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Adsorption of human &microglobuhn from a neutral solution of 0.15 M NaCl on a mercury surface was studied at 25 .a C by 
measurement of the differential capacity of the electrical double layer. From the diffusion-controlled adsorption kinetics, the surface 
concentration and hence the area occupied by the adsorbed &-microglobulin molecule were determined at various potentials of the 
mercury surface. The results indicate unfolding or flattening of &microgJobuhn molecules adsorbed in particular on the electrically 
uncharged surface. The extent of this interfacial conformational rearrangement was reduced with growing positive or negative surface 
charge density. 

1. In-on 

Human &-microglobulin (a-m) is a low 
molecular mass protein (molecular mass calcu- 
lated from amino acid composition: 11 815 Da) 
synthesized by all nucleated cells [1,2]. It occurs 
free as a monomer in various body fluids (urine, 
plasma, etc.) as a product of cellular catabolism or 
excess synthesis of class I HLA genes [2-41. 
Elevated levels of B-m are found, for instance, in 
urine in conditions of renal tubular damage [l-5] 
and in serum of patients with various malignant 
disorders [6-91; quite recently it has also been 
shown that a change in the a-m level in human 
serum is an important symptom of the acquired 
immune deficiency syndrome (AIDS) and AIDS- 
related ailments [lo]. Moreover, a-m occurs as a 
constant subunit of certain classes of histocompa- 
tibility antigens [2-51 and has been found to have 
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a primary structure that is homologous to that of 
the constant domains of the immunoglobulin 
molecule [2-5,111. 

Tbe W-m molecule consists of a single poly- 
peptide chain with two half-cystinyl residues in- 
volved in an interchain disulphide bond [12]. This 
bond seems to be buried within the molecule and 
the loop formed by the disulphide bond has 55 
amino acid residues [12]. The exact function of 
&-m is still unknown. Nevertheless, research so 
far on this protein suggests connections with im- 
munology, nephrology and oncology. Moreover, it 
has been demonstrated that most W-m can also be 
non-covalently associated with cell surfaces [2-41. 
With the extensive recent development of research 
on j&-m there is thus increasing interest in the 
structure and function of this protein at the inter- 
faces between celI surfaces or other membrane 
proteins on the one hand and aqueous solutions 
on the other, and at interfaces in general. Unfor- 
tunately, investigation of the structure and func- 
tion of proteins is much more difficult at inter- 
faces than in the bulk of the solution. 

Most of the studies on the surface behaviour of 
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proteins and polypeptides have been concerned 
with spread monolayers. It has been shown that 
there may be a significant difference between the 
conformation of protein molecules in the adsorp- 
tion monolayers and in the bulk of the solution 
[13-18]. We presemhere a study of the interaction 
of human &m with a charged surface. The 
polarized mercury dropping electrode is a suitable 
model for a charged surface, since the surface 
charge density which can be easily controlled by 
external polarization determines the adsorption. 
The behaviour of &-m on the mercury surface was 
investigated by measuring changes in the differen- 
tial capacity of the electrical double layer of this 
surface produced by the adsorption of the protein. 
The entry of the surface-active compound into the 
mercury surface affects the capacity by changing 
the dielectric constant, by displacing the ions and 
water molecules from the surface and by introduc- 
ing new charges [19,20]. From the diffusion-wn- 
trolled adsorption kinetics, the overall surface 
concentration or the area occupied by the protein 
molecule can be determined [14,16]. The evalua- 
tion of these data can provide information on the 
conformational changes oocmring on the surface 
at different surface charge densities. 

2. Materials ad me&hods 

&m was purified from the urine of a patient 
with Balkan nephropatby disease by gel and ion- 
exchange chromatography [1,2]. The concentration 
of the protein was determined spectrophotometri- 
tally with a Be&man DU-8 spectrophotometer 
using the value for the extinction coefficient previ- 
ously published [2]. The apparent diffusion coeffi- 
cient, 40,w, of human &-m is 13.3 X lo-’ cm’ 
s-1 [2]. 

Differential capacitance measurements were 
made by the phase-selective alternating current 
(a.c.) polarographic method [21,22]. The working 
electrode was a PARC model 303A static mercury 
drop electrode with an area of 0.01455 cm’. A 
saturated calomel electrode (SCE) at 25°C was 
used as reference electrode and a platinum wire as 
counter electrode_ 

The appropriate test or b&ground solution 

(0.15 M NaCl plus 20 mM sodium phosphate, pH 
7.0) at 25OC was deaerated with water-saturated 
argon for approx. 15 min. After this time a phase- 
selective 8.c. polarographic curve or a.c./time 
curve at a constant potential was recorded with 
the aid of Endim model 620.02 recorder. 

Calculation of the surface concentration of a-m 
is based on the assumption that its adsorption is 
diffusion-controlled [23,24]. Thus, if insufficient 
time is allowed for this adsorption process to run 
to completion the surface will be only partly 
covered and the surface excess of the solute F is 
given, in the case of diffusion-controlled adsorp- 
tion, by the following expression [16,25]: 

r = 1 .13D”Zt”Zc 9 (1) 

where D is the diffusion coefficient, t the time 
allowed for the adsorption and c the bulk con- 
centration of solute. Any measured surface prop- 
erty (for instance, differential capacity) is propor- 
tional to T and thus to t’fl if measurements are 
made at constant c, and to c if measurements are 
made at constant t. With sufficiently long times t 
or at high solute bulk concentrations c, when the 
surface becomes fully covered, there is negligible 
variation in r with further increase in t or c. 

An extrapolation of the differential capacity at 
short times 1, where it is proportional to surface 
coverage, to a time at which the surface just 
becomes fully covered is thus possible. The inter- 
cept of the linear plot of differential capacity vs. 
t’/2 (obtained for short times) with almost um- 
stant capacity values at long times gives the limit- 
ing time fsat at which the surface becomes fully 
covered at the solute bulk concentration in ques- 
tion. From this intercept and with the aid of eq. 1 
the surface concentration I”, of the fully covered 
surface can be calculated. 

3. Results and disdo~~ 

The plots of differential capacity, C vs. poten- 
tial (capacitance curves) in the presence of protein 
molecules can provide substantial information 
about the configuration of these biomacromole- 
cules on the mercury surface. The capacitance 
curve in the presence of 93.1 PM /3,-m using a 
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Fig. 1. Dif+mu,ial capacity vs. potential in the presence of 
0.15 M NaCl plus 20 mM sodium phosphate, pH 7.0 and of 
93.1 pM &-mimoglobulin. Drop time was 5.0 s. (---- --) 

Background electrolyte curve. 

drop time of 5 s is shown iu fig. 1. The addition of 
&-m to the background electrolyte caused a 
marked decrease in differential capacity, in par- 
ticular around the potential of zero charge (&..) 
(&xx, of background electrolyte, -0.47 V as 
determined by electrocapillary measurements [22]). 
This capacitance falI indicates adsorption of &-m 
molecules on the mercury surface. At much more 
positive and negative potentials 4-m molecules 
do not interact with the surface or affect the 
capacity of the double-layer. The nature of the 
peaks appearing on capacitance curves of a-m at 
- 1.5 to - 1.8 V has not been examined yet but it 
appears likely that their origin could be connected 
with an adsorption/desorption process or with 
faradayic currents due to catalytic hydrogen 
evolution. 

The linear dependences of capacity on the bulk 
concentration of &-m at constant time allowed 
for adsorption (t) and at various constant poten- 
tials are shown in fig. 2. Similarly, the linear 
dependences of the capacity on t’j2 at constant 
bulk concentration of a-m at various constant 
potentials are shown in fig. 3. It is evident, there- 
fore, that differential capacity in the potential 
range examined ( -0.2 to - 1.0 V) is proportional 

I ’ 1 , 1 I 
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Fig. 2. Reduced differential capacity, C/C, (C,,, differential 
capacity in the presence of the background electrolyte only) 
plotted vs. bulk concentration of &-microglobulin at the drop 
time r-2.0 s: (A); -0.25 V, (0): -0.45 V, (0) -0.8 V.. 

Other cmditions were the same as in fig. 1. 

to surface concentration. The latter linear depen- 
dences give an indication that at bulk concentra- 
tions and the times t where the surface is not yet 

C/c, 

0.8 

0.6 - 

0.4 - 

0 2 4 6 8 10 12 ’ 16 18 

Fig. 3. Reduced differential capacity, C/C, plotted vs. the 
square mot of the time allowed for adsorption at different 
potentiah (indicated in the graph). The bulk concentration of 
&-microglobulin was 18.6 PM. Other conditions were the same 

asinfig.l. 
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fully covered, the capacitance curves of &-m are a 
function of the diffusion coefficient of the adsorb- 
ing &-m molecules. This means that the ad- 
herence to the surface, including necessary struc- 
tural rearrangement of the a-m molecules in the 
adsorbed state, is very fast and that diffusion to 
the surface is the rate-controlling step. 

Information on the conformation and config- 
uration in the mercury surface of &m molecules 
can be obtained from the limiting surface con- 
centration and the calculated area occupied by the 
protein molecule on the mercury surface. The 
limiting surface concentrations T,, have been de- 
rived from the adsorption kinetics by the method 
described in section 2. Plots of differential capac- 
ity vs. time t at constant &m bulk concentrations 
and at different constant potentials are given in 
fig. 3. The intercepts give the critical times (tat) at 
which the mercury drop at constant /3,-m bulk 
concentration is just fully covered. These critical 
adsorption times are dependent on the electrode 
potential with a minimum around the potential of 
zero charge. The surface concentrations of the 
fully covered surface are now calculated from 
these critical adsorption times with the aid of eq. 
1. The surface concentration and the areas per 
#?,-m molecule calculated in this way are sum- 
marized in table 1 and fig. 4. As seen from table 1 
and fig. 4, the areas occupied by one &-m mole- 
cule vary from 8.2 to 16.7 nm2, with a maximum 
at potentials around -0.5 V, i.e., at a potential 

Table 1 

Parameters of diffuaion-coutrolled adsorption on a mercury 
electrode of lg.6 CM &microglobuliu iu 0.15 M NaCl with 20 
mM sodium phosphate, pH 7.0 

Potential 12 
_ 

03 (s’/2) a ;;m-‘j b &nq c ?L, d 

-0.25 7.45 1.81 X lo-l5 9.1 9.0*0.3 = 
- 0.45 4.10 9.94~10-‘~ 16.7 16.7j10.2’ 
-0.80 5.80 1.41 x lo-‘s 11.8 11.7io.4 e 

a Time at which saturation surface coverage occurred. 
b Surface concentration of the fully covered surface. 
c Area per molecule. 
d Mcpn VOWS 06 the area per molecule estimated on the bah 

of three indqzudent determhtious for bulk concentrations 
of the protciu of 4.7, 9.3, 18.6, amzl 37.2 PM. 

c Standard deviation.. 

POTENTIAL (VI 
Fig. 4. Values of the area per &nicroglobuliu mokcuk ad- 
aorbed on the mercury drop, S plotted vs. potential. The S 
values represent the mean values estimated on the basis of 
tie-e independent determinations for bulk concentrations of 

the protein of 4.7,9.3,18.6, and 37.2 pM. 

close to that of zero charge of the mercury surface. 
If the surface charge became more positive or 
more negative the area per /3,-m molecule de- 
creased and at - 0.2 and - 1.0 V was close to that 
corresponding to the cross-section of the Is,-m 
molecule in the bulk of solution (the low frictional 
ratio, f/f0 = 1.16 [2], indicates that the &-m mole- 
cule in the bulk of solution has an almost spheri- 
cal shape; considering the Stoke’s radius of the 
B-m molecule as 1.6 nm [2], the cross-section of 
this biomacromolecule in the native state is around 
8.04 nm2). The most likely explanation for the 
latter observation is that a-m molecules adsorbed 
at the mercury surface polarized to more extreme 
values of potentials relative to E,, (- 0.2 and 
-1.0 V) preserve to a significant extent their 
native conformation. 

Adsorption of the &-m molecules at the 
mercury surface polarized to potentials corre- 
sponding to zero or very small surface charge 
density (around EECM), leads to larger areas per 
adsorbed &-m molecule extending well beyond 
the cross-section calculated from the physico- 
chemical properties of native a-m [2]. This 
observation could indicate unfolding or flattening 
of /3,-m molecules under the influence of interface 
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energy. In the latter case the degree of this interfa- 
cial conformational rearrangement appears to be 
consistent with a lowering of the standard free 
energy of adsorption AGO [26]; AGO is expected, 
under the experimental conditions used throughout 
our work, to have minimum value around the 
potential of zero charge. The latter conclusion is 
justified, since the average net charge per a-m 
molecule at neutral pH is negative but in the 
medium of 0.15 M NaCl used as the background 
electrolyte most of the charged amino acid residues 
at the aqueous periphery of &m molecules were 
screened and thus neutralized by the counterions 
of the background electrolyte. It is thus likely that 
&-m is adsorbed on the mercury surface from the 
medium used throughout our work as an almost 
electroneutral surface-active compound. The elec- 
troneutral surfacsactive compounds are adsorbed 
at the mercury surface most strongly if this surface 
is polarized to potentials around E,, [27]. The 
conclusion that Is,-m was adsorbed as an almost 
electroneutral compound is also supported by our 
adsorption studies performed in a medium of 0.15 
M NaCl with 20 mM sodium acetate, pH 5.8 and 
4.5. The results obtained at pH values when the 
average net charge of the &-m molecule was con- 
siderably reduced (isoelectric’ point of &-m: 
around 5.8 /2]) or even had the opposite sign were 
practically identical to those obtained in neutral 
medium. 

Another explanation for our observation that 
around. the potential of zero charge the area per 
adsorbed molecule of &-m was larger than the 
cross-section of this native biomacromolecule in 
the bulk of solution could be based on the ex- 
istence of possible lateral repulsive forces between 
the adsorbed molecules. These repulsive forces 
could cause the proteins to form only a loose layer 
on the electrode. However, this explanation does 
not appear to be justified because there is no 
reason for stronger lateral repulsion between the 
protein molecules adsorbed on a surface polarized 
specifically only to potentials around E,,,. Also, 
it has been shown on other solid surfaces that 
lateral repulsions between adsorbed protein mole- 
cules are negligible at ionic strengths as high as 
that used in our work [28]. Moreover, as already 
mentioned above, we also performed the experi- 

ments at pH 5.8 when average net charge per &-m 
molecule was reduced so that any lateral repulsion 
between adsorbed molecules was necessarily much 
weaker than at pH 7.0. However, even in this case, 
a marked increase in area occupied by one &-m 
molecule on the mercury surface polarized to 
potentials around EECM was observed. This in- 
crease was approximately the same as that 
observed for adsorption from neutral solutions. 

The results described in this work thus appear 
to be mostly consistent with the conclusion that 
&-m molecules adsorbed on a mercury surface 
polarized to potentials corresponding to an 
uncharged surface or a surface having only a small 
charge density (around the EECM) from dilute 
neutral solutions of the protein are significantly 
unfolded or flattened. If the adsorption of a-m is 
observed on a surface charged more positively or 
negatively the extent of this interfacial conforma- 
tional rearrangement decreases and at fairly ex- 
treme surface charge densities of the adsorbent 
most if not all adsorbed molecules of W-m main- 
tain their native conformation. The reason for 
extensive unfolding or flattening of the A-m mole- 
cules on a surface with only a low electric charge 
density may be rather strong adsorption of the 
proteins on such a surface. Thus, more hydro- 
phobic amino acid residues buried inside the na- 
tive protein molecule could be forced to adhere to 
the mercury surface. The conformational re- 
arrangement of many globular proteins has al- 
ready been described at various interfaces, includ- 
ing that of mercury/water [13-181. 

4. conclusions 

The results of this work support the view that 
conformational perturbations may ocour in /3,-m 
molecules as a result of their interaction with a 
surface. In addition, it has been shown that in- 
creasing surface charge density lowers the extent 
of this interfacial conformational rearrangement. 
A considerable body of evidence indicates that 
/3,-m molecules function in association with cell 
surfaces or their components. It is therefore ap- 
parent that the results reported in this paper could 
be useful in attempts to clarify the mechanism of 
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functioning of /3*-m on the cell surface or in a 
membrane situation. The question of which do- 
mains of the j&-m molecule can undergo interfa- 
cial conformational rearrangement (e.g., whether 
only the loop of a-m occur&g in this protein as 
a consequence of the disulphide bond becomes 
more accessible with or without an alteration in 
the loop domain conformation or whether this 
interfacial unfolding takes place only in the re- 
mainder of the biomacromolecule forming two 
tails) remains, however, to be resolved. 
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