
Journal qf Chromatograpiq, 252 (1982) 241-254 

Elsevier Scientific Publishing Company, Amsterdam ~- Printed in The Netherlands 

CHROM. 15.205 

REVERSED-PHASE HIGH-PERFORMANCE LIQUID CHROMATOGRA- 
PHY OF VIRUS PROTEINS AND OTHER LARGE HYDROPHOBIC 
PROTEINS TN FORMlC ACID CONTAINING SOLVENTS 

JOCHEN HEUKESHOVEN* and RUDOLF DERNICK 

Heinrich-Pette-lnsiitllt .fGr Experimenteile Virologie und Immunologic on der Universitiit Ilrmlhrrrg. Mar- 

tinistrasse 52, 2000 Hamburg 20 IC.F.R.) 

(Received July 13th, 1982) 

SUMMARY 

The excellent dissolving capacity of formic acid together with a propanol-2 
gradient is utilized in a new system for reversed-phase high-performance liquid chro- 
matographic separation of poliovirus polypeptides and a variety of large proteins. 
Differences in elution characteristics were detected between reduced and non-reduced 
proteins containing disulphide bridges as well as proteins modified at cysteinyl re- 
sidues. The retention coefficients of single amino acids were used to calculate those of 
proteins. The correlation of calculated coefficients with actual retention times in- 
dicates that some proteins are bound via their full, unfolded length to the reversed- 
phase support, whereas others partly preserved their secondary structure. Treatment 
of proteins with sodium dodecyl sulphate prior to injection dissociates these struc- 
tural elements and leads to an increase in retention times. 

The high resolution of the system described should be applicable to the iso- 
lation and characterization of components of mixtures of proteins, particularly those 
of water-insoluble proteins of membranes or viruses, on the analytical and semi- 
preparative scales. 

INTRODUCTION 

During the last 6 years there have been numerous publications on reversed- 
phase high-performance liquid chromatography (RP-HPLC) of amino acids, pep- 
tides and low-molecular-weight polypeptides (MW < 5000) which demonstrate the 
enormous resolution power for this class of substances’p36 (for reviews see refs. 13, 
23, 24, 31). Several authors described the successful use of RP-HPLC for separating 
closely related peptides differing by one in the number of amino acid residues or by 
one or more in the kind of amino acid residue, including optical isomers and sequen- 
ces of amino acid residues37+38. RP-HPLC has become a well established method for 
peptide separation and this technique is today one of the best methods for the separa- 
tion of peptide mixtures generated by enzymatic (e.g., tryptic) or chemical cleavage of 
proteins. 

0021-9673/82/0000-0000,‘$02.75 cc 1982 Elsevier Scientific Publishing Company 



242 J. HEUKESHOVEN, R. DERNICK 

There have been fewer reports on RP-HPLC separation of larger polypeptides 
(MW = lo-20 kD). Examples are the separation of several hemoglobin variants3-r, 
human collagen types42, cytochrome c from several species43 and large fragments of 
BrCN cleavages of hemoglobin44, cytochrome b545, bacteriorhodopsin4’j and col- 
lagen47,48. 

Month and Dehnen4’ showed for the first time that proteins like bovine serum 
albumin may be eluted from reversed-phase columns. Later, further chromatographic 
conditions were introduced for the separation of larger polypeptides, however, there 
are only a few examples of proteins separated by RP-HPLC13*14*5S54, The specific 
difficulties in RP-HPLC of larger polypeptides are connected with the low solubility 
of proteins in the elution systems used. 

Acetonitrile, due to its low viscosity and UV-absorptions5, together with vari- 
ous buffer systems is frequently used in RP-HPLC of peptides, but is less suitable for 
the separation of large polypeptides on account of the low solubility of proteins in the 
high concentrations of acetonitrile which would be necessary for elution. Propanol- 
16,13,22,44,54 or propano~_~44+%52 is more suitable as an organic modifier in reversed- 
phase protein separation. Proteins are more soluble in these alcohols and moreover 
the concentration for elution may be decreased due to their higher elution 
strength44’56. The addition to eluents of chaotropic salts (e.g., NaC10,)41,57,58, ion- 
pairing substances (tri- or tetraalkylammonium phosphate)7-9v’5T36 and high concen- 
trations of pyridine-formate or -acetate 6~13s4*J6,59 improved the elution and separa- 
tion of proteins, but there are many proteins of highly hydrophobic nature which 
cannot be eluted from reversed-phase columns by these solvents. 

Many structural proteins of viruses are highly hydrophobic in nature and 
therefore difficult to handle. One of the most hydrophobic viruses is poliovirus. 
Poliovirus has two additional properties which make it ideal as a difficult model for 
separation procedures: it is a very compact and therefore hard to dissociate, and it 
contains four proteins three of which have very similar molecular weights40*61. 

We have tested several systems, including those of Gerber et ~i.~~, Takagaki et 
aE.45 and Mahoney and Hermodson44 which are supposed to be suitable for elution of 
large hydrophobic peptides, to separate the four structural polypeptides of 
poliovirus, VP 1,2, 3 and 4, on a C, or C,, reversed phase, but could never obtain an 
elution. The polypeptides were adsorbed by the column. 

From our experience of the separation of these virus polypeptides by polyacryl- 
amide electrophoresis in highly concentrated formic acid62, we have developed a RP- 
HPLC elution system with a high proportion of formic acid to separate highly hydro- 
phobic, large polypeptides. We present here a general method for separating and 
purifying particularly water-insoluble proteins of cell membranes and viruses by RP- 
HPLC with a solvent that dissolves all proteins. This solvent is volatile, which is 
important for easy sample recovery without desalting procedures. The system is ap- 
plicable to the separation of mixtures of proteins on both analytical and preparative 

scales. 

EXPERIMENTAL 

Chromatography 
HPLC experiments were carried with equipment consisting of two HPLC 



RP-HPLC OF PROTEINS 243 

pumps FR-30 (Type 5200), a gradient former (Type 9100) with mixing chamber and a 
variable wavelength monitor (Type 8700) set to 278 nm, all from Knauer (Berlin, 
G.F.R.) and a chart recorder, Beckman Instruments (Miinchen, G.F.R.). The RP- 
column was an Aquapore RP-300 (particle size 10 pm) from Brownlee Labs. pro- 
cured by Kontron Analytic (Miinchen, G.F.R.). A Rheodyne syringe-loading sample 
injector (Type 2120) with a 100~~1 sample loop was connected to the column which 
was jacketed and thermostatted at 22°C by a water-bath (Type RM3), Lauda 
(Tauber, G.F.R.). The eluents were prepared by mixing pure solvents (water, propa- 
nol-2, butanol-1, formic acid or acetic acid) by volume as indicated, filtered through a 

0.2-pm Millipore filter and degassed under vacuum. The gradient was started immedi- 
ately upon sample introduction and proceeded for a total of 60 min at a flow-rate of 1 
ml,‘min. El&on profiles of the gradient are shown in the figures. Fractions (200-800 
~1) were collected manually on the basis of detector signal, lyophilized in a cautiously 
evacuated desiccator over KOH pellets and prepared for rechromatography or 
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). 

Electrophoresis 
A 7.5-25 7: linear gradient slab gel (1 mm thick) with 3.3 % C* according to 

Lambin et a1.“3 and a discontinuous Tris-glycine buffer system64 was used. Samples 
were heated to 100°C for 5 min in buffer containing 1 ‘A SDS and 1 ‘A 2-mercapto- 
ethanol or dithiothreitol (DTE). Electrophoresis was performed for 16 h with 125 Vat 
6-8”C, then gels were stained with Serva Blau R [0.025 % in methanol-water-acetic 
acid (5:4:1)] and destained with 10 % acetic acid. 

Materials 
The following proteins and chemicals were purchased from Serva (Heidelberg, 

G.F.R.): ribonuclease A, cytochrome c (horse heart), lysozyme (hen egg), bovine 
serum albumin (BSA), conalbumin (bovine), soy bean trypsin inhibitor, myoglobin 
(whale and horse), p-lactoglobulin AB (bovine), carbonic anydrase (bovine erythro- 
cytes), ovalbumin, acrylamide, N,N’-methylenebisacrylamide (Bis), N,N,N’,N’- 

tetramethylenediamine, mercaptoethanol, Serva Blau, R and SDS. Pure fi-lactoglo- 
bulin A was a gift from Pharmacia (Freiburg, G.F.R.). 

S-Aminoethyl-BSA (SAE-BSA)“‘, S -P-(2-pyridylethyl)-BSA (SPE-BSA)66, S- 
carboxyamido-BSA (CAM-BSA)67 and S-sulphoethyl-BSA (SSE-BSA)68 were pre- 
pared according to the references. 

Propanol-2 (HPLC grade) and disposable extraction columns, type octadecyl, 1 
ml, were from J. T. Baker (Gross Gerau, G.F.R.). Tri-n-butylphosphine (TBP) and 4- 
vinylpyridine were obtained from Fluka (Buchs, Switzerland) and sodium 2-bromo- 
ethanesulphonate from Sigma (Miinchen, G.F.R.). All other reagents were analytical 
grade from E. Merck (Darmstadt, G.F.R.). 

The water used in HPLC experiments was deionized and purified further by 
pouring through a column of activated charcoal. 

Poliovirus type 1, strain Mahoney, was obtained, purified and characterized as 
described previously69*70 and stored in 3 M CsCl solution at -20°C. 
~___.~~ 

* The percentage concentration of bisacrylamide relative to the total concentration of acrylamide and 

bisacrylamide per 100 ml solution. 
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TABLE I 

PHYSICO-CHEMICAL CHARACTERIZATION OF POLIOVIRUS POLYPEPTIDES 

Polypeptide A!fokw4liU* Amino acid* Apparent** N-terminal*~*** Relctiw B Molar theor. p p 
weight units isoelectric umino ucid hydrophohicitl extuxlion 

point coefficient 
~~ 

VP 1 33,521 302 8.1 Gly 
VP 2 29,985 271 6.4 Ser 

VP 3 26,410 238 6.0 GUY 
VP4 7385 68 7.3 Blocked(?) 
- ~~~ 

* Calculated from RNA sequence’l. 
** From ref. 74. 

*** From ref. 77. 
p Calculated from sequence” by the method of Bull and Breese7’ 

B 5 Calculated from sequence ” by the method of Wetlaufer”. 

1.25 44.580 
1.19 49,680 

1.46 28,440 
0.824 5520 

RESULTS AND DISCUSSION 

Separation qf poliovirus polypeptides 
Poliovirus, a member of the picornavirus group, contains one molecule of 

single-stranded RNA, 7440 nucleotides long71772 and 60 copies of four capsid poly- 
peptides VP 1-46o (for physico-chemical characteristics see Table I). Poliovirus poly- 
peptides have been separated by SDS-PAGE60*61 and isoelectric focusing7375, but 
these techniques are time-consuming and not always suitable for preparation of pure 
polypeptides used directly for chemical analysis. 

In our first experiments by reversed-phase HPLC we established that 
poliovirus polypeptides are retained by the column. Neither the elution system of 
M6nch and Dehnen4” (propanol-2-phosphoric acid plus amounts of ethylene glycol 
monomethyl ether) nor those of Mahoney and Hermodsen44 (propanol-1 and tri- 
fluoroacetic acid) and Takagaki et a/.45 and Gerber et a1.46 (ethanol-5 I!; formic acid) 
were appropriate for poliovirus polypeptides. In preliminary experiments we used 
disposable extraction columns filled with 200 mg octadecyl-modified silica to obtain a 
solvent mixture that solubilized the polypeptides adsorbed on the reversed phase. We 
have previously employed the dissolving capacity of formic acid for a polyacrylamide 
gel electrophoresis system. Therefore a high proportion of formic acid in the elution 
solution was expected to be useful for eluting the polypeptides. In a series of experi- 
ments the small disposable columns were loaded with polypeptides, and then washed 
with mixtures of formic acid, propanol-2 and water, the composition of which was 
varied stepwise. The eflluents were fractionated, dried and analysed by SDS-PAGE. 
In this way the optimum elution conditions could be determined. 

A concentration of 50-60 % (v/v) formic acid in both aqueous (solution A) and 
alcoholic (solution B) solution is necessary for effective elution of the virus poly- 
peptides. The RP-HPLC column used (Aquapore RP-300) was prepacked with a 
wide-pore silica support of 30 nm average pore diameter, because it had been shown 
that an increase to this pore diameter from that used previously (6-10 nm) markedly 
increased the resolution of macromolecules, while at the same time retention times 
were decreased42,47v7s82. With a linear gradient from 10 to 20% propanol-2 in @I,?; 
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Fig. 1. HPLC separation of 20 pg poliovirus, type 1, strain Mahoney, on reversed-phase column of 
Aquapore RP-300. The sample contained in 3 M CsCl was injected without pretreatment. Fractions a-d, 
marked by bars, were collected and applied to SDS-PAGE. a = VP 4; b = VP 1; c = VP 2; d = VP 3. 

Elution conditions: 60 % formic acid (HFo) with a gradient of propanol-2 as indicated by the dashed line; 
1 ml/min; 22°C. 

formic acid we obtained a satisfactory separation of the four virus polypeptides as 
shown in Fig. 1. As expected from values of relative hydrophobicity (Table I), VP 4 
(peak a) was eluted from the column first, followed by VP 1 (peak b) and 2 (peak c) 
close to one another but in inverse sequence and finally VP 3 (peak d). This order of 
elution and the purity of the fractionated polypeptides were checked and confirmed 
by SDS-PAGE (Fig. 2). From the amino acid composition deduced from the RNA 
sequence7’ we calculated the extinction coefficients of poliovirus polypeptides by the 
method of Wetlaufer7’ (Table I). On the basis of these coefficients, the injected virus 
amount and peak area, a nearly quantitative recovery was obtained of the poly- 
peptides VP 4, 1 and 2, whereas VP 3 was obtained only with a yield of about 30 ‘i/,. 
The same result was obtained by appraising the intensities of stained protein spots 
on SDS-gels when equivalent amounts of the fractionated polypeptides were applied. 
In several experiments the eluent composition was modified to enhance the elution 
power, using higher concentrations of formic acid or butanol- 1 instead of propanol-2. 
This decreased the rerention times of the polypeptides but did not increase the yield of 

VP 3. 
When formic acid was partly or completely replaced by acetic acid, a decrease 

in retention times of polypeptides was also observed, however, the peak widths in- 
creased to an extent which caused a deterioration of the resolution. Both the decrease 
in resolution and the increase of back-pressure were caused by the higher viscosity of 
acetic acid in comparison to that of formic acid. Moreover, the yields of fractionated 
polypeptides were reduced. Therefore, all subsequent experiments were done with 
formic acid. 

We have also tested the influence of sample pretreatment and injection on 
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Fig. 2. SDS-polyacrylatnide gel electrophoresis of poliovirus polypeptides (type 1, strain Mahoney) sep- 
arated by RP-HPLC. Aliquots of the fractions ad from the separation shown in Fig. 1 were analysed in 
lanes 2-5. SDS-dissociated polioviruses appeared together in lanes 1 and 6. 

retention and recovery of the polypeptides. Dissociation of the poliovirus in highly 
concentrated formic acid prior to application on the column is not necessary: there is 
no difference in retention and recovery in comparison to direct injection of a virus 
solution kept in 3 A4 CsCl. This shows that virus particles are immediately dissociated 
on the top of the column. For all subsequent experiments direct injection was used. 
(Syringe and injection valve were rinsed with 80 % formic acid after each injection to 
destroy infections material.) The wide peak seen in the initial part of the chromato- 
gram is caused by the RNA. The collected fraction showed an intense absorption at 
260 nm. This peak does not occur if the virus sample is pretreated with ribonuclease in 
aqueous solution at 50°C for 30 min followed by reduction with DTE. 
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hjluence of secondury structure on separation of proteins 
For further studies of the properties and suitability of the new chromatograph- 

ic system for protein separation, we used several, easily available proteins with a wide 
range of molecular weight from 11,700 (cytochrome c) to 86,000 (conalbumin) and 
very different hydrophobicities. 

An excellent separation of a mixture of twelve proteins dissolved in water or 
5 “/, acetic acid without reducing agents was achieved if they were chromatographed 
under conditions nearly identical to those applied for virus polypeptides (Fig. 3, lower 
chromatogram). The elution points of poliovirus polypeptides are marked by arrows. 
The heme from myoglobin is split off by the acidic conditions of the eluent41 and is 
eluted close to cytochrome c. The heme-free myoglobin molecules from whale and 
horse are well separated. fi-Lactoglobulin AB, a commercial mixture of the variants A 
and B, is also well separated, although the variants differ only by two amino acids83, 
but fl-lactoglobulin B and myoglobin from horse are co-eluted. 

Previously we have shown that poliovirus polypeptides contain only SH 
groups but no disulphide bonds 84 To study the behaviour of proteins containing SH . 
groups, the protein mixture was reduced either with DTE at pH = 7.5 in 0.01 M 
phosphate buffer or with tri-n-butylphosphine (TBP) in 5 % acetic acid’“. 

VP4 VP1 VP2 VP3 
11 1 

5 
z 
.L 
.c 

c j 
0 10 20 30 40 50 rnlri 

reiedion lime 

Fig. 3. Comparison of the chromatographic behaviour of reduced (upper chromatogram) and non-re- 
duced (lower chromatogram) proteins in the formic acid/reversed-phase system. The protein mixture 
dissolved in 5 % acetic acid consists of 0.5-l m&ml each of: 1 = ribonuclease A; 2 = cytochrome c; 3 = 
lysozyme; 4 = BSA; 5 = conalbumin; 6 = trypsin inhibitor; 7 = whale myoglobin; 8 = horse myoglobin; 

9 + 10 = /?-lactoglobulin A and B; 11 = carbonic anhydrasc; 12 = ovalbumin. For reduction, 10 &ml 
TBP (diluted with 90 ~1 propanol-2) were added and incubated for 2 h at 37°C. Shifts of the elution 
positions after reduction are marked by dotted lines. Elution conditions as in Fig. I. 
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Fig. 4. Chromatography of 25-30 pg of a commercially available mixture of/&lactoglobulin A and 9, non- 
reduced (bottom chromatogram), reduced with TBP in 5 % acetic acid (top chromatogram) and a mixture 
of both reduced and non-reduced fi-lactoglobulin AB (middle chromatogram). Lysozyme was used as 
internal standard. Conditions as in Fig. 1. 

During reduction in neutral or slightly alkaline aqueous solution some proteins 
became insoluble and precipitated, and had to be redissolved in 20”/, formic acid 
before injection. The upper chromatogram in Fig. 3 shows the separation of the 
reduced protein mixture. Shifts in the retention of proteins containing disulphide 
bonds (ribonuclease, lysozyme, BSA, conalbumin, trypsin inhibitor, @-lactoglobulin), 
depending on the secondary structure, i.e., the number and position of intramolecular 
disulphide bonds. The shift in the elution position of the trypsin inhibitor containing 
two disulphide bridges is clearly visible. In contrast, the shift of fl-lactoglobulin A or 
B, which also contains two disulphide bridges, is barely detectable. 

Fig. 4 shows chromatograms of the reduced (top) and non-reduced (bottom) fi- 
lactoglobulin A and B and of a mixture of both (middle). The excellent separation of 
these two very closely related proteins is seen, and even four peaks can be detected in 
the mixture From the above differences between the reduced and non-reduced pro- 

teins it is deduced that the interaction between the reversed phase and proteins after 
reduction of disulphide bonds is stronger than that with the untreated proteins. This 
means that the area of contact of the reduced proteins has been increased by more 

extensive unfolding. 
However, it is not clear whether protonation and solvation by formic acid 

would lead to completely unfolded protein molecules if there were no stabilization by 
disulphide bonds. Formic acid in high concentration (up to 100 %) may elute only a 
few peptides and polypeptides from reversed-phase columns if organic solvents are 
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omitted. This indicates that it only partly dissociates hydrophobically bonded struc- 
tures and it may be that secondary structures, stabilized by hydrophobic forces, are 
preserved. 

The question thus arises as to whether the reduced proteins are completely 
stretched and interact with their whole length with the reversed phase or whether 
secondary structures are preserved. We have applied the correlation of hydrophobic 
parameters to retention times introduced by Meek”, Meek and Rossetti”’ and 
Wilson et u/.56.s6 for peptides, and the hydrophobic fragmental constants tabulated 
by Rekker”, to calculate the retention behaviour or reduced proteins on RP-HPLC. 
Molnar and Schoeneshoefer88 studied polypeptides whose low retention times (lower 
than calculated) were explained by the assumption that a secondary structure was 

stabilized by intramolecular hydrophobic interactions. For our calculation we used 
the improved retention coefficients of amino acids given by Meek and Rossetti58, 
although their chromatographic conditions were different from ours. Therefore, al- 
though the calculated retention times cannot be expected to be in numerical agree- 
ment with the observed ones, a correlation between them should be found. Fig. 5 
shows a plot of the actual retention times versus retention coefficients of some reduced 
proteins, calculated by summing the coefficients of the constituent amino acids (ob- 
tained from sequence data 83*89-92). 

To a first approximation there is a linear correlation (correlation coefficient 
R = 0.97, if BSA, lysozyme and cytochrome are not taken into account) between the 
total hydrophobicity of proteins and their elution points in our chromatographic 
system, although a few considerable deviations are observed. A similar graph was 
obtained by using the hydrophobic fragmental constants to calculate the total hydro- 
phobicity of the proteins. This demonstrates that in two differing analytical systems 
the hydrophobicity of amino acids is independent of the solvent composition, when 

retention time 

Fig. 5. Correlation of actual retention times wxws retention coefficients of proteins calculated by sum- 

mation of the coefficients of amino acid residues5* (phosphate system). Numbers adjacent to the data 
points indicate the proteins listed in Fig. 3. The corresponding values of poliovirus polypeptides are also 

noted. 
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Fig. 6. Separation of BSA derivatives with different modifications at cysteinyl residues: 1 = S-aminoethyl- 
BSA; 2 = S-pyridylethyl-BSA; 3 = non-reduced BSA; 4 = S-carboxyamidomethyl-BSA; 5 = S-sul- 
phoethyl-BSA; 6 = reduced BSA. About 25 pg were injected. Conditions as in Fig. 1. 

the reference system is identical (glycine). The values of hydrophobicity undergo only 
a relative displacement by changing from aqueous-alcoholic elution systems to those 
containing a high concentration of formic acid. BSA, cytochrome c and ribonuclease 
as well as the virus polypeptides VP 1 and 2 are eluted much earlier, but VP 3 and 4 
are retarded to a greater extent, than expected. 

In order to determine whether the anomalous elution behaviour of BSA is 
based on incomplete reduction, BSA was treated with DTE under denaturating con- 
ditions in 8 M urea or 6 A4 guanidine hydrochloride and then alkylated to protect 
cysteinyl residues. Four differently modified BSA preparations were obtained: S- 
aminoethyl-BSA and S-pyridylethyl-BSA with basic protection groups, S-carboxami- 
domethyl-BSA with a neutral and S-sulphoethyl-BSA with an acidic protection resi- 
due. These four derivatives are insoluble in water but soluble in 10 % formic acid. Fig. 
6 shows their chromatographic behaviour in our system in comparison with reduced 
but unmodified and with non-reduced BSA. The change in elution behaviour ob- 
served after modification of thiol groups indicates that the intrinsic charge of the 
protein influences binding to the reversed phase. The total hydrophobicity decreased 
with increasing basicity of the substituents at the cysteine residues. In the acidic 
solvent used, the protonation of basic amino or pyridyl groups promotes the elution, 
therefore SAE-BSA and SPE-BSA are eluted earlier than CAM-BSA (neutral sub- 
stituent) and SSE-BSA (acidic substituent). The broad peak of SSE-BSA is probably 
caused by an incomplete reaction of BSA with the 2-bromoethylsulphonate. 

All of the modified BSA derivatives were eluted earlier than reduced BSA, 



RP-HPLC OF PROTEINS 251 

therefore we assume that reduction was in fact complete and the anomalous elution 
characteristics of BSA are a result of a partly folded secondary structure which is 
stabilized by intrachain interactions not dissociable by formic acid. It is known that 
some proteins -also those like ribonuclease- which contain disulphide bonds can 
return to their native states even when the disulphide bonds are reduced simul-* 
taneously with denaturation. Therefore it can be deduced that proteins which elute 
earlier than expected with respect to their total hydrophobicity, such as ribonuclease, 
cytochrome L’, BSA and the poliovirus polypeptides VP 1 and 2, contain intramolec- 
ular folded domains stabilized by hydrophobic forces that cannot be dissociated by 
elution solvents. 

While poliovirus particles are dissociated to RNA and polypeptides im- 
mediately after injection on the column, the secondary structure of VP 1 and 2 is 
preserved at least to some extent during the residence time in the column. When the 
polypeptides are stored for several hours in the elution solvent a change in the struc- 
ture and interchain aggregation must occur, because the once separated polypeptides 
were then retained by the column upon rechromatography. SDS dissociates all poly- 
peptides separated by our system, i.e., also aggregated polypeptides, as has been 
shown by their subsequent separation by SDS-PAGE. Here we find a remarkable 
difference between poliovirus polypeptides and the other proteins tested. Separated 
virus polypeptides could not be rechromatographed at all or only with very low 
yields, whereas all the other proteins used were quantitatively rechromatographed by 
repeated injection and elution after drying and redissolving the fractionated mixture. 
The only exceptions were reduced BSA and ovalbumin which were rechromatograph- 
ed with a loss of about 2040%. 

We explain the decelerated elution of a few proteins -especially VP 4 and 3- 
in comparison to their calculated hydrophobicities by a stronger interaction with the 
support. This could be caused by oligomerization which leads to molecules with 
increased total hydrophobicities. The low chromatographic yield of VP 3 and the 
unusual retardation (monomeric VP 3 should be eluted prior to VP 1) might be an 
indication of oligomerization. The aberrant migration of VP 4 in formic acid poly- 

acrylamide gel electrophoresis62 could also be explained by oligomerization. 

SDS-containing protein samples 
Formic acid is an excellent solvent for proteins, but some chemical reactions 

are difficult to perform in acidic media. Therefore SDS is often used to dissolve viral 
or membrane proteins in order to perform reactions in neutral, aqueous media. We 
have therefore tested protein-SDS complexes with regard to their chromatographic 
behaviour on reversed-phase columns. Solutions containing sufIicient amounts of 
SDS and reducing agents effectively solubilize proteins by simultaneous alteration of 
their conformations and generation of uniformly shaped protein-SDS complexes. 
Such alterations in conformation, and the coating of the proteins with the hydro- 
phobic SDS residues, were expected to affect the elution behaviour of the proteins. In 
our formic acid-containing system, polypeptides which stayed in the column only for 
a short period of time (ribonuclease and cytochrome c) were eluted with some delay 
as broad peaks. The other proteins tested were eluted nearly unchanged as small 
peaks with the exception of /I-lactoglobulin B and the virus polypeptides VP I and 2. 
The separation between fl-lactoglobulin A and B was lost, both co-eluting at the 
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position of the reduced A variant (without SDS treatment). VP 1 and 2 were more 
strongly retarded, co-eluting near the position of VP 3. 

This different behaviour of SDS-treated samples can be explained in the fol- 
lowing way. Amons and Schrier93 reported the dissociation of protein-SDS com- 
plexes by propionic acid-formic acid-water (2:1:2). Hence we may infer that also the 
eluent formic acid-propanol-2 will cause dissociation of SDS-protein complexes into 
monomeric SDS and free protein on top of the column. Changes in the retention of p- 
lactoglobulin as well as of VP 1 and 2 seem to be the result of an alteration of their 
secondary structure. Treatment with SDS dissociates all intrachain foldings stabilized 
by hydrophobic forces, including those which are not affected by formic acid. After 
removal of the SDS, the protein does not return to the conformation obtained with- 
out SDS treatment. The elution positions are now in good agreement with the calcu- 
lated elution coefficients. The relatively broad peaks of ribonuclease and cytochrome 
c treated with SDS support the idea that an inhomogeneous population of molecules 
is generated on the column due to either incomplete dissociation of SDS and/or 
different secondary structures of the protein molecules. 

CONCLUSIONS 

The present RP-HPLC method with solvents containing high proportions of 
formic acid is generally applicable to analytical and preparative separations of water- 
soluble as well as of water-insoluble and hydrophobic proteins. The strong dissolving 
capacity and the powerful elution strength of the solvent systems described overcome 
the problems of insolubility of virus proteins and membrane proteins as well as of 
chemically modified proteins in aqueous detergent-free systems. 

For the recovery of the separated proteins, the eluent formic acid-porpanol-2 
may be removed without residue by simple evaporation. Thereby pure polypeptides 
are quickly obtained which are suitable for chemical analysis. The system described is 
also applicable to the detection of intrachain disulphide bridges. 
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