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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@Nzlabeled PAK pilin peptide spanning residues 4284 of

the PAK pilin protein. The peptide exists as a major (trans) and minor (cis) species in solution, arising
from isomerization around a central 1#&Pro'3® peptide bond. The trans isomer adopts two well-defined
turns in solution, a type B-turn spanning As§*Glu-GIn-Phé3” and a type II3-turn spanning PP
Lys-Gly-Cys#2 The cis isomer adopts only one well-defined typg3iturn spanning PA§>Lys-Gly-

Cys'*? but displays evidence of a less ordered turn spanning®A§in-Asp-GIU5. These turns have

been implicated in cross-reactive antibody recognitiéN-edited NMR spectroscopy was used to study

the binding of the'>N-labeled PAK pilin peptide to an Fab fragment of a cross-reactive monoclonal
antibody, PAK-13, raised against the intact PAK pilus. The results of these studies are as follows: the
trans and cis isomers bind with similar affinity to the Fab, despite their different topologies; both isomers
maintain the conformational integrity of thefi-turns when bound; binding leads to the preferential
stabilization of the first turn over the second turn in each isomer; and binding leads to the perturbation of
resonances within regions of the trans and cis backbone that undergo microsecond to millisecond motions.
These slow motions may play a role in induced fit binding of the first turn to Fab PAK-13, which would
allow the same antibody combining site to accommodate either trans or cis 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 str&nsefuginosa

Pseudomonas aeruginogaa Gram-negative rod-shaped share a common glycosphingolipid cell surface receptor (
bacterium that causes opportunistic respiratory tract infections14—17) where the minimal structural element is a disaccha-
in cancer, cystic fibrosis, and intensive care patiehtss). ride fGalNAc(1-4) fGal (18) to which the C-terminal
The initial step in the pathogenicity d®. aeruginosais region of the pilin monomer binds.

adherence to the host cell via polar pili on the bacterial  |n counteractind®. aeruginosanfections, an anti-adhesin
surface 2, 5, 6). The pili are proteinaceous filaments vaccine has been proposed. Antibodies specific for the pilin
composed of a homologous polymer of pilin proteb),(  C-terminal region can be raised with synthetic peptides and
where the semi-conserved C-terminal region of the last pilin can be used to counteract infection by blocking bacterial
monomer in the polymer array contains the actual binding attachment9). SinceP. aeruginosaxists as seven different
domain for adherence to the host epithelivdr-13). The strains, production of a cross-reactive antibody effective
seven different strains &. aeruginosaso far characterized  against all strains would be most desirable for an antibody
therapeutic. It is possible to envisage such a cross-reactive
TThis work was funded by the Protein Engineering Network of antihady since all strains bind to the same receptor and

Centres of Excellence (PENCE) and the Canadian Bacterial Diseasesdisplay a conserved antigenic epitop&0) within the
Network (CBDN), which are both funded by the Government of receptor-binding region (adhesintope) of the pil@§)( In

Canada. fact, anti-adhesin antibodies that recognize the adhesintope
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In an effort to understand the structural basis for this cross- with the NMR-free solution structure of the trans isomer of
reactivity of the pilin monomer with antibody and receptor, the synthetic PAK pilin peptide2Q). In addition, the pattern
the NMR-free solution structures of four synthetic peptide of NOEs, temperature coefficients, and coupling constants
antigens spanning the C-terminal receptor binding regions observed for the cis isomer demonstrated a typg-tilirn
of four strains ofP. aeruginosailin (PAK, PAO, KB7, and spanning Pr&%Lys-Gly-Cy$4? and suggested a second
P1) were studied, and a common structural motif of two S-turn spanning AspF>GIn-Asp-GIu®®. Apparently, the cis
sequentialf-turns was found22, 23). 'H NMR-monitored arrangement causes steric clashes between turns separated
titrations of these four synthetic peptide antigens with a cross- by only one residue and favors the formation of a first turn,
reactive monoclonal antibody, Mab PAK-13, raised against which is displaced by two residues toward the N-terminus.

the intact PAK pilus mapped the antigenic determinant to  We report here the results 8N-edited NMR studies of
the two turns in all four peptide24). The two turns were  the !5N-labeled PAK pilin peptide in complex with the Fab
thus predicted to constitute the common structural elementfragment of PAK-13. These studies use a combination of
for cross-reactive antibody recognition. Transferred NOESY chemical shift perturbation mapping, TRNOESY experi-
experiments of these same four peptide antigens in complexments, and measurement of coupling constants and temper-
with Mab PAK-13 were also performed to probe for ature coefficients to probe for changes in the backbone
conformational changes in theturns induced by binding  conformations of the trans and cis isomers of the PAK pilin
to antibody @4). The bound peptide conformations were peptide occurring as a result of antibody binding. In a
found to differ little from their free solution conformations,  forthcoming paper47), we will also report the results of
suggesting that the free peptide conformation is similar to 15Ny NMR relaxation studies of th&N-labeled PAK pilin
the bound conformation and arguing for the role of a peptide in complex with Fab PAK-13. Taken together, these
“flexible” combining site in cross-reactive antibody recogni- - complimentary studies should provide a more detailed picture
tion. of the role of definegs-turn structure in antibody recognition
Although theséH NMR studies have provided interesting and binding, while also exploring the role of peptide
preliminary evidence of the involvement of tifeturns in backbone motions on antibody cross-reactivity. A detailed
cross-reactive antibody recognition of pilin antigens, they structural and dynamical picture of PAK pilin immunoge-
have been hampered by the inherent limitations of homo- nicity will ultimately provide useful in the design of a potent
nuclear two-dimensional NMR spectroscopy. The inclusion synthetic peptide vaccine, immunospecific agaihsaerugi-

of N and *3C labels in the backbone and side chains of nosainfections, yet effective across the multiple strains of
select pilin peptides would enable more sophisticated het- pjlin.

eronuclear NMR experiments to be used in the study of this
system. Isotope-edited NOESY and TRNOESY experiments EXPERIMENTAL PROCEDURES
of 15N/*3C-labeled pilin peptides bound to antibody would ) ) o
allow mapping of epitope regions of these peptides in order EXpression, Isotope-Labeling, and Purification of Recom-
to determine if they involve botjf-turns or indeed other bma_nt PAK P|I|n.Pept|deDet§u'Is of the vector construction,
binding motifs.1>N and*3C NMR relaxation experiments of cl_o_nlng, expression, and purlf!catlon of tW-Iabeled PAK
the 15N/13C-labeled pilin peptides in solution versus when Pilin peptide have been previously described in det2, (
bound to antibody would allow dynamical and motional 26)- The sequence of the findPN-labeled recombinant
information to be obtained for the peptides in their free versus Peptide construct was L{&-Cys?-Thri*-Ser3-Asps=
bound conformations. G|n133_ASp134_G|u135_G|n136_Phé37_||e138_Pro‘1.39_Lysl4O_G|y141_
Toward these goals, a bacterial expression and purification CYS **Sef*Lys!**+Hs'*’, where H§* indicates an additional
system for recombinant pilin peptides was developed by homoserine re3|due_at the C-terminus, a sta_ble_ produc_:t of
Tripet et al. 25). This system was adapted to producéN: the Cyanogen bromide cleavage of a methionine residue
labeled PAK pilin peptide spanning the C-terminal receptor- engineered into the end of the peptide sequence. Once
binding residues 128144 of the intact PAK pilin monomer isolated anq purified, the repombmaryt peptide was ox[dlzed
(Lys'?:-Cys-Thr-Ser-Asp-GIn-Asp-Glu-GIn-Phe-lle-Pro-Lys- 10 form an intramolecular Filsulflde bridge between. reS|d.ues
Gly-Cys-Ser-Ly&4), and®N-edited multidimensional NMR Cys'?® and Cy$*2 according to the protocol outlined in
spectroscopy was used to determine the solution secondary=@mpbell et al. 22).
structure of this peptide26). The oxidized form of the Production of Monoclonal Antibody, Mab PAK-13, and
recombinant PAK pilin peptide (containing the intramolecular Its Fab FragmentMonoclonal antibody, Mab PAK-13, was
disulfide bridge Cy®® - -Cys'4?9) exists as a major (trans) prepared in mouse ascites as described previoasly2g).
and minor (cis) species in solution, arising from isomerization The Fab fragment of PAK-13 was then produced via papain
around a central 1/88-Prot3°® peptide bond. The pattern of digestion of purified 1gG, using a procedure outlined in
NOEs, temperature coefficients, and coupling constants Campbell et al. Z4).
observed for the trans isomer confirmed the presence of a Competitte ELISA Assays of Recombinant PAK Pilin
type | B-turn and a type IB-turn spanning Asi*Glu-GlIn- Peptide Binding to Mab PAK-1Zompetitive ELISA was
Phé3”and Pré*-Lys-Gly-Cys* respectively, in agreement  carried out according to the protocol described by Wong et
al. (29 in order to measure the apparent association constant
1 Abbreviations: DSS, 2,2-dimethyl-2-sila-5-pentanesulfonate; ELISA, (Ka) for the binding of the recombinant PAK pilin peptide
enzyme-linked immunosorbent assay; HSQC, heteronuclear singleto Mab PAK-13. The binding of the synthetic PAK pilin

guantum coherence; NOE, nuclear Overhauser effect; NOESY, 2D ; _ ;
nuclear Overhauser effect spectroscopy; TRNOE, transferred nuclearpeptlde to Mab PAK-13 was also measured for comparative

Overhauser effect; TRNOESY, 2D transferred nuclear Overhauser effectPUrposes. Briefly described here, microtiter wells were coated
spectroscopy. with intact PAK pili and incubated at pH 7.2 with a solution
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mixture of Mab PAK-13 and recombinant peptide (or an increased rate of amide proton exchange with bulk water
synthetic peptide) at various concentrations of peptide. Theat the higher pH. Thus, only the data from the NOESY and
Ka for the association of peptide to PAK-13 was then TRNOESY data acquired at pH 4.5 are presented in detail.

calculated by the formul&, = 1/lso as described by Nieto
et al. 30).
Preparation of NMR Samples and Issues of pH and

Likewise, the 3D HNHA experiments performed at the
beginning and end of each titration provided quantifiable data
only at pH 4.5. Thus3Jy, measurements from only the

Temperature.Two separate peptide NMR samples were following two data sets are presented: (i) HNHA, pH 4.5, 5

identically prepared by dissolving recombinaft-labeled
PAK pilin peptide in 500uL of 90% H,0/10% DO PBS

°C, Fab/peptide= 0.0; and (ii) HNHA, pH 4.5, 5°C, Fab/
peptide= 0.3. In addition, although four sets of temperature

buffer to a concentration of 1 mM, with DSS added as an titrations of 1°N-HSQC spectra were performesdtfab, pH

internal chemical shift reference. Using NaOH and HCI

7.2 and pH 4.5), only the pH 4.5 data sets were analyzed as

solutions, the pH of the first sample was then adjusted to the resonances at pH 7.2 rapidly disappeared at temperatures
pH 7.2, and the pH of the second sample was adjusted togreater than 10C, even in the presence of Fab (again due
pH 4.5. The preparation of these separate peptide sampleso increased rate of amide proton exchange).

allowed all subsequent NMR experiments to be performed

at both pH 7.2 and pH 4.5, enabling a determination of the
effects of pH on peptide conformation and antibody recogni-
tion. In addition, as earlier NMR studies of the PAK pilin
system had been performed at both pH 7.2 and pH 4.5,

full synthesis of these earlier results with the present study
required that both pH values be systematically investigated.

Table 1 gives théH and>N NMR resonance assignments
for the trans and cis isomers of the recombinaNtlabeled

PAK pilin peptide at pH 4.5 and pH 7.2 and at a temperature

of 5 °C.

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, diluted 4:1 vol/
vol in H,O to remove excess salts, and the dialysate

Finally, NOESY and TRNOESY data sets were also
acquired at 25C, as one might expect the identification of

TRNOEsSs to be easier at higher temperatures due to the

attenuation of the free peptide NOEs. However, the TRNOES
(involving both exchangeable and nonexchangeable protons)

were observed to develop to greater intensity &tC5 a
temperature for which all detailed TRNOE analysis were then

made. The larger TRNOES observed at the lower temperature
may be due to the fact that a larger population of the peptides
are ordered at BC, leading to a larger population of the

free peptide already in the “bound conformation”. If pre-

organization of the bound peptide conformation energetically

favors binding to antibody, this would lead to a larger

proportion of bound peptide and therefore more intense
TRNOEsSs.

lyophilized down to dryness. The powder was then dissolved ~Choice of Fab Concentration Used in NMR Analysis of

in 50 uL of H,0 to an approximate concentration of 3.5 mM,
determined from an extinction coefficient at 280 nm of
€280 = 7.5 x 10" cm?/mol (this corresponds to an estimated
ODsgo 0f 1.5 at a concentration of 1 mg/mL). Two separate
15N-HSQC titrations were then performed, one using the
first 15N-labeled PAK pilin peptide sample prepared at

Bound StateThe limited solubility of the Fab fragment
coupled with the large size of the complex50 kDa)
restricted concentrations to 0.3 mol equiv of Fab/peptide
(30% bound population of peptide). Further increases in
the concentration of Fab led to marked decreases in the
resolution and signal-to-noise of peaks in tfl-edited

pH 4.5, and one using the second peptide sample preparedHSQC spectra, precluding the acquisition of interpretable

at pH 7.2. Aliquots of 16-20 uL were added to each peptide
NMR sample, corresponding to 0.15 and 0.3 mol equiv

3D data sets.
Although a 1:1 complex (100% bound population) is

of Fab/peptide. The pH was checked and readjusted tojgeglly preferred for NMR analysis, a 30% bound population

either pH 4.5+ 0.02 or pH 7.20+ 0.02 after each addi-
tion.

At the beginning and end of each titration (0.0 and 0.3
mol equiv of Fab/peptide), 3BPN-edited HSQC NOESY

in a rapidly exchanging system will still provide information
of the bound-state conformation and environment. A 30%
contribution from the bound peptide will contribute to a
significant change in the measured coupling constat)

to four separate data set&Kab, pH 7.2 and pH 4.5) for
each specified mixing time: (fPN-HSQC NOESY, pH 7.2,
5 °C, Fab/peptide= 0.0; (ii) *>N-HSQC TRNOESY, pH 7.2,
5 °C, Fab/peptide= 0.3; (iii) ®N-HSQC NOESY, pH 4.5,
5 °C, Fab/peptide= 0.0; and (iv)*>N-HSQC TRNOESY,

pH 4.5, 5°C, Fab/peptide= 0.3. Unfortunately, the signal-

parameters differ substantially between the free and bound
states (see egs 5 and 6 in Results). A 30% contribution from
the bound peptide should reflect an even higher bound
population in the TRNOESY experiment since the intensity
of the TRNOE is dominated by the bound peptide conforma-
tion due to the faster cross-relaxation rates of the bound state

to-noise for the 3D NOESY spectra acquired at pH 7.2 was (see eq 4).

too poor to allow quantitative analysis, presumably due to

2NMR structural studies and a full structure calculation of the
synthetic PAK pilin peptide were performed at pH 422); 'H NMR-
monitored Mab PAK-13 titrations of the synthetic PAK pilin peptide
were performed at pH 7.224). NMR structural studies of the
recombinant®N-labeled PAK pilin peptide were performed at pH 4.5
(26). N relaxation studies of the recombindfiil-labeled PAK pilin
peptide in the absenc81) and presence?{y) of Fab were performed
at both pH 4.5 and pH 7.2.

NMR SpectroscopAll 2D and 3D heteronuclear NMR
experiments were carried out using the enhanced sensitivity
pulsed field gradient methodB2, 33) on a Varian Inova-
500 or Unity-600 NMR spectrometer equipped with three
channels, a pulsed-field gradient triple resonance probe with
an actively shielded z gradient, and a gradient amplifier unit.
2D ®N-HSQC spectrad4) were acquired at 600 MHz with
the following number of complex points, acquisition times,
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Table 1: *H and**N NMR Resonance Assignments for the Trans and Cis Isomers of the RecomBdabeled PAK Pilin Peptide
Section A. Trans (pH 4.5, 5C)

residue 15N NH oH BH yH OH & others
Lyst?8 4.12 1.95
Cys'?® 121.8 9.16 4.86 3.07,3.29
Thri3o 116.6 8.55 4.52 4.30 1.22
Sefst 117.3 8.54 4.52 3.84,3.91
Aspt3? 122.0 8.52 4.62 2.73
GInts3 119.7 8.36 4.26 2.00,2.14 2.36
Aspt3 119.9 8.41 4.61 2.74,2.83
Glutss 120.5 8.32 4.22 2.00, 2.09 2.36
GInts6 119.3 8.48 4.14 1.89, 2.15
Phé?" 118.7 8.08 4.64 3.02,3.17 07.23,67.34,£7.29
llet3s 123.7 8.07 4.38 1.82 1.11,1.48 0.890H;)
0.84 (/CHa)
Pro-3° * * 4.37 1.94,2.35 1.98,2.10 3.63, 3.87
Lyst40 1211 8.52 4.23 1.85 1.48 € 3.00
Gly#! 110.1 8.65 3.91, 4.06
Cys#? 118.0 8.23 4.78 3.03,3.24
Sef43 117.5 8.48 4.49 3.89
Lyst#4 123.8 8.51 4.36 1.87 1.47 1.763.00
Hs'45 127.0 8.16 4.23 1.87,2.05 3.63
Section B. Cis (pH 4.5, 8C)
residue BN NH oH pH yH OH & others
Lys'?® 4.15 1.94
Cys'?9 122.2 9.02 5.06 2.96,3.11
Thrts0 118.9 9.06 4.53 4.28
Sefst 116.6 8.47 4.58 3.60, 3.70
Asp'3? 122.5 8.52 4.62 2.67,2.82
GIn®33 118.8 8.31 4.20 2.05 2.34
Aspt3 119.7 8.36 4.62
Glu®s 116.5 8.29 4.05
GInt36 118.8 8.08 4.30 1.95
Phes’ 121.0 8.27 2.97,3.17
lletss 121.8 8.39 4.37
Pro-3° * * 4.72 211,241
Lyst40 121.8 8.67 4.25 1.85
Gly*4t 112.5 8.91 3.87,4.14
Cys#? 118.0 8.35 4.56 3.16, 3.27
Sef43 116.9 8.43 4.41 3.63, 3.70
Lyst44 124.1 8.36 4.24 1.86 1.72¢3.00
Hs'45 126.2 8.04
Section C. Trans (pH 7.2, %)
residue N NH residue N NH
Lys!?8 Phéd3’ 119.3 8.13
Cys?® lletss 123.8 8.03
Thriso 116.5 8.53 Pro® * *
Sef3t 117.4 8.55 Ly&© 121.3 8.53
Aspte? 122.6 8.54 Gyt 110.2 8.66
GInts3 119.6 8.29 Cy&? 118.2 8.25
Aspt 120.8 8.39 Séfs 117.8 8.50
Glut® 121.5 8.47 Lys* 124.2 8.52
GlInt36 119.3 8.52 H¥*® 127.5 8.15
Section D. Cis (pH 7.2, 3C)
residue N NH residue BN NH
Lyst2s Phed 121.3 8.23
Cyst?° llets® 122.1 8.29
Thrts0 118.7 8.99 Pr&° * *
Sefs? 116.8 8.48 Ly&© 122.0 8.67
Aspt3? 122.9 8.53 Gly+ 112.5 8.92
GInt33 118.8 8.26 CyX? 118.3 8.39
Aspts4 120.5 8.36 Séfs 117.1 8.46
Glut3s 118.1 8.38 Lys+ 124.4 8.39
GlIntse 118.7 8.18 H¥S 126.8 8.05

and spectral widths: FI%\) 256, 85 ms, 1500 Hz; F2H) 150 and 300 ms with the following number of complex
1024, 78 ms, 6600 Hz; 8 transients. 3M-edited HSQC points, acquisition times, and spectral widths: FN) 240,
NOESY and'®*N-edited HSQC TRNOESY34, 35) experi- 24 ms, 5000 Hz; F2'd) 1024, 78 ms, 6600 Hz; F35\)
ments were performed at 600 MHz and at mixing times of 52, 21 ms, 1217 Hz; 12 transients. HNHA experimeBg) (
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were performed at 500 MHz and employed the following
number of complex points, acquisition times, and spectral
widths: F1 {HN) 112, 16 ms, 3500 Hz; F2HK) 768, 64
ms, 6000 Hz; F3N) 64, 32 ms, 1000 Hz; 16 transients.

Data Processing and Analysidll 2D and 3D data sets

were processed on SUN Sparc5 and Silicon Graphics Indigo2

workstations using NMRPipe and NMRDraw software
provided by F. Delaglio (NIDDK, NIH, Gaithersburg, MD,
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In the presence of fast exchange on the NMR time stale,
the observed chemical shiftdqps and line widths Avgps
are dominated by the free peptide population wifen>
Pg:
0

= Pgdg + Peoe (2)

®3)

obs

Avype= PgAvg + PrAVE

unpublished). Spectra assignment was achieved using th%onversely, the intensity of the TRNOE is dominated by

interactive graphic-based program PIBFP)( Post-acquisition
solvent subtraction was employed in the spectra where

the bound peptide conformation (even f&¢ > Pg), since
the cross-relaxation rates for the bound peptide are so much

backbone amide protons were detected in the acquisitiontaster than they are for the fre@fs > Wje):

dimension 88). Typically, spectra were processed in the
acquisition and indirect dimension with 98hifted sine-bell
squared apodization. For constant titt\é evolution periods,
mirror image linear prediction was used to double the time
domain signals39). A time domain deconvolution procedure
(33) was used to minimize the signal from residual water
for 1>N-edited 3D experiments.

Temperature coefficients{AJ/AT) were calculated for
the amide protons of recombinant PAK pilin from linear plots
of chemical shift versus temperature measured fié
HSQC spectra acquired at 5, 10, 15, and 20, anti258]y,

TRNOEij U _[PB\NijB + Pe ijF] = PBWijB = PBNOEijB
(4)

Thus,"H—'H TRNOE cross-peak intensities measured in the
F1-F3 plane of the'>*N-edited HSQC TRNOESY experi-
ment will provide interproton distances for the bound peptide
(NOE;jg U rjg™% in much the same way that NOE cross-
peak intensities provide interproton distances for the free state
(NOEje U rijg ).

coupling constants were obtained for each residue from theRESULTS

ratio of the intensities of the diagonal peak of residue
its aH—NH(i,i) cross-peak in the HNHA spectraq).

Theory of the Transferred Nuclear@rhauser EffectThe

transferred nuclear Overhauser effect (TRNOE) is an exten-

sion of the nuclear Overhauser effect (NOE) to exchanging
systems such as peptidprotein complexes4Q). In the
present study, a 3BN-edited HSQC TRNOESY experiment
is used to measure the intensity of the TRNOE. Although
the theory outlined below is developed for the 2D TRNOESY
experiment, the equations are easily adapted to th&8b
edited HSQC TRNOESY as the thif8N dimension (F2)
merely serves to edit thid—'H TRNOESY in the F:-F3
plane according to th&N chemical shift of the backbone
amide.

In the presence of chemical exchange, NOEs conveying
conformational information of the bound peptide are “trans-

ferred” to the free peptide resonances where they are more’
easily measured because these resonances are much narrowxg

The only necessary condition for the transfer of magnetiza-
tion is that the exchange rate be faster thanfiHengitudinal
relaxation rate of the bound peptide { > 1/T;g). Equation

1 diagramatically represents a system undergoing chemica
exchange, in this case the recombinant PAK pilin peptide
binding to Fab PAK-13. Here?r and Pg are the free and
bound peptidek;[Fab] andk-, are the exchange rates
andt;g are the correlation times that modulate the interaction
between protong andj in the free and bound peptide, and
Wir andWijg are the dipolar cross-relaxation rates between
protonsi andj in the free and bound peptide (proportional
to the measured NOE intensities, NfpEnd NOEg, at short
mixing times):

Fab+ P iray  FabPg
1~ 10°s Tk, 1> 107°s @
W ONOE: W, ONOEg

Determination of the Exchange Regime for the PAK Pilin
Peptide-Fab PAK-13 CompleXhe exchange regime for the
PAK pilin peptide-Fab PAK-13 complex was determined
using a combination of competitive ELISA experiments and
chemical shift analysis. Competitive ELISA experiments
were performed at pH 7.2 and produce#&aof 6.3 + 0.5
x 10° M~ for the binding of the recombinant PAK pilin
peptide to Mab PAK-13.For K, = kj[Fab]k_; and assuming
that ky[Fab] = 10® M~ s1 (the diffusion controlled rate),
k-, is calculated to be on the order of 100'.sChemical
shift perturbations observed for the PAK pilin peptide trans
and cis resonances as a function of added Fab PAK-13
provide a second independent measurd-af Taking the
perturbation of 0.09 ppm measured for the trans'©ysH
resonance at an Fab/peptide molar equivalent of Bs3<
0.3), pH 7.2 (see next section), we can estimate the total
hemical shift separatiom\p = |0 — 0g|) to be 0.3 ppm,
Iquivalent to 150 Hz at a field of 500 MHz. From the
efinition of fast exchange on the chemical shift time scale
given in footnote 3k, is calculated be greater than 108 s
at pH 7.2 for the trans isomeérSimilarily, using the

Iperturbation of 0.12 ppm measuredPat= 0.3, pH 7.2, for

3 Fast exchange on the chemical shift time scale is defindd &%
+ Pg/Pg) > A whereAd = |0 — dg|, the chemical shift separation
of the resonances of the free and bound ligand. Fast exchange on the
relaxation time scale is defined &s,(1 + Ps/Pg) > AT, whereAT,
= |T2r — Tag|, the difference in the transverse relaxation times of the
free and bound ligand4().

4 Competitive ELISA experiments of the synthetic PAK pilin peptide
binding to Mab PAK-13 produced l§, of 10.3+ 1.0 x 10° M~%. No
competitive ELISA experiments for either the synthetic or recombinant
pilin peptide were performed at pH 4.5, as the pH dependence of the
interaction between Mab PAK-13 and the goat anti-mouse IgG
immunoglobulin conjugated to horseradish peroxidase is unknown and
introduces an indeterminate variable into the measurement.

5 Estimation ofk_; from chemical shift analysis only yields a lower
limit for the off-rate. A more direct measure kf; from surface plasmon
resonance measurements on a BlAcore biosensor was attempted but
yieldedk-; too fast for measurement.
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FiGURE 1. Superimposed 2EBPN-HSQC spectra of recombinatiN-labeled PAK pilin peptide titrated with Fab PAK-13. Three different

steps are shown with Fab/peptide molar equivalents of 0.0 (multiple contours), 0.15 (three contours), and 0.3 (single contour). A doubling

of resonances is observed for each peak due to cis/trans isomerization around the cE#tPablfé peptide bond. Peaks arising from the

minor cis isomer are denoted by the subscript c after the residue, i.e., 144c, to differentiate them from the major trans peaks. The original

peptide sample was 1 mM in PBS buffer, pH 7.2, and 90%M0% DO at 5.0°C.

the cis 11é%8 NH resonance (see also next sectidn), is
calculated to be greater than 140 or the cis isomer. The

resonances in the titration indicates that each isomer binds
directly to the antibody, with apparently similar affinity. This

off-rates calculated for the binding of the trans and cis may be due to the presence in both isomers of the second
isomers to Fab PAK-13 are similar to each other and are of S-turn spanning Pr§%Lys-Gly-Cys“? which has been

the same order of magnitude as that obtained from theidentified as part of the structural epitope for PAK-13 binding
competitive ELISA binding measurements for binding to the from previous'H NMR studies 24).

intact IgG. An off-rate ofk_; > 100 s is consistent with

A 5N-HSQC titration of the recombinatiN-labeled PAK

the observation of a single set of trans and cis peptide pilin peptide with Fab PAK-13 was also performed at pH
resonances throughout the antibody titration, with a “weighted 4.5 using the same molar equivalents for each step in the
average” chemical shift and line width determined by the titration (data not shown). The titration at pH 4.5 showed a

populations of free and bound isomers.
Chemical Shift Perturbation MappingdA conceptually

similar pattern of perturbations for the trans and cis

resonances but with final shifts (Fab/peptige).3) on the

simple but effective technigue for mapping binding surfaces average of 1615% smaller in magnitude than those

by NMR uses chemical shift perturbation mappiAg-{44).

observed at pH 7.2. This suggests thatkhéor each isomer

This technigue involves monitoring changes in chemical shift at pH 4.5 is slightly smaller than that at pH 7.2, although
as a function of added titrant and requires that the systemstill within the same order of magnitude €010" M~1).

be in fast exchange on the chemical shift time scale (see Chemical shift perturbations were directly measured from
footnote 3). Chemical shift perturbations were used to map the®N-HSQC titrations of the recombinatiN-labeled PAK
the PAK-13 binding surface on the recombinant PAK pilin pilin peptide with Fab PAK-13 and are plotted by residue in

peptide. Figure 1 shows tH&N-HSQC titration at pH 7.2
of the recombinant®N-labeled PAK pilin peptide with Fab

Figure 2 (trans isomer) and Figure 3 (cis isomer). Figures
2A—C and 3A-C show!®N, NH, and averaged backbone

PAK-13, where the different steps correspond to Fab/peptide perturbations measured at pH 7.2 for trans and cis resonances,

mol equiv of 0.0 (multiple contours), 0.15 (three contours),

respectively, taken directly from the HSQC data plotted in

and 0.3 (single contour). The doubling of peaks arises from Figure 1. Figures 2BH and 3D-H show >N, NH, aH,

isomerization around the central ##&Pro*° peptide bond,

averaged backbone, and side chain perturbations measured

which produces a major trans isomer and a minor cis isomerat pH 4.5 for trans and cis resonances, respectively. The

at a ratio of approximately 5:1 trans/cis {6). The energy
barrier of AG* ~ 20 kcal/mol for cis/trans interconversion
of peptide groups 45—47) makes this conformational
exchange rate relatively slow<( s1), much slower than
the off-rate of the peptide from the antibody molecule?(10

backboneaH and side chainfH and yH perturbations
measured at pH 4.5 are taken from til-edited HSQC
NOESY and TRNOESY spectra plotted in Figures 4
and 5.

The chemical shift perturbations observed for trans isomer

st at pH 7.2). Thus, the observation of chemical shift of the recombinant PAK pilin peptide are similar at pH 7.2
perturbations of similar magnitude for both the trans and cis (Figure 2A,B) versus pH 4.5 (Figure 2D,E), both in terms
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FiGURE 2: Chemical shift perturbations observed in the Fab PAK-13 titrations of the trans isomer of recomthkaiteled PAK pilin

peptide performed at pH 7.2 and pH 4.5. The left panels @) show >N (A6'>N), NH (ASNH), and averaged backbonAdav =

{(A6N)2 + (AONH)Z12) perturbations measured at pH 7.2 from the HSQC data plotted in Figure 1. The right panély §Bow >N

(AO™N), NH (AONH), aH (AdaH), averaged backbondAdav = { (A5N)2 4 (AONH)2 + (AdaH)Z 13), and side chain}|Ad|) perturbations

measured at pH 4.5 from tHéN-edited HSQC NOESY spectra plotted in Figure 4. The horizontal line in panels C and G corresponds to

the average deviation. Each perturbation corresponds to the chemical shift measured at 0.3 mol equiv of Fab/peptide (values are not extrapolated
to a 1:1 complex). Backbone perturbations}, were calculated asNd = 6(—ran) — O+ran), Such that an upfield shift in the presence of

Fab is indicated by a positiv&d. Side chain perturbations were calculated as the sum of all observed Shif&| (= |ASSH| + |AdyH)),

using the absolute value of each shift. The gray and white shadings repiaéght| and |AdyH|, respectively.

of the direction of the perturbations (downfield versus perturbations were calculated for the trans isomeAdasg,
upfield) and in terms of the relative magnitudes of the = {(Ad*™N)?+ (AONH)3¥2at pH 7.2 and\day = { (ASG*N)?
perturbations. For example, the amid of 1le!8 displays + (AONH)? + (AdaH)?3} Y2 at pH 4.5, where theH shifts

the greatest downfield perturbation, and the amide protonat pH 4.5 were measured frofPN-edited HSQC NOESY

of Cys“*?displays the greatest upfield perturbation, regardless and TRNOESY spectra. As expected, the plotddf, versus

of pH. As chemical shifts are exquisitely sensitive to their sequence at pH 7.2 (Figure 2C) and pH 4.5 (Figure 2G) are
local electronic environment, the similarity of the perturba- very similar. For example, both plots shotd,, to be
tions at pH 7.2 versus pH 4.5 indicates that a change in pH significantly greater than the mean for Trand Set®lin

is not significantly changing the antibody binding surface the N-terminal half of the peptide, Piiéat the end of the
on the trans isomer. This is an important initial result as it first turn, 11! between the turns, and Cy3at the end of
suggests that pH changes in the range of4.2 do not the second turn. The only obvious pH-related difference
significantly affect either peptide conformation or antibody between the plots is thakd,, for Glu® is significantly
recognition. Thus, the results of all experiments performed greater at pH 7.240, = 0.09 ppm at pH 7.2 versus 0.05
within this pH range should present a consistent picture of ppm at pH 4.5). This difference could be attributed to the
antibody binding. titration of the GI4®® glutamyl side chaihwithin the pH

Whereas the individuafN and NH perturbations suggest 4.5-7.2 range.
similar antibody binding surfaces at pH 7.2 versus 4.5, these
individual perturbations are not easily interpreted. However, °A '*H NMR-monitored pH titration of the synthetic PAK pilin

; ; _peptide showed titration of the backbone amide resonance dfGlu
by summing and averaging all measurable backbone per from 8.25 ppm at pH 4 to 8.48 ppm at pH 8. with &pof

tufba_tions on a per residue basis, a consistent map of theypproximately 4.5. No other residues displayed significant chemical
“binding surface” can emerged44). Averaged backbone  shifts within this pH range.
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FicurE 3: Chemical shift perturbations observed in the Fab PAK-13 titrations of the cis isomer of recomidabeled PAK pilin
peptide performed at pH 7.2 and pH 4.5. The left panels @) show >N (Ad'*N), NH (AONH), and averaged backbonAda, =
{(A6N)2 + (AONH)Z2) perturbations measured at pH 7.2 from the HSQC data plotted in Figure 1. The right panéls §Bow°N
(AO™N), NH (AONH), aH (AdaH), averaged backboné§a, = { (A01N)2 + (AONH)2 + (AdaH)Z 12), and side chainy{|Ad|) perturbations
measured at pH 4.5 from tHéN-edited HSQC NOESY spectra plotted in Figure 5. For definitions of perturbations and symbols, refer to

the legend of Figure 2.

The chemical shift perturbations observed for cis isomer structures of the trans and cis isomers, or do they correspond
of the recombinant PAK pilin peptide (Figure 3) are also to regions that are undergoing subtle changes in either
similar at pH 7.2 versus pH 4.5; large NH perturbations are conformation or dynamics? The NMR solution structure of
observed for PH&, 11e'8 and Ly$*4at both pH values. This  the trans isomer of the synthetic PAK pilin peptid22)
indicates that a change in pH does not significantly change shows that the backbone segments spanned by I®es3!
the antibody binding surface on the cis isomer. Again, the and Phé&-1le'3® are on opposite faces of the peptide.
only significant pH-related difference is associated with Therefore, the chemical shift perturbation map of the trans
GIlu'35, which displays one of the greatest perturbations at isomer cannot correspond to an actual continuous surface.
pH 7.2 Aday = 0.15 ppm) as compared to one of the smallest However,'>N NMR relaxation experiments made of the trans
perturbations at pH 4.5A0. = 0.04 ppm). Interestingly,  isomer of the recombinaitN-labeled PAK pilin peptide in
the residues associated with the great&8t, in the cis the absence of Fal31) detected exchange processes on the
isomer (Th#30, Aspt®2, Phé?¥, [le!®8, Lyst*, and H$%) are microsecond to millisecond time scale for ¥¥r GIn'36,
not exactly the same as those in the trans isomer’{fThr  Phé?’, 1le'®8, and Lys*® at pH 4.5 and for TH#%, Glu!®,
Seidl Phé%, 1le'38 and Cy&*). Thus, the trans and cis  GIn'3 Phé®, 1le'38 and Lys*Cat pH 7.2. Interestingly, the
isomers appear to “expose” different surfaces to antibody amplitude of these motions “peaked” around‘ifeat both
binding. pH values, as did the magnitude of the backbone perturba-

What do these patterns of perturbations mean, and are theytions. Thus, the chemical shift perturbation map of the trans
correlated to actual contact surfaces on the 3D and solutionisomer does appear to coincide with regions of the backbone
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FIGURE 4: Strip plots from the 303°N-edited HSQC NOESY spectrum of the trans isomer of recombitthltabeled PAK pilin peptide

in the absence and presence of Fab PAK-13. Panel A shows NOEs in the absence of Fab, whereas panel B shows TRNOEsS in the presence
of 0.3 mol equiv of Fab/peptide. Circled NOEs in panel A diminish significantly in intensity in the presence of Fab. Boxed TRNOEs in
panel B develop significantly in intensity in the presence of Fab. NOEs and TRNOEs identifyifigitines spanned by residues A%p
Glu-GIn-Phé®” and Pré®*-Lys-Gly-Cys4? in the trans isomer are identified agn2,3), din(3,4), dn(2,4), Bn(2,4), in(2,3), and @n-

(3,4), where the number indicates the position in each turn. The original peptide sample was 1 mM in PBS buffer, pH 4.5, and 90%
H,0/10% DO at 5.0°C. The final peptide sample with Fab was 1 mM peptide, 0.30 mM Fab PAK-13, PBS buffer, pH 4.5, and 90%
H,0/10% D,O at 5.0°C.

that undergo slow microsecond to millisecond “exchange- with the cis isomer prohibited measurement of most side
related” motions. These motions may play a role in induced chain perturbations, although side chain perturbations for the
fit binding to Mab PAK-13, which would allow the same disulfide bridge are observed. Clearl{#C-edited NMR
antibody combining site to accommodate two different studies of a3C-labeled recombinant PAK pilin peptide free
binding topologies (trans versus cis isomer, for example). in solution versus in complex with Fab PAK-13 are required
To resolve some of these dynamical issues, we haveto further probe antibody-induced changes in side chain
performed!>N NMR relaxation studies of thé°N-labeled conformation and dynamics.
recombinant PAK pilin peptide in complex with Fab PAK- TRNOESY Experimentg/e next performed TRNOESY
13. The results of these studies will be presented in aexperiments of the recombinaitN-labeled PAK pilin
forthcoming paperZ47). peptide bound to Fab PAK-13. These experiments should
Finally, side chain chemical shift perturbations were allow us to determine if backbone perturbations are also
measured for the trans and cis isomers at pH 4.5 only andrelated to changes in peptide backbone conformation induced
are plotted in panel H of Figures 2 (trans isomer) and 3 (cis by Fab binding. In an earlier study, a 2D homonuclear
isomer). The trans isomer displays side chain perturbationsTRNOESY was used to probe for conformational changes
for the disulfide bridge (Cy$>Cys'*?) as well as for the in the unlabeled synthetic PAK pilin peptide bound to the
stretch of sequence spanned by GhAspt34-Gluts>-GInte- same antibody fragmen24). However, the interpretation
Pheé3-11e®8-Pra'3°, Interestingly, these residues do present of these experiments was limited by the spectral overlap of
a solid continuous surface, which represents roughly half of several key connectivities, especially in the case of the less
the peptide 22) and includes the first turn (A$f-Glu's> intense cis resonances. In the present study, thérg@dited
GIn'36-Phé3®) and the hydrophobic pocket (PRé lle!, HSQC NOESY pulse sequence is used to perforfiNa
Prat39). Unfortunately, the poor signal-to-noise associated edited HSQC TRNOESY. Spectral editing in the F2 dimen-
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FiIGURE 5: Strip plots from the 30°N-edited HSQC NOESY spectrum of the cis isomer of recombifabeled PAK pilin peptide in

the absence and presence of Fab PAK-13. Panel A shows NOEs in the absence of Fab, whereas panel B shows TRNOESs in the presence
of 0.3 mol equiv of Fab/peptide. Circled NOEs in panel A diminish significantly in intensity in the presence of Fab. Boxed TRNOEsS in
panel B develop significantly in intensity in the presence of Fab. NOEs and TRNOEs identifyifigttine spanned by residues P¥b
Lys-Gly-Cys#? are identified as gi(2,3), din(3,4), dn(2,4), Bn(2,4), din(2,3), and dn(3,4), where the number indicates the position in

the turn. Sample conditions are described in the legend for Figure 4.

sion according to thé>N chemical shift of the backbone These NOEs are diagnostic of tyiturns in the regions
amide should resolve overlap issues and allow the boundAsp'34+Glu-GIn-Phé%” and Pré%-Lys-Gly-Cys4? (26).” A
conformation of the cis isomer to be detected. predominant type Il configuration for the turn spanning
5N-edited HSQC TRNOESYs were performed at both pH Pra®%-Lys-Gly-Cys“?is suggested by a strongn§140,141)
4.5 and pH 7.2. The experiment at pH 7.2 displayed poor versus medium@(140,141) connectivity and by the absence
signal-to-noise, presumably due to an increased rate of baseof any ¢n(140,142) connectivity. A predominant type |
catalyzed exchange of amide protons with bulk water. Thus, configuration for the turn spanning ASp-Glu-GIn-Phés’
only the pH 4.5 data are presented and discussed in thes suggested by a mediumg\d135,136) connectivity and the
manuscript. However, it should be noted that the pattern of existence of a moderately strongy@L35,137) connectivity.
backbone connectivities observed in the absence and presenda the absence of Fab, the cis isomer displays a moderate
of Fab was the same at either pH. Thus, conclusions drawn
from the pH 4.5 data are assumed to be valid within the pH 7 The NOEs diagnostic of-turns include gh(2,3), dn(3,4), din-

range of 4.57.2. This assumption is supported by the (264)’?N(%h3)’anqth(s"Ll)t(t:lrosts_peaﬁ?l& Sggherethegufmbefin%
S : H H : H Inaicates the position In the turn. e S required tor positive
similarity of the chemical shift perturbations observed in the ;- e .= aB-turn are a weakgl(2,4) cross-peak, corresponding

Fap titrations performed at PH 4.5 versus pH 7.2. to a distance of 3.6 A in the type | turn and 3.3 A in the type Il turn,
Figures 4 and 5 show strip plots extracted from the 300 and a strong g(3,4) cross-peak, corresponding to a distance of 2.4 A

i imalsN-adi in both types of turns. Type | and type Il turns may be distinguished
ms mixing time™N-edited HSQC NOESY and TRNOESY by the relative strengths of the,d2,3) and the gu(2,3) cross-peaks.

spectra of t_he trans (Figure 4) ar?(_j cis (F_igu_re 5) isomers of The type | turn displays a mediumu{2,3) cross-peak and a strong
the recombinan®N-labeled PAK pilin peptide in the absence dwun(2,3) cross-peak, corresponding to distances of 3.4 and 2.6 A,

and presence of 0.3 mol equiv of Fab PAK-13 (at pH 4.5). resr;(ecti:j/ely; Wh&?;% )the type Il tlilm #ispliys a StrOMZ?f) CLQSS-
i ; peak and a weal ,3) cross-peak, where the corresponding distances
In the absence of Fab, the trans isomer displays Strongare 2.2 and 4.5 A. In addition, thexd2,4) cross-peak is moderately

dnn(136,137) and @h(141,142) and me_dium _and weak  strong for a type I turn since this distance can approach as closely as
dun(135,137) and ¢h(140,142) connectivities (Figure 4A). 2.9 A'in a type | turn but only as close as 3.6 A in a type Il turn.
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dnn(141,142) and a weak,d(140,142) connectivity (Figure  therefore suggest that this region of the trans isomer
5A), diagnostic of a singlg-turn spanning PiS*-Lys-Gly- undergoes the greatest ordering upon binding to Fab. This
Cys'*2 The existence of a strong{140,141) versus a weak  might occur if the two turns were equally immobilized upon
dnn(140,141) connectivity coupled with the absence of any Fab binding €js first turn ~ ;s second turn), but if the
dsn(140,142) connectivity suggest a type Il conformation for first turn started out as the least ordered of the two in the
this turn in the cis isomer, in agreement with that observed absence of Fatx{g first turn < 7= second turn). In support
for the trans isomer. of this theory >N relaxation studies of the trans isonteN-

In the presence of Fab, the trans isomer displays TRNOEslabeled recombinant PAK pilin peptid81) found the first
that are more intense and display broader line widths thanturn to be less ordered than the second turn in the free
their corresponding NOEs (Figure 4B). The increased solution state. In addition®™N NMR relaxation studies of
intensity and line width of the TRNOE is a consequence of the trans isomer in complex with Fab PAK-13 demonstrate
the longer local correlation times associated with the bound greater ordering of the first turn versus the second turn upon
state ¢jg > ). This results in faster cross-relaxation binding 7).
between proton pairsijs > W), increased contribution Similar arguments of preferential ordering may be applied
of PgWjjs to TRNOK;, and increased line widttA@ops > to the TRNOE enhancements observed for the cis isomer,
Avg) (see egs 3 and 4). In contrast to the trans isomer, thealthough *N-edited NMR studies of the free solution
cis isomer displays many TRNOEs that are weaker in structure of the cis isomer found no evidence fg-aurn
intensity than their corresponding NOEs (Figure 5B). Al- spanning residues As{}-Glu-GIn-Phé?. Instead, a weakly
though it is counter-intuitive that a TRNOE can decrease in populated turn spanning A5-GIn-Asp-GIu®® was sug-
intensity from its original NOE, line broadening may gested by the pattern of temperature coefficient, coupling
contribute to this effect by significantly decreasing the height constant, and NOE dat2€). The present set of experiments
and therefore the measured intensity of the peak. Thus,cannot determine if the Fab recognizes this weakly populated
although TRNOE enhancements are also present for the cigurn. However!*N NMR relaxation studies of the cis isomer
isomer, significant line broadening of the weak cis resonancesin complex with Fab PAK-1327) demonstrate significant
might bring intensity levels below the detectable threshold. ordering of residues 131135 upon binding and therefore

Apart from subtle differences in intensity and line width, suggest that this may indeed be the case.

a careful comparison of the TRNOESY versus NOESY  Preferential ordering of the first turn in the trans and cis
spectra for the trans and cis isomers reveals fesw isomers may not be the sole phenomenon contributing to
TRNOEs that develop in the presence of Fab. Those the observed TRNOE enhancements. If the backbone is
TRNOES that do develop (boxed cross-peaks) already existallowed to undergo even a subtle change in conformation
as NOEs at much weaker intensities and therefore do notupon binding to Fab, this could lead to the closer approach
represent new connectivities. Thus, it appears as if the freeof select interproton distances in the bound stafg € rijg),
solution conformations of the trans and cis isomers are fasterWjg as a function of =5, and increased contribution
retained in the bound state. Significantly, the connectivities of PsW;s to TRNOE; as before. However, any conforma-
that define the turns in the absence of Fab are observed ational changes must be subtle, as the persistence of key
the same relative intensities in the presence of Fab, suggesteonnectivities in the “bound” spectrum-Fab) of the trans

ing that the integrity of the turns are preserved in the antibody isomer clearly indicates retention of @&turn of type |
combining site. This is consistent with the premise that the conformation across A3ff-Glu-GIn-Phé?’. Indeed, the huge
turns comprise the structural epitope for PAK-13 recognition TRNOE enhancement associated witR(d35,136) may be
(24). Interestingly, a small but important TRNOE enhance- interpreted as an increase in the population of tyfgeturn
ment is observed forgl(140,142) in the cis isomer (Figure  conformation. A decrease in the sequentig|(#135,136)
5B). This connectivity is strongly diagnostic of @&turn interproton distance implies a decrease in thengle of
conformation and clearly indicates that the region spanned Glu'®® from positive valuesifizs > 0) to negative values

by Prd3®*Lys-Gly-Cys4? in the cis isomer is bound as a (y135 < 0) (50), consistent withyy = —60 for the second
B-turn. residue in a type | turf.Thus, if conformational changes

Although the TRNOESY experiment does not indicate around Asp** and GIi¢ accompany binding of the trans
significant Fab-induced changes in the backbone conforma-isomer to Fab, they appear to preserve and even stabilize
tion of either the trans or the cis isomer, the TRNOE the first type I3-turn.
enhancements associated with A¥p (dsn(133,134), Thus far, a visual comparison of tHéN-edited HSQC
d,n(133,134)) and GH® dun(136), Gn(136), dn(135,136), NOESY versus TRNOESY has revealed some obvious
dsn(135,136), dn(135,136)) in the trans isomer and &tu TRNOE enhancements for residues in the first turn of the
(dnn(134,135), dh(134,135), dh(135)) and GIA® (dsn(136)) trans and cis isomer. However, direct measurement of NOE
in the cis isomer do indicate significant ordering of the versus TRNOE intensities can reveal more subtle TRNOE
backbone around these residues in the bound state. Assumingffects. Figure 6 plot$.ranyl(-ran) ratios measured for the
that rjs ~ rije for all proton pairs, the magnitude of the trans isomer of recombinadtN-labeled PAK pilin in the
TRNOE enhancement is largely determined by the difference absence and presence of 0.3 mol equiv of Fab PAK-13. Here,
between the free and bound correlation times;, = tjg — l(—rap) is the intensity of the NOE in the absence of Fab,
Tjir. Thus, if a select group of residues undergo preferential wheread . rap)is the intensity of the TRNOE in the presence
ordering upon binding, they should be associated with larger of Fab. Similar measurements were not made for the cis
At values and larger TRNOE enhancements. The significant
TRNOE enhancements associated with &spnd GIri®¢in 8 (pa)abp)s = (~60-30)90,0) for a type | and
the first 3-turn of the trans isomer (A$#-Glu-GIn-Phés?) (—604+120)(+90,0) for a type Il turn $1).
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2.0 proton line width as a function dkvg = 1/nT,s. Thus, the
% longer istjg, the larger is the line broadening effect on the
S 157 n 0k | measured TRNOEThis mechanism undoubtedly contributes
2 10 g to the decrease in TRNOE intensity observed for residues
& f f spanning the second turn (P¥bLys-Gly-Cys#). Line
= 057 f H ﬂ ” l: broadening can also result from chemical exchange between
§ PSRN I 1101101 1 | il 1| the free and bound sta?@nd \_/viII be most pronounce_d for _
I 5REEEE P33 3GEEEEES those resonances experiencing the greatest chemical shift
— perturbationsA0), for example, TH%and 1l€%8in the trans

45 1 isomer. Finally, line broadening could result from increased
Z 20 4 conformational exchange in the bound state. Conformational
ES) I exchange on microsecond to millisecond time scales would
= 157 i contribute an exchange teriR,, to the measured T rates,
& 10 1 which is also manifested as increased bound line width.
= | Recall that®N relaxation measurements of the trans isomer
T 05 4 at pH 4.5 81) revealed significant conformational exchange
E ] ” around Tht3°, GIn'6, Phd?’, 1le'38 and Lys$* (R = 0.7,
= 007 L 0.2, 0.9, 1.5, and 1.1 Hz, respectively). As many of these

B8 B L085888 28888 residues correspond to those for which significant decreases

% 1.5 in TRNOE intensity were observed (C¥% Thr'30, Phé?’,
= lle138 Lys40 Gly**, and Cy$*d), conformational exchange
) 10 in the bound trans isomer must be contributing to this effect.
5 05 4 In addition, the similarity of the chemical shift perturbation
% I | I I | map to the “line broadening map” suggests that conforma-
& 00 L L P T gL tional exchange is the underlying mechanism for both.
At BESERBRUSIESS208EE Temperature Coefficient Measuremerits further probe

for preferential stabilization of the first turn versus the second

FIGURE 6: Summary of changes in the intensity qfyddsy, and . i -
dnn connectivities measured for the trans isomer of recombinant turn in the Fab-bound state, _te_mperature coefﬁCIQntS were
15N-labeled PAK pilin peptide in the absence and presence of 0.3 Measured for the trans and cis isomers of recombittiht

mol equiv of Fab PAK-13. Panel A showsudi,i) (black bar), labeled PAK pilin peptide in the absence and presence of
dan(i—1,) (white bar), and gh(i—2,i) (hatched bar) connectivities; 0.3 mol equiv of Fab PAK-13 (see Table 2). The temperature
panel B shows g(i,i) (black bar), gn(i—1,) (white bar), and  gependence of the amide proton chemical shift, or temper-

dsn(i—2) (hatched bar) connectivities; and panel C shows sequen- - . .
tial chy(i— L) (black box) connectivities. Values are giverl @sa) ature coefficient{ AG/AT), is often interpreted as a measure

| _raby Wherel _ranis the intensity of the connectivity in the absence  Of solvent shielding. For unfolded regions of the sequence,
of Fab and .ran)is the intensity of the connectivity in the presence  temperature coefficients are expected to be 6 AJ/AT <

of Fab. The horizontal line in all three panels corresponds. @/ 10 ppb/K, indicating that the backbone is freely solvated by
|(-ran) = 1. Intensities are measured from the 88-edited HSQC  \yater and that no hydrogen bonds are present which would

NOESY spectra shown in Figure 4 and are not corrected for the he backb ides f I h =
effects of dilution and/or precipitation of the peptide-Fab complex. Protect the backbone amides from solvent exchange. For

For nondegenerate or 8 proton connectivities (i.e. «fl(141,142)), folded regions of the sequence, temperature coefficients are
intensities are averaged befdreranfl(-ran) ratios are calculated.  expected to decreasetAAJ/AT < 5 ppb/K (2), indicating

_ _ _ _ _ either the presence of a hydrogen bond or a high degree of
isomer as the poor signal-to-noise associated with the weakersolvent shielding arising from other secondary or tertiary

cis resonances precluded quantitative analysis. elements §3). Temperature coefficients have also been
Figure 6 reveals significant TRNOE enhancements for proposed to reflect temperature-induced shifts in the equi-
the dw, dgv, and di connectivities of residues ASj, librium from structured state to random coil state, with

Glu, and GIr*¢in the first type IB-turn. These enhance- retention of a structured population at higher temperatures
ments, which range from 20% for,e(134) to~500% for correlating with lowered-Ad/AT values b4). Thus, both
dsn(135,136), can be clearly visualized in Figure 4 and have solvent shielding (due to local structure) and shifts in the
already been discussed. Figure 6 also reveals unexpecte@quilibria between various conformational states (due to local
decreases in TRNOE intensity for thend dgn, and din unfolding) must be considered in the interpretation of the
connectivities of residues Cy8and Th#*°at the N-terminus  temperature coefficient data obtained for the PAK pilin
and residues PRE, I1e'%, Lys!*®, Gly*4%, and Cy%*?spanning peptide.

the two turns. Interestingly, these residues roughly correspond  The trans isomer in the absence of Fab displays lowered
to those which experienced the greatest chemical shift _As/AT values €5 ppb/K) for the backbone amides of
perturbations in the>N-HSQC titrations (Th¥0, Sefs, GIn'33 (4.4 ppb/K), GIU® (4.6 ppb/K), Ph& (4.6 ppb/K),
Phe?, lle*®, and Cy&®). and Cy3* (3.6 ppb/K). Solvent shielding can explain the

What causes these significant decreases in TRNOE gered—Ad/AT values observed for PH8and Cy3* as
intensity? As previously discussed, a TRNOE can decrease

in intensity from its original NOE as a result of linebroad- s Chomical exch ibut o IV

H H H H H H emical exchange contriputes an exchange B, 10 e
ening. Qne source of this Ilnebroadenmg is the mcreasedobserveol 10, rates, as T = PeliTor + Pol/Tos + Koy WhereKe,
correlation time of the bound statg. This leads to faster = p p.(27A0)7[k 1(1 + Ps/Ps)]* (41). This is manifested as increased
transverse proton relaxation rates[,4/ and increased bound  observed line width.
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i 133 i
Table 2: Temperature Coefficients and Coupling Constants for the explain why the-Ad/AT of GIn***in a relatively unordered

Trans and Cis Isomers of the Recombin&i-labeled PAK Pilin region of the peptide is low or why the AO/AT of Lys'4
Peptide in the Absence and Presence of 0.3 Mol Equiv of Fab in an ordered region is elevated (8.0 ppb/K). Evidently, the
PAK13 temperature dependence of the amide proton chemical shift
Section A. Trans (pH 4.5, 5.C) is still only partly understood for the PAK pilin system and
—ASIAT x 1000 3JNa ® will remain so until the complex interplay between the
residue —Fab (ppb/K) ~+Fab (ppb/K) —Fab (Hz) +Fab (Hz) temperature dependence of conformational equilibria and the
Cys® 50 26 ) ) local structure of each conformational state in the system is
Thriso 756 7.4 8.2 8.7 thoroughly understood.
Sef3! 6.6 6.0 7.6 6.7 The cis isomer in the absence of Fab displays lowered
Asp'® 5.0 4.8 7.1 7.0 —AOS/AT values for the backbone amides of &§$4.0 ppb/
GIn'* 44 4.4 6.2 6.5 K), Glul3 (2.6 ppb/K), GI% (0.6 ppb/K), and Cy4? (2.4
Aspt3 5.6 6.6 8.0 6.3 . L
GIlul3s 46 4.0 6.2 53 ppb/K). Again, the small temperature coefficient of the @¥s
GInt36 5.6 5.4 6.8 7.1 backbone amide may be a consequence of its involvement
Phe37 4.6 4.0 7.8 8.0 in the (1,4) hydrogen bond in the secghdurn. By contrast,
:_'eliio g-g g-g g-g ;-g the high-temperature coefficient of the backbone amide of
G)Iljl“l 6.6 6.0 : : Phé3" (9.4 ppb/K) suggests no involvement of the Phe
Cysi42 3.6 3.4 75 6.6 NH in a hydrogen bond, consistent with the absence of the
Ser 6.4 5.6 7.3 6.9 first turn spanning Asi“Glu-GIn-Phé?’ (26). However, the
Lys'* 7.6 7.0 7.3 6.8 small temperature coefficients of the Gltbackbone amide
Hs 0 6.4 3 1 may be a consequence of its involvement in the (1,4)
Section B. Cis (pH 4.5, 5.2C) hydrogen bond in a firsB-turn spanning Asiy>GIn-Asp-
—ASIAT x 1000 N GIu®3s (26). Further interpretation of cis temperature coef-
residue —Fab (ppb/K) +Fab (ppb/K) —Fab (Hz) +Fab (Hz) ficients is not possible as the temperature dependence of the
Cys?® 4.0 36 70 70 {*H} 1N NOE has not been measured for this isomer, nor
Thr30 9.2 9.0 10.2 13.%#3.1 has the NMR solution structure been solved.
iel“; g-s i-g gi - In the presence of Fab, the bound state will contribute to
Gfﬁllas s s 13 625 1.9 the obgerved_ temperature .coeff|C|entAcS/AT0bs in a
Aspl3 6.5 52 population weighted manner:
S 06 10 ASIA Pa(—AS/ATy) + P{(—ASIATY) (5
ohes 9.4 9.0 9.0 7.2£1.9 abs = Pe o) + Pl A G)
llet38 11.4 10.8 I :
Lysl40 792 6.0 28 so that significant differences betweed/ATops measured
Glyt 9.6 9.0 in the presence of Fab areAd/ATe measured in the absence
Cyst“; 24 20 6.3 55:1.2 of Fab should reflect the contribution 6fA0/ATg. The trans
55:144 g'g i'g ?-g 2'% %g isomer displays significant decreasesHnd/AT (JAS/ATE
Hsl45 5:6 5:0 7:6 8:2 ' _AélATobsl > 0.5 ppb/K) for Sellal, G|U135, Phé37, LySl40,

— — , Gly'#, Sef3, Lys'#4 and H4%5, where the largest decreases

2 Uncertainty in the measured temperature coefficient valu&9i8 0 3
ppb/K. P Uncertainty in the measured coupling constants@s3 Hz, a_re _Observeq for L)}é. and Set®: (both _0'8, ppb/K). The
unless otherwise noted. cis isomer displays significant decreases-iNd/AT for a
slightly different collection of residues: Séf Aspt®, lle'38
the backbone amides of these residues are involved inLys™C Gly**, Lys'*4 and H$*. Here, the largest decreases
(1,4) hydrogen bonds to the carbonyl oxygen of the first are observed for S& (—0.8 ppb/K), Asp3* (—1.3 ppb/K),
residue in the turn (ASg* CO- - -Phé%” NH and Pré®° Lys0(—1.2 ppb/K), and Ly%* (—1.4 ppb/K), considerably
CO- - -C“2NH). However, solvent shielding cannot ad- larger than those observed for the trans isomer. The decreases
equately explain the lowered A6/AT values observed for  in —AJ/AT observed for the trans and cis isomers may reflect
either GIri33 or GIut®®, as these residues are not involved in increased solvent sequestering as a result of burial within
hydrogen bonds, nor are they buried within a solvent- the antibody combining site. However, as the collection of
inaccessible pocke®®). Thus, temperature-induced shifts “solvent protected” residues does not comprise a continuous
in the equilibrium between structured and random coil states surface on the NMR solution structure of the trans isomer
must be considered. (22), it is more probable that shifts in the temperature-

The temperature dependence of thid} 5N hetero- dependent equilibrium to a more structured state contribute
nuclear NOE provides one approach for studying these to these decreases #AJ/AT. Thus, binding of Fab may
temperature-induced shifts in equilibriuftH} ~>N NOEs serve to stabilize the trans and cis isomers against local
measured for the trans isomer in the absence of Fab at pHunfolding events, where the larger decreases-id/AT
4.5 (31) show values significantly larger than the mean for observed for the cis resonances may indicate a greater degree
GIlut, Lys'*0, Gly'#, and Cy$*?within the range of 515 of stabilization for the cis versus the trans isomer.
°C, suggesting retention of backbone structure even as The temperature coefficient data in the presence of Fab
temperatures are raised by 40. This apparent retention of  also suggest that the integrity of the (1,4) hydrogen bonds
structure at higher temperatures1s °C) should correlate ~ which stabilize the turns in the trans and cis isomers are
with lowered—AJ/AT values and appears to do so for both preserved in the bound state. This is evidenced by the
Glu*®* and Cy3$*2. However, retention of structure still cannot lowered —Ad/AT values observed in the presence of Fab
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for Phé?"” (4.0 ppb/K) and Cy? (3.4 ppb/K) in the trans
isomer and GIt?® (3.0 ppb/K) and Cy&? (2.0 ppb/K) in the

Campbell et al.

presence of Fab (5.5 Hz in the absence vs 5.6 Hz in the
presence of Fab). This suggests that the population of this

cis isomer. Thus, the turns themselves must also be preserveturn in solution, already well-populated in the absence of
in the bound state, as implied earlier by the TRNOESY antibody, does not significantly change in the presence of
results. Interestingly, a significant decrease-ind/AT is antibody.

observed in the trans isomer for PHe(—Ad/ATs = 4.0 Using a method developed by Yao et ab5) turn
ppb/K; —AS/ATE = 4.6 ppb/K) but not for Cys? (—Ad/ populations may be estimated from tHdy, coupling

ATg = 3.4 ppb/K;—Ad/ATe = 3.2 ppb/K) in the presence  constants measured for the residues in position 2 of the two
of Fab. Interpreted within the context of hydrogen bonds, turns, i.e., GI&® and Ly$%. A two-site model is used in
this indicates that the A3CO- - -Phé*NH bond is weaker  which residues GRi5and Ly$4°can find themselves in either
than the Pr&“CO- - -Cys“NH in the absence of Fab, but a turn conformation or in an extended conformation. As-
that the former is significantly more strengthened than the suming 100% turn conformation, the coupling constants for
latter in the presence of Fab. Interpreted within the context G|u®5 and Lyg4° should be®Jy, = 4 Hz, corresponding to

of temperature-dependent equilibria, this indicates that less¢, = —60 (56). Assuming 100% extended conformation,
stable local structure is found around Pfieersus Cy%* coupling constants Gy, = 9 Hz are expected, correspond-

in the absence of Fab, but that the local structure arounding to ¢, < —100 (56). From these two extreme values of
Phe?’is more significantly stabilized in the presence of Fab. 33, the measuretly, values were used to roughly estimate
Regardless of interpretation, the data suggest that the firstthe percentage of turn for residues 8hand Lys4%in the

turn is preferentially stabilized over the second turn in the absence and presence of 0.3 mol equiv of Fab PAK-13.
presence of Fab. This is in agreement with tié-edited  Values are obtained of 56% and 74% for the first turn in the
HSQC TRNOESY results presented earlier and is supportedabsence and presence of Fab, respectively, and of 70% and
by 1°N relaxation studies of the trans isomer in the absence 68% for the second turn in the absence and presence of Fab,

(32) and presence?() of Fab.
Coupling Constant Measurementhe final set of experi-
ments involved measurement &fy, backbone coupling

respectively.

SUMMARY OF RESULTS

constants for the trans and cis isomers of the recombinant

15N-labeled PAK pilin peptide in the absence and presence

15N-edited NMR studies of &N-labeled recombinant PAK

of 0.3 mol equiv of Fab PAK-13 (see Table 2). These pilin peptide in complex with the Fab fragment of mono-

measurements should detect local changes in the backbon

glonal antibody PAK-13 were performed. These studies used

conformations of the trans and cis isomers caused by Fab2 combination of chemical shift perturbation mapping,

binding. The trans isomer in the absence of Fab displays
3Jne Values of=8 Hz, consistent with & angle in extended
or -strand dihedral space, for Tt (8.2 Hz), Asp3* (8.0
Hz), and 1138 (8.0 Hz).3J\, values of<6 Hz, consistent
with the ¢, angle of a type I3-turn, are observed for Ly¥
(5.5 Hz). The cis isomer in the absence of Fab disptays
values of>8 Hz, consistent with @ angle in extended or
B-strand dihedral space for TA?(10.2 Hz), Asp®? (9.1 Hz),
and Phé&¥ (9.0 Hz).3Jy, values of< 6Hz, consistent with
a ¢, angle of a type | or l|3-turn are observed for Gl#
(4.3 Hz) and Ly%" (2.8 Hz).

Similar to eq 5, the bound state will contribute to the
observed coupling constadi, obs iN @ population weighted
manner:

SJN(I obs — PB(s‘]NaB) + PF(S‘]NOLF) (6)

so thattJne obs Should reflect the structure of the bound state.
Significant decreases fng (CInar — 3Ina obs > 0.6 Hz) were

TRNOESY experiments, and measurement of coupling
constants and temperature coefficients to probe for antibody-
induced changes in the backbone conformations of the trans
and cis isomers of the PAK pilin peptide. Several major
conclusion can be drawn from these studies:

(i) Both the trans and the cis isomer of the PAK pilin
peptide bind to Fab PAK-13 with apparently similar affini-
ties. This may be due to the presence of the typé-tlirn
spanning Pr&%-Lys-Gly-Cy$4?in both isomers. However,
additional features must also contribute to PAK-13 binding
(such as the first turn in each isomer), as a different pattern
of backbone perturbations is observed for each isomer,
suggesting that different “surfaces” interact with the Fab in
each case.

(ii) Binding of Fab PAK-13 does not appear to signifi-
cantly alter the backbone conformations of either the trans
or the cis isomer. This is especially true for the turn
regions: a comparison of NOESY-Fab) versus TRNOESY
(+Fab) connectivities shows that the placement and confor-

measured for several residues in the trans isomer includingmation of the turns in the trans and cis isomers (a type |

Set3l Asp'®4 Glu®, and Cy$*2 These decreases #ing
reflect decreases in thigdihedral angles for these residues
(50). Thus, the decreasesdgrmeasured for Asig* and GIlus®

in the first type I5-turn of the trans isomer may reflect a
decrease in the population of extended structure for the first
turn. This is consistent with preferential stabilization of the
first turn in the presence of Fab. Notice also that g,
coupling constant for GI&®in position 2 of the type B-turn

B-turn spanning As§*Glu-GIn-Phé®” and a type 1I3-turn
spanning Pr&%-Lys-Gly-Cy$#?in the trans isomer; a type
[l f-turn spanning PA§%Lys-Gly-Cys$4?in the cis isomer)
are unaltered by Fab binding. Thus, the free solution
conformation of the turns are preserved in the antibody
combining site.

(iii) Binding of Fab PAK-13 leads to preferential stabiliza-
tion of the first turn (Asp**+Glu-GIn-Phé3?) over the second

decreases from 6.2 to 5.3 Hz upon binding to Fab, consistentturn (Prd3%-Lys-Gly-Cys49) in the trans isomer. This may

with a higher population of turn conformation in solution.
By contrast, théJy, coupling constant for Ly4%in position
2 of the type lI5-turn does not significantly change in the

result from a lower free state population for the first turn. If
the two turns were to equally constitute the structural epitope
for PAK-13 binding (bound state populations are the same
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for each turn), the first turn will experience the greatest trans or cis topology, although the relative distance and
increase in population and will therefore appear to be the orientation of the first to the second turn are different in each
more stabilized of the two. Preferential stabilization of the isomer.
first turn in the cis isomer may also occur, but is not clearly  Role of Slow Backbone Motions in PAK Pilin Peptide
indicated. ImmunogenicityMotions that appear to have the greatest
(4) Binding of Fab PAK-13 to the trans isomer leads to significance in creating an induced fit are those within the
the perturbation (shifting, line broadening) of resonances microsecond to millisecond time scale or slow motions
within regions of the backbone that undergo microsecond involving conformational exchang8%). Many groups have
to millisecond “exchange-related” motions in the free solu- found that active sites or binding pockets of proteins
tion state. These regions are spanned by the following experience conformational exchange processes, which are
residues: THf%near the disulfide bridge and GRS, GInt3¢, either stabilized 43—96) or increased47—100 by ligand

Phée?, 11e!38 and Lyd$4° within the turns. binding, thereby increasing or decreasing the loss of entropy
upon binding. Conformational exchange may therefore
DISCUSSION AND CONCLUSIONS provide a mechanism for modulating available intrinsic

i . i o binding energy, preserving moderate affinities for optimal
Role of the3-Turns in PAK Pilin Peptide Immunogenicity. biological function.

Our NMR studies of thé>N-labeled recombinant PAK pilin The NMR studies of the recombinatiN-labeled PAK

peptide in complex with the Fab PAK-13 suggest that the pilin peptide in complex Fab PAK-13 presented here
p-turns comprise the structural motif for antibody recognition - gemonstrate significant chemical shift perturbation and line
and maintain their free solution conformations when bound broadening for backbone resonances of residues within the
in the antibody combining site. The discovery of the g or near the disulfide bridgd5N NMR relaxation
immunogenic importance of thé-turn in the pilin system  gyheriments of the trans isomer of the recombin&hk
is supported by other research groups in other systems. NMRgpeled PAK pilin peptide in the absence of PAK-13 Fab
solution studies of antigenic peptides in their free versus (31y showed slow motions on the microsecond to millisecond
antibody bound states have shown that stgbterns are  {ime scale for THE near the disulfide bridge and for G,
present in these peptide®2, 23, 26, 5767) and that the GIn'36 Phé3 1138 and Ly within the turns15N NMR
turns provide the primary contact interface for antibody yg|axation experiments of the trans isomer in the presence
recognition @4, 68-73). X-ray crystal studies of antibody 4t paK-13 Fab show that these microsecond to millisecond
peptide-complexes consistently find one, two, or even three i scale motions are partially stabilized in the bound state
peptide-turns at the antibody interfacg4-90). In this (27). Thus, the most plastic regions of the sequence appear
regard, 13 of the 16 unique X-ray crystal structures of {4 he the regions most perturbed and/or stabilized upon
antibody-peptide complexes available in the PDB show 4niihody binding. These observations are consistent with an
peptide turns deeply embedded in the antibody combining jqyced-fit model for antibody recognition of PAK pilin
site; the other thre.e structures show the peptide in an peptide.
extended conformatiol?. Thus, thes-turn appears to bthe Significantly, the residue in the trans isomer for which
most important structural motif for antiboetpeptide rec-  yhe greatest backbone perturbations were observed W lle
ognition and may be a key feature in the design of a synthetic 1g" residue is also the site of the greatest conformational
pilin peptide vaccine capable of elliciting a strong humoral exchange measured from previo# NMR relaxation
immune response against the intact bacterial pilus. experiments of the trans isomer in the abserg® @énd

Interestingly, both the trans and cis isomers bind with presenceZ7) of Fab. Ilé38is a “hinge” residue for cis/trans
apparently equal affinity to Fab PAK-13, although their only jsomerization (I1&%-Prg9 and is situated immediately
shared structural feature is the typgturn spanning Prg* before the second type fi-turn (Pré3-Lys-Gly-Cys4?) in
Lys-Gly-Cys“% This conserved turn is well-populated in the - poth the trans and cis isomers. Hinge motions arouri@|le
free solution state of both isomers and does not undergodetected as slow time scale conformational exchange in an
Significant stabilization upon Fab blndlng By contrast, the NMR e)(perirnen'[7 could Conceivab|y bring the two turns in
first tuns in the trans (ASP*Glu-GIn-Phé®) and cis  the trans and cis isomers into the same relative alignment
(Asp'**-GIn-Asp-GIu®) isomers are less well-populated in  for binding. This would allow PAK-13 to accommodate the
the free solution state but undergo significant stabilization different topo]ogies of the two isomers with apparent]y
upon Fab binding (clearly observed for the trans isomer). similar binding affinities. The following sequence of binding
Thus, binding of the first turn appears to involve an “induced- eyents presents a mechanism whereby this might occur. First,
fit” mechanism for the first turn. This mechanism might the well-ordered second turn binds within the antibody
allow the PAK-13 combining site to accommodate either a combining site. Second, rotation around one or both of the
dihedral anglesd or ) of 11e*28 brings the first turn into

10 Interestingly, a survey of the Fab-peptide X-ray crystal structures the proper alignment for binding. Third, the less-ordered first
available in the PDB shows a relationship between the length of the turn binds within the antibody combining site, where it is
Saloo st cefomat of o eplab(cr oloos  sabized hough energeticaly avrable aniogepice
toq be in a,B—turr? conformation, in which‘the turn is tl)oufrf)ered against !nteractlons. This threg-step mechanism, W,h'le Speculatlve,
either the N- or the C-terminal edge of the H3 loop. For H3 loops illustrates how slow time scale conformational exchange
o b i o s (s comon), e b prscign ot cuce t i of et i the
the H3 loop. The NMR or X-ray structure of _Iéa% PgAK-lS has ye_tr_;o PAK p.llln SySte”.‘ and accounts for the ablllty qf the PAK._
be determined, thus the length of the H3 loop in the PAK-13 combining 13 @ntibody to bind both the trans and the cis isomers with
site is unknown at the present time. similar affinities.
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From a broader immunological perspective, conformational strategies must instead strive toward the induced fit model,
exchange may also play a role in induced fit binding of in which the dynamics of the free and bound states modulate
different pilin immunogens to PAK-13, providing a mech- binding energy and allow for cross-reactivity in recognition
anism for antibody cross-reactivity. For example, PAK-13 and binding. To this end, a detailed picture of the dynamics
was raised against the intact PAK pilus yet recognizes andinvolved in antibody recognition of pilin immunogens is a
binds to the intact pilus from other strainsPfaeruginosa necessary component of vaccine design, providing critically
including PAO, KB7, and P128). PAK-13 also binds with important information to the generation of an immune
similar affinities (micromolar) to the PAK, PAO, KB7, and response effective against the multiple strain® oerugi-

P1 pilin peptides derived from the C-terminal receptor nosa
binding regions of the pilin proteins of these parent strains
(24). This cross-reactivity has been proposed to arise from ACKNOWLEDGMENT

the existence of conserved setturns @2, 23, which The authors thank Paul Semchuck for mass spectrometry;
comprise the primary structural epitope for the interaction gymhane Gaghéor NMR assistance with the heteronuclear
of each peptide with PAK-12). Interestingly, the relative pulse sequences; Robert Boyko, Tim Jellard, and Leigh
orientations of the first to the second turn differ significantly \nsijjard for computer programming assistance: Marie Kaplan

from one peptide structure to the ne2P(23. Thus, PAK- ¢4 competitive ELISA experiments and antibody concentra-
13 appears to be able to accommodate the different topologies;g, determinations: and Niels Andersen for helpful discus-

of each peptide with no apparent loss in affinity. While some g5 of temperature coefficients in polypeptides. The

of this cross-reactivity may be attributed to the plasticity of BL21(DE3) cells were a generous gift provided by Dr. Joyce
the PAK-13 combining site itself, some may also be pgagristone.

attributed to conformational exchange within the peptide
sequences. If a site for slow time scale hinge motions REFERENCES
(analagous to the 1€ “hinge” site in the cis and trans ) ] o
isomers of PAK) is allowed to exist between the first and 1 Rivera, M., and Nicotra, M. B. (1982m. Re. Respir. Dis.
. . ) 126, 833-836.

second turns in each of the PAO, KB7, and P1 pilin peptides, 5 pier . B (1985). Infect. Dis. 151575-580.
dihedral angle rotations around this putative site could bring 3. Todd, T. R. J., Franklin, A., Mankinen-Irvin, P., Gurman, G.,
the first and second turns of each peptide into the same and Irvin, R. T. (1989)Am. Re. Respir. Dis. 1401585~
relative alignment for binding. Thus, slow time scale hinge 1589. ) _ )
motions may be a general property of all pilin sequences 4 Sajjan, U., Reisman, J., Doig, P, Irvin, R. T., Forstner, G.,

. . . . and Forstner, J. (1991) Clin. Invest. 89 657—665.
and nOIJUSt_ a.ur1.|qu'e phenomenon limited tq the PAK p,'l'n 5.1rvin, R. T. (1993) in Pseudomonas Aeruginosa as an
SyStem. This is Intrlgumg from the peI’SpeCtlve of vaccine Opportunistic Pathoge(‘(:ampa, M., Ed) pp 1942, Plenum
design, as it may provide the basis for the generation of an Press, New York.
antibody therapeutic effective against the multiple strains of 6. Paranchych, W., Sastry, P. A., Volpel, K., Loh, B. A., and
P. aeruginosaClearly,’>N NMR relaxation experiments of Speert, D. P. (1986¢lin. Invest. Med. 9113-118.

: s 7. Ramphal, R., Sadoff, J. C., Pyle, M., and Silipigni, J. D. (1984)
5] PA 7 P

pilin peptides are required to explore this possibility, as these g, poig, P., Smith, N. R., Todd, T., and Irvin, R. T. (198ect.
experiments would detect and measure any significant slow Immun. 55 15171522,

time scale conformational exchange processes in each of 9.Doig, P., Todd, T, Sastry, P. A, Lee, K. K., Hodges, R. S.,

these peptides. i’gﬁicl%):lceh, W., and Irvin, R. T. (1988)fect. Immun. 56
Significance to Peptide Vaccine Desi@ince thes-turns 10. Doig, P., Séstry, P. A., Hodges, R. S., Lee, K. K., Paranchych,

in the pilin system have been implicated in antibody W., and Irvin, R. T. (1990)nfect. Immun. 58124—130.
recognition @4), features designed to stabilize the turns 11.Irvin, R. T., Doig, P., Lee, K. K., Sastry, P. A., Paranchych,
should result in increased antibody affinity and enhanced ~ W., Todd, T., and Hodges, R. S. (1989fect. Immun. 57
immunqgenicity. In f"?‘?“ conformationally Constraining pep- 12.3LZ>§(,);<?7K2.,6f)oig, P., Irvin, R. T., Paranchych, W., and Hodges,
tide antigens to stabiliz8-turns has been shown in practice R. S. (1989)Mol. Microbiol. 3, 1493-1499.

to increase antibody affinitys(l, 101, 102 However, design 13. Lee, K. K., Sheth, H. B., Wong, W. Y., Sherburne, R.,
strategies that constrain a peptide immunogen into the desired ~ Paranchych, W., Hodges, R. S., Lingwood, C. A., Krivan, H.,
conformation strive toward the lock-and-key model of and Irvin, R. T. (1994Mol. Microbiol. 11, 705-713.

A" : : - - P 14. Krivan, H. C., Ginsburg, V., and Roberts, D. D. (1988¢h.
binding in which antibody affinity and specificity are Biochem. Biophys. 26@193- 496

theoretically maximized. Were our goal to design a strain- 15 krivan, H. C., Roberts, D. D., and Ginsburg, V. (1988)c.
specific PAK peptide vaccine effective agaiRstaeruginosa Natl. Acad. Sci. U.S.A. 8%5157-6161.

strain K infections only, the next logical step might be the 16. Baker, N., Hansson, G. C., Leffler, H., Riise, G., and Svanbord-
design of constrained PAK peptide analogues or even Eden, C. (1990)nfect. Immun. 582361-2366.

: ; ; ; _ ; 17. Ramphal, R., Carnoy, C., Fievre, S., Michalski, J.-C., Houdret,
peptidomimetics. However, our goal is cross-protection N.. Lamblin, G.. Strecker, G.. and Roussel, P. (1993ct.

against a broad spectrum Bf aeruginosastrains, so design Immun. 59 700—704.
18. Sheth, H. B., Lee, K. K., Wong, W. Y., Srivastava, G.,
1 The NMR free solution structures of the PAK, PAO, KB7, and Hindsgaul, O., Hodges, R. S., Paranchych, W., and Irvin, R.
P1 pilin peptides correspond to the trans isomers of these pepigles ( T. (1994)Mol. Microbiol. 11, 715-723.
23). It should also be noted that while the PAK pilin peptide undergoes  19. Lee, K. K., Paranchych, W., and Hodges, R. S. (198fe)ct.
cisftrans isomerization around the central¥eProi3® peptide bond, Immun. 58 2727-2732.

the PAO, KB7, and P1 peptides, which all contain one or more prolines  20. Lee, K. K., Yu, L., Macdonald, D. L., Paranchych, W., Hodges,
in their sequence, adopt an exclusively trans conformation around each R. S., and Irvin, R. T. (1996Lan. J. Microbiol. 42 479—
X-Pro bond 22, 23). 486.



Interaction of a Pilin Peptide with Antibody

21.
22.
23.

24.

25.
26.

27.

28.

20.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.
40

41.
42.

43.

44.

45.
46.
47.
48.
49.
50.

51.
52.

53.
54.

55.

Yu, L., Lee, K. K., Paranchych, W., Hodges, R. S., and Irvin,
R. T. (1996)Mol. Microbiol. 19, 1107-1116.

Campbell, A. P., Mclnnes, C., Hodges, R. S., and Sykes, B.

D. (1995)Biochemistry 3416255-16268.

Campbell, A. P., Sheth, H. B., Hodges, R. S., and Sykes, B.

D. (1996)Int. J. Pept. Protein Res. 3839-552.

Campbell, A. P., Wong, W. Y., Houston, M. E., Jr., Schweizer,
F., Cachia, P. J., Irvin, R. T., Hindsgaul O., Hodges, R. S.,
and Sykes, B. D. (1997). Mol. Biol. 267 382—-402.

Tripet, B., Yu, L., Bautista, D. L., Wong, W. Y., Irvin, R. T,
and Hodges, R. S. (199®rotein Eng. 9,1029-1042.
Campbell, A. P., Bautista, D. L., Tripet, B., Irvin, R. T.,
Hodges, R. S., and Sykes, B. D. (199iochemistry 36
12791-12801.

Campbell, A. P., Spyracopoulos, L., Wong, W. Y., Irvin, R.
T., and Sykes, B. D. (2000) manuscript in preparation.
Sheth, H. B., Glasier, L. M. G., Ellert, N. W., Cachia, P., Kohn,
W., Lee, K. K., Paranchych, W., Hodges, R. S., and Irvin, R.
T. (1995)Biomed. Pept., Proteins, Nucleic Acidsl#1-148.
Wong, W. Y., Irvin, R. T., Paranchych, W., and Hodges, R.
S. (1992)Protein Sci. 1 1308-1318.

Nieto, A., Gaya, A., Jansa, M., Moreno, C., and Vives, J.
(1984) Mol. Immunol. 21 537-543.

Campbell, A. P., Spyracopoulos, L., Irvin, R. T., and Sykes,
B. D. (2000)J. Biomol. NMR 17239-255.

Kay, L. E., Keifer, P., and Saarinen, T. (1992)Am. Chem.
Soc. 11410663-10665.

Muhandiram, D. R., and Kay, L. E. (1994) Magn. Reson.
B103 203-216.

Zhang, O., Kay, L. E., Olivier, J. P., and Forman-Kay, J. D.
(1994)J. Biomol. NMR 4845-858.

Zuiderweg, E. R., and Fesik, S. W. (19&bchemistry 28,
2387-2391.

Vuister, G. W., and Bax, A. (1993) Am. Chem. Soc. 115,
T772-7777.

Garrett, D. S., Powers, R., Gronenborn, A. M., and Clore, G.
M. (1991)J. Magn. Reson. 93214-220.

Marion, D., Kay, L. E., Sparks, S. W., Torchia, D. A., and
Bax, A. (1989)J. Am. Chem. Soc. 111515-1517.

Zhu, G., and Bax, A. (1992). Magn. Reson. 10@02—207.

. Campbell, A. P., and Sykes, B. D. (1998)nu. Re. Biophys.

Biomol. Struct. 2299-122.

Lian, L. Y., Barsukov, I. L., Sutcliffe, M. J., Sze, K. H., and
Roberts, G. C. K. (1994Methods Enzymol. 23%57—700.
Schmiedeskamp, M., Rajagopal, P., and Klevit, R. E. (1997)
Protein Sci 6, 1835-1848.

Foster, M. P., Wuttke, D. S., Clemens, K. R., Jahnke, W.,
Radhakrishnan, I., Tennant, L., Reymond, M., Chung, J., and
Wright, P. E. (1998)). Biomol. NMR 1251—71.
Radhakrishnan, I.,"Rez-Alvarado, G. C., Parker, D., Dyson,
H. J., Montminy, M. R., and Wright. P. E. (1999)Mol. Biol.
287, 859-865.

La Planche, L. A., and Rogers, M. T. (1964)Am. Chem.
Soc. 86 337341.

Maia, H. L., Orrell, K. G., and Rydon, H. N. (197Chem.
Commun. 1209-1210.

Love, A. L., Alger, T. D., and Olson, R. K. (1973) Phys.
Chem. 76 853—-855.

Withrich, K., Billeter, M., and Braun, W. (1984) Mol. Biol.
180, 715-740.

Wagner, G., Neuhaus, D., \\gbtter, E., Vask, M., Kagi, J.

H. R., and Wthrich, K. (1986)J. Mol. Biol. 187 131-135.
Withrich, K. (1986) inNMR of Proteins and Nucleic Acids
John Wiley and Sons, New York.

Richardson, J. S. (198Rdv. Protein Chem. 34167—339.
Rose, G. D., Gierasch, L. M., and Smith, J. A. (1988).
Protein Chem. 3,71—109.

Watts, C. R., Tessmer, M. R., and Kallick, D. A. (1908}t.
Pept. Sci. 259-70.

Andersen, N. H., Neidigh, J. W., Harris, S. M., Lee, G. M.,
Liu, Z., and Tong, H. (1997). Am. Chem. Soc. 118547
8561.

Yao, J., Feher, V. A, Espejo, B. F., Reymond, M. T., Wright,
P. E., and Dyson, H. J. (1994) Mol. Biol. 243 736-753.

56.
57.

58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.

70.

71.
72.
73.
74.
75.
76.
77.

78.
79.

80.
81.

82.
83.

84.

85.
86.

87.

Biochemistry, Vol. 39, No. 48, 2004863

Pardi, A., Billeter, M., and Wrich, K. (1984)J. Mol. Biol.
180, 741-751.

Dyson, H. J., Cross, K. J., Houghten, R. A., Wilson, I. A,
Wright, P. E., and Lerner, R. A. (198%ature 318 480~
483.

Dyson, H. J., Rance, M., Houghten, R. A., Lerner, R. A., and
Wright, P. E. (1988)J. Mol. Biol. 201 161-200.

Dyson, H. J., Rance, M., Houghten, R. A., Wright, P. E., and
Lerner, R. A. (1988)]. Mol. Biol. 201 201-217.
Chandrasekhar, K., Profy, A. T., and Dyson, H. J. (1991)
Biochemistry 309187-9194.

Blumenstein, M., Matsueda, G. R., Timmons, S., and Hawiger,
J. (1992)Biochemistry 3110692-10698.

Zvi, A., Hiller, R., and Anglister, J. (199Biochemistry 31
6972-6979.

Mclinnes, C., Sanichsen, F. D., Kay, C. M., Hodges, R. S.,
and Sykes, B. D. (1993iochemistry 3213432-13440.

De Lorimier, R., Moody, M. A., Haynes, B. F, and Spicer, L.
D. (1994)Biochemistry 332055-2062.

Campbell, A. P., Sykes, B. D., Norrby, E., Assa-Munt, N.,
and Dyson, H. J. (1996%olding Des. 1 157—165.

Vu, H. M., de Lorimier, R., Moody, A., Haynes, B. F., and
Spicer, L. D. (1996Biochemistry 355158-5165.

Molins, M. A., Contreras, M. A, Fits, |., and Pona, M. (1998)-
J. Pept. Sci. 4101-110.

Scherf, T., Hiller, R., Naider, F., Levitt, M., and Anglister, J.
(1992)Biochemistry 316884-6897.

Zvi, A., Kustanovich, I., Feigelson, D., Levy, R., Eisenstein,
M., Matsushita, S., Richalet‘8erdel, P., Regenmortel, M. H.
V., and Anglister, J. (1995ur. J. Biochem. 229178-187.
Gizachew, D., Moffett, D. B., Busse, S. C., Westler, W. M.,
Dratz, E. A., and Teintze, M. (1998)jiochemistry 3710616~
10625.

Weliky, D. P., Bennett, A. E., Zvi, A., Anglister, J., Steinbach,
P. J., and Tycko, R. (199Nat. Struct. Biol. 6141-145.
Tugarinov, V., 2vi, A., Levy, R., and Anglister, J. (199%4t.
Struct. Biol. 6 331—-335.

Zvi, A., Tugarinov, V., Faiman, G. A., Horovitz, A., and
Anglister, J. (2000Eur. J. Biochem 267767—779.

Stanfield, R. L., Fieser, T. M., Lerner, R. A., and Wilson, .
A. (1990) Science 248712-719.

Rini, J. M., Schulze-Gahmen, U., and Wilson, I. A. (1992)
Science 255959-965.

Garcia, K. C., Ronco, P. M., Verroust, P. J., Brunger, A. T.,
and Amzel, L. M. (1992)Science 257502-507.

Stanfield, R. L., Takimoto-Kamimura, M., Rini, J. M., Profy,
A. T., and Wilson, I. A. (1993)Structure 1 83—93.

Shoham, M. (1993). Mol. Biol. 232 1169-1175.
Schulze-Gahmen, U., Rini, J. M., and Wilson, I. A. (1993)
Mol. Biol. 234 1098-1118.

Ghiara, J. B., Stura, E. A., Stanfield, R. L., Profy, A. T., and
Wilson, I. A. (1994)Science 26482—85.

Churchill, M. E. A., Stura, E. A., Pinilla, C., Appel, J. R,
Houghten, R. A, Kono, D. H., Balderas, R. S., Fieser, G. G.,
Schulze-Gahmen, U., and Wilson, I. A. (199%)Mol. Biol.
241, 534-556.

Tormo, J., Blass, D., Parry, N. R., Rowlands, D., Stuart, D.,
and Fita, I. (1994EMBO J. 13 2247-2256.

Stigler, R.-D., Rker, F., Katinger, D., Elliott, G., Hane, W.,
Henklein, P., Ho, J. X., Keeling, K., Carter, D. C., Nugel, E.,
Kramer, A., Porstmann, T., and Schneider-Mergener, J. (1995)
Protein Eng. 8 471—-479.

Wien, M. W., Filman, D. J., Stura, E. A., Guillot, S.,
Delpeyroux, F., Crainic, R., and Hogle, J. M. (19%F)uct.
Biol. 2, 232-243.

Verdaguer, N., Mateu, M. G., Andreu, D., Giralt, E., Domingo,
E, and Fita, I. (1995EMBO J. 14 1690-1696.

Van den Elsen, J. M. H., Herron, J. N., Hoogerhout, P.,
Poolman, J. T., Boel, E., Logtenberg, T., Wilting, J., Crom-
melin, D. J. A., Kroon, J., and Gros, P. (19%7joteins 29
113-125.

Lescar, J., Stouracova, R., Riottot, M.-M., Chitarra, V., Brynda,
J., Fabry, M., Horejsi, M., Sedlacek, J., and Bentley, G. A.
(1997)J. Mol. Biol. 267 1207-1222.



14864 Biochemistry, Vol. 39, No. 48, 2000 Campbell et al.
88. Derrick. J. P., Maiden, M. C. J., and Feavers, |. M. (12R9) 96. Davis, J. H., and Agard, D. A. (199B)ochemistry 377696~

Mol. Biol. 293 81-91. 7707.

89. Stanfield, R. L., Cabezas, E., Satterthwait, A. C., Stura, E. 97. Farrow, N. A., Muhandiram, R., Singer, A. U., Pascal, S. M.,
A., Profy, A. T., and Wilson, I. A. (1999ptructure 7 131— Kay, C. M., Gish, G., Shoelson, S. E., Pawson, R., Forman-
142. Kay, J. D., and Kay, L. E. (1994Biochemistry 335984—

90. Ochoa, W. F., Kalko, S. G., Mateu, M. G., Gomes, P., Andreu, 6003.

D., Domingo, E., Fita, I., and Verdaguer, N. (20QD)Gen. 98. Epstein, D. M., Benkovic, S. J., and Wright, P. E. (1995)
Virol. 81, 1495-1505. Biochemistry 3411037-11048.

91. Bates, P. A., Dokurno, P., Freemont, P. A, and Sternberg, 99. Stivers, J. T., Abeygunawardana, C., and Mildvan, A. S. (1996)
M. J. E. (1998)J. Mol. Biol. 284 549-555. Biochemistry 3516036-16047.

92. Carr, P. A., Erickson, H. P., and Palmer, A. G. (198icture 100. Hyre, D. E., and Klevit, R. E. (1998) Mol. Biol. 279, 929
5, 949-959. 943.

93. Nicholson, L. K., Kay, L. E., Baldisseri, D. M., Arango, J., 101, Hinds, H. G., Welsh, J. H., Brennand, D. M., Fisher, J.,
Young, P. E., Bax, A., and Torchia, D. A. (19%ipchemistry Glennie, M. J., Richards, H. G. J., Turner, D. L., and Robinson,
31, 5253-5263. _ J. A. (1991)J. Med. Chem. 341777-1789.

94. Akke, M., Skelton, J. H., Kordel, J., Palmer, A. G., and Chazin, 1, Ghjara, J. B., Ferguson, D. C., Satterthwait, A. C., Dyson, H.
W. J. (1993)Biochemistry 329832-9844. J., and Wilson, 1. A. (1997). Mol. Biol. 266 31-39.

95. Davis, J. H., Agard, D. A, Handel, T. M., and Basus, V. J.
(1997)J. Biomol. NMR 1021-27. B10016568



