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Abstract: various heptose forms found in the capsule of
Many bacteria produce polysaccharide-Campylobacter jejuni (Fig. 1) and in the
based capsules that protect them fronlipopolysaccharide o¥ersinia pseudotuberculosis
environmental insults and play a role in virulence(1-4) (Not shown). Specifically, the Y.
host invasion, and other functions. Understandingseudotuberculosigathway leading to 6-deoxy-
how the polysaccharide components arenanneheptose was a simple 2-step pathway
synthesized could provide new means to combatnsisting of C4, C6 dehydration and C4 reduction
bacterial infections. We have previouslyof GDPmanneheptose (1). In contrast, the.
characterized two pairs of homologous enzymejgjuni Ddah and Migh modification pathways
involved in the biosynthesis of capsular sugaleading to 6-deoxp-altro-heptose and 3,6-OMe-
precursors GDP-6-deoxy-altro-heptose and L-gluco heptose respectively have been found to
GDP-6-OMet-gluco-heptose in Campylobacter be more complex (Fig. 1). Both pathways operate
jejuni. However, the substrate specificity andvia a 6-deoxy-4-keto intermediate (P1 formed by
mechanism of action of these enzymes — C3 and/@dahA (aka WcbK) (2)) which is then processed
C5 epimerases DdahB and MighB and Cay a pair of enzymes (DdahB/C and MIghB/C).
reductases DdahC and MIghC — are unknowrBased on sequence similarity, all enzymes were
Here, we demonstrate that these enzymes apeedicted to be C3/C5 epimerases with DdahC and
highly specific for heptose substrates, usindighC possessing additional C4 reductase activity
mannose substrates inefficiently with the(3,4). We showed experimentally that DdahB is a
exception of MighB. We show that DdahB andC3 epimerase leading to the formation of a single
MighB feature a jellyroll fold typical of cupins, C3 epimerised product (denoted ofP4while
which possess a range of activities includingMighB is a C3/C5 epimerase leading to the
epimerizations, GDP occupying a similar positionformation of 3 products encompassing the same
as in cupins. DdahC and MighC contain aC3 only epimer (Pd) as DdahB but also the C5
Rossman fold, a catalytic triad and a small Cenly epimer (denoted B%and the double C3, C5
terminal domain typical of short-chain dehydratasepimer (denoted B (Fig. 1). DdahB and MighB
reductase enzymes. Integrating  structuralvere devoid of reductase activity but both DdahC
information  with  site-directed mutagenesisand MIghC served as C4 reductases, reducing
allowed us to identify features unique to eaclepimerized products made by DdahB and MighB
enzyme and provide mechanistic insight. In theéo generate products denoted oP&nd PS5,
epimerases, mutagenesis of H67, D173, N12kespectively (3,4).
Y134 and Y132 suggested the presence of In addition, in vitro andin vivo studies
alternative catalytic residues. We showed that théemonstrated that all these enzymes are important
reductases could reduce GDP-4-keto-6-deoxyfor the function of the polysaccharide that
mannulose without prior epimerization thoughincorporates their reaction products, namely
DdahC preferred the pre-epimerized substratepntributing to capsule- or lipopolysaccharide-
and identified T110 and H180 as important fobased resistance to serum, bile salts and/or
substrate specificity and catalytic efficacy.antibiotics, allowing epithelial cell invasion and
This information can be exploited to identify Playing an essential role in gut colonization and/o
inhibitors for therapeutic applications or to tailo diSsemination to deeper organs (5-7). Thus, these

these enzymes to synthesise novel sugars useful @&ymes could be novel targets allowing inhibition
glycobiology tools. of colonization byY. pseudotuberculosisr C.

jejuni or by other mucosal pathogens that also
Introduction: produce similar modified heptoses, such as

Bacteria produce sugars often found agurkhol_deria spe(_:i(_as_(8,9).. This would_ present
part of or attached to the cell wall or in a Ca|9Su|alternat|ves to antibiotics of interest both in faum

where they are often important for virulence and ir?nd_veterinary medicine (10,11¢. jejuni is of
some cases cell viabilty. We have previoushParticular concern because it causes severe gastro-

characterized the dehydratases, epimerases affestinal disease in humans and its high level of

reductases that modify GDRanneheptose into resistance to fluoroquinolones has warranted its
classification as a high priority pathogen by the



WHO in 2017. With ~9,500 reported cases yearlsummarized in Table S2. The reduction reaction is
in Canada (12-14), Campylobacteriosis is ofterratalyzed by Ser 107, Tyr 136 and Lys 140, which
contracted via consumption of contaminatedorm the typical SYK catalytic triad of short-chain
undercooked chicken meat. It may be possible tdehydrogenase reductase enzymes (25). Ser 107
exploit heptose-modifying enzymes as targets tand Lys 140 lower the pKa of Tyrl36, which
reduce chicken colonization K. jejunito curtail allows it to function as a general acid or base
transmission to humans. during catalysis through its hydroxyl side chain
The DdahB/C and MIghB/C pairs &&. (21,23). This residue is important for final
jejuni  enzymes are present in  mostreduction of the 4-keto intermediate once
Campylobacters and unique to Campylobactergpimerization is complete. In GFS Cys 109 and
(15,16), making them attractive targets.His 179 form a catalytic dyad where Cys 109 is the
Understanding the molecular basis for theibase and His179 is the acid for epimerization at
specificity would assist in the design of highlyboth C3 and C5 positions (21). Functionally
selective inhibitors which would avoid problemsequivalent residues are Cys 145/ Lys 217 in GME.

of bacterial antibiotic resistance linked to usafe Since all known C3/C5 epimerases, C4
broad-spectrum antibiotics in chicken farmingreductases described above use hexoses as
(10,12). substrates while the Campylobacter enzymes

The mechanisms involved in C3/C5function in heptose modification pathways, we
epimerization are fairly well understood. There araindertook the investigation of the Campylobacter
two main mechanisms extant, the first typified byenzymes to decipher the extent of their heptose vs
the  dTDP-6-deoxp-xylo-4-hexulose  C3/C5 mannose specificity and also to understand why all
epimerase RmIC (17-19). DdahB and MighB areenzymes predicted to be C3/C5 epimerases with
38 and 37% identical tdSalmonella enterica C4 reductase activity performed different reactions
RmIC, respectively. The residues involved inon different heptose intermediates. The studies
RmIC activity are summarized in Table S1. Theyinvolve structural studies of both enzymes,
include the His 63-Asp 170 dyad, Tyr 133 and Lysnodeling, site-directed mutagenesis and functional
73 which are highly conserved in other bacteriaanalysis on GDPranneheptose and GDP-
including Streptococcus suifTable S1 and (19)). mannose derived substrates. These studies will
The His-Asp dyad is important for both C3 and CSupport the future applications mentioned above
epimerization of the substrate since RmIC has nbut are also of fundamental importance to provide
cofactor: His 63 acts as a base to deprotonate the better understanding of complex glycan
sugar from the lower face of the ring at C3 and CSynthesis.
positions (18) and Asp 170 increases the basicity
of His 63, enhancing its ability to deprotonate theResults:
sugar. The enolate anion is stabilized by Lys 73pecificity of epimerases MighB and DdahB
(18,19). On the opposite face of the sugar ring, TyMIghB and DdahB are the only C3/C5 epimerases
133 donates a proton at C5 position from itslemonstrated to have activity on heptose-based
hydroxyl group thus acting as an acid. Asubstrates to date. To assess their specificity,
conserved water molecule found close to C3 waGDP-manneheptose and GDP-mannose were
proposed to play a role in C3 epimerization (19). converted into the 4-keto, 6-deoxy-derivatives P1

The second mechanism is exhibited by7 carbon) and Pl (6 carbon) by DdahA and
GDP4-fucose synthase GFS (also known afquimolar amounts were used as substrates for
GMER), a GDP-4-keto-6-deoxy-mannose MiIghB and DdahB. As established before (3,4),
C3/C5 epimerase, C4 reductase (20-23), or GMBJIghB converts heptose-based P1 into C3, C5 and
a GDP-mannose C3/C5 epimerase fronC3/C5 epimers (R4 P4 and P4, respectively)
Arabidopsis thaliana These enzymes have a(Fig. 1, 2B and 2D). In contrast DdahB mostly
NADP cofactor and carry out four reactions at aonverts the P1 substrate tooP@3 epimer) (Fig.
single active site: an oxidation, two epimerizasion 2B and 2F) but prolonged incubation (3h) with
and a reduction (23,24). DdahC and MighC are 4fhdahB led to appearance of P4C5 only) and
and 38% identical tdE. coli GFS respectively. P4y (C3 and C5) (Fig. 2B) and concomitant
Residues important for these activities ar®Yecrease in the B4peak Since there was no



further conversion of P1 in that time frame, thisCa atoms and share 81 % sequence identity (Table
suggests that C5 epimerization also occurred4). Like DdahB, MighB has two dimers (26) in
generating P@and further converting RB4into the asymmetric unit (Fig 3B); residues 2-178 , 3-
P4y. 142 & 148-178; 3-138 &147-173 and 2-140 are
Both enzymes were able to epimerise docated in subunits A, B, C and D respectively. In
mannose (six carbon) derived substrate denotdatle dimer, g3-strand from one monomer adds, in
P1’ into product P4’ (the nomenclature is chosemn antiparallel manner, to tifiesheet of the other
to mirror the heptose conversion with the additiormonomer. The arrangement buries around 20 % of
of prime denoting the six carbon substrate). P1the surface area of each monomer. No co-factor
was processed much less efficiently than Plyas detected in either structure.
especially by DdahB where catalysis was limited The fold of the monomer and dimeric
even after a 3h incubation and was accompanietrangement of both DdahB and MIghB closely
by significant substrate degradation (Fig 2A, 2Gesemble that of RmIC, the third enzyme in the
and 2E). DdahB thus possesses clear “heptosd DP--rhamnose pathway (Fig. 3C and Table S4
preference”. Definitely establishing the nature offor rmsd values). RmIC was the first cupin C3/C5
P4’ has proven impossible due to its instabilitd an epimerase enzyme structure to be described (17).
to the very small amounts of material producedThe structural similarity is much higher than
Since DdahB primarily catalyses C3 epimerizatiorsequence similarity (38 % identity). A search of
activity of heptose (3,4), we reasoned that P4the RCSB reveals many other cupin fold enzymes
would be the C3 epimer. This would imply MighB including multiple C3/C5 epimerases.
was incapable of C5 epimerization of the smaller As DdahB and MighB can both epimerize
mannose-based substrate. The additional carbon @DP-mannose (in addition to their normal
the P1 substrate is critical for enzyme turnoverheptose-based substrates), we attempted to obtain
appearing essential for the C5 paosition. co-complexes with GDP-mannose. The structure
of DdahB in the presence of GDP-mannose was
Structural studies of epimerases MIghB and solved to a resolution of 2.35 A. Although the
DdahB crystal was soaked in a solution of GDP-mannose
DdahB and MighB were purified as homodimersprepared in mother liquor prior to freezing, the
(Fig S1A and B, Table S3), crystallised and theielectron density was poor. We positioned GDP-
structures solved to 1.30 A and 2.14 A resolutionmnannose in one chain and GDP only in the other
respectively. DdahB crystallised in space gr8dp (Fig. 3A and S2.). The presence of GDP-mannose
21 1, with two chains in the asymmetric unit andin one chain suggested to us the problem was not
MIghB crystallised in space grolg21 21 21, with ~ degradation of GDP-mannose but rather disorder.

four chains in the asymmetric unit. Statistics on/Ve attributed this to the fact GDP-mannose is not
the final structures are reported in Table 1. Théhe true natural substrate therefore its binding ma
final structure of DdahB has two monomers in thd€ suboptimal. There was litle change in the
asymmetric unit that are expected to form a stablerotein structure upon substrate binding (Table
dimer (26) consistent with size exclusionS4)- _

chromatography coupled with multi-angle light MighB in the presence of GDP-mannose
scattering (SEC-MALS, Fig. 3A and S1A). crystallized in the same unit cell as native,
Residues 1-139, 145-174 of monomer A andliffracted to 2.6 A, showed little change in
residues 3-181of monomer B are experimentallptructure but we were only able to locate the GDP
located. The monomer comprisespidtrands and Moiety for each monomer (Fig. S2 and Table S4).
two shorta-helices, with ninei-strands, arranged In both proteins, the guanine, ribose and the
in two B-sheets, forming a small anti-paralf@! phosphate attached to ribose portions of the GDP
barrel, known as a jellyroll. The fold of the priote Were bound at the same location, at the dimer
identifies it as a member of the cupin family (27)interface. In both structures the guanine ring
MighB has the same cupin fold as DdahB and thBakes hydrogen bonds to Asn 22, Thr 33 and Lys
monomers superimpose with a root mean squaf#” (* denotes this residue is located in the other

deviation (rmsd) of 0.7 A for the 163 overlappingmonomer in the dimer), with lle 3 and lle 31
stacking on opposite sides of the aromatic ring.



The ribose ring interacts with the side chain o Phnumbered His 76, Lys 82, Asn 127, Tyr 138, Tyr
24. In MighB, Asp 144* is hydrogen bonded to thel40 and Asp 180. Most are also structurally
ribose O2 atom; but the equivalent loop isconserved irSalmonella enteric&mIC and their
disordered in DdahB. The phosphate group makesxpected functions are summarized in Table S1.
a salt bridge to Arg 28 in DdahB in the subunit Although the structures of DdahB and
where GDP-mannose has been positioned. In thdlghB are almost identical, there is a very clear
subunit where only GDP is position in addition todifference at the C-terminus. After Leu 169, the
Arg 28, there is a salt contact to Arg 172. Inmain chain of MighB forms a helical turn similar
MlghB this phosphate makes a salt link to Arg 64*to RmIC that encloses the active site. In DdahB,
and Arg 172*. the chain adopts a very different route and instead
Comparison to RmIC fromSt. suisin  makes interactions across the dimer interface (Fig.
complex with dTDP-glucose (18) has revealed the@B). As a result Asp 173 which inserts into the
the location of the thymidine, ribose and attachedatalytic site in MIghB is remote from it in DdahB.
phosphate are essentially in the same location witlotably, Glu 171 of DdahB makes a hydrogen
respect to the structure. Although there ardond to the backbone amide of Leu 27* (from the
differences in detail of the specific molecularother subunit). This interaction would not be
interactions, the location of the residues and thpossible in MighB which has the shorter Asp side
type of contacts that they form (hydrogen bondgchain at 171.
van der Waals, salt bridge) are conserved. The
phosphate attached to the ribose ring in RmIGite directed mutagenesis of DdahB and MighB
contacts Arg 33 and Arg 73, equivalent to Arg 28Ne assayed mutants of residues His 67, Lys 74,
and Arg 64* in DdahB and MighB. In MighB the Asn 121, Tyr 132, Tyr 134 and Asp 173 in DdahB
B-phosphate did not make either hydrogen or saltind MglhB. All data are summarized in Table 2.
bridges with the residues from either monomerConsistent with RmIC data, mutation of Lys 74
The positioning of th@-phosphate differs between abolished all activity in DdahB for both substrates
subunits in DdahB. Where GDP-mannose wag¢Fig. 4A and B). Mutations in the predicted His 67
placed in density, the-phosphate is on the surface/ Asp 173 dyad showed unexpected effects.
of the protein where it contacts His 67. In theeoth Mutations H67A and H67N only reduced C3
subunit with only GDP placed, the phosphateepimerization of the heptose P1 to 30 and 25% of
adopts a different position and points into a gavitWT respectively, in both MighB and DdahB as
to make salt contacts with Arg 28, Arg 64* andrevealed by lower amounts of €3 epimer, and
His 67*. Superposition of the four monomers ineliminated MighB’s C5 heptose epimerization (no
the asymmetric unit showed there were slighP43 or P4) thus showing a site-specific effect
differences in positions due to crystal contaats. I(Fig. 4C, 4E and S3). The retention of C3
RmIC thep-phosphate was positioned in the samepimerization activity on heptose after mutation of
way as the3-phosphate in DdahB GDP complex.His 67 is in contrast to RmIC studies which
The location of the hexose ring in RmIC is veryidentified this residue as essential (18,19).
different from that seen for the ordered mannose iHowever, the essential nature of this residue
the DdahB complex. In RmIC and cupins inappears substrate dependent since no activity was
general, the active site is located in a cavityhim detected on mannose-based P1’' substrate (no P4,
centre of the structure. Fig. 4C, 4D and S3). Mutation D173A did not
The experimental location of the mannoseabolish C3 epimerization of P1 for either enzymes
ring in the DdahB structure was difficult to since product Rdwas observed but reduced it to
reconcile with catalysis. We therefore relied om0% of wild-type level in DdahB (Fig. 5A).
RmIC to guide the identification of the active siteMighB D173A produced as much &#4s wild-
in both DdahB and MighB. Based &t. suisand type but its C5 epimerization was abolished (no
S. entericaRmIC, we identified the following P43 or P4). This indicates that C3 and C5
residues as forming the active site of MighB andpimerization of heptose by MighB can be
DdahB: His 67, Lys 74, Asn 121, Tyr 132, Tyr 134decoupled by simple mutation of D173. Overall,
and Asp 173 (Fig. 3B, 3C and Table S1). Thesthe total substrate conversion only amounted to
residues are all conserved in RmIC where they arEr% of wild-type levels in MighB D173A. For the



P1l'mannose substrate, C3 epimerization wasas active on both substrates (forminge Rthd
reduced as indicated by decreased P4’ produf4’), showing performances similar to that of the
formation, more so in DdahB than in MIghB, alsosingle Y134F mutant and suggesting that the
showing differential effects of the mutation activity of the Y134F DdahB was not due to
depending on the substrate (Fig. 5B). The reducembmpensation by Tyr 132.
catalytic performance is consistent with RmIC data Finally, Asn 121 which is equivalent to
which suggest a role of the Asp as a basicitAsn 127 ofSt. suisRmIC and to His 120 irS.
enhancer for the catalytic His residue as opposezhtericaRmIC was studied for its predicted role in
to being a direct catalytic residue. The strongebinding the O4 of the 4-keto substrate and in
effects on DdahB may relate to the differentfavoring proton abstraction from C3 and C5 (18)
position of this residue with regards to the cdtaly (Table S1). Considering that the O4 position may
histidine. be altered with mannose vs heptose-based
The study of conserved predicted catalyticsubstrate, Asn 121 may contribute to substrate
Tyr 134 and nearby Tyr 132 showed enzymespecificity. In addition, inS. entericaRmIC, His
specific effects. MighB Y134F was totally inactive 120 may also form an extra catalytic dyad with
on heptose (no B4 P4 or P4 in Fig. 6A and S5) Asp 84 (17-19) which would correspond to Asn
and showed reduced activity on mannose (10 % df21 / GIn 85 in MIghB and DdahB. This is
WT level of P4’, Fig. 6D). These results aresupported by the structure that shows that their
similar to those obtained for Tyr 140 in Rm{C8) side chains point towards one another. N121S
supporting a role as proton donor, but were imutants of both proteins retained their catalytic
contrast to the DdahB Y134F mutant whereactivity on heptose which suggested that while this
conversion catalysis was retained and only reducadsidue may play a role in positioning the
for both heptose-based P1 (5 to 40 % of Wt P4substrate, it is not directly involved in catalysis
level) and mannose-based P1’ (50 % of WT P4(Fig. 4C, 4E and S3) and thus N121 is not forming
level). We surmise that Tyr 132 may alsothe predicted N121 / Q85 catalytic dyad. MighB
participate in catalysis, either along with or@adt N121S showed less accumulation of C3 epimer
of Tyr 134 and may determine substrateP4o suggesting either slightly decreased efficacy
specificity. Accordingly, MighB Y132F showed a of C3 epimerization or enhanced C5 epimerization
reduction in heptose-based P1 conversion (25 % dfiat prevents Rdaccumulation (Fig. 4E and S3).
WT level of P4, P4 and P4 after 45 minutes, In contrast, the N121S mutation had very limited
Fig. 6A and S5) although epimerizations at C3 andffect on P4’ formation from mannose by MighB
C5 positions were observed (Fig. 6B, presence @fFig. 4F and S3) while it abrogated DdahB’s
C5 epimer P and double epimer ¥ MighB already limited activity (Fig. 4D). This suggests
Y132F also retained around 50 % of WT C3that N121 influences substrate specificity
epimerization of the mannose-based P1’ substratifferentially in both enzymes and that the N121S
shown by P4’ formation (Fig. 6D). The strongermutations reinforces DdahB’s specificity for
effect of the Y132F mutation on heptose vsheptose.
mannose catalysis indicates that Y132 is a
determinant of MIghB’s substrate specificity, Enzymatic activity of MighC and DdahC
probably ensuring proper heptose positioning vido assess the specificity of MighC and DdahC,
interactions with its hydroxyl side chain. A rolerf substrates R4 P4 and P4 were generated from
interaction with C6 and O6 of the substrate ha&DP-mannoheptose incubated with DdahA and
been proposed for the equivalent residustirsuis MIghB, whilst P4 was generated similarly but
RmIC (18), and the presence of the extra bulky Cgtarting from GDP-mannose. These substrates
substituent in heptose is consistent with a differe along with residual starting GDP-mannose or
level of interaction with the two substrates. InGDP-mannoheptose and their corresponding
contrast, DdahB Y132F retained between 50-90 %dahA products (GDP-4-keto, 6-deoxy- mannose
of WT activity on the heptose-based P1 substratel’ or mannoheptose P1) were isolated using
(forming P41) and 45 % of WT on the mannose-ultrafiltration and incubated in equimolar amounts
based P1' substrate (forming P4’) (Fig. 6C andvith MIghC or DdahC in the presence of NADPH
6D). The double DdahB mutant Y132F / Y134Fcofactor (Fig. 7).



As established previously, the heptosecontinued to create fresh P4’ by epimerization of
derived substrates were fully catalyzed within 321’ which is also present. The presence of residual
min and without degradation, &4to P by MighB despite ultrafiltration was also noted in
DdahC and Pato Py by MIghC, respectively parallel GDPmannoheptose reactions where low
(Fig. 7B, 7D and 7F). In MighC reactions, only thelevels of MighB-mediated interconversion ofdR4
double epimer Pdis reduced but the amounts of P43 and P4 were observed when a reductase was
products P4 and P$# also decrease due to theiradded to consume one of the epimers (Fig. 7D).
conversion to Pdby residual MighB (Fig 1). Both Since MIghC produced PII and PIll when
DdahC and MIghC also catalyzed the reduction ahcubated with a mixture of P1’ and P4’ substrates
the mannose-based substrate P4’ but instead of offéig. 7C), we concluded that MIghC reduces P1’
product, MIghC gave rise to three productsinto Pll and P4’ into PIIl (Fig. 9). MighC also
denoted PI, PIl and PIIl, whilst DdahC gave rise tgproduced some Pl but we have not been able to
two of these products PIl and Pl (Fig. 7A, 7Cconclusively identify the nature of PI, beyond
and 7E). P4’ was completely consumed after 48onfirming that it is a reduced GDP-hexose based
and 10 min for MighC and DdahC, respectively.on its mass, nor have we established whether it
However, a high level of degradation of the P4results from P1’ or P4'.
substrate into GDP (P2) was observed, indicating
that reduction of P4’ was slow. Thus both MIghCStructural studies of MighC and DdahC
and DdahC show a strong preference for the CA crystal of MighC diffracted to 1.66 A resolution
substrate over a mannose-based substrate. and belonged to space groBi 21 1, with two

Since the stereospecific reduction of P4'chains in the asymmetric unit. A crystal of DdahC
should yield only one product but up to 3 productsjiffracted to 2.08 A resolution, in space grdR4p
(PI, PIl, PIll) appeared, we reasoned that theq 2 with one chain in the asymmetric unit. In the
reductases may also be reducing other moleculgganc structure, residues 1-263, 268-304, and
in the reaction mixture, including the nongz10 344 in chain A and amino acids 0 (from tag)-
epimerized residual product P1'. To test this 72. 179-202, 220-263, 268-305, and 310-344 in
DdahC was incubated directly with P1’ (generatedain B were placed in density; an additional N-
from GDP-mannosén situ by incubation W't.h terminal residue resulting from the expression
GDP-mannose C4, C6 dehydratase HP0044) in thehsryct was located and the C-terminus 345 to
absence of epimerase. The reaction was asses was disordered. The final DdahC structure
by comparing the kinetics of change in the,mnrised residues 1-265, 268-308, and 313-352:

amounts of the various reaction componentge c.terminal residue 353 was disordered (Fig.
between reactions comprising DdahC and controinoa and Table 3).

reactions devoid of DdahC. This comparison was The structures of MighC and DdahC are

required because GDP-mannose itself overla%ven the nearly 60 % sequence identity, highly

with PII, and P1" overlaps with PIll, precluding gjmijar (rmsd 1.3 A over 333 residues) (Fig. S7

simple analysis. In the absence of DdahC all GDP3. 4 Table S5). The monomer (MIghC numbering)

mannose was converted into P1’ after 45 min (Figg formed from two domains: the large domain
8). We therefor_e _assumed that there was no GD Yesidues 1 to 171, 236 to 280, 310 to 329) and a
mannose remaining underneath the Pll peak aftefajier C-terminal domain (172 to 235, 281 to
45 min, thus any peak at Pll is entirely due to Plhgg 330 g C-terminus). The large domain
formation. Consumption of NADPH and increaseqqniains the characteristic Rossman fold and is
in NADP" were observed, indicating a reductloncomposed of fivep-strands, six-helices and two
reaction. No PIIl or Pl were detected even aftefgjica turns. The smaller domain is composed of
prolonged incubation under these conditions. Weﬁgree[}-strands and three-helices. In the DdahC
conclude DdahC has reduced the non-epimerizegysia| there is no electron density for the NADP
P1’ substrate into Pll (Fig. 9). This implies thatq ¢actor |n MIghC, electron density shows that

product PlIl has arisen from conversion of P4’ by.,h monomer has a bound NAD@learly not

DdahC (Fig. 9). We noted PIIl had continued tONAD*) co-factor consistent with previous

appear even after P4’ was consumed, and surmisgg,hemical analysis (3,4). The cofactor is located
that residual MighB present in the reaction



within the Rossman fold and anchored by a serideeto-L-rhamnose reductase RmID, the final
of contacts with the protein. enzyme in dTDP-L-rhamnose pathway (30) .
Although DdahC has crystallised as aEquivalent residues in GFS, RmID, MIghC and
monomer within the asymmetric unit, SEC-MALS DdahC are indicated in Table S2. All rmsd values
of both proteins indicated that both are dimerg (Fiare summarized in Table S5.
S1C and D and Table S3). Analysis of the DdahC These enzymes all share the same SDR
and MIghC structures with the PDBePISA servefold and adopt the same dimeric structure, with the
suggests that both proteins are found as dimers @xception of RmID which has a unique fig
the crystal. The MighC dimer is that found in themediated dimerization arrangement. Where the co-
asymmetric unit with monomers related by a nonfactor is present, it makes identical interactions
crystallographic two fold axis whilst the DdahC with the protein in all the structures. The GFS and
dimer is generated by two fold rotation that ariseRmID co-complex structures allow us to locate the
from crystal symmetry. Superposition of thesdikely binding site in MighC and DdahC. The
dimers confirms that both have the sameauanidine binding site in GFS is formed by Val
arrangement. The dimer interface comprises threl87 and Trp 208. In MIghC Val 180 and Trp 231
a-helices in the large domain and the connectingDdahC Val 182, Trp 232) occupy the same
loops. Two helices from each monomer, form atructural location, suggesting they would play the
four helical bundle in the centre of the dimer. same role. MIghC has an open pocket lined by Pro
Both enzymes belong to the SDR class 067-Cys 68, Asn 165 and Arg 179 (DdahC Ala 67-
enzymes, typified by the UDP-galactose / glucos&ly 68, Asn 166, His 180). Compared to both GFS
epimerase. Typically, SDR enzymes have and RmID, the pocket in MighC (and DdahC) is
constellation of three catalytic residues Ser, Tymore open, presumably reflecting the large C7
and Lys; although the conservation is not absolutsubstrate. We suggest this larger pocket has the
In MighC and DdahC these are found as Ser 10Texibility that allows the correct positioning tfe
Phe 136, Lys 140 and Ser 108, Tyr 137, Lys 14C4 keto in both the C6 and C7 substrates.
respectively (Table S2). The substitution of Tyr to
Phe is unusual but there are other examples &fite directed mutagenesis and analysis of
SDR enzymes which lack a Tyr (28,29).reductases
Superposition of the two enzymes, reveals somé/e selected C68 of MIghC for site directed
other differences at the active site, notably MighGnutagenesis in advance of our structural work
has Tyr 109 which points into the active site whileusing GFS as a guide for structural modeling. The
DdahC has Thr 110 at the equivalent position anstructure of MIghC in fact showed that C68 is
its hydroxyl group points away from the active siteburied and remote from the NADMinding site
(Fig. 10B). and C68A showed no effect on product or
Searching for structural homologues withsubstrate specificity (across heptose epimers and
SSM reveals over 150 structural matchesfor mannose vs heptose) (Fig. 11A and 11C). The
reflecting the common nature of this fold with C68A mutation only led to a lower vyield of
sequence identities ranging from 10 to 30 %. Theroduct formation at long incubation times (> 30
closest structural homologue to both enzymes isin), which may reflect decreased enzyme
the GDP-4-keto-6-deoxp-mannose epimerase stability (Fig 11B). We mutated the T110 /H180
reductase (GMER) fronk. coli (PDB 1e6u, 315 dyad in DdahC with a T110C mutant so it had a
residues rmsd MIighC 1.9 / DdahC 2A). ThisC/H GFS-like dyad, a double T110Y/H180R
enzyme has the Ser 107, Tyr 136 and Lys 140 tridddahC to have a Y/R MIghC-like dyad and a
at the active site and has the same dimerid180R mutant with a mixed T/R dyad (Table S2,
arrangement, but as yet no substrate or produEig 10B). We failed to obtain a T110Y mutant
complex has been reported for this enzyme. Thdesigned to generate a mixed Y/H dyad. All data
human enzyme known as GDFucose synthase are summarized in Table 4. Both the T110C and
(GFS) (a paralogue @. coliGMER) has the same H180R DdahC mutants catalysed the reduction of
fold as MIghC (Fig. S8). MighC and DdahC areP4ua to P but did not reduce the P4r P4 also
also structurally related to GDP-mannose 4,present in the reaction, thus preserving substrate
dehydratase (RCSB 1db3) and to the dDTP-4specificity. The T110C mutant (Fig. 11A, B) had



enhanced efficiency whilst H180R wasEpimerization of GDRnannoheptose requires the
indistinguishable from wild-type. The same resultsabstraction of protons at the C3 and C5 positions
were obtained when reactions were performed ifrom one face of the sugar ring and their
the presence of the &4epimer only (generated replacement on the other. The abstraction of an un-
using DdahB) (Fig. S9). activated proton from a carbon atom, such as that

The experiment was repeated with P4’ thafound inmannoheptose, is not possible for amino
was generatedn situ from GDP-mannose by a acids. In order to achieve this, biology introduaes
combination of HP0044 and MighB. When a slightketo function at the C4 position, this activates th
excess of DdahC was used (1.25/1 DdahC/MIghBrotons at C3 and C5 by lowering their pKa to
molar ratio), neither P4’ nor P1' were observedvithin the reach of amino acids. For this reason,
and only PIl was seen thus DdahC appeared &pimerization requires a set of distinct chemical
have reduced P1' faster than MighB can generateactions: oxidation, acid base chemistry and
P4’. This rapid consumption of P1' was notreduction. In some instances, a single enzyme has
affected by the mutations (Fig. 11C). When @avolved to carry out this entire chemistry whilst
limiting amount of DdahC was used to slow downfor other sugar products a series of different
the reduction (DdahC/MIighB molar ratio enzymes is required. The enzyme pairs DdahB/C
decreased to 0.5/1 while keeping MighB constantgnd MIghB/C which result in the epimerization
MighB produced P4’ and both wild-type andand reduction of the central 4-katmannoheptose
T110C mutant DdahC generated peak Plll fronare of interest as specific anti Campylobacter
P4’ (Fig. S9B). The T110C mutant produced twicdargets. In the Ddah pathway the initiating C4, C6
as much PIlll than wild-type enzyme at 1h andlehydratase DdahA creates the 4-keto function and
hardly any PIl. We conclude wild-type DdahCis specific for the C7 sugar (2,4). The initiatiGg
(and especially the T110C mutant) has a strongxidase for the Migh pathway MIghA was recently
preference for the epimerized substrate P4’ (talentified as Cjl1427 (formerly WcaG), which
produce PIII) over its non-epimerized counterpartequireso-ketoglutarate to support its activity on
P1’ (to produce PII) (Fig. 9, Table 4). GDP-mannoheptose (31,32).

The H180R mutant produced mostly PII The epimerase enzymes DdahB and
(Fig S9B), with some PlII appearing at 2h only butMIighB are almost identical to each other in
with less efficacy than in wild-type DdahC. sequence and structure. These enzymes show a
However, performance with heptose was wild-typeclear preference for the GDP-4-ket@anno-
like (Fig S9A, Table 4), indicating proper enzymeheptose (C7 sugar) over GDP-4-keto-mannose.
folding and stability. This indicates that the HRB0 With GDP-4-ketomannoheptose MighB was
mutation did not abolish the ability to usefound to be an efficient C3/C5 epimerase
mannose-based P4’ to make PIIl but conferredstablishing the equilibrium of the various mono
preference for the non epimerized substrate P1and double epimerized products rapidly. DdahB
thus representing a switch in substrate specificitwhilst capable of producing the double epimerized
amongst mannose-based substrates. product from the C7 substrate, appeared mainly to

Interestingly  the double mutant function as a mono epimerase of the C3 position.
H180R/T110Y mutant showed no activity againsfThis difference is surprising given the enzymes are
heptose-derived R4 (Fig. 11 and S9A) but almost identical to each other. When presented
retained activity against the GDP-mannose derivedith ~ GDP-4-keto-mannose, DdahB  again
substrates P1' and P4’, with a similar catalyticepimerizes one position, by analogy with GDP-4-
power as native DdahC (Fig. 11D). The doublé&keto-mannoheptose, it is assumed to be the C3
mutation H180R/T110Y thus conferred DdahCposition. With the C6 substrate, MighB also
specificity for GDP-mannose derived substratesppeared to mainly be able to produce the same
(Table 4). The structure of DdahC shows that thesmono epimerized product as DdahB.
mutations will compact the active site, the closure Though DdahB and MighB share limited
of the DdahC we propose is responsible for theequence homology with RmIC (~38%), they are
altered activity. in fact very similar in structure and the residues

identified as controlling catalysis in RmIC are

Discussion: found in both in DdahB and MighB. RmIC, part of



the dTDPt-rhamnose pathway, binds a differentmutating His 67 to Asn or Ala in MighB.
nucleotide and operates on a C6 sugar. AlthougHowever, although C3 epimerization of GDP-4-
we have obtained co-complexes of DdahB an#leto-mannose was abolished, to our surprise C3
MighB with GDP-mannose, in these complexespimerization of GDP-4-ketorannoheptose was
the mannose portion was disordered or was locatedtained. To the best of our knowledge, this is the
outside the presumed catalytic site. We suggefitst example where both C3 and C5 reactions do
that since GDP-mannose is not the ‘authentichot rely on the same catalytic histidine to indiat
substrate this explains the failure to give artatalysis by deprotonation. DdahB, which lacks
ordered substrate complex. Using the GDP portiosignificant C5 epimerization activity likewise
observed in the complexes and using supeetained C3 epimerization of GDP-4-ket@mnno-
position with the RmIC substrate complex, weheptose but not GDP-4-keto-mannose. We have
were able to analyse the active sites of both MighBot been able to identify any alternative residue a

and DdahB. the active site of MighB or DdahB that could
The first question we sought to answerfunction as the catalytic base.
was the specificity for the C7 substrate. In RmIC, We were also surprised by the differences

the hydroxyl of Ser 65 hydrogen bonds to the O®f effects of Y132F and Y134F mutations in
of the substrate and the side chain of Phe 129ighB and DdahB. While the Y134F mutation
makes van der Waal contacts with C6 of thebolished all activity of MighB on heptose as
substrate. In DdahB and MighB, Ser 65 has beesxpected, significant activity was observed on
replaced with lle 56 which would provide a heptose for DdahB and on mannose for the Y134F
hydrophobic interaction for the C7 atom of GDP-mutants of both enzymes. The residual activity
4-ketomannceheptose. Phe 129 has changed tpoints to the presence of an alternative proton
His 123 in DdahB and MIghB, and the imidazoledonor. Nearby candidate Y132 influenced catalysis
side chain could function to provide a hydrogemmostly in MighB, with drastic reduction of
bond to O7 of GDP-4-ketmmanneheptose. These catalysis in the Y132F mutant, and abolished
changes create a larger volume at the active siteatalysis in the Y132F/Y134F double mutant. In
consistent with the larger substrate. Thiscontrast, the Y132F mutation had little impact on
configuration is no longer complementary with acatalysis by DdahB and the double mutant
hexose substrate, and this we propose is why thél32F/Y134F was still active. Thus Y132 was
enzymes are so much less efficient with the GDHess important in DdahB than in MighB though
mannose. The active site is too large, allowing th¥132F occupied the same position in both
C6 substrate freedom to move around and adoptemzymes and in RmIC. We note these results
position that is incompatible with further catab¢si contradict several other studies on hexose
By analogy with RmIC, we predicted that substrates. We can only suggest that the larger
His 67, activated by its hydrogen bonds to Asmctive site, necessary to process the C7 substrate
173, would function to abstract the proton from C3allows water molecules to enter the active site and
on one face of the substrate. Lys 74 and Asn 12hediate proton abstraction and donation.
would function to stabilize the enolate by Given the similarity of DdahB and MighB,
hydrogen bonding to the O4. Tyr 134 is predictedve were surprised that DdahB mainly epimerized
to function as the acid, transferring a protonht® t the C3 position. Other RmIC-like monoepimerases
C3 position but from the opposite face thushave been structurally characterised, including the
epimerizing the substrate. The epimerizedlTDP-4-keto-6-deoxy-glucoses-epimerase
substrate would adjust its position in the activdevaD (33) and the dTDP-4-keto-6-deoxy-glucose-
site, allowing the protonation state to reset dved t 3-epimerase ChmJ (34). An EvaD study proposed
epimerization to restart at C5, once again with Hishat the C5 activity and lack of C3 epimerization
67 and Tyr 134 predicted to playing the same roleof EvaD arose from a difference in the orientation
Tyr 132 also appears involved in this process iwf the catalytic Tyr with respect to that of dTDP-
MighB. sugar-bound complex of RmIC (33). This
Site directed mutagenesis showed that asorientation was proposed to arise from other
expected Lys 74 stabilizes the enolate. Also, CSequence changes. The study of the C3 epimerase,
epimerization was abrogated as expected updbhmJ, concluded that the position of the Tyr was



not critical to whether the enzyme was a C3, C5 or Given the specificity observed for the C7
a monoepimerase, however it did not identify asugar substrates we investigated the behavior of
molecular basis for mono epimerization. Since théhe enzymes with C6 substrates. To our surprise
catalytic Tyr 132 in MighB and DdahB has theboth reductases were able to reduce un-epimerized
same conformation in both structures, we do ndEDP-4-keto-mannulose, though neither enzyme
favor the position of Tyr 132 as the key factor.  can reduce un-epimerized GDP-4-ketanno-
Comparison of DdahB and MighB heptulose. The enzymes were also able to reduce
identified a difference in the conformation of thethe mono epimerized GDP-4-keto-mannulose
C-terminus. This region contains the predictedwhich we suggest has occurred at C3). Although
catalytic Asp 173 residue (by analogy to RmIC)this was expected for DdahC which reduces the C3
The change in C-terminus is caused by Glu 171 iapimerized C7 substrate, it was surprising that
DdahB (found as Asp 171 in MighB) that forms aMIghC was able to do this. Since multiple C6
hydrogen bond that stabilizes an alternativesubstrates with different structures can be
conformation of the C-terminus which located theprocessed, the active site must have sufficient
Asp 173 out of position for a catalytic role. Givenspace to allow quite different C6 molecules to be
that DdahB is active, it seems unlikely that its Ccorrectly positioned for hydride transfer. This
terminus is permanently in this conformation.flexibility is not observed with C7 substrates. Our
Rather we suggest that by accessing thianalysis would suggest that MIghC is more
conformation DdahB compromises its catalytictolerant than DdahC since it gives rise to a third
efficiency and this compromise in catalytic product that we have not been able to definitively
efficiency may underpin the apparent C3 monaddentify. Structural comparison reveals that the
epimerization. active site of the heptose specific enzymes is
Despite the sequence similarity to GFSnotably more open than homologues that process
and GME we found no evidence that either Ddah®@exose substrates. We were able to abrogate the
or MIghC can act as epimerases. Given the assagazyme activity against C7 substrate but retain C6
we used, were such activity present, we woul@ctivity by making a double mutant T110Y/H180R
have detected it. Thus, both DdahC and MIghC ana DdahC, which was designed to reduce the
reductases devoid of epimerase activity andolume at the active site. Since the double mutant
although in sequence terms less similar talso mimicked the MIighC dyad, a switch of
reductase RmID, functionally they are in factheptose epimer specificity from &40 P4 was
RmID homologues. expected but instead, all heptose activity was lost
The study of these reductases wadnterestingly the H180R mutation on its own has
complicated by the fact the epimerases generate an effect on heptose catalysis and increasing the
equilibrium of substrates and the instability of th volume at the active site by making the T110C
4-keto-intermediates precludes their individuaincreased catalytic efficiency without changing
purification. Thus our assays have a mixture oépimer specificity. The opposite was observed on
potential substrates and therefore multiplanannose, with no effect of T110C but enhanced
potential products. When incubated with the mixcatalysis of P1' in H180R. The introduction of
of mono (C3 or C5) or double (C3, C5) epimers off 110C mutation leads to the formation of a GFS
GDPmannoheptose created by MighB, MIghC H/C dyad but this did not lead to epimerization,
reduced exclusively the double epimerizedconsistent with the general observation that it is
product. Thus, MighC enzyme acts to ensure thdtard to introduce a new activity into an enzyme by
only one product is made in the natural pathwaysimple mutagenesis. Epimerization in GFS
Given this same mixture of compounds, DdahC isequires a precisely positioned catalytic dyad and
also specific for one GDRrannoheptose derived much faster rate of epimerization compared with
epimer but this enzyme processes only the morthe rate of reduction of the non epimerized
C3 epimerized variant, which is produced bysubstrate. It seems likely that the C7 pathways in
DdahB in the natural pathway. Thus theseCampylobacter have evolved from the C6 RmIC /
enzymes are able to distinguish between substratBID like enzyme pairing and thus there has been
that differ only in their chirality at C5. little evolutionary pressure to evolve the reduetas
into a combined epimerase reductase enzyme.
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In vivo, the reductase enzymes are noproduced as a GST-tagged protein from pGEX-2T
thought to be involved in mannose-utilizingwith expression in DHb as described in (1). The
pathways and the rates for the hexose compoungsoteins were analyzed by SDS-PAGE with
are indeed much slower than the heptos€oomassie staining (Fig. S9), their concentration
substrates. The existence of heptose vs hexodetermined by Bradford assay and all were frozen
specific enzymes may also allow full pathwayin the presence of 25% glycerol at 20
segregation and independent regulation. It may be
that these predominantly heptose-utilizingStructural modeling: Structural models for the
enzymes could partially compensate for deletion ogpimerases and reductases were generated using
antibiotic inhibition of the normal hexose the SWISS-MODEL workspace
enzymes. Further the ability to reduce a range dhttp://swissmodel.expasy.org/) (35) in automatic
C6 keto sugars may have value in bioengineeringmode. The best model was chosen based on the

QMEAN score (36): dTDP-6-deoxy-xylo-4-
In conclusion, we have analysed the functionhexulose C3/C5 epimerase (a.k.a. RmIC) from
mechanism and structure of two pairs®fjejuni  Salmonella enterica PDB code 1DZR, 2.17 A
enzymes that are conserved across campylobacteesolution (17)) for the epimerases and GDP-4-
and are responsible for the production of two keketo-6 deoxy-mannose C3/C5 epimerase, C4
heptose sugars. Our work has elucidated theeductase (a.k.a. GFS) frdascherichia col(PDB
factors that underpin their specificity for thecode 1BSV, 2.20 A resolution (23)) for the
heptose rather than hexose. We also discoveredductases. The modeled 3D structures were
that the enzymes possess some ability to processualized and analyzed using PyMol software
the smaller hexose substrates consistent with (&ttps://www.pymol.org/).
view that enzymes have evolved from the more
common hexose system. The heptose sugars &@de directed mutagenesis Site directed
critical components of the capsular polysaccharidemutagenesis was performed using the QuikChange
that protects the bacteria from the host, and allowmethod following manufacturer’'s instructions
the bacteria to colonize the gut. Economically th¢Stratagene) using. coliDH5« cells. The primers
most important host is chicken as most cases ofsed for mutagenesis are listed in Table S6. The
human campylobacteriosis in developed countriesntire gene was sequenced for each mutated
are linked with consumption of undercookedenzyme. DNA sequencing was carried out at the
contaminated chicken meat. Our end goal is tRobarts Institute sequencing facility (London,
develop an inhibitor specifically against theOntario, Canada).
enzymes of heptose modification pathwaysCin
jejuni and that could be used to treat or prevenCapillary electrophoresis analysis: The CE
colonization of chicken byC. jejuni Decreased analyses were as described in (1), using fused
levels of C. jejuni colonization of chicken will silica capillary of 75 um inner diameter on a
reduce human gastrointestinal illness. OuPACE MDQ instrument with the 32 Karat
enzymes can be used for high throughput screessftware. After injection of the sample at 0.5 psi
for inhibitors and our structural biology data mayfor 4 seconds, separation was done using 25 mM

allow to optimize the inhibitor hits identified. Borax pH 9 and 26 kV for 20 minutes, with
detection at 254 nm. Since electrophoretic
Experimental procedures: mobility in CE changes over time (due to ion

transfer between electrodes at each run), NAD(P)
Protein expression and purifications for and/or NAD(P)H were included in most reactions
enzymology: All Migh and Ddah enzymes from even when not needed for catalysis, to serve as
C. jejuni strains 81-176 and NCTC-11168,internal standards facilitating alignments of
respectively, were produced with non cleavableeactions peaks on CE traces.. Reactions
histidine tags using our pET constructs angerformed with mutated versus wild-type enzyme
BL21(DE3)pLysS (MighB, DdahA and DdahB) or or with Migh versus Ddah enzymes were also co-
ER2566 (MIighC and DdahC)E. coli for injected to ascertain if the peaks were the same or
expression as described in (3). HP0044 wasot. When applicable, peak areas were integrated
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using the 32 Karat software and statistics werproduct Pl overlaps with the mannose peak and
done using T-tests. complicates data analysis. Specifics are provided
in the legends to the figures.
Enzymatic assays: The GDP-D-glycerm-
manneheptose substrate was prepared a€loning of target genes for structural
described in (1) while GDP-mannose wascharacterization: All primers used are listed in
purchased from Sigma. All reactions wereTable S7. ThaldahBandmighB genes were sub-
performed in 200 mM Tris-HCI pH 7.5-8, in the cloned from the pET derivative above into
presence of 0.1-0.5 mM substrate and 0.37-0BEHISTEV to introduce a N-terminal TEV
mM NADPH/NADP" mix (40/60 %/%) for a total protease-cleavable Hjsag (37). The vector and
volume of 10 pl. All were incubated at°87and the PCR-amplified genes were digested with Ncol
frozen at -28C until processed for CE analyses.and BamHI except foddahB that was digested
For all time course experiments, a master reactiopith  AfllllL and BamHIl. For structural
was set up and aliquoted before incubation for theharacterization, the Met-Ser linker between the
allocated time. To generate equimolar stocks Of EV protease site and the target sequence of
heptose-based and mannose-based substratesdé@ahBin the pEHISTEV vector was removed by
compare the substrate specificity of DdahB an@CR, following standard procedures of Quik-
MighB (Fig 2), reactions of 0.54 nmol DdahA andChange site-directed mutagenesis (38). Also, a
26 nmol GDPmanneheptose were incubated for TEV protease site was inserted between the N-
20 min and yielded 100% conversion into the 6terminal Hig tag and theddahC and mighC
deoxy-4-keto derivative (=26 nmol) and reactionsequences in the pET23 vector derivative (3,4) by
of 0.95 nmol DdahA and 55 nmol GDP-mannoseijte-directed mutagenesis (38).
were incubated for 90 min and yielded 40%

conversion into the 6-deoxy-4-keto derivative (=22stryctural Biology: All constructs were expressed
nmol). DdahA was eliminated by ultrafiltration (10jy E. coli C43 (DE3) cells using LB growth
kDa cut off). Eleven nmol of each 6-deoxy-4-ketomedium. Expression was induced with 0.5 to 1
derivative was then reacted in parallel with 0.JnM IPTG once ORyonm reached 0.4 to 0.6 and
nmol of MIighB or DdahB, and aliquots were carried out at 25°C for 20 h except for non-
withdrawn over time for CE analysis. For thecleavable DdahC (37°C 3 h). Pellets Bf coli
analysis of the substrate specificity of MighC andexpressing TEV-cleavable DdahB, DdahC,
DdahC (Fig 7), 58 nmol GDRwanneheptose MighB, and MIghC were resuspended in PBS.
were incubated with 0.57 nmol of DdahA and 0.1&e¢jlets of E. coli expressing non-TEV-cleavable
nmol MighB for 30 min, which yielded ~63% pgahC and MIghC were resuspended in 10 mM
substrate conversion split into 6 nmoleP41.8  godium phosphate, 500 mM NaCl, 10 mM
nmol P$, and 18.7 nmol R4 Reactions of 144 imidazole, pH 7.5. 1 mg DNAse was added to the
nmol GDP-mannose, 1.6 nmol DdahA, 0.18 nmo}esyspended cells, which were then lysed using a
MighB were incubated for 2 h and yielded 15%ce|l disrupter at 30 kpsi at 4 °C (Constant
substrate conversion into P4’ (21.6 nmol). DdahASystems), followed by centrifugation at 18,000
and MighB were eliminated by ultrafiltration (10 rpm 20 minutes at 4 °C using a JA 25.50 rotor in a
kDa cut off). Half of each reaction was j26Xp centrifuge (Beckman Coulter). The
supplemented with 0.12 nmol of MighC or DdahCsypernatants were filtered using a 045 filter.
along with NADPH (16 nmol), incubated at®87 Target proteins were purified by nickel affinity
and al_lquots were withdrawn over time for CEchromatography using standard procedures (37),
analysis. _ _ _except the columns were performed in batch with
For other experiments, stoechiometries)p pinding at C for all TEV-cleavable enzymes
were adapted on an ad hoc basis to account for tBad 30 min at room temperature for non-TEV-
need to produce enough substrate for the enzymgavable enzymes. Target proteins were eluted
under study and for the efficacy of said enzyme. IRt Iysis buffer plus 400 mM imidazole, pH 7.5.
some cases, the design also accounted for the neggh/-cleavable proteins were dialysed overnight at

to eliminate most mannose by C4, C6 dehydratiopyom temperature with His-tagged TEV protease
before addition of the reductases whose reaction
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in 50 mM Tris pH 7.5, 400 mM NaCl (500 mM For complexes crystals of DdahB were
NaCl for DdahC and MIghC). The nickel affinity soaked overnight at 20 °C in mother liquor
purification step was repeated to remove the norsupplemented with 5 mM GDP-mannose (Sigma
TEV-cleaved protein and TEV protease, this timéldrich) and MIghB was incubated with 20 mM
washing with dialysis buffer to remove non-GDP-mannose before crystallisation.
specifically bound protein. The proteins were then All crystals were flash frozen directly
concentrated using a Vivaspin 20 concentrator at#om the well or supplemented with 20 % glycerol
°C and once the target volume was reached, the liquid N, prior to data collection and all but
sample was centrifuged for 10 minutes at 20,817 RdahC were collected at Diamond Light Source
g. Proteins were then loaded onto Hiload 16/6@l04-1) and processed with XIA2 pipeline (39).
Superdex 200 pg or Superdex 200 10/300 GDdahC X-ray diffraction data were collected using
columns in 10 mM Tris pH 7.5, 150 mM NaCl a Rigaku 007HFM rotating copper anode X-ray
using the Biorad NCG chromatography systemgenerator and Saturn 944 charge-coupled device
Non-TEV-cleavable proteins were concentrateqCCD) detector and processed using iMosflm (40),
and purified by size exclusion chromatography, aPointless (41) and Aimless (42).
described above, directly after the nickel affinity DdahB and DdahC crystal structure was
chromatography step. Fractions containing thsolved using CCP4 online (43) MighB and MighC
target protein, as determined by SDS-PAGE, wereere solved using Phaser (44) with the DdahB/C
pooled and concentrated as required. The identignzymes as search models. Models were
and integrity of the purified proteins wascompleted by manual building in Coot (45),
confirmed by mass spectrometry (BSRC Mas$ollowed by refinement conducted using
Spectrometry and Proteomics facility, UniversityREFMACS5 (46). Appropriate TLS restraints for
of St Andrews). refinement were determined using the TLSMD
For SEC-MALS analysis a Dawn Heleosserver (47) and used in refinement using
Il light scattering detector (Wyatt) and an OptilabREFMAC5 (46). The native oligomeric state,
T-rEX dRI detector (Wyatt) were connectedinterfaces and assembly of all structures were
downstream to a Biorad NCG Chromatographyletermined using PDBePISA ('Protein interfaces,
system for measurement following size exclusiorsurfaces and assemblies' service PISA at the
chromatography. Prior to use, all machines wer&uropean Bioinformatics Institute.
equilibrated in size exclusion chromatography(http://www.ebi.ac.uk/pdbe/prot_int/pistart.html,
buffer until the baselines had stabilized. Dataewer(26,48)).
processed using the ASTRA software package
(Wyatt). Data availability: All enzymology data described
Protein crystallization was carried outin this manuscript are presented in the manuscript
using sitting-drop vapour diffusion trials were setand in the supplementary information section.
up at RT 96-well Intelli-plates using the GryphonBeyond the structural information described in this
Crystallisation Robot (Art Robbins Instruments).manuscript, structural data have been deposited in
DdahB, MIghC and DdahC crystallization trialsPDB and the accession numbers for all structures
were set up at 11 mg/ml and MighB crystallisatiorare indicated in Tables 1 and 3.
trials were set up at 12 mg/ml. DdahB crystallised
in JCSG-plus (Molecular Dimensions) well D1 (24Acknowledgments: Heba Barnawi was the
% (w/v) PEG 1500, 20 % (v/v) glycerol), MighB recipient of a King Abdullah scholarship from
crystallised in an in-house screen St. AndrewSaudi Arabia. We thank Stephen McMahon for
PEG 1 well E3 (31.05 % (w/v) PEG 1500, 0.25 Massistance with crystallization. We thank N.
sodium-potassium phosphate, 3.83 % (v/v) 1,4Zebian, N. Salloum, K. Yogendirarajah, S.
dioxane), DdahC crystallised in 54 % (w/v) PEGWhiteside, Y. Sun and M. Myles for technical help
400, 0.1 M HEPES pH 7.5, 0.08 M ammoniumwith protein purifications and gel analyses, S.
citrate) and MIghC crystallised in 24.63 % (w/v)Shlimon for data integration and M. Myles for
PEG 8000, 0.1 M Bicine pH 8.5, 0.12 M sodiumhelp with preparation of Fig 1 and 9. We thank the
citrate 0.05 % (w/v). BSRC mass spectrometry facility.
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Table 1: Additional crystallographic parameters for DdahB and MighB
* Values in parenthesis are for the highest shell

DdahB MighB DdahB MighB
GDP-mannose | GDP-mannose
Data Collection
Space group R2 P22.2, P2 P22,2,
Wavelength 0.916 0.916 1.54 1.54
Unit cell dimensions
a,b,c(A) 47.8, 68.3, 53.7 47.3,121.7,153.8  48.0,67.8, 53.42.4,121.9, 154.1
a, By 90, 91.4, 90 90, 90, 90 90, 91.8, 90 90, 90, 90
Resolution (A) 34-1.3 95-2.14 53-2.35 56.7 — 2.60
(1.32-1.30) (2.20 — 2.14) (2.43 — 2.35) (2.67 — 2.60)
Rmerge 0.047 (0.57) 0.06 (0.76) 0.061 (0.169) 0.16269)6
I/ol 13.9(1.2) 12.7 (1.1) 16.3 (6.1) 12.5(3.5)
CCi, 1.0 (0.7) 1.0 (0.5) 1(0.9) 1.0 (0.8)
Completeness 95 (73) 100 (100) 98 (89) 99 (92)
Redundancy 2.7 (1.4) 5.9 (4.2) 3.6 (2.7) 7.0 (6.8)
Refinement
Resolution (A) 34-1.3 95-2.1 39-2.35 57 - 2.60
(1.32-1.30) (2.18 — 2.14) (2.43 — 2.35) (2.67 — 2.60)
Reflections 76397 (4400) 41762 (2944) 13466 (879) 23972 (1611)
Ruwork! Riree %0 14.8/17.5 21.6/23.9 18.5/24.3 21.0/235
(31.7/30.1) (42.1/42.4) (19.4/ 31.5) (29.4134.3)
No of atoms
Protein 2742 5648 2742 5858
Water 46 67 46 8
Ligands - - 67 112
Residual B factors
(A%
Protein 21 64 22 2326
Water 48 46 11 16
ligand - - 45 47
R. M. S. deviations
Bond lengths (A) 0.013 0.010 0.007 0.010
Bond Angles (°) 1.6 1.4 1.3 1.6
Ramachandran
Favoured (%) 98 99 98 99
Outliers (%) 0 0 0 0
7ANI 7ANG 7ANJ 7AN4




Table 2: Summary of SDM data obtained for the epimeases DdahB and MighB both on heptose
and mannose substratesAA: amino acid. H: heptose. M: Mannose. X: inaated enzyme| to ||| |:
modest to severe decreased enzymatic activityoshange in enzymatic activity. £, moderate activity

decrease noteghly under low enzyme concentrations and/or short iatab times.

Effect on epimerization activity at C3 and C5 for:
Mutated Role in RmIC RmIC DdahB MighB DdahB MighB
AA (17-19) M H H M M
K74A Enolate stabilizer C3X C3X Not tested C3X Not tested
C5X
H67A Essential catalytic bagse C3X C31|| C3|| C3X C3X
for C3, C5 epimerizatior C5X C5X
H67N Essential catalytic base C3X C3(] C3|| C3X C3X
for C3, C5 epimerization C5 X C5X
D173A Part of H67/D173 dyad, C3|||] C3l| C3| C3ll] C3=,)
base enhancer C5(ll C5X
N121S Substrate binding at O4| Nottested| C3=,] C3| C3X C3=
C51
Y134F Essential catalytic for C3X C3ll] C3X C31l} C3llll
C3, C5 epimerization C5X C5X
Y132F Unknown Not tested C3| C3|l} C3|] C3||
C5]]
YY/FF Unknown Nottested| C3||| C3X C3|] C3X
C5X
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Table 3: Additional crystallographic parameters for DdahC and MighC

* Values in parenthesis are for the highest shell

DdahC MighC
NADP
Data Collection
Space group B2,2, P2
Wavelength 1.54 0.982
Unit cell dimensions
a,b,c(A) 131.8,131.8,50.2 57.8,132.0,59
a, B y(°) 90, 90, 90 90, 105.8, 90
Resolution (A) 99 —2.08 66.0 — 1.66
(2.14 — 2.08) (1.70- 1.66)
Rmerge 0.163 (0.61) 0.059 (0.76)
I/ol 11.5(3.3) 11.8(1.2)
CCi, 0.9 (0.8) 1.0 (0.5)
Completeness 100 (100) 99.2 (99.1)
Redundancy 12.5 (7.9) 3.7 (3.1)
Refinement
Resolution (A) 33-2.08 66 — 1.66
(2.14 — 2.08) (1.70 - 1.66)
Reflections 25782 (1861) 94907 (7016)
Ruwork! Riree %0 19.0/23.2 17.3/20.3
(24.1129.7) (32.4/33.1)
No of atoms
Protein 2810 5188
Co-factor - 96
Water 87 412
Residual B factors
(A%
Protein 26 25
lons / buffer - -
Water 26 36
ligand - 29
R. M. S. deviations
Bond lengths (A) 0.019 0.014
Bond Angles (°) 1.9 1.5
Ramachandran
Favoured (%) 98 98
Outliers (%) 0 0
7ANH 7ANC
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Table 4: Summary of activity data obtained on wildtype and/or mutated reductases DdahC and
MlghC on heptose and mannose based substrates.

Final AA refers to the amino acids present at tte af interest in the wild-type or mutated enzyme.
Heptose: heptose-based substrates. Man.: Mannese-lzabstrateq,: modest decrease in enzymatic
activity. =: no change in enzymatic activityto 111: moderate to strong increase in enzymatic activity
n/a not applicable. Status refers to either wildetyWWT) or mutated enzyme.

Data under columns Heptose, Man. P4’ and Man. R@wsobserved catalytic activity, which differed
from original expectations.

Enzyme | Status |Final Heptose Man. Man. Expectation
AA P4’ P1’

GFS WT H179 n/a n/a Normal | Catalytic dyad serving as geneyal
C109 substrate| acid and base for epimerizatipn

at C3 and C5.

MighC WT R180 P4y to Py PI + Pl Pl Catalytic dyad.
Y108

DdahC WT H180 P40 to PS5 PlIl PII Catalytic dyad.
T110

DdahC T110C | H180 P4o to P5 Pl Pl GFS-like dyad. Enhanced
C110 ™ = = mannose usage, especially non

epimerized P1’.

DdahC H180R | R180 P40 to P5 Pl Pl Intermediate towards MIghC
T110 = = " dyad. Switch of heptose epimer
specificity to P4 and decreased

mannose usage.

DdahC H180R | R180 inactive Pl Pl MighC-like dyad. Switch of
T110Y |Y110 = = heptose epimer specificity to
and decreased mannose usage.

1=
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Legends to the figures:

Figure 1. GDP-manno-heptose maodification pathways ofC. jejuni. Panel A: Biological pathways
leading to 3,6-OMe-gluco-heptose (left) and 6-deoxy-altro-heptose (right). The 3,6-O methylation
steps necessary to generate 3,6-OMgtlco-heptose have not yet been elucidated and are atbbgt?.
Since MIghA had not been identified at onset of ewrk, an experimental pathway initiated by
dehydration by DdahA and leading to 6-deoxgll€o heptose (center) was used to study MighB/C and
allowed to compare their function directly to Dd#aBBEpim: epimerization. Red: reductidhanel B:
Detailed epimerization and reduction steps shouliieg3 products generated by MighB (C3 epimet, P4
C5 epimer P@ and C3/C5 epimer RAvs 1 product for DdahB (B, as well as the substrate specificity
of the 2 reductases MIghC and DdahC. The namesodipts P1, Pd P4, P4, P&, and P5 are as per
McCallum et al 2013 and are used throughout thisuseript for sake of clarity and consistency.

Figure 2. Specificity of MighB and DdahB for heptose versus emnose. Panels A and BCapillary
electrophoresis (CE) traces of reactions perforrhgdDdahB or MighB on GDP-6-deoxy-4-keto-
mannulose (P1', Panel A) or heptulose (P1, PanebBined by incubating GDP-mannose (M) or GDP-
manngheptose (H) with DdahA. DdahA was removed by filtration before addition of DdahB or
MighB. P4’ new catalysis product arising from mase-based P1'. For heptose catalysis, all peaks are
as described in Figure Panels C to F:Time course of substrate conversion for reactfmaréormed in
parallel with heptose (D and F) versus mannosen(CE for MighB (C and D) or for DdahB (E and F).
The degradation product P2 (i.e. GDP) that formesnulengthy incubation of P1 and P1' (migrating at
~13 min) is accounted for in the quantitation ofigla C to F. The procedure and stoechiometries tased
achieve equimolar substrate amounts for all reastiare detailed in the methods section. This is a
representative example of 3 independent experiments

Figure 3: Structural data on DdahB and MighB. Panel A:The dimer of DdahB is shown as a cartoon,
with one monomer in yellow and the other in pinkDSand GDP-mannose are shown as sticks with
carbons green, oxygen red, nitrogen blue and plowsph orangePanel B: Close up view of the
superposition of the DdahB dimer (colored as ingbak) with MighB (shown in green and blue).
Residues shown in sticks are colored with carbanshite for DdahB and in yellow for MighB. Other
atoms are colored as in Panel A. Residues numhvéthd* belong to the second subunit of the dimer.
Residues highlighted are those whose role wasdti@seerimentally by site-directed mutagenesis: K74,
Y134, Y132 H67 and D173. Asp 173 (shown in boldckldor DdahB and blue for MighB), a key
catalytic residue, is out of position in DdahB hesm of Glu 171 makes hydrogen bond with the other
monomer.Panel C: Catalytic residues of DdahB monomer are superiepaegth S. suisRmIC (1nyw).
The side chain carbon atoms of DdahB are colordtew¥hile carbon atoms of RmIC are colored yellow.
The active sites are almost identical and impontasidues in DdahB are labelled. Amongst them, H67,
K74 Y134 Y132 and N121 were tested functionallyditg-directed mutagenesis. O6 of dTDP-glucose
substrate in RmIC hydrogen bonds to Ser 65 andlPfés remote from O6. In DdahB these residues are
found as lle 56 and His 123. This arrangementiisistent with the larger C7 substrate with C7 maldn
van der Waal interaction with 1le56 and the hydiaxy C7 hydrogen bonding to His123.

Figure 4. Catalytic activity of K74A, H67N/A and N121S DdahB and / or MighB.Panel A.Reactions
containing 23.2 uM DdahA, 0.2 mM GDRannoheptose (H), 0.2 mM NADPand 0.4 pM DdahB were
incubated for 45 min. * denotes an impurity presenthe heptose preparation and that serves as an
internal standard. The reaction productilobserved for wild-type DdahB but not for K74Autated
DdahB.Panel B.Reactions containing 5 uM HP0044, 1 mM GDP-manr{deand 1 mM NADPH/
(50/50 %/%) were incubated for 2 hours to convéiriteannose in P1' before incubation with 4 uM
DdahB and 1 uM of DdahC for 5 h. DdahC was addestdbilize any P4’ generated by DdahB. Peaks
PIl and PIIl correspond to DdahC reduction produstemming from Pl and P4’, respectively, as
demonstrated later in the study. Formation of Rllbbserved in reactions comprising wild type DdahB
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but not K74A DdahB, indicating impaired P4’ fornatiby K74A DdahBPanels C and E.Reactions
containing 0.17 mM heptose, 1.5 uM DdahA, 0.13 mAD¥* and 0.1 pM epimerase were incubated for
30 min. The effect of the mutations is assesseadyparing the amount of epimerization product
formation (P4, P4, P4y) between mutated and wild-type enzymieanels D and F.A 50 pl reaction
containing 0.77 mM mannose and 0.2 uM HP0044 wagsbisited for 90 minutes to generate P1’ (~50%
conversion obtained). Aliquots of 8 ul were supmaited with {0.5 uM (final concentration) of DdahB
and 0.1 mM NADP} or {0.1 uM of MighB and 0.5 mM NADP; or none and incubated for 5 hours. The
higher concentration of DdahB used accounts fdoitscatalytic efficacy on mannose. The effecthodf t
mutations is assessed by comparing the amount iofieggation product formation (P4’) between
mutated and wild-type enzymes. All reactions were up in duplicates. Fig 4 shows a representative
example of each reaction. Quantitation and kinetresshown in Figure S2.

Figure 5: Effect of D173A mutation on activity of DdahB and MghB. Panel A Quantitation of
various epimers produced in 45 min in 10 pl reasticontaining 0.25 mM heptose, 0.75 mM NADP
mix, 7.5 uM of DdahA and 0.40 uM of epimerase. Aiddial data showing conversion as a function of
time and enzyme concentration are shown in Fig@&eReduced amounts of #4ndicate that D173A
limits C3 epimerization activity of DdahB. Lack &43 and P4 indicate that D173A abrogates C5
epimerization of MighBPanel B. Mannose conversion ireactions containing 0.1 mM mannose, 0.34
mM NADP'/H mix, 0.27 uM of HP0044 and either 0.65 uM DdabBt uM MighB or 0.08 uM MighB
(Dil sample) and that were incubated for 1h30 arld ®dahB was used at higher concentration than
MighB to make up for its poor activity on mannodReduced amounts of P4’ indicate that C3
epimerization of mannose is affected in both matatezymes. In all panels, each bar represents the
average of 2 determinations using 2 different tegadf overexpressed enzymes.

Figure 6: Effect of Y132F, Y134F and double mutatin (YY/FF) on catalysis by the epimeraseShe
reaction conditions are as described for Figufeahels A and B:Effects on MighB, showing the sum of
all heptose-derived products as a time course (#)the proportions of various products made in wild
type and Y132F mutant at 45 min (BYanel C: Effects on DdahB shown at 45 min for heptose
conversion into the single epimerization producti.F#anel D: Effects on both enzymes on mannose
catalysis at 1h30 and 3h as assessed by varidtiofir unique reaction product P4’. DdahB and its
mutants were more concentrated than MighB and iitsants to compensate for DdahB’s poor activity on
mannose. IlC and D, each bar represents the average from 2 batchmwgines. Additional supporting
data are shown in Figures S4 and Sb.

Figure 7: Specificity of MlghC and DdahC for heptose versus mnnose.DdahA and MighB were
incubated with GDRranneheptose or GDP-mannose, both enzymes were rentyveldrafiltration and
the products were incubated with MighC or DdahGhia presence of NADPH. All reactions comprise
residual DdahA and MIghB reaction products as @efim Fig 1 and 2Panels A and B:CE traces of
reactions performed on GDP-6-deoxy-4-keto- manmul@anel A) or heptulose (Panel B). PI, PIl and
Plll denote new products arising from mannose-b&édand P1'. Pp and P& are heptose-based
reduction products of MIghC and DdahC, respectivaly described on Figure Ranels C to F:Time
course of substrate conversion for reactions perddrin parallel with heptose (D and F) versus maeno
(C and E) for MIighC (C and D) or DdahC (E and F)eTprocedure and stoechiometries used to achieve
equimolar substrate amounts for all reactions ateilgéd in the methods section. This is a represiest
example of 2 independent experiments.

Figure 8: Kinetic analysis highlighting the activity of the DdahC reductase on the dehydrated
product of GDP-mannose P1' to make product PIl in he absence of epimeraseReactions
comprising 0.1 mM GDP-mannose, 0.27 uM dehydrak3e044, 2.6 uM DdahC, 7.5 mM NADPH/
mix were incubated at 3 from 15 to 90 min. The samples were run on CEthadirea under each peak
integrated to calculate the relative proportionsatif components present. Since PIl overlaps with
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mannose, and Plll overlaps with P1’, their potdrfianation was assessed by comparing the kinefics
product formation between reactions comprising @Jahd control reactions (CTRL) devoid of DdahC.
When control reactions devoid of DdahC show coneptisappearance of mannose in the mannose/PlI
CE migration area, then the signal observed imthanose/Pll area of reactions comprising DdahC can
be interpreted as the formation of product PIl. §iddahC made PIl out of P1' in epimerase-free
reactions analysed in this figrue, and by extenstdmad made PIIl out of P4’ in reactions comprigan
epimerase (that generates P4’, Fig 7E). This figsrea representative example of 2 independent
experiments optimized for the sake of identifyihg substrates used and the products generated.

Figure 9: In vitro GDP-mannose madification pathways. Panel APathways showing the various
configurations of sugars formeBanel B. Simplified pathways. GDP-4-keto, 6-deoxy-mannulBdé is
produced from GDP-mannose using dehydratases DflahAyield) or HP0044 (high yield). Reaction of
P1’ with MighB or DdahB yields the same single prodP4’, which we surmised corresponds to the C3
epimer. This epimer can be reduced by MighC or @dahform PIIl. The position of the C4 OH group
on Plll is unknown. MIghC and DdahC can also rediheeoriginal P1’ into PII, for which the positiarf

the C4 OH group is also not known. In addition, MIggenerates small amounts of Pl from reactions
comprising both P1' and P4'. It precise origin (RE P4) and epimerization status have not been
determined. PI corresponds to the complementargpiiter of Pl or of PlII.

Figure 10: Structural characterization of the reductases DdahCand MIghC. Panel A.Dimer of
DdahC shown as a cartoon, with one monomer in erangl the other in cyan. NADP is shown as sticks
with carbons green, oxygen red, nitrogen blue dmbphorous orangé€anel B.Active site of MighC
and DdahC, with NADP colored as in panel A. Amirisside chains are labeled and shown with carbon
atoms of MIghC colored grey (Y/R dyad) and of Ddah®lue (T/H dyad). The C/H catalytic dyad of
GFS (RCSB 1BWS) is shown with side chains in saliauad labeled in red. GDRfucose from the GFS
structure is also shown (labeled in red).

Figure 11: Catalytic activity of mutated reductases Panels A and B:CE profiles at 30 min and
kinetics for reductase activity on heptose wherttey substrates 84 P4 and P4 were generated by
DdahA and MighB. A master reaction containing 003Vl of heptose, 0.5 mM of NADPHANd 0.4 uM
MlghB was incubated for 30 min. For panel A, 0.1 (fivial concentration) of reductase was added to 9
ul of master mix and the volume brought to 10 pfblee further incubation for 30 min. For panel Be th
master mix was ultra-filtered to remove MighB arskd to perform the reductase kinetics on fixed
amounts of Pd, P4 and P4 substrates incubated for up to 60 min with 0.5 {filkbl concentration) of
reductase. Reductase activity is denoted by foomadf peaks Rbfor DdahC or Pp for MighC from
epimers P4 and P4, respectively. The data shown are from one exparinand are representative of
independent repeats performed with different enzpatehes and showing similar trenBanels C and

D: Activity on GDP-mannose whereby the substratevi® generated by HP0044 and MighB. For panel
C, reactionscontained 0.3 mM of mannose, 0.3 mM of NADPH).2 uM of HP0044, 0.4 pM MighB
and 0.5 uM of reductase in 10 ul and were incubfded h. The data shown are representative of 2
independent repeats. For panel D, reactions caudril mM of mannose, 0.27 uM of HP0044, 0.34 mM
of NADPH/", 0.65 uM of epimerase MighB and 1 uM of reduciast0 pl and were incubated for 1h45.
The different stoichiometry in panel D aimed atwslgy down the formation of the epimer substrate to
maximize its reduction by more abundant DdahC. Téactions were set in duplicates and one
representative trace is shown for each in PanéldD both panels C and D, complete usage of mannose
substrate in the control reaction (MighB trace,raductase), ensures that the peak in the overlgppin
mannose/Pll area of reductase-containing reactiotie reduction product PII.
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