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Abstract 

Micromethods for measurements of electric conductivity, transference numbers and concentrations of inorganic ions 
within immobilized protein crystals have been developed and applied to study tetragonal lysozyme crystals cross-linked with 
glutaraldehyde. Donnan equilibria and mobilities of ions in this crystal were calculated using the data of these methods and 
the data of crystal pH titration. Taken together these results characterize the lysozyme crystal as an ion exchanger whose 
electrical properties and ion composition differ greatly from those of the external solution. Although anions transfer most of 
the current in the crystals, anion mobility is considerably lower than that of cations. Mobility of all ions in the crystal is 
considerably lower than in solution (3.5-50 times for cations and 120-330 times for anions) and depends on steric 
restrictions and charges of both ions and lysozyme molecules. Similar features in behavior of crystalline and biological 
channels are discussed. 
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1. Introduction 

Studies of the transport of solvent, solute 
molecules and ions in protein monocrystals are inter- 
esting from several points of view. First, the trans- 
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port parameters are important in studying the ability 
of protein molecules to bind ligands and to catalyze 
reactions within the crystals. On one hand, these 
procedures are widely used to check whether the 
properties of proteins are the same in crystals and in 
solutions [l]. On the other hand, immobilized en- 
zyme crystals have been recently shown to be a 
promising material for making chemosensitive ele- 
ments of biosensors [2,3] and highly stable catalysts 
for biotechnological purposes [4]. Such applications 
based on the interactions of specific substances with 
protein molecules within a crystalline lattice also 
require an in depth analysis of mechanisms which 
determine solution composition and transport of in- 
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organic ions and charged substrate or inhibitor 
molecules in channels with a cross-section size com- 
parable to the size of these molecules. 

Second, protein crystals can be considered as an 
appropriate model for porous materials with pre- 
cisely calibrated pores, in which the pore structures 
as well as some structural features of the water in the 
pores are known from X-ray analysis with atomic 
resolution. Pore sizes in protein crystals vary be- 
tween 0.5 and 5.0 nm and pores occupy 25-70% of 
the crystal volume [5]. Since about 70% of all the 
protein surface in protein crystals is exposed to water 
[6], one can easily estimate, that the porosity of a 
typical protein crystal, (l-3) . IO6 m2 kg- ‘, is com- 
parable to that of the best known porous materials 
like silica gels and activated carbons. Analysis of 
transport of water and solute molecules in channels 
of protein crystals offers a new approach in studies 
of physical properties of hydrated water near a pro- 
tein surface [7]. It may also help to understand 
physical mechanisms underlying the function of 
channels in living cells, and processes in membranes 
for ultrafiltration and reverse osmosis. 

The dimensions of protein crystals (not exceeding 
0.3-0.5 mm in most cases) are too small for routine 
methods of electrical measurements. The aim of the 
present study was to elaborate adequate methods for 
measurements of concentrations of inorganic ions 
and ion mobility-related parameters of small crys- 
talline protein samples and to analyze factors which 
the measured parameters depend on. 

2. Materials and methods 

2.1. Tetragonal crystals of hen egg-white lysozyme 

Tetragonal crystals of hen egg-white lysozyme 
(P4,2,2) were grown according to a slightly modi- 
fied method of Steinrauf [8] and cross-linked as 
described in our previous paper [9]. Membranous 
samples were made of cross-linked crystals (0.5-l 
mm in size) by cutting slices parallel to the (001) 
plane of the crystal with a microtome. Thickness of 
the microtome sections, controlled by means of a 
Linnik’s microinterferometer as described in [9], was 
7-10 pm. 

2.2. Measurements of the ionic conductivity of crys- 
tals and solutions 

Two methods were used to measure the ionic 
conductivity of crystals. In the first one a microtome 
section of the crystals was attached with a 
cyanoacrylate glue to the end of a platinum electrode 
sealed in a glass tube, as presented schematically in 
Fig. IA. The glassy cover of the electrode was 
treated with 3-aminopropyltriethoxysilane [ 101 and 
then with 5% glutaraldehyde in 10 mM phosphate 
buffer (pH 7.0) to increase its adhesive ability. The 

Fig. I. Schematic of the methods used to measure the specific 
conductance (A and B) and transference number of ions in protein 
crystals (C). A and B: I = glass capillary, 2 = Pt electrode, 3 = 
microtome cross-section of the protein crystal, 4 = glue and 5 = 
connecting wire. C: I = connecting wires, 2 = calomel electrodes, 
3 = double-chamber cell, 4 = stir bars, 5 = protein sample and 
6 = glass plate with a small hole. 



diameter of the working surface of the platinum 
electrode was loo-250 pm. To decrease the surface 
impedance of the electrode, it was electrochemically 
covered with platinum black in Kohlrausch’s solu- 
tion as described in Ref. [l 11. The crystalline plates 
were glued to the electrodes in a humid chamber at a 
humidity of 95--100% to avoid drying and shrinkage 
of the protein samples. To prevent formation of a gas 
layer and bubbles between the electrode and the 
sample. the gap was filled with a gel-forming protein 
solution. A small droplet of a freshly prepared mix- 
ture of 10% serum albumin and 2.5% glutaraldehyde 
in 50 mM phosphate buffer was placed on the elec- 
trode, covered with sample and immediately pressed 
to the surface. Most of the mixture was squeezed out 
to bring the sample into direct contact with the 
electrode surface. The sample edges protruding the 
platinum electrode boundaries were then glued to the 
glass cover with the cyanoacrylate glue. After poly- 
merization of the cyanoacrylate the electrodes with 
the samples were stored in the salt buffer solution 
used in the lysozyme crystallization (5% NaCI, 50 
mM sodium acetate buffer, pH 4.7). 

Measurements of the conductivity of lysozyme 
crystals were performed in a thermostated cell with 
three platinum electrodes, of which only one had 
sample glued to it. One of the free electrodes was 
connected to the measuring AC bridge (TESLA, BM 
401 or R568), the two others were connected by 
turns. The sample resistance was calculated as a 
difference of resistances, R,, = R, - R,, between two 
pairs of electrodes, one of which contained the sam- 
ple, R,, and the second the two free electrodes, R,. 
To exclude the contribution of the electrodes 
impedance we plotted R, and R, values as functions 
of the inverse square root of frequency, (Y-‘/~), and 
extrapolated them to the infinite frequency as de- 
scribed in [ 11 I. The measurements were made in the 
frequency range of 1.5- 10 kHz; the amplitude of the 
AC voltage on the sample never exceeded 25 mV. 

Crystal conductivity K,,, was calculated according 
to the expression: 

K,, = h/nr’R_ (1) 

Here r and h are the radius of the platinum 
electrode and the thickness of the sample. The ex- 
pression 1 is valid for h -=K r. Using the known 
formula for the resistance of a pair of small distant 

disc shaped electrodes in solution [ 121, R, == l/2 TK,. 

the ratio between solution and crystal conductivity 
can be found from the formula: 

K,/K~~ = nrR,,/2 hR, (‘1 

In another method of measurement of crystal 
conductivity, schematically presented in Fig. I B. 
protein sample covered a conical hole at the end of a 
glass capillary filled with buffer solution. One plat- 
inum electrode was placed inside the capillary. an- 
other in the external buffer solution. The large sur- 
face of the electrodes used in this method obviated 
the necessity to account for their impedance. making 
it possible to use an automatic bridge working at a 
fixed frequency (1 or 10 kHz, R5016 bridge). Sam- 
ple resistance was calculated as a difference in the 
resistances of the capillary with and without sample, 
when it was filled with the same buffer. The crystal 
conductivity was then calculated according to Eq. 
(I). 

Both methods gave comparable results with pro- 
tein samples measured under identical conditions. 
This is indicative of the negligible effects of the thin 
and far more conductive albumin gel spacer (with a 
conductivity close to that of solution) on the mea- 
sured conductivity of protein crystals in the first 
method. The errors in measurements of K,/K,, did 
not exceed 5%. This value mainly arises from the 
precision of the microinterferometric measurements 
of sample thickness. 

Conductance of buffer solutions was measured at 
18°C using a commercial conductance meter. YSI, 
Model 35, and a thermostated vessel. The conductiv- 
ity vessel constant was measured with standard KC1 
solutions [ 131 and absolute values of the conductivity 
of solutions were calculated. Measurements with in- 
dependently prepared solutions showed the same 
conductivity within a 2% precision. 

2.3. Activation energy of crystal conductmce 

Control experiments have shown that the tempera- 
ture dependence of the logarithm of conductance of 
the lysozyme crystals is a linear function of T-’ in 
the range between room temperature and 55°C. This 
allows to characterize temperature dependence in 
terms of effective activation energy. Routinely, the 
activation energy of crystal conductance was mea- 
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sured between 16 and 26°C. The dispersion of the 
values measured under identical conditions was k 1 
kJ/mol. 

2.4. Measurement of ionic transference numbers 

In this method the crystalline plate covered a 
conical hole in a thin (0.14-0.17 mm) glass cover 
slip, which divided two 2-ml cells filled with salt 
solutions, as shown in Fig. 1C. The hole with the 
input diameter of 0.1 mm and the output one of 0.4 
mm was drilled with a tungsten wire and a diamond 
powder. Before gluing sample to the smaller outlet 
of the conical hole, the glass cover slip was treated 
with 3-aminopropyltriethoxysilane, as described 
above. The measuring cell was not thermostated, but 
in each experiment temperature of the solutions was 
registered and the temperature change during experi- 
ments never exceeded 1°C. 

The difference in the transference numbers of 
anions and cations, At, was calculated from the 
diffusion potential, A+,,, measured between the two 
cells filled with different salt solutions. If C, and C, 
are the concentrations of the salt solutions, then, 
according to a simple thermodynamic relation [14]: 

t-- t+= At= FA&,/[ RT ln( C,/C,)] (3) 

Here F and R are the Faraday and gas constants, T 
is the absolute temperature. A& was measured with 
a digital voltmeter connected to the solutions via a 
pair of calomel electrodes providing a stability in the 
potential measurements of about 0.1-0.2 mV in 10 
min. C, and C, in experiments at low salt concentra- 
tion were chosen to be 0.05 M and 0.1 M, and they 
were 0.8 M and 1.0 M in experiments at high salt 
concentrations. Since control experiments did not 
reveal any dependence of A$d on the rate of stirring 
of the solution, we conclude that the diffusion poten- 
tial originates within the protein membrane. 

The largest errors in measurements of the trans- 
ference numbers were observed at low pH (pH 4.0) 
and low salt concentrations. In a series of 5 indepen- 
dent measurements in these conditions r.m.s. devia- 
tion in the t-/t+ value did not exceed 20%. 

Measurements of both conductivity and of trans- 
ference numbers were performed under constant stir- 
ring of the solutions. 

2.5. Intracrystalline concentration of Br - ions 

The intracrystalline concentration of Br- ions 
was determined by the intensity of X-ray fluores- 
cence of the ions. A thin-walled quartz capillary 1.5 
mm in diameter with glass wool in its lower end (to 
keep crystals immobile in the solution flow) was 
filled with cross-linked protein crystals and attached 
to a goniometer head in a measuring device. A 
continuous flow of solution with a rate of about 10 
ml/h made rapid changes possible in the composi- 
tion of the buffer surrounding crystals. Measure- 
ments were made at room temperature (18-22°C). 

To excite X-ray fluorescence a DRON X-ray 
source equipped with a BSV-27 tube (copper anode) 
working under 15 kV and 4 mA was used. The 
diameter of the collimated beam was 0.5 mm. Fluo- 
rescence intensity was measured with the ORTEC 
Si(Li) semiconductor X-ray detector equipped with a 
multichannel energy analyzer. The analyzer was cali- 
brated using the ‘“Fe isotope. Fluorescence spectra 
were accumulated for 40 s. The integral intensity of 
the ion fluorescence was corrected by subtracting the 
intensity of the background, which was measured in 
the same energy interval in the absence of ions in 
solution. 

The intracrystalline concentration of the Br- was 
determined from a calibration curve obtained for 
every capillary by filling it with solutions of NaBr at 
known concentrations. After correction for the back- 
ground, the fluorescence intensity of Br was found to 
be a linear function of the Br- concentration within 
20-300 mM both in the absence and in the presence 
of 1 M NaCl in the solution. On increasing the Br- 
concentration above 300 mM a deviation from lin- 
earity was observed. 

When calculating the concentration of Br- ions in 
the crystal we took into account that fluorescence of 
a NaBr solution between the crystals in the capillary 
also contributes to the measured fluorescence inten- 
sity. To determine the volume fraction of the capil- 
lary occupied by the solution, (Y, we used the fluo- 
rescence of Rb+ ions, which were shown not to 
penetrate notably inside the lysozyme crystals at low 
pH (4.0) and low salt concentration (0.02 M). Under 
these conditions fluorescence intensities in the Rb 
energy range were measured for capillaries filled 
with (i) buffer, I,, (ii) 20 mM RbCl in the buffer, 
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I,,, (iii) crystals in the buffer, I,,, and (iv) crystals in 
RbCl solution on the same buffer, ZcrRb. The solu- 
tion-filled fraction of the capillary interior was then 
determined from the relation: 

Q = ( LRI> - L)/( Ia, - lh1 (4) 

This was found to be 0.5 + 0.1. All intensities were 
corrected for the background. 

The molar Br- concentration assigned to the unit 
of crystal volume, Br,, was determined from the 
calibration curve, using the corrected intensity of the 
Br line: 

I COT, = [r,,,,-I,,-(Y(IBI-lh)l/(l -a> (5) 

Here I,, is the fluorescence intensity of the capillary 
filled with NaBr solution, IcrBr is that when the 
capillary is filled with protein crystals in equilibrium 
with the NaBr solution. All the salt solutions were 
prepared in the same buffer, specified below. Due to 
the large background fluorescence of buffer solution 
the minimum Br, concentration measurable by this 
method was 5 mM. X-ray fluorescence applied here 
for Br analysis, can also be used for the analysis of 
any element in the protein crystal, provided that its 
atomic mass > 40. The method will be described in 
more details elsewhere. 

2.6. Potentiometric titration of lysozyme crystals 

The potentiometric titration of lysozyme crystals 
was performed in a 1 M solution of NaCl to mini- 
mize the curve shift due to the difference in the 
external and internal pH, resulting from the Donnan 
potential. Titration was done under nitrogen using a 
PHM83 Radiometer (Denmark) pH meter equipped 
with a TTT80 titrator, an ABV80 autoburette and a 
titration cell ITA80. Measurements were done at 
room temperature. Special small immobilized crys- 
tals (l-5 pm in size) were prepared for the titration 
experiment, since large crystals (0.1-0.5 mm> were 
shown to be titrated extremely slow at neutral pH. 
The equilibrium in the crystal suspension was con- 
sidered to be achieved when the rate of pH change 
was 5 0.003 pH units per min. Titration was per- 
formed with 0.1 M solutions of NaOH or HCI con- 
taining 1 M NaCl. The crystals used in the experi- 
ment were preequilibrated in a 1 M NaCl solution 
for a few days with 3-4 changes of buffer solution. 

Before titration nitrogen was bubbled through the 
intensively stirred solutions for about 30 min until a 
constant pH reading was achieved. After the titration 
experiment the crystals were thoroughly dialyzed 
against distilled water and then dried at 135°C up to 
a constant weight, which was used in calculating the 
titration curve. The titration curve, Z(pH,,,,), was 
obtained as a result of deduction of the titration 
curve of the 1 M NaCl solution from that of the 
crystal suspension. The true titration curve of the 
crystalline lysozyme, Z(pH,,, ), taking into account 
the difference in external and internal pH, was calcu- 
lated by an iteration method as described below. 

2.7. Calculation of electrostatic potential and eyui- 
librium ionic concentrations in crystal channels 

Taking the initial concentrations of all salts and 
pH of the external solution and assuming that the 
composition of this solution does not depend upon 
the presence of protein crystals (volume of solution, 
continuously flowing through the capillary, is much 
larger than that of the crystals), we calculated equi- 
librium concentrations of ions in the external solu- 
tion, using known dissociation constants and activity 
coefficients [ 15,161. Since the isoionic point of 
lysozyme is pl= 11.2 [17], at all pH values < I 1.2 
lysozyme molecules are positively charged. That re- 
sults in formation of an electrostatic potential, $, 
between the external solution and crystal. which 
causes redistribution of ions. The ratio of internal, 

ain* and external, aout, equilibrium molal activity for 
any ion may be written as [ 181: 

( %,/%ut 1 = exp( -rid/W (‘5) 

Here n is the charge of ion, e is the charge of 
electron, k and T are the Boltzman’s constant and 
absolute temperature, respectively. 

Denoting this ratio for monovalent anions as X = 
exp(e$/kT) we have the following relation between 
external and internal pH: 

PH,, = PH,,, + logx (7) 

Applying the electroneutrality law to the crystal and 
expressing molal concentrations in the intracrys- 
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talline solution through those in the external one we 
get the equation: 

= 0.056 M. To find molar concentrations of ions 
from the molal concentrations we need to multiply 
the latter by a coefficient (Y = hM,/V, = 0.36. 

= [(lo- ‘4/ff,“,) + Cc3”,( rc”P’/r;) 2.8. Calculations of ion rnobilities 

+ zF,:,(y,o~‘/$)x3 (8) 

Here AC, B, F and F * are molal concentrations of 
monovalent acetate, borate and phosphate anions and 
of bivalent phosphate ion, respectively. Z is the net 
charge of lysozyme molecule at given pH, P,,, is the 
molal concentration of lysozyme in crystal. ,‘“‘/yi” 
is the ratio of activity coefficients in external and 
internal solutions for each ion. According to our data 
[ 191 tetragonal lysozyme crystals cross-linked with 
glutaraldehyde contain h = 0.451 kg H,O per kg of 
dry protein. Taking M, = 14.3 kg for the molar 
mass of lysozyme we find that in the tetragonal 
crystal 1 M of lysozyme molecules is dissolved in 
M, . h kg of water. Therefore, P,,, = l/h . M, = 
0.155 m. 

Upper estimates for mobility of ions inside the 
crystal were made by using experimental data on 
crystal conductivity, K,,, and experimental transfer- 
ence numbers of ions, t+ and t-, and taking equilib- 
rium molar concentrations of ions in crystal, C;, C,:, 
calculated by the method described above: 

To calculate X, pH in, I,!I and the molal concentra- 
tions of all ions within the crystalline channels we 
solved the system of Eqs. (6)-(8) by the iteration 
method starting from ion concentrations in the exter- 
nal solution, their activity coefficients at these con- 
centrations, pH OUt and Z of lysozyme from the 
Z(pH i,> curve at pH = PH.“,. On each next iteration 
step new activities of ions and a new value of 
Z(pHi,) corresponding to the value of pHi, obtained 
in the preceding step were taken. Four to six itera- 
tions were usually enough to get self-consistent re- 
sults. Since calculations were performed for pH val- 
ues between 3.0 and 9.0, activity coefficients of H+ 
and OH- were assumed to be 1. Those for other ions 
were taken from published concentration dependen- 
cies [15,16]. 

u,: = K,,/[ 1 + (t-/t+ )] F c,: (9) 

UC; = K,,( t-/t+)/[ 1 + (t-/t+)] F. c, (10) 

Here F is the Faraday’s constant. These equations 
give estimates for the upper level of ion mobility, 
since they do not take into account, that protein 
molecules may bind ions specifically. Under such 
conditions real concentration of ions in crystal must 
be higher and their average mobility lower. The 
intracrystalline concentration of some ions may be 
lower than predicted by Donnan equilibria if their 
sizes are equal or exceed those of the bottle necks in 
the crystal channels. However, all the ions, we are 
dealing with here, have hydrated radii small enough 
to easily penetrate the crystal (see Fig. 8). 

To estimate the mobility of cations, that of Na+ 
was first calculated for the crystal in equilibrium 
with a NaCl solution in the buffer, since Na+ was 
the only cation in this solution (except for a negligi- 
ble concentration of H+). When calculating (I,. of 
other cations we made a correction for the contribu- 
tion of additional 15 mM of Na+ from the buffer in 
the external solution into the total cation conductiv- 
ity of the crystal, K$ 

To compare with the data of the X-ray fluores- 
cence method, we need ion concentrations to be 
expressed as molar concentrations attributed to unit 
of crystal volume. Since according to X-ray data 1 M 
of lysozyme molecules occupies within cross-linked 
tetragonal crystals V, = 17.84 1, then molar concen- 
tration of lysozyme in this crystal is pM = (l/V,,,,) 

We failed to make the same correction for the 
contribution of buffer anions into the total anion 
conductivity of the crystal, K;, since equivalent 
conductivities of these anions in the crystal were not 
measured. Therefore, only upper and lower estimates 
of U,T were obtained. The lower estimate was based 
on an assumption that all anions have similar mobil- 
ity and the total concentration of all anions in the 
crystal was substituted as C, in Eq. (10). In the 
upper estimate we neglected the contribution from 
buffer anions at all (only the concentration of salt 
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anion was substituted into Eq. (IO)). As can be seen 
from Table 3, maximum difference between these 
two estimates is observed under low salt concentra- 
tion at pH 9.0, when concentrations of buffer anions 
and salt anions in the crystal become comparable. 

2.9. Measurements of crystal deformation 

Measurements of crystal deformation resulting 
from pH and salt concentration changes were made 
in the buffer solution in a thermostated cell. An 
optical microscope equipped with an ocular microm- 
eter was used to measure the deformation of micro- 
tome sections of cross-linked lysozyme crystals. 

2.10. Bugler composition 

To maintain the pH in a broad range a complex 
buffer was used, consisting of NaAc, Na,HPO, and 
H,BO,. 5 mM each. The pH was adjusted with 
NaOH and HCI solutions. All chemicals used were 
of analytical chemical reagent grade. 

3. Results 

3.1. Measurements of the crystal deformation due to 
pH and salt concentration changes 

Measurements of the crystal deformation due to 
pH and salt concentration changes were performed in 
the pH range of 2.0- 11 .O and at a NaCl concentra- 
tion from 0 to 1 M. No noticeable changes in crystal 
dimensions within 0.1% precision of the measure- 
ments were detected in the pH interval of 3.0-9.0. 

However, a decrease of pH below 3.0 and to a 
greater extent an increase above 9.0 at low salt 
concentration (0.02 M) resulted in a shrinkage of the 
tetragonal crystals along [OOl] direction and swelling 
in the (001) plane. X-ray experiments detect progres- 
sive fading away of the reflections with higher in- 
dices in the reciprocal lattice that is indicative of a 
distortion of the crystal structure at pH > 9.5. pH- 
titration experiments also reveal some rearrange- 
ments in the tetragonal crystals at pH :. 9.2. They 
proceed so slow that after addition of a small aliquot 
of NaOH solution pH equilibrium was not reached in 
a day at this pH, whereas at other pH values IO-40 
min was enough to establish the equilibrium in small 
(l-5 pm) crystals. That is why all the measurements 
of conductance and transference numbers were done 
in the pH interval of 4.0-9.0, where size and struc- 
ture of the crystals are not changed and do not affect 
electrical properties of the crystals. 

The effect of addition of 1 M NaCl to the buffer 
solution was pH dependent, crystal dimensions de- 
crease along the [OOl] direction ( z axes> by 0.25-I %, 
and in the (001) plane by no more than 0.25%. These 
changes do not seem significant. Our computer simu- 
lation of the diffusion of an uncharged ball in the 
tetragonal lysozyme crystal has recently shown, that 
bottle necks in the channels along [OOI] direction 
have sizes of about 11 ,& [7]. Even if we assume, that 
all 1% shrinkage along this direction is due to a 
decrease in the size of this bottle necks, the channel 
diameter will decrease only by 0.38 A (i.e., 1% of 
the unit cell parameter c = 37.6 A,. According to the 
above-mentioned simulations, the diffusion coeffi- 
cient and mobility should decrease by about 30% for 
an ion with a hydrated radius similar to that of Na+, 

Table I 
Transference number ratios for amons and cations, (tc;/tcT), measured alon, 0 the [OOI] direction in the tetragonal lysozymc crystal at 
different concentrations of salts a and at different pH values in the external solution b 

C (M) PH,,, LiCl NaCl KCI CSCI NH&I KBr KNO, 

0.075 4.0 15.6 8.5 5.1 4.2 4.4 4.1 3.8 

0.075 9.0 4.3 3.8 3.4 3. I 2.0 2.3 2.2 

0.9 4.0 2.5 2.3 2.2 2.2 2. I 2.5 1.8 
0.9 9.0 1.3 I.3 I .3 I.1 I .2 1.1 I .o 

’ C = (C, + C,)/2, where C, and C, are concentrations of salt in the two chambers, between which the diffusion potential was measured. 
b Measurements were made at 18°C in the buffer specified in Materials and Methods. Maximum r.m.s. in the t;/tA ratio was observed at 
low (0.075 M) salt at pH = 4.0, where it was f 20%. 
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r,, = 3.9 A. Experimentally measured many-fold de- 
crease in the mobility of Na+ and increase in the 
mobility of Cl- as result of the salt addition (see 
Table 3) make us believe, that not small crystal 
deformation but some other factors induce the ob- 
served large changes in ion mobility. 

L 

0 

Y 

-n 
Y 

3.2. Transference numbers 

Transference numbers of different ions measured 
for different salts at different pH values and salt 
concentrations are presented in Table 1. The data are 
in complete agreement with the fact, that lysozyme 
molecules are positively charged at all pH values < 
pl = 11.2 [ 171: motion of anions is responsible for 
most of the current in the crystal. Transference num- 
bers of cations and anions become comparable only 
at high (0.9 M) salt concentration at pH 9.0, i.e., 
when positive charge immobilized on channel walls 
becomes small (Z = + 4.5) and highly screened. As 
Table 1 shows, the ratio of the transference numbers 
depends on the type of salt used. In series of 0.1 M 
solutions of monovalent chlorides at pH 4.0 a nearly 
linear inverse dependence of t+ on the hydrated 
radius of ions [20] is observed: r+[r, for Li+, Na:, 
K+ and Cs+ is 0.06/4.51 A, 0.105/3.9 A, 
0.164/3.36 A and 0.192/3.07 A, respectively. Pre- 
viously, De Villardi et al. [21] have obtained similar 
data for tt of Na+ and K+ in amorphous lysozyme 
films. However, the ionic selectivity of this film was 
worse than in our crystals (0.160 and 0.162 for Naf 
and K+), presumably due to larger and less homoge- 
neous channels. 

0’ I 
4 5 6 7 a 9 

PH 

Fig. 2. pH dependence of the ratio of specific conductances of 
lysozyme crystals, Key, and those of solutions, K~, in which the 
crystals were soaked. (0) Triclinic crystal measured at 21°C in 
0.1 M NaCl dissolved in the buffer specified in Materials and 
Methods. All other curves are for the tetragonal lysozyme along 
the [OOI] direction. Measurements were done at 19°C in solutions 
of different NaCl concentrations prepared in the same buffer: (A) 
0.05 M NaCI, (m) 0.1 M NaCl, (0) 0.3 M and (0) I M NaCI. 

3.3. Ionic conductivity and its activation energy 

According to our gravimetric measurements of 
hydration and X-ray measurements of unit cell pa- 

rameters of cross-linked lysozyme crystals [19], wa- 
ter (and hence, the channels) occupies 36% of the 
volume in tetragonal and 25% in triclinic crystals. 
Assuming a uniform distribution of channels over 
the crystals, one can estimate that channels occupy 
24% and 16.6% of the cross-section in the tetragonal 
and triclinic crystals, respectively. This would result 
in a decrease of conductivity of these crystals by a 
factor of 4 and 6 as compared to the conductivity of 
solutions. The data presented in Fig. 2 and in Table 2 
indicate, that the K,/K,, ratio in the triclinic crystal 
is larger than in the tetragonal one, as expected. 
However, at all pH and salt concentrations studied 
the values of K,/K,, are lo-30 times larger than 
expected. This suggests, that not the average cross- 

Table 2 
Ratio of conductivity of salt solutions a, K$, to that of the crystal (equilibrated with the same salt solution), trCr, and activation energies of 
crystal conductivity in different salts and under different pH values 

Parameter PH LiCl NaCl KC1 CsCl KBr KNO, 

KS/K,, 4.2 52 57 61 67 78 71 
KS/K,, 8.2 I25 142 II7 I50 I55 142 
E, &J/M) 4.2 19.7 21.8 20.9 22.2 21.4 22.2 
E, (k-t/M) 8.2 17.6 16.7 16.7 20.5 17.6 16.7 

a Measurements of K,/K,, are performed at 20°C in 0.1 M salt solutions prepared in the buffer specified in Materials and Methods. 
Standard deviation in the measurements of K,/K,, is +5%, for the activation energy this is * I kJ/mol. 



Table 3 

Electrostatic (Donnan) potential, ‘P, conductivity of crystal, K,,, conductivity of solution, K~, concentrations and mobilities, I/, of ions in 
NaCl solutions a and in tetragonal lysozyme crystal at 18°C 

P”,,, P”,,, IIf K,’ IO” K,,’ IO6 rr[r. lo6 Na h CLCA,, b 
(mV) (S/cm) (S/cm) (S/cm) 

4.0 5.2 6X.7 8.14 157 I40 90 1.7 100 84 54x 590 .,.45-2.&t 

9.0 9.6 23.4 8.07 53 42 92 7.3 15.5 75 117 273 I .94-3.70 

4.0 3.4 35.0 69.4 534 372 915 119 13.1 909 809 x14 .1.74P4.17 

9.0 9.2 8.8 69.2 461 262 917 229 9. I 900 464 476 5.68-5.82 

’ Measurements of K~ and K,, were performed at 0.075 M and 0.9 M NaCl in the buffer, specified in Materials and Methods. W. pH,,,, 

concentrations and mobilities of ions were calculated as described in Materials and Methods. 

h Na,,,. Cl,,, are molar concentrations of Na’ and Cl- in the external solution. Nacr. Cl,, are molar concentrations of these tons 

attributed to I I of the crystal volume. CA,, denotes total concentrations all anions in the crystal. 

’ Two estimates for mobility of intracrystalline Cl- are presented in the last column: low estimate based on the assumption that all anwns 

in solutwn have similar mobility, and overestimated value obtained by neglecting of the contribution of buffer anions into K, Isee Materials 

and Methods for more details). 

section of channels but rather the channel size in the 
bottle necks determines the crystal conductivity. The 
views presented in Fig. 7 clearly show a highly 
variable character of the crystal channels, with their 
sizes changing from 6-8 A to 30-40 .& lengthwise. 

As shown in Fig. 2, K,/K,, displays a weak pH 
dependence at high ionic strength, but the depen- 
dence becomes more stronger at a lower salt concen- 
tration in solution. The conductivity of the solution 
itself is only slightly pH dependent, and all observed 
changes in K,/K,, are due to those in the crystal 
conductivity, K,,, which decreases 2-3 times on pH 
increase at low salt concentrations as can be seen in 
Table 3. Since anions mainly contribute to K,, such 
a decrease in conductivity with pH increase may be 

explained by a decrease in the anion contribution. As 
can be seen in Table 3, the decrease in K, is not 
due to a drop in the anion mobility, but to a decrease 
in anion concentration, resulting from a decrease in 
positive net charge on the lysozyme with pH in- 
crease. 

Not only K,,, but also the activation energy of 
crystal conductivity is pH dependent, as shown in 
Table 2 and Fig. 3. Variations of E, in different salts 
do not exceed the experimental precision, but for all 
the salts tested E, increases by 2-S kJ/mol with pH 
decrease. Since the increase in E, OCCUI’S together 
with a decrease in mobility of anions at low pH and 
salt concentrations, we may suggest, that immobile 
positive charges on channel walls hinder motion of 

Table 4 
Conducttvity of solutions, K~. total conductivity of the tetragonal crystal, K,,, contribution of cations into this conductivity, K,‘~, and that of 

amens, K‘~, mobility ratio a for ions in solution of different salts b to those in crystal, (U,‘,‘U~~, f/,-/f/?; ). at pH 4.0 and IX’C 
___- 

Salt K, IO’ K,, I06 K,:. lo6 K,,’ IO” CJ,- /l,: 1: /lJ, 
(S/cm) (S/cm) (S/cm) (S/cm) 

LiCl 746 157 9.5 14x 7 240 

NaCl 814 156 16.5 140 4.5 260 

KCI 958 I73 28 145 3.6 250 

CSCI 976 I59 30.5 128 3.5 2x0 

KBr 965 I36 24 I I2 4.3 3.X) 

KNO, 922 142 30 I I3 3.4 300 

’ Ion mobilities in solutions were calculated from published data on limiting equivalent ionic conductivity [13]. The upper estimates of CIci 
were taken in calculations of C/-/U,;. More details concerning calculations of UC; and CJ& are presented in Materials and Methods. 

h Measurements were performed in 0.075 M salt solutions prepared on the buffer, specified in Materials and Methods, pH 4.0. 
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anions. On screening these charges at high salt con- 
centration the pH dependence of E, gradually disap- 
pears and contributions of cations and anions into K,, 

become comparable, as can be seen in Fig. 3 and 
Table 3. 

The data in Table 2 indicate significant depen- 
dence of KS/K,, on the type of salt. Comparison of 
the total conductivities of crystals soaked in different 
chlorides, K,, , and cation contributions to this con- 
ductivity, K:, (see Table 4) leads to different conclu- 
sions about cation selectivity of the channels in 
lysozyme crystals. Since total crystal conductivity in 
LiCl, NaCl and CsCl is practically the same, one 
may erroneously conclude, that channels in the 
lysozyme crystals are not selective with respect to 
cations. However, comparison of KG shows, that 
these channels have a cation selectivity sequence 
similar to that in solution, with larger mobility for 
cations having smaller hydrated radii. In crystal the 
selectivity ratio is even larger than in solution: the 
ratio of K: between the largest and the smallest 
cations in this series, Li+ to Cs+, is 3.2 in the crystal 
and 2 in solution. A similar situation with selectivi- 
ties was also found in biological channels (like that 
of acetylcholine receptors), where conductance ratios 
of different salts and permeability ratios of different 
cations can yield different selectivity sequences, as it 
has been shown in [22]. 

121' I I ' L t. ' 
4 5 6 7 9 9 

PH 

Fig. 3. pH dependence of the activation energy of conductance of 
the tetragonal lysozyme crystal in [OOl] direction. Measurements 
in I M NaCl prepared on the buffer specified in Materials and 
Methods are denoted by (a), those made in the same buffer with 
0.1 M NaCl are denoted by (0). 

PH 

Fig. 4. pH-titration curve of lysozyme in the tetragonal cross-lin- 
ked crystals. (0) Experimental results of titration in I M NaCl 
further referred to as Z(pH,,,). The solid curve presents the 
“true” titration curve of crystalline lysozyme, Z(pH,,), taking 
into account the pH shift between the external solution and the 
crystalline channels, as described in Materials and Methods. 

Comparison of the data on anion conductivities of 
different potassium salts, K;, presented in Table 4, 
shows, that the size-related sequence does not work 
for anions in the crystal: Br- with a hydrated radius 
smaller than that of Cl- and NO; [20] has an 
anomalously small contribution to the crystal con- 
ductivity. As we will discuss below, X-ray fluores- 
cence measurements of the intracrystalline Br- con- 
centration give a proof for a selective binding of 
Br-, which might explain their lower mobility and 
conductivity as compared to Cl-. 

3.4. pH titration, electrostatic potential, calculated 
and experimental ion concentrations in crystalline 
channels 

This part of our results will be published in detail 
elsewhere. Here the data are presented to an extent 
necessary for discussing the electric properties of 
lysozyme crystals. Fig. 4 gives the pH titration curve 
of tetragonal lysozyme crystals soaked in 1 M NaCl, 
Z(pH..,). The lack of experimental points at pH > 9.2 
is explained above (see Section 3.1). Titration was 
performed in 1 M NaCl to reduce the electrostatic 
potential and its effect on the intracrystalline pH. 
Fig. 4 also displays the “true” titration curve of 
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Fig. 5. pH dependence of anion concentrations in the tetragonal 
lyso~yme crystal. (a ) The total concentration of anions calculated 
from the electrosratic potential: (0) experimentally (X-ray fluo- 
rescence) measured Br- concentration; (0) concentration of BrY 
calculated from the electrostatic potential; (0 and ??) are the 
experimental and theoretical Br concentrations in the presence 
of 1 M NaCl. All the above experiments and calculations are 
made for 20 mM NaBr solution in the buffer, specified in 
Materials and Methods. Concentrations attributed to 1 1 of crystal 
are presented. These should be divided by (I = 0.36 (see Materials 
and Methods) to obtain molal concentrations in crystal channels. 

crystalline lysozyme, Z(pH in >, calculated from the 
Z(pH.,,,) curve as described in Materials and Meth- 
ods. This “true” curve was then used to calculate $ 
and intracrystalline ion concentrations. Results of 
such calculations are partly presented in Table 3. To 
test the reliability of our calculations we compared 
theoretically obtained concentrations with those ex- 
perimentally determined. Direct analysis of the ele- 
mental composition of tetragonal lysozyme crystals, 
grown in 0.2 M NaAc buffer, pH 4.5, containing 
0.855 M NaCl has been made by Palmer et al. [23], 
and gave 0.5% Na and 3.15% Cl attributed to the dry 
weight of the crystals. Converted to the molar vol- 
ume of the hydrated crystals this gives 0.19 M Na 
and 0.78 M Cl, in excellent agreement with the result 
of our calculations, which yield under identical con- 
ditions 0. I8 M Na+ and 0.79 M Cl-. This agreement 
indicates, that for small ions capable of penetrating 
into the crystal channels electrostatic (Donnan) po- 
tential controls the equilibrium internal concentration 
of ions in just the same way as in polyelectrolyte 
gels [24,25]. The situation is different for the ions 

capable of specific binding. Fig. 5 shows the pH 
dependence of the experimental and calculated molar 
concentrations of Br- in the tetragonal crystals with 
and without I M NaCl in solution. It can be seen, 
that the experimental Br- concentration in the crys- 
tal is much higher than in the surrounding solution at 
all pH values and salt concentrations (SO times at pH 
4.0 and low salt concentration). and always higher 
than the theoretical ones. Provided it is only potential 
controlled, we would expect at pH = PI. where I// = 
0, that the molal Br- concentration in crystalline 
channels should be the same as in solution, 0.020 m, 
or 7.2 mM in molar concentration. Instead, as seen 
from Fig. 5. the experimental concentration of Br- 
never drops to the theoretically expected value. A 
nearly constant discrepancy of about 70 mM is ob- 
served at all pH values except for pH 4.0 and its 
vicinity, where the experiment shows a maximum 
corresponding to the additionally binding of about 55 
mM of Br-. Taking into account the molar concen- 
tration of lysozyme in the crystal. 56 mM, we may 
interpret the discrepancy as a result of additional 
binding of Br- to two sites on the lysozyme molecule 
of which one is pH independent and the other has a 
maximum at pH 4.0. Such a binding may also ex- 
plain why the transference number of Br- and its 
contribution to crystal conductivity. K,. Jre smaller 
than those of (‘I-, despite the fact that the hydrated 
radius of Br- IS smaller than that of Cl -_ 

3.5. Ionic nzohilitirs in crystds 

As can be seen in Tables 3 and 4 and in Fig. 6, 
the mobility of cations is 3.5-50 fold lower and that 
of anions is 100-300 fold lower in the tetragonal 
crystal as compared to the solutions. despite the fact 
that our calculations give an upper limit for the 
average mobility of intracrystalline ions. 

Although anions transfer most of the current in 
the crystal and their contribution to the conductivity 
at pH 4.0 in 0.075 M NaCl is X.5 times higher than 
that of cations, mobility of anions under these condi- 
tions is 40 times smaller than that of cations. As Fig. 
6 illustrates. mobilities of both anions and cations in 
solution are mainly determined by their hydrated 
radius, since all data fit the same curve. In contrast. 
mobilities of cations and anions are completely dif- 
ferent in crystals not only by their value but also by 
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Fig. 6. Size dependence of ion mobility in dilute solutions and in 
the tetragonal lysozyme crystal. (0 and 0) cation and anions in 
solution; (0 and * ) mobility of these ions in the [OOl] direction 
of the crystal equilibrated with 0.075 M salt solutions at pH 4.0 in 
the buffer specified in Materials and Methods. Hydrated radii of 
ions were taken from Ref. [20]. 

the mobility dependence on T,,. Whereas cation mo- 
bility drops with rh increase both in crystals and in 
solutions, anions do not show this tendency. As 
shown in Fig. 6, the mobility of Br- ions is less than 
that of Cl-, which have a larger r,,. 

The data in Table 3 show, that anions have the 
smallest mobility, CJ,F, when the crystal is in dilute 
acidic solutions and when the lysozyme has the 
largest positive net charge. Their mobility increases 
with increasing pH and ionic strength, i.e., with a 
decrease in total number of positive charges and with 
an increase of their screening. On the contrary, the 
mobility of cations decreases as the number of nega- 
tive charges on the lysozyme molecules increase 
with pH. The mobility of cations also decreases with 
an increase in salt concentration which may be ex- 
plained by an increase in the retarding effect of 
neighboring mobile counter-ions. That is why cations 
have the largest mobility in dilute acidic solutions. 
The closer pH,,, is to pH in and to p I = 11.2, the less 
is the difference between numbers of positive and 
negative charges on the lysozyme molecule and the 
smaller is the difference between cation and anion 
mobilities, as seen from Table 3. 

4. Discussion 

4.1. Protein crystals as a new material of biotechnol- 

ogy 

As it has been mentioned in the Introduction, 
cross-linked protein crystals are now coming into use 
as chemosensitive elements of biosensors [2,3] and 
as ultra stable catalysts in biotechnology [4]. The 
ability of protein molecules to recognize and specifi- 
cally bind their ligands is exploited in both applica- 
tions. Enzyme reactions in crystals and binding of 
specific ligands are also studied to check if proteins 
retain their properties upon crystallization [l]. An- 
swering this question is very important, since most 
of our knowledge about protein structure has been 
obtained in X-ray analysis of protein crystals. How- 
ever, in such studies it is not always taken into 
account, that not only changes in protein structure 
and functional mobility, but also changes in ionic 
composition, ligand concentration and pH inside the 
crystals (as compared to the external solution) may 
notably modify protein properties. Thus, enzymes 
immobilized within protein films [26] and in poly- 
electrolyte gels [24] show notable shifts in pH opti- 
mum of reaction and changes in Michaelis constants 
for charged substrates. Quantitative analysis made 
for polyelectrolyte gels by Katchalski et al. [24,25] 
has shown, that these changes are entirely deter- 
mined by the electrostatic potential and potential-in- 
duced redistribution of ions between external solu- 
tion and gel. 

Electric properties of protein films have not been 
studied as quantitatively as gels. Measurements of 
transference numbers in glutaraldehyde cross-linked 
human serum albumin films, made by De Villardi et 
al. [21] and direct isotope measurements of concen- 
trations of 24Na+ and Hi*POq in films of bovine 
serum albumin and other proteins [26-281 have 
shown, that amorphous protein films also selectively 
concentrate cations or anions depending upon the 
sign of net charge on the protein molecule at a given 
pH and ionic composition of solutions. However, in 
contrast to gels, no quantitative analysis has been 
done to ensure that the Donnan potential is the only 
reason for ion redistribution. 

Our pH titration experiments on lysozyme crystals 
let us quantitatively estimate and compare theoretical 



and experimental concentrations of different ions in 
lysozyme crystals. Results of such a comparison 
presented above indicate that ions freely moving 
inside the crystals and not binding to protein 
molecules, like Na+ and Cl-, are distributed accorci- 
ing to the electrostatic potential. In this respect pro- 
tein crystals are not different from the polyelec- 
trolyte gels. This means, that like in gels [18,24], pH 
optimum and Michaelis constants in crystalline en- 
zymes should be changed as compared to solutions if 
the reaction is pH dependent or substrates are 
charged. Moreover, this shift can be quantitatively 
calculated from the Donnan potential, like in gels. 
Though seemingly trivial, such a conclusion is not so 
obvious because in contrast to gels the size of chan- 
nels in protein crystals is comparable to that of 
hydrated ions and because most of the intracrys- 
talline water (0.3 g of total 0.45 g/g protein in 
tetragonal lysozyme crystals) is referred to as hy- 
drated water which possesses some physical proper- 
ties different from those in bulk water (see review 
[29]). for example, it does not crystallize below 0°C. 

4.2. Crytd channels as u model of biological chan- 
nels 

It has been recently demonstrated, that some spe- 
cific features of biological channels, which were 
believed to be inventions of Mother Nature, turned 
out to be pure physical phenomena. Thus, the ability 
of biological channels to fluctuate between open and 
closed states, which for long time was thought to be 
a result of a well organized physical movement of a 
part of the channel structure [ 121, can be reproduced 
on a pure synthetic membrane without any protein or 
lipid [30] or on a patch pipette in the absence of any 
membrane [31]. Other typical characteristics of bio- 
logical membranes, like cation selectivity, as well as 
inhibition by divalent cations and protons can also be 
reproduced on these model systems. 

To obtain all these features it is enough to have a 
pore of lo- 14 A in diameter, or less, as it was 
shown in Ref. [30]. According to Wang and Imoto 
[32], the pore size in the acetylcholine receptor 
(AChR) channels is 6-7.5 A and size is the major 
structure determinant of the cation permeability se- 
quence in these channels. Such size of bottle necks is 
typical for channels in protein crystals, as it is illus- 

Fig. 7. View of solvent-filled channels withm tetragonal (A) and 

triclinlc (B) lyso~yme crystals, according to the X-ray data. (A) 
Space inside the isoelectronic lines represent\ a stereo pair of the 

channel body in the tetragonal crystal. Isoelectromc lines are 
drawn for the electronic density intermediate between the density 

of protein and solvent using the CHANNEL program [Ml. Elcc- 

tronic densities were calculated using coordinates of 6LYS taken 
from Brookhavcn PDB. (B) Channel cross-sections parallel to the 

(010) crystallographic plane were drawn using the CHANNEL 
program and coordmates obtained in our X-my analysis of rhc 

cross-linked triclinic crystal [34]. The distance between neighbor- 
0 

ingOsections is I .67 A. Sections were smoothed by rolling a circle 
6 A in diameter. For better viewing of the channel each next 

section IS shifted b) 2 A along I direction. .I, v and : denote 

direclions of crystallographic axes. 

trated in Fig. 7A and B for tetragonal and triclinic 
lysozyme crystals. That is why channels In protein 
crystals may be a good model to study physical 
processes in biological channels, with which they 
have much in common. 

First of all, they are made from the same protein 
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“material”. Second, their cross-sections are highly 
variable along the channel axes: from 30-40 A to 
6-12 A in crystals and from 25 A at the channel 
input [35] to 6-7.5 A in the narrow part of AChR 
channel [32,35]. Third, they have similar conduc- 
tance. Conductivity of the tetragonal crystal, K,,, 

measured here can be converted into the conductance 
of one channel, q. with a length fimilar to that of an 
AChR channel (1 is about 100 A according to Ref. 
[35]). Taking into account, that 1 cm2 of the (001) 
plane contains n = 2/a2 = 3.2. lOI channels (a is 
the lattice cell parameter, 2 is the number of chan- 
nels per unit cell cross-section), we have q = K,,// 
n = 18-54 pS in 0.1 M NaCl at 18°C and pH 
between 4.0 and 8.0. These estimates are in good 
agreement with the conductance of AChR channels 
with qNa = 43.2 pS at pH 7.2 and similar other 
conditions [36]. Fourth, it was surprising for us to 
find, that both channels display similar cation selec- 
tivities, despite the fact, that the lysozyme channels 
have basically anionic and the AChR channels have 
cationic conductivity. As related to the mobility of 
K’ (UJU,), the cation sequence for the tetragonal 
crystal is: Li(0.26) < Na(0.53) < K(1 .O) < Cs(1 .OS> 
and for the permeability ratios in AChR channels it 
is: Li(0.71) < Na(0.96) < K(l.O) < Cs(1.09) [22]. 
This corresponds well to the conclusion of Wang and 
Imoto [32], that not the charge, but the pore size 
determines the cation selectivity of AChR channels. 
Fifth, both AChR channels and those in lysozyme 
crystals are pH sensitive. But since the former are 
negatively charged they are closed with increasing 
H+ concentration, whereas the latter, being charged 
positively, decrease their conductance with an in- 
crease in concentration of OH-, as shown in Fig. 2. 

All the above-mentioned similarities indicate, that 
channels in protein crystals are very good models of 
biological ones. What kind of new information about 
biological channels can we obtain when studying 
crystalline models? As follows from the results of 
this paper, the main advantage of immobilized pro- 
tein crystals is a possibility. to perform pH titration 
and to know the dependence of the net charge on the 
channel walls as a function of pH. This allows us to 
calculate the electrostatic potential and internal con- 
centrations of ions in channels, provided that the 
amount of water is known. Internal concentrations 
can also be easily measured experimentally by iso- 

tope, X-ray fluorescence or other methods. From 
these concentrations, and data on conductivity and 
transference numbers, the mobilities of ions in chan- 
nels can be calculated. And then we are able to find 
interesting features of ion transport in channels. For 
example, as shown here, anion mobility at pH 4.0 
and 0.075 M NaCl is 40 times smaller than that of 
cations, despite the fact, that under these conditions 
anions transfer 8.5 times more current than cations 
(see Tables 1 and 3). 

Another example: it has been shown recently for 
AChR channels, that a decrease in its net negative 
charge results in a decrease of the channel conduc- 
tance for K+ [37]. But from these data it is impossi- 
ble to conclude whether the changes in the intrachan- 
nel K+ concentration or in the cation mobility are 
responsible for that fact. We also observed a de- 
crease in anionic conductivity in response to a de- 
crease of the positive net charge of crystalline chan- 
nels (Table 3). However, in our case, estimates of 
anion mobilities and concentrations clearly show, 
that not the mobility but the concentration decrease 
is responsible for the observed effect. 

But the most obvious advantage of crystals as 
models for biological channels is the exact knowl- 
edge of atomic structure of crystalline channels. The 
exact position of ionizible groups from X-ray studies 
combined with data on their ionization states from 
pH titration experiments allow a precise simulation 
of transport within the channels. We have recently 
made computer simulations of diffusion of a spheri- 
cal non-charged body in the channels of the tetrago- 
nal lysozyme and calculated to what extent steric 
limitations can reduce its mobility in the crystal as 
compared to that in free space [7]. Taking this ratio 
for bodies with a radius equal to that of hydrated 
ions we found their mobilities in the tetragonal crys- 
tal by multiplying the ratio with the mobility of the 
ions in dilute solutions [13]. These estimates, of 
course, account only for steric limitations for the ion 
motion in the crystal. Fig. 8 presents both theoretical 
and experimental values of cation mobilities along 
[OOl] direction plotted as a square root of mobility, 
JJ’, versus the radius of the hydrated ion, r,,. Such 
a plot is based on a simple assumption, that the flow 
of particles through a channel, having radius rO, 
should be proportional to the part of the channel 
cross-section, accessible for stochastic motions, i.e., 
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Fig. X. Comparison of the experimental values of cation mobility 

in lysoryme crystals with the theoretical ones, accounting only for 

steric limitations to motion of hydrated ion in the crystalline 

channel. (0) Theoretical mobilities of ions; (0) experimental 

mobility measured in 0.075 M salt solutions at pH 4.0 in the 

buffer specitied in Materials and Methods. Hydrated radii for 

cations arc taken from Ref. [20]. 

to rr(r,, - r-,1’. As can be seen from Fig. 8, such a 
plot really reveals a linear dependence of ,/U’ on T,, 
both for theoretical and experimental values, which 
well fit the same line. Extrapolation of the line in 
Fig. 8 to the intersection with the abscissa gives an 
estimate for the narrow part of the intracrystalline 
channel, 5.6 A, which is in excellent agreement with 
computer simulations, showing termination of ran- 
dom walk of the probing body when its radius 
reaches 5.5 A [7]. 

Good agreement between the theoretical and ex- 
perimental data indicates that mobilities of cations in 
the crystal equilibrated with dilute solutions at low 
pH (large positive charge on lysozyme) reach maxi- 
mum values available for a spherical neutral body 
with a diameter similar to that of hydrated ion. It is 
amazing, but under these conditions cations move 
within the highly charged channels like neutral bod- 
ies. In other words, within the channels they have the 
same average mobilities as in a dilute bulk solution, 
despite the measured average mobility in the crystal 
is 3.5-7 fold reduced due to steric limitations. 

At all other conditions mobilities of both cations 
and anions in the crystal channels are considerably 
lower than in dilute solutions (6- 1 I times for cations 
and 70-90 times for anions), as it follows from a 

comparison of experimental data (Tables 3 and 4) 
and results of computer simulations with regard to 
steric limitations only [7]. Electrostatic interactions 
with other bound charges and free ions. specific 
binding of ions. changes in channel size or in proper- 
ties of the intracrystalline water might be the main 
reasons responsible for such a discrepancy. The 
self-diffusion coefficient of the intracrystalline water 
in the tetragonal crystal is reduced by no more than 
3%40% as compared to that of bulk water and it is 
little affected by changes in pH and in salt concentra- 
tion [7]. Crystal sizes also vary only slightly (see 
Results). Thus. drastic changes in ion mobilities with 
pH and ionic strength can be caused only by changes 
in electrostatic interactions or in specific binding of 
ions when the latter exists. 

5. Conclusion 

Most of the conclusions in this article have been 
obtained from thermodynamic analysis of macro- 
scopic characteristics averaged over the whole en- 
semble of crystal channels. That is why they are true 
until we consider the average properties of crystal or 
any of its part containing no less than one unit cell. 
They should also correctly describe selectivity se- 
quences for ions and dependencies of their average 
mobilities within the channels on pH. iontc strength. 
etc. However, if one would like to know what factors 
determine these characteristics. the heterogeneity of 
the crystal at the level of unit cell, i.e.. variations in 
the cross-section of the channel and irregularities in 
the distribution of positive and negative charges 
inside the channel. should be taken into considera- 
tion. In this context it is interesting to note. that the 
cation mobility decreases 6-7 times with an increase 
of pH,,, from 5.2 to 9.6. One possible mechanism for 
this decrease in cation mobility may consist in in- 
creased irregularity of electric field when numbers of 
positive and negative charges become closer. To 
account for the effects of such irregularities in chan- 
nel structure and electric field it IS necessary to 
consider models and to make simulations similar to 
those used in analysis of biological channels. How- 
ever, the advantage of crystals lies in the f.tct that the 
structure of cry,stal channels is known with a much 
higher precision and much more experimental pa- 



16 T.Yu. Morozouu et III./ Biophysicul Chemistry 60 (1996) I-16 

rameters can be compared with theoretical ones to 
refine models and to make modeling more compre- 
hensive and reliable. 
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