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The C-terminal domain (residues 320 to 419) of tyrosyl-tRNA synthetase
from Bacillus stearothermophilus (Bst-TyrRS) is necessary for the binding of
tRNA™ but disordered in the crystal structure. Four different criteria
showed that the isolated C-terminal domain of Bst-TyrRS was at least
partially folded in solution. Its spectrum of circular dichroism was
compatible with a high content of secondary structure elements (56% of its
residues) and these structural elements disappeared in 7.5 M urea. It was
unfolded by urea along a unique transition, around 6.0 M, according to the
variations in the fluorescence of its tyrosine residues and in its
electrophoretic mobility through transverse gradient gels. It was denatured
by heat with a temperature of half-precipitation in 30 minutes that was
equal to 67.9°C and close to the Bst-TyrRS one, 68.7°C. Its transitions of
denaturation by urea or temperature were weakly cooperative. The
C-terminal domains of the TyrRSs from Escherichia coli (Eco-TyrRS) and
B. stearothermophilus could be genetically exchanged without a significant
loss of aminoacylation activity. A hybrid between the N-terminal domain
of Bst-TyrRS and the C-terminal domain of Eco-TyrRS was precipitated
by heat in 30 minutes following two transitions: 83% of the molecules
were precipitated with a temperature of half-transition (51.6°C) close to
the Eco-TyrRS one (48.6°C). The remainder was precipitated with a
temperature of half-transition (65.5°C) close to the Bst-TyrRS one
(67.2°C) or that of its N-terminal domain (68.0°C). These results showed
that the C-terminal domain of Eco-TyrRS could undergo a transition from
a soluble active conformation to an insoluble one. The denaturations of
Bst-TyrRS and of its N-terminal domain by urea occurred with two
successive transitions, around 4 M and 6 M, and thus according to a
complex mechanism.
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Introduction

Many nucleic-acid binding proteins have disor-
dered regions in their structure, as determined
by X-ray crystallography or nuclear magnetic
resonance spectroscopy. This disorder can be
dynamic, i.e. due to a fluctuation of the confor-
mation with time, or static, i.e. due to several
conformations within a single crystal. For
some proteins, the formation of the complex with
the nucleic acid orders the flexible regions at
least partially and the flexibility has a functional
role in the interaction. Such disorders exist in
proteins that bind DNA or RNA without sequence
specificity (Beese et al., 1993; Jardetzky et al., 1978;
Munowitz et al., 1980); they exist also in proteins
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that recognize a specific sequence or structure, e.g.
transcription factors (Frankel & Kim, 1991; Frankel,
1992).

Tyrosyl-tRNA synthetase from Bacillus stearother-
mophilus (Bst-TyrRS) is a dimeric protein. Each
monomer is composed of three domains in the
crystal structure: an o/ domain (residues 1 to 220),
an o-helical domain (248 to 319) and a C-terminal
domain (320 to 419), for which it was not possible
to trace the polypeptide chain. Difference maps
show a continuous volume of electron density
(1500 A%), well above the noise level, which might
correspond to part of the C-terminal domain. This
region is adjacent to the «-helical domain and the
tyrosyl-adenylate (Tyr-AMP) binding site. Within
the crystals, the ordered N-terminal domains
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(residues 1 to 319) pack tightly together to form
layers with a maximum thickness of 60 A that are
separated by 20 A. The regions of disordered
density occupy the gaps between these layers (Brick
et al., 1989). The architecture of the o/ domain is
typical of the class | aminoacyl-tRNA synthetases
(Schimmel et al., 1993).

Bst-TyrRS catalyses the aminoacylation of
tRNA™ in a two-step reaction. Tyrosine is first
activated with ATP to form Tyr-AMP, then this
intermediate is attacked by tRNA™ to form
tyrosyl-tRNA™" (Fersht, 1987; Avis et al., 1993). The
N-terminal domain of Bst-TyrRS contains the
dimerization interface and is sufficient to catalyse
the formation of Tyr-AMP. The C-terminal
domain is necessary for the binding of tRNA™
(Waye et al., 1983). Six of the 12 basic residues in
this domain, at positions 368, 371, 407, 408, 410
and 411, are strongly involved in the interaction
between Bst-TyrRS and tRNA®™ (Bedouelle &
Winter, 1986; Bedouelle et al.,, 1993). TyrRS
from Escherichia coli (Eco-TyrRS) is 58% identical
in amino acid sequence with Bst-TyrRS (Winter
et al., 1983). The former is a thermolabile protein
whereas the latter is thermostable (Guez-lvanier
et al., 1993).

To test whether the C-terminal domains
of Bst-TyrRS and Eco-TyrRS are folded or unfolded
in solution, we compared the behaviours of
mutant and hybrid enzymes in experiments of
thermal precipitation. We purified the isolated
C-terminal domain of Bst-TyrRS to homogeneity. We
analysed its unfolding by urea through gel
electrophoresis and spectrofluorimetry, and its
content in secondary structures by circular
dichroism (CD) spectroscopy.

Table 1. Phage and plasmid strains

1 A321 419
BY(wt) |
1 c321 419
BY(A321C) I
1 317 418-419
BY(A1) Ly |
1 323 419
BY(A3) | I
1 320/325 423
B/EY LI
1 325/322 419
E/BY9 [ I
1 C325 423
EY(wt) | l

Figure 1. TyrRS derivatives compared in this study.
B, B. stearothermophilus; E, E. coli; Y, tyrosyl-tRNA
synthetase; wt, wild-type; A321C, change of residue
Ala321 into Cys. The filled and open boxes represent
sequence segments from B. stearothermophilus and E. coli,
respectively. The lines between boxes represent segments
that were deleted. The limits of the segments in the two
sequences are indicated. See Table 1 for references.

Results
Production and purification of the
TyrRS derivatives

The mutant and hybrid TyrRSs that we studied
are depicted in Figure 1. The genes that coded for

Strain Relevant characteristics References/Source
A. M13 phages
M13mp19(4am) Like M13mp19 but with an amber mutation in gene 4 Carter et al. (1985)

M13-BY(M24)

M13-BY(M24.89)
overproduces Bst-TyrRS

M13(4am)-BY(M24.89)

4 of M13

M13-BY(A1) Like M13-BY(M24.89) but codes for a TyrRS with a deletion,
Al, of amino acid residues 318 to 417

M13-BY(A3) Like M13-BY(M24) but codes for a TyrRS with a deletion,

A3, of amino acid residues 2 to 322
M13-BY(Bsml)

B. stearothermophilus tyrSp* tyrS*; codes for Bst-TyrRS
Like M13-BY(M24) but tyrSp is deleted of residues —44 to —98;

Like M13-BY(M24.89) but with an amber mutation in gene

Like M13-BY(M24.89) but with a Bsml site at codons 320 to 322

Waye & Winter (1986)
Waye & Winter (1986)

Carter et al. (1985)
Waye et al. (1983)
G. Winter

Guez-lvanier et al. (1993)

of tyrS; codes for a mutant TyrRS (Ala321 — Cys)

This work

Dente & Cortese (1987)
Barker (1982)

M13-B/EY Like M13-BY(M24.89) but codes for a hybrid TyrRS comprising
residues 1 to 320 of Bst-TyrRS and residues 325 to 423 of Eco-TyrRS
B. Plasmids
pEMBLS8*, pEMBL9* bla*, carry the intergenic region of phage f1
pBR322-EY E. coli tyrSp* tyrS*; bla*; codes for Eco-TyrRS
pPEMBLS-EY E. coli tyrSp* tyrS*; bla*; codes for Eco-TyrRS

pPEMBL9-BY (Ptac)
pEMBL-E/BY9

Ptac Bst-tyrS*; bla*; codes for Bst-TyrRS
Like pEMBLS-EY but codes for a hybrid TyrRS comprising

Bedouelle et al. (1990)
Bedouelle et al. (1990)
Guez-lvanier et al. (1993)

residues 1 to 325 of Eco-TyrRS and residues 322 to 419 of Bst-TyrRS

Bst-tyrS and Eco-tyrS, genes of the tyrosyl-tRNA synthetases from B. stearothermophilus and E. coli; tyrSp, promoter

of tyrS; bla,
plasmids.

B-lactamase gene. The tyrS gene had the same orientation as lacZ in the phages and as bla in the
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Figure 2. Expression of TyrRS derivatives from M13
phages. Lanes 1 to 11 and 12 to 16, SDS-containing gels
at 8% and 17% polyacrylamide, respectively. Lanes 2 to 6,
soluble extracts were loaded onto the gels without heat
treatment; lanes 7 to 11, 13 and 14, the proteins of the
extracts were thermoprecipitated during 30 minutes at
56°C before electrophoresis (Materials and Methods). The
extracts were prepared from TG2 bacteria infected with
the following phages: lanes 2, 7 and 13, M13mp19(4am);
lanes 3 and 8, M13(4am)-BY(M24.89); lanes 4 and 9,
M13-B/EY; lanes 5 and 10, M13-BY(Bsml); lanes 6 and 11,
M13-BY(Al); lane 14, M13-BY(A3). The samples corre-
sponded to 30 pl of bacterial culture at Aspnm = 1.0 for
lanes 2 to 11 and to 180 pl for lanes 13 and 14. Lane 15,
purified Bst-TyrRS(A3) (5 ng). Molecular mass markers (in
kDa): 31, 45, 66 and 97 in lane 1; 14.5, 21.5, 31, 45 and 66
in lane 12; 8.1, 14.4 and 16.9 in lane 16. The expected
molecular masses for the TyrRS derivatives, calculated
from their amino acid sequences, were the following
(in Da): 47,302 for Bst-TyrRS(wt), 47,334 for Bst-
TyrRS(A321C), 47,555 for Bst/Eco-TyrRS, 36,310 for
Bst-TyrRS(A1) and 10,862 for Bst-TyrRS(A3). The positions
of Bst-TyrRS(wt), Bst-TyrRS(A1l) and Bst-TyrRS(A3) are
indicated. The proteins were stained with Coomassie
blue.

derivatives of Bst-TyrRS were carried by derivatives
of phage M13-BY(M24). Those that coded for
derivatives of Eco-TyrRS were carried by derivatives
of phagemid pEMBLS-EY (Table 1).

We analysed the production of the Bst-TyrRS
derivatives by two methods: electrophoresis of the
proteins through SDS/polyacrylamide gels and
active site titration. These analyses were performed
on soluble extracts of strain TG2, used as a cellular
host. The cells that were infected by the derivatives
of M13-BY(M24) overproduced polypeptides that
had apparent molecular masses close to those
expected for the monomers of the Bst-TyrRS
derivatives, in gels stained with Coomassie blue
(Figure 2). These polypeptides were the major
species of the soluble extracts that reacted with
an anti-TyrRS serum in Western blots (not shown,
but see Figure 4(a)). They were not produced when
the cells were infected by the parental vector
M13mp19(4am), which does not carry the tyrS
gene (Figures 2 and 4(a)). Bst/Eco-TyrRS was
precipitated by a heat treatment of 30 minutes at
56°C, whereas Bst-TyrRS(wt), Bst-TyrRS(A321C),
Bst-TyrRS(A1l) and Bst-TyrRS(A3) were resistant
to this treatment (Figure 2). Active site titra-
tion showed that Bst/Eco-TyrRS, Bst-TyrRS(wt),

Bst-TyrRS(A321C) and Bst-TyrRS(A1l) were pro-
duced in similar amounts (respectively 128%, 100%,
80% and 50% the amount of TyrRS (wt)) and that
these proteins were at least partially active for the
formation of Tyr-AMP.

We used two observations to purify Bst-
TyrRS(A3). This protein was resistant to heat
treatment at 56°C, contrary to most E. coli proteins.
It was not retained by an anion-exchange resin at
pH 7.5, which is close to the value of its isoelectric
point, estimated from its amino acid sequence. We
purified Bst-TyrRS(wt) and Bst-TyrRS(Al), which
are also thermostable, as described in Materials and
Methods. Some of our experiments on Bst-TyrR-
S(wt), Eco-TyrRS(wt) and their derivatives were
performed on soluble extracts of the producing
cells, others on purified proteins.

Activity of the TyrRSs

We measured the activities of the different
TyrRSs, in soluble extracts of the producing cells, for
the aminoacylation of tRNA™ with tyrosine. For
each extract, we measured both the concentration of
TyrRS active sites and the rate of tyrosylation of
crude E. coli tRNA so that the rates are expressed in
st (Table 2). Bst-TyrRS(wt) and Bst/Eco-TyrRS
charged tRNAP™" with similar rates, which showed
that both the N-terminal domain from Bst-TyrRS
and the C-terminal domain from Eco-TyrRS had an
active conformation in their hybrid.

Thermal precipitation of active TyrRSs

We compared the behaviours of the TyrRS
derivatives in experiments of irreversible thermal
precipitation. We expected that hybrid Bst/Eco-
TyrRS would be precipitated at the same tempera-
ture as Eco-TyrRS(wt) if its C-terminal domain was
folded, and at the same temperature as Bst-TyrR-
S(wt) if its C-terminal domain was permanently
unfolded. Portions of a soluble extract, prepared
from producing cells, were heated for 30 minutes at
varying temperatures. After elimination of the
protein precipitate by centrifugation, the concen-
tration of TyrRS in the supernatant was determined
by active site titration. The profiles of precipitation
as a function of temperature had a sigmoid shape
and showed a unique and steep transition from a
soluble to an insoluble state for all the TyrRS
derivatives tested, except the profile for Bst/Eco-
TyrRS, which showed two transitions (Figure 3).
Table 2A gives the temperatures of half-transitions
that we deduced from these profiles and called t,,».
Note that t;,, is not a thermodynamic parameter
because precipitation is an irreversible process.

Thermal precipitation of the C-terminal domain

Bst-TyrRS(A3) only comprised the C-terminal
domain of Bst-TyrRS and had no measurable
catalytic activity We therefore used its antigenic
activity to measure its concentration in cellular



Disorder in Tyrosyl-tRNA Synthetase

113

extracts. We compared the behaviours of Bst-
TyrRS(A3) and Bst-TyrRS(wt) in experiments of
thermal precipitation that were performed as
described in the previous section, except that the
concentrations of soluble TyrRS were measured by
revelation of Western blots with an anti-TyrRS
serum and quantification of the protein bands
(Figure 4(a); Materials and Methods). The profiles
of precipitation as a function of temperature had
sigmoid shapes (Figure 4(b)). The temperatures of
half precipitation (t/,) were close for Bst-TyrRS(A3)
and Bst-TyrRS(wt), but the transition between the
soluble and insoluble states was less cooperative for
Bst-TyrRS(A3) than for Bst-TyrRS(wt) (Table 2B).

Thermal precipitation of the  E. coli proteins

We performed the experiments of thermal
precipitation described above on soluble extracts
of bacteria that produced the TyrRS derivatives.
It was therefore important to test the effect of

Table 2. Activity and stability of the TyrRS derivatives

Protein V(s™) ti2 (°C) c

A. Active site titration

Bst-TyrRS(wt) 167 + 009 6723 +0.03 112 +0.04

Bst-TyrRS(A321C) 243 + 0.05 66.90 + 0.01 1.96 + 0.04

Bst-TyrRS(A1) na 67.97 + 0.02 141 + 0.03

Bst/Eco-TyrRS 1.88 + 0.07 5158 + 0.06 0.54 + 0.01
65.45 + 0.16 1.26 + 0.22

Eco/Bst-TyrRS9? 0.70 + 0.03 4522 + 0.18 0.51 + 0.05

Eco-TyrRS(wt)? 461 + 011 4858 + 0.01 0.86 + 0.05

B. Gel scanning

Bst-TyrRS(wt) 167 + 009 6871+ 011 0.81 + 0.06

Bst-TyrRS(A3) na 67.92 + 0.30 0.27 + 0.03

Column 1, The TyrRS derivatives were overproduced from
TG2 bacteria, either infected by one of the phages or harbouring
one of the phagemids listed in Table 1. M13mpl19(4am) and
PEMBLY9* were used as negative controls of expression. The
same values were obtained for Bst-TyrRS(wt) from M13(4am)-
BY(M24.89) (this work) and from pEMBL9-BY(Ptac) (Guez-
lvanier et al., 1993). Column 2, Rate of tyrosylation (V) of crude
E. coli tRNA (5 mg/ml, 356 pmol of tyrosine incorporation/mg)
by soluble extracts of the overproducing bacteria. The
concentration of TyrRS in the extracts was determined by active
site titration. If v was the tyrosylation rate by the extract of the
overproducing bacteria, e the concentration of TyrRS active sites
in the aminoacylation reaction, vo and e, the same parameters for
a similar extract prepared from the negative control strain, then
V was calculated using the relation VV = (v — vo)/(e — eo) to correct
the rate for the contribution of the tyrS gene on the bacterial
chromosome to the production of TyrRS activity. The average V
value and the standard error of at least three different
measurements are shown; e was between 0.3 and 1.6 nM; the
average value of e/eo was equal to 25; na, not applicable. Columns
3 and 4, Temperatures of half-advancement (ti,2) and cooperativ-
ity indices (c) of the transitions in the experiments of thermal
precipitation, with their standard errors in the curve fits. After
precipitation, the concentration of soluble TyrRS was measured
by active site titration (part A of the Table, and see Figure 3) or
by gel scanning (part B of the Table, and see Figure 4). The
following equation was fitted to the experimental data:
Y =100(m/(1 + exp(ci(t — t2))) + (1 —m)/Z(1 + exp(ca(t - t2)))),
where Y is the relative concentration of soluble TyrRS, in
percentage, and t is temperature. We found m = 0.83 + 0.01 for the
thermal precipitation of Bst/Eco-TyrRS. We took m =1 in all the
other cases.

a Data from Guez-lvanier et al. (1993).
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Figure 3. Thermal precipitation of Bst/Eco-TyrRS. The
TyrRS derivatives were produced by TG2 bacteria,
infected with M13(4am)-BY(M24.89), M13-BY (A1), M13-
B/EY, or harbouring phagemid pEMBLS-EY. Portions of a
cellular extract were heated at varying temperatures
during 30 minutes, the protein precipitates were
eliminated and the concentrations of soluble TyrRS were
determined by active site titration (Materials and
Methods): 100% active sites corresponds to the concen-
tration of TyrRS in the extract before heating. (@)
Bst-TyrRS(wt); (A) Eco-TyrRS(wt); (O) Bst/Eco-TyrRS.
The profile for Bst-TyrRS(A1) was nearly identical with
that for Bst-TyrRS(wt); it was not represented for clarity.
The data for Eco-TyrRS(wt) are from Guez-lvanier et al.
(1993). The curves were obtained by fitting the equations
described in the legend to Table 2 to the data.

a thermal treatment on the bulk of the E. coli
proteins, as a control. We used a soluble extract of
TG2 bacteria, infected with the parental vector
M13mp19(4am). After the thermal precipitation, the
total concentration of E. coli soluble proteins was
measured by the method of Bradford (1976). The
precipitation of the E. coli proteins in 30 minutes
was a simple exponential function of temperature,
with t;,, = 46°C (Figure 5). The experimental values
obtained for temperatures varying between 40°C
and 62°C could be extrapolated to 100% and 10%
proteins remaining soluble after 30 minutes at
37.3°C and 65.4°C, respectively. Thus, the profile of
thermal precipitation for the bulk of the E. coli
proteins was clearly different from those obtained
for the TyrRS derivatives.

Denaturation of Bst-TyrRS and its domains
with urea: analysis by gel electrophoresis

We compared the effect of urea on the
conformations of Bst-TyrRS(wt), Bst-TyrRS(A1) and
Bst-TyrRS(A3) by electrophoresis of the purified
proteins through polyacrylamide gels, perpendicu-
larly to a urea gradient (0 to 8 M). The three
proteins underwent a transition between a form
that was present at low concentration of urea and
migrated faster, and a form that was present at high
concentration of urea and migrated slower. The
transition was discontinuous for Bst-TyrRS(wt),
around 6.4 M urea, and Bst-TyrRS(Al), around
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Figure 4. Thermal precipitation of Bst-TyrRS(A3).
(@ TG2 bacteria were infected with M13(4am)-
BY(M24.89) (top row), M13-BY(A3) (bottom row) and
M13mp19 as a control (first two lanes of each row).
Portions of a cellular extract were heated at the indicated
temperatures during 30 minutes, the protein precipitates
were eliminated by centrifugation and the supernatants
were analysed by SDS/polyacrylamide gel electrophor-
esis (8% and 17% polyacrylamide for the top and bottom
rows, respectively). The TyrRS derivatives were revealed
by Western blotting and immuno-staining with an
anti-TyrRS serum. (b) The intensities of the protein bands
on the membranes were quantified with an image
analyser: 100% intensity corresponds to the sample
heated at 58°C. (@) Bst-TyrRS(wt); (O) Bst-TyrRS(A3).

5.6 M, as previously reported (Carter et al., 1986). It
was continuous and occurred above 5.8 M urea
(Figure 6) for Bst-TyrRS(A3). We obtained similar
profiles of electrophoresis from samples containing
native proteins and samples containing proteins that
had been denatured with high concentrations of
urea beforehand. Thus the denaturation with urea
was reversible in the conditions of the electrophor-
esis. We estimated the free energy of unfolding in
the absence of urea for Bst-TyrRS(A3) from its
profile of electrophoresis, by using a published
method (Hollecker & Creighton, 1982). We found a
value of this free energy, AG(H.O), equal to
7.0 kcal/mol.

Denaturation of Bst-TyrRS and its domains
with urea: analysis by fluorimetry

We followed the denaturation of Bst-TyrRS(wt)
and its truncated derivatives by urea at 25°C,
using spectrofluorimetry. Bst-TyrRS(wt) and Bst-
TyrRS(A1l) each contain six tryptophan residues,
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Figure 5. Thermal precipitation of the E. coli proteins.
TG2 bacteria were infected with the parental phage
M13mp19. Portions of a cellular extract were heated at
varying temperatures during 30 minutes, the protein
precipitates were eliminated by centrifugation and the
concentrations of soluble proteins were determined by the
Bradford method. The percentage of soluble proteins is
plotted as a function of the temperature of heating; 100%
corresponds to the unheated sample.

LN L

60 65 70 75

whereas Bst-TyrRS(A3) contains none. The three
proteins contain 14, 11 and 4 tyrosine residues,
respectively. The fluorescence of both tryptophan
and tyrosine are excited at a wavelength of 278 nm,
whereas only tryptophan is excited at 295 nm.
Accordingly, we found that the purified Bst-
TyrRS(A3) did not emit fluorescence between 310
and 400 nm when excited at 295 nm, in contrast to
the two other proteins. The emission spectra of the
proteins upon excitation at 278 nm showed that the
highest ratios of fluorescence intensity between
native (0 M urea) and denaturing (8 M) conditions
were obtained for the following wavelength of
emission: 330 nm for Bst-TyrRS(wt) and Bst-
TyrRS(Al1), and 303 nm for Bst-TyrRS(A3).

We determined the time needed by the different
conformations of Bst-TyrRS(Al) to reach equi-
librium, after dilutions of the protein in 0 M, 3 M
and 5M wurea. The ratio of the fluorescence
intensities, measured at 3 M and 0 M urea (or at5 M
and 0 M), decreased until eight hours of incubation
then remained stable between 8 and 18 hours. We
thus let the proteins equilibrate during 12 hours in
different concentrations of urea before performing
the fluorescence measurements.

The denaturation profiles for Bst-TyrRS(wt) and
Bst-TyrRS(A1) showed two transitions, whereas the
profile for Bst-TyrRS(A3) showed only one. Denatu-
ration was reversible, since the same profiles were
obtained from native proteins or from proteins that
had been denatured in 8 M urea beforehand (Fig-
ure 7). Table 3 gives the parameters of the different
transitions. The maximum of fluorescence emission
for Bst-TyrRS(wt) and Bst-TyrRS(A1) shifted from
340 nm at low concentration of urea, to 350 nm
at high concentration. The shift occurred mainly
during the second transition (around 6.2 M and
5.6 M urea, respectively). We did not observe such
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Figure 6. Urea-induced unfolding of Bst-TyrRS(wt) and
its A1 and A3 derivatives, as monitored by electrophoresis.
The purified proteins were applied across the top of gels
containing a transverse gradient of urea (0 to 8 M) and a
compensatory gradient of polyacrylamide, 10 to 7.5% for
Bst-TyrRS(wt) and Bst-TyrRS(A1), 15 to 11% for Bst-
TyrRS(A3). They were applied either in a native form (n)
or after denaturation during three hours in about 8 M urea
(d), and in identical amounts in both conditions: wt, 22 ug
at1.5 uM; A1, 24 ngat 1.6 pM and A3, 9 pg at 5.6 uM. After
electrophoresis, Bst-TyrRS(wt) and Bst-TyrRS(Al) were
stained with Coomassie blue; Bst-TyrRS(A3) was revealed
by Western blotting and immuno-staining with an
anti-TyrRS serum. Staining of Bst-TyrRS(A3) with silver
gave similar profiles (not shown).

a shift for Bst-TyrRS(A3), which did not contain
tryptophan residues. We estimated the free energy
of unfolding in the absence of urea for Bst-
TyrRS(A3) from its denaturation profile by using the
relation AG = AG(H,0) — m[urea] (Pace et al., 1989).
We found AG(H,0O)=5.1(40.4) kcal mol™ and
m = 0.85(40.05) kcal mol™* M™,

Circular dichroism spectra of the
C-terminal domain

The far-UV circular dichroism spectra for
Bst-TyrRS(A3), recorded either in the absence or in
the presence (7.5 M) of urea, are presented in Fig-
ure 8. The spectrum of the native protein showed a
strongly positive molar ellipticity below 200 nm and

a strongly negative ellipticity above 200 nm, with
minima between 207 and 217 nm. Deconvolution of
this spectrum showed that it corresponded to 16%
of a-helix, 21% of antiparallel B-sheet, 6% of parallel
B-sheet and 13% of turn. The spectrum of
Bst-TYRS(A3) in 7.5M urea did not show any
ellipticity. These spectra showed that Bst-TyrRS(A3)
had secondary structural elements in its native
form, and that it was unfolded in 7.5 M urea.

Discussion

Identification of Bst-TyrRS( A3)

Bst-TyrRS(A3) has no characterized enzymatic
activity. We therefore used the following criteria for
its identification. It was present in the soluble extract
of TG2 when this strain was infected with phage
M13-BY(A3) but absent when TG2 was infected
with the parental vector M13-mp19(4am). It had an
apparent molecular mass close to its theoretical
mass. It reacted with a serum directed against
Bst-TyrRS(wt) in Western experiments. It did not
bind an anion-exchange resin at a pH equal to its
theoretical pl. It did not emit fluorescent light when
excited at 295 nm, in accordance with the absence of
tryptophan residues in its sequence.

Folded state of an isolated C-terminal domain

The following results showed that Bst-TyrRS(A3),
i.e. the isolated C-terminal domain of Bst-TyrRS,
was at least partially folded in solution. (1) Its
far-UV CD-spectrum showed the existence of
secondary structures in 0 M urea, which disap-
peared at high concentration in urea. (2) Its
treatment with increasing concentrations of urea led
to a transition (around 6.0 M) between a form
whose tyrosine residues fluoresced strongly and a
form whose tyrosine residues fluoresced weakly.
(3) Its profile of electrophoresis across a urea
gradient gel showed a transition (above 5.8 M)
between a more compact state at low concentration
in urea and a less compact state at high concen-
tration. (4) Its profile of thermal precipitation from
a cellular extract showed a transition around 68°C
between soluble and insoluble states. This profile
was different from that obtained for the bulk of the
soluble cellular proteins (Figures 4 and 5). Thus,
the precipitation observed for Bst-TyrRS(A3) was
due to a conformational change of this protein;
it was not due to the unfolding of the E. coli
proteins and their aggregation with Bst-TyrRS(A3),
permanently present in an unfolded conformation.

Bst-TyrRS(A3) was unfolded at high concentration
in urea, as shown by its absence of ellipticity in
far-UV CD, its low compactness and the weak
fluorescence of its tyrosine residues. The folding
and unfolding of Bst-TyrRS(A3) were fast when
compared to the duration of electrophoresis across
the urea gradient gel (half-times <0.01 the
separation time, i.e. <2.5 minutes). Indeed, the
electrophoretic profile was continuous and identical
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Figure 7. Urea-induced unfolding of Bst-TyrRS(wt) and
its A1 and A3 derivatives, as monitored by fluorimetry.
The wavelength of the excitation light was 278 nm and the
emission was measured at 330 nm for Bst-TyrRS(wt) and
Bst-TyrRS(A1), and at 303 nm for Bst-TyrRS(A3). Fqpp, the
apparent fraction of denatured protein, is given as a
function of the urea concentration (M). Fapp = (Yn = Yous)/
(Yn—Yaq), where Y, and Yq4 are the intensities of the
emitted light for the native and denatured forms
respectively. In the transition region, Y, and Yq were
obtained by linear extrapolations of the values obtained
at low and high concentrations of urea. Filled symbols
represent values obtained by adding urea to the native

profiles were obtained when loading native and
unfolded proteins (Creighton, 1980). The transition
between the native and denatured states was less
cooperative for Bst-TyrRS(A3) than for Bst-TyrR-
S(wt) or Bst-TyrRS(Al) in the experiments of
thermal precipitation and of urea denaturation
(Tables 2 and 3). The free energy of unfolding for
Bst-TyrRS(A3) at 25°C in the absence of urea,
determined from fluorimetric measurements, was
equal to AG(H,0) = 5.1(40.4) kcal mol™. This value
was close to that determined from the profiles of
electrophoresis across a urea gradient gel at about
15°C, AG(H,0) = 7.0 kcal mol™. The properties of
the transitions between the folded and unfolded
states of Bst-TyrRS(A3) (low value of AG(H,0), fast
rate of exchange, low cooperativity) suggest that it
could be in a molten globule state. This hypothesis
would be compatible with the apparent disorder of
the C-terminal domain in the crystals of Bst-TyrR-
S(wt) but remains to be verified experimentally.

Denaturation of Bst-TyrRS and its
N-terminal domain

The profiles of electrophoresis across a urea
gradient gel for Bst-TyrRS(wt) and Bst-TyrRS(A1)
showed a unique and discontinuous transition
between a fast-migrating state at low concentration
in urea and a slow-migrating state at high
concentration. The discontinuous character of the
transition indicated that the interconversion be-
tween the two states was slow in comparison with
the time of migration (half-time around 0.1 the
migration time, i.e. 25 minutes). The slower
migration rates of Bst-TyrRS(wt) and Bst-TyrRS(A1)
during gel electrophoresis and the shifts of their
fluorescence spectra towards higher wavelengths at
high concentration in urea indicated that the
denatured forms of these proteins were less
compact and had their tryptophan residues more
exposed than their native forms (Creighton, 1980;
Schmid, 1989). These results suggested that
Bst-TyrRS(wt) and Bst-TyrRS(A1) were unfolded at
high concentration in urea.

The profiles of denaturation with urea for
Bst-TyrRS(A1) and Bst-TyrRS(wt), followed by
fluorimetry, had similar parameters and showed
two transitions around 3.8to 4.5M and 5.6 t0 6.2 M
(Table 3). These two transitions did not correspond
to the successive denaturations of the C and
N-terminal domains of Bst-TyrRS(wt), since both
existed for Bst-TyrRS(A1), which included only the
N-terminal domain. Could the first transition,
around 4 M urea, correspond to the dissociation of
native dimeric proteins into folded monomers? The

proteins up to the indicated concentrations. Open
symbols represent the values obtained by diluting the
proteins, previously denatured in 8 M urea, down to the
indicated concentrations of urea. The curves were
obtained by fitting the equations described for Table 3 to
the data of denaturation (filled symbols).
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Table 3. Parameters of the urea induced transitions with
their standard errors in the curve fits (see Figure 7)

Wild-type Al A3
Uy 4.45 + 0.23 3.76 + 0.06 na
C1 1.32 + 0.12 1.48 + 0.06 na
m 0.35 + 0.05 0.42 + 0.02 0
uz 6.20 + 0.02 5.60 + 0.01 6.02 + 0.04
C2 3.06 + 0.22 5.14 + 0.19 1.47 + 0.08

The following equation was fit to the experimental data
of denaturation, using the program Kaleidagraph 2.1 (Abel-
beck Software): Fapp = m/(1 + exp(ci(us — [urea]))) + (1 —m)/(1 +
exp(c2(uz2 — [urea]))), where ui1 and u; are the urea concentrations
(M) of half-advancement for the first and second transitions of
unfolding, c: and c; are their indices of cooperativity and m is the
maximal contribution of the first transition to the variation of
Fapp. We took m =0 in the case of Bst-TyrRS(A3) for which we
observed only one transition. na, not applicable. The fit of the
above equation to the data of Bst-TyrRS(wt) was clearly better for
a model with two transitions (32 = 0.0027, Pearson’s coefficient
R =0.9998) than for a model with one transition (%= 0.0700,
R =0.9939).

amplitude of this first transition was equal to 35 to
42% of the total amplitude of the fluorescence signal
so that, under this assumption, the same percentage
of subunits should be in a free folded form at
concentrations of urea between 4.5 and 5.6 M.
Folded monomers should be more compact and
migrate faster than native dimers in gel electrophor-
esis. However, the profiles of electrophoresis
showed only one folded state of Bst-TyrRS(wt) and
Bst-TyrRS(A1) below 5.6 M urea. Thus the first
transition corresponded more likely to a confor-
mational change of the dimer than to a dissociation.
The cooperativity index of the first transition was
low compared with that of the second transition,
and suggested that the first transition was due to a
conformational change of a region of loose
structure, for example the long loop between the
o/ domain and the a-domain, which includes one
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Figure 8. Far-UV circular-dichroism spectra of (@)
native and (QO) unfolded Bst-TyrRS(A3). The mean residue
molar ellipticity [06] at each wavelength was obtained
using the expression [0] = 10004ps/1c, wWhere g5 is the
observed ellipticity in degrees, ¢ is the molar residue
concentration and | is the light-path in cm.[0] varied
between —-8800 and +10,000 deg.cm?.dmol™.

tryptophan residue. This hypothesis will be tested
by mutagenesis.

Swapping of C-terminal domains

Eco-TyrRS(wt), Bst/Eco-TyrRS, Bst-TyrRS(wt)
and Eco/Bst-TyrRS9 tyrosylated E. coli tRNA™" with
similar rates at 25°C (respectively 100%, 41%, 36%
and 15% the rate of Eco-TyrRS(wt), Table 2). These
results showed that one could swap the C-terminal
domains of Eco-TyrRS and Bst-TyrRS and obtain
active hybrid synthetases. They also showed that the
C-terminal domains of Eco-TyrRS and Bst-TyrRS
were in functional conformations in Eco/Bst-TyrRS9
and Bst/Eco-TyrRS. Thus, either the N and
C-terminal domains of TyrRS do not interact with
each other and are independent, or the interactions
between them have been at least partially conserved
during evolution.

Folding state of a functional
C-terminal domain

The profile of irreversible thermal precipitation
for Bst/Eco-TyrRS showed two transitions (Figure 3
and Table 2). The major transition (ti,» =51.6°C)
involved 83% of the molecules and the minor
transition (ti, = 65.5°C) involved 17% of them. In
contrast, each of Bst-TyrRS(wt) and Bst-TyrRS(A1)
showed a single transition, around 67.2°C and
68.0°C, respectively. As Bst/Eco-TyrRS, Bst-TyrR-
S(wt) and Bst-TyrRS(A1) differed from one another
only in their C-terminal domains, the precipitation
of 83% of the Bst/Eco-TyrRS molecules around
51.6°C was necessarily due to their C-terminal
domain, coming from E. coli. Thus, this C-terminal
domain could undergo a transition from an active
soluble conformation to a conformation promoting
aggregation.

Eco-TyrRS(wt) also showed a single transition,
around 48.6°C. As Bst/Eco-TyrRS and Eco-TyrR-
S(wt) differed from one another only in their
N-terminal domains, the maintaining of 17% of the
Bst/Eco-TyrRS molecules in a soluble state up to
about 65.5°C and their precipitation around this
temperature were necessarily due to their N-termi-
nal domain coming from B. stearothermophilus.
Several explanations can be proposed for the
incomplete precipitation of Bst/Eco-TyrRS around
51.6°C. Part of the molecules could have an unfolded
C-terminal domain but remain soluble. They would
form [“C]tyrosyl adenylate in our titration of the
soluble active sites because this reaction depends
only on the N-terminal domain. We favour this
explanation. Alternatively, part of the molecules
could be proteolysed and correspond in fact to the
thermostable N-terminal domain of Bst-TyrRS.
However, our analysis of the Bst/Eco-TyrRS
preparations by gel electrophoresis did not reveal
degradation products and therefore do not support
this hypothesis (Figure 2).

Four arguments showed that the profiles of
thermal precipitation and the corresponding ti,.
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values depended only on the structural properties
of the tested TyrRSs, even if they were determined
on non-purified preparations. The profile of
precipitation for the bulk of the E. coli proteins was
very different from those for TyrRS and its
derivatives (Figures 3 and 5). Bst-TyrRS(wt)
precipitated from non-purified preparations with
identical profiles when it was expressed from tyrS
genes that were carried either by a phagemid or by
an M13 phage (Table 2). We have previously shown
that Bst-TyrRS(wt) precipitates from purified and
non-purified preparations with similar profiles and
very close ti/, values. We have also studied a family
of nine hybrids between the E. coli and B.
stearothermophilus TyrRSs and shown that they
precipitate with t,, values that depend on the
position of the fusion point (Guez-lvanier et al.,
1993).

The major transition for the thermal precipitation
of Bst/Eco-TyrRS had a cooperativity index equal to
0.54 + 0.01. The cooperativity index for the thermal
precipitation of Bst-TyrRS(A3) had a lower index,
0.27 + 0.03. It could be interesting to compare more
directly the cooperativities of unfolding for the
C-terminal domains of Eco-TyrRS and Bst-TyrRS.

Comparison with previous data
and conclusions

Published data are compatible with a folded state
of the C-terminal domain. Bst-TyrRS(wt) and
Eco-TyrRS(wt) behave as globular proteins in gel
filtration experiments (Dessen et al., 1982; Waye
et al., 1983). A proton nuclear magnetic resonance
spectrum of Bst-TyrRS(wt) shows only one sharp
feature, a pair of doublets (or a triplet) at 1.13 ppm,
which must arise from one or two aliphatic
side-chains (Brick et al., 1989); thus, the C-terminal
domain does not move independently of the whole
molecule in solution. Incubation of Bst-TyrRS(wt)
with trypsin results in the cleavage of the subunit
to a protease-resistant fragment of 28 kDa, which
corresponds to residues 157 to 419, and to smaller
fragments (Winter et al., 1979); thus, the C-terminal
domain is resistant to proteolysis by trypsin despite
the presence of potential cleavage sites in this
domain (Winter et al., 1983).

Our results demonstrated that Bst-TyrRS(A3), i.e.
the isolated C-terminal domain of Bst-TyrRS, was at
least partially folded in solution. They indicated that
the C-terminal domain of Eco-TyrRS had some
structure when it was in an active conformation,
since it could undergo a transition to an insoluble
conformation. It is therefore likely that the
C-terminal domain of Bst-TyrRS has also some
structure when it is linked to the N-terminal
domain, in its native form. The observation that
Bst-TyrRS(A3) was heat-precipitated around 68°C
suggests that the C-terminal domain of Bst-TyrRS
has some structure at the physiological temperature
of growth for B. stearothermophilus. However,
several questions remain unanswered. Is the
structural state of the isolated C-terminal domain

functional and identical with the one that it has in
the native Bst-TyrRS? Is the disorder of the
C-terminal domain in the crystal structure of
Bst-TyrRS due to the flexibility of its peptide link
with the N-terminal domain or to a global dynamic
variation? Has the isolated C-terminal domain of
Bst-TyrRS a well-defined tertiary structure or is it in
the molten globule state? Several observations,
reported above, encourage us to explore the second
hypothesis. This work and, in particular, the
possibility of purifying the C-terminal domain of
Bst-TyrRS open the way to a detailed structural
characterization of this domain and to an analysis
of the relations between its disorder and function.

Materials and Methods

Strains and bacterial techniques

The plasmids and bacteriophages used in this work are
listed in Table 1. The bacterial strains of E. coli K12,
BMH71-18 (supE), HB2151 (supE*) and TG2 (recA, supE),
and the media used, LB, M63, 2 x TY, have been described
(Carter et al., 1985; Sambrook et al., 1989). The derivatives
of TG2 that harboured a recombinant plasmid were
grown at 30°C because some of these plasmids are toxic
at 37°C (Bedouelle et al., 1990). TG2 was infected by the
derivatives of phage M13 and the infected cells were
grown at 37°C as described (Vidal-Cros & Bedouelle,
1992). Soluble extracts were prepared from cultures of
strain TG2, either infected by a phage or harbouring a
plasmid, as described (Guez-lvanier et al., 1993).

Constructions of phages M13-B/EY and M13-BY( A3)

Phage M13-B/EY was constructed by recombining the
Bsml restriction sites located at codons 320 to 322 of
the Bst-tyrS(Bsml) mutant allele and at codons 324 to
326 of Eco-tyrS*, through the following steps. Phage
M13mp19(4am) carries a unique Bsml site in its gene 3
and a unique BamHI site in its polylinker. The BamHI
fragment of pBR322-EY that carries codons 246 to 423 of
Eco-tyrS was purified, then inserted into the BamHI site
of M13mp19(4am). The recombinant phage, M13(4am)-
EY(3"), which carried the 3'-terminal fragment of Eco-tyrS
in the same orientation as the lacZ fragment, was
identified by digestion with Bsml. The DNAs of phages
M13-BY(Bsml) and M13(4am)-EY(3") were digested with
Bsml, the resulting fragments were ligated, then the
recombinant molecules were introduced into strain
HB2151 by transformation, which counterselected the
phages carrying an amber mutation in gene 4. Phage
M13-BY(A3) was a gift from Greg Winter. It was
constructed by mutagenesis of phage M13-BY(M24) with
oligonucleotide 5’GTC GCC GCT AAA CAT GTC CTT
CAC3', which deletes codons 2 to 322 of the Bst-tyrS gene
(Table 1).

Purification of Bst-TyrRS and its domains

The production of Bst-TyrRS(wt) and its derivatives
from phages M13(4am)-BY(M24.89), M13-BY(Al) and
M13-BY(A3), and the first steps of their purifications were
performed as described (Vidal-Cros & Bedouelle, 1992).
The soluble extracts (40 ml, prepared from 400 ml of
culture at Agoonm = 1.0) were heat-treated then loaded onto
a column of DE52 (2 ml, Whatman). This column was run
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in 50 MM Tris-HCI (pH 7.5), 10 mM 2-mercaptoethanol,
0.1 mM phenylmethylsulfonide fluoride (PMSF) and
NaCl. For the purification of Bst-TyrRS(wt), the column
was washed with 10 ml of 0 mM NacCl, 10 ml of 50 mM
NaCl, then eluted with 150 mM NaCl. For Bst-TyrRS(A1),
it was washed with 0 mM NacCl, 20 mM NacCl, then eluted
with 100 mM NaCl. Bst-TyrRS(wt) and Bst-TyrRS(Al)
were further purified by two successive chromatog-
raphies on a Mono Q column (Pharmacia) at different pH
values, as described (First & Fersht, 1993). Bst-TyrRS(A3)
did not bind to the DE52 column in the above conditions
(pH 7.5), contrary to most proteins of the soluble extract.
The fraction flowing through the column was concen-
trated using a Centricon 3 cartridge (Amicon) and
dialysed against 50 mM Tris-HCI (pH 8.6), 5mM
2-mercaptoethanol, 0.1 mM PMSF. Bst-TyrRS(A3) was
further purified by chromatography on a Mono Q column
in the same buffer (pH 8.6) and eluted at 120 mM NacCl.
The purified proteins were more than 90 % pure as
judged by gel electrophoresis. They were kept frozen at
=70°C, in 20 mM Tris-HCI (pH 7.78), 5mM 2-mercap-
toethanol.

Activity and concentration measurements

The concentration of TyrRS active sites in the soluble
extracts and the initial rate of tyrosylation of crude E. coli
tRNA by these extracts were measured as described
(Guez-lvanier et al., 1993). The concentrations of purified
proteins were measured with the Bio-Rad reagent and
bovine serum albumin as the standard. The intensities of
protein bands in Western blots were quantified with an
image analyser (Masterscan from Scanalytics, USA).

Thermal precipitation

The cellular extracts were divided into identical
portions, which were simultaneously incubated at
varying temperatures for 30 minutes. The samples were
cooled for ten minutes on ice and the precipitate of
protein was eliminated by centrifugation. The concen-
tration of TyrRS active sites in the unheated samples was
around 1 uM. Several control experiments were per-
formed, as previously reported (Guez-lvanier et al., 1993).

Gel electrophoresis and Western blotting

The ratio of acrylamide to bisacrylamide was 29:1
(w/w) in the SDS-containing gels (Laemmli, 1970). The
urea gradient gels (8 cm x 10 cm x 0.15 cm) contained a
gradient of urea (0 to 8 M), a compensatory gradient of
polyacrylamide (either 10 to 7.5% or 15 to 11%, w/v) and
a ratio of acrylamide to bisacrylamide of 30:0.8
(Goldenberg, 1989). They were run in a buffer containing
0.2 M glycine, 25 mM Tris-OH (pH 8.4), in an apparatus
cooled by running water, during 220 to 250 minutes at
12 mA depending on the acrylamide concentration. The
pH of the buffer was higher than the pl values of
Bst-TyrRS(wt), Bst-TyrRS(Al) and Bst-TyrRS(A3): 5.6, 5.4
and 7.7, respectively, estimated from their amino acid
sequences. After electrophoresis, the proteins were either
stained in the gels with Coomassie blue, or transferred
from the gels to nitrocellulose sheets (Hybond C,
Amersham) by Western blotting. In this last case, the
immobilized proteins were revealed by immunostaining
with a rabbit antiserum directed against Bst-TyrRS and a
goat antibody, directed against the Fc fragment of rabbit
immunoglobulins G and conjugated with alkaline

phosphatase, as described (Sambrook et al., 1989). The
anti-TyrRS serum was prepared by injecting rabbits three
times with 1 mg of purified Bst-TyrRS in 1 ml of Freund
adjuvant, at two to three-week intervals.

Fluorimetric measurement of urea denaturation

Denaturation with urea was performed as described
(Pace et al., 1989). Each reaction mixture contained 50 mM
Tris-HCI, 5 mM 2-mercaptoethanol, 0. mM PMSF, vary-
ing concentrations of urea at pH 7.78 and 10 pg/ml
protein. The solutions of urea (Schwarz-Mann, ICN) were
prepared daily. The final concentration of urea in each
sample was checked by measuring the refractive index.
The protein solutions were incubated for 12 hours at 25°C
to let the reactions of denaturation and renaturation reach
equilibrium, except when otherwise indicated. The
proteins were denatured during three hours in 8 M urea
then diluted to the final concentration of urea, for the
experiments of reversibility The fluorescence measure-
ments were performed at 25°C as described (Schmid,
1989), using a Perkin-Elmer LS5B apparatus, with
slit-widths of 2.5 nm for the excitation light and 5 nm for
emission. The signal was averaged during 17 seconds. The
signal of the solvent was subtracted from the signal of the
protein sample at each concentration of urea.

Circular dichroism spectra

The far-UV circular dichroism spectra were recorded as
described (Guijarro et al., 1995), with the following
modifications. The increment of wavelength was 1 nm, the
accumulation time was two seconds per step and the
temperature was 20°C. The sample of Bst-TyrRS(A3)
contained 0.2 mg/ml (21 uM) of protein, 50 mM Tris-HCI
(pH 7.78) and 5 mM 2-mercaptoethanol. It contained 0 M
urea for the native conditions and had been equilibrated
for three hours in 75M urea for the denaturing
conditions. The signal of the solvent was substracted from
the signal of the protein sample in each of the
experimental conditions. The content in secondary
structures was estimated as described (Hennessey &
Johnson, 1981; Manavalan & Johnson, 1987), with a data
base of 32 spectra.
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