
BIOCHIMICA ET BIOPHYSICA ACTA 9~ 

BBA 75165 

TRANSPORT AND F U R T H E R  METABOLISM OF INTERMEDIATE 

COMPOUNDS OF T H E  T R Y P T O P H A N - N I C O T I N I C  ACID RIBONUCLEOTIDE 

PATHWAY BY RAT SMALL I N T E S T I N E  

D. P. ROSE,  Y I - M I N  S. YAO AND I{. R. B R O W N  

Division of Clinical Oncology, University of Wisconsin Medical School, Madison, Wisc. 537o6 
(u.s.A .) 

(Received March 25th, 1968) 

SUMMARY 

i. The everted sac technic has been used to study the intestinal transport of 
several intermediate compounds of the t ryptophan-nicot inic  acid ribonucleotide 
pathway. 

2. L-Kynurenine and to a lesser extent, 3-hydroxy-L-kynurenine, were tlans- 
ported against a concentration gradient, whereas there was no active transport  of 
D-kynurenine, 3-methoxy-DL-kynurenine, Na-acetyl-L-kynurenine or kynurenic acid. 

3. Paper chromatography of the serosal fluids showed that  small quantities of 
L-kynurenine, 3-hydroxykynurenine and 3-methoxykynurenine were acetylated 
during incubation, and that  some deacetylation of Ne-acetyl-L-kynurenine took place. 
Two other products of 3-hydroxykynurenine were most probably the two isomers of 
3-hydroxykynurenine-0-sulfate. 

I NTRODUCTION 

L-Tryptophan is metabolized to nicotinic acid ribonucleotide in the liver via 
a number of intermediate compounds (Fig. I). Changes in the activity of the enzymes 
concerned or in the levels of their cofactors, result in an abnormal excretion of these 
metabolites in urine, and such disturbances of t ryptophan metabolism have been 
described in association with a variety of diseases l& Another factor which may 
possibly influence the urinary excretion of t ryptophan metabolites is their mode of 
transport  across cell membranes. The present report describes an in vitro study of 
the transport  of some of these metabolites by the rat  small intestine, and of their 
further metabolism by the intestine. 

MATERIALS AND METHODS 

L-Tryptophan was obtained from Mann Research Laboratories. L- and D- 
kynurenine sulfates 3, N~-acetyl-L-kynurenine 4, 3-hydroxy-DL-kynurenine 5, 3-methoxy- 
kynurenine 5 and kynurenic acid s were prepared in this laboratory essentially as previ- 
ously described, and their puri ty was checked by paper chromatography. They were 
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Fig. i .  The  m e t a b o l i s m  of L - t ryp topha n  to n icot in ic  acid r ibonucleot ide .  

dissolved in Krebs-bicarbonate  solution (pH 7.4) to give a concentra t ion of z mM. 
3 -Hydroxykynuren ine  was also studied at a concentra t ion of 4 mM. 

Sprague-Dawley female rats weighing I8O-2OO g were studied in the non-fast ing 
state. They  were killed by  a blow on the head, and the small intestines were removed 
and  everted as described by  WILSON" AND WISEMAN 7. Six sacs were made from each 
intest ine,  the first s tar t ing IO cm from the pylorus. Each sac, approx. IO cm long, 
was filled with I ml of Krebs-bicarbonate  solution containing 17 mM glucose and 
the metabol i te  being tested ('serosal fluid'). The filled sac was immersed in 2o nil of 
the same solution ( 'mucosal fluid') in a glass-stoppered I25-ml flask 8, and incubated 
at  37 ° for I h with cons tant  shaking at a rate of 80 oscillations per rain in an atmos- 
phere of O~-CO 2 (95:5, v/v). After incubat ion  the sac was removed, the outside was 
blot ted dry, and the serosal fluid collected and weighed to determine the water 
t ransfer  across the in tes t inal  wall. The empty  sac was dried in an oven at IOO ° for 4 h 
and  then weighed to obta in  the dry weight. The concentrat ions of glucose and the 
test metaboli te  were measured in the mucosal and serosal fluids. 

Glucose was determined by  a D-glucose oxidase method (Worthington Bio- 
chemical Corp.) and L-tryptophan by  the method of SPIES AND CHAMBERS 9. The 
concentra t ions  of the metaboli tes  were obtained by  ul traviolet  spectrophotometry.  
A s tudy  of the absorption spectra of nmcosal and serosal fluids from sacs incubated 
in Krebs-bicarbonate  solution without  added metaboli te  showed tha t  no interfering 
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material leaked from the intestinal wall during the incubation period. The absorption 
maxima were read from the spectra of suitably diluted mucosal and serosal fluids 
(1:2o or 1:4o), determined over a range of 225-530 m/~ with a Bausch and Lomb 
Spectronic 505 spectrophotometer (Fig. 2). The absorbances of L-kynurenine and 
D-kynurenine were read at 365 m/~, acetyl-L-kynurenine at 360 m/z, 3-hydroxy- 
DL-kynurenine and 3-methoxy-DL-kynurenine at 37 ° m/~, and kynurenic acid at 
332 In/,. In each case the original Krebs-bicarbonate solution containing the metabo- 
lite was also examined to provide a standard. 
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Fig. 2. The absorpt ion spect rum of L-kynurenine in mucosal  and serosal fluids after incubation 
and of the s tandard  solution in Krebs-bicarbonate  buffer (pH 7.4). Before incubat ion the L- 
kynurenine concentrat ions in the mucosal and serosa] fluids and in the s tandard  solution were 
identical (2 raM). The intestinal sac was incubated at  37 ° for I h, after which the serosal fluid 
concentrat ion,  indicated by  the absorbance at 365 m/t, was more t han  twice tha t  of the mucosal 
fluid showing tha t  active t r anspor t  of the metaboli te  had taken place. The slight increase in 
mucosal  fluid concentrat ion was due to evaporat ion which took place when the flask was being 
gassed at the beginning of the incubat ion period. 

The rate of transport was calculated from the difference between the post- and 
preincubation concentrations in the serosal fluid, multiplied by the volume of serosa] 
fluid after incubation, and the final result was expressed in /~moles of metabolite 
transported per IOO mg dry tissue per h. 

Ascending chromatograms of the serosa] and mucosal fluids were run on 
Whatman No. I paper. The solvents used were methanol-n-butanol-benzene-water  
(2 : I : I : I, by vol.) plus 1% glacial acetic acid ]°, n-butanol-acetic acid-water (12:3 : 5, 
by vol.), and 20 % KC1 (ref. II).  The completed chromatograms were examined under 
ultraviolet light, and after spraying with Ehrlich's reagent (2 % (w/v) p-dimethyl- 
aminobenzaldehyde in 1.3 M HCI) or a modified Ekman's  reagent (0.25 % NaNO 2 
in o.I M HCI followed by 0.25 % N-I-naphthylethylene dianaine. HC1). Flasks con- 
taining the metabolites under investigation dissolved in Krebs-bicarbonate solution, 
but without intestinal sacs, were also oxygenated and incubated at 37 ° for i h, and 
the contents wele then examined by paper chromatography. 

3 or 4 rats were used to study each compound. In all cases viability of the sacs 
was confirmed by the active transport of glucose from the mucosal to serosal fluid. 
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RESULTS 

L:Fryptophan, L-kynurenine (prepared as the sulfate) and 3-hydroxykynurenine 
were transported across the intestinal wall against a concentration gradient. Sacs 
from the middle and lower jejunum and upper ileum showed a greater rate of transport 
of all three compounds than did those from the ends of the intestine (Fig. 3), and so 
in Table I only the results from the four middle sacs have been included. This shows 
that L-tryptophan and L-kvnurenine were transported at similar rates, whereas 
3-hydroxykynurenine was poorly transported at a concentration of 2 mM and not 
at all when the concentration was increased to 4 lnM. 

D-Kynurenine, acetyl-L-kynurenine, 3-methoxy-DL-kynurenine and kynurenic 
acid were not transported against a concentration gradient. 

The chromatographic data are summarized in Table II. Paper chromatograms 
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Fig .  3, R e l a t i o n s h i p  b e t w e e n  t h e  s e g m e n t  of s m a l l  i n t e s t i n e  u s e d  a n d  t h e  r a t e  of m e t a b o l i t e  
t r a n s p o r t .  A l l  t h r e e  m e t a b o l i t e s  w e r e  s t u d i e d  a t  a n  i n i t i a l  c o n c e n t r a t i o n  of 2 mM. S e g m e n t  t 
s t a r t e d  i o  c m  f r o m  t h e  p y l o r u s  a n d  S e g m e n t  6 was  t e r m i n a l  i l eum.  

"FABLE I 

I N T E S T I N A L  T R A N S P O R T  O F  T R Y P T O P H A N  M E T A I 3 O L I T E S  

T h e  sacs  w e r e  i n c u b a t e d  for i h a t  3 7 -  T h e  d a t a  for  t h e  m i d d l e  4 sacs  f r o m  e a c h  r a t  h a v e  been  
i n c l u d e d  in  t h e  r e s u l t s  g iven ,  w h i c h  a re  e x p r e s s e d  as  t h e  m e a n  ± S,D. 

ilIetabolile No. of rats Rate of transport Ratio of glucose 

L - T r y p t o p h a n  4 
L - K y n u r e n i n e  s u l f a t e  4 
D - K y n u r e n i n e  s u l f a t e  3 
3 _ H y d r o x y - D L - k y n u r e n i n e  (2 mM) 4 
3 - H y d r o x y - D L - k y n u r e n i n e  (4 raM) 2 
3_Methoxy-  D L - k y n u r e n i n e  3 
Na-Acetyl-L-kynurenine 3 
I ( y n u r e n i c  ac id  3 

studied (itmoles/xoo mg per h) (Conch. serosal/mucosal flu, 

4 . t o  ± 0.53 2.1o _= 0.49 
3.47 :~ 0.93 3.22 = 0.83 
o 3.04 .:: 0.87 
2.04 ~ o.41 2.94 ± 0.50 
o 2.18 ~ 0.06 
o 2.63 ± 0.53 
o 3.07 J- 0.30 
o 2.04 :!: 0.06 
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T A B L E  II 

P A P E R  C H R O M A T O G R A P H Y  O F  T H E  S E R O S A L  F L U I D S  F R O M  T R A N S P O R T  S T U D I E S  

Ascend ing  technic  wi th  m e t h a n o l - n - b u t a n o l - b e n z e n e - w a t e r  (2 : 1 : I : I, by  vol.) plus 
acid solvent .  20 and  5 °/~1 appl ied to paper .  

5letabolite Compound on chromatogram 
under investigation 

1% acetic 

RE Ultraviolet 
light 

L - K y n u r e n i n e  L -Kynuren i ue  0.48 Blue 
? Ace ty l -L-kynuren ine  0.82 Blue 

D - K y n u r e n i n e  

Ace ty l -L-kynuren ine  

D - K y n u r e n i n e  o.37 Blue 

Ace ty l -L-kynuren ine  0.82 Blue 
? L - K y n u r e n i n e  0.46 Blue 

3 -Hydroxy -  L-kynuren ine  o.37 Green 
3 -Hydroxy -D-kynu ren ine  o.3 ° Green 
? Ace ty l -3 -hydroxy-L-kynuren ine  o.8o Green 
? 3 -Hydroxy -  L-kynuren ine-O-su l fa te  o.16 Blue 
? 3 -Hydroxy-D-kynuren ine -O-su l f a t e  o . i2  Blue 

3-Methoxy-  L-kynuren ine  0.47 Blue 
3 -Methoxy-D-kynuren ine  o.42 Blue 
? Ace ty l -3 -me thoxy-L-kynuren ine  o.86 Blue 

3 -Hydroxy -DL-kynuren ine  

3 -Methoxy-DL-kynuren ine  

K y n u r e n i c  acid K y n u r e n i c  acid o.58 Blue 

of mucosal and serosal fluids containing D-kynurenine or kynurenic acid showed only 
spots corresponding to these metabolites. After incubation of the flasks containing 
L-kynurenine a spot with the same RF value as acetyl-L-kynurenine was found con- 
sistently on chromatograms of the serosal fluids. The RE values of this spot in n- 
butanol-acetic acid-water and 20 % KC1 solvents were also the same as those of 
acetyl-L-kynurenine and it gave identical color reactions with Ehrlich's and Ekman's 
reagents (Table III).  Chromatography of the serosal fluid from experiments with 
acetyl-L-kynurenine revealed the presence of small quantities of L-kynurenine. 

Chromatograms of the serosal and mucosal fluids from studies of 3-hydroxy- 
oL-kynurenine transport showed several features of interest. A larger spot of 
3-hydroxy-L-kynurenine than that of the D-isomer was always seen on the serosal 
fluid chromatograms, whereas with the mucosal fluids the two spots were of equal 
size. Three other spots were always present on chmmatograms of the serosal fluids. 
One of these was considered to be acetyl-3-hydroxy-L-kynurenine and the others, 
which were much more prominent under ultraviolet light, the two isomers of 
3-hydroxykynurenine-0-sulfate (Table III). Some decomposition of 3-hydroxy- 
kynurenine to xanthommatin occurred in the mucosal fluid during incubation. This 
was noted also when solutions were incubated without the presence of an intestinal 
sac, indicating that the formation of xanthommatin was not due to enzymic activity 
in the intestinal mucosa. 

The serosal fluids from experiments with 3-methoxy-oL-kynurenine showed an 
extra spot on chromatograms developed in methanol-u-butanol-benzene-water plus 
1% acetic acid solvent. This was probably the acetyl derivative as its RE value 
corresponded closely with those of acetyl-L-kynurenine and acetyl-3-hydroxy- 
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T A B L E  I l l  

F U R T H E R  C H R O M A T O G R A P H I C  I D E N T I F I C A T I O N  OF P R O D U C T S  F R O M  M E T A B O L I T E S  U N D E R  T E S T  

r fwo-dimensional  a scend ing  paper  c h r o m a t o g r a p h y  wi th  n - b u t a n o l - a c e t i c  acid wate r  (1) as the 
first solvent ,  followed by  2o % KCI (I1). 

RF Reaction with 

1 * 11 Ehrlich's Ehman's 
reagent reagent 

Authent ic  L-kynuren ine  0.33 0.72 Orange  Violet 
? L - K y n u r e n i n e  0.32 0.72 Orange  Violet 

o.84 o.81 ()range \:iolet 
o.84 o.8o ( ) range Violet 

Authent ic  N~-ace ty l -L-kynuren ine  
? Na-Ace ty l -L-kynuren ine  

Ne-Ace ty l -3 -hydroxy-L-kynuren ine*  * o.75 o. 74 P ink  Nil 
? N~-Ace ty l -3 -hydroxy-L-kynuren ine  0.77 0.75 P ink  Nil 

3 - H y d r o x y k y n u r e n i n e - O - s u l f a t e * *  o. i  I 0.80 P ink  af ter  i h Nil 
? 3 " H y d r ° x y - L - k y  nuren ine-O-su l fa te  t o.12"** o.81"** Nil Nil 

3 - H y d r o x y - n - k y n u r e n i n e - O - s u l f a t e  J 

* n - B u t a n o l - a c e t i c  a c i d - w a t e r  ( I2 :3 :5 ,  by  vol.) is equ iva len t  to the organic l ayer  of a 
4 : 1 : 5  m i x t u r e  as used  by  D A L G L I E S H  11,15. 

** D a t a  g iven by  D A L G L I E S H  11'15. 

*** Isomers  were no t  sepa ra ted  in these  solvents .  

kynurenine, but as neither authentic material nor published data about this compound 
was available, further investigation was not carried out. 

DISCUSSION 

The present study has shown that L-kynurenine, unlike the D-isomer, is actively 
transported against a concentration gradient by the rat small intestine. The greater 
size and intensity of the 3-hydroxy-n-kynurenine spot as compared with that of 
3-hydroxy-D-kynurenine on paper chromatograms of the serosal fluids indicates that 
active transport of this metabolite is also confined to the L-isomer. In this respect 
these basic amino acids behave like their parent compound, L-tryptophan, and most 
other amino acids 1~. N~-Acetyl-L-kynurenine and kynurenic acid were not transported 
against a concentration gradient, which is in accord with the finding of COHEN AND 
HUANG is that the presence of an x-amino and a carboxyl group is essential for the 
transport of various analogs of tryptophan. 

It is of interest that substitution at the 3-position of the benzene ring impairs 
the capacity for intestinal transport. 3-Hydroxykynurenine at a concentration of 
2 mM was actively transported, but less so than L-kynurenine. It was thought that 
this might have resulted from only the L-isomer of the racemic mixture being trans- 
ported against the concentration gradient so that the effective concentration was 
only I mM. However, when the concentration of 3-hydroxykynurenine in the incu- 
bation medium was increased to 4 mM there was complete loss of transport despite 
normal activity of the intestinal sacs with respect to water and glucose transfer. 
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Further, 3-methoxy-DL-kynurenine, which like 3-hydroxykynurenine retains both 
the a-amino and carboxyl groups of kynurenine, showed no evidence of active 
transport. 

The demonstration that  L-kynurenine and 3-hydroxy-L-kynurenine are actively 
transported by the intestinal mucosa raises the question of the manner in which these 
metabolites are handled by the renal tubule. In general, there are marked similarities 
between the transport  of amino acids by  the intestine and the kidney, and so it seems 
likely that  L-kynurenine and 3-hydroxy-L-kynurenine are reabsorbed from the 
glomerular filtrate. The capacity for such reabsorption would influence not only the 
urinary levels of these t ryptophan metabolites, but also those which are derived from 
them as reabsorption would allow recirculation and further exposure for the bio- 
synthesis of nicotinic acid ribonucleotide from t- t ryptophan.  

Paper chromatography showed that  small quantities of L-kynurenine, 3- 
hydroxykynurenine and probably 3-methoxykynurenine were aeetylated during incu- 
bation with the intestinal sacs. Some deacetylation of acetyl-L-kynurenine also ap- 
peared to take place, although the amount of L-kynurenine produced was very small 
and its transfer to the serosal fluid was not sufficient to be demonstrated during the 
spectrophotometric s tudy of acetylkynurenine transport. WHALER 14 found that  the 
acetyl derivatives of several amino acids, but not acetyltryptophan, are deaeetylated 
by  the intestinal mucosa, and considered the possibility of a transacetylating enzyme 
being present in rat small intestine. The present results indicate that  both acetylation 
of L-kynurenine and deacetylation of acetyl-L-kynurenine can take place, and are 
consistent with the existence of a single transacetylase system. 

DALGLIESH reported the presence of 3-hydroxykynurenine-O-sulfate in the urine 
of pyridoxine-deficient rats 15. A comparison with his data indicates that  the rat  small 
intestine can form the two isomers of this compound from 3-hydroxy-DL-kynurenine, 
and that  they appear in the serosal fluid during intestinal transport in vitro. Conju- 
gation of an amino acid to form the sulfate ester does not appear to have been 
described previously in studies of intestinal transport, although glucuronide synthesis 
occurs in the intestine, and UDP glucuronyltransferase activity has been demon- 
strated throughout the gastrointestinal tract  TM. TAPLEY et a l Y  found that  monoiodo- 
tyrosine forms a glueuronide which is present in the serosal fluid after this amino acid 
has been incubated with rat intestinal sacs. In addition to 3-hydroxykynurenine- 
O-sulfate, DALGLIESH 15 identified 3-hydroxykynurenine glucuronide in urine, but the 
higher polarity of this compound distinguished it from the sulfate ester, and a product 
having the chromatographic characteristics of the glucuronide conjugate was not seen 
in the present study. 

ACKNOWLEDGEMENTS 

D.P .R .  thanks the Wellcome Foundation and the Medical Research Council 
of Great Britain for a Sir Henry Wellcome Travelling Fellowship. This investigation 
was supported in part  by Grant No. T-445 G from the American Cancer Society and 
by Grants CA-o3 274, AM-oI499 and CA-K3-I8-4o 4 from the National Institutes of 
Health, U.S. Public Health Service. 

Biochim. Biophys. Acta, 163 (I968) 93-1oo 



I00  1). P. ROSE, Y.-M. S. YA(), R. R. BROWN 

]~]{FEI{I:NCI':S 

I J. M. ]'RICE, ~lli?'. Jlich. 21~'d. Bid/., 24 (I958) 461. 
2 I*~. ALTMAN AND (). (~REENGARD, al. (Tli~. Invest., 45 (I966) 1527. 
3 J. L. \VARNELL ANn C. P. BFRG, .]. ~qm. Chem. Soc., 76 (1954) 17o8. 
4 I~. R. BROWN AND J. M. PRICE, .]. Am. Chem. Soc., 77 (1955) 4158 • 
5 t .  R. BROWN, L. V. HANKES AND 1{. KAWASHIMA, in M. J. COON, Biochemical Preparations, 

Vol. 9, Wiley, New York, 1962, p. 79. 
6 B. RIEGEL, C. J. ALBISETTI, JR., G. R. LAPplX AND R. H. ]?3AKER, J. Am. Chem. Soc., 68 (1946) 

2685 . 
7 T. H. WILSON AND G. WISEMAN, ,]. Physiol. London, 123 (1954) 116. 
8 B. A. BARRY, J. MATTHEWS AND D. H. SIvlYTH, J. Physiol. London, 157 (1961) 279. 
9 J. 1{. SPIES AND D. C. CHAMBERS, Anal. Chem., 20 (1948) 3 o. 

IO J. M. PRICE AND L. \V. DODGE, J. Biol. Chem., 223 (1956) 699. 
I I  C. E. DALGLIESH, Biochem. ,[., 64 (1956) 481. 
12 E. C. C. LIN, H. HAGIHIRA AND T. H. \¥1LSON, Am. J. Physiol., 202 (1962) 919. 
13 L. L. COHEN AND I<. C. HUANG, Am. J. Physiol., 206 (1964) 647. 
14 B. C. WHALER, J .  Physiol. London, 13o (1955) 278. 
15 C. E. DALGLIESH, Biochem. J., 52 (1952) 3. 
I6 I. H. STEVENSON AND G. J. DUTTON, Biochem. J., 82 (1962) 33 o. 
17 D. F. TAPLEY, t{. HERZ, Jr. ,  J. E. Ross, T. F. DEUEL AND L. LEVENTER, Biochim. Biophys. 

Acta, 43 (196o) 344. 

Biochim. Biophys. ,qcta, 163 (1968) 93-1oo 


