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ABSTRACT: The solution structures of peptide antigens from the receptor binding domains of Pseudomonas
aeruginosa strains PAO and KB7 have been determined using two-dimensional 'H NMR techniques.
Ensembles of solution conformations for the trans forms of these 17-residue disulfide-bridged peptides
have been generated using a simulated annealing procedure in conjunction with distance and torsion angle
restraints derived from NMR data. Comparison of the NMR-derived solution structures of the PAO and
KB7 peptides with that previously determined (Mclnnes et al., 1993) and herein refined for the PAK
peptide reveals a common structural motif. All three peptide structures contain a type I S-turn in the
conserved sequence Asp!'34-X-X-Phe!¥” and a type Il S-turn in the conserved sequence Pro!3%-X-Gly-
Cys!42, However, the overall folds of the three peptides differ as well as the disposition of the side
chains comprising the hydrophobic pockets. The similarities and differences between the structures of
the three strains which bind to a common cell surface receptor are discussed in light of their contributions

to synthetic vaccine design.

Pseudomonas aeruginosa is a Gram-negative rod-shaped
bacterium which causes infections resulting in opportunistic
respiratory disease in cancer, cystic fibrosis, and intensive
care patients (Rivera & Nicotra, 1982; Pier, 1985; Todd et
al., 1989; Sajjan et al., 1991; Irvin et al., 1993). The initial
step in the pathogenicity of P. aeruginosa is believed to be
adherence to the host cell via polar pili on the bacterial
surface (Pier, 1985; Paranchych et al., 1986; Irvin, 1993).
The pili are proteinaceous filaments composed of a homolo-
gous polymer of pilin protein and are assembled into a helical
array to form a hollow tube (Irvin, 1993). The pilin
monomer has been shown to contain the binding domain of
P. aeruginosa to host epithelial cells (Ramphal et al., 1984,

“Paranchych et al., 1986; Doig, 1987, 1988, 1990; Irvin et
al., 1989). The pilin can be roughly divided into three
regions: a conserved N-terminal region, a hypervariable
central region, and a semiconserved C-terminal region. The
C-terminal region of the pilin monomer contains the epithelial
cell binding domain (Paranchych et al., 1986; Irvin et al.,
1989; Lee et al., 1989), and recently it has been shown that
binding of the pili is a tip-associated event involving the
C-terminal region of the structural pilin subunit (Lee et al.,
1994). The seven different strains of P. aeruginosa share a
common glycosphingolipid cell surface receptor (Ramphal
et al., 1984, 1991) where the minimal structural element is
a disaccharide shown to specifically bind strains PAK and
PAO (Lee et al., 1994; Sheth et al., 1994) despite a limited
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degree of homology between their C-terminal domains
(Pasloske et al., 1988; Paranchych et al., 1990) (a disulfide
loop of 17 residues and a conserved proline; Figure 1).

In counteracting P. aeruginosa infections, an anti-adhesin
vaccine has been proposed. Antibodies specific for the pilus
C-terminal region can be raised using synthetic peptides and
used to counteract infection by blocking bacterial attachment
(Lee et al., 1990). Since P. aeruginosa exists as seven
different strains, production of cross-reactive antibodies
effective against all strains would be most desirable. It is
possible to envisage such a cross-reactive antibody since all
strains bind to the same receptor (Ramphal et al., 1984, 1991;
Krivan et al., 1988a,b; Baker et al., 1990).

The development of vaccines for the production of cross-
reactive antibodies requires an understanding of the molecular
nature of the antibody—antigen recognition process and an
understanding of the factors which specify strain recognition
and cross-reactivity between strains. Recent studies on the
structure of antigens in their antibody bound and free forms
have revealed a great deal about the nature of antibody—
antigen recognition. The identification of secondary structure
elements in free antigenic peptides suggests that antibodies
are produced in response to the recognition of regions of
peptides and proteins which contain exposed structures such
as (-turns (Dyson er al., 1985, 1988a,b; Chandrasekhar et
al., 1991, Zvi et al., 1992; Blumenstein et al., 1992). Indeed,
a large number of antigenic peptides have been shown to
adopt turn conformations, indicating that these may constitute
a structural motif for antibody recognition. The criteria of
stable conformations and surface-accessible secondary struc-
ture (Kuntz, 1972; Scherf et al., 1992) are met with turn
regions of immunogenic peptides and proteins. These criteria
are likely necessary in order for binding of an immunogen
to a B-cell receptor to elicit an immune response (De
Lorimier et al., 1994).
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In the current study, the NMR solution structures for the
C-terminal receptor binding peptides from the pilin strains
PAO and KB7 have been determined, and a comparison has
been made to a refined structure of the PAK C-terminal
peptide previously studied by Mclnnes et al. (1993). A
knowledge of the three-dimensional solution structures of
the PAO, KB7, and PAK receptor binding regions should
allow determination of a structural motif for antibody and
receptor recognition, as well as a greater comprehension of
the factors contributing to immunogenicity. This structural
information should facilitate the development of a broad
spectrum vaccine against multiple strains involved in P.
aeruginosa infections.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. P. aeruginosa strain PAO pilin residues
128—144, Ac-ACKSTQDPMFTPKGCDN-OH, and KB7
pilin residues 128—144, Ac-SCATTVDAKFRPNGCTD-OH,
were synthesized and purified by solid-phase peptide syn-
thesis and purified by reversed-phase HPLC as previously
reported (Wong er al., 1992, 1995). Amino acid analysis
was performed on a Beckman Model 6300 amino acid
analyzer (Beckman, San Ramon, CA). Mass analysis of the
peptides was performed on a Fisons VG Quattro triple
quadrupole mass spectrometer (Manchester, England) fitted
with an electrospray ionization source operating in the
positive ion mode. Ten microliter injections of the peptide
samples (usually in aqueous acetonitrile containing 0.05%
trifluoroacetic acid at an approximate concentration of 50
pmol/uL) were made into a carrier solution composed of 1:1
(v/v) water—acetonitrile containing 0.05% trifluoroacetic acid
at a rate of 10 ulL/min into the electrospray source. The
quadrupoles were scanned from 600 to 1400 mass over
charge ratios at 10 s/scan. Data were acquired in the MCA
mode with typically 10—15 scans being summed to produce
a spectrum.

As with PAK, these peptides were studied in their oxidized
forms with the disulfide bridge between residues 129 and
142 (Figure 1). The intramolecular disulfide bridge was
obtained by air oxidation of the appropriate reduced peptides.
Typically, the reduced peptides were dissolved in 100 mM
NH4HCQOs;, pH 8.0, at a total concentration of approximately
0.2 mg/mL. Then the solution was magnetically stirred for
24 h while exposed to air. Verification of the intra-disulfide
bridge was determined by both reversed-phase HPLC reten-
tion change and electrospray mass spectroscopy as described
above.

NMR Sample Preparation. Samples were prepared by
dissolving PAO 128—144 and KB7 128—144 in 500 uL of
90% H,0/10% D,O containing 100 mM KCl and 20 mM
NaOAc to a concentration of 5 mM. 2,2-Dimethyl-2-sila-
5-pentanesulfonate (DSS) was added as an internal chemical
shift reference and the pH subsequently adjusted to 5.0 using
NaOD and DCI solutions.

NMR Spectroscopy. 'H NMR spectra for PAO 128144
and KB7 128—144 were acquired at 500 and 600 MHz,
respectively, using Varian Unity 500 and 600 spectrometers.
These included one- and two-dimensional experiments col-
lected at 5.0, 10.0, 15.0, 20.0, and 25 °C using presaturation
for 2.5 s at a power level of 28 dB (yB, = 50 Hz) through
which suppression of the water resonance was attained. The
hypercomplex method was used for acquisition of two-
dimensional experiments (States ef al., 1982) which typically
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incorporated 32 transients for each of 300 increments with
2048 data points along  and included DQF-COSY (Piatini
et al., 1982; Rance et al., 1983), TOCSY (Bax & Davis,
1985), NOESY (Jeener et al., 1979; Macura & Ernst, 1980),
and SCUBA-NOESY (Brown et al., 1988) spectra. Water
suppression for each of these two-dimensional experiments
was achieved using presaturation for 2.0 s at a power level
of 28 dB. The TOCSY employed a spin-lock field of 7.12
kHz. Distance restraints were obtained for PAO 128—144
using NOESY experiments performed at 500 MHz, 5.0 °C,
using a spectral width of 6000 Hz and a mixing time of 300
ms. Distance restraints were obtained for KB7 128—144
using SCUBA-NOESY experiments performed at 600 MHz,
5.0 °C, using a spectral width of 7000 Hz and a mixing time
of 175 ms. The Fourier transformation of the spectra utilized
sine-bell processing with a phase shift of 90° and zero filling
to 4K x 4K. Proton resonances were assigned (Table 1)
using the sequential assignment technique (Wiithrich, 1986).

Data Analysis and 3-D Structure Calculation. Interproton
distance restraints for PAO 128—144 and KB7 128—144
were generated through integration of cross-peaks from the
NOESY and SCUBA-NOESY spectra acquired at 5.0 °C.
The integral volumes obtained were converted to distance
restraints using a reference distance of 2.55 A for the § to &
interproton of Phe!¥,! The restraint file was then generated
from these volumes using a program written by R. Boyko
and F. Sonnichsen (University of Alberta). The distance
classifications generated were strong (van der Waals radii
<ry =27 A), medium (1.8 A < ry < 3.3 ;\), and weak
(23 A < r; < 50 A). The resulting restraint file was then
edited such that distances associated with ambiguous as-
signments were removed and distances arising from certain
but overlapping NOEs were classified as weak and with
eAxtended upper boundaries (van der Waals radii < r; < 5.0

).

Temperature coefficients (—AS/AT, ppb) were obtained
using data from NOESY and SCUBA-NOESY spectra
acquired at 5.0, 10.0, 15.0, and 20.0, and 25.0 °C and were
calculated from plots of chemical shift versus temperature
which were linear for all amide protons in PAO 128—144
and KB7 128—144 (Table 2). Four generic distance
restraints were used, corresponding to the hydrogen bonds
between the Asp'* carbonyl and Phe'?” NH and the Pro'*®
carbonyl and Cys'*? NH in each peptide (Asp!* O—Phe!¥’
NH < 2.5 A; Asp'3* O—Phe!¥’ N < 3.0 A; Pro!3 O—Cys!“?
NH < 2.5 A; Pro'®® O—Cys!“2 N < 3.0 A).

3JnHech coupling constants were obtained from 2K x 2K
(f> x fi) DQF-COSY spectra acquired at 5.0 °C. The spectra
were zero-filled to 16K in the £ dimension and processed
using 90° shifted sine-bell weighting in the f; dimension and
no weighting in the f; dimension. Traces for resolved cross-
peaks were taken in w» and then curve-fitted using a program
written by R. Boyko and F. Sonnichsen (University of
Alberta) which utilizes an iterative fitting procedure. The
3JNHachH coupling constants were converted into ¢ restraints
using the Karplus equation (Karplus, 1963) with the follow-
ing constants: A = 6.7, B = —1.3, and C = 1.5. Only
coupling constants =8 Hz and <6 Hz were used in structure
calculations. These included 3Jnuocn = 8.9, 5.5, and 8.0 Hz

I'The B to § interproton distance in phenylalanine residues varies
within 2.55 £ 0.15 A as the torsion angle y between the C§ and Cy
carbons is rotated around 360° (Billeter et al., 1982).
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for T30, K40, and C'*?, respectively, in the PAK peptide;
3JNH(1CH = 5.0, 5.7, 8.0, and 8.0, Hz for A128’ K140, C142, and
N4 respectively, in the PAO peptide; and *Jxgach = 4.5,
8.0 and 8.6 Hz for A3, F1¥7, and T'¥, respectively, in the
KB7 peptide. Thirty degrees was subtracted from the lower
boundaries and added to the upper boundaries of these ¢
restraints (¢ + 30°) in order to account for inacuracies
associated with the significant flexibility of these peptides.

Stereospecific assignments and torsion angle v restraints
(for the PAK peptide only) were generated using the
Stereosearch program (Nilges er al., 1990), which requires
a 3Jxnocn coupling constant and sequential NOE information
as input. Stereosearch uses an error margin of £20° on its
calculated 1 restraint values (y £ 20°). This error margin
was extended to £40° (1 £ 40°) again in order to account
for the significant flexibility of these peptides (as opposed
to protein structures for which Stereosearch was originally
designed). Using the Stereosearch program, stereospecific
assignments (R, S) (Cahn et al., 1956) of 8 and o protons
were obtained for residues Cys'?®, Phe!¥, and Pro'* in the
PAK peptide, Cys'?, Pro!'¥, and Pro!* in the PAO peptide,
and Cys'®, Phe'¥, and Pro'*® in the KB7 peptide. These
assignments are given in Table 1. Additional stereospecific
assignments were made as the structure calculations were
performed (see below). A summary of the constraints used
for structure generation of PAK 128—144, PAO 128—144,
and KB7 128-144 is given in Table 3.

Structural calculations were performed as described previ-
ously (Mclnnes et al., 1993) using Biosym software (San
Diego, CA) and a Silicon Graphics Iris Crimson hardware
platform. Calculations were performed utilizing a simulated
annealing (SA) protocol adapted from that of Nilges ef al.
(1988) which employs the CVFF force field. This searches
for the global minimum of a target function which is
comprised of the standard energy terms of the CVFF force
field for bonded interactions and a simple quartic nonbonded
potential with van der Waals radii. The distance information
was included using a skewed biharmonic potential which
was equal for all restraints. All peptide bonds were forced
to trans® geometry during the calculations. Charge interac-
tions and cross terms were not included in the calculations.
A cutoff distance of 5 A for nonbond interactions was used.

The calculations consisted of 14 stages including an initial
energy minimization of randomly distributed atoms (100
steps steepest descent and 2000 steps conjugate gradient),
55 ps of molecular dynamics in 3 stages at 1000 K, during
which the NOE force constants were scaled from 0.00001
to 20 kcal, 10 ps of molecular dynamics during cooling to
300 K in S stages, and a final full-energy minimization in 4
stages (100 steps steepest descent, 2000 steps conjugate
gradient, 100 steps steepest descent, and 15000 steps
conjugate gradient).

Calculation of the PAO and KB7 structures and refinement
of the previously determined PAK structure were performed
using a program, PEPFLEX-II (Wang et al., 1995), which

2 Restraint of all X-Pro peptide bonds (Ile'*¥—Pro'*® in PAK, Asp'3*—
Pro'* and Thr'¥—Pro'*® in PAO, and Arg'*®—Pro'*® in KB7) to trans
geometry during the calculations was considered reasonable given that
the pattern of dominant X-Pro NOE connectivities observed in the
NOESY spectra of the peptides confirmed a trans configuration (see
Results section). In addition, earlier structure calculations of the pilin
peptides leaving the X-Pro peptide bonds unrestrained resulted in trans
geometries around these bonds.
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combines the restrained SA protocol outlined above with an
ensemble full-relaxation matrix approach and an iterative
NOE restraint modification procedure. The PEPFLEX-II
program addresses the problem of solving solution structures
for flexible peptides which can exist in solution as a large
ensemble of interchangeable conformations. Since this
interconversion is fast on the NMR time scale, structural
information obtained is the “average” of these multiple
conformations and can lead to a meaningless “averaged”
structure. PEPFLEX-II allows the flexible peptide to sample
a wider conformational space. A series of iterative NOE
restraint modifications lead to a final distance restraint file,
which is obtained when the NOEs calculated and averaged
from a final family of structures best agree with the original
experimental NOEs. By definition, the final family of
structures is obtained when a minimized total RMS deviation,
calculated as the squared sum of the differences between
averaged calculated and experimental NOEs, is obtained.

Iterative refinement of the peptide structures with the
PEPFLEX-II program allowed additional stereospecific as-
signments to be made of protons which could not be
unambiguously assigned from the Stereosearch program.
Stereospecific assignments were possible where local back-
bone and side-chain RMSDs in the family of peptide
structures were sufficiently low (<1.0) to observe a well-
defined stereochemistry around the Ca or C8 carbon of
selected residues (generally a result of longer range NOEs
involving the § protons of the residue). For example,
iterative refinement produced well-defined turn regions
involving residues Asp'*—Phe'¥” and Pro!**—Cys'*? in all
three peptide structures. This allowed the assignment of
stereospecific NOEs involving the o protons of Gly'#! and
the § protons of Asp'** and Cys'¥2. Stereospecific assign-
ments were thus obtained for the a and § protons of residues
Asp'* and Gly'! in the PAK peptide, Asp'*, Gly'!, and
Cys!'*? in the PAO peptide, and Gly'*! in the KB7 peptide
(see Table 1).

A tota]l of 7, 16, and 9 rounds of SA/PEPFLEX-II was
performed on the PAK, PAO, and KB7 peptides, respec-
tively, to obtain a modified restraint file where no violations
of >0.3 A were observed in the ensemble family of structures
group for less than 10% of the total number of distance
restraints. A total of 35 consecutive SA runs was then
performed from the final distance restraint file to generate
35 structures for each peptide, and an average structure was
calculated and energy minimized using steepest descents and
conjugate gradients. The average energy-minimized structure
was then analyzed using the programs VADAR (Wishart et
al., 1994) and PROCHECK (Laskowski et al., 1993) to
assess the quality of the structure.

RESULTS

Resonance Assignments and Chemical Shifts. The amino
acid sequences of P. aeruginosa strains PAK, PAO, and KB7
pilin C-terminal residues 128—144 are aligned in Figure 1,
and although this region displays limited homology, there
are residues which are conserved across the three strains
(Cys'?, Asp'®, Phe'?, Pro'®®, Gly'¥!, and Cys!#?). These
conserved residues may confer a conserved structural motif
to the C-terminal region of the pilin protein since all three
strains bind with this region to a common glycosphingolipid
cell surface receptor (Ramphal et al., 1984, 1991; Krivan et
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Strain | 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144
PAK | K T[s]p Q[DP]E Q [F]|I1 s K
KB7 | S AlT| T V|D| A K |F|R T D
PAO | A K|s|T Qf|p|lPp ™MI|F]|T D N
cpd | T T|s| T Q|E|E M|F]|I N K
K122-4| A T|s| N A|D|N K |Y|L Q T

FIGURE 1: Primary structure of the C-terminal region (residues 128—144) of five strains of P. aeruginosa. Residues in boldface are those
conserved in the PAK, PAO, and KB7 strains. Residues which are conserved in all strains are in the shaded box, while semiconserved

residues are in the white box.

al., 1988a,b; Baker et al., 1990) and compete for a common
receptor on the epithelial cell surface (Doig et al., 1990; Lee
et al., 1994).

The '"H NMR assignments for the PAK, PAO, and KB7
peptides at pH 5.0, 5.0 °C, are presented in Table 1. A
superficial inspection of the table shows that some conserved
residues, such as C'*?, have similar chemical shifts across
the strains (C'** aCH shifts are 4.78 ppm in PAK, 4.75 ppm
in PAO, and 4.80 ppm in KB7), whereas other conserved
residues, such as D'*, have substantially different chemical
shifts across the strains (D'* oCH shifts are 4.60 ppm in
PAK, 4.84 ppm in PAO, and 4.55 ppm in KB7).

The chemical shift similarities and differences of residues
across the three strains are easier to assess when the
differences between backbone proton chemical shifts and
their random coil values are calculated. Deviations from
random-coil values of aCH and NH protons are indicative
of secondary structure in that all 20 naturally occurring amino
acids experience a mean o-proton shift of —0.39 ppm
(upfield from the random-coil value) when placed in a helical
configuration, whereas a mean o-proton shift of +0.37 ppm
is experienced when the residue is placed in an extended
configuration (Wishart et al., 1991). Figure 2A presents a
plot of AducHebs—coil Versus residue position for the PAK,
PAO, and KB7 peptides where no Aducobs—coil Values greater
than +0.3 ppm for any of the residues in the three peptides
can be seen. This suggests that the three peptides possess a
certain degree of conformational flexibility since there are
no strongly delineated helical or extended regions defined
from the aCH chemical shift values. This conformational
flexibility is also suggested in Figure 2B, which presents a
plot of *Jxuqcn coupling constant versus residue position for
the three peptides. The majority of */xnacn coupling constant
values are greater than 6 Hz and less than 8 Hz, indicating
that the peptides are quite flexible, possibly undergoing a
conformational equilibrium between helical and extended
dihedral space.

Further evidence for peptide flexibility comes from
calculation of the ratio of the dun(i,i) and dgn(i—1,i) NOEs,
dno/dan. The magnitude of this ratio is dependent mainly
on the ¥ dihedral angle of residue (i—1); thus for dna/dun
> 1.1, y(i—1) is in o-helical conformational space, whereas
for duo/dex < 0.83, y(i—1) is in fB-strand conformational
space.” Measurement of dyo/dun ratios for all possible
residues in the PAK, PAO, and KB7 peptides yields values
0.83 < dno/dun < 1.1, suggestive of no rigidly defined
regions of a-helix or B-strand.

* The NH(/)—aCH(i—1) distance corresponding to dax(i,i) is co-
valently fixed in the 2.7—=3.1 A range for the o-helix and f-strand,
whereas the NH(i/)—aCH(i—1) distance corresponding to dan(i—1.i) is
3.4—3.6 A for the a-helix and 2.2—3.1 A for the f-strand. Conse-
quently, the dxa/dax ratio is > 1.1 for the a-helix and <0.83 for the
f-strand (Gagné et al., 1994).

Table 1: 'H NMR Assignments of PAK, PAO, and KB7 128144
Trans 1soforms
residue  NH o-CH B-H y-H o-H and others
(A) PAK 128—144 (pH 5.0, 5 °C)
K'?% 844 435 1.84,2.05 1.47 1.77. ¢ 2.98
cr 8.82 481 2.99% ¢ 3328
T3 829 448 4.32 1.22
Shil 8.52 4.53 3.89
D32 852 4.6l 2.72
Q'Y 833 429 2.00, 2.15 2.35
D™ 842 4.60 2,738, 2.82%
E'3 842 420 2.01,2.12 2.34
Qe 8.53 4.16 1.90 2.10
F'37 8.07 4.64 3.03%, 3.18% 0 7.23, € 7.34,
£7.29
[13 8.07 4.38 1.82 1.14,1.53 0.84,0.89
p'¥ 4.36 1.94% 2365 199,207 3.63% 3.87%
K40 8.54 423 1.84 1.47,1.53 1.70,€ 3.00
G 8.68 3.91% 4.05°
c 8.15 4.8 3.00,3.22
S+ 8.53 452 3.89
K 822 4.17 1.84 1.43 1.74. € 3.00
(B) PAO 128—144 (pH 5.0.5 °C)
Al 8.44 427 1.35
C'2 864 464 3.01% 3215
K130 8.48 4.38 1.77, 1.91 1.43 1.64, € 2,96
St 8.44 4.46 3.85,3.93
T 8.22 4.06 4.18 1.07
13831 4.27 1.92,2.13 2.32
DM 822 484 2,617 2875
piis 4.42 2.03% 2335 196 3.67%, 3.87%
M6 870 4.39 1.89 2.48 2.31
F137 7.95 4.56 3.10 & 7.18, € 7.31,
£7.27
T 791 448 4.05 1.16
pi3Y 4.29 2007 2325 196 3.675,387F
K 836 4.23 1.77 1.44 1.66. € 2.96
G 8.51 3.86F 4.00°
C*2 819 475 2.935,3.23%
D" 859 465 2.59,2.75
NI+ 8.06 443 2.64,2.74
(C) KB7 128—144 (pH 5.0, 5 °C)
s 8.46 452 3.88,3.94
cr 8.92 470 2.98F 3.28%
A0 44 437 1.43
THI 8.19 4.44 4.33 1.22
T2 799 443 4.34 1.21
v 8.19 4.09 2.12 0.97
D'3* 847 455 2.75
AlS 826 411 1.42
K130 8.39 4.10 1.63 1.15 1.57, € 2.91
F'37 8.01 4.67 2.99% 3258 0 7.25, € 7.36.
£7.30
R!¥# 8.07 4.63 1.72, 1.81 1.65 319
p'¥ 4.38 2.01% 2355 1.92 3.615 3.71F
N0 8.69 4.65 2.82
G 849 3.90% 4.05%
Ccre2 8.22 4380 3.00, 3.25
T 849 445 432 1.19
D' 820 444 2.65,2.75

“The R, § stereochemistry of the 3 protons is according to the Cahn—
Ingold—Prelog convention (Cahn et al., 1956).

Regardless of the inherent flexibility of the PAK, PAO,
and KB7 peptides, a close inspection of Figures 2 does reveal



NMR Solution Structures of P. aeruginosa Pilin Peptides

0.4

A8 o CHobs-coil (ppm)

10.00

3Ja CH-NH (Hz)

4.00 4

ATAALLLRLRRRARRARRRNE

(1
’
4
4
/4
4
H
4
4
/)
’
‘
7

128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144
residue #

FIGURE 2: Plots of (A) the difference in NMR chemical shift
(observed — random coil) for the aCH proton Aduchobs—coil and
(B) the NHaCH vicinal NMR coupling constant 3Jypacy Versus
sequence for PAK 128—144 (white box), PAO 128—144 (black
box), and KB7 128—144 (cross-hatched box) measured from 'H
NMR data taken at pH 5, 5.0 °C.

Table 2: Temperature Coefficient Values for PAK, PAO, and KB7
128—144 Trans Isoforms

—AGS/AT x 1000°

residue PAK PAO KB7
128 7.0 6.8 7.5
129% 7.0 7.3 9.5
130 7.0 6.8 55
131 7.0 6.8 6.5
132 5.0 6.2 4.0
133 5.5 34 6.5
134 6.5 6.9 8.5
135 5.0 7.0
136 55 6.5 6.5
137 35 2.5 5.0
138 7.0 3.7 6.5
139
140 8.0 6.2 9.0
141 7.5 6.2 7.5
142 3.0 2.3 3.0
143 7.0 4.6 8.0
144 8.5 6.0 7.5

@ Uncertainty in the temperature coefficient values is £0.5 ppb/K.
¢ Boldface indicates residues conserved in PAK, PAO, and KB7.

some common structural features. Residues 129, 130, 131,
137, 138, 141, and 142 show upfield shifts of 0.1—0.3 ppm
for the aCH protons in all three peptides (Figure 2A),
suggestive of an extended configuration. The *Jxuacn
coupling constants for these same residues (except for 141)
are all greater than 6 Hz* (Figure 2B), consistent with a ¢
angle in extended or $-strand dihedral space (¢ < —70°).
Structural differences between the peptides are seen for
residues 132 and 134, which show significant differences in
chemical shifts across the three strains (Figure 2A).

43 Jntach values =8 Hz are observed for T'3 and C'*? in the PAK
peptide, C'*? in the PAO peptide, and F'*’ in the KB7 peptide.
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Temperature Coefficients. The temperature dependence
of the amide proton chemical shift is an indication of possible
intramolecular hydrogen bonding. For a random-coil peptide
in water, the temperature coefficients of the amide proton
resonances are expected to be 6 < —AJ/AT =< 10 ppb,
whereas for amides protected from exchange with the solvent
these values are expected to decrease to —AJ/AT < 5 ppb
(Rose et al., 1985). The temperature coefficients for the
amide backbone protons of the PAK, PAO, and KB7 peptides
are shown in Table 2. The decreased temperature coef-
ficients of the amides of Phe'*” and Cys'*? in the PAO and
KB7 peptides suggest hydrogen bonding to these residues. -
On the basis of these temperature coefficients and NOE
patterns (discussed below), putative hydrogen bonds were
identified as Asp'** CO—Phe!¥” NH and Pro'* CO—C!*2NH,
in agreement with those identified in the PAK pilin peptide
(MclInnes et al., 1994).

Secondary Structure. The NOEs diagnostic of S-turns
include dun(2,3), dun(3.4), don(2,4), dun(2,3), and dnn(3.4)
cross-peaks (Wiithrich et al., 1984; Wagner et al., 1986),
where the numbering indicates the position in the turn. The
NOEs required for positive identification of a S-turn are a
weak don(2,4) cross-peak, corresponding to a distance of 3.6
A in the type I turn and 3.3 A in the type II turn, and a
strong dnn(3.4) cross-peak, corresponding to a distance of
2.4 A in both types of turns (Wiithrich er al., 1984). Type
I and type II turns may be distinguished by the relative
strengths of the dun(2,3) and the dnn(2,3) cross-peaks. The
type I turn displays a medium dg~(2,3) cross-peak and a
strong dnn(2,3) cross-peak, corresponding to distances of 3.4
and 2.6 A, respectively, whereas the type II turn displays a
strong dn(2,3) cross-peak and a weak dnn(2,3) cross-peak,
where the corresponding distances are 2.2 and 4.5 A

Figure 3 shows the dun, dan, and dgx regions of the
NOESY spectra of the oxidized PAK (Figure 3A), PAO
(Figure 3B), and KB7 (Figure 3C) peptides at pH 5.0, 5.0
°C. Under these conditions the spectra exhibit similar NOE
connectivities. All three peptides display strong dnn(3.4)
cross-peaks between X'3¢ and Phe!?” and between Gly'*! and
Cys'¥?, and weak don(2,4) cross-peaks are observed between
X'40 and Cys'*? in the PAK and PAO spectra (Figure 3A,B).
The dyn(2,4) cross-peak between Asn'“? and Cys!*? in the
KB?7 spectra can be observed at lower thresholds. A weak
don(2,4) cross-peak is observed between Glu'* and Phe!?’
in the PAK spectrum as a shoulder on the strong Gln'*—
Phe!37 don(3,4) cross-peak (Figure 3A). dun(2,4) cross-peaks
between X'3 and Phe'*” in the PAO and KB7 spectra are
overlapped with the strong X!¥—Phe'?” dyn(3,4) cross-peaks
(Figure 3B,C). The dxn(3,4) and d,n(2,4) NOEs described
above are diagnostic of two fS-turns in the regions Asp!3*-
X-X-Phe'? and Pro'3%-X-Gly-Cys'#2, Other NOEs which
suggest the presence of S-turns in these regions are those
observed in the dgx region of the PAK and PAO spectra
(Figure 3A,B) between the 3 protons of Asp'3 and X'** and
the backbone NH of Phe'?” and between the § protons of
Pro™ and X'*° and the backbone NH of Cys!*? (the Pro'*—
Cys'#? dgy NOE is observed at lower thresholds in the PAO
spectrum in Figure 3B).

Additional evidence for the turns is afforded by the small
temperature coefficients of the Phe!*” and Cys!#? backbone
amides for all three peptides (see Table 2), a likely
consequence of its involvement in the (1,4) hydrogen bond
present between the carbonyl oxygen of the first residue in
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FIGURE 3: dnn, dun. and dgy regions of the (A) 600 MHz NOESY spectrum of oxidized 5 mM PAK 128—144, (B) 500 MHz NOESY
spectrum of oxidized 5 mM PAO 128—144, and (C) 600 MHz SCUBA-NOESY spectrum of oxidized 5 mM KB7 128—144. All peptides
are in 90% H>0/10% D-O, pH 5, 20 mM NaOAc, and 100 mM KCI at 5.0 °C. NOEs identifying observed S-turns are labeled.

the turn and the amide hydrogen of the last residue in the
turn (Asp'** CO—Phe'?” NH and Pro'?* CO—C!*? NH) (Rose
et al., 1985). In addition, the *Jnuocu coupling constants for
residues 135 and 140 in position 2 of the putative turns are
6.4 and 5.5 Hz for Glu'3* and Lys!*’ in the PAK peptide, 5.7
Hz for Lys'* in the PAO peptide (*Jnuuch for Pro'® in the
PAO peptide cannot be measured), and 4.5 and 6.3 Hz for
Ala'® and Asn'® in the KB7 peptide (see Figure 2B). These
coupling constants are all equal to or less than 6.4 Hz and
consistent with a ¢ angle greater than —70°, and therefore
consistent with ¢, = —60° for most turns (Richardson, 1981).

The presence of strong dun(2,3) and weak dnn(2,3) cross-
peaks between X'%0 and Gly'#! for all three peptides (see
Figure 3) suggests a predominant concensus configuration
of type II for the turn spanning Pro'**-X-Gly-Cys'#? (Chan-
drasekhar et al., 1991). The configuration of the turn
spanning Asp'**-X-X-Phe'?’ is somewhat less obvious on the
basis of the relative intensities of the dyn(2,3) and dan(2,3)
cross-peaks. The PAK spectrum (Figure 3A) displays a
strong dnn(2,3) cross-peak between Glu!*» and Gln'3,
although it is not possible to determine the intensity of the
dun(2,3) cross-peak since it is overlapped with another. The
PAO spectrum (Figure 3B) displays a moderately strong d~-

(2,3) cross-peak between Pro'? and Met!*® but no dyn(2,3)
cross-peak since Pro'*® contains no backbone amide. In the
KB7 spectrum (Figure 3C), both dyn(2,3) and dnn(2,3) cross-
peaks between Ala'®® and Lys'*® are moderately strong.
Although the relative intensities of these NOEs do not lead
to a concensus of configuration across the first turn, the
presence of the population of the type I turn is suggested by
moderately strong dsn(2,4) connectivities between X'3 and
Phe'3” for all three peptides since this distance can approach
as closely as 2.9 A in a type I turn but only as close as 3.6
Ain atype Il turn. The dsn(2,4) connectivity between X140
and Cys'#? is absent in the PAO and KB7 spectra (Figures
3B,C) and is comparatively very weak in the PAK spectrum
(Figure 3A), consistent with a configuration of type II for
the second turn in all three peptides.

Cis versus Trans Isomers. The oxidized PAK peptide has
been found to exist as two distinct conformations in solution
which have been demonstrated to arise as a result of
isomerization of the Ile'*¥—Pro'* peptide bond (Mclnnes et
al., 1994). The cis isomer was shown to exist in the oxidized
form of the peptide to a significant degree (20%) in water
at 5 °C (Mclnnes et al., 1993). The PAO and KB7 peptide
sequences both contain the conserved Pro'?® residue, with
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an additional proline, Pro'*, in the PAO sequence. Any of
these prolines could provide a site for isomerization leading
to cis and trans isomers around Asp!**—Pro!35 and Thr!38—
Pro'* in the PAO peptide and Arg'¥—Pro'* in the KB7
peptide. Thus, there could potentially be two KB7 isomers
and four PAO isomers in solution. However, unlike the
oxidized PAK peptide for which the cis isomer is present to
a significant degree at 5 °C, no cis isomers can be observed
for either the oxidized PAO or the oxidized KB7 peptide in
solution at the same temperature. The one-dimensional
spectra of the PAO and KB7 peptides show no clear
additional resonances attributable to the presence of well-
populated major and minor species. Only exceedingly weak
resonances barely distinguishable above the baseline noise
can be attributed to minor species which must be present to
less than 5% of the total population of peptide in solution.
The pattern of NOE connectivities connecting the major
resonances confirms that the conformations are trans around
the X—Pro bonds. Strong dus(i,i+1) and dns(i,i+1) con-
nectivites involving Asp'**—Pro'** and Thr'3¥—Pro'* in the
PAO peptide and Arg!*¥—Pro'* in the KB7 peptide char-
acterize trans configurations around these X—Pro peptide
bonds. Conversely, a cis configuration around an X—Pro
peptide bond would be characterized by doa(i,i+1) and do~-
(i,i+1) connectivities which were not observed for these
major resonances. The conformation of the minor resonances
in the PAO and KB7 spectra could not be determined due
to the small intensities of the peaks involved which produced
no NOE;s above the noise threshold in the NOESY spectrum.
The fact that there is a significant amount of cis isomer in
the PAK peptide around the X—Pro'*® but virtually no cis
isomer around this same bond in the PAO and KB7 peptides
may suggest that the cis isoform has less biological signifi-
cance than the trans isomer in the PAO and KB7 pilin strains
versus the PAK pilin strain.

3-D Structure Determination. Since a high population of
the folded form of any peptide is needed before structure
calculations can be meaningful, rough calculations were
made to quantitate populations of the PAK, PAO, and KB7
peptides folded into turn conformations around the two sites
spanned by residues Asp!**-X-X-Phe!3? and Pro!*-X-Gly-
Cys'#2. With the understanding that accurate measurements
of the folded form from a population of flexible peptides in
solution are difficult to obtain, we have used a method
developed by Yao et al. (1994) and adapted to estimate the
turn population in the pilin peptides from the 3Jxgacu
coupling constants measured for the residues in position 2
of the two putative turns, i.e., residues X'** and X4, A
two-site model was used in which residues X!35 and X4
could find themselves in either a turn conformation or in an
extended conformation. Assuming 100% turn conformation,
the coupling constants for X'*° and X'*° should be */nuecn
= 4 Hz, corresponding to a ¢, = —60° (Pardi et al., 1984).
Assuming, 100% extended conformation, coupling constants
of 3/nuacn = 9 Hz are expected, corresponding to a ¢ <
—100° (Pardi et al., 1984). From these two extreme values
of *Jnuach, the measured 3/nuqch values were used to estimate
the percentage of turn or extended conformation for residues
X! and X'*0, and these percentages were averaged and taken
as a measure of the overall population of the folded peptide.
Averaged values were obtained of 65% for the PAK peptide,
69% for the PAO peptide, and 75% for the KB7 peptide.
Thus, from this rough estimate it would appear that about
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Table 3: Constraints Used for Structure Generation of PAK, PAO,
and KB7 128—144 Structures.

PAK PAO KB7

NOE-derived distance constraints

intraresidue 73 124 101
sequential (i —j| = 1) 62 66 52
medium range (|i — j| < 4) 33 36 13
long range 1 8 1
total distance constraints 169 234 167
generic distance constraints 4 4 4
dihedral angle restraints
¢ 3 4 3
Y 5 0 0

70% of the population of the PAK, PAO, and KB7 peptides
in solution is folded in solution.

Using the SA/PEPFLEX-II protocol outlined in the
Experimental Procedures section of this paper, the NMR
solution structures of the PAO and KB7 peptides were
calculated from NOEs, 3J/nuqcy coupling constants, and
generic distance restraints (from measurement of temperature
coefficients), and a solution structure of the PAK peptide
previously determined in this laboratory (McInnes er al.,
1993) was refined under the same protocol. Table 3 presents
a summary of the constraints used for the generation of the
PAOQO, KB7, and PAK (Mclnnes et al., 1993) peptides. An
ensemble of 35 structures was generated for each peptide,
and an average structure was calculated and energy mini-
mized for a subset comprised of the major conformation
within the ensemble. 25/35, 33/35, and 33/35 structures were
used to calculate the averaged and minimized PAK, PAQO,
and KB7 structures, respectively.

Figure 4 shows the ensemble of simulated annealing
structures and the energy-minimized average structure for
the PAK, PAO, and KB7 peptides. Panels A, C, and E
display the energy-minimized average structure of the PAK,
PAO, and KB7 peptides, respectively, with the backbone
displayed as a solid ribbon (red for PAO, green for PAK,
and yellow for KB7) and the side chains CPK space-filled
and color-coded. Panels B, D, and F display the ensemble
of simulated annealing structures of the PAK, PAO, and KB7
peptides, respectively, with backbone atoms superimposed
from residues 134 to 142 and the energy-minimized average
structure of the backbone superimposed on the ensemble as
a ribbon of congruent lines (red for PAO, green for PAK,
and yellow for KB7).

Several features are evident from the ensemble of struc-
tures shown in Figure 4B,D,F. For all three peptides, there
is generally a high degree of flexibility at the N- and
C-termini (residues 128—134 and 142—144). The region
between residues 134 and 142 shows the highest definition,
as reflected in the calculated backbone RMSDs. The
RMSDs for the superimposed residues within the disulfide
loop (residues 129—142) are 1.2 + 0.4, 1.2 £ 0.5, and 2.1
£ 0.2 for PAK, PAO, and KB7, respectively, whereas the
backbone RMSDs calculated for superimposed residues
134—142 are 0.8 £ 0.2, 0.8 = 0.3, and 1.4 £+ 0.3 for PAK,
PAO, and KB7, respectively.

Table 4 presents the ¢, ¥ values for the energy-minimized
average structures of the PAK, PAO, and KB7 peptides.
PROCHECK analyses of PAK, PAO, and KB7 structures
show that none of the ¢, i dihedral values fall into the
disallowed range, with the majority of ¢, v values falling
into the most favored regions. One can clearly see from
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Table 4: ¢, y Values for the PAK, PAO, and KB7 128—144
Energy-Minimized Average Structures

PAK PAO KB7
residue ¢ Y [) Y 1] Y

128 142 98 149
129 —80 —67 —109 153 —66 —-52
130 —86 125 —-76 129 —87 109
131 —69 —-60 —86 96 —136 —68
132 —116 —78 —146 82 —88 134
133 —141 91 -84 102 —81 91
134 —-112 76 —-132 167 -158 141
135 —67 -37 -56 —40 —63 -39
136 —85 -20 -76 -22 =73 —14
137 —116 126 —80 150 =73 —54
138 —-127 138 —-107 105 —-78 122
139 =72 167 -59 —-42 -72 154
140 —66 116 =72 115 —73 114
141 96 3 105 —-26 83 29
142 —81 —68 —111 -86 —81 149
143 —138 81 —134 107 -91 123
144 —-139 -97 —89

2 Boldface indicates residues conserved in PAK, PAO, and KB7.

disulfide bond and in the disposition of hydrophobic residues
across the strains. The differences in the backbone confor-
mations of residue 132 and the conserved residue Asp!** are
reflected in the differences in the backbone proton chemical
shifts observed for these residues (Table 1 and Figure 2A).
The differences in the backbone conformations of the
remaining residues are not clearly reflected in the backbone
proton chemical shifts, especially in the cases of Cys'?® and
Cys'* for which the chemical shifts and *Jxgacu coupling
constants are fairly similar and suggest an extended confor-
mation. However, there is as yet no accepted methodology
which allows intermediate chemical shifts or intermediate
coupling constants (6 Hz < 3Jygecu < 8 Hz) to guide NMR
solution structure determination, especially in the case of
flexible peptides where there is likely to be an equilibrium
of conformational states. Therefore, it is the NOEs, and
especially the NOEs defining the hydrophobic cores of the
PAK, PAO, and KB7 peptides, which ultimately determine
the final conformation(s) of the peptides.

Panels A, C, and E of Figure 4 show the position of the
side chains in the energy-minimized average structures of
the PAK, PAO, and KB7 peptides, respectively. The PAK
peptide (Figure 4A) shows a hydrophobic core composed
of the side chains of Phe!?’, Ile'?®, and Pro'*®, whereas the
PAO peptide (Figure 4C) shows a hydrophobic core com-
posed of the side chains of Phe'*” and Pro'* but not Thr!3,
These hydrophobic interactions were observed as side-
chain—side-chain NOEs between Phe!*’, Tle!3®, and Pro'¥*
in the PAK spectrum and between Phe'3” and Pro'* in the
PAO spectrum. Side-chain—side-chain NOEs between Phe'”
and Thr'*® were not observed in the PAO spectrum. A
VADAR analysis of the PAK and PAO structures gives the
fractional exposed surface area (FSA) of the side chains of
each residue. The FSA values in the PAK peptide are 67%,
33%, and 34% for Phe!'?, Ile'38 and Pro!®, respectively,
whereas the comparative FSA values in the PAO peptide
are 24%, 91%, and 39% for Phe!'®’, Thr'*%, and Pro!%°,
respectively. These values suggest that the side chain of
residue 138 is not as intimitely involved in the hydrophobic
pocket in the PAO structure as it is in the PAK structure.

The KB7 peptide (Figure 4E) shows a different arrange-
ment of hydrophobic residues. In this structure, a hydro-
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phobic “face” is comprised of Val'** and Phe!?’, whereas
the side chains of Arg!®® and Pro!*® are somewhat buried in
the core of the peptide. The Val'** and Phe'*” hydrophobic
interaction is observed as side-chain—side-chain NOEs
between these two residues in the KB7 spectrum. Side-
chain—side-chain NOEs between Phe!*” and Pro!* are not
observed, although there are side-chain—side-chain NOEs
between Arg'*® and Pro'®®. (Spectral overlap does not allow
side-chain—side-chain NOEs to be cleanly observed between
Phe!”” and Arg'*®) The VADAR analysis of the KB7
structure gives fractional surface area values of 81%, 38%,
36%, and 62% for Val'3}, Phe!¥, Arg!®, and Pro'*,
respectively. These values suggest that the side chain of
Phe!¥ is also somewhat buried, mostly due to its disposition
towards Val'3® which turns it toward the core of the peptide,
whereas the side chain of Val'3? is fairly solvent exposed
but still in close proximity to the side chain of Phe!¥’.
Figure 5 gives a picture of the positional definition of the
side chains in the hydrophobic pockets of the PAK, PAO,
and KB7 peptides. Panels A, D, and G show the variation
in the disposition of side chains within the region encom-
passed by residues 134—142 for the PAK, PAO, and KB7
peptides, respectively, as represented by an ensemble of
simulated annealing structures superposed over residues
134—142. The hydrophobic pocket of the PAK peptide
(Figure 5A) appears fairly well defined, with the positions
of the side chains of Phe'?’, Ile!, and Pro'3® well determined.
The hydrophobic pocket of the PAO peptide (Figure 5D)
appears slightly less well defined, with the position of the
Phe'”" side chain slightly less well determined than it is in
the PAK peptide. This could be a result of greater mobility
in this region of the PAO peptide or of the absence of side-
chain—side-chain NOEs from Phe'?" to residue 138 (Ile!?8
in PAK and Thr'*® in PAO) in the PAO peptide. The position
of the Phe'?’ side chain in the KB7 peptide (Figure 5G)
appears the least well determined of the three peptides, with
the whole region from residues 134 to 142 appearing less
well defined than it does in the PAK or PAO peptides. The
lack of definition in this region of the KB7 peptide could be
due to the fact that the hydrophobic face of KB7, comprised
of Val'*3 and Phe'¥’, is not completely included within the
region superposed for the diagram. If folding of a peptide
occurs around a nucleus of hydrophobic residues, then the
area around a hydrophobic nucleus should be the least mobile
region in the whole peptide with the greatest number of local
side-chain contacts, leading to a greater number of local side-
chain—side-chain NOEs and a structurally more defined
region. Therefore, one would not expect the KB7 peptide
to display the same level of side-chain or backbone definition
for residues 134—142 as observed in the PAK or PAO
peptides, since the hydrophobic nucleus of the KB7 peptide
is not completely contained within this stretch of residues.
Future relaxation studies are planned for the pilin peptides
in order to differentiate between low structural definition as
a result of genuine mobility of the backbone and side chains
or low structural definition as a result of lack of NOE
contacts or of averaging between static configurations.
Whereas structural differences are observed in the orga-
nization of the hydrophobic pockets of the PAK, PAO, and
KB7 peptides, striking similarities are observed in the
immediate vicinities of the S-turns, which are almost
superimposable in terms of residue position and conforma-
tion. Figure 6 shows the energy-minimized average struc-
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FIGURE 5: Ensemble of simulated annealing structures of pilin peptides PAK 128—144 (top strip of panels A, B, and C), PAO 128—144
(middle strip of panels D, E, and F), and KB7 128—144 (bottom strip of panels G, H, and I) showing the disposition of the side chains in
the hydrophobic pockets and in the two 3-turn regions. Panels A, D, and G show the disposition of side chains comprising the hydrophobic
pockets for the PAK, PAO, and KB7 peptides, respectively, with backbone atoms superimposed from residues 134 to 142. Panels B, E, and

H show the disposition of side chains in the first S-turn region (Asp'*-X-X-Phe!*") for the PAK, PAO, and KB7 peptides, respectively,
with backbone atoms superimposed from residues 134 to 137. Panels C. F, and I show the disposition of side chains in the second f-turn
region (Pro'**-X-Gly-Cys'#?) for the PAK, PAO, and KB7 peptides, respectively, with backbone atoms superimposed from residues 139 to

142.

tures of PAK, PAQO, and KB7 superimposed from residues
134—137 and 139—142 and displaying the structural similar-
ity of the -turn regions. For all three structures, two 3-turns
are observed between residues 134 and 142: a type I S-turn
spanning the conserved sequence Asp'*-X-X-Phe'?” and a
type II B-turn in the conserved sequence Pro'*-X-Gly-Cys'*%.
The ¢, v dihedral angles defining the turns fall within (—62
£ 6° —39 £ 2°) (=78 £ 7°, —19 £ 5°) for (¢, y)i3s (¢,
Yz and (=70 £ 4°, +115 £ 1°) (+95 £+ 12°, +2 £ 28°)
for (¢, Yo (¢, Y) 141 (see Table 4), which agree with the
concensus (¢, ¥); (¢, )3 values of a type I and type IT turn,’
respectively, if one allows an error margin of +20°.

VADAR analyses of the PAK, PAO, and KB7 structures
detect the presence of H-bonds between Pro'?® CO and Cys"™
NH in all three structures, consistent with the presence of a
B-turn in this region. Furthermore, additional H-bonds were
found between Asp'** CO and Phe'*” NH and between Thr'*#
CO and Cys'¥? NH in the PAO structure.® VADAR analysis
of the PAK peptide assigned type I and type II turns for

S(g, )2 (¢, )3 = (—60°, —30°) (—90°, 0°) for a type I turn and
(—60°, +120%) (+90°, 0°) for a type II turn (Richardson, 1981).

residues 134—137 and 139—142, respectively. The same
regions in the PAO and KB7 peptides were assigned as type
II7 and type II turns.

The differences in the hydrophobic interactions between
the three peptides account partly for the differences in
the global folds of the backbones and in the relative
orientation of the two #-turns. The differences in the relative
orientations of the two S-turns can be seen in Figure 5A,D,G,
where the position of the second j-turn (Pro'*-X-Gly-
Cys'*?) is kept fairly constant for each peptide, whereas
the relative position of the the first fS-turn (Asp'**-X-X-
Phe'?7) varies substantially for each peptide. This is clearly
seen in the position of the side chains of Phe'?” and Pro'*
which are oriented very differently from figure to figure and
which are reflected in the ¢, y values of Phe'*” and Pro'*
(see Table 4).

6 The identification of H-bonds in the VADAR program is based
upon an ideal H—O length of 3.5 A and an ideal CO—NH vector angle
of 90°, with concessions for bent geometries which require closer
proximity of the donor/acceptor pairs.

7 The difference between a type I and type III turn is a subtle one
involving the ¥ value only. The VADAR program assigns a type 1
turn when —30° = 35 = 0° and a type III turn when 0° = 33 = +30°.
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FIGURE 6: Energy-minimized average structures of PAK (red), PAO (green), and KB7 (yellow) superimposed from residues 134 to 137

(left) and residues 139 to 142 (right) showing the two fS-turn regions.

Figure 5 gives a picture of the positional definition of the
side chains around the two f-turn regions of the three
peptides. Panels B, E, and H show the disposition of side
chains in the first S-turn region (Asp'**-X-X-Phe'??) for the
PAK, PAO, and KB7 peptides, respectively; and panels C,
F, and I show the disposition of side chains in the second
B-turn region (Pro'*-X-Gly-Cys'*?) for the PAK, PAO, and
KB7 peptides, respectively. The S-turn backbone conforma-
tions appear fairly well defined for each peptide. However,
in Figure 5C two different conformations around the Gly'#!
backbone for the PAK peptide can be seen, a function of
the 13 dihedral angle which “flip-flops™ between +20° or
—20° in the simulations. The positions of the side chains
of hydrophilic residues in the turn regions of the three
peptides are not especially well defined, suggesting the
possibility of increased mobility for these residues. This can
be observed in the side chain of residues 136 (Gln'*® in PAK,
Met'* in PAO, and Lys'* in KB7) in the first 3-turn region
and 140 (Lys'* in PAK and PAO and Asn'*’ in KB7) in the
second S-turn region where greater conformational flexibility
could allow greater versatility in adapting to the topology
of the receptor.

DISCUSSION

The Presence of 5-Turns and Correlation to Antigenicity.
From the wealth of X-ray crystal structures of antibody—
peptide complexes which have recently emerged in the
literature, it is clear that the most common antibody
recognition motif in a peptide is a S-turn. This recognition
motif is either a simple single type I or type Il j-turn
(Stanfield ef al., 1990; Rini ef al., 1992; Shoham, 1993) or
a more complex arrangement of two or three turns, aligned
sequentially along the recognition sequence of the peptide
(Garcia et al., 1992; Tormo et al., 1994; Ghiara et al., 1994).
NMR studies of peptide antigens (Dyson et al., 1985,
1988a,b; Chandrasekhar et al., 1991; Blumenstein et al.,
1992; Scherf ef al., 1992; Zvi et al., 1992; Mclnnes et al.,
1993; De Lorimier et al., 1994) along with secondary
structure predictions show that the peptide has a strong
tendancy to adopt stable 5-turn conformations in the absence

of antibody. In fact, features incorporated into peptide
antigens which stabilize S-turns have been shown to increase
antibody affinity (Hinds et al., 1991; Blumenstein er al.,
1992).

Recent crystallographic data obtained for antibody-antigen
complexes show that antigens maintain -turn conformations
when bound while the antibody undergoes a conformational
change in order to effect binding (Stanfield et al., 1990; Rini
et al., 1992; Schulze-Gahmen er al., 1993; Ghiara et al.,
1994). The study of a Fab in complex with a peptide from
influenza virus hemagglutinin (Rini er al., 1992; Schulze-
Gahmen et al., 1993) showed that while the antigen retains
the free conformation (containing a type I f-turn), the
antibody undergoes a large conformational change in one
of the hypervariable loops to create a binding pocket for the
p-turn of the peptide. A comparison of the crystal complexes
of the principal neutralization site of HIV-1 with two Fab
fragments, one from a broadly-neutralizing and one from a
strain-specific antibody, found that the two Fab’s recognized
overlapping epitopes, while the HIV peptide antigen bound
in both complexes as a conserved set of multiple S-turns
(Ghiara et al., 1994). The mechanism of antibody-induced
fit as a means of antigen recognition allows a possible
mechanism for cross-reactivity of the same antibody with
different antigens or the same antigen with different antibod-
ies. That the hypervariable loops in the combining sites of
antibodies are capable of great flexibility in accommodating
bound antigen allows for the possibility of the development
of broad-spectrum vaccines against different strains of the
same pathogen.

The fS-turns in PAK, PAO, and KB7 occur in the receptor
binding domain of the pilus. A strain-specific monoclonal
antibody, PK99H, directed against the PAK pilus was found
to block pilus-mediated adherence to buccal and tracheal
epithelial cells (Doig er al., 1990). The PK99H epitope was
located in the sequence 134—140 (Asp-Glu-Gln-Phe-Ile-Pro-
Lys) in PAK and was found to contain three critical residues,
Phe!¥, Tle'*®, and Lys'"¥, two of which are located in the
J-turns (Wong et al., 1992). A second monoclonal antibody,
PAK-13, raised against the PAK pilus is cross-reactive with
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all three pilin peptides and their native pili and recognizes
the same epitope in the PAK peptide as PK99H comprised
of the same three critical residues (Phe!?’, Ile'%, and Lys'4?)
(H. B. Sheth, W. Y. Wong, R. T. Irvin, and R. S. Hodges,
unpublished results). These results confirm that the two
B-turns, Asp'3-X-X-Phe!*” and Pro'**-X-Gly-Cys!*?, are the
structural elements required for strain-specific or cross-
reactive antibody recognition in the PAK peptide.

An examination of the energy-minimized average PAK
structure in Figure 4A shows that the three critical residues
for binding to antibody, Phe'?’, Ile!®, and Lys'*, appear to
be presented on one face of the molecule. A comparison of
the PAK structure with the PAO and KB7 structures shows
that the side chain of Phe'*” is more buried in the PAQ and
KB7 structures and therefore less accessible for interaction
with a combining site. In the KB7 structure in particular,
the side chain of Phe'¥ is turned toward Val'** and toward
another face of the molecule altogether. In addition, there
are differences in the relative orientations of the two S-turns
across the three peptide structures. These differences in turn
orientation as well as in the position and surface accessibility
of Phe'¥ observed in the PAK, PAO, and KB7 peptide
structures suggest different binding topologies around the
B-turns for each peptide. Different critical residues compris-
ing the PAK-13 epitopes on the PAO and KB7 peptides
(other than residues 137, 138, and 140 found critical for the
PAK peptide—PAK-13 antibody interaction) might also be
expected. A cross-reactive antibody like PAK-13 would
therefore need a conformationally flexible combining site
in order to accommodate such topologically different anti-
genic surfaces as those encountered with the PAK, PAO,
and KB7 pilin peptides.

Whereas the hypervariable loops of a cross-reactive
antibody like PAK-13 may change conformation to accom-
modate to different peptide configurations, it could also be
argued that the peptides themselves change conformation to
adapt to a more rigid antibody combining site. However,
transferred NOE studies of the PAK, PAO, and KB7 peptides
binding to the Fab fragment of PAK-13 (unpublished data)
show no change in secondary conformation of the peptides
upon binding to antibody. This suggests that the secondary
conformation of the turns as well as the relative orientations
of the turns is maintained upon binding to antibody, in
agreement with the crystallographic studies (Rini et al., 1992;
Schulze-Gahmen et al., 1993).

Implications of the Structure of PAK and KB7 Peptides
for Receptor Binding. PAK and KB7 pilin C-terminal
peptides have been demonstrated to bind with similar affinity
to their receptor on host cells (A549 human pneumocyte cell
line) (Wong et al, 1995). This occurs despite limited
sequence homology between the two strains. Wong et al.
(1995) have mapped the adhesintope of PAK binding to
A549 cells (i.e., the residues which are essential for affinity)
using a series of peptides incorporating single alanine
replacement. The essential residues identified for PAK were
Ser3!, GIn'%, Ile!3, Pro'¥, Gly'*!, and Lys'*. In addition,
the disulfide loop between residues Cys'?® and Cys'*? was
shown to be required for recognition of the peptide by the
receptor. Data obtained for KB7 adherence to A indicates
that Alab%, Thr3!, Thr!®, Val!33 Asp!'¥, Ala'®5, Lys!'%,
Arg'®8, and Pro'*® are essential residues.

Interestingly, the residue position in the sequence appears
to determine the adhesintype rather than identity of residue
type. For example, the positions common to both adhesin-
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topes are 131, 136, 138, and 139, yet 136 involves glutamine
in PAK and lysine in KB7 and 138 involves isoleucine in
PAK and arginine in KB7. These results lead to the proposal
by Wong et al. (1995) of multiple compensational mutations
between strains which may be required to maintain the
structural requirements for receptor interactions. For ex-
ample, though the essential Ile!* in PAK is replaced by the
essential Arg'*® in KB7, the hydrophobicity for receptor
binding is maintained by the essential residue Val'*} in KB7.
Similarly, the positive charge of Lys!'** in PAK which is
Asp'* in KB7 could be replaced by Arg'*® or Lys!3 in KB7.

Can a comparison of the solution structures obtained for
the PAK and KB?7 pilin peptides explain their similar receptor
binding affinities? As has already been established, the
backbone conformations of PAK and KB7 are very similar
in the regions of the two B-turns. From the adhesintope
mapping results, three of the six essential residues in the
PAK sequence, and four of the nine essential residues in
the KB7 sequence lie in the region encompassing the two
turns. Thus, it would seem as if the region of the two f3-turns
constitutes the important structural motif required for receptor
binding.

For the PAK peptide, two out of the four essential residues,
Pro!3® and Gly!#!, are located in the i and i+2 positions of
the second type II S-turn (Pro!¥-X-Gly-Cys'4?). Therefore,
it is possible that the second type II B-turn is the important
structural motif required for receptor binding. Since the
second type II turn is present in the cis isoform of PAK
(Mclnnes ez al., 1994), then it is possible that this form binds
to the receptor. The lack of the cis isomer in KB7, however,
seems to suggest that the frans isomers are responsible for
receptor binding although the rotation of the Arg'3¥—Pro'¥®
amide bond could occur upon binding. The importance of
the first type I S-turn between Asp'**-X-X-Phe'*? for PAK
peptide receptor binding is less clear since only one of the
adhesintope residues (GIn'3¢ in position i+2) is required for
receptor binding.. However, it is possible that the PAK
peptide binds in a double-turn motif, with the second turn
being more intimately associated with the receptor.

For the KB7 peptide, the situation is somewhat reversed,
since three of the nine essential residues are located in the
the first type I S-turn and only one is in the second type II
fB-turn. Asp'*, Ala'®, and Lys!3 are located at the J, i+1
and i+2 positions of the type I 3-turn, whereas Pro!*® is
located at the i position of the type II S-turn. Wong et al.
(1995) found that substitution of Gly'#! in the KB7 sequence
still allowed binding to A549 cells, suggesting that the type
II B-turn is not as essential for interaction to the receptor.
Furthermore, more of the adhesintope residues were located
at the N-terminal side of the KB7 peptide and close to the
type I B-turn. This all suggests that the type I -turn is more
important than the type II -turn for the KB7 pilin peptide
interaction with its receptor, although it is also possible that
the KB7 peptide binds in a double-turn motif, with the first
turn being more intimately associated with the receptor.

It is not surprising that the residues comprising the
adhesintopes of the PAK and KB7 peptides are so different
given that the overall folds of these two peptides differ so
markedly as well as the disposition of the side chains
comprising the hydrophobic pockets. The adhesintope of
the PAK peptide seems to center around its hydrophobic
pocket, comprised of the side chains of Phe!¥, Ile!3, and
Pro'; whereas the adhesintope of the KB7 peptide seems
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to center around its hydrophobic face, comprised of the side
chains of Val'** and Phe'¥’. In fact, with the exception of
Phe!¥’, these hydrophobic residues consitutute some of the
most important residues in the adhesintopes of both peptides.

The relative orientation of the two (-turns is apparently
not significant for binding. This can be deduced since the
turn orientation in the two strains is quite different, though
the peptides may undergo a conformational change upon
binding in order to effect a more favorable orientation of
the turns for receptor affinity. Since Phe'?’ is nonessential
in both the PAK and KB7 peptides for receptor binding, it
is unlikely that the hydrophobic stacking of Phe'?” and Pro'¥
is important. This suggests that the interaction is broken in
the bound form of PAK and possibly assumes a conformation
that resembles that of KB7. If PAK binds as the cis form,
then this conformational rearrangement may not be neces-
sary. Other residues which have been shown to constitute
part of the adhesintope, such as Ser'3! and Lys'* in PAK,
are found in less structured regions of the peptide. They
may not contribute to receptor affinity in terms of stabiliza-
tion of secondary structure.

Implications for Synthetic Vaccine Design. One of the
goals in the development of synthetic vaccines is to engineer
a peptide immunogen which optimizes the desired im-
munological response. The discovery in recent years that
immunogenic and antigenic peptides adopt stable and thus
identifiable secondary structure in solution brings this goal
within reach. In the case of P. aeruginosa, the identification
of a common structural motif consisting of two S-turns in
the receptor binding domains of PAK, PAO, and KB7 pilin
peptides suggests that it is the turns which constitute the
critical structural element for receptor binding. This finding
coupled with the observation that S-turns occur in im-
munogenic regions of peptides and proteins and that their
structure is preserved upon antibody binding indicates that
peptide engineering of synthetic vaccines might be used to
generate peptides with increased stability of the S-turn
structural elements. A more stable S-turn in the synthetic
vaccine should lead to enhanced immunogenicity and cross-
reactivity of resulting antibodies produced from the vaccine.

Though this NMR study has identified a common struc-
tural motif among three peptide antigens from the receptor
binding domain of three strains of P. aeruginosa pilin, it
has also found that the overall folds of the three peptide
antigens differ as well as the disposition of side chains
comprising the hydrophobic pockets. These latter results
indicate the complexity of the structure—function relation-
ships involved in the binding of P. aeruginosa strains to their
receptor and the need for more three-dimensional structures
of the receptor binding domains of other strains and analogs
of these native peptides. Such studies in conjunction with
adhesintope mapping and immunological studies should be
able to determine the role side chains play in maintaining
the folded structure versus their role in controlling specificity
of the immune response in generating P. aeruginosa anti-
peptide antibodies that are cross-reactive and strain-specific.
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