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ABSTRACT: The C-terminal receptor-binding region ofPseudomonas aeruginosapilin protein strain PAK
(residues 128-144) has been the target for the design of a vaccine effective againstP. aeruginosainfections.
We have recently cloned and expressed a15N-labeled PAK pilin peptide spanning residues 128-144 of
the PAK pilin protein. The peptide exists as a major (trans) and minor (cis) species in solution, arising
from isomerization around a central Ile138-Pro139 peptide bond. The trans isomer adopts two well-defined
turns in solution, a type Iâ-turn spanning Asp134-Glu-Gln-Phe137 and a type IIâ-turn spanning Pro139-
Lys-Gly-Cys142. The cis isomer adopts only one well-defined type IIâ-turn spanning Pro139-Lys-Gly-
Cys142 but displays evidence of a less ordered turn spanning Asp132-Gln-Asp-Glu135. These turns have
been implicated in cross-reactive antibody recognition.15N NMR relaxation experiments of the15N-
labeled recombinant PAK pilin peptide in complex with an Fab fragment of a cross-reactive monoclonal
antibody, PAK-13, raised against the intact PAK pilus, were performed in order to probe for changes in
the mobilities and dynamics of the peptide backbone as a result of antibody binding. The major results
of these studies are as follows: binding of Fab leads to the preferential ordering of the first turn over the
second turn in each isomer, binding of Fab partially stabilizes peptide backbone regions undergoing slow
(microsecond to millisecond) exchange-related motions, and binding of Fab leads to a greater loss in
backbone conformational entropy at pH 7.2 versus pH 4.5. The biological implications of these results
will be discussed in relation to the role that fast and slow backbone motions play in PAK pilin peptide
immunogenicity and within the framework of developing a pilin peptide vaccine capable of conferring
broad immunity acrossP. aeruginosastrains.

Pseudomonas aeruginosais a Gram-negative rod-shaped
bacterium which causes opportunistic respiratory tract infec-
tions in cancer, cystic fibrosis, and intensive care patients
(1-5). The initial step in the pathogenicity ofP. aeruginosa
is adherence to the host cell via polar pili on the bacterial
surface (2, 5, 6). The pili are proteinaceous filaments
composed of a homologous polymer of pilin protein (5),
where the semiconserved C-terminal region of the last pilin
monomer in the polymer array contains the actual binding
domain for adherence to the host epithelium (6-13). The
seven different strains ofP. aeruginosaso far characterized

share a common glycosphingolipid cell surface receptor (7,
14-17), where the minimal structural element is a disac-
charideâGalNAc(1-4)âGal (18) to which the C-terminal
region of the pilin monomer binds.

In counteractingP. aeruginosainfections, an anti-adhesin
vaccine has been proposed. Antibodies specific for the pilin
C-terminal region can be raised with synthetic peptides and
can be used to counteract infection by blocking bacterial
attachment (19). SinceP. aeruginosaexists as seven different
strains, production of a cross-reactive antibody effective
against all strains would be most desirable for an antibody
therapeutic. It is possible to envisage such a cross-reactive
antibody since all strains bind to the same receptor and
display a conserved antigenic epitope (10) within the
receptor-binding region (adhesintope) of the pilus (20). In
fact, anti-adhesin antibodies that recognize the adhesintope
inhibit pilus/fimbrial-mediated adherence ofP. aeruginosa
andCandida albicansto asialo-GM-1 receptors and to human
buccal epithelial cell surface receptors (20). In addition, use
of synthetic peptides has confirmed that theP. aeruginosa
pilus adhesin and theC. albicansfimbrial adhesin possess a
homologous receptor-binding domain (21).
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In an effort to understand the structural basis for cross-
reactivity of the pilin monomer with antibody and receptor,
we recently produced a uniformly15N-labeled immunogenic
peptide spanning residues 128-144 in the C-terminal recep-
tor-binding domainof P. aeruginosapili protein strain PAK
(Lys128-Cys-Thr-Ser-Asp-Gln-Asp-Glu-Gln-Phe-Ile-Pro-Lys-
Gly-Cys-Ser-Lys144) using a bacterial expression system (22).
The PAK(128-144) sequence is the target for the design of
a synthetic peptide vaccine effective against the multiple
strains ofP. aeruginosainfection. The oxidized form of the
recombinant PAK pilin peptide (containing the intramolecular
disulfide bridge Cys129---Cys142) undergoes cis/trans isomer-
ization of the central Ile138-Pro139 peptide bond. The cis/
trans isomerization is manifested as a doubling of1H NMR1

resonances with a trans:cis ratio of 4:1 at 5°C (23). 15N-
Edited NMR structural studies have shown the trans isomer
to be disordered at its N- and C-termini but ordered within
the central region that encompasses twoâ-turns. One turn
is a type Iâ-turn spanning residues Asp134-Glu-Gln-Phe137,
and the other is a type IIâ-turn spanning residues Pro139-
Lys-Gly-Cys142 (22). The cis isomer is also disordered at its
N- and C-termini but displays ordering around a type II
â-turn spanning Pro139-Lys-Gly-Cys142 (the same turn as seen
in the trans isomer). NMR evidence also suggests a second
â-turn spanning Asp132-Gln-Asp-Glu135 in the cis isomer,
which is weakly populated in solution.

Interestingly, NMR structural studies of the intact pilin
monomer fromP. aeruginosaK122 (24) revealed the same
double turn motif within the homologous disulfide-bridged
C-terminal receptor-binding region of this protein (oneâ-turn
spanning Asp134-Asn-Lys-Tyr137 and another spanning Pro139-
Lys-Thr-Cys142) (25). This indicates that the double turn
motif is not an artifact of working with smaller disulfide-
bridged peptides but is in fact a structural motif native to
the receptor-binding region of the intact pilin protein.
Furthermore, the existence of a double turn motif in both
the K122 pilin protein and PAK pilin peptide receptor-
binding regions suggests that the double turn is conserved
across all strains ofP. aeruginosapili, a finding that bodes
well for the development of a broad strain anti-adhesin
peptide vaccine.

15N NMR relaxation experiments of the recombinant15N-
labeled PAK pilin peptide were next undertaken to study
the backbone dynamics of the receptor-binding region
containing the two consecutiveâ-turns (26). Analysis of these
relaxation data using both the model-free approach (27, 28)
and spectral density mapping (29) found the type I and type
II â-turns spanning residues Asp134-Glu-Gln-Phe137 and
Pro139-Lys-Gly-Cys142 to be the most ordered and structured
regions of the trans isomer. However, slow backbone motions
on the microsecond to millisecond time scale were also
detected for Glu135, Gln136, Phe137, Ile138, and Lys140. Thus,
the two turns also appear to be a site of significant
conformational exchange in the trans isomer. In agreement
with these findings,15N NMR relaxation experiments of the

intact pilin monomer fromP. aeruginosaK122 also detected
microsecond to millisecond time scale motions for residues
within the structurally and functionally homologousâ-turns,
Asp134-Asn-Lys-Tyr137 and Pro139-Lys-Thr-Cys142 (24). These
are intriguing results as conformational exchange has been
proposed to be involved in induced-fit binding (30, 31), a
mechanism which may allow Mab PAK-13 to recognize and
bind pilin peptide or the intact pilus from several different
strains ofP. aeruginosa.

Having completed the structural and dynamical studies of
the15N-labeled PAK pilin peptide free in solution, our current
objective is to study the structure and dynamics of the15N-
labeled PAK pilin peptide when these are bound to PAK-
13. In a paper a few years back (32) we reported the results
of 15N-edited NMR structural studies of the15N-labeled PAK
pilin peptide in complex with the Fab fragment of PAK-13.
The results of these studies were as follows: the trans and
cis isomers bound with similar affinity to the Fab, despite
their different topologies; both isomers maintained the
conformational integrity of theirâ-turns when bound to Fab;
binding of Fab led to the preferential stabilization of the first
turn over the second turn in each isomer; and binding of
Fab led to the perturbation of resonances within regions of
the trans and cis backbone that underwent microsecond to
millisecond “exchange-related” motions. The discovery of
microsecond to millisecond motions for residues most
perturbed by Fab binding is significant insofar as these
motions may play a role in induced-fit binding of the first
turn to Fab PAK-13, allowing the same antibody combining
site to accommodate either a trans or cis PAK pilin topology.
More importantly for vaccine design, these motions may also
play a role in the development of a broad-spectrum vaccine
capable of generating an antibody therapeutic effective
against the multiple strains ofP. aeruginosa.

To further probe the role of the dynamics involved in
antibody recognition of pilin immunogens, we have now
performed15N NMR relaxation studies of the15N-labeled
recombinant PAK pilin peptide in complex with Fab PAK-
13 and present the results of these studies in this paper. These
studies will allow an assessment of changes in the amplitude
and frequencies of backbone motions of the PAK pilin
peptide as a function of binding, so that changes in
conformational entropy between the free and bound state may
be approximated, the role of conformational exchange
addressed, and possible mechanisms of conformational
exchange explored. A detailed structural and dynamical
picture of PAK pilin immunogenicity may ultimately provide
information useful in the design of a potent synthetic peptide
vaccine, immunospecific againstP. aeruginosainfections,
yet effective across the multiple strains of pilin.

MATERIALS AND METHODS

Preparation of the Recombinant15N-Labeled PAK Pilin
Peptide NMR Sample.Details of the vector construction,
cloning, expression, and purification of the15N-labeled PAK
pilin peptide have been previously described in detail (33,
34). The sequence of the final15N-labeled recombinant
peptide construct was Lys128-Cys129-Thr130-Ser131-Asp132-
Gln133-Asp134-Glu135-Gln136-Phe137-Ile138-Pro139-Lys140-Gly141-
Cys142-Ser143-Lys144-Hs145, where Hs145 indicates an additional
homoserine residue at the C-terminus, a stable product of

1 Abbreviations: DSS, 2,2-dimethyl-2-sila-5-pentanesulfonate; ELISA,
enzyme-linked immunosorbent assay; HSQC, heteronuclear single-
quantum coherence; NMR, nuclear magnetic resonance spectroscopy;
NOE, nuclear Overhauser effect; NOESY, 2D nuclear Overhauser effect
spectroscopy; TRNOE, transferred nuclear Overhauser effect; TR-
NOESY, 2D transferred nuclear Overhauser effect spectroscopy.
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the cyanogen bromide cleavage of a methionine residue
engineered into the end of the peptide sequence. Once
isolated and purified, the recombinant peptide was oxidized
to form an intramolecular disulfide bridge between residues
Cys129 and Cys142, according to the protocol outlined in ref
35.

Production of Monoclonal Antibody, Mab PAK-13, and
Its Fab Fragment.Monoclonal antibody, Mab PAK-13, was
prepared in mouse ascites as described previously (10, 36).
The Fab fragment of PAK-13 was then produced via papain
digestion of purified IgG, using the procedure outlined in
ref 22.

CompetitiVe ELISA Assays of Recombinant PAK Pilin
Peptide Binding to Mab PAK-13.Competitive ELISA was
carried out according to the protocol described by Wong et
al. (37) in order to measure the apparent association constant
(Ka) for the binding of the recombinant PAK pilin peptide
to Mab PAK-13. The binding of the synthetic PAK pilin
peptide to Mab PAK-13 was also measured for comparative
purposes. Briefly described here, microtiter wells were coated
with intact PAK pili and incubated at pH 7.2 with a solution
mixture of Mab PAK-13 and recombinant peptide (or
synthetic peptide) at various concentrations of peptide. The
Ka for the association of peptide to PAK-13 was then
calculated by the formulaKa ) 1/I50 as described by Nieto
et al. (38).

Preparation of NMR Samples and Issues of pH and
Temperature.Two separate peptide NMR samples were
identically prepared by dissolving recombinant15N-labeled
PAK pilin peptide in 500µL of 90% H2O/10% D2O PBS
buffer to a concentration of 1 mM, with DSS added as an
internal chemical shift reference. The pH of the first sample
was then adjusted to pH 7.2 and the pH of the second sample
to pH 4.5 using NaOH and HCl solutions. The preparation
of these separate peptide samples allowed all subsequent15N
NMR relaxation experiments to be performed at both pH
7.2 and pH 4.5, enabling a determination of the effects of
pH on peptide backbone dynamics and antibody recognition.
In addition, as the recent15N-edited NMR structural studies
of the 15N-labeled PAK pilin peptide in complex with the
Fab fragment of PAK-13 had been performed at both pH
7.2 and 4.5 (32), the present dynamical study required that
both pHs also be systematically investigated.

The Fab PAK-13 to be used in the titration of the two
15N-labeled PAK pilin peptide samples was prepared in the
following manner. The Fab PAK-13 solution described above
was dialyzed against PBS buffer, pH 7.2, and diluted 4:1
v/v in H2O to remove excess salts, and the dialysate was
lyophilized down to dryness. The powder was then dissolved
in 50µL of H2O to an approximate concentration of 3.5 mM,
determined from an extinction coefficient at 280 nm ofε280

) 7.5× 107 cm2/mol (this corresponds to an estimated OD
280 of 1.5 at a concentration of 1 mg/mL). Two separate
titrations were then performed, one using the first15N-labeled
PAK pilin peptide sample prepared at pH 4.5 and one using
the second peptide sample prepared at pH 7.2. Aliquots of
10-20 µL were added to each peptide NMR sample,
corresponding to 0.15 and 0.3 molar equiv of Fab/peptide.
The pH was checked and readjusted to either pH 4.5( 0.02
units or pH 7.20( 0.02 units after each addition.

15N T1 and T2 and {1H}-15N NOE Relaxation Measure-
ments.At each stage of the titration (0.0, 0.15, and 0.30 molar

equiv of Fab/peptide),15N NMR relaxation experiments were
carried out at 5.0°C using the enhanced sensitivity pulsed-
field gradient method (39, 40) on a Varian Inova-500
spectrometer equipped with three channels, a pulsed-field
gradient triple resonance probe with an actively shieldedz
gradient, and a gradient amplifier unit. The pulse sequences
used to record15N T1 and T2 values and the steady-state
heteronuclear{1H}-15N NOE’s are from Farrow et al. (41).
Relaxation delays of 11.1, 22.2, 44.4, 88.8, 177.6, 355.2,
710.4, and 1420.8 ms were used for theT1 experiments
acquired in the absence and presence of Fab. Relaxation
delays of 15.6, 31.3, 46.9, 62.6, 93.4, 124.8, 156.4, and 187.2
ms were used for theT2 experiments acquired in the absence
of Fab, and delays of 16.4, 32.7, 49.1, 65.4, 81.8, 98.2, 114.5,
130.9, 147.2, 163.6, and 180.0 ms were used for theT2

experiments acquired in the presence of 0.15 and 0.30 molar
equiv of Fab. Field strengths of 6.5 and 3.8 kHz were used
for 15N excitation pulses in theT1 and T2 experiments,
respectively. WALTZ-16 decoupling (42) of 15N during
acquisition was performed using a field strength of 1.2 kHz.
All T1 andT2 experiments were obtained with 32 transients
per complex point and using relaxation delays of 2 s. The
{1H}-15N steady-state NOE was obtained by recording
spectra with and without 3 s of1H saturation. In the case of
spectra acquired without NOE, a net relaxation delay of 5 s
was employed, whereas a delay of 2 s prior to 3 s of 1H
saturation was employed for spectra with NOE. The NOE
experiments used a field of 6.5 kHz for the hard pulses, 1.2
kHz for WALTZ-16 decoupling, and 10.6 kHz for1H
saturation. All NOE experiments were obtained with 64
transients per complex point. The spectral widths used for
every relaxation experiment were 6000 and 970 Hz for1H
and15N, respectively.

Measurement of Conformational Exchange.Conforma-
tional exchange processes on 0.5-5 ms time scales were
assessed at 5.0°C and 500 MHz for the15N-labeled PAK
pilin peptide in the absence and presence of 0.3 molar equiv
of Fab. These experiments used a relaxation-compensated
CPMG (rc-CPMG) pulse sequence that measures15N T2

relaxation rates as a function of the delay between the pulses
in the spin-echo pulse train, i.e.,R2(τcp) (43). Two different
τcp delays were used, 1 and 10 ms. Relaxation delays were
identical to those employed for theT2 experiments in the
absence and presence of Fab (see above). Field strengths of
3.8 kHz were used for15N excitation pulses. GARP decou-
pling (44) of 15N during acquisition was performed using a
field strength of 1.0 kHz. All CPMG experiments were
obtained with 32 transients per complex point and using
relaxation delays of 2 s. Spectral widths were 5500 and 1115
Hz for 1H and15N, respectively.

Data Processing and Analysis.All 2D data sets were
processed on SUN Sparc5 and Silicon Graphics Indigo2
workstations using the NMRPipe software (45). Assignment
of NMR spectra was achieved with the program PIPP (46).
Typically, spectra were processed in the acquisition and
indirect dimension with 90° shifted sine-bell squared window
functions.T1 and T2 values were determined by nonlinear
least-squares fitting of the measured peak heights to a two-
parameter exponential decay. Fitting was accomplished with
the xcrvfit program (executable available at the following
address: http://www.pence.ualberta.ca/∼rbo/xcrvfit). Un-
certainties inT1 andT2 values were approximated from the
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nonlinear least-squares fits. The steady-state NOE values
were determined from the ratio of the peak intensities
obtained with and without1H saturation.

RESULTS

Determination of the Exchange Regime for the PAK Pilin
Peptide-Fab PAK-13 Complex.The exchange regime for
the PAK pilin peptide-Fab PAK-13 complex was deter-
mined using a combination of competitive ELISA experi-
ments and chemical shift analysis. Competitive ELISA
experiments performed at pH 7.2 produced aKa of (6.3 (
0.5) × 106 M-1 for the binding of the recombinant PAK
pilin peptide to Mab PAK-13. ForKa ) k1[Fab]/k-1, and
assumingk1[Fab] ) 108 M-1 s-1 (the diffusion-controlled
on-rate),k-1 can be calculated to be on the order of 100 s-1.
Analysis of chemical shift perturbations observed for the
PAK pilin peptide trans and cis resonances as a function of
added Fab PAK-13 produced off-rates of similar magnitude;
k-1 . 105 s-1 for the trans isomer, andk-1 . 140 s-1 for
the cis isomer (32). An off-rate ofk-1 . 100 s-1 is consistent
with fast exchange on the chemical shift time scale2 for both
isomers, so that the15N T1 relaxation rate and the{1H}-
15N NOE measured for the trans and cis PAK pilin peptide
resonances in the presence of antibody will be population
weighted averages of their free and bound values (i.e.,R1obs

) PBR1B + PFR1F). This allows a quantitative interpretation
of Fab-induced changes inT1 and NOE. However, the15N
T2 relaxation rate,R2, measured for the peptide resonances
in the presence of antibody contains an additional exchange
term [R2obs ) PBR2B + PFR2F + PBPF(τ)(2π∆δ)2]. This
exchange term has nothing to do with conformational
exchange processes in either the free or bound states but is
a consequence of the binding dynamic equilibrium. If a lower
limit on the off-rate is taken (k-1 ∼ 100 s-1), the exchange
term can be expected to be of the same order of magnitude
as the bound relaxation term. Thus, caution must be exercised
in the quantitative interpretation of Fab-induced changes in
T2. Nonetheless, it should be noted that no correlation was
found between the size of the chemical shift perturbation
experienced by a particular peptide15N nucleus and the
overall Fab-induced change inT2 measured for it [(R2obs -
PFR2F) versus (∆δ)2]. This suggests that exchange contribu-
tions toT2obs are minimal.

15N T1 and T2 and Steady-State Heteronuclear{1H}-15N
NOE Measurements.The 500 MHz15N T1 andT2 relaxation
rates and steady-state heteronuclear{1H}-15N NOE’s were
measured for the trans and cis isomers of the recombinant
15N-labeled PAK 128-144(Hs145) at two separate pHs (pH
4.5 and 7.2), and for three concentrations of PAK-13 Fab
(0.0, 0.15, and 0.30 molar equiv of Fab). The values of these
relaxation parameters are presented in Table S1 (see Sup-
porting Information). The larger errors associated with the
cis isomer parameters are a function of the smaller concen-
tration of the cis isomer in solution, which is present at a
ratio of approximately 1:4 cis:trans at 5°C (23). Thus, at

the concentration of 1 mM peptide used, the actual concen-
tration of cis isomer is 0.2 mM, as opposed to 0.8 mM for
the trans isomer. This poor signal to noise precluded an
analysis of cis isomer backbone dynamics using the model-
free approach, since the nonconvergence of theT1/T2 ratios
made calculation of a meaningful global correlation time
impossible. However, a partial analysis using reduced spectral
density mapping was possible.

T1, T2, and NOE of the Trans Isomer in the Absence of
Fab PAK-13.Figure 1 presents the15N T1 andT2 and{1H}-
15N NOE values measured at pH 7.2 (Figure 1A) and pH
4.5 (Figure 1B) for the trans isomer of the recombinant PAK
pilin peptide at 0.0 (dashed line, open circles), 0.15 (thin
line, gray circles), and 0.30 (thick line, black circles) molar
equiv of Fab PAK-13. The15N T1 andT2 data acquired for
the trans isomer at 0.0 molar equiv of Fab showT1 andT2

relaxation times that are longer for the C-terminal residues,
Lys144 and Hs145, than for residues within the disulfide loop
(residues 130-142 for pH 7.23 and residues 129-142 for
pH 4.5), suggesting that the disulfide bond imparts mobility
restrictions for residues within the loop. However, even
within the loop, residues do not experience a uniformity of
time scales or amplitudes for their motions. For example,
the T2 times measured for Thr130, Glu135, Ile138, and Lys140

at pH 7.2 and Thr130, Phe137, Ile138, and Lys140 at pH 4.5 are
considerably shorter than theT2 times measured for other
loop residues. These shortenedT2’s suggest either (1)
restricted mobility (increase in local correlation time), (2)
the presence of some exchange process (Rex) which leads to
chemical shift differences at the nitrogen on a microsecond
to millisecond time scale and the appearance of enhanced
transverse relaxation, or (3) anisotropic contributions caused
by the alignment of the relevant NH vector along the long
axis of an anisotropic diffusion tensor so that this vector
reorients more slowly than others in the molecule. This third
“anisotropic” explanation for the shortenedT2’s is the least
likely of the three, given the continuum of intermediate to
high-frequency motions that characterize small flexible
peptides, like the PAK pilin peptide.

The{1H}-15N NOE data acquired for the trans isomer at
0.0 molar equiv of Fab (Figure 1) show maximum positive
NOE values for Lys140, Gly141, and Cys142, at both pH 7.2
and pH 4.5. Since increasing NOE values are an indication
of increasing backbone ordering, this suggests that the second
type II â-turn (Pro139-Lys-Gly-Cys142) is the most ordered
region of the peptide at either pH. In contrast to the well-
ordered second turn, the comparatively smaller NOE values
measured at both pH 7.2 and pH 4.5 for the residues in the
first type I â-turn (Asp134-Glu-Gln-Phe137) suggest that this
turn is less ordered in the free solution peptide at either pH.
Interestingly, the NOE measured for Glu135 is significantly
larger at pH 4.5 (0.24) than at pH 7.2 (0.12), whereas the
NOE measured for Gln133 is significantly smaller at pH 4.5
(0.13) than at pH 7.2 (0.28). Raising the pH therefore appears
to lead to an increase in the ordering of the backbone around
Gln133 and a decrease in the ordering of the backbone around
Glu135. These changes might be associated with titration of
the glutamyl side chain of Glu135 (pKa ≈ 4.5).42 In the limits of fast exchange on the chemical shift time scale, a

single resonance is observed at a weighted average chemical shift,δobs

) PBδB + PFδF. The longitudinal relaxation rate (R1 ) 1/T1) of this
single resonance is then given byR1obs ) PBR1B + PFR1F, and the
transverse relaxation rate (R2 ) 1/T2) is given byR2obs ) PBR2B +
PFR2F + PBPF(τ)(2π∆δ)2, whereτ ∼ 1/k-1 and∆δ ) δB - δF (47).

3 Cys129 is not observed at pH 7.2, either due to base-catalyzed solvent
exchange with the water peak or due to some other exchange
mechanism, such as disulfide-bridge isomerization (see Discussion
section of the paper).
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With the exception of Lys140 in position 2 of the ordered
secondâ-turn, the heteronuclear NOE’s corresponding to
residues with shortT2’s are all small valued, which implies
a comparatively disordered backbone. Thus, exchange broad-
ening (and not restricted mobility) must be the source of the
enhanced transverse relaxation rates observed for these
residues. Exchange broadening must also account for the
shorterT2’s measured at pH 7.2 versus pH 4.5, especially
as theT1’s and heteronuclear NOE’s are roughly comparable
at either pH. For example, theT2 of Lys140 is 160 ms at pH
7.2 and 240 ms at pH 4.5, whereas the NOE for this residue
is the same within error at pH 7.2 versus pH 4.5 (0.25 versus
0.23, respectively). The increased exchange broadening
observed at pH 7.2 could result from either increased rates
of specific conformational exchange mechanisms within the
trans isomer or increased rates of base-catalyzed solvent
exchange with the water peak (48).

It is worth noting that the turn residue Glu135 displays a
significantly decreasedT2 at higher pH (310 ms at pH 4.5
versus 200 ms at pH 7.5). This pH dependence of Glu135 T2

tracks the pH dependence of Glu135NOE, for which increased
ordering at pH 4.5 was earlier suggested. While this may
reflect a more stable type Iâ-turn (Asp134-Glu-Gln-Phe137)
at pH 4.5, it may also reflect a more stably bound water

molecule at Glu135, with a longer residency time at pH 4.5.
Exposed amide and carbonyl groups ofâ-turns are often
solvated, with the water molecule occasionally forming a
bridge between residues in the turn (49). Exchange of these
bound water molecules with the bulk solvent has been
observed to result in increased15N T2 relaxation rates at
physiological pH (50). Thus, the shortenedT2 and smaller
NOE observed for Glu135 at pH 7.2 could result from a bound
water molecule that experiences an increased rate of ex-
change and a shorter residency time as the glutamyl side
chain is titrated to its unprotonated state.

T1, T2, and NOE of the Trans Isomer in the Presence of
Fab PAK-13.The 15N T1 andT2 data acquired for the trans
isomer at 0.15 and 0.30 molar equiv of Fab PAK-13 (Figure
1) show that theT1 and T2 times for residues within the
disulfide loop region (and at the C-terminus) shorten in the
presence of Fab. This is consistent with an overall increase
in the correlation time of the bound trans isomer. For
example, the averagedT2 values for residues 129-142 at
pH 7.2 are 240 ms in the absence of Fab (0.0 molar equiv)
and 200 ms in the presence of Fab (0.30 molar equiv),
representing an average decrease of 40 ms. The correspond-
ing T2 values at pH 4.5 are 310 ms in the absence and 230
ms in the presence of Fab, representing an average decrease
of 80 ms.

Decreases inT2 can be related to increases in local
correlation time (τc) as well as to increases in the contribution
of exchange broadening (Rex) to T2. Thus, ifRex contributions
to T2 were to decrease in the presence of Fab (due to the

4 A 1H NMR-monitored pH titration of the synthetic version of the
PAK pilin peptide showed titration of the backbone amide resonance
of Glu135 from 8.25 ppm at pH 4 to 8.48 ppm at pH 8, with a pKa of
approximately 4.5. No other residues displayed significant chemical
shifts within this pH range.

FIGURE 1: 15N T1, T2, and steady-state heteronuclear{1H}-15N NOE measured at pH 7.2 (A) and pH 4.5 (B) for the trans isomer of the
recombinant PAK pilin peptide in the absence and presence of Fab PAK-13. Fab/peptide molar equivalents were 0.0 (dashed line, open
circles), 0.15 (thin line, gray circles), and 0.3 (thick line, black circles). The peptide sample was 1 mM in PBS buffer and 90% H2O/10%
D2O, 5.0 °C. Standard deviations calculated for each parameter are plotted as error bars. Values ofT1, T2, and NOE along with their
associated standard deviations are listed for each trans residue in Table S1.
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stabilization of microsecond to millisecond exchange-related
motions), then theT2 decreases caused byτc increases would
be minimized. This appears to be the situation for the PAK
pilin peptide, where those residues associated with exchange
broadening are also the ones associated with the smallest
decreases inT2 in the presence of Fab. However, these slow
motions are not completely stabilized in the presence of Fab,
as the existence of shortenedT2’s for select residues in the
presence of Fab (Glu135 T2 at pH 7.2, for example) provides
evidence that exchange broadening persists in the bound
state.

The{1H}-15N NOE’s acquired for the trans isomer at 0.15
and 0.30 molar equiv of Fab PAK-13 (Figure 1) show
significant increases for many residues in the presence of
Fab. At pH 7.2, these residues include Thr130, Ser131, and
Asp132 on the N-terminal side of the first turn, Gln136 and
Phe137 within the first turn, Lys140 and Gly141 within the
second turn, and Ser143, Lys144, and Hs145 at the C-terminus.
At pH 4.5, these residues include Thr130, Ser131, and Asp132

on the N-terminal side of the first turn, Gln136 in the first
turn, Ile138 between turns, Lys140 in the second turn, and Hs145

at the C-terminus. Thus, more residues are ordered by Fab
binding at the higher pH. Despite these pH-related differ-
ences, binding of Fab at both pH 7.2 and pH 4.5 appears to
order three distinct regions of the sequence: residues 130-
132 upstream of the two turns, residues 136-141 within the
two turns, and C-terminal residues just outside of the
disulfide-bridged region. Separating regions one and two are
Gln133 and Asp134, for which no increases in NOE values
are observed in the presence of Fab at either pH 7.2 or pH
4.5.

The NMR solution structure of the trans isomer of the
synthetic PAK pilin peptide (35) shows that the backbones
and side chains of residues Gln136, Phe137, Ile138, Pro139,
Lys140, Ser143, and Lys144 are located on the top face of the
molecule. Thus, the second half of the first turn (Gln136-
Phe137), the hydrophobic pocket (Phe137, Ile138, and Pro139),
the first half of the second turn (Pro139-Lys140), and the
C-terminus (Ser143 and Lys144) comprise a contiguous surface
for interaction with antibody. The NMR solution structure
of the trans isomer also shows that the backbones and side
chains of residues Thr130, Ser131, Asp132, Gln133, and Asp134

are located on the bottom face of the molecule, away from
the proposed binding surface. Thus, the significant increases
in the heteronuclear NOE’s observed for Thr130, Ser131, and
Asp132 must be related to an overall “tightening” of the
peptide, as opposed to direct contact with Fab. As Thr130 is
just downstream of Cys129, a decrease in the motional
flexibility of the Cys129-Cys142 disulfide bond as the second
turn is bound (Cys142 is in position 4 of this turn) may
contribute to the increased ordering of Thr130. Interestingly,
the side chains of Thr130 and Ser131 also point inward toward
the hydrophobic pocket of the peptide. Thus, a tightening
of the hydrophobic pocket might additionally contribute to
the ordering of these residues. By contrast, the backbone and
side chains of Gln133 and Asp134 are looped out toward the
bottom surface of the peptide. Their relative detachment from
the rest of the peptide may explain why no increases in
ordering were observed for these residues in the presence
of Fab.

If the {1H}-15N NOE’s for the turns alone are considered,
it can be seen that the first turn residues undergo greater

ordering than the second turn residues in the presence of
Fab, regardless of pH. This is in agreement with the results
of our 15N-edited TRNOESY studies published earlier (32),
which showed TRNOE enhancements only for first turn
residues. In the same paper, backbone coupling constants
were used to estimate turn populations in the absence and
presence of Fab. Values were obtained of 56% and 74% for
the first turn in the absence and presence of Fab, respectively,
and 70% and 68% for the second turn in the absence and
presence of Fab, respectively (32). Thus, binding of Fab
PAK-13 leads to preferential stabilization of the first turn
over the second turn in the trans isomer.

T1, T2, and NOE of the Cis Isomer in the Absence and
Presence of Fab PAK-13.The 15N T1 andT2 data acquired
for the cis isomer at 0.0 molar equiv of Fab PAK-13 (see
Table S1, data not plotted) suggest that the disulfide bond
imparts mobility restrictions for residues within the disulfide
loop, as earlier postulated for the trans isomer. Residues
within the loop region that exhibit shortenedT2 times are
Thr130, Asp132, Phe137, and Gly141 at pH 7.2 and Thr130, Asp132,
Phe137, and Gly141 at pH 4.5. However, theseT2 times are
much shorter than theT2 times observed for the same residues
in the trans isomer. In addition, the collection of residues
that display shortenedT2 times is different for the cis isomer
(Thr130, Asp132, Phe137, and Gly141) than for the trans isomer
(Thr130, Glu135, Phe137, Ile138, and Lys140), suggesting that
different conformational exchange mechanisms exist in each
isomer.

The 15N T2 data acquired for the cis isomer at 0.15 and
0.30 molar equiv of Fab PAK-13 (Table S1) show that the
T2 times for residues within the disulfide loop region shorten
in the presence of increasing Fab. As previously suggested
for the trans isomer, this shortening is consistent with an
overall increase in the correlation time of the bound cis
isomer.

The {1H}-15N NOE data acquired for the cis isomer at
0.0 molar equiv of Fab (Table S1) show maximum positive
NOE values for Lys140, Gly141, and Cys142 at both pH 7.2
and pH 4.5, implying that the second turn is the most ordered
region of the peptide at both pH 7.2 and pH 4.5 (as seen
with the trans isomer). Asp132 also displays a relatively large
NOE, suggesting increased ordering of the backbone around
this residue as well. Previous heteronuclear NMR experi-
ments of the recombinant PAK pilin peptide at pH 4.5
indicated the presence of a turn spanning Asp132-Gln-Asp-
Glu135 in the cis isomer, which was less ordered and less
well conformationally defined than the second type II turn
(34).

The {1H}-15N NOE data acquired for the cis isomer at
0.15 and 0.30 molar equiv of Fab PAK-13 (Table S1) show
significant increases for several residues in the presence of
Fab. At pH 7.2, these residues include Ser131, Asp132, and
Asp134, located in or near the putative first turn in the cis
isomer (Asp132-Gln-Asp-Glu135). These NOE data suggest
that the first turn in the cis isomer is ordered by Fab binding,
in agreement with the results of our15N-edited TRNOESY
studies (32) that showed TRNOE enhancements for Glu135

in the first turn. Thus, as with the trans isomer, binding of
Fab to the cis isomer appears to lead to preferential ordering
of the first turn over the second turn.

Model-Free Analysis of the Trans Isomer: Effects of Fab
Binding.The backbone dynamics of the trans isomer of the
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recombinant PAK pilin peptide in the presence and absence
of Fab PAK-13 were first analyzed using the model-free
approach of Lipari and Szabo (27, 28). The first step in this
analysis involved obtaining an estimate for the value of the
global correlation time,τc, usingT1/T2 ratios. The poor signal
to noise associated with the cis isomer precluded such an
analysis, since the nonconvergence of theT1/T2 ratios made
calculation of a meaningfulτc impossible. However,τc’s were
readily calculated for the free and bound trans isomer (0.0
and 0.30 molar equiv of Fab), at both pH 4.5 and pH 7.2,
using residues with backbone nitrogens within the specified
threshold of one standard deviation from the mean. Residues
with T1/T2 ratios greater than one standard deviation from
the mean included Thr130, Glu135, Ile138, and Lys140 at pH
7.2 and Thr130, Phe137, Ile138, and Lys140 at pH 4.5 and were
excluded from the determination ofτc, as the relaxation of
these residues was considered to be more appropriately
modeled withRex contributions, which would lead to an
effective decrease in the measuredT2 (50).

Using this methodology, the global optimumτc’s for the
free and bound trans isomer were determined. Upon com-
plexation at pH 4.5,τc was found to increase fromτc(free)
) 2.3( 0.4 ns toτc(bound)) 3.7( 0.3 ns, consistent with
the different molecular masses of the free peptide (1.5 kDa)
and the peptide-Fab complex (50 kDa). Upon complexation
at pH 7.2, however, theτc values did not significantly change
[(τc(free) ) 4.5 ( 0.8 ns andτc(bound)) 4.3 ( 0.5 ns],
which may be a reflection of a looser free solution structure
that becomes more compact upon binding. Interestingly, the
τc(bound) values for pH 7.2 and 4.5 are the same within error,
suggesting that the ordering or “compactness” of the bound
trans isomer is similar at both pHs.

Once these globalτc’s were determined, they were used
to fit the relaxation data to a single time scale form of the
spectral density function, and the model-free parametersS2

andτe were calculated for all backbone amide N-H bond
vectors in the free and bound trans isomer at pH 7.2 and
4.5. The S2 and τc values are presented in Table S2. A
comparison of these values in the absence of Fab shows that
the averageS2 andτe values for residues 129-142 are 5%
smaller and 62% larger, respectively, at the higher pH. Thus,
the trans isomer at pH 7.2 is slightly more disordered, with
internal motions of greater rate and amplitude than those
observed at pH 4.5. This agrees with the longer global
optimum τc calculated at pH 7.2 and the appearance of
increased exchange broadening at pH 7.2.

Figure 2 plots theS2 andτc values for the trans isomer at
pH 7.2 (Figure 2A) and pH 4.5 (Figure 2B) in the absence
(open circles) and presence (black circles) of 0.30 molar
equiv of Fab PAK-13. TheS2 values plotted for pH 7.2 show
significant increases (g0.08 S2 unit) in ordering for Thr130

and Ser131 near the disulfide bridge, Gln136 and Phe137 in the
first turn, Ile138 between the turns, and Lys140, Gly141, and
Cys142 in the second turn. These increases imply partial
immobilization of the second half of the first turn (Gln136-
Phe137), the hydrophobic pocket (Phe137, Ile138 and Pro139),
the second turn (Pro139-Lys-Gly-Cys142), and the disulfide
bridge (Cys129---Cys142), structural elements all presented on
the top half of the solution structure of the PAK pilin peptide
(35). However, partial immobilization does not mean an
absence of internal motions in the bound state. Theτe values
plotted for the trans isomer at pH 7.2 show that the free and
bound states both experience significant internal motions on
the picosecond to nanosecond time scale. This is especially

FIGURE 2: Order parameters,S2, and internal correlation times,τe, calculated from relaxation data measured at pH 7.2 (A) and pH 4.5 (B)
for the trans isomer of the recombinant PAK pilin peptide in the absence (open circles) and presence (black circles) of 0.3 molar equiv of
Fab PAK-13. Relaxation data were fitted to the single time scale form of the spectral density function, using onlyS2 and τe variables.
Standard deviations calculated for each parameter are plotted as error bars. Values ofS2 andτe along with their associated standard deviations
are listed for each trans residue in Table S2.
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true for the residues associated with exchange-related
microsecond to millisecond time scale motions, as these
residues displayτe values greater than 30 ps in the bound
state.

TheS2 values plotted for pH 4.5 (Figure 2B) show smaller
increases in the presence of Fab. Only residues Thr130 and
Ile138 show significant increases in ordering; residues Gln136

and Phe137 in the first turn show only small increases in
ordering. These results imply that partial immobilization
occurs only around Thr130, Ile138, and the second half of the
first turn (Gln136-Phe137). Thus, while the antibody may be
recognizing the same binding surface on the trans isomer, it
appears to be inducing less order at pH 4.5, possibly because
the free peptide is already partially “preordered for binding”
at the lower pH.

To examine if exchange-related motions on the microsec-
ond to millisecond time scale are stabilized by antibody
binding, the parameterRex was added in the calculation of
S2 andτe using the one time scale spectral density function
(51). TheseS2, τc, andRex values are included in Table S2
for only those residues where better or equally good fits were
obtained on the basis of aø2 calculation. Unfortunately, the
absence of a well-definedτc(free) for the trans isomer at pH
7.2 precluded quantitative analysis of free versus boundRex

values. Thankfully, well-definedτc(free) andτc(bound) values
at pH 4.5 allowed quantitativeRex analysis at the lower pH,
for which a significant decrease for Ile138 in the presence of
Fab was observed [Rex(free)) 1.54( 0.23 s-1 at 0.0 molar
equiv of Fab;Rex(bound)) 1.11 ( 0.15 s-1 at 0.3 molar
equiv of Fab]. Thus, binding of Fab appears to lead to the
stabilization of exchange-related motions around residue
Ile138, at least at pH 4.5.

Reduced Spectral Density Mapping of the Trans and Cis
Isomers: Effects of Fab Binding.Model-free analysis often
provides a means of assessing the contributions of internal
motions and conformational exchange to the spin relaxation
of globular proteins in solution. However, there are limita-
tions that arise from inherent assumptions. The overall
molecular reorientation must be isotropic and independent
from fast internal motions, whose contributions to relaxation
are negligible (τc . τe). These assumptions do not necessarily
hold for small flexible peptides in solution, especially at
temperatures greater than 5°C, above which the concept of
a global τc is suspect due to a lack of regular secondary
structure. An alternative relaxation analysis approach for
characterizing molecular dynamics at multiple temperatures
is provided by spectral density mapping (52, 53), which has
the advantage that it makes no assumptions about the
separability of the time scales between the motions and
allows the possibility of sizable contributions to relaxation
from high-frequency motions. Moreover, this methodology
is analytic and independent of error estimates, which allows
relaxation data with poor signal to noise to be interpreted
(as is the case with the cis isomer of the PAK pilin peptide).

In general,J(0) is proportional to the local correlation time
of the backbone nitrogen (52). Thus, it is possible to interpret
temperature effects on the basis of changes in local correla-
tion times. However, this interpretation is valid only in the
absence of conformational exchange phenomena, which can
lead to shortenening ofT2 times and, therefore, larger values
of J(0). In certain cases, conformational exchange phenomena
can contribute significantly more to the value ofJ(0) than

the local correlation time (54). The contribution of slow
motions (microsecond to millisecond) toJ(0) must therefore
be carefully scrutinized.

TheJ(ω) spectral density values,J(0), J(ωN), andJ(ωH),
were calculated from the relaxation data measured for the
free and bound (0.0 and 0.30 molar equiv of Fab PAK-13)
trans and cis isomers of the recombinant PAK pilin peptide
at pH 7.2 and 4.5 (see Table S3). Figure 3 plots theJ(0)
values for the trans isomer of the recombinant PAK pilin
peptide at pH 7.2 (Figure 3A) and pH 4.5 (Figure 3B). In
the absence of Fab (open circles), the trans isomer displays
the largestJ(0) values for Thr130, Glu135, Ile138, Lys140, and
Ser143 at pH 7.2 and Thr130, Phe137, Ile138, and Lys140 at pH
4.5, consistent with the lowT2 values measured for these
residues, and the need to includeRex terms in the modeling
of their relaxation. The smallestJ(0) values are associated
with Lys144 and Hs145 at both pHs, consistent with the
increased short localτc’s for residues at the mobile C-
terminus.

J(0) values calculated for the trans isomer are observed
to increase in the presence of 0.30 molar equiv of Fab (black
circles). For example,J(0)av for residues 129-142 increases
from 0.97 to 1.19 ns rad-1 at pH 7.2 and from 0.65 to 1.10
ns rad-1 at pH 4.5. At pH 4.5, these increases are relatively
uniform across the sequence (with the exception of Glu135).5

However, at pH 7.2, these increases are limited to residues
130-134 and 136-138 in the sequence. As theJ(0) values
for Glu135 and Lys140 appear to be dominated by the
contribution of theRex exchange term at pH 7.2, the absence
of significant increases for these residues suggests thatRex

contributions toJ(0) are decreasing as a function of increas-
ing Fab; i.e., the binding of Fab is stabilizing exchange-
related motions around Glu135 and Lys140. On the other hand,
whereJ(0) is not dominated byRex, the absence of increases
in J(0) with increasing Fab suggests that localτc’s are not
significantly changing. This appears to be the case for
residues Gly141, Cys142, and Ser143 within or near the second
turn. The absence of significant increases in the localτc’s
for these residues in the presence of Fab is in agreement
with the notion of a well-ordered second turn in the free
solution state of the trans isomer, which does not undergo
significant further ordering in the bound state.

Significant differences are observed betweenJ(0) values
calculated at pH 7.2 versus pH 4.5. The averagedJ(0) values
calculated for all residues in the free trans isomer at pH 7.2
are approximately 40% larger than the averagedJ(0) values
calculated at pH 4.5, reflecting either an increased rate of
solvent exchange at the higher pH or the “looseness” of the
free solution structure which could be undergoing various
forms of conformational exchange. However, the single most
striking difference between the two pHs is the size of the
J(0) value calculated for Glu135 at pH 7.2 (1.21 ns rad-1 at
pH 7.2 versus 0.62 ns rad-1 at pH 4.5). This largeJ(0) value
reflects the shortT2 measured for Glu135 at pH 7.2, for which
a possible pH-dependent bound water mechanism has already
been discussed.

Figure 3 also plots theJ(0) values for the cis isomer of
the recombinant PAK pilin peptide at pH 7.2 (Figure 3A)

5 At pH 4.5, theJ(0) of Glu135 increases appreciably in the presence
of Fab. This may reflect either an increase inRex or an increase in the
local τc for this residue in the bound state.
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and pH 4.5 (Figure 3B). In the interest of scale and visual
clarity, only select cis residues are plotted, for which
reasonably small and accurateJ(0) values could be calculated
(<2 ns rad-1). These smallerJ(0)’s are presumably not
dominated byRex. Even so,J(0) values are larger at pH 7.2
versus pH 4.5. As with the trans isomer, this may reflect an
increased rate of either solvent or conformational exchange
in the cis isomer at the higher pH. In the presence of Fab
(black circles),J(0) values for these select cis residues are
observed to increase at both pHs, which probably reflects
increases in localτc. Although few residues are plotted for
the cis isomer and standard deviations are large, the increases
in J(0) for residues in the second turn and C-terminus still
show that this region is bound and partially immobilized by
the antibody. Unfortunately, meaningfulJ(0) values for first
turn residues in the cis isomer cannot be extracted.

Measurement of Conformational Exchange.Our analysis
of T2 relaxation data using both model-free formalism and
spectral density mapping suggests a stabilization of micro-
second to millisecond exchange-related motions in the trans
isomer of the PAK pilin peptide when it is bound to Fab.
To provide a more direct assessment of exchange-related
motions in the free and bound state, we used a relaxation-
compensated CPMG (rc-CPMG) pulse sequence which
detects chemical or conformational exchange processes on
0.5-5 ms time scales (43).

Figure 4 shows∆R2(τcp) ) R2(10 ms)- R2(1 ms) plotted
for each residue of the trans isomer of the recombinant PAK
pilin peptide in the absence and presence of 0.3 molar equiv
of Fab PAK-13, pH 4.5, at 5°C. ∆R2(τcp) andR2(τcp) values
are also given in Table S4. If exchange processes exist on

time scales commenserate withτcp, these processes should
contribute to fasterR2 rates asτcp is increased; i.e.,R2(10
ms) > R2(1 ms), or∆R2(τcp) > 0. According to Figure 4,
positive∆R2(τcp) values larger than the mean were measured
for Thr130 (1.56 ( 0.21 s-1), Phe127 (1.18 ( 0.18 s-1), and

FIGURE 3: J(0) spectral density values calculated from relaxation data measured at pH 7.2 (A) and pH 4.5 (B) for the trans (top panels) and
cis (bottom panels) isomers of the recombinant PAK pilin peptide in the absence (open circles) and presence (black circles) of 0.3 molar
equiv of Fab PAK-13. Values ofJ(0), J(ωN), andJ(ωH) are listed for each trans and cis residue in Table S3.

FIGURE 4: Conformational exchange at pH 4.5, calculated as∆R2-
(τcp) ) R2(10 ms)- R2(1 ms), is plotted for each residue of the
trans isomer of the recombinant PAK pilin peptide in the absence
(open bars) and presence (black bars) of 0.3 molar equiv of Fab
PAK-13. The peptide sample was 1 mM in PBS buffer, pH 4.5,
and 90% H2O/10% D2O, 5.0°C. Error bars represent the propagated
standard deviations from the originalT2 measurements. Values of
15N T2(10 ms),R2(1 ms),T2(1 ms), andR2(10 ms), along with their
associated standard deviations, are listed for each trans residue in
Table S4.
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Lys140 (2.27 ( 0.15 s-1) in the absence of Fab. However,
these values are reduced in the presence of 0.3 molar equiv
of Fab to 0.78( 0.39, 0.56( 0.37, and 0.87( 0.32 s-1,
respectively. This suggests that Thr130, Phe127, and Lys140

experience slow 0.5-5 ms time scale motions in the free
solution state PAK pilin peptide but that these motions are
quenched upon binding to Fab. In addition, the absence of
significant 0.5-5 ms time scale processes in the presence
of Fab suggests that chemical exchange between the free
and Fab-bound state is on a time scale faster than those
sampled by the rc-CPMG experiment. This is in agreement
with our calculation of an off-rate ofk-1 . 100 s-1.

DISCUSSION AND CONCLUSIONS

15N T1 and T2 relaxation rates and steady-state hetero-
nuclear{1H}-15N NOE’s were measured for the15N-labeled
recombinant PAK pilin peptide in the absence and presence
of a Fab fragment from monoclonal antibody PAK-13. These
parameters were analyzed using both the model-free formal-
ism and the reduced spectral density mapping approach.
Exchange processes on 0.5-5 ms time scales were also
assessed for the PAK pilin peptide in the absence and
presence of Fab using a relaxation-compensated CPMG
experiment. The results of these studies invite discussion of
several key issues which include possible conformational
exchange mechanisms in the trans and cis isomers of the
PAK pilin peptide, the effect of pH on these exchange
mechanisms, and the role of conformational exchange in
induced-fit binding of antibody.

Possible Conformational Exchange Mechanisms in the
Trans Isomer of the PAK Pilin Peptide.In the trans isomer,
slow exchange-related motions were detected for Thr130, at
pH 7.2 and at pH 4.5. These motions could result from
isomerization of chirality of the neighboring Cys129-Cys142

disulfide bond. Disulfide bond isomerization has been
observed in BPTI as a doubling of resonances in the15N-
edited HSQC spectrum of this protein (55) and has been
detected in15N relaxation analysis of the C5 domain of the
human type VI collagenR3 chain (56) and the disulfide-
bridgedω-conotoxin MVIIA polypeptide (57). According
to a model representation of the two different disulfide bond
arrangements in the major and minor conformations of BPTI
(55), isomerization occurs as a result of a-120° rotation
around the CR-Câ bond of one of the cysteines. While this
places the Hâ protons of one of the cysteines into two
possible arrangements, it leaves the Hâ protons of the other
cysteine in the same position in both isomers. A similar
situation appears to be the case for the PAK pilin peptide.
Close examination of the15N-edited NOESY HSQC spec-
trum of the recombinant PAK pilin peptide in the absence
of Fab PAK-13 (32) shows a doubling of the15N, NH, HR
(F2, F1, F3) cross-peak for Cys129 for the trans isomer,6

implying that the CR-Câ bond of Cys129 is undergoing
conformational exchange so as to place the HR into two
chemically different environments. Interestingly, the doubling
of Cys129 HR resonances is still observed in the NOESY
HSQC in the presence of Fab PAK-13,7 suggesting that

isomerization of the Cys129-Cys142 disulfide bond persists
in the bound state of the trans isomer.

Slow exchange-related motions were also detected for
Phe137, Ile138, and Lys140 at pH 7.2 and 4.5, with exchange
contributions “peaking” around Ile138. While cis/trans isomer-
ization around the central Ile138-Pro139 peptide bond would
certainly affect this region of the backbone, this should occur
on a time scale too slow to contribute to exchange broaden-
ing. Other possible exchange mechanisms which occur within
a microsecond to millisecond time scale and could therefore
contribute to exchange broadening include bending motions
around the hinge residue, Ile138, which affects the relative
orientation of the two turns, or conformational exchange
within the turns themselves. Conformational exchange in
ordered turns has been proposed to causeT2 exchange
broadening in both15N relaxation measurements (58-61)
and 13C CR relaxation measurements (62). However, con-
formational exchange within theâ-turns of the trans isomer
seems unlikely as the configurations of these turns (a type I
â-turn spanning Asp134-Glu-Gln-Phe137 and a type IIâ-turn
spanning Pro139-Lys-Gly-Cys142) are well defined by the
relative strengths of thedRN(2,3),dNN(2,3), anddâN(2,4) cross-
peaks (22, 32, 35). In addition, the NMR solution structures
of the trans isomers of two other synthetic peptides, PAO
and KB7, derived from the corresponding C-terminal recep-
tor-binding regions of strains PAO and KB7P. aeruginosa
pilin, showed the same two sequentialâ-turns, conserved in
both sequence and configuration despite limited sequence
homology (35).

Bending motions around the hinge residue, Ile138, offers a
more plausible exchange mechanism. “Hinge-bending mo-
tions” between subdomains of humanR-TGF have been
invoked to explain 15N T2 exchange broadening (63).
Evidence for this mechanism in the PAK pilin system comes
from a comparison of the NMR solution structures of the
trans isomers of the PAK, PAO, and KB7 synthetic peptides.
These structures show significant variation in the relative
orientations of the first type Iâ-turn to the second type II
â-turn (35), demonstrating the potential of large-scale hinge
motions around residue 138 in each sequence. Since each
of these peptides binds to Mab PAK-13 with similar affinity
(µM; 36), it has been suggested that hinge rotations about
Ile138 might place the two turns into the same relative
alignment for binding (35). Hinge-bending motions about
Ile138 might similarly place the two turns of the trans and
cis PAK pilin peptides into the same relative alignment for
binding, even though the relative distance and orientation
of the first to the second turn are different in each isomer.
This would explain why both isomers bind with apparently
equal affinity to Fab PAK-13, although their only shared
structural feature is the type IIâ-turn spanning Pro139-Lys-
Gly-Cys142.

Possible Conformational Exchange Mechanisms in the Cis
Isomer of the PAK Pilin Peptide.In the cis isomer, slow
exchange-related motions were also detected for Thr130 at
both pH 7.2 and pH 4.5, which may also be associated with
isomerization of chirality of the neighboring Cys129-Cys142

disulfide bond. In support of this mechanism, a doubling of

6 In the 15N-edited NOESY HSQC spectrum of the trans isomer in
the absence of Fab, a major cross-peak at 121.8, 9.16, 4.86 ppm and a
minor cross-peak at 121.8, 9.16, 4.98 ppm is observed for Cys129.

7 In the 15N-edited NOESY HSQC spectrum of the trans isomer in
the presence of Fab, a major cross-peak at 122.0, 9.15, 4.86 ppm and
a minor cross-peak at 122.0, 9.15, 4.92 ppm is observed for Cys129.
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the Cys129 HR resonance was observed in the15N-edited
NOESY HSQC of the cis isomer in the absence Fab PAK-
13 (32).8 Isomerization of the disulfide bond may also be
the source of the slow motions detected for Gly141 at both
pH 7.2 and pH 4.5, as this residue is located just inside the
bridge (like Thr130). As the type II conformation of the second
turn in the cis isomer (Pro139-Lys-Gly-Cys142) is fairly well
defined, the slow motions detected for Gly141 are less likely
to be caused by conformational exchange within the turn.
However, the slow motions detected for Asp132 at both pH
7.2 and pH 4.5 are undoubtedly caused by conformational
exchange within the first turn (Asp132-Gln-Asp-Glu135), as it
is poorly defined in the free solution structure of the cis
isomer (34). Finally, slow motions detected for Phe137 at both
pH 7.2 and pH 4.5 are difficult to identify in the absence of
a solution structure for the cis isomer; however, they may
be related to phenyl ring flips of this residue. Ring flipping
about the Câ-Cγ bond of tyrosine has been measured on
the microsecond to millisecond time scale (64) and has been
proposed as a15N T2 exchange broadening mechanism in
BPTI (55).

Interestingly, exchange broadening is much more pro-
nounced in the cis isomer than it is in the trans isomer. This
is expected from the relative ratio of the isomers (1:4 cis:
trans ratio at 5°C) which predicts a greater sampling of
higher energy conformational states in the less stable cis
isomer. Indeed, the first turn in the cis isomer is much more
poorly defined than the first turn in the trans isomer and
may be quite conformationally heterogeneous.

Effect of pH on Conformational Exchange.A general
increase in the contribution of exchange-related motions to
relaxation is observed with increasing pH for both the trans
and cis isomers. While this may result partly from increased
rates of base-catalyzed solvent exchange, it may also indicate
a “looser” structure at the higher pH, with increased rates
of motion on all time scales. In this regard, model-free
analysis of the trans isomer in its free state indicated slightly
more disorder at pH 7.2, with internal motions of greater
rate and amplitude than those observed at pH 4.5. Model-
free analysis of the trans isomer in the presence of Fab
indicated increased order at pH 7.2 versus pH 4.5. If these
order parameters are converted into conformational entropy
(65) and the total combined∆S (Sbound - Sfree) calculated,
values of-38.7 J/(mol‚K) at pH 7.2 and-6.29 J/(mol‚K)
at pH 4.5 are obtained. These values suggest that the PAK
pilin peptide experiences a greater loss in conformational
entropy upon Fab binding at pH 7.2, commensurate with its
less ordered free state.

An increased loss in conformational entropy generally
translates into decreased binding affinity. Yet, HSQC titration
data presented for the trans isomer in a previous paper (32)
suggest that theKa is slightly greater at pH 7.2 than at pH
4.5. What, then, could account for the increased affinity of
the interaction at pH 7.2? The pattern of backbone and side-
chain NOE connectivities observed for the trans isomer at
pH 7.2 and 4.5 is identical (22, 32), suggesting that neither
the turns nor the hydrophobic pocket experience any
significant change in conformation as a function of pH.

Furthermore, chemical shift perturbations observed for the
trans isomer in the presence of Fab PAK-13 were almost
identical at pH 7.2 versus pH 4.5 (32), suggesting that pH
changes within this range do not significantly alter the
peptide “binding surface” recognized by the antibody. The
only residue to display specific pH-dependent chemical shift
perturbation behavior in the trans isomer was Glu135 (32),
for which increased backbone ordering and a decreased
exchange contribution at lower pH were observed in the
relaxation studies presented here. A transient water molecule,
more stably bound at pH 4.5, was proposed to be responsible
for these pH-related differences in relaxation. A more stably
bound water molecule at pH 4.5 might also contribute to
the decreased antibody affinity observed for the lower pH if
the optimal binding of the PAK pilin immunogen to Fab
PAK-13 first required release of this water from Glu135.
Interestingly, studies of the effect of pH on adhesin function
indicate that receptor-binding activity is very pH dependent,
with almost zero activity at pH 4.5 and maximal activity at
pHs greater than physiological (R. Irvin, unpublished results).
Furthermore, a Glu135 to Ala135 mutation results in a more
cross-reactive pilin peptide immunogen (66). As Glu135 is
the only residue that titrates within this range and displays
specific pH-dependent relaxation and chemical shift behavior,
it must play a critical role in adhesin function, modulating
both specificity of the immune response and affinity for
receptor.

Role of Conformational Exchange in the Induced-Fit
Binding of PAK Pilin Peptide to Antibody.What is the role
of conformational exchange in induced-fit binding of the
PAK pilin peptide to antibody? Both the trans and cis isomers
bind with apparently equal affinity to Fab PAK-13, although
their only shared structural feature is the type IIâ-turn
spanning Pro139-Lys-Gly-Cys142. This conserved turn is well
populated in the free solution state of both isomers and does
not undergo significant stabilization upon Fab binding. By
contrast, the first turns in the trans (Asp134-Glu-Gln-Phe137)
and cis (Asp133-Gln-Asp-Glu135) isomers are less well
populated in the free solution state but undergo significant
stabilization upon Fab binding. Thus, binding of the first turn
appears to involve an “induced-fit” mechanism. Interestingly,
the site of the greatest conformational exchange in the trans
isomer is Ile138, a “hinge” for cis/trans isomerization (Ile138-
Pro139) and a residue that coincidentally sits right in the
middle of the two turns (Asp134-Glu-Gln-Phe137 and Pro139-
Lys-Gly-Cys142). Conformational exchange around Ile138 may
thus modulate induced-fit binding of the first turn in the PAK
pilin system, allowing the PAK-13 combining site to
accommodate either a trans or a cis topology, even though
the relative distance and orientation of the first to the second
turn are different in each isomer.

Conformational exchange around Ile138 may also modulate
induced-fit binding of the first turn in the PAO and KB7
pilin systems, providing a mechanism for cross-reactivity of
PAK-13 to various strains ofP. aeruginosa. Thus, the
presence of conformational exchange within the PAK pilin
sequence may be the very factor that allows the generation
of an anti-peptide antibody therapeutic that is capable of
recognizing and binding the intact pilin protein from several
different strains ofP. aeruginosa. To this end, a detailed
picture of the dynamics involved in antibody recognition of
pilin immunogens is a necessary component of vaccine

8 In the15N-edited NOESY HSQC spectrum of the cis isomer in the
absence of Fab, a major cross-peak at 122.2, 9.02, 5.06 ppm and a
minor cross-peak at 122.2, 9.02, 4.94 ppm is observed for Cys129.
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design, providing critically important information to the
generation of an immune response cross-protective against
a broad spectrum ofP. aeruginosastrains.
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