
Small heat shock proteins (sHsps) are a family of

proteins that form characteristic oligomeric structures

having various numbers of subunits [1]. Hsp16.3, origi�

nally identified as an immunodominant antigen and later

found to be a major membrane protein [2, 3], is the small

heat shock protein from Mycobacterium tuberculosis. It is

mainly synthesized at stationary phase and strongly asso�

ciated with the cell wall thickening under low oxygen

condition [4]. The recombinant Hsp16.3 protein was

found to exist as a nonamer, forming a specific trimer�of�

trimers structure [5]. This oligomeric protein was revealed

to be able to suppress the aggregation of denatured pro�

teins, thus having chaperone�like activity in vitro [6�8].

Our previous studies demonstrated that Hsp16.3 protein

possess dynamic dissociation and reassociation ability

[9]. A stepwise model has been proposed to account for

the reassembly process of this protein in vitro [6]. Whether

such stepwise reassembly mechanism can be extended to

the assembly process of Hsp16.3 newly synthesized from

the ribosomes is examined in the studies reported here,

using an in vitro transcription/translation system. The

advantage of using such in vitro expression system to study

protein folding and assembly mechanism of polypeptide

chains, although often more difficult to perform, is high�

ly regarded [10, 11].

α�Crystallin functions as a molecular chaperone, a

member of the sHsp family [12]. To judge how the

chaperone�mediated protein assembly will be carried

out in vivo, the effect of α�crystallin on Hsp16.3 assem�

bly was examined. Our result demonstrated that the

trimer is a predominant species in the in vitro transcrip�

tion/translation system, α�crystallin likely converts

“competent” dimer to trimer. No higher oligomers were

observed. In addition to the trimers, a relatively “inert”

dimer form was also repeatedly revealed when the

Hsp16.3 protein was expressed using the in vitro tran�

scription/translation system. Trypsin resistant reaction

indicated the Hsp16.3 polypeptide assembly did not

occur co�translationally.

MATERIALS AND METHODS

Materials. α�Crystallin and trypsin were purchased

from Sigma (USA); 35S�labeled methionine (1000 Ci/

mmol) was purchased from Amersham Corp. (USA). The

GroEL/GroES proteins were kindly provided by Dr. Hai�

Meng Zhou at the Department of Biological Science and

Biotechnology, Tsinghua University (China). All other

reagents were of analytical grade.
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Plasmid construction. The construction of the

expression plasmid vector for Hsp16.3 (pET�Hsp16.3)

was described previously [5].

In vitro transcription and translation of Hsp16.3.
Transcription and translation were performed using the in

vitro E. coli T7 S30 extract system for circular DNA sys�

tem (Promega, USA) according to the provider’s instruc�

tion. Template DNA (being pET�Hsp16.3) of 1.8 µg was

added per 50 µl reaction volume. Each protein expression

reaction, having 10 µCi of 35S�labeled methionine, was

performed at 37°C and was stopped by cooling on ice.

The mixture was either immediately examined or stored

at –20°C before use. α�Crystallin and other proteins were

added to the reaction mixture before the in vitro tran�

scription/translation reaction was initiated.

Electrophoresis and autoradiography. Cell�free trans�

lation products were analyzed using SDS�PAGE and

non�denaturing pore gradient polyacrylamide gel elec�

trophoresis. SDS�PAGE (15%) was performed as

described with the protein components in the reaction

mixture precipitated via acetone treatment, thus remov�

ing the free radioactive methionine and other wastes [13,

14]. Non�denaturing pore gradient polyacrylamide gel

electrophoresis (5�20%) in a 125 × 100 × 1 mm gel was

performed according to methods previously described

(4°C, 150 V for 10 h) [9], with the following proteins used

as molecular mass standards: soybean trypsin inhibitor

(20 kD), chicken egg ovalbumin (43 kD), BSA monomer

(67 kD), BSA dimer (135 kD), and BSA trimer (200 kD).

Protein bands were visualized either by Coomassie Blue

R�250 staining or by autoradiography (after the gel was

dried). The radioactive protein bands were quantified by

Phosphorimager analysis (Molecular Dynamics, USA).

Trichloroacetic acid (TCA) protein precipitation assay
for amino acid incorporation. TCA precipitable radioac�

tivity, representing the part that has been incorporated

into newly synthesized proteins, was determined by spot�

ting the sample aliquots onto Whatman GF/A glass fiber

filters (USA) after NaOH hydrolysis. Radioactivity was

measured using a 1209 RackBeta liquid scintillation

counter (LKB, Sweden).

Detection of the compactness of protein conformation
by proteolysis. In vitro transcription/translation reaction

mixture that expresses the Hsp16.3 protein was acetone

precipitated and then the pellet was subjected to trypsin

(final concentration of 50 µg/ml) digestion at 37°C for

1 h. The reaction mixture was then applied to SDS�

PAGE and autoradiography analysis.

Size�exclusion FPLC. Size�exclusion FPLC was

performed using an AKTA explorer with an HR 10/30

Superdex 200 column (Pharmacia, Sweden). The transla�

tion mixture containing the newly synthesized Hsp16.3

protein (50 µl) was applied onto the column equilibrated

with 50 mM sodium phosphate buffer, pH 7.0, containing

200 mM NaCl. Fractions of 0.5 ml were collected at

0.5 ml/min, with the radioactivity of each fraction count�

ed after being precipitated with trichloroacetic acid. The

column was calibrated with the following high molecular

weight standards (Bio�Rad, USA): thyroglobulin,

670 kD; bovine γ�globulin, 158 kD; chicken ovalbumin,

44 kD; equine myoglobin, 17 kD; vitamin B�12, 1.35 kD.

RESULTS

Hsp16.3 protein produced in the E. coli in vitro tran�
scription/translation system exists mainly as trimers. The

native size of Hsp16.3 protein produced in the E. coli cell�

free system was first analyzed using non�denaturing pore

gradient PAGE and size�exclusion chromatography. The

protein, appearing after 1 min of the reaction (at 37°C)

apparently existed mainly as trimers, with a small portion

existing as dimers and monomers (Fig. 1a), as previously

described [9]. The detection of only one single band of

about 16 kD by SDS�PAGE (Fig. 1b) unequivocally

demonstrated that all the protein bands (representing the

Hsp16.3 forms having various sizes) detected by the non�

denaturing pore gradient gel electrophoresis were indeed

derived from Hsp16.3.

When the reaction mixture was analyzed by size�

exclusion chromatography, three peaks of radioactivity,

roughly corresponding to the sizes of trimers (~53 kD),

dimers (~33 kD), and monomers (~17 kD) were detected

(marked by the three bold arrows in Fig. 1c). In contrast

to what was observed by the non�denaturing pore gradient

gel electrophoresis, the trimer forms detected by size�

exclusion FPLC are apparently present at a level lower

than that of the dimers (Fig. 1c). It is likely that the dra�

matic dilution of the minute amount of Hsp16.3 via the

size�exclusion chromatography have caused the dissocia�

tion of the trimer forms. Similarly, the nonameric form

that was previously found to be the major form of purified

Hsp16.3 [5], was not detected under these extremely

diluting conditions.

The presence of αα�crystallin significantly promotes
trimer assembly of Hsp16.3. An intriguing question per�

tains to the mechanism by which the chaperone itself is

folded and assembled into a functional oligomer. In order

to understand the assembly mechanism of the Hsp16.3, as

well as the fact that α�crystallin is able to act as a molec�

ular chaperone, the following question was asked: would

the purified α�crystallin be able to help the oligomeric

forms (being predominantly trimers) of Hsp16.3 pro�

duced in the in vitro system to assemble into higher

oligomeric forms? The data presented in Figs. 2a and 2b

strongly suggest that α�crystallin had a significant effect

on the assembly process of Hsp16.3 trimer. A careful

examination of the autoradiographic bands revealed that

the monomer forms disappeared almost completely and

the dimeric forms decreased significantly in the presence

of α�crystallin at high concentrations (curves 2 and 3 in

Fig. 2b). Quantitative studies of the autoradiographic
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bands presented in Fig. 2 (via phosphorimager scanning)

revealed that the density of the band corresponding to the

trimeric form of Hsp16.3 increased significantly when

α�crystallin was present at a high concentration (curve 1

in Fig. 2b). Furthermore, SDS�PAGE and quantitative

measurement of the level of radioactivity in the precipi�

tated proteins of the reaction mixture indicate that the

addition of α�crystallin to the transcription/translation

system seems to increase the total amount of Hsp16.3

protein produced (Fig. 2, c and d). The concentration of

newly synthesized full�length Hsp16.3 in these experi�

ments was estimated to be 2.0�2.5 ng/µl. Although α�

crystallin was added in a large excess over newly synthe�

sized polypeptide, the chaperone did not convert the

kD

200 —

1           2             3             4             5           6 

Fig. 1. Analysis of proteins produced from the pET�Hsp16.3 plasmid in the in vitro E. coli transcription/translation system. The nature of

the proteins synthesized from pET�Hsp16.3 was analyzed by non�denaturing pore gradient polyacrylamide electrophoresis (5�20%) (a),

SDS�PAGE (15%) (b), and size�exclusion chromatography (c). Panels (a) and (b) are the autoradiography results. Samples in lanes 1�5 in

panels (a) and (b) correspond to the reaction time of 1, 10, 30, 60, and 120 min, respectively. Samples in lanes 6 in panels (a) and (b) rep�

resent the control reaction where no pET�Hsp16.3 construct was added. Marks on the right of panel (a) are the estimated oligomeric forms

of Hsp16.3, and on the left are the molecular mass markers, respectively. Panel (c) was generated by plotting the radioactivity of each frac�

tion versus its elution volume (2�h reaction mixture was applied for this size�exclusion chromatography analysis). The elution positions of

the molecular weight standards are indicated on the top in panel (c).
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trimer form to nonameric form. However, no such

increased trimer was observed when α�crystallin was

added after the transcription/translation reaction was

stopped (data not shown). This suggested that the α�crys�

tallin acted during (not after) the folding/assembly stage.

The effect of GroEL/GroES (a well�studied molec�

ular chaperone) on the assembly of Hsp16.3 was also

examined. The data (not presented here) indicate that

trimers were still the predominant form present, no high�

er oligomers being observed. However, the total amount

of Hsp16.3 protein synthesized was significantly

decreased by the presence of GroEL/GroES. In addition,

the production of Hsp16.3 protein in the

transcription/translation system was almost completely

inhibited when both GroEL/GroES and ATP were pres�

ent (data not shown). Similar experiments on translation

inhibition of luciferase by chaperones (GroEL/GroES)

were carried out with E. coli S30 cell free translation sys�

tem [15]. These results were somehow opposite to our

expectation, considering that GroEL/GroES is supposed

to aid the protein folding process. These results also ruled

out the possibility that the absence of oligomers higher

than trimer is due to the scarcity of GroEL/GroES in the

in vitro transcription/translation system.

Trypsin�resistant Hsp16.3 could be detected in signifi�
cant amounts in the in vitro translation reaction after a
latent phase of 10 min. It is well known that the native

structure of a protein is much less protease labile than is the

same protein when fully unfolded. This may be used to

monitor the process of folding of polypeptides co� and

post�translationally [10]. In vitro assembled Hsp16.3 was

thus assayed by the resistance of 16.3 kD polypeptide band

kD
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Fig. 2. The Hsp16.3 trimer significantly increased in the in vitro transcription/translation system in the presence of α�crystallin. Shown in

panels (a) and (c) are the autoradiographs of non�denaturing pore gradient polyacrylamide gel electrophoresis (5�20%) and SDS�PAGE

(15%) analysis. Lanes 1�5 in panels (a) and (c) correspond to expression reactions in the presence of α�crystallin at the final concentra�

tions of 0, 0.5, 2, 4, and 8 mg/ml, respectively. Marks on the right of panel (a) are the estimated oligomeric forms of Hsp16.3, and on the

left are the molecular mass markers, respectively. Panel (b) is the kinetics of phosphorimager scan of the species detected after native�pore

gradient PAGE in the presence of α�crystallin at the final concentrations of 0, 0.5, 2, 4, and 8 mg/ml, respectively (curves 1�3 correspond

to trimer, dimer, and monomer, respectively). Panel (d) is the kinetics of amino acid incorporation of Hsp16.3 in cell free system in the

presence of α�crystallin at the final concentrations of 0, 0.5, 2, 4, and 8 mg/ml, respectively.
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to trypsin digestion. The intensive bands in lanes 1�6 of

Fig. 3 correspond to the intact radiolabeled Hsp16.3

expressed for 1, 10, 30, 60, 120, and 300 min, respectively.

Conversely, no band of trypsin�resistant Hsp16.3 could be

detected in significant amounts before 10 min (lane 1′ of

Fig. 3). The radioactivity in the digested Hsp16.3 polypep�

tide band could only be determined after 10 min in vitro

translation extract and trypsin�resistant Hsp16.3 band was

found to represent 2% of the total Hsp16.3 polypeptides

synthesized at 10 min (lane 2′ of Fig. 3, Fig. 4). This pro�

portion increased gradually after 10 min from 10% at

30 min to a maximum of ~25% at 5 h (lane 6′ of Fig. 3, Fig.

4). Interestingly, a minor band, with size slightly smaller

than that of the complete Hsp16.3, was consistently

observed in all digested samples (lanes 1′ �6′, Fig. 3).

DISCUSSION

There is considerable interest in the study of Hsp16.3

polypeptide assembly in the in vitro transcription/transla�

tion system. Our principle discoveries include the follow�

ing. First, non�denaturing pore gradient polyacrylamide

gel electrophoresis and size�exclusion chromatography

(data presented in Fig. 1) all suggest that trimer is the pre�

dominant form of Hsp16.3 for the Hsp16.3 proteins syn�

thesized in the in vitro transcription/translation system.

Second, the presence of α�crystallin has significant effect

on trimer assembly of Hsp16.3, but does not convert the

trimeric form to nonameric form. Third, a remarkably

stable dimer form (Fig. 2) of Hsp16.3, which does not

seem to participate in the formation of the trimer, was

consistently detected from the in vitro transcription/

translation products. Fourth, Hsp16.3 polypeptide

assembly occurs post�translationally.

The nonameric form was found to be the major form

of purified Hsp16.3 [5]. However, the nonameric form

was not detected under our experiment conditions. We

propose that the presence of trimeric form under our

experiment conditions is due to the dynamic dissociation

and reassociation property of Hsp16.3, as previously

described [9]. It is likely that the minute amounts of

Hsp16.3 facilitate the dissociation of nonameric forms to

trimeric form rather than its reassociation.

Formation of an “inert” dimer is also proposed to

account for the consistent appearance of the dimer band

and its “inertness” towards Hsp16.3 trimer assembly

under our experimental conditions (Fig. 2). The slight

decrease in the band density of the dimeric form when

higher concentration of α�crystallin was present (Fig. 2)

may reflect co�existence of a “competent” dimer. The

“competent” dimer may be further assembled to trimer,

1              2                 3                 4              5                 6 

Fig. 3. Trypsin�resistance assay for Hsp16.3 synthesized in vitro translation system. Shown is the autoradiograph of the SDS�PAGE (15%)

result of the reaction mixture after a 1�h trypsin digestion (with the final concentration of 50 µg/ml). Samples in lanes 1�6 correspond to

the reaction time of 1, 10, 30, 60, 120, and 300 min, respectively. Lanes 1′�6′ represent the digested samples as examined in lanes 1�6.

1'        2'          3'         4'           5'         6'

— 16.3

Fig. 4. Kinetic analysis of in vitro translation Hsp16.3 assembly.

Samples of in vitro translation reaction were analyzed by stan�

dard denaturing SDS�PAGE, and the radioactivity in the

16.3 kD band estimated before and after trypsin digestion.

Radioactively labeled 16.3 kD protein was quantified by phos�

phorimager scan of autoradiograms such as presented in Fig. 3.

The curve was generated by plotting the proportion of treated

and untreated band intensity of each 16.3 kD band versus their

time of in vitro translation reaction.
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apparently via a certain conformation change before

being converted to the trimer form. We propose that the

conformational change of the “competent dimer” is due

to the chaperone activity of α�crystallin, which might sta�

bilize the folding intermediates and promote the Hsp16.3

assembly. However, as a result of dynamic dissociation

and reassociation reaction [9], the increasing concentra�

tion of Hsp16.3 trimer in the presence of α�crystallin was

not sufficient for further assembly of Hsp16.3 nonamer.

Complete oligomerization of Hsp16.3 nonameric form in

the cell free system was carried out in the presence of

exogenous Hsp16.3 via trimer and hexamer intermediates

and similar “inert” dimer was also observed by our recent

study [9, 16]. A dimeric form of Hsp16.3 was also

observed when the protein was examined by cryoelectron

microscopy in the presence of certain type of lipid bilay�

ers (Yong Chen et al., Tsinghua University, unpublished

data). This “inert” form of dimer may participate in the

formation of a layer of Hsp16.3 proteins that is formed on

the outside surface of the Mycobacterium tuberculosis cells

or the fiber structure formed in the cytoplasm under

oxidative stress conditions [4].

The rate of assembly of the Hsp16.3 polypeptides was

relatively slow, compared with the rate of synthesis, and

the assembly process relatively inefficient in vitro; the

amount of Hsp16.3 polypeptide assembled under our

conditions never exceeded 25% of the total Hsp16.3

polypeptide chains synthesized (Fig. 4). A significant

time lag of 10 min between the synthesis of Hsp16.3

polypeptides in vitro and the detectable assembled

polypeptides suggested that Hsp16.3 polypeptide assem�

bly did not occur co�translationally. In other words,

homo�oligomeric proteins assemble after the synthesis of

the whole polypeptide chain (i.e., post�translationally)

and assemble spontaneously. Of course, one can argue

that such assembly mechanism revealed by using the in

vitro transcription/translation system still does not repre�

sent what actually happens inside the living cells.

To summarize, our studies of the assembly of

Hsp16.3 protein using the in vitro transcription/transla�

tion system lead to the following conclusions: α�crystallin

(molecular chaperone) remarkably promotes trimeric

assembly of Hsp16.3, but does not convert the trimeric

form to nonameric form. An “inert” Hsp16.3 dimer,

which does not seem to participate in trimer assembly,

was also detected in the in vitro expression system. The

Hsp16.3 assembly did not occur co�translationally.
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