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Binding Domain ofPseudomonas aeruginogali Strain PAK: A Heteronuclear
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ABSTRACT. The C-terminal receptor binding region BSeudomonas aeruginogdin protein strain PAK
(residues 128144) has recently been the target for the design of a synthetic peptide vaccine effective
against multiple strains &®. aeruginosanfection. We have successfully cloned and bacterially expressed
a15N-labeled PAK pilin peptide spanning residues 4284 of the intact PAK pilin protein, PAK 128
144(Hs145), and have determined the solution secondary structure of this peptide using heteronuclear
multidimensional NMR spectroscopy. The oxidized recombinant peptide exists as a trejsy énd

minor (cis) species in solution, arising from isomerization around th&HeProt®® peptide bond. The
pattern of NOEs, temperature coefficients, and coupling constants observedtfanisomer demonstrate

the presence of a typeftturn and a type I3-turn spanning AspF*+Glu-GIn-Phé3” and Prd3%-Lys-Gly-

Cys'*2 respectively. This is in agreement with the NMR solution structure oftithies isomer of a
synthetic PAK 128-144 peptide which showed a type | and a typg-turn in these same regions of the
sequence [Mclnnes, C., Boichsen, F. D., Kay, C. M., Hodges, R. S., and Sykes, B. D. (1BRighemistry

32, 13432-13440; Campbell, A. P., Mclnnes, C., Hodges, R. S., and Sykes, B. D. (Bi8&emistry

34, 16255-16268]. The pattern of NOESs, temperature coefficients, and coupling constants observed for
the cis isomer also demonstrate a typefHturn spanning PA§%-Lys-Gly-Cys“2 but suggest a second
B-turn spanning Asp%-GIn-Asp-GIU35. Thus, thecisisomer may also possess a double-turn motif (like
thetransisomer), but with different spacing between the turns and a different placement of the first turn
in the sequence. The discovery of a double-turn motif intthes (and cis) recombinant PAK pilin
peptide is an extremely important result since the double turn has been implicated as a structural requirement
for the recognition of both receptor and antibody. These results pave the way for future isotope-edited
NMR studies of the labeled recombinant PAK pilin peptide bound to antibody and receptor, studies integral
to the design of an effective synthetic peptide vaccine.

Pseudomonas aeruginogaa Gram-negative rod-shaped C-terminal region can be raised with synthetic peptides and
bacterium which causes infections resulting in opportunistic used to counteract infection by blocking bacterial attachment
respiratory disease in cancer, cystic fibrosis, and intensive (16). SinceP. aeruginosaxists as seven different strains,
care patientsl—5). The initial step in the pathogenicity of production of a cross-reactive antibody effective against all
P. aeruginosas believed to be adherence to the host cell strains would be most desirable for an antibody therapeutic.
via polar pili on the bacterial surface,(5, §. The pili are It is possible to envisage such a cross-reactive antibody since
proteinaceous filaments composed of a homologous polymerall strains bind to the same receptdr, (L3, 17-19).

o; F;:"n prrote|n ©). Tﬂe Sl:? mmor;}served C'te”.“'”g' rbe.glé).n In an effort to understand the structural basis for this cross-
3 t € pl |?Pmonom§ r 25 hee? S ?AN T t? co”ntainltz eThm Ing reactivity with antibody and receptor, the nuclear magnetic
omain ofP. aeruginosgo host epithelial cellsg—12). The resonance (NMR) solution structures of four synthetic

seven different strains d?. aeruginosashare a common : ; - : P
. o eptide antigens spanning the C-terminal receptor bindin

glyqosphlngollp|d cell surche repepto?,(_la where the Fegﬁons of fc?ur straFi)ns oIP.gaeruginosapiIin (PAKF,) PAO, ;
minimal structural eIem_ent IS a @sacchgnﬂésalNAc(l— KB7, and P1) have been studied, and a common structural
4)BGal, shown to specifically bind strains PAK and PAO moti% of two sequentiaB-turns has’been revealeg0-22).
(14, 19. ) , ) . ) . All four pilin peptides bind to a common glycosphingolipid

In counteracting®. aeruginosanfections, an anti-adhesin cell surface receptorl@, 15 H. B. Sheth, personal com-
vaccine has been proposed. Antibodies specific for the p"usmunications) as well as to a cross-reactive monoclonal

antibody, PAK-13, raised against the PAK pilu3).
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There is evidence that the conserved motif of two
sequential3-turns occurs in the epitope region of the pilus
(24, 25. Competitive ELISA binding assays and single

Campbell et al.

a-helical coiled-coil dimerization motif (E-coil) which acts
as a C-terminal fusion tag. The other half of the two-stranded
o-helical coiled-coil dimerization motif (K-coil) is im-

alanine replacement analyses of the synthetic peptide antigermobilized on an insoluble silica support for selective

corresponding to the PAK C-terminal receptor binding region

have demonstrated that the cross-reactive antibody, PAK-
13, and a monoclonal antibody specific for the PAK strain

both bind to the PAK sequence which spans the two
sequentials-turns @4). Furthermore!H NMR studies of

the interaction between PAK-13 and the four synthetic

peptide antigens, PAK, PAO, KB7, and P1, have spectro-
scopically mapped the antigenic determinant to the two turns
in all four peptides. The two turns are thus predicted to

constitute the structural element for strain-specific or cross-
reactive antibody recognitior2).

The discovery of the immunogenic importance of the
fB-turn in the pilin system is supported by other research
groups in other systems. NMR evidence has been found of
fA-turns in the free solution structures of antigenic peptides
(26—31), and X-ray crystal structures of antibodgeptide
complexes have showfi-turns deeply embedded in the
antibody-antigen interface32—37). In fact, features in-
corporated into peptide antigens which stabiffzeirns have
been shown to increase antibody affinity1( 39. Thus,
the 5-turn may constitute one of the most important structural
motifs for antibody recognition and binding. The turn motif

dimerization affinity chromatography. In such a way, the
pilin peptide-E-coil construct has been expressed and
purified to >95% on the K-coil affinity column43). We
have used this expression and purification system to express
15N-labeled PAK pilin peptide spanning the C-terminal
receptor binding residues 12844 of the intact PAK pilin
protein, and are working on the expression and purification
of other pilin peptides. The expressiontéfl-labeled peptide
allows for more sophisticated isotope-edited, multidimen-
sional NMR experiments of the peptidantibody or pep-
tide—receptor complexes, in order to probe in detail the
structural immunology of these interactions. In additi6N,
relaxation experiments of the labeled pilin peptides should
allow studies of changes in the mobilities and dynamics of
the peptide epitope regions free in solution versus in complex
with antibody or receptor.

We present here a heteronuclear multidimensional NMR
analysis of the secondary structure'®fi-labeled recombi-
nant PAK 128-144(Hs145) pilin peptide. These structural
analyses are necessary in order to determine if the bacterially
expressed peptide retains the structural integrity of the two
sequentials-turns, especially with the addition of a non-

provides a stable and surface-accessible secondary structurpative homoserine residue at the C-terminal end of the

(39, 40, criteria which are likely necessary in order for
binding of an immunogenota B cell receptor to elicit an
immune responset().

There is also evidence that tfieturns are involved in the
recognition of a glycosphingolipid cell surface receptor
common to many strains d?. aeruginosa(25, 4. The
binding of the PAK peptide to a disaccharide receptor analog,
BGalNAc(1-4)5Gal, was studied usingH NMR in order
to map the ‘adhesintope’ recognized by the recep2. (

Spectral changes observed in the peptide spectrum with the

binding of receptor were similar to those seen for the binding
of antibody, suggesting that the epitope recognized by the
antibody is structurally coincident with the adhesintope
recognized by the receptor. In addition, Woegal. (42)
have mapped the adhesintope of PAK and KB7 synthetic
peptide antigens binding to A549 cells (i.e., the residues
which are essential for affinity) using a series of peptides
incorporating single alanine replacements, and have identified
essential residues in the turn regions of both peptides.

Transferred NOESY experiments of the pilin peptides in
complex with PAK-13 antibody and disaccharide receptor
analog have probed for conformational changes irfthans
and hydrophobic pockets of these peptides induced by
binding to antibody or recepto2f). The bound peptide
conformations differed little from the conformations free in
solution, suggesting that the free peptide conformation is
similar to the bound conformation and is therefore of
structural and biological significance. Although this is an
interesting result, these experiments have been hampered b
the inherent limitations of homonuclear two-dimensional
NMR spectroscopy, which does not allow for isotope-edited
experiments.

Recently, a bacterial expression and purification system
for recombinant pilin peptides has been developed by Tripet
et al. (43) whereby the DNA coding for the pilin peptides
has been fused to the DNA coding for half of a two-stranded

peptide (Hs145), a remnant of cyanogen bromide cleavage
of a methionine residue engineered at the end of the pilin
sequence in the gene construct. To our knowledge, this is
also the first published NMR study of a recombinant peptide

which is'®*N-labeled via a bacterial expression system, and

as such provides an economic alternative to expensive
chemical synthesis dfN-labeled peptides.

EXPERIMENTAL PROCEDURES

Expression, Isotope-Labeling, and Purification of Recom-
binant PAK Pilin Peptide. Construction of the vector
pRLDE and PAK-pilin (met) gene fusion has been previ-
ously described in detail by Tripet al. (43), but for clarity

we point out the general features of the cloning, expression,
and purification. The DNA coding for the PAK pilin
receptor binding domain peptide (residues-1288, KCTS-
DQDEQFIPKGCSK) was fused downstream of the omp A
signal sequence (for export to the bacterial periplasm) and
upstream of the DNA coding for half of a two-stranded
o-helical coiled-coil heterodimerization domain motif (E-
coil)? which when expressed acts as a C-terminal fusion tag.
Directly flanking the PAK sequence (at its &d 3 ends)
was the engineering of two codons coding for methionine
residues. Purification of the expressed fusion product was
carried out by loading the extract onto a silica column
containing immobilized K-coil (the other half of the two-
strandedx-helical coiled-coil heterodimerization motif). After
purification, the PAK pilin-E-coil fusion was cleaved using

%yanogen bromide to produce the free PAK pilin peptide

with an additional homoserine residue located at the C-
terminus [PAK pilin (Hs)].

2E-coil and K-coil denote 35-residue peptides that form a het-
erodimeric 2-stranded-helical coiled-coil where positions ‘e’ and ‘g’
of the heptad repeat ‘abcdefg’ are occupied by glutamic acid or lysine
residues, respectivelytd).
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Growth, Induction, and Lysis of Bacteria Containing
Recombinant PeptideThe expression of théN-labeled
PAK pilin—E-coil peptide construct in bacterial vector
pRLDE was carried out in minimal medium consisting of

Biochemistry, Vol. 36, No. 42, 19972793

Leader(Omp A) - M - KCTSDQDEQFIPKGCSKM - KFGGGGGGGG - E Coil

pRLDE
Amp-R, ori,

lac I, lac P/O

M9 salts as described by Maniats al. (44) and supple-
mented with {®NH4),SO,. Each 1 L ofmedium at pH 7.4
contained 12 g of Na#PO,, 6 g of KHPO,, 2 g of NaCl,
and 1 g of {NH,),SO, to which was added 2 mL of 1 mM
MgSQO, and 0.9 mL of 1 mM FeS© Glucose (50 mL of \
20% in HO) was added with supplements of carbenicillin Leader - M - PAK 128-144 (M) - KFGGGGGGGG - E coil
to final concentrations of 10 mg/mL and 1Q@y/mL,
respectively. All minerals and additives were sterilized
separately by autoclaving or ultrafiltration.

E. coli BL21(DE3) cells 45) harboring the PAK pilin-
E-coil fusion peptide vector were grown overnight at’&7 Ficure 1: Schematic drawing showing the expressidN:labeling,

with shaking, in LB medium containing carbenicillin (100 and purification of the recombinadtN-labeled PAK 128-144-
ug/mL). The following morning, $i 1 L cultures of minimal (Hs145). The terminal residue (145) is a homoserine (Hs) left from

media were innoculated with 1/100 dilution of the overnight the CNBr cleavage of the pili peptide from the C-terminal E-coil
culture and were grown at 37C to an Asso of 0.5-0.6. fusion tag in the gene construct.

Production of recombinant peptide was then induced by theh . idue liberated by the CNBr ¢l
addition of IPTG to a final concentration of 1 mM. The 'OMOSErne residue libérated by the T cleavage process
was present as an roughly equimolar mixture of intercon-

bacteria were grown for an additidn@ h at 37 °C with . . )
shaking, and the expressed peptide was obtained by gverting homoserine and homoserine lactone groups. In order

e : : to convert all cleaved PAK pilin peptide into the homoserine
modified osmotic shock treatmert@). Cells were centri- ! ) .
fuged at 4009 for 10 min at 4°C and resuspended in TES form, the.pepude was dissolved in 100 mM MHCO; and .
buffer (100 mM Tris-HCI, 5 mM EDTA, 20% sucrose, pH left overnight at room temperature. The base-catalyzed ring
8.0) to a final volume of 8’0 mL per grarﬁ wet weight bells cleavage of the homoserine lactone ring to the homoserine
were gently shaken at room temperature for 10 min, and the(48) was monlto_red by_ RP-HPLC and Vef'f'ed by mass
suspension was centrifuged at 56@6r 10 min, 4°C. The spectrometry using a Fisons VG Quattro triple quadrupole
pellet was resuspended in 5 mM ice-cold Mg&@O mL mass spectrometer (Manchester, England) fitted with an

per gram wet weight), and the cells were shaken again for 1electrospray ionization source operating in the positive ion

h onice. The suspension was then centrifuged at §é&0 mode.. Following complete interconvgrsion to_the ho-
10 min at 4°C, and the supernatant constituting the moserine form, the peptide was relyophilized to remove the

periplasmic fraction was lyophilized for the subsequent NH/HCO,, and the powder was “S?d d|rect_lyfor preparation
purification step using K-coil affinity column chromatogra- of the NMTS samplc_e. A scherr_]z_atlc.drawmg showing the
phy @43). expression; N—Iabghng, and purification of théN—IabeIed

K-Caoil Affinity Column ChromatographyThe lyophilized 'recqmbmant peptide, PAK 12844(Hs145), is presented
periplasmic fraction containing the recombin&iN-labeled In Figure 1 L i
PAK pilin—E-coil peptide was resuspended in 30 mL of _ Competitie ELISA Binding Assays of Recombinant PAK
dH,O/1 L of culture, and the pH was adjusted to 6.5. Pilin Peptide Binding to Monoclonal Cross_—ReaxEtlAnn—
Material which was unable to be resolubilized was removed P0ody PAK-13. Competitive ELISA was carried out accord-
by centrifugation and filtration through a 0.22n filter. The ~ ing to the protocol described by Worgal. (24) in order to
periplasmic extract was then loaded onto the K-coil affinity Measure the apparent association conskajif¢r the binding
column at a flow rate of 0.5 mL/min. After loading, the Of the recombinant PAK pilin peptide to the monoclonal
column was washed sequentially with a high-salt wash, an cross-reactive antibody PAK-13. The binding of the syn-
acetonitrile wash, and finally with 50% aqueous acetonitrile thetic PAK pilin peptide to PAK-13 was also measured for
with 1% trifluoroacetic acid (TFA), as described by Tripet Comparative purposes. Briefly described here, microtiter
et al. (43). The final eluent was lyophilized. The affinity- wells were cc_)ated with intact PAK pili and incubated _Wlth
purified product was characterized by RP-HPLC and mass @ Solution mixture of PAK-13 antibody and recombinant
spectroscopy (see below) to confirm the identity and the pept!de (or synthetic pepnde) a.t various cpncentratlons of
integrity of the intrachain disulfide bridge. Overall recovery Peptide. TheK, for the association of peptide to PAK-13
of 5N-labeled PAK pilin-E-coil peptide was found to be  Was Fhen calculated by the formuka = 1/l50 as d_escrlbed
~10 mg/L of growth culture. by Nietoet aI.(A_19). The PAK_-13 monoclor_1a| antlbo_dy IgG

CNBr Digest of PAK Pilin(met)E-Coil. CNBr cleavage ~ Was prepared in mouse ascites as described previol8ly (
of the PAK pilin(met)-E-coil peptide was carried out by 23).
incubating 0.6«mol of the peptide in 1.0 mL of 0.1 N HCI NMR SpectroscopySamples were prepared by dissolving
and 60umol of CNBr for 24 h at room temperature in the recombinant°N-labeled PAK 128-144(Hs145) in 50QiL
dark @7). The reaction mixture was then diluted 5-fold with  of 90% H0/10% DO PBS buffer to a concentration of 1
dH.0 and lyophilized. Final recovery of the purified CNBr- MM. DSS was added as an internal chemical shift reference
cleaved PAK pilin(Hs) peptide was obtained using RP- and the pH subsequently adjusted to 5.0 using NaOH and
HPLC. HCI solutions.

Base-Catalyzed Ceersion of the C-Terminal Homoserine All 2D and 3D heteronuclear NMR experiments were
Lactone to HomoserineThe PAK pilin peptide C-terminal  carried out using the enhanced sensitivity pulsed field

1. Expression, 15N-labeling
2. Periplasmic components released
by osmotic shock

3. Affinity chromatography with K-coil column
4. CNBr digestion
) S. Treatment with sodium bicarbonate

PAK 128-144 (Hs145): KCTSDQDEQFIPKGCSK(HS)
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gradient method50, 51 on a Varian Inova-500 or Unity-

Campbell et al.

A s

600 NMR spectrometer equipped with three channels, a oal

pulsed-field gradient triple resonance probe with an actively
shielded z gradient, and a gradient amplifier unit. 28—

H HSQC spectraq2) were acquired at 600 MHz with the
following number of complex points, acquisition times, and
spectral widths: F1{N) 256, 85 ms, 1500 Hz; F2K) 1024,

78 ms, 6600 Hz; 8 transients. 3fN-edited NOESY HSQC
(52, 53 and 3D**N-edited TOCSY HSQCH2, 54 experi-
ments were performed at 600 MHz and at mixing times of
150, 300, and 400 ms for the NOESY and 60 ms for the
TOCSY. Both experiments employed the following number
of complex points, acquisition times, and spectral widths:

8.2
8.3
8.4
8.5
8.6

F2 (ppm)

8.7
8.84
8.94
9.0+
9.1
9.2

0 145¢ 0138

0145
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144c 138 0
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3? Q142¢
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1319 f130

O135¢
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F1 (HN) 240, 24 ms, 5000 Hz; F2#) 1024, 78 ms, 6600
Hz; F3 (°N) 52, 21 ms, 1217 Hz; 12 transients. An HNHA

128

126 124 12

120

i
118

16

experiment $5) was performed at 500 MHz and employed
the following number of complex points, acquisition times,
and spectral widths: F1*IN) 112, 16 ms, 3500 Hz; F2
(*H) 768, 64 ms, 6000 Hz; F3%\) 64, 32 ms, 1000 Hz; 16
transients.

All 2D and 3D data sets were processed on SUN Sparc5
and Silicon Graphics Indigo2 workstations using NMRPipe
and NMRDraw software provided by F. Delaglio (NIDDK,
NIH, Bethesda, MD, unpublished). Spectra assignment was
achieved using the interactive graphic-based program PIPP
(56). Postacquisition solvent subtraction was employed in
the spectra where backbone amide protons were detected in

7.9
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8.2
8.34
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014ic

the acquisition dimension5y). Typically, spectra were
processed in the acquisition and indirect dimension with 90
shifted sine-bell squared apodization. For constant thide
evolution periods, mirror image linear prediction was used
to double the time domain signals88g). A time domain
deconvolution procedure5]) was used to minimize the
signal from residue water fdfN-edited 3D experiments.

Temperature coefficients{AJ/AT ppb) were calculated
for the amide protons of recombinant PAK 12844(Hs145)
from linear plots of chemical shift versus temperature
measured from®N—H HSQC spectra acquired at 5.0, 10.0,
15.0, 20.0, and 25.0C. 3JuynacH COupling constants were
obtained for each residue from the ratio of the intensities of

128

126 124 122

120

s
F1 (ppm)

—
116

FiGURE 2: 2D 15N—!H HSQC spectra of recombinatiN-labeled
PAK 128-144(Hs145) at (A) 5.0C and (B) 25.0°C showing
upfield shifting of resonances with temperature. Peaks arising from
the minorcis conformer of the PAK peptide are denoted by the
letter ‘c’ after the residue, i.e., 144c. The peptide was in 9048/H
10% DO, pH 5.0.

M~1 for the binding of the recombinant PAK pilin peptide
to antibody PAK-13, as opposed td<g of (10.3+ 1.0) x

10° M~ for the synthetic PAK pilin peptide. Given the
similarity of these binding constants, it would appear that
the recombinant PAK pilin peptide is as immunologically

active as the native peptide, and therefore is immunologically
equivalent. The structural basis for this immunological
equivalence will now be examined.

cis versus trans Isomers The oxidized synthetic PAK
128-144 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'#fe-Pro'3° peptide
bond 69). Figure 2 shows thé&N—'H HSQC spectra of
the 1°N-labeled PAK 128-144(Hs145) at 5.0C (2A) and
at 25.0°C (2B), where a doubling of all peaks can be clearly
seen arising frongis/transisomerization around the &—
Pro®° peptide bond in the recombinant peptide. The
approximate proportion otrans to cis isomer can be
calculated from the ratio of the intensity of the major to minor
HSQC peaks in these spectra as 88:12 at 26.and 80:20

the diagonal peak of residueto its aH—NH (i,i) cross-
peak in the HNHA spectrabb).

RESULTS

Binding of the Recombinant PAK Pilin Peptide to Mono-
clonal Cross-Reacte Antibody PAK-13 Since the eventual
goal of expressing atPN-labeled PAK pilin peptide is to
allow for more sophisticated isotope-edited, multidimensional
NMR experiments of the peptidentibody (or receptor)
complexes, it is important to validate the recombinant PAK
pilin peptide as being equivalent to the native peptide, not
only structurally but also with respect to its affinity to the
relevant antibodies and receptors. Competitive ELISA
binding experiments were thus perfomed in order to measure
the apparent association constafy) (for the binding of the
recombinant PAK pilin peptide to the monoclonal cross-
reactive antibody PAK-18. This is the antibody for which
all previous NMR studies of pilin peptide/antibody interac-
tions were studied (25), and for which all future isotope-
edited NMR studies of the recombinant peptidatibody
complex will be performed. These competitive ELISA
binding experiments producedk, of (6.3 & 0.5) x 10°

8 The sensitivity of the competitive ELISA binding experiment is
too low to accurately measure the apparent association contgnt (
for the binding of the recombinant PAK pilin peptide to the receptor
analogfGalNAc(1-4)5Gal, since these values are at least 30 times
weaker than the affinities measured for the recombinant PAK pilin
peptide binding to antibody PAK-13. This is in agreement with the
affinity measured for the biotinylated synthetic PAK pilin peptide
binding to apGalNAc(1-4)3Gal-BSA conjugate from solid phase
ELISA binding assayslf).
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at 5.0 °C, showing that the population of thas isomer trans andcis isomers, and for the backbone amide protons
increases as the temperature decreases. This is in agreemenf Cyst?°, Thi*¥0, and Ly$**in thetransisomer, and Cy§°

with the proportions observed for the synthetic PAK peptide and Ly$*4in thecisisomer. These chemical shift differences
where thecisisomer was shown to exist in the oxidized form are expected since the chemistry of the recombinant peptide
of the peptide to a significant degree (20%) in water at 5.0 differs from that of the synthetic peptide at the N- and

°C (59). C-termini, leading to different local environments. In the
The conformation of theransisomer is confirmed by the ~ recombinant peptide, the N-terminal residue (E§)shas a
presence ofdys(i,i+1) connectivities defining thdrans free amino group, and the C-terminal residue is a homoserine

lle138—Prgt3° peptide bond in the 33°N-edited NOESY (Hs145) with a free carboxyl group; whereas in the synthetic
HSQC at 5.0°C. However, since the thel,(i,i+1) peptide Ly$%® is N-acetylated and the C-terminal residue
connectivity which defines ais lle13—Prg" peptide bond  (Lys'*%) is amidated. Since the backbone amide of'8is

is absent in thé®N-edited NOESY HSQC, the conformation unprotected in the recombinant peptide, it exchanges too
of thecisisomer must be inferred from a comparison of the rapidly with solvent to be detected in any of tH#l-edited
chemical shifts of this minor isomer to previous assignments spectra (see Figure 2), and therefore cannot be assigned.

of the cis isomer of the synthetic PAK pilin peptid&). The differences in chemical shift observed for ¢hproton
Resonance Assignments and Chemical Shiftee'H and are conformationally more significant than those observed

N NMR resonance assignments for th@ns and cis for the amide proton because thegoroton chemical shift is

isomers of the recombinarifN-labeled PAK 128-144- uniquely sensitive to changes in secondary struct@, (

(Hs145) at 5.0 and 25.TC are presented in Table 1. These whereas the amide proton chemical shift is sensitive to many
were obtained from the analysis of 3BN-edited HSQC  factors including solvent environment. Therefore, the ab-
NOESY experiments performed at 5 and TOCSY  sence of significantrans or cis o proton chemical shift
HMQC experiments performed at 25°C, together with  differences between the recombinant versus the synthetic
temperature coefficient information (discussed below) and peptide in the region spanned by residues-1P43 strongly
assignments for thiH chemical shifts of the synthetic PAK  jndicates that the secondary conformation of this region is

128-144 peptideZ1, 59. A quick perusal of the dissimilar  the same in the recombinant peptide as it is in the synthetic
5N and'H chemical shifts for théransversus theisisomer peptide for both isomers.

suggests that these peptides adopt different conformations, -
even in regions of the sequence far removed from tHéHe Temperature CoefficientsThe temperature dependence

Pro® peptide bond. of th_e ami_de prot(_)n chemical shift is often useql to detect
possible sites for intramolecular hydrogen bonding. For a
random-coil peptide in water, the temperature coefficients
of the amide proton resonances are expected tohe-AJd/
AT =< 10 ppb, indicating that the backbone is freely solvated
by water and that no hydrogen bonds are present which
would protect the backbone amides from solvent exchange.
However, for amides protected from solvent exchange, these
values are expected to decrease-thd/AT < 5 ppb 61),
indicating either the presence of a hydrogen bond or a high
degree of solvent shielding arising from other secondary or
tertiary elements@2). Figure 2 shows the upfield shifting
in the F2 {H) dimension of the amide protons of the
recombinant®N-labeled PAK 128-144(Hs145) from 5.0C
(2A) to 25.0°C (2B). The temperature coefficients for each
amide backbone proton in thieans and cis isomers of
recombinant PAK peptide are shown in Table 2 and Figure

The conformational dependence of the chemical shifts of
the a. proton, the amide proton, and th&N amide @0) is
well documented. For all three nuclei, upfield shifts are
generally found for residues in helices, and downfield shifts
are generally found if3-strands §0). Figure 3 shows plots
of the difference in observed versus random coil chemical
shift (Adows—rc) @s a function of residue position for thrans
(3A) andcis (3B) isomers of the recombina®tN-labeled
PAK 128—-144(Hs145). Mostly positive values are observed
for the N-terminal (129-132) and C-terminal (139144)
regions of both théransand thecisisomers, suggesting that
these regions are largely extended in solution. However,
the central residues (13338) of both isomers display
negative values, especially for th&\ nucleus, suggesting
that this region of the sequence may be adopting a more
‘folded’ structure, helical or otherwise. Significantly, the
5N amide values observed for residues @lwand Glrs®

are much more negative for tieésisomer than for thérans Small temperature coefficients b ppb) are observed for
isomer, suggesting that these two residues adopt a differenthe backbone amides of Gfi (4.6 ppb), Asp®* (4.6 ppb),
conformation in thecis isomer than in théransisomer. GIu®5 (4.0 ppb), GIA% (5.0 ppb), Ph&” (4.2 ppb), and

In order to determine to a first approximation if the CYys*?(3.4 ppb) in thetransisomer, and for the backbone
solution secondary structure of the recombinant PAK pilin amides of Cy&°(4.0 ppb), Asp* (4.4 ppb), GIA* (4.4 ppb),
peptide is similar to the solution secondary structure of the GIU*** (2.8 ppb), GIA*® (<1.0 ppb), and Cy$?(2.0 ppb) in
synthetic PAK pilin peptide, the chemical shifts of the thecisisomer. Extremely large temperature coefficients are
resonances of thieans andcis isomers of the two peptides ~ also observed for the backbone amides of'T(9.1 ppb),
were compared. Figure 4 presents a plot of the differencesPhe®’ (9.6 ppb), and 118 (11.8 ppb) in thecisisomer. The
in chemical shift (versus residue position) for theand  temperature coefficient values measured for taes and
backbone amide protons of theans (4A) and cis (4B) cis isomers of the synthetic PAK pilin peptid2X, 59 are
isomers of recombinaitN-labeled PAK 128-144(Hs145) very similar (within+ 0.5 ppb) to the values obtained for
versus the synthetic PAK 12844 peptide 21, 59. The the recombinant peptidesuggesting again that the secondary
largest differences in chemical shifts occur at the ends of conformations of the isomers of the recombinant peptide are
the peptide, where differences of greater thiar.1 ppm similar to those adopted by the isomers of the synthetic
are seen for thew protons of Ly32?® and Lys* in both the peptide.
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Table 1: 'H and>N NMR Resonance Assignments for Recombin&hiLabeled PAK 128-144(Hs145)

residue 5N NH oH pH yH O0H and others
(A) translIsoform (pH 5.0, 5°C)
K12 4.12 1.95
Ciz9 121.84 9.15 4.88 3.08,3.29
Tiso 116.57 8.55 451 4.31 1.22
Sia1 117.34 8.54 452 3.83,3.91
D132 122.00 8.51 4.62 2.73
Q133 119.66 8.36 4.27 2.00, 2.15 2.36
D134 119.86 8.41 4.61 2.74,2.83
Eiss 120.46 8.32 4.23 1.99,2.10 2.36
Qu3s 119.31 8.48 4.14 1.89
Fi37 118.72 8.07 4.64 3.03,3.18 07.23,67.34,£7.29
l138 123.65 8.07 4.39 1.85 1.11,1.48 0.8¢CH3)
0.84 (yCH3)
Pi3g * * 4.37 1.95,2.35 1.98,2.10 3.63,3.87
K140 121.14 8.52 4.23 1.85 € 3.00
Gia1 110.05 8.65 3.92, 4.06
Ciaz 117.95 8.22 4.78 3.03,3.24
Sia3 117.51 8.48 4.49 3.89
K144 123.82 8.51 4.36 1.87 1.763.00
Hs145 127.00 8.15 4.23
(B) translsoform (pH 5.0, 25C)
K128
Ciz9 121.79 9.04 4.85 3.09,3.29
Tiso 116.34 8.37 451 4.31 121
Sia1 117.26 8.32 4.52 3.82,3.93
D132 121.94 8.41 4.62 2.72
Qi3s3 119.53 8.25 4.28 2.00,2.14 2.35
D134 119.27 8.30 4.61 2.73,2.82
Eiss 120.42 8.22 4.24 1.99,2.10 2.36
Qu3s 119.27 8.39 4.15 1.89,2.15
Fia7 118.75 7.98 4.64 3.03,3.17 07.23,67.34,£7.29
l138 123.70 7.93 4.39 1.82 1.11,1.48 0.8aH3)
0.84(/CH3)
Pi139 * *
K140 120.99 8.36 4.23 184 148 1.70
Gia 109.87 8.52 3.92,4.05
Cuaz 118.02 8.14 4.78 3.03,3.25
Sia3 117.45 8.37 4.49 3.89
K144 122.91 8.39 4.35 1.88 147 1.78
Hs145 126.95 8.01 4.23 1.87,2.05 3.63
(C) cislIsoform (pH 5.0, 5°C)
Ki2s 4.15 1.94
Ciz9 122.17 9.02 5.05 2.96,3.11
Tiso 118.87 9.04 453 4.28
Sia1 116.56 8.47 4.58 3.60,3.71
D132 122.54 8.53 4.66 2.67,2.82
Qi3s3 118.78 8.31 4.20 2.04 2.34
D134 119.65 8.38 4.61
Eiss 116.52 8.29 4.05
Q136 116.40 8.07 4.29 1.95
Fia7 121.03 8.27 2.97,3.17
l138 121.78 8.39
Pi3g * * 4.72 2.12,2.41
K140 121.83 8.67 4.25 1.85
Gia1 112.52 8.91 3.87,4.14
Cua2 118.02 8.35 4.56 3.16,3.27
Sia3 116.90 8.43 4.41 3.63,3.73
K14 124.14 8.36 4.24 1.86
HSuss 126.21 8.04
(D) cislsoform (pH 5.0, 25C)
K128
Ciz9 122.30 8.93 5.00 3.01,3.15
Tiso 118.32 8.82 452
Sia1 116.74 8.36 4.57 3.69,3.77
D132 122.30 8.43 4.66 2.67,2.77
Q133 118.91 8.21 4.23 2.03 2.34
D134 119.96 8.25
Eiss 117.67 8.22 4.06 2.05 2.32
Qu3s 118.64 8.06 4.29 1.93,2.21
Fi37 120.73 8.08 2.97,3.18
l138 121.37 8.12 4.35 1.77 0.89CH3)
P139 * *
K140 121.88 8.53 4.26 1.85 1.49
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Table 1 (Continued)

residue 5N NH oH pH yH oH and others
(D) cislsoform (pH 5.0, 25C)
Gin 111.46 8.69 392,411
Cia2 118.06 8.33 4.61 3.14,3.24
Sia3 117.06 8.28 4.40 3.62,3.75
K14 123.06 8.25 4.29 1.85 1.41 1.74
Hs145 7.94 4.25 1.84
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E Q Ficure 4: Plots of the difference in chemical shifA§) versus
g . s X residue position for the (Aransand (B)cisisomers of recombinant
g, 3.0 I5N-labeled PAK 128-144(Hs145) versus unlabeled synthetic PAK
40 128-144. The black boxes correspond to heproton, and the
so white boxes correspond to the amide proton. Data are measured
) from NMR spectra taken at pH 5.0, 5°C.
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Ficure 3: Plots of the difference in observed versus random-coil
chemical shift Adons-rc) @s a function of residue position for (A)
thetransisomer and (B) theisisomer of recombinarifN-labeled

PAK 128-144(Hs145). The black boxes correspond tocthoton,

the white boxes correspond to the amide proton, and the stippled
gray boxes correspond to th#N amide. Data are measured from
NMR spectra taken at pH 5.0, 5°C.

The small temperature coefficients of the Bhand Cy$*
backbone amides observed in th@nsisomers of both the
recombinant and synthetic PAK pilin peptides are a likely
consequence of their involvement in the (1,4) hydrogen bond
between the carbonyl oxygen of the first residue and the
amide hydrogen of the last residue of theurns (Asp3*
CO—Phé?® NH and Pré3® CO—C'*?NH) found in the NMR
solution structure of the synthetic peptid20( 21). Con-
versely, the high temperature coefficient of the backbone
amide of Ph&7 observed in thecis isomers of both the

recombinant and synthetic peptides suggests no involvement

of the Phé&*” NH in a hydrogen bond, and by inference that
the first turn observed in therans isomer is absent in the
cis isomer. In fact, the high temperature coefficients

4The discrepancy between the temperature values obtained f6¥ Asp
in thecisisomers of the recombinatfiN-labeled PAK 128-144(Hs145)
versus the synthetic PAK 128144 may be a function of an overlap
problem of the backbone amides of A¥with Sef3! and Se¥*3which
could not be adequately resolved in the homonuclear spectra of the
unlabeled peptide, and may therefore have led to an erroneously
measured temperature coefficient for this resich@). (

Table 2. Temperature Coefficient aR#nq.cn Values for
Recombinant®N-Labeled PAK 128-144(Hs145)

—AOS/AT x 100G 3INHocH
residue trans cis trans cis
K128 - - - -
Ci29 5.6 4.0 7.14+1.0 7.0+ 1.0
T1z0 7.6 9.1 8211 102+ 1.1
Si:1 6.6 5.8 7.6+£1.0 7.3+ 1.0
D1z 5.2 4.4 7.1£1.0 9.1+ 1.1
Qi33 4.6 4.4 6.2+ 0.9 4.3+ 0.7
D1z 4.6 6.5 8.0+1.1 —
Ei3s 4.0 2.8 6.2-0.9 -
Quss 5.0 <1.0 6.8+ 1.0 —
137 4.2 9.6 7.86+1.0 9.0+ 1.1
l138 6.6 11.8 8.0-1.1 —
P139 - - - -
K140 8.0 6.6 5.5+ 0.9 2.84+£05
G 6.6 9.2 - —

142 3.4 2.0 7510 6.3+ 0.9
S 5.8 5.2 7.3:1.0 6.9+ 1.0
K144 7.6 5.2 7.3-1.0 75+ 1.0
Hsi45 6.6 6.6 7.3:1.0 7.6+ 1.0

aUncertainty in the measured temperature coefficient valug9is
ppb/K.

observed for PH&” and Il€-®8 in the cis isomer suggest that
this region of the peptide is quite solvent-exposed and may
be extended, whereas the very low temperature coefficient
observed for Gl#¢in the cisisomer 1.0 ppb) suggests a
high degree of solvent shielding arising either from a
hydrogen bond or from other tertiary elements. Future NMR
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structure calculations of theis isomer of the recombinant
peptide should illuminate potential interactions for the amide
proton of GIrt36,

The depressed temperature coefficients.0 ppb) of
residues GI#3 Aspt3*, and Gld®® in thetransisomer may
be partly explained on the basis of the NMR solution
structure of therans isomer of the synthetic peptid@(,

Campbell et al.

third dimension with the incorporation éfC labels to the
recombinant PAK pilin is necessary in order to confirm the
presence of this second turn in this isomer.

NOE Connectiities. The NOEs diagnostic of-turns
include dun(2,3), don(3,4), dun(2,4), dun(2,3), anddyn(3,4)
cross-peaks64, 65 where the numbering indicates the
position in the turn. The NOEs required for positive

21). This solution structure shows that the peptide backbone identification of ag-turn are a weald(2,4) cross-peak,

is folded around a core of hydrophobic side chains {Phe
1?38 and Pré*9), placing the side chains of THPand Glu3®
into close proximity with the backbone of residues 133

corresponding to a distance of 3.6 A in the type I turn and
3.3 A'in the type Il turn, and a strordyn(3,4) cross-peak,
corresponding to a distance of 2.4 A in both types of turns

135. In the absence of hydrogen bonds involving the amide (65). Type | and type Il turns may be distinguished by the

protons of either GIF¥3, Asp'®4, or GIU®, it is likely that
the proximity of the Thi®® and GIlu*® side chains leads to

relative strengths of thei,(2,3) and thedyw(2,3) cross-peaks.
The type | turn displays a mediutn(2,3) cross-peak and

partial solvent sequestering away from the backbone protonsa strongdnn(2,3) cross-peak, corresponding to distances of

of GIn'33 Asp'34, and GIld®°, leading to depressed temper-

3.4 and 2.6 A, respectively, whereas the type Il turn displays

ature coefficients for these residues. Future NMR structure a strongd,n(2,3) cross-peak and a weedi(2,3) cross-peak,

calculations of theéransisomer of the recombinant peptide
should provide further insight into the solvent exposure of
this region of the backbone.

Coupling Constants The 3JynqcH coupling constants for
each residue in thé&rans and cis isomers of recombinant
pilin peptide are shown in Table 2 and Figure 6. Almost all

3JnHacH Coupling constant values are greater than 6 Hz and for the cis isomer.
less than 8 Hz, indicating that both isomers are quite flexible,

undergoing a conformational equilibrium between helical and
extended dihedral spac@Jyn.ch Values of>8 Hz, consistent
with a ¢ angle in extended gf-strand dihedral space, are
observed for THe° (8.2 Hz), Asp®* (8.0 Hz), and 11&%8 (8.0
Hz) in the trans isomer, and for THF® (10.2 Hz), Asp®?
(9.1 Hz), and Ph&” (9.0 Hz) in thecis isomer. Jynach
values of<6 Hz, consistent with @ angle in helical space
or position 2 of a type | or type IB-turn, are observed for
Lys!0 (5.5 Hz) in thetransisomer, and Gl#?3 (4.3 Hz) and
Lys! (2.8 Hz) in thecisisomer. Of these, Ly4%is found

in position 2 of the putative type fi-turn found in both the
trans and thecis isomers. The&Jyua«cn coupling constant
for Glu'®® at position 2 in the other putative typeSturn
found only in thetrans isomer is 6.2 Hz. These coupling
constants of values less than 6.2 Hz are consistent with a
angle greater than-70°, and therefore consistent with2
—60° for most turns §3).

The 3JIunach coupling constant values measured for the
trans and cis isomers of the recombinant peptide are very
similar to those measured for thians and cis isomers of
the synthetic peptide2@, 59, suggesting that the recombi-

where the corresponding distances are 2.2 and 4.5 A.

Figure 5 shows strip plots extracted from the 150 ms
mixing time *N-edited NOESY HSQC spectrum &N-
labeled PAK 128-144(Hs145). The left panel (5A) shows
connectivities observed for theansisomer of the peptide,
whereas the right panel (5B) shows connectivities observed
Schematic diagrams showing the
magnitude of the various NOE connectivities observed for
the trans and cis isomers of PAK 128144(Hs145) are
shown in Figure 6. Théransisomer displays strongnn-
(3,4) cross-peaks between Gfhand Phé&*’, and Gly*' and
Cyst*?, and weakd,n(2,4) cross-peaks between Gtuand
Phé?®’, and Lyd%° and Cy3*>2 These NOEs are diagnostic
of two B-turns in the regions ASp+Glu-GIn-Phé%” and
Pro®%Lys-Gly-Cys#2 Thecisisomer displays moderately
weak dyn(3,4) cross-peaks between Gthand Phé¥, and
Gly'*t and Cy$*, and a weald,n(2,4) cross-peak between
Lys!® and Cy3* but no dy(2,4) cross-peak between
between GIt> and Phé&*. This suggests that only the
second3-turn spanning PA§%Lys-Gly-Cys“? is present in
the cis isomer.

The configurations of the twg-turns in thetransisomer
can be approximated from the relative intensities ofdhe
(2,3), dun(2,3), anddgn(2,4) cross-peaks (Figure 5A). The
presence of a strond,n(2,3) and a weaketlyn(2,3) cross-
peak between Ly4° and Gly*! suggests a predominant type
Il configuration for the turn spanning P&-Lys-Gly-Cys4?
(29). The configuration of the turn spanning A%pGlu-
GIn-Phé?®" is somewhat less obvious based on the relative

nant and synthetic peptides explore the same conformationaintensities of thel,n(2,3) anddyn(2,3) cross-peaks. Thkn-

space with respect to the dihedral angpe, In particular,
the3Jynach Values measured for Gitand LysS*°in thetrans
isomer of the synthetic peptide were 6.4 and 5.5 Hz,
respectively 21), identical to those values measured for the
trans isomer of the recombinant peptide within an error of
+0.2 Hz.

It is interesting to note that the loWypech Value of 4.3
Hz for GIn'* in the cis isomer coupled with the low
temperature coefficient of 4.0 ppb for G suggests a
secondf-turn spanning AspF*~GIn-Asp-GIu=® in the cis
isomer. The presence of this turn would be confirmed by
the presence of a stromiyn(3,4) cross-peak between Agh
and GId®® and a weald,n(2,4) cross-peak between Gih
and GIU®® (see below). Unfortunately, the overlaptodins
andcis Asp***in both the'HN and*N dimensions does not
allow resolution of these definitive NOEs. Resolution in a

(2,3) cross-peak between Gltiand GIrt*¢ is about the same
magnitude as thenn(2,3) between these two residues, but
comparatively weaker than thin(2,3) observed between
Lys'* and GIy*. However, a configuration of type | is
suggested by moderately strordyn(2,4) connectivities
between GIi® and Phé& since this distance can approach
as closely as 2.9 A in a type | turn, but only as close as 3.6
A'in a type Il turn. By contrast, thelzn(2,4) connectivity
between Ly%*° and Cy3&* is vanishingly weak, consistent
with a configuration of type Il for the second turn. With
respect to theis isomer, the presence of a strodg(2,3)
and vanishingly weakiyn(2,3) cross-peak between 1%3
and Gly#, and the absence of argsn(2,4) connectivity
between Ly¥"° and Cy&*? (Figure 5B), suggests a type |
conformation for the singlg-turn spanning PA§%Lys-Gly-
Cysi42



Bacterially Expresse®. aeruginosaPilin Peptide Biochemistry, Vol. 36, No. 42, 199712799

- - 1.6 1.6
L | b L
o o e - )
° = L20 -« 20
S 8 3 &rupumN e I . o [
®» a\ [~ ® 24 Y 2.4
) 135y/137N L L
8 % ' - 2.8 128
® = -3 = -
L o L
o o o 32 S 32
F F
o 3.6 ts.s
° " o oy
1360/137N g g:: 141a/]42N  T— . 1410/142N
P ‘ > -2
o @ & % o o e & S P o Maux
> 44 © « |44
1350/136N  1350/137N 1400/14IN  1400/142N 1400/14IN @ |
D> O o O o
-3 ’»4_8 4.8
T L T T T T T T - T i T ¥ T T T T T T
D134 E135 QI36 F137 1138 PI139 K140 Gl41 Cl42 D134 EI35 QI36 F137 1138 PI39 K140 G141 Cl42
- 8.0
136N/137N~ c o 141”“‘?” 8.0 <o - i
) 8.2 o o ) |5
. 136N/135N -« & P) > . | gy
ey 141N/140N 8.4
- - . 136N/137N - 142N/14IN
& o o : =
h N loNiLaL & o  MIN/J4IN |88
° 135N/136N 137N/136N e & o Lgs e o[
T [ T T T T T T T : T T T T T T T T T :
D134 EI35 Q136 F137 1138 P139 K140 Gl41 Cl42 D134 E135 QI36 F137 1138 P139 K140 G141l Cl42

Ficure 5: Strip plots from the 33°N-edited HSQC NOESY spectrum of recombindi-labeled PAK 128-144(Hs145) showing the
NOEs identifyingf-turns in the antibody epitope region (33442) for (A) thetransisomer and (B) theis isomer.

128 130 135 140 145 presence of a type #-turn and a type l|3-turn spanning

trans 15N-PAK KCTSDQDEQFIPKGCSKHs Asp134_G|u_G|n_phé37 and Pré39-Lys-GIy—Cysl42, respec-
ANNGi+D ] e - tively. This is in agreement with the NMR solution structure

doNGi+1) [ I of thetransisomer of the synthetic PAK 128144 peptide
daNG;i+2) - — - which shows type | and type fi-turns in these same regions

dBN@,i+]) N B E—

of the sequence2(, 21). The pattern of NOEs, temperature

dpNG:i+2) coefficients, and coupling constants observed for ¢fe
JoNH (Hz) 7.1827.6 7.1 6.2 8.06.26.8 7.88.0 5.5 757373173 . . .
isomer of the recombinant peptide also demonstrate a type
-AS/AT (ppb/K) 5.6 7.6 6.6 5.2 4.6 4.6 4.0 5.04.26.6 8.0 6.6 3.4 5.8 7.6 6.6

Il B-turn spanning Pr8*Lys-Gly-Cys“% however, the type
. SNPAK llz(scli‘f’s b oD ]1235 Flp 11(40G CSK H145 | B-turn seen in théransisomer appears to be absent in the
cis 15N- QDEQ * cisisomer. Instead, the low coupling constant measured for

‘;::z:i; -- - ; GIn'*and low temperature coefficient measured forj?lu

dONGLi2) o in the cis isomer suggest a.se.coyi’elturn spanning Asp*

dENGHD) - GIn-Asp-GIt®, Thus, thecis isomer may also possess a

dBNG2) doublle—turn motif (like thetranssomgr), but with different

JoNH (Hz) 7010273 9.1 43 00 28 63697576 spacing between the turns and a different placement of the
-AS/AT (ppb/K) 4.09.1584.44465281.09.6118 6.6 9.2 2.0 5252 6.6 first turn in the sequence.

FIGURE 6: Schematic diagram showing the magnitude of various ~ Recently, we have useti NMR spectroscopy to study

NOE connectivities observed in the 3BN-edited HSQC NOESY  the binding of the synthetic PAK pilin peptide to antibody

spectrum of recombinad®N-labeled PAK 128-144(Hs145), and PAK-13 and to the disaccharide receptor anaf@alNAc-

including coupling constants’Jynacr) Measured at 5.0C and _ o

temperature coefficients-AJ/AT ppblK). (1 4)ﬁGaI (25_). Bothtransandcis isomers were ob_served
to bind to antibody and receptor primarily at the site of the

. ; - d type IB-turn spanning Pi§%Lys-Gly-Cys42 Since
The ‘turn-diagnostic’ NOEstn(3,4), dun(2,3), dan(2,4), second _ _ :
andds(2,4)] observed for thérans andcis isomers of the ~ ONIY this tumn is preserved in both thteans and thecis

recombinant peptide are found in the same relative intensities'SOMErs, this begs the question as to whether the_ presence
in the trans and cis isomers of the synthetic PAK pilin of the second turn alone is sulfficient for the recognition and

peptide 0, 21, 59, and are consistent with the presence of binding of 'the PAK pep'tide to aptibody and/or receptor. Frqm
the type | and type Ij3-turns seen for the NMR solution the adhesintope mapping studies of the PAK peptide binding

structure of therans isomer @0, 21). to A549 cells 42), two out of the four essential residues for
€0. 29 binding, Pré%* and GIy*, are located in the andi+2
DISCUSSION positions of the second type J-turn. Only one of the

essential residues (Gf§ in positioni+2) is located in the
The pattern of NOEs, temperature coefficients, and first type | g-turn. Therefore, although it is possible that
coupling constants observed for ttransisomer of recom- both isomers of the PAK peptide bind antibody and/or
binant!*N-labeled PAK 128-144(Hs145) demonstrates the receptor in a double-turn motif, the second turn may be more
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intimately associated with receptor and therefore may be
sufficient alone for binding.

The discovery that the double-turn motif seen in the NMR
solution structure of thérans synthetic PAK pilin peptide
is preserved in the solution structure of thans (and cis)
recombinant PAK pilin peptide is an extremely important
andnecessaryesult if the recombinant peptide is to be used
in future isotope-edited NMR studies of the labeled recom-
binant PAK pilin peptide free in solution versus bound to
antibody and receptor. The conserved structural identity of
the g-turns in the recombinant and synthetic PAK pilin
peptides also explains the similarity in the association
constants measured for the interaction of these two peptides
with antibody PAK-13, and suggests that similar structure
leads to similar immune recognition. The immunological
equivalence of the recombinant peptide to the synthetic
peptide is essential since our eventual goal is to provide high-
resolution structures of the recombinant peptide in complex
with antibody and receptor, and thereby provide a detailed
picture of the complex structural immunology involved in
these interactions. In additiofN relaxation measurements
will allow a study of the dynamics involved in theans/cis
isomerization process within the recombinant PAK peptide
itself, and should determine whether this has a kinetic effect
on the binding of the peptide to antibody or receptor. These
studies will be integral to the design of a synthetic peptide
vaccine effective against multiple strains Bf aeruginosa
infection. Finally, the bacterial expression and purification
system described in this study provides an economically
viable method to produce isotopic-labeled synthetic peptide
antigens, and as such allows a new level of sophistication
with the use of multidimensional heteronuclear NMR
spectroscopic techniques for the study of immune pretein
peptide complexes.
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