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The relative permittivity of aqueous solutions of human serum low den- 
sity lipoprotein (LDL) and partially trypsin digested ipoprotein (T-LDL) 
has been determined for various concentrations at 20 C over the frequency 
range 0.15- 100 MHz. Comparison of the dielectric dispersion curves for 
the digested lipoprotein with those for the native preparation revealed a 
larger low-frequency dielectric increment, which may be attributed to an 
increase in the number of counterions moving over the surface of the mole- 
cule. An explanation of this observation is an elevation of 70% in the net 
negative charge on the surface of the trypsin-treated particle as compared 
to its native counterpart. 
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Although dielectric methods have been in use for studying biological molecules for 
over 40 years, it is only recently that these have been applied to natural lipoproteins 
[ l ,  21, phospholipid vesicles [3], and similar systems [4 ,5] .  The structure of human 
serum low-density lipoproteins (LDL) has been of considerable interest in recent years 
[6,7] and still remains a matter of conjecture [8-lo]. The detailed arrangement of 
the molecular constituents remains unresolved, and in particular there is controversy 
regarding the location of the protein moiety. One classical [ l  11 technique for studying 
the structure of proteins concerns their specific breakdown into smaller peptides, the 
use of proteolytic enzymes of high substrate specificity being a good method of achiev- 
ing this [12-131. This approach may also be employed to  investigate the structure of 
more complex macromolecules such as serum lipoproteins [ 14, 151 . 

Limited tryptic treatment of human serum LDL permits the removal of 20-25% 
of its total protein, which is liberated in the form of low molecular weight peptides [15],  
Such trypsin-accessible protein is specifically removed from surface-exposed regions of 
the lipoprotein particle. Moreover, the internal structure of the particle is essentially un- 
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altered, as determined by small-angle X-ray scattering studies [16]. Application of di- 
electric techniques to the study of native and trypsin-treated LDL may provide informa- 
tion on the nature of the surface charge resulting from trypsin treatment. Dieletric studies 
may also be used to reveal whether any changes in the internal organization occur [2].  
The protein-deficient LDL - ie, T-LDL - may, after purification [ 151 , serve as a model 
for evaluation of the contribution of the surface protein to the structure of this macro- 
molecular complex. 

The objectives of the present study were therefore to obtain dielectric dispersion 
curves for T-LDL and to compare them with those obtained from the native preparation. 

MATERIALS AND METHODS 

Isolation of LDL 

The isolation of human serum LDL (density 1.024-1.045 glml) was carried out as 
described prevously [ 171 . The preparations were shown to be homogeneous and of high 
purity by the techniques of negative-stain electron microscopy, agarose gel electrophoresis, 
and immunological methods [ 181 . The final LDL preparation was exhaustively dialysed 
at 4°C against a solution containing 50 mM NaCl, 0.04% EDTA, 0.02% sodium azide, and 
0.005% merthiolate (pH 7.6). 

Preparation of T-LDL 

The T-LDL preparations were prepared as follows [15]. LDL was first centrifuged 
(2,000 g for 10 min at 5-8°C) to remove any denatured material and then concentrated by 
ultrafiltration ( h i c o n ,  Lexington, MA) on a Diaflo XM50 ultrafilter under nitrogen to 
give a final protein content of 10-18 mg protein/ml. Tryptic treatment (TPCK-Trypsin, 
Worthington; protein: trypsin ratio 50: 1 wlw) was then performed under carefully controlled 
conditions for 5 h at 37°C in 50 mM Tris buffer (pH 7.6). The degree of proteolysis was 
determined as the amount of acid-soluble protein after precipitation of a small portion (250 
pg) of the digest in 5% trichloroacetic acid. Gel filtration chromatography was performed on 
a Sephadex G-75 column equilibrated with the eluting buffer containing 25 mM Tris, 0.02% 
sodium azide, 0.01% EDTA and 0.001% merthiolate (pH 7.6); this column permitted separa- 
tion of the T-LDL fraction from trypsin and the liberated low molecular weight peptides. 
When LDL and T-LDL preparations were required with protein content in the range 20- 
100 mg/ml they were concentrated by ultrafiltration as outlined above. 

Chemical, Physical, and Immunological Studies 

total protein, an increase in the net negative charge on the particle surface, and a greater 
heterogeneity in particle size. The higher peak sf rate observed for T-LDL (range 6.9- 
8.9 S for 6 preparations) was consistent with the lower hydrated density (range 1.022- 
1.027 g/ml for 5 preparations) of the lipoprotein after tryptic treatment. For native LDL, 
the peak sf rate ranged from 5.6 to  8.5 S (6 preparations) and the hydrated density from 
1.023 to 1.033 g/ml(4 preparations). A partial immunological identity was established 
between LDL and the corresponding trypsin-treated preparations. By SDS-polyacrylamide 
gel elecrophoresis, the protein moiety of T-LDL was distinct from that of its native counter- 
part in lacking high mol wt ( > 250,000 ) protein and displaying a series of Polypeptide 
bands ranging from 165,000 to 12,000. No loss of lipids was detected upon trYPtic treat- 
ment. me peptides liberated from LDL were enriched in basic amino acid residues ('- 20% 
as compared to - 14% in the native particle). 

Comparison of T-LDL with the native preparation revealed a loss of 20-25% of the 
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Fig. 1. Variation with frequency of the electrical permittivity of human serum LDL (0) andoT-LDL 
(*) in aqueous solutions. (Concentrations 31.9 and 32 mg/ml, respectively; temperature, 20 C; pH, 
7.6). 

Dielectric Measurements 

solution of low ionic strength as previously outlined [2]. The relative permittivity E' of the 
solutions was determined at various concentrations over the frequency range 0.1 5-100 
MHz using AC bridge techniques described previously [19-211. For each sample, the 
permittivity was measured at a minimum of 20 frequencies in the above range. 

Prior to measurement native and T-LDL preparations were dialysed at 4°C against a 

R ESU ITS 

Previous dielectric measurements on LDL [2] had shown the existence of two disper- 
sion regions in the frequency range of measurement: a low frequency, or a-dispersion, center- 
ed around 0.5 MHz and a higher frequency, or p-dispersion, centered around 5 MHz. The 
present data, typical examples of which are shown in Figure 1, were therefore represented 
mathematically by the sum of two Debye dispersion regions, ie, 

Aa A0 
+ €03 (1) E' (w) = + -~ 

1 +w2r; 1 +w2r; 
where A = the dielectric increment 

T = the relaxation time 
w = the angular frequency 

= the value of the high-frequency plateau 
and the subscripts apply to the appropriate dispersion. The permittivity data were analysed 
with t h e  aid of a computer using a least-squares minimization technique [ 2 2 ] .  
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TABLE L Values for the Relaxation Frequencies of LDL and T-LDL in Aqueous Solutions 

Sample 

LDL 
T-LDL 

fa (MHz) 
0.42 _+ 0.06 
0.41 ? 0.05 

The four parameters resulting from the analysis of the permittivity data are the two re- 
laxation frequencies (fi = (271~1)~~) fa and fp and the two dielectric increments, Aa and 
Ap. The values for fa and fp of T-LDL were found to agree with the 95% confidence in- 
tervals with those obtained for LDL (Table I). 

centration for both LDL and T-LDL in Figure 2. It can be seen that, although the two curves 
exhibit a similar shape, there are detailed differences. 

tain critical solute concentration. At higher concentrates, there is an abrupt change, and 
Aa attains a constant value resulting in a plateau region. However, it appears from Figure 
2 that T-LDL exhibits a lower critical solute concentration than LDL, with respective values 
of approximately 25 mg/ml compared with 30 mg/ml. The plateau height is also different, 
being about 4 for T-LDL and about 3 for LDL. This unusal form of variation of Aa with 
concentration had been observed previously [2] for LDL. 

and showed a linear dependence with concentration as predicted by Pauly-Schwan equa- 
tion [23]. 

The variation of the increment of the a dispersion (Aa) is shown as a function of con- 

Both curves show an initial linear dependence of Aa with concentration up to a cer- 

The variation of Afi with concentration was similar for both T-LDL and LDL samples 

DISCUSSION 

The origin of the a-dispersion had been attributed [2] to counterion relaxation [ 191 
on the particle surface. The higher value of Aa obtained for the T-LDL would therefore be 
consistent with an increase in the net negative charge on the particle surface. This elevation 
in negative charge was suggested previously on the basis of immunoelectrophoretic studies 
[15]. The present investigations show that the value of the charge on a particle surface 
calculated from the dielectric data is 2.5 X 10-l8C for T-LDL compared with 1.5 X lO-"C 
for LDL. Assuming no differences between the particle diameters of LDL and T-LDL, the 
corresponding surface charge densities are 0.9 X 10" and 1.5 X lod3 Cm-2 respectively. 

The origin of the 0-dispersion has been attributed [2] to a Maxwell-Wagner type of 
mechanism [23] and is therefore due in general to the fact that the interior and superficial 
regions of the LDL particle are of differing permittivity and conductivity. The values of 
Ap and fp are particularly sensitive to the dielectric properties of the central region of the 
particle. The fact that the dielectric behaviour of the 0-dispersion for T-LDL did not differ 
from that for LDL is in agreement with conclusions derived from small-angle X-ray scatter- 
ing studies [ 161 ; namely, that the interior of the particle appears unaltered by tryptic treat- 
ment. The present dielectric work does not, however, permit any conclusions regarding the 
core structure over and above to those proposed previously [2].  In conclusion our data 
clearly indicate that the effect of trypsin on the LDL particle is essentially localized to its 
surface, where it is manifested as a markedly increased (70%) net negative charge resulting 
from the preferential removal of basic amino acid residues. 
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Fig. 2. Variaton of the dielectric increment of the a-dispersion with concentration (temperature, 20-C; 
pH, 7.6). 

ACKNOWLEDGMENTS 

We wish to thank the Science Research Council for supporting G.S.C. and the Central 
Research Fund of London University for an Apparatus Grant. Thanks are due to Pro- 
fessor R.E. Burge of Queen Elizabeth College, Professor P.N. Campbell of the Courtault 
and the Director of Unit 35, INSERM, Dr. M.H. Laudat for providing laboratory facilities. 
M.J.C. was partially supported by grant 78.7.2598 from the Delegation GCnCrale a la 
Rechereche Scientifique et Technique and S.G. by C.R.L. grant 77.5.021.5 from INSERM. 

REFERENCES 

1. Grant EH, Sheppard RJ, Mills GL, Slack J: Lancet 1: 1159-1161, 1972. 
2. Essex CG, Grant EH, Sheppard RJ, South GP, Symonds MS, Mills GL, Slack J: Ann NY Acad Sci 

3. Schwan HP, Takashima S ,  Miyamoto VK, Stoeckenius W: Biophys J 10: 1102-1119, 1970. 
4. Redwood WR, Takashima S,  Schwan HP, Thompson TE: Biochim Biophys Acta 255,557-566,  

5. Lamote R, Soeteway F, Rosseneu M, Peeters H: Protides of Biological Fluids 25:73-77, 1977. 
6. Laggner P: In Day CE, Levy RS (eds): “Low Density Lipoproteins.” New York: Plenum, 1976, 

7. Deckelbaum RJ, Shipley GG, Small DM, Lees RS, George PK: Science 190:392-394, 1975. 
8. Mateu L, Tardieu A, Luzzati V, Aggerbeck L, Scanu AM: J Mol Biol70: 105- 116, 1972. 
9. Luzzati VL, Tardieu A, Aggerbeck LP: .I Mol Biol 131:435-473, 1979. 

303~142-155,1977.  

1972. 

ch 2. 

10. Gulik-Krywicki T, Yates M, Aggerbeck LP: J Mol Biol 131:475-484, 1979. 
11. Edsall JT: In Cohn EJ, Edsall JT (eds): “Protein, Amino Acids and Peptides.” New York: 

Reinhold, 1943, ch 13. 
12. Ainfinsen CB, Redfield RR: In Anson ML, Bailey K, Edsall JT (eds):“Advances in Protein 

Chemistry.” New York: Academic, 1956, Vol 11. 
13. Files JG, Weber K: J BiolChem 251:3386-3391,1976. 
14. Bernfield P, Kelley TF: J Biol Chem 239:3341-3346, 1964. 



52:JSS Chana et a1 

15. Chapman MJ, Goldstein S,  Mills GL: Eur J Biochem 87:475-488, 1978. 
16. Laggner P, Chapman MJ, Goldstein S :  Biochem Biophys Res Commun 82:332-339, 1978. 
17. Chapman MJ, Goldstein S:  Atherosclerosis 25:267-291, 1976. 
18. Chapman MJ, Goldstein S ,  Laudat MH: Biochemistry 16:3006-3015, 1977. 
19. Grant EH, Sheppard RJ, South GP “Dielectric Behavior of Biological Molecules in Solution.” 

20. South GP: PhD Thesis, University of London, 1970. 
21. Essex CG, South GP, Sheppard RJ, Grant EH: J PhysE 8:385-389, 1975. 
22. Sheppard RJ: J Phys D 6:790-794, 1973. 
23. Pauly H, Schwan HP: Z Naturforsch 146: 125-138, 1959. 

London: Oxford University Press, 1978. 




