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a b s t r a c t
Temperature-induced unfolding of Escherichia coli trigger factor (TF) and its domain truncation mutants, NM
and MC, were studied by ultra-sensitive differential scanning calorimetry (UC-DSC). Detailed thermodynamic
analysis showed that thermal induced unfolding of TF and MC involves population of dimeric intermediates.
In contrast, the thermal unfolding of the NM mutant involves population of only monomeric states. Covalent
cross-linking experiments conﬁrmed the presence of dimeric intermediates during thermal unfolding of TF
and MC. These data not only suggest that the dimeric form of TF is extremely resistant to thermal unfolding,
but also provide further evidence that the C-terminal domain of TF plays a vital role in forming and
stabilizing the dimeric structure of the TF molecule. Since TF is the ﬁrst molecular chaperone that nascent
polypeptides encounter in eubacteria, the stable dimeric intermediates of TF populated during thermal
denaturation might be important in responding to stress damage to the cell, such as heat shock.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Escherichia coli trigger factor (TF) is an important molecular
chaperone in nascent peptide folding [1–4]. TF binds at the ribosome
exit tunnel through the interaction of the highly ﬂexible loop in its
N-terminal domain with the L23 and L29 proteins of the 50S ribosome
subunit [5,6]. Thus TF is the ﬁrst molecular chaperone that nascent
polypeptides encounter [1,2]. Limited proteolysis indicates that TF
contains three distinct domains from N-terminal to C-terminal,
deﬁned as the N domain (1–145), M domain (146–251) and C domain
(252–432) [7,8]. The N-terminal domain of E. coli TF is important for
ribosome binding [9] and the M domain carries the PPIase activity
[1,7]. Crystal structures show that TF forms a protective shield for
nascent polypeptides at the ribosome exit tunnel and assists the
folding of most newly synthesized polypeptide chains [9–11]. It has
been concluded that both the C-terminal domain and part of the
N-terminal domain of TF are essential for its chaperone activity
[12–14] and the C domain, together with a segment of the N domain,
forms the ‘back’ and ‘arms’ of the TF structure, which orients its
hydrophobic inner surface toward emerging nascent polypeptides
[15]. The multi-domain structure of TF makes it an interesting and
challenging candidate for folding studies.
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Determining the mechanism of protein folding requires structural
characterization of the native and unfolded states as well as any
partially folded states formed during folding. Multi-domain and
multi-subunit proteins are generally observed to fold by stepwise or
parallel folding pathways, via one or more partially folded intermediates [16]. In some cases, such intermediates are stable under
the conditions of equilibrium experiments, which facilitates study of
their structural properties [17–19]. Urea denaturation of TF and its
fragments suggests that the three structural domains of TF may fold
relatively independently, although no partially folded intermediates
have been characterized [8]. In our previous investigation, two distinct
intermediates (a native like state and a compact denatured state) were
identiﬁed and characterized during guanidine denaturation [20]. We
suggested that the ability of TF to undergo structural rearrangement,
during guanidine denaturation, to maintain enzyme activity while
reducing chaperone and dimerization abilities may be related to the
physiological function of TF [21]. However, by perturbing the structure
of a protein by chemical denaturants, such as urea or guanidine, the
intermediates identiﬁed may not actually be present under physiological conditions. Calorimetric data can provide a complete thermodynamic characterization as well as a direct experimental evaluation
of the folding/unfolding partition function and the population of
intermediate states. This approach has been used in numerous
calorimetric applications [22] but has not been used in studying the
folding/unfolding of trigger factor. To avoid the possibly artiﬁcial
effects induced by chemical denaturants, we investigated thermal
denaturation of TF and its domain truncation mutants, NM and MC, by
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differential scanning calorimetry (DSC). The results show that the
thermal unfolding of TF is quite different from that induced by urea or
guanidine denaturation. The dimeric state of TF is extremely stable
during thermal unfolding leading to population of three dimeric
intermediates. By comparing the thermal unfolding of the intact TF
molecule and the domain truncation mutants, NM and MC, we
provide further evidence that the C-terminal domain of TF plays a vital
role in forming and stabilizing the dimeric structure of the TF
molecule [23,24].
2. Materials and methods
2.1. Material
Chelating Sepharose fast ﬂow resin was from Amersham Pharmacia. IPTG was
purchased from Takara. Disuccinimidyl suberate (DSS) was from Pierce. The plasmid
pQE60 containing the wild-type tig gene that encodes E. coli TF was donated by
Professor G. Fisher. Plasmid mini-pRSETa was donated by Dr. M. Bycroft. BamHI, HindIII
and T4 DNA ligase were purchased from Promega. All other chemicals were local
products of analytical grade.
2.2. Construction, expression and puriﬁcation of TF and its mutants
The E. coli TF genes and its fragments were ampliﬁed from vector pQE60 using
PCR. The primers corresponding to TF, and NM and MC fragments from 5′ to 3′ were
5′-atcgcggatccatgcaagtttcagttgaaaccactc-3′, 5′-actgaagcttttacgcctgctggttcatc-3′; 5′-atcgcggatccatgcaagtttcagttgaaaccactc-3′, 5′-atcgcaagcttttattctgcagttccggca-3′; 5′-atcgcggatcccagcaggcgacctggaa-3′, 5′-atcgcaagcttttacgcctgctggttcatc-3′ respectively. PCR
products were puriﬁed by preparative electrophoresis, digested with BamHI and
HindIII, then ligated into the vector pRSETa using T4 DNA ligase. The DNA sequence
integrity of TF and its mutants NM and MC was conﬁrmed by sequencing. The resulting
plasmids for TF (1–432 aa), NM (1–251 aa) and MC (146–432 aa) were transformed into
E. coli MC4100 and the recombinant proteins with an N-terminal hexa-His-tag were
expressed. Cells were grown in 2YT medium and expression was induced with 250 μM
ﬁnal concentration of IPTG (isopropyl-β-D-thiogalactoside). TF and its mutants were
eluted from a Ni chelating Sepharose fast ﬂow column. Protein concentrations were
determined using calculated extinction coefﬁcients at 280 nm of 15,930 M− 1 cm− 1 for TF,
13,846 M− 1 cm− 1 for NM and 9978 M− 1 cm− 1 for MC, according to the method of Gill and
von Hippel [25].
2.3. Calorimetric studies
UC-DSC experiments were performed using a VP-DSC differential scanning microcalorimeter (Hefei National Laboratory for Physical Science of Microscale, China). The
protein samples were exhaustively dialyzed before use against 10 mM sodium phosphate
buffer, pH 7.8, and the ﬁnal dialysate was used as a reference solution. Each protein solution
and the reference solution were degassed at 15 °C for 15 min and then equilibrated at 15 °C
for 30 min before heating. The protein at 1 mg/ml was heated at a rate of 1 °C/min from
15 °C to 90 °C and a constant pressure of 2.2 atm. The reversibility of the thermal transition
of TF and its mutants was tested by checking the second calorimetric trace immediately
after cooling from the ﬁrst run. Under our experimental conditions, no aggregation
occurred in the heated sample and the second heat capacity peak approximately matched
the ﬁrst heat capacity peak. Deconvolution analysis and plotting of the calorimetric data
was performed using Origin software (Microcal Inc.).
2.4. Cross-linking and electrophoresis
TF and its mutants were cross-linked at a concentration of 20 μM with 6 mM DSS in
10 mM sodium phosphate buffer pH 7.8 at different temperatures. After 30 min, the
cross-linking reaction was quenched using the same volume of 150 mM Tris–HCl buffer
pH 6.8. The products of the cross-linking reaction were analyzed by SDS-PAGE and
visualized by Coomassie Brilliant Blue staining.

3. Results and discussion
3.1. Thermal stability of TF and its domain truncation mutants, NM and MC
Thermal unfolding of wild-type TF and its terminal domain
truncated mutants, NM and MC, were studied by UC-DSC and the
temperature dependence of the excess heat capacity (Cexc
p ) is shown in
Fig. 1. The temperature dependence of the excess heat capacity does
not give single symmetrical peaks for any of the three species,
suggesting that the thermal unfolding of TF and its mutants are not a
simple two state processes. For wild-type TF, the apparent Tm value
obtained from the main peak of the thermogram was about 54 °C and
two shoulder peaks were observed at lower and higher temperatures

Fig. 1. Normalized and baseline-subtracted thermogram of TF (A), MC (B) and NM (C). The
deconvolution curves were given as dashed line. The protein concentration was 1 mg/ml.
Buffer conditions were 10 mM sodium phosphate, pH 7.8. The heating rate was 1 °C/min.

(Fig. 1A), suggesting the existence of more than two underlying
melting processes. The main peaks of the heat capacity for MC and NM
were located at 46 °C and 43 °C respectively (Fig. 1B and C). Clearly, the
apparent melting temperatures of NM and MC are signiﬁcantly
reduced by deletion of either the C or the N domain of the TF
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molecule. The 11 °C or 8 °C decrease in apparent Tm caused by
deletion of the C or N domain indicates a pronounced stabilization of
the native structure of the TF molecule by inter-domain interactions.
The complex proﬁle of the curves in Fig. 1 indicates that the thermal
unfolding of TF and its terminal truncation mutants proceeds in several
overlapping stages over a range of temperatures. The overall endothermic absorption curve appears complex and in order to analyze the
absolute heat capacity function we needed to deconvolute the curve on
the basis of several simple, two state components of the observed
complex process of heat absorption. The individual deconvolution
patterns of TF and its mutants are also shown in Fig. 1 (dashed lines).
The deconvolution analysis shows that the thermal transition peaks for
each protein differ by the peak position, by the amplitudes and by the
number of deconvoluted peaks. In order to better understand the
detailed process of thermal unfolding of TF and the two domain
truncation mutants, we considered a general unfolding reaction in
which an initial native state, N, undergoes a conformational transition
to the ﬁnal unfolded state, U, via a series of intermediates states, Ii, to
simulate the excess heat capacity (Cexc
p ) as a function of temperature.
The best ﬁt of the data shows that the mechanism of thermal unfolding
for TF and the terminal domain truncation mutants, MC and NM, are
signiﬁcantly different. The details are described below.
3.2. Thermal unfolding of TF involves population of three dimeric
intermediates
As known from the published crystal structures, TF adopts an unusual
extended fold resembling a “crouching dragon” with the N-terminal
forming the “tail”, the M domain forming the “head”, and the C-terminal
forming the “arm” and “back” [15,26]. The asymmetric unit of the crystal
contains two monomers related by a noncrystallographic twofold symmetry axis and domains I (termed the N domain in this article) and III (the
C domain in this article) mediate the dimer formation of TF by wrapping
around each other [26]. These interactions lead to the existence of TF in a
monomer-dimer equilibrium [27–29] in solution and only native TF
forms a dimer in solution during guanidine denaturation [20].
In order to analyze the thermal unfolding of TF, we ﬁrst assumed a
K1
K2
2N X
2U,
general mechanism for dimeric protein unfolding, N2 X
in which the dimer dissociates to monomer before it unfolds. However, when the data were ﬁtted according to this mechanism, the
result was far from satisfactory (not shown). We then tried a number
of possible mechanisms for TF thermal unfolding and, ﬁnally, the best
ﬁt of the data was obtained when assuming that TF is initially dimeric
and undergoes thermal unfolding via three dimeric intermediates to
the denatured monomeric state, as described below:
K1

K2

K3

KD

N2 X I21 X I22 X I23 X 2U
At equilibrium,
 1
I2
½N2 

ð1Þ

 2
I
K2 ¼  21 
I2

ð2Þ

 3
I
K3 ¼  22 
I2

ð3Þ

½U  2
KD ¼  3 
I2

ð4Þ

K1 ¼

Where K1, K2, K3 and KD are the equilibrium constants of the
individual unfolding processes. Conservation of mass requires that
     
C0 ¼ ½N2  þ I21 þ I22 þ I23 þ ½U =2

ð5Þ

Where C0 is the total concentration of the species present at any
temperature. Combining Eqs. (1)–(5), C0 can be expressed as
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Thus, the concentrations of the states distributed at equilibrium are:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
½U  ¼ −1=4A þ 1=2A 4AC0 þ 1=4
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½U 
C0
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I
fI 3 ¼ 2
2
C0
 2
I
fI 2 ¼ 2
2
C0

fU ¼ 2

 1
I
fI 1 ¼ 2
2
C0
fN2 ¼

½ N2 
C0

Eqs. (1)–(11) were used to ﬁt the population of states as a function of
temperature for TF ( fU fI23 fI22 fI12 fN2). The fractional population of the
different TF species during thermal unfolding is shown in Fig. 2.
Simulated apparent heat capacity as a function of temperature for TF
using this 5-state model is shown in Fig. 3A and the related thermodynamic parameters are shown in Table 1. As shown in Fig. 3A, the
simulated apparent heat capacity produced by this 5-state model is still
not a perfect ﬁt to the experimental data, suggesting that the thermal
unfolding of TF is even more complicated than the proposed mechanism.
However, this is the best simulation that can be obtained from the
thermogram proﬁle of TF during thermal unfolding. For example, if we
considered only two dimeric intermediates in the thermal unfolding
K1
K2
KD
I21 X
I22 X
2U, the simulated apparent heat
process of TF, N2 X
capacity deviated dramatically from the experimental data (Fig. 3B).
According to this ﬁve-state thermal unfolding model, dimeric TF
unfolds via three dimeric intermediates to reach the unfolded
monomeric state. The relative abundance of the thermal species
(N2, I12, I22, I32 and U) was determined as a function of the temperature.
From Fig. 2, we can see that the population of the native dimer of TF
decreases with increasing temperature and reaches 50% at around
315 K. The population of I12 increases with decreasing N2 and it is
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Table 1
Thermodynamic parameters for the thermal unfolding of TF, MC and NM derived from
simulation of DSC data
Protein (model)

Term

Tm (K)

ΔH (kcal mol− 1)

ΔS (cal mol− 1 K− 1)

TF (5-state model)

K1
K2
K3
KD
K1
K2
KD
K1
KD
K1
KD

315.4 ± 0.5
328.2 ± 0.2
357.3 ± 0.2
369.4 ± 0.2
315.2 ± 0.3
322.0 ± 0.2
365.8 ± 0.4
320.3 ± 0.2
369.0 ± 0.3
315.5 ± 0.1
318.7 ± 0.3

57 ± 6
74 ± 7
7±1
40 ± 5
3 ± 0.5
59 ± 6
35 ± 4
69 ± 7
29 ± 3
46 ± 5
41 ± 5

182 ± 20
224 ± 22
19 ± 2
107 ± 13
10 ± 1
184 ± 17
96 ± 10
214 ± 20
79 ± 8
145 ± 16
129 ± 14

MC (4-state model)

MC (3-state model)
NM (3-state model)

Data for each protein corresponds to the mean ± S.E. (standard error) of three independent
experiments.

Fig. 2. Temperature-dependence of the fractional population of TF and the intermediates during thermal unfolding. Native dimeric TF, N2, solid line; dimeric
intermediate, I12, dash line; dimeric intermediate, I22, dot line; dimeric intermediate, I32,
dash dot line; unfold monomer, U, dash dot dot line.

maximally populated at around 322 K; then the population of I12
decreases accompanying the increase in population of I22 and I32. The
appearance of U accompanies the appearance of I22 and I32 at around
320 K. When population of I22 and I32 reaches a maximum, population
of both N2 and I12 is negligible. Finally, when the temperature is higher

Fig. 3. Simulated apparent heat capacity as a function of temperature for TF using the 5state model (A), and the 4-state model (B). The experimental data were shown as
straight lines and the simulated apparent capacities were shown as dash lines.

Fig. 4. Temperature-dependence of the fractional population of MC and the intermediates.
The thermal unfolding of MC was analyzed by the 4-state model (A) and 3-state model (B),
respectively. Native dimeric MC, N2, solid line; dimeric intermediate I12, dash line; dimeric
intermediate I22, dot line; unfold monomer U, dash dot dot line.
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Fig. 6. Temperature-dependence of the fractional population of NM and the
intermediates. Native monomeric NM, N, solid line; monomeric intermediate, I, dash
line; unfolded monomer, U, dash dot dot line.

The simplest model implies two consecutive steps, including only
one dimeric intermediate:
K1

KD

N2 X I21 X 2U

Fig. 5. Simulated apparent heat capacity as a function of temperature for MC using the
4-state model (A) and the 3-state model (B), respectively. The experimental data were
shown as straight lines and the simulated apparent capacities were shown as dash lines.

than 360 K, all of the species are converted to unfolded monomer and
so the concentration of unfolded monomer is two fold the initial
concentration of the dimeric state. Thus, the relative fractional
population of the unfolded monomer reaches 2.0. The presence of
dimeric intermediates is well supported by DSS cross-linking experiments (see below), conﬁrming the conclusion that the thermal
unfolding of TF is a stepwise process via a number of thermostable
dimeric intermediates. In our previous studies, a stable complex
between folding intermediates of GAPDH (or BCA II) and dimeric TF
was characterized and suggested that dimeric TF plays an important
role in assisting protein folding in vitro [20,30]. Based on this, we
speculate that the thermostable dimeric intermediates of TF may be
populated when the cell is subjected to heat shock and so the dimeric
species of TF could play some protective role in vivo.

The processes were ﬁtted using a similar method to that used for
TF and the best ﬁt of the data is shown in Figs. 4 and 5. The fractional
population of the different species of MC populated during thermal
unfolding is shown in Fig. 4A and B. The simulated apparent heat
capacity as a function of temperature for MC using the 4-state or
3-state models is shown in Fig. 5A and B, and the related thermodynamic parameters are shown in Table 1. In fact, the two intermediates show only slight differences in the temperature dependence
of their distribution, as shown in Fig. 4, and the correspondence
between experimental and simulated apparent heat capacities is
not improved by involving a second intermediate (Fig. 5A and B),
suggesting that a single dimeric intermediate is sufﬁcient to
account for the observed results. The presence of a dimeric intermediate of MC was also conﬁrmed by DSS cross-linking experiments
(see below).

3.3. Thermal unfolding of MC, in which the N domain of TF is truncated,
involves population of a dimeric intermediate
Simulated data show that the thermal unfolding process of MC can
be described well by models involving either one or two dimeric
intermediates.
The more complex model implies three consecutive steps,
including two dimeric intermediates:
K1

K2

KD

N2 X I21 X I22 X 2U

Fig. 7. Simulated apparent heat capacity as a function of temperature for NM using the
3-state model. The experimental data were shown as straight line and the simulated
apparent capacities were shown as dash line.
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Fig. 8. Cross-linking of TF (A), MC (B) and NM (C) at different temperature. TF, MC and NM at 20 μM were cross-linked by 6 mM DSS at different temperature for 30 min. Products were
separated by SDS-PAGE (8% acrylamide gel). The cross-linking temperatures, with (+) or without (−) DSS were shown at the top of each gel.

3.4. Thermal unfolding of NM, in which the C domain of TF is truncated,
involves a single monomeric intermediate
Simulated data show that there is only one possible model to ﬁt the
thermal unfolding process of the NM fragment as shown below:
K1

KD

NX IX U
The fractional population of the different species of NM during
thermal unfolding is shown in Fig. 6. The simulated apparent heat
capacity as a function of temperature for NM is shown in Fig. 7, and the
related thermodynamic parameters are shown in Table 1. It is
interesting that the thermal unfolding of NM is distinctly different
from that of TF and MC. NM is initially monomeric and unfolds via a
monomeric intermediate to reach the unfolded state. That the NM
fragment does not form a dimer under the experimental conditions
used is also supported by DSS cross-linking experiments (see results
below). This provides further evidence that the C-terminal domain is
critical for dimerization of the TF molecule.

In E. coli cells, the majority of ribosomes are predicted to exist in a
1:1 complex with TF [5,15] and TF is present in 2–3 fold molar excess
over ribosomes, with the majority of free TF present as a dimer [31].
The dimeric intermediates of TF populated during thermal denaturation and identiﬁed by DSC in this investigation may be important
under physiological conditions when the cell is subjected to heat
shock. The thermally unfolded intermediates of TF may serve as a
“binding chaperone” to maintain non-native protein in a refolding
competent conformation and cooperate with downstream molecular
chaperones to facilitate post-translational or post-stress protein
folding [21].
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3.5. Dimeric forms of TF and its mutants identiﬁed by DSS cross-linking
To conﬁrm that dimeric forms of TF and its mutants are populated
during thermal unfolding, DSS cross-linking was performed at
different temperatures. As shown in Fig. 8, a dimeric band was clearly
apparent at 25 °C for TF and MC. However, no dimeric band was
observed for NM, implying that only TF and MC, those proteins that
contain the C domain, form a dimer under the experimental conditions used. This provides further evidence that the C-terminal
domain of TF plays a vital role in forming and stabilizing the dimeric
structure of the TF molecule. With increasing temperature, TF and MC
could still be cross-linked by DSS, further conﬁrming the presence of
dimeric intermediates of TF and MC during thermal unfolding. The
cross-linking patterns (Fig. 8) are consistent with the fractional distribution results (Figs. 2, 4 and 6) and so strongly support the thermal
unfolding models of TF and its mutants derived from simulation of the
DSC data.
4. Conclusion
The thermal unfolding of TF and its mutants measured by US-DSC
is quite different from that observed by urea [18] or guanidine
denaturation [20]. The population of multiple thermostable dimeric
intermediates of TF during thermal unfolding was indicated by
simulation of the DSC data and conﬁrmed by DSS cross-linking
experiments. By comparing the thermal unfolding of the intact TF
molecule and the domain truncation mutants, NM and MC, we
provide further evidence that the C-terminal domain of TF plays a vital
role in forming and stabilizing the dimeric structure of the TF
molecule.
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