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SUMMARY 

The u p t a k e  of adenine  and  x a n t h i n e  has been s tud ied  in r abb i t  po lymorpho-  
nuclear  neu t roph i l i c  leukocytes .  Since pur ines  were found to enter  neutrot)hils  
r a p id ly  a technique  was deve loped  for t a k i n g  in i t i a l  ra te  samples  as qu ick ly  as IO 
sec, using cell monolayers  on glass coverslips.  Aden ine  was found to enter  neu t rophi l s  
by  two sa tu rab le  t r a n s p o r t  sys tems,  one wi th  a high aff ini ty and a low ma x ima l  
veloci ty ,  the  o the r  wi th  a low aff ini ty and  a high max ima l  veloci ty .  X a n t h i n e  enters  
p r e d o m i n a n t l y  by  a t r anspo r t  carr ier  t ha t  is d i s t inc t  from e i ther  of the  adenine  
sys tems.  In  a d d i t i o n  SOl]le xan th ine  entry'  occurs which cannot  be overcome by  a 
compe t i t i ve  inh ib i tor .  

\Vi thin  the  cell adenine  was me tabo l i zed  to adenosine  nucleot ides  and xan th ine  
to uric acid. B o t h  p roduc t s  accumula t ed  wi th in  the  cell. F rom the absence of free 
aden ine  wi th in  the  cell i t  was concluded tha t  at  low concen t ra t ions  the  l i lni t ing s tep  
to  adenine  incort )orat ion into nuc leo t ides  was its en t rance  into the  <:ell. 

tNII{OI)U(; I'ION 

H u m a n  e ry th rocy te s  have been shown to allow equi l ib ra t ion  of adenine  and  
hypoxan th ine ,  as well as several  nueleosides,  wi th in  a few minu tes  1. l : u r the r  s tudies  
wi th  uric acid and  h y p o x a n t h i n e  in the  e r y t h r o c y t e  have ind ica ted  tha t  these coin- 
pounds  en te r  b y  a sa tu rab le  t r anspo r t  systeln -~-4. On the o ther  hand,  the  ra te  of en t ry  
of adenine  in to  Ehr l ieh  asci tes  t u m o r  cells appears  to be d i rec t ly  p ropor t iona l  to 
concent ra t ion  and has  not  been d i s t ingu ished  from unme d ia t e d  diffusion a. Up take  
of 6 -mereap topu r ine  in to  a he te rogenous  group of human  leukoevtes  has been ascr ibed 
to s imple di t tusion a. Bone marrow cells have been sh( )wn to require  prefor lned purinesT, ~. 
The  capac i ty  for de novo syn thes i s  of pur ines  appears  to be l imi ted  in marrow cells~," and  
a lmos t  non-ex i s t en t  in normal  or leukemic  c i rcula t ing  leuk<~cytes~C, u. However ,  
no rma l  and  leukemic  leukocytes  of the  Mood do take  up in tac t  t)urines~°, ~2-~. Because 
leukocytes  ut i l ize  p re fo rmed  pur ines  at  a high ra te  t hey  are su i ted  to a s t u d y  of 
pur ine  t r anspor t .  R a b b i t  i leutrophils ,  which can be p repared  as a holnogenous 
group,  were chosen in order  to s t u d y  a single cell t ype  r a the r  than  a luixed popu la t ion .  
Neut roph i l s  also adhere  well to glass, a p r o p e r t y  which has p e r m i t t e d  the  deve lopment  
of a r ap id  sampl ing  technique.  

The following stud}' deals  p r imar i ly  wi th  the  pur ines  adenine and xan th ine .  
Adenine  is ac t ive ly  incorpora ted  into  nucleot ide  in neu t roph i l s  while xan th ine  is an 
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intermediate breakdown product of purine metabolism. I t  was found that  adenine 
enters neutrophils by two saturable entry mechanisms and that  at low concentrations 
the entry of adenine is rate limiting to its incorporation into nucleotides. Xanthine 
enters mainly by a saturable transport  mechanism which is distinct from either of the 
adenine systems. 

MATERIAI.S AND METHODS 

Chemicals 
Adenosine, cytosine, orotic acid, thymine,  uric acid, 2,6-diaminopurine, and 

6-mercaptopurine were obtained from Mann Research Laboratories. Adenine, guanine, 
hypoxanthine and xanthine were bought from Pabst  Laboratories as were the nucleo- 
tides AMP, ADP and ATP. The free purine base was bought from Aldrich Chemical 
Company and uracil from Eastman Kodak. The radiochemicals [8-t*C]adenine and 
[8-14Cjhypoxanthine were obtained from Schwarz Research, Inc. [8J~C]Guanine for 
earlier studies was obtained from Nuclear Chicago and later Schwarz. Xanthine was 
produced from guanine by  deamination with nitrous acid and purified to greater than 
99% puri ty  using chromatography on Dowex 2 resin. Eosin y and c~rning glass 
coverslips were bought from Fisher Scientific Products. 

Animals 
New Zealand white rabbits  of either sex, weighing between I and 3 kg, were 

used for this study. 

Preparation of leukocytes 
Polymorphonuclear neutrophilic leukocyt es were obtained from sterile peritoneal 

exudates by  the method of KAISER AND WOOD ~a. The neutrophils were centrifuged 
at 2oo x g for 5 rain at 4 ° and the ascitic fluid discarded. The cells were then resus- 
pended in inodified Hanks solution which consists of the following: 139 mM NaC1, 
2o mM K +, Io mM phosphate,  and 5 mM glucose, adjusted to pH 7.4 ~ o.o5 with 
NaOH. I t  has been found previously that  modified Hanks solution will maintain 
neutrophils in a viable condition, as judged by their permeability to eosin y for 
many hours ~. Contaminating cells, usually about 3 O~o, were primarily, macrophages. 
Occasionally erythrocytes were seen and preparations containing enough erythroeytes 
to appear pink were discarded. 

Chromatography 
Nucleotides were separated from purines by chromatography on tile anion- 

exchange resin Dowex 2 (formate form) in o.6 cm / I cm columns. The purines were 
eluted completely in 8 ml of o.I M formic acid, while all nucleotides were retained. 
These were then eluted with 2 ml of 23 M folmic acid. For further identification of 
the purines and their metabolites, ascending paper chromatography was employed 
using two solvent systems: (I) isobutyric ac id-ammonium hydroxide-water  (66 :i :33, 
v/v/v) ~7, and (2) isobutanol-acet ic  ac id -wa te r  (2: I :  I, v/v/v) ~8. The latter system was 
used primarily for the separation of purine bases. The positions of the various com- 
pounds on the paper were identified by including sufficient carrier, non-radioactive 
purine to be detected under ultraviolet light. The amount of radioactivity in a given 
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area was measured using either a Nuclear Chicago Act igraph i i  strip counter  or, 
for greater  sensitivity, by  cut t ing tlle chromatographs  into sections of uniform size, 
placing these in vials and counting them by  scintillation in toluene solution. 

Cell water coJtte~tl 
The water content of a cell pellet was determined by drying to a constant  weight 

and correcting for extracellular fluid contaminat ion by dilution of a ~C marker. The 
residual material  was bvdrolyzed in I M KOH at 38 ~" for 24 h. The solution was adjusted 
fo a known volume and the protein measured by the nwthod of LOWRY et al. va. From 
these data  it was calculated tha t  there was 5.47 /~1 of intracellular water per mg 
protein. In several experiments  the protein content  per million cells was determined 
and from these wdues the water was calculated to be o.346 t~l ± o.o16 ~1 (~_ s tandard  
error) per million cells. An independent  determinat ion gave a value of o.328 /~1 cell 
water  per million cells. The lat ter  measurement  was obtained by suspending leuko- 
eytes in a known volume and subtract ing the extracellular fluid as measured by 
dilution of [I'IC linulin. 

Determiuation of puri~e uptake by neulrophil suspensions 
Two nlethods were used to s tudy  purine uptake.  The first employed suspensions 

of cells which were separated from the medium, after incubation, by  centrifugation 
and then washed. This procedure is not suitable for taking samples at times of less 
than  2 rain. Also one can never be sure when the uptake  has stopped. For this reason 
a more rapid technique was develeped (see next section). However,  the suspension 
metl lod is suitable when longer incubations are necessary and was carried out ill the 
followillg wav:  Neutrophils  in known numbers,  usually about  20 million cells per ml, 
were incubated in modified Hanks  solution contaii~ing radioactive purines at 38.5 °. 
At  regular intervals samples were removed and cells separated fronl the medium by  
centrifugation. The cells were then washed twice in 5 ml cold modified Hanks  solution. 
This reduced extracellular contaminat ion  to negligible levels as judged by removal 
of [iaHiIinulin. The (:ells were then rapidly suspended in cold water and mixed vigorously 
for 5 - I o  sec. Concentrated perchloric acid was added to a final concentrat ion of o.i M. 
The samples were allowed to s tand in ice for 3 ° rain for protein precipitation. The 
cell debris was removed by centrifugation, tim solution neutralized with KOH to 
phenol red, and the potassium perchlorate which formed was allowed t() precipitate. 
Thi~ procedure completely disrupted the cells as judged by tim agreelnent between 
the amount  of radioact ivi ty  removed from the incubation medium and tha t  recovered 
froln the cells. Samples of the supernatant  fluid were then taken for liquid scintillation 
count ing and paper chronmtograt)hy.  

Rapid measurement qf puriJw uplake b 3, ~eutrophils 
Because of the speed of purine en t ry  into neutrophils,  a rapid sampling tech- 

nique, based upon tile abili ty of tile neutrophil  to adhere to glass, was developed. 
Cell monolayers were made bv pipett ing 0.5 ml of a neutrophil  suspension containing 
4 million cells per ml onto a round glass coverslip of 22 inn1 diameter.  The neutrophils  
were allowed to adhere to the coverslit)s during a 3o-min incubat ion at 38.5L (To 
incubate  the coverslips a water t ight  box was constructed of plastic sides and a brass 
top. The temperature  of the brass plate was maintained at 38.5 ° by  circulating 
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water  through the box with a constant temperature pump. Coverslips were placed 
on strips of rolled steel 2 mm thick bolted to the brass plate with an overhanging 
edge, so that  they could easily be gripped with forceps. To minimize evaporation a 
removable plastic top was fitted to the brass plate and wet filter paper placed inside 
to humidify the chamber). Approx. 9o% of the cells adhere to the coverslip, as deter- 
mined by  protein analysis, during this t ime forming a monolayer occupying about 
5o% of the available glass surface. No clumping of the cells was observed and the 
monolayers could be rinsed vigorously without detaching cells. The coverslips were 
then drained and about 35o ~1 of modified Hanks solution containing radioactive 
purines, prewarmed to 38.5 °, were placed over the monolayer. Then the coverslips 
were replaced on the incubation table. After incubation for various periods the 
coverslips were drained and passed through four beakers containing cold modified 
Hanks solution. This washing procedure removes all detectable extracellular conta- 
mination. The coverslips were broken and placed into counting vials and the cells 
were hydrolyzed in o.5 M KOH for 3o-6o min at 38.5 ° and neutralized to phenol red 
with perchloric acid. (This step is necessary to remove the radioactive label from the 
coverslip and dissolve it in the scintillation fluid, to obviate self absorption). The vials 
were filled with Brays solution and counted by liquid scintillation. 

The method has proved easy to use and very reproducible. In practice samples 
were taken in quintuplicate and averaged. Individual monolayers usually fell within 
IO % of the mean. I t  is possible to take sample times as short as IO sec using this 
technique. 

Controls for rapid sampling technique 
Before using the rapid sampling technique described in MATERIALS AND METHODS 

it was necessary to examine two potential  sources of error: first, the possibility that  
diffusion of the purine in the medium to the underlying monolayer might be limiting 
and second, the possible loss of purines from the cell during rinsing of the adhered 
neutrophils. Neither of these was found to be a source of significant error. 

The largest volume of medium cleared by neutrophil monolayers in any experi- 
ment  was a little less than I/~1 in 45 sec incubation. This would represent a layer about 
2.6 /~ deep. The t ime required for small molecules to diffuse into this layer can be 
est imated 2°. Using constants measured for glucose at 25 ° (ref. 21) the time necessary 
for this zone to come within 953/0 of equilibrium is approx. I sec, a small portion of 
the reaction time. This est imate represents an upper limit, because of the lower 
temperature assulned, the larger size of the glucose molecule compared to that  of 
most purines, and to the fact that  some mechanical mixing probably occurs. 

To examine the possibility that  there was inadequate mixing of the medium 
in contact with the monolayer, uptake was measured in coverslips immersed in a 
large volume of fluid, which was mechanically stirred. No difference was found 
between the amounts of purines taken up by  these monolayers as compared to those 
described above. 

The possible loss of intracellular label due to diffusion during the rinsing phase 
was examined since the coverslips had to be rinsed well with cold modified Hanks 
solution to remove all traces of the incubation medium. This procedure lasted about 
2o-25 sec, and was carried out by  passing the coverslips through 4 2o-ml beakers 
containing cold modified Hanks solution (4°). To determine if significant loss of 
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intracellular label occurs during the rinsing procedure 5 mM adenine was incubated 
over neutrophils for 25 rain to allow equilibration of the purine between the cells and 
the medium. (At this concentration more than 88% of the adenine taken up by the 
cell exists in the free form, which readily effluxes from the cell at 38.50 as shown in 
Fig. 4.) The coverslips were then leeched in cold modified Hanks solution for periods 

3.4 -" . • 

r ime,  r~ ir,~ 

Fig. i .  Adenine  release a t  4 °. Neu t roph i l  monolayers  were i ncuba t ed  wi th  5 mM [14C]adenine in 
modified H a n k s  solut ion for 25 min,  t hen  leached in 20o ml of cold modif ied H a n k s  solut ion (4 :°) 
tor var ious  per iods  and  the  r a d i o a c t i v i t y  r e lna in ing  in the  cells counted  as descr ibed in MATERIALS 
A N D  M E T H O D S ,  

up to x5o sec (Fig. I). The loss of label from the cells follows first-order kinetics. The 
portion of adenine lost during the t ime required for rinsing was 3-4% which may be 
neglected. A similar experiment utilizing o.o35 mM xanthine showed no detectable 
lo~s of label. 

RESULTS 

Purine uptake by neutr@hils 
The purines adenine, guanine and hypoxanthine at relatively low concentrations 

were found to be actively taken up by rabbit neutrophils; xanthine, however, 
was not (Table I). In these experiments the amount of radioactivity removed froiu 
the medium closely approximated that recovered from the cells in the acid-soluble 
fraction indicating that relatively little, if any, synthesis of nucleic acids occurred. 

After 2 it incubation in I14Cladenine the final concentration of label inside the 
cell, based on 0.346/,1 cell water per million cells, is I . i  raM. This represents a ratio 

"FABLE I 

P U R I N E  U P T A K E  B Y  N E U T R O P H I L S  

Neut roph i l  suspension,  I 2 . 2 - - I 9 . 8  mil l ion  cells per  ml, were i ncuba t ed  in modified H a n k s  solut ion 
con ta in ing  r ad ioac t ive  pur ines  a t  the  fol lowing concen t ra t ions :  o.o2 mM adenine ,  o .o i6  mM 
guanine ,  o.o285 mM h y p o x a n t h i n e  and o.oI mM xan th ine .  At  the  t imes  l i s ted  below, a I iquots  
were r emoved  and the  cells ex t rac ted ,  see MATERIALS AND METHODS. E x c e p t  for xan th ine ,  the  
u p t a k e  figures are the  averages  of wflues ca lcu la t ed  from cell r ecovery  and  m e d i u m  d i sappea rance  
of r ad ioac t iv i t y .  X a n t h i n e  va lues  were ob ta ined  from cell recovery  only  since the  m e d i u m  concen- 
t r a t ion  did not  change  m e a s u r a b l y  du r ing  the  exper iment .  The va lues  g iven  are expressed as  
pmole s / Io  ~ cells. 

Time (rain) Adenine Guani;~e Hypoxanthine Xanthine 

3 ° 92 I43 80 6. 7 
6o 209 230 i26  7.5 
9o 3~3 3t7 [61 8.6 

I ~o 386 300 188 --  
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(intracellular to extracellular  concen t ra t ion  of radioact ivi ty)  of about  92. More t han  

94% of the intracel lular  mater ia l  was present  as nueleotide,  as de termined by  column 
chronla tography on Dowex 2 (see MATERIALS A N D  M E T H O D S ) .  To examine more 
closely the intracel lular  fate of adenine,  an exper iment  was designed using adenine 
of a higher specific ac t iv i ty  and incuba t ion  for shorter times. Cell extracts were made 
after 5, 15, 25 and  35 rain, chromatographed with Solvents I and  I I  and the in t ra-  
cellular radioact ive conlpounds were identified (see MATERIALS A N D  M E T H O D S ) .  In  
bo th  solvents the p redominan t  amoun t  of radioact iv i ty  corresponded to the nucleotide 
fractions. The relative amounts  of ATP, ADP, AMP, adenosine and  adenine were 
de te rmined  from chromatograms run in Solvent I (Table II). I t  is apparent  tha t  the 
free adenine conten t  of the neut rophi l  is extremely low. Even  at 5 rain adenine 
accounts  for only  about  I %  of the to ta l  radioact iv i ty ,  corresponding to a concen- 
t r a t ion  of about  o.ooI 5 mM as compared to the extracellular concent ra t ion  of approx. 
o=o2 lnM. From this  we conclude tha t  adenine added at low concentra t ions  is phos- 

phoryla ted  as rapidly  as it enters the cell. 
Of the na tu ra l ly  occurring purines tested, only  xan th ine  was not  incorporated 

into nucleotides by  neutrophils .  At tile end of 90 rain the concentra t ion  of cellular 
label was 2.48 t imes the extracellular  concent ra t ion  (Table I). The cell contents  were 
passed over the anion-exchange resin Dowex 2 as described in MATERIALS AND 
METHODS. All the rad ioac t iv i ty  passed through the column with the purine fraction, 
and  none  was present  in the nucleot ide portion. I t  was shown, however, tha t  xan th ine  
is oxidized to uric acid. After incuba t ion  of neutrophi ls  with 0.o96 mM xan th ine  for 
60 min  at 38.5 °, cell extracts  were made (see MATERIALS A N D  M E T H O D S )  and  both  
the extracts  and  medium were chromatographed in Solvents I and II .  The extent  of 
conversion to uric acid was found to be 155 pmoles per mill ion cells per 11. No degra- 
da t ion  of urate  to a l lantoin  was detected by  paper chromatography.  

Of note  was the fact tha t  after 60 rain, 42% of the uric acid remained inside the 
cell, yielding a concent ra t ion  of o.112 raM, compared to an extracellular concentra t ion  
of 0.00175 raM. This represents a concent ra t ion  ratio, cell to nledium, of 64 compared 

TABLE II 

A D E N I N E  U P T A K E  A N D  C O N V E R S I O N  T O  A D E N O S I N E  P H O S P H A T E S  

Neutrophils (17.8 nlillion cells per nil) were suspended in modified Hanks solution containing 
o.0203 mM [14C]adenine. After 5, 15, 25, aud 35 min of incubation, aliquots were removed and 
cells extracted, see MATERIALS AND METHODS. The cellular contents were identified and the relative 
aulounts of radioactive material estimated after separation by paper with solvent svstein I. The 
uptake values given were determined from cell recovery of radioactivity and the concentration 
calculated for cell water of 0.346/~1 per million cells. ND, not detectable; -- ,  not deternlined. 

Time (rain) o 5 15 25 35 

A d e n i n e  c o n c e n t r a t i o n  i n  
m e d i u m  (n lM) 0 . 0 2 0 3  - -  - -  - -  o . o 1 6 2  

C e l l u l a r  c o n c e n t r a t i o n  
o f  r a d i o a c t i v i t y  (raM) o o . 1 7 6  0 . 3 2 9  0 . 4 4 5  0 . 5 2 7  

P e r c e n t  r a d i o l a b e l  a s  A T P  o 87 86 88 
A D P  o 8 - -  IO IO 

A M P  o 2 - -  2 .4  2.5 
A d e n o s i n e  o 2 o 0 .9  N D  
A d e n i n e  o i - -  0 .9  N D  
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to a ratio of o.78 for xanthine. Thus it appears that uric acid formed inside the cell 
does not readily efflux. 

AdeJ~ine enlry at low co~ce,~ztratio~zs 
The uptake of o.oi mM adenine by neutrophil monolayers shows a linear rate 

during the first 16 rain of incubation (Fig. 2). As expected the intraeellular concen- 
tration of free adenine was very low under these conditions. This is shown by the 
failure of a high concentration of unlabelled adenine to trap significant quantities of 
label from cells preincubated with a low concentration of [a4Ciadenine (Fig. 3). In 
contrast cells preincubated with high adenine concentrations lose at least 9o% of 
the free label during this time (Fig. 4). This is additional evidence that very little free 
adenine exists inside the neutrophil when exposed to low concentrations and the 
entrance of adenine into the cell is rate-limiting to its incorporation to nuelentide 
under these conditions. 

k 
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2, 

C 

S ~ ~i 
. /  
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L L • _ _  r I i ,5 

Fig. 2. U p t a k e  of aden ine  a t  O.Ol llll~l. Neu t roph i l  n lonolayers  were i ncuba t ed  wi th  O.Ol nl~i 
[a'lCladenine for the  t imes  ind ica t ed  and the  r ad io labe l  of the  cells measured  as descr ibed m 
M A T E R I A L S  A N D  M E T H O D S ,  

Fig. 3. Chase of r a d i o a c t i v i t y  from cells p r e inc uba t e d  in 0.032 nlM [laC]adenine. Neu t roph i l s  were 
i n c u b a t e d  w i t h  o.o32 mM ilaC~adenine for 3 rain, then  the  m e d i u m  was r emoved  and  the  mono- 
layers  leeched in 5 mM non- rad ioac t ive  aden ine  a t  38.5- for the  i nd i ca t ed  periods.  The cel lu lar  
r a d i o a c t i v i t y  xxas de te rmined  as descr ibed in MATERIALS AND METItOI)S. The circled po in t  represen ts  
t i le  concen t ra t ion  ra t io  before the  add i t i on  of un labe l l ed  aden ine  and is an average  of 8 de t e rmina -  
t ions.  The dc~tted l ine is a reference to  t i le  o r ig ina l  concen t ra t ion  ratio.  

Adenine e~ztrv at high concentratio~z 
As mM concentrations are reached the capacity of the neutrophil to convert 

adenine to nucleotide is exceeded and free adenine exists inside the cell. The time 
course of adenine entry into cells at a medium concentration of 2 mM (Fig. 4) shows 
a rapid initial uptake, followed after 5-7 rain, by a slower more linear rate. The second 
phase is probably due to the continuing incorporation of adenine into nucleotides 
while the first is the equilibration of free adenine. In order to determine what portion 
of the cellular radioactivity was free after 25 rain, the incubation medimn was drained 
and the cells covered with purine-free modified Hanks solution. Within 5 rain 71° o 
of the intracellular radioactivity was lost. The radioactive effusion was identified as 
adenine by paper chromatography, as described in MATERIALS AND METHODS. 

Ki~zetics of adeni~w z@take 
Initial rates of adenine influx were measured using tile rapid sampling technique 

(see MATERIALS AND METHODS). An incubation time of 45 see was chosen since during 
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this period uptake was a linear function for all concentrations tested. Although at 
low concentrations the intracellular concentration of label rapidly rises to relatively 
high levels (Fig. 2) the conversion of adenine to nucleotides prevents backflux (Table 
II, Fig. 3). The kinetics of adenine entry was observed over a concentration range 
from o.o125 mM to 73 mM expressed in a double reciprocal plot (Fig. 5)- This curve 
is interpreted as two additive entry mechanisms, one operating lnore effectively at 
low concentrations with a Km of o.oo 7 mM and a r m a x .  o f  5 .7  pmoles per million cells 
per 45 sec, the other system predominant at high concentrations, with a Km of IOO mM 
and a Vmax. of 137oo pmoles per million cells per 45 sec. To display the kinetics of 
the second system it is necessary to look at concentrations of adenine greater than 
5 mM (Fig. 6). Thus the uptake of adenine at relatively high concentrations follows 
typical saturation kinetics. 

I 
4C 

% 
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{ 

k 
S 
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Fig. 4. Eftlux of rad ioact iv i ty  from cells pre incubated in a high concentrat ion of [14C~adenine. 
Neutroph i l  monolayers  were incubated  in the  presence of 2 mM E14Cladenine. After 25 min  the 
m e d i m n  was replaced w i t h  purine-free modif ied H a n k s  solution.  At various  t imes  the  cellular 
rad ioac t iv i ty  was  measured (see MATERIALS AXD METHODS). 

Fig. 5. Kinet ics  of adenine uptake.  Cell monolayers  were incubated  ill the  presence of r14C]adenine 
in concentrat ions  from o.o125 to 73 mM for 45 see. The monolayers  were rinsed and counted  as 
described in .~ATERIALS AND METHODS. All points  p lot ted were averages of five determinat ions .  
The s traight  port ions  of the  l ine were drawn through  the experinlental  points  wi th  the  aid of the  
m ethod  of least  squares,  while  the  curving  port ion was fitted by eye. All so lut ions  over lO mM 
were adjusted to i so ton ic i ty  by omiss ion  of an appropriate  a m o u n t  of NaC1. 

- /  
~6 J 

4,, 
% 

S~ 
4, do dc / c  

1/[Adenlne] (t"t 1) 

Fig. 6. Kinet ics  of adenine  uptake  at h igh concentrat ions .  This  figure is an expans ion  of Fig. 5 
at  concentrat ions  be tween  5 and 73 raM. Since more  than  99 % of adenine uptake  is mediated  by  
the  h igh concentrat ion  transport  sys tem in this  concentrat ion  range, the  kinet ic  constants  can 
be derived direct ly  from the  exper imenta l  values.  

Biochim. Biophys. dcta, 173 (1969) 324 337 



332 R.A. HAWKINS, R. D. BERLIN 

(The kinet ic  constants  were de termined in the following way: a pre l iminary  
es t imate  of the Vm,x. for the low P2m carrier was made directly from Fig. 5 by  extra-  
polat ing the s t raight  line at low concentra t ions .  From this value it was de te rmined  
tha t  at concent ra t ions  above 5 mM the con t r ibu t ion  to tota l  en t ry  of the low Kn, 
system was less t han  i %. Therefore the kinetics for the high Km carrier could be taken 
directly froln da ta  accunmlated  using concent ra t ions  greater  than  5 mM adenine  
(Fig. 6). Once the kinet ic  cons tants  were known for the high Km system it was possible 
to go back and  subtrac t  its con t r ibu t ion  from the data  gathered at low concentrat ions.  
From the resu l tan t  da ta  the cons tan ts  were derived.) 

In  exper iments  where adenine  was above I0 lnM, isotonici ty was adjus ted  to 
3IO mosmoles/1 by  omission of an appropriate  amoun t  of NaC1. In order to test  the 
possibi l i ty tha t  NaC1 influenced adenine en t ry  NaC1 was completely replaced by 
sucrose and  uptake  examiued using 5 mM adenine.  E n t r y  in the absence of NaCI was 
identical  to en t ry  in its presence. 

I*zhibitio~z of the low Km system for adeniJze 
Inh ib i t ion  of adenine uptake  by  neut rophi l  monolayers  was examined by 

incuba t ing  the test compound  in the presence of a low concent ra t ion  of adenine and 
comparing the rate of en t ry  to a control  wi thout  inhibi tor .  I t  was recognized tha t  
adenine  was enter ing  by both the high and  low Km t ranspor t  systems and tha t  the 
high Kni system was unaffected by  the inhib i tors  tested in the concent ra t ions  used 
(see below). In  order to ob ta in  the net  effect of the inh ib i to r  on the low -Kin system, 
an es t imate  of the rate of adenine  ent rance  via the high Km system was made on the 
basis of the previously measured kinet ic  constants  and substracted from both  the 
control  and  test samples before comparison.  The va l id i ty  of this  computa t ion  was 
examined  by  overwhelming the low/X'm system with xoo mM purine which has no 
s~gnificant effect upon the high Km system. The en t ry  rates obta ined  in the presence 
of ~oo mM purine  agreed well with those predicted from the kinetic cons tants  for the 
high Km system. The mechanism of inh ib i t ion  shown by  adenine analogues (Tabe III)  

TABLE l l I  

I N H I B I T I O N  O F  T I l E  L O W  C O N C E N T R A T I O N  S Y S T E M  F O R  A D E N I N E  T R A N S P O R T  

Neutrophil nionolayers were incubated with adenine at various concentrations in the presence 
of the inhibitor candidate. The amount of inhibition was determined by comparison with a control 
lacking inhibitor. The uptake of adenine was measured as described in Fig. I. A correction for the 
effect of entrance via the uninhibited high concentration system was made as described in the 
text. Each value represents the average of 3-5 determinations. --, inhibition; -t , stimulation; 
* o /  , statistically insignificant at the 5 /o level. 

ComDo~tnd Co~centratio~z Concenlrat ion Inhibition 
of inhibitor (m3t) of adenine (m:~l) or slim~dation (°,o) 

Hypoxanthine I.O 0.0097 -- 4z 
XantbSne 5 , o  0 . 0 2 1  - -  4 I 

Purine I.O o.oo97 -- 23 
Guanine o.I25 o.o21 -- 19 
Adenosine I .o o.oo97 -- 5 * 
Uric acid 5.o o.o21 o 
Cytosine I .o o.oo97 + 5 * 
Adenosine monophosphate i.o 0.0097 --8* 
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was not examined. Both guanine and purine are good inhibitors of AMP pyrophos- 
phorylase (unpublished observations) at I mM concentrations and it is possible that 
at low adenine concentrations, where entry is rapid, guanine and purine inhibited 
AMP pyrophosphorylase, thus decreasing the trapping of adenine in the form of the 
nucleotide. This could result in an increase in the efflux of label from the cell. Such an 
effect would appear as a depression in the rate of adenine entry. However, a different 
meehanisn~ is necessary for those compounds which do not inhibit nucleotide forma- 
tion but do inhibit adenine uptake (hypoxanthine and xanthine). 

I~zhibitio~z of the high Km syslem of adenine transport 
The following compounds were tested for their ability to inhibit the high Km 

system: 3 ° mM hypoxanthine, IOO mM purine, 30 mM adenosine, 30 mM AMP, and 
2 mg/ml RNA (yeast). This was done by incubating the possible inhibitor in the 
presence of 5 mM adenine and comparing the rate of entry to that of a control without 
inhibitor. No correction for entry due to the low//m system is necessary at this level 
since more than 99°0 of adenine entry is mediated by the system in question. The 
inhibitions achieved were minor and in no case statistically significant at the 5% 
level. 

Temperature coe~qcient of the high Km .system for ade~mw lransporl 
To further characterize the high Km system for adenine the temperature 

coefficient of the initial rate of entry was measured at a concentration of 5 mM between 
24.2 ° and 38.5 °. The values obtained were adjusted to a IO ° difference by the equation 
log Q10 = Io/(Te--T1)" log (k~/kl). A Qlo of 2.26 was obtained in this manner, which 
is approximately equal to the value of 2.21 found for the saturable uric acid transport 
system in the erythrocyte 2 and is compatible with a carrier mediated process. 

c 

. /  
b / 
l J 

& 

rrmefrnln] l,'[;',arlth;ne] (m!i 1, 

Fig. 7. X a n t h i n e  u p t a k e  by  neut rophi l s .  Neu t roph i l  mono laye r s  were i n c u b a t e d  w i t h  i in~'i 
[14C]xanthine. At  the  t imes  i nd i ca t ed  the  mono laye r s  were r insed  and  coun ted  as descr ibed  in 
M A T E R I A L S  A N D  M E T H O D S .  

Fig.  8. K i n e t i c s  of x a n t h i n e  up take .  Cell mono laye r s  were i n c u b a t e d  in the  presence of [14C]xanthine 
in concen t r a t i ons  r ang ing  from o.o132 to  5 raM, for 45 sec (Curve a). Curve  b con ta ins  in add i t i on  
to  [14Clxanthine, 2.5 mM non - r a d ioa c t i ve  adenine .  The mono laye r s  were  r insed  and  counted  as 
desc r ibed  in MATI~RIALS AND METHODS. E a c h  p o i n t  is the  ave rage  of f ive d e t e r m i n a t i o n s  and  l ines  
were d rawn w i t h  the  aid of the  m e t h o d  of leas t  squares .  
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Xanfhine uptake 
The transport of xanthine  into neutrophils  was studied and found to be slower 

than adenine (Fig. 7)- After 25 rain incubation in i IHM xanthine the intracellular 
concentrat ion appears to be close to a s teady state at about o.02 lnM. It is difficult 
to  derive a theoretical  distribution ratio for comparison since both the intracellular 
pH and electrochemical  potential  are unknown but affect the distribution of xanthine 
which has a pK of 7.44 (ref. 22). In addit ion xanthine  is s lowly ox id ized  to uric acid 
which aceulnulates within the cell. 

Kinel, ics of xanthine ~@take 
The entrance of xanthine  into neutrophils  was measured after 45 sec when 

uptake is linear with  t ime.  Xanthine  entry: at concentrat ions ranging from o.o132 mM 
to  5 mM can be described as a s imple s y s t e m  obeying saturation kinetics  (Fig. 8). 
There is no obvious  deviat ion from l inearity suggest ive  of two sys tems  such as that 
seen for adenine uptake.  However ,  it was considered that sonle xanthine entry may  
occur by a second route.  To test  this possibi l i ty,  xanthine entry was examined in the 
presence of an overwhehning concentration of a COlnpetitive inhibitor, either 2.5 inM 
adenine or IOO mM purine (Fig. 8). B o t h  comt)ounds  at these high c(mcentrations 

T A B I , E  IV  

I N t I I B I T I O N  OF X A N T I I I N E  T R A N S P O R T  

Inhib i tors  were  i n c u b a t e d  for 45 sec over  neutrophi l  m o n o l a y e r s  as  described in MATERIALS AND 
METHODS, w i t h  o.o23 to  o .o26 m M  14Cjxanth ine ,  concentra t ions  t h a t  are well  b e l o w  t h e  Kin. 
The  r a t e  of  e n t r y  ilk the  presence  of the  test  c o m p o u n d  was  co inpared  to  a contro l  c o n t a i n i n g  
o n l y  x a n t h i n e .  The  va lues  reported are the  a v e r a g e s  of f ive  d e t e r m i n a t i o n s  e x c e p t  t h a t  for c y t o s i n e  
which  is a s ingle observat ion .  No correct ion  was  m a d e  for the  non- inh ib i tab le  route  of entry.  

l nkibi!or ConcentralioJ* of hdzibition (%{)) 
inkibi!or (mYl)  

A d e n i n e  o.o2 44 

o.2.5 ()2 
! .O N2 
2.5 82 

A l l opu r ino !  I .o 48 
( ; u a n i n e  0.25 4o 

°.5 ('7 
t i y p o x a n t h i  ne o. 2.5 4 ° 

.o 74 
I ' ~ r i n e  I .o 6S 

1 0 0 . O  N I 

U r i c  a c i d  J.o 48 
2 . 6 - D i a m i n o  p u r i n e  I.O 84 
6- M e r c a p t o p u r i n e  I.O 84 
S-Az~ , -aden ine  T .o Oo 
A d e l l o s i n e  1 .o  0 5 

A d e n o s i n e  m o n o p h o s p h a t e  He 42 
A d e n o s i n e  d iphosphate  L o  38 
Adenos ine  t r iphosphate  H e  35 
Cytos ine  r .o 2 7 
( ) r e t i e  a c i d  l ,o 28 
" F h v m i n e  T .o 23 
Uraci l  i . o  36 
4 . H y d r o x y p y r i m i d i n e  I . o  39 
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should inhibit xanthine uptake by more than 993; as judged by, inhibition data (see 
below). It  can be seen that 2.5 mM adenine did not inhibit xanthine uptake completely, 
nor did ioo mM purine which showed identical effects. The inhibitor-insensitive route 
accounts for about I o,, 9/o of the entry at very low xanthine concentrations and about 
42% at 5 inlVl xanthine. A Km of 2. 3 and a Vmax. of z28 pmoles per million cells per 
45 sec were determined for the xanthine transport mechanism after correction of the 
data for the non-inhibitable portion. 

Thus xanthine entry occurs predominantly by a saturable transport system 
although some entry appears to occur via another mechanisnl. 

I~zhibitio~z of xa~#kine lransport 
Inhibition of xanthine entry was exalnined with the rapid sampling technique 

by incubating the potential inhibitor with a concentration of xanthine well below the 
Km and comparing the rate of entry to a control containing no inhibitor (Table IV). 
In contrast to adenine at low concentrations, measurement of the initial rate of xan- 
thine uptake does not depend upon its intracellular metabolism to a non-diffusable 
form since entry is nmch slower and the final intracellular concentration is less than 
2o°0 of the extracellular. Thus the effects, if any, of the various compounds upon 
xanthine oxidation (the only metabolism of xanthine which occurs) need not be 
considered and the inhibitions observed nmst occur upon the entry mechanisln. 

The kinetics of adenine inhibition of xanthine entry were examined and ex- 
pressed in a double reciprocal plot (Fig. 9). The results are explicable by competitive 
inhibition as would be anticipated from the chemical similarity of these purines. The 
extrapolated intercepts deviate in the direction of the origin since in the presence of 
adenine the non-inhibitable mechanism accounts for a greater portion of entry. Thus 
the Vmax. is shifted closer to that of the non-inhibitable component which presumably 
has a high or infinite Vmax. 

/ .  
/ 

~,O 
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) k5  / 

/C 
0 . 5  

I 
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i ' [ x c l r t b l r eq ,  m r1  i) 

Fig .  9. I n h i b i t i o n  of x a n t h i n e  e n t r y  b y  a d e n i n e .  Cell  m o n o l a y e r s  w e r e  i n c u b a t e d  in t h e  p r e s e n c e  
of [14C]xan th ine  a n d  n o n - r a d i o a c t i v e  a d e n i n e  in c o n c e n t r a t i o n s  of o.o2 m M  ( 1 1 - - R )  a n d  o. 15 m M  
(~k- -~k) .  C u r v e  • • d e s c r i b e s  x a n t h i n e  e n t r y  in  t he  a b s e n c e  of a d e n i n e  a n d  was  o b t a i n e d  
f r o m  Fig .  8. T h e  m o n o l a y e r s  w e r e  r i n s e d  a n d  c o u n t e d  as  d e s c r i b e d  in  MATERIALS AND METHODS. 
E a c h  p o i n t  is  t h e  a v e r a g e  of f ive d e t e r m i n a t i o n s  a n d  l i n e s  w e r e  d r a w n  w i t h  t h e  a i d  of t h e  m e t h o d  
of l e a s t  s q u a r e s .  
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DISCUSSION 

Entry  of adenine at high concentrations is consistent with mediation by a 
transport system having a relatively high Km and Vmax. A Q10 of 2.26 is also conso- 
nant with this concept. The possibility of a third component, unmediated diffusion, 
is difficult to examine because of the absence of an effective inhibitor of the high Km 
systenl and because adenine is insoluble at concentrations greater than the Kin. The 
absence of good inhibitors for the high/£m system can best be explained on the basis 
of a poor affinity of the transport mediator for the compounds tested. Purine se- 
cretion in the hamster intestine, an active process, similarly takes place by a mecha- 
nisnl having a high Km and Vmax. (ref. 23). Inhibition of this system also could not 
be shown. 

The contribution to adenine entry into neutrophils mediated by the high Km 
system becomes of less importance at low concentrations. Physiological concentrations 
of adenine have thus far escaped detection in contrast to hypoxanthine which exists 
in concentrations ranging from o.oo 3 mM to o.o2 mM (refs. 24, 25). The low Km 
system is much better suited to facilitate entry of adenine in and below this range. It 
has been shown that when added at low concentrations ahnost all the adenine that 
enters these cells is converted to adenosine nucleotides, predominantly ATP, the 
linliting step to adenine incorporation occurring at the membrane. 

Xanthine enters neutrophils predominantly by a saturable carrier that 
appears to be distinct from either of the adenine transport systems. The evidence for 
this is that the maximal rate of xanthine entry is 22 times that of the adenine low Km 
system and I / Iooth  that of the high Km system. Also xanthine entry could be inhibited 
significantly by adenosine, adenine nucleotides, uric acid and pyrimidines~ while these 
colnpounds had no effect on either of the adenine mechanisms of entry. These data 
taken as a whole strongly indicate that adenine and xanthine enter neutrophils by 
separate transport systems. Interestingly, although adenine appears to enter via 
another mechanism it is a very potent inhibitor of xanthine entry. 

It was found impossible to block more than 82 ° 0 of xanthine entry using 
overwhelming amounts of either tmrine or adenine. This suggests that xanthine also 
enters by two mechanisms. It is possible that some xanthine entry is mediated by 
the high Km system for adenine but that xanthine has a nmch poorer affinity than 
adenine for this carrier. 

The best inhibitors of xanthine transport were found to be tmrines. The presence 
of an amino group in the 2 or 6 positions enhances inhibition while alterations or 
additions to the imidazole portions, such as those occurring in 8-aza-adenine,allopurinol 
or adenosine, significantly reduce the inhibitory effect. It is of interest that compounds 
which do not readily enter the cell, such as the nucleotides and possibly uric acid, 
also inhibit xanthine entry markedly. 

It is difficult to assign a physiological role for the adenine high Km system since 
entry via this mechanism does not predominate until unphysiologically high concen- 
trations are reached. Xanthine is not incorporated into nucleotides in neutrophils, 
but is oxidized to uric acid to which these cells are relatively impermeable. This again 
raises a difficulty in establishing a function for the xanthine transport system i~t rive.  
However, the significance of these transport systems may derive from the fact that 
neutrophils are phagocytic (;ells which ingest and digest large amounts of organic 
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material, including nucleic acids. Since the cells probably do not incorporate such large 
quantities of material, it would be advantageous to allow the products of digestion to 
leak from the cell before they reach possibly toxic or osmotically injurious levels. In 
essence, this would act as a safety mechanism. If this is true, one might expect to 
find transport systelns for other digestive products that allow efflux at relatively high 
concentrations. 
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