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The uptake system for/~-Iactam anfibiolics in the rabbit small intestine was investigated using brush-border 
membmae vesicles. After treatment of membrane veSfi¢les with the reagent diethylpyroearbonate fDEP), the 
uptake o |  orally active tS-lactam antibiotics wi~h an ~x.amino Stoup in the snbslituent at position 6 or 7 o |  the 
penam or ccphem nucleus was significantly inhibited, whereas DEP-treatraent had no inhibitory effect on 
file uptake of ~-Iaetam anfiblnfies wltimut an a-amino group. The kinetic analysis revealed an apparent 
coml~etitive inhibition indicating a decreased affinity of the transport system for a-amino-~-lactam antiblo- 
tics, ~a~=.~'at~s of the intestinal dipeptide transport system - dipeptidcs and a-amino-fl.hctam antibiotics - 
could protect the transport system from irreversible inhibition by DEP) whereas ~-laetam antibiotics witheet 
an a-amino group as well as amino acids or bile acids had no elfect, Incubation of DEP.treated vesicles with 
hydroxylamine led to n papa l  restoration of the t r a n s p o r t  activity indicating that DEP may have led to a 
modification of a hisfidine residue of the transport protein. From the data presor~ted we conclude that a 
specific interaction of the a-amino group in the substituent at position 6 or 7 ot! the penam or eephem 
nucleus presumably witb a histidine residue of the transport protein is involved [n the translocatlon proems 
of orally active a-am;.no-fl-lactam antibiotics across the intestinal brush-border membrane. 

lntrodm.qiort  

t-Lectern antibiotics are taken up by the small 
intestine to various extents depending upon their 
structure [1]. fl-Lactam antibiotics with an warn[no 
group in the sabstituent at position 6 or 7 of the 
cephem or pertain nucleus are well a b s o r t ~  from 
the intestinal lumen and are taken up by the 

Abbr~,'ialions: DFt.P, dieXhylpyrocarbonale; HPLC, high pres- 
sure liquid chromatography; Tris, Ifishydroxyaminnmethane; 
Hci:,es, 4-(2-hydto.x.yethyl)-l-plperazineethane-sutfonie acid. 

Correspondence: W. Kramer, Hoechs~ Aktieng~-sellschah. 
Postfach 60 03 20 D-6230 Frankfurt am I~Aain 8l)~ F.R.G. 

intestinal transport system for dipoptides [2-6]. 
On the other side, most modern p-lactam a~tibio- 
tles with high antibacterial activity are barely ab- 
sorbed from the gastrointestinal tract ill. Evidence 
has been presented that orally active fl-lactam 
antibiotics share the nutrient transport systems for 
dipcptides in the brush-border membranes of the 
small intestine and the kidney [2-7]. The intestinal 
transport system for j0dactam ant'.'biotics and dl- 
peptides in the small intestine .3f rats and rabbits 
was recently characterized by photo~ffinity label- 
ing and a membrane protein with an apparent 
molecular weight of 127000 was identified as a 
specific binding protein for ,R-laotam antibiotles 
and dipeptides (8-11]. It was demonstrated that 
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all//-lae~am antibiotics, whether they are eaterally 
absorbed or not, bind from the luminal side to the 
dipeptide transport system, Hitherto unknown 
structural features determine whether a fl-lactam 
antibiotic mol~ule bound to the transport system 
is also transloeated across :~he intestinal brush 
border membrane. The orally active a-amino-~- 
lactam antibiotics are transported across the in- 
testinal brush-border membrane by a transport 
system, which is stimulated by an inward-directed 
H ~ gradient (pHo~, <pHi~ ) [4,5]. Histidine re- 
sidues at the active site of the cartier protein are 
essential fox various H+-dependent transport 
processes [12-16]. Recently, it was shown that the 
H +-de, pendent transport system for dipeptides in 
the rabbit renal brush-border membrane could be 
inhibited by the group specific reagent diethylpy- 
rouarhonat¢ (DEP). It was demonstraled that a 
histldine residue of the transport protein is essen- 
tial for the H÷-dependent uptake process [12]. In 
the present study we incestigated the effect of 
DEP on the intestinal transport system for orally 
active p-lactam antibiotics. 

Matedais and Methods 

Materials 
Cephalexin, eephradine, ¢efadroxi[, eephalothin, 

ccphaloridine, amoxieillin, ampicillin and benzyl- 
penicillin were purchased from Sigma (Munich, 
F.R.G.). Cefotaxime (Claforan ®) was from 
Hoeehst AktiengeseUsehaft (Franldurt, F.R.G.), 
Ce f t i zox ime  (Ceft ix  ®) f rom Fu j i sawa  
Pharmaceutical Co. (Osaka, Japan), Cefoperazone 
(Cefobis °) front Pfizer GmbH (Karlsrnhe, F.ILG.) 
and Cefotiam (Spizef ®) from Takeda Chemical 
Industries (Osaka, Japan). The structural formulas 
of the different cephalosporins are given in Fig. 1. 
Amino acids, tautocholate, peptides and diethyl- 
pyrocarbonate were obtained from Serva (Serva 
Heidelberg, F.R.G.). [3 H]Benzylpenieillin (specific 
radioactivity 15-18 Ci/mmol) was from Amers- 
ham Buchder Gmb[t  (Bratmsohweig, F.R.G.). Cel- 
lulose nitrate filters (type HAWP 0.45 ixm, 25 mm 
diameter) for the transport studies were from Mil- 
lipore (Esehbo~'n, F.R.G.). Solvents for high pres- 
sure liquid ehi'omatography were from Merck 
(Darmstadt, F.R.G.). All olher substances were 
from commercial sources and of analytical grade. 
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Fig. t. Structural formutlas of cephalospofins. 

Animals 
White rabbits (3-3.5 ks) (Tierzucht Kasten- 

grand, Huechst Aktienges¢llschaft, Frankfurt, 
F.R,G.) were maintained on standard diets and 
tap water ad llbimm. 

Preparation of brush-border membrane vesicles from 
rabbit smal~ intesline 

Brush-border membrane vesicles from rabbit 
small intestine were prepared by the Mg 2÷o 
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precipitation method as described previously 
[9,11,19]. The final pellet of the vesicle preparation 
was suspended in the desired volume of 10 mM 
Trls-Hepes buffer (pH 7.4)/300 mM mannitol 
with the aid of a No. 27 gauge needle. The quality 
of the vesicles was tested by measurement of 
Na+-dependent D-glucose uptake. The uptake of 
100 pM D-[14C]glucose (1 pCi/sampte) in 20 mM 
Tris-Hepes buffer (pH 7.4)/140 mM NaCI was 
measured in the presence of an inward Na + gradi- 
ent. The uptake at 15 s showed an 24-35-fold 
o v e r -  

shoot compared to equilibrium. The vesicles were 
stored in 4 rag aliquots in liquid nitrogen up to 4 
weeks without loss in Na+-dependenr. D-gluco~ 
uptake or loss in marker enzyme activities. Protein 
concentration was determined accordhtg to Brad- 
ford [2(I] using the Bio-gad kit (Bio-Rad, Munich, 
F.R.G.). The enrichment of the specific activities 
of the brush.border marker enzymes leucine 
aminopeptidase (EC 3.4.11.2) and y-gluta- 
myltransferase (EC 2.3.2.2) were 26 + 5-fold and 
23 4- 4-fold, respectively. 

Transporl ex.neriraem.s 
Transport studies were performed at 300C 

using the membrane filtration technique [21,22] as 
described previously [9,11,19]. Membrane vesicles 
were thawed at 37°C and then kept at 0°C. 
Typically, 20 pl (103 p ~  of vesicles were added as 
a drop on the wall of disposable polyethylene 
tubes (11 x 70 ram) containing lg0 #t of medium. 
The composition of the media is described in the 
legends to figures. Uptake was initiated by mixing 
for 2 s on a Vortex-mixer. At the desired time 
uptake was stopped by the addition of 1 ml of 
ice-cold stop solution (10 mM Tris-Hepes (pH 
7.4)/140 mM KCi) and the resulting solution was 
immediatdy pipetted on to the middle of a pre- 
wetted eellulosc nitrate filter. After washing with 5 
ml of ice-cold stop solution the amount of trans- 
porled ligand was detecmined either by liquid 
scintillation counting of radioactively labeled 
ligands or by HPLC. For transport experimems 
with unlabeled substratcs a disc of 1 cm was cut 
out from ~he I-dters and the trapped compotmds 
were extracted with 300 pl of water. 200 pl of each 
probe were subjected to analysis by HPLC using a 
Waters chromatography system (IVi 740 data rood- 

ule, M 490 detector, M 680 automated gradient 
controller, M 501/510 HPLC pumps, M 712 auto- 
mated sample processor, Waters Instruments, 
Esehborn, F.R.O.). fl-Lactam antibiotics were 
analyzed with a flow rate of 1 ml/min on a 
Bisehoff 250 X 4 mm column (Bisehoff, Lconberg, 
F.R.G.) filled with LiChrosorb RP 18 (7 #m, 
Merck, Darmstadt, F.R,Q.). The mobile phase 
was acetonitrile/30 mM sodium phosphate buffer 
(pH 7.0) with the following ratios: 16:84 for 
cephalexin 11:89 for eephradine, 5:95 for amoxi- 
cillin. 10:90 for ampieillin, 16:84 for eephaloridine 
and 16:84 for c~opcrazone. Cephalosporins were 
measured at 262 nm and penicillin at 210 rim. 

For efflux studies, the membrane vesicles were 
adjusted to a protein concentration of 10 mg/ml 
with 20 mM potassium phosphate buffer (pH 
8A)/2g0 mM mannltol and incubated for 60 re.in 
at 30°C with the desired concentration of the 
respective ~.lactam antibiotic. After equilibration 
time, 10-pl aliquots (100 P8) were pipetted into 
reaction tubes and mixed with 5 #1 (10 raM) of 
freshly prepared DEP solutions (0.1 taft DEP + 0.1 
ml ethanol + 11.3 ml 10 mM potassium phosphate 
buffer (pH 6.4)/'280 mM mannitol) or with 5 pl of 
20 mM potassium phosphate buffer (pH 6.4)/280 
mM mannitol/0,875 ethanol (for controls). After 
incubation at 30°C for 10 rain, eff]ux was ini. 
tlated by mixing of 10/~1 of loaded vesicles with 
190 pl of 10 mM sodium phosphate buffer (pH 
7.4)/300 mM manntitol. At defined time intervals, 
efflux was s topp~ by addition of 1 ml of ice-cold 
stop solution. Determination of B-lactam antibio- 
tics trapped on the filters was performed as de- 
scribed above.. In an transport experiments the 
indicated valu~ axe the m~.-.n + S.D. of 3-6 indi- 
vidual determinations using a single raembrane 
preparation. All experiments have been carried 
om under identical conditions with at least tlu'eo 
different rnvmbran¢ preparations. 

Treatmei:t ~f intestinal brmh-border membcan; 
vesicles with D.EP 

Treatment of brush-border membrane vesicles 
froin rabbit small intestine was performed as de- 
scribed [12]. Menabrane vesicles (10 mg/ml) were 
vigorously mixe~l with freshly 0repared solutions 
of DEP (0.1 ml DEP + 0.1 ml ethanol + 11.3 ml 
20 mM potassium phosphate (PH 6.4)/280 mM 
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mannitol) in the concentration range of 1-20 mM 
DEP. The ethanol concentration was kept below 
2% and in control experiments without DEP-treat- 
mcnt  a corresponding amount  of  ethanol was ad- 
ded to the vesicles. After 10 rain of  incubation at 
20°C ,  the vesicles were diluted with 35 mt of 
ice-cold 10 ram Tris,-Hepes buffer (pH 7.4)/300 
m M  mannitol. After centrifngation at 48000 X g 
for 30 nan  the vesicles were resuspended in 1.5 ml 
of  10 m M  Tris-Hepes buffer (pH 7.4)/300 mM  
mennitol  and centrifuged again. The resulting pel- 
lets were suspended in 10 m M  Tris-Hepes buffer 
(pH 7.4)/300 m M  mannitol and adjusted to a 
protein concentration of 10 mg/ml .  

In  substrate protection experiments the mem- 
brane vesicles were incubated with the protecting 
substrates in 20 m M  potassium phosphate buffer 
(pH 6.4)/280 m M  m a n n i t o l  f o r  60 rain.  Thef t  

vesicles were treated with 5 m M  of DEP for 10 
rain, whereas for controls the vesicles were only 
treated with the corresponding amount  of ethanol 
instead of ethanoL After 10 rain the reaction was 
stopped by dilution with 35 ml of  ice-cold 10 m M  
Tris-Hepes buffet  (pH 7.4)/300 m M  mannitol  
and the vesicles were centrifuged and prepared for 
transport measurements as described above. The 
protective effect by a substrate was expressed as 
percentage of uptake into DEP-treated vesicles 
oompared to the corresponding control vesicles, 

Resells 

Effect of DEP oa the uptake of ~.laetam antibiotics 
by rabbit small intestinal brush-border membrane 
vesicles 

The uptake of  cephalexin into brush-border 
membrane vesicles from rabbit small intestine in 
the presence of  an  inward H + gradient ( p H i ,  
6.0, p r i m =  7.4) was finear for up to 60 s~ Re- 
peate~t experiments showed that 20, 30 or 60 s 
incubation time yielded similar results, The initial 
uptake rntes of cephalexin transport into brush- 
border membrane vesicles from rabbit small in- 
testine in the presence of an  inward H + gradient 
was measured in the concentration range up to 30 
raM. Fig. 2 shows that the uptake of  cephalexin is 
a satarable transport process obeying Michaelis- 
Memea  kinetics. The maximum uptake rate was 
1,8 n m o i - m g  -1 -  30 s -1. The apparent Michaelis- 
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Fig. 2. CollCetllraboIt dependence o[ the ~ptake of cephalexin 
into brush-border membrane vesicles from rabbi1 sma|] in* 
tcstine. The upt~,¢ of the indicated ¢onfcnlrations of 
oephale~n into brush-border membrane veslotes (100 ~ )  in :0 
mM citratc-Tris buffer (pH 6,0)/140 mM KCI was measured 
for 30 s in the presence of an ittwacd H ÷ gradient. The vesicle~ 
were preloaded with l0  mM Tris-Hepes buffer (pH 7.4)/3t~ 

ram rnanaltol. 

Menten constant  K M was 3.5 raM. Since uptake 
is similar at 15 and 25 mM cephalexin, a 'diffu- 
sional' component  of uptake is not present. A 
correction for 'diffusional'  uptake was, therefore, 
not  necessary as opposed to experiments on rat 
intestine [3,5]. 

in order to investigate the effect of DEP on 
cephaIe.xin transport, brush border membrane 
vesicles from rabbit small intestine wore treated 
with 10 tctM ~:EP at pH  6.4 for 10 n'fin. After 
washing of the membranes the uptake of the ~- 
amLqocephalospofin ¢ephalexia was measured. 
Fig. 3A shows that the uptake of cephalegin into 
DEP.treated vesicles in the p.'c~mce of an inward 
H + gradient was significantly inhibited compared 
to untreated vesicles. In order to establish whether 
the inhibition resulted from a dissipating effect of 
DEP on the H + gradient, the uptake of  cephalexin 
into control and DEP-treated vesicles was mea- 
sured in the absence of an H + gradient. Fig. 3B 
shows that under these conditions transport was 
also inhibitez~ The different v~ue~ at 30 ~ n  in 
c¢~ntrol and DEPotreated vesicles do not reflect 
differences in the intravcsicular volumes. Control 
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Fig. 3. Effect of DEIP on the uptake or ccphalexia into it'lte.sli- 
hal beLch-border merabr~ne veslcles. Brul;h-b0rder m~mbran= 
vc~icles /rum rabbR small intestine were lrcatc.z] wilh 10 mM 
PEP in 2o mM potassium phoa~phal¢ buffer (pH 6.4)/280 mid 
mannilol/O.gg ¢thand for 10 ~ Control v©siclcs were treated 
~icoJIarly wi~houl DEP. After washi~, the memhrar~ v~icIe.s 
(20 .gl, 190 PS) loaded with 10 mM This-Hopes buffer I:pH 
7.~)/..~0~ mM mannilo] were incubated ~l 30°C tither with 
180 Ft of 1(] mM citral~-Tfis buffer (pH 6.0)/]~1) m]9[ KCI 
coatainin8 2 mM ccphale..xJn (A) oc 1 g0 ~ L of 10 mM T~is/HC] 
buffer (pH "/.4)/tdO mM NaCI confining 2 mM cc, phalex.in 
(B). Uptake was raeaxated as described in the expe.rhn~lal 
e,~tlon. ~, Uplak: by c~ontrol vesicle; ~, uptake by DEP- 

exper iments  have  s h o w n  .'hat the D E P - t r e a t e d  
vesicles are  no t  yet  at  equi l ibr ium after  30 rain. 
U p t a k e  measurements  us ing 0.5~5 h incuba t ion  
t ime have  shown tha t  equ~llbtium in DEP-treate,  d 
vesicles is r ~ c h c d  af te r  1 - 2  h of  incubat ion.  The  
kinet ic  analys is  of  !his i~!fibidon, bo th  in the 
presence  a n d  in the  absence  o f  ~n H + gradient, 
reve..alod an  apparen~ compet i t ive  inlfibilioe. (Fig.  
4). T h e  D E P - t r c a t m e n t  o f  br- .~h-berder  m e m b r a n e  
vesicles had  ~,', effect  on the m ~ x i m ~  up t ake  rate.  
bo t  i[~crcasP_d Ih¢ Michaelis.Menten con~t~..qt K ~ .  
This  indiCll t~ thai  t - ea tmen t  o f  r abb i t  small  in- 
test inal  b ru sh -bo rde r  m e m b r a n e  vesicles with D E P  
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Fill. 4. Eff~t of DEP on the kincfiea of ¢~ph~lcxin ,pt~l~ by 
intllstilllil bro~h-l~rder membrane vesicles, llirlish.border nleln. 
brant ,/csicles from rabbit smgll intesti.ne were. tre..atcd al 20 o C 
for 10 rain with 5 mM DEP. Alter washing the upt~dc¢ of 1, 2, 
~, 10, 15 and 25 mM ¢¢phalcx/n was rnezsured in ~oatrol ( i )  
and DEP-~reated (o)  vesicles for t rain hi proslnc¢ of an 

inward H + gtadicai, 

d e c r e a s ~  the  aff in i ty  o f  the t r anspo r t  sys tem t o t  
a -amino- f l - l ac t am antibiot ics.  Since mos t  o ra l ly  
active ,8-1autam an t ib io t i cs  c a r r y  an  ~-amJ~o g [ ¢ u p  
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Fig. 5. E.ffcci of DEP on the ~piak¢ of [~H]bed.'~!pefii~Ilin by 
mteslm~d b~b-bor~er membrane vesicles. E~n~h-h,~,-d~l ~:=n- 
~ c  "J~i¢~ from rebbR small intes~i--le wero t~ealed for 10 
rain with ]0 mM DEP./filer washing the uplak¢ of 11)0/bM (i 
~Ci/poiat) was me.~ured in¢o control (o) and DlF..P-treatcd 

(O) vesicles in pre.scnce of an inward H + gradient. 



TABLE i 

EFFECT OF DEP ON THE UPTAKE OF VARIOUS ~- 
LACTAM ANTIBIOTICS BY INTESTINAL BRUSH- 
BORDER MEMBRANE VESICLES 

Brush-border membrane vesicles form rabbit small intestine 
were treated ror l0 mia with 10 mM DEP. After washing the 
uptake of 2 mM .solutions of the indicated/~-iactam antibiotics 
(5 mM for nmoxici]lin) into control and DEP-trealocl vesicl~ 
was raeasared for ] ruin in prasence of an inward H + gradient. 

J~-I.,actam Uptake (areal- ms- t. rain- 1) 
antibiotic Control DEP-treatcd 

C.~balesha 2.97±O.48 1.62±0.34 (54.5¢o) 
C.¢phradine 3,30±0,23 1,0I ~0~1 (30.6%) 
Amo0dcillin 0.75+0.01 028+0.02 (37.3%) 
Cdopera2one 0.54+0.05 0.64:1:0.02 (118%) 
Cephalofid/ae 0.75 5:0.05 0.95 +0.05 (125%} 
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TABLE I[ 

RESTORATION OF DI~'P-INDUCED INHIBITION OF 
H+-DEPENDENT CEPHALEXIN UP'TAKE INTO IN- 
TESTINAL ~RUSH-BORDER MEMBRJ~hlF~ VF~ICLE, S BY 
HYDROXYLAMINE 

Brush-border membr',me vesicles Item rabbit small intestine 
were treated w~th the indicated reagents. After washing and 
ocntrifugation the u~,lake of 2 mM cephalexin was measured 
for l mln in the presence of an inward H + gradient. 

Reagent Uptake % inhi- 
{ritual. ms- L hilion 
rain -~ ) 

None 2.31 ~fl,13 UI 
+ 5 mM DEP, 10 rain 0.97 ± 0.09 58 
+ i ~ m M  NH~OH. 30 rain t.t,2-+ 0.06 29 
+5 mM DEE 10 inin, then 

+ 3~0 mM NII:O|I, 30 i'aia 1.38 & Or~ 

in the subs t i tuen t  a t  posi t ion 6 or  7 of  the penar, a 
or cephem nucleus,  we inves t iga ted  the  effect of 
D E P  on  the u p t a k e  of jS-lactam ant ib io t ics  wi thout  
such an  a . a m i n o  group.  Fig. 5 shows that  the 
up t ake  of  [3H]benzylpenici l l in  (100 FM),  which 
shares  the in tes t ina l  up take  system for a - amino-  

1JS 
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t I 
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[Dlntbylpyroaarbonate] Imddl 
Fig. 6÷ Eff~t of DEP-conuen~allon on cephalexin uptake hy 
int~slinal bpush-border membrane vesicles, Brgsh.border mem- 
brane vesicles from rabbit small intestine wen: treated at 20 e C 
for 10 rain with 0, 2, $ and l0 mM DEP. Alger washing, the 
uptake of 2 mM ceph;J~.~.~ ~'~ measured for 1 rain in the 

preser.~ o~ as~ inward H + gradient. 

cepha lospor ins  [8,11,26], was  no t  s ignif icant ly  in- 
h ibi ted  by  t rea tment  of the vesicles wi th  DEP.  The  
up take  of other /]- laetam ant ibiot ics  wi thout  an  
a -amino  group  such as cefotiam, cefoperazoae,  
eephalot idhae or eeftazidime (concent ra t ion  2 
raM), was  also never inhib i ted  by  D E P  in con t ras t  
to  the up take  of ~,-amhnocephalosporins and  a -  
aminopenie i l l ins  (Table I). Fig. 6 shows the pro-  
gressive inhibi t ion  of cephalexin  u p t a k e  by in- 
creasing concent ra t ions  of D E P  with a half-maxi-  
ma l  inh ib i t ion  at  about  3 m M  DEP.  The  group  
specific reagent  D E P  selectively modif ies  his t id ine  
residues in the pH range 5.5-7.3 [17,18]. This  
modif ica t ion  of  hisf id ine  residues can  he reversed 
by  hydroxylamine  [17]. The  effect of hydro.",yl- 
amine  on control  and  DEP- t rea ted  membrane  
vesicles is descr ibed in Table  I i .  T rea tmen t  of  
brush-border  m e m b r a n e  vesicles wi th  10 m M  D E P  
a t  pH 6.4 for 10 rain caused an  58~g inhibi t ion  of  
eephalexin  uptake.  When  DEP- t rea ted  vesicles 
w ¢ ~  subsequent ly  exposed to 0,2 M hydroxyl-  
amine,  the inhibi t ion  of ¢¢phalexin transpor,, a¢- 
dvi,'3' was red,_,ced to  40%, whereas  ~he incuba t ion  
of  vesicles wi th  hydroxylamin¢  a lone  produced an  
inhibi t ion  of 29%. This  partia~ rev~,;slbiiity of the 
O~P-indt ,ecd inhihi t lon quggesls in  accordance  
with the work  from other g roups  that  the D E P  has 
modif ied  a his t idine residue of the t ranspor t  pro- 
tein rather  than a sulfhydryl  or p r imary  amino  
g roup  [13,14,17 t . 
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Protection of DEP induced inhibition of cephalexin 
uptake by parlous subslrales 

h~ order  to investlgatc whether  the inhibit ion of  
the intestinal t ranspor t  sys tem by  DEP- t r ea tmen t  
of  b rash-border  m e m b r a n e  vesicles cou]d be  pre-  
vented by  the pre..~nc~ of substrates for ~ s  t rans-  
por t  sys tem dur ing incubat ion with DEP,  thv ef- 
fect o f  various com pounds  on the DEP- induced  

inh ib i t ion  was  i nves t i ga t ed .  Vesicles  w e r e  
incubated with the respectlve substrates  for I h to 
at tain equil ibrium and  ,.,,ere then t reated wi th  

TABLE Ill 

EFFECT OF VARIOUS SUBSTRATES ON THE DEP-IN- 
~UCED INHIBITION OF CEPHALEXEN UPTAKE BY 
L~4TFAW/NAL ]tRUStt-BORDER MEMBRANE VESICLES 

Bmsl'~border membrane ~e~ieles from rabbit small intestine 
were incubated with the respective co,cenlrafions of subslrates 
in 20 ram potassium phosphate buffer (FH 6A)/280 mM 
raarmJto! for tO rain at 30zC. After 10 rfAn DEF' was added to 
a final concentmtlon of 5 raM, wheeeas control vesicl~ were 
trectad ordy with barfer, After 10 rain of i~¢ubation the 
vesicles were washed and ~ntrifu.~ed. The uptake of 2 mM 
cephaleain was measured for 1 rain in pre~nee of an inward 
H + gradient. The uplake is given as the ratio (in ~) of uptake 
into DEP-treated vesicl~ and uptake into the correspondin 8 
~ntroJ ve~cles, which h~ve been incubated only with sub- 
gtr~te~. The ] miwup~ke value of 2 mM c,~phalc~n under 
these conditions was 1.36~-0.12 nmo~-n~-S,mln -n. The data 
axe the me.m~ S.D. of at least three delcrw.iz~ations from oa¢ 
membrane prep~tion. * ~-lactam antibiotics with an ~-ammo 
~,roup. 

Stlb~trate Uptake (~, of r~ontrol) 

N~o .~3-4 -k &l  
50 mM glycine 27.64- 4.7 
50 mM L-piulin~ ~0.1 :t. 3.8 

I mM taurma'aolate 2S~g.4- 3.9 
50 rnM glycyI.L-proline 60+4~ 9.0 
50 mM ~lycylsly*:ine 63.$± %0 
50 mM trig]ycine .40.2=[= 6.g 
50 mM tetragITcine 38.9± 6.4 
~0 mM $1ycyl~vmo~inc 102.tl ± 12 
25 mM L-camosinc 93.0 ~ 3.2 
12 mMamosiciltin" 79,04- 7.5 
12 mM ampic/llin" 48.9+ 2.7 
25 mM ¢ephale~n * 85.04- 7.I 
2.~ mMcef~lroxll * ~ .0+  3.1 
25 mMeepluadine * 5I,O~E 4~0 
25 mM ~efota~tir~ 22.3+ 6.5 
?.0 mM c, efti2oxim¢ 28.] ~ 6.1 

20 mM ~ephalothJ~ 3i.3~ 2.i 
20 mM zepha]oridine 30.3~ 3.6 

DEP. After washing of the vesicles the H÷-depen - 
dent c~phalexin uptako imo DEP-treated and 
unt rea ted  vesicles was  measured .  Tab le  I I l  shows 
tha t  a m i n o  acids such as gtycine and profine or 
bile salts such as t a u r o c h o l a t e - c o m p o u n d s  which 
d o  nol  share  the intest inal  t ranspor t  sys tem for  
ff-lactam antibiotics and dip~ptides [23-25]-had 
no protective effe~ on the inhibition by DEP, 
Dipeptides however, the natural substrates for this 
t ranspor t  system, were  c leary a n d  significantly 
protect ive.  A m o n g  the p - la¢ lam antibiotics,  the  
oral ly  ac t ive  a - a m i n o c e p h a l o s p o r i n s  a n d  a -  
anfinopenicillins could p r o t ~ t  the t r anspor t  sys- 
tem f rom inhibit ion by  DEP.  Cephalospor in~ for  

paronteral  use such as ¢efotiam, ceft izoxime, 
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Fig. 7. HPLC-chromatogram~ of ¢¢lph~lodn taken up by in- 
teslinal brash.border membrane vesicles ~thont and wjlh 
DEP-treatment in prcsCnt~c of cephr#din~ Brush-bord=r n'g:m- 
brahe vesicles from zabbit small intestine were preloaded for l 
h at 30eC with 25 mM cephradine in 20 mM potassium 
phosphate buffer (pH 6.4)/280 mM manaitol. Sebsequendy 
one haft of this suspension was incubated for 10 rain with 10 
~'tM DEP, whale.as the other h~df wax only tt~.ted wilh buffer 
for control. After dilution the vesicles were centrifuged and 
uptake of 2 mM eephaleain for I rain w~ determined in the 
pres~c~ of art inward I-I + gradient "D,_e ¢_~ I~e~n ta.I,.en up 
by the ~esicies wa~ eIuted from the filters with w~_ter and 
determined by HPLC. (A) HPLC-chrora~tofXam of 6onL,"o| 
ve~i~;~. {B) HPLC-cJ~romato~4ua of IJ6P-treated vt~ic|es, 
Peak a., position of ¢.ephatexin; Peak b, position of cepluadine~ 
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cefotaxime, cephalothin or cephaloridine, how- 
ever, could not  significantly prevent the DEP-in- 
duce~.-I ink[bit[on. During analysis of  the substrate 
protection experiments by HPLC we detected that 
a.amino-B-lactam antibiotics were trapped within 
the vesicles after treatment with DEP. Fig. 7 shows 
the HPLC anMysis of cephalex.in taken up by 
membrane vesicles which had been incubated with 
cepbxadine before treatment with DEP. The 
cephradlne (Fig. 7, peak b) taken up into the 
control vesicles was completely washed out by 
dilmion with buffer (Fig. 7A). However, if the 
cephtadin~loaded vesicles were treated with DEP, 
cephradine could only be partially washed out  and 
remained trapped within the vesicles (Fig. 7B, 
peak b), The other peaks beside cephalexin and 
cephradine in the HPLC chromatograms are 
caused by components  of  the nitrocellulose filters 
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Fig, ~. Efflux of ~-Iactam antib~otic~ from ¢oncrol ~td DEP- 
treated iutestlJaal brush-border membrane veslel~. Br~h- 
border membrane ~'esicle~ from labbit small intastine were 
pr©loaded for I h at 30"C either with 2 mM ~phalexin (A) or 
10CI p i  (1 p.Ci/p~nt) [~lt]hen~lpe~ic.illin (B) in 20 mM 
potassium phosphate buffer (pH 6.4)/280 mM mannitol. Suh- 
sequenlly ve~cles were treated with l0 mM DEP for t0 rain, 
whe'~ea.; ccmtroI ve:;icle~ otaly oblui,-Je:d Buffer. After ].0 ~ the 
vesicte~ wen: diluted 20-told with hurler and eltl~x w~s me&- 
surcd from ~alrol (O) and DEP-tr~ted (o) vesicles. The 
©fflwt r~te.~ are xpte~.~ed in ,% of the rmp~live ~luilib~iuld, 
values. (A) F2fflmt of cephMexin. (St) Eftlux of bea~|petti~lIin. 

and by components of the membrane vesicles, 
,~¢hJch arc eluted during extraction of the B-lactam 
antibiotics trapped on the filters with water. In 
order to investigate whether DEP-txe..au'nent of 
brush-border membrane vesicles influences the efo 
flux of  J~dactam antibiotics, vesicles were equi- 
librated with/~-lactam antibiotics carryi ,g either 
an  a-amino group (cephalexin) or  not (benzyl- 
penicilfin). After treatment of these preloaded 
ve~i¢les with DEP the efflux of the respective 
fl-lactam antibiotics from these vesicles was mea- 
sure, d. Fig. 8 shows that in DEP-treated vesicles 
the time-dependent cfflux of ~ t a c t a m  antibiotics 
with an a-amino group was significantly decreased 
as compared to control vesicles (Fig. 8#.). The 
efflux of B-lactam antibiotics without an  a-amino 
group remained unchemged (Fig. 8B). The differ- 
ent values at 30 min in control and DEP-treated 
vesicles do not reflect an increased binding of 
cephalexin to DEP-treated membrane vesicles, 
Measurement of  ¢ephaled, in  uptake into control 
and DEP-treated vesicles in dependence of the 
osmolarity of  the medium revealed no increased 
binding. 

Disen~lon 

Most of the modern/~-laetam antibiotics of  the 
third generation are insufficiently transferred into 
blood after or'a] application. In contrast, the~ polar 
amino-#- tactam-ant ibiot ies  - a - aminoccpha -  
losporins and ,x-~=i-openic/lllns - are very effi- 
ciently transported across the intestinal brush- 
border membrane using the H÷-dependent trans- 
port system for di- and tripeptides [2-6]. K.inetic 
and  photon/Fruity labeling studies showed that all 
~-lactam antibiotics, whether they are entexally 
absor ~bed or not, interact with the intestinal trans- 
port system for dlpept id~ and bind .item the 
luminal side to the t ranspo~ ~ystem [11]. The 
mechanisms responsible for transport across the 
intestinal brush-border membrane arc not  known. 

In the present study we invest[Sated whether 
the intestinal transport system shared by a- 
aminocephalosporins and dipeptides can be in- 
hibited by DEP, a reagent specific for histidiree 
residues in the pH range 5.fi-7.3. After treatment 
of  brush border membrane vesicles wire DEP, the 
uptake of orally active .B-lactam antibiotics with 
P-;! Ot-iUlllno ~rollp at poe, it[on 6 or 7 of the pertain 
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or  cephem nucleus was s ignif icant ly  inhibi ted.  The 
inhibi t ion  was  compet i t ive  with an i n c r ~ s ~  of the 
Nl ichael i s -Memen comta~,t  indica t ing  a decreased 
aff 'mity of  the t ranspor t  sysmm for o~-amino-fl- 
laetam antlbJotlcs. This nature  of jn l~bi t ioa  of the 
in tes t inal  t ranspor t  sys tem is different  from the 
inhibi t ion  of  the reaa] d ipcp t ide  t ranspor t  system 
by  D E E  DEP  inhibi ts  the inlestina~ t ranspor t  
system competi t ively,  whereas the DEP-inact iva-  
t ion of  the renal  d ipep t ide  t ranspor t  system is 
noncompet i t ive  [12]. This  difference in  inhibi t ion 
by  DE.P supports other  f indings that  the in tes t inal  
and  the renal  transport systems sha.red by ~-]actam 
antibiotics and dipeptides are similar but not 
ident ical  [27]. 

D E P - l r e a t m e n t  of  in tgs t ina l  b r u s h - b o r d e r  
membranes  had  no  inh ib i to ry  effect on  the up take  
of /~- lac tam ant ib io t ics  wi thout  an  a - a m i n o  group.  
S m ~  fl-lae~3m ant ib io t ics  with and  wi thout  t~- 
a m i n a  funct ions  b ind  to  the same  m e m b r a n e  pro- 
le i~ [11], the different  effect of D E P  on  the up take  
e f  ~-la~t,-]~n ant ib io t ics  vAth or w~th~ut an  t~.-araino 
g roup  may  ind ica te  tha t  a DEP-modi f i ed  a m i n o  
a d d  res idue of  the t ranspor t  p ro | e in  specif ical ly 
in terac ts  with the =-amino-group. This  in terac t ion  
my be i m p o t e n t  for an effective t r ansmembrane  
movcm~al of  carrier-bound ~8-1actam antibiotics. 
A max ima l  up take  rate of  cephalexin  occurs  in the 
presence of an  htward H* gradien l  wi th  p H  = 6 at  
the  outs ide  and  p H  = 7.4 at  the inside. Since the 
pK~ values of  the a - a m l n o  g roup  in  a -amino-~-  
l a c l a m  ant ibiot ics  axe in the pH range  of  6.89-7.35 
[28,29] and  tha t  of  the hisf idine residues in  pro-  
reins are a lso near neu lnd  pH+ it  is  t empt ing  to  
speculate that proton donor -ac~ptor  relation3hJps 
between the a - a m i n o  group  in ora l ly  effective 
a -amino-f l . l ac tam ant ib io t ics  and  a h ls t id ine  re- 
sidue of  the t ranspor t  prote in  p lay  an impor t an t  
role  in  the t ranspor t  ptocess  of  iS-In,tam ant ib io-  
t ics  across the intest inal  brush-border  membrane .  
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