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ABSTRACT 

A recombinant mycobacterial heat shock protein of relative molecular mass 60 000 was purified by hydrophobic interaction chroma- 
tography. Chromatographic media with ligands of medium hydrophobicity, such as phenyl-Sepharose, bound too strongly to be used 
for the purification of this heat shock protein. Butyl-Sepharose, with weak hydrophobicity, allowed binding and elution with decreasing 
concentrations of ammonium sulphate, but only alkyl-Superose allowed the separation of two similar proteins from the Escherichia co/i 

clone expressing the recombinant heat shock protein (relative molecular mass 60 000) of Mycobacterium bovis BCG. The binding 
parameters of recombinant human heat shock proteins of relative molecular mass 60 000 and 70 000 indicate that phenyl-Sepharose 
also binds too strongly for the separation of these two heat shock proteins. 

INTRODUCTION 

Heat shock proteins (hsp) are induced by different 
types of stress in eukaryotic and prokaryotic cells. 
Different families of hsp exist which are grouped 
according to their molecular size. The hsp 60 family 
is ubiquitous among all species and its members 
have a very high degree of sequence homology [l]. 
The biological functions of hsp 60 cognates are now 
known. Hsp 60 and hsp 70 both act as chaperons, i.e. 
they are involved in the assembly of protein subunits 
to form multimers, the unfolding of partially de- 
natured proteins, and in keeping the proteins in an 
unfolded state prior to translocation across the 
membrane of the endoplasmic reticulum. In mam- 
malian cells, hsp 60 cognates are located in mito- 
chondria and are responsible for the assembly of 
intruded proteins [l]. 

linked with autoimmunity [4,5]. T-cells from arthri- 
tic rats cross-react with hsp 60 of M. bovis BCG (hsp 
60 BCG) [5] and cytotoxic CD8 T-cells generated in 
vitro with a tryptic digest of hsp 60 BCG lyse stressed 
target cells [6]. Reactivity against mycobacterial hsp 
of relative molecular mass 60 000 has been described 
for a subgroup of T-cells bearing the y/S T-cell 
receptor [7]. It has been speculated that y/6 T-cells 
perform scavenger functions. 

Large amounts of purified hsp are needed for 
immunological studies. Recombinant (r) hsp 60 
BCG is routinely semi-purified by anion-exchange 
chromatography according to Thole et al. [S]. The 
eluted material is pure except for a double band 
visible on sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE). Both bands are 
recognized by antibodies against hsp 60 BCG, their 
difference in molecular mass being 3000. 

The mycobacterial hsp of relative molecular mass This paper describes a hydrophobic interaction 
60 000 is a major T-cell antigen of Mycobacterium chromatography (HIC) technique for the efficient 
tuberculosis immune mice, tuberculosis patients and separation of these highly similar proteins. The 
normal healthy subjects [2,3]. It is identical in M. binding properties of human r-hsp 60 (r-hsp 60hu) 
tuberculosis and M. bovis BCG, shares significant and human r-hsp 70 (r-hsp 70hu) towards media of 
homology with mammalian hsp 60 and has been different hydrophobicity are also discussed. 
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EXPERIMENTAL 

Anion-exchmge chromatography c$ hsp 60 BCG 
The protein was purified from 10-l fermenter 

cultures of Escherichia coli Ml546 with plasmid 
pRIB1300, kindly provided by J. van Embden [8]. 
After sonication of the bacteria, the 2055% ammo- 
nium sulphate fraction was dialysed against 50 mM 
piperazine-hydrochloric acid (pH 6.0) and subjected 
to anion-exchange chromatography on Q-Sepha- 
rose Fast Flow (Pharmacia). The hsp 60 BCG eluted 
within a linear gradient of sodium chloride at 
0.1-O. 12 M in 50 mA4 piperazine-hydrochloric acid 
(pH 6.0). 

Hydrophobic interaction chromatography qf hsp 60 
BCG 

Alkyl-Superose, butyl-Sepharose and phenyl- 
Sepharose were from Pharmacia. Samples were 
adjusted to 35% ammonium sulphate in 20 mA4 
sodium phosphate (pH 6.5). Up to 5 mg of prepuri- 
tied protein from the anion exchanger were loaded 
onto alkyl-Superose HR5/5. El&ion was performed 
with a decreasing linear gradient of ammonium 
sulphate in 20 mA4 sodium phosphate (pH 6.5). 

Ident$cation qf hsp 
Samples (1 ~1) were dotted on reinforced nitrocel- 

lulose (Schleicher and Schuell) and developed as 
Western blots using monoclonal antibodies (mab) 
TIC8 for hsp 60 BCG, ML30 for hsp 60hu and N27 
for hsp 70hu. Hsp 60hu and hsp 70hu were kindly 
supplied by Dr. R. A. Young, mab IIC8 by Dr. T. 
Gillis, ML30 by Dr. J. Ivanyi and N27 by Dr. W. J. 
Welch. 

SDS-PAGE and Western blotting 
Electrophoresis was performed under reducing 

conditions in a 10% polyacrylamide gel according to 
standard procedures [9] in a mini-electrophoresis 
system (Bio-Rad) and the blots were silver-stained 
[IO]. For the immunological detection of specific 
bands, proteins were transferred to nitrocellulose in 
a semi-dry blotting system. After blocking the 
membrane in 1% casein mM Tris (pH S.O), mab 
IIC8 against hsp 60 BCG was used as the first 
antibody (1 pg/ml). Further incubation steps were 
performed with goat anti-mouse (Fab’), (H + L) 
biotin conjugate (1:20 000) and streptavidin alkaline 

phosphatase conjugate (1: 10 000) (both from 
Dianova). The blots were then developed with 0.8 
pg/ml5-bromo-4-chloro-3-indolylphosphatep-tolu- 
idine salt and 1.6 pg/ml 4-nitrotetrazolium blue 
chloride (both Fluka) in 1 A4 diethanolamine. 0.5 
mM magnesium chloride (pH 9.8) [l 11. 

RESULTS AND DISCUSSION 

Lysates of a recombinant E. coli clone expressing 
r-hsp 60 BCG were first purified by anion-exchange 
chromatography. The material obtained contained 
two similar proteins, both recognized by mab 
against hsp 60 BCG, and differing by 3000 in 
molecular mass. Previous attempts to separate these 
two similar proteins on metal chelate chromato- 
graphic columns had failed, although r-hsp 60 BCG 
could be bound to copper ions in a sodium phos- 
phate buffer at pH 8.0. Elution occurred as a single 
peak at 20 mM glycine. Other methods were not 
feasible because r-hsp 60 BCG has a plof 4.6, which 
excludes cation-exchange chromatography and 
chromatofocusing, and both proteins are too similar 
in size to allow their separation by gel permeation 
chromatography. Therefore, HIC appeared to be a 
promising means to further purify r-hsp 60 BCG. 

The binding and elution properties of proteins 
from HIC resins are essentially controlled by four 
parameters: (1) the hydrophobic strength of the 
ligands bound to the matrix; (2) the general solvent 
effects of ions in the solvent system: (3) pH; and (4) 

TABLE I 

CONDITIONS USED FOR THE PREClPlTATION OF HSP 

Aliquots of hsp were incubated for 1 h under different conditions 
and, after centrifugation, the supernatants were tested for 
residual, soluble hsp with a dot-blot assay. 
__ -_________ 

Condition r-hsp 60 BCG r-hsp 60hu r-hsp 70hu 

PH” 5 6 <4 
AS at pH 8 (%)h 40 2s 30 
AS at pH 6 (Y’o)~ 30 20 25 

’ Highest pH at which the hsp precipitated when assayed at pH 7, 
6. 5 and 4 using 100 mM citric acid-sodium hydroxide. 

’ Lowest concentration of ammonium sulphate (AS) at pH 8 or 6 
at which the hsp precipitated. Assayed at concentrations from 
I5 to 50% in steps of 5% in 50 mM Tris-hydrochloric acid (pH 
8) or 100 mM citric acid sodium hydroxide (pH 6). 
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temperature. In an attempt to establish the condi- 
tions for the chromatographic separation of three 
different hsp, the pH and ammonium sulphate 
concentration at which these proteins begin to 
precipitate were determined. A semi-purified frac- 
tion of r-hsp 60 BCG after anion-exchange chroma- 
tography and crude extracts of r-hsp 60hu and r-hsp 
70hu were subjected to different pH conditions 
ranging from pH 7 to 4 at intervals of one pH unit. 
Different concentrations of ammonium sulphate 
ranging from 15 to 50% in 5% steps at pH 8 and 6, 
respectively, were used. After high-speed centrifuga- 
tion, the supernatants were assayed by blotting onto 
nitrocellulose and development with specific mab. 

Table I summarizes the results. With decreasing 
pH, r-hsp 60 BCG remained soluble until pH 5, 
r-hsp 60hu until pH 6 and r-hsp 70hu until pH 4. 
Precipitation with ammonium sulphate started at 
40% for r-hsp 60 BCG, 25% for r-hsp 60hu and 30% 
for r-hsp 70hu, when tested at pH 8. At pH 6, 
precipitation occurred at lower concentrations of 
ammonium sulphate. 

The binding properties of these proteins to two 
different HIC media, butyl-Sepharose and phenyl- 
Sepharose, were assessed. Aliquots of each hsp were 
added to 100 ,~l of an equilibrated suspension 
containing one volume of packed HIC resin and one 
volume of buffer. The supernatants were analysed 
by dotblot assay for residual, non-bound hsp. The 
results shown in Table II indicate that all the hsp 
bound to phenyl-Sepharose at 20% ammonium sul- 
phate. At a 0% concentration of ammonium sul- 
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phate, phenyl-Sepharose still bound r-hsp 60hu and 
r-hsp 70hu. r-hsp 60 BCG did not bind at pH 8, but 
binding occurred at pH 6. Butyl-Sepharose bound 
r-hsp 60 BCG at a concentration of 30%, and r-hsp 
70hu at 20% ammonium sulphate. At 0% ammoni- 
um sulphate butyl-Sepharose did not bind any of 
these hsp; butyl-Sepharose is therefore a suitable 
chromatographic medium for the HIC of hsp. Al- 
though it was valuable for prepurification and con- 
centration, the resolving power of butyl-Sepharose 
was not sufficient to separate prepurified r-hsp 60 
BCG. To improve the separation alkyl-Superose 
was used, which has a similar hydrophobicity as 
butyl-Sepharose but a higher resolving power. 

Attempts to separate these hsp were finally suc- 
cessful using alkyl-Superose. Fig. 1 shows an elution 
profile and Fig. 2 the purity of the separated 
proteins. The protein with the higher molecular 
mass of 65 000 eluted at higher concentration of 
ammonium sulphate. By comparing the binding and 
elution properties of r-hsp 60 BCG on butyl- 
Sepharose and alkyl-Superose it is concluded that 
alkyl-Superose has a less hydrophobic character. At 
16% ammonium sulphate and pH 8.0 the protein 
could not be bound to alkyl-Superose, whereas 
under the same conditions it just eluted from butyl- 
Sepharose. The binding of the protein to alkyl- 
Superose was enhanced at higher concentrations of 
ammonium sulphate (35%) and pH 6.5. Elution 
then occurred at 26% ammonium sulphate. 

The hsp 60 cognates from different species could 
have similar chromatographic properties because of 

TABLE II 

BINDING PROPERTIES OF hsp TO HIC MEDIA 

Medium PH AS (%) r-hsp 60 BCG r-hsp 60hu r-hsp 70hu 

Butyl-Sepharose 8 None _b - _ 

High + - + 

6 None - - 

High + - + 

Phenyl-Sepharose 8 None - + + 

High + + + 

6 None + + + 
High + + + 

a Concentration of ammonium sulphate (AS) at which binding of hsp was assayed. For r-hsp 60 BCG, 30% was used as high 
concentration and for r-hsp 60hu and r-hsp 70hu 20% AS was used. 

b (-) No binding; (+) binding to HIC medium. 
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Fig. 1. Separation of r-hsp 60 BCG on alkyl-Superose HR5/5. 

(A) Prepuritied r-hsp 60 BCG (200 pg) was loaded onto the 
column in 50 mA4 sodium phosphate-35% ammonium sulphate 
(pH 6.5) and eluted with a linear gradient of ammonium sulphate 
down to 0%. Each fraction contained 1 ml of eluent. (B) E. co// 
lysate (500 hlg) separated as in (A). 
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the high sequence homology. Another hsp of the 
relative molecular mass 60 000 family and one of the 
70 000 family were included. Hsp of the 70 000 
family are usually purified by ion exchangers and 
affinity chromatography on columns with adeno- 
sine S-triphosphate as the Ii&and [ 121. Owing to their 
similar biological function and involvement in the 
folding and unfolding of proteins, these two families 
might have similar properties on HIC columns. 
r-hsp 60hu could not be bound to HIC media of low 
hydrophobicity owing to the precipitation of this 
protein at too low concentrations of ammonium 
sulphate, but r-hsp 70hu could be bound and eluted 
from alkyl-Superose. Phenyl-Sepharose was too 
strongly hydrophobic for these two hsp. 

Only a few proteins of E. cd. the host of these 
recombinant genes, bound to alkyl-Superose (Fig. 
2A). If a hsp can be bound to a weak hydrophobic 
ligand, then this kind of media is valuable as an early 
hsp purification step, because few non-membrane- 
bound proteins bind to HIC media of low hydro- 
phobicity. 

8 

B C D 

Fig. 2. SDS-PAGE ofhsp: (A) silver-stained and (B) Western blot. (A) Molecular weight markers; (B) partially purified r-hsp 60 BCG of 
an E. coli lysate expressing r-hsp 60 BCG, after chromatographic separation on the anion-exchanger Q-Sepharose Fast Flow (1 pg of 
protein); (C) and (D) lirst and second peaks of eluted proteins from alkyl-Superose HR5j5 loaded with partially purified r-hsp 60 BCG 
from(B) (0.1 and 0.05 )tg of protein, respectively); (E) 2 )lg of protein from a crude lysate of E. co/i expressing r-hsp 60 BCG; (F) and (G) 
similar peaks to (C) and (D), from alkyl-Superose HR5/5 loaded with crude E. co/i lysate from (E) (0.2 and 0.05 jig of protein, 
respectively). 
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NOTE ADDED IN PROOF 

Sequence analysis of the separated proteins con- 
firmed that the larger protein (Fig. 2, lane C) was 
r-hsp 60 BCG. This protein was sequenced up to 30 
amino acids resulting in an identical sequence. The 
smaller protein (Fig. 2, lane D) was sequenced up to 
20 amino acids and identified as the truncated r-hsp 
60 BCG, the aminoterminus starting with WGAPT 
(amino acid single letter code) at position 42 from 
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the whole protein. Sequence analysis was done by 
Dr. Thomas Ruppert at the Department of Virolo- 
gy, University of Ulm, with an Applied Biosystems 
47 1 A Protein Sequencer. 
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