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Abstract

Choline oxidase (ChOx) is a flavoenzyme catalysing the oxidation of choline (Ch) to betaine aldehyde
(BA) and glycine betaine (GB).

02 H2 02 02 H2 o2
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Ch —\ChOX —> BA—— ChOx —> GB

In this paper a fundamental study of the intrinsic fluorescence properties of ChOx due to Flavin Adenine
Dinucleotide (FAD) is presented and some analytical applications are studied in detail. Firstly, an unusual
alteration in the excitation spectra, in comparison with the absorption spectra, has been observed as a function
of the pH. This is ascribed to a change of polarity in the excited state. Secondly, the evolution of the
fluorescence spectra during the reaction seems to indicate that the reaction takes place in two consecutive, but
partially overlapped, steps and each of them follows a different mechanism. Thirdly, the chemical system can be
used to determine the Ch concentration in the range from 5 106 M to 5 105 M (univariate and multivariate
calibration) in the presence of BA as interference, and the joint Ch+BA concentration in the range 5 106-5 10-
4 M (multivariate calibration) with mean errors under 10 %; a semiquantitative determination of the BA
concentration can be deduced by difference. Finally, Ch has been successfully determined in an infant milk
sample.

Keywords: Choline Oxidase; intrinsic fluorescence; Flavin Adenine Dinucleotide; Choline determination; Betaine

aldehyde.
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1.- Introduction

The intrinsic spectroscopic properties of enzymes are among the most important tools for investigating the
kinetic mechanisms of reactions where they take part and for obtaining information about their
structural/conformational alterations. Much of this information can be derived from the UV fluorescence spectra
due to several aminoacids, such as tryptophan [1,2] and, more interestingly, some additional absorbing or
fluorescent groups. In this context, flavoenzymes are particularly well positioned, especially those containing
FAD [3].

Free FAD can be found in two main redox forms (oxidized and reduced) and both of them in different acid/base
forms. When FAD takes part of the active center of an enzyme, its chemical properties can dramatically change
[3-5]. For example the hemi-reduced oxidation state (semiquinone, FAD.H), scarcely found isolated in solutions,
is easily stabilized in several flavoenzymes [6,7]; in addition, the acid/base dissociation constants can also
change from one enzyme to another. From the spectroscopic point of view, the molecular absorption spectra of
acid/base or redox forms of flavoenzymes barely change from those of FAD in solution. However, their
fluorescent properties are highly affected by the specific environment surrounding a particular enzyme. This is
due not only to the quenching produced by some molecular groups near to FAD, but also to structural reasons.
It has been demonstrated that FAD in solution can exist in two different conformations [8,9]: open (fluorescent)
and stacked (non-fluorescent). Depending on the environment of a particular enzyme, one of these
conformations will predominate.

During enzymatic reactions, flavoenzymes move between oxidized and reduced (or semiquinonic) forms, so
their spectroscopic properties change during the reaction. Such kind of changes can be analytically used, direct
or indirectly [10,11], for determining the substrates involved in the corresponding reactions. However, starting
from the first papers reported by Wolfbeis and Trettnak [12] this has mainly been limited to the determination of
glucose using glucose oxidase [13-15]. There are several reasons for this: 1) as it has been indicated, the FAD
fluorescence quantum yield cannot be predicted so it is necessary to carry out previous tests to evaluate this

possibility for each particular enzyme; 2) because an excess of the substrate, compared to the enzyme, is
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generally used, the fluorescence intensity experiments some changes during the reaction and it is not easy to
relate those changes in the experimental signal to the substrate concentration.

Choline oxidase (ChOx) is an enzyme that catalyzes the oxidation of choline (Ch) or betaine aldehyde (BA, also
known as glycine betaine aldehyde) to glycine (GB, also known as glycine betaine) in bacteria. The mechanism
has been studied by Gadda et al [16,17] and takes place according to reaction (1). In mammals this process is
catalyzed by two different enzymes: choline dehydrogenase and betaine aldehyde dehydrogenase (AIDH),
respectively [18]. Reaction (1) is analytically used for choline determination, but coupled to other reactions it is
also the basis of the enzymatic determination of compounds containing choline such as PAF (platelet activating
factor), phosphocholine, acetylcholine, phosphatidyicholine (PC), lyso-PC or sphingomyelin, which have
important roles in structural and physiological human activity. For this purpose, reaction (1) is usually coupled to
a second reaction in which the hydrogen peroxide participates in a later reaction (usually enzymatic) involving a
fluorophore or a chromophore [19-21]. In addition to Ch, BA is also physiologically important [22] because it
protects plants from environmental stress [23] and it has several functions in mammals (for example, as a
source of methyl groups) [24].

In this paper we carry out a fundamental study on the analytical possibilities of FAD fluorescence of choline
oxidase (ChOx). On the one hand, several specific behaviors of the fluorescence of this enzyme have been
observed; in addition, the fluorescence signals permit the quantitative determination of Ch and a semi-
quantitative estimation of BA concentration in mixtures. The FAD fluorescence gives more information than that

obtained when the intrinsic UV fluorescence of ChOx is used [25].

2.- Experimental

2.1.- Apparatus

Steady state fluorescence measurements and contour plot (3D) spectral measurements were carried out with a
Photon Technology International (PTI) Time Master fluorescence spectrometer (TM-2/2003). For lifetime
measurements this instrument has a N2 laser (GL-3300) that pumps a dye laser (plugged in to a frequency

doubler for working with lower wavelengths) as a radiation source and a stroboscopic system as the detector.
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3D spectral measurements were carried out with a Perkin-Elmer LS 50B luminometer. 3.5 mL Hellma quartz
cuvettes with 10 mm path length were used. Different bandwidths were chosen in both excitation and emission
monochromators.

Absorption measurements were carried out with an Agilent 8453 UV-Visible spectrophotometer. This instrument
uses a photodiode array (PDA) for simultaneous measurement of the complete UV-visible spectrum with a 1 nm
slit.

An optical Foxy-R Oxygen Sensor (Ocean Optics), which is based on the O. collisional quenching of
fluorescence, was used for monitoring dissolved oxygen during the enzymatic reaction. Optical fibres carried

both the excitation light produced by the blue LED (450 nm) and the fluorescence generated to the detector.

2.2.- Reagents

pH 8.5 to 10 0.1 M carbonate solutions were prepared from solid NaHCO3z and Na2CQOs, and pH 6 to 9 0.1 M
phosphate solutions from solid NazHPO4 and NaH2PO4. Choline oxidase from Alcaligenes sp. (ChOx) and from
Arthrobacter globiformis (ChOxarg) (EC 1.1.3.17) were purchased from Sigma-Aldrich C5896 as lyophilised
solids with 12-15 Umg" activity.

Choline chloride and betaine aldehyde chloride stock solutions were supplied by Sigma (C-1879 and B3650).

2.3.- Analytical procedures, software and data processing

For lifetime measurements, the cuvette was filled with ChOx solution (10 UmL") and the decay curves were
obtained at pH 9 (Aexc = 410 nm; Aem = 520 nm) and pH 6 (Aexc = 450 nm; Aem = 520 nm). To obtain the FAD
lifetime, the curves were fitted to an exponential function; the best fit was determined when 0.9 < y2<1.2.

For measurements in batch (Aexc = 410 nm; Aem = 520 nm), 1 mL ChOx solution and 1 mL pH 9 carbonate
solution were added to the quartz cuvette (ChOx 2 U.mL"). After a stabilisation time of 120 min (this time could
be suppressed or reduced but it is important to accurately measure the Fo value), 40 pL of the analyte solution

(Ch o BA stock solutions or sample solution) were added to the cuvette, the solution was shaken during 5 (1) s
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(aspirating and expelling with the same micropipette used for sample addition) and the fluorescence intensity
was followed over the time.

A set of 25 synthetic mixtures of Choline (Ch) and Betaine Aldehyde (BA) was prepared with 5 levels of
concentration for each analyte (BA: 5.35*10M, 9.62*10-6M, 1.92*10-°M, 3.85*10-M, 5.13*10-°M; Ch: 5.07*10-
6M, 9.73*10-6M, 1.95*10-°M, 4.05*10-5M, 5.67*10-°M) (see Electronic Supplementary Material, ESM, Fig. S1)
taking 18 samples for calibration and leaving out 7 for validation. The fluorescence vs. time profiles, F=f(t), for
each mixture was followed according to the aforementioned procedure with enzyme concentration [ChOx] = 2.0
U mL", at pH=9 and Aex= 410 nm and Aem= 520 nm. Data were collected in Excel and then exported to the
software UNSCRAMBLER v. 7.5 (Camo A/S, Trondheim, Norway) for normalization (every fluorescence value
was divided by the initial F value, Fo), for data pretreatment and for univariate and multivariate analysis. The
chemometric procedure of calibration included a test for outliers detection based on the comparison of
variances of results when the suspect sample was and was not included in the calibration set. Finally, 16
samples were used for calibration and 5 for validation (Fig. S1).

For univariate calibration, and after normalizing the experimental data, the Fnom=F/Fo=f(t) profiles were
obtained; then the values Hmax and At obtained from them (see ahead) (using the software Origin™) were used
to build up the univariate calibration lines for Ch and BA.

For multivariate calibration, and after normalization, the data were autoscaled [26]. Autoscaling supposes
centering and scaling the data to avoid undesirable fluctuations during the handling of data in order to get a
better interpretation of the prediction model. The leave-one-out full cross-validation procedure was used to
assess the robustness of the PLS constructed models. To find the optimal number of factors or latent variables
(LVs) to be used with the PLS model a previously established method was used [27]. That is, the lowest number
of LVs for which the validation (cross-validation) variance value does not differ significantly from the minimum,
according to an F-test with probability P=0.25, was chosen.

For both, the univariate and the multivariate calibrations models, and to test the prediction capability of the

developed models, the statistic relative error (RE) was used (2), where (Il_ and ¢, are the calculated and added

analyte concentrations respectively, for the mixture i. RE can be applied to the calibration (REca) and the
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prediction (REva) sets. The calibration and validation (prediction) sets were defined before any data processing

and remained unchanged along the work.

2.4.- Milk sample treatment

Weigh the milk powder sample (about 0.5 g) in a flask, add 5 mL of pH 9 carbonate buffer and shake to obtain a
stable colloidal suspension (~10 min). The remaining supernatant is removed before going on with the
treatment.

Aliquots of 1 mL of colloidal suspension are placed into separate Eppendorf tubes (1.5 mL capacity) and
centrifuged during 30 min at 13400 rpm. The retrieved fluid is removed with a plastic syringe with a needle
attached and filtered through a 0.20 um pore size nylon syringe filter (Albet LabScience) to remove possible
traces of supernatant. The final sample fluid containing Ch is then collected and the univariate procedure is

applied.

3.- RESULTS AND DISCUSSION

3.1.- Excitation and fluorescence spectra.

As it occurs with most enzymatic reactions, acidity affects the kinetics of the Choline (Ch) or the Betaine-
Aldehyde (BA) enzymatic oxidations catalysed by choline oxidase; as will be shown later, for pH<6 and pH>10
the reaction is not observed, but here we are interested in showing the spectroscopic behaviour of ChOx. In this
pH range, the molecular absorption spectrum of choline oxidase from Alcaligenes sp (ChOx) remains almost
unchanged (Fig. S2) and presents the expected maxima due to FAD at 350 and 450 nm. However, a different
behaviour is observed when fluorescence is being measured. Fig. 1 compares the 3D spectra of ChOx at two
pH values, 6 and 9. In both cases the fluorescence maximum appears at 520 nm, but the excitation maximum at
pH=9 has suffered a hypsochromic displacement of about 50 nm compared to the absorption spectra; this is not

observed at pH=6. Similar studies were carried out using choline oxidase from Arthrobacter globiformis

6
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(ChOxarg) with similar results. As far as we know, this fact has not been previously reported for flavoenzymes or
for fluorophores in general. In order to clarify this behaviour, the following additional results should be taken into
account:

1) The fluorescence lifetime values obtained for ChOx at pH=6 and 9 were not significantly different (4.84£0.2 ns
and 5.0£0.2 ns, respectively), so similar deactivation processes from the excited state seem to occur in both
cases. Because of that, the displacement of the excitation maximum does not go in parallel with proton or
electron transfer in the excited state, i.e. there is not a photoinduced chemical process; in fact, this effect was
observed when working at different powers of the radiation source. In addition and according to the bibliography
[3], the only FAD species which is able to give the absorption spectra shown in Fig. 1A is the protonated form of
FAD (FAD.H*), but, this species is not fluorescent.

2) During the enzymatic reaction FAD is reduced to FAD.Hz. According to Fig. 1, the excitation maximum of the
reduced form working at pH=9 (at pH=6 there is no reaction) does not differ from those obtained by molecular
absorption spectrometry (ESM, Fig. S2), which indicates that the displacement only affects the oxidized form of
the enzyme.

3) According to the bibliography [28,29], the spectrum of the isoalloxazine structure contained in FAD is prone
to be modified by polarity changes.

Taking all these arguments into account it can be concluded that the photoinduced electron or proton transfer
processes in the excited state (after absorption) do not seem to be responsible for the displacement observed;
more probably, a polarity change in the ChOx molecule could be charged with that responsibility and the effect

would entail the capability to react with the substrate..

3.2.- Mechanism of the reaction: Analytical signals.

Figures 2 and 3 show the fluorescence intensity variation of ChOx during the enzymatic reaction when BA or Ch
are used as substrates in the given experimental conditions, together with excitation spectra at representative
reaction times. After the addition of BA (Fig. 2), the initial fluorescence intensity (Fo) shows an instantaneous

decrease (Fmin) due to the FAD reduction to FAD.Hz, which is maintained until all BA is oxidized to glycine
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betaine (GB). Then FAD is regenerated and the Fo value is obtained again (because of the dilution, when the
analyte volume added is high enough the final F value does not match Fo); the time along which the enzyme
shows a lower fluorescence corresponds to a steady-state. In the concentration range tested, the Fmin value is
scarcely dependent of the BA concentration, but several other parameters of the profile (ESM, Fig. S3), do
depend on it; finally, the total area (Ar), as defined in Fig. 2A, was used. In order to avoid the uncertainty due to
the ChOx concentration, the Fnom parameter (obtained by the quotient of F divided by Fo) has frequently been
used throughout the paper.

When the reaction is carried out with Ch (Fig. 3A), the representation resembles that obtained for BA but an
additional fluorescence intensity maximum (Fmax) at the beginning of the reaction is observed before the
intensity drooping to Fmin. This result can be explained considering that the second part of the profile mainly
corresponds to the oxidation of the BA to GB, whereas the first part of the profile mainly corresponds to the
oxidation of Ch to BA. In addition to Ar, Hmax defined as the difference between the maximum and the minimum
intensities (Hmax=Fmax-Fmin), is also related with the Ch concentration (ESM, Fig. S4). From a kinetic point of
view, these results show that the reaction could follow two consecutive steps: in the first one the Ch present in
the solution is oxidized to BA and in the second one BA is oxidized to GB; however overlapping of both steps is
also compatible with the obtained results (see below). Similar profiles were observed using ChOxaq. Again,
when the reaction is measured by molecular absorption spectrometry, no differences were obtained regarding
the absorbance profile during the reaction from Ch to BA.

From the analytical point of view, these results open new possibilities to the determination of both analytes, but
it also permits us to obtain some information about the mechanism of the reaction. This would have not been
possible should the enzymatic reaction had been followed through the conventional procedure based on O
monitorization, neither when coupling an enzymatic reaction for H202, nor when the reaction is followed by UV-
vis molecular absorption spectrometry. Moreover, when the enzymatic reaction is followed at the tryptophan
wavelengths [25], the changes in the fluorescence intensity between both processes are not so evident, so it is

difficult to differentiate each of the single steps (ESM, Fig. S5).
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In order to obtain more information about the origin of this signal (and possibly about the mechanism of the
reaction), the changes in the ChOx spectra during the enzymatic reaction with Ch or BA were monitored in
detail. The most interesting differences appear in the excitation spectra. During the enzymatic reaction with BA
(Fig. 2B), and just after the addition of the analyte, the wavelengths of the maximum moves to about 360 nm,
as expected for the FAD.H: formation, but no additional changes in the wavelengths were observed during the
reaction. Only modifications in the intensity (due to FAD.H formation) are appreciable. When the analyte was
Ch (Fig. 3B), during the initial stages of the reaction (corresponding to the Hmax appearance), the spectra
showed a significant displacement of about 30 nm; after these initial stages (i.e., when the fluorescence
intensity decreased to the Fmin) the spectra moved to the FAD.H: wavelength obtained with BA. The
displacement in the excitation spectra was correlated with slight changes in the fluorescence spectra (ESM,
Fig. S6). Similar results were observed using ChOxarg.

These differences could be explained in terms of changes in the environment surrounding FAD; this could also
be an argument to explain the difference between the excitation and molecular absorption spectra. However, a
more probable hypothesis comes from the fact that the reduced form of the Flavin during the first part of the
oxidation of Ch is different from that of the corresponding process with BA. The semiquinonic species (FAD.H")
could be the intermediate. When the reaction is followed through the O, consumed during the reaction (ESM,
Figs. S7 and S8), it seems clear that the kinetic mechanisms for both analytes are different: BA seems to follow
a logarithmic curve, but Ch seems to fit a sigmoidal curve. In any case, the amount of O, consumed by Ch to
produce BA is approximately the amount consumed by BA, to produce GB, approaching the stoichiometry of the

reaction (1).

3.3.- Optimization of the experimental conditions. Analytical signals

A) ChOx concentration
The most important variables affecting the analytical applications of the reaction are pH, enzyme concentration
and the nature of the enzyme. The enzyme kinetics dictates that the higher the enzyme concentration, the faster

the reaction. In enzymatic methods of determination, based on colorimetric detection of H.02 or on O



Fluorescence of the flavin group in choline oxidase. Insights and analytical applications for the simultaneous determination......................... 10

consumption, a higher enzyme concentration may be preferred in order to obtain a higher sensitivity and/or a
faster method. However, this is not the case when the signal of the enzyme is being measured (ESM, Fig. S9).
Low concentrations of the enzyme provide longer reaction times and thus higher values of the analytical signal
and higher sensitivity (table 1); so, the enzyme concentration must be fitted to the requirements of the
application.

Another relevant analytical conclusion is reached when a too high enzyme concentrations is used. The increase
in the reaction rate makes impossible to detect the value of Fmax at the beginning of the reaction, thus Fmax does
not appear and it is not possible to differentiate Ch from BA. In these cases, both analytes seem to obey the

same reaction pattern.

B) The effect of the pH.

As it has been indicated above, the pH affects the spectrum of ChOx, especially that of excitation. As Fig. 4A
shows, at pH=8-10 the maximum of the excitation spectra does not agree with the maxima obtained in the
absorption spectra (ESM, Fig. S2), with a higher intensity at pH=9 (which again discards an acid/base process
in the excited state). However, at pH=6 and 7, the maximum at 400 nm splits into two maxima, whose
wavelengths match the absorption spectra.

In order to show how these changes affect the reaction kinetics and the sensitivity of the analytical method, Fig.
4B shows the Fnom=f(t) profiles obtained working at 400 nm excitation (in these experiments the enzyme
concentration was maintained high in order to see the differences more clearly). As it can be seen, in the range
from pH=8-10, the shape of the signals agree with the results previously shown; at pH=10 the reaction is slower
than at pH 8 and 9 (similar in both cases) and at pH=9 the signal is higher because of the absolute value of the
fluorescence intensity. At pH=6, there is no reaction. At pH=7, since the maximum does not appear at 400 nm
(Fig. 4A), the fluorescence intensity after the Ch addition increases up to Fmax, as expected, and then it
decreases in a similar manner to the rest of pH values. However, when the excitation spectra are taken during
the reaction, it is concluded that the final spectra of the ChOx do not match either with the initial spectra or with

absorption spectra (ESM, Fig. S3). This means that the final state of the enzyme is not the oxidized form (as it

10
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occurs at other pHs) but another form, and, in consequence, the reaction mechanism at this pH does not seem
to fit with that observed at pH=8-10.

Finally, it is important to indicate that both types of enzymes have a similar behaviour. Because of ChOxarg
generates smaller fluorescence changes between the two species (FAD and FAD.Hz) (ESM, Figs. S10 and
S11), the preparation from Alcaligenes sp was always used.

The detailed studies performed by Gadda et al [16,17] about the kinetics and the mechanism of the ChOx
enzymatic reaction are a very important bibliographic reference. From these studies, it can be deduced that the
Ch oxidation is sequential, i.e. when ChOx links to a Ch molecule, both oxidation processes (first up to BA and
later on up to GB) are sequentially produced. They found this conclusion after working mainly at pH=7. As it can
be deduced from the results above, the mechanism of the reaction may change depending on the experimental
conditions, so both the mechanism proposed by Gadda and that shown in this paper are likely to occur

depending on the experimental conditions used.

C) Analytical signals

In the optimal conditions, analytical signals such as those in Fig. 2A and 3A were obtained. Hmax can be related
to Ch concentration; on the other hand, the value of At can be related to BA concentration regardless it comes
from a species initially present in the sample or it has been generated from the original Ch (reaction (1)); so the
value of Ar should be related to the initial concentration of Ch + BA or to any of them whenever only one is
initially present. The individual relations are compiled in Table 2, they were obtained using pure solutions of
either Ch or BA and they could theoretically be used as calibration lines for both analytes. Note that the slope of
the Ar calibration line obtained for both, Ch and BA are similar which indicates that Ar is mainly due to the BA
=> GB step. When using Ar as analytical signal the response range could be increased by using a second
order calibration line. In both cases the RSD value was under 5%.

The linear response range can be empirically enlarged by using 1/Ar as the analytical signal, but precision gets

smaller and the statistical problem to manage errors increases.

11
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3.4.- Ch and BA selective and joint determinations.

A) Univariate calibration

The results obtained above show that the intrinsic fluorescence of the flavin in ChOx can be used for either the
single determination of Ch (using Hmax or Ar) or BA (using Ar) in samples containing only one of both analytes.
Taking into account that the Hmax value is only due to Ch, it is reasonable to use that signal for the selective
determination of Ch in the presence of BA. In addition, by the use of the Ar value the joint determination of
Ch+BA can also be set out; finally, after combining the previous results, the concentration of BA can be
deduced.

The experimental section describes the calibration-validation matrix (ESM, Fig. S1) prepared from mixtures
having known amounts of Ch and BA. The Fnom=f(t) profiles obtained for those reaction mixtures are given in
Fig. S12. As an example, Fig. 5 shows two series of reaction profiles in which the effect of Ch and BA on the
experimental signal can be seen. Both analytes contribute to the experimental signal, so each of them interfere
the signal of the other when measuring Ar; on the other hand, BA unexpectedly affects the Hmax value and this
requires some extra explanation.

At the beginning of the reaction ChOx reacts with both BA and Ch; so there is a competence of both substrates
to link with the enzyme. By comparing figures 2A and 3A it can be deduced that the time required for the
oxidation of Ch to BA is much lower than that necessary for the oxidation of BA to GB. This means that the
reaction of Ch with the enzyme is much faster than with BA (Figs. 2 and 3) and because ChOx is in defect, the
most of the enzyme can be supposed to be linked with Ch; however, the higher the BA concentration, the lower
the amount of ChOx available for Ch and, consequently, the value of Fmax Wil increase. On the other hand, the
enzyme is reacting with BA, and the initial fluorescence (and in consequence, Fmax) value tends to decrease
(Fig. 2); so the higher the BA concentration, the lower the initial fluorescence. The former effect is probably
more important than the latter but, as a whole, both effects tend to balance and the final interference of BA in
Hmax results minimized.

Table 3 gives the calibration line for [Ch] using Hmax @s analytical signal from the calibration mixtures of the

Calibration-Validation Matrix (CVM); that is, the interference of BA is included in the calibration line. The straight

12
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line equation matches reasonably well the one obtained with pure Ch solutions (Table 2), indicating that BA
does not severely interfere the Ch determination. The RE values for the calibration and validation sets were
about 10 % in both cases. This method presents very few interferences, because molecules structurally similar
to choline (for example, ethanol amines) barely interfere [30]; in classical methodologies involving ChOx,
interferences come from the later colorimetric or amperometric determination of H2O, generated in the ChOx
[31]; our method is virtually free of this type of interferences.

The determination of [Ch]+[BA] using the At values as analytical signal was carried out in a similar way. Table 3
provides the calibration line, and the RE values are also given. Taking into account the higher errors obtained,
the method, in this case, can only be considered semiquantitative. From these results it is also possible to
obtain the [BA] concentration by difference. Despite of the random errors of both results are not extremely high,
the propagation of uncertainty through the squares effect generated unbearable mean errors in [BA] higher than

40% (table 3) indicating that the BA concentration should not be estimated by this method.

B) Multivariate calibration

Partial Least Squares (PLS) has been used as the calibration algorithm, trying to make the most of the
fluorescence-time profiles and different models have been tested based on the selection of different variables
(time intervals) and the number of latent variables (LVs) ; in any case, t = 0 corresponds to the moment of the
substrate addition. According to the basis of the method one should expect that the first part of the profile could
be suitable for Ch determination while the final part of the profile (longer times) could better represent the joint
concentration of both analytes. The variable selection for PLS was applied using the Martens’ uncertainty test
[32]. This test, available in The Unscrambler® application) uses a jackknifing procedure to identify non-
significant variables. According to this procedure the time intervals selected for Ch determination were 3-15, 33-
45 and 113-121s.

The results are also compiled in Table 3. As can be seen, multivariate calibration provides lower errors than
univariate calibration for both Ch and Ch+BA determinations; however, calibration and validation errors are

unbalanced and some tendency to overfitting can be observed.
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In this case the results for BA determination (as a difference between Ch+BA less Ch) are much lower than
those obtained through univariate calibration and the method could be recommended for the semiquantiative
determination of BA in samples containing BA and Ch.

Determination Ch and BA are not very usual but, as has been indicated above, it is important in biological

choline metabolism studies and in the metabolism of different plants

4.4.- Ch determination in a milk sample.

Finally, the univariate method was applied to Ch determination in a milk infant formula; in this kind of samples
BA is not present. The procedure described in the Experimental section (univariate calibration) was applied. The
sample solution showed an intense fluorescence in the UV zone (probably due to proteins) and a less intense
signal at the characteristic wavelengths of ChOx (Aexc=450 nm and Aem=520 nm). This signal is probably due to
riboflavin (which is present in milk as Vitamin B2,) and produced a background which upset the ChOx
fluorescence; additional studies shown that working at pH=9 (carbonate buffer) the background could be
minimized.

In these conditions, Ch was determined (in triplicate) by interpolation in a calibration line obtained in a similar
way with concentrations ranging between 7.50 10-6 and 4.75 10-5 M. A concentration of 0,386 (+0.020) mg g*!
Ch was obtained. Using the same solution, Ch was also determined (in triplicate) by a colorimetric enzymatic
method based on ChOx, Horseradish peroxidase (HRP) and ABTS; the reference method gave 0,400 (+£0.015)

mg g™'. The obtained results do not differ significantly (P=0,05).

5.- Conclusions

From the fundamental studies shown in this paper it can be deduced that for those enzymes in which FAD
fluorescence can be observed (i.e., the open structure predominates over the stacked form), valuable
information about the mechanism of the enzyme-catalyzed reaction can be obtained from the fluorescence
excitation spectra. This paper shows that the intrinsic fluorescence of the enzyme can also be useful from an
analytical point of view. It may permit substrates to be determined (Ch in this case) in a reagentless mode (no

14
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fluorophores as indicators need to be used), setting out the basis for this kind of sensor. On the other hand, in
some particular cases, singular applications, such as the detection of reaction intermediates (in this case BA) or

the determination of the joint [Ch]+[BA] concentration can be obtained.
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Figure Captions

Fig. 1 3D fluorescence contour plot obtained for ChOx (10 U mL-") at pH=6 (A) and 9 (B) before the enzymatic
reaction. During the enzymatic reaction with Ch (2.2*10-3M), the spectrum given in C was obtained at both pH.
X-axis is the excitation wavelength (Aex), Y-axis the fluorescence wavelength (Aem) and the show-card to the
right shows fluorescence intensity (arbitrary units)

Fig. 2 Modification of the ChOx fluorescence during the reaction with BA ([BA]= 1.65*10-M, pH=9, [ChOx]=1.8
U mL-", Aexc =410 nm and Aem =520 nm)

A) Variation of the fluorescence intensity profile

B) Variation of the excitation fluorescence spectra during the enzymatic reaction: (0) before BA addition, (1) 4 s
after the beginning of the reaction, (2) 50 s after the beginning of the reaction

Fig. 3 Modification of the ChOx fluorescence during the reaction with Ch ([Ch]= 1.45*10-4M, pH=9, [ChOx]=1.8
U mL-", Aexc =410 nm and Aem =520 nm)

A) Variation of the fluorescence intensity profile

B) Variation of the excitation fluorescence spectra during the enzymatic reaction: (0) before Ch addition, (1) 4 s
after the beginning of the reaction, (2) 50 s after the beginning of the reaction

Fig. 4 pH effect on the fluorescence excitation spectra and profiles ( [ChOx]=2.0 U mL', 1.2*104M Ch)

A) Fluorescence excitation spectra Aem =520 nm). (a) pH=10, (b) pH=9, (c) pH=8, (d) pH=7, (e) pH=6

B) From=f(t) (Aexc =410 nm and Aem =520 nm). (a) pH=10, (b) pH=9, (c) pH=8, (d) pH=7, (€) pH=6

Fig. 5 F=f(t) profiles obtained for several synthetic samples (pH=9, [ChOx]=2 U mL-", Aexc = 410 nm and Aem
=520 nm)

A) 1.92*10-°M BA concentration. (a) 5.07*106 M Ch, (b) 9.70*10-6 M Ch, (c) 1.95*10-M Ch, (d) 4.05*10->M Ch,
(e) 5.67*105M Ch

B) 9.7*10-°M Ch concentration. (a) 5.35*10¢ M BA, (b) 9.6*106 M BA, (c) 1.92*10-° M BA, (d) 3.85*10° M BA,

(€) 5.13*105M BA
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