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The dextransucrase DSR-OK from the Gram-positive bacte-
rium Oenococcus kitaharae DSM17330 produces a dextran of
the highest molar mass reported to date (~10° g/mol). In this
study, we selected a recombinant form, DSR-OKAL1, to identify
molecular determinants involved in the sugar polymerization
mechanism and that confer its ability to produce a very-high-
molar-mass polymer. In domain V of DSR-OK, we identified
seven putative sugar-binding pockets characteristic of glycoside
hydrolase 70 (GH70) glucansucrases that are known to be
involved in glucan binding. We investigated their role in poly-
mer synthesis through several approaches, including monitor-
ing of dextran synthesis, affinity assays, sugar binding pocket
deletions, site-directed mutagenesis, and construction of chi-
meric enzymes. Substitution of only two stacking aromatic
residues in two consecutive sugar-binding pockets (variant
DSR-OKA1-Y1162A-F1228A) induced quasi-complete loss of
very-high-molar-mass dextran synthesis, resulting in produc-
tion of only 10-13 kg/mol polymers. Moreover, the double
mutation completely switched the semiprocessive mode of
DSR-OKAL1 toward a distributive one, highlighting the strong
influence of these pockets on enzyme processivity. Finally, the
position of each pocket relative to the active site also appeared to
be important for polymer elongation. We propose that sugar-
binding pockets spatially closer to the catalytic domain play a
major role in the control of processivity. A deep structural char-
acterization, if possible with large-molar-mass sugar ligands,
would allow confirming this hypothesis.

Glucansucrases (GSs)? of the family GH70 (1) are bacterial
enzymes producing homopolysaccharides of p-glucosyl units
from sucrose, a cheap and abundant agroresource (EC 2.4.1.5).
Among them, dextransucrases synthesize a-glucans, compris-
ing more than 50% of a-(1—6) osidic linkages called dextrans,
which usually display a very high molar mass (HMM) over 10°
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g/mol. These HMM dextrans can be used as texturing, thicken-
ing and emulsifying agents, especially in food and cosmetic
fields (2—4). However, most of the applications concern frac-
tions of 1, 10, 40, or 70 X 10% g/mol, traditionally obtained by
partial acid hydrolysis and solvent fractionation of a native
HMM polymer containing more than 95% of «-(1—6) linkages
(5). These clinical dextrans have various pharmaceutical appli-
cations (infusion fluids, volume expanders, organ preservatives,
iron carriers, anticoagulants, or vaccine adjuvants, for instance
).

Considering that dextran applications largely depend on
their size, it is thus tempting and would be of great interest to
develop enzyme-based processes allowing one-step production
of controlled-molar-mass dextrans from sucrose and avoiding
the use of acids and solvents. For that purpose, a better under-
standing of the dextransucrase structural determinants dictat-
ing polymer elongation appears to be necessary. In the last
decades, sequence analyses and X-ray 3D structure character-
izations allowed identifying some amino acid residues involved
in linkage specificity (6—11). However, less is known about the
enzyme structural determinants controlling the polymer size.
To date, five 3D structures of recombinant and truncated glu-
cansucrases have been solved: the dextransucrase GTF180-AN
from Lactobacillus reuteri 180 (12), which produces a dextran
containing around 30% of «-1,3 osidic linkages and 60% of @-1,6
osidic ones; the mutansucrase GTF-SI from Streptococcus
mutans (13); the reuteransucrase GTFA-AN from L. reuteri 121
(14), the dextransucrase DSR-MA2 from Leuconostoc citreum
NRRL B-1299 (15), producing a linear a-1,6 dextran; and the
alternansucrase ASRA2 from L. citreurm NRRL B-1355 (16). All
of these GSs have in common a five-domain organization with
global U-shaped folding. Domains A, B, and C are also found in
related GH13 enzymes, whereas domains IV and V are unique
to the GH70 family. Among all characterized glucansucrases,
DSR-M from L. citreurn NRRL B1299 is rather unusual, as it is
the first dextransucrase shown to produce only low-molar-
mass (LMM) dextrans of around 20-30 kg/mol directly from
sucrose and quasi-strictly composed a-1,6 osidic bonds (15). A
recent structural analysis of DSR-MA2 in complex with iso-
malto-oligosaccharides, completed by biochemical character-
ization and mutagenesis studies, allowed us to propose a sce-
nario explaining the distributive mode of LMM dextran synthe-
sis by this enzyme. In particular, the function of specific
structural features found in catalytic domain A and domain V
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Figure 1. A, schematic structural organization of DSR-OK and the truncated variant DSR-OKA1, based on amino acid alignment with GTF-180-AN, and
structural analysis. Hatched red lines correspond to nonaligned zones. GH70 enzymes are divided into five structural domains: domain V (red); domain IV
(vellow); and the three core domains (domain A (blue), domain B (green), and domain C (purple)). Putative sugar-binding pockets (A-G) are represented by pale
yellow stars. B, HPSEC profile of the final medium after depletion of 292 mm sucrose using DSR-OK (blue) and DSR-OKA1 (red). Dex2M corresponds to a

commercial dextran of 2 X 10° g/mol (dashed line).

were highlighted. Notably, residue Trp-624, located in loop B2
of DSR-MAZ2, has been shown to be crucial for the elongation of
gluco-oligosaccharides of a molar mass higher than ~2 kg/mol
and up to ~16 kg/mol (17). To synthesize dextrans of higher
mass (up to 23 kg/mol), the assistance of two sugar-binding
pockets, promoting interactions between the growing polymer
chain and domain V, was found to be required. The sequences
of these sugar-binding pockets are relatively well-conserved;
they are found in domain V of every GH70 glucansucrases, and
their number varies depending on the enzymes (18). These
pockets are defined by a network of amino acids comprising a
conserved stacking tyrosine (or phenylalanine) as well as a QXK
motif interacting with glucosyl rings. In DSR-MAZ2, the aro-
matic residue has been proven to be essential for functionality
(15). In GTF-SI, combining homology modeling and molecular
dynamic studies, Osorio et al. (19) showed the role of domain V
in the orientation of the growing glucan chain during elonga-
tion because of a higher number of glucan—enzyme contacts
compared with the model of GTF-SI devoid of this domain, for
which the growing oligosaccharide rapidly protrudes toward
the solvent. As these sugar-binding pockets seem to operate
during long-chain extension, we suspect that their number and
binding affinity could be related to the ability of certain glucan-
sucrases to synthesize HMM polymers by promoting a shift
between a distributive (multichain) and a processive (single
chain) mode of polymerization. In accordance with this
hypothesis, previous work done a decade ago on an HMM
dextran—synthesizing glucansucrase, the DSR-S vardel A4N
from Leuconostoc mesenteroides NRRL B-512F, showed that
large truncations in DSR-S domain V led to synthesis of lower-
molar-mass dextrans. From these observations, a semipro-
cessive mechanism of polymerization has been proposed for
this enzyme (20). Similar effects were observed for the dextran-
sucrase GTF-180 upon truncation operated in this domain V
(20). In all of these studies, the truncations often targeted large
sequence fragments of more than 100 amino acids and induced
a drastic loss of catalytic efficiency, possibly because of im-
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proper protein folding. This weakened the conclusions on the
effective impact of the interactions between glucan and domain
V in polymerization mechanism and control of polymer molar
mass.

To test our hypothesis and examine the role of the sugar-
binding pockets in controlling the chain extension, we focused
our study on the recombinant dextransucrase DSR-OK, an
enzyme originated from Oenococcus kitaharae DSM 17330,
which produces a dextran of the highest molar mass reported to
date (>10° g/mol) and with physical properties never observed
before (21). Sequence analysis enabled identification of seven
putative sugar-binding pockets in domain V of this enzyme,
and their role was investigated through different approaches,
including pocket deletions, mutagenesis targeting conserved
aromatic residues, as well as construction of chimeric enzymes.

Results and discussion

DSR-OKA1: design and structural insights into a model
enzyme

All attempts to crystallize the full-length DSR-OK, produced
and purified according to Ref. 21, were unsuccessful. As the
N-terminal extremity of DSR-OK sequence was predicted
to be disordered (RONN program), a truncated form of 160
kDa, called DSR-OKA1, was constructed (keeping residues
84-1484, Fig. 1A). This truncation did not affect the level of
expression in Escherichia coli BL21 (20,000 units/liter of cul-
ture for DSR-OKA1 and whole-size DSR-OK) but slightly
affected its specific activity (90 units/mg for DSR-OKA1 versus
120 units/mg for the whole-size enzyme purified under similar
conditions). The size exclusion chromatography profiles of the
reaction products obtained from 100 g/liter of sucrose were
almost equivalent (Fig. 1B). For DSR-OK and DSR-OKA1, more
than 70% of the transferred glucosyl units were incorporated in
a very HMM dextran, 18% in polysaccharides of intermediate
size, 8.6% in leucrose, and only 3.5% in free glucose. The size of
the HMM polymer was slightly impacted, but DSR-OKA1 dex-
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Figure 2. A, schematic structural organization of DSR-OKA1 compared with GTF-180 and DSR-MA2, based on amino acid alignment with both enzyme primary
structures and structural analyses. Nonaligned zones are not represented. Domain V is represented in red, domain IV in yellow, domain A in blue, domain B in
green, and domain C in purple. For each domain, the percentage of similarity with that of DSR-OK is shown in italics (pairwise alignments with BlastP tool). B,
SAXS reconstruction of DSR-OKA1 compared with DSR-MA2. From left to right: DSR-MA2 crystal structure, SAXS ab initio envelope of DSR-MA2, SAXS ab initio
envelope of DSR-OKA1, and GTF-180 crystal structure. Assignment of domains is based on superposition between the DSR-MA2 crystal structure and SAXS
envelopes. The approximate position of the catalytic cleft is shown with a red circle.

tran is of very high molar mass, like DSR-OK dextran, whose
molar mass was determined at 1 X 10° g/mol using Asymmet-
rical flow field-flow fractionation additioned with multi-angle
laser light scattering (21). It also surpasses the molar mass value
of commercial dextran (2. 10° g/mol) while being of much lower
polydispersity. In addition, DSR-OK and DSR-OKAL1 polymers
display equivalent rheological properties (data not shown). As
our main objective was to identify determinants differentiating
dextransucrases producing HMM polymers (around 10%-10°
g/mol) from those, like DSR-MAZ2, producing only LMM dex-
tran of around 3 X 10* g/mol, DSR-OKA1 was considered a
good model for study.

Attempts to crystallize DSR-OKAT1 resulted in formation of
poor diffracting crystals whose quality remained insufficient for
3D structure solving. We thus turned toward small-angle X-ray
scattering (SAXS) analyses of the protein in solution. SAXS
curves revealed that DSR-OKAL is well-behaved in solution
without aggregation and shows typical modulations of multi-
domain proteins resembling those of GTF-180 and DSR-MA2
dextransucrases of known structure (Fig. 24). Compared with
DSR-MA2, SAXS ab initio envelopes revealed that DSR-OKA1
adopts a much more elongated shape in solution (Fig. 2B). This
feature is supported by further analyses. P(r) functions of DSR-
MAZ2 show an almost bell-shaped curve that nicely tends to zero
at D, ., ~ 125 A, characteristic of a rather compact particle. In
contrast, an asymmetric curve that tends to zero only at very
high D, ~ 260 A is observed for DSR-OKAL1, characteristic of
elongated and flexible proteins (Fig. 3B). A dimensionless
Kratky plot of DSR-MAZ2 revealed a well-defined maximum of
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1.1atq*Rg = /3, typical of compact particles (22), whereas the
maximum is well over /3 for DSR-OKALI, indicating extended
and flexible properties. The shoulder observable at high qRg
values might suggest interdomain flexibility (Fig. 3C). Overall,
we can see that the two enzymes have a similar overall shape for
the catalytic domain, but although DSR-MA2 has domain V
folded back onto the catalytic domain (Fig. 2), DSR-OKA1 dis-
plays a more extended shape, where domain V (or at least part
of it) protrudes away from the catalytic domain. In this respect,
DSR-OKAL1 shows structural features that are in between DSR-
MA?2 and the more extended structure of GTF-180 (23). Unfor-
tunately, the absence of a good-quality model for DSR-OKA1
(especially for its domain V) did not allow further modeling into
the SAXS data. Therefore, the functional relevance of the dif-
ferent positioning of the domain V remains to be structurally
determined.

Dextran synthesis with DSR-OKA 1 becomes rapidly processive

The kinetics of polymer synthesis obtained with DSR-OKA1
or DSR-MA2 were monitored by HPAEC-PAD analyses, and
the two product profiles are clearly different (Fig. 4). During the
first 10 min of reaction, DSR-OKA1 produced one series of
oligosaccharides resulting from successive transfers of glucosyl
units onto sucrose (Fig. 44), as confirmed by invertase digestion
of the oligosaccharide mixture (Fig. S1). Similar to DSR-MA2
(15) or other glucansucrases, such as GTF-A (24), sucrose is the
primer preferentially used at the beginning of the reaction.
However, the degree of polymerization (DP) of the oligosaccha-
rides synthesized by DSR-OKA1 does not exceed 6, whereas

SASBMB
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Figure 3. SAXS data analysis of DSR-OKA1 compared with DSR-MA2. A, SAXS curves with superimposed fits of the ab initio envelopes (black dots). B, Guinier
analysis. C, P(r) functions. D, dimensionless Kratky plot. £, SAXS data summary table. Blue, DSR-MAZ2; red, DSR-OKA1.

oligosaccharides of DP ranging from 3-30 are produced with
DSR-MA2 (Fig. 4A). As sucrose consumption is equivalent in
both reaction media, this indicates that DSR-OKA1 has incor-
porated glucosyl units in longer chains, which may not be
released in the medium or cannot be detected, their size being
too high with regard to their quantity. Indeed, at this stage, no
HMM polymers can be detected by high performance size
exclusion chromatography (HPSEC) chromatography (Fig.
4D). The difference between the two product profiles is even
more striking after a 30-min reaction (Fig. 4B) and when total
substrate consumption is reached (Fig. 4C). Moreover, HPSEC
analyses already revealed the presence of one population of
very-HMM dextran after 30 min, which becomes preponderant
at the end of the reaction (Fig. 4D). When sucrose is depleted,
additional series of oligosaccharides are detected on HPAEC-
PAD chromatograms, which probably results from transfer
onto glucose, fructose, or leucrose, which accumulate in the
medium during the reaction course. Again, the oligosaccha-
rides produced by DSR-OKAL1 are much shorter in size and
present in lower amounts compared with those obtained with
DSR-MA2.Inthatrespect, DSR-OKA1seemstoadoptasemipro-
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cessive mode of dextran synthesis similar to that already pro-
posed for DSR-S-A4N (20). At the beginning of the reaction, a
distributive mechanism leads to formation of multiple short-
chain oligosaccharides, but above DP6, these oligosaccharides
are preferentially elongated to yield HMM dextran, suggesting
that the chain is retained by the protein for elongation before
being released. At the end of the reaction, the oligosaccharide
content has increased to represent 18% of the transferred glu-
cosyl units. Their formation is due to the high concentration of
fructose, an acceptor becoming a severe competitor of the dex-
tran chains for glucosyl residue capture at this stage.

Functional implications of domain V in processivity

Using a set of sequences encoding structurally characterized
sugar-binding pockets from AN123-GBD-CD2 and DSR-MA2
(15, 18), which are very well structurally conserved despite rel-
atively low sequence conservation (from 25% to 40% identity
only), we annotated seven sequences as putative sugar-binding
pockets in DSR-OK domain V (Fig. 5). Two of them (A and B)
are located at the N-terminal extremity and the other five ones
at the C-terminal end (Fig. 14). All predicted sugar pockets

J. Biol. Chem. (2020) 295(17) 5602-5613 5605
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Figure 4. A-C, comparison of HPAEC-PAD profiles of DSR-OKA1 (red) and DSR-MA2 (blue) products from 292 mm sucrose at different reaction times. A, after 10
min. B, after 30 min; G, final reaction medium. Commercial dextran 1500 g/mol is shown as standard (green). D, HPSEC profiles of DSR-OKA1 products from 292
mm sucrose at different reaction times.
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Figure 5. Sequences of putative sugar-binding pockets identified in the DSR-OK sequence, also called repeats A-G according to their localization in
the primary structure. Sequence alignment was performed against four repeats identified in domains V of AN123-GBD-CD2 (from DSR-E) and DSR-MA2. A
LOGO sequence based on this alignment is also shown. The common aromatic stacking residue and the QXK motif locations are framed in red. Single point
mutations were performed on the residues highlighted in gray. rptX, repeat X). DSR-OK repeats (amino acid numbering): A, 66 -126; B, 146-218; C, 1093-1160;
D, 1661-1222; E, 1223-1287; F, 1347-1412; G, 1413-1484.
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display a conserved aromatic residue (tyrosine or phenylala-
nine, Fig. 5) identified as an essential stacking platform in struc-
turally characterized pockets (15). The QXK motif is also con-
served, except in pockets B and C, which could prevent their
functionality (Fig. 5). In total, DSR-OK would possess between
five and seven functional sugar-binding pockets. The conserved
Tyr-70 of repeat A was truncated in DSR-OKA1 (even when the
QXK motif was kept), suggesting that this pocket might have
lost its functionality in the variant (Fig. 1B).

Sugar-binding pockets are important for specific activity and
dextran binding

Starting from DSR-OKAI, several truncated variants were
constructed in which sugar-binding pockets were progres-
sively eliminated (Fig. 6). All of these variants were expressed
in quasi-equivalent amounts in E. coli, but their specific
activity was heavily affected. The DSR-OKA2 variant, with
two deleted putative sugar-binding pockets at the C-termi-
nal end, lost 93% of activity compared with DSR-OKAI.
Additional truncations of pockets D and E were even more
detrimental, with 99% recorded loss of activity, indicating
that these pockets are necessary to maintain activity at a
reasonable level. Also, we cannot exclude folding problems,
as aggregates were observed during the purification steps of
DSR-OKA3, DSR-OKA4, and DSR-OKAV. Nevertheless,
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these findings are strongly contrasting with those obtained
previously with DSR-MA2, for which complete suppression
of domain V had no impact on specific activity. Notably, they
get close to those reported for several variants of the DSR-S
from L. mesenteroides NRRL B-512F truncated at their
C-terminal end (DSR-S vardel A3, DSR-S vardel Core),
which were also very poorly active (20).

Despite its very low activity, the DSR-OKA2 variant was able
to consume 292 mM sucrose. The HPSEC profiles show that
DSR-OKA2 kept its ability to synthesize HMM dextran of
slightly reduced size compared with DSR-OKA1 but also pro-
duced a new population of LMM dextran around 13 kg/mol
(Fig. 6). Similar behavior was observed for variant DSR-S vardel
A3 and DSR-S vardel Core (20). This reveals that not all dextran
chains are elongated to the same extent, which could be attrib-
uted to the simultaneous suppression of sugar-binding pockets
F and G. Deletion of pocket A in DSR-OKAL also induced a
slight decrease in HMM polymer size compared with that pro-
duced by DSR-OK (Fig. 1B).

To evaluate the strength of the dextran—enzyme interaction,
affinity gel electrophoreses of pure DSR-OKA1, DSR-OKAYV,
and DSR-MAZ2 (as a positive control) were carried out using gels
prepared with dextran of 6000 g/mol (Dex6000) or 68,400
g/mol (Dex68,400). As shown in Fig. 7, a marked migration
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Figure 7. Affinity gel electrophoresis of DSR-OK variants in gels contain-
ing dextran of 6000 g/mol or 68,400 g/mol. BSA, negative control; DSR-
MAZ2, positive control.

delay was observed for DSR-OKA1 and a lower one for DSR-
MAZ2 in gels containing dextran. In contrast, there was no delay
for DSR-OKAV. This confirms that the affinity for dextran is
mainly conferred by domain V and decreases when its size is
reduced. Moreover, the migration delay is higher in the gel con-
taining Dex68,400 than in the gel prepared with Dex6000,
meaning that affinity is stronger for longer dextran. Further-
more, the delay did not significantly vary when lowering dex-
tran concentrations, preventing any K, determination because
of too-strong binding interactions.

Sugar-biding pockets contribute to enzyme processivity

Because truncations can cause profound changes in 3D
structure, we turned to mutagenesis to investigate the role of
the identified putative sugar-binding pockets. The conserved
stacking residues (Phe or Tyr) identified in the different pockets
were individually replaced with alanine. All mutants were well
expressed in E. coli and active (Table S1). NMR analyses and
dextranase digestion of the reaction products confirmed that
the mutations did not affect linkage specificity (data not
shown).

In pockets B, C, F, and G, single mutation of Tyr-153, Phe-
1098, Phe-1354, or Tyr-1420 into alanine did not affect the
product profile compared with the nonmutated form (Fig. 8).
The ability to synthesize HMM dextran was fully maintained,
and the population of LMM products remained unchanged.
Mutation of only one stacking residue was not sufficient to alter
the pocket functionality or prevent binding in other pockets,
considering that different pockets could act in synergy. A dou-
ble mutant, F1354A/Y1420A (targeting pockets F and G), was
constructed. This mutant produced a HMM dextran popula-
tion of slightly lower size compared with DSR-OKAL, suggest-
ing that these two pockets may not play a major role in elonga-
tion (Fig. 8). Notably, variant DSR-OKA2 entirely devoid of
pockets F and G, produced a higher amount of LMM dextran,
showing that deletion and point mutation are not strictly equiv-
alent (Fig. 6).

In pockets D and E, the single mutations of Y1162A and
F1228A, respectively, impacted the product profile as well as
the enzyme activity more severely, which was estimated to be
49% for DSR-OKA1-Y1162A (pocket D) and 73% for DSR-
OKA1-F1228A (pocket E) relative to that of the WT. Both sin-

5608 J. Biol. Chem. (2020) 295(17) 5602-5613

gle mutants produced a significant amount of LMM dextran in
addition to the HMM one (Fig. 8). The effect was even more
pronounced for the double mutant DSR-OK1-Y1162A/
F1228A, which retained only 20% of activity and almost totally
lost its ability to synthesize HMM dextran while producing a
LMM dextran population of around 10-13 kg/mol (estimated
at the peak apex of the HPSEC chromatogram). In addition, the
kinetics of dextran synthesis with this double mutant were very
similar to that obtained with DSR-MA2 (Fig. 9), revealing that
the double mutations caused a switch from a semiprocessive to
a totally distributive mode of elongation. These two mutations
probably impaired two anchoring points of the elongated dex-
tran chain, lowering the strength of enzyme—product interac-
tion, which appears to be clearly related to enzyme processivity.
This demonstrates that binding to domain V, mediated by the
succession of certain sugar-binding pockets, is the main deter-
minant that governs the enzyme processivity and elongation
efficiency of GSs synthesizing HMM dextran.

Moreover, the role and functionality of each sugar-binding
pocket are clearly not equivalent. Indeed, the single mutations
in pockets D and E had a major impact on the dextran distribu-
tion profile, in contrast to those targeting pockets B, C, F, and G.
Nonconservation of the QXK motif in pockets B and C could
explain the limited role of these pockets. Their position (more
or less distant from the active site) may also be important. In
DSR-MA2, mutation of the stacking residue of pocket A had a
higher impact on polymer size than that in pocket B. Pocket A is
farther from the active site in the primary sequence than pocket
B, but considering the compact form of DSR-MA2, this pocket
is spatially closer to the catalytic gorge (15). Based on the SAXS
envelope of DSR-OKA1, pockets F and G would be further away
from the active site than all other putative pockets, which could
explain their less important role. However, these interpreta-
tions should be treated with caution, as domain V is known to
be mobile and could move around domain IV, as seen for GTF-
180 (23). Of course, the 3D structure of the enzyme, especially
the enzyme in complex with a long dextran chain, would pro-
vide interesting information, and efforts will have to be pursued
in this direction.

Domain swapping between distributive and processive
enzymes influences the size of the HMM polymer

We envisioned exchanging domain V between DSR-OKA1
and DSR-MA2 to examine the effect on polymer size. Swapping
of domain IV was also considered to limit misfolding and con-
serve a native connection between domains IV and V. To deter-
mine at which position the domains should be swapped, we
used sequence alignments and structural superimposition with
GH70 glucansucrase structures solved to date (12-14). We
noticed the presence of a helix in domain IV (amino acids
424.— 429, DSR-M numbering), which corresponds to the hinge
region between domains IV and V described previously for
GTF-180AN (23). This helix was swapped together with
domain V, and the most conserved positions at the borders of
each domain were selected as swapping points (Fig. S2), yield-
ing chimeras 1 and 3 (Fig. 10). In addition, to limit possible
problems of chimera folding because of the spatial proximity of
domains coming from different enzymes, concomitant swap-
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Figure 8. HPSEC analysis of the products synthesized by DSR-OK variants from 292 mm sucrose. Blue, DSR-OK; red, DSR-OKA1; light purple, DSR-OKA2;
green, DSR-OKA1-Y1420A (pocket G); turquoise, DSR-OKA1-Y1354A (pocket F); light blue, DSR-OKA1-F1228A (pocket E); light red, DSR-OKA1-Y1162A (pocket D);
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DSR-OKA1-Y1162A-F1228A (pockets D and E).

ping of domains IV and V was also performed, yielding chime-
ras 2 and 4 (Fig. 10).

The levels of expression of chimeras 1 and 2 (with DSR-OK
core) and their activities were lower than those obtained for
DSR-OKAL1 (Fig. S3). In contrast, chimeras 3 and 4 (with
DSR-M core) were produced in equivalent amounts as the
parental enzyme. In all cases, the production yields were suffi-
cient to incubate each enzyme extract with 292 mm of sucrose
until total substrate consumption.

As shown on HPSEC chromatograms (Fig. 10), when
DSR-OK domain V (or IV plus V) is replaced with those of
DSR-MA2, the resulting enzymes (chimeras 1 and 2) synthesize
two main populations of dextran: one of molar mass superior to
10° g/mol (but inferior to that produced by the parental
enzyme) and a major population of molar mass again estimated
around 13 kg/mol. The concomitant swap of domain IV and V
did not influence the dextran profile, suggesting that the two
chimeras have similar catalytic and perhaps structural proper-
ties. Hence, the nature of domain IV does not influence the
elongation process, acting as a “spacer” between the catalytic
domain and domain V. The product profiles look like those
obtained with DSR-OKA2, DSR-OKA1-Y1162A, DSR-OKA1-
F1228A, and DSR-OKA1-Y1162A/F1228A (mutation of stack-
ing residues of pockets D and/or E), with a bimodal dextran
population. In fact, the interchange with DSR-M domain V,
known to be of low binding efficiency (15), has the same effect
on the DSR-OK polymerization process as alteration of its own
domain V ability to interact with growing dextran chains.

SASBMB

Concerning chimeras 3 and 4, constructed in a DSR-MA2
template, they both produced a population of dextran between
10 and 40 kg/mol with a molar mass at the apex of around 35
kg/mol. The synthesized products are higher in size than those
produced by DSR-MA2. However, grafting DSR-OKA1 domain
V in place of its own domain and introducing two additional
sugar-binding pockets did not result in production of an HMM
dextran superior to 10° g/mol. Again, stability and folding
issues also need to be considered, and swapping of entire
domains at both enzyme extremities is certainly very damaging.

Domain V exchanges between the semiprocessive and dis-
tributive enzymes impacted product size in the expected direc-
tions but was not sufficient to completely change the mode of
dextran elongation. We have shown previously for DSR-MA2
that the interplay between the catalytic domain and domain V
governs the size of the polymer. Specific determinants in the
catalytic domain of DSR-OK and interplay with domain V may
also participate in the high processivity of this enzyme, as
shown for other enzymes (Leu-940 in GTF180-AN (10) and
Trp-624 in DSR-MA2 (17)). However, these residues are not
conserved at other GH70 catalytic sites (or their role is not
equivalent in other enzymes), and so the identification of such
interacting residues is not predictable in the absence of struc-
tural data.

Conclusion

The recombinant enzyme DSR-OK, originated from
O. kitaharae DSM17330, was demonstrated to synthesize a
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HMM and quasi-linear dextran. This polymer presents excep- cally, we focused on the role of the numerous putative sugar-
tional rheological properties (viscosity, yield stress, and gel-like  binding pockets covering domain V of the protein.

behavior) never before observed for other dextrans. For these Monitoring dextran synthesis revealed that DSR-OKA1, a
reasons, DSR-OK was selected as a model to identify the deter- model of study, adopts a semiprocessive mode of elongation
minants involved in the control of polymer size. More specifi- comparable with that of DSR-S vardel A4N. The first phase of
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chain initiation, producing oligosaccharides, is quickly fol-
lowed by synthesis of an HMM dextran (>10°® g/mol). This
contrasts with the mode of dextran elongation described previ-
ously for the DSR-MA2 enzyme (15), which displays an original
distributive mode of elongation responsible for synthesis of
LMM dextran of around 20-30 kg/mol. On the other hand,
affinity assays revealed that the binding ability of DSR-OKA1
toward glucan chains is very high and mainly conferred by its
domain V. In contrast, the binding affinity of DSR-MA2
domain V has been shown previously to be low (15). Such dif-
ferences revealed that the polymerization mechanism (distrib-
utive versus semiprocessive) could be determinant for the abil-
ity of dextransucrases to synthesize HMM dextran. We propose
here that some sugar-binding pockets of domain V are impor-
tant promotors of processivity because of strong interaction
with the growing dextran chain.

By mutating only two stacking aromatic residues of two con-
secutive binding pockets in the variant DSR-OKA1-Y1162A/
F1228A, we switched the semiprocessive mode of DSR-OKA1
toward a distributive one, showing the influence of these pock-
ets on enzyme processivity. Elimination of the sugar-binding
pockets in DSR-OKAT1 (this study) and DSR-S vardelA4N (20)
also led to LMM dextran formation but with a much higher
decrease in specific activity. Targeting residues responsible for
functionality of the sugar-binding pockets is thus a very good
means to modulate glucansucrase dextran size. The position of
the pockets relative to the active site also seems to be important,
and it is clear that all binding pockets do not play exactly the
same role. Our assumption is that binding pockets spatially
closer to the catalytic domain would be more involved in con-
trol of processivity, but this will have to be confirmed by struc-
tural data. In addition, the avidity for dextran increases with the
number of pockets interacting with the polymer. Short oligosac-
charides bind with lower affinity than dextran, and one can
imagine cooperativity between the pockets when the glucan
chain is long enough to interact with several binding pockets, a
cooperativity that may extend to the catalytic site.

Indeed, as revealed by the behaviors of the chimeric enzymes
constructed from DSR-OKA1 and DSR-MA2, in which do-
mains IV and V were interchanged, transformation of an
HMM-synthesizing enzyme into one dedicated to LMM dex-
tran synthesis and vice versa is not trivial, especially without
losing too much catalytic efficiency. Activity loss also arises
when domain V becomes less efficient, after mutation of bind-
ing pockets, for instance, and can be attributed to a decrease in
the apparent affinity for the dextran substrate and/or perturba-
tion of the concerted action between the catalytic domain and
domain V. This highlights the fact that HMM-synthesizing GSs
have optimally evolved to ensure perfect tuning between the
catalytic domain and domain V. Their interplay may be due to
continuity between the acceptor binding subsites located in the
catalytic domain and the sugar-binding pockets. However, to
have an idea of the position of the dextran during chain exten-
sion and start touching on the dynamics of this process, efforts
to solve the structure of GH70 polymerases in complex with
long oligosaccharides must be pursued.
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Materials and methods
Construction of DSR-OKA1

The primary sequence of DSR-OK (GenBank accession
number EHN59583) was analyzed with the RONN pro-
gram (https://academic.oup.com/bioinformatics/article/21/16/
3369/215577) to identify regions that will possibly lack a well-
defined 3D structure under native conditions. Construction of
DSR-OKAL, consisting of deletion of the first 107 amino acids
from the entire form pET-53/DsrOK plasmid DNA template
(21), including the His tag, was performed following the
method described by Wang and Malcolm (25, primers in Table
S1). Briefly, this method consists of a two-stage procedure
based on the QuikChange site-directed mutagenesis protocol
(Stratagene, La Jolla, CA), in which a single-primer extension
stage before the standard PCR protocol allows deletion of a
sequence of interest.

Protein expression and purification

Proteins cloned in a pET55-DEST vector were expressed and
purified as described previously (15). For the proteins cloned in
a pET53-DEST vector, freshly transformed BL21 star (DE3)
E. coli cells (Thermo Fisher Scientific) were grown overnight in
Lysogeny Broth medium supplemented with 100 wg/ml of
ampicillin at 37 °C. Then 1 liter of modified ZYM5052 medium
(30) (with the following changes: 1% lactose, 1% glycerol, and no
glucose added) was inoculated from the starter culture at an
Agoo nm 0f 0.05 and incubated at 23 °C under agitation. After
23 h of culture, cells were harvested by centrifugation, resus-
pended at a final A4y .., of 200 in purification buffer (1X PBS
and 280 mm NaCl (pH 7.4)), and disrupted by sonication.
Enzymes were recovered in soluble supernatant extract after
centrifugation (20,000 rpm, 30 min). Protein purification was
performed using AKT Axpress (GE Healthcare) at 12 °C, with a
first step consisting of Strep-tag® affinity chromatography.
Proteins were injected at 1 ml/min into a 5-ml Strep Trap
HPTM column (GE Healthcare) pre-equilibrated with purifica-
tion buffer. After binding, Strep-tagged enzymes were eluted at
4 ml/min using a gradient of p-desthiobiotin (from 0.05-2.5
mwm) in 20 column volumes. Affinity purification was followed
by a size exclusion step on a Superose 12 column, 16 X 60 (GE
Healthcare), from which the protein preparation was eluted
with buffer for SAXS analysis (30 mm MES (pH 6.5), 100 mm
NaCl, and 0.05 g/liter CaCl,) or with 50 mm sodium acetate
buffer (100 mm NaCl and 0.05 g/liter CaCl, (pH 5.75)) for bio-
chemical characterization. Protein purity was verified by SDS-
PAGE. Protein concentration was determined by spectroscopy
at 280 nm on a Nanodrop ND-1000 (Thermo Fisher Scientific)
using the protein theoretical molar extinction coefficient and
the molecular weight calculated by the ExPASy ProtParam tool
(RRID: SCR_018087).

Activity assays

Activity was assayed using the dinitrosalicylic method (26).
One unit of DSR-OK variant is defined as the amount of

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party-hosted site.
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enzyme that catalyzes production of 1 umol of fructose/min
from 292 mm sucrose in 50 mM sodium acetate buffer (pH 5.75)
at 30 °C.

Enzymatic reaction

All dextran syntheses were carried out with 292 mM sucrose
at 30 °C using 1 unit/ml of pure enzyme in 50 mM sodium ace-
tate buffer. For kinetics studies, samples were taken at regular
intervals until total sucrose depletion, reactions were stopped
by 10 min incubation at 95 °C, and samples were stored at
—20 °C until further analyses.

Product characterization

High-performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) analyses were
performed using a CarboPac™ PA100 analytical column (4 X
250 mm) coupled with a CarboPac™ PA100 guard (4 X 50
mm). Product separation was performed using a sodium ace-
tate gradient (6—500 mM) in 150 mm NaOH over 45 min (1
ml/min).

HPSEC analyses were performed using two Shodex OH-Pak
SB-802.5 and SB-805 columns (Showa Denko, Tokyo, Japan) in
series coupled with a Shodex OH-Pak SB-G guard column and
placed in a 70 °C oven. The samples were diluted to a maximum
of 10 g/kg of total sugars in the eluent (0.45 M NaNO, and 1%
ethylene glycol). Elution was performed at a flow rate of 0.3
ml/min. When possible, the weight-average molar masses of
synthesized dextrans were determined using a calibration curve
with standards (concentration of 10 g/kg) of fructose, sucrose,
and dextrans of 11 300, 39 100, 68 400, 503 X 10% and 2 X 10°
g/mol (Sigma-Aldrich). Dextrans produced by DSR-OK are
very-HMM polymers, and precise molar mass determination
would necessitate more expensive methods, such as AF4-
MALS (21). Consequently, for dextrans of more than 2 X 10°
g/mol, HPSEC is used as a comparative method but is limited to
discriminate slight differences.

SAXS measurements and processing

SAXS experiments were performed on the SWING beam-
line at the SOLEIL synchrotron (Gif-sur-Yvette, France) as
described previously (15). Briefly, a 50-ul volume of protein
sample (10 mg/ml) was injected onto a size-exclusion column
(Bio SEC3 300, Agilent, Santa Clara, CA) equilibrated in MES
buffer (30 mm MES (pH 6.5), 100 mm NaCl, and 0.05 g/liter
CacCl,) and eluted directly into the SAXS capillary cell at a flow
rate of 200 ul/min at a temperature of 10 °C. Using a wave-
length of 1.033 A, SAXS data were collected online throughout
the elution time, and the recorded curves were normalized to
the transmitted intensity, buffer-subtracted, and averaged
using FOXTROT as described previously (27). Radius of gyra-
tion values were determined by a Guinier fit of the one-dimen-
sional curves using the ATSAS package (28). The p(r) function
was calculated using the GNOM program and the correspond-
ing ab initio envelopes were calculated using the GASBOR
program.

Mutagenesis study

Construction of deletion mutants—For construction of DSR-
OKAZ2 to V, the corresponding genes were amplified by PCR
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from the pET-53/DsrOK plasmid DNA template (21) using the
primers described in Table S2; addition of the CACC sequence
(underlined) to the 5’ forward primers allowed correct inser-
tion of genes into the pPENTR/D-TOPO® vector (Life Technol-
ogies). From a positive entry clone, LR recombination (Gate-
way® LR Clonase® II Enzyme Mix, Life Technologies) was
performed with the pET-55-DEST and pET53-DEST destina-
tion vectors (Novagen). Expression clones were selected on LB
agar plates supplemented with 100 ug/ml ampicillin. Plasmids
were extracted with the Sigma-Aldrich GenElute HP Plasmid
Miniprep Kit, verified by restriction analyses, and the genes of
interest were sequenced (GATC Biotech). E. coli TOP10-com-
petent cells (Life Technologies) were used for all cloning exper-
iments. Finally, deletion of the sugar-binding pockets in DSR-
OKAIAFG and DSR-OKA1ADEFG were cloned in the pENTR/
D-TOPO® vector (Life Technologies) using the In-Fusion® HD
Cloning Kit from Clontech. As for previous constructions,
LR recombination of positive entry clones was then realized
with the pET-55-DEST and pET53-DEST destination vec-
tors (Novagen).

Site-directed mutagenesis—Mutants Y1662A, F1228A, F1354A,
and Y1420A were constructed by inverse PCR (oligo-mediated
introduction of site-specific mutations) as described in Ref. 15
using the pET53-dsrok-A1 plasmid as a template and the prim-
ers described in Table S1. Double mutants were constructed by
novel mutation onto a previous single mutant.

Chimera construction—Two DNA fragments corresponding
to gene regions to be swapped were amplified by PCR using the
primers and DNA templates detailed in Table S3 and were then
assembled into a single vector using Gibson assembly (New
England Biolabs) (29). All chimera genes were cloned in the
pET55/DEST vector comprising a Strep and a His, tag at the N-
and C-terminal ends, respectively. Every construction was ver-
ified by sequencing (GATC Biotech, Constance, Germany).
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