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Summary. Permeabilities of ammonia (NH3), methylamine 
(CH3NHz) and ethylamine (CH3CH2NH2) in the cyanobacterium 
(cyanophyte) Synechococcus R-2 (Anacystis nidulans) have 
been measured. Based on net uptake rates of DCMU (dich- 
lorophenyldimethylurea) treated cells, the permeability of am- 
monia was 6.44 -+ 1.22 b~m sec -~ (n = 13). The permeabilities of 
methylamine and ethylamine, based on steady-state ~4C labeling 
were more than ten times that of ammonia (Pmethylamine = 84.6 -+ 
9.47 txm sec -1 (76), Pe~hyl~mi,e = 109 --+ II /Lm sec -I (55)). The 
apparent permeabilities based on net uptake rates of methy- 
lamine and ethylamine uptake were significantly lower, but this 
effect was partially reversible by ammonia, suggesting that net 
amine fluxes are rate limited by proton fluxes to an upper limit of 
about 700 nmol m -2 sec-L Increasing concentrations of amines in 
alkaline conditions partially dissipated the pH gradient across 
the cell membrane, and this property could be used to calculate 
the relative permeabilities of different amines. The ratio of ethy- 
lamine to methylamine permeabilities was not significantly dif- 
ferent from that calculated from the direct measurements of per- 
meabilities; ammonia was much less effective in dissipating the 
pH gradient across the cell membrane than methylamine or ethy- 
lamine. An apparent permeability of ammonia of 5.7 -+ 0.9 txm 
sec -1 could be calculated from the permeability ratio of ammonia 
to methylamine and the experimentally measured permeability of 
methylamine. The permeability properties of ammonia and 
methylamine are very different; this poses problems in the inter- 
pretation of experiments where ~4C-methylamine is used as an 
ammonia analogue. 

Key Words Synechococcus �9 permeability �9 ammonia �9 
methylamine �9 ammonium transport 

Introduction 

Ammonia  is the preferred source of fixed nitrogen 
for many plants, fungi and bacteria (Kleiner, 1981). 
A major difficulty in studies of  nitrogen uptake and 
metabolism is that a convenient nitrogen radioiso- 
tope is not readily available. ~4C-methylamine may 
be used as an ammonia analogue for transport stud- 
ies in several organisms including Synechococcus  
(Hackette et al,, 1970; Boussiba, Dilling & Gibson, 

1984a; Boussiba & Gibson, 1985; for reviews see 
Kleiner 1981, 1985b and Gibson, 1984). 

The weakly basic amines (R-NH2), ammonia, 
methylamine and ethylamine have pKa's of 9.25, 
10.65 and 10.75, respectively, at 25~ (Segel, 1976). 
The permeability (P~) of  a chemical species ( j)  is a 
measure of  its ability to pass through the mem- 
brane. Biological membranes are generally very im- 
permeable to ions unless pores or specific carriers 
are present, but are readily permeable to small un- 
charged molecules such as water and oxygen (Col- 
lander, 1954; Nobel, 1983). Thus uncharged NH3, 
CH3NH2 and CH3CHzNH2 should pass readily 
through the cytoplasmic membrane of a cell. Many 
procaryotes have a transport mechanism for ammo- 
nium cation which is repressed when passive diffu- 
sion of NH3 is rapid enough to supply metabolic 
needs (see Kleiner, 1981; 1985b). Because other ni- 
trogen sources such as nitrate, nitrite, urea and mo- 
lecular nitrogen, in the case of diazotrophs (nitro- 
gen fixers), are all reduced to NH3 before final 
fixation into amino acids (Kleiner, 1981; Kleiner, 
1985b), the permeability of  NH3 is important to the 
efficiency of  assimilation of all inorganic nitrogen 
sources. 

The relative importance of  uptake of  NH~ and 
the passive diffusion of  NH3 cannot be assessed 
unless the permeability of  NH3 (PA) is known. 
Kleiner (1981) points out that although it is gener- 
ally agreed that NH3 is highly permeable, only a few 
actual measurements have been made. The permea- 
bility of  CH3NH2 (PMA) in Klebsiella was found to 
be about 15 txm sec -1 and PA was inferred to be 
about 18 ixm sec -1 (Kleiner, 1985a, b). 

Accurate direct measurement of PA is difficult 
because a chemical assay must be employed. How- 
ever, for many investigations it is sufficient to know 
the ratio of  the permeability of ammonia (PA) to 
that of methylamine (PMA) or ethylamine (PEA). 
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Ammonia and other amines act as indirect uncou- 
pling agents of chloroplasts, and the degree of un- 
coupling is a function of the concentration of the 
uncharged amine (Hind & Whittingham, 1963; 
Crofts, 1966a, b, 1967; Gaensslen & McCarty, 
1971). The effectiveness of amines as inhibitors of 
photophosphorylation increases with the length of 
the hydrophobic hydrocarbon chain (McCarty & 
Coleman, 1970; Gaensslen & McCarty, 1971). 

In the present paper we show that the perme- 
abilities of amines (including NH3) can be measured 
in the unicellular cyanobacterium Synechococcus 
sp. A distinction needs to be made between perme- 
abilities based on net uptake or loss of amines by 
cells and permeabilities measured by exchange 
fluxes (i.e., exchange of 14C-amine for unlabeled 
amine) in the steady state. Theoretical aspects of 
the calculation of permeabilities and the effect of 
amines on the pH gradient across the cell mem- 
brane are dealt with in the Appendix. 

Materials and Methods 

CHEMICALS AND RADIOCHEMICALS 

Methylamine �9 HC1 and Fluorinert | (specific gravity 1.85), were 
purchased from Sigma Biochemicals, St. Louis, MO, and ethyl- 
amine - HC1 from Eastman Kodak, Rochester, NY. Polycarbo- 
nate membrane filters (pore sizes, 0.8 and 1.0/xm) were pur- 
chased from Nucleopore, Pleasanton, CA. The silicone oils, 
SF96(50) | and Versilube | F-50, were gifts from General Electric 
(Silicone Products Division, Waterford, NY). Radiochemicals 
were purchased from New England Nuclear, Boston, MA. 
DCMU (dichlorophenyldimethylurea) was a gift from R.E. 
McCarty. 

EXPERIMENTAL ORGANISM AND GROWTH 
CONDITIONS 

Synechococcus sp R-2 (Anacystis nidulans) (PCC 7942) was 
maintained as axenic stock cultures (Ihlenfeldt & Gibson, 1975). 
Cells for experiments were grown in ammonia-free BG-11 me- 
dium (Allen, 1968) but with 0.245 mM CaC12 and without sodium 
silicate. During growth the pH was between 7.5 to 8.0. Cultures 
were grown in l-liter Roux bottles in an illuminated (2 cool-white 
40 W fluorescent lights) constant temperature bath at 30~ and 
were continuously bubbled with approximately 5% CO2 in air. 
Growth was followed by measuring absorbance at 750 n m  (A750) 

using a Zeiss PMQII spectrophotometer. Cell numbers were de- 
termined using a Petroff-Hausser counting chamber and phase 
contrast microscopy. 

Cultures had a doubling time of about 12 hr and were grown 
semi-continuously by daily dilution; cells were used for experi- 
ments when A75 o of a culture was between 0.5 and 1.3, equivalent 
to a protein content of about 40 to 100/zg ml -~. Cell numbers and 
protein were found to be directly proportional to absorbance 
within the above range; the protein content of cultures was 81.6 
-+ 6.17 txg ml -~ A ~  (n = 77). All error-bars are -+95% confidence 

limits. Cytoplasmic membrane surface areas and intracellular 
volumes are expressed on a protein basis. Cell sizes were mea- 
sured on phase contrast photomicrographs; for the calculation of 
cytoplasmic membrane surface areas, Synechococcus cells were 
taken to have the shape of round-ended cylinders. 

PREPARATION OF CELLS FOR EXPERIMENTS 

Cultures of Synechococcus were harvested by centrifugation and 
suspended in a buffered BG-II medium containing 10 mM 
Na~CO3 buffer or 10 mM CAPS (3-[cyclohexylamino]-l-propane- 
sulphonic acid); the cells were thus provided with nitrate (17.7 
raM) as a nitrogen source during the course of experiments. The 
cells were washed several times (>4) in the experimental buffer 
to be used in an experiment. For ammonia uptake experiments, 
only carbonate buffer was used, and the pH adjusted to between 
9.5 and 10.0. The cell suspensions (protein content about 0.2 to 
1.0 mg m1-1) were incubated in BG-I 1 buffer for about 30 min 
prior to an experiment. For methylamine and ethylamine experi- 
ments either carbonate or CAPS was used and the pH adjusted to 
9.8 to 10.1. 

In steady-state isotopic labeling experiments, the buffer in 
which the cells were washed and incubated contained the con- 
centration of methylamine or ethylamine to be used in the label- 
ing experiment. NH4CI (200/zM) was added to prevent the me- 
tabolism of methylamine; the presence or absence of ammonia 
had no effect on the uptake of 14C-ethylamine. Under these con- 
ditions metabolism of methylamine and ethylamine was negligi- 
ble (Boussiba et al., 1984a; Boussiba & Gibson, 1985). For net 
uptake experiments the cells were equilibrated to an ammonia- 
free BG-11; in some ~4C-methylamine and ~4C-ethylamine experi- 
ments 200/xM ammonia was added to test if the presence of a 
permeant amine affected the net flux rate of methylamine or 
ethylamine, respectively. 

PROTEIN DETERMINATIONS 

Protein determinations were made on cell suspensions with ab- 
sorbances ranging from A750 = 0.15 to 1.3. Four replicate sam- 
ples of cells were suspended in 5% wt/vol trichloroacetic acid for 
5 to 10 min, in an ice bath, then centrifuged, and the supernatant 
was discarded. The pellets were suspended in 0.1 M NaOH and 
were boiled or autoclaved for 10 min, and then centrifuged. Pro- 
tein determinations were made on the supernatant using the 
Coomassie blue dye binding method and bovine serum albumin 
in 0.1 M NaOH as the standard (BioRad Handbook; Bradford, 
1976). 

SILICONE OIL CENTRIFUGATION 

Centrifugation through silicone oil was used to determine intra- 
cellular volumes and pH. A 5 : 1 mixture of Versilube | F-50 and 
SF96 (50) | had a nominal specific gravity of 1.036. Twenty txl of 
Fluorinert| was placed in the bottom of 400/xl microcentrifuge 
tubes, followed by 80 to 100/xl of silicone oil mixture, cell sus- 
pension (200 /~1 containing about 0.2 mg protein) was placed 
above the oil. After centrifugation the tubes were carefully cut 
above and below the pellet which had passed through the silicone 
oil layer. This pellet was then resuspended in 200/zl of BG-11 
medium in a scintillation vial before adding the scintillation fluid. 
Equal volumes of cell suspension were added to the standards to 
correct for quenching. 
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Intracellular volumes were measured by subtracting the ap- 
parent 14C-sorbitol volume (1.2 mM; sp act approximately 30 
GBq mol ~) from the ~H~O volume (sp act approximately 1 MBq 
mol ~) of the cell pellets. The intracellular volume for Syne('ho- 
(oc('us was 4.09 (_+ 0.396) x 10 6 m 3 g ! protein (n = 60). 

Rapid uptake measurements of ammonia, ~4C-methylamine, 
~4C-ethylamine were performed using an Eppendorf 5414 micro- 
centrifuge. Silicone oil (80-100 pA; s.g. 1.036) and 1.2 ml of con- 
centrated cell suspension (protein content about 1 mg ml ~) were 
placed in a 1.5 ml microcentrifuge tube and a 10 to 20 p~l known 
volume of ~4C-labeled amine (sp. act. approximately 10 to 100 
GBq mol -~) or ammonia standard solution, as appropriate, were 
placed on the inside of the cap. The closed tube was then shaken 
and quickly put into the centrifuge. A loading time as short as 2 
sec could be achieved (Howitz & McCarty, 1985). After centri- 
fuging, aliquots of the supernatant were taken for counting or for 
ammonia assay, as appropriate. 

MEMBRANE FILTRATION TECHNIQUES 

For filtration assays, the sintered glass surface of a Millipore 
filtration apparatus was lightly coated with silicone oil (SF-96) to 
prevent the media from soaking through the membrane filter until 
suction was applied. In steady-state uptake experiments, 100/zl 
of cell suspension (about 0.1 mg protein) containing a known 
concentration of unlabeled amine was first placed on a mem- 
brane filter, then 100/tl of the same concentration of ~4C-amine 
(sp act about 10-100 GBq mol -I) was added. The cells were incu- 
bated either for about 5 sec (short label) or for 30 or 60 sec (long 
label), then filtered and counted. The counts taken up by the cells 
were corrected for the ~4C-amine adsorption by the membrane 
filter. The correction was no more than 5% of the total count of 
the labeled cells. Conversely, the rate of loss of t4C-methylamine 
by Synechococcus cells was measured by first equilibrating the 
cells to a known concentration of ~4C-amine, then washing the 
filtered cells with media containing the same concentration of 
unlabeled amine for a measured time. Equation (A4) (see Appen- 
dix) was used to calculate the permeability of the ~4C-amine in 
uptake experiments and Eq. (A6) used to calculate the perme- 
ability of ~4C-methylamine by efflux. 

Net uptake experiments followed a similar protocol. The 
cell suspension in methylamine and ethylamine-free buffer media 
(100/zl) was first added to a filter disk, then 100/zi of a known 
concentration of 14C-labeled amine in buffered medium was 
added and thoroughly mixed. Incubations were timed and 
counted as for the steady-state experiments. The final equilib- 
rium concentration of amine in the bulk electrolyte was cor- 
rected for the net uptake of amine by the cells. 

AMMONIA ASSAY 

The ammonia content of experimental media and cell extracts 
was assayed using the indophenol color reaction (Solorzano, 
1969) adapted for a sample volume of I or 2 ml. Standard curves 
were linear up to about 100 ~M ammonia, and the detection limit 
was about 1 /xM. Phosphate and borate buffers (10 mM) or high 
concentrations of phenol (50 mM) did not interfere, although 
phenol slowed the rate of color development; carbonate buffers 
lowered absorbances by about 10% but did not affect the linear- 
ity of standard curves. Triethanolamine, Tris (tris-hydroxy- 
methylaminomethane) and Good buffers as MES (2[N-morpho- 

lino] ethanesulphonic acid) and Tricine (N-tris(hydroxymethyl) 
methylglycine) and CAPS could not be used. 

INTRACELLULAR AMMONIA POOLS 

Several different extractants were compared, including perchlo- 
ric acid (Boussiba, Resch & Gibson, 1984b), 10% (vol/vol) buta- 
nol, 10% (vol/vol) toluene and 50 mM phenol. It was found that it 
was important to kill the cells rapidly, since dying cells rapidly 
evolved ammonia, yielding apparent intracellular ammonia pools 
as high as 13 mM. 

The efficiencies of 10% toluene and 50 mM phenol as ex- 
tractants for amines were compared by measuring removal of ~4C 
methylamine from cells equilibrated in 100/xg (~4C-MA; sp act 
about 10 GBq mol -~) and then exposed to phenol or toluene for 2 
min before centrifugation. Phenol reproducibly removed in ex- 
cess of 95% of the methylamine from the cells, but toluene 
yielded erratic results varying from 20 to 90% efficiency. 

CORRECTIONS FOR METABOLISM OF AMMONIA 

Measurements of the ammonia uptake rates of control cells were 
corrected for the metabolism of ammonia using compartmental 
analysis techniques (Atkins, 1969; Walker & Pitman, 1976). The 
apparent permeability of ammonia was also measured in cells 
treated with the specific photosynthetic inhibitor, DCMU (10 
/xM) to inhibit the metabolism of ammonia (Boussiba et al., 
1984b). The apparent permeability of NH~ in control cells was 
significantly higher than that found in DCMU-treated cells, indi- 
cating that the assumption of a constant rate of ammonia metabo- 
lism which had to be made in the compartmental analysis was 
invalid. 

MEASUREMENT OF [NTRACELLULAR PH 

The intracellular pH (pHi) can be calculated from the equilibrium 
accumulation of the weak base amines and the pH of the bulk 
electrolyte using the Henderson-Hasselbalch equation; it was 
assumed that the pKa of the weak base was similar in the bulk 
medium and within the cell (Butler, Waddell & Poole, 1967; 
Gaensslen & McCarty, 1971; Heldt et al., 1973). 

EFFECT OF AMINES ON THE P H  GRADIENT 

The effects of amines on ApHi.o was measured by adding known 
amounts of buffered amine solutions to 1 ml volumes of concen- 
trated cell suspensions (about 1 mg m1-1 protein) equilibrated to 
100 /zM 14C-ethylamine (sp act about 100 Gbq mol -J) in BG-11 
medium (pH 10). The pH gradient was calculated from the accu- 
mulation ratio of the ~4C-ethylamine. The cells were equilibrated 
with the added amine for 1 rain and then 300/xl aliquots filtered 
through Nucleopore filters for counting. Unfiltered 300-/xl ali- 
quots were used as standards. To minimize error, the effects of 
two different amines on the pH gradient were measured on the 
same cell suspension. The equilibrium concentration of amine in 
the bulk electrolyte was corrected for accumulation by the cells 
using the known volumes of the bulk electrolyte (v,,), the intra- 
cellular volume (v~) and the measured accumulation ratio of t4C- 
ethylamine. 
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Table 1. Stereological data on Synechococcus 
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Cell length (~m) 
Cell width (/zm) 
Cytoplasmic surface area/cell volume ratio (x 106 m -~) 
Cytoplasmic membrane surface area (x 10 rz m 2 cell i) 

(x m z g-i protein) 
Intracellular volume (x 10 -6 m 3 g-I protein) 
Protein per cell (x 10 -~5 g cell -1) 

3.142 -+ 0.0620 (500) 
0.939 -+ 0.058 (127) 
4.731 -+ 0.359 
9.269 _+ 0.610 

34.22 -+ 3.72 
4.092 _+ 0.396 (60) 

271 -+ 23.7 (77) 

Error bars are -+95% confidence limits with the number of replicates in brackets. 

Table 2. Permeabilities of methylamine and ethylamine for Synechococcus based on steady-state 
exchange experiments 

Permeabilities on cytoplasmic membrane surface area basis 

(/zm see t) 
Membrane Centrifugation Overall mean 
filtration 

CH3NH2 88 -+ 9.3 (51) 77.5 -+ 22.6 (25) 84.6 -+ 9.47 (76) 
CH3CH2NH2 113 -+ 16 (20) 107 -+ 15 (35) 109 -+ 11 (55) 

Error bars are -+95% confidence limits with the number of replicates in brackets. Steady-state CH3NH2 
and CH3CH2NH2 permeabilities were measured at 10 to 200/.t,M (total amine, R-NH/+ R-NH]) and an 
external pH of about 10. 

Results 

STEREOLOGICAL DATA ON SYNECHOCOCCUS 

Table 1 shows data on the size, cytoplasmic mem- 
brane surface area, intracellular volumes and nu- 
merical densities of Synechococcus grown under 
standard conditions. Cytoplasmic membrane sur- 
face areas and intracellular volumes are expressed 
on a protein basis. The intracellular volume of Syn- 
echococcus is comparable to previously published 
values (Boussiba et al., 1984b). 

INTRACELLULAR AMMONIA POOLS 

The extracellular ammonia (NH3 + NHI) found 
when Synechococcus cells were incubated in "am- 
monia-free" BG-I l/buffer at pH 10, remained at less 
than 2/XM. The intracellular NH3/NH• pool in con- 
trol cells was 351 -+ 70/ZM (24) and 467 + 94/ZM (20) 
in DCMU poisoned cells, based on the release of 
ammonia by the cells when poisoned with 50 mM 
phenol. This "background" intracellular pool of 
ammonia was taken into account in the calculation 
of the apparent intracellular pH from the accumula- 
tion of ammonia and the NH3 flux. 

EXCHANGE FLUXES OF METHYLAMINE AND 

ETHYLAMINE 

The permeability of CH3NH2 (PMA) in Synechococ- 
cus was measured in uptake and efflux experiments 
using filtration methods; the results were not signifi- 
cantly different and so have been combined to yield 
mean values (Table 2). PMA and PEA were measured 
at concentrations from 10 to 200/ZM; as no system- 
atic effect of concentration was found, overall 
means were calculated. PMA and PEA were also mea- 
sured using the silicone oil centrifugation tech- 
nique. Table 2 shows they were not significantly 
different from those measured using the membrane 
filter method and so overall means -+95% confi- 
dence limits could be calculated. PMA and PEA are of 
the order of 100/xm sec -1 across the cytoplasmic 
membrane of Synechococcus; CH3NH2 is less per- 
meable (PMA about 90/zm sec-~) than CH3CHzNHz 
(PEA about 120/ZM sec 1). 

NET FLUXES OF AMINES 

Only net uptake or loss of ammonia by the cells can 
be conveniently measured. For 14C-methylamine 
and 14C-ethylamine both net fluxes and exchange 
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Table 3. Apparent permeabilities of amines for Synechococcus based on net uptake fluxes 
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Amine Conditions Apparent permeability 
(tzm sec -t) 

NH3 

CH3NH2 

CH3CH~NH2 

Control 9.4 -_+ 1.2 (22) a 
DCMU poisoned cells 6.44 -+ 1.25 (13) 
Control, no ammonia 38.3 -+ 4.15 (16) 
200/~M ammonia 49 --+ 6.6 (22) 

10 /~M, no ammonia 73 --+ 6.5 (24) 
100 /~M, no ammonia 43 _+ 14 (12) 
100/ZM, 2 ~tM valinomycin, no ammonia 33 -+ 6.6 (12) 
100 /~M, 200 /xM ammonia 73 -+ 12 (12) 

Error bars are -+95% confidence limits with the number of replicates in brackets. Apparent NH3 
permeabilities were measured at [NH3 + NH~] of 100 to 120/zM. The apparent CH3NH2 permeabilities 
in net uptake experiments were measured at total methylamine concentrations of 100 ~M; the apparent 
permeability of CH3CH2NH2 was measured in 10 and 100 ~tM total ethylamine. The ammonia experi- 
ments were conducted at an external pH of 9.5 to 10 and the methylamine and ethylamine experiments 
at pH 9.8 to 10.1. 
a Note that the calculated permeability of NH3 in control ceils is an overestimate (see text). 

fluxes can be determined. The net flux of uncharged 
amine may have been limited by the proton flux 
and/or fluxes of other ions involved in intracellular 
charge balance. Hence apparent permeabilities 
based on net fluxes may be less than the true perme- 
ability of the species. 

Most NH3 entering a Synechococcus cell will be 
converted to NH~- because the pH of the cytoplasm 
is between 7 and 8. Thus net uptake of NH3 should 
lead to an alkalinization of the cytoplasm which 
may be compensated for by a net uptake of protons 
(Padan, Zilberstein & Rottenberg, 1976; Masamoto 
& Nishimura, 1978; Gibson, 1981). Thus if the intra- 
cellular pH is maintained, one +ve charge must 
move across the cell membrane for each uncharged 
amine molecule taken up; the charge displacement 
involved in this maintenance of charge balance can 
be large. For example, an apparent permeability of 
50/xm sec-~ of an uncharged amine at a concentra- 
tion of 10/XM of uncharged amine in the bulk me- 
dium is equivalent to a flux of 500 nmol m - 2  sec -~. 
Barr, Koh and Ryan (1974) used net efflux of ammo- 
nia across the plasmalemma of Nitella as a mini- 
mum estimate of proton efflux. 

NH3 permeability (Pa) was measured using the 
silicone oil/centrifugation method. The ammonia 
concentration at t = 0, was determined by adding 10 
/.tl of NH4C1 standard solution to a 1-ml aliquot of 
the supernatant of a previously centrifuged cell sus- 
pension. The intracellular ammonia pool of cells in 
the "ammonia-free" BG-11 buffer was usually mea- 
sured on the same batch of cells. 

The PA in control and DCMU poisoned cells are 
compared in Table 3. Cells were treated with 10/XM 
DCMU for 5 rain before an experiment. The t test 
shows that the apparent NH3 permeability of con- 

trol cells were significantly different from that of 
DCMU-treated cells. Apparent permeabilities 
based on net fluxes of CH3NH_~ and CH3CHzNH2 
are also shown in Table 3. Thus NH3 is much less 
permeable than either methylamine or ethylamine 
in this organism. 

The apparent permeabilities of methylamine 
and ethylamine based on net fluxes (PMA = 38.3 -+ 
4.15/xM sec l, PEa = 43 -+ 14/xm sec-l; Table 3) are 
considerably below those based on exchange fluxes 
( P M A  = 84.6 + 9.47, P E A  = 109 +-- 11 ~m sec-t; 
Table 2). The apparent permeability of ethylamine 
is significantly higher in 1.51 /~M than in 15.1 /zM 
CH3CH2NH2. The net fluxes of methylamine and 
ethylamine were thus rate limited. The provision of 
a permeant amine (ammonia) to exchange ~4C- 
amine significantly increased the apparent permea- 
bility of both methylamine and ethylamine. The K + 
specific ionophore, valinomycin, did not increase 
the apparent permeability of CH3CH2NH2 (Table 3). 
The net uptake of ethylamine was therefore not lim- 
ited by charge balance because this would have 
been compensated by a net flux of K +. 

INTRACELLULAR PH MEASUREMENTS 

Table 4 shows the calculated intracellular pH values 
for Synechococcus in media at pH 9.5 to 10.1 when 
the accumulated amines have reached equilibrium. 
The values derived from both methylamine and 
ethylamine in exchange flux and net flux experi- 
ments are not significantly different (pH 7.3), but 
the apparent intracellular pH based on the uptake of 
ammonia is significantly lower (pH 7.1). 
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Fig. pH gradient across the cell membrane 
vs. log [NH3] and log [CH3NHzl, The pH 
gradient across the cell membrane vs. the 
logarithm of the ammonia concentration 
(A) and of the methylamine concentration 
(MA) was measured on the same 
suspension of cells in BG-11 and 10 mM 
carbonate buffer at pH 10.01 as described 
in the text, The pH gradient was 
calculated from the accumulation ratio of 
100/zM t4C-ethylamine. The zero controls 
are shown on the left. The lines were fitted 
by linear regression; the correlation 
coefficients are shown and the slopes and 
constants of the regressions are tabulated 
in Table 5 

Table 4. Apparent intracellular pH of Synechococcus 

Amine Apparent intracellular pH 

Exchange flux experiments 
Methylamine 
Ethylamine 

Net flux experiments 
Ammonia 
Methylamine 
Ethylamine 

7.35 -+ 0.03 (76) 
7.32 -+ 0.03 (55) 

7.11 -+ 0.04 (39) 
7.33 +- 0.04 (22) 
7.33 +- 0.03 (60) 

Apparent intracellular pH of Synechococeus using uptake of am- 
monia, methylamine or ethylamine. The data is derived from the 
experiments shown in Tables 2 and 3. Error bars are ---95% confi- 
dence limits with the number of replicates in brackets. 

RELATIVE PERMEABILITIES OF AMINES 

The relative permeabilities of amines was deter- 
mined from the effect of high concentrations (0.1 to 
25 raM) of amines at alkaline pH (pH 10) on the pH 
gradient across the cytoplasmic membrane calcu- 
lated from the accumulation ratio of 14C-ethyl- 
amine. Preliminary experiments showed that am- 
monia, methylamine and ethylamine had no 
significant effect on the apparent ApHi,o until a 
threshold concentration was reached; thus un- 
charged NH3 had no effect when below 1.0 mM. 

The Figure shows the pH gradient across the 
cell membrane of Synechococcus  as functions of log 
[NH3] (A) and log [CH3NH2] (MA) in the bathing 
electrolyte when the external pH was 10.01. Lines 
were fitted by linear regression [Eq. (A9a)] and 

have correlation coefficients of 0.996 and 0.997, re- 
spectively; the slopes (m -+ 95% conf. limits) and 
intercepts of the regression lines (b +- 95% conf. 
limits) are shown in Table 5. Methylamine is a much 
more potent dissipator of the pH gradient, being 
effective at concentrations of about 1/15th that of 
NH3. The ammonia and methylamine curves are 
parallel. 

The regression data for the effect of uncharged 
amine concentrations on ApHi,o in separate experi- 
ments are summarized in Table 5. Part A compares 
CH3NH2 and CH3CHzNH2 and Part B that of NH3 
and CH3NH2 (from the Figure). The slopes of the 
regression lines (the exponent m) are about -0.9;  
the slopes of the ApH vs. concentration of un- 
charged amine curves were parallel when measured 
on the same batch of cells. The value of the con- 
stant (b) varies depending on the amine; the ratio of 
these constants should be governed by the relative 
permeabilities of the amine species. 

The constant (b) of CH3NHz is only slightly 
greater than that of CH3CHzNH2; yielding a perme- 
ability ratio of about 1.23. This apparent permeabil- 
ity ratio compares very well to a value of 1.29 +- 
0.19 calculated from the ratio of the experimentally 
determined permeabilities of CH3NH2 and 
CH3CH2NH2 shown in Table 2. The permeability 
ratio of NH3 to CH3NH2, on the other hand, is very 
low, about 1 : 15 (6.7 -+ 0.8%); taking the mean PUA 
shown in Table 2, this predicts a permeability of 
NH3 of 5.7 --+ 0.9 //,M sec -1, which is not signifi- 
cantly different from that measured in DCMU- 
treated cells (Table 3). 



R.J. Ritchie and J. Gibson: PermeabiLity in Cyanobacterium 

Table 5. Effects of amines on ApH and permeability ratios of amines 
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A. April.,, vs. log [ethylamine[ and log [methylamine] 
Correlation (r) Slope (m) Intercept log (b) 

Ethylamine 
(n = 14) -0,997 -0.8522 -+ 0.04248 1.2706 • 0.03149 

Methylamine 
(n = 14) -0.998 0.8581 + 0.03028 1.3603 • 0.02015 

B. ApHi.o vs. log [ammonia] and log [methylamine] 
Correlation (r) Slope (m) Intercept log (b) 

Ammonia 
(n = 16) -0.995 -0.9260 -+ 0.05498 2.5229 + 0.04370 

Methylamine 
(n = 16) -0.996 -0.9189 -+ 0.04921 1.3843 -+ 0.03254 

Permeability ratios +0.10 +0.008 
PEA/PMA = 1.23 PA/PMA = 0.0669 

--0,096 --0.007 

ApH gradient across the cell membrane of Synechococcus vs, the log of the concentration of un- 
changed amine. Lines of best fit were calculated by linear regression and the error bars of the slopes 
(m) and constant (log b) were calculated as described by Zar (1974), 

Discussion 

Measurements of the permeability of uncharged 
amines can demonstrate whether a steady-state up- 
take rate and/or the size of the steady-state intracel- 
lular pool observed under specific experimental 
conditions may be accounted for by passive diffu- 
sion of the uncharged species. This is a straightfor- 
ward application of Fick's law [Appendix: Eq. (A1)] 
as the null hypothesis, but some practical difficul- 
ties arise. It is necessary to establish that the per- 
meability value used was measured under condi- 
tions where the amine was passively distributing 
across the cytoplasmic membrane. In ammonia ex- 
periments it is not valid to assume that the intracel- 
lular concentration of the unchanged species is 
zero, but the intracellular ammonia pool may be 
difficult to measure. 

Values for the intracellular pH, calculated on 
the basis of the equilibrium accumulation of methyl- 
amine and ethylamine, are similar (Table 4). This is 
good evidence that the uptake of methylamine and 
ethylamine was by passive diffusion driven by the 
pH gradient rather than a result of cation transport 
or metabolism of these amines. The apparent intra- 
cellular pH calculated using the ammonia data is 
about 0.2 pH units lower than that calculated using 
methylamine or ethylamine, suggesting that some 
transport of NH~ might have been occurring. An 
apparent intracellular pH of about 7.3 is comparable 
to published values for Synechococcus species 
(Kallas & Dahlquist, 1981; Gibson, 1981; Miller, 

Turpin & Canvin, 1984) and other prokaryotes (Pa- 
dan et al., 1976; Masamoto & Nishimura, 1978; 
Reed, Rowell & Stewart, 1980). Synechococcus can 
maintain a ApH of nearly +3 units across the cell 
membrane; Miller et al. (1984) also noted that Syne- 
chococcus leopoliensis had a very efficient pH-stat 
mechanism in alkaline media (pH 9.6). 

The intracellular ammonia pools (NH3 + NH~) 
found in the present study (about 0.4 mM) are con- 
siderably below those previously reported for cells 
incubated at lower pH (Boussiba et al., 1984a; 
Kleiner, 1985a, b). However, the size of the intra- 
cellular NH3 + NH4 ~ pools of Synechococcus in al- 
kaline ammonia-free media still indicates that a 
transport system for NH~ is present in these cells. 
If the intracellular pH of Synechococcus was taken 
to be about 7.3 (Table 4) and the total intracellular 
NH3 + NH~- pool was 351 -+ 70 /ZM, then [NH3] 
within the cells would be 3.9 + 0.77/~M. The bulk 
electrolyte at pH 10 contained less than 2 tZM total 
ammonia species and so could contain no more than 
2/ZM NH3. Thus the cells were maintaining a con- 
centration gradient of at least 2/zM NH3. 

The permeabilities of CH3NH2 found in the 
present study for Synechococcus (about 80 /xm 
sec -1) are much higher than those in Klebsiella (15 
/~m sec -I) (Kleiner, 1985a). Although a permeabil- 
ity of about 2 /~m sec i (Smith & Walker, 1978; 
Nobel, 1983) has often been used as a standard 
value for the permeability of ammonia and methyl- 
amine in eukaryotic cells, more recent measure- 
ments of PMA by Walker, Smith and Beilby (1979), 
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Beilby, Smith, and Walker (1980) and Ritchie (1987) 
on the giant-celled alga, Chara, have yielded con- 
siderably higher values ranging from 6 to 18 /xm 
sec -~. The permeability of ammonia in charophytes 
is about 6-7 /xm sec ~ (Nitella: Barr et al., 1974; 
Chara: Ritchie, 1987). Kleiner (1981) was correct in 
suspecting that PA and PMA were frequently under- 
estimated. 

Walter and Gutknecht (1986) have recently re- 
ported that artificial phosphatidylcholine mem- 
branes have even higher amine permeabilities of 
about 1000/xm sec -~ but found that amine solubility 
in organic solvents was highly variable. The perme- 
abilities of amines across artificial membranes 
would vary widely depending on the phospholipid 
used. No natural membrane has been reported to 
have such a high amine permeability. 

In Synechococcus the apparent permeability of 
ammonia obtained by direct measurement is much 
lower than that of methylamine and ethylamine (Ta- 
bles 2 and 3); this is confirmed by the experiments in 
which the effect of amines on ApH were investi- 
gated (Table 5 and the Figure). Thus two separate 
lines of evidence show that methylamine is more 
permeable than ammonia in Synechococcus. The 
apparent permeabilities of methylamine and ethyl- 
amine vary according to the way in which they are 
measured. Permeabilities based on exchange fluxes 
(i.e., steady state) are higher than those based on 
the net uptake of these amines (Table 2 vs. Table 3), 
indicating that net uptake fluxes were rate limited, 
and consequently the amine permeabilities were un- 
derestimated. The maximum net uptake flux of 
these amines at pH 10 in 100 /XM total amine is 
approximately 700 nmol m -2 sec -1 (Q~MA (max) = 
700 -+ 76 nmol m -~ sec-1; ~EA (max) = 650 -- 210 
nmol m -2 sec J). The apparent permeabilities of 
methylamine and ethylamine in net uptake experi- 
ments (PMA,,et and PEA,net) increased in the presence 
of ammonia (Table 3) and PEA,net was  significantly 
higher when measured in 1.51 /xM than in 15.1 /XM 
CH3CHzNH2.  The apparent PEA,net measured at 
lower concentrations would more closely approach 
that measured in exchange flux experiments where 
the net flux if zero.  PEA,net was also unaffected by 
the presence of the potassium ionophore, valinomy- 
cin (Table 3). Net uptake of methylamine and ethy- 
lamine were thus rate limited by the net movement 
of protons required to maintain the intracellular pH 
while net uptake of an amine was taking place, 
rather than by charge imbalances. 

Only net uptake of ammonia could be measured 
directly in the present study (Table 3), and it is not 
possible experimentally to eliminate NH~ transport 
completely. The lower value for the intracellular pH 
using ammonia as a pH probe (Table 4) indicates 

that there was about 60% more ammonia inside the 
cells than could be accounted for by the pH gradient 
(Table 4). In control experiments, the apparent PA 
was 9.4 -+ 1.2 (22)/xm sec -J, based on experiments 
at about pH 10 and 100 txM total ammonia; at this 
pH the extracellular concentration of NH3 would be 
about 85 txM, yielding a net uptake flux of 800 -+ 100 
nmol  m -2 sec -1, which is close to the rate-limited 
net uptake fluxes of methylamine and ethylamine. 
The apparent permeability of NH3 was decreased 
by DCMU (Table 3), which blocks incorporation of 
ammonia into glutamine, presumably by depleting 
the ATP supply (Boussiba et al., 1984b). DCMU 
should have had no direct effect on the permeability 
of NH3 but would have inhibited the metabolism of 
ammonia. The DCMU experiments (Table 3) and 
the effect of amines on the pH gradient (Table 5) 
yield estimates of the ammonia permeability of 6.44 
-+ 1.25 (13) and 5.7 + 0.9 (32) txm sec -1, respec- 
tively, and these results are not significantly dif- 
ferent. 

In studies where J4C-methylamine uptake has 
been used to identify NH~ transport systems it has 
usually been implicitly assumed that the passive 
fluxes of NH3 and CH3Ntt2 were similar. However, 
our measurements demonstrate that passive 
CH3NH2 fluxes can be an order of magnitude 
greater than previously suspected. This means that 
the case for specific NHg carriers, based on experi- 
ments using 14C-methylamine as an analogue, may 
be less clear cut than usually thought. For example, 
Raven and Farquhar (1981) calculated an apparent 
P~A of about 17/xm sec -1 across the plasmalemma 
ofPhaseolus vulgaris (bean) leaf slices and, consid- 
ering this value too high, concluded that methylam- 
monium transport must be the major uptake mecha- 
nism and that bean leaf cells had a NH~- transporter. 
An apparent PMA value of 17 ixm sec -~ is not really 
high enough to exclude passive diffusion of 
CH3NH2. 

In several studies of putative NH4- transport 
systems in bacteria, the accumulation ratio of NH~ 
([NH~]i/[NHg]o) is greater than that observed for 
methylamine ([MA + ]i/[MA + ]o) (see Kleiner, 
1985b). Transport of NH~ is usually thought neces- 
sary to at least balance the "leak" of NH3 which is 
governed by Fick's Law (Kleiner, 1985a,b). ff the 
permeability of methylamine is substantially greater 
than that of ammonia, as found in the present study, 
then these observations are readily accounted for 
by the greater passive "leak" of CH3NH2. Further- 
more, the large difference in the passive leak of 
NH3 and CH~NH2 would lead to a slower apparent 
uptake flux of CH3NHf compared to NH~-. Such 
discrepancies have usually been attributed to dis- 
crimination properties of the amine cation transport 
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system (Gordon & Moore, 1981; Kleiner, 1985b; 
O'Hara et al., 1985). 

The permeability values of NH3 can be used to 
deduce some properties of the NH~ transport sys- 
tem (facilitated diffusion and/or active transport) 
acting to balance an equal but opposite efflux or 
" leak" of NH3 (Kleiner, 1985b). For Synechococ- 
cus in '~ammonia-free" BG-11 using nitrate as the 
nitrogen source, PNH3 ---- 6.44 --+ 1.25 /~m sec ~ and 
an intracellular NH3 + NH~ pool of 0.35 -+ 0.07 mM 
(i.e., [NH3]i = 3.9 -+ 0.77/~t~), a constant uphill flux 
of 25 + 7 nmol m -2 sec -1 implies. Such a flux is not 
large compared to the rates of transport of other 
ions across the cytoplasmic membranes of either 
prokaryotic or eukaryotic cells (Slayman, 1970; 
Hope & Walker, 1975; Smith & Raven, 1976; Reed, 
Rowell & Stewart, 1981a, b; Spanswick, 1981). 

Gordon and Moore (1981) proposed that phos- 
phate bond energy was required for NH]  transport 
in Azotobacter. Suppose Synechococcus cells 
grown on nitrate used an ATP-driven pump to recy- 
cle NH~ back into the cells to counterbalance the 
"leak" of the NH3 synthesized intracellularly from 
the nitrate ions taken up. The electrochemical po- 
tential of an [NHg]J[NH~]o gradient of about 200 is 
equivalent to 13 kJ mol-1; the hydrolysis of ATP (50 
kJ tool -~) would theoretically provide enough en- 
ergy to transport two NH~ per ATP hydrolyzed. 
The power requirements needed for transporting 
NH~- at a rate of 25 nmol m -2 sec -1 would amount to 
0.6 mW m -2 (Reid & Walker, 1983; Ritchie, 1985). 
The measured rate of ammonia metabolism in Syne- 
chococcus is 6.4 --+ 0.67 nmol m -2 sec -1 (n = 36); 
and if glutamine synthetase uses one ATP per am- 
monia (Meister, 1974), this is equivalent to a power 
consumption rate of 0.32 + 0.034 mW m -2. Thus 
the maintenance of the intracellular ammonium 
pool of Synechococcus is about twice as costly to 
the cell as the fixation step (ammonia + glutamate 
into glutamine). These results are similar to those of 
Kleiner (1985a) who estimated that about 4 ATPs 
were used in retaining ammonia within Klebsiella 
cells per ATP used in the synthesis of glutamine. 

Work on Klebsiella (Kleiner, 1985a, b) and on 
the eukaryotic Chara cell (Walker et al., 1979; 
Beilby et al., 1980) suggest that NH~ is taken up by 
a facilitated diffusion mechanism driven by the 
membrane potential. Preliminary data, based on the 
uptake of 86Rb + in the presence of 5 ~M valinomycin 
(Mitchell & Moyle, 1969; Mewes & Rafael, 1981) 
show that the membrane potential of Synechococ- 
cus is about -125 -+ 5 mV (20) at pH 10 (R,J. Rit- 
chie and J. Gibson, unpublished). For cells growing 
on nitrate in "ammonia-free" media (< 1/.~M NH])  
the equilibrium potential of NH~- (A~NHr would be 
more than - 150 mV, and so it is difficult at present 

to distinguish between an amine uniporter driven by 
the membrane potential and an ATP-driven pump. 

An NH~/H + antiport system driven by the pro- 
ton motive force (pmfi,o) (Mitchell, 1966; West, 
1980; Nicholls, 1982; Ritchie, 1985) cannot account 
for the size of the intracellular ammonia pools (NH3 
+ NH~-) of cells in alkaline "ammonia-free" media 
because the membrane potential and pH gradient 
tend to cancel each other out if the interior of the 
cell is maintained near neutrality (Krulwich, 1986). 
The ApH gradient is equivalent to about + 160 mV 
and so the pmfi,o available is only about +30 mV, 
whereas the electrochemical potential of NH~ is 
more than -150 mV. The pmf;.o is too low and of 
the wrong sign. 

We have shown that it is possible to measure 
amine permeabilities. The very large difference be- 
tween the permeabilities of ammonia and higher 
amines in Synechococcus may or may not be a gen- 
eral feature of prokaryotic cells (cf." Kleiner, 1985a); 
however, the permeability of NH3 is also about an 
order of magnitude lower than that of methylamine 
and ethylamine in Rhodobacter sphaeroides (R.J. 
Ritchie and J. Gibson, unpublished). In the euka- 
ryotic Chara cell, in contrast,.they are very similar 
(Ritchie, 1987). Estimates of NHg transport derived 
from 14C-methylamine experiments may be very 
misleading. The distinction between permeabilities 
based on exchange and net fluxes has not been 
pointed out before. Permeability values provide a 
means to investigate quantitatively the problem of 
NH3 diffusion vs. NH~ transport. 

The work described in this paper was supported in part by a 
grant (DMB 84-15628) from the National Science Foundation. 
The authors thank Drs. R.E. McCarty and P.C. Hinkle for help- 
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Appendix 

MEASUREMENT OF PERMEABILITY 

Fick's first law states that the flux of an ideal uncharged species 
(j) across a diffusion barrier, such as a biological membrane, 
between two compartments, compartment o (the bulk medium) 
and compartment i (the inside of a cell), is proportional to the 
concentration gradient across the membrane (Nobel, 1983). The 
permeability (P) includes terms for the diffusion coefficient (D), 
the partition coefficient (K) of the species (j) between the aque- 
ous and membrane phases and the width of the membrane. The 
permeability of a species is usually given in the dimensions m �9 
sec-k Thus, 

P - (AI) 
A[ C ]o,i 

where, 
Q,,,i is the flux (usually in tool m 2 sec-~) of species (j)  from 

compartment o to compartment i, A [C],,; is the concentration 
gradient of species (j) between compartments o and i ([C],, - 
[C],) in mol m 3 

The time course of equilibration of an unchanged species, 
between two compartments o and i, can be described by simple 
exponential functions. For uptake into compartment i, 

ai,, = ai~ (1 - e ~') (A2) 

where a~,, is the uptake of the diffusable species in compartment 
(j) at time it) in mol m-~; and a ~  is the total uptake at equilib- 
rium (infinite time). 

Differentiating Eq. (A2), eliminating k, and substituting into 
Eq. (A1) yields 

a i ~ "  l n { a i J ( a i , ~  - ala)} 
P = (A3) 

tA[C]o,i  

In experiments where species ( j )  is initially absent from the 
intracellular phase, Eq. (A3) simplifies to 

ai,| - ai.,)} 
P = (A4) 

t [ C ] o , ~  

where [C]o.tm)is the concentration of the diffusible species in the 
external medium (bulk electrolyte), at zero time. 

Equation (A4) can be used to calculate apparent permeabili- 
ties based on the net uptake of a species and is also appropriate 
for the measurement of exchange fluxes, i .e . ,  radioactive tracer 
experiments in which the unlabeled species ( j )  is in the steady 

state between the intracellular and bulk electrolyte phases, the 
labeled species is added to the bulk electrolyte, and its uptake 
into the cells followed. Equation (A4) can also be used to calcu- 
late apparent permeabilities based on the net uptake of a species. 

If the loss of a species from the bulk medium (compartment 
o) can be followed more easily, then taking a~= as the total up- 
take by the cells at equilibrium (a~= = aoam) - ao~) ,  and following 
a similar procedure as outlined above [Eqs. (A1) to (A4), then 

P = a ~ = .  l n { a i , = / ( a o , ,  - ai=)} 
t A[C]oj (A5) 

and if the initial intracellular concentration is zero this simplifies 
to 

ai,~ �9 l n { a l y ( a o , ,  - ai.~)} 
P = t [C]o.,m~ (A6) 

Thus the permeability of a species which is not metabolized 
can be calculated if the net loss or uptake of the species by either 
compartment i or o can be measured at equilibrium and at an 
intermediate time t before equilibrium has been achieved. For 
uncharged species, such as oxygen and water, at equilibrium [C]~ 
= [C]o, and so Eqs. (A3)-(A6) can be simplified to forms in which 
only the volume-to-surface area ratio of the cells need to be 
known. Thus Eq. (A4) reduces to 

V ln{a i J (a i ,=  - ci,,)} 
P = -- �9 (A7) 

A t 

Equation (A7) is often quoted in studies of permeability (Collan- 
der, 1954; Nobel, 1983) but it is not applicable to weak electro- 
lytes such as the CO2/HCO~ and NH3/NH2 systems. In Eqs. 
(A4) and (A6), the equilibrium uptake of species (j) by the cell 
(ai,=) refers to the total net uptake of both charged and uncharged 
species of a weak electrolyte system, whereas [C]o.,(0) refers only 
to the concentration of the uncharged species in the bulk electro- 
lyte. 

Equations (A3)-(A6) can be used to calculate permeabil- 
ities of the uncharged forms of weak acids and bases provided 
that the pH of the bulk electrolyte and the pKa of the weak 
electrolyte are known; the pH needs to be close enough to the 
pK~ so that the relative contribution of an amine cation transport 
system to the total flux is small. Furthermore, if the intracellular 
pH is known, the Henderson-Hasselbalch equation can be used 
to simplify Eqs. (A4) and (A6) into forms wher e only the surface 
area-to-volume ratio of the cells need to be known. For example 
Eq. (4) simplifies to 

V ln{ai, J(ai , |  - c/.,)} (1 + 10P~:~ (A8) 
P = A "  t " 
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EFFECTS OF AMINES ON THE P H  GRADIENT 

Very low concentrations of amines have little effect on the pH 
gradient, but beyond a threshold concentration the pH gradient 
across a biological membrane (ApHi,o) will be logarithmically 
related to the external amine concentration (Hind & Whit- 
tingham, 1963). Thus if the external pH (pHo) is held constant 
over a range of external amine concentrations ([Amine]o) 

ApHi,o = m log[amine]o + log(b) (A9a) 

o r  

[H+]i = b �9 [amine]". (A9b) 

For an ideal system the exponent m would be -1 .  The 
constant (b) is directly proportional to the permeability of the 
amine and the ratio of the permeability of amines can be deter- 
mined from the y intercept of a graph of the form y = m x  + b. 

The permeabilities of methylamine and ethylamine can eas- 
ily be measured experimentally and the calculated relative per- 
meabilities compared to those derived from measurements of the 
effects of these amines on the pH gradient. 


