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Summary 

Human jejunal brush border folate conjugase (EC 3.4.22.--) was partially 
punfmd and characterized. Three drugs known to be associated with clmmal 
folate defmmncy were tested for inhibition of the partially purffmd enzyme. 
Usmg jejunal mucosa from obese patmnts undergoing mtestmal bypass surgery, 
brush border folate conjugase was punfmd 50--80-fold by centrffugatlon, 
Triton X-100 solubfllzatlon and DEAE-Sephadex and Sephacryl S-200 chroma- 
tography. Usmg synthetm pteroyldlglutamyl[~4C]glutamate as substrate, the 
enzyme was found to have a pH optLrnum of 6.5 and an apparent Km of 1.6 
pM. Incubation of the enzyme with synthetm pteroyl[14C]glutamylhexa- 
glutamate resulted m a spectrum of shorter-chmn 14C-labeled pteroylglutamates 
at 60 mm. Pteroyl[14C]glutamate was the major product at 120 mm, with 
quantitative recovery of free glutamate m the mcubatmn medmm. Sahcylazo- 
sulfapyndme was a competitive inhibitor of the enzyme (K~ = 0.13 mM), while 
ethanol, dlphenylhydantom and salmylazosulfapyndme metabohtes had no 
effect. These data suggest that brush border folate conjugase is an exopeptidase 
whmh progressively hydrolyzes glutamyl units from pteroylpolyglutamate, 
leaving pteroylmonoglutamate as the folate form available for mtestmal 
transport. Inhlbltmn of brush border folate conjugase by salmylazosulfa- 
pyndme prowdes a mechamsm for folate malabsorptmn and defmmncy m 
cl~romc users of this drug 
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In t roduchon  

During the process of intestinal folate absorptmn, dietary polyglutamyl 
folates (PteGlun) axe hydrolyzed to pteroylmonoglutamate  (PteGlu) by a mu- 
cosal enzyme known as folate conjugase (EC 3.4.22.--), or pteroylpolygluta- 
mate hydrolase [1]. As compared to its achwty  m human blllary, pancreatic 
and mtestmal secretions, folate conjugase is concentrated several hundred-fold 
in the jejunal mucosa [2]. Cellular fractlonatlon studies of rat and guinea pig 
mucosa described intestinal folate conjugase as an lntracellular and probably 
lysosomal enzyme [3,4]. However, our studies m human volunteers suggested 
that  intestinal folate conjugase acts on the mucosal surface, smce the jejunal 
perfuslon of pteroyl[~4C]glutamylhexaglutamate (14C-labeled PteGluT) was 
followed by the ' s tepwlse  appearance of all possible hydrolytm products m 
distal asptrates of the luminal contents  [5]. Subsequently, we identified two 
separate folate conjugase actlvltms m the normal human jejunum, one lntracel- 
lular and the other  located m the brush border fraction, with different  molec- 
ular weights, pH optima and lnhlbltmn characteristics [6]. p-Hydroxymercurl-  
benzoate, a known inhibitor of  cytosollc pephde hydrolases [7], completely 
mhzblted the mtracellular enzyme but  had no effect  on folate conjugase activ- 
ity m the brush border fractmn. The objectives of the present study were to 
parhally purify and charactenze human jejunal brush border folate conjugase, 
and to test the effects of  three drugs associated with low serum folate levels on 
its achwty .  Results of  these expernnents have previously appeared in abstract 
form [8,9]. 

Methods 

Substrates Pteroyldlglutamyl[U-~*C]glutamate (~*C-labeled PteGlu3) and 
pteroyl[U-14C]glutamyl-hexaglutamate (~4C-labeled PteGlu~) were synthesized 
by the solid phase method  [10] and were gifts of  Dr. Carlos Krumdleck, Um- 
verslty of  Alabama. 

Enzyme assay. Based on prelwnlnary kinetic studies, folate conjugase activity 
was measured at each purification step by the charcoal adsorphon method  
[11], using 13 plVl ~4C-labeled PteGlu3 (1.08 C1/mol) as substrate, 33 mM Tns- 
HC1 buffer, pH 7.5/66 pM giutamlC acid/enzyme to a volume of  1.5 ml. 0.5 
mM p-hydroxymercunbenzoa te  was added to each assay to mhlblt  possible 
con tammatmg mtraceUular folate conjugase [6]. Enzyme actlwty is expressed 
as cpm ~4C-labeled glutamate liberated/ml or as nmol substrate hydrolyzed/mg 
protein per 30 min. Protem concentrat ion was measured using the Blo-Rad 
Protem Assay (Blo-Rad Laboratorms, Richmond,  CA). 

Punfzcat,on procedure Human jejunal mucosa was obtmned from patients 
undergomg elective ]ejunofleal bypass surgery and stored at --70°C until use. In 
five separate experiments,  15--45 g mucosa were weighed, mmced  and homog- 
emzed m 10 mM Trls-HC1, pH 7.0/5 mM 2-mercaptoethanol/1 mM zinc acetate 
usmg a Warmg Blendor (30 s with the Powerstat variable transformer at a set- 
tlng of  60) to give a 5% (w/v) solution. Followmg filtration through coarse 
nylon,  a crude membrane fraction was prepared by 20 mm centrffugation at 
25 000 X g. After  two washmgs, the pellet was resuspended m buffer and frozen 
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overmght at --70°C. In another experiment,  a brush border fraction was pre- 
pared by  the method of  Schmltz et al. [12],  starting with a 2% homogenate  
(w/v). Purity of  the resultant fraction was mdmated by 9-fold concentration of  
sucrase [13],  a brush border marker enzyme. After thawmg and re-centrlfuga- 
tlon, the crude membrane or the brush border fraction was homogemzed m 
buffer containing 1% (v/v) Trxton X-100 to give a 20% (w/v) solution. After 
sttrring for 30 mm at 5°C and centnfugat lon at 25 000 × g for 20 mln, enzyme 
activity was completely recovered m the supernatant. The Triton X-100 con- 
centratmn, momtored  by the method of  Garewal [14],  was reduced to 0.1% by 
the addition of Bin-Beads SM-2 (Blo-Rad Laboratorms, Rmhmond,  CA) with 
stlrrmg at 5°C for 60--90 mm [15].  After removal of  the Blo-Beads, the solu- 
tion was concentrated by  ultraffltratlon through an Amlcon PM-10 Dmflo 
membrane (Ammon Corporation, Lexmgton,  MA) under mtrogen at 60 lbs/ 
mch 2. The Ammon PM-10 retentates from each fraction were chromatographed 
on DEAE-Sephadex A-50 columns (Sxgma Chemmal Co., St. Louis, MO). 
(Fig. 1). In each chromatogram, peak 1 eluted m the void volume and was 
assumed to represent enzyme sequestered m Triton X-100 mmelles. Rechroma- 
tography of peak 1 resulted m its partxal (30%) redistribution to peak 2. 
Peak 2, whmh appeared m an ldentmal position in each chromatogram and con- 
tamed the most  concentrated enzyme actlwty,  represented brush border folate 
conjugase. Subsequent  purffmatmn and charactenzatmn were based on the 
crude membrane fraction since ~t ymlded a 10-fold greater enzyme recovery 
after DEAE-Sephadex chromatography.  Peak 2 enzyme act lwty was concen- 
trated to 2 ml by Ammon ultrafiltratmn and applied to a Sephacryl S-200 
column (1 × 88 cm) (Pharmacm Fme Chemicals, Uppsala, Sweden). The major- 
lty of  the enzyme was eluted with buffer contmnlng 0.1% Triton X-100/0 1 M 
NaC1 m a single peak near the void volume. 

Enzyme characterization. Using 14C-labeled PteGlu3 as substrate, the pH 
opt imum of the 'part ia l ly  punf led enzyme was determmed over a range from 
pH 3.5 to 8.5. The kmetms of  the reactmn were studmd at pH 6.5 using sub- 
strate concentratmns ranging from 1.2 to 26 ~M ~4C-labeled PteGlu3 m 33 mM 
sodmm phosphate buffer. To determine whether  brush border folate conjugase 
acts as an endopeptldase or exopeptldase,  the partmlly purffmd enzyme was 
incubated at t imed intervals wxth 21.5 ~ 1.0 C1/mol ~4C-labeled PteGluT, m 
50 mM sodmm phosphate buffer at pH 6.5 m the presence of  p-hydroxy-  
mercunbenzoate .  Since the ~4C label was posl tmned in synthesis of  ~4C-labeled 
PteGlu7 on the glutamate next  to the p t endme  rmg structure, the hydrolytm 
products could be ldentffmd by  chromatography on DEAE-cellulose. The 
nmhydnn  assay [16] was used to quantl tate free glutamate m the reaction 
mLxture before and after the 120 mm mcubatmn,  whmh contmned 85.8 nmol 
14C-labeled PteGlu7 m 4 ml. 

Drug studies Inhlbltmn of brush border folate conjugase actxwty was tested 
using ethanol, d lphenylhydantom,  sahcylazosulfapyndme and its metabohtes ,  
sulfapyndme and 5-aminosalmyclm acid. Ethanol (95%) was diluted to fmal 
concentratmns of  0.5, 1.0, 3.0 and 5.0% (v/v). Dlphenylhydantom (Phenytom 
Sodmm injection, Parke-Davis Co., Detroxt, MI) 50 mg/ml, was diluted to 25, 
100, 200 and 300 /~g/ml. Salmylazosulfapyrldme (Pharmacm Fme Chemmals, 
Uppsala, Sweden) was dissolved by  heating one 500-mg tablet  m a boiling water  
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Fig  1 C o m p a r i s o n  o f  D E A E - S e p h a d e x  e l u t l o n  p a t t e r n s  o f  f o l a t e  conJugase  ac tav l ty  m T n t o n - s o l u b l h z e d  
(A)  b r u s h  b o r d e r  o r  (B) c r u d e  m e m b r a n e  f zac t i ons  T h e  A r m c o n  P M - 1 0  r e t e n t a t e  o f  t h e  T r i t o n  X - 1 0 0  
so lubf l lZed b r u s h  b o r d e r  f - fact ion ( 1 2  m g  p r o t e i n )  o r  c r u d e  m e m b r a n e  f r a c t i o n  ( 2 0  m g  p r o t e i n )  w a s  
a p p l i e d  to  t he  D E A E - S e p h a d e x  A - 5 0  c o l u m n  (1 X 3 0  c m )  a n d  e l u t e d  b y  a l i nea r  g r a d l e n t  o f  0 - - 0  2 M 
NaCI m b u f f e r  ( 1 0  m M  Tr l s -HCI /5  m M  2 - m e r c a p t o e t h a n o l / 1  m M  zlnc  a c e t a t e ,  p H  7 0 / 0  1% T r i t o n  
X - 1 0 0 ) ,  2 0 0  m l  e a c h  F r a c t i o n s  (2 -mi)  w e r e  c o l l e c t e d  a n d  a n a l y z e d  f o r  e n z y m e  a c t a w t y  a t  p H  7 5 w l t h  
p - h y d z o x y m e r c u n b e n z o a t e  E n z y m e  a c t i v i t y  Is e x p r e s s e d  as  c p m  14C. ]abe l e  d g l u t a m a t e  h b e r a t e d / m l  f rac -  
t i o n  p e r  1 5  m m  

Fig 2 D e p e n d e n c e  o f  b r u s h  b o r d e r  f o l a t e  cor~ugase  o n  p H  The  e n z y m e  w a s  a s s a y e d  f r o m  p H  3 5 t o  8 5 
w l t h  ( . . . . . .  ) a n d  w i t h o u t  ( ) 0 5 m M  p - h y d z o x y m e r c u r l b e n z o a t e ,  u s m g  t h e  c h a r c o a l  a d s o r p t l o n  
m e t h o d  [ 1 1 ] .  17  m M  3 3 - d l m e t h y l g l u t a r a t e - N a O H  b u f f e r  (o ,  e )  w a s  u s e d  t o  d e t e r m i n e  e n z y m e  a c t l w t y  
f r o m  p H  3 5 t o  7 5 ,  a n d  3 3  m M  Tzls-HCI b u f f e r  (n m) was  u s e d  t o  d e t e r m i n e  a c t i v l t y  f r o m  p H  7 0 t o  8 5 
E n z y m e  a c t l v l t y  is e x p r e s s e d  as  c p m  1 4 C - l a b e l e d  g l u t a m a t e  h b e r a t e d / m l  e n z y m e  pe r  3 0  m m  

bath m 5 mM potassium phosphate buffer, pH 7.0, and then diluted to 0.3, 0 6, 
0.9 and 1.5 mM. Sulfapyndme and 5-ammosalmychc acid (Pharmacia Fme 
Chemicals, Uppsala, Sweden) were dmsolved m 0.1 M NaOH and 0.1 N HC1, 
respectively, and diluted similarly. The pH of the incubation solutions was not 
changed by the addition of  the various drugs. 

Results 

Enzyme punfzcatmn. Table I summarizes the purification process and shows 
the results of  a representatwe experiment. Fmal purification ranged from 48 to 
80-fold. The partially purified enzyme was stable up to 3 months at --70°C. 

pH optimum. Brush border folate conjugase was optnnally active at pH 
6.0 6.5 (Fig. 2). Enzyme activity was slightly enhanced by the presence of  
p-hydroxymercunbenzoate, and was most active m 33 mM sodium phosphate 
buffer, pH 6.5 (data not shown). 

Hydrolysis of ~4C-labeled PteGluT. Different chromatographic spectra of  
14C-labeled pteroylpolyglutamates were observed following ttmed mcubations 
of 14C-labeled PteGlu7 with brush border folate conjugase (Fig. 3). Longer 
chain length 14C-labeled PteGlu, compounds predominated after 15 xmn 
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T A B L E  I 

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

E n z y m e  ac tzwty  m e a s u r e d  by  the  charcoa l  adsorp tzon  m e t h o d  [11]  and  expressed  as c p m  14C-labeled 
g lu t am a t e  h b e r a t e d / m l  per  30 m m  

Puxlfzcatlon step To ta l  Tota l  Specif ic  Pur f f l cahon  R e c o v e r y  
p ro t e in  e n z y m e  ac t lmty  (-fold) (%) 
(mg)  ac t iv i ty  ( n m o l / m g )  

1 10 -5 

1 H o m o g e n a t e  2228  47 7 3 76 1 0 100 
2 2 5 0 0 0  X g pel le t  980  29 3 5 26 1 4 61 5 
3 Pellet + 1% Tr i ton  X-100  - -  31 2 - -  - -  65 4 
4 Blo-Bead- t rea ted  pel le t  218 26 3 21 2 5 6 55 2 
5 Amzeon  PM-10 r e t e n t a t e  195 12 6 11 4 3 0 26 5 
6 D E A E - S e p h a d e x  

Peak I 12 7 2 72 37 6 10 5 7 
Peak 2 13.7 9 ,75  125 0 33 20 4 

7 R e t e n t a t e  of D E A E  Peak 2 13 9 4 54  57 8 15 9 5 
S Sephacry l  S-200 

Peak 1 5 6 5 80  182 0 48 12 2 
Peak 2 3,7 0 39 18 6 5 0 8 

mcubatlon,  whereas 14Cdabeled PteGlu and 14C-labeled PteGlu2 were the major 
peaks after 60 mm. In a separate experiment, an ldenhcal 60 mm chroma- 
togram was obtained when p-hydroxymercurlbenzoate was excluded from the 
mcubatmn medmm. The major product after 120 m m  mcubahon was 14C- 
labeled PteGlu. The calculated complete hydrolysis o f  85.8 nmol '4C-labeled 
PteGlu7 to I4C-labeled PteGlu ymlds 515 nmol free glutamate. By the nmhydrm 
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FRACTION ( 4 m l )  

Fig 3 C h r o m a t o g r a m s  of  the  p r o d u c t s  of  m c u b a t z o n  of  b rush  b o r d e r  fola te  conjugase  w i th  14C-labeled 
P teGlu  7 fo r  15.  60 and  120 mzn The par t ia l ly  puxffled e n z y m e  (0 5 m g  p ro t e in )  was  i n c u b a t e d  wi th  21 5 
#M aubs t ra t~  m 50 m M  sochum p h o s p h a t e  bu f f e r  a t  pH 6 5 wi th  0 5 m M  p - h y d r o x y m e r c u r l b e n z o a t e  m a 
v o l u m e  of  2 ml  A f t e r  s topp ing  the  r eac t i on  wi th  0 5 ml  10% tr lchloroacet4c  acid the  m c u b a h o n  p r o d u c t s  
were  neu t ra l i zed ,  a p p h e d  to DEAE-ce l lu lose  c o l u m n  (0 7 × 28 c m )  and  e lu ted  by  l inear  grad ien ts  of  
0 1- -0  5 M NaCI m 5 m M  sodzum p h o s p h a t e  bu f f e r ,  p H  7 0 (500  ml  each)  Prior  to  c h r o m a t o g r a p h y ,  
un labe led  P teGlu  and  P teGlu  3 were  a o d e d  as m a r k e r s  a nd  d e t e c t e d  by  abso rbance  a t  285  nrn ( . . . . . .  ) 
F r a c h o n s  (4-ml)  were  col lec ted  a nd  sc reened  for  r achoac t lwty  ( c p m / m l )  ( ) an d  c o n d u c t l m t y  (M 
NaCI)  ( ) 1 ml  of each  f rac t ion  was  c o u n t e d  m 10 ml  scmtzl la t lon f luid (4% Cab-O-Sd ( E a s t m a n  
K o d a k .  Roches t e r .  N Y )  m Multlsol  ( Isolab I n c .  A k r o n ,  OH) )  See t ex t  for  i n t e r p r e t a t i o n  of  resul ts  
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Flg 4 .  L m e w e a v e r - B u r k  p lo t  o f  the  m h l b l t l o n  o f  brush border  fo la te  conjugase  by  s a h c y l a z o s u l f a p y r l d m e  
E n z y m e  act lv l ty  w as  as sayed  at four  substrate  c o n c e n t r a t i o n s  w i t h o u t  (0 raM) and w l t h  t w o  c o n c e n t r a -  
t l o n s  o f  the  drug (0 6 and 1 5 raM) The c o n c e n t x a t l o n  o f  14C- labe led  PteGlu 3 ranged f r o m  3 2 to 19 ~tM 
Using the 0 line, the  apparent  K m o f  brush border  fo la te  conjugase  wa s  ca lcu la ted  as 1.6 #M 14C- labe led  
PteGlu  3 , w l t h  V o f  3 6 8  n m o l / m g  prote in  per  3 0  m m .  Sa l icy lazosul fapyr lchne  w a s  a c o m p e t l t i v e  m h l b i t o r  
w l t h  an apparent  K I o f  0 1 3  mM 

Fig 5 E f f e c t  o f  a h p h e n y l h y d a n t o m  (D) ,  e t h a n o l  (E)  and sa l i cy lazosu l fapyr id lne  (S)  on  brush border  
fo la te  conIugase  ae t lv l ty .  E n z y m e  ac t lv l ty  w a s  as sayed  at  pH 6 5 using various  c o n c e n t r a t l o n s  o f  these  
drugs,  and is e x p r e s s e d  as p e r c e n t  o f  the  c o n t r o l  a c t l w t y  Of  these  drugs o n l y  sahcy lazosu l fapyrmhne  w a s  
f o u n d  t o  m h l b l t  the  e n z y m e  

assay, the measured difference m free amino groups between the 0 and 120 m m  
incubation was 484 nmol,  ymldmg a free glutamate recovery of  94% 

Enzyme kmetzcs. Zero-order kinetics were obtained at ~4C-labeled PteGlu3 
concentrations greater than 10/~M. A Lmeweaver-Burk plot yielded an apparent 
Km of  1.6 plVl 14C-labeled PteGlu3 and V o f  368 nmol  substrate hydrolyzed/mg 
protein per 30 m m  (Fig. 4). Similar Km and V values were calculated using the 
Eadm method,  1.9/~M and 375 nmol /mg  protein per 30 mm,  respectively. 

Drug studies Brush border folate conjugase actlwty was not  inhibited by 
ethanol or dlphenylhydantom at any concentratmn tested, but showed lmear 
mhlbltlon with increasing concentrations of  sahcylazosulfapyridine (Fig. 5). On 
the other hand, the metabohtes  of  sahcylazosulfapyndme did not  inhibit the 
enzyme (data not  shown).  Fig. 4 shows that sahcylazosulfapyndme is a com- 
petitive inhibitor of  the enzyme,  with an apparent K1 of  0 .13 mM. 

Discussion 

The present study extends our previous observations of  two separate folate 
con]ugase activltms m human jejunal mucosa  [6] by characterization of  the 
surface-active brush border enzyme.  Partially punfmd human jejunal brush 
border folate conjugase has maximal activity at pH 6.5 and an apparent Km of  
1.6 p_M 14C-labeled PteGlu3. The data suggest that this enzyme is an exopep- 
tldase whmh m capable of  progressive hydrolysm of  14C-labeled PteGlu7 to'~4C - 



6 8  

labeled PteGlu with quantitative hberatlon of  free glutamate. Enzyme activity 
was not  affected by physiological levels of  ethanol, d lphenylhydantom or 
sahcylazosulfapyndme metabohtes,  whereas sahcylazosulfapyndme itself was a 
competitive inhibitor. 

Previous evidence that folate conjugase is an exopeptldase includes the 
demonstrat ion of  stepwlse hydrolysis of  PteGlu6 during its incubation with 
human liver conjugase [17],  and the progressive appearance within the lummal 
contents  of  all possible hydrolyt ic  products  of  14C-labeled PteGlu7 during its 
jejunal perfuslon m human volunteers [5].  The similarity of  the sequence of  
hydrolysis of  14C-labeled PteGlu7 by brush border folate conjugase (Fig. 3 ) a n d  
that  observed during the human jejunal perfuslon of  ~4C-labeled PteGlu7 [5] 
prowdes evidence that  this enzyme is essential for the digestion of  dietary poly- 
glutamyl folates Species differences may account  for a previous demonstrat ion 
that  folate conjugase punfmd from chink intestine behaved as an endopeptidase 
m hberatmg PteGlu2 and PteGlus as end products  of  hydrolysis with PteGlu7 
[18].  

We are confident that  the partially punfmd enzyme represents the brush 
border enzyme and not  an mtracellular contaminant  since enzyme activity was 
assayed at pH 7.5 m the presence of  p-hydroxymercunbenzoate ,  condltmns 
whmh completely reactivate the mtraceUular enzyme [6].  Furthermore,  lden- 
tmal DEAE-Sephadex elutmn profiles were obtamed after chromatography of  
either the Tnton-solubfllzed crude membrane or brush border fractions 
(Fig. 1). The punfma l~i~n process was comphcated by the requirement for Tri- 
ton X-100, a non-lomc detergent wh[c~h solubfllzes membrane proteins and 
forms mmelles. However,  the complete recovery of  enzyme activity after Triton 
X-100 solubfllzatlon suggests that  the detergent had no deleterious effects on 
this enzyme. 

Ethanol, d lphenylhydantom and sahcylazosulfapyndme were chosen for 
enzyme mhlbltmn studies since the chromc use of  each drug is assocmted with 
low serum folate levels in humans [19,20,21].  The concentratmns used in our 
studies were based on previous direct mtralummal measurements [22,23] or an 
estimate of  lntralummal levels [21].  Our data suggest that  folate malabsorptmn 
in chromc alcoholism or dunng dlphenylhydantom therapy ls not  due to Im- 
paired hydrolyms of  PteGlu, ,  but  may be ascribed to the prewously observed 
effect of  use of  these drugs on the transport  of  PteGlu [23,24] The present 
s tudy extends the hst of  folate-dependent enzymes competi t ively inhibited by  
salmylazosulfapyndme, all with similar apparent inhibition constants (Ki) [25].  
The failure of  5-ammosahcychc acid and sul fapyndme to inhibit brush border 
folate conjugase is consistent with a previous observation that  salmylazosulfa- 
pyndme,  but  not  Its metabohtes ,  inhibited the uptake of  PteGlu by  rings of  
intestinal tissue [21] Sahcylazosulfapyndme, a drug whmh is poorly absorbed 
and not  metabolized m the small intestine [26],  appears to have a dual effect 
on folate absorption inhibition of  the intestinal hydrolysis of  PteGlun as 
demonstrated m this study,  and, as shown previously, inhibition of  the intesti- 
nal transport  of  PteGlu [21] 
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