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As revealed in the last two decades, chlorophyll breakdown in
senescent leaves appears to occur by a largely common and
well-controlled catabolic path, which rapidly furnishes non-
fluorescent, colorless chlorophyll catabolites (NCCs) as
“final” products.[1,2] Recently NCCs detected in ripe apples
and pears were found to be the same as those in degreened
leaves, suggesting chlorophyll catabolism in leaf senescence
and fruit ripening to be similar (Scheme 1).[3,4]

Chlorophylls disappear visually in the peels of ripening
bananas (Musa cavendish), which develop a diagnostic bright
yellow color, the “memory” color of bananas.[6] Surprisingly,
we found ripe yellow bananas to appear blue under UV light
and to display a previously unnoticed blue luminescence
(Figure 1). Their blue luminescence was also found here to
directly depend upon chlorophyll breakdown in the banana
peels. It arises from abundant “fluorescent” catabolites of
chlorophyll (FCCs),[1,7] which are intermediates of chloro-
phyll breakdown that are hardly detectable in higher
plants.[1,8]

Unpeeled yellow bananas showed blue fluorescence with
a maximum near 450 nm, as did extracts from fresh peelings
of yellow bananas. The luminescence of such extracts was also
similar to that of a solution of the main banana FCC in
methanol (Mc-FCC-56 in Figure 1). Indeed, when fresh
extracts from banana peelings were analyzed by high-
performance liquid chromatography (HPLC), about a dozen
luminescent components with absorbance spectra typical of
FCCs (maxima near 317 and 358 nm) were revealed.[1] The
mass spectrum of Mc-FCC-56, the most abundant FCC,
showed its most intense ion at m/z 831.27. This value,
consistent with a molecular formula of C42H46O14N4, was
confirmed by a high-resolution mass spectrum ofMc-FCC-56,

which exhibited a signal of the pseudo-molecular ion
of the sodium salt at m/z 853.289 (m/zcalc
[C42H46O14N4Na]+ 853.291). The structure of Mc-FCC-56
was determined by multidimensional NMR spectroscopy.
The 1H NMR spectrum showed a doublet and three singlets at
high field (of methyl groups), a singlet at
d= 3.75 ppm (methyl ester), as well as signals due to vinyl
and formyl groups at low field (see Figure S1 in the Support-
ing Information). Homo- and heteronuclear correlations
(from 1H,1H COSY, 1H,1H ROESY, 1H,13C HSQC, and
1H,13C HMBC spectra[9]) allowed the assignment of all non-
exchangeable H atoms and of 41 (of the 42) C atoms. Using
correlations from 1H,1H NOE spectra the constitution of Mc-
FCC-56 was then deduced as a 31,32-didehydro-82-hydroxy-
132-(methoxycarbonyl)-173-[5’-daucyl]-1,4,5,10,17,18,20,22-
octahydro-4,5-dioxo-4,5-seco-(22H)-phytoporphyrin (Fig-
ure 2).[10] This analysis indicated the propionate side chain
of Mc-FCC-56 to be esterified with a cyclic unit with the

Scheme 1. Outline of chlorophyll breakdown in senescent plants. The
chlorophylls a (R=CH3, Phy=phytyl) and b (R=CH=O, Phy=phytyl)
are degraded by the primary “fluorescent” chlorophyll catabolite
(pFCC) to “nonfluorescent” chlorophyll catabolites (NCCs, in which,
typically, the residues R1, R2, and R3 vary).[4,5]
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constitution of daucic acid,[11] and the terminal carbon (C82)
of the side chain at position 8 to carry a hydroxy group.

The presence of a propionate ester in Mc-FCC-56 is a
striking structural revelation. Such a modification of the
propionate function is unprecedented in the known FCCs, but
it occurs in several major FCC fractions from the banana
peels, which were also isolated and analyzed (see Figure 3,

Experimental Section, and the Supporting Information). The
presence of the ester function helps to rationalize the
observed, unprecedented persistence of Mc-FCC-56 and its
analogues in the banana peels: All natural chlorophyll
catabolites from plants have, so far, featured a free acid
function,[1,5] which was shown to induce the remarkably rapid
and stereospecific isomerization of FCCs to the nonfluores-
cent NCCs,[8,12] as the “last” step of chlorophyll breakdown in
higher plants. The rapid further conversion of typical FCCs
explains their fleeting existence in leaves and their (so far)
elusive nature in ripening fruit.[4,8, 12] In contrast, Mc-FCC-56
only underwent slow isomerization under comparable con-
ditions. In acidic solution, Mc-FCC-56 gave two main NCCs,
Mc-NCC-55 and Mc-NCC-58, which were indicated by their

Figure 1. Yellow bananas are blue luminescent. Top and middle: Yellow
(ripe) and green (unripe) bananas under white light and under UV
light at a wavelength of 366 nm. Bottom: Luminescence spectra
(excitation at 350 nm) of intact bananas that are greenish (green line),
bright yellow (red line), and brown-yellow (black line) and the
spectrum of Mc-FCC-56 (in methanol, dashed red line).

Figure 2. Elucidation of the structure of Mc-FCC-56 by NMR analysis.
Constitutional formula of Mc-FCC-56 and assigned H atoms with
homonuclear correlations (dashed lines: COSY, bold lines: NOESY).
The spectra were measured at 600 MHz in CD3OD at 25 8C. For the
corresponding figure with 1H,13C correlations see Figure S2 in the
Supporting Information.

Figure 3. HPLC analysis of freshly prepared extracts of yellow banana
peels. Fractions with characteristic luminescence or absorbance are
tentatively identified (and marked) as specific FCC or NCC fractions.
Top: Chromatogram with detection of luminescence at 450 nm; black
trace: extract of ethylene-ripened bananas; gray trace: extract of
naturally ripened bananas. Bottom: Chromatogram with detection of
the absorbance at 320 nm (see the Supporting Information for
experimental details).
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CD spectra to be stereoisomeric at the C15meso position (see
Figure S3 in the Supporting Information). Slow, not stereo-
selective isomerizations were similarly observed for synthetic
methyl esters of FCCs also.[12] Clearly, the ester group inhibits
the conversion of Mc-FCC-56 (and of related FCC esters) to
an NCC and helps to disrupt the usual mechanism of
chlorophyll catabolism.

Extracts of peels of commercial ethylene-treated and
naturally ripened, yellowing bananas (Musa cavendish, see
the Experimental Section and the Supporting Information) all
contained a similar assortment and quantity of the major
FCCs (Figure 3 and the Supporting Information). Thus, the
unique pattern of FCCs and FCC esters (such asMc-FCC-56),
as observed in the bananas from the market, is not diagnostic
of ethylene ripening. Freshly degreened (yellow) leaves of
bananas also contained several fractions with absorbance and
luminescence characteristics of FCCs. However, exploratory
HPLC analyses indicated the main leaf FCCs to differ from
those in the banana peels (see Figure S5 in the Supporting
Information). Ongoing work will help to clarify the structures
of these still largely unknown fluorescent catabolites of
chlorophyll.

When intact, ripening bananas were analyzed for their
absorbance and luminescence characteristics, the distribution
and intensity of the blue luminescence was similar to that of
the banana extracts (Figure 1). Indeed, unripe, green bananas
were barely visible under UV light, showed little lumines-
cence, and contained only small amounts of FCCs. Appa-
rently the fluorescing catabolites accumulated in banana
peels in the earlier phase of ripening, in parallel with
breakdown of chlorophylls and the development of a bright
yellow color. During further ripening, when the bananas
became dull yellow, the amounts of FCCs diminished and
fluorescence decreased. The intensity of the blue lumines-
cence of whole bananas, as well as of extracts of their peels,
correlated with chlorophyll breakdown, and showed maximal
intensity at an intermediate degree of ripening (Figures 1 and
4).

In ripening bananas the observed temporal accumulation
of FCCs can be rationalized as a striking consequence of a
unique biosynthetic esterification, as found in the polar FCCs
Mc-FCC-46, Mc-FCC-49, Mc-FCC-53, Mc-FCC-56, which
accounted for more than 80% of the FCCs found in the peels
(see Figure 3 and Figure S4 in the Supporting Information).
This esterification inhibits the natural further isomerization of
FCCs to NCCs.[8,12] Indeed, we found only small amounts of
Mc-NCC-55 and Mc-NCC-58, the two epimeric Mc-NCCs
formed by acid-catalyzed isomerization of Mc-FCC-56. The
other, more abundant NCC fractions from the banana peels
were determined by spectroscopic means to all carry a free
propionic acid function, a feature of the previously analyzed
NCCs.[1] In particular, Mc-NCC-42, a major NCC from the
banana peels, was identified by HPLC, 1H NMR spectrosco-
py, and mass spectrometry to be So-NCC-2, an NCC recently
found in degreened leaves of spinach.[13]

Surprisingly, the blue luminescence of bananas apparently
has been entirely overlooked. Most humans would even
consider the idea of a blue banana to be unappetizing.[6] The
major contributors to our visual perception of ripe bananas
are carotenoids.[14] However, as shown here, FCCs are a
source of blue luminescence, and as in vivo optical bright-
eners[15] they contribute to the bright yellow appearance of
freshly ripe bananas. FCCs are remarkably abundant in
banana peels, and these luminescent products of the natural
breakdown of chlorophyll are temporal indicators of ripeness
(see Figure 4): When observed under 366 nm light, ripe
bananas are blue (see Figure 1). Apparently, luminescence
has not been analyzed previously during fruit ripening and in
correlation with chlorophyll breakdown. In earlier work with
banana peels only an uncharacterized fraction was described
as an NCC on account of its UV-absorbance maximum near
320 nm.[16] Weak blue and green fluorescence in higher plants
has been associated with cell wall components.[17] Plant
chlorophylls are known to be very weakly luminescent in
intact protein assemblies, and the (in vivo) appearance of
their red fluorescence is generally diagnosed as a symptom of
metabolic stress in leaves.[18]

FCCs were first described about ten years ago as short-
lived intermediates of chlorophyll breakdown in higher
plants[7,19] and were occasionally also detected in extracts of
artificially degreened leaves.[20] In yellow peels and leaves of
bananas (Musa cavendish), FCCs were identified here as
abundant sources of easily seen in vivo luminescence in higher
plants. Chlorophyll breakdown in bananas differs from that in
other higher plants analyzed so far.[1,5, 19] Exploratory inves-
tigations on fresh yellow banana leaves further suggest the
major catabolites from the leaves to differ from those in the
(banana) fruit (see Figure S5 in the Supporting Information).
These findings, the striking structural features of the major
FCCs from banana peels, and the observed accumulation in
the peels can be explained by two possible considerations:
1. Fluorescent intermediates of chlorophyll breakdown[7,19]

are a newly discovered source for color in plants. The color
of fruit is particularly important for the specific interaction
with frugivorous animals. Indeed, many animals have a
larger window of vision in the UV region (see

Figure 4. Relative total amount of fluorescent chlorophyll catabolites
(FCCs) in extracts of peels of green unripe, of fresh ethylene-treated
bananas (at day 0), and of ethylene-treated bananas that ripened
further during one to five days of storage at ambient temperature.
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Ref. [21,22]), and the blue luminescence of bananas may
give them the distinct signal that the banana fruit is ripe.

2. The accumulation of FCCs in the banana peels may also be
related to possible internal roles in the fruit. Indeed,
chlorophyll breakdown may not merely be an important
detoxification process spitting out NCCs as its “final”
products, as believed until recently:[1] The discovery of
NCCs in fruit, their accumulation in senescent leaves, and
their properties as antioxidants suggested consideration of
a further possible role of these abundant tetrapyrrolic
products of chlorophyll breakdown.[3] They may help
sustain the viability of ripening fruit and senescing leaf
cells. Phytobilins, the structurally related tetrapyrroles
from natural heme breakdown, have important biological
roles in plants and other photosynthetic organisms.[23,24]

Bilirubin has also been identified very recently as a
cytoprotective component in mammals.[25]

We are addressing some of these intriguing questions in
our ongoing work with FCCs and bananas.

Experimental Section
Isolation and spectroscopic characterization of Mc-FCC-56: Peels of
yellow ethylene-ripened bananas (Musa cavendish, from supermar-
kets in Innsbruck) were deep-frozen in liquid nitrogen and extracted
with cold methanol. Purification by chromatography with an RP-18
column followed by an anion-exchange column, separation by
semipreparative HPLC, and desalting with SepPak cartridges (see
the Supporting Information) gave an analytically pure sample of Mc-
FCC-56, which was isolated as a pale yellow solid. UV/Vis (methanol/
water 9:1, c= 5.8! 10!5m, lmax/nm (loge)): 237 (4.40), 317 (4.29), 358
(4.10); Fluorescence (methanol, c= 4.2! 10!6m, excitation at 350 nm)
lmax at 447 nm (see Figure 1 and Figure S6 in the Supporting
Information). MS (ESI pos): m/z 870.26 (4), 869.23 (7, [M+K]+),
856.33 (6), 855.32 (12), 854.31 (28), 853.24 (43, [M+Na]+), 834.34 (6),
833.36 (22), 832,32 (67), 831.27 (100, [M+H]+), 678.20 (2, [M-ring
B+H]+), 667.15 (4, [M!C7H7O6+Na]+), 645.25 (9,
[M!C7H7O6+H]+); HRMS (ESI, methanol): m/z 853.289
(m/zcalc[C42H46O14N4Na]+= 853.291).
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