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Abstract: A pfl ldhA double mutant Escherichia coli strain
NZN111 was used to produce succinic acid by overex-
pressing the E. coli malic enzyme. Escherichia coli strain
NZN111 harboring pTrcML produced 6 and 8 g/L of suc-
cinic acid from 20 g/L of glucose in flask culture at 37°C
and 30°C, respectively. When NZN111(pTrcML) was cul-
tured at 30°C with intermittent glucose feeding the final
succinic acid concentration obtained was 9.5 g/L and the
ratio of succinic acid to acetic acid was 13:1. This system
could not be analyzed by conventional metabolic flux
analysis techniques, since some pyruvate and succinic
acid were accumulated intracellularly. Therefore, a new
flux analysis method was proposed by introducing intra-
cellular pyruvate and succinic acid pools. By this new
method the concentrations of intracellular metabolites
were successfully predicted and the differences between
the measured and calculated reaction rates could be con-
siderably reduced. © 2001 John Wiley & Sons, Inc. Biotechnol
Bioeng 74: 89–95, 2001.
Keywords: succinic acid; malic enzyme; metabolic engi-
neering; metabolic flux analysis; Escherichia coli

INTRODUCTION

Succinic acid is a member of the C4-dicarboxylic acid fam-
ily and can be used as a precursor of numerous products,
including pharmaceuticals, fine chemicals, and biodegrad-
able polymers. Succinic acid has been produced by chemi-
cal processes. Recently, much effort has being expended on
the production of succinic acid by microbial fermentation
using renewable feedstocks because of pollution problems
associated with chemical processes (Lee et al., 1999;
Zeikus, 1980). The best-known succinic acid-producing
bacterium isAnaerobiospirillum succiniciproducens, which
can produce a mixture of succinic acid and acetic acid at a
molar ratio of 2:1 from glucose (Lee et al., 1999; Samuelov

et al., 1991).Escherichia coliproduces several metabolic
products by fermentation: acetic acid, ethanol, formic acid,
lactic acid, and also a small amount of succinic acid. The
ratio of these fermentation products varies depending on the
culture condition employed.

Metabolic engineering has become a new paradigm for
the more efficient production of desired bioproducts (Lee
and Papoutsakis, 1999). Metabolic engineering can be de-
fined as directed modification of cellular metabolism and
properties through the introduction, deletion, and modifica-
tion of metabolic pathways by using recombinant DNA and
other molecular biological tools (Bailey, 1991; Lee and Pa-
poutsakis, 1999). Recently, several metabolic engineering
strategies were developed for the production of succinic
acid byE. coli. In one example, phosphoenolpyruvate (PEP)
carboxylase (Ppc) was overexpressed inE. coli to improve
succinic acid production (Millard et al., 1996). In another
example, fumarate reductase (FrdABCD) was overex-
pressed inE. coli for the conversion of fumaric acid to
succinic acid (Goldberg et al., 1983; Wang et al., 1998).

In E. coli, PEP is converted to malic acid in two reaction
steps (Fig. 1) catalyzed by Ppc and malate dehydrogenase
(Mdh). Malic acid can also be synthesized from pyruvate by
the action of malic enzyme (coded by thesfcAgene). By this
route the ATP released by conversion of PEP to pyruvate is
conserved (Laivenieks et al., 1997) and, therefore, the route
is energetically favorable (Stols and Donnelly, 1997). Un-
fortunately, the reversible reaction from pyruvate to malic
acid is strongly shifted towards pyruvate. For a normalE.
coli strain, the Km value of malic enzyme is 16 mM for
pyruvate and only 0.4 mM for malic acid (Samuelov et al.,
1991) and, therefore, succinic acid is not produced from
pyruvate. In an engineered strain where lactate dehydroge-
nase (Ldh) and pyruvate formate-lyase (Pfl) are blocked, the
pool of pyruvate may, however, be sufficiently large to
overcome the unfavorable equilibrium of the malic enzyme
catalyzed reaction. Another obvious advantage of employ-
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ing this mutant strain is reduced production of acetic acid
and lactic acid.

In this study, we used a metabolically engineeredE. coli
strain for the production of succinic acid from glucose via
pyruvate and malic acid. We also carried out metabolic flux
analysis to examine the activity of other pathways in the
overall metabolic networks.

MATERIALS AND METHODS

Bacterial Strain and Plasmid

E. coli strain NZN111 (F− pfl::CamldhA::Kan) was used. In
this strain the anaerobic pyruvate utilization pathway is
blocked because of the insertional inactivation of thepfl and
ldhA genes (Fig. 1). The Pfl catalyzes conversion of pyru-
vate to acetyl-CoA and formic acid, while the Ldh converts
pyruvate to lactic acid. As a consequence, NZN111 lost its
anaerobic fermentation ability. However, it should be noted
that there remains some residual activity of these enzymes
leading to some small production of lactic acid and acetic
acid (Bunch et al., 1997).

Construction of the plasmid used in this study is pre-
sented in Figure 2. ThesfcA gene which encodes the an-
aerobic NAD+ specific malic enzyme was cloned by PCR
from E. coli XL1-Blue (supE44 hsdR17 recA1 endA1
gyrA96 thi relA1 lac F8(proAB lacIq lacZ D M15
Tn10(tetr))) (Stratagene Cloning Systems, La Jolla, CA,
USA). PCR primers were designed based on the reported
full sequence (Blattner et al., 1997). The forward primer
(Mal-F2) 58-CCCCAAGCTTCCATGGATATTCAAAAA-
AGAGTGAG-38 was designed to containHindIII and NcoI
restriction enzyme sites (underlined). The reverse primer
(Mal-R2) 58-TGCTCTAGATTAGATGGAGGTACGGC-
GG-38 was designed to containXbaI site (underlined). PCR

was performed using a PCR Thermal Cycler MP TP3000
(Takara Shuzo Co., Shiga, Japan) and High Fidelity PCR
System (Boehringer Mannheim, Germany). The PCR prod-
uct was ligated into the polylinker region of pUC19
(Yanisch-Perron et al., 1985) usingHindIII and XbaI re-
striction enzyme sites to construct pHS3. The DNA se-
quence of thesfcAgene was confirmed by sequencing with
an automatic DNA sequencer (ABI Prism model 377, Per-
kin Elmer Co., Oak Brook, IL). TheNcoI-XbaI fragment
containing thesfcA gene was ligated into theNcoI-XbaI
double-digested pTrc99a (Amann, 1985) to construct
pTrcML (Fig. 2). E. coli NZN111 was transformed with
pTrcML by electroporation. Malic enzyme was expressed
from thetrc promoter by inducing with isopropylthio-b-D-
galactoside (IPTG).

Flask Culture

Cells were grown in LB medium (tryptone 10 g/L, yeast
extract 5 g/L, NaCl 5 g/L) at 250 rpm in a shaking incubator
(Sambrook et al., 1989). The effects of temperature on cell
growth and product formation were examined by culturing
cells at 30°C and 37°C. Antibiotics added were: 100mg/mL
ampicillin, 30 mg/mL kanamycin, and 30mg/mL chloram-
phenicol. Cells were cultured aerobically until the culture
OD600 reached 0.8, at which point IPTG was added to a
final concentration of 0.01 mM. After 1 h of cultivation, 10
mL of culture broth was injected into a 250 mL stoppered

Figure 1. Anaerobic metabolic pathways inE. coli NZN111. Filled rect-
angles represent inactivated enzymes. Enzyme coded by the genes shown
are: ppc, PEP carboxylase;pck, PEP carboxykinase;mdh, Malate dehy-
drogenase;pyk, Pyruvate kinase;ldhA, Lactate dehydrogenase;pfl, Pyru-
vate formate-lyase;sfcA, Malic enzyme;fumB, Fumarase B;frdABCD,
Fumarate reductase.

Figure 2. Construction of plasmid pTrcML.
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serum bottle containing 100 mL LB broth supplemented
with 20 g/L glucose, 10 g/L MgCO3, and the antibiotics
mentioned above. The solid MgCO3 prevents toxic acidifi-
cation of the culture by neutralizing the acids formed during
fermentation. An air–CO2–H2 (molar ratio of 2:1:1) gas
mixture (Kosock Gas, Taejon, Korea) was used to replace
head-space gas in the sealed bottle.

Fermentation

In order to achieve a higher succinic acid concentration,
fed-batch culture was carried out at 30°C using a BioFlo
3000 bioreactor (5 L; New Brunswick Scientific, Edison,
NJ) initially containing 3 L of LB medium supplemented
with 20 g/L of glucose. As indicated below, glucose was
intermittently fed when depleted in the culture medium.
Instead of MgCO3, 5 M NaOH was used to maintain the pH
at 6.7. The dissolved oxygen (DO) level was maintained
over 40% of air saturation during aerobic cultivation. At the
OD600of 5, IPTG was added to a final concentration of 0.01
mM. This allowed production of soluble malic enzyme up to
30% of total cell proteins. Any further increase of IPTG
concentration was neither beneficial nor necessary (data not
shown). After IPTG induction anaerobic conditions were
achieved by lowering the agitation speed and flushing the
bioreactor with oxygen-free CO2–H2 (molar ratio of 1:1)
gas mixture (Kosock Gas). Once anaerobic condition was
achieved there was no further gassing during fermentation.

Analysis of Metabolites

Fermentation products in the medium were analyzed by
high-performance liquid chromatography (Hitachi chroma-
tography system, Tokyo, Japan) equipped with an Aminex
HPX-87H column (300 × 7.8 mm, Bio-Rad Laboratories,
Hercules, CA) and a refractive index detector (L-3300, Hi-
tachi chromatography system). The column was eluted iso-
cratically with 5 mM H2SO4. Intracellular metabolite con-
centrations were determined as follows (Banul et al., 1993).
Cell pellets were collected by centrifuging 0.5 mL of culture
broth at 3,600g and 4°C for 5 min, then resuspended in
tubes containing 0.028 mL of 11.7 M perchloric acid plus
20 mM Na2EDTA. Cell suspension was vigorously mixed
for 1 min, then left in an ice-bath for 2 h before neutraliza-
tion with 0.078 mL of 3 M KHCO3. Salts and cell debris
were removed by centrifugation at 7,200g and 4°C for 10
min. The supernatants were analyzed by HPLC.

Metabolic Flux Analysis

Metabolic flux analyses were carried out for the calculation
of volumetric rates of formation of intracellular metabolites
(Lee and Papoutsakis, 1999; Nielsen and Villadsen, 1994).
Metabolic flux analysis is based on the pseudosteady-state
assumption, which means that there is no accumulation of
any intermediates:

r = TTv

The vectorr is defined as the net formation rates of me-
tabolites (mM/g DCW/h), andv is the internal reaction rates
(mM/g DCW/h).T is the total stoichiometric matrix for all
reactants and products of reactions. Two different metabolic
flux analysis techniques were used: the conventional
method and a new method in which the fluxes to the intra-
cellular metabolite pools were introduced (see below).

RESULTS AND DISCUSSION

Flask Culture

The results of flask cultures are presented in Figure 3. Gen-
erally, wild-typeE. coli strains fermentatively produce 1.3 g
succinic acid, 2.4 g acetic acid, and 8.0 g lactic acid from 20
g glucose when cultured at 37°C and pH 6.3 (Neidhardt et
al., 1996). The noninduced culture of NZN111(pTrcML)
slowly consumed a small amount of glucose and produced
2.9 g/L succinic acid, 0.1 g/L acetic acid, and 4.7 g/L lactic
acid. Therefore, it can be seen that less acetic acid and lactic
acid were produced by inactivating Ldh and Pfl. In spite of
Ldh inactivation, however, a considerable amount of lactic
acid was produced when NZN111(pTrcML) was cultured at
30°C. This was due to the fact that the activity of Ldh was
not completely removed (about 1% of specific activity of
Ldh remained; Bunch et al., 1997). When NZN111
(pTrcML) was induced with 0.01 mM IPTG, the final con-
centrations of succinic acid obtained at 37°C and 30°C were
6 and 8 g/L, respectively (Fig. 3). The latter is 6 times
higher than that obtained with wild-typeE. coli. The in-
duced cells of NZN111(pTrcML) fermented glucose and
converted it to succinic acid as a major fermentation prod-
uct.

Conversion of glucose via the EMP pathway and conver-
sion of pyruvate to lactic acid is redox-balanced. When,
however, the lactic acid and the formic acid-producing path-
ways are blocked and succinic acid is the end product of
glucose fermentation, two moles of NADH are consumed

Figure 3. Final concentrations of succinic acid (g/L,j), lactic acid (g/L,
), and acetic acid (g/L,h) when NZN111(pTrcML) was cultured in flask

under several conditions.
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per mole of glucose (Clark, 1989). This is why H2 gas (1
mole H2 4 1 NADH) was included in the head-space gas
(but see below).

Fermentation

Since succinic acid production was better at 30°C than
37°C, the fed-batch culture was carried out at 30°C. The
time profiles of cell density and the concentrations of glu-
cose and organic acids are presented in Figure 4. After 12 h
of aerobic cultivation the culture OD600 reached 10 and
anaerobic condition was established. At this point, the re-
sidual glucose concentration was 13 g/L. After 60 h of
anaerobic cultivation glucose was completely consumed.
From this point, glucose was occasionally supplemented
(arrows in Fig. 4A) to supply the carbon source. Concen-
trations of succinic acid and malic acid increased steadily
throughout the cultivation. The final concentrations of suc-
cinic acid, lactic acid, and acetic acid were 9.4, 1.9, and
0.7 g/L, respectively.

Considering the time profiles of metabolite concentra-
tions, the anaerobic cultivation phase can be divided into
four periods. In Period I (10 h < t < 37 h), theculture OD600

decreased. During this period succinic acid was produced as
a major product and the formation of other organic acids
was suppressed. In Period II (37 h < t <71.5 h), glucose was
completely consumed while malic acid started to be pro-
duced. The concentration of succinic acid steadily increased
and the formation of other organic acids was still sup-
pressed. In Period III (71.5 h < t < 95.5 h), the concentra-
tions of succinic acid and malic acid rapidly increased.
Also, the concentrations of other organic acids started to
increase. The concentrations of acetic acid, lactic acid, and
formic acid were rather constant, while that of ethanol in-
creased more rapidly. During this period glucose concen-
tration fluctuated between low and medium levels due to the
intermittent feeding. The increased glucose consumption
rate seems to be due to the expression of a high-affinity
sugar transport system, which has been shown to be maxi-
mally expressed when cells grown under glucose-rich con-
dition begin to adapt to very low external glucose concen-
tration (Ferenci, 1996). In Period IV (90 h < t <123.5 h), the
glucose consumption rate decreased because of reduced vi-
abilities of cells due to the long cultivation, by-product ac-
cumulation, and depletion of nutrients. The concentration of
succinic acid increased steadily during this period, while
those of the other organic acids were rather constant. It was
later found that during Period IV intracellular accumulated
pyruvate was converted to succinic acid, leading to the de-
crease of intracellular pyruvate concentration (see below).

In contrast to the flask culture results, a large amount of
malic acid was produced. Initially this was thought to be due
to the H2 initially provided in the head-space as a gas mix-
ture was insufficient to regenerate NADH required by the
cells. To examine if this is true, two fermentations were
carried out. First, when the strain was cultured under CO2

atmosphere, similar results were obtained (3.4 g/L succinic
acid and 3.5 g/L malic acid). Second, the CO2-H2 mixture
was purged at every 8-h interval to possibly supply more
reducing power. However, the supply of extra H2 gas did
not exert any effect on succinic acid production (2.5 g/L
succinic acid and 5.4 g/L malic acid). Therefore, it was
concluded that H2 gas cannot provide extra reducing power
to the metabolically engineeredE. coli cells described here.

Metabolic Flux Analysis

The result of fed-batch cultivation was analyzed by two
metabolic flux analysis techniques. One is the conventional
method (Lee and Papoutsakis, 1999; Nielsen and Villadsen,
1994) and the other is a new method in which the fluxes to
the intracellular pyruvate and succinic acid pools were in-
troduced. In conventional metabolic flux analysis, the meta-
bolic network consists of 13 reactions and 7 metabolic in-
termediates. Five reaction rates (glucose, succinic acid, ext-
Mal, acetic acid, and biomass) and maintenance energy are
used to calculate volumetric formation rates of intracellular

Figure 4. Time profiles of (A) the culture OD600 (m) and glucose con-
centration (g/L,n), and (B) concentrations of succinic acid (g/L,d), malic
acid (g/L,s), acetic acid (g/L,.), lactic acid (g/L,,), formic acid (g/L,
j), and ethanol (g/L,h). Arrows indicate the time points of glucose
addition.
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metabolites. The biomass composition is assumed to be
CH1.8O0.5N0.2, which is the average biomass composition of
microorganisms (Ingraham et al., 1983). It is also assumed
that 1% of biomass is regenerated in 1 h at30°C (Ingraham
et al., 1983). The redundant information (lactic acid, formic
acid, and ethanol formation rates) is used to check the va-
lidity of the system by comparing the calculated formation
rates with the measured ones. The average intracellular
metabolic flux distribution during the entire anaerobic con-
dition was calculated and is shown in Figure 5. The flux
analysis seemed to have failed because the lactic acid ex-
cretion rate was considerably overestimated (230% of the
measured one). Comparison of the results of metabolic flux
analysis in each phase (data not shown) suggested that the
overestimation of lactic acid excretion rate was due to the
intracellular accumulation of pyruvate and succinic acid.

As mentioned earlier, intracellular pyruvate accumulation
is necessary to change the direction of reaction catalyzed by
malic enzyme (note that the Km values of malic enzyme are
16 mM for pyruvate and 0.26 mM for malic acid (Stols and
Donnelly, 1997)). This means that the intracellular pyruvate
concentration, which is initially low, needs to be increased
to a certain level. To see if this really happens in our engi-
neered strain, intracellular concentrations of pyruvate, malic
acid, and succinic acid were measured from the sample
taken at 24, 58, 72, 86, and 103 h (Fig. 6). From the results,
it was found that significant amounts of intracellular pyru-
vate and succinic acid were accumulated. Consequently, the
flux to the intracellular pools of pyruvate and succinic acid

were introduced to mimic the intracellular accumulation of
pyruvate and succinic acid. In this new metabolic network
there are 16 reactions and 8 metabolic intermediates (see
Appendix). Seven reaction rates (glucose, ext-Suc, ext-Mal,
acetic acid, lactic acid, formic acid, and biomass) and main-
tenance energy were used to calculate volumetric formation
rates of intracellular metabolites.

Figure 7 represents the average intracellular metabolic
flux distribution during the entire anaerobic cultivation, and

Figure 5. Pictorial representation of the intracellular flux distribution
determined by conventional metabolic flux analysis during the entire an-
aerobic culture (mM/g DCW/h).

Figure 6. Time profiles of calculated intracellular pyruvate (mM,d) and
succinic acid (mM,s) concentration calculated by the new flux analysis
method, and measured intracellular pyruvate (mM,m) and succinic acid
(mM, ,) concentration.

Figure 7. Pictorial representation of the intracellular flux distribution
during the entire anaerobic cultivation (EA), during Period I (PI), Period II
(PII), Period III (PIII), and Period IV (PIV) (mM/g DCW/h). See Appendix
for the reactions.
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also during Period I, II, III, and IV. From the result of
metabolic flux analysis for the entire anaerobic cultivation it
was found that the calculated formation rates match the
measured ones much better by introducing the fluxes to the
intracellular metabolite pools compared with that obtained
by conventional flux analysis. It was found that only 3% of
pyruvate was converted to acetic acid. Consequently, it
could be concluded that production of other by-products,
especially acetic acid, was significantly reduced and most of
the pyruvate was used to produce succinic acid and malic
acid (mainly due toldhA pfl double mutation in NZN111).
However, 38% of malic acid was excreted and 23% of
succinic acid was intracellularly accumulated. Therefore,
new strategies need to be developed to further enhance suc-
cinic acid production. Overexpression of fumarase, adjust-
ment of redox balance, or the introduction of an efficient
succinic acid transport system may be a solution.

In Period I, nearly all PEP was converted to pyruvate and
80% of pyruvate was converted to malic acid. The calcu-
lated lactic acid formation rate was higher than the mea-
sured one. All malic acid was converted to succinic acid, but
only 38% of the produced succinic acid was excreted to the
medium. No further intracellular accumulation of pyruvate
was observed during this period. In Period II the intracel-
lular succinic acid concentration decreased. The rate of for-
mic acid formation suddenly increased in this period. In
Period III the glucose consumption rate increased and 35%
of malic acid was converted to succinic acid. The intracel-
lular concentration of pyruvate increased and all succinic
acid was excreted to the medium. In Period IV, glucose
consumption rate was decreased to 0.28 mM/g DCW/h and
93% of malic acid was converted to succinic acid. The
intracellular pyruvate concentration decreased in this pe-
riod.

The time profiles of the intracellularly accumulated me-
tabolite concentrations calculated by the new flux analysis
technique were compared with those of measured intracel-
lular metabolites to check the appropriateness of introduc-
ing intracellular pyruvate and succinic acid pools (Fig. 6).
The measured intracellular pyruvate concentration was
maintained at a low level (below 1 mM) throughout the
anaerobic cultivation period except at 86 h (5.6 mM). This
was in accordance with the result of metabolic flux analysis,
which predicted little intracellular accumulation of pyruvate
except for Period III, in which glucose consumption rate
sharply increased. This sharp increase seems to be due to the
unbalance of pyruvate metabolism. Pyruvate catabolic path-
ways such as TCA cycle, lactic acid pathway, and acetic
acid pathway were mostly inactive in our system, while
glucose consumption rate greatly increased in Period III,
most likely due to the induction of a higher-affinity sugar
transport system. This seems to be why the intracellular
pyruvate concentration increased to balance the carbon
flow.

The time profile of the calculated intracellular succinic
acid concentration was less similar to that of the measured
one. The measured intracellular succinic acid concentration

increased in the early fermentation phase and was main-
tained at the constant value of 2 mM. From the result of
metabolic flux analysis, a steady increase of intracellular
succinic acid concentration was predicted. It was postulated
that the mismatch between the measured and calculated val-
ues was due to the exclusion of some intracellular reaction
pathways, such as propionate production, cofactor biosyn-
thesis, etc. When required, more accurate prediction of in-
tracellular metabolite concentration will be possible if we
include more pathway reactions and accordingly more mea-
surement for the flux analysis.

The sums of differences between the calculated and mea-
sured formation rates of lactic acid, formic, acid and ethanol
were calculated and are compared in Figure 8. When the
new method was used much smaller differences were ob-
served. Especially after 79 h the difference obtained with
the conventional method was as high as 1.5 mM/g DCW/h,
while that obtained using the new method was less than 0.5
mM/g DCW/h. Therefore, if there are intracellular metabo-
lites showing a time-dependent change of concentrations, it
is important to introduce fluxes to these intracellular me-
tabolite pools for better flux analysis. In other words, one
can consider the possibility of introducing the fluxes to the
intracellular metabolite pools when the validation fluxes
calculated by the conventional flux analysis are not satis-
fied.

In this article we report that succinic acid can be effi-
ciently produced by employing metabolically engineeredE.
coli with amplified malic enzyme activities. We also intro-
duce a new concept of introducing fluxes to the intracellular
metabolite pools in the flux analysis procedure. By doing
this, the concentrations of intracellular metabolites were
predicted and the differences between the measured and
calculated reaction rates could be considerably reduced.

Figure 8. Time profiles of the sums of differences (mM/g DCW/h) be-
tween the calculated and measured formation rates of lactic acid, formic
acid, and ethanol when the conventional flux analysis method (d) and the
new flux analysis method (s) were used.
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This technique should be useful for analyzing a system in
which some intracellular metabolites can potentially be ac-
cumulated.

We thank David P. Clark for kindly providing theE. coli strain
NZN111. We also thank J. Villadsen for many important sug-
gestions regarding the metabolic flux analysis.

APPENDIX

Glucose + PEP→ Glucose-6P + Pyruvate (R1)
Glucose-6P + 2.5ATP +NADPH→

6CH1.8O0.5N0.2 + 2NADH (R2)
Glucose-6P + ADP + 2NAD+ → 2PEP +

ATP + 2NADH (R3)
PEP + CO2 + NADH → Malic acid + NAD+ (R4)
PEP + ADP→ Pyruvate + ATP (R5)
Pyruvate + NADH→ Lactic acid + NAD+ (R6)
Pyruvate + CO2 + NADH → Malic acid + NAD+ (R7)
Pyruvate→ Formic acid + Acetyl-CoA (R8)
Acetyl-CoA + ADP → Acetic acid + ATP (R9)
Acetyl-CoA + 2NADH → Ethanol + 2NAD+ (R10)
Malic acid → ext-Mal (R11)
Malic acid + FADH2 → Succinic acid + FAD (R12)
ATP → ADP (R13)
Pyruvate→ Pyruvate pool (R14)
Succinic acid→ Succinic acid pool (R15)
Succinic acid→ ext-Suc (R16)
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