
CHROM. 12,045 

HIGH-SPEED STERIC EXCLUSION CHROMATOGRAPHY OF BIOPOLY- 
MERS’ 

C TIMOTHY WEEIR and SETH R ABBOTT 

Vkrim Imtrunmt Croup, 2700 Mitckeill Drive, Wdmt Creek, Carif. 94598 (U.S.A.) 

SUMMARY 

Biopolymer separations were studied on Micropak TSK type SW columns, 
which contain an aqueous compatible steric exclusion support. Columns of two 
different pore sizes, designated 2CNOSW and 3ClUQSW, were compared for separation 
of proteins and nucleic acids covering a molecular weight range of 13,500 to 340,000 
and the effect of molecular shape and denaturation upon elution volume was inves- 
tigated_ Use of high-speed steric exclusion chromatography as a prefractionation 
step prior to ion-exchange chromatography iy biopolymer purification schemes is 
discussed. 

INTRODUmON 

The essential characteristics of steric exclusion supports for use in biopolymer 
separations are: 

(!) A predominantly hydrophilic character. Hydrophobic interactions can 
irreversibly adsorb and denature proteins. 

(2) A pore size sutiicient to allow permeation by macromolecules. Most protein 
work requires 200-1500 A pore size supports. Permeation by viruses and nucleic acids 
can require larger pore sizes (see Table I). As a general rule, the support pore size 
should be several times that of the major axis of the macromolecule. 

(3) An inert surface, to avoid ion exchange adsorption interactions with the 
macromolecules. 

(4) Mechanical strength. 
(5) Geometric insensitivity to changes in mobile phase pH and ionic strength. 
(6) Stability over a wide pH range. 
Classical steric exclusion separations of biopolymers have utilized relatively 

soft, hydrophilic gels such as the synthetic polyacrylamides (e-g_, Bio-Gel P) and the 

* Efitar’s note: A similar study was submitted on April 3rd, 1979: S. Rofcushika, T. Ohkawa 
and B. Batano, J. Chumtugr., 176 (1979) 456-461. 
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TABLE I 

MOJXCULAR WEIGHT AND MAJOR AXE DIMENSIONS OF BIOPOLYMERS 

FExinogen 
*pGl0bUh 

Albumin 
Eiemoglohin 
a23enc.e Jones protein 

LQoproteins 
a-lipoprotein 
/??-Lipoprotfs 

.?z4rz=rm 
l%Pb 
b=W= 
RiiSlUdeue 

Vii7LWS 
Bilshy stunt virus 
To-bacco mosaic virus 

700 34u.ooo 
235 160.000 
150 69.000 
57 68Jmo 
43 35mo 

300 2oo.Qal 
185 1.3oomo 

84 35.oQo 
60 14_?00 

- 12.700 

250 7.6aMxJo 
2700 40.000.m 

- 

po.ysaccharide dextrans (e.g., Sephadex) and agaroses (e.g., Sepharose, Bio-Gel A). 
Polystyrene-divinylbenzene resins have ken avoided due to irreversible adsorption 
and denaturation efficts of the hydrophobic aromatic matrix and to the relatively bw 
pore sizes of these supports (< 50 A). 

The polyacrylamide and polysaccharide gels are hydrophilic and can be pre- 
pared in large pore sizes_ Polyacrylamide and dextran supports have been used for 
separation of biopolymers of mol_wt_ up to 106. Agarose has been used to separate 
viruss and nucleic acids of mol.wt_ up to 1.5 - 108_ The extremely high exclusion limits 
of the agzrose supports @able II) has allowed separation of subcelhdar particles’_ 

Unfortunately, these gels are characterized by a relatively low compressive 
strength and must be operated at low pressures and flow velocities. Thus, equilib‘mtion 
separation and washing times are long, and sample throughput is low. Cross-linked 
a,oarose, the most mechanic4ly stable of these gels, is operated at flow velocities of 
0.002-0.02 cmjsec. This is an order of magnitude slower than typical flow velocities 
employed in high-speed liquid chromatography (HSLC). 

The need for a rigid, microparticulate support for biopolymer HSLC has long 
‘been evident- Controlled-pore glasses (CPGs) developed by Hallerr in 1965 and 
available3 in pore sizes from 40 to I500 A and particle diameters of 5-10 pm, have been 
used for steric exclusion of biopolymers of mol.wt_ up to 106_ However, both controlled 
pore gW and silica gel s*urfaces are characterized by high densities of highly polar, 
weakly acidic silanol (Si-OH) _~oups. Silanols can behave as cation exchange sites 
and result in adsorption and denaturation of biopolymers4m5, especially proteins with 
isoefectric poiits above pH 7.5. This problem has seriously inhibited the use of un- 
coat& CPG or silica gel for biopolymer HSLC. 

Coating of CPG and silica gel supports with polyethylene glycol (PEG) of 
mol.wt, M 104-105 significantly reduces these adsorption e&ct+‘. Although PEG- 
coated CPG has been used successfully in the separation of high-molecular-weight 
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TABLE H 

CHARAClERISECS OF SUPPORTS FOR STERIC Ex(=LUSEON CHROMATOGRAPHY OF 
BEOJ?OLYMEECS 

Bio-Gel P (sross-linked 2-9 
poIyacrykmide 

Sephadex noss-linked 
dextran 

Eia-GeIA Agarose 

2-12 

4-13 37-75 
75-150 

5-10 

LiChrospher Spherical silica glass 2-S 10 

I-SK-SW Spberi~A, rigid gel, 3-S 
hydrophilic 
smionaty pbi?se 

10 
13 

- 5aO,aM-150,000,cm 
- 5O,OOO-lSO,CXIO,OOO 

4OthrlI 8000-l,aoo,oclo 
15ciO 

100 &i-u 8O,ooO-s,ooO,aoo 

- 20,000 and 150,000 
- @mm 

Peptides 
Proteins 
Proteins 

Peptides, 
proteins 

Dextfans 
Dextrails 

Dextrans 

Poly- 
Styrenes 

DeXbXllS 
Dearaas 

viruses6, the coating process is a reversible one and the PEG phase elutes under contin- 
uous use’. In addition, adsorption ef$kcts are still observed for certain profei&. 

The coating “bleed” problem can be avoided by covalently bonding an inert 
hydrophilic phase onto CPG or silica gel supports. Regnier and co-workers bonded a 
“dial” phase (Fig. 1) onto both CPGB and micropaticulate silica gel*, obtaining HSLC 
exclusion bonded phases with negligible adsorption of biopolymers. These phases are 
often called ‘cglycoplnses”. Regnier has also bonded polydextran onto silica through 
an alkylamine intermediary. However, enzyme recoveries from the dextran-silica 
supports were significazttly lower thaa those obtained from a diol-silica support. 

Silica Gel 

Fig. i. ‘Dial” H&C bonded exclusion phase for bbpolymers. 

Tayot et al.” succeeded in preparing “bleed-less” ion exchange sz~pports for 
biopolymer HSLC by impregnating silica gel wit& cross-linked DEAE-dextran poly- 
mers. This technique may also be promising for HSLC exclusion of biopolymers, in- 
cosporating the separation characteristics of a polysaccbaride with the me&an&l 
stre2gtb of a micropticulate silica gel. 

Another type of HSLC exclusion support, TSK-SW gels, was recently developed 
by Toyo-Soda (Tokyo) Japan. The support -a rigid gel fsilica gel) whose surface is 



covered with hydroxyl groups- has a pH range of 3-g. Part&Ye size is I0~r.n and at a 
typical flow velocity of M 0.05 cm/=, eEciermies of 2O,OOO+O,OQO plates per meter 
are obtained. Toyo-Soda has demonstrated quantitative recovery of proteins and of 
enzyme activity from the suppor& The exact structure of this support has not been 
published, Biopolymer separations were obtained on pre-packed Varh M?icroPak 
TSK-2ooO and 300 SW columns (8 mm x 30 cm). 

ExP!sRmENFAL 

Chromatography was performed on a Varii Model 5020 gradient HPIC 
system equipped with a Varichrom variabie wavelength absorbance detector. 

The following protein and transfer RNA standards were obtained from Sigma 
(St Louis, MO., U.S.A.) and solutions were prepared in the mobile phase buffer: 
cytochrome c from horse heart, Type VI; human fibrinogen, fraction I; pepsin from 
hog stomach mucosa; ovalbumin; bovine a-globulins, Cohn fraction IV; lactic dehy- 
drogenase from rabbit muscle, Type II; bovine y-globulins, Cohn fraction II; tyrosine 
specific transfer RNA and N-formyhuethionine specific transfer RNA from Escheri- 
chia culi. Rabbit liver transfer RNA, prepared by the method of Anandaraj and Roe= 
(extraction with phenol in pH 4.5 acetate buffer followed by chromatography on 
DEAE-celhrlose) was kindly provided by Dr. R. D. K&ma. Human serum was 
filtered through a O&urn tiher prior to use. 

RESULTS AND DISCUSSION 

Biopolymer separations were studied on MicroPak TSK 2000 SW and Micro- 
Pak TSK 3000 SW cohunns, having exclusion limits for dextran standards of 20,000 
and I50,OOO respectively- Exclusion volume is dependent on hydrodynamic volume of 
a solute rather than simple molecular weight. Exclusion limits will thus be greater for 
proteins, which are not as linear as dextmns and thus penetrate the support pores more 
readily. Fig. 2 shows calibration plots of a series of protein standards OQ 2000 and 
3000 SW colts. Exclusion limits for the proteins are seen to be M UlO,OOO and 
> 350,GQO respectively. 

Fig. 3 is a calibration plot of the same series of protein standards on a 3QOO SW 
column with hemoglobin added. Although hemoglobin and albumin have similar 
moiecular weights (68,000 vs. 69,000) the hemoglobin (57 x 34 A) is more globular 
than albumin (I 50 x 38 A) and thus permeates the pores to a greater extent. The larger 
hemoglobin elution volume is characteristic of a more linear (albumin-like) protein of 
mol.wt. 28,OQO. For accurate molecular-weight determination of proteins by steric 
exchrsion chromatography (SEC), one can denature the proteins by addition of guani- 
dinium hydrochloride or sodium dodecylsuEate (SDS)L’ to the mobile phase. 

The value of a proper choice of pore size for biopoiymer separations is shown 
in the protein mixture separations of Fig. 4. The separations are obtained in I5 min, at 
a flow velocity of w 0.04 cm/set. Note that the y-glob&ins (moLwt. M MO,OOO) 
which elute as one peek at the 2ooO SW exclusion volume are split into three peaks on 
the -3MO SW column. The 3ooO SW column is optimum for separation of most proteins 
of m0Lw-c 4O,M,m. The 2009 SW column is optimum for most proteins of 
m0l.d K 40,OQO. : 
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Fig. 2. Calibration curves for MicroRik TSK Type SW gels. Conditions: solvent, 0.067 M KE&FQ~ 
+ 0.1 MKCI + 6 - lo-’ M sodium azide, pH 6.8; flow-rate; 1.0 ml~min; temperature, 30”; column 
dimensions, 30 cm x 7.5 mm. P, Fibrinogen (340,OQO); 0 y-globulin (160,000); A, LDH (10!3,OW); 
A, ovalbumin (43,5GO); 8, pepsin (35,ooO); 0, cytocbrome c (13,500). 
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F% 3. Caliisation curve for l%xoPak TSK-3000. Conditions: solvent, 0.067 MKH,POI (pEi 6.8) f 
0.1 MN&l; tY.ava& 1.0 mt/min; ahrElu dirimsiw 7.5 mm x 6Oan 
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Fi 4. Sp2ration of pmteki stadard mixtures. Gxditions as in Fii 2 

The 3000 SW column provides the best separation of components in human 
serum, as shown ti Fig. 5. The first peak probably contains high-mokcular-weight 
immunoglobulins partially excluded from the gel; the next peak should include 
y-globulins (160,000 &tons). The Iarge peak at V, M 7 ml matches the elution volume 
of albumin (69,000 d&tons). The last two peaks to elute are unknowns. 

The hydrodynamic volume of a protein is a fi.mction of its conformation. 
Pepsin, a globular protein with unusual stabiity h_ acidic solutions, is denatured at 
pR values above 5. Consequently, it behaved as a linear molecule under the conditions 
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Fig. 5. Separation of human serum. Conditions as in Fig 2_ 

FL 6. &par&km of pepsin and degradation pmducts. Conditions as in Fig. 2. 

used in Fig. 2 (ehent pH 6.8). Upon incubation in the cold, a new peak appeared, 
corresponding to a species with a mo1.w~ of 35,000 daltons (Fig. 6), suggestig either 
that the denatured pepsin was degraded into fragments or underwent pztial renatura- 
tion to a more globular conformation. 

The intiuence of hydrodynamic volume upon permeation is also evident in the 
elution of transfer RNAs (Fig. 7). These are relatively small ribonucleic acids with 
mokcular weights in the raqe of 25,000-30,000 dakons, yet they elute from the Zoo0 
SW column in the same volume as would a globular protein with a mol.wL of GO,0 
da&on% This reelects the relatively linear tRNA structure. Note that the two species 
(tyrosine specific and N-formyhnethionyl speci6c) are partially resolved on the 
3OQO SW cohunn. Comparison of the elution volumes with those of dextran polymers” 
indicates that the tRNAs elute as would linear dextrans with mol.wts. of 23,CMM and 
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lSg_ 7_ Separation of tRNA standank Gxditions as in FE 2_ 

30,OtXI dabons. Separation of a tRNA extract from rabbit liver (Fig. 8) reveaJ.s a 
major peak corresponding to material in the range of 24,000 dahons (as determined 
from a dextran calibration-curve), another component of about 30,900 daltons and 
smaller amcunts of material of greater than 100,aoO daltons (possibly ribosomal 
RNA)_ 

Orgauic solvent compatible StEC is often used in tandem with a reversed-phase 
colum& for resolution of complex mixtures. The StEC acts as a rapid pre-fmctiona- 
tion and clean-up step. Aqueous compatib!e StEC on ffie TSK-SW cohrmns has great 
potential for coupling to a subsequent large-pore ion-exchange column. One can thus 
capitalize on the high speed and etkiency of the StEC cohuxms along with the fact 
that the same mobile phase required for the ion exchange separation (typically a Tris 
buffer with NaCl added) can be used for the StEC separation. The future use of such a 
techrnque should be enhanced by the ability of microprocessor-controlkd chromato- 
graphs to automate such a coupled column-“heart cuttings scheme. 

Work in our Iaboratory is aimed at developing such HSLC ionexchange 
columns for coupling to an StEC pre-fractionation. Fig. 9 shows the separation of 
tRNA standards on an experimental _MicroPak anion exchange bonded phase cohmm; 
here, the tyrosyl tRNA standard which elutes as a singIe peak from the steric exclusion 
column is separated into at least three XIV-absorbing species. Application of such 
cohmms for analysis of tRNA preparations is quite promising, as sug~+ed by the 
rapid separation of the rabbit liver tRNA extract shown in Fig. IO. Use of StEC pre- 
fractionation should greatly enhance the separating power of the technique aud extend 
ion exchange coIumn life by reducing its exposure to extraneous matrix material_ 
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Fig. 8. Separation of rabbit liver tRNA extract. Chditions as in Fii 2 
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Fig_ 9. Separation of transfer RNA on h%icroF& M?AX-SO_ Conditions: solvent A, 0.1 M Tris, pH 
6.8; sotvent l3.0.1 M Tris. pH as f ZMNaQ;G~~~t:O”~B5mln,ehen(l-450/~Bin~5min: 
&on* 1.0 ral/min; v 309 
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Fig 10. Sepamion of rabbit liver tRNA extract on MicroFak MAX-S@. 
except flow-late is 05 ml~min_ 

as inF~9 
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