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Structure and implications for the thermal stability
of phosphopantetheine adenylyltransferase from

Thermus thermophilus

Phosphopantetheine adenylyltransferase (PPAT) is an essen-
tial enzyme in bacteria that catalyzes the rate-limiting step in
coenzyme A (CoA) biosynthesis by transferring an adenylyl
group from ATP to 4’-phosphopantetheine (Ppant), yielding
3’-dephospho-CoA (dPCoA). The crystal structure of PPAT
from Thermus thermophilus HB8 (Tt PPAT) complexed with
Ppant has been determined by the molecular-replacement
method at 1.5 A resolution. The overall fold of the enzyme is
almost the same as that of Escherichia coli PPAT, a hexamer
having point group 32. The asymmetric unit of 7t PPAT
contains a monomer and the crystallographic triad and dyad
coincide with the threefold and twofold axes of the hexamer,
respectively. Most of the important atoms surrounding the
active site in E. coli PPAT are conserved in 7t PPAT, indicating
similarities in their substrate binding and enzymatic reaction.
The notable difference between E. coli PPAT and Tt PPAT is
the simultaneous substrate recognition by all six subunits of 7t
PPAT compared with substrate recognition by only three
subunits in E. coli PPAT. Comparative analysis also revealed
that the higher stability of 7t PPAT arises from stabilization of
each subunit by hydrophobic effects, hydrogen bonds and
entropic effects.

1. Introduction

Coenzyme A (CoA) is the principal acyl carrier in all living
systems and is widely required in synthetic and degradative
metabolic pathways (Geerlof et al, 1999). The five-step
pathway for CoA biosynthesis from pantothenate (vitamin
B;s), cysteine and ATP is common to all organisms (Robinshaw
& Neely, 1985; Gerdes et al., 2002). Phosphopantetheine
adenylyltransferase (PPAT), a member of the nucleotidyl-
transferase superfamily (Bork et al, 1995), catalyzes the
penultimate step of the pathway: the reversible transfer of an
adenylyl group from ATP to 4’-phosphopantetheine (Ppant),
yielding dephospho-CoA (dPCoA) and pyrophosphate. The
rate of CoA biosynthesis is regulated by feedback inhibition of
the first enzyme of the pathway, pantothenate Kkinase
(Halvorsen & Skrede, 1982). Studies of the CoA metabolic
intermediates in Escherichia coli have revealed that both
pantothenate and Ppant accumulate in the cell (Jackowski &
Rock, 1984), suggesting that PPAT catalyzes an additional
rate-limiting step in the pathway. PPAT is thus an attractive
antibacterial target.

Crystal structures of E. coli PPAT have been reported in
three binary complexes: with ATP, with Ppant and with its
major product dPCoA (Izard, 2002; Izard & Geerlof, 1999).
These structures have revealed the PPAT catalytic mechanism.
The 4'-phosphate of Ppant undergoes nucleophilic attack on
the o-phosphate of ATP via an in-line displacement
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mechanism. The enzyme promotes the reaction by orienting
the nucleotide and stabilizing the pentacovalent transition
state without involving its functional groups in a chemical
sense. In particular, the conserved His18 of the sequence motif
TxGH plays an essential role in transition-state stabilization
(Izard, 2002).

We now report the crystal structure of PPAT from Thermus
thermophilus HB8 (Tt PPAT;, M, = 17707) complexed
with Ppant at 1.50 A resolution. The thermostabilization
mechanism is also discussed from the viewpoint of its crystal
structure by comparing it with that of E. coli PPAT.

2. Materials and methods
2.1. Protein expression and purification

The gene was amplified by the polymerase chain reaction
(PCR) using T. thermophilus HB8 genomic DNA as the
template. The PCR product was ligated with pT7blue
(Novagen). The plasmid was digested with Ndel and Bg/II and
the fragment was inserted into the expression vector pET-11a
linearized with Ndel and BamHI. The recombinant plasmid
was transformed into E. coli BL21 (DE3) cells and grown
at 310K in LB medium containing 50 ug ml~' ampicillin
for 20 h. The cells were harvested by centrifugation at
6500 rev min~" for 5 min, suspended in 20 mM Tris-HCl pH
8.0 (buffer A) containing 0.5 M NaCl and 5 mM 2-mercapto-
ethanol and disrupted by sonication. The supernatant was
heated at 343 K for 11.5 min. After heat treatment, the cell
debris and denatured proteins were removed by centrifuga-
tion (14 000 rev min~" for 30 min) and the supernatant solu-
tion was used as the crude extract for purification. The crude
extract was desalted using a HiPrep 26/10 desalting column
(Amersham Biosciences) and applied onto a SuperQ Toyo-
pearl 650M column (Tosoh) equilibrated with buffer A. The
protein was eluted with a linear gradient of 0-0.3 M NaCl. The
fraction containing the protein was desalted using a HiPrep
26/10 column with buffer A and subjected to a Resource Q
column (Amersham Biosciences) equilibrated with buffer A.
The protein was eluted with a linear gradient of 0-0.3 M NaCl.
The fraction containing the protein was desalted using a
HiPrep 26/10 column containing 10 mM phosphate pH 7.0 and
applied onto a Bio-Scale CHT-20-I column (Bio-Rad) equili-
brated with the same buffer. The protein was eluted with a
linear gradient of 10-100 mM phosphate pH 7.0. The fractions
containing the protein were pooled, concentrated by ultra-
filtration (Amicon, 5 kDa cutoff) and loaded onto a Hil.oad
16/60 Superdex 200 pg column (Amersham Biosciences)
equilibrated with buffer A containing 0.2 M NaCl. The puri-
fied protein was homogeneous on SDS-PAGE.

2.2. Crystallization and data collection

Crystals of Tt PPAT complexed with Ppant were obtained
at 291 K using the oil batch method by TERA (Sugahara
& Miyano, 2002). A 0.5 pl aliquot of protein solution
(4.13 mg ml~! protein, 20 mM Tris-HCI pH 8.0, 0.2 M NaCl)
was mixed with an equal volume of reservoir solution (1.1 M

Table 1
Data-collection and refinement statistics for 7t PPAT.

Data collectiont

Wavelength (A) 1.00
Data-collection temperature (K) 100
No. of crystals/images 1/342
Space group R32

a=b=11592,c= 11575
50-1.50 (1.55-1.50)

Unit-cell parameters (A)
Resolution range (A)
Measured reflections 334505
Unique reflections 47654
Ilo(I) 23.6

Completeness (%) 99.3 (98.3)
Ruerge (%) 4.0 (35.9)
Refinement
Rerysit (%)/Riree$ (%) 19.62/20.05
No. of molecules per asymmetric unit 1
No. of protein atoms 1229
No. of solvent molecules 162
No. of substrate (sulfate) molecules 1(3)
Average B factor (Az) 26.2
Rmsd. |
Bonds (A) 0.005
Angles (°) 1.1
Dihedrals (°) 21.7
Impropers (°) 0.72
Coordinate error from (A)
Luzzati plot 0.18 (0.19%)
o, plot (A) 0.22 (0.229)
Ramachandran plot, residues in (%)
Favoured regions 95.6
Allowed regions 44
Generous regions 0.0
Disallowed regions 0.0

t Values in parentheses are for the highest resolution shell. # Ry was calculated
from the working set (95% of the data). § Ry, Was calculated from the test set (5% of
the data). 9 Cross-validated value.

Li,SO,, 0.1 M Na MES pH 6.25) and covered with 15 pl of
paraffin oil. After two weeks, crystals had grown to full size
(0.1 x 0.1 x 0.15 mm). The crystals belonged to space group
R32, with a monomer in the asymmetric unit, a solvent content
of 70% and a specific volume V), of 4.2 A’Da™! (Matthews,
1968). For data collection, these crystals were flash-cooled in a
100 K dry nitrogen stream and 25% glycerol was used as the
cryoprotectant. Data were collected at beamline 26B1,
SPring-8, Harima, Japan. The data were processed using the
programs DENZO and SCALEPACK (Otwinowski & Minor,
1997). The X-ray crystallographic data for 7t PPAT are
summarized in Table 1.

2.3. Structure determination and refinement

The structure was determined by the molecular-replace-
ment method using the program CNS (Briinger et al., 1998).
Chain A of PPAT from E. coli complexed with Ppant (PDB
code 1gjc) was used as the search model. Refinement was
carried out using CNS (Briinger ef al., 1987). The structure was
visualized and modified using the program QUANTA
(Accelrys). The data-collection and refinement statistics are
summarized in Table 1. The refined model consists of 1229
protein atoms, one Ppant ligand, three sulfate ions and 162
water molecules and showed a stereochemically reasonable
structure (Table 1). Electron density was not observed for the
flexible loop comprised of residues 38-42.
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2.4. Analytical ultracentrifugation

Sedimentation-velocity and sedimentation-equilibrium
measurements were carried out using a Beckman-Coulter
XL-I with an An60 Ti rotor and double-sector cells at 293 and
277 K, respectively. Before taking measurements, the protein
solution was dialyzed overnight against buffer A containing
02 M NaCl and the dialysate was used as the reference
solution. The sedimentation-velocity experiment at a
protein concentration of 1.38 mgml™' was carried out at
50 000 rev min~'. In the sedimentation equilibrium experi-
ments, three different loading concentrations between 0.26
and 0.86 mg ml~" were used and the samples were sequentially
run for 24 h at 7000 rev min ™", 20 h at 9000 rev min~" and 20 h
at 12 000 rev min "' so as to reach equilibrium at each speed of
rotation. Attainment of equilibrium was judged by super-
position of the last three scans; scans were taken every 2 h.
Analysis of the sedimentation equilibrium was performed
using the global fitting program supplied with the Beckman-
Coulter XL-I and the sedimentation-velocity data were
analyzed using SVEDBERG. The partial specific volume of
0.7487 cm® g~ ! used for Tt PPAT was based on the amino-acid
composition of the protein. The partial specific volume,
solvent viscosity and solvent density were calculated using the
SEDNTERP program (SVEDBERG and SEDNTERP were
kindly provided by Dr John Philo).

3. Results and discussion

3.1. Overall structure and homohexamer interaction of Tt
PPAT

The structure was determined by the molecular-replace-
ment method using the structure of E. coli PPAT as the search

model (the primary sequence identity was 48%; Izard, 2002).
The Tt PPAT molecule is a hexamer with point group 32. The
overall shape of the molecule is spherical, with a diameter of
65 A and a 13 A wide hole which coincides with the molecule
triad axis and enables the entry of ligands (Fig. 1). Each
subunit of the molecule interacts with four neighbouring
subunits. Two of these are subunits related to the triad axis and
one is the subunit related to the dyad axis. The intersubunit
interactions are most extensive across dyad axis of the
oligomer and involve ten intersubunit hydrogen bonds. The
dyad contacts involve 13 hydrophobic side chains. Dimeriza-
tion results in a total buried surface area of 2000 A> (2100 A?
in E. coli PPAT). The trimer contacts involve only two inter-
subunit hydrogen bonds. The protomer surfaces implicated in
trimer formation bury a total of 3100 A? of the solvent-
accessible surface (3500 A? in the Ppant-bound trimer of
E. coli PPAT). The other intersubunit contact (between the
blue and the red subunits in Fig. 1) involved no hydrogen
bonds and the surface area buried at the interface is 490 A
The asymmetric unit contains a monomer and the crystallo-
graphic triad and dyad coincide with the threefold and twofold
axes of the hexamer, respectively.

3.2. Protomer structure of Tt PPAT

As shown in Fig. 2, the protomer of PPAT consists of a five-
stranded parallel B-pleated sheet folded in the manner known
as the dinucleotide-binding fold (or canonical Rossmann-
binding fold; Rossmann et al., 1975) and seven «-helices.
Residues 3842 in the loop between B2 and o2 appear to be
disordered. The loop seems to be positioned near the mouth of
the solvent channel that runs through the entire hexamer
along its triad axis. Strong electron density corresponding to

(a)
Figure 1

(b)

Overall structure of 7t PPAT with bound Ppant molecules. Each of the six subunits is coloured differently. Ppant molecules are shown in ball-and-stick
representation. O atoms are red, N atoms blue, S atoms yellow, C atoms black and phosphates pink. (a) View down the triad axis. (b) View perpendicular
to (a). This figure was produced with MOLSCRIPT and Raster3D (Kraulis, 1991; Merritt & Bacon, 1997).
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the substrate Ppant was found in the active-site cleft of each
protomer (Fig. 3). The fact that the Ppant was not released
from the enzyme during the various steps of the purification
protocol indicated that it was very tightly bound. The average
temperature factor of the ligand refined to 31.3 A2 for full
occupancy, which is similar to that of the protein (24.5 Az). In
the Tt PPAT-Ppant crystal structure it appears that each
subunit of the hexamer binds the ligand, while the E. coli
PPAT-Ppant crystal structure, which contains a dimer in the

Figure 2

Ribbon diagram of the PPAT protomer. a-Helices are depicted by red
helical ribbons and S-strands by blue arrows. The substrate, Ppant and
three sulfate anions are shown in ball-and-stick representation. The
colours of the atoms are the same as in Fig. 1. This figure was produced
with MOLSCRIPT (Kraulis, 1991).

Figure 3
Stereoview of a o,4-weighted F, — F, omit electron-density map (2.50) covering the bound
Ppant. Ppant is drawn in ball-and-stick representation. This figure was prepared with
BOBSCRIPT and Raster3D (Kraulis, 1991; Merritt & Bacon, 1997).

asymmetric unit, revealed the hexamer to consist of two
distinct trimers with only one trimer binding Ppant (Izard,
2002).

The active site of 7t PPAT is located on a wide groove in the
centre of each protomer which is easily accessible from a
central channel. The residues from w6 in a neighbouring
subunit related by the triad axis complement the substrate-
binding site. The flexible substrate Ppant binds to the enzyme
in a bent conformation (Figs. 3 and 4). The terminal SH group
of Ppant is inserted into a hydrophobic groove formed by
Met102, LeulO5 and Leul09 in the main protomer and by
Met131 and Ile135 from o6 of the neighbouring subunit. The
side chain of Glul34 in w6 forms a hydrogen bond with the
amide group of the pantetheine arm. A hydrogen bond
between the amide of Leu74 and the carboxylic O atom at the
elbow of the pantetheine arm stabilizes the bent conforma-
tion. Two Ppant methyl groups are stabilized by hydrophobic
interactions with Pro6, Leu35, Phe70 and Leu74. The side
chain and the amide group of the conserved Ser8 as well as the
ordered water molecule form hydrogen bonds to a non-
esterified O atom on the 4’-phosphate of Ppant, which seems
to be the nucleophilic atom in the in-line displacement reac-
tion. The Lys88 and Glu99 side chains may be oriented to
participate in the nucleophilic reaction (Fig. 5). The invariant
residue Lys40, corresponding to Lys42 in the E. coli PPAT
structure, which has been reported to play a crucial role in
orienting the nucleophile (Izard, 2002), is not defined as it is in
the disordered loop (Fig. 4). In the E. coli PPAT-Ppant
complex structure the equivalent loop is ill-defined in the
unliganded subunit, but is ordered in the liganded subunit
because of the hydrogen bonding of Lys42 to the non-
nucleophilic phosphate of Ppant (Izard, 2002). The loop in Tt
PPAT is two residues longer than the equivalent loop 38-46 in
E. coli PPAT and thus may be flexible even in the presence of
the hydrogen bond between Lys40 and the O atom on the
4’'-phosphate.

Alternative conformations are observed for the side chains
of five residues: Arg56, Val87, His104, GIn108 and Leul19.
Three of these residues participate in
subunit communication in the twofold-
related interaction. In particular, for His104
and GIn108 one of the alternative confor-
mations of the residue on the dyad interface
of a subunit forms a hydrogen bond with
other residue on the interface of the
twofold-related subunit, stabilizing the dyad
interface.

3.3. Comparison with E. coli PPAT-bound
Ppant

Superpositions of the Tt PPAT protomer
onto ligand-free and ligand-bound proto-
mers of E. coli PPAT show overall root-
mean-square deviations (r.m.s.d.) for the 151
equivalent C% positions (except for the
flexible loop 37-44) of 0.93 and 1.02 A,
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Figure 4
Stereo drawing (Bacon & Anderson, 1988; Kraulis, 1991; Merritt & Murphy, 1994) of Ppant
bound to 7t PPAT and superimposed E. coli PPAT. Tt PPAT residues are shown in blue and
labelled in the same colour, while E. coli PPAT residues are in orange and labelled in the same
colour. Ppant from 7t PPAT is shown in red, while Ppant from E. coli PPAT is in green. *
denotes residues from neighbouring subunits.
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Figure 5

Schematic representation of hydrogen bonding between Ppant and Tt
PPAT. Ppant is shown in red and residues from a protomer of the PPAT
hexamer are shown in black. The residue from the neighbouring subunit
related by the triad axis is shown in green. The hydrogen bonds are drawn
using dashed lines and the donor-to-acceptor distances (A) are also
indicated.

respectively. A large difference in the backbone conformation
is found for the loop formed by residues 90-95. Residues 92—
94 are ill-defined in 7t PPAT. Fig. 4 shows a comparison of the
Ppant bound to 7t PPAT and E. coli PPAT. In E. coli PPAT, the
amide group of Thrl0, corresponding to Ser8 in 7t PPAT,
forms a hydrogen bond to the nucleophilic O atom of Ppant.
The side chain of Arg88 forms hydrogen bonds to an esterified
O atom and a non-esterified O atom of the 4’-phosphate of
Ppant in E. coli PPAT, whereas the corresponding Lys88 and
also Glu99 form a water-mediated hydrogen bond only with
the non-esterified O atom of the 4’-phosphate in Tt PPAT.
Lys42 in E. coli PPAT, which is disordered in 7t PPAT, also
interacts with 4’-phosphate from the opposite side of Arg88
and assists in orienting the nucleophile.

3.4. Molecular-assembly form of Tt PPAT in
solution

As described above, we found a notable
difference between E. coli PPAT and Tt
PPAT in substrate recognition: all six sub-
units of 7t PPAT simultaneously bind
substrate, in contrast to the binding of only
three subunits in the E. coli PPAT homo-
hexamer. For E. coli PPAT, which has a
monomer molecular weight of 17.8 kDa, the
average value of its apparent molecular
weight has been reported to be 108 000 £
2000 Da from sedimentation-equilibrium
experiments involving analytical ultra-
centrifugation at protein concentrations
between 0.4 and 1.2 mg ml™", although it was
reported to be 71 200 Da from gel filtration
(Geerlof et al., 1999). This indicates that the
protein in solution is a homohexamer as in
the crystal.

Accordingly, the oligomeric state of Tt
PPAT, which has a monomer molecular weight of 17.7 kDa, in
solution was also examined using analytical ultracentrifuga-
tion. The sedimentation-velocity experiment revealed an
apparent single boundary with an sgoqw value of 6.34 S. The
average molecular weight was 67 000 &= 4600 Da based on the
sedimentation-equilibrium experiment, indicating that the
average oligomer is a 3.8-mer. It is very likely that 7t PPAT in
solution could be in equilibrium between two trimers and a
hexamer, judging from the equilibrium experiment and its
X-ray structure. Therefore, we analyzed the sedimentation-
equilibrium data of 7Tt PPAT assuming it to be in equilibrium
between two trimers and a hexamer. As shown in Fig. 6, the
analysis was successfully fitted with an association constant of
9.48 x 10> M, indicating that the assumption is correct and
the association constant of 7t PPAT in solution is lower than
that of E. coli PPAT. This agrees with the fact that the inter-
subunit interactions in a hexamer of 7t PPAT might be
expected to make it less stable than that of E. coli PPAT, as
discussed in the following sections. These results suggest that
the trimer of 7t PPAT is a physiologically important form.

3.5. Thermostability

3.5.1. Contribution of hydrophobic interactions. Hydro-
phobic interactions in the interior of a protein are an impor-
tant stabilizing factor (Kauzmann, 1959). In experiments using
a series of hydrophobic mutants of human lysozyme, Takano
and coworkers found a general rule for the relationship
between hydrophobic effects and the conformational stability
of a protein (Takano et al, 1998). The contribution (AG)
arising from hydrophobic effects on denaturation of a protein
can be expressed using changes in the accessible surface area
(ASA) of the non-polar and polar atoms arising from dena-
turation as follows (Funahashi et al., 1999),

AG = aAASA + BAASA .. (1)

non-polar
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Table 2

The contribution of hydrophobic interactions to the conformational stability of 7t PPAT and E. coli
PPAT and of hydrophobic interaction, hydrogen bonds and ion pairs to stability in the intersubunit

interactions of both proteins.

ASA values are in f\z, AG values are in kJ mol™'. AAG represents the difference in AG between Tt
PPAT and E. coli PPAT. 3 Tt PPAT and 3 E. coli PPAT denote trimers and 6 7t PPAT and 6 E. coli PPAT
denote hexamers. The intersubunit interactions were examined between a monomer and a trimer and
between a trimer and a hexamer. Difference (trimer — monomer) and Difference (hexamer — trimer)
represent the difference between 7t PPAT and E. coli PPAT in the intersubunit interaction differences
between a monomer and trimer or a trimer and hexamer, respectively. A positive value indicates that Tt

PPAT is more stable than E. coli PPAT.

tured states were calculated from the
extended structures using Insight II. The
structure of the Ppant monomer of E. coli
PPAT was used for the calculation. As
shown in Table 2, the AG values arising
from hydrophobic interactions in Tt
PPAT are 40, 16 and 15kJ mol™' per
monomer greater than those of E. coli
PPAT when PPAT is assumed to be a

Hydrophobicity Intersubunit

monomer, a trimer and a hexamer in

solution, respectively. These data show

AASA  AASA Hydrophobicity =~ Hydrogen  Ion . . .

Protein (CS)  (NO) AG AAG  (AAG) bond pair  that hydrophobic interactions are
stronger in 7t PPAT than in E. coli PPAT,
g E;)I/?EP AT gg% iﬁg 12;2 40 contributing to the higher stability of Tt
3 Tt PPAT 31145 13760 1788 16 132 6 0 PPAT, especially in the monomeric state.
3 E. coli PPAT 30846 13474 1772 156 3 0 The difference in hydrophobic interac-
Dif_ferrfgszrgergner —24 3 tions betweeen the monomer and trimer
6 Tt PPAT 67569 29603 1940 15 152 36 3 was 24 kJmol™' lower than that for
6 E. coli PPAT 67040 29383 1925 153 42 4 E. coli PPAT (Table 2). The differences in
Dif_fetr;?;:r)(hexamer -1 -6 - hydrophobic interactions between the
trimer and hexamer were similar for both
proteins (Table 2). This suggests that the
hydrophobic effect from the intersubunit
0.6 interactions of oligomers does not contribute to the higher
stability of Tt PPAT, although oligomerization has been
- C reported to be one strategy used to stabilize proteins in

35 0.5 - 4 i thermophilic organisms (Ogasawara et al., 2003).
& el 3.5.2. Contribution of ion pairs. Ion-pair networks on the
:F: s protein surface are usually assumed to be stabilizing (Hening
g g = et al., 1995; Yip et al., 1995; Pappenberger et al., 1997). The
% 0.4 L number of ion pairs formed within 5 A is 0.14 and 0.13 (per
2 2 residue) for 7t PPAT and E. coli PPAT, respectively. In Tt
PPAT, three residues are involved in the formation of three
0.3 - J intramolecular ion pairs (between subunits related by the
Xo dyad; Table 2). In E. coli PPAT, four intramolecular ion pairs
6.;8 " : Em y ?.;12 " ” 1]4 2 = E}ﬁ . 7 }}3 : ?.:m involving four r.esidues are formed (Table 2). Two of these are
: Ru(li;ls (om : ’ between subun.lts related to t.he dyad and the other two are
Figure 6 between subunits corresponding to the yellow and the green

Sedimentation-equilibrium analysis of 7t PPAT at pH 7.0. The data were
analyzed assuming equilibrium between a trimer and a hexamer of Tt
PPAT. Circles are experimental data and the curve was fitted with an
association constant of 9.48 x 10> M ™",

where AASA . polar and AASA ., Tepresent the differences
in the ASA value for the non-polar and polar atoms, respec-
tively, in all residues upon denaturation. Using the stability/
structure database for a series of mutant human lysozymes, the
parameters « and B have been determined to be 0.178 and
—0.013 kJ mol ™' A2, respectively. For the calculation of
ASA, the C and S atoms in residues were assigned as
ASA onpolar and N and O atoms as ASA,, (Tanaka et al.,
2001).

We attempted to estimate the contribution of hydrophobic
interactions in 7t PPAT and E. coli PPAT to the stabilization.
The ASA values were calculated from the X-ray crystal
structures of the two proteins in the native state using the
procedure of Connolly (1993). The ASA values in the dena-

subunits in Fig. 1. A remarkable increase in the number of ion
pairs in 7t PPAT was not observed compared with that in
E. coli PPAT.

3.5.3. Contribution of hydrogen bonds. Hydrogen bonds
are ubiquitous in proteins and their contribution to confor-
mational stability is of fundamental importance, as are
hydrophobic interactions. Recently, the net contribution of an
intramolecular hydrogen bond has been estimated to be
8.5kJmol™! for a 3 A hydrogen bond; this was determined
using a series of hydrogen-bond mutants of human lysozyme
(Takano et al., 1999). The average number of hydrogen bonds
per residue in 7t PPAT and E. coli PPAT is 1.07 and 1.03,
respectively. The total number of hydrogen bonds in the Tt
PPAT hexamer (996 bonds in 930 residues) is greater than in
the E. coli PPAT hexamer (948 bonds in 924 residues). Of
these hydrogen bonds, there are 36 and 42 intersubunit
hydrogen bonds in the 7t PPAT hexamer and E. coli PPAT
hexamer, respectively (Table 2). In particular, the difference in
the number of intersubunit hydrogen bonds in E. coli PPAT

102 Takahashi et al. + Phosphopantetheine adenylyltransferase
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between the trimer and hexamer was greater by six than that
of Tt PPAT (Table 2). The increase in the total number of
hydrogen bonds might contribute to the higher stability of the
Tt PPAT monomer compared with the E. coli PPAT. However,
the subunit interaction between the trimer and hexamer of
E. coli PPAT is more stable compared with that of 7t PPAT
because the hydrogen bonds are stronger, although the
hydrophobic interaction is comparable.

3.5.4. Entropic effects. Important stabilizing factors include
entropic effects. When the conformational entropy of a
protein is decreased in the denatured state owing to substi-
tutions or deletion, the protein may be stabilized. The entropic
effects of denaturation arising from the side chains of the
amino-acid residues can be calculated from their amino-acid
compositions using the thermodynamic parameters proposed
by Oobatake & Ooi (1993); the denaturation entropies for Tt
PPAT and E. coli PPAT were calculated to be 0.28 and
0.56 kI mol ' K™™', respectively. This indicates that the
entropic effects owing to the features of the residues
remarkably contribute to the higher stability of the thermo-
philic protein. On the other hand, entropic effects are caused
by introduction of disulfide bonds, the side chains, including
substitution of Pro residues and the shortening of poly-
peptides. Both 7t PPAT and E. coli PPAT contain no Cys
residues and therefore no disulfide bonds. The number of Pro
residues is six and seven in 7t PPAT and E. coli PPAT,
respectively, suggesting that there is a slight difference in
stability owing to the Pro content.

3.5.5. Stability of the intersubunit interactions between
trimer and hexamer. The intersubunit interactions of 7t PPAT
across the dyad axis of the oligomer were in equilibrium
between the trimer and hexamer and its association constant
seemed to be lower than that of E. coli PPAT. We have already
discussed the difference in the stabilizing forces in the inter-
subunit interaction for both X-ray structures. The surface
areas of the boundary of 7t PPAT and E. coli PPAT were 1159
and 1224 A per monomer, respectively. The increase in E. coli
PPAT was because of the increase in polar atoms. Therefore,
the number of hydrogen bonds and ionic bonds in 7t PPAT
was lower. However, the hydrophobic interaction of the
interaction surface of 7t PPAT was comparable to its coun-
terpart. As a result, the increase in the number of hydrogen
bonds and ionic bonds in E. coli PPAT might contribute to the
larger difference in intersubunit interactions between the
trimer and hexamer, which agrees with analytical ultra-
centrifugation results. These results suggest that the hexameric
form of Tt PPAT is not a physiologically important form.

4. Conclusion

The overall structure of 7t PPAT-Ppant, including the active
site (Fig. 5), is similar to that of E. coli PPAT-Ppant (Izard,
2002), suggesting similarity in the function of both proteins.
Therefore, as in Tt PPAT, it seems that the 4’-phosphate of
Ppant undergoes nucleophilic attack on the a-phosphate of
the nucleotide via an in-line displacement mechanism.

The enzyme binds the substrate at both a main binding
subunit and a neighbouring subunit related to the triad axis.
This indicates that PPAT needs to form at least a trimer in
order to achieve functionality. The most remarkable differ-
ence between Tt PPAT and E. coli PPAT was in the manner of
the substrate binding; within the PPAT hexamer all subunits in
Tt PPAT are bound to Ppant molecules, whereas in E. coli
PPAT the subunits of only one trimer bind to the ligands.

The thermostabilization mechanism of the structure of Tt
PPAT was examined and compared with that of E. coli PPAT.
The higher stability of the monomeric structure of 7t PPAT
arises from a combination of hydrophobic effects, hydrogen
bonds and entropic effects, but not from salt bridges. The
subunit interaction does not contribute to the higher stability
of Tt PPAT, indicating that high stability of each subunit is
essential for the thermostability of Tt PPAT.
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