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Abstract Parasitic lampreys are known to secrete pro-

teins having anticoagulant and vasodilator activities from

the buccal glands during feeding on their host’s blood.

However, small molecules in the secretion have never been

explored in detail. We examined the secretion of Japanese

liver lamprey (Lethenteron japonicum) for small molecules

and found an intensely fluorescent substance upon gel

filtration. After purification by anion-exchange chroma-

tography and reversed-phase HPLC, structure of the

compound was determined to be L-3-hydroxykynurenine

O-sulfate by NMR- and UV-spectrometry, complemented

with enzymatic and chemical degradation. In vertebrates,

the sulfate ester of 3-hydroxykynurenine is a compound

that has been regarded as a urinary metabolite of trypto-

phan but not reported from normal tissues to date.

Although the function of this molecule in the buccal glands

remains to be elucidated, it is remarkable that the same

substance was described in 1960s from two species of

blood-sucking insects, Rhodnius prolixus and Triatoma

infestans, suggesting its potential role in blood-feeding.
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Abbreviations

3Hyk 3-Hydroxykynurenine

3Hyk(SO3H) 3-Hydroxykynurenine O-sulfate

5Hyk 5-Hydroxykynurenine

BG360 Buccal gland small molecule

FDAA 1-Fluoro-2,4-dinitrophenyl-5-L-alanine

amide (Marfey’s reagent)

Kyn Kynurenine

MCA 4-Methylcoumaryl-7-amide

Tyr(O3H) Tyrosine O-sulfate

Introduction

Exocrine glands of venomous and parasitic animals are rich

sources of bioactive substances and have been a subject of

intense investigation for biochemical and pharmacological

interest (for recent reviews, see Fox and Serrano 2007;

Yamazaki and Morita 2007; Lehane 2005; Corral-Rodrı́-

guez et al. 2010; Vetter et al. 2010). Particularly, much

attention has been paid to the salivary glands of blood-

feeding invertebrates including leeches, mosquitoes,

and ticks (Lehane 2005; Corral-Rodrı́guez et al. 2010;

Andersen 2010). Besides hirudin, a pharmaceutically suc-

cessful thrombin inhibitor of medicinal leech (Hirudo

medicinalis), a vast number of inhibitors against blood

coagulation factors were isolated from the salivary glands

of these animals as potential anti-thrombotic agents, which

are compiled in the inhibitor section of the MEROPS

peptidase database (Rawlings et al. 2010). Almost all of the

hematophagous animals are invertebrates and only lam-

preys and vampire bats are true vertebrate blood feeders

(Hopla et al. 1994). Parasitic lampreys have a pair of well-

developed exocrine buccal glands open to the oral cavity.

More than 80 years ago, it was shown that these lampreys

S. Odani (&) � N. Ito � M. Hasegawa � T. Uchiumi

Department of Biology, Faculty of Science and Graduate School

of Science and Technology, Niigata University,

Niigata 950-2181, Japan

e-mail: sodani@bio.sc.niigata-u.ac.jp

S. Hase

Department of Chemistry, Graduate School of Science,

Osaka University, Toyonaka, Osaka 560-0043, Japan

123

Amino Acids (2012) 43:2505–2512

DOI 10.1007/s00726-012-1331-x



secrete anticoagulant called lamphredin from the buccal

glands (Gage and Gage-Day 1927), but only recently has

its fibrinogenolytic activity become evident (Xiao et al.

2007). Since lampreys, together with hagfishes, represent

the most ancient group of vertebrates with a fossil record

dating back to at least 360 million years ago (Gess et al.

2006), it was expected that lampreys had independently

evolved unique molecules for blood-feeding and parasit-

ism. Indeed, we have previously identified a novel L-type

calcium channel blocker in the buccal gland secretion of

the Japanese river lamprey (Lethenteron japonicum, a

synonym for Lampetra japonica), which seems to act as a

vasodilator during blood sucking (Ito et al. 2007). So far,

studies on the buccal gland secretion have focused on

proteinaceous substances and small molecules in the

secretion are not investigated to date. Here, we describe the

structural characterization of a fluorescent small molecule

having an absorbance maximum at 360 nm, and hence

designated as BG360, in the buccal glands of L. japonicum

and its identification as L-3-hydoxykynurenine O-sulfate.

Materials and methods

Animals

Lampreys were collected at the Shinano river Ohkouzu

floodway, Niigata, Japan, in June. Outer tissues were

removed carefully to expose the buccal glands and content

of the glands was withdrawn by a microsyringe. Usually

50–100 ll of secretion was obtained from a single animal.

Isolation of the lamprey small molecule (BG360)

Dense secretion collected from ten animals was diluted

fivefold with 10 mM Tris–HCl buffer, pH 8, 0.1 M NaCl,

centrifuged to remove insoluble materials, and fractionated

by gel filtration on a Sephacryl S-200 HR column

(4.5 9 80 cm, GE Healthcare Bio-Science) equilibrated with

the same Tris–HCl buffer. Elution was monitored by absor-

bance at 280 and 360 nm. Fractions (17-ml) absorbing at

360 nm were pooled and lyophilized. They were further

purified by anion-exchange chromatography on a Mono-Q or

Resource-Q column (1 ml bed volume, GE Healthcare Bio-

Science) using a linear gradient of NH4HCO3 (pH 8) from

10 mM to 1 M. Peak fraction was lyophilized and finally

purified by reversed phase HPLC as described below.

HPLC

Reversed-phase HPLC for analytical and preparative pur-

poses was carried out on an octadecylsilane column

(4.6 9 150 mm, ODS-100V, TOSOH). The column was

eluted by a linear acetonitrile gradient of 0–30 % in 0.05 %

trifluoroacetic acid over 30 min. The flow rate was set at

1.0 ml/min. Peaks were detected by absorbance at 360 nm.

Amino acid analysis

Samples were analyzed on a cation exchange column

(4 9 150 mm) in a Hitachi 835 amino acid analyzer modi-

fied to elute with 0.2 M sodium citrate buffer, pH 4.9, con-

taining 1 M NaCl at a flow rate of 0.225 ml/min. Peaks were

detected by absorbance at 570 nm after ninhydrin reaction.

Spectroscopic analyses

UV-absorption spectra were recorded at pH 1.5 (0.033 M

HCl), pH 7.0 (0.1 M sodium phosphate buffer), and pH 13

(0.1 M NaOH) by a Shimadzu spectrophotometer (Model

UV-1650PC). Mass spectrum was recorded on a JEOL

SX-100 mass spectrometer by fast atom bombardment ion-

ization using glycerol as a matrix in the negative-ion mode.

The sample for NMR measurement was exchanged twice

with 2H2O at room temperature with immediate lyophiliza-

tion and finally dissolved in 2H2O (99.999 atom % 2H) and

analyzed at 25 �C on a Varian Inova 600 MHz NMR

spectrometer. Chemical shifts (d) are expressed by reference

to internal acetone (d = 2.218 ppm).

Enzymatic and acid hydrolysis of sulfate ester

Arylsulfatase digestion: sample (ca 4 nmol) was digested

with sulfatase from keyhole limpet (0.2 unit, Sigma-

Aldrich) in 200 ll of 0.1 M sodium acetate buffer, pH 5,

for 24–48 h at 30 �C. An equal amount of the sample was

also incubated in the same buffer without enzyme. Digests

were analyzed by reversed-phase HPLC. Acid hydrolysis:

samples were exposed to the vapor of 5.7 N HCl for 1 h at

110 �C under vacuum.

Analysis of sulfate and phosphate

Ion chromatography on the Mono-Q anion-exchanger col-

umn (1 ml) was used to discriminate between sulfate ester

and phosphate ester. Inorganic ions were eluted from the

column under isocratic conditions with 4.0 mM potassium

hydrogen phthalate (adjusted to pH 6.0 with KOH) at

35 �C and a flow rate of 1 ml/min. Ions were measured by

indirect UV detection (vacancy) at 285 nm, which can

detect a substance lacking absorbance as a negative peak

against the UV-absorbing background of the phthalate

buffer (Denkert et al. 1981; Heisz 1983). Tyrosine O-sul-

fate (Tyr(O3H)) synthesized according to the method of

Tallan et al. (Tallan et al. 1955) was hydrolyzed with 5.7 N

HCl and used to validate the method.
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Paper chromatography

Ascending chromatograms were developed on Whatman

No. 1 chromatography paper with the organic phase of

1-butanol-acetic acid–water (4:1:5, by volume) (Dalgliesh

1952). Amino acids were detected by fluorescence under

UV light (365 nm).

Determination of stereochemistry

Enantiomeric configuration was assigned by derivatization

with Marfey’s reagent, 1-fluoro-2,4-dinitrophenyl-5-L-ala-

nine amide (FDAA, Marfey 1984). 3-Hydroxykynurenine

(3Hyk) and acid hydrolysate of BG 360 were reacted with

FDAA (Sigma-Aldrich) in a mixture of triethylamine and

acetonitrile (2:3, by volume) for 60 min at 40 �C (Scaloni

et al. 2003). The derivatives were analyzed by reversed-

phase HPLC using an 80-min linear gradient of acetonitrile

from 0 to 60 % in 0.05 % TFA. Peaks were detected by

absorbance at 340 nm. Since only racemic 3Hyk (Tokyo

Chemical Industry) was commercially available, L-enan-

tiomer was prepared as follows: About 200 nmol of the

racemic 3Hyk was N-acetylated with 1 mmol of acetic

anhydride in 50 ll of 2 M sodium acetate buffer, pH 5.5.

Acetyl 3Hyk was isolated by HPLC and digested with

acylase (100 lg, 0.5 unit/mg, Acylase Amano, Amano

Enzymes) in 50 mM Tris–HCl, pH 8.0, 1 mM CoCl2 at

37 �C for 60 min. L-3Hyk was isolated by HPLC.

Inhibition of blood coagulation factors

Activity of thrombin and factor Xa (bovine, Sigma) was

measured with 0.1 mM Boc–Val–Pro–Arg–MCA and

Boc–Ile–Glu–Gly–Arg–MCA (peptidyl 4-methylcoumaryl-

7-amides, Peptide Institute), respectively, in 50 mM Tris–

HCl, pH 8.0, 0.005 % Triton X-100 at 30 �C, in the pres-

ence and absence of ca 1 mM BG360. Aliquots were

withdrawn at appropriate time intervals and released;

7-amino-4-methylcoumarine was quantified by the absor-

bance at 340 mm on an octadecylsilane column (4.6 9 35

mm, Capcell Pak C18, Shiseido). A 20-min linear aceto-

nitrile gradient from 0 to 75 % in 0.05 % trifluoroacetic

acid at a flow rate of 1 ml/min was used for elution.

Results

Isolation of BG360 from buccal gland secretion

Gel filtration chromatography of the buccal gland secretion

(Fig. 1) yielded a very large peak fraction absorbing at

360 nm eluted far behind two major protein peaks I and II,

which corresponded to lamprey plasma albumin and an

L-type calcium channel blocker, respectively (Ito et al.

2007). This small molecule, tentatively designated as

BG360, was further purified by chromatography on the

Mono-Q anion-exchanger column (not shown) and finally

by reversed-phase chromatography on an octadecylsilane

column (Fig. 1b). Lyophilized BG360 showed bright blue–

white fluorescence under the UV light around 360 nm.

Spectrometric characterization of BG360

The molecular mass of BG360 was determined to be

304.0 Da by mass spectrometry based on the molecular ion

peak observed at m/z 303.0 ([M–H]-) in the negative ion

mode (Fig. 2). BG360 showed a characteristic UV

absorption spectrum, having maxima at 362, 260, and

225 nm at pH 7 (Fig. 3a). We searched for similar spectra

in the literature and found its close resemblance to those of
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Fig. 1 Gel filtration of buccal gland secretion of the Japanese river

lamprey, Lethenteron japonicum (a) and reversed phase HPLC of the

purified BG360 (b). a Secretion was fractionated by gel filtration on a

Sephacryl S-200 HR column. Open circles absorbance at 280 nm,

solid circles at 360 nm. Fractions containing BG360 indicated by the

bar were pooled for further purification on anion-exchange chroma-

tography. b Reversed-phase HPLC of BG360 on an octadecylsilane

column
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kynurenine (Kyn, Mr = 208) and 3-hydroxykynurenine

(3Hyk, Mr = 224) (Viscontini and Schmid 1963; Atherton

et al. 1993). However, the molecular mass of BG360 is

larger than Kyn and 3Hyk by 96 and 80, respectively,

suggesting a kynurenine derivative substituted at the aro-

matic ring by sulfate or phosphate, that is, a sulfate or

phosphate ester of hydroxykynurenine, since these acids

are isobaric. Acid hydrolysis of BG360 yielded a peak

corresponding to authentic 3Hyk on the reversed-phase

HPLC (Fig. 4a). When BG360 and its acid hydrolysate

were analyzed by the cation-exchange column of the amino

acid analyzer at pH 4.9, BG360 was not retarded to the

column indicating its strongly acidic nature (not shown),

while the hydrolyzed BG360 was coeluted with 3Hyk

(Fig. 4b). Hydroxykynurenine structure was further con-

firmed by pH dependence of its UV spectrum. Due to the

ionizable phenolic hydroxy group, the spectrum of

hydroxykynurenine varies widely depending on pH, while

those of Kyn and hydroxykynurenine O-sulfate are rather

insensitive to pH (Viscontini and Schmid 1963; Atherton

et al. 1993). UV-spectra of acid hydrolyzed BG360 showed

the characteristic pH-dependence of 3Hyk, and that of

BG360 was stable in a wide pH range (Fig. 3) as Kyn (not

shown). These spectral properties are in accordance with

the previous reports (Viscontini and Schmid 1963).

Another possible structure as a tryptophan metabolite is

5-hydroxykynurenine (5Hyk), for which we could not

obtain an authentic material (Kido et al. 1967). The 1H

NMR spectrum of BG360 showed the presence of a pair of

aromatic doublets (d = 7.77 and 7.51 ppm, J = 7.8 Hz)

and a triplet (d = 6.78 ppm, J = 7.8 Hz), all with ortho-

couplings suggesting a 1,2,3-substitution, i.e., a 3-hydroxy-

derivative. In addition, it was reported that synthetic 5Hyk

has two absorption maxima at pH 7.4 (224, 380 nm) and

pH 12.0 (240, 400 nm), and three at pH 2.0 (251, 308,

370 nm) (Kido et al. 1967). This is quite different from

those of 3Hyk and the BG360 hydrolysate, which exhibited

three absorption maxima at pH 7.0 (230, 270, 372 nm) and

pH 13 (248, 287, 372 nm), and four at pH 1.5 (219, 260,

318, 377 nm) (Fig. 3). Furthermore, when analyzed by

paper chromatography on Whatman No. 1 paper developed

with the organic phase of 1-butanol-acetic acid–water

(4:1:5, by volume), 5Hyk migrated with a remarkably

small RF (retardation factor) value, only one-half that of

3Hyk (RF: 0.1 vs. 0.2) (Boyland et al. 1956). The acid

hydrolysate of BG360 comigrated with standard 3Hyk and

there was no spot below it. These results, together with that

of NMR spectrometry, confirmed the structure to be

3-hydroxykynurenine.

Identification of sulfate ester

To discriminate between the isobaric sulfate and phosphate

esters, BG360 was digested with keyhole limpet arylsul-

fatase and analyzed by the reversed phase HPLC. As

shown in Fig. 5a, sulfatase digestion yielded a peak
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Fig. 2 FABMS analysis of BG360 isolated from the lamprey buccal

glands. Ions were recorded in the negative ion mode using glycerol as

a matrix. The molecular ion peak is observed at m/z 303. Peaks at m/z

183.0 and 91.0 are derived from the matrix

Fig. 3 UV spectra of BG 360 at different pHs. Absorption spectra

were recorded at a pH 7.0 (0.1 M sodium phosphate buffer), b pH 1.5

(0.033 M HCl), and c pH 13 (0.1 M NaOH). Solid circles BG 360,

open circles acid hydrolysate of BG360, solid line 3-Hyk (0.1 mM)
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corresponding to 3Hyk after 48 h, while BG360 did not

change in the absence of the enzyme despite the prolonged

time of incubation. To further confirm that digestion was

actually by the sulfatase and not by a phosphatase in the

enzyme preparation, sulfate liberated by HCl hydrolysis

was confirmed by ion chromatography using the Mono-Q

anion exchanger and indirect UV detection. Figure 5b

shows a complete separation of phosphate and sulfate ions

by this system and the unambiguous presence of sulfate ion

in the hydrolysate of BG360. A peak corresponding to

chloride ion present in the hydrolysate is probably due to a

trace of HCl used for hydrolysis, since it is also seen in the

hydrolysate of tyrosine O-sulfate (Fig. 5b).

Stereochemistry and structure of BG360

A substoichiometric amount of FDAA to 3Hyk was used to

reduce the formation of N,O-disubstituted derivative,

which gave poor resolution on HPLC. N-substituted

D,L-3Hyk was eluted as well separated two peaks by HPLC

(Fig. 6a) and the L-enantiomer prepared by acetylation of

D,L-3Hyk followed by acylase digestion was coeluted with

the first one (Fig. 6b) in accordance with the notion that

many L-amino acids derivatized with FDAA are eluted

faster than their (D) counterparts (Scaloni et al. 2003).

Marfey’s analysis of the acid hydrolysate of BG360 indi-

cated the L-configuration for 3Hyk in BG360 (Fig. 6c).

From these spectral and chromatographic data, the struc-

ture of BG360 was identified to be L-3-hydroxykynurenine

O-sulfate (3Hyk(SO3H), Fig. 7). The calculated monoiso-

topic mass is 304.0365 (C10H12O7N2S). Assuming a molar

extinction coefficient identical to that of 3Hyk (4,000 at

360 nm), concentration of 3Hyk(SO3H) in the buccal gland

was roughly estimated to be around 10 mM (average of

three measurements).

Examination of inhibitory activity on blood coagulation

factors

Possible anticoangulating activity of L-3Hyk(SO3H) was

examined by direct inhibitory activity against bovine

a-thrombin and factor Xa using 0.1 mM peptidyl 4-meth-

ylcoumarine-7-amide substrates. Because the intrinsic

fluorescence of 3Hyk(SO3H) interfered with the fluoro-

metric measurement, released 7-amino-4-methylcoumarine

was determined by HPLC. No inhibitory activity for these
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coagulation factors by 3Hyk(SO3H) at around 1 mM con-

centration was observed.

Discussion

3Hyk(SO3H) in biological materials was first reported in

1952 from the urine of pyridoxine-deficient rat fed with

tryptophan (Dalgliesh 1952), and later it was chemically

synthesized by persulfate oxidation of Kyn (Boyland et al.

1956). A few sporadic studies had followed these reports

until 1975 (Moon and Morris 1975) regarding the trypto-

phan metabolism, but there was practically none thereafter.

This molecule in vertebrates has been recognized as a

breakdown product of tryptophan to be excreted into urine,

and, therefore, the present report seems to be the first

description of its unambiguous presence in the normal

vertebrate tissue. In 1963, 3Hyk(SO3H) was isolated from

whole body extracts of a blood-sucking insect, Rhodnius

prolixus, as a novel kynurenine derivative (Viscontini and

Schmid 1963), which was termed ‘‘rhodnitin,’’ and then in

1967 from Triatoma infestans, also a blood-sucking insect

of South America (Shimamune et al. 1967). These studies

focused on tryptophan metabolites in insect development

and coloration, and its possible relation to blood-sucking or

parasitism was not considered. Since both lampreys and

these insects are parasitic blood-feeders, it is tempting to

speculate a role for 3Hyk(SO3H) in blood-feeding and

parasitism despite the absence of direct inhibition of

thrombin and factor Xa activity. In addition to the direct

inhibitors of coagulation factors, invertebrate blood feeders

secrete a wide array of pharmacologically active sub-

stances including nitric oxide to facilitate blood-sucking

(Ribeiro and Walker 1994; Yuda et al. 1997; Golodne et al.

2003; Andersen 2010). 3Hyk is not merely a transient

intermediate in the tryptophan catabolism, but it has pro-

found biochemical, neurological, and pharmacological

activities. It is a paralytic agent (Chiou et al. 1998), a

cytotoxin to human neurons and glial cells (Chiou et al.

1998), a covalent inhibitor of rat brain creatine kinase

(Cornelio et al. 2006), and an antimicrobial agent (Narui

et al. 2009). Consequently, the present sulfonated deriva-

tive of 3Hyk may well be a similar bioactive molecule.

Although sulfoconjugation of xenobiotics is established as

a major detoxification mechanism, many endogenous small

molecules, such as steroids, catecholamines, thyroid

hormones, and various peptide hormones, also undergo

sulfonation (Strott 2002). This is highly suggestive of

biological importance of the modification, by which

activities of the parent molecules are modulated and novel

ones are brought about. In this respect, it is noteworthy that

larvae of sea lampreys (Petromyzon marinus) secrete sev-

eral sulfonated bile acids as migratory pheromone for

adults (Li et al. 1995), and adult male lampreys release

3-ketopetromyzonol sulfate as mating sex pheromone for

females (Li et al. 2002). Since buccal glands are present in

some nonparasitic lamprey species (Potter et al. 1995) their

function is certainly not restricted to blood-feeding or

parasitism, and 3Hyk(SO3H), if also present in them, might

serve a much broader physiological role. Exploring
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biological activity and pharmacological potential of this

long forgotten molecule is therefore considered particularly

promising.
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