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ABSTRACT (<250 words)

L-rhamnose and L-fucose are the two main 6-deoxyhexoses Escherichia coli can use as
carbon and energy sources. Deoxyhexose metabolism leads to the formation of lactaldehyde
whose fate depends on oxygen availability. Under anaerobic conditions, lactaldehyde is
reduced to 1,2-propanediol whereas under aerobic condition, it should be oxidised into
lactate and then channelled into the central metabolism. However, although this all-or-
nothing view is accepted in the literature, it seems overly simplistic since propanediol is also
reported to be present in the culture medium during aerobic growth on L-fucose. To clarify
the functioning of 6-deoxyhexose sugar metabolism, a quantitative metabolic analysis was
performed to determine extra- and intracellular fluxes in E. coli K-12 MG1655 (a laboratory
strain) and in E. coli Nissle 1917 (a human commensal strain) during anaerobic and aerobic
growth on L-rhamnose and L-fucose. As expected, lactaldehyde is fully reduced to 1,2-
propanediol in anoxic conditions allowing complete reoxidation of the NADH produced by
glyceraldehyde-3-phosphate-dehydrogenase. We also found that net ATP synthesis is
ensured by acetate production. More surprisingly, lactaldehyde is also primarily reduced into
1,2-propanediol under aerobic conditions. For growth on L-fucose, 3C-metabolic flux
analysis revealed a large excess of available energy, highlighting the need to better
characterize ATP utilization processes. The probiotic E. coli Nissle 1917 strain exhibits similar
metabolic traits, indicating that they are not the result of the K-12 strain’s prolonged
laboratory use.

IMPORTANCE (<150 words)

E. coli’s ability to survive, grow and colonize the gastrointestinal tract stems from its use of
partially digested food and hydrolysed glycosylated proteins (mucins) from the intestinal

mucus layer as substrates. These include L-fucose and L-rhamnose, two 6-deoxyhexose
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sugars, whose catabolic pathways have been established by genetic and biochemical studies.
However, the functioning of these pathways has only partially been elucidated. Our
guantitative metabolic analysis provides a comprehensive picture of 6-deoxyhexose sugar
metabolism in E. coli under anaerobic and aerobic conditions. We found that 1,2-
propanediol is a major by-product under both conditions, revealing the key role of
fermentative pathways in 6-deoxyhexose sugar metabolism. This metabolic trait is shared by
both E. coli strains studied here, a laboratory strain and a probiotic strain. Our findings add
to our understanding of E. coli’s metabolism and of its functioning in the bacterium’s natural

environment.
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6000 words (exclusive of methods, references, figure legends, tables, and supplemental
material).

INTRODUCTION

Rhamnose and fucose are the two main naturally occurring 6-deoxyhexose sugars, found
mainly in their L enantiomeric forms. L-Rhamnose, formed in bacteria and plants but not in
humans, is mainly found in heteropolymers such as hemicellulose, the second largest
component of lignocellulose (1). In contrast, L-fucose occurs mostly in prokaryotes and
eukaryotes in glycoconjugates, such as mucin in intestinal mucus (2). L-fucose frequently
occupies the terminal position in common mucin glycoproteins, lining the epithelium with L-
fucose moieties. L-rhamnose and L-fucose are released by chemical or enzymatic hydrolysis
from dietary fibres or fucosylated oligosaccharides in the gastrointestinal tract, where they
can then be used by many bacteria to support growth and intestinal colonization (3, 4).
Escherichia coli is the predominant facultative anaerobe in human gastrointestinal tract
ecosystems and is commensal in the gut, colonizing it lifelong from an early age (5). E. coli’s
ability to colonize the intestine results mainly from its capacity to draw nutrients from
mucus, notably L-fucose, which appears to be involved in its maintenance (6) as commensal
E. coli strains that lack the ability to metabolize L-fucose show defective colonization (7).

The earliest studies of E. coli metabolism of L-fucose and L-rhamnose date back to the 1970s
(8). The first steps of L-fucose and L-rhamnose catabolism lead to the formation of
dihydroxyacetone-phosphate (DHAP, C1 to C3 fragment) and S-lactaldehyde (C4 to C6
fragment) (Figure 1). DHAP is an intermediate of the central metabolism that can participate
in both gluconeogenic and glycolytic processes. In contrast, S-lactaldehyde’s fate is less
variegated and depends on oxygen availability. Aerobically, S-lactaldehyde is converted

through two successive steps of oxidation into pyruvate, the first, catalysed by a (NADH)-
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linked aldehyde dehydrogenase (AldA) leading to the formation of S-lactate, and the second,
catalysed by a FMN-dependent membrane-associated S-lactate dehydrogenase (LIdD).
Anaerobically, S-lactaldehyde is reduced by S-1,2-propanediol oxydoreductase (FucO) into S-
1,2-propanediol as a terminal electron acceptor, which is excreted into the environment.
Theses enzymes are encoded by genes organized in operons, the fucPIKUR and fucAO
operons for the fucose regulon (9) and the rhaBAD and RhaT operons for the rhamnose
regulon (10), which lacks its own propanediol oxidoreductase. The expression of fucO on
rhamnose must therefore result from cross induction of the fucose enzymes through an
incompletely understood mechanism (9).

While the distinct anaerobic/aerobic fates of S-lactaldehyde are well described in the
literature, albeit mainly through genetic and biochemical studies (11-13), little is known
about the actual distribution of S-lactaldehyde - and to a larger extent, DHAP - within central
metabolic pathways. Zhu and Lin (13) found for example that S-lactaldehyde is partially
reduced into 1,2-propanediol despite the presence of oxygen, meaning that the oxidation
and reduction of S-lactaldehyde are not all-or-nothing processes exclusively determined by
the presence or absence of oxygen. To date, studies of L-fucose and L-rhamnose metabolism
in E. coli have provided only an extremely partial view of the operation of the central
metabolism and no insight into the cellular redox and energy metabolisms when these
compounds are the sole carbon and energy sources.

Therefore, with the aim of clarifying 6-deoxyhexose sugar metabolism in E. coli, we carried
out a quantitative metabolic analysis involving exometabolome and metabolic flux analyses
across the central metabolism, of E. coli strains (the model K-12 MG1665 strain and E. coli
Nissle 1917) grown under controlled anaerobic and aerobic conditions on L-fucose and L-

rhamnose. Nissle 1917 is a probiotic strain, classified in the B2 phylogenetic group (14),
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94  which is over-represented in the human microbiota in developed countries (15) and contains
95 most pathogenic E. coli strains. These strains are efficient colonizers of the gut (14) and E.
96 coli Nissle 1917 is therefore a representative strain whose metabolic traits, unlike those of K-
97  12-like strains, have not been affected by prolonged laboratory use (16). Our results notably
98 reveal an unexpected fermentative metabolism of L-fucose and L-rhamnose, characterized
99 by the excretion of S-1,2-propanediol even in the presence of oxygen, and updates our
100 current knowledge of 6-deoxyhexose sugar metabolism in E. coli.
101
102  RESULTS SECTION
103  Anaerobic growth of E. coli K-12 on 6-deoxysugars
104 We first sought to establish the detailed macrokinetics of Escherichia coli growing
105 anaerobically in minimal medium containing 10 g.L'! L-fucose or L-rhamnose as sole carbon
106  source. The growth experiments were performed in bioreactors at 37°C, pH 7, under
107  nitrogen atmosphere.
108 Growth of E. coli on fucose is accompanied by 1,2-propanediol (1,2-PDO), formate and
109  acetate production (Figure 2A). These end-products represent nearly 88% (Cmol/Cmol) of
110 the carbon balance, the rest being mainly biomass ([(b% Cmol/Cmol) and CO; (not
111  measured). The biomass yield is somewhat lower than expected under anaerobic conditions
112  (Table 1). The growth rate (0.20 + 0.01 h!) is similar to the one reported by Boronat and
113 Aguilar (17). Interestingly, only traces of lactate and ethanol are detected even though the
114  latter is the main redox balancing end-product, when E. coli is grown anaerobically on
115 glucose for example (18, 19). The 1,2-PDO vyield is approximatively 1 mol/mol of fucose
116  consumed. This means that lactaldehyde is fully converted into 1,2-PDO since the

117  breakdown of 1 mole of fuculose-1-phosphate yields 1 mole of DHAP and 1 mole of
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118 lactaldehyde. The oxidation of NADH in the endergonic part of glycolysis from DHAP is thus
119  fully effected by the reduction of lactaldehyde into 1,2-PDO (Figure 3), balancing the NADH
120 fluxes. This explains why no ethanol is detected, but significant amounts of acetate are (0.76
121  + 0.05 mol/mol of fucose consumed), with net synthesis of ATP, which in the absence of
122  oxygen or other external electron acceptors can only be synthetized by substrate-level
123 phosphorylation. The net synthesis of ATP was estimated to be 43.8 + 2.0 mmol.(gcow.h)?,
124 which is apparently sufficient to cover the demands for ATP in the biosynthesis of anabolic
125  precursors, in growth- and non-growth-associated maintenance, and in fucose uptake (see
126  below).

127  Although anaerobic growth on rhamnose appears to be significantly faster, the pattern of
128  end-products excreted in culture broths of E. coli K-12 and the respective yields are similar
129 to those determined for growth on fucose (Figure 2B - Table 1), indicating that the anaerobic
130  metabolism of rhamnose is analogous to the one described for fucose.

131  Aerobic growth of E. coli K-12 on 6-deoxyhexose sugars

132  In the same culture system under aerobic conditions (DOT>30%), E. coli grows exponentially
133 on L-fucose at 0.49 h', 2.5-fold faster than under anaerobic conditions (Table 1). In keeping
134  with what it is generally observed with other carbon sources, the specific fucose
135 consumption rate (grc) under aerobic conditions is lower than under anaerobic conditions
136  (15.3 + 0.3 mmol.(gcow.h)?* versus 27.5 + 0.7 mmol.(gcow.h)?). More importantly, we
137  observed that E. coli grown aerobically on fucose produces large amounts of 1,2-PDO (Figure
138  2C), with a yield of approximately 0.76 mol 1,2-PDO/mol of fucose consumed. This was not
139  expected since under these conditions, S-lactaldehyde is supposed to be converted into
140 pyruvate vig two successive oxidations catalyzed respectively by AldA and LIdD (8, 9, 13)

141  (Figure 1), such that the metabolic flux should be fully channeled towards the tricarboxylic
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142  acid cycle. Note however that the pioneering studies that established this all-or-nothing view
143  of 6-deoxyhexose sugar metabolism also found significant production of 1,2-PDO in the
144  presence of oxygen (8, 13).

145  Also produced in significant amounts alongside 1,2-PDO is acetate (about 10% Cmol/Cmol of
146  fucose consumed), as observed in fast growing E. coli cells on glucose (20). However, the
147  acetate production rate and yield are much lower than under anaerobic conditions. Apart
148 from 1,2 PDO and acetate, no other by-products were detected in significant amounts.

149  E. coli K-12 grows similarly on L-rhamnose as on L-fucose (Figure 2D), but except for formate
150 production, with substantially lower growth parameters (Table 1). Growth and rhamnose
151  consumption rates (qrha) are diminished by approximatively 30% (the biomass yield is indeed
152  similar on both substrates) without any significant effect on the production of 1,2-PDO,
153  which accumulates in the culture medium with a similar molar yield as estimated on fucose.
154  In contrast, acetate overflow is reduced and CO; production increased.

155  The key results here are that E. coli K-12 produces 1,2-propanediol at high yield when grown
156  on L-fucose and L-rhamnose under aerobic conditions. This represents a serious waste of
157  carbon as up to 38% of the 6-deoxyhexose is converted into 1,2-PDO. 1,2-PDO could be
158 formed directly from S-lactaldehyde via propanediol oxidoreductase (POR) encoded by the
159 gene fucO in the fucose regulon, in a similar manner as under anaerobic conditions.
160  Alternatively, 1,2-PDO could also be formed from DHAP via methylglyoxal synthase (MGS)
161 and the enzymes involved in the detoxification of the resulting methylglyoxal, such as
162  glycerol dehydrogenase (GIdA) (Figure 1).

163 1,2-PDO is formed by propanediol oxidoreductase

164  One way to determine the extent to which each of these routes contributes to 1,2-PDO

165 formation is to quantify the relative amounts of the two enantiomeric forms produced.
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166 Indeed, POR’s conversion of S-lactaldehyde into S-1,2-PDO is enantiomerically pure since it
167 does not reduce R-lactaldehyde (17). In contrast, the 1,2-PDO synthesized from
168  methylglyoxal, either via acetol or R-lactaldehyde, is mainly the R enantiomer (21). The ratio
169  of 1,2-PDO enantiomers produced is therefore indicative of the relative contributions of the
170  two metabolic routes involved in its synthesis.

171  The enantiomeric purity of the 1,2-PDO produced by E. coli K-12 grown on L-fucose and L-
172 rhamnose was determined by liquid chromatography with a chiral column. Culture
173  supernatants collected from the aerobic cultures gave a single peak at the retention time of
174  S-1,2-PDO (Figure S1). Since no R-1,2-PDO was detected, this indicates that during aerobic
175 growth on 6-deoxyhexose sugars the 1,2-PDO produced by E. coli K-12 is formed by POR
176  from S-lactaldehyde.

177  Intracellular carbon and energy fluxes on fucose

178 To obtain a quantitative understanding of the functioning of the metabolic network, we
179 determined the intracellular flux distribution in E. coli during aerobic growth on L-fucose. We
180 focused on L-fucose because the 3C-labeled forms required for this experiments are
181 commercially available and relatively inexpensive, which is not the case for L-rhamnose. E.
182  coli K-12 was therefore grown on a mixture of 80% 1-3C-L-fucose and of 20% U-'3C-L-fucose
183  as sole carbon source in a 1 L baffled shake-flask containing 80 mL of medium to reduce the
184  amount of labelled fucose used.

185  The growth kinetics were similar to those observed in bioreactors, though the 1,2-PDO yield
186  was slightly lower (Figure 4). The metabolic flux map was established from the growth rate,
187  extracellular fluxes, and !3C-incorporation quantified in central metabolites and
188  proteinogenic amino acids (22), using a detailed isotopic model of E. coli’s central carbon

189  metabolism (23). A chi-square statistical test confirmed that the isotopic model fitted the
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190 data satisfactorily (p-value < 0.05), and this was also supported by the good correlation
191  between measured and simulated data (R? > 0.99, Figure S2).

192  The flux distribution is mapped in Figure 4, with net fluxes expressed relative to the fucose
193  uptake rate. Approximatively two-thirds of the S-lactaldehyde formed from the breakdown
194  of fuculose-1-phosphate goes into the formation of 1,2-PDO, with the remaining flux being
195 directed towards the pyruvate node through AldA. This is consistent with the fact that the
196 lactate detected at trace concentrations in the culture supernatant (excretion flux [0.2 £ 0.1
197  mmol.(gcow.h)?) was found to be the S enantiomer (Table S1). Furthermore, DHAP is
198 overwhelmingly ([B0%) channelled into the endergonic part of glycolysis, with the flux
199 through the pentose phosphate pathway reduced to the minimum required to satisfy
200 anabolic demand for carbon precursors (ribose-5-phosphate and erythrose-4-phosphate). In
201  line with previous results (24), the flux through the Entner-Doudoroff pathway was zero. The
202  carbon flux merging at the pyruvate node is thus massive in spite of the amounts wasted in
203 the excretion of 1,2-PDO. For example, the total absolute flux through the pyruvate
204  dehydrogenase complex is twice as high on fucose (16.3 = 0.4 mmol.(gcow.h)?) as on glucose
205 under similar conditions (8.58 * 0.7 mmol.(gcow.h)?) (25)). Although the acetyl-coA
206 produced by the pyruvate dehydrogenase complex is mostly directed towards the
207  tricarboxylic acid cycle (60%), a significant fraction is channelled into acetate biosynthesis
208  (30%). Acetate overflow is thus about 30% higher than commonly reported in the literature
209  for growth on glucose (25).

210  The fluxes obtained can also be used to estimate the redox and energy metabolism of E. coli
211  during aerobic growth on fucose. First, it turns out that NADPH supply from NADPH-
212  dependent fluxes is higher than biomass-related anabolic NADPH requirements (Figure 5A).

213  On fucose, NADPH is mainly (LB0%) supplied by isocitrate dehydrogenase, covering 140% of
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214  the anabolic demand, whereas on other substrates such as glucose, NADPH is supplied
215  mainly by the pentose phosphate pathway (25). The apparent excess of NADPH may be
216  converted into NADH through the activities of the soluble and membrane-bound, proton-
217  translocating transhydrogenases UdhA and PntAB (26).

218  For energy metabolism, ATP is supplied by substrate-level phosphorylation i.e. the difference
219  between ATP-producing and ATP-consuming fluxes and from oxidative phosphorylation,
220 considering NADH-, FADH,- and FMNH;-dependent fluxes and the conversion of these
221  reducing equivalents into ATP (P/O ratio) (Figure 5B). The ATP demand is obtained by adding
222  up the requirements for anabolism, non-growth-associated maintenance (27) and fucose
223  uptake. The main source of ATP is NADH oxidation and to a lesser extend other redox
224  equivalents; the contribution of substrate-level phosphorylation is minor (Figure 5B). Since
225  the flux of reducing equivalents consumed in the reduction of S-lactaldehyde into 1,2-PDO is
226  almost fully compensated by the flux of reducing equivalents produced by its oxidation into
227  pyruvate, this indicates that 1,2-PDO does not contribute significantly to energy metabolism.
228  Finally, ATP is utilized in roughly equal parts in fucose transport, non-growth-associated
229 maintenance and anabolism. Together, these results indicate that E. coli K-12 generates a
230 large apparent excess of ATP. This excess is available to cover the ATP required for growth-
231  associated maintenance, which represents a very large part of cellular energy requirements
232 (27). Indeed, growth-associated maintenance includes the unidentified and/or
233 unquantifiable energetic requirements of macromolecule polymerization, gradient
234  maintenance, protein folding, etc. (28), is itself difficult to quantify (27) and can vary
235  substantially depending on growth conditions (29). It can also account for underestimated
236  energy costs, such as that of fucose transport into cells, for which the amount of energy

237  required is not yet well established.
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238  6-deoxyhexose sugar metabolism in E. coli Nissle 1917

239  Under anaerobic conditions, the growth of E. coli Nissle 1917 on L-fucose and on L-rhamnose
240 is characterized by two phases, with specific rates that are initially high (given in Table 2) and
241  then drastically reduced (Figure S3). At this stage, we have no clear explanation for this
242  phenomenon, which was not observed in E. coli K-12. E. coli Nissle 1917 seems to grow
243  slightly faster on L-fucose than E. coli K-12, with no marked effect on the molar yields of by-
244  products. On L-rhamnose, the growth parameters of both strains are similar.

245  Under aerobic conditions, E. coli Nissle 1917 also produces large amounts of 1,2-PDO, with
246  molar yields slightly higher even than those measured for E. coli K-12. Note that on L-
247  rhamnose, the growth rate of E. coli Nissle 1917 is significantly lower than E. coli K-12’s. This
248  is quite surprising since E. coli Nissle 1917 typically grows faster on carbon sources than E.
249  coli K-12 (30). In keeping with the slower growth rate, acetate overflow is also drastically
250 reduced on L-rhamnose (Table 2). Just like the K-12 strain, E. coli Nissle 1917 produces the S
251  enantiomer of 1,2-PDO on L-fucose and L-rhamnose (Figure S1).

252  These results indicate that E. coli Nissle 1917 and E. coli K-12 have very similar metabolisms
253  when grown anaerobically and aerobically on 6-deoxyhexose sugar as the sole carbon
254  source. Both strains have 1,2-PDO as a major metabolic end-product, even in the presence
255  of oxygen.

256

257  DISCUSSION SECTION

258 In this study, we investigated the metabolism of E. coli on L-fucose or L-rhamnose, the two
259  main 6-deoxyhexose sugars in the bacterium’s natural environment. Two strains of E. coli,
260 the K-12 MG1665 model strain and the Nissle 1917 probiotic strain, were therefore grown

261  anaerobically and aerobically on L-fucose or L-rhamnose in a bioreactor, and extracellular
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262 metabolites were identified and quantified throughout the culture period. Metabolic flux
263  distributions were quantified based on those measurements for anaerobic growth and using
264  additional isotopic data for aerobic growth on L-fucose. Metabolic flux analyses were then
265 performed to obtain a detailed picture of the central metabolism on these carbon sources.
266  Under anaerobic conditions, E. coli’'s metabolism is highly constrained by the need to
267  balance redox equivalent fluxes and the limited means to generate ATP. The ATP required to
268  sustain cellular growth can be only provided through the synthesis of acetate from acetyl-
269  CoA. Consequently, DHAP, one of the two cleavage products of L-fuculose-1-phosphate (on
270  fucose) and L-rhamnulose-1-phosphate (on rhamnose), should mostly be used in the
271  endergonic part of the Embden-Meyerhof-Parnas pathway. The reduction of S-lactaldehyde,
272  the second cleavage product, into 1,2-PDO is thus necessary to reoxidize the NADH
273  produced by glyceraldehyde-3-phosphate dehydrogenase. This is indeed what we observed
274  on fucose and on rhamnose under anaerobic conditions, where the flux distribution
275  between the two metabolic branches was close to 1:1. The slight discrepancy is due to
276  biomass-related demand for carbon and NADPH, which is relatively low under anaerobic
277  conditions, biomass yield accounting for just [5% Cmol/Cmol of the carbon consumed by the
278  cells as deoxyhexose sugars.

279  Under anaerobic conditions, ignoring biomass production, the theoretical maximum ATP
280 vyield is 1 mole per mole of fucose (1 fucose + 1 ADP + 1 Pi —» 1 1,2-PDO + 1 acetate + 1
281 formate + 1 ATP). This is half what it is on glucose (1 glucose + 2 ADP + 2 Pi — 2 lactate + 2
282  ATP). The carbon-yields on fucose determined here based on the flux map (Figure 3, 1 fucose
283 — 0.95 1,2-PDO + 0.88 acetate + 0.95 formate) are close to the theoretical values. ATP
284  production is thus scarcely enough to support anabolic demands and provide the

285 maintenance energy required for growth. Remarkably, the fucose consumption rate is much
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286  higher (27.5 + 0.7 mmol.(gcow.h)? — Table 1) than estimated on glucose under anaerobic
287  conditions (17.8 * 0.3 mmol.(gcow.h)? (31)), and measured on fucose (15.3 + 0.3
288  mmol.(gcow.h)™ — Table 1), glucose (7.7 + 0.4 mmol.(gcow.h)? (25)) and gluconate (12.8 + 0.3
289  mmol.(gcow.h)? — Figure S4) under aerobic conditions. From a physiological perspective,
290 faster substrate utilization increases fluxes through the central metabolism and is a means
291  for anaerobically growing cells to compensate for the apparently lower energy yields relative
292  to respiratory metabolism (32).

293 Interestingly, we found that S-1,2-PDO is also excreted in large amounts (> 0.7 mole per
294 mole of 6-deoxyhexose sugar consumed — Table 1 & 2) when the cells are cultivated
295  aerobically. This was not expected since it is assumed in the literature that S-lactaldehyde is
296 oxidized to S-lactate by AldA rather than being reduced to S-1,2-PDO by POR, S-lactate then
297  entering the central metabolism by being converted to pyruvate (11-13). This description of
298 E. coli's aerobic metabolism on deoxyhexose sugars is mainly based on the facts that i) AldA
299  activity is only detected under aerobic conditions on fucose (13); ii) POR is partially post-
300 transcriptionally inactivated under aerobic conditions (by about 70% (13)) while its
301 expression is inducible both anaerobically and anaerobically by fucose (12); and iii) 1,2-PDO
302 excretion would lead to an important overflow of reduced carbon, although reducing
303 equivalents may in theory be re-oxidized by respiration. Our metabolic flux analysis shows
304 that there is a significant flux through AIdA (about 1/3 of the substrate uptake rate), in line
305 with the fact that its activity has been detected by others when the cells are grown
306 aerobically on fucose (11, 13). Regarding 1,2-PDO synthesis by POR, it is worth mentioning
307 that significant 1,2-PDO production (approximatively 0.3 mole of 1,2-PDO per mole of
308 fucose) under similar conditions has been reported previously in the literature (13) and that

309 POR remains active, albeit partially (13, 33). However, our results indicate that residual POR
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310  activity appears to be sufficient to reduce S-lactaldehyde into 1,2-PDO. Moreover, despite
311 1,2-PDO overflow - and of acetate to a lesser extent, there is still a large excess of energy,
312  suggesting that growth is not energetically constrained, with this surplus available to cover
313 the demands of growth associated maintenance. Presumably also, the excess energy is
314  crucial in allowing the cell to face various stresses and contributes to their survival and
315 adaptation to environmental changes (3, 34).

316  S-lactaldehyde is at a metabolic node where it can be either oxidized by AldA or reduced by
317  POR. It is therefore tempting to invoke the NADH/NAD" ratio as a regulatory mechanism for
318 the metabolic fate of S-lactaldehyde, especially since NADH is an inhibitor of AldA (11). In
319  Salmonella, where AldA is completely absent, S-lactaldehyde is fully reduced to 1,2-PDO
320 during aerobic growth on L-rhamnose (35). Moreover, S-lactaldehyde, and aldehydes in
321 general (36), are assumed to be toxic compounds for E. coli’'s growth (13, 37). 1,2-PDO
322 overflow may thus be an efficient detoxification process that avoids intracellular
323  accumulation of S-lactaldehyde.

324  Finally, our comparison of the laboratory model strain K-12 MG16655 with E. coli Nissle
325 1917, a non-pathogenic probiotic commensal strain known to be a good colonizer of the
326  human gut (14), shows that their metabolisms on 6-deoxyhexose sugars are similar, with 1,2-
327  PDO excretion observed in both strains. The 1,2-PDO vyields are similar whether the cells are
328 cultivated on fucose or rhamnose, under anaerobic or aerobic conditions. This suggests that
329 1,2-PDO should be present in E. coli’s vicinity and could serve as a substrate for other
330 bacteria in the same ecological niche, including short chain fatty acid (SCFA) producers (38).
331 It has very recently been shown that so-called cross-feeding based on 1,2-PDO (produced by

332 rhamnose and fucose metabolization) influences the competitive fitness of other bacteria in
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333 the gut and is an important ecological process that shapes the gut microbiome and its
334  metabolism (4).

335

336 Materials and Methods

337  Chemicals: 1,2-Propanediol, S(L)-1,2-Propanediol, R(D)-1,2-Propanediol, fucose and
338 rhamnose were purchased from Sigma-Aldrich Chemie (Saint-Quentin Fallavier, France).
339 Propane-2-ol, hexane and ethyl acetate (both of HPLC-grade) were purchased from
340 VWRProlabo (Fontenay Sous bois, France).

341  Bacterial Strains and Cultures: The strains used in this work were Escherichia coli K-12
342 MG1655 and the probiotic Escherichia coli Nissle 1917 strain. E. coli strains were grown on
343  minimal synthetic medium containing per litre: 10 g of L-fucose or L-rhamnose, 2 g KH2POg4,
344 0.5 g NaCl, 2 g NH4Cl, 2 mmol MgS0a, 0.04 mmol CaCl,, and 1 mL of a microelement solution
345 containing 15g.L"' Na;EDTA-2H,0, 4.5 g.L'! ZnSO4-7H,0, 0.3 g.L'! CoCl,-6H,0, 0.1 g.L?
346  MnCl-4H20, 0.1 g.L'! H3BOs, 0.04 g.L't Na;Mo04-2H20, 0.3 g.L'! FeS04-7H20, and 0.03 g.L*!
347  CuSO4:5H,0. The medium for E. coli K-12 MG1655 also contained 0.1 g.L'! thiamine.
348 Magnesium sulphate and calcium chloride were autoclaved separately. Solutions of 6-
349 deoxyhexose (fucose or rhamnose), microelements and thiamine were sterilized by
350 filtration. Exponentially growing cells pre-cultured in the same medium were harvested by
351 centrifugation, washed in the same volume of fresh medium (lacking carbon sources and
352 thiamine) and inoculated at 1% (v/v). Cultures were performed in parallel with both strains
353  in 500 mL bioreactors (Multifors system, INFORS HT, Switzerland). The pH was maintained at
354 6.9 throughout the fermentation process by automatic addition of 2M NaOH and the

355 temperature was regulated at 37°C.
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356  For the anaerobic cultures, the medium was flushed with N, before inoculation. An N
357 atmosphere was maintained throughout the culture period by gently and aseptically
358  bubbling N,. The stirring speed was 300 rpm in a working volume of 0.3 L. For the aerobic
359  cultures, aeration and the speed of the stirrer were adjusted to maintain adequate aeration
360 (dissolved oxygen tension - DOT > 30 % saturation), in a working volume of 0.3 L. The
361 percentage concentrations of O, CO2 and N, were measured in the gas output during the
362  culture process using a Dycor ProlLine Process mass spectrometer (Ametek, Berwyn, PA,
363  USA).

364 Determination of biomass and extracellular metabolite concentrations: Bacterial growth was
365 monitored spectrophotometrically at 600 nm (ODeoo) (Genesys 6, Thermo, Carlsbad, CA,
366  USA). For cell dry weight (CDW) measurements, cells were collected by vacuum filtration on
367 pre-weighed and dried membrane filters (0.2 um, regenerated cellulose, 47 mm, Sartorius,
368 France). The filters were then washed with 0.9% NaCl and dried at 60 °C under partial
369 vacuum for at least 24 h until a constant weight was achieved. The OD-CDW correlation
370 factors obtained were CDW [g.L71]=0.49%0Deoo for E coli K-12 MG1655 and CDW
371 [g.L']=0.53x0Deo0 for E coli Nissle 1917. The carbon, hydrogen, oxygen and nitrogen
372  contents of the biomass were determined by elemental analysis (Ecole de Chimie, Toulouse).
373 The biomass formulas were CiH1783N02410044s for E. coli K-12 MG1655 and
374  C1H1.76aN0.24200.442 for E coli Nissle 1917.

375 Fucose, rhamnose, acetate, 1,2-propanediol and other fermentation products (lactate,
376  formate, ethanol) were quantified by nuclear magnetic resonance (NMR) (39).

377  13C-labelling experiments: 3C-labelling experiments were performed using a mixture of 20%
378  (mol/mol) [U-13C] fucose and 80% (mol/mol) [1-33C] fucose (99% of 3C atom, Eurisotop,

379  France). To minimize the amounts of labelled substrate used, the cultures were performed in
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380 1L baffled shake-flasks containing 80 mL of medium. The inoculation procedure was the
381 same as described above. Samples of intracellular metabolites were collected in mid-
382 exponential phase to ensure they reflected isotopic and metabolic pseudo-steady states.
383 Mass fractions of intracellular metabolites and of proteinogenic amino acids were
384  determined in triplicate respectively by ion chromatography—mass spectroscopy (IC-MS) as
385  described previously (22, 40) and by gas chromatography—mass spectroscopy (GC—MS) as
386 described previously (41). The isotopologue distributions were obtained by correcting for

387  naturally occurring isotopes using IsoCor (https://github.com/MetaSys-LISBP/IsoCor/) (42).

388  Enantiomeric analysis of 1,2-propanediol and lactate: The enantiomeric purity of 1,2-
389 propanediol was determined by HPLC using a 250 x 4.6 mm, 5 um particle size Chiralpak AD
390 column (Daicel Industries, Tokyo, Japan). The mobile phase was hexane:propane-2-ol (95:5
391  v/v). The flow rate of the mobile phase was 1.0 mLmin. The column temperature was
392 maintained at 30 °C and compounds were detected by refractrometry. The injection volume
393  was 20 pL.

394 1,2-propanediol was first extracted by solvent from samples collected at the end of cultures
395 separated from the cells by 10 min centrifugation at 4°C and 11000 g. Samples of
396 supernatant (20 mL) were mixed with 20 mL of ethyl acetate, the mixture was shaken, and
397 the organic phase was recovered. This step was repeated three more times. Sodium
398 sulphate (anhydrous) was added into the organic phase to eliminate traces of water. Filtered
399 organic phase was then evaporated under vacuum using a rotary evaporator. The
400 temperatures of the water bath and condenser were 30 °C and 1°C respectively; the
401 pressure was maintained at 100 mBar. Once the organic solvent was fully removed, the
402  extracted extracellular metabolites were dissolved before injection in 1 mL of the mobile

403 phase used for chromatographic analysis.
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404 R- and S-Lactate were quantified in culture supernatants using Biosentec R/S lactic acid
405 enzymatic kits according to manufacturer instructions (Biosentec, Toulouse, France).

406  Calculation of extracellular fluxes: Extracellular fluxes (i.e. deoxyhexose sugar uptake, PDO,
407 lactate, and acetate production, and growth rates) were determined from the time course
408 concentrations of biomass, substrates and products wusing PhysioFit v1.0.1

409  (https://github.com/MetaSys-LISBP/PhysioFit, (43)). Standard deviation on extracellular

410 fluxes were determined using a Monte-Carlo approach with 500 iterations.

411  Metabolic fluxes analyses: Metabolic flux distributions in the central metabolism were
412  obtained with stoichiometric models under the assumption of a metabolic pseudo-steady
413  state, based on the network topology shown in Figure 1 and using experimental input and
414  output fluxes as constraints (i.e. extracellular sugar uptake and by-products excretion rates,
415 and anabolic requirements of precursors to support growth (28)). Under anaerobic
416  conditions, the inactive reactions were removed from the metabolic network (Figure 3) and
417  additional constraints were imposed to balance redox fluxes (i.e. the fluxes of NADPH and
418  NADH production and utilization). Under aerobic conditions, methylglyoxal metabolism and
419 the glyoxalate pathway were not included in the stoichiometric model. Fluxes between the
420  tricarboxylic acid cycle and the lower part of glycolysis were considered to be carried by
421  phosphoenolpyruvate carboxylase, phosphoenolpyruvate carboxykinase and malic enzyme
422  as suggested by several authors (25, 44). Furthermore, because i) the soluble and
423  membrane-bound, proton-translocating transhydrogenases UdhA and PntAB are active (26)
424  and, ii) redox equivalents can be reoxidized by the electron transport chain, no co-enzyme
425  balancing constraints were imposed. Instead, the metabolic fluxes were resolved under
426 these conditions, using a stable isotope (*3C) labeling approach, by fitting additional isotopic

427  balance equations to the '3C-labeling patterns of metabolites. All flux calculations were
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428 performed using the sotware influx_si v5.3.0 (23). A chi-square statistical test was used to
429  assess the goodness-of-fit for each condition. Standard deviations on the fluxes were
430 determined using a Monte-Carlo approach with 100 iterations.

431 Redox (NADH, NADPH, FADH, and FMNH,) fluxes were estimated by summing the fluxes
432  through all reactions producing or consuming the corresponding cofactors. Similarly, ATP
433  production via substrate-level phosphorylation was calculated by summing the fluxes of ATP-
434  producing reactions and subtracting fluxes of ATP-consuming reactions. ATP produced via
435  oxidative phosphorylation was inferred from the production rates of NADH, FADH, and
436  FMNH,, assuming P/O ratios of 1.5 for NADH, and 1.0 for FADH; and FMNH; (45). The ATP
437  consumed for fucose transport via L-fucose-H* symport activity was estimated assuming a
438  stoichiometry of 1 H* per internalized fucose (46). Finally, NADPH and ATP requirements for
439  biomass formation were estimated from the composition of the biomass and measured
440 growth rates. The non-growth-associated maintenance value was taken from the genome-
441  scale model of Feist et al. (27).
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TABLES
Table 1: Growth parameters of E. coli K-12 MG1655 cultivated aerobically and
anaerobically on L-fucose or on L-rhamnose as sole carbon sources. The data shown are the
specific rates for growth (umax), substrate uptake (qgs), 1,2-propanediol formation (gepo),
acetate formation (qace), and formate formation (gror), calculated from the data in Figure 2,
and the yields of biomass (Yx/s), 1,2-propanediol (Yeposs), acetate (Yacess) and formate (Yrorss).
Parameters L-fucose L-rhamnose

-0 +0, -0 +0>
u(hl) 0.20 £0.01 0.49 +0.01 0.27 £0.01 0.36 £ 0.01
as (mmol.(gcow.h)?) 27.5+0.7 15.3+0.3 19.1+0.1 10.0+0.2
aroo (mmol.(gcow.h)?) 29.4+1.1 11.6+0.1 16.7 + 0.1 7.1+0.1
dace (mmol. (gcow.h)?) 21.0+1.3 45+0.1 13.1+0.1 0.7+0.1
Aror (Mmol. (gcow.h)?) 18.3+0.1 ND* 10.4 + 0.1 ND*
gcoz (mmol. (gcow.h)?) NM** 17.8+0.9 NM** 17.6+0.4
Yx/s (gx.mol?) 7.2+0.2 31.7+0.6 143+0.1 35.8+0.9
Yeoo (mol.mol?) 1.07 £0.05 0.76 £ 0.02 0.87 £0.01 0.71+£0.02
Yace (Mmol.mol?) 0.76 £ 0.05 0.30 £0.01 0.69 £ 0.01 0.07 £0.01
Yor (Mmol.mol?) 0.68 £ 0.02 ND* 0.54+0.01 ND*
Ycoz2 (mol.mol?) NM* 1.17 +0.06 NM* 1.75+0.05

*. Not determined

**. Not measured


https://doi.org/10.1101/2021.04.12.439581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.12.439581; this version posted April 14, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

580 Table 2: Growth parameters of E. coli Nissle 1917 cultivated aerobically and anaerobically

581 on L-fucose or on L-rhamnose as sole carbon sources. The data shown are the specific rates

582  for growth (Umax), substrate uptake (qgs), 1,2-propanediol formation (grpo), acetate formation

583  (gace), and formate formation (gror), calculated from the data in Figure S3, and the yields of

584  biomass (Yx/s), 1,2-propanediol (Yepoys), acetate (Yacess) and formate (Yeorss).
Parameters L-fucose L-rhamnose

-0 +0, -0 +02

u(h?l) 0.30+0.01 0.48 +0.01 0.32+0.01 0.28 +0.01
gs (mmol. (gcow.h)?) 20.8+1.0 12.8+0.3 20.8+0.3 6.9+0.2
aroo (mmol. (gcow.h)?) 19.3+1.44 11.1+0.2 17.3+0.2 5.5+0.1
dace (mmol. (gcow.h)?) 14.7+1.7 40+0.2 13.4+0.2 0.2+0.1
dror (MmMol. (geow.h)?) 12.0+0.6 ND* 10.2+0.8 ND*
gcoz (mmol. (gcow.h)?) NM** 15.3+2.4 NM** 12.3+0.7
Yx/s (gx.mol?) 14.3+0.7 37.2+1.1 15.9+0.3 41.4+1.3
Yeoo (mol.mol?) 0.92 £+ 0.08 0.86 + 0.03 0.86 + 0.02 0.79 £0.03
Yace (mol.mol?) 0.71+0.09 0.31+0.02 0.67£0.01 0.03+0.01
Yror (Mmol.mol?) 0.58 £0.04 ND* 0.51+0.01 ND*
Ycoz2 (mol.mol?) NM* 1.19+0.2 NM* 1.79+0.1

585  *: Not determined

586  **: Not measured

587

588
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591  Figure 1: Metabolic network of 6-deoxyhexose catabolism in Escherichia coli. The genes
592 encoding the various enzymatic steps are shown in italics. The genes and metabolites
593  specific to fucose and rhamnose metabolism are shown in dark blue and medium blue
594  respectively. *, suspected reactions with no identified gene(s) (21). Methylgloxal metabolism
595 is shown in grey. Pathway abbreviation: PP pathway, pentose-phosphate pathway; ED

596 pathway, Entner-Doudoroff pathway; EMP pathway, Embden-Meyerhof-Parnas pathway
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597 (glycolysis); Mglyo pathway, methylglyoxal pathway; TCA cycle, tricarboxylic acid cycle.
598 Metabolite abbreviations: L-fuc, L-fuculose; L-rha, L-rhamnulose; L-fucP, L-fuculose-1-
599 phosphate; L-rhaP, L-rhamnulose-1-phosphate; S(R)-lactald, S(R)-lactaledyde; S(R)-lact, S(R)-
600 lactate; S(R)-1,2-prop, S(R)-1,2-propanediol; Mglyo, methylglyoxal; gbp, glucose-6-
601 phosphate; fép, fructose-6-phosphate; fbp, fructose-1,6-biphosphate; dhap,
602 dihydroxyacetone  phosphate; gap, glyceraldehyde 3-phosphate; bpg, 1,3-
603  biphosphoglycerate;  3pg, 3-phosphoglycerate; 2pg, 2-phophoglycerate; pep,
604 phosphoenolpyruvate; pyr, pyruvate; 6pgl, 6-phosphoglucono-6-lactone; 6pg, 6-
605 phophogluconate; Rb5P, ribulose-5-phosphate; r5p, ribose-5-phosphate; x5p, xylulose-5-
606 phosphate; s7p, sedoheptulose-7-phosphate; edp, erythrose-4-phosphate; acoa, acetyl
607 coenzyme A; acp, acetyl phosphate; cit, citrate; icit, isocitrate; glx, glyoxylate; akg, a-
608 ketoglutarate; succoa, succinyl-coenzyme A; suc, succinate; fum, fumarate; mal, malate; oaa,
609  oxaloacetate.

610


https://doi.org/10.1101/2021.04.12.439581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.12.439581; this version posted April 14, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

o}
1

gl
(
LY

Fucose (@ (g.L™"

Biomass ( @, 1,2-Propanediol (@),
Rhamnose (@ (g.L™)

Acetate (©Q), Formtate @) (
(o)
o
Biomass (@), 1,2-Propanediol
Acetate (©), Formtate (@) (g

(
L

(0,

Fucose (@) (g.L™)

Biomass (@), 1,2-Propanediol
Rhmanose (@ (g.L™")

Acetate (@), Formtate @) (9
n
Biomass (@, 1,2-Propanediol
Acetate (©), Formtate (@) (3.L”)

611

612  Figure 2: Growth profiles of E. coli K-12 MG1655 cultivated anaerobically on fucose (A) or
613 rhamnose (B), and aerobically on fucose (C) or rhamnose (D). The cultures were grown in
614  bioreactors on fucose or rhamnose as sole carbon and energy source, under nitrogen
615 atmosphere for anaerobic cultures and with a dissolved oxygen tension above 30% for
616  aerobic cultures. The solid lines are the best fits obtained with physiofit (43).
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618

619  Figure 3: Flux distribution in the central metabolism of Escherichia coli K-12 MG1655
620 growing anaerobically on fucose. Fluxes are given as a molar percentage of the specific
621  fucose uptake rate which was set to 1.

622
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623
624  Figure 4: Flux distribution in the central metabolism of Escherichia coli K-12 MG1655
625 growing aerobically on fucose. Fluxes are given as a molar percentage of the specific fucose
626

uptake rate which was set to 1. Net extracellular fluxes measured (mmol.(gcow.h)?) are

627 shown in blue. The growth rate was 0.43 + 0.04 h1.
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Figure 5: Quantitative analysis of redox and energy metabolism in Escherichia coli K-12
MG1655 grown aerobically on fucose. The absolute fluxes (mmol.(gcow.h)™) of reactions
linked to NADPH (A) and ATP (B) metabolism are shown, as calculated from carbon fluxes

(Figure 4).
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