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Abstract

Fruit-derived bioactive xanthophyll esters have to be cleaved in the human gastrointestinal tract before absorption of free
xanthophylls is possible. One candidate for ester hydrolysis is human pancreatic lipase. For estimation of their activity, an in vitro assay
using the recombinant enzyme human pancreatic lipase (rHPL) and porcine colipase was used. Extracts of fruits were incubated with
rHPL/colipase for 21 h at 37 �C. Activity of rHPL was demonstrated by an increase of free xanthophylls formed during the incubation.
An extremely low activity was detected with all substrates. HPLC–(APcI)MS studies proved that lutein diesters were preferentially
cleaved at the b-ionone ring. This is the first report which shows that xanthophyll esters can be cleaved in the presence of rHPL, sug-
gesting either an unexpected secondary ester bond hydrolysis occurring within rHPL active site or, more probably, a reaction induced by
other amino acids of HPL such as observed earlier with p-nitrophenyl acetate.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Triacylglycerol digestion in humans requires pancreatic
lipase (human pancreatic lipase, HPL) as a key enzyme.
Since HPL is usually regarded as a 1,3-regioselective
enzyme, it hydrolyzes easily primary ester groups of triacyl-
glycerols. Secondary alcohols as 2-monoglycerides are
hydrolyzed during human digestion after acyl migration
of the acid from position 2 to 1 or 3 (Brockerhoff & Jensen,
1974). HPL exerts its strongest activity at the lipid–water
interface of micellar or at least emulsified substrates (inter-
facial activation). During human digestion, generation of
micelles is accomplished by various bile salts. Additional
stimulation of lipolysis is caused by colipase, another
enzyme synthesized by the exocrine pancreas, activating
HPL in the presence of bile salts (Maylié, Charles, Gache,
& Desnuelle, 1971). It is assumed that this protein allows
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HPL to bind to the bile salt-covered lipid–water interface.
The crystal structure of the HPL–colipase complex has
been published by Egloff et al. (1995).

Xanthophylls belong to the large group of secondary
plant metabolites, exhibiting a wide range of biological
activities. Today, it is accepted that lutein (b,e-carotene-
3,3 0-diol) and zeaxanthin (b,b-carotene-3,3 0-diol) protect
against age-related macular degeneration (AMD) and age
related cataract formation (Beatty, Boulton, Henson,
Koh, & Murray, 1999; Mares-Perlman, Millen, Ficek, &
Hankinson, 2002), proving both xanthophylls to be oph-
thalmoprotective. This was confirmed by studies of Bern-
stein et al. (2001), in which metabolites of zeaxanthin and
lutein were isolated from human retina tissue. Since the
serum concentrations of lutein and zeaxanthin are influ-
enced by the uptake (Rock et al., 2002), supply of sufficient
dietary lutein and zeaxanthin is advisible. Lutein and zea-
xanthin are structurally closely related. The only difference
is the position of the double bond in one ionone endring:
lutein exhibits one alylic double bond, whereas zeaxanthin

mailto:breithau@uni-hohenheim.de


652 D.E. Breithaupt et al. / Food Chemistry 103 (2007) 651–656
features two b-ionone rings with conjugated double bonds
(Fig. 1). A further xanthophyll with biological activity is
b-cryptoxanthin (b,b-carotene-3-ol). During its biosynthe-
sis in plant cells, one end ring remains unsubstituted, facil-
itating b-cryptoxanthin to act as vitamin-A precursor.
According to Cerhan, Saag, Merlino, Mikuls, and Criswell
(2003), ingestion of b-cryptoxanthin together with zinc may
reduce the risk of rheumatoid arthritis. Yamaguchi (2004)
proposed that b-cryptoxanthin may protect against bone
diseases as osteoporosis, and Yuan, Stram, Arakawa,
Lee, and Yu (2003) proposed that b-cryptoxanthin acts
as a chemopreventive agent for lung cancer in humans.

Especially in tropical fruits, oranges, and red peppers,
xanthophylls occur esterified with various long-chain fatty
acids (Breithaupt & Bamedi, 2001; Gregory, Chen, & Phi-
lip, 1987; Mı́nguez-Mosquera & Hornero-Méndez, 1994).
During digestion, they have to be cleaved enzymatically
before absorption by entherocytes takes place. Wingerath,
Stahl, and Sies (1995) investigated the carotenoid pattern
in chylomicrons and serum after ingestion of tangerine
juice rich in b-cryptoxanthin esters. They observed
increasing amounts of free b-cryptoxanthin both in the
chylomicrons as well as in the serum but no b-cryptoxan-
thin esters were detectable. This indicates an effective ester
hydrolysis prior to incorporation into lymphatic lipopro-
teins. Interestingly, the enzyme responsible for hydrolysis
of xanthophyll esters in the human gastrointestinal tract is
actually not known (Furr & Clark, 1997). It has been
assumed that HPL cleaves inter alia fruit-derived xantho-
phyll esters during digestion although these substrates
exhibit esters of secondary alcohols. In former studies per-
formed in our laboratory, no activity of HPL against xan-
thophyll esters was found (Breithaupt, Bamedi, & Wirt,
2002a). Lipolytic HPL activity was only detectable if ret-
inyl palmitate was used as substrate. At that time, HPL
quantities commercially available were outmost limited.
The successful expression of HPL in insect cells (Thirstrup
et al., 1993) and yeast (Yang & Lowe, 1998) has however
allowed to obtain higher amounts of the – recombinant –
human enzyme (rHPL) since a few years.
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Fig. 1. Chemical structures of xanthophylls used in their acylated forms in
in vitro rHPL-assays: (a) = b-cryptoxanthin; (b) = zeaxanthin;
(c) = lutein.
For revisiting pancreatic lipase activity on xanthophyll
esters, we performed an enzymatic in vitro assay using
rHPL mixed with extracts of tangerine (Citrus reticulata),
papaya (Carica papaya), wolfberries (Lycium barbarum)
and marigold (Tagetes erecta) containing xanthophyll
esters of b-cryptoxanthin (tangerine/papaya), zeaxanthin
(wolfberries), and lutein (marigold). Since colipase was
actually not available as recombinant human enzyme, por-
cine colipase was added to each assay.

2. Materials and methods

2.1. Chemicals and samples

Light petroleum (boiling fraction 40–60 �C), methanol,
ethyl acetate and tert-butyl methyl ether were purchased
from Merck (Darmstadt, Germany). All solvents were dis-
tilled before use. High-purity water was prepared with a
Milli-Q 185 Plus water purification system (Millipore,
Eschborn, Germany). Bile salts (cholic acid/deoxycholic
acid sodium salt mixture 1:1) and porcine colipase (500
lg pure enzyme) were obtained from Sigma–Aldrich (Tauf-
kirchen, Germany). Soy lecithin was a gift from Barentz
GmbH, Oberhausen, Germany. b-Cryptoxanthin was gen-
erously provided by Hoffman-La-Roche (Kaiseraugst,
Switzerland). Dried wolfberries (Lycium barbarum) were
kindly provided by ‘‘Rich Nature Nutraceutical Laborater-
ies’’ WA, USA. The papaya puree (Carica papaya) was a
gift of ‘‘Schutzgemeinschaft der Fruchtsaft-Industrie e.V.
(SGF)’’ (Nieder-Olm, Germany) and was stored frozen at
�20 �C until use. Marigold oleoresin (Tagetes erecta) was
kindly supplied by Euram Food GmbH (Stuttgart, Ger-
many). Direct tangerine juice (Citrus reticulata) was
obtained from a local supermarket. Recombinant HPL
(rHPL) was produced in Pichia pastoris using the constitu-
tive expression system commercially available from Invit-
rogen GmbH (Karlsruhe, Germany) and following the
experimental procedure described for the production of
human pancreatic lipase-related Protein 1 (Aloulou,
Grandval, De Caro, De Caro, & Carrière, 2006). The spe-
cific activity of rHPL was determined using tributyrin as
substrate (pH 7.5) in presence of bile salts (0.5 mM) and
porcine colipase (2:1 molar excess vs. lipase) and was found
to be identical (12.500 U/mg) to that of native HPL and
recombinant HPL produced in insect cells (Thirstrup
et al., 1993).

2.2. Preparation of xanthophyll ester extracts

To prepare the xanthophyll ester extracts, plant samples
were extracted using a ternary solvent mixture (ethyl ace-
tate/methanol/light petroleum, 1:1:1, v/v) as follows: wolf-
berries (20 g) were ground using a kitchen mill. The powder
was extracted using the solvent mixture until the extract
was colorless. The extracts were combined (final volume:
500 mL) and the solvent evaporated in vacuum at 30 �C.
To remove traces of water, ethanol (5 mL) was added
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and the solvent was removed again. Finally, the residue
was dissolved in a mixture of tert-butyl methyl ether/meth-
anol (1:1, v/v). Papaya puree (350 g) was suspended in ali-
quots in the solvent mixture applying a Büchner funnel
until the solid residue was colorless (final volume: 1.5 L).
To assist separation of the phases, the extract was mixed
with an aliquot of a saturated NaCl solution (300 mL) in
a separator funnel. The organic phase was treated as
described above. Tangerine juice was extracted in aliquots
(150 mL) using the solvent mixture until the extracts were
colorless. The resulting solution (final volume: 500 mL)
was treated as described above. Marigold oleoresin
(50 mg) was dissolved in tert-butyl methyl ether/methanol
(1:1 (v/v), 100 mL) without further work-up steps. All xan-
thophyll ester solutions were kept at �20 �C until enzy-
matic assays were performed.

To determine individual xanthophyll concentrations,
aliquots (2 mL) of the extracts were saponified with meth-
anolic KOH (30 % (w/v), 5 mL) in diethyl ether (50 mL)
over night. After washing the ether phase with water, the
solvent was evaporated in vacuum at 30 �C, the residue dis-
solved in tert-butyl methyl ether/methanol (1:1 (v/v),
100 mL), membrane filtered (0.45 lm), and directly sub-
jected to HPLC/DAD (450 nm) analysis.

2.3. Enzymatic in vitro assay

The assay was based on a system published previously
(Breithaupt et al., 2002a). In brief: aliquots of the xantho-
phyll ester solutions equal to 100 nmol b-cryptoxanthin
(tangerine or papaya extract), zeaxanthin (wolfberry
extract) or lutein (marigold solution) were transferred in
sealable glass tubes (50 mL volume). Bile salts (30 mg)
and soy lecithine (18 mg) were added, and the solvent
was removed in a gentle stream of nitrogen. The residue
was suspended in an oil solution (2.5 g olive oil/100 mL
light petroleum; 400 lL), sonicated (2 min), and the sol-
vent removed again in a stream of nitrogen. The residue
was suspended in phosphate buffer (pH 7.4, 0.1 M,
10 mL), 250 lL of a sodium chloride (3 M)/calcium chlo-
ride solution (75 mM) were added and the mixture pre-
incubated at 37 �C for 30 min in an air oven (final vol-
ume: 10.25 mL). For enzymatic hydrolysis, suspensions
containing rHPL (500 lg/500 lL) and porcine colipase
(250 lg/250 lL) in phosphate buffer (pH 7.4, 0.1 M) were
added. Incubation was performed at 37 �C for 21 h.
Enzyme solutions were prepared daily before addition.
To stop the reaction, a mixture of ethyl acetate, methanol,
and light petroleum (1:1:1 (v/v), 10 mL) was added. The
organic phase was removed and the extraction process
repeated twice (10 mL each). The organic phases were
combined, the solvent removed in vacuum at 30 �C. The
residue was dissolved in tert-butyl methyl ether / metha-
nol (1:1 (v/v), 2 mL), membrane filtered (0.45 lm), and
subjected to HPLC/DAD (450 nm) analysis. Blank sam-
ples were constructed accordingly without the use of coli-
pase and rHPL.
2.4. HPLC and LC/MS analyses

The HPLC system consisted of a modular system
HP1100 (Hewlett-Packard GmbH, Waldbronn, Germany)
with a diode array detector set to 450 nm. A YMC an-
alytical column (YMC, Schermbeck, Germany) with
5 lm-C30-reversed phase material (250 mm · 4.6 mm i.d.)
including a precolumn (10 mm · 4.0 mm i.d.) was used
for separation at 35 �C. HPLC–(APcI)MS was performed
on an HP1100 modular HPLC system, coupled to a Micro-
mass (Manchester, UK) VG platform II quadrupole mass
spectrometer. The MS parameters and the mobile phases
have been detailed earlier (Breithaupt, Wirt, & Bamedi,
2002b). Mass spectra were acquired with MassLynx 3.2
software.

2.5. Calibration

For calibration, zeaxanthin was isolated as described
earlier (Weller & Breithaupt, 2003). For quantification of
b-cryptoxanthin, the reference compound (1 mg) was dis-
solved in light petroleum (100 mL). The concentration
[lmol/L] of the b-cryptoxanthin solution was calculated
photometrically based on an e value of 131.000 [L/(mol ·
cm)] at 452 nm (Köst, 1988). Aliquots were evaporated,
dissolved in tert-butyl methyl ether/methanol (1:1, v/v),
and subjected to HPLC/DAD (450 nm) analysis. Calibra-
tion graphs were created by plotting calculated concentra-
tions vs. the peak areas obtained by HPLC/DAD (450 nm)
analysis. The zeaxanthin calibration graph was used for
quantification of lutein, too. Xanthophyll calibration
graphs were recorded in a range of 0.5–15 lmol/L.

3. Results

3.1. Xanthophyll ester pattern

Since papaya and tangerine are known for their high
concentrations of b-cryptoxanthin esters (Breithaupt &
Bamedi, 2001; Wingerath et al., 1995), extracts of both
fruits were chosen to study rHPL activity towards xantho-
phyll monoesters. HPLC–(APcI)MS studies revealed the
presence of different b-cryptoxanthin esters (Fig. 2, lower
trace): b-cryptoxanthin laurate (C12:0; 3) and myristate
(C14:0; 4) were the predominant components, whereas b-
cryptoxanthin oleate (C18:1; 5) and palmitate (C16:0; 6)
formed minor constituents. Additionally, free b-cryptoxan-
thin (1) and b-carotene (2) were present. Likewise, papaya
extracts showed a very typical b-cryptoxanthin ester pat-
tern, b-cryptoxanthin laurate being the main component
(Breithaupt & Bamedi, 2001; Breithaupt et al., 2002a).
Thus, if papaya and tangerine extracts were studied in
the in vitro assay, rHPL may react with b-cryptoxanthin
esters with different chain lengths. Extracts of wolfberries
were clearly dominated by zeaxanthin dipalmitate (8,
Fig. 3, lower trace), other xanthophylls were present in out-
most low extents (Li, Peng, & Zhang, 1998; Weller & Bre-
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Fig. 2. Section of a typical HPLC chromatogram (DAD, 450 nm) of a
native tangerine extract (Citrus reticulata) before (lower trace) and after
(upper trace) incubation with rHPL/colipase (21 h, 37 �C). Peak assign-
ment (Cr = b-cryptoxanthin): (1) = freer Cr, (2) = b-carotene, (3) = Cr-
laurate, (4) = Cr-myristate, (5) = Cr-oleate, (6) = Cr-palmitate.
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Fig. 3. Section of a typical HPLC chromatogram (DAD, 450 nm) of a
native wolfberry extract (Lycium barbarum) before (lower trace) and after
(upper trace) incubation with rHPL/colipase (21 h, 37 �C). Peak assign-
ment (Z = zeaxanthin): (7) = Z-monopalmitate, (8) = Z-dipalmitate.

0

10

20

30

40

50

60

70

80

15 20 25 30 35 40 45

Time [min]

9

10

11 12

13

14

15

16

17

[m
A

U
]

Fig. 4. Section of a typical HPLC chromatogram (DAD, 450 nm) of a
native marigold extract (Tagetes erecta) before (lower trace) and after
(upper trace) incubation with rHPL/colipase (21 h, 37 �C). Peak assign-
ment (L = lutein): (9- 11) = L–3 0O-acyl derivatives, (12) = L-laurate/
myristate, (13) = L-dimyristate, (14) = L-myristate/palmitate, (15) =
L-dipalmitate, (16) = L-palmitate/stearate, (17) = L-distearate.
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ithaupt, 2003). This unique situation provides the opportu-
nity to study the enzymatic activity with only one compo-
nent. Marigold extracts typically comprise various lutein
diesters: mixed as well as homogenous esters with saturated
acyl chains (C12, C14, C16, C18) formed principle compo-
nents (Fig. 4, lower trace) (Breithaupt et al., 2002b; Had-
den et al., 1999).

3.2. Enzymatic reactions

To ensure maximum reactivity in the in vitro system,
porcine colipase (10 kDa) was added to the enzymatic
assays on a 2:1 molar basis relative to rHPL (50 kDa) (Bez-
zine et al., 1999). Colipase is actually not available as
recombinant human protein, forestalling simulation of an
in vitro assay mimicking completely human digestion.
However, it is known that porcine colipase will act in a sim-
ilar way as the human enzyme does. Bile salts, which are
essential for micelle formation and solubilization of lipoly-
sis products, were present in the in vitro assay in a concen-
tration of 30 mg/10.25 mL (total assay volume). Taking
into account the molecular mass of cholic acid (408.6 g/
mol), this corresponds to a concentration of 7.2 mM which
is roughly equal to that present in the human digestion
tract (8–12 mM) after ingestion of a meal (Hernell, Stag-
gers, & Carey, 1990). Soy lecithin and olive oil were added
to assist formation of mixed micelles and lipid droplets.
Enzymatic reactions were carried out in an air oven at
37 �C. Thus, the in vitro assay applied resembles quasi-
physiological conditions found in the human digestion
tract with respect to hydrolysis of xanthophyll esters. It is
understood that the reaction time of 21 h is relatively long
with respect to conditions found during human digestion.
However, as only small amounts of xanthophylls were
formed during enzymatic hydrolysis, such a long time
was needed to allow for reliable calculation of the enzy-
matic activity of rHPL.

Investigating tangerine and papaya extracts, rHPL
hydrolyzed various b-cryptoxanthin esters, resulting in an
increase of the respective b-cryptoxanthin peak (Fig. 2,
upper trace). However, conversion was not complete after
21 h, suggesting that the reaction rate was much slower
than those usually measured with typical rHPL substrates
such as tributyrin (12.500 lmol FFA released per min
under optimised conditions). Zeaxanthin dipalmitate was
hydrolyzed to a small extent, resulting in a moderate
increase of the peak area corresponding to zeaxanthin
monopalmitate (Fig. 3). However, rHPL activity was defi-
nitely proven by comparison with chromatograms
obtained for blank samples (without addition of rHPL/
colipase). Remarkably, the free xanthophyll was not
detected after a reaction time of 21 h. The same phenome-
non occurred when lutein diesters from marigold were used
as rHPL substrates: different monoesters were formed, but
the free xanthophyll was not present in the reaction mix-
tures. HPLC–(APcI)MS analyses of lutein assay extracts
revealed unexpected results: the main peaks corresponding
to lutein monoesters (9–11, Fig. 4, upper trace) showed an
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intense fragment ion at m/z 551.4, proving that the respec-
tive lutein monoesters were still acylated at the e-ionone
ring. This assignment is in agreement with lutein diester
fragmentation studies published previously by our group
(Breithaupt et al., 2002b). Consequently, rHPL preferen-
tially hydrolyzed ester bonds of the lutein b-ionone ring.
Thus, there is an interesting selectivity of rHPL towards
acyl chains bound to different ionone ring structures.

3.3. Calculation of rHPL activity

The specific activity of rHPL towards xanthophyll esters
was estimated from the amount of xanthophyll liberated per
min [1 U/mg rHPL = lmol/(min · mg)]. Since papaya and
tangerine extracts already contained small amounts of free
b-cryptoxanthin, the respective concentrations were deter-
mined in additional analyses and subtracted from those
generated by enzymatic ester hydrolysis. The following spe-
cific activities were calculated: papaya and tangerine (con-
version of b-cryptoxanthin esters to free b-cryptoxanthin):
3.8 · 10�5 U/mg and 1.9 · 10�5 U/mg, respectively; wolf-
berries (conversion of zeaxanthin dipalmitate to zeaxanthin
monopalmitate): 5.8 · 10�6 U/mg; marigold (conversion of
lutein diesters to lutein monoesters): 1.6 · 10�5 U/mg.
Thus, these specific activities were extremely low as com-
pared to those measured with triacylglycerides as substrate.
The highest of these activities was against b-cryptoxanthin
esters from papaya and lowest against zeaxanthin dipalmi-
tate from wolfberries as substrates. Activities calculated
earlier for porcine pancreatic lipase and b-cryptoxanthin
esters from papaya and loquat (Eriobotrya japonica) were
in the same range (5.8 · 10�6 U/mg) for both substrates
(Breithaupt et al., 2002a) and assist the data calculated
for the recombinant human enzyme. Since no new xantho-
phyll esters appeared in the respective chromatograms,
rHPL did not show transesterification activity.

Because papaya and tangerine extracts were composed
of various b-cryptoxanthin esters, it was possible to esti-
mate rHPL activity towards substrates with different acyl
chain lengths and identical backbone. The b-cryptoxanthin
ester pattern of tangerine is concise. Thus, corresponding
assays with and without rHPL addition were chosen for
detailed analyses. Comparison of the chromatograms
revealed the following changes of individual b-cryptoxan-
thin ester peak areas (�5% C12:0; �5% C14:0; �9%
C16:0; +2% C18:1). This points to a however slight prefer-
ence of b-cryptoxanthin palmitate as substrate.

4. Discussion

Many esters were tested as pancreatic lipase substrates
in the past and only the ester bonds with primary alcohols
were found to be hydrolyzed whereas the esters with sec-
ondary alcohols were not (Derbesy & Naudet, 1972). This
holds also for food-derived triacylglycerides as substrates.
HPL is therefore typically described as an 1,3-regioselective
enzyme. The results of this study document unambiguously
that rHPL accepts native esters of xanthophylls (b-crypto-
xanthin, lutein, zeaxanthin) as substrates although xantho-
phylls are secondary alcohols. Thus, these results can be
considered as the first evidence of secondary ester bond
hydrolysis by HPL.

The conversion rates were however found to be extre-
mely low. It might be possible that the secondary ester
bond of triacylglycerides is also cleaved by HPL, but at
such a low rate only hydrolysis of ester bonds at position
sn-1 and sn-3 can be observed under common assay condi-
tions. Another explanation might be that the cleavage reac-
tion observed in the present study may result from side
activities of reactive residues on the surface of the protein
or by special parts of the enzyme, e.g. the C-terminal
domain, and not by the catalytic domain of rHPL. It has
been previously shown that the C-terminal domain of pan-
creatic lipase exhibits the same low activity against p-nitro-
phenyl acetate (which is an ester of a secondary alcohol,
too) as the entire lipase (De Caro, Chautan, Rouimi, &
Rovery, 1988). Consequently, exceptional care has been
taken to perform blank samples without addition of
rHPL/colipase. Because no activity was found in those
assays, it was concluded that the activity determined was
really due to rHPL.

It is understood that the low enzymatic activity of
rHPL can hardly explain the high amounts of free xan-
thophylls found in human blood after ingestion of xan-
thophyll diester-containing diets (Bowen, Herbst-
Espinosa, Hussain, & Stacewicz-Sapuntzakis, 2002). Thus,
the results suggest that HPL is not the key enzyme
responsible for xanthophyll ester cleavage in the human
gastrointestinal tract. Previous experiments with porcine
cholesterol esterase (ChE) showed that this enzyme is a
likely candidate (Breithaupt et al., 2002a). If human
ChE will be available in future as recombinant enzyme,
the in vitro assay described may be used to confirm this
assumption and to calculate specific activities towards
native fruit-derived xanthophyll esters.
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Tilbeurgh, H. (1995). The 2.46 Å resolution structure of the pancreatic
lipase–colipase complex inhibited by a C11 alkyl phosphonate.
Biochemistry, 34, 2751–2762.

Furr, H. C., & Clark, R. M. (1997). Intestinal absorption and tissue
distribution of carotenoids. Nutritional Biochemistry, 8, 364–377.

Gregory, G. K., Chen, T.-S., & Philip, T. (1987). Quantitative analysis of
carotenoids and carotenoid esters in fruits by HPLC: Red bell peppers.
Journal of Food Science, 52, 1071–1073.

Hadden, W. L., Watkins, R. H., Levy, L. W., Regalado, E., Rivadeneira,
D. M., van Breemen, R. B., et al. (1999). Carotenoid composition of
marigold (Tagetes erecta) flower extract used as nutritional supple-
ment. Journal of Agricultural Food Chemistry, 47, 4189–4194.

Hernell, O., Staggers, J. E., & Carey, M. C. (1990). Physical–chemical
behavior of dietary and biliary lipids during intestinal digestion and
absorption. 2. Phase analysis and aggregation states of luminal lipids
during duodenal fat digestion in healthy adult human beings.
Biochemistry, 29, 2041–2056.
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