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Acyl carrier protein (ACP) is a small acidic protein and its primary structure is highly
conserved in various bacterial sources. Despite its small size, it interacts with diverse
proteins associated with many biosynthetic pathways. The three-dimensional struc-
ture of H. pylori ACP and its structural characteristics were clarified using NMR and
CD spectroscopy. H. pylori ACP consists of four helices connected by different sized
loops. The helices correspond to residues L3-Q14 (al), S36-G50 (oII), D56-E60 (oIIl),
and V65-K76 (aVI). The size of each helix differs slightly from that of homologous
ACPs. However, H. pylori ACP showed a distinct pH-dependent conformational char-
acteristic: at neutral pH, it adopts a partially unfolded structure, while it has a tight
fold at pH 6. The chemical shift perturbation and 'H-5N steady state NOE analysis at
both pH 6 and 7 showed that the local change of structural components occurred
mainly around loop II, and this change was reflected by the changes of the residues
Ile 54 and Asp 56. Examination of the structure showed that the network of Glu 47, Ile
54, Asn 75, and Lys 76 is very important for the structural stability. The pH-dependent
folding process shows a kind of cooperativity, since all the residues involved in the
conformational transitions are contiguous and in spatial proximity.
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Acyl carrier protein (ACP) found in bacteria is a mono-
functional protein, that is, the type II enzyme in fatty
acid biosynthesis; but by using its ability to transfer acyl
groups, it interacts with diverse proteins associated with
fatty acid biosynthesis (1), membrane-derived oligosac-
charide biosynthesis (2), activation of protein toxins (3),
synthesis of polyketide antibiotics (4), and synthesis of
rhizobial nodulation signaling factors (5). Thus, it is not
surprising that ACP has been investigated extensively.
All the ACPs are decorated by acyl carrier protein syn-
thase (ACPS) with fatty acids, which are covalently
attached as thioesters to the 4’-phosphopantetheine pros-
thetic group at highly conserved Ser 36 (6). Fatty acid
binding has little influence on ACP conformation under
physiological conditions (7), but it stabilizes ACP against
denaturation at alkaline pH (8-10).

The one of main topics in ACP studies is the function-
ally and structurally crucial residues that allow ACP to
manifest a diversity of functions despite its highly con-
served primary structure. Some studies showed the rela-
tionship between mutation of residues and pH-depend-
ant structural stability. The mutation of Val 43 to Ile in E.
coli ACP increases the stability to pH-induced expansion
in eletrophoretic systems, concomitantly inducing more
compact folding (17). The mutants F50A and I54A of V.
harveyi are incapable of adopting a native conformation
with increased hydrodynamic radius at neutral pH (12).
In addition, a few basic residues scattered near the N-
and C-termini, for example, His 75 of E. coli ACP, are
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necessary for ACP to maintain a native conformation at
neutral pH (13). Together with these mutation analyses,
ACP and complex structures determined by NMR or X-
ray crystallography (14-23) provide insights into the
putative role of each structural component involved in
heterologous protein interactions. Although the binding
modes of protein interactions are diverse, helices II and
IIT of ACP seem to be principally involved in formation of
a complex. For example, the contacts between acylated-
ACP and ACPS of E. coli are predominantly hydrophilic
in nature, with almost all interactions occurring between
helix I of ACPS and helix IIT of ACP. This contact is
locked by residues Leu 37 and Met 44 in helix IT of ACP
via hydrophobic interaction with ACPS and by residues
Asp 35, Asp 38, Glu 41, and Asp 48 via salt bridging or
hydrogen bonding with ACPS (22). The complex forma-
tion of B-ketoacyl-acyl carrier protein synthase III (FabH)
and ACP of E. coli is mediated by helix II of ACP, in
which the interactions of Glu 41 and Ala 45 are impor-
tant (23). In the activation process of E. coli hemolysin
toxin (HlyA), ACP specifically interacts with an internal
protein acyltransferase (HlyC) through Ser 27, Val 29,
Gly 33, Glu 41, Val 43, Glu 48, Ile 54, Asp 56, and Lys 61
corresponding to a long region, loop I-helix II-loop II-
helix III of ACP (24). However, the nature of the proper
recognition and precise alignment between the protein
moieties of ACP and its various interactive proteins is
not fully understood, although the highly conserved resi-
dues are thought to be responsible for the interactions
between ACP and various proteins (24).

H. pylori ACP is composed of 78 amino acids with a pl
value of 3.9, and its primary structure is similar to those
of homologuous ACPs. However, it shows an unusual
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behavior in CD spectra at neutral pH (see below). To clar-
ify the pH-dependent conformational transition and
identify which residue plays a central role in the struc-
tural change, here we determined the three-dimensional
structure of H. pylori ACP by NMR and investigated the
contribution of structural components to maintaining
stability at different pHs.

MATERIALS AND METHODS

Materials—A genomic DNA from H. pylori (ATCC
700392) was obtained from ATCC (Manassas, VA, USA).
Restriction endonucleases were purchased from New
England Biolabs (Beverly, MA, USA) and Promega (Mad-
ison, WI, USA). Cloned Pfu DNA polymerase was
obtained from Stratagene (La Jolla, CA, USA). All mate-
rials were of reagent or biotechnological grade.

Protein Expression and Purification—H. pylori ACP
(HP0559, 78 a.a) was cloned from a genomic DNA of H.
pylori using PCR and placed into a pET 21a vector. PCR
amplification was performed with pfu DNA polymerase
using two overlapping primers, 5'-GGAATTCCATATGG-
CTTTATTTGAAGATATTCAGGC-3' (sense, Ndel) and 5'-
CCGCCGCTCGAGTGAAGCCAGTTTATTATCCTCAATA-
TACTT-3' (antisense, Xhol) containing the restriction
enzyme sites (underlined). Recombinant ACP, uniformly
labeled with N (>95%) or *N (>95%) and 3C (>95%),
was expressed in E. coli strain BL21 (DE3). After incuba-
tion at 37°C for 7 h, protein expression was induced by
adding IPTG to a final concentration of 1 mM. At 4 h
postinduction at 37°C, cells were harvested by centrifu-
gation with 8,000 rpm at 4°C for 15 min (Beckman J2-
MC). The bacterial cell pellet was suspended in 100 ml of
the lysis buffer [50 mM Tris-Cl (pH 7.9), 0.5 M NaCl, 10%
glycerol, and 0.1 mM PMSF]. The bacterial lysis was per-
formed by sonication (4 x 30-s pulses) until the lysate
became clear. After lysis, the supernatant was applied to
a His-tag column (2.5 x 20 cm). Bound ACP was eluted
with a linear 50-500 mM immidazole gradient at the flow
rate of 1 ml/min. After pooling the selected fractions, the
mixture was purified by a Hiprep™ 16/10 DEAE FF column
(Amersham Pharmacia Biotech, Uppsala, Sweden). The
purified protein was treated with 100 mM DTT at 37 °C
overnight to remove acyl chains (21). The DNA of the
expression clone was sequenced and the purity of the pro-
teins determined by SDS-PAGE and mass spectrometry.

Circular Dichroism—Circular dichroism (CD) analy-
sis was performed with a Jasco J-715 spectropolarimeter
at 20°C. Purified H. pylori ACP was dialyzed against 5
mM potassium phosphate buffer (pH 7.4) supplemented
with 1 mM EDTA and 1 mM DTT. For pH-titration, the
pH of each sample was adjusted with 0.1 N HCl. CD
measurements were carried out in a wavelength range
between 190 nm and 250 nm. The resultant spectra were
corrected for the buffer signal. To investigate the thermo-
dynamic properties of ACP, temperature scan was per-
formed at 222 nm in a temperature range between 12°C
and 90°C. The rate of temperature ramping was 1 °C/min.

NMR Spectroscopy—NMR spectra were acquired on a
Bruker AVANCE 600 MHz spectrometer at 303 K. The
spectra recorded on *N-labelled ACP were 2D 1*N-HSQC
(26); 3D 1N-NOESY-HSQC (27); 3D ®'N-TOCSY-HSQC
(28); 3D HNHA (29); {{H}-1°N steady-state NOE. For the
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measurement of conformational differences at pH 6.0 and
pH 7.4, ’N-HSQC (2048 t1 x 256 t2), {{H}-’'N steady-
state NOE (2048 t1 X 256 t2), and *N-TOCSY-HSQC
(1024 t1 x 64 t2 x 256 t3) were obtained at each pH. The
spectra recorded on N/8C-labelled samples were 3D
HNCA, 3D HNCO, 3D HN(CO)CA, (30); 3D HNCACB
(31); 3D HN(CO)CACB (32). Unless indicated otherwise,
all H. pylori ACP samples were dissolved in 90% H,0/
10% 2H,0, containing 500 mM NaCl, 50 mM potassium
phosphate, 10 mM DTT, 1 mM EDTA, at pH 6.0. The
monomer concentration of the ACP ranged between 2
and 4 mM. A mixing time of 100 ms was used in all NOE
experiments (1024 t1 x 64 t2 x 256 t3). The 3D 5N-edited
TOCSY-HSQC employed a mixing time of 50 ms. Chemi-
cal shift calibrations for all nuclei were performed rela-
tive to the proton resonance of DSS as suggested previ-
ously (33). Spectra were processed with NMRPipe (34)
and analysed with NMRView 5. The sequence-specific
resonance assignment was carried out using standard
procedures (35). Secondary structure predictions were
made from an analysis of the 13Ca, 13Cp, and 13C’ chemi-
cal shifts using the CSI program of Wishart and Sykes
(36).

Structure Calculation—The NMR solution structure is
based on interproton distance restraints converted from
observed NOEs in both the N-edited NOESY and 13C-
edited NOESY experiments. The NOE intensities were
classified as either strong (1.8-2.7 A), medium (1.8-3.3
A), or weak (1.8-5.5 A) restraints. The upper limits for
distances involving methyl protons and nonstereospecifi-
cally assigned methylene were corrected appropriately
for sum averaging, and an additional 0.5 A was added to
the upper distance limits for NOEs involving methyl pro-
tons averaging. ¢ and ¢ torsion angle restraints were
obtained from 15N, Ho, C, and CpB chemical shifts using
the TALOS program, in which only “good” predictions
were used to generate a restraint (16). The ACP polypep-
tide chain used for the NMR structural analysis contains
86 residues, including 8 nonnative residues (LEHHH-
HHH) at the C terminus. The 8 C-terminal residues were
not used in the structure calculation, since these residues
are essentially unstructured, which is evidenced by the
small number of NOE cross-peaks. The structure of ACP
was determined from a total of 1115 distance restraints
and 81 torsion angles constraints comprised of 41 ¢ and
40 y dihedral restraints. In addition, 21 J-coupling
restraints obtained from the HNHA spectrum were incor-
porated into the calculation. The structures were calcu-
lated using the program CNS. An iterative procedure was
used to successively introduce an increasing number of
NOE distance restraints. For the initial rounds of struc-
ture calculations, manually assigned NOEs were used as
input restraints. Each round started with 20 random con-
formers, from which the 10 with the lowest target func-
tion were used to analyze constraint violations and
assign additional NOE constraints in CNS for the follow-
ing round of refinement. This process was repeated until
more than 90% of the cross peaks in the 1°N-edited
NOESY and !3C-edited NOESY spectra had been
assigned and all consistent violations were eliminated. A
final ensemble of 20 structures contained no distance
restraint violations greater than 0.2 A, and no torsion
angle restraint violations greater than 2° were obtained.
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Fig. 1. Summary of structural information obtained from
NMR spectra at pH 6.0, 30°C. The sequential NOE connectivities
dyy, doy, and dBy are indicated by horizontal bars; the thickness of
each bar is proportional to the NOE intensity. The medium range
connectivity doy (i, +3) is shown by lines starting and ending at the
positions of the residues related by the NOE. The negative vertical
bars indicate helical region calculated by the CSI. ® and y angle
values are predicted by TALOS. The predicted helical regions are
represented by boxes.

All subsequent analyses of the structure were performed
using MOLMOL and PROCHECK-NMR.

RESULTS

Structure of H. pylori ACP—The structure of H. pylori
ACP was investigated by multidimensional NMR spec-
troscopy. We previously had reported only the backbone
assignments of apo H. pylori ACP (37). The assignments
comprise 97% of all 'HN, 1°N, 13CO, 13Ca and 3Cp reso-
nances covering 74 of the 76 non-proline residues. On the
basis of resonance assignments, four helical regions were
clearly identified using the program CSI (36). These cor-
respond to residues L3-Q14 (al), S36-G51 (all), D56-E60
(aIIl), and V65-K76 (a'VI). The CSI result is clearly con-
sistent with the distribution of NOEs as shown in Fig. 1.
Generally, a NOE pattern of a helical region shows strong
dynG, i+1), medium dyy(, i+1), weak d,y (@, i+1), and
weak d.y (@, i+3) (38), which is consistent with the four
helices of H. pylori ACP. The backbone (®, ¥) angles
analysis using TALOS (39) showed 55 residues are pre-
dicted as good agreement. Especially, all the residues of
four helical regions except Lys 49 and Asn 75 were
defined as good agreement and the deviations of (@, V)
angles of residues involved in loop regions were large,
which shows the secondary structure analyzed is correct.
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Fig. 2. Ensemble of 20 torsion angle dynamics conformers of
H. pylori ACP after alignment of the backbone atoms of resi-
dues 3-76. The backbone N, Ca, and C’ atoms are shown.

Based on the information of secondary structure, the
three-dimensional structure was determined by CNS.
The calculation employed 1123 nontrivial NOE upper
limit distance constraints and 102 torsion angles
restraints. The ensemble of 20 structures resulting from
the final stage of refinement is shown in Fig. 2. The heli-
cal regions accord well with the predicted secondary
structure, while Gly 51 is not included in helix II, since
the BN(50, 51) NOE was observed with weak intensity
and the (@, V) angles were largely different from those of
the other components in helix II. The NMR structure is
well defined, and superposition of residues 3-76 on the
mean structure yields rmsd values of 0.78 £ 0.09 and 1.21
+ 0.12°C for backbone atoms and non-hydrogen atoms,
respectively. Another measure of structure quality is pro-
vided by Ramachandran analysis of the ensemble, which
places 80.3 % of the residues in the most favored regions,
16.8% in additional allowed regions, 1.7% in generously
allowed regions, and 1.2% in disallowed regions. Struc-
tural statistics for the family and the average structure
are summarized in Table 1.

The structures of the homologous ACPs originating
from other bacterial sources were previously reported by
NMR or X-ray crystallography (14-21). Compared to E.
coli and B. subtilis ACPs, H. pylori ACP consists of a
medium-sized helix I which is shorter than that of B. sub-
tilis ACP and longer than that of E. coli ACP, well-con-
served helix II, an equal or longer helix III and a longer
helix IV (Fig. 3). Like other ACPs, H. pylori ACP would
form a helical bundle structure through hydrophobic con-
tacts between helices. The residues involved in this inter-
action correspond to L3, F4, 17, V10, 111, and Q14 in
helix I; V39, 142, 143, and 146 in helix II; and V65, A68S,
V69, and 172 in helix IV. The orientation of each helix is
mainly maintained by interactions of these residues. The
long loop I is not well ordered because of deficiency of
medium- and long-range NOEs. However, it serves as a
frame maintaining the up-down-down topology of helices
through hydrophobic interactions of several residues
with helices: L15, V22, T23, A26, and F28 interact with
Q8, I11, and L14 in helix I; L.42 in helix II; and V65 in
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Table 1. Restraints and statistical analysis of structures.

Experimental restraints

Interresidue NOEs! 740
Intraresidue NOEs 375
J-coupling restraints? 21
Dihedral angle restraints? 81

Structural statistics
Maximum violation

Distance (A) 0.12

Angle () 1.21
R.m.s deviations from ideal geometry

Bonds (4) 0.0014 + 0.00008

0.307 £0.0054
0.1433 £ 0.0106

Angles (°)
Impropers (°)
Ramachandran analysis (%)*

Residues in most favored regions 80.3
Residues in additional allowed regions 16.8
Residues in generously allowed regions 1.7
Residues in disallowed regions 1.2
Coordinate precision (A, residues 3-76)
Backbone 0.78
Heavy atoms 1.21
Energetics (kcal/mol)®
E. 68.03+4.6
Eyona 2.36 £0.27
E e 31.81+1.13
E i aproper 1.83 £0.28
E 18.49+2.14
E,. 8.65+1.44
E 4.88+2.73
E g1 0.01+0.01

Statistical analyses are conducted for 20 of the lowest-energy struc-
tures of 100 structures calculated. 1NOE°s were classified by relative
intensity, with either strong (1.8-2.7 A), medium (1.8-3.3 A), or
weak (1.8-5.5 A) restraints. 2HN-Ha J-coupling values were
obtained by analysis of 3D HNHA spectra and used as a direct peri-
odic restraint in CNS based on the Karplus relationship. 3Dihedral
angle restraints were obtained either by chemical shift analysis
using TALOS or by repeated occurrence in Ramachandran-allowed
regions in unrestrained structures. ‘Ramachandran statistics were
calculated using PROCHECK-NMR and exclude Pro, Gly and ter-
minal residues. The default parameters and force constants of pro-
tein-allhdg.param and anneal.inp in CNS 1.1 were used for calcula-
tion.

helix IV. In addition, I54 in loop II connecting helix IT and
III significantly contributes to stabilization of the main
helical core by interacting with E47, V52, V69, Y71, N75,
K76. The overall folding of ACPs is similar, as shown in
Figure 4a and 4b. However, variations in the structures
are apparent in the loop regions, and the relative position
of helix I, ITI, and IV compared to helix II of H. pylori
ACP is somewhat different from that of other ACPs (Fig.

E.coli STIEERVKK

H.pylori
B.subtilis |A

V.haveyi SNIEERVKK IIVEQLGVDE AENKN
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4c). This topological difference, indicating that these ACP
structures are relatively unique, may be caused by varia-
tion of loop regions and helix lengths.

Conformational Transition of H. pylori ACP at Various
pHs; CD Studies—The effect of pH on the structural sta-
bility was measured using CD spectroscopy (Fig. 5). H.
pylori ACP undergoes remarkable structural change
with change in pH. As the pH increased, the absolute
value of intensities at 208 nm and 222 nm decreased and
the negative minimum at 208 nm shifted toward 205 nm,
indicating that at neutral and alkaline pH the conforma-
tional transition of ACP occurred (Fig. 5a). The partially
unfolded state at pH 7 is a unique characteristic of H.
pylori ACP. It was shown that the overall helical struc-
ture of E. coli ACP was maintained at pH 7 (40). In con-
tast, V. harveyi ACP exhibited a random coil-like confor-
mation at pH 7 (12). Therefore, it seems likely H. pylori
ACP adopts a distinct conformation at neutral pH which
is different from those of E. coli ACP and V. harveyi ACP.
It was suggested that the structural difference between
E. coli ACP and V. harveyi ACP at neutral pH may be
caused by the acidic character of the proteins (12). Inter-
estingly, H. pylori ACP is predicted to have overall nega-
tive charge of —19, which lies between that of E. coli (—18)
and V. harveyi (-22). The apparent pl value of H. pylori
ACP seems to be around 4, since the protein aggregated
and precipitated at pH 4, which is consistent with the cal-
culated pl, 3.9. Thermodynamic property of H. pylori
ACP, as expected, revealed the presence of two clear con-
formational states depending on pH (Fig. 5b). At the
acidic pH 6, the temperature curves of the H. pylori ACP
showed a distinct melting temperature around 50°C,
which is a general characteristic of a tightly folded pro-
tein. However, the curves at neutral and basic pHs are
largely different: in the range between 12°C and 25°C,
they decreased. This effect was inverted as temperature
increased toward 50°C. Above 50°C, the slight intensifi-
cation of the CD signal occurred again. This unusual
behavior suggests that the unfolding process above neu-
tral pH proceeds through multi-phasic changes, in at
least three stages. The second and third stage changes
occur between 25°C and 90°C and seem to be a process of
denaturation and non-specific aggregation. However, it is
not clear whether the unique initial intensification
between 12°C and 25°C is derived from the intermolecu-
lar or intramolecular interactions. To verify the contribu-
tion of ionic strength to the therymodynamic property,
the salt concentration dependence of H. pylori ACP sta-
bility was evaluated at pH 6 and 7. The thermal stability,
like that of E. coli ACP (41), increased with increasing
salt concentration at pH 6 (Fig. 5¢). By contrast, at pH 7,
the pattern and intensity of Tm curves were not signifi-
cantly changed even at 500 mM NaCl (Fig. 5d). It is well

TTVQAAT DY¥VNSAQ (-22)

Fig. 3. Comparison of secondary structures of ACPs. The helix by dark gray. The numbers at the end of sequences are the numbers
regions are represented by boxes. Identical amino acids are indicated of negatively charged residues (Glu and Asp) at neutral pH.
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Fig. 5. (a) CD spectra recorded at various pHs in 5 mM potas-
sium phosphate buffer supplemented with 1 mM EDTA and 1
mM DTT. (b) Tm curves of H. pylori ACP. Temperature scan was
performed at 222 nm in a temperature range between 12°C and

documented that, at pH 7, monovalent salts non-specifi-
cally stabilize ACP by decreasing electrostatic repulsion
of negatively-charged proteins (13, 41). However, this
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Fig. 4. Comparison of the H. pylori ACP
structure with the B. subtilis ACP and
E. coli ACP structures. The ribbon dia-
gram of the average structure of the 20 best
structures of H. pylori ACP was compared
with the average models for B. subtilis ACP
and E. coli ACP obtained from the
Brookhaven Protein Data Bank. (A) Superpo-
sition of the H. pylori ACP structure (gold)
with the B. subtilis ACP structure (light
gray) (B) Superposition of the H. pylori ACP
structure (gold) with the E. coli ACP struc-
ture (light gray) (C) The helices show topolog-
ical differences, while the overall folds are
very similar. The dotted lines are included for
comparison of relative spatial positions
between helices.
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90°C. (C) The effect of salt (NaCl) on the structural stability was
evaluated by observation of shift of Tm value with increasing salt
concentration at pH 6. (d) Tm curves of H. pylori ACP at pH 7 with
increasing salt concentration.

masking effect of salt was not applicable to H. pylori ACP
at pH 7, which indicates the core elements for maintaining
the tertiary fold were partially disrupted by pH elevation.
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Conformational Transition of H. pylori ACP; NMR
Studies Based on Chemical Shift Perturbation and 'H-
5N Steady-State NOE Analysis—To clarify the pH effect
on the structure of H. pylori ACP, the chemical shift per-
turbation was observed by 1’N-'H HSQC spectrum. Spec-
tra measured at pH 6.0 and pH 7 were compared and the
chemical shift differences were weighted-averaged by the
previously reported method (42, Fig. 6). Calculated differ-
ences exceeded 0.1 ppm only in the case of Ile 54, whose
chemical shift varied up to 0.4 ppm (Fig. 6a). The change
of Ile 54 is a downfield shift in both axes, 'H and 15N.
Interestingly, Glu 47, of which the side chain is buried in
hydrophobic core, unlike in other ACPs, and is extruded
toward loop II containing Ile 54 (17-21), showed the
same downfield shift. In addition, the peak intensity of
Asp 56 decreased sharply to only 1% of the peak intensity
at pH 6 (data not shwon). To verify whether these differ-
ences reflect the conformational transition of H. pylori
ACP, information on the backbone motions of the individ-
ual NH vectors was obtained through 'H-5N heteronu-
clear NOEs (Fig. 7). The values of each residue at pH 6
are primarily above 0.7 (the average value of all NOEs is
0.75), indicating that a well-ordered structure exists.
Interestingly, compared with other regions, the region
between the Gln 58 and Ile 62, including a part of helix
III, has lower NOE values, averaging 0.66. This result
implies that the backbone NH vectors around helix III

S.J. Park et al.
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Fig. 7. 1H-15N steady state NOE analysis at pH 6 and pH 7. The
numbers on the X axis represent the position of residues. (a) Hetero
NOE values are recorded at pH 6 (diamonds) and pH 7 (squares).
Error bars are indicated on each NOE. (b) The NOE differences
(Dnoe) were calculated by subtracting the NOE values at pH 7 from
those at pH 6. R1 and R2 are the regions exhibiting negative NOE
differences and thus of restricted motion; F1-F5 are regions exhib-
iting positive NOE differences implying high flexibilities with
increasing pH.

are relatively fluctuating in the folded state. The long
loop I connecting helices I and II showed unexpectedly
high values of NOEs, despite the large number of resi-
dues. When the dynamic mobility of the backbone was
measured at pH 7, the NOE values changed broadly
along the polypeptide chain (Fig. 7a). The relatively flexi-
ble region, Gln 58-Ile 62 at pH 6 showed an increased
NOE value of 0.71, indicating that this area comes into
close contact with other structural components. The aver-
aged NOE value of all residues was 0.74, which superfi-
cially implies that pH does not significantly affect the
structural mobility. However, some residues, including
Phe 28, Ala 34, Glu 53, Asp 56, and Ile 62, whose values
of differences are above 0.1, showed notable changes. To
clearly show the changes of NOEs, the differences of
NOE values of each residue are calculated (Fig. 7b). The
absolute values of differences were not large, but a dis-
tinct pattern of positive and negative NOE differences
can be observed. Assuming that a group composed of at
least three residues of similar motional properties in
close vicinity may be taken to define a local structure,
regions of restricted motions (R1-R2), and regions of flex-
ibilities (F1-F5) are identified with the elevation of pH
(Fig. 7b). R1 and R2 correspond to residues 42—44 in helix
IT and 58-62 in helix IIT and loop III, respectively, while
F1, F2, F3, F4, and F5 correspond to residues 27-29 in
loop I, residues 31-36 in loop I, residues 45-47 in helix II,
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Heilix Il

Fig. 8. Schematic representation showing regions of altered
flexibility by pH variation. Regions of restricted motion (R1-R2)
are represented in red, and regions of flexibilities (F1-F5) in blue.

52-53 in loop II, and 5657 in helix III, respectively. Note
that F4 and F5 have only two residues, but these were
included because of the large magnitude of the NOE dif-
ference. These variable regions are represented in the
three-dimensional structure (Fig. 8). As shown in Figure
8, the regions of restricted motions (R1-R2) and flexibili-
ties (F1-F5) are all spatially in close proximity and
mainly located around loop II. Therefore, the change of
secondary structure may primarily occur in helices IT and
III, and loop II may play a critical role in maintaining the
whole structure. It is noteworthy that the residues
involved in the conformational transitions are contigu-
ous, suggesting a kind of cooperativity in the folding proc-
ess. Residue Ile 54 .in loop II shows a distinct alteration in
chemical shift perturbation and appears to have a
slightly restricted motion at pH 7 (Fig. 7b). The analysis
of 3D 1’N-edited NOESY spectrum revealed Ile 54 inter-
acts with the residues Met 44 and Glu 47 in helix II, Val
52 in loop II, Ala 59 in helix III, and Val 68 in helix IV,
because of the presence of NOEs between side-chain and
amide protons (Fig. 9). Also, a detailed examination of
the NOESY spectrum obtained at pH 6 revealed that
clear NOE connectivities can be seen between yN protons
of Asn 75 and methyl protons of Ile 54. These residues
showed notable changes in chemical shift perturbation,
as shown in Fig. 6, and, except for Val 68 and Asn 75,
they are included in the regions of flexibility or rigidity
around loop IT (Fig. 7). This observation strongly indi-
cates the Ile 54 is a key residue in cooperative unfolding
of H. pylori ACP. The extensively decreased intensity of
resonance of Asp 56 should be related with the increased
flexibility (Fig. 7b), which indicates the conformation of
helix III is easily exchangeable at neutral pH. Note that
the NOE value of Asp 56 could not be determined from
the spectra at a normal contour level. However, at the
lowest level, the peak of Asp 56 could be detected with
low intensity, and this peak was used to calculate the
NOE value.
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Fig. 9. 3-D »N-edited NOESY-HSQC spectrum of H. pylori
ACP at pH 6. The composite of strips corresponding to residues
that exhibit the NOE cross-peaks of Ile 54 is represented. Ile 54
shows correlations with the residues showing a relatively large
change in chemical shift perturbation by varying pH. NOE cross-
peaks are marked by asterisks.

DISCUSSION

The ACPs are highly conserved in various bacterial
strains (17-21). The secondary structure of H. pylori ACP
is composed of three long helices and one short helix,
which is similar to those of other ACPs, with minor vari-
ations. However, the pH-dependent conformational prop-
erty of H. pylori ACP is unlike that of E. coli ACP or V.
harveyi ACP; at pH 7, E. coli ACP adopts a native-like
helical conformation and V. harveyi ACP adopts a ran-
dom coil, while H. pylori ACP folds like an intermediate
conformation between E. coli ACP and V. harveyi ACP.
The random coil-like character of V. harveyi ACP was
proposed to be originated from a greater negative charge
(=2) in loop I and a lack of the histidine residue at posi-
tion 75 of E. coli (12). This seems reasonable, since H.
pylori ACP has the same negativity in loop I as E. coli
ACP, but the basic histidine is substituted for an aspar-
agine (Fig. 3). Interestingly, a basic lysine is located at
the position next to Asn 75, which helps to maintain the
structural stability of H. pylori ACP compared to V. har-
veyi ACP (12, 13). The detailed examination of the struc-
ture of H. pylori ACP clearly showed the contribution of
Asn 75 and Lys 76 to the structural stability. As shown in
Figure 10, hydrophilic Glu 47, Asn 75, and Lys 76 of H.
pylori ACP are unexpectedly buried in the hydrophobic
core in the average structure, which is distinctively dif-
ferent from E. coli and B. subtilis ACPs. The hydrophobic
region of Glu 47 side chain is packed against Val 52 and
Ile 54 and the side chain oxygen is directed toward the
core, while Glu 47 of the other ACPs is exposed to sol-
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H. pylori ACP

Fig. 10. Schematic representation showing the buried hydro-
philic residues Glu 47, Asn 75 and Lys 76 in the energy mini-

vent. Also, YN protons of Asn 75 interact with amide pro-
ton of Glu 47 and methyl protons of Val 52 and Ile 54,
which is evidenced by clear long-range NOEs. This brings
the Asn (yYNH,) group in close proximity to the Glu 47 (yO)
group, allowing the formation of a hydrogen bond. Moreo-
ver, the conformation of the side chain of Lys 76, which is
mainly maintained by hydrophobic interaction with Leu
3, Lue 46, and Phe 50, shows a possible hydrogen bond
donor for the yO of Glu 47. However, {NH, resonances
were not observed in NMR spectra, suggesting that Lys
76 may only be weakly hydrogen-bonded. This result
could suggest that, unlike E. coli and B. subtilis ACPs,
the helical bundle of H. pylori ACP is maintained by not
only hydrophobic interactions but also hydrophilic inter-
actions, and by pH elevation these interactions may be
weakened because of the increased exchange rate of pro-
tons from Asn and Lys side chains. Therefore, the net-
work of Glu 47, Ile 54, Asn 75, and Lys 76 should be very
important for the structural stability. The chemical shift
changes shown in Fig. 6 are well explained with this cor-
relation.

The altered chemical shift and increased flexibility of
Phe 28 also indicate the partial disruption of the hydro-
phobic core, since the side chain of Phe 28 contacts with
the hydrophobic core formed by the packing of the helical
bundle (19). It is reasonable that this flexibility may
assist the acylation of Ser 36 providing an opened envi-
ronment. The sign of disruption of the helical bundle for-
mation is also reflected in the increased or decreased
NOE values of helices I, IT and IV (residues Ile 7, Ile 11,
Gln 14, Val 15, Leu 42, Ile 43, Leu 46, Gly 66, and Ile 72)
(17-21). The most interesting point is the changes that
occurred around loop II. Ile 54 in this region is very sen-
sitive to pH, revealing the extensive chemical shift varia-
tion with decreased flexibility. As shown in Fig. 9 and 10,
Ile 54 is important for maintaining the spatial arrange-
ment of helices II, ITII, and IV. This residue has been pre-
viously implicated in interaction with a covalently
attached acyl group (43). Mutation of Ile 54 in V. harveyi
ACP showed impaired holo-ACP formation, and this
mutant ACP has a greater hydrodynamic radius with
incompactness of the conformation (12). It may be

B. subtilis ACP
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E. coliACP

mized average structure of H. pylori ACP. Putative hydrogen-
bonding interactions are indicated by dotted lines.

involved in the binding interface of the ACP-ACPS com-
plex (23), which explains the failure of acylation of
mutant ACP (I54A) (12). Thus, the change of Ile 54
directly indicates the destabilization of the higher order
structure. The extensive chemical shift changes should
be a result of the structural change, which may be due to
the loosened interactions with Glu 47, Asn 75, and Lys 76
described above. Additionally, the migration of Ile 54
seems to provoke a chain movement of helices III and IV,
resulting in partial collapse of the compact helical bun-
dle. The disappearing of Asp 56 at pH 7 may be caused by
increased flexibility, which, combined with the varied
NOE values in the regions F5 and R2 (Fig. 7b), also indi-
cates that helix IIT would be more easily destroyed by pH
alteration. Taken together, our results suggest the desta-
bilization of the ordered structure occurs by denaturation
of helices IT and III through movement of loop II, accom-
panied by loss of rigidity of loop I region in the vicinity of
helix II. Moreover, this collapse should originate from the
disruption of interaction between Glu 47, Ile 54, Asn 75,
and Lys 76.

It is well known that binding of divalent metal ions
such as Mg2* can stabilize the folding of ACP (13, 40). The
putative metal-binding sites are proposed to be Glu 30,
Asp 35, Asp 38, Glu 47, Asp 51, Glu 53, and Asp 56 in E.
coli; and these are well conserved in H. pylori, while Glu
30 and Asp 51 are replaced with Lys 30 and Gly 51 (44).
Notably, these residues are involved in the most variable
regions of flexibility described above, indicating the bind-
ing of metal ion could be effective in the regulation of
flexibility of H. pylori ACP at neutral pH.

The variable flexibility of H. pylori ACP at different
pHs may be related to the diversity of its interaction with
various enzymes. As described earlier, the moieties of
ACP mediating formation of a complex are different
according to its interacting partners, while it is believed
helices IT and III are the main motif for the binding inter-
face of ACPs (22—24). A rigidly ordered structure may not
represent the diversity of interaction, to which the pres-
ence of a dynamic structure should be of benefit. Thus, it
is no accident that the most variable regions of flexibility
of H. pylori ACP are centralized in the vicinity of helices

oJ. Biochem.
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IT and III, suggesting that the binding specificity of ACPs
for a complex formation is probably regulated by a local
change of these helices.
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