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Summary. Diffusion of inorganic mercury (Hg 2§ 
through planar lipid bilayer membranes was studied 
as a function of chloride concentration and pH. 
Membranes were made from egg lecithin plus cho- 
lesterol in tetradecane. Tracer (Z~ flux and con- 
ductance measurements were used to estimate the 
permeabilities to ionic and nonionic forms of Hg. At 
pH7.0 and [CI-]  ranging from 10-1000raN, only 
the dichloride complex of mercury (HgClz) crosses 
the membrane at a significant rate. However, several 
other Hg complexes (HgOHC1, HgClf  and HgC12-) 
contribute to diffusion through the aqueous unstir- 
red layer adjacent to the membrane. The relation 
between the total mercury flux (JHg), Hg concen- 
trations, and permeabilities is: 1/JHg=l/PU~[Hg ~] 
+I/Pm[HgC12], where [Hg t] is the total concen- 
tration of all forms of Hg, pul is the unstirred layer 
permeability, and pm is the membrane permeability 
to HgC12. By fitting this equation to the data we 
find that P m = l . 3 x l 0 - 2 c m s e c - J .  At CI- concen- 
trations ranging from 1-100raM, diffusion of Hg ~ 
through the unstirred layer is rate limiting. At C1- 
concentrations ranging from 500-1000raM, the mem- 
brane permeability to HgC12 becomes rate limiting 
because HgC12 comprises only about 1% of the total 
Hg. Under all conditions, chemical reactions among 
Hg 2 +, C1- and/or O H -  near the membrane surface 
play an important role in the transport process. 
Other important metals, e.g., Zn 2+, Cd 2+, Ag § and 
CH3Hg +, form neutral chloride complexes under 
physiological conditions. Thus, it is likely that chlo- 
ride can "facilitate" the diffusion of a variety of me- 
tals through lipid bilayer and biological membranes. 
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The biological transport of heavy metals is impor- 
tant in both physiology and toxicology. Although 
mercury is one of the most toxic metals in the en- 
vironment, little is known about the mechanisms of 
Hg absorption, accumulation, and excretion. Deter- 
mination of membrane permeabilities and transport 
mechanisms is complicated by the binding of Hg 
and other heavy metals to a variety of organic and 
inorganic ligands. Several investigators [1, 12] have 
noted that methylmercury crosses cell membranes 
and tissues more rapidly than inorganic (mercuric) 
mercury. However, observations of rapid Hg 2+ up- 
take by yeast cells led Passow and Rothstein [7] to 
suggest that the neutral dichloride complex, HgC12, 
is also a permeant species. No quantitative data are 
available, however, on the membrane permeabilities 
to the various Hg(II) species which exist under phys- 
iological conditions. 

In this study I used lipid bilayer (lecithin-choles- 
terol-tetradecane) membranes and Z~ to deter- 
mine permeabilities of the various mercuric com- 
plexes which exist in inorganic salt solutions. The 
results show that HgC12 is a highly permeant species 
with a membrane permeability coefficient of about 
10 -a cmsec -1. The other major mercuric complexes 
(Hg(OH)2, HgOHC1, HgCly and HgCI42-) do not 
cross the membrane at a significant rate under phys- 
iological conditions. However, chemical reactions 
among C1-, O H -  and Hg 2§ play an important role 
in transport through the unstirred layers adjacent to 
the membrane. 

Theory 

Mercuric ion forms complexes with a variety of in- 
organic and organic ligands. In this study I used 
only inorganic salt solutions and the species which 
were present in significant amounts (>0.1% of the 
total Hg) are: HgC12, HgC13HgC12-, HgOHC1 and 
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Fig. 1. Relative concentrations of five Hg(H) complexes as a 
function of [C1 ] at pH7.0. The relative concentrations were 
calculated from association constants tabulated by Smith and 
Martell [11] 

Hg(OH)2.  F igure  1 shows the relat ive concen t ra t ions  
of these five species as a funct ion of  [ C I - ]  at p H  
7.0. Unde r  phys io logica l  condi t ions  ( 1 0 0 m g C 1 - ,  
p H  7.0), HgC12, HgC13 and HgC12-  exist in roughly  
equal  concentra t ions .  A t  lower [C1- ] ,  HgOHC1 and 
Hg(OH)2 become impor tan t .  A t  high [C1- ] ,  HgC13 
and  HgC12-  are the p r e d o m i n a n t  species. No te  tha t  
three  of the five complexes  are nonionic ,  i.e., HgC1 z, 
HgOHC1,  and  Hg(OH)  2, and  wou ld  thus be suspec- 
ted to show significant permeabi l i t i es  th rough  l ipid 
b i layer  and  b io logica l  melnbranes .  

A m e m b r a n e  and its associa ted  aqueous  unst ir-  
red layers  are ana logous  to conduc tances  in series. 
Al l  the mercur ic  complexes  can diffuse th rough  the 
uns t i r red  layer, which is ana logous  to several  con- 
duc tance  pa thways  in paral lel .  If  only  one species, 
i.e., HgC12, crosses the  membrane ,  then the to ta l  Hg  
flux (JHg) is given by the fol lowing equa t ion  [2, 3]: 

1 1 1 
§ (1) 

J n g - P U ~ [ H g  ']  P~[HgCI2] 

where  [Hg  ~] is the to ta l  Hg  concent ra t ion ,  PU~ is the 
uns t i r red  layer  pe rmeabi l i ty  coefficient, and  P~ is the 
m e m b r a n e  pe rmeab i l i ty  to HgC12. We assume tha t  
chemical  react ions  between H g  2 +, C1- and  O H -  are  
fast c o m p a r e d  to diffusion th rough  the m e m b r a n e  
and uns t i r red  layer, i.e., tha t  the reac t ions  are in 
equi l ib r ium th roughou t  the uns t i r red  layer. F o r  sim- 
plicity, we assume also tha t  the uns t i r red  layer per- 
meabi l i ty  coefficient is s imilar  for all forms of  Hg. I 

will justify la ter  the a s sumpt ion  that  only  HgC1 z cross- 
es the m e m b r a n e  at  a significant rate.  

Mul t ip ly ing  bo th  sides of  Eq. (1) by [-Hg t] gives 
the re la t ion 

1 [Hg  ~] 1 
(2) 

p t  pm[HgC12] pul 

where U is the to ta l  Hg  permeab i l i ty  coefficient, i.e., 
JHg/[Hgt]. If  the assumpt ions  used in Eq. (1) are 
correct,  then a plot  of  I / U  vs. [Hg~] / [HgCla ]  will 
give a s t ra ight  line with a s lope of 1 / P  m and an 
intercept  of 1/P ul. Thus, Eq. (2) provides  a way of 
es t imat ing s ta t is t ical ly  pm and  pul, and  Eq. (2) also 
al lows us to poo l  the da t a  ob ta ined  with different 
to ta l  Hg  concentra t ions ,  p rov ided  tha t  P "  is not  
affected by  [Hgt] .  

Materials and Methods 

Lipid bilayer (optically black) membranes were formed by the 
brush technique of Mueller and Rudin [-6]. The membranes were 
formed from a mixture of egg lecithin and cholesterol (1 : 1 mol 
ratio) in tetradecane. Tetradecane was used because capacitance 
measurements have shown that lecithin-cholesterol tetradecane bi- 
layers contain very little hydrocarbon solvent [43 . The egg lec- 
ithin concentration ranged from 30 to 50mg/ml, and the choles- 
terol concentration ranged from 15 to 25mg/ml. In a few experi- 
ments, membranes were formed from bacterial phosphatidyletha- 
nolamine in decane (25mg/ml). Membranes were formed on a 
1.Smm 2 hole in a polyethylene partition which separated two 
magnetically stirred solutions of 1.1 ml each. The temperature was 
24•176 

in most experiments I measured net Hg fluxes from an Hg- 
containing "cis" solution into a Hg-free "trans" solution. The cis 
solution obtained NaNO 3 plus NaC1 ranging from 0 to t,000 raM. 
The trans solution usually contained NaNO a plus EDTA (1 mM). 
The association constant for HgEDTA is about 1022 [-8]; thus all 
the Hg entering the trans solution was converted into the imper- 
meant EDTA complex. Unless otherwise specified, both cis and 
trans solutions were buffered at pH 7.0 with HEPES (3-5mM). 
The total Hg concentration in the cis solution ranged from 40 to 
180gr~. In all experiments the ionic strengths of the cis and trans 
solutions were identical and ranged from 0.1 to 1.0. 

After a stable black film was formed, ca. 20gCi of 
2~ 2 was injected into the cis solution. The rate of ap- 
pearance of radioactivity in the wans compartment w~ts measured 
by continuous perfusion (1.3 ml/min) and collection of samples at 
2 or 3rain intervals. The samples were collected by aspiration 
into a vacuum trap. During the flux experiment the cis solution 
was sampled periodically with a microsyringe. Samples were 
counted by liquid scintillation. 

The one-way flux of Hg was calculated by the equation: 

ZOSHg~ .... (3) 
H n ~ =  tASAC~S 

where Jng is the flux (molcm-2sec-1), Z~ .... is the total 
amount of tracer (cpm) entering the trans compartment during 
the time interval t (sec), A is the surface area of the membrane 
(cm z) and SA c~s is the specific activity of tracer in the cis compart- 
ment (cprn/mol). 

The membrane resistance was measured at approximately 3- 
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Fig. 2. Noneffect of membrane voltage (_+60mV) on Hg net flux 
through a lipid bilayer membrane. Both cis and trans solutions 
contain NaC1 (0.1M) and TES buffer (3mM), pH7.0. Total Hg 
concentration (cis solution only) is 90~M. Membrane is bacterial 
phosphatidylethanolamine in decane (25 mg/ml). Sign of the volt- 
age is that of cis solution relative to trans. Time indicates time 
after membrane formation. Data are from two different mem- 
branes 

min intervaIs by applying a known voltage pulse across the mem- 
brane in series with a known resistance (voltage divider circuit). 
The membrane potential was recorded as the potential difference 
between two calomel-KC1 electrodes which made contact with the 
cis and trans solutions. 

Egg lecithin was obtained from Lipid Products (Surrey, Eng- 
land). Cholesterol, tetradecane, and pH buffers were from Sigma 
ChemicaI Company (St. Louis, Mo.). 2~ was obtained 
from New England Nuclear (Boston, Mass.). 

Results 

Preliminary experiments in 0.1MNaCI showed a 
very high Hg permeability (J~g/[-Hg~]) of about 4 
x l0 ~cm sec -1 (Fig. 2). This permeability is similar 

to that expected for diffusion through the aqueous 
unstirred layers which have a combined thickness of 
about 100gm [3]. Furthermore, membrane conduc- 
tance was affected only slightly by Hg a+. The mem- 
brane conductance at ionic strength of 0.1 (NaCI or 
NaNO 3, pH7.0) was (7.2+5.0)x 10-8Scm 2 in the 
absence of Hg and (4.0•215 -2 in the 
presence of Hg 2+ (100-180pM). Finally, the Hg flux 
was not affected by clamping the membrane voltage 
at +60mV (Fig. 2). These results suggest that Hg 
crosses the membrane in a nonionic form, i.e., 
HgC12, HgOHC1 and/or Hg(OH)2. I have not stud- 
ied in further detail the effects of Hg 2+ on mem- 
brane conductance because of the relatively small 
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Fig. 3. Total Hg permeability coefficient as a function of C1- 
concentration at pH 7.0. The cis solution contained Hg(NO3) 2 at 
concentrations ranging from 40 to 180~tM and NaC1 concen- 
trations ranging from 0 to 1.0M. The trans solution was NaNO 3 
(0.1 to 1.0M) plus EDTA (1 raM). Both solutions were buffered 
with HEPES (3-5raM), pHT.0. At CI- concentrations less than 
0.1 M, sufficient NaNO 3 was added to raise the ionic strength to 
0.1. The membrane forming solution was egg lecithin plus choles- 
terol (1:1 tool ratio) in tetradecane. Error bars are standard de- 
viations of 2-4 membranes 

conductance change at mercury concentrations sub- 
stantially higher than those occurring under physi- 
ological conditions. 

Figure 3 shows the Hg permeability as a function 
of CI- concentration at pH 7.0. At physiological CI- 
concentrations, the total permeability (U) is very 
high and is apparently rate limited by diffusion 
through the unstirred layer. At both higher and low- 
er [C1-], pt decreases by 1-2 orders of magnitude. 
In C1- "free" solutions, U was (11_+7)x 10-6cm 
sec -1, about 100-fold less than U in 1-100mMCI-. 
In NaNO 3 solutions at pH 7.0 most of the Hg exists 
as the neutral complex, Hg(OH); [11]. Thus the Hg 
permeability in CI "free" solutions may represent 
permeation of Hg(OH)2. However, the C1 "free" 
solutions contain unknown amounts of C1- con- 
tamination from three sources, i.e., CI- contami- 
nation from the calomel electrode and combination 
pH electrode used for titrating solutions, as well as 
micromolar amounts of CI- in the NaNO 3 salt. 
Furthermore, lowering the pH of the cis solution 
from pH 7 to pH3 did not reduce U in CI- "free" 
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solutions, despite the fact that at pH 3 most of the 
Hg(OH)2 is converted to Hg 2--. Thus, I suspect that 
the residual Hg flux in C1- "free" solutions at pH 7 
is probably due to permeation of HgC12 or HgOHC1 
derived from micromolar concentrations of CI- in 
the NaNO 3 solutions. 

To find out whether HgOHC1 contributes to the 
total Hg permeability, I compared pt  at pH 3 and 7. 
At l m u C 1 -  and pH 7.0, HgOHC1 comprises about 
44 % of the total Hg (see Fig. 1). At pH 3 the HgO- 
HC1 concentration is reduced by about 4 orders of 
magnitude to less than 0.002% of [Hgt]. However, 
the ratio U ( p H =  3 ) / U ( p H - - 7 )  was 0.90_+0.08, which 
indicates that HgOHC1 makes, at most, a small con- 
tribution to U at pH 7.0. 

At C1- concentrations >100mM, HgC12 is the 
only nonionic species present in significant amounts 
(Fig. 1). The relative concentration of HgC12 de- 
creases from about 30% at 100mMC1- to 0.7 % at 
1,000mMC1-. The decrease in pt with increasing 
[CI-]  suggests that HgC12 is the permeant species. 
For example, the ratio of U at 500mM compared to 
1000m~aCl- is 3.35, similar to the ratio of HgC12 
concentrations, i.e., 3.65. At lower [CI-], pt is not 
proportional to [HgC12] because the unstirred layer 
is rate limiting. 

If HgC12 is the only permeant species, then a 
plot of l IP  t vs. [Hgt]/EHgC12] will give a straight 
line with a slope of 1/P m and an intercept of 1/P ul 
(Eq. 2). Linear regression analysis of the data yields 
values of pm=l.28X 10-acmsec -1 and PUI=1.56 
•  -1 (Fig. 4). The value of pul reflects 

the permeability of only the cis unstirred layer, be- 
cause the presence of EDTA prevents any back dif- 
fusion of HgC12 from the trans solution. When the 
trans solution contains C1- and no EDTA, the total 
permeability is substantially lower due to the back 
diffusion of HgC12 from the trans unstirred layer (cf  
Fig. 2). The slope of the line in Fig. 4 is determined 
primarily by the total Hg permeability at 
[C1-] > 100 mM. Thus, a small contribution of HgO- 
HC1 to the total permeability would not be evident 
in this analysis. 

Discussion 

My results indicate that the high permeability of 
Hg(II) through lipid bilayer membranes is due pri- 
marily to permeation of the neutral dichloride com- 
plex, HgC12. The membrane permeability to HgC12 
is about 1.3• -t ,  about 20-fold higher 
than the permeability to water and more than a 
million times higher than the permeabilities to Na +, 
K + and C1-. Because pm is much higher than pul 
diffusion through the unstirred layer is rate limiting 
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Fig. 4. Total Hg permeability as a function of [Hgt]/[HgClz], 
plotted according to Eq. (2). Data are the same as those in Fig. 3 
for [CI-] ranging from 1 to 1,000mM. Error bars are standard 
deviations 

at C1- concentrations ranging from 1-100 mM. Only 
at higher [CI-] does the membrane permeability to 
HgC12 become rate limiting. For example, when 
[C1-]=I.0M the ratio [Hgt]/EHgC12]>100, and 
thus >99% of Hg diffusion through the unstirred 
layer occurs as HgC1;- and HgC12-. Thus, these 
impermeant anionic complexes act as Hg "carriers" 
which facilitate the diffusion of Hg through the un- 
stirred layer. As HgC12 crosses the membrane, its 
concentration is replenished by conversion of HgC1;- 
and HgC142- to HgC12 at the cis membrane surface. 

Figures 5 and 6 show schematic concentration 
profiles for the major Hg complexes at low and high 
[CI-]. At 10mMC1- (Fig. 5), most of the Hg exists 
as HgC12 (Fig. 1). From a knowledge of JHg and pul, 

we can calculate the concentration gradient of Hg- 
EDTA across the trans unstirred layer. Then from a 
knowledge of .lHg and pm we calculate the HgC12 
gradient across the membrane, assuming that 
[HgC12]=0 at the trans membrane surface. Then 
from a knowledge of [HgC12] at the cis membrane 
surface and the assumption of chemical equilibrium 
we calculate the concentrations of HgOHC1 and 
HgCI~ at the cis membrane surface. As shown in 
Fig. 5, large concentration gradients of all the Hg 
complexes occur in the unstirred layers under these 
conditions. 

Figure 6 shows schematic concentration profiles 
for the major Hg species at 1.0MC1-. Under these 
conditions, HgC12 is only 0.7% of the total Hg. 
Thus, HgCI~- plus HgCI] can diffuse through the 
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Fig. 5. Concentration profiles for various mercuric complexes 
across a membrane and unstirred layers at 10mNC1-, [Hg ~] 
= 180 ~M, pH 7.0. Concentration profiles are not drawn exactly to 
scale 
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Fig. 6. Concentration profiles for various mercuric complexes 
across a membrane and unstirred layers at 1.0MCI-, [-Hg t] 
= 180 gM, pH 7.0. Concentration profiles are not drawn exactly to 
scale 

unstJrred layer faster than HgC12 can diffuse through 
the membrane.  Consequently, the membrane  per- 
meability to HgC12 is rate limiting and the con- 
centrations of HgC12, HgCly  and HgC12- at the cis 

surface are similar to the concentrations in the bulk 
solution. 

My results support  the hypothesis of Passow and 
Rothstein [7, 9] that HgC12 is a permeant species in 
biological membranes. In erythrocytes both the 
neutral and anionic chloride complexes have been 
suggested to be permeant species [16]. The C1 per- 
meability of the erythrocyte membrane  is about 
10 -4 cm sec -1 [13], roughly 100-fold less than P~gc12 
in lipid bilayers. If a lecithin-cholesterol bilayer is a 
reasonable model for the  lipid barrier in the eryth- 
rocyte membrane,  then my results suggest that 
HgCI 2 is more permeant  than HgC12, assuming that 
the erythrocyte permeability to HgC1;- is similar to 
or less than the C I -  permeability. 

In addition to Hg 2+, a variety of other metal 
ions form neutral chloride complexes under physi- 
ological conditions, e.g., Cu § Ag +, Zn 2+, Cd 2+, 
Sn 2+ and Cu 2+ [11]. Organometal  ions, e.g., 
CH3Hg +, also form neutral C1- complexes. Re- 
cently Lakowicz and Anderson [5] used fluorescence 
quenching to show that lipid bilayer (liposome) 
membranes "do not pose a significant permeability 
barrier" to the diffusion of CH3HgC1. My results are 
qualitatively consistent with theirs, since the per- 
meability to CH3HgC1 is expected to be even higher 

than the permeability to HgCla, i.e., >1.3 
x 1 0 - 2 c m s e c  -1. 

In some cases the association constants for met- 
a l-OH complexes are also very high. For  example, 
tributyltin and phenylmercury facilitate the diffusion 
of both halide and O H -  through lipid bilayer and 
biological membranes [i0, 14, 15, 17]. In biological 
systems, a facilitated diffusion of both the metal and 
the inorganic ligand, e.g., O H - ,  may be physiologi- 
cally or toxicologically important.  It seems likely 
that the biological transport  of a variety of metals 
and organometals may involve chemical reactions 
with C I -  and/or O H -  and subsequent diffusion of 
the neutral complexes through the membrane.  
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thank Drs. A.L. Crumbliss, P.K. Lauf, S.A. Simon, W.S. Sunda, 
and Ms. A. Waiter. 
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