborative Access Team (LS-
CAT) with an X-ray wavelength of 0.98 A at the Advanced Photon Source at Argonne
National Laboratory. Data sets were indexed and scaled using HKL.200033 or XDS.34
Molecular replacement was utilized to solve the phase problem of Se-Met WecE (PDB:
4PIW), using PDB 1MDO as the starting model, and then phenix.autobuild was used for
automatic model building.3* For the native WecE structure (PDB: 4ZAH), molecular
replacement starting from Se-Met WecE was accomplished using phenix.phaser and
phenix.autobuild.3> The CalS13 structure (PDB: 4ZAS) was solved by molecular
replacement as well, using an unpublished structure AtS13 (PDB: 4XAU) as the starting
model.*0 All the structures were completed with alternating rounds of manual model
building with COOT3® and refinement with phenix.refine.3® Structure quality was then
validated by Molprobity.3’

Enzymatic Synthesis of TDP-4-keto-4,6-dideoxy-a-o-glucose, TDP-4-amino-4,6-
dideoxyglucose, and TDP-4-amino-4,6-dideoxy-a-o-galactose

To a1l mL solution of 10 mM TDP-a-o-glucose in 50 mM Tris buffer, pH 8, was added 10
UM RfbB,30 and the solution was incubated at 37 °C overnight. When the reaction progress
was confirmed by reverse-phase HPLC (Method A) to be =95%, protein was removed with
an Amicon Ultra centrifugal filter device (10 000 Da molecular weight cutoff, EMD
Millipore) and concentrated, and crude product was used for cocrystallization. For
aminosugar nucleotide production, after completion of the same 1 mL reaction, 50 mM .-
Glu, 500 uM PLP, and 10 uM WecE or CalS13 were added and reactions were incubated at
37 °C overnight. Protein was removed with a Amicon Ultra centrifugal filter device (10 000
Da molecular weight cutoff, EMD Millipore), and the desired products were purified by RP-
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HPLC (Method B), evacuated to dryness, and resuspended in ddH,O to a concentration of
roughly 20 mM. Products were confirmed by 'H NMR as previously reported.30

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Scheme representing a standard SAT-catalyzed sugar transamination reaction. (B)

Aminosugar nucleotide products of SATSs structurally characterized to date where the amino

group is colored blue (equatorial or axial designation refers to the corresponding 4Cy

conformer in all cases).
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Structure of CalS13 in complex with PLP (internal aldimine form) and keto-substrate

TDP-4-keto-4,6-dideoxy-a-o-glucose (top panel) and WecE in complex with PLP (external
aldimine form) and amino-product TDP-4-amino-4,6-dideoxy-a-o-galactose (bottom panel).
(A) Homodimer structure where the C-terminal “small” domain is colored blue in two
monomers (green and yellow) and the arrow indicates the distance between two active sites
of the homodimer assembly. (B) Monomeric structure where N-terminal “large” and C-
terminal “small” domains are colored yellow and blue, respectively.
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Figure4.
Cofactor binding site of (A) CalS13 and (B) WecE. The PLP internal aldimines within the

CalS13 and WeckE active sites are represented as ball and stick models and colored white.
The active site residues from the same and adjacent subunits are colored green and yellow,
respectively.
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Figure5.
Nucleotide sugar binding site of (A) CalS13 and (B) WecE. The substrates within the

CalS13 and WeckE active sites are represented as ball and stick models and colored white.
The active site residues from the same and adjacent subunits are colored green and yellow,
respectively. The spatial locations of loops LO, L1, L7, and L9 are labeled. (C) Overlay of
the orientation of binding of TDP-4-keto-4,6-dideoxy-a-o-glucose from CalS13 and TDP-4-
amino-4,6-dideoxy-a-o-galactose as external aldimine from WeckE in the active site of
CalS13. The TDP-4-keto-6-deoxy-a-o-glucose and the external aldimine form of TDP-4-
amino-4,6-dideoxy-a-o-galactose are represented as ball and stick models colored white and
green, respectively. The loops LO, L1, L7, and L9 are colored blue, and the two SAT
subunits are colored blue and yellow.
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Figure®6.
Universal model for the stereo- and regiochemical control of an SAT-catalyzed amine

installation. For each of the four possible amine installation reactions (C4 equatorial, C4
axial, C3 equatorial, and C3 axial; referring to “C; conformation), the fixed active-site
orientation (represented by conserved colored residues) is highlighted in relation to distinct
sugar orientations (upper schematic). The lower panels highlight distinctions in sugar
orientation within CalS13 and WecE (emphasizing the “base flip” in WecE, left panel), the
distinctions in sugar orientation within WecE and PseC (emphazing two distinct strategies to
achieve sugar inversion—the PseC “sugar flip” versus the WecE “base flip”, middle panel),
and distinctions in sugar orientation within C3 and C4 SATs (emphazing the C3 QdtB
“sugar flip” and ~30° twist in relation to the WecE C4 “base flip” model). Highlighted on
the far right (gray) is the anticipated orientation for SATs that catalyze C3 axial amine
installation for which structures are currently lacking.
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Table 1

Summary of Crystal Parameters, Data Collection, and Refinement Statistics®

Se-Met WecE Native WeckE CalS13
Crystal parameters
Space group P2 P1 P2
Unit-cell parameters (A, deg) 125.3,87.5,161.6  88.1,104.0, 109.4 71.6, 88.7, 189.8,
90.0, 91.1, 90.0 72.1,73.6,74.1 90.0, 96.2, 90.0
Data collection statistics
Wavelength (A) 0.98 0.98 0.98
Resolution range (A) 50-2.70 50-2.24 50-2.47
No. of reflections (measured/unique) 275,071/90,907 1,781,851/233,383 744,102/84,933
Completeness (%) 89.4 (89.5) 99.7 (99.2) 100.0 (100.0)
Rmergeb 0.112 (0.545) 0.253 (1.460) 0.117 (1.571)
Redundancy 3.0(2.9) 7.6 (7.5) 8.8(8.1)
Mean I/sigma (1) 10.31 (1.97) 5.58 (1.35) 11.61 (1.89)
ccle2 0.99 (0.70) 0.99 (0.74) 0.99 (0.65)
Refinement and model statistics
RcrystC/Rfreed 0.240/0.273 0.204/0.246 0.174/0.229
Ligands RSCC® 0.91 0.95 0.92
RMSD bonds (A) 0.002 0.010 0.008
RMSD angles (deg) 0.50 1.29 1.23
B factor - protein/ligand/solvent (A?) 41.3/37.3/35.4 62.1/64.7/47.7 58.3/58.6/55.2
No. of protein atoms 22,501 23,155 17,112
No. of waters 288 686 502
No. of auxiliary molecules in the asymmetric unit! 8LLP 8 TSK, 8 PMP 6LLP,3TYD, 1746
Ramachandran plot (%)
Favorable region 95.4 98.0 98.0
Additional allowed region 3.7 2.0 2.0
Disallowed region 0.9 0.0 0.0
PDB 4PIW 4ZAH 4ZAS

a\/alues in parentheses are for the highest resolution shell.

Page 18

meerge =Yhdi lli(th) = (Ih))IShEi 1i(h), where 1j(h) is the intensity of an individual measurement of the reflection and (I(h)) is the mean

intensity of the reflection.

CRcryst = Yh lIFobs| = [Fcalcll/Yh |[Fobsl, where Fops and Fcglc are the observed and calculated structure-factor amplitudes, respectively.

d . . . . ]
Rfree was calculated as Reryst using 5.0% of randomly selected unique reflections that were omitted from the structure refinement.

e . . . -
Ligand RSCC: ligand real-space correlation coefficient.

Ligand abbreviations: LLP (n’-pyridoxyllysine-5’-monophosphate), TK5 (TDP-4-amino-4,6-dideoxy-a-p-galactose external aldimine), PMP
(pyridoxamine-5’-phosphate), TYD (thymidine-5’-diphosphate), and T46 (TDP-4-keto-4,6-dideoxy-a-p-glucose).
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