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GRAPHICAL ABSTRACT

» Fermenting yeast produce intracellular
cyanohydrins if fed with cyanide.

* Yet, extracellular lactonitrile production
accounts for ~66% of cyanide consump-
tion.

* During fermentation, cyanide mainly
reacts with intracellular carbonyl com-
pounds.

* Intracellular cyanide reactions augment
the amplitude of oscillations.
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Synchronous metabolic oscillations can be induced in yeast by addition of glucose and removal of extracellular
acetaldehyde (ACAx). Compared to other means of ACA, removal, cyanide robustly induces oscillations, indicat-
ing additional cyanide reactions besides ACA to lactonitrile conversion. Here, '>*C NMR is used to confirm our pre-
vious hypothesis, that cyanide directly affects glycolytic fluxes through reaction with carbonyl-containing
compounds. Intracellularly, at least 3 cyanohydrins were identified. Extracellularly, all signals could be identified
and lactonitrile was found to account for ~66% of total cyanide removal. Simulations of our updated computational
model show that intracellular cyanide reactions increase the amplitude of oscillations and that cyanide addition
lowers [ACA] instantaneously. We conclude that cyanide provides the following means of inducing global
oscillations: a) by reducing [ACA] relative to oscillation amplitude, b) by targeting multiple intracellular
carbonyl compounds during fermentation, and c) by acting as a phase resetting stimulus.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Extracellular acetaldehyde (ACA,) seems to be the (main) synchroniz-
ing agent [3-5] and hence the synchronization signal depends on the

In a stirred suspension of yeast cells harvested at the diauxic shift,
synchronous metabolic oscillations can be induced by addition of glu-
cose and addition of cyanide [1,2]. The mechanism of yeast cell commu-
nication and synchronization is still an unresolved question.
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ratio between the oscillatory amplitude and average concentration of
ACA,. However, direct dynamic evidence for [ACA,]-oscillations in the
extracellular medium remains elusive. Removal of ACA, using e.g.
Na() has been shown to induce oscillations [6,7]. However, a much
stronger propensity to induce oscillations is observed using cyanide
[6]. Recently, we found that much cyanide is consumed during fermen-
tation, hypothesizing that cyanide not only reacts with ACA,, but also
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with unidentified intracellular carbonyl compounds [8]. It is well-known
that glucose (Glc), fructose (Fru), pyruvate (Pyr), dihydroxyacetone-
phosphate (DHAP), and ACA are the major carbonyl compounds
produced during fermentation [9]. Using '>C-NMR, we show that
Pyr, DHAP, ACA, and smaller sugars readily react with cyanide,
while the hexoses only show weak to no reaction in the same reac-
tion conditions used under fermentation. The obtained chemical
shifts of these cyanohydrins are used to analyze fermentation of
glucose and cyanide. Extracellularly, a single cyanohydrin signal
from lacto (lactonitrile) is dominant. The well-defined signal
allowed for a quantitative estimate of [lacto] during fermentation.
Intracellularly, the presence of at least three intracellular cyanohy-
drins, most likely from Pyr and intermediary sugars, was confirmed.
The data obtained was used to update a computational model
which subsequently was analyzed with respect to the ability of cy-
anide to induce oscillations. Collectively, we show that cyanide pre-
dominantly reacts with ACA,, but also with intracellular carbonyl
compounds produced during fermentation. Both modes of reaction
increase the amplitude of oscillations. Finally, addition of cyanide
may act as a synchronization stimulus, facilitating global oscilla-
tions. Why most cyanide reacts with ACA,, remains however an
open question.

2. Materials and methods
2.1. Cell preparation

Yeast cells (Saccharomyces cerevisiae X2180) were grown aerobically
at 30 °Cin a rotary shaker (closed batch culture) to the point of Glc de-
pletion [10]. Harvested cells were washed twice in a 0.1 M potassium
phosphate buffer (PBS), pH 6.8, followed by resuspension to the desired
cell density. Cell density was determined by optical density (OD), and
0D = 20 corresponding to a dry weight of 12.8 mg/ml was chosen. Fi-
nally, the cells were starved at 30 °C for 2 h and kept at ~0 °C until
start of experiments.

2.2. “Close to fermentation conditions”

All experiments were carried out in conditions that resembled
the fermentation conditions as closely as possible. Thus, in all ex-
periments we used 0.1 M PBS at 25 °C and pH 7.2. Unless otherwise in-
dicated, we only used concentrations of cyanide and metabolites that
resembled the values found during fermentation (i.e. [HCN] = 5 mM
and [metabolite] = 20-30 mM).

2.3. UV-Spectrometry

All spectra were measured using a Perkin-Elmer Lambda 1050 spec-
trometer fitted with a thermostat (25 °C) and magnetic stirring. Optical
spectrometry was performed on pure substances dissolved in 0.1 M PBS
and spectra from 200-800 nm were obtained from each substance.
Maximal absorbance of ACA and Pyr were found at 278 nm and
320 nm, respectively. HCN did not absorb in these regions. The relative
absorptivities were found to be (0.0075 + 0.0006) mM~'cm ™! for ACA
and (0.0202 + 0.001) mM~ 'em™! for Pyr. In 0.1 M PBS these absor-
bances were not significantly sensitive to small reaction mediated
changes in pH. Cyanohydrins derived from ACA and Pyr showed only lit-
tle absorbance, but were taken into account. From the kinetic measures
of HCN + Pyr = PyrCN and HCN + ACA = lacto, the rate constants were
determined.

2.4. BC-NMR
All NMR spectra were measured on a 500 MHz (with a *C-

cryoprobe) instrument. A sealed capillary tube containing DMSO-d6
was used in each NMR-tube as the reference for all chemical shift values

and as a lock. Field shimming was performed before recording. During
fermentation, spectra were obtained using a regular 'H-decoupled
pulse with a delay between scans of 2 s and 64 scans per spectra
(NS = 64). This setting yielded the shortest acquisition time with con-
sistent areas of signals and provided 9 spectra per fermentation. In ex-
periments where the yeast cell suspension did not ferment glucose,
signal-to-noise ratio was improved by increasing NS as indicated. Before
these recordings, the extracellular medium was separated from the
packed cells by centrifugation (18,000g) and cells were washed twice
in 0.1 M PBS.

2.5. Analyzing spectra

Free induction decays (FIDs) were analyzed in MestReNova, version
8.1.0 (Mestrelab research S.L. 2012, Santiago de Compostela, Spain).
Baseline artifacts produced by the cryoprobe were resolved and spectra
were manually phase corrected.

2.6. Internal standard

MeOH was selected as 1) it gives a single signal with a chemical shift
at48.10 ppm at pH 6.8, it is separated from the other signals in the spec-
tra from fermentation, and it remains in solution. An appropriate signal
size of MeOH relative to other signal sizes was found at c(MeOH) =
22.24 mM. For consistency a modified 0.1 M PBS buffer containing this
¢(MeOH) (in the following denoted MPBS) was therefore used in all
NMR experiments. This is paramount for the quantification process.
The 0.1 M PBS is necessary to maintain a physiologically relevant osmo-
larity and to control pH in the extracellular environment. Large fluctua-
tions in pH renders the chemical surroundings undefined, possibly
obscuring identification. Importantly, we tested that MeOH did not in-
terfere with the reactions of fermentation. First, the added amount of
MeOH did not alter glycolytic oscillations. Second, using dioxane as a
second internal standard, we tested that the ratio of MeOH and dioxane
integrals did not change significantly during a fermentation (see section
S2 in the SI).

2.7. Quantification

First, integration of a signal (here '>C-lacto) was done by fitting a
h 2

of the signal, h is the height of the signal, and y is a scale parameter spec-

ifying the half-width at half-maximum. This reduced the influence of

noise. The integral of the fitted Lorentzian was used as the area of the

signal. The area of signal was then related to the area of MeOH by calcu-

lating the ratio: R = Q&fﬁgﬁ), where A is the area of the signal. Calculated

R-values were used to construct a standard curve and to find concentra-
tions of a species during yeast fermentation.

The standard curve for *C-lacto was constructed straightforwardly
by a series of reactions between 50 mM H'>CN and ACA, assuming com-
plete reaction and hence, at equilibration [ACA]q = ['*C-lacto]. The 3C-
lacto concentration, was plotted against the experimentally determined
R. From a linear regression of ['*C-lacto] = a - R, the specific a for the
particular NMR run-settings was used calculate ['3C-lacto] during
fermentation.

Lorentzian function to the signal: f(6) = where 6y is the center

2.8. Modeling

Building upon previous models of transient glycolytic oscillations
[11,8,12], an updated model was manually fitted to capture the new
NMR data. The model was simulated on a standard PC using the
CVODE solver for stiff ODE systems (SUNDIALS) with a relative toler-
ance of 10 '° and absolute tolerance of 10~ &,
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2.9. Chemicals

All chemicals were HPLC grade from Sigma-Aldrich (St. Louis, MO,
USA), except Glc, glycerol, D0, and KCN from Merck (Darmstadet,
Germany), fructose-bisphosphate (FBP) and Pyr from Boehringer
Mannheim Gmbh (Mannheim, Germany). Finally, ethyl pyruvate is
from ICN Biomedicals (Aurora, OH, USA).

3. Results

We used H'3CN in both single reaction and fermentation experi-
ments to discriminate between the possible fates of cyanide. Addition
of H'3CN gave rise to strong signals from cyanide derived species with
the chosen recording settings of the '3C-NMR-apparatus. All reactions
were carried out in conditions that resembled our fermentation condi-
tions as closely as possible (see Methods). The fermentation process is
shown schematically in Fig. 1.

3.1. Chemical shifts of cyanohydrins

From previous studies [13,3,14] as well as our computational models
[11,9], it is known that Glc, fructose-6-phosphate (F6P), Pyr, and DHAP
are the main carbonyl containing compounds produced during yeast
cell fermentation, see Table 1. The '3C-NMR-spectra of these species
are shown in Fig. S1. By addition of 5 mM H'3>CN to 30 mM of these car-
bonyl containing compounds, the corresponding cyanohydrins were
found to have chemical shifts around 117-122 ppm, see Table 2 [15,
16], i.e. well separated from the H'>CN signal at 111.2 ppm (SI text, sec-
tion S1.2). As previously found [8], reaction of Glc (or Fru) with cyanide
does not readily occur under our conditions. However, small ketones
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and aldehydes, e.g. DHAP, Pyr, and ACA, react strongly with HCN and
the corresponding cyanohydrins of the reaction products have chemical
shifts around 120 ppm. Cyanohydrins of sugars have chemical shifts
around 118 ppm (Table 2).

3.2. Extracellular signals arising from fermentation of glucose

Fig. 2 shows a 1>C-NMR spectrum of the yeast cell suspension be-
fore and after fermentation of 25 mM Glc and 5 mM H!3CN. No '3C-
signals are observed before addition of Glc and H'3CN and only a single
cyanohydrin signal at 120.9 ppm is observed after fermentation. Note
that every signal after fermentation could be assigned using spectra of
single compounds in 0.1 M MPBS (Fig. S2), although the chemical shifts
of signals depended somewhat on the chemical surroundings, i.e. small
changes were observed between pure 0.1 M MPBS, yeast cell suspension,
and packed yeast cells (see below). The signal from CO, at 123.7 ppm,
however, was tricky as it is in the range of cyanohydrins. But this signal
disappeared if vacuum was applied (Fig. S3) and the approximate
range of chemical shift is well-known [17]. Separating supernatant
from cells after fermentation shows that a cyanohydrin signal at
120.9 ppm is predominant in the extracellular medium, see Fig. 3A.
Occasionally, two tiny additional cyanohydrin signals were also ob-
served. Direct addition of '*C-enriched lacto (produced from reaction be-
tween ACA and a small surplus of H'>CN) increased the area of dominant
signal at 120.9 ppm. Nevertheless, it cannot be excluded that signals
from other cyanohydrins are masked by the large lacto signal
(A ppm = 0.25 at the base). However, carbonyl containing compounds
other than ACA are not known to be excreted directly. In fact, all other
carbonyl-containing glycolytic intermediaries are negatively charged,
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Fig. 1. Schematic of the fermentation process. The reactions shown correspond to the biochemical transformations included in the computational model. Black: glycolytic reactions. Blue:
transport reactions and metabolites, Red: cyanide reactions. Intracellular cyanohydrins are unspecified (IM: intracellular metabolite) whereas lacto is the main extracellular cyanohydrin.

Enzymatic name abbreviations are shown in green.
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Table 1
Intracellular concentration of ketones and aldehydes during fermentation [9]. Ratio be-
tween extracellular and intracellular volumes, {¥~60 in our setup.

Metabolite c;/mM Metabolite cs/mM

ACA - ACA, ~0.07

Pyr 8.7 DHAP 2.5

F6P 0.5 FBP 5.1
Table 2

Cyanohydrin identification. Chemical shifts of the cyanide carbon of cyanohydrins pro-
duced by H'*CN + X = '3CN-X in MPBS.

X 13CN-X [ppm] X 13CN-X [ppm]
a-D-Glucose 1184 ACA 120.6
B-D-Glucose 118.8 Pyr 120.9
Fru None DHAP 121.0
FBP 119.6 Ribose 1188

prohibiting passive outflow. This supports previous findings that ACA, is
the major extracellular reactant to cyanide [3,18].

3.3. The extracellular cyanohydrin: quantification of lacto

The stable and well-defined extracellular '>C-lacto signal was not
disturbed by the ill-defined H'3CN signal [19] (unfortunately, the poor
definition of this signal disallowed for simultaneous quantification of
H'3CN). This prompted - with all conceivable reservations - an attempt

21

to estimate the 'C-lacto production by preparation of a standard curve:
The literature indicate that the equilibrium constant strongly favors
lacto formation (corroborated by our UV-spectroscopy as well) [20,
21]. Therefore a standard curve describing the '3C-lacto signal-
intensity vs. ['>C-lacto] was prepared by reaction of large excesses of
H'3CN (50 mM) relative to ACA (ensuring virtually complete conver-
sion of ACA to 3C-lacto). The standard curve was found to be linear
(Fig. 4A) and was used to estimate extracellular [*C-lacto] during fer-
mentation as seen in Fig. 4B. At the end of the fermentation process,
the ['3C-lacto] was ~1.5 mM suggesting that most cyanide reacts with
ACA, during fermentation. In [8], however, we reported that about
2 mM to 2.5 mM of free cyanide was removed per 25 mM glucose con-
sumption. Hence, formation of intracellular cyanohydrins equivalent to
~1 mM is estimated.

3.4. Intracellular cyanohydrins

After fermentation of Glc and H'3CN, at least three intracellular
cyanohydrins are observed in '*C-NMR-spectra from packed cells
(Fig. 3B). Because the packed cells retain a small fraction of H'*CN intra-
cellularly (despite washes), aliquots of either ethyl pyruvate or ACA
(both membrane permeable) were then added and allowed to react
for 20 min before wash and re-isolation. Fig. 5 shows that ethyl pyru-
vate addition increases the signal at 120.9 ppm, whereas lacto produced
from ACA did not give rise to any increase in intracellular signals. The
supernatants also contained a cyanohydrin from reaction with ethyl
pyruvate and ACA, respectively. Because a small drift in the DMSO
signal, the spectra were aligned such that the chemical shifts of the
MeOH signals were 48.1 ppm in every spectrum. DHAP also produce
a cyanohydrin at ~121 ppm, but could not be tested as DHAP cannot

A DMSO
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MeOH
‘ hes o ‘
B acto
After
EtOH EtOH
Glyc
HCO; CO} HCN [\
/
' 155 ' 14'15 ' 135 ' 1é5 ' li5 ' 165 ' 9‘5 8‘5 7‘5 ' 6‘5 ' 5‘5 ' 4‘5 3‘5 2‘5 1‘5
ppm (3)

Fig. 2. 3C-NMR spectrum of the yeast suspension before (A) and after (B) fermentation of 24 mM Glc and 5 mM H!3CN. A: Before fermentation, only the MeOH signal is observed. B: After
fermentation, clear signals from the major waste products are observed. Note that only extracellular species are observed.
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Fig. 3. Extracellular A versus intracellular B cyanohydrins. 45 min after addition of 25 mM
Glc and either 5 mM H'>CN (upper panel), 5 mM HCN (middle panel) or water (lower
panel), the extracellular medium was separated from the yeast cells (subsequently
washed twice and resuspended to 500 pl in 0.1 M MPBS) by centrifugation. Both superna-
tant (A) and packed cells (B) were then subjected to '>*C-NMR (NS = 2048 and 4096, re-
spectively). A: Extracellularly, three signals were observed — the largest by far stemming
from lacto (120.9 ppm) with the two smaller signals (120.7 and 120.1 ppm) found upfield.
With HCN, the lacto signal is only barely visible (*). B: Intracellularly, 3 cyanohydrin sig-
nals were observed at 121.0 ppm, 120.1 ppm, and 119.3 ppm.

cross the membrane. However, as [DHAP] is high during fermenta-
tion (as opposed to e.g. glyceraldehyde-3-phosphate), it is likely
that the peak at 121 ppm in Fig. 5 also contains a DHAP-derived cya-
nohydrin. The large and relatively broad signal at 119.3 ppm likely
derives from cyanohydrins produced by H'3CN reacting with various
sugars, e.g. ribose, erythrose, FBP etc. (see Table 2).

Unequivocal conclusions about the intracellular cyanohydrin identi-
ties are difficult to resolve by straight-forward NMR methods and are
outside the scope of this study. Nevertheless, the results are in align-
ment with the fact that Pyr, DHAP, and various sugars (e.g. phosphates
of fructose, gluconolactone, and ribose [22]) are intermediaries found
in largest concentrations during fermentation.

3.5. Estimation of [ACA,] during fermentation
Using spectroscopy, we found that the forward rate constant for

the HCN + ACA, reaction is kpaca = 0.11(mM-min)~ !, and
kepyr =~ 0.035(mM-min) ! for the HCN + Pyr reaction (see example
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trace in Fig. S5). Thus, lacto production seems to be ~3 times faster
compared to PyrCN production (and to our previous estimation
using a cyanide electrode [8]). However, due to the inherent inaccu-
racy of measurement of the reverse rate constant, we were unable to
obtain credible differences in Keq for the two reactions. From the
measures of the production rate of lacto of ~75 ¥ the rate constant
of lacto formation ~0.11(mM-min) ', and [HCN] of ~5 mM, we esti-
mate that [ACA,] ~ 140 uM during oscillations. Including the reverse
rate constant in this equation has no appreciable influence on this es-
timation of [ACA,].

3.6. Modeling

Although cyanide is crucial for global oscillations to occur in the
stirred suspension of yeast cells, some cells have been observed to
show individual oscillations after addition of glucose only [6]. Addition
of cyanide, however, increases the proportion of oscillating cells. The
present study shows that cyanide binds to carbonyl containing glycolyt-
ic metabolites, suggesting a direct effect on the “core” oscillator. We
used modeling to address the issue of cyanide mediated synchroniza-
tion. The following observations were adapted to our average model
of yeast cell oscillations (schematic of this model is shown in Fig. 1):
a) Fermentation of a 24 mM Glc produces up to 1.5 mM lacto (Fig. 3),
whereas total cyanide consumption on average is ~2.5 mM [8]. Thus, in-
tracellular cyanohydrin formation is around 1 mM. b) As no acetate was
found extracellularly (Fig. 2), the corresponding reactions were re-
moved. c) During oscillations, the [ACA] is on the order of 100 pM. In-
tracellularly, the lack of quantitative data for cyanohydrin production
prompted an unspecific drain of HCN. The impact of increasing the
rates of intracellular cyanide reactions with Pyr, DHAP, and ACA on
the oscillations was then assessed.

Fig. 6A-D shows dynamic profiles of key metabolites from simula-
tion of the updated average model (see section S4). Note that the ampli-
tude of [ACA,] oscillations is low despite robust [ACA] and [NADH]
oscillations. This becomes important as the average model is expanded
into a multicellular model that introduces 5% heterogeneity between
the Vinax's of individual yeast cells as shown below [12]. Increasing the
rate constants of intracellular cyanide reactions with Pyr, DHAP, and
ACA while reducing the HCN drain to maintain the same level of overall
cyanide consumption, causes a minor but definite increase of the ampli-
tude of NADH oscillations (see Fig. 6E). Due to roughly similar reaction
rates between cyanide and Pyr, DHAP and ACA [8] and because
[Pyr] > [DHAP] > [ACA] during oscillations, PyrCN is predicted to be
the major intracellular cyanohydrin formed as shown in Fig. 6F.

In addition to its role as a bifurcation parameter, addition of cyanide
subsequent to glucose could act as a phase resetting event. To test this,

B

Lacto / mM
5 b 5

o
3y

0 5 10 15 20 25 30
time / min

Fig. 4. Fermentation dynamics of extracellular ['>C-lacto]. A: A standard curve displaying the normalized signal area (’M) versus [>C-lacto] showed a linear relationship, allowing

A(48.1 ppm)

for quantitative determination of spectra obtained during fermentation (see Fig. 2). B: Calculated ['*C-lacto] profile during fermentation (n = 3).
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Fig. 5. Identifying intracellular cyanohydrins (all NS = 3560). After a fermentation, the washed yeast cells (as upper panel in Fig. 3B) were subject to extracellular addition of 75 mM ethyl
pyruvate (A) or 75 mM ACA (B) and left for >30 min. Cells were then isolated and washed twice in 0.1 M MPBS. Upper panel: Packed cells before external addition (same batch of cells used
for both the ethyl pyruvate and ACA addition). Middle panel: Washed, packed cells after the external addition. Lower panel: Supernatant after the external addition. To compare chemical
shifts between supernatant and packed cells, the MeOH signal (not shown) was used as a relative reference (volume was increased to 550 pl with 0.1 M MPBS). See text for details.
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Fig. 6. Simulations of the updated average model. A-D: Simulation-profiles of the transient dynamics of [NADH], [HCN,], [ACA,], and [lacto,], respectively. In C, the black line shows [ACA,]
while the gray curve shows intracellular [ACA]. Note that even though robust [NADH] and [ACA] oscillations are present intracellularly, the amplitude of the [ACA,] oscillations is small.
E: Intracellular cyanide reactions with Pyr, DHAP, and ACA increase the amplitude of NADH oscillations. A linear relationship between the [NADH] amplitude (measured at
t = 15 min) and production of intracellular cyanohydrins was found. Here, the amplitude was plotted against [PyrCN], albeit reaction rates of cyanide reactions with Pyr, DHAP, and
ACA were all linearly increased. F: PyrCN is predicted to be the major cyanohydrin found intracellularly because [Pyr] is larger than [DHAP] and [ACA] during oscillations.
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the average model was expanded into a multicellular model, consisting
of 1000 individual and heterogeneous yeast cells, each coupled through
ACA, (the extracellular medium). As shown in Fig. 7A, however, no syn-
chronous NADH oscillations were observed in our simulations (despite
a large proportion of individual cells showing pronounced oscillations,
see Fig. S7), indicating that either the [ACA,]-oscillations (Figs. 6C and
7B) are too small to facilitate synchronization between yeast cells or
that the sensitivity of the core oscillator to [ACA,] is too small. Yet, as
seen in Fig. 7B, subsequent addition of cyanide produces a sharp decline
in [ACA,] which could act as a global phase-resetting stimulus. This
could explain the experimental observation, that cyanide addition
subsequent to glucose is a stronger inducer of oscillations compared
to cyanide addition simultaneous to (or before) Glc addition (compare
Fig. 4A and B in [8]). Yet, in a heterogeneous population of yeast cells,
a small amplitude forcing of [ACA,] oscillations is able to synchronize
most cells [12]. This calls for a closer investigation of heterogeneity
and the robustness of oscillations in the computational models.

4. Discussion

The emergence of synchronous glycolytic oscillations in a suspen-
sion of yeast cells is believed to depend on a reduction in [ACA,].
While this reduction may be obtained by different means, oscilla-
tions are most potently induced by cyanide [6], suggesting additional
reactions besides the reaction with ACA,. Using '>C-NMR, the pres-
ent study indeed shows that cyanide readily reacts with small sugars
and carbonyl containing compounds produced during fermentation
(Table 2 and Fig. S2). Such reactions are shown to increase the ampli-
tude of oscillations. Presence of intracellular cyanohydrins was doc-
umented after fermentation (Fig. 3). Extracellularly, roughly 2.5 mM
cyanide in total is removed during fermentation [8] whereas
~1.5mM is consumed by [ACA,]. This shows that synchronized oscil-
lations are dependent on a relatively low [ACA,], estimated to be
>100 uM during oscillations, but also that ~33% of HCN is removed
intracellularly. Considering the ease of membrane diffusion, similar
rate constants of cyanide reactions to small carbonyl compounds,
and the plethora of intracellular electrophile compounds, intracellu-
lar removal seems to be somewhat low. Finally, the strong reaction
between cyanide and ACA, suggests that a cyanide addition after glu-
cose can also induce oscillations by acting as a global phase resetting
perturbation.

4.1. Extracellular products are visible in >C-NMR
Fig. 2 shows that extracellular fermentation products display '>C-

signals, which were very reproducible between repeated experiments.
Remarkably, the chemical shifts of all extracellular signals could be
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assigned to the known fermentation products (see Fig. S1). Extracellu-
larly, the large signal at 120.9 ppm stems from lacto. Not only is this re-
action known to occur extracellularly [3,4,18,5,11,8], direct addition of
13C-enriched lacto also increased the signal area. However, it cannot
be excluded that a fraction of the signal arise due to other cyanohydrins
having chemical shifts between 120.8 and 121.0 ppm, e.g. from reac-
tions with Pyr or DHAP. As no charged carbonyl containing compounds
are known to be released by yeast cells, however, they may also derive
from higher alcohols or other substances released in small amounts by
fermenting yeast [23]. In principle, the well-defined extracellular sig-
nals suggest a use of quantitative 2D HSQR analysis [24,25]. However,
the high water content of 0.1 M MPBS severely distorts and hampers
H-signal detection. Use of D,0 to counter the 'H-signal from H,0
causes yeast cell death. Instead, we employed a simple 1D approach,
in which a validated internal reference (here MeOH) is used to construct
a standard curve for the compound of interest, in this case '>C-lacto [26].
The use of an internal standard and a validated standard curve for quan-
titative measures of '3C-NMR-signal may provide a simple and fruitful
way of obtaining quantitative data from 1D spectra.

4.2. Dynamics of lacto production using '>C-NMR

The linearity of the '>C-lacto standard curve obtained by reaction of
a surplus of H'>CN with discrete amounts of ACA (Fig. 4A) allowed for
dynamic and quantitative determination of ['>C-lacto] during fermenta-
tion (Fig. 4B). The slope during fermentation is almost linear (slightly
sigmoidal) with a conversion rate of ~75 ¥ This compares well with
the reported ~60 % of lacto production found in the initial phase of fer-
mentation [3] and is also larger than the prediction from our previous
models (only 40 ¥ from [11] and 5 % from [8]). Our experimental
findings suggest that [ACA,] oscillates around 140 uM. However, the as-
sumption that all ACA reacts with H'3CN in the production of the '3C-
lacto standard curve probably slightly overestimates the lacto measure-
ment (and thus also [ACA,]). Our model predicts oscillations around
100 pM with an amplitude of 3 pM. This is likely to be too small (intra-
cellularly, the [ACA] amplitude is around 50 pM) which is corroborated
by the difficulty of achieving synchronization in our simulations of the
multicellular model (Fig. 7) [12]. Previously, a [ACA,]-range between
50 and 100 pM has been reported [4]. Due to problems with calibration,
however, that measurement is uncertain but the range is not far from

our [ACA,] estimate.

4.3. Intracellular cyanohydrin production

Intracellularly, two cyanohydrin signals are observed around
~121 ppm. Fig. 5 strongly suggests that one of them is due to reaction
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Fig. 7. Simulations of 1000 heterogeneous yeast cells coupled through [ACA,] in the extracellular medium. A: Average NADH signal from all cells. In the simulations, 5 mM cyanide was
either added before 24 mM Glc addition (black line) or 5 min after Glc addition (star, gray line). No oscillations were observed in either case. B: The extracellular [ACA,] profiles in the

two cases of HCN addition.
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with Pyr. DHAP also has a relatively high intracellular concentration and
produce a cyanohydrin in the same region. The cyanohydrins at
120 ppm and 119.3 ppm are unidentified, but the broad peak of the lat-
ter is likely due to reactions with various sugars (see Table 2). Addition
of Glc also activates the pentose phosphate pathway, i.e. gives rise to es-
sential sugars such as ribose and erythrose. Thus, a number of sugars
could give rise to the broad peak at 119.3 ppm. Notably, lacto was not
observed intracellularly, which is surprising as build-up is observed ex-
tracellularly (Fig. 2) and during aerobic growth conditions [27]. As op-
posed to sugars and pyruvate, however, ACA is a highly reactive and
volatile compound, suggesting that intracellular [ACA] rapidly drops to
zero after fermentation, facilitating a swift destruction of the pH-labile
intracellular lacto. Along the same line, the production and extrusion
of protons during fermentation stabilize extracellular ACA,. Indeed, all
spectra of intracellular cyanohydrin (Fig. 5) required long-scan times,
and thus represent a single snapshot subsequent to the fermentation
process and it was not possible to address the intracellular dynamics
of cyanohydrin formation.

4.4. Differences in extracellular vs. intracellular cyanohydrin formation

Although we find the lacto formation to be ~3 times faster than
PyrCN formation, the rates of cyanide reactions with small glycolytic
carbonyl compounds, i.e. ACA and DHAP, are roughly similar [8]. During
oscillations, the “effective” concentrations of [ACA,] and [Pyr] are also
similar — in fact, [Pyr] > [ACA] - {x, where V,,V; are the extracellular
and intracellular volumes, respectively (see Table 1). Therefore, the ab-
sence of intracellular cyanohydrin signals in Fig. 2 is somewhat puz-
zling. The single but large cyanohydrin signal (Fig. 2) resulting from
extracellular lacto strongly suggests that intracellular cyanohydrin pro-
duction mostly serves as minor stores of carbon. Indeed, we previously
found that approximately 50% of the 5 mM of added cyanide (i.e.
~2.5 mM) is removed during fermentation of 24 mM Glc [8]. From
Fig. 4B, this suggests that approximately 33% and 66% of the added cya-
nide bind to intracellular species and ACA,, respectively. Obviously the
compartmental division enforced by the plasma membrane provides
half of the answer to this discrepancy, but the question of why no
more cyanide binds to the plethora of intracellular electrophiles re-
mains. A straight-forward answer is that HCN does not pass the mem-
brane easily, providing for lower intracellular [HCN]. This, however, is
unlikely because a) HCN is small molecule with similar polarity to ACA
(dipole moments: 2.98 D vs. 2.7 D, respectively) and b) addition of cya-
nide during quenching experiments is associated with a fast NADH re-
sponse [11] showing that diffusion across the membrane is fast. A
number of causes may be put forth:

a) The diffusion constant of HCN across the plasma membrane is small.

b) The effective rate constants in the cytosol are lower than measured
in 0.1 M PBS (or cytosol-like buffer [8]).

¢) As HCN is an un-discriminatory nucleophile, the effective intracellu-
lar [HCN] is small due to the multiplicity of electrophile substrates.

d) Fermentation enzymes are orchestrated in a complex (as has recent-
ly been suggested [28]) that distort normal diffusion processes, i.e.
intracellularly the effective [HCN] is small around glycolytic inter-
mediaries.

e) Breakdown of intracellular cyanohydrins. Either by active enzymatic
processes or by spontaneous decomposition.

The inability to measure unstable intracellular metabolites quantita-
tively and the relatively high standard deviation of measurements of ex-
tracellular cyanide and lacto necessitates further research to precisely
delineate the reaction fates of cyanide during fermentation. Yet, the re-
sults confirm intracellular cyanohydrin formation, fitting with high con-
centration measurements of carbonyl containing glycolytic metabolites
(e.g. [Pyr] and [FBP] > 5 mM) during glycolytic oscillations [2,14].

4.5. Cyanide and oscillations

An updated model of transient glycolytic oscillations that largely re-
produces the NMR data obtained on extracellular species and lacto for-
mation was developed. It is clear that cyanide lowers [ACA,] (Fig. 7B)
thereby increasing the ratio between the oscillatory amplitude and
the average [ACA,]. As NAD"/NADH is a conserved moiety, a well-
balanced level of [ACA,] is important to drive strong NADH oscilla-
tions in the reaction catalyzed by ADH (too much ACA causes high
ADH activity and depresses [NADH] and vice versa). Global oscilla-
tions require synchronization of phases (and frequencies) of intra-
cellular [ACA] oscillations of individual cells through diffusion of
ACA,. Reducing [ACA,] is therefore likely to be the key function of
agents that induce glycolytic oscillations (additionally, cyanide is
likely to provide a more stable removal of ACA, compared to e.g. bub-
bling with inert gasses). Another mode of function of cyanide is to
react with intracellular carbonyl containing metabolites. We used
the updated model to show that intracellular cyanide reactions
with Pyr, DHAP, and ACA do enhance the “core” oscillator (Fig. 6E),
i.e. increase the amplitude of oscillations.

As was noted in our previous study, cyanide addition after glu-
cose acts as a phase resetting agent due to the simultaneous removal
of ACA, (Fig. 7B), enhancing synchronous, global NADH oscillations
[8]. In the multicellular model, however, the coupling strength is
too low to allow for entrainment. Even with less heterogeneity intro-
duced between individual cells, the cells drift apart over time. How-
ever, the model reproduces the findings that cyanide addition
increases the overall NADH signal (Fig. 7A) [11]. Apart from the
problem of achieving strong [ACA,] oscillations in the model or in-
creasing the feedback on the oscillator, two additional problems re-
garding synchronicity arise: a) is our all-to-all coupling of cells a
true representation of reality (stirred cells still have nearest neigh-
bors and most cells are far apart). b) To what extent are yeast cells
actually heterogeneous? Regarding the former question, it could be
speculated that entrainment of local cells and recruitment of more
cells/cell clusters drive the synchronization process, explaining the
slow emergence of global oscillations without phase-resetting per-
turbations. In the latter case, we have no real information of what
ways the cells are actually heterogeneous. For example, the relative
ease of synchronicity suggests that the frequencies of oscillations
are relatively similar is low among yeast cells. This, in turn, suggests
that protein expression and enzyme activity is correlated. Develop-
ment of more comprehensive computational models provide useful
tools for analysis of such possibilities. This, however, also requires
development of advanced algorithms for optimization of models of
transient phenomena.

4.6. Limitations

13C-NMR has low sensitivity compared to 'H or >'P-NMR due to only
1.1% natural abundance of this '>C-isotope, a lower magnetogyric ratio,
and its relatively long relaxation times. Moreover, signal intensity dis-
tortions usually prohibit quantification. However, the development of
the 13C-sensitive CryoProbe™, significantly improves signal-to-noise
ratio. Applying identical running conditions and using a carefully cho-
sen internal standard (validated in the relevant concentration ranges)
allowed us to compare and quantify the lacto signals from spectra ob-
tained during fermentation. Use of validated internal standards to quan-
tify species has been performed previously in chemical systems [26].
We found accuracy to be very good, while the precision of measurement
is more challenging. This is fundamentally related to the signal-to-noise
levels of a given spectrum and the quantification process, where preci-
sion of fits depends on well-defined signals well above noise. Thus, pre-
cision depends on both equipments, the phase-correction procedure,
and the system of interest.
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5. Conclusions

Using '3C-NMR, we have confirmed that ACA, is the major source
of cyanide removal accounting for ~66% with a conversion rate of
~75 ™ From the kinetics of lacto formation, this corresponds to an
[ACA,] = 140 pM. Subsequent to fermentation, however, '>*C-NMR-
spectra of washed and packed yeast cells also showed signals from
at least 3 intracellular cyanohydrins. Cyanohydrins formed by reac-
tions of cyanide with Pyr and various sugars (particularly pentoses)
are likely candidates for these signals. Although the reduction of
[ACA,] is crucial for inducing global oscillations, these intracellular
cyanohydrin reactions are shown to increase the amplitude of
NADH oscillations. Lastly, the strong reaction between cyanide and
ACA, suggests that cyanide also may act as a global phase resetting
stimulus.

13C-NMR seems to be a promising route for non-invasive measures
of dynamical concentration changes in excreted metabolites (of suffi-
cient quantity). Inclusion of such information in comprehensive models
remains an important objective in the elucidation of the complex regu-
lation of biochemical pathways and synchronous oscillations.
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