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A B S T R A C T

We investigate the effects of antimicrobial (sodium citrate tribasic, E331) and antioxidant (ascorbic acid, E300
and sodium ascorbate, E301) additives on the meat drip from defrosted yellowfin tuna fish loins obtained from
the local market and horse heart myoglobin. The effects have been followed by electronic absorption, its second
derivative spectra, and resonance Raman spectroscopies. Upon addition of the additives, a final form is reached
after about 24 h. It is characterized by a 4 nm red-shifted Soret band compared to that typical of the oxy species
(418 nm) but with similar Q bands. Resonance Raman experiments carried out in 16O2 and 18O2 allowed us to
identify the presence of the native oxy form coexisting with a second oxygen bound species, characterized by a
ν(FeeO2) stretching frequency upshifted 7 cm−1 compared to the native oxy form and with a greater (33 cm−1)
isotopic shift in 18O2. These data suggest the presence of a highly bent ligand conformation. The new species
induced by the addition of the additives imparts a red colour to the tuna fish meat, a characteristic that is of some
concern. In fact, the presence of the new red form can mask the aging of the product that, consequently, might
contain histamine. Furthermore, the electronic absorption spectrum is very similar to that of the tuna fish
myoglobin carbon monoxide complex, which has important regulatory consequences. Carbon monoxide treat-
ment of tuna is banned in the EU for masking the effects of aging on the appearance of meats.

1. Introduction

A change of surface colour and the development of a rancid off-
odour are the most important phenomena that occur in muscle products
during processing and subsequent storage [1]. In fish meat, n-3 poly-
unsaturated fatty acids (PUFAs) are easily oxidized to form hydroper-
oxide that, in turn, is readily decomposed to produce a variety of vo-
latile compounds, including aldehydes, ketones and alcohols [2], which
are responsible for the undesirable odour of fish muscle [3]. On the
contrary, the red colour of tuna flesh is primarily due to the presence of
relatively large amounts of the ferrous myoglobin oxygen complex
(oxy-Mb). This derivative degrades during storage, ultimately forming
the brown oxidized form of the protein (met-Mb) [4,5]. The reaction
products of lipid oxidation compromise further the meat colour by
accelerating Mb oxidation [6].

Colour is a prime sensory parameter that determines consumer ac-
ceptance of a meat product and in particular the bright red colour of
tuna muscle is an economically important factor as consumers consider
the red muscle colour to be an indicator of freshness [7,8]. Therefore,

market pressure has led to the implementation of a shelf-life for fish
products, during which the nutritional and sensory characteristics do
not change. A number of different methods have been used to achieve
this goal, which range from freezing and frozen storage to the use of
chemical substances for preserving foodstuffs [9]. However, during
frozen storage, enzymatic and non-enzymatic rancidity is known to
strongly influence the shelf-life of marine products [10,11]. Therefore,
many strategies have been developed to inhibit lipid oxidation, not only
to minimize rancidity but also to improve colour stability [12]. In
general, additives that improve food preservation by countering da-
mage and deterioration caused by chemical reactions (non-enzymatic
oxidation, degradation of vitamins and amino acids, etc.), biological
(enzymatic oxidation and other degradation mechanisms) and micro-
biological processes are commonly used. Moreover, carbon monoxide
treatment has been used to preserve the red colour typical of fresh
meat. This procedure has been mainly applied to tuna, but similar fish
such as mahi-mahi and tilapia have also been similarly treated [13]. It
results in the formation of the bright cherry red colour characteristic of
carboxy-Mb (CO-Mb) complexes, which is stable during frozen storage
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and can last beyond the real shelf-life of the fish. Therefore, as a change
in colour is used by many consumers as a primary means to assess meat
quality, carbon monoxide treatment has the potential to make inferior
quality fish appear aesthetically more pleasing to consumers or to mask
decomposition resulting in an increased risk of histamine poisoning. In
fact, for histidine-rich fishes, such as tuna, mackerel, sardine, herring
and swordfish, the fraudulent use of CO determines an significant risk
since histamine (oxidative decarboxylation of histidine), responsible for
toxicological effects, can be formed [14]. Importantly, carbon mon-
oxide treatment of tuna is banned in the EU for masking the effects of
aging on the appearance of meats. Recently, additives like citric acid,
ascorbic acid and their salts have been used to prevent oxidation in fish.
Citric acid and its salts are widely known for their role as chelators and
acidulants in biological systems, inhibiting microbial growth [15]. In
regard to the inhibition of lipid oxidation, citric acid has been shown to
play a synergic role with primary antioxidants during minced fish
processing [16]. In the same way, ascorbic acid (E300) and sodium
ascorbate (E301) are commonly used in the preparation of food pro-
ducts to prevent the oxidation of food (colour change of fresh-cut or
peeled products) and, therefore, to maintain colour. It has been shown
that the rate of lipid oxidation of ordinary skipjack tuna muscle is
closely related to ferric Mb formation, and that the addition of anti-
oxidants to fish meat inhibits lipid oxidation as well as myoglobin
oxidation in post-mortem meat [17]. Nevertheless, in the last few years
(2016–2018), many alerts have been published on the portal of the
Rapid Alert System for Food and Feed (RASFF) of the European Com-
mission (https://webgate.ec.europa.eu/rasff-window/portal/) re-
garding the presence of histamine in thawed yellowfin tuna fillets and
tuna slices.

The aim of this study is to investigate the effects of addition of
different additives to Mb from tuna fish (TFMb) and horse heart
(HHMb). The spectral variations observed in the electronic absorption
spectrum upon addition of additives to HHMb, either as a 10% mixture
of preservatives [antimicrobial (sodium citrate tribasic, E331) and an-
tioxidant (ascorbic acid, E300 and sodium ascorbate, E301)] or Na
ascorbate (or acid ascorbic) as single components of the mixture, give
rise to a final form that is very similar to that observed for TFMb.
Resonance Raman (RR) experiments carried out in 16O2 and 18O2 al-
lowed us to identify the presence in the final form of the native oxy
form of HHMb coexisting with a second oxygen bound species, with an
altered FeeO2 bond, as a consequence of a conformational change in-
duced by the presence of the additive. The properties of the latter form
display a number of variations compared to the native oxy form of
HHMb, being characterized by a ν(FeeO2) stretching frequency up-
shifted by 7 cm−1, a greater (33 cm−1) isotopic shift in 18O2 and a 5 nm
red shift of the Soret band. These results clearly highlight the presence
of a new heme form characterized by a bright colour that masks the
aging of the product which, consequently, might contain histamine.

2. Materials and methods

2.1. Materials

HHMb (met form) (purity 95–100%) was purchased from
Sigma–Aldrich (St Louis, MO). Solutions were prepared in ultra-pure
deionised water obtained using a Milli-Q system (Millipore, Milan,
Italy) with a resistivity of 18.2MΩ cm.

Ascorbic acid (E 300), sodium ascorbate (E301), sodium citrate
tribasic (E331), and sodium dithionite, were obtained from
FlukaChemie (Buchs, Switzerland); KH2PO4 and Na2HPO4-H2O, were
purchased from Merck (KGaA, Darmstadt, Germany). All experiments
were carried out in 0.1M phosphate buffer, pH 7. All chemicals were of
analytical or reagent grade and were used without further purification.

2.2. Sample preparation

The meat drip from defrosted yellowfin tuna loins (Thunnus alba-
cares) was collected by using a gastight syringe, placed in a 1-cm path-
length quartz cuvette and then diluted to 2mL with deoxygenated
100mM phosphate buffer pH 7.0.

The samples of tuna meat drip, from defrosted yellowfin tuna loins
in the presence of a mixture of additives were prepared by treating the
ferric buffered meat drip (containing TFMb) with the mixture of ad-
ditives [ascorbic acid E300 (25%), sodium ascorbate E301 (35%), so-
dium citrate tribasic E331 (30%), NaCl (10%)] to a final concentration
corresponding to 10% of weight, similar to that reported by [18].

Samples of HHMb in the presence of additives were prepared by
treating 2mL ferric buffered solutions in a 1-cm path-length quartz
cuvette for electronic absorption experiments with the additives to the
final following concentrations in weight: Na ascorbate 5% and 10%,
ascorbic acid 5% and 10%, sodium citrate tribasic 10% and a mixture of
additives 10%. The corresponding samples for RR experiments were
prepared by treating 100 μL ferric solutions in a 5-mm NMR tube.

Ferrous samples at pH 7.0 were prepared by addition of a freshly
prepared sodium dithionite solution (15mg/mL) to the ferric forms
previously flushed with nitrogen. The Fe(II)-CO complex at pH 7.0 was
prepared by flushing the ferric sample firstly with nitrogen, then with
CO (Rivoira, Milan, Italy), and reducing the heme by addition of a
freshly prepared sodium dithionite solution (15mg/mL).

The Fe(II)-16O2 complex of HHMb at pH 7.0 was prepared by re-
duction of the ferric form with a freshly prepared sodium dithionite
solution (15mg/mL), followed by gel filtration on a Sephadex G-25
Medium column equilibrated with phosphate buffer.

The Fe(II)-18O2 complex of HHMb at pH 7.0 was prepared by
flushing the ferric sample firstly with nitrogen and then with 18O2 (97
atom % 18O2, Sigma-Aldrich, St. Louis, MO, U.S.A.), and reducing the
heme by addition of a freshly prepared sodium dithionite solution
(15mg/mL).

The 18O2 complex of HHMb+5% Na ascorbate at pH 7.0 was
prepared by flushing the admixture firstly with nitrogen and then with
18O2 (97 atom % 18O, Sigma-Aldrich, St. Louis, MO, U.S.A.).

HHMb protein concentrations of ca. 6 and 20 μM were used for the
electronic absorption and RR samples, respectively. The protein con-
centration was determined on the basis of the molar absorptivity (ε) of
188mM−1 cm−1 at 409 nm for the ferric protein [19].

2.3. Methods

Electronic absorption spectra, measured with a Cary 60 (Agilent
Technologies, Glostrup, Denmark) at 25 °C, were recorded using a 1-cm
cuvette and a 600 nm/min scan rate. Absorption spectra (using a 5-mm
NMR tube and 300 nm/min scan rate) were measured both prior to and
after RR measurements to ensure that no degradation had taken place
under the experimental conditions used.

The RR spectra were obtained at 25 °C using a 5-mm NMR tube by
excitation with the 413.1 nm line of a Kr+ laser (Innova 300C,
Coherent, Santa Clara, CA, USA). Backscattered light from a slowly
rotating NMR tube was collected and focused into a triple spectrometer
(consisting of two Acton Research SpectraPro 2300i and a SpectraPro
2500i in the final stage with a 1800 grooves/mm grating) working in
the subtractive mode, equipped with a liquid nitrogen-cooled CCD de-
tector. A spectral resolution of 4 cm−1 and spectral dispersion of
1.2 cm−1/pixel were calculated theoretically on the basis of the optical
properties of the spectrometer for the 1800 grooves/mm grating.

A cylindrical lens, which focuses the laser beam in the sample to a
narrow strip rather than the usual point, was used to collect the spectra
of the ferric and ferrous-CO samples in the presence of 5% Na ascor-
bate, due to its tendency to photolyse under irradiation. As a con-
sequence of the sample sensitivity to laser induced photolysis, the RR
spectra were carefully monitored at 5min intervals and samples
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changed every 30min.
The RR spectra were calibrated with indene and carbon tetra-

chloride as standards to an accuracy of 1 cm−1 for intense isolated
bands. All RR measurements were repeated several times under the
same conditions to ensure reproducibility. To improve the signal-to-
noise ratio, a number of spectra were accumulated and summed only if
no spectral differences were noted. All spectra were baseline-corrected.
A spectral simulation program (LabCalc, Galactic Industries) using a
Lorentzian or Gaussian line shape was used to determine the peak po-
sitions, bandwidth, and intensity. The frequencies of the bands were
optimized to an accuracy of 1 cm−1 and the bandwidths to an accuracy
of 0.5 cm−1.

3. Results and discussion

3.1. Electronic absorption spectra

3.1.1. Tuna Mb
The images of four different yellowfin tuna fish fillets together with

the electronic absorption spectra of the corresponding meat drip are
shown in Fig. 1. The colour of the meat changes dramatically from (a)
fresh, (b) aged, (c) CO-treated, and (d) treated with a mixture of as-
corbic acid (E300), sodium ascorbate (E301) and sodium citrate tribasic
(E331). Accordingly, the corresponding electronic absorption spectra
display distinct differences. In fact, the heme active site of myoglobin
gives rise to strong electronic transitions at about 400 nm (Soret or B
band) and 500–580 nm (Q bands), with the wavelength maxima being
dependent on the oxidation, spin, and coordination states of the heme
iron. The spectra of oxy-myoglobin, deoxy-myoglobin, met-myoglobin
and CO-myoglobin can be distinguished by their peak positions and
relative intensities [20] and become very distinct in the second deri-
vative absorption spectra [21].

The fresh sample (a) gives rise to a Soret maximum at 412 nm and Q
bands at 542 and 576 nm, due mainly to the oxy-TFMb complex.
However, the 2 nm Soret blue-shift compared to a pure oxy-TFMb
sample [21], together with the presence of a CT1 band at 633 nm, in-
dicates also the presence of a small amount of oxidized ferric TFMb. The
aged sample (b) is characterized by maxima at 407, 501 and 540 nm,
and 633 nm, due to the oxidation of ferrous oxy-TFMb to the met-TFMb
state, whereas the CO-treated sample (c) shows maxima at 420, 539 and
571 nm, similar to those reported previously for the TFMb-CO complex
[21]. The UV–Vis spectrum of fresh tuna fillet in the presence of the

mixture of preservatives (d), characterized by maxima at 417, 544 and
574 nm, is in between those of the oxy-TFMb and CO-treated samples.

In order to gain insight into the nature of the complex formed in the
presence of additives (spectrum d), we undertook an electronic ab-
sorption spectroscopic study adding a 10% mixture of additives to the
meat drip from defrosted yellowfin tuna fish loins obtained from the
local market and diluted in deoxygenated phosphate buffer.

The electronic absorption and second derivative spectra of tuna
meat drip diluted in deoxygenated phosphate buffer 30min, 4 h, and
24 h after the addition of a mixture of additives are shown in Fig. 2A. As
noted for the corresponding spectrum in Fig. 1 (trace a), the spectrum of
the meat drip alone is mainly characteristic of a mixture of oxy-TFMb
and met-TFMb, clearly revealed in the second derivative spectra by
Soret bands at 418 nm and 409 nm, respectively [20]. After addition of
the mixture of additives, progressive time dependent spectral changes
are observed. After 30min the Soret band at 409 nm red-shifts to
414 nm and the Q-bands at 540 and 577 nm of the oxy form increase,
whereas the ferric CT1 band at 633 nm disappears, indicating reduction
of the ferric TFMb and complete formation of the oxy-TFMb complex.
However, after 4 h, a further red-shift to 421 nm is observed. Although
the spectrum does not markedly change further with time, after 24 h a
general decrease of the absorbance together with a broadening of the
Soret band are observed due to the formation of a small amount of
deoxy-TFMb, characterized by a maximum at 431 nm (437 nm in the
second derivative spectrum).

The corresponding spectra obtained after reduction with dithionite
are reported in Fig. 2B. The reduced untreated meat drip is character-
istic of pentacoordinate high-spin (5cHS) deoxy-TFMb with Soret
maximum at 431 nm (435/437 nm in the second derivative spectrum),
as expected. However, the spectra in the presence of the additives are
markedly different. After 30min a maximum at 421 nm is clearly pre-
sent, it increases with time at the expense of the 431 nm band. These
variations are particularly clear in the second derivative spectra. The
final spectrum is characterized by bands at 421, 540 and 568 nm,
identical to that obtained without dithionite. This confirms that the
preservatives reduce the heme iron and a new species is formed, which
is stable after the addition of dithionite.

3.1.2. HHMb
To clarify the nature of the interaction of tuna Mb with the additives

and identify the ligand which binds TFMb in the final form, the effects
of the additives [Na ascorbate (5% & 10%), ascorbic acid (5% & 10%),

Fig. 1. Electronic absorption spectra of defrosted
yellowfin tuna fish meat drip in 100mM phosphate,
pH 7: a) untreated fresh sample obtained from an
Italian market; b) untreated aged sample; c) treated
with CO and d) sample obtained from an Italian
market treated with ascorbic acid (E300), sodium
ascorbate (E301) and sodium citrate tribasic (E331),
as reported on the product label. Images of the cor-
responding tuna fish fillets are also shown.
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sodium citrate tribasic (10%), mixture of additives (10%)] on purified
horse heart Mb, have been monitored by following the time course of
the UV–vis spectral variations.

It is noted that a comparison of the electronic absorption spectrum
of HHMb with that after addition of sodium citrate tribasic (10%) re-
vealed that this additive does not give rise to spectral variations (Fig.
S1).

Fig. 3 reports the case of 5% Na ascorbate. Spectral variations are
observed immediately after addition of the additive, characterized by
the appearance of weak bands at 543 and 581mn (Fig. 3A). The bands
characteristic of ferric HHMb (409, 504 and 633 nm) undergo pro-
gressive time dependent changes. The Soret band at 409 nm gradually
red shifts and the intensity of the bands at 504 and 633 nm decreases.
The presence of isosbestic points at 416, 475, 525 and 595 nm for the
spectra 1 to 7 suggests the transition of the hexa-coordinate high spin
(6cHS) ferric aquo-HHMb form into a 6c low spin (LS) state in this time
period. In fact, the new Q-bands at 543 and 581 nm, typical of a ferrous
LS species, progressively increase reaching their maximum intensity
after 70min with a corresponding Soret band at 418 nm (spectrum 7,
red). This species is assigned to the ferrous oxy-HHMb form [22,23].

Subsequently, the bands at 543 and 581 nm progressively lose in-
tensity until the final stable spectral form (spectrum 10, blue) is ob-
tained after ca. 21 h (Fig. 3B). The loss of intensity is possibly related to
the formation of a second ferrous LS species with different (lower) ex-
tinction coefficient. The final spectral form is characterized by a narrow

Soret at 422 nm, Q bands at 543 and 581 nm, and the complete loss of
the characteristic bands of ferric HHMb. The absence of isosbestic
points for the spectra recorded after 70min is consistent with the for-
mation and significant increase of the aforementioned second ferrous
LS species, which characterizes the final form and differs from that
typical of oxy-HHMb.

In conclusion, the final form shows a 4 nm red-shift of the Soret
band compared to that typical of the HHMb oxy species (418 nm) but
with similar Q bands. Hence, the electronic absorption spectrum sug-
gests the presence of an oxy-HHMb form different from that normally
observed. This is possibly due to a conformational variation of the heme
cavity induced by the additives characterized by an altered FeeO2

bond.
It should be noted that various preparations of HHMb+5% Na

ascorbate demonstrated that the evolution of the time course displays
some variability. In particular, although for some preparations the
formation of a deoxy-HHMb species is not observed, as for the case
presented in Fig. 3, for other preparations a deoxy-HHMb species is
clearly observed at approximately 5 h after the addition of ascorbate,
which remains as a minor species for a variable time interval before
disappearing. In fact, it is completely absent in the final form. A pos-
sible explanation of this anomalous behaviour is that it is correlated
with slight differences in the concentration of the reducing agent. In
fact, a higher reductant concentration could lead to the rupture of the
FeeO2 bond and, consequently, the formation of the deoxy-HHMb

Fig. 2. Electronic absorption and second derivative (dashed line) spectra of defrosted yellowfin tuna fish meat drip in deoxygenated 100mM phosphate, pH 7 at the
times indicated after addition of a 10% mixture of additives (panel A) and the corresponding spectra of the reduced forms (panel B). The 475–700 nm region has been
expanded as shown for each spectrum.
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Fig. 3. Time course of the effects on the electronic absorption
spectra of 5% Na ascorbate (final concentration of Na ascor-
bate 26mM) addition to HHMb in 100mM phosphate, pH 7.
Panel A, variations observed in the time period 0–70min
(spectra 1–7); Panel B, variations observed in the time period
70min–21 h (spectra 7–10). The arrows indicate the decrease
of the ferric HHMb bands (black), the increase of bands at 543
and 581 nm (red), and the subsequent decrease of these bands
(blue). (For interpretation of the references to colour in this
figure, the reader is referred to the web version of this article.)

Scheme 1. Schematic representations of the time evolution (left) and of the heme coordination (right) of the different species that form upon addition of the various
additives. The final form, completely formed after 20+h, is constituted by two oxygen bound species. One corresponds to that of the oxy complex, whereas in the
second species a conformational variation of the heme cavity induced by Na ascorbate strengthens the Fe—O2 bond.
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species. However, it is also possible that the presence/absence of the
deoxy form may be correlated to a lower/greater level of oxygen in
solution.

Selected second derivative absorption spectra (Fig. S2) of the time
course presented in Fig. 3 reveal additional aspects. In particular, the
Soret band of the initial (411 nm) and final (422 nm) spectra are sym-
metric and narrow indicating that they correspond to pure species. An
isosbestic point is again observed at 415 nm for spectra in the time
interval 0–70min; after 70min (corresponding to the maximum in-
tensity of the Q-bands and the oxy-HHMb form at 419 nm), the Soret
slowly red-shifts to its final form (Soret 422 nm) after ca. 21 h.

Hence, the time dependent variations of the electronic absorption
spectrum can be summarised as follows. As expected, the ferric form is
reduced by the presence of the additives forming, in the presence of
atmospheric oxygen, the oxy-HHMb species (Soret band at ca. 418 nm
and Q-bands at 543, 581 nm). Normally, although not always for the
case of 5% Na ascorbate, a small quantity of transient deoxy-HHMb
(Soret at ca. 435 nm) is then formed due to the dissociation of O2 from
the heme iron, which remains for a variable time period and is com-
pletely absent in the final form. After the oxy species has achieved its
maximum population, the final form gradually increases with time at
the expense of the oxy form and is characterized by a 6cLS ferrous form
with Soret at ca. 422 nm (4 nm red-shifted compared to the oxy form).

Upon increasing the concentration of Na ascorbate to 10% (Fig. S3)
a number of differences are observed in the evolution of the time de-
pendent spectral variations; however, the final spectral form after 23 h
is identical to that for 5% Na ascorbate. In particular, the reaction time
is faster in line with the higher amount of reductant present, as high-
lighted by the anticipated appearance of the maximum intensity of the
oxy-HHMb species LS Q bands (543, 581 nm) and corresponding Soret
at 418 nm after 40min (cf. 70 min for 5% Na ascorbate). The deoxy-
HHMb form (shoulder at 435 nm, 439 nm in second derivative) appears
after 150min, reaches its maximum after 4 h and subsequently de-
creases to be completely absent in the final spectrum after 23 h. In
agreement with the case for 5% Na ascorbate, isosbestic points are
observed at 416, 480, 525 and 595 nm for the spectra 1–5 (0–40min)
corresponding to the conversion of the ferric form to the oxy-HHMb
species. Scheme 1 shows schematic representations of the heme co-
ordination and time evolution of the different species that form upon
addition of the various additives.

The spectral variations observed after addition of 5% ascorbic acid
(Fig. S4) are similar to those for the case of 5% Na ascorbate. In fact, the
final spectrum is very similar with the Soret band at 421 nm. However,
the reaction time is slower, as highlighted by the delayed appearance of
the maximum intensity of the oxy-HHMb Q bands (543, 581 nm) and
corresponding Soret at 417 nm after 120min (cf. 70min). Isosbestic
points are again observed at 416, 480, 525 and 595 nm for the spectra
1–5 (0–120min). A minor deoxy species briefly appears after approxi-
mately 390min (shoulder at 435 nm, 439 nm in second derivative),
which by 450min has completely disappeared.

The addition of 10% ascorbic acid causes a significant lowering of
the solution pH (pH 5.7), hence, it was not considered further.

The most marked difference of the time course for the 10% mixture
of additives (Fig. 4) compared to that for 10% Na ascorbate (Fig. S3) is
the slightly slower reaction time. This is highlighted by the delayed
appearance of the maximum intensity of the oxy-HHMb Q bands (543,
581 nm) and corresponding Soret at 418 nm after 50min (cf. 40min).
Interestingly, although slower than for 10% Na ascorbate, it is faster
than for 5% Na ascorbate (cf. 70min) (Fig. 3), consistent with the en-
hanced presence of reductants (Na ascorbate 3.5%; ascorbic acid 2.5%).
All other features of the time dependent spectral variations are very
similar in both cases. The deoxy species appears after a similar time
interval (4 h) in both cases and has a similar intensity. Once again, the
presence of isosbestic points at approximately 416, 480, 525 and
595 nm for spectra 1–4 (0–50min), suggests the conversion of the ferric
6cHS species into the ferrous oxy-HHMb 6cLS species in this time

period. After 23 h the spectrum does not change further. The final
spectrum is slightly different compared to that for all other cases [Soret
at 420 nm, compared to 421 nm (ascorbic acid) and 422 nm (Na as-
corbate)] due to the residual presence of the ferric form at 411 nm
(Fig. 4B). In fact, interestingly, in the cases when ascorbic acid is pre-
sent (5% ascorbic acid and 10% mixture of additives), the spectral
contribution due to the residual presence of the ferric HHMb form
(band at 411 nm in the second derivative spectra) remains more evident
in the second phase of the time course after the oxy species begins to
decrease.

3.2. Resonance Raman spectra

To gain further insight into the interaction between TFMb and
HHMb and the additives; in particular, to clarify the nature of the final
form identified by electronic absorption spectroscopy at the end of the
time course, this species was studied by resonance Raman (RR) spec-
troscopy. The RR technique has been extensively applied over the past
several decades to study the structure, function, folding and dynamics

Fig. 4. Effects of the addition of 10% mixture of additives to HHMb in 100mM
phosphate, pH 7. Panel A: Time course of the variations on the electronic ab-
sorption spectra (0−23 h). The arrows indicate the decrease of the ferric HHMb
bands (black), the increase of bands at 543 and 581 nm (red, spectra 1–4), the
subsequent decrease of these bands upon formation of the final form (blue,
spectra 5–7); Panel B: corresponding second derivative spectra in the Soret
region. The arrows indicate the variations of the Soret band with time. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

B.D. Howes, et al. Journal of Inorganic Biochemistry 200 (2019) 110813

6



of heme-containing proteins and has been proven exceptionally fruitful.
In the context of the present study, it is able to give detailed informa-
tion not only on the oxidation state of the different species but also
identify the nature of the heme bound ligands [24–26].

As the final form is very similar for both tuna fish and horse heart
Mb, for all cases studied, the effects of Na ascorbate (5%) on HHMb was
chosen for the RR study as it gave rise to the simplest time dependent
behaviour.

Fig. 5 compares the RR spectra of HHMb +5% Na ascorbate, 20 h
after the addition of Na ascorbate, with reference spectra of the met and
deoxy forms of HHMb and its complexes with O2 and CO. The corre-
sponding electronic absorption spectra are reported in Fig. S5.

The core-size bands at 1562, 1584, 1620 and 1641 cm−1 of the
HHMb +5% Na ascorbate sample are very similar to those of the oxy
spectrum and consistent with the expected LS ferrous heme [27]. The
band at 1510 cm−1 is assigned to the ν3 mode, the wavenumber of
which is 3 cm−1 higher than that observed for the oxy complex of
HHMb. It is noted that different preparations of the 5% Na ascorbate
sample showed a variable tendency to form the deoxy species, both
before and after RR. The Na ascorbate sample shown in Fig. 5 displayed
ca. 30% photolysed (deoxy) form, identified by asterisks in the figure.
The reference spectra (met and oxy) and (CO and deoxy) are similar to
those previously reported [27,28], respectively. It must be noted that
the weak 1356 cm−1 shoulder on the 1372 cm−1 ν4 band of the CO
adduct indicates a low level of photolysis; however, as previously noted
for cytochrome c peroxidase [29] and for the CO-HHMb adduct [28],
the corresponding ν3 band of the pentacoordinate and photolysed form
(1472 cm−1) is more intense than that of the LS CO adduct band at
1501 cm−1.

The corresponding RR spectra in the low frequency region are
shown in Fig. 6. This RR region is particularly useful to identify clearly
the ferrous LS ligand bound to the heme Fe. In fact, together with the
bending vibrations of the porphyrin modes and of the vinyl and

propionate substituents [30], bands associated with vibrations of the
distal axial ligands have been identified in this region [25]. In parti-
cular, in the CO-HHMb adduct the intense band at 509 cm−1 is assigned
to the ν(FeeC) mode and the bands at 575 and 581 cm−1 to δ(FeCO)
and ν48, respectively [28]. The band at 571 cm−1 in the oxy-HHMb
spectrum is assigned to the ν(FeeO2) mode of the oxy complex [27,31].
In the ν(FeeO2) region of the HHMb+5% ascorbate spectrum a broad
band at approximately 574 cm−1 is clearly observed. Two models are
proposed to interpret this broad band based on the curve fitting analysis
reported in Fig. S6.

i) Two overlapping ν(FeeO2) stretching modes with frequencies at
570 and 578 cm−1 (Fig. S6A), highlighting two possible different
iron bound species. One of the species (570 cm−1) corresponds to
that of the ν(FeeO2) mode of the oxy complex, whereas the band at
578 cm−1 is proposed to originate from an O2 bound form in which
a conformational variation of the heme cavity, induced by Na as-
corbate, alters the FeeO2 bond of the oxy form, giving rise to a
stronger bond.

ii) Only one ν(FeeO2) stretching mode that is inhomogeneously broa-
dened resulting from structural instability of the heme cavity due to
interaction with the additive (Fig. S6B), as a consequence of the
perturbation of the oxy-heme centre structure induced by Na as-
corbate.

The goodness of fit parameters for the two models are the same,
hence, they cannot be used to identify a preferred model. However in
both cases, the upshifted frequency of the ν(FeeO2) stretching mode
compared to that of the native oxy-HHMb species is consistent with the
5 nm red shift of the Soret band of HHMb in the presence of 5% as-
corbate, (Fig. S5), which indicates the presence of a species in which the
O2 ligand binds more tightly than in the native oxy-HHMb.

The proposed assignment of the bands at 570 cm−1 and 578 cm−1

(or 573 cm−1, Fig. S6) to ν(FeeO2) modes suggests that there should be
the corresponding ν(OeO) bands. However, in general, the ν(OeO)
mode in oxy-globins (i.e. in adducts with imidazole as proximal axial
ligand) is normally not detectable in RR spectra, due to weak en-
hancement [30]. Nevertheless, RR enhancement of the ν(OeO) mode is
observed for imidazole-ligated heme proteins with strong distal H-
bonds to the bound O2 (e.g., Chlamydomonas and Synechocystis oxyHbs)
[32]. The ν(OeO) mode is also detectable in RR spectra when the axial
ligand is thiolate; data are available for a number of cysteinyl heme
proteins and model complexes [30]. In globins, when observed, the
ν(OeO) band is expected at a frequency of ca. 1135 cm−1 [31,32].
Comparison of the RR spectra of the Na ascorbate and oxy samples
shows that the doublet at ca. 1130 cm−1 is very similar for the two
cases with the two bands displaying comparable intensity, whereas
there is a difference in relative intensity of the two bands for the CO and
met samples (Fig. 6). This suggests that for the Na ascorbate and oxy
samples there is a ν(OeO) band superimposed on a band of the por-
phyrin at 1135 cm−1, which is absent in the CO and met samples that
gives rise to the relative intensity difference.

To verify that the above-mentioned bands derive from O2, we stu-
died the Na ascorbate samples with isotopically enriched oxygen (18O2).
Comparison of the oxy-HHMb complex in 16O2 and 18O2 clearly shows
that the ν(FeeO2) mode band at 571 cm−1 shifts to 546 cm−1 in 18O2

(Fig. 7, Left) and increases in intensity due to overlay with the por-
phyrin mode at 549 cm−1. The frequency of the ν(FeeO2) band in 18O2

is determined on the basis of the difference spectrum (546 cm−1,
Fig. 8), which has been confirmed by the curve fitting analysis (Fig. S7).

Comparison of the HHMb+5% ascorbate spectrum in 16O2 and
18O2 clearly shows that both the 570 and 578 cm−1 bands are isotope
sensitive, shifting to ca. 548 cm−1 in 18O2 (Fig. 7, Left). The close si-
milarity of the isotope shift for the 18O2 ν(FeeO2) bands of oxy-HHMb
and HHMb+5% Na ascorbate is in agreement with their closely si-
milar line shapes which, within the noise level, are very alike (Fig. S8).

Fig. 5. RR spectra of HHMb+5% Na ascorbate prepared in NMR tube (100 μL)
after 20 h from Na ascorbate addition compared with reference spectra of the
met and deoxy forms of HHMb and its complexes with O2 and CO in the high
frequency region. RR experimental conditions: excitation wavelength of
413.1 nm; 1800 grooves/mm grating; (+5% asc), laser power at the sample
1mW, average of 30 spectra with 150min integration time; (oxy), laser power
at the sample 2mW, average of 12 spectra with 60min integration time; (CO),
laser power at the sample 0.6mW, average of 12 spectra with 60min integra-
tion time; (deoxy and met), laser power at the sample 5mW, average of 6
spectra with 60min integration time (deoxy), and average of 3 spectra with
30min integration time (met). The band at 1510 cm−1 (bold) identifies a ν3
band of the HHMb+5% ascorbate sample. Asterisks indicate bands of the
deoxy species. The RR intensities are normalized to that of the ν4 band. The
frequency region 1450–1670 cm−1 has been expanded two-fold.
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This latter observation together with the curve fitting analysis of the
oxy-HHMb and HHMb+5% Na ascorbate spectra in 18O2 (Fig. S7)
argue in favour of a model in which the broad 574 cm−1 band is con-
stituted by two overlapping bands with frequencies at 570 and
578 cm−1. Since the isotope sensitive band at 546 cm−1 in 18O2 has a
typical heme protein line width of 11 cm−1, for both the oxy-HHMb and
HHMb +5% Na ascorbate spectra; it would be difficult to reconcile this
result with a model in which the corresponding band of the +5% Na
ascorbate spectrum in 16O2 is inhomogeneously broadened with line
width of 20 cm−1.

The frequency region of the ν(OeO) mode is of more difficult ana-
lysis. Unfortunately, neither the oxy-HHMb nor HHMb+5% ascorbate
spectrum exhibits any lines that are shifted to lower frequencies by 16O2

to 18O2 replacement. Instead, in a similar manner as noted above when
comparing the spectra in Fig. 7, there is a slight but clear intensity
decrease at 1135 cm−1 in the 18O2 spectra (Fig. 7, Right). Although one
possible explanation of this observation may be that for the Na ascor-
bate and oxy samples there is a ν(OeO) band superimposed on a por-
phyrin band at 1135 cm−1, this is not confirmed by identification of a
corresponding isotopic shift of the band. The calculated shift in 18O2 is
predicted to be 65 cm−1 for the stretching mode of an isolated OeO
group. The difference spectra for the oxy-HHMb and HHMb+5% as-
corbate samples display a complicated ensemble of bands that are si-
milar within the noise limits (Fig. 8, Right); however, a negative peak
corresponding to an isotope sensitive band in 18O2 is not observed, in
agreement with the poor enhancement of this mode in these proteins. A
similar effect has been reported previously for oxy-myoglobin [33].

The experiment of HHMb+5% Na in 18O2 confirms that the iron
ligand of both the species corresponding to the bands observed at 570
and 578 cm−1 in the 16O2 sample is dioxygen. The two ν(FeeO2)
stretching modes have significantly different shifts in 18O2, of 25
(570 cm−1 band) and 33 cm−1 (578 cm−1 band), respectively; the

predicted shift for a FeeO2 diatomic oscillator is about 23 cm−1.
Interestingly, in heme oxygenase a large isotope shift has been attrib-
uted to a highly bent FeeOeO conformation [34]. The upshifted fre-
quency of the second species is consistent with the 5 nm red shift of the
Soret band of the 5% Na ascorbate sample compared to the oxy form,
which indicates the presence of a species that binds in a different
manner than in the native oxy form. Accordingly, the band at 578 cm−1

is proposed to originate from a second oxygen bound species, with an
altered (bent) FeeO2 bond as a consequence of a conformational
change induced by the presence of ascorbate in the heme cavity.

Fig. 6. Low frequency RR spectra of the HHMb+5% Na as-
corbate sample prepared in NMR tube (100 μL), 20 h after Na
ascorbate addition, compared with reference spectra of the
met form of HHMb and the deoxy-HHMb complexes with O2

and CO. (Left) low frequency region showing the ν(Fe—O2)
and ν(Fe-CO) bands; (right) intermediate frequency region
showing the ν(O—O) band. Experimental conditions as for
Fig. 5. Frequencies in bold identify the ν(Fe—O2) bands of the
oxy forms.

Fig. 7. Comparison of the RR spectra of oxy-HHMb and
HHMb+5%asc in 16O2 and 18O2 showing the ν(Fe—O2)
(Left) and ν(O—O) (Right) frequency regions. RR experi-
mental conditions: excitation wavelength of 413.1 nm; 1800
grooves/mm grating; (HHMb-16O2)and (HHMb-18O2), laser
power at the sample 2mW, average of 12 spectra with 60min
integration time and of 18 spectra with 90min integration
time, respectively; (+5% asc in 18O2) and (+5% asc in 16O2)
laser power at the sample 1mW, average of 36 spectra with
180min integration time and of 16 spectra with 80min in-
tegration time, respectively. The RR intensities are normal-
ized to that of the ν4 band. Frequencies in bold identify the
ν(FeeO2) bands of the oxy forms.

Fig. 8. The 16O2 – 18O2 difference spectra of the RR spectra reported in Fig. 7
showing the ν(Fe—O2) (left) and ν(O—O) (right) frequency regions.
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4. Conclusions

The study of the effects of antioxidants on Mb from tuna fish and
horse heart clearly indicates that the spectral variations of the elec-
tronic absorption spectra induced by addition of either a 10% mixture
of preservatives or of Na ascorbate (or ascorbic acid) as single com-
ponents of the mixture, give rise to a final form which shows very si-
milar UV–Vis spectra for all cases studied, i.e. narrow Soret band at ca.
422 nm, Q-bands at 543 and 581 nm.

On the basis of the electronic absorption spectra the nature of the
final form cannot be explicitly determined; however, the RR spectrum
of the 5% Na ascorbate sample enables two potentially feasible cases to
be unequivocally excluded. First, despite the very close similarity of the
UV–vis spectra of the Na ascorbate sample and that of the CO-HHMb
complex the heme ligand cannot be CO, as the intense ν(Fe-CO) band is
not observed in the low frequency RR spectrum (Fig. 6). A hydroxyl
ligand can also be excluded since the low-spin ν(Fe-OH) stretching
mode of met HHMb gives rise to a band at 550 cm−1 [35], lower than
that of the band deriving from the unknown ligand (578 cm−1). Fur-
thermore, the UV–vis spectrum of the final species is typical of a ferrous
LS form and very different from that expected for a ferric hydroxyl
form.

Nevertheless, the RR spectrum of the 5% Na ascorbate sample is
able to offer clear insight into the nature of the final form. In fact, the
two RR bands at 570 and 578 cm−1 in the low frequency region are of
particular interest. On the basis of the isotopic shift observed in 18O2,
both the 570 and 578 cm−1 bands (accidentally) shift to the same fre-
quency (546 cm−1). Therefore, the former band, is due to the ν(FeeO2)
stretching mode of the oxy form of HHMb, whereas the band at
578 cm−1 is proposed to originate from a second oxygen bound species,
with an altered FeeO2 bond as a consequence of a conformational
change induced by the presence of ascorbate. The present results in-
dicate that even if the additives under study are authorized by the EU
(Commission Regulation (EU) No. 1129/2011), they cause changes in
the tuna meat which cannot be simply ascribed to natural processes.
The new species that is completely formed 24 h after the addition of a
mixture of additives imparts a red colour to the tuna fish meat. This
characteristic induced by the addition of the additives is of some con-
cern, as the bright red colour of tuna muscle is a prime sensory para-
meter that determines consumer acceptance of a meat product, the red
muscle colour usually being taken as an indicator of freshness. Hence,
the presence of the new heme form can mask the aging of the product
that, consequently, might contain histamine. Moreover, the electronic
absorption spectrum of this form is similar to that of the CO complex
(Figs. 1 & 2). Carbon monoxide treatment of tuna is banned in Canada,
Japan, Singapore, and labelling is required in the United States. In
Europe the use of CO as an additive is also not permitted (Commission
Regulation (EU) No. 1129/2011). Consequently, a monitoring program
of fish products is in force in the European Community. However, the
similarity between the Na ascorbate treated TFMb sample and that of
the CO-TFMb renders inapplicable any spectroscopic methodology de-
veloped to detect the presence of the illicit use of CO in tuna meat
[21,36].

Abbreviations

HHMb horse heart myoglobin
TFMb tuna fish myoglobin
CO-Mb ferrous carboxy-Mb
Oxy-Mb ferrous Mb oxygen complex
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6cHS hexa-coordinate high spin
6cLS hexa-coordinate low spin
RR resonance Raman
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