Biophysical Chemistry 195 (2014) 1-7

journal homepage: http://www.elsevier.com/locate/biophyschem

Contents lists available at ScienceDirect

Biophysical Chemistry

BIOPHYSICAL
CHEMISTRY

Structural stability of E. coli trigger factor studied by synchrotron

small-angle X-ray scattering

@ CrossMark

Yi Shi **, Masaji Shinjo °, Jun-Mei Zhou €, Hiroshi Kihara >**

@ Shanghai Advanced Research Institute, Chinese Academy of Sciences, 99 Haike Road, Zhangjiang Hi-Tech Park, Pudong, Shanghai 201210, China

b Department of Physics, Kansai Medical University, 2-5-1, Shin-Machi, Hirakata 573-1010, Japan

¢ National Laboratory of Biomacromolecules, Institute of Biophysics, Chinese Academy of Sciences, 15 Datun Road, Beijing 100101, China

HIGHLIGHTS

GRAPHICAL ABSTRACT

« We used SAXS to study structural char-

acteristics and unfolding transitions of Guinier plot Kratky plot P(r) function
o [urea]
TF. ; - 2.5 mg/m| 0 — oM 0.006 —TF
« C-terminal region plays an important & 5mg/ml i 05M ++ unfolded TF
. e 7.5 mg/m| -0031 K T
role in the structural stabilities of TF. ~ 61 Al ibociac 1 ;"M 2 00044
. . . . 5 s t : 3
* N-domain of TF is relative structural in- = HTIEs g £ o002 c2m B
5 . - < 25M  E 02
dependent. o 0.001 L I S
— 6M fitanseti th
3 ™ T T .00 T T T T T o0 tr—
0.000 0.001 0.002 0.003 0.00 0.02 0.04 006 008 0.10 012 10 30 50 70 90 1?130 150170 190 210
A h (A7 A

ARTICLE INFO ABSTRACT

Article history:

Received 22 May 2014

Received in revised form 16 July 2014
Accepted 16 July 2014

Available online 26 July 2014

Keywords:

C-terminal truncation
Folding

Stability

Small-angle X-ray scattering
Trigger factor

Solution small-angle X-ray scattering (SAXS) is an effective technique for quantitatively measuring the compact-
ness and shape of proteins. We use SAXS to study the structural characteristics and unfolding transitions induced
by urea for full length Escherichia coli trigger factor (TF) and a series of truncation mutants, obtaining and com-
paring the radiuses of gyration (R,), the distance-distribution function (P(r) function) and integrated intensity
of TF variants in native and unfolding states. The C-terminal 72-residue truncated mutant TF360 exhibited dra-
matic structural differences and reduced stability compared with the whole TF molecule, while the N-domain
truncated mutant MC maintained its compact structure with reduced stability. These results indicate that the
C-terminal region of TF plays an important role in the structural and conformational stabilities of the TF molecule,
while the N-domain is relatively independent.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nascent polypeptides must fold into correct three-dimensional
structures to perform their biological function. Protein folding is often
hampered by protein aggregation, which can be prevented by a network
of chaperones in the cell [1-4]. Trigger factor (TF) is a eubacterial
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chaperone that associates with ribosomes at the nascent peptide-exit
tunnel and occurs in excess free in the cytosol, therefore it is the first
chaperone to bind newly synthesized polypeptides and assist their
folding before passing them to downstream chaperone systems
[5-19]. Due to its position at the ribosome exit tunnel, TF also plays an
important role in the regulation of protein translocation.

Escherichia coli TF is 432 residue long and composed of an
N-terminal ribosome-binding tail (N-domain, 1-144), a middle domain
with peptidyl-prolyl cis/trans isomerase (PPlase) activity (M-domain,
145-247) and a C-terminal domain (C-domain, 248-432) that is
involved in chaperone activity [18,20,21].

Recently, a number of trigger-factor structures that clarify the struc-
ture of TF have been determined. These include the ribosome-binding
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domain of E. coli TF [22], full-length E. coli TF [23], a C-terminally trun-
cated Vibrio cholerae TF [24], a ribosome-bound Deinococcus radiodurans
TF N-terminal domain [25,26], a Mycoplasma genitalium TF PPlase
domain [27] and Thermotoga maritima TFN-terminal and C-terminal
domain [28].

Studies of the structure of TF-ribosome [23,25,26] and TF-S7 [29]
complexes have provided a detail on the interactions between TF and
the ribosome and those between TF and the substrate. These studies
have also identified associations that can describe the proposed
monomeric and dimeric species [22,24].

Solution small-angle X-ray scattering (SAXS) is a powerful tool that
provides structural information on the shape and size of macromole-
cules in solution [30,31]. Scattering intensity from a dilute monodis-
perse solution of macromolecules is proportional to the spherically
averaged single-particle scattering, scattering intensity at various
scattering angles can be collected and the shape and size of macromol-
ecules can be calculated from the scattering intensity [30-32]. Therefore
SAXS in solution can yield low-resolution information only (from 1 to
100 nm) but are applicable in a broad range of conditions and particle
sizes [32]. SAXS permits analysis of biological macromolecules and
their complexes under close to physiological conditions, and is particu-
larly useful when high-resolution structural information, such as that
from x-ray crystallography or NMR, is not yet available [32]. Although
SAXS doesn't inform directly on secondary structure such as circular
dichroism (CD) and nuclear magnetic resonance (NMR), but it is
sensitive to overall conformational changes such as changes in the
shape/morphology of the protein, expansion of the protein [30,31].
Studies have taken advantage of the SAXS method to analyze the
three-dimensional structures of proteins and monitor their conforma-
tional changes under various conditions [33-36].

N- and C-domains of TF synergistically perform the chaperone
function in vitro and in vivo, but how the domain affects the structural
stability of the intact molecule is not clear. Here, we use SAXS to study
the role of various truncations on the structural stability of TF.

2. Materials and methods
2.1. Reagents

Urea was purchased from Sigma. All other chemicals were local
products of analytical grade.

2.2. Generation of TF variants

A number of truncation mutants of the TF were constructed, namely:
TF419, TF360 and MC, in which the C-terminal 13, 72 or the entire
N-domain were deleted, respectively. Proteins were purified according
to the method of Zeng et al. [37]. The molecular masses of TF, TF419,
TF360 and MC were 48.2, 46.6, 39.9 and 32.4 kD, respectively. The
absorbance coefficients of €,59,m = 15,930, 17,159, 13,823 and 9978
M~ ! cm™ ! were used to determine the protein concentrations of TF,
TF419, TF360 and MC, respectively [37].

2.3. Synchrotron SAXS measurements

X-ray solution-scattering measurements were performed at the
beam line 15A small angle installation (BL-15A) of Photon Factory of
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan.
A bent-crystal, horizontally-focusing monochromator and a vertically
focusing mirror provided a stable beam of photons, with a wavelength
of 1.5 A. The camera length (i.e., the sample-to-detector distance) was
1639 mm in the first experiment and 1744 mm in the second. We
measured proteins (5 mg/ml) in a 0.1 M, pH 7.5 PBS buffer containing
different concentrations of urea (0, 0.5, 1, 1.5, 2, 2.5, 3 and 6 M). The
background data for the buffer solution with different concentrations

of urea was collected before data collection for the protein solutions
[34,38].

2.4. SAXS data process

The correction of the SAXS data for the difference in electron density
between the protein and solvent molecules, as well as for X-ray
absorption by the solution, was made according to known standard
procedures [30]. The radius of gyration, Rg, was estimated by Guinier
approximation,

21,2
1(h) = 1(0) exp <—Rg3h) 1)

where h is the scattering vector given by h = (4msin 6)/A (26 is the
scattering angle and A is the wavelength of X-rays) and I(0) is the
scattering intensity at zero angle [30,31]. For the native globular protein,
the Ry was calculated by fitting the curve Lnl(h) against h to the Guinier
equation in the region between 0.0005-0.0035 A~2 in h. For denatured
states, the Guinier approximation cannot be used because the previous
approximation is valid only for R;"h < 1 [34]. In this case, the scattering
profile can be described to a first approximation in the small h region
(Rg"h < 3) by the Debye function,

()/1(0) = (2/X°) (x=1+¢7) 2)
Where x = h?*R,? [34]. The globularity of the protein molecule was

examined using a Kratky plot, i.e., K = I(h)h? versus h [39,40]. The

distance-distribution function, P(r), was calculated using the GNOM

program [41].

2.5. Analysis of equilibrium data

Equilibrium data were fitted to a two-state model using the
following equations:

Y =fnYy+fuYy 3)
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where Y is the experimentally-measured signal (refers to I(h)h? intensity
at peak of Kratky plot or integrated intensity in this study) at a given
denaturant concentration [urea]; Yy and Yy are the signals of TF for the
native and unfolded states, respectively; fy and fy are the fraction of the
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native and unfolded states, respectively; K is the apparent equilibrium
constant; AG is the free-energy change upon unfolding; AGC is the
free-energy change upon unfolding in the absence of denaturants; mg is
the linear dependence of AG upon the denaturant concentration; G,
represents the denaturant concentration at which 50% of the molecules
are folded; R is the gas constant; and T is the absolute temperature [42,
43]. The program GraphPad Prism 5.0 (GraphPad Software, CA, USA) is
used to fit the data.

3. Results
3.1. Guinier plots of native TF variants at different concentrations

Fig. 1 shows Guinier plots of TF variants at various concentrations.
The protein data should be fitted to a straight line on the Guinier plot;
if they cannot be fitted to a straight line, but rather a polyline, this
indicates protein aggregation [30]. No aggregation was observed for
TF; MC shows some aggregation; and obvious aggregation was
observed for TF419 and TF360. This indicates that the C-domain plays
a critical role in the structural stability of TF.

The square of the apparent radius of gyration Rg(c) and I(0) at
various protein concentrations is estimated by Guinior approximation,
the plot of Rg(c) against c is shown in Fig. 2A, and fitted by the following
equation:

(0)*—Byc (10)

R,(0), the radius of gyration at infinite dilution, is calculated by the
intercept of the equation and Bj; which is the parameter reflecting the
intersolute force potential, is calculated by the slope of the equation [44,
45].
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Fig. 2. Protein concentration dependence of Ry(c) (A) and c/I(0) (B). The values of R¢(c)
and ¢/I(0) were calculated as described in Section 2.
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Fig. 1. Dependence of Guinier plots on TF (A), TF419 (B), TF360 (C) and MC (D) concentrations. The protein concentrations were 2.5, 5, 7.5 and 10 mg/ml, respectively. The straight lines
were fitted with determined data in a range of 0.0005-0.0035 A~ using the least squares method.
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Table 1

Structural parameters of TF variants determined with SAXS experiments. R,(0) is the radi-
us of gyration at infinite dilution, A; is the second virial constant and Bjsis a parameter
reflecting the intersolute force potential. The data are presented as values + standard
deviations.

TF variants Re(0) (A) A> (10~* ml mol g—2) By (10" 2 cem® g™ 1)
TF 44,07 + 0.3 —12 £+ 18 —15.41 + 3.86
TF419 33.09 + 0.8 —37+5 —36.37 +£ 7.86
TF360 34.03 4+ 0.74 9.16 £ 2.67 —35.52 + 748
MC 29.28 4+ 0.61 16.17 £ 10.87 —22.69 £+ 5.29

1(0) is proportional to the molecular weight of the scatterer, the
quantity that is proportional to c is ¢/I(0) rather than I(0)/c as

Kc/1(0) =1/M +2 Ayc (11)

where M is the molecular weight of the protein, K is a constant, and A, is
the second virial constant [44-46]. The plot of ¢/I(0) against c is shown
in Fig. 2B, the A, values are estimated by the slope of the equation.

Table 1 lists the SAXS parameters. R,(0) are calculated to be 44.07 +
0.3,33.09 + 0.8,34.03 + 0.74,29.28 + 0.61 A for TF, TF419, TF360 and
MC, respectively. The R,(0) value of TF is 33.18% bigger than TF419,
which may be due to different dimerization ability of TF and TF419
[37,47]. The Rg(0) value of TF360 is a little bigger than TF419, indicating
that TF360 may undergo a more relaxed conformation than TF419. The
R4(0) value of MC suggests that MC has a globular conformation. Bjis
negative for all TF variants. The negative values of TF419, TF360 and
MC are larger than that of TF, indicating stronger attractive interactions
between TF419, TF360 and MC molecules. A,, which is an indication of
inter-particle interference effect [46], is negative for TF and TF419 and
positive for TF360 and MC.

3.2. Kratky plot during urea-induced unfolding

Expressing the intensity function in the form of a Kratky plot has
been shown to be useful for protein-folding studies and has been
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applied to the description of protein denaturation [46]. Information
about molecular globularity can be obtained from the entire scattering
pattern by plotting I(h)h? against h [46,48]. It is known that the
presence of a peak in a Kratky plot indicates a native globular shape of
a molecule, while a plateau in moderate angles of the plot indicates a
chain-like structure [46,48]. Thus, it is easy to distinguish the shape of
various conformational states [46,48]. Fig. 3 shows the Kratky plots of
proteins in the range of 0-6 M urea. TF exhibits a clear peak in the
absence of urea, indicating that native TF has a compact conformation.
For urea of 0.5 and 1 M, the curve of TF is similar to that of TF in its native
state; at 1.5 M, the curve has no peaks and exhibits a plateau, indicating
that the TF is unfolding; at 3 M urea, the TF is completely unfolded. MC
also exhibits a peak but it is not as clear as that of TF, indicating that the
conformation of MC is looser than that of TF. At 0.5 M urea, the curve of
MC is similar to that in its native state; at 1 and 1.5 M urea, the shape of
plot differs from that in the native state, indicating a different conforma-
tion; at 2 M, MC is unfolded. TF419 has no clear peak in its native state,
indicating that it does not have a compact structure; at 2 M urea, TF419
is unfolded. TF360 has no clear peak in its native state and is unstable. It
is unfolded at urea concentrations as low as 0.5 M.

The peak intensities decreased gradually with increasing urea
concentrations [49]. Fig. 4 shows the peak intensities during the
urea-induced unfolding transition of TF variants. All exhibited a single
sigmoidal transition and obeyed the two-state unfolding model. The
thermodynamic parameters of the standard Gibbs free energies (AG?),
which represent the difference between the free energy of the folded
and the unfolded states of the protein, and the slopes of the free
energies versus denaturant concentrations (mg), which indicate the
change in the solvent-accessible surface area (ASA) upon unfolding,
were obtained through data fitting, using Egs. (1)-(6); The C,, values,
which represent the denaturant concentration at which 50% of the
molecules are folded, were also calculated according to Eq. (6) after
setting AG = 0. Table 2 gives the results. The AG® values for TF, TF419,
TF360 and MC are 8.21 + 1.48, 2.33 4 0.44, 1.55 + 0.32, 2.93 +
1.02 KJ-mol ™!, respectively, indicating that the stability of TF decreases
dramatically while C-terminal 13- and 72-residue was deleted and the
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Fig. 3. Kratky plots of TF (A), TF419 (B), TF360 (C) and MC (D) in various concentrations of urea. The concentration of TF variants is 5 mg/ml.
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Fig. 4. Urea-induced equilibrium unfolding transitions for TF, TF419, TF360 and MC
derived from I(h)h? intensity at the peaks. Data were fitted to a native-unfolding,
two-state model (see Section 2).

stability of TF also decreases while N-domain was deleted. The G, values
for TF, TF419, TF360 and MC are 2.05 4+ 0.11, 1.2 4+ 0.31,0.37 + 0.21,
1.04 + 0.34 M, respectively, also show the stability changes of TF
variants as the AG? values show. The mg values, for TF, TF419,
TF360 and MC are 4.01 + 0.64, 1.94 + 0.69, 1.38 + 0.56, 2.81 +
0.63 KJ-mol~!-M™~!, respectively.

3.3. Integrated intensity during urea-induced unfolding

In the globular state, the small-angle integrated intensity of a protein
is large but it decreases as the protein changes to a coiled state [38]. The
small-angle integrated intensity provides a good indication of the
globular-to-coil transition, as it is much less sensitive to intermolecular
association than the zero-angle intensity and the radius of gyration of a
protein [38]. The integrated intensities within the region of h from 0.015
to 0.15 A~ during the urea-induced unfolding transition of TF variants
are shown in Fig. 5; the data are fitted to a two-state unfolding model;
AGY m¢ and C,, values were obtained through the data fitting, using
Egs. (3)-(9). The results are shown in Table 2. The AG® values for
TF, TF419, TF360 and MC are 18.43 + 10.16, 9.8 & 7.01, 1.68 + 0.65,
13.3 + 9.48 KJ-mol ™", respectively; the C,, values for TF, TF419,
TF360 and MC are 2.07 + 0.17, 1.45 4+ 0.22, 0.39 + 0.33, 1.36 +
0.19 M, respectively; the m¢ values for TF, TF419, TF360 and MC are
8.89 + 4.85,6.77 + 4.21,4.31 + 3.38,9.78 + 6.47 KJ-mol~!-M~ !,
respectively.

3.4. The changes in the Ry and 1(0) values during urea-induced unfolding

The R; and I(0) values of TF variants during urea-induced unfolding
are calculated by Debye function and shown in Fig. 6. The R, values of TF
variants become bigger with the increase of urea concentration, indicat-
ing the transition from the native globular state to completely unfolded
state such as random coils. The changes of R, values during the urea-
induced unfolding transition of TF variants are similar to the changes
monitored by Kratky plot and integrated intensity.

1(0) is proportional to molecular weight and sensitive to association/
disassociation during unfolding [46]. The 1(0) values increase with the

Table 2
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Fig. 5. Urea-induced equilibrium unfolding transitions for TF, TF419, TF360 and MC
derived from integrated intensity. Data were fitted to a native-unfolding two state
model (see Section 2).

increase of urea concentration at low urea concentration (<3 M urea)
which suggests aggregation within the unfolding transition region,
and then decrease with urea concentration at high urea concentration
(>3 M urea) which suggests that the aggregation is dispersed at higher
urea concentrations.

3.5. P(r) function

The distance-distribution function, P(r), can be obtained from the
Fourier transform of the intensity function. Since P(r) is an expression
of the scattering curve in real space it is useful for intuitive interpreta-
tion of the conformation [33]. A unimodal P(r) function is characteristic
of a globular protein [33]. The largest dimension of the scatterer, D4y, iS
estimated from the point where the function approaches zero. Some
proteins show aggregation, so the two-exponential equation I =
1(0)exp(—(R2:h?/3)) + 1(0),exp(—(RZh?/3)) was used to subtract
the intensity of aggregation and obtain the P(r) function of the native
proteins [30]. Fig. 7 shows the P(r) function of proteins in their native
and unfolding states. The P(r) function of TF in solution shows a
unimodal peak at 35.8 A and Dy, at 120 A, indicating that TF has a
compact global conformation in solution. The P(r) function of MC
shows a unimodal peak at 28.8 A, coincident with R, calculated from
Kratky and Guinier plots. The Dyq of MC is about 180 A. This indicates
that MC has a compact conformation but experiences some aggregation
in solution. The P(r) functions of TF419 and TF360 have a wide
distribution, possibly due to severe aggregation. Even after removing
the aggregation, TF360 exhibits a bimodal P(r) function that is arguably
a common structural property in partially-unfolded conformations [46],
or where there are two centers of mass. Thus, TF360 may have partially-
unfolded conformations in its native state, or two centers of mass, such
as in a dumbbell shape.

4. Discussion

Here we used SAXS to study the effect of the N- and C-domains on TF
stability; a Guinier plot showed that full-length TF exhibits no aggrega-
tion at all the concentrations (2.5, 5, 7.5 and 10 mg/ml) we tested

Thermodynamic parameters for urea denaturation of TF variants. AG is the standard Gibbs free energies upon unfolding in the absence of denaturants, mg; is the slopes of the free energies
versus denaturant concentrations, and Cy, is the denaturant mid-point of the transition. The data are presented as values 4 standard deviations.

Protein Intensity of I(h)h? at peak Integrated intensity

AG? (KJ-mol 1) mg (KJ-mol~1-M~1) Com (M) AG? (KJ-mol 1) mg (KJ-mol~1-M~1) Con (M)
TF 8.21 4+ 148 4.01 4+ 0.64 2.05 £ 0.11 1843 £ 10.16 8.89 £ 4.85 2.07 +£ 0.17
TF419 233 +£ 044 1.94 + 0.69 1.2 + 0.31 9.8 +£ 7.01 6.77 + 4.21 145 + 0.22
TF360 1.55 £ 0.32 1.38 + 0.56 0.37 4+ 0.21 1.68 + 0.65 431 + 3.38 039 + 033
MC 293 £+ 1.02 2.81 4+ 0.63 1.04 + 034 13.3 £ 948 9.78 £+ 6.47 136 £ 0.19
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(Fig. 1). TF419 and TF360 exhibited severe aggregation and MC had little
aggregation (Fig. 1). Bjrvalues of TF variants which indicate the attrac-
tive interactions between the molecules suggested the same inference
(Table 1).
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We tested the stability of TF variants in various concentrations of
urea; the Kratky plots are shown in Fig. 3. We analyzed the urea-
induced transition of TF variants, fitting the data to a native-unfolding,
two-state model (Figs. 4 and 5). Table 2 gives the parameters. The
changes in the Rg and 1(0) values during urea-induced unfolding are
shown in Fig. 6. These results indicate that structural stability decreases
with the length of the C-terminal truncation; TF stability decreased
significantly with truncation of C-terminal 13-residue and almost lost
its structure entirely and unfolded when C-terminal 72-residue truncat-
ed. MC, however, maintained a compact structure. Its stability
decreased when the entire N-domain was truncated, suggesting that
the N-domain interacts with the M- and C-domains, but the interaction
is weak.

The P(r) function (Fig. 7) demonstrated that full length TF has nearly
the same structure in crystal and in solution; TF419 exhibits some
aggregation, TF360 has significant aggregation and moves to a partly
unfolded state, suggesting that C-terminal 72-residue is necessary for
maintaining the structural stability of the molecule. MC shows aggrega-
tion but maintains a compact conformation, indicating that the
N-domain helps stabilize the intact molecule, but the effect is weak.

The crystal structure of E. coli TF shows an interesting arrangement
of domains that has been likened to the image of a crouching dragon.
The N-domain is its tail and the C-domain (arms) are brought together,
while the middle PPlase domain protrudes from the structure, forming
the dragon’'s head. In the ribosome-bound form, the dragon is anchored
by its N-domain tail and hunches over the exit of the ribosome tunnel,
providing a protected folding environment or cradle for emerging
nascent peptides. The inner surface of the cradle presents a hydrophobic
surface to the nascent peptide that is formed by residues from the N- and
C-domains [23]. Biochemical data show that only the isolated C-domain
or combinations with C (NC, MC) provide substantial chaperone activity
in vitro and in vivo. Domain combinations without the C-domain (NM)
showed little chaperone activity in vitro or in vivo [50]. The deletion of
the C-terminal 13 amino acid residues caused a dramatic difference in
the extent and mode of TF-assisted GAPDH refolding, whereas the
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variants in solution (see Section 3), the dot lines are P(r) of unfolded TF variants in 6 M urea.
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deletion of C-terminal 72 amino acid residues made no difference [37].
The deletion of the C-terminal 53 amino acid residues completely
eliminated the chaperone activity of TF in vitro and severely impaired
its function in vivo [20]. These results agree with our results.

5. Conclusion

C-terminal 72-residue is necessary for maintaining the structural

stability of the molecule while the N-domain helps stabilize the intact
molecule but has less influence on its structural stability.

Abbreviations

SAXS, small-angle X-ray scattering; TF, trigger factor
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