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ABSTRACT. The C-terminal receptor-binding region Béeudomonas aeruginogdin protein strain PAK
(residues 128144) has been the target for the design of a vaccine effective afamstuginosanfections.

We have recently cloned and expressé@Nalabeled PAK pilin peptide spanning residues +284 of

the PAK pilin protein. The peptide exists as a major (trans) and minor (cis) species in solution, arising
from isomerization around a central1#&-Pra3° peptide bond. The trans isomer adopts two well-defined
turns in solution, a type B-turn spanning As*-Glu-GIn-Phé3” and a type IlI3-turn spanning PAS*
Lys-Gly-Cys#2 The cis isomer adopts only one well-defined typg3iturn spanning PA§>Lys-Gly-

Cys'*2 but displays evidence of a less ordered turn spanning?A§in-Asp-GIU3®. These turns have

been implicated in cross-reactive antibody recognit®hl NMR relaxation experiments of th¥N-

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 acrosP. aeruginosastrains.

Pseudomonas aeruginogaa Gram-negative rod-shaped share a common glycosphingolipid cell surface receptor (
bacterium which causes opportunistic respiratory tract infec- 14—17), where the minimal structural element is a disac-
tions in cancer, cystic fibrosis, and intensive care patients charideGalNAc(1—4)5Gal (18) to which the C-terminal
(1—5). The initial step in the pathogenicity & aeruginosa region of the pilin monomer binds.
is adherence to the host cell via polar pili on the bacterial
surface B, 5, 6). The pili are proteinaceous filaments
composed of a homologous polymer of pilin proteb), (
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 epithelivda-13). The
seven different strains ¢f. aeruginosao far characterized

In counteractind®. aeruginosanfections, 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
attachmentX9). SinceP. aeruginosaxists 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
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Dynamics of aP. aeruginosaPilin Peptide

In an effort to understand the structural basis for cross-

reactivity of the pilin monomer with antibody and receptor,
we recently produced a uniformiyN-labeled immunogenic
peptide spanning residues 12844 in the C-terminal recep-
tor-binding domairof P. aeruginosaili protein strain PAK
(Lys'?8-Cys-Thr-Ser-Asp-GIn-Asp-Glu-GIn-Phe-lle-Pro-Lys-
Gly-Cys-Ser-Ly$*) using a bacterial expression syste2f)(
The PAK(128-144) sequence is the target for the design of
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intact pilin monomer fronP. aeruginosa& 122 also detected
microsecond to millisecond time scale motions for residues

within the structurally and functionally homologofigurns,
Aspt**Asn-Lys-Ty*3” and Pré®*-Lys-Thr-Cys*? (24). These

are intriguing results as conformational exchange has been
proposed to be involved in induced-fit binding0({ 31), a
mechanism which may allow Mab PAK-13 to recognize and
bind pilin peptide or the intact pilus from several different

a synthetic peptide vaccine effective against the multiple strains ofP. aeruginosa

strains ofP. aeruginosanfection. The oxidized form of the
recombinant PAK pilin peptide (containing the intramolecular
disulfide bridge Cy®¥°---Cys!*?) undergoes cis/trans isomer-
ization of the central IIE8—Prg3° peptide bond. The cis/
trans isomerization is manifested as a doubling-bNMR*
resonances with a trans:cis ratio of 4:1 at® (23). '°N-

Having completed the structural and dynamical studies of
the>N-labeled PAK pilin peptide free in solution, our current
objective is to study the structure and dynamics of'fihe
labeled PAK pilin peptide when these are bound to PAK-
13. In a paper a few years back?j we reported the results
of 1>N-edited NMR structural studies of theN-labeled PAK

Edited NMR structural studies have shown the trans isomer pjlin peptide in complex with the Fab fragment of PAK-13.

to be disordered at its N- and C-termini but ordered within
the central region that encompasses fvturns. One turn

is a type I5-turn spanning residues ASp-Glu-GIn-Phé®’,
and the other is a type JB-turn spanning residues P#
Lys-Gly-Cys42(22). The cis isomer is also disordered at its
N- and C-termini but displays ordering around a type I
B-turn spanning Pr§>Lys-Gly-Cys4? (the same turn as seen

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 theif-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

in the trans isomer). NMR evidence also suggests a secondhe trans and cis backbone that underwent microsecond to

B-turn spanning Asp>GIn-Asp-GIu®® 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 (¢ghairn
spanning Asp*Asn-Lys-Ty*¥” and another spanning P®
Lys-Thr-Cys4?) (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-

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 &. aeruginosa

To further probe the role of the dynamics involved in
antibody recognition of pilin immunogens, we have now
performed!>N NMR relaxation studies of thé&N-labeled

binding regions suggests that the double turn is conservedrecombinant PAK pilin peptide in complex with Fab PAK-

across all strains dP. aeruginosaili, a finding that bodes

13 and present the results of these studies in this paper. These

well for the development of a broad strain anti-adhesin studies will allow an assessment of changes in the amplitude

peptide vaccine.
N NMR relaxation experiments of the recombin&i-

and frequencies of backbone motions of the PAK pilin
peptide as a function of binding, so that changes in

labeled PAK pilin peptide were next undertaken to study conformational entropy between the free and bound state may
the backbone dynamics of the receptor-binding region b€ approximated, the role of conformational exchange

containing the two consecutiykturns £6). Analysis of these
relaxation data using both the model-free appro@dhZ8)
and spectral density mapping9) found the type | and type

Il S-turns spanning residues ASHGlu-GIn-Phés” and
Pro3-Lys-Gly-Cys$#?to be the most ordered and structured

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 againBt aeruginosanfections,

regions of the trans isomer. However, slow backbone motionsYet effective across the multiple strains of pilin.

on the microsecond to millisecond time scale were also

detected for GIt?S, GIn'36, Phé?’, 1le'®8 and Lys$*°. Thus,

the two turns also appear to be a site of significant
conformational exchange in the trans isomer. In agreement,

with these findings!®N NMR relaxation experiments of the

1 Abbreviations: DSS, 2,2-dimethyl-2-sila-5-pentanesulfonate; ELISA,

MATERIALS AND METHODS

Preparation of the RecombinaftN-Labeled PAK Pilin
eptide NMR Sampléetails of the vector construction,
cloning, expression, and purification of tHi-labeled PAK
pilin peptide have been previously described in det3d, (
34). The sequence of the findPN-labeled recombinant

enzyme-linked immunosorbent assay; HSQC, heteronuclear single-peptide construct was L{A-Cys'29-Thrl30.Sef3LAgpl32
quantum coherence; NMR, nuclear magnetic resonance SPeClroscopy 5133 Agpt34 Gul3e-GInt3e Phe3™[lel38-Prot3e Lysi40.Gly4k

NOE, nuclear Overhauser effect; NOESY, 2D nuclear Overhauser effect
spectroscopy; TRNOE, transferred nuclear Overhauser effect; TR-

NOESY, 2D transferred nuclear Overhauser effect spectroscopy.

Cys“2-Sef43Lys!44-Hs'5 where H&*® indicates an additional
homoserine residue at the C-terminus, a stable product of
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the cyanogen bromide cleavage of a methionine residueequiv of Fab/peptide}’N NMR relaxation experiments were
engineered into the end of the peptide sequence. Oncecarried out at 5.0C using the enhanced sensitivity pulsed-
isolated and purified, the recombinant peptide was oxidized field gradient method 39, 40) on a Varian Inova-500
to form an intramolecular disulfide bridge between residues spectrometer equipped with three channels, a pulsed-field
Cyst?? and Cy$*2 according to the protocol outlined in ref  gradient triple resonance probe with an actively shielded
35. gradient, and a gradient amplifier unit. The pulse sequences
Production of Monoclonal Antibody, Mab PAK-13, and used to record®N T; and T, values and the steady-state
Its Fab FragmentMonoclonal antibody, Mab PAK-13, was  heteronucleaf'H} —'°N NOE's are from Farrow et al4q).
prepared in mouse ascites as described previoa$ly36). Relaxation delays of 11.1, 22.2, 44.4, 88.8, 177.6, 355.2,
The Fab fragment of PAK-13 was then produced via papain 710.4, and 1420.8 ms were used for theexperiments
digestion of purified IgG, using the procedure outlined in acquired in the absence and presence of Fab. Relaxation
ref 22. delays of 15.6, 31.3, 46.9, 62.6, 93.4, 124.8, 156.4, and 187.2
Competitve ELISA Assays of Recombinant PAK Pilin ms were used for th&, experiments acquired in the absence
Peptide Binding to Mab PAK-13ompetitive ELISA was  of Fab, and delays of 16.4, 32.7, 49.1, 65.4, 81.8, 98.2, 114.5,
carried out according to the protocol described by Wong et 130.9, 147.2, 163.6, and 180.0 ms were used forThe
al. (37) in order to measure the apparent association constantexperiments acquired in the presence of 0.15 and 0.30 molar
(Ky) for the binding of the recombinant PAK pilin peptide equiv of Fab. Field strengths of 6.5 and 3.8 kHz were used
to Mab PAK-13. The binding of the synthetic PAK pilin  for 1°N excitation pulses in thél; and T, experiments,
peptide to Mab PAK-13 was also measured for comparative respectively. WALTZ-16 decoupling4®) of >N during
purposes. Briefly described here, microtiter wells were coated acquisition was performed using a field strength of 1.2 kHz.
with intact PAK pili and incubated at pH 7.2 with a solution  All T; andT, experiments were obtained with 32 transients
mixture of Mab PAK-13 and recombinant peptide (or per complex point and using relaxation delays of 2 s. The
synthetic peptide) at various concentrations of peptide. The{'H} —'°N steady-state NOE was obtained by recording
K, for the association of peptide to PAK-13 was then spectra with and withduB s of*H saturation. In the case of
calculated by the formul&, = 1/l5o as described by Nieto  spectra acquired without NOE, a net relaxation delay of 5 s
et al. 39). was employed, whereas a delafys prior o 3 s ofH
Preparation of NMR Samples and Issues of pH and saturation was employed for spectra with NOE. The NOE
Temperature.Two separate peptide NMR samples were experiments used a field of 6.5 kHz for the hard pulses, 1.2
identically prepared by dissolving recombinatiti-labeled kHz for WALTZ-16 decoupling, and 10.6 kHz fotH
PAK pilin peptide in 500uL of 90% H,0/10% DO PBS saturation. All NOE experiments were obtained with 64
buffer to a concentration of 1 mM, with DSS added as an transients per complex point. The spectral widths used for
internal chemical shift reference. The pH of the first sample every relaxation experiment were 6000 and 970 Hzfbr
was then adjusted to pH 7.2 and the pH of the second sampleand 1N, respectively.
to pH 4.5 using NaOH and HCI solutions. The preparation  Measurement of Conformational Exchang&sonforma-
of these separate peptide samples allowed all subsetdent tional exchange processes on-8%ms time scales were
NMR relaxation experiments to be performed at both pH assessed at 5 and 500 MHz for théN-labeled PAK
7.2 and pH 4.5, enabling a determination of the effects of pilin peptide in the absence and presence of 0.3 molar equiv
pH on peptide backbone dynamics and antibody recognition. of Fab. These experiments used a relaxation-compensated
In addition, as the receitN-edited NMR structural studies CPMG (rc-CPMG) pulse sequence that measupbs T,
of the 1>N-labeled PAK pilin peptide in complex with the relaxation rates as a function of the delay between the pulses
Fab fragment of PAK-13 had been performed at both pH in the spin-echo pulse train, i.eRx(z¢p) (43). Two different
7.2 and 4.5 32), the present dynamical study required that ., delays were used, 1 and 10 ms. Relaxation delays were
both pHs also be systematically investigated. identical to those employed for thE experiments in the
The Fab PAK-13 to be used in the titration of the two absence and presence of Fab (see above). Field strengths of
15N-labeled PAK pilin peptide samples was prepared in the 3.8 kHz were used fol°N excitation pulses. GARP decou-
following manner. The Fab PAK-13 solution described above pling (44) of >N during acquisition was performed using a
was dialyzed against PBS buffer, pH 7.2, and diluted 4:1 field strength of 1.0 kHz. All CPMG experiments were
v/v in HO to remove excess salts, and the dialysate wasobtained with 32 transients per complex point and using
lyophilized down to dryness. The powder was then dissolved relaxation delays of 2 s. Spectral widths were 5500 and 1115
in 50 uL of H,O to an approximate concentration of 3.5 mM, Hz for 'H and!*N, respectively.
determined from an extinction coefficient at 280 nmegf Data Processing and Analysigll 2D data sets were
= 7.5 x 10" cm?/mol (this corresponds to an estimated OD processed on SUN Sparc5 and Silicon Graphics Indigo2
280 of 1.5 at a concentration of 1 mg/mL). Two separate workstations using the NMRPipe softwa#b). Assignment
titrations were then performed, one using the fitistlabeled of NMR spectra was achieved with the program PIR6).(
PAK pilin peptide sample prepared at pH 4.5 and one using Typically, spectra were processed in the acquisition and
the second peptide sample prepared at pH 7.2. Aliquots ofindirect dimension with 90shifted sine-bell squared window
10-20 uL were added to each peptide NMR sample, functions.T; and T, values were determined by nonlinear
corresponding to 0.15 and 0.3 molar equiv of Fab/peptide. least-squares fitting of the measured peak heights to a two-
The pH was checked and readjusted to either pH4®102 parameter exponential decay. Fitting was accomplished with
units or pH 7.20+£ 0.02 units after each addition. the xcrvfit program (executable available at the following
N T; and T, and {*H} —*>N NOE Relaxation Measure- address: http://www.pence.ualbertaedio/xcrvfit). Un-
mentsAt each stage of the titration (0.0, 0.15, and 0.30 molar certainties inT; and T, values were approximated from the
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nonlinear least-squares fits. The steady-state NOE valueghe concentration of 1 mM peptide used, the actual concen-
were determined from the ratio of the peak intensities tration of cis isomer is 0.2 mM, as opposed to 0.8 mM for

obtained with and withoutH saturation. the trans isomer. This poor signal to noise precluded an
analysis of cis isomer backbone dynamics using the model-
RESULTS free approach, since the nonconvergence offii€, ratios

made calculation of a meaningful global correlation time

Determination of the Exchange Regime for the PAK Pilin impossible. However, a partial analysis using reduced spectral

Peptide-Fab PAK-13 ComplexThe exchange regime for densit . .
- . y mapping was possible.
the PAK pilin peptide-Fab PAK-13 complex was deter- T,, T2, and NOE of the Trans Isomer in the Absence of

mined using a combination of competitive ELISA experi- . PAK-13Figure 1 presents tHéN T, andT, and{*H} —
ments and chemical shift analysis. Competitive ELISA 15N NOE values measured at pH 7.2 (Figure 1A) and pH
experiments ?frformed at p_H 72 produceﬂ@f 6.3+ 4.5 (Figure 1B) for the trans isomer of the recombinant PAK
0:5) x 10.6 M for the binding of the recombinant PAK pilin peptide at 0.0 (dashed line, open circles), 0.15 (thin
pilin peptide to Mab PAK:B; FoK, = ki[Fab]k-, and line, gray circles), and 0.30 (thick line, black circles) molar
assumingk;[Fab] = 108 M1 s1 (the diffusion-controlled equiv of Fab PAK-13. Thé®N T; and T data acquired for

Xn-r?te_),k_? ca;]n be C?lcﬂl.?tmd t? bs (t)'n the %rder oglfOB Sth the trans isomer at 0.0 molar equiv of Fab shtymand T,
nalysis of chemical shiit perturbations observed 1or e g5y 4tion times that are longer for the C-terminal residues,

PAK pilin peptide trans and cis resonances as a function of Lvsi4 and H8% than for residues within the disulfide 100
added Fab PAK-13 produced off-rates of similar magnitude; (r):asidues 1391'42 for pH 7I2uandv¥leslidues 12;11:12 for P
k-, > 105 s for the trans isomer, ankl, > 140 s for pH 4.5), suggesting that the disulfide bond imparts mobility

th_?hc;s |?omehr$2).An og]rati ofk_, L >|> rlﬁff IS %ons[)st?hnt restrictions for residues within the loop. However, even
with fast exchange on the chemical shift time scé&de bo within the loop, residues do not experience a uniformity of

iliomers, so that ﬂ:jé:N Trl1 relaxationdra.te and thl(_alH}— id time scales or amplitudes for their motions. For example,
N NOE measured for the trans and cis PAK pilin peptide T, times measured for THE, GIu'33, [l1e!8 and Lys4°

resonances in the presence of antibody will be population at pH 7.2 and THES, Phé®7, llel8, and Lyd“0 at pH 4.5 are

weighted averages O.f their free and b_our_ld v_alues &16'@? considerably shorter than the times measured for other

= PBRlE_; + PeRyg). This allows a quantitative interpretation loop residues. These shortendds suggest either (1)

of Fab—mtjuced changes i and NOE. How_ever, théN restricted mobility (increase in local correlation time), (2)

Tz relaxation rateR,, measured fo.r the pept|.d.e resonances y,o presence of some exchange procBs3 (vhich leads to

in the presence of antibody contains an additional exc.:hangechemical shift differences at the nitrogen on a microsecond

term [Reops = PsRes + PeRer + PePe(r)(27A0)7. This to millisecond time scale and the appearance of enhanced

exchange term has nothing to do with conformational y,,q\erse relaxation, or (3) anisotropic contributions caused
exchange processes in either the free or bound states but |§)y the alignment of the relevant NH vector along the long

a consequence of the binding dynamic e?uilibrium. Ifalower 5%is of an anisotropic diffusion tensor so that this vector
limit on the off-rate is takenk(, ~ 100 s), the exchange reorients more slowly than others in the molecule. This third

terrt'r;] czn bedexlpect:_ad t? be c_Jlfhthe samtg order tog magr"t_ucje‘anisotropic“ explanation for the shortenéds is the least
as the bound relaxation term. Thus, caution must be exerciseqy o\, of the three, given the continuum of intermediate to

in the quantitative. interpretation of Fab-induced cha_nges in high-frequency motions that characterize small flexible
T,. Nonetheless, it should be noted that no correlation was peptides, like the PAK pilin peptide

found between the size of the chemical shift perturbation The{lll|} —15\ NOE data acquired.for the trans isomer at
experlenced. by a particular peptideN nucleu's and the 0.0 molar equiv of Fab (Figure 1) show maximum positive
overall Fab-induced change i measured for it [Roons — NOE values for Ly&® Glyl4. and Cy&2 at both pH 7.2
PeRxr) versus (0)]. This suggests that exchange contribu- 5,4 by 4.5 Since increasing NOE values are an indication

tions to Taops are minimal. of increasing backbone ordering, this suggests that the second
>N T; and T; and Steady-State HeteronuclefdH} —**N type Il S-turn (Pré®-Lys-Gly-Cys4?) is the most ordered
NOE Measurement3he 500 MHz'*N T; andT; relaxation  region of the peptide at either pH. In contrast to the well-
rates and steady-state heteronucféa} —'*N NOE's were  ordered second turn, the comparatively smaller NOE values
measured for the trans and cis isomers of the recombinantmeasured at both pH 7.2 and pH 4.5 for the residues in the
15N-labeled PAK 128-144(Hs145) at two separate pHs (PH first type | f-turn (Asp®-Glu-GIn-Phé®) suggest that this
4.5 and 7.2), and for three concentrations of PAK-13 Fab tyr is less ordered in the free solution peptide at either pH.
(0.0, 0.15, and 0.30 molar equiv of Fab). The values of these nterestingly, the NOE measured for Gitis significantly
relaxation parameters are presented in Table S1 (see SUpIarger at pH 4.5 (0.24) than at pH 7.2 (0.12), whereas the
porting Information). The larger errors associated with the NOE measured for GH s significantly smaller at pH 4.5
cis isomer parameters are a function of the smaller concen-(g.13) than at pH 7.2 (0.28). Raising the pH therefore appears
tration of the cis isomer in solution, which is present at a tg |ead to an increase in the ordering of the backbone around
ratio of approximately 1:4 cis:trans at°& (23). Thus, at  G|n33and a decrease in the ordering of the backbone around
GIu**, These changes might be associated with titration of

2|n the limits of fast exchange on the chemical shift time scale, a the glutamyl side chain of GIeP (pKa ~ 4.5)
single resonance is observed at a weighted average chemicabghift,

= Pgdg + Prdr. The longitudinal relaxation rateR( = 1/T;) of this 3 Cyst®is not observed at pH 7.2, either due to base-catalyzed solvent
single resonance is then given B.s = PsRig + PeRir, and the exchange with the water peak or due to some other exchange
transverse relaxation rat®{ = 1/T) is given byRoons = PgRes + mechanism, such as disulfide-bridge isomerization (see Discussion

PR + PePe(7)(27A0)?, wheret ~ 1/k-; andAd = dg — O (47). section of the paper).
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A trans isomer, pH 7.2 B trans isomer, pH 4.5

T1. T2 (s)
Ty, T2 (s)

NOE
=]
=

1

NOE

-0.6 & 0.6 -

J T e da da e -
- - ok

Ficure 1. 15N Ty, T,, and steady-state heteronuclédid} —1°N 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 aned®dQ08/41

D,0, 5.0°C. Standard deviations calculated for each parameter are plotted as error bars. Value$,0nd NOE along with their
associated standard deviations are listed for each trans residue in Table S1.

With the exception of Ly¥?in position 2 of the ordered  molecule at GI&®, with a longer residency time at pH 4.5.
secondg-turn, the heteronuclear NOE'’s corresponding to Exposed amide and carbonyl groups®furns are often
residues with short,'s are all small valued, which implies  solvated, with the water molecule occasionally forming a
a comparatively disordered backbone. Thus, exchange broadbridge between residues in the tud®). Exchange of these
ening (and not restricted mobility) must be the source of the bound water molecules with the bulk solvent has been
enhanced transverse relaxation rates observed for thesebserved to result in increaséeN T, relaxation rates at
residues. Exchange broadening must also account for thephysiological pH $0). Thus, the shortenet, and smaller
shorterT,’'s measured at pH 7.2 versus pH 4.5, especially NOE observed for GR#>at pH 7.2 could result from a bound
as theTy's and heteronuclear NOE's are roughly comparable water molecule that experiences an increased rate of ex-
at either pH. For example, the of Lys'4%is 160 ms at pH change and a shorter residency time as the glutamyl side
7.2 and 240 ms at pH 4.5, whereas the NOE for this residuechain is titrated to its unprotonated state.
is the same within error at pH 7.2 versus pH 4.5 (0.25 versus T, T», and NOE of the Trans Isomer in the Presence of
0.23, respectively). The increased exchange broadeningeg;p paK-13.The 15N T, and T, data acquired for the trans
observed at pH 7.2 could result from either increased ratesisomer at 0.15 and 0.30 molar equiv of Fab PAK-13 (Figure
of specific conformational exchange mechanisms within the 1) show that theT; and T, times for residues within the
trans isomer or increased rates of base-catalyzed solvenjisifide loop region (and at the C-terminus) shorten in the
exchange with the water peaks). presence of Fab. This is consistent with an overall increase

It is worth noting that the turn residue GHidisplays @  in the correlation time of the bound trans isomer. For
significantly decreased at higher pH (310 ms at pH 4.5  example, the averaget, values for residues 129142 at
versus 200 ms at pH 7.5). This pH dependence of &y pH 7.2 are 240 ms in the absence of Fab (0.0 molar equiv)
tracks the pH dependence of GRINOE, for which increased  and 200 ms in the presence of Fab (0.30 molar equiv),

ordering at pH 4.5 was earlier suggested. While this may representing an average decrease of 40 ms. The correspond-

reflect a more stable type/i-turn (Asp*-Glu-GIn-Phé?) ing T, values at pH 4.5 are 310 ms in the absence and 230
at pH 4.5, it may also reflect a more stably bound water ms in the presence of Fab, representing an average decrease
of 80 ms.

4 A 'H NMR-monitored pH titration of the synthetic version of the Decreases inT, can be related to increases in local

PAK pilin peptide showed titration of the backbone amide resonance ; ; ; ; St
of GILI from 8.25 ppm at pH 4 o 8.48 ppm at pH 8, with Kgpf correlation time {) as well as to increases in the contribution

approximately 4.5. No other residues displayed significant chemical Of €xchange broadenin&d) to Tz. Thus, ifRex contributions
shifts within this pH range. to T, were to decrease in the presence of Fab (due to the
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stabilization of microsecond to millisecond exchange-related ordering than the second turn residues in the presence of
motions), then th@, decreases caused hyincreases would  Fab, regardless of pH. This is in agreement with the results
be minimized. This appears to be the situation for the PAK of our ®N-edited TRNOESY studies published earligg,
pilin peptide, where those residues associated with exchangavhich showed TRNOE enhancements only for first turn
broadening are also the ones associated with the smallestesidues. In the same paper, backbone coupling constants
decreases i, in the presence of Fab. However, these slow were used to estimate turn populations in the absence and
motions are not completely stabilized in the presence of Fab, presence of Fab. Values were obtained of 56% and 74% for
as the existence of shorten&sls for select residues in the the first turn in the absence and presence of Fab, respectively,
presence of Fab (GIéP T, at pH 7.2, for example) provides and 70% and 68% for the second turn in the absence and
evidence that exchange broadening persists in the boundoresence of Fab, respectivel$2j. Thus, binding of Fab
state. PAK-13 leads to preferential stabilization of the first turn
The{*H} —N NOE’s acquired for the trans isomer at 0.15 over the second turn in the trans isomer.
and 0.30 molar equiv of Fab PAK-13 (Figure 1) show T, T, and NOE of the Cis Isomer in the Absence and
significant increases for many residues in the presence ofPresence of Fab PAK-13he !*N T, and T, data acquired
Fab. At pH 7.2, these residues include #ArSet3:, and for the cis isomer at 0.0 molar equiv of Fab PAK-13 (see
Asp'®2 on the N-terminal side of the first turn, Gf§ and Table S1, data not plotted) suggest that the disulfide bond
Phé37 within the first turn, Ly$%° and GIly*! within the imparts mobility restrictions for residues within the disulfide
second turn, and SE#, Lys'*4, and H4*° at the C-terminus.  loop, as earlier postulated for the trans isomer. Residues
At pH 4.5, these residues include THr Sef?., and Asp? within the loop region that exhibit shortendd times are
on the N-terminal side of the first turn, GH§ in the first Thr30, Asp!®2 Phé?¥ and Gly*'at pH 7.2 and TH#, Asp'®,
turn, llet*8between turns, Ly4°in the second turn, and H$ Phe?’, and Gly*! at pH 4.5. However, thes& times are
at the C-terminus. Thus, more residues are ordered by Fabmuch shorter than thg times observed for the same residues
binding at the higher pH. Despite these pH-related differ- in the trans isomer. In addition, the collection of residues
ences, binding of Fab at both pH 7.2 and pH 4.5 appears tothat display shortenet}, times is different for the cis isomer
order three distinct regions of the sequence: residues 130 (Thr'3, Asp'®2 Phé?®’, and GIy*Y) than for the trans isomer
132 upstream of the two turns, residues +3@1 within the (Thrt30 Glut®5, Phd®’, 1le*%8 and Ly$49), suggesting that
two turns, and C-terminal residues just outside of the different conformational exchange mechanisms exist in each
disulfide-bridged region. Separating regions one and two areisomer.
GIn®* and Asp®4, for which no increases in NOE values The >N T, data acquired for the cis isomer at 0.15 and
are observed in the presence of Fab at either pH 7.2 or pH0.30 molar equiv of Fab PAK-13 (Table S1) show that the
4.5, T, times for residues within the disulfide loop region shorten
The NMR solution structure of the trans isomer of the in the presence of increasing Fab. As previously suggested
synthetic PAK pilin peptide35) shows that the backbones for the trans isomer, this shortening is consistent with an

and side chains of residues &% Phé?’, 1le!8, Pro-, overall increase in the correlation time of the bound cis
Lys'“0 Set3, and Ly$* are located on the top face of the isomer.
molecule. Thus, the second half of the first turn (8% The {*H}—1*N NOE data acquired for the cis isomer at

Phé?"), the hydrophobic pocket (PHg 1le138 and Pré®), 0.0 molar equiv of Fab (Table S1) show maximum positive
the first half of the second turn (Pf&-Lys!9, and the NOE values for Ly¥, Gly!4%, and Cy%* at both pH 7.2
C-terminus (Séf®and Lys*) comprise a contiguous surface and pH 4.5, implying that the second turn is the most ordered
for interaction with antibody. The NMR solution structure region of the peptide at both pH 7.2 and pH 4.5 (as seen
of the trans isomer also shows that the backbones and sidewith the trans isomer). A3 also displays a relatively large
chains of residues THF, Sef3%, Asp'®2 GIn'33 and Asp3* NOE, suggesting increased ordering of the backbone around
are located on the bottom face of the molecule, away from this residue as well. Previous heteronuclear NMR experi-
the proposed binding surface. Thus, the significant increasesments of the recombinant PAK pilin peptide at pH 4.5

in the heteronuclear NOE’s observed for ¥ArSet3!, and indicated the presence of a turn spanning A&@In-Asp-
Asp'32 must be related to an overall “tightening” of the GIu'®® in the cis isomer, which was less ordered and less
peptide, as opposed to direct contact with Fab. As®Plg well conformationally defined than the second type Il turn

just downstream of Cy%, a decrease in the motional (34).
flexibility of the Cys'?%-Cys!“2 disulfide bond as the second The {1H}—1>N NOE data acquired for the cis isomer at
turn is bound (Cy%? is in position 4 of this turn) may  0.15 and 0.30 molar equiv of Fab PAK-13 (Table S1) show
contribute to the increased ordering of Trinterestingly, significant increases for several residues in the presence of
the side chains of Thi®and Set*also point inward toward ~ Fab. At pH 7.2, these residues include ‘SerAspts? and
the hydrophobic pocket of the peptide. Thus, a tightening Asp*®* located in or near the putative first turn in the cis
of the hydrophobic pocket might additionally contribute to isomer (Asp3*~GIn-Asp-GIu39). These NOE data suggest
the ordering of these residues. By contrast, the backbone andhat the first turn in the cis isomer is ordered by Fab binding,
side chains of Gl and Aspg** are looped out toward the  in agreement with the results of otiN-edited TRNOESY
bottom surface of the peptide. Their relative detachment from studies 82) that showed TRNOE enhancements for &lu
the rest of the peptide may explain why no increases in in the first turn. Thus, as with the trans isomer, binding of
ordering were observed for these residues in the presenced-ab to the cis isomer appears to lead to preferential ordering
of Fab. of the first turn over the second turn.

If the {*H} —1°N NOE's for the turns alone are considered, = Model-Free Analysis of the Trans Isomer: Effects of Fab
it can be seen that the first turn residues undergo greaterBinding. The backbone dynamics of the trans isomer of the
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Ficure 2: Order parameter§?, and internal correlation times,, 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, usiis§ amdyr. variables.
Standard deviations calculated for each parameter are plotted as error bars. V&tmsdaf along with their associated standard deviations

are listed for each trans residue in Table S2.

recombinant PAK pilin peptide in the presence and absence Once these global’s were determined, they were used
of Fab PAK-13 were first analyzed using the model-free to fit the relaxation data to a single time scale form of the
approach of Lipari and Szab@7{, 28). The first step in this  spectral density function, and the model-free paramesers
analysis involved obtaining an estimate for the value of the andz. were calculated for all backbone amide-N bond
global correlation timeg,, usingT:/T, ratios. The poor signal  vectors in the free and bound trans isomer at pH 7.2 and
to noise associated with the cis isomer precluded such an4.5. The S and 7. values are presented in Table S2. A
analysis, since the nonconvergence of Thd, ratios made comparison of these values in the absence of Fab shows that
calculation of a meaningful impossible. Howeven,'s were the averages® andr, values for residues 129142 are 5%
readily calculated for the free and bound trans isomer (0.0 smaller and 62% larger, respectively, at the higher pH. Thus,
and 0.30 molar equiv of Fab), at both pH 4.5 and pH 7.2, the trans isomer at pH 7.2 is slightly more disordered, with
using residues with backbone nitrogens within the specified internal motions of greater rate and amplitude than those
threshold of one standard deviation from the mean. Residuesobserved at pH 4.5. This agrees with the longer global
with T4/T, ratios greater than one standard deviation from optimum 7. calculated at pH 7.2 and the appearance of
the mean included TH, GIut®, Ile!®8 and Lys*° at pH increased exchange broadening at pH 7.2.
7.2 and Tht¥0, Phé?", 11e!®8 and Lys*?at pH 4.5 and were Figure 2 plots the® andz. values for the trans isomer at
excluded from the determination of, as the relaxation of  pH 7.2 (Figure 2A) and pH 4.5 (Figure 2B) in the absence
these residues was considered to be more appropriatelyopen circles) and presence (black circles) of 0.30 molar
modeled withRey contributions, which would lead to an  equiv of Fab PAK-13. Th& values plotted for pH 7.2 show
effective decrease in the measued(50). significant increases>(0.08 $ unit) in ordering for Th¥®
Using this methodology, the global optimurgs for the and Sef*! near the disulfide bridge, Gi#f and Phé&” in the
free and bound trans isomer were determined. Upon com-first turn, Ile'*® between the turns, and Y8 Gly'#%, and
plexation at pH 4.57. was found to increase fromy(free) Cys'*? in the second turn. These increases imply partial
= 2.3+ 0.4 ns tor(bound)= 3.7 4 0.3 ns, consistent with  immobilization of the second half of the first turn (G
the different molecular masses of the free peptide (1.5 kDa) Phé?®"), the hydrophobic pocket (PHg lle'® and Prd39),
and the peptideFab complex (50 kDa). Upon complexation the second turn (P#&-Lys-Gly-Cys4?, and the disulfide
at pH 7.2, however, the. values did not significantly change  bridge (Cy$%>---Cys'4?), structural elements all presented on
[(zc(free) = 4.5 £+ 0.8 ns andr(bound)= 4.3 + 0.5 ns], the top half of the solution structure of the PAK pilin peptide
which may be a reflection of a looser free solution structure (35). However, partial immobilization does not mean an
that becomes more compact upon binding. Interestingly, the absence of internal motions in the bound state. &&th&lues
7(bound) values for pH 7.2 and 4.5 are the same within error, plotted for the trans isomer at pH 7.2 show that the free and
suggesting that the ordering or “compactness” of the bound bound states both experience significant internal motions on
trans isomer is similar at both pHs. the picosecond to nanosecond time scale. This is especially
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true for the residues associated with exchange-relatedthe local correlation time54). The contribution of slow
microsecond to millisecond time scale motions, as these motions (microsecond to millisecond) d¢0) must therefore
residues display. values greater than 30 ps in the bound be carefully scrutinized.
state. The J(w) spectral density valueg(0), J(wn), andJ(wy),

The & values plotted for pH 4.5 (Figure 2B) show smaller were calculated from the relaxation data measured for the
increases in the presence of Fab. Only residue$*Tand free and bound (0.0 and 0.30 molar equiv of Fab PAK-13)
lle'® show significant increases in ordering; residues'®In  trans and cis isomers of the recombinant PAK pilin peptide
and Phé&¥ in the first turn show only small increases in at pH 7.2 and 4.5 (see Table S3). Figure 3 plots X%
ordering. These results imply that partial immobilization values for the trans isomer of the recombinant PAK pilin
occurs only around THT, Ile'38 and the second half of the  peptide at pH 7.2 (Figure 3A) and pH 4.5 (Figure 3B). In
first turn (GIn"*6-Phé®"). Thus, while the antibody may be the absence of Fab (open circles), the trans isomer displays
recognizing the same binding surface on the trans isomer, itthe largest)(0) values for Th¥°, GIu®, 11138, Lys!4% and
appears to be inducing less order at pH 4.5, possibly becauseSef*® at pH 7.2 and THEC, Phé®’, 1le'38 and Ly$4° at pH
the free peptide is already partially “preordered for binding” 4.5, consistent with the loW, values measured for these
at the lower pH. residues, and the need to inclugg terms in the modeling

To examine if exchange-related motions on the microsec- of their relaxation. The smalles{0) values are associated
ond to millisecond time scale are stabilized by antibody with Lys!* and H3*° at both pHs, consistent with the
binding, the parameteRex was added in the calculation of increased short locat.'s for residues at the mobile C-
& andr, using the one time scale spectral density function terminus.
(51). TheseS, 7., andRex values are included in Table S2  J(0) values calculated for the trans isomer are observed
for only those residues where better or equally good fits were to increase in the presence of 0.30 molar equiv of Fab (black
obtained on the basis of)& calculation. Unfortunately, the circles). For examplel(0),, for residues 129142 increases
absence of a well-defined(free) for the trans isomer at pH  from 0.97 to 1.19 ns rad at pH 7.2 and from 0.65 to 1.10
7.2 precluded quantitative analysis of free versus bd&ad  ns rad?® at pH 4.5. At pH 4.5, these increases are relatively
values. Thankfully, well-definedy(free) andr(bound) values  uniform across the sequence (with the exception of-B)la
at pH 4.5 allowed quantitativBe analysis at the lower pH,  However, at pH 7.2, these increases are limited to residues
for which a significant decrease for 1fin the presence of =~ 130-134 and 136-138 in the sequence. As tl¢0) values
Fab was observedRl(free)= 1.544 0.23 s at 0.0 molar for GIu'® and Lys$“° appear to be dominated by the
equiv of Fab;Re(bound)= 1.11+ 0.15 s* at 0.3 molar  contribution of theRex exchange term at pH 7.2, the absence
equiv of Fab]. Thus, binding of Fab appears to lead to the of significant increases for these residues suggestsRhat
stabilization of exchange-related motions around residue contributions taJ(0) are decreasing as a function of increas-
lle8 at least at pH 4.5. ing Fab; i.e., the binding of Fab is stabilizing exchange-

Reduced Spectral Density Mapping of the Trans and Cis related motions around Git¥and Ly$4°. On the other hand,
Isomers: Effects of Fab Bindindylodel-free analysis often  whereJ(0) is not dominated bR, the absence of increases
provides a means of assessing the contributions of internalin J(0) with increasing Fab suggests that locg$ are not
motions and conformational exchange to the spin relaxation significantly changing. This appears to be the case for
of globular proteins in solution. However, there are limita- residues GI§#%, Cys2 and Se¥*3 within or near the second
tions that arise from inherent assumptions. The overall turn. The absence of significant increases in the logal
molecular reorientation must be isotropic and independentfor these residues in the presence of Fab is in agreement
from fast internal motions, whose contributions to relaxation with the notion of a well-ordered second turn in the free
are negligible {. > 7). These assumptions do not necessarily solution state of the trans isomer, which does not undergo
hold for small flexible peptides in solution, especially at significant further ordering in the bound state.
temperatures greater tharfG, above which the concept of Significant differences are observed betwdd) values
a globalz. is suspect due to a lack of regular secondary calculated at pH 7.2 versus pH 4.5. The averaif8}ivalues
structure. An alternative relaxation analysis approach for calculated for all residues in the free trans isomer at pH 7.2
characterizing molecular dynamics at multiple temperatures gre approximately 40% larger than the averad@) values
is provided by spectral density mappir2(53), which has  calculated at pH 4.5, reflecting either an increased rate of
the advantage that it makes no assumptions about thesolvent exchange at the higher pH or the “looseness” of the
separability of the time scales between the motions andfree solution structure which could be undergoing various
allows the possibility of sizable contributions to relaxation forms of conformational exchange. However, the single most
from high-frequency motions. Moreover, this methodology striking difference between the two pHs is the size of the
is analytic and independent of error estimates, which allows J(0) value calculated for GI&® at pH 7.2 (1.21 ns rad at
relaxation data with poor signal to noise to be interpreted pH 7.2 versus 0.62 ns ratlat pH 4.5). This largg(0) value
(as is the case with the cis isomer of the PAK pilin peptide). reflects the shorf, measured for GR# at pH 7.2, for which

In general J(0) is proportional to the local correlation time  a possible pH-dependent bound water mechanism has already
of the backbone nitroge?). Thus, it is possible to interpret  peen discussed.

temperature effects on the basis of changes in local correla-  Figure 3 also plots thé(0) values for the cis isomer of
tion times. However, this interpretation is valid only in the the recombinant PAK pilin peptide at pH 7.2 (Figure 3A)
absence of conformational exchange phenomena, which can

lead to shortenening df, times and, therefore, larger values 5 At pH 4.5, theJ(0) of GILi* increases appreciably in the presence

of J(0). In certain cases, conformational exchange phenomenayt Fab. This may refiect either an increaseRin or an increase in the
can contribute significantly more to the value 30) than local 7. for this residue in the bound state.
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Ficure 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 af(0), J(wn), andJ(wy) are listed for each trans and cis residue in Table S3.

and pH 4.5 (Figure 3B). In the interest of scale and visual trans isomer, pH 4.5
clarity, only select cis residues are plotted, for which ”s-
reasonably small and accurd{@) values could be calculated ’
(<2 ns rad?). These smalleJ(0)'s are presumably not [}]
dominated byR.x. Even soJ(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 locat.. 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, meaningfi(0) values for first 0- A NS
turn residues in the cis isomer cannot be extracted. BEE3ReRgl8esEE3ES
Measurement of Conformational Exchan@ar analysis

— (54
W o
1 1

AR (Tep)(s1)
&

0.5 1

. : ~ : Ficure 4: Conformational exchange at pH 4.5, calculated\Rs-
of T, relaxation data using both model-free formalism and (7o) = Ro(10 ms)— Ro(1 ms), is plotted for each residue of the

spectral density mapping suggests a stabilization of micro- ¢ans isomer of the recombinant PAK pilin peptide in the absence
second to millisecond exchange-related motions in the trans(open bars) and presence (black bars) of 0.3 molar equiv of Fab
isomer of the PAK pilin peptide when it is bound to Fab. PAK-13. The peptide sample was 1 mM in PBS buffer, pH 4.5,
To provide a more direct assessment of exchange-relatec®nd 90% HO/10% DO, 5.0°C. Error bars represent the propagated

- . . standard deviations from the origin®d measurements. Values of
motions in the free and bound state, we used a relaxatlon-15N T,(10 ms),Ro(1 Ms), To(1 ms), ancR,(10 ms), along with their

compensated CPMG (rc-CPMG) pulse sequence which gssociated standard deviations, are listed for each trans residue in
detects chemical or conformational exchange processes oITable S4.

0.5-5 ms time scales4Q).

Figure 4 shows\Rx(7¢p) = Ry(10 ms)— Rx(1 ms) plotted time scales commenserate witl, these processes should
for each residue of the trans isomer of the recombinant PAK contribute to fasteR, rates asre, is increased; i.e R(10
pilin peptide in the absence and presence of 0.3 molar equivms) > Ry(1 ms), orARy(7c,) > 0. According to Figure 4,
of Fab PAK-13, pH 4.5, at 3C. ARx(t¢,) andRy(tcp) values positive ARy(z¢p) values larger than the mean were measured
are also given in Table S4. If exchange processes exist onfor Thr¥0 (1.56+ 0.21 s'), Phé?” (1.18 4+ 0.18 s%), and
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Lys0 (2.27 + 0.15 s%) in the absence of Fab. However,

Biochemistry, Vol. 42, No. 38, 20031343

isomerization of the Cy$°—Cys'? disulfide bond persists

these values are reduced in the presence of 0.3 molar equivn the bound state of the trans isomer.

of Fab to 0.78+ 0.39, 0.56+ 0.37, and 0.87 0.32 s,
respectively. This suggests that T Phé?’, and Ly$*°
experience slow 0:55 ms time scale motions in the free
solution state PAK pilin peptide but that these motions are

Slow exchange-related motions were also detected for
Phes’ 11e'8 and Lys* at pH 7.2 and 4.5, with exchange
contributions “peaking” around Re& While cis/trans isomer-
ization around the central f&—Pro'*° peptide bond would

quenched upon binding to Fab. In addition, the absence ofcertainly affect this region of the backbone, this should occur
significant 0.5-5 ms time scale processes in the presence on a time scale too slow to contribute to exchange broaden-
of Fab suggests that chemical exchange between the freéng. Other possible exchange mechanisms which occur within
and Fab-bound state is on a time scale faster than thosea microsecond to millisecond time scale and could therefore
sampled by the rc-CPMG experiment. This is in agreement contribute to exchange broadening include bending motions

with our calculation of an off-rate df_, > 100 s.

DISCUSSION AND CONCLUSIONS

N T, and T, relaxation rates and steady-state hetero-
nuclear{ *H} —*N NOE’s were measured for theN-labeled

around the hinge residue, ¥ 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 calisexchange
broadening in botH*N relaxation measurement58—61)
and *C Ca relaxation measurement62). However, con-

recombinant PAK pilin peptide in the absence and presenceformational exchange within th@turns of the trans isomer

of a Fab fragment from monoclonal antibody PAK-13. These

seems unlikely as the configurations of these turns (a type |

parameters were analyzed using both the model-free formal-3-turn spanning Aspi*Glu-GIn-Phé3” and a type I|3-turn
ism and the reduced spectral density mapping approach.spanning Pr&%Lys-Gly-Cys4?) are well defined by the

Exchange processes on 85 ms time scales were also

relative strengths of the,n(2,3),dwn(2,3), anddsn(2,4) cross-

assessed for the PAK pilin peptide in the absence andpeaks 22, 32, 35). In addition, the NMR solution structures
presence of Fab using a relaxation-compensated CPMGof the trans isomers of two other synthetic peptides, PAO
experiment. The results of these studies invite discussion ofand KB7, derived from the corresponding C-terminal recep-

several key issues which include possible conformational

tor-binding regions of strains PAO and KB aeruginosa

exchange mechanisms in the trans and cis isomers of thepilin, showed the same two sequenfialurns, conserved in

PAK pilin peptide, the effect of pH on these exchange

both sequence and configuration despite limited sequence

mechanisms, and the role of conformational exchange in homology @5).

induced-fit binding of antibody.

Possible Conformational Exchange Mechanisms in the
Trans Isomer of the PAK Pilin Peptide the trans isomer,
slow exchange-related motions were detected fof*fhat
pH 7.2 and at pH 4.5. These motions could result from
isomerization of chirality of the neighboring C§%-Cys'#?
disulfide bond. Disulfide bond isomerization has been
observed in BPTI as a doubling of resonances inthe
edited HSQC spectrum of this proteib5j and has been
detected in®N relaxation analysis of the C5 domain of the
human type VI collagerm3 chain §6) and the disulfide-
bridged w-conotoxin MVIIA polypeptide §7). 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-d 2@ rotation
around the @—Cp bond of one of the cysteines. While this
places the |4 protons of one of the cysteines into two
possible arrangements, it leaves the ptotons 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 th&N-edited NOESY HSQC spec-
trum of the recombinant PAK pilin peptide in the absence
of Fab PAK-13 82) shows a doubling of th&®N, NH, Ho
(F2, F1, F3) cross-peak for CY8 for the trans isomet,
implying that the @—Cp bond of Cy$?° is undergoing
conformational exchange so as to place the iHto two
chemically different environments. Interestingly, the doubling
of Cys'?° Ha resonances is still observed in the NOESY
HSQC in the presence of Fab PAK-13uggesting that

Bending motions around the hinge residue'®fleoffers a
more plausible exchange mechanism. “Hinge-bending mo-
tions” between subdomains of humanTGF have been
invoked to explain®>N T, exchange broadening6g).
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 B-turn to the second type |l
S-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
(uM; 36), it has been suggested that hinge rotations about
llel®® might place the two turns into the same relative
alignment for binding 35). Hinge-bending motions about
lle38 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 B-turn spanning PA§%Lys-
Gly-Cys'#2

Possible Conformational Exchange Mechanisms in the Cis
Isomer of the PAK Pilin Peptiddn the cis isomer, slow
exchange-related motions were also detected fot3Tht
both pH 7.2 and pH 4.5, which may also be associated with
isomerization of chirality of the neighboring Cy%-Cys'#?
disulfide bond. In support of this mechanism, a doubling of

61n the *>N-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
minor cross-peak at 121.8, 9.16, 4.98 ppm is observed fot’Cys

"In the >N-edited NOESY HSQC spectrum of the trans isomer in
ghe 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 fo*Cys
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the Cy3$?° Ha resonance was observed in tHdl-edited Furthermore, chemical shift perturbations observed for the
NOESY HSQC of the cis isomer in the absence Fab PAK- trans isomer in the presence of Fab PAK-13 were almost
13 (32).8 Isomerization of the disulfide bond may also be identical at pH 7.2 versus pH 4.32), suggesting that pH
the source of the slow motions detected for &lyat both changes within this range do not significantly alter the
pH 7.2 and pH 4.5, as this residue is located just inside the peptide “binding surface” recognized by the antibody. The
bridge (like Th#39). As the type Il conformation of the second only residue to display specific pH-dependent chemical shift
turn in the cis isomer (Pi&*-Lys-Gly-Cys4?) is fairly well perturbation behavior in the trans isomer was ‘&l(32),
defined, the slow motions detected for &lare less likely for which increased backbone ordering and a decreased
to be caused by conformational exchange within the turn. exchange contribution at lower pH were observed in the
However, the slow motions detected for A¥pat both pH relaxation studies presented here. A transient water molecule,
7.2 and pH 4.5 are undoubtedly caused by conformational more stably bound at pH 4.5, was proposed to be responsible
exchange within the first turn (A3f-GIn-Asp-GIu), as it for these pH-related differences in relaxation. A more stably
is poorly defined in the free solution structure of the cis bound water molecule at pH 4.5 might also contribute to
isomer @4). Finally, slow motions detected for PRéat both the decreased antibody affinity observed for the lower pH if
pH 7.2 and pH 4.5 are difficult to identify in the absence of the optimal binding of the PAK pilin immunogen to Fab
a solution structure for the cis isomer; however, they may PAK-13 first required release of this water from &fu
be related to phenyl ring flips of this residue. Ring flipping Interestingly, studies of the effect of pH on adhesin function
about the ¢—Cy bond of tyrosine has been measured on indicate that receptor-binding activity is very pH dependent,
the microsecond to millisecond time sca@)and has been  with almost zero activity at pH 4.5 and maximal activity at
proposed as &N T, exchange broadening mechanism in pHs greater than physiological (R. Irvin, unpublished results).
BPTI (55). Furthermore, a GR3® to Ala'3® mutation results in a more
Interestingly, exchange broadening is much more pro- cross-reactive pilin peptide immunoge®6). As GIu** is
nounced in the cis isomer than it is in the trans isomer. This the only residue that titrates within this range and displays
is expected from the relative ratio of the isomers (1:4 cis: specific pH-dependent relaxation and chemical shift behavior,
trans ratio at 5°C) which predicts a greater sampling of it must play a critical role in adhesin function, modulating
higher energy conformational states in the less stable cisboth specificity of the immune response and affinity for
isomer. Indeed, the first turn in the cis isomer is much more receptor.
poorly defined than the first turn in the trans isomer and Role of Conformational Exchange in the Induced-Fit
may be quite conformationally heterogeneous. Binding of PAK Pilin Peptide to Antibodyhat is the role
Effect of pH on Conformational Exchang@. general of conformational exchange in induced-fit binding of the
increase in the contribution of exchange-related motions to PAK pilin peptide to antibody? Both the trans and cis isomers
relaxation is observed with increasing pH for both the trans bind with apparently equal affinity to Fab PAK-13, although
and cis isomers. While this may result partly from increased their only shared structural feature is the typegurn
rates of base-catalyzed solvent exchange, it may also indicatepanning Pr&f®-Lys-Gly-Cys42 This conserved turn is well
a “looser” structure at the higher pH, with increased rates populated in the free solution state of both isomers and does
of motion on all time scales. In this regard, model-free not undergo significant stabilization upon Fab binding. By
analysis of the trans isomer in its free state indicated slightly contrast, the first turns in the trans (A3pGlu-GIn-Phé%")
more disorder at pH 7.2, with internal motions of greater and cis (Asp**-GIn-Asp-GIUt®) isomers are less well
rate and amplitude than those observed at pH 4.5. Model-populated in the free solution state but undergo significant
free analysis of the trans isomer in the presence of Fabstabilization upon Fab binding. Thus, binding of the first turn
indicated increased order at pH 7.2 versus pH 4.5. If theseappears to involve an “induced-fit” mechanism. Interestingly,
order parameters are converted into conformational entropythe site of the greatest conformational exchange in the trans
(65) and the total combinedS (Sound — Sred) Calculated, isomer is 11é%8 a “hinge” for cis/trans isomerization (f&-
values of—38.7 J/(molK) at pH 7.2 and—6.29 J/(moiK) Prot®9 and a residue that coincidentally sits right in the
at pH 4.5 are obtained. These values suggest that the PAKmiddle of the two turns (As*Glu-GIn-Phé*" and Pré**-
pilin peptide experiences a greater loss in conformational Lys-Gly-Cys“). Conformational exchange around'ffemay
entropy upon Fab binding at pH 7.2, commensurate with its thus modulate induced-fit binding of the first turn in the PAK
less ordered free state. pilin system, allowing the PAK-13 combining site to
An increased loss in conformational entropy generally accommodate either a trans or a cis topology, even though
translates into decreased binding affinity. Yet, HSQC titration the relative distance and orientation of the first to the second
data presented for the trans isomer in a previous p&#r ( turn are different in each isomer.
suggest that th&, is slightly greater at pH 7.2 than at pH ~ Conformational exchange around'ffémay also modulate
4.5. What, then, could account for the increased affinity of induced-fit binding of the first turn in the PAO and KB7
the interaction at pH 7.2? The pattern of backbone and side-pilin systems, providing a mechanism for cross-reactivity of
chain NOE connectivities observed for the trans isomer at PAK-13 to various strains of. aeruginosa Thus, the
pH 7.2 and 4.5 is identical@, 32), suggesting that neither ~Presence of conformational exchange within the PAK pilin
the turns nor the hydrophobic pocket experience any sequence may be the very factor that allows the generation

significant change in conformation as a function of pH. Of an anti-peptide antibody therapeutic that is capable of
recognizing and binding the intact pilin protein from several

8 In the>N-edited NOESY HSQC spectrum of the cis isomer in the different strains ofP. aeruginosa To this end, a detailed

absence of Fab, a major cross-peak at 122.2, 9.02, 5.06 ppm and Qicture of the dynamics involved in antibody recognition of
minor cross-peak at 122.2, 9.02, 4.94 ppm is observed fot’Cys pilin immunogens is a necessary component of vaccine




Dynamics of aP. aeruginosaPilin Peptide

design, providing critically important information to the
generation of an immune response cross-protective against

a broad spectrum d®. aeruginosastrains.
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