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Abstract: Enzymes catalyzing asymmetric carboligation reac-
tions typically show very high substrate specificity for their
nucleophilic donor substrate components. Structure-guided
engineering of the thermostable transketolase from Geobacil-
lus stearothermophilus by directed in vitro evolution yielded
new enzyme variants that are able to utilize pyruvate and
higher aliphatic homologues as nucleophilic components for
acyl transfer instead of the natural polyhydroxylated ketose
phosphates or hydroxypyruvate. The single mutant HI102T
proved the best hit toward 3-methyl-2-oxobutyrate as donor,
while the double variant HI02L/H474S showed highest
catalytic efficiency toward pyruvate as donor. The latter variant
was able to complement the auxotrophic deficiency of
Escherichia coli cells arising from a deletion of the dxs gene,
which encodes for activity of the first committed step into the
terpenoid biosynthesis, offering the chance to employ a growth
selection test for further enzyme optimization.

-rransketolase (TK, EC 2.2.1.1,) is a thiamine diphosphate
(ThDP) dependent enzyme that catalyzes in vivo a reversible
transfer of a C2 ketol fragment from a phosphorylated ketose
to a phosphorylated aldose (Scheme 1).! While wild-type TK
accepts a large variety of hydroxyaldehydes as the electro-
philic acceptor substrates with strict (2R)-specificity,” we
recently engineered variants of the TK from Geobacillus
stearothermophilus (TK,,) that can also efficiently convert
(25)-configured hydroxyaldehydes.® In another directed
evolution study we succeeded in the discovery of TK,
variants that efficiently convert arylated aldehydes* and
non-hydroxylated aliphatic aldehydes with high stereocontrol
for either native or reversed configuration.”! Similar studies
were also reported for the TK from E. coli.® On the other
hand, TK shows very limited substrate tolerance toward the
nucleophilic donor components. Although previous studies
showed that substrate phosphorylation is not essential for
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Scheme 1. Comparison of carboligation reactions catalyzed by TK and
DXS. a) Native equilibration of sugar phosphates by TK in vivo;

b) directed carboligation of TK by using hydroxypyruvate (1) in vitro;
c) native carboligation by DXS in vivo.

catalytic activity, apart from its natural (phosphorylated)
ketose donors TK accepts only hydroxypyruvate (1). This
non-natural substrate is particularly attractive for synthetic
applications of TK because decarboxylation renders conver-
sions essentially irreversible.”!

With regard to a broader application scope of TK
catalysis, particularly in the development of novel in vitro
reaction cascades along the strategic concept of Systems
Biocatalysis,® other 2-oxoacids such as pyruvate (2a) and
higher homologues would be interesting alternative acyl
donor substrates that would open up an access to a range of
novel product types. Unfortunately, several authors have
reported that TK itself is unable to react with 2a,”” in line with
the notion that enzymes catalyzing C—C bond formations are
generally notorious for having a strict specificity for their
nucleophilic substrate.['")

However, among the superfamily of ThDP-dependent
enzymes!'!l some enzymes can utilize 2a as their natural donor
substrate for decarboxylative carboligation. This includes the
1-deoxy-D-xylulose-5-phosphate synthase (DXS, EC 2.2.1.7),
which specifically catalyzes the transfer of the acetyl group
from 2a to glyceraldehyde-3-phosphate to yield 1-deoxy-D-
xylulose 5-phosphate as the first committed step into the non-
mevalonate pathway of terpenoid biosynthesis (Scheme 1).[*%!
Herein we report on structure-guided mutational studies to
create variants of TK, that are able to use 2a and related 2-
oxoacids as donor substrates for a corresponding, highly
stereoselective asymmetric C—C bond formation.

In the absence of an experimental 3D protein structure for
TK, its substrate-binding pocket was modeled® based on the
close sequence homology with the TK from Bacillus anthracis
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(74 % identity), for which the X-ray crystal structure of the
holoenzyme has recently been solved.”! In addition, both X-
ray protein structures of TK and DXS from E. coli are
available,"" as well as a snapshot of TK with covalent
cofactor-bound substrate Fru6P.' Based on the well-known
similarity among the ThDP-dependent enzyme family and the
highly conserved sequence motif for the cofactor-binding
site,!! a structure alignment of the two E. coli enzymes
(Figure 1) confirmed their highly similar active-site construc-
tion. The substrate-liganded TK structure indicates that
physical contacts of the crucial CH,OH moiety of the ketol
donor exist to Glyl16 (hydrogen bond to carbonyl), His68
(hydrophobic contact), His102 and His474 (hydrogen bonds
to ring N). However, a major difference is that the His102
residue in TK is changed to phenylalanine in DXS, which
plausibly will better accommodate the pyruvate methyl group
instead by improving hydrophobic contacts.

‘ \ H’is102

FruéP-ThDP

Figure 1. Comparison of the donor binding environments of TK and
DXS from E. coli by superposition of their active sites based on the X-
ray crystal structures (blue=TK, PDB entry 2R8P; green=DXS, PDB
entry 201S). Graphic was created with PyMOL.I"®

A multiple sequence alignment (MSA) performed for
both TK and DXS from a diverse set of organisms confirms
their highly conserved active-site organization. Particularly,
there is a high sequence homology for the active site residues
of TK and DXS enzymes that are directly involved in the
donor substrate binding (Figure 2), except that the TK H102
residue is consistently replaced by Phe or Tyr in DXS
enzymes.

To test for background activity, standard wild type
enzymes from TK,, and the TK from E. coli and yeast
(TK,., and TK,, respectively) were assayed for conversion of

64 72 98 106 | 112 120 | 470 478
TKgst LSAGHGSML KTPGHPEYG EATTGPLGQ DGPTHEPIE
TKeco LSNGHGSML KTPGHPEVG ETTTGPLGQ DGPTHQPVE
TKsce LSNGHAVAL RTPGHPEFE EVTTGPLGQ DGPTHQPIE
DXSgst WDVGHQAYV GLSGFPKRS VWETGHSST DGETHQGVF
DXSeco WDVGHQAYP GLHPFPWRG VLSVGHSST DGQTHQGAF

Figure 2. Partial alignment of selected TK and DXS protein sequences.
Numbering follows the sequence of TK,. Residues highlighted in
color correspond to those in contact to the ThDP-bound nucleophile
(see Figure 1). Saccharomyces cerevisiae does not have a gene coding
for DXS.
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2a in the presence of glycolaldehyde (3) as the best-known
acceptor substrate using a recently developed pH-sensitive
colorimetric assay.'”! The assay principle is based on the
increase of the reaction pH as a result of substrate decarbox-
ylation, which is measured by using a pH indicator. Very low
residual activity was observed with all the three wild type TK
(Table 1; Supporting Information, Table S4) against a control

Table 1: Kinetic properties of selected TK variants toward pyruvate (2a)."?!

Variants K Ko Keat/ K
[mm] [x107%s™  [x107°s'mm)

WETK g 40.2+3.5 3941 1403
TKgo(H102F) 35.1+£5.3 5343 2+05
TKg(H102L) 29.14+1.6 18343 6+2.0
TKgo(H474S) 30.0+£29  101+3 3£1.1
TKgot(H474N) 13.44+2.5 85+4 6£1.5
TK,o(H102L/H4745) 16.6+0.7 17042 104+2.6
TK,o(H102L/H474N) 6.1+2.1 5043 8+1.5

DXSeco 334101 497423 1504+21.3

[a] Kinetic constants were determined by varying the concentration of
substrate 2a (0-200 mwm). The assay solution contained 0.03-0.04 mg
purified enzyme, 2.4 mm ThDP, 9 mm MgCl,, 10 mm glycolaldehyde (3)
and 0.028 mwm of phenol red in 200 pL of triethanolamine buffer (2 mm,
pH 7.5).

without acceptor. However, the assay is unable to distinguish
between plain decarboxylation of 2a versus true transketolase
activity (decarboxylation followed by acyl transfer to
acceptor). Therefore, a preparative scale synthesis was
attempted with wild type TK,, at 50°C to check for the
carboligation step, from which the product L-1-deoxyerythru-
lose (4a) could indeed be isolated in 9% yield, thereby
proving the pH assay results.

Protein engineering to improve the TK activity with 2a
was performed on the thermostable TK,,, which shows
mutational robustness.*! First, the rational Phe replacement
for His102 was constructed to create a DXS-like situation in
the TK,, active site. Notably, the designed H102F variant
showed only little improvement in its activity with 2a as
donor (Table 1). Similar low activity with 2a had earlier been
detected with the corresponding H103F variant of TK,.'®

Thus, we opted for a semi-rational engineering approach
focusing on all residues that are in direct contact to the
CH,OH moiety of 1 (His68, His102, Gly116, His474) with
screening for improved reaction rates with 2a. Iterative
saturation mutagenesis (ISM)['! was chosen to mutate each of
the residues individually. This directed evolution approach is
a compromise that keeps library sizes small but still allows
sampling for cooperative binding effects. His68 and Gly116
were included for reason of comprehensiveness although
His68 is involved in cofactor binding, and upon replacement
of Glyl16 side-chain orientation would be opposite to the
substrate. Libraries were screened with 2a (50 mm) using the
pH-dependent assay. Indeed, libraries G116X and H68X did
not deliver any positive hits. However, both H102X and
H474X libraries yielded 25% of significantly improved
variants. The four best unique protein variants from these
two single libraries were purified by NTA affinity chroma-
tography for kinetic characterization. All four variants

Angew. Chem. Int. Ed. 2017, 56, 1-6
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Figure 3. Activity of TK,,, variants (k) against non-natural nucleophile
substrates relative to native DXS,, (set as 100% for reference):
pyruvate (2a), m 2-oxobutanoate (2b), m 3-methyl-2-oxobutanoate (2c).

showed a higher activity than the H102F variant, which
corresponds to the DXS situation (Table 1, Figure 3).

The best variants H102L and H474N showed practically
identical catalytic efficiency but differed significantly in their
K, values. The variant H102L was found to be the most
active, showing a k., of about one third of native DXS,,
under saturating conditions, while the variant H474N showed
the best substrate affinity with a K\, value about four-fold
compared to that of DXS,.

In a subsequent round, the positive hits were used as
templates to generate four secondary saturation libraries
(H102L/H474X, H102M/H474X, H474N/H102X and H474S/
H102X). Screening furnished eight positive hits, from which
sequencing identified H102L/H474N and H102L/H474S as
unique (Table 1; Supporting Information, Table S4). Prob-
ably, more stringent assay conditions (< 50 mwm of 2a) might
have been more efficient to identify variants with improved
substrate affinity. The double variant H102L/H474N showed
the best Ky value for 2a of all variants, approaching the
affinity of the native DXS,,, (Table 1, Figure 3). The variant
H102L/H474S displayed a ten times higher catalytic efficiency
than wild type TK,, and five-fold better than the H102F
variant. Interestingly, all of these engineered TK variants
retained high stability against thermal unfolding (7, =75.3—-
78.5°C; Supporting Information, Table S2) and were still able
to convert 1 at various degree (Supporting Information,
Table S3).

In an effort to study the donor substrate scope of the
variants all single- and double-site libraries were screened
toward activity with the sterically more demanding branched-
chain oxoacids 3-methyl-2-oxobutanoate (2¢) and 4-methyl-
2-oxopentanoate (2d). Interestingly, in screenings with 2¢
(10 mm) two single variants (H102G and H102T) and two
double variants (H102L/H474S and H102G/H474N) were
found to be active, while no positive hits revealed activity
toward the more bulky higher homologous 2d. After purifi-
cation, kinetic data for these variants were determined
(Figure 3; Supporting Information, Table S6). Clearly, variant
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H102T showed the highest rates and efficiency. Finally, top
candidates identified from both previous screenings were also
kinetically analyzed against 2-oxobutanoate (2b) and 4-
hydroxy-2-oxobutanoate (2e)?” (each at 10 mm) as donor
substrates of intermediate size (Figure 3; Supporting Infor-
mation, Table S5). The best candidate (highest k) found
with 2b was the double variant H102L/H474S that showed
a catalytic rate very similar to that with 2a while profiting
from significantly enhanced substrate affinity. Notably, the
polar substrate analogue 2 e was not accepted.

Apparently, an exchange of the two histidine residues by
smaller side chains is required to make room for the larger
nucleophilic substrates (2b, 2¢). In position His474 it seems to
be essential that a hydrogen bond donating capacity to the
ketol carbonyl moiety is preserved, which is attained by
replacements for serine or asparagine that both are also of
similar, slightly reduced size. A replacement of His102 by
a non-polar leucine residue not only will better accommodate
the extra space requirements but also improve the binding of
a hydrophobic alkyl chain of the substrate in the otherwise
highly polar active site of TK as reflected in the reduced K,
values. Curiously enough, His474 stabilizing the acyl oxygen
by hydrogen bonding is invariant among all species except for
mammalian TKs where it is replaced by glutamine.”"

Although the overall catalytic efficiency of the variants
(k./Ky) with substrates 2a and 2c¢ are relatively low in
comparison to that of the native DXS,, enzyme (with 2a),
with 2b some variants interestingly reach up to 28-39 % of its
catalytic efficiency, probably reflecting a compromise of good
steric fit and positive hydrophobic interactions.

Preparative-scale synthesis with non-natural nucleophiles
was performed at 50°C to profit from the higher activity of
the TK,, variants at elevated temperatures (Scheme 2,
Table 2). In a combinatorial manner, nucleophiles 2a-2¢
were reacted with 3, D-glyceraldehyde (5) and rac-2,4-

X
“0,C R a R=Me
%9 o b R=Et
HO">CHO ~— _—  HO R ¢ R=IiPr
3 TK variant OH 4 d R=i-Bu
e R=CH,CH,0H
OH 2 OH O O. OH
HO. - . HO. B HO
CHO TK variant R - R
5 ana OH 6 HO
OH 2 OH O OH
HO/\)\CHO W HO R - f O Z OEI
7 OH 8 HO

Scheme 2. Preparative syntheses catalyzed by best identified TK,
variants for the conversion of oxoacids 2a—c using aldehydes 3, 5 and
7.

dihydroxybutanal (7) as electrophiles, respectively, using the
appropriate best TK,, variants (H102L/474S for 2a/2b and
H102T for 2¢). The corresponding products 4a—4 ¢, 6a-6 ¢ and
8a-8c¢ were obtained in good overall yields, somewhat lower
only for the sterically more bulky series ¢. Reactions
proceeded with high enantio- and diastereoselectivity for
the natural configuration, as determined by [a], comparison,
chiral-phase GC and NMR analysis.
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Table 2: Synthetic reactions performed with non-natural nucleophiles using best

TKgq variants.®
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(positive control), or the empty vector (negative
control). As shown in Figure 4, in the absence of

Aldehyde Oxo- TK,,, variant

Product Configuration ee/de [%] Yield [%]

MVA the transformants of strain EcAB4-2 were

acid unable to grow when carrying only the empty vector,

3 2a H102L/ 4a ()" <95 38 but grew successfully when complemented by the

H474S native dxs gene or the mutant gene for TK,, with

3 2b H102L/ 4b (S) - 72 very similar growth rates. Surprisingly, even the wild-

H474S type gene for TK,, could sustain growth, albeit at

3 2c H102T 4c () > 8 a significantly retarded rate. Presumably, the latter

5 2a H102L/ 6a (2R;33) >978% 72 observation must be explained by the fact that larger

5 2b :;‘g;i / 6b (2R,39) <974 60 concentratiops of the inef.fif:ient.TKgst enzyme, which

H474S become available by efficient intracellular overex-

5 2c H102T 6¢ (2R,35) > 97 52 pression from a multi-copy vector, can also compen-
7t 2a H102L/ 8a (3R,45) >97¢ 62 sate for the loss of the dxs gene.

H474S In this study the semi-rational evolution of the

7¢ 2b H102L/ 8b (3R.45) >97% 60 thermostable TK, led to the discovery of several

7 2¢ :‘:;gi 8c (3R4S) So7 gl new variants that are able to convert pyruvate (2a)

as a non-natural nucleophilic substrate to imitate the

[a] Reaction solution contained 12 mg purified enzyme (0.5 mol % relative to
oxoacid), 2.4 mm ThDP, 9.4 mm MgCl,, 50 mm aldehyde (3 or 5) and 50 mm
oxoacid in 25 mL H,0 (adjusted to pH 7.5 by pH stat using 0.1 N HCl; 50°C, 12 h).
[b] Configuration by comparison of [0];, to authentic material. [c] Enantiomers could
not be resolved by GC/HPLC. [d] de, determined by NMR analysis. [e] 100 mwm rac-7.

[f] Separation from starting material difficult.

Complete kinetic resolution of rac-7 yielded the pure
(2R)-derived products, analogous to the wild-type ability,*? as
evident by 'HNMR analysis using the deoxy methylene
group as stereochemical reporter group in the cyclic isomers
of 8a—c.['"* Identification of stereoisomers was facilitated via
direct correlation with products obtainable by catalysis from
fructose-6-phosphate aldolase (FSA), which gives products
4ab (from methanal),”” 6a,b (from 3),>? and 8a,b (from 3-
hydroxypropanal) with identical constitution and stereocon-
figuration.”®*! Thus, TK and FSA offer a directly comple-
mentary approach for the series a and b, while products 4¢, 6¢
and 8c are uniquely available only by TK catalysis because
FSA is unable to convert nucleophiles carrying a branching
point directly next to the carbonyl group.® DXS,,, which is
highly specific for its native substrate (Figure 3), has been
shown to catalyze the synthesis of 4a and 6a only.””! Another
advantage of TK catalysis is that syntheses are driven by
substrate decarboxylation, while the success of FSA synthesis
depends on the magnitude of the aldol equilibrium constants.

To verify the functionality of wild-type TK,, and its
evolved variants for activity against 2a in vivo, a complemen-
tation test was performed using the engineered auxotrophic
E. coli strain EcAB4-2 (dxs:CAT),” in which the dxs gene
had been disrupted by insertion of a selection marker.
Because E. coli cells depend on the dxs gene for terpenoids
synthesis,'? its disruption leads to an auxotrophic strain that
will only be able to grow if suitable metabolites can be taken
up from the medium, or if the strain is complemented by
a plasmid based gene replacement. This strain requires either
supplementation by mevalonic acid (MVA) from the medium
for growth or complementation by a non-chromosomal dxs-
type gene to support the reaction depicted in Scheme 1c. For
that purpose, strain EcAB4-2 was transformed with plasmids
carrying the mutant gene for TK(H102L/H474S), the wild-
type TK,, the dxs gene for expression of native DXS,,
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native reaction catalyzed by DXS. Notably, the
mutagenesis strategy revealed several protein varia-
tions that were far superior over the rationally
designed H102F variant, which mimics the native
DXS sequence. Even sterically more demanding

Figure 4. Complementation study of E. coli dxs auxotrophic strain by
plasmid based genes coding for DXS,., (positive control),
TKg,:(H102S/H474L) and wild-type TK,,, against empty vector as
negative control (from top left quadrant in clockwise order, respec-
tively). Recombinant E. coli strains were plated on LB medium
containing as selection markers 100 uygmL™" ampicillin, 17 pgmL™"'
chloramphenicol, 25 pgmL™" kanamycin, and 0.5 mm IPTG. The
medium was supplemented with rac-MVA (1 mm) as indicated. Plates
were incubated at 37°C for the times indicated.

oxoacids 2-oxobutanoate (2b) and branched-chain 3-methyl-
2-oxobutanoate (2¢) could be converted with good rates, and
products were obtained with high enantioselectivity and
diastereoselectivity that match the ability of the wild-type
TK,, with hydroxypyruvate (1). While TK reactions with
substrates 2a and 2b offer a synthetic access complementary
to using FSA, TK products derived from 2¢ are unique
because branching is inaccessible via FSA catalysis. We are
confident that the promiscuity of TK for nucleophilic
substrates could be further expanded by suitable mutagenesis
to address novel product structures that are valuable as chiral
building blocks.
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The ability of TK,, mutants to complement the dxs~
phenotype was proven by transformation of the auxotrophic
E. coli strain EcAB4-2. We note that this observation offers
an opportunity for further evolution of optimized DXS-like
activity for TK, variants by random mutagenesis followed by
growth selection under suitable limiting conditions.

Acknowledgements

This work was funded by the Deutsche Forschungsgemein-
schaft (grant Fe244/9-1 to W.D.F.) and the Agence Nationale
de la Recherche (grant ANR-09-BLAN-0424-CSD3 to L.H.)
within the framework of Programme Blanc International, as
well as by ESF project COST CM1303 Systems Biocatalysis.
We greatfully acknowledge Profs M. Rodriguez-Concepcion
and A. Boronat, Barcelona, for generously providing us with
the dxs deficient strain ECAB4-2 and Dr. A. Magnusson for
measuring the 7, data.

Conflict of interest
The authors declare no conflict of interest.

Keywords: acyloins - asymmetric synthesis - biocatalysis -
carboligation - protein engineering

[1] G. Schenk, R. G. Duggleby, P. F. Nixon, Int. J. Biochem. Cell
Biol. 1998, 30, 1297 -1318.

[2] a) Y. Kobori, D. C. Myles, G. M. Whitesides, J. Org. Chem. 1992,
57,5899-5907; b) N. J. Turner, Curr. Opin. Biotechnol. 2000, 11,
527-531; ¢) W.-D. Fessner, V. Helaine, Curr. Opin. Biotechnol.
2001, 712, 574-586; d) R. Wohlgemuth, J. Mol. Catal. B 2009, 61,
23-29.

[3] J. Abdoul Zabar, M. Lorilliere, D. Yi, T. Saravanan, T. Deva-
mani, L. Nauton, F. Charmantray, V. Helaine, W.-D. Fessner, L.
Hecquet, Adv. Synth. Catal. 2015, 357, 1715-1720.

[4] T. Saravanan, D. Yi, M. Lorilliere, F. Charmantray, L. Hecquet,
W.-D. Fessner, Green Chem. 2017, 19, 481 —489.

[5] a)D. Yi, T. Saravanan, T. Devamani, F. Charmantray, L.

Hecquet, W.-D. Fessner, Chem. Commun. 2015, 51, 480-483;

b) C. Zhou, T. Saravanan, M. Lorilliere, D. Wei, F. Charmantray,

L. Hecquet, W.-D. Fessner, D. Yi, ChemBioChem 2017, 18, 455 -

459.

a) A. Cazares, J.L. Galman, L. G. Crago, M. E. B. Smith, J.

Strafford, L. Rios-Solis, G. J. Lye, P. A. Dalby, H. C. Hailes, Org.

Biomol. Chem. 2010, 8, 1301-1309; b) P. Payongsri, D. Stead-

man, H. C. Hailes, P. A. Dalby, Enzyme Microb. Technol. 2015,

71, 45-52; ¢c) M. E. B. Smith, E. G. Hibbert, A. B. Jones, P. A.

Dalby, H. C. Hailes, Adv. Synth. Catal. 2008, 350, 2631 -2638.

[7] P.Srere, J. R. Cooper, M. Tabachnik, E. Racker, Arch. Biochem.
Biophys. 1958, 74, 295-305.

[8] W.-D. Fessner, New Biotechnol. 2015, 32, 658 — 664.

[9] a) R. A. Usmanov, G. A. Kochetov, Biokhimiya 1983, 48, 550
558; b)J. Bolte, C. Demuynck, O. Constant, L. Hecquet in
Microbial Reagents in Organic Synthesis (Ed.: S. Servi), Kluwer
Academic, Dordrecht, 1992, pp. 57-66; c) L. E. Meshalkina, H.

[6

—_

Communications

Neef, M. V. Tjaglo, A. Schellenberger, G. A. Kochetov, FEBS
Lett. 1995, 375,220-222; d) A. Ranoux, S. K. Karmee, J. Jin, A.
Bhaduri, A. Caiazzo, I. W. C. E. Arends, U. Hanefeld, Chem-
BioChem 2012, 13, 1921 -1931.

a) W.-D. Fessner, C. Walter, Top. Curr. Chem. 1996, 184, 97-194;

b) M. Brovetto, D. Gamenara, P. Saenz Mendez, G. A. Seoane,

Chem. Rev. 2011, 111, 4346 —4403.

a) R. A. W. Frank, F.J. Leeper, B. F. Luisi, Cell. Mol. Life Sci.

2007, 64, 892-905; b) S. J. Costelloe, J. M. Ward, P. A. Dalby, J.

Mol. Evol. 2008, 66,36 —-49; c) M. Widmann, R. Radloff, J. Pleiss,

BMC Biochem. 2010, 11,9; d) C. Vogel, J. Pleiss, Proteins Struct.

Funct. Bioinf. 2014, 82, 2523 -2537.

G. A. Sprenger, U. Schorken, T. Wiegert, S. Grolle, A.A.

De Graaf, S. V. Taylor, T. P. Begley, S. Bringer-Meyer, H. Sahm,

Proc. Natl. Acad. Sci. USA 1997, 94, 12857 -12862.

[13] N. Maltseva, Y. Kim, K. Kwon, A. Joachimiak, W. F. Anderson,
RCSB protein data bank (PDB entry 3M49, DOI: 10.2210/
pdb3m49/pdb).

[14] a) J. Littlechild, N. Turner, G. Hobbs, M. Lilly, A. Rawas, H.
Watson, Acta Crystallogr. Sect. D 1995, 51, 1074-1076; b) S.
Xiang, G. Usunow, G. Lange, M. Busch, L. Tong, J. Biol. Chem.
2007, 282, 2676 -2682.

[15] P. Asztalos, C. Parthier, R. Golbik, M. Kleinschmidt, G.
Huebner, M. S. Weiss, R. Friedemann, G. Wille, K. Tittmann,
Biochemistry 2007, 46, 12037 -12052.

[16] W. L. DeLano, The PyMOL Molecular Graphics System, v1.3,
Schrodinger LLC., 2002, http://www.pymol.org.

[17] D. Yi, T. Devamani, J. Abdoul-Zabar, F. Charmantray, V.
Helaine, L. Hecquet, W.-D. Fessner, ChemBioChem 2012, 13,
2290-2300.

[18] a) C. Wikner, L. Meshalkina, U. Nilsson, S. Backstroem, Y.
Lindqvist, G. Schneider, Eur. J. Biochem. 1995, 233, 750-755;
b) U. Schorken, Dissertation, University of Diisseldorf 1997.

[19] a) M. T. Reetz, J. D. Carballeira, Nat. Protoc. 2007, 2, 891-903;
b) M. T. Reetz, S. Prasad, J. D. Carballeira, Y. Gumulya, M.
Bocola, J. Am. Chem. Soc. 2010, 132, 9144-9152.

[20] K. Hernandez, J. Bujons, J. Joglar, S. J. Charnock, P. Dominguez
de Maria, W.-D. Fessner, P. Clapes, ACS Catal. 2017, 7, 1707 -
1711.

[21] a) C. K. Singleton, J.J.L. Wang, L. Shan, P.R. Martin, Bio-
chemistry 1996, 35, 15865 -15869; b) L. Mitschke, C. Parthier, K.
Schroeder-Tittmann, J. Coy, S. Luedtke, K. Tittmann, J. Biol.
Chem. 2010, 285, 31559 -31570.

[22] J. Abdoul-Zabar, I. Sorel, V. Helaine, F. Charmantray, T.
Devamani, D. Yi, V. de Berardinis, D. Louis, P. Marliere, W.-D.
Fessner, L. Hecquet, Adv. Synth. Catal. 2013, 355, 116—128.

[23] D. Gueclue, A. Szekrenyi, X. Garrabou, M. Kickstein, S. Junker,
P. Clapes, W.-D. Fessner, ACS Catal. 2016, 6, 1848 —1852.

[24] J. A. Castillo, C. Guerard-Helaine, M. Gutierrez, X. Garrabou,
M. Sancelme, M. Schuermann, T. Inoue, V. Helaine, F. Char-
mantray, T. Gefflaut, L. Hecquet, J. Joglar, P. Clapes, G. A.
Sprenger, M. Lemaire, Adv. Synth. Catal. 2010, 352, 1039 - 1046.

[25] M. Rale, S. Schneider, G. A. Sprenger, A. K. Samland, W.-D.
Fessner, Chem. Eur. J. 2011, 17, 2623 -2632.

[26] A.L. Concia, C. Lozano, J. A. Castillo, T. Parella, J. Joglar, P.
Clapes, Chem. Eur. J. 2009, 15, 3808 -3816.

[27] M. Schiirmann, M. Schiirmann, G. A. Sprenger, J. Mol. Catal. B
2002, 19-20, 247-252.

[28] a) S. Sauret-Gueeto, E. M. Uros, E. Ibanez, A. Boronat, M.
Rodriguez-Concepcion, FEBS Lett. 2006, 580, 736—740; b) N.
Campos, M. Rodriguez-Concepcion, S. Sauret-Gueto, F. Gal-
lego, L.-M. Lois, A. Boronat, Biochem. J. 2001, 353, 59-67.

[10]

(1]

(12]

Manuscript received: February 2, 2017
Final Article published: HIll HN. EEENR

Angew. Chem. Int. Ed. 2017, 56, 1-6

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

These are not the final page numbers

Angewandte

intemationalEdition’y Chemie

(AR

5


https://doi.org/10.1016/S1357-2725(98)00095-8
https://doi.org/10.1016/S1357-2725(98)00095-8
https://doi.org/10.1021/jo00048a023
https://doi.org/10.1021/jo00048a023
https://doi.org/10.1016/S0958-1669(00)00140-3
https://doi.org/10.1016/S0958-1669(00)00140-3
https://doi.org/10.1016/S0958-1669(01)00265-8
https://doi.org/10.1016/S0958-1669(01)00265-8
https://doi.org/10.1016/j.molcatb.2009.04.001
https://doi.org/10.1016/j.molcatb.2009.04.001
https://doi.org/10.1039/C6GC02017H
https://doi.org/10.1039/C4CC08436E
https://doi.org/10.1002/cbic.201600609
https://doi.org/10.1002/cbic.201600609
https://doi.org/10.1039/b924144b
https://doi.org/10.1039/b924144b
https://doi.org/10.1016/j.enzmictec.2015.01.008
https://doi.org/10.1016/j.enzmictec.2015.01.008
https://doi.org/10.1002/adsc.200800489
https://doi.org/10.1016/0003-9861(58)90001-8
https://doi.org/10.1016/0003-9861(58)90001-8
https://doi.org/10.1016/j.nbt.2014.11.007
https://doi.org/10.1016/0014-5793(95)01214-Y
https://doi.org/10.1016/0014-5793(95)01214-Y
https://doi.org/10.1002/cbic.201200240
https://doi.org/10.1002/cbic.201200240
https://doi.org/10.1007/3-540-61388-9_63
https://doi.org/10.1021/cr100299p
https://doi.org/10.1007/s00018-007-6423-5
https://doi.org/10.1007/s00018-007-6423-5
https://doi.org/10.1007/s00239-007-9056-2
https://doi.org/10.1007/s00239-007-9056-2
https://doi.org/10.1186/1471-2091-11-9
https://doi.org/10.1002/prot.24615
https://doi.org/10.1002/prot.24615
https://doi.org/10.1073/pnas.94.24.12857
http://dx.doi.org/10.2210/pdb3m49/pdb
http://dx.doi.org/10.2210/pdb3m49/pdb
https://doi.org/10.1107/S0907444995005415
https://doi.org/10.1074/jbc.M610235200
https://doi.org/10.1074/jbc.M610235200
https://doi.org/10.1021/bi700844m
http://www.pymol.org
https://doi.org/10.1002/cbic.201200364
https://doi.org/10.1002/cbic.201200364
https://doi.org/10.1111/j.1432-1033.1995.750_3.x
https://doi.org/10.1038/nprot.2007.72
https://doi.org/10.1021/ja1030479
https://doi.org/10.1021/acscatal.6b03181
https://doi.org/10.1021/acscatal.6b03181
https://doi.org/10.1021/bi9616920
https://doi.org/10.1021/bi9616920
https://doi.org/10.1074/jbc.M110.149955
https://doi.org/10.1074/jbc.M110.149955
https://doi.org/10.1002/adsc.201200590
https://doi.org/10.1002/adsc.200900772
https://doi.org/10.1002/chem.201002942
https://doi.org/10.1002/chem.200802532
https://doi.org/10.1016/S1381-1177(02)00174-1
https://doi.org/10.1016/S1381-1177(02)00174-1
https://doi.org/10.1042/bj3530059
http://www.angewandte.org

QDCh Communications Angilndte .
Communications

Structure-guided engineering of a bacte-
rial transketolase yielded enzyme variants
capable of using aliphatic oxoacids as
non-natural nucleophilic components for
stereospecific acyloin synthesis. The
double variant H102L/H474S showed
high catalytic efficiency toward pyruvate
and was able to complement a deletion of
the dxs gene coding for 1-deoxyxylulose-5-
phosphate synthase, which catalyzes the
first step of the terpenoid biosynthesis.
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