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ABSTRACT: Pilin is the major structural protein that forms type IV pili of various pathogenic bacteria,
including Pseudomonas aeruginadailin is involved in attachment of the bacterium to host cells during
infection, in the initiation of immune response, and serves as a receptor for a variety of bacteriophage.
We have use@N nuclear magnetic resonance relaxation measurements to probe the backbone dynamics
of an N-terminally truncated monomeric pilin frofh aeruginosastrain K122-415N-T;, -T,, and{H}-

15N nuclear Overhauser enhancement measurements were carried out at three magnetic field strengths.
The measurements were interpreted using the Ligdzabo model-free analysis, which reveals the
amplitude of spatial restriction for backbone-NH bond vectors with respect to nano- to picosecond
time-scale motions. Regions of well-defined secondary structure exhibited consistently low-amplitude
spatial fluctuations, while the terminal and loop regions showed larger amplitude motions in the subnano-
to picosecond time-scale. Interestingly, the C-terminal disulfide loop region that contains the receptor
binding domain was found to be relatively rigid on the pico- to nanosecond time-scale but exhibited
motion in the micro- to millisecond time-scale. It is notable that this disulfide loop displays a conserved
antigenic epitope and mediates binding to the asialorG&ll surface receptor. The present study suggests
that a rigid backbone scaffold mediates attachment to the host cell receptor, and also maintains the
conformation of the conserved antigenic epitope for antibody recognition. In addition, slower millisecond
time-scale motions are likely to be crucial for conferring a range of specificity for these interactions.
Characterization of pilin dynamics will aid in developing a detailed understanding of infection, and will
facilitate the design of more efficient anti-adhesin synthetic vaccines and therapeutics against pathogenic
bacteria containing type IV pili.

Pseudomonas aeruginogdin is the structural protein of  a second pilin fronP. aeruginosatrain K (PAK) has been
the pili produced by this organisn®. aeruginosapili are determined by X-ray crystallographg2). Additionally, the
type IV pili, that constitute long linear fibers forming a solution structure of pilin froniP. aeruginosastrain K122-4
filamentous appendage extending from the poles of the cell has been determined from NMR spectroscopy (Keizer et al.,
consisting of a helical array of the structural protdin Type unpublished). The structural studies Bnaeruginosailins
IV pili are critical virulence factors in bacterial pathogenesis utilize an N-terminally truncated pilin to inhibit oligomer-
(2, 3. They are bacterial adhesind)( function as phage ization. The removal of the first 28 residues does not alter
receptors %, 6), and are responsible for a type of cellular the structure of the intact protein (Keizer et al., unpublished).
motion known as twitching motilityq, 8). Type IV pili are Pilin from strain K122-4 is a 150-residue protein comprised
widely distributed among pathogenic bacteria, being found of a long N-terminalo-helix, a 4-stranded antiparallel
in organisms such &. aeruginosaNeisseria gonorrhoege  f3-sheet, and 2 disulfide bonds. The C-terminal disulfide loop
N. meningitidis Vibrio choloreg Moraxella bais, M. region is hypervariable, and the central region is semi-
catarrahlis andEscherichia coli(9, 10. The pilin protein conservedl3). The receptor binding domains of pilins from
is of considerable interest due to its critical role in patho- various strains share a common C-terminal motif that
genesis and the variety of molecular interactions that this includes a disulfide bridgel@). The C-terminal disulfide
protein is involved in. loop region from the binding domain of pilin plays an

The first crystal structure of a pilin was determined from important role in adhesion of bacteria to host cells, and in
N. gonorrhoeasestrain MS11 {1). Recently, the structure of  triggering the immune response of the infected host cells
(14, 15. The conformation of this loop region forms a
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Protein function commonly involves the interaction of a 388.5, 499.5, 666, 888, and 1110 ms were used at 500 and
protein with different ligands. Studies aimed at elucidating 600 MHz. For measurement dfN-T, relaxation times,
the structure of interfaces of proteitigand complexes  delays of 15.49, 30.98, 46.46, 61.95, 77.44, 92.93, 108.42,
contribute to our basic understanding of protein function. and 123.90 ms were employed at 300 MHz, and delays of
Additionally, the flexibility of the protein and ligand, and 16.61, 33.22, 49.82, 66.43, 83.04, 99.65, 116.25, 132.86,
the flexibility of the interface in the bound state determine 149.47, and 166.08 ms were used at 500 MHz. Additionally,
in part the interaction affinity. Studies of protein dynamics delays of 16.54, 33.09, 49.63, 66.18, 82.72, 99.26, 115.81,
are therefore important in order to gain an understanding of 132.35, 148.90, and 165.44 ms at 600 MHz were used for
the molecular processes underlying recognition, and their measurement oN-T, relaxation times{H}-1°N steady-
relationship to protein function. The unison of three- state NOEs were measured from two HSQC spectra acquired
dimensional structure determination and measurements ofwith and without proton saturation prior to the firsiN
time-dependent conformational fluctuations of proteins using excitation pulse. Proton saturation was obtained using a train
NMR methodologies have provided detailed insight into of 120° proton pulses with 5 ms pulse intervals for a total
biological function (8, 19. Concomitant with the advent 3.5 s of saturation at 300, 500, and 600 MHz. To obtain
of sophisticated multinuclear, multidimensional magnetic equilibrium a 2 sdelay between repetitions of the pulse
resonance techniques, and the availability of highly isotope- sequence fof°N-T; measurements was employed at 300
enriched proteins, detailed atomic maps of the dynamic MHz, and 1.2 s at 500 and 600 MHz. Delays for obtaining
behavior of proteins have been made possible using NMR equilibrium during the measurement8N-T, were 2.5 s at
relaxation measurement2Q, 21). Measurement of NMR 300 and 600 MHz, ath3 s at 500MHz. For{'H}->N NOE
relaxation of backbone amidéN and backboné&®C, nuclei measurements, delay$ s (300 MHz) ad 5 s (500 and
provides valuable information regarding backbone motions, 600 MHz) were used between repetitions of the pulse
whereas relaxation dfC and?H nuclei affords insight into ~ sequence. The spectral widths fét and*®N, respectively,
side chain mobility. Moreover, thermodynamic properties, were 4000 and 1064 Hz at 300 MHz, 6300 and 1775 Hz at
such as conformational entropy and heat capacity, can be500 MHz, and 7500 and 1800 Hz for 600 MHz. The number
determined in a semiquantitative fashion from relaxation of real data points acquired féid and*>N, respectively, were
parameters, and are especially interesting due to the relation320 and 48 points (300 MHz), 403 and 96 points (500 MHz),
ship to function 22, 23. In this study, the backbone and 467 and 96 points (600 MHz). A total of 16 or 32

dynamics of K122-4 pilin were investigated usifiyl NMR transients were collected fé?N-T; and -T,, and a total of
relaxation and the results discussed with respect to functional32 or 72 transients fdf*H} -t5N NOE were collected at 500
implications. and 600 MHz, respectively. At 300 MHz, 240 transients were

accumulated for'®N-T; and T, measurements, and 256
EXPERIMENTAL PROCEDURES transients for measurement iH} -1>N NOE.

Sample PreparationThe expression and purification of NMR Data ProcessindAll NMR data were processed with
15N-labeled K122-4 piliff*-159 will be published elsewhere. the NMRPipe software2g). Enhanced sensitivity data were
Of 150 residues, 28 were removed from the N-terminus to processed using the ranceY.M macro. Residual solvent
prevent oligomerization. Seven residues were added to thesuppression procedures in the time domain were not neces-
N-terminus to allow for the cloning and expression of sary. TheF; dimension was extended by 48 complex points
periplasmically localized protein. Thus, the K122-4 §ifin>9 (500 and 600 MHZz) or 24 complex points (300 MHz) using
used in this study totaled 129 residues. The amino acid linear prediction before zero filling. Thi; (*H) dimension
sequence anéN-T;, -T,, and {*H}->N NOE values are  was multiplied by a 6®shifted sine-bell function, and the
included as supporting information (see Supporting Informa- F1 (**N) dimension was multiplied by a 75hifted squared
tion). The sample was prepared for NMR spectroscopy by sine-bell function before Fourier transformation. Theand
dissolving lyophilized protein in 20 mM deuterated sodium F, dimensions were baseline corrected by polynomial
acetate buffer (90% ¥D/10% DO) containing 1 mM sodium  subtraction in the frequency domain.
azide, and 1 mM DSS (2,2-dimethylsilapentane-5-sulfonic ~ Chemical shift assignment for K122-4 pilin has been
acid). The final protein concentration was 0.5 mM, and the described previously (BMRB entry 49187). Peak picking
pH was adjusted to 5.1 with microliter aliquotsloM HCI. of two-dimensionaf{ *H-*N} -HSQC spectra was performed

NMR SpectroscopyNMR spectra were acquired using using the NMRView program?g). Peak intensity values for
Varian Unity INOVA 500 MHz and Unity 600 MHz  'N-T; and T, measurements were fit to single-exponential,
spectrometers equipped with 5 mm triple resonance probestwo-parameter decays using the xcrvfit program (software
and z-axis pulsed field gradients, and a Varian Unity 300 available at the following address: http://www.pence.ca/ftp).
MHz spectrometer wit a 5 mminverse broadband probe. Error in the!>N-T; and T, measurements was obtained from
I5N-Ty, -T2, and{H}-°N NOE experiments were conducted the nonlinear least-squares fits of the peak intensities to two-
at 30°C using sensitivity-enhanced gradient pulse sequencesparameter exponential decays. Error in {iel}-1°N NOE
developed by Farrow et al24) and at 500 and 600 MHz.  measurements was calculated from baseplane noise values
Sensitivity-enhanced, nongradient pulse sequences writtenin two-dimensional spectra acquired with and without proton
in-house 25) were employed at 300 MHz. Relaxation saturation.
measurements at different temperatures were carried out at Analysis of'>N-Relaxation DataBackbone amidé®N-

500 MHz with temperatures ranging from 5 to 35 in 10 Ti, -T,, and {H}-®N NOE relaxation parameters are
°C steps. For measurement'®l-T; relaxation times, delays  governed principally by the dipolar interaction between the
of 10, 50, 100, 150, 200, 300, 400, and 600 ms were used at'®N nucleus and its attached proton, and by the chemical
300 MHz, and delays of 11.1, 55.5, 122.1, 199.8, 277.5, shift anisotropy of thé>N nucleus 29). Theoretical expres-
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sions for 1N-T;, -T,, and {'H}-!>N steady-state NOE correlation time for picosecond internal motions, assumed
relaxation parameters are given by linear combinations of anot to contribute to relaxationr{ — 0), and a correlation
spectral density function at the Larmor frequenciesbf time for nanosecond time-scale internal motiong: (

andHy nuclei:

1 oy = 2| S GS
. _ w)=¢
T, D[J(wy — wy) + 3Iwy) + 6)(wy + wy)] + 5|1+ 0%?) 1+ wX)
ClI(w\)] (1)
N where® = § and, = tstw/(ts + 7). For each residue,
1 D parameters for each model of the spectral density function
T, 5[43(0) + Iy — oy + 3Xwy) + were adjusted to minimize the objective function given in
eq 6:
6J(w, + wy) + 6J(w)] + C [%J(O) + %J(wN)] ) ) 2 i
X2 _ (Tl,c - Tl,e) + (Tz,c B T2,a) + (NOE; — NOE)
Dl6J(wy + wy) — wy — @ - 2 2
NOE= 1+ YH [6(wy n) (wy ] 3) U‘zrl o1, OnoE
VN 1T, (6)
— 2.2 6 _ 2 H
whereD = (uo/4m)(y,y\h?4ry,) and C = AZWN/% Ho 1S where the subscripts ¢ and e indicate calculated and
tt‘g pﬁzzrmeablllty constant of free spacer(4 10" kg m experimental values, respectively, amds the error of the
S A1 )’jIH is the proton magnetogyric ratio (2.68 10° individual relaxation parameters. In addition, we have
rad s T, yy is the magnetogyric ratio dfN (—2.71 x analyzed theé'®N relaxation data under the assumption of

10" rad s* T™%), ryu is the protor-nitrogen internuclear  4yiajly symmetric rotational diffusion. Theoretical expres-
separation (102 pmj is the difference between the parallel - sions for the spectral density in this case maybe found in
and perpendicular components of tH& chemical shift references?2.

tensor (<160 ppm),h is Planck’s constant divided byn2
(1.05x 1073 J s), andwy is the Larmor frequency ofN. RESULTS

Typically, the spectral density is a Lorentzian function with 00 150
| . Ty - - —150)
respect to frequency. In the LiparBzabo analysis, the . r':' Tl’t -IC—iZ, and NOtE Dfa;aghe KéZZ 4 p"”; 'busaed d
spectral density is formulated in terms of an order parameterIn this study consists o residues as described under
(¥ that indicates the degree of spatial restriction for a Experimental Procedures. The first seven residues, not part
of the native protein sequence, were numbered-Z2

backbone amide NNH bond vector, with an associated S bering is based he | 150-resid

internal correlation time, and with the assumption of a single, equence numbering Is based on the intact -resiaue

global molecular rotational correlation timaqQ, 31): p.rotem. Backbone amide protons were unamplguously as-
signed for 115 out of the 125 non-proline residues. Reso-

5 Sr 1- Sz)r nances for the remaining amide protons either were not
Jw)==2 ”; 5 5 4) observed or were degenerafy). Due to overlap in{ *H-
S+ w ) (1+ 07 5N} -HSQC spectra, 100 residues at 300 MHz, 110 residues

_ _ at 500 MHz, and 112 residues at 600 MHz were used for
wherer = = 7' + 7o7!, & is the generalized order the relaxation analysis. Typical examples of the decay of
parameterzy is the correlation time for overall molecular  cross-peak intensities as a function&f-T, and T, and
tumbling, andre is the correlation time for internal motion.  associated fits to two-parameter exponential decays at three
For each residue, relaxation data were fit to a spectral densityfields are shown in Figure 1. Values6N-Ty, -T,, and{*H} -
model which included overall molecular tumbling of the 15y NOE as a function of residue number are shown in Figure
protein, with one or two types of internal motions with 2 The profiles ofN-Ty, -T,, and{H}-15N NOE values for
various time-scales. The basic motional model is typically the three magnetic field strengths exhibit similar patterns as
separated into five specific models. These included model 14 function of residue number (Figure 2). For proteins in the
with S describing the amplitude of spatial restriction for a slow tumbling limit withz = 5 ns,’N-T; values are largely
backbone amide NNH vector which can vary from 0 (N0 determined by rates of motion that occur at the Larmor
spatial restriction) to 1 (complete spatial restriction), and  frequency of>N and therefore show a characteristic magnetic
Model 2 is withS, 7, and a correlation time for picosecond field strength dependence (Figure 2). The ave&é® was

time-scale internal motiongd). Model 1 assumes that — 298 + 40 ms with an average error of 8 mME5° was 526
0 and does not contribute to relaxation, whereas model 2+ 40 ms with an average error of 7 ms, aid® was 638
assumes that internal motions are within the’#61071? s + 43 ms with an average error of 14 ms for all residues.

time-scale (O< ze < 7m) and contribute to relaxation. Model  values in the slow tumbling limit are determined in large

3 is model 1 modified to include a parameter describing the part by the value of the Spectra] density at zero frequency7
contribution of microsecond to millisecond time-scale in- j(0), and thus are expected to be similar at different magnetic
ternal motions to T (Rex, in ™). Model 4 is a modification  field strengths, in the absence of chemical or conformational

of model 2 to include the parametB,. Model 5 accounts  exchange contributions f6,. The averagd,*®° was 108+
for internal motions occurring on two time-scales. This model 31 ms with an average error of 5 nMEf® was 116+ 32

consists of an order parameter for fast picosecond internalms with an average error of 1 ms, amgf® was 111+ 31
motions &), an order parameter for nanosecond time-scale ms with an average error of 1 ms. THéd}-15N NOE values
internal motions faster than, but slower thant. (i), a are particularly sensitive to fast internal motions within the
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field strengths. A total of 77 out of 100 residues from the
300 MHz data set, 95 out of 110 residues from the 500 MHz
data set, and 97 out of 112 residues from the 600 MHz data
set were selected by the NOE criteria for use in the global
Tm calculation. Residues excluded from the globa
calculation using NOE criteria are 225, 53, 57, 6267,
72, 77, 83, 87, 115, 120125, 136, and 144146 for 300
MHz data, and residues 225, 63-66, 126-125, and 144
146 for 500 and 600 MHz data. Residues removed from 500
and 600 MHz data are found in loop regions between regions
of well-defined secondary structure. The larger number of
residues removed from 300 MHz data is mainly due to larger
errors associated with NOE values at 300 MHz. Ratios of
the relaxation parameters between different magnetic field
strengths were obtained for the residues selected by NOE
criteria. ForT; ratios, values off;5°%T;5%, T,500T;309 and
' ; . s : T1599T,3% are 1.234+ 0.05, 1.83+ 0.10, and 2.25+ 0.15,
0 200 400 600 800 1000 1200 1400 respectively. Foil, ratios, values off 509 T,500 T,500/T,300,
T1 delay (ms) and T5%9T,2% are 0.974+ 0.06, 1.084 0.09, and 1.04+
0.11. For NOE relaxation parameters, NEENOEC,
LR L NOES®YNOE®, and NOE°YNOE®were 1.05+ 0.07, 1.02
(B) | + 0.13, and 1.0% 0.13, respectively. These ratios are in
good agreement with theoretical valuesTgfoyT,°°0, T,509
08 1 T:2%0 and T,599T,3% ratios of 1.26, 1.92, and 2.41, respec-
tively, T800T,500 T,500T,300 and T,899T,3% ratios of 0.96,
0.96, and 1.00, respectively, and NOENOE°, NOEY
0.6 F . NOE and NOEYNOE ratios of 0.97, 0.99, and 1.00,
respectively. Theoretical ratios were calculated using egs 1
with & = 0.85,7. = 100 ps, and, = 7.4 ns.
04+ : 4 Residues for whichr,/T, ratios are not affected by fast
picosecond time-scale motions, as determined by NOE
criteria, were used to estimate the global24). In addition,
residues withT,/T, ratios above or below one standard
deviation of the mean for all residues were removed. The
relaxation parameters for the three magnetic field strengths
T T were treated separately. The averaérl, ratios of the
0 40 80 120 160 200 selected residues were 2.920.34, 4.914+ 0.77, and 6.25
T2 delay (ms) + 1.12_ at 300, 500, and 600 MHz, respectively. A total of
52 residues were used to calculate at 300 MHz, 85

FicUre 1: Examples of (A)**>N-T; and (B)'°N-T, decay curves : .
for Alal28 at 300 ¢), 500 (), and 600 MHz ®). Each curve residues at 500 MHz, and 91 residues at 600 MHz. 7he

Intensity

Intensity

0.2 r -

was fit to a two-parameter single-exponential decay. TheT; was calculated on a per residue basis using spectral density
values were 298 40, 526+ 40, and 638+ 43 ms, and théSN- model 2 (eq 4) for isotropic rotational diffusion, and the
T, values were 10& 31, 116+ 32, and 111 31 ms at 300, 500, results were averaged to give a global(32). A global 7,

and 600 MHz, respectively. of 8.6 ns was obtained at 300 MHz, 7.5 ns at 500 MHz, and

7.3 ns at 600 MHz. The longet, determined at 300 MHz,
10719—10"*?s time-scale (G< 7. < T), and a similar pattern ~ compared to the values determined from 500 and 600 MHz
is observed at the three magnetic field strengths as a functiondata, is due to systematically larger than expedtedalues
of residue. The average NGB was 0.724+ 0.09 with an at 300 MHz. Howevers values determined from 300 MHz
average error of 0.09, NO® was 0.72+ 0.05 with an relaxation data show good agreement with those determined
average error of 0.03, and N&Ewas 0.75+ 0.04 with an from 500 and 600 MHz data (see below).
average error of 0.01 for all residues used in this study. The The normalized lengths of the principal axes of the inertia
average errors were 2.6%, 1.3%, and 2.3%/Tforand 4.7%, tensor for K122-4 pilif®1%0 were calculated from 10
1.2%, and 0.8% forT, at 300, 500, and 600 MHz, structures determined from solution NMR spectroscopy (PDB

respectively. entry 1HPW). The ratio of the normalized lengths was 1.00:
Rotational Diffusion Anisotropy and@rall Correlation 0.69:0.55. Thus, anisotropy in the rotational tumbling of

Time.To calculate a globaty, residues for which internal ~ K122-4 pilin®®1%0 is expected. The rotational diffusion

motions in the 10'°-107'? s time-scale are faster than anisotropy was examined after selecting residues not affected

and lengthenT; values must be eliminated prior to the by large-amplitude fast picosecond and slower millisecond
calculation. This is accomplished by using NOE values above time-scale motions, as described by Tjandra et3d). (The

a certain threshold, as the NOE is sensitive to the internal relaxation parameters were analyzed with respect to isotropic,
dynamics on the pico- to nanosecond time-scale. An NOE axially symmetric, and fully asymmetric rotational tumbling
value of 0.6 was used as a threshold at the three magnetianodels using a grid search to find the minimum in the
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Ficure 2: Plots of (A)15N-Ty, (B) 1*N-T,, (C) {*H}-1*N NOE, and (D)T4/T, ratios with individual error bars at 306-§, 500 (1), and 600

MHz (®). AverageT,/T, ratios calculated for residues with negligible internal motions (NOB.6) were 2.92+ 0.34 for T;300T,300 (+),

4.914 0.77 forT,599T,990 (A), and 6.25+ 1.12 for T,699T,500 (@). The T4/T, ratio of Cys142 at 600 MHz is 14.7 and off the scale of the

plot in panel (D). A schematic diagram of secondary structure and locations of the disulfide bonds is drawn above the panel with a cylinder
depicting thea-helix and arrows depicting thé-strands. The residues in structured regions are as follawiselix (31—54), gl (79—87),

Bl (91-100), A1l (110—119), AIV (126—133). The cysteine residues in disulfide bonds are Cy€5/%93 and Cys129Cys142.

squared difference between measured and calculatéd N-terminal a-helix of K122-4 pilif?®~1%9 has a slight kink
ratios using an in-house written prograd). Only T./T, near Gly42; thus, the helix was considered as two cylinders
ratios for residues in well-defined secondary structure were to calculate their orientations with respect@ One helix
considered for the anisotropic rotational tumbling analysis. spans residues Ala31 to Gly42 (helix 1), and the other helix
The rotational tumbling of K122-4 pili?1%9 is best spans residues Leu43 to Asp54 (helix Il). The long axis of
characterized using the axially symmetric model Wi helix 1l is oriented 33 + 4° with respect to the orientation
Dp = 1.3 at all three magnetic field strengths (Table 1). A of Dy. Helix | and theg strands are also aligned nearly
statistical F-test in Table 1 validated the inclusion of parallel toD, with helix | tilted 12° + 4° to D,. The analysis
additional parameters in the axially symmetric rotational of anisotropic rotational diffusion was carried out in order
diffusion model, whereas the fully asymmetric model was to avoid misinterpretation of parameters determined when
over-parametrized3g). For the axially symmetric model, assuming isotropic rotational diffusion (see Discussion)
the probabilities that the improvement in the fit when  \odel-Free Analysis and Local Motions on Different
including additional parameters in the rotational tumbling Time-ScalesBackbone amidéN relaxation parameters are
models occurred by chance are %8.07,2.9x 1077, and  wjidely interpreted using the LipatiSzabo model-free ap-
1.2 x 10°® at 300, 500, and 600 MHz, respectively. The proach 80, 31). The experimentat’N-Ty, -T,, and {‘H}-
axially symmetric rotational diffusion tensor was determined 15\ NOE relaxation parameters were fit to spectral density
to be prolate in shape(/Dp > 1) (Figure 3). models +5. The spectral density parameters from the 300,
The orientation of the unique axis of the rotational 500, and 600 MHz data sets were optimized separately
diffusion tensor D)) with respect to the molecular structure (Figure 5), allowing consistency between the three magnetic
of K122-4 pilin?®1%9) is shown in Figure 4. The long field strengths to be assessed, as the motions giving rise to



3990 Biochemistry, Vol. 40, No. 13, 2001 Suh et al.

Table 1: Rotational Diffusion Parameters by Isotropic, Axially Symmetric, and Asymmetric Models at 300, 500, and 600 MHz for K122-4
Pilin(29-150n

model/

field P (ns Dy/Dcf DJ/D, 6 ¢ @ Ee E/ =¥
isotropic”

300 8.7 1 1 127.6 3.1

500 7.6 1 1 1372.1 33.5

600 7.3 1 1 1086.9 25.9
ax. synt

300 83+£0.1 1.35+0.02 1 83.9+4.1 64.5+5.2 70.9£ 4.7 1.9+ 0.1 10.2+ 1.6

500 7.5 1.3 0.02 1 76. 4.1 78.1£6.7 534.9-76.0 14.1+2.0 20.5+ 5.1

600 7.3 1.26£0.02 1 83.2+45 824+7.0 558.2+52.6 14.3t1.3 125+ 2.4
asynt

300 8.4+ 0.1 1.28+0.19 0.90+£0.10 84.6£52 64.9+5.0 53.0+ 73.0 68.9+ 4.5 1.9+ 0.1 0.5+ 0.5

500 7.5 1.32:0.03 0.93+-0.07 77.3+6.5 78.9+7.3 38.0+ 54.0 505.2+ 74.2 14.0+£ 2.1 1.1+ 0.3

600 7.3 1.26:£0.02 0.96+0.06 85.8+54 81.2+83 122.4+66.0 540.0£ 42.8 14.6+1.2 0.6+ 0.6

a Average and standard deviation values were calculated from the 10 best NMR structures (PDB entry 2#P#/)/6D. ¢ Dy/Dy = 2D,/(Dx
+ Dy). 4 Euler angles describing the orientation of the components of the diffusion teBsdfsand¢) andDy, (¢). € Error functionE = Zn(Ty,d
Tae — T1.dT2,0% 0% m2, WhereN is the number of residues used in the fiReduced error functiok, = E/(N — m), whereN andm are the number
of residues and variables used in the $iEx = (Em — Em)/XE, mix, WhereE andE, are defined above andis the number of additional variables
in the fit. LargerFy values justify the use of the additional variabl&g)( " 42 residues at 300 and 500 MHz and 43 residues at 600 MHz from
well-defined structured regions were used for the isotropic, axially symmetric, and fully asymmetric anisotropic analysis.
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L
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Ficure 3: Plot of the reduced error functioi) with varying
diffusion anisotropy for the axially symmetric model frotN
relaxation data acquired at 500 MHE, is as defined in Table 2.
The prolate D, > D) model shows a better fit than the oblal, (
< Dp) model. The overall correlation time [(§~1 = 7.5 ns] and
the anisotropy were fixed, whereas the orientatiob,pfvas allowed
to vary.

NMR relaxation do not depend on the magnetic field
strength, apart from a very slight alignment at higher
magnetic field strength3g). The & values agree very well
between the three magnetic field strengths (Figure 5A). In Fgure 4: Structure of K122-4 pilifi®-159 oriented with respect
contrast,re and Rex values determined from 300 MHz data to the unique axis of the axially symmetric rotational diffusion
show large errors compared to 500 and 600 MHz data sets;tensor Dy). (A) Dy lies in the plane of the page. Tifestrands and

the N-terminal half of thex-helix are nearly parallel t®,, whereas
thus, 7. andR., parameters from 500 and 600 MHz data only the C-terminal half of thet-helix is tilted ~33° to the direction of

are shown in Figure 5B,C. The larger errors in the_ op_t|_m|zed D, (see text). (B) Structure rotated by ®98bout thex-axis ©:).
parameters from the 300 MHz data are due to significantly The figure was created using the program MolScript v2.52). (
reduced sensitivity for NMR spectra acquired at 300 MHz

compared to spectra acquired at 500 and 600 MHz. The0.87, 0.89, and 0.85 for the-helix andgl-, gllI-, Slll-, and
optimized parameters, 7s, andRex Were considered physi-  BIV-strands, respectively. The§2values are typical of well-
cally meaningful if they exhibited appropriate temperature defined secondary structure in proteins. Pilin is believed to

dependence. In addition, conformational excharfy@ €an self-associate via N-terminal helical residues in order to form
be considered physically meaningful if a clear dependencetype-1V pilus fibers (). In this study, the partly truncated
upon magnetic field strength is observed. N-terminal o-helix maintains<& values typical of well-

The £ values for regions involved in secondary structure defined secondary structure throughout its length. The N-
are nearly identical within error for data acquired at 300, and C-termini and loop regions between elements of second-
500, and 600 MHz (Figure 5A). The avera§évalues at ary structure exhibit motions of varying amplitudes and rates.
500 MHz for regions of secondary structure are 0.91, 0.86, Apart from the N- and C-terminal random coil regions,
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Ficure 5: Plots of (A) order parameter§, (B) correlation times for internal motions.f from the $—z, model, (C) conformational
exchange term®R.,), and (D) correlation times for slow internal motions) faster tharm, but slower tharre, from 300 (), 500 (1), and
600 MHz data @). 300 MHz data are plotted in panel (A) only.

decrease® values & < 0.85) are observed for the loop Motion occurring on the micro- to millisecond time-scale
between thex-helix and strangl (residues Ala63-Thr64-  can contribute to a decrease in the expedthdT, values.
Ala65-Gly66), and residues Gly123-Ser124-Tyr125 for the T, values for Cys142 and GIn143 exhibit a pronounced
loop between strandslll and SIV. decrease (Figure 2B), indicating potential conformational
Internal motions within the 10°-102 s time-scale (0  €Xchange phenomena for these residues. The inclusion of
< 7e < Tp) are found throughout the loop regions between an Rex term in the theoretical expression fgg with the
elements of regular secondary structure (Figure 5B). The model-free analysis for residues Asp72, Thr106, Arg109,
C-terminal region of the-helix and the first residue of strand ~ Alal28, Asp134, Lys136, Cys142, and GIn143 (Figure 5C)
Bl also show increased internal motions on the subnanosec-ed to improvement in the agreement between calculated and
ond to picosecond time-scale, as evidenced by I&vend experimentall, values. The calculateBex values for these
larger 7 values compared to other regions of well-defined residues show a consistent decrease with increasing temper-
secondary structure. For most residugsalues are less than  ature, indicating the presence of genuine slow conformational
100 ps (Figure 5B). Nanosecond time-scale internal motions exchange phenomena contributing to decreases in expected
faster thant,, but slower thant. are observed for loops T» values (Table 2). In particular, Cys142 in the disulfide
connecting thet-helix andgl-strand, and th@lll- and SIV- loop shows aRex term 10-fold larger than that for other
strands, Asn135 within the firgt-turn of the C-terminal residues at 15C and 500 MHz (Table 2). However, the
disulfide loop, and also the N-terminal and C-terminal disulfide bond partner (Cys129) that forms part of strand
random coil regions (Figure 5D). The values for these  SIV does not require &.term in order to account properly
motions range from 1 to 4 ns. Associated with these slow for the experimentally determined@,. The Rex terms for
internal motions in loop or coil regions are reduced slow residues Asp72, Thr106, Arg109, Alal128, Asp134, Lys136,
time-scale order parameteri)(, implying increased am-  Cys142, and GIn143 also display a dependence on magnetic
plitude conformational fluctuations with time constagt field strength (Table 2), though the magnitude tends to be
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Table 2: Conformational Exchange of K122-4 P@in'59 from Backbone AmidéSN Relaxation Parameters at Various Temperatures and
Magnetic Field Strengths

Rex (s79)
temperature°C)? magnetic field (MHZ)
residue 5 15 25 35 30.394 50.653 60.795
Asp72 6.28+ 1.64 3.26£ 0.32 1.13+ 0.26 nd nfd 0.42+0.18 0.72£0.13
Thr106 422+ 1.10 2.41+ 0.40 1.30+ 0.22 0.93t 0.44 nf 0.84+0.14 1.02+ 0.27
Arg109 5.21+1.13 2.35£0.34 2.01+ 0.26 1.24+0.42 1.35+ 0.44 1.23+0.12 1.64+ 0.19
Alal28 2.18+ 0.50 nf 0.74+ 0.17 0.32+ 0.62 0.24+0.42 0.50+ 0.16 1.364+ 0.23
Aspl34 492+ 1.52 2.85£ 0.43 3.37£0.43 0.94+ 0.46 2.46+ 0.99 1.45+0.22 1.67+ 0.26
Lys136 8.314+ 2.17 3.64+ 0.57 2.86+ 0.31 0.69+ 0.40 0.42+ 0.39 1.23+ 0.20 1.284+0.23
Cysl142 nf 30.8+1.67 14.4+ 0.44 8.36+ 0.55 4.914+ 0.98 10.2+0.28 12.8+ 0.27
GIn143 3.73 2.17 4.89+ 0.45 4.48+ 0.32 2.64+ 0.39 3.01+0.76 3.48+ 0.26 4.23+0.22

2 Relaxation parameters were obtained at 500 MHzelaxation parameters were obtained at’G0 Field strength is given as tH&N Larmor
frequency in MHz.¢ Not determined due to spectral overldfNot fitted due to large errors.

smaller than expected. These results are consistent withtation equilibrium experiments and mass spectrometry that
conformational exchange phenomena contributing to de- indicate that the molecular mass of pit1° is ~13 100

creasedr; relaxation times for these residues. Da, and is monomeric at the concentration employed in this
Inclusion of Rex terms improved the fit for the relaxation  study (Keizer et al., unpublished).
data of residues within the-helix in the model-free analysis. The precision of a structure determined from NMR data

Failure to take rotational diffusion anisotropy into account can be appreciated in terms of backbone rmsd and angular
can lead to the misidentification d% terms as genuine  order parameters4Q, 41). Low backbone rmsd values and
conformational exchang&38, 34. Calculation ofT, values angular order parameters ofl for backboneg and v
using spectral density functions appropriate for axially dihedral anglesS(¢) and (), respectively, indicate high
symmetric rotational diffusion anisotropy (see Table 1) is precision for regions of secondary structure, whereas large
sufficient to account for the experimentgl values in the rmsd and lower values &¢) andS(y) indicate disordered
N-terminal a-helix. In addition, the inconsistent field and  regions, typically found in linker loops and terminal regions
temperature dependence Bix terms for theo-helix are  (Figure 6). Interestingly, backbone amide-NH S values
indicative that conformational exchange is not genuine. It do not display good correlation with backbone rmsd &)
should be noted tha& values for theo-helix remain  andS(y) values. That is, regions of disorder in the solution
essentially the same whether isotropic or anisotropic rota- structures are not necessarily flexible, and well-defined
tional diffusion is employed in the spectral density function. regions are not necessarily rigid on the time-scale accessible
As shown in Figure 4, thew-helix is slightly tilted with to backbone amidéN relaxation measurements. For ex-
respect to the orientation @, whereas thgg-strands are  ample, the loop between strangéll and SIV (Gly123-
nearly parallel td;,. N—NH bond vectors are oriented nearly  Ser124-Tyr125) exhibits large-amplitude internal motions for
parallel to the helical axis in aa-helix, but perpendicular  the backbone NNH bond vectors (lows?). However, only

to the direction of the strand withifi-strands. Hence, the  small deviations from rmsd an@(¢) and Sy) values

N—NH bond vectors within thex-helix of pilin®~** are  expected for well-defined regions of secondary structure are
nearly parallel with the unique axis of the diffusion tensor, observed for a part of the loop (Asp121-Lys122-Gly123).
while those in the-strands are perpendicular @. The In addition, the loop between strangl$ and Sl1 is not well-

unique orientation of the-helix of pilin@*-19 with respect  defined in the solution structures, but displa§svalues
to Dy accounts for the conformational exchange terms typical of well-defined secondary structure. It is also
observed in thet-helix when analyzed with the model-free  noteworthy that micro- to millisecond time-scale motions for
approach, assuming isotropic rotational diffusion. the A-turns in the disulfide loop are not evident from rmsd
andS(¢) andS(y) values. The discrepancy between disorder
DISCUSSION in the solution structures and backbone flexibility determined
Full-length P. aeruginosapilin is known to oligomerize ~ from **N relaxation measurements may be explained in part
in solution due to its long, hydrophobiz-helix (37, 39. by assuming that a number of different sub-states are
Recently, partial truncation of this hydrophohiehelix was available for flexible residues, and one sub-state possesses

reported to prevent oligomerization without loss of biological @ strong NOE contact between protons. This NOE could
activity. N-terminally truncated forms of pilin have been dominate the sub-state represented within the ensemble of

employed to determine the crystal structure of PAK pilin NMR structures. On the other hand, a lack of NOE restraints
(12) and the solution structure d®. aeruginosak122-4 due to spectral overlap, chemical shift ambiguity, or experi-
pilin@>-159) (Keizer et al., unpublished). The calculated mental errors will result in lower precision for structured
molecular mass of unlabeled K122-4 pit*%9 is 11 305 regions that appear rigid from backbone aniiti¢relaxation
Da, and the overall molecular correlation time for monomeric measurements.

pilin?9-150)js expected to be-6.7 ns B9). The experimental Residues with increased flexibility are found within the
Tm Obtained from backbone amid@N relaxation parameters loop regions of K122-4 pili®-1%0 (residues 6366 and
(Table 1) indicates that K122-4 pilfii%0 exists largely as ~ 123-125) (Figure 5A). Based on predictions from an
a monomer under the solution conditions used in this study. analysis of residue hydrophobicity for PAK pilin, several
This result is in good agreement with results from sedimen- surface regions, including regions within the loops, were
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FIGURE 6: Comparison of (A) order paramete®)(for backbone amidé®N nuclei at 500 MHz, (B) backbone rmsd for the ensemble of
NMR structures, and backbone angular order parameters fat &) (D) dihedral angles. The rmsd and angular order parameters were
calculated from the ensemble of 10 NMR structures.

found to induce antisera that react with pili using direct millisecond time-scale motions within the-turns of the

ELISA (42). As K122-4 pilin is also likely to display  disulfide loop particularly for residues Asp134-Lys136 and
antigenic surface regions with different antigenicities, it Cysl142. The pronounced conformational exchange for
would be of interest to examine the correlation between loop Cys142 may be the result of isomerization of the disulfide

mobility and antigenicity in future studies. bond between the side chains of Cys129 and Cys142.
Structural studies using pilin peptides have revealed a Conformational exchange contributions to backbone amide
conserved disulfide-bridged, twg-turn motif in the C- IN-T, relaxation times resulting from isomerization of

terminal receptor binding domairi§, 17, corresponding  disulfide bonds have been reported for basic pancreatic
to residues Asp134-Asn135-Lys136-Tyrl37 for ghturn, trypsin inhibitor @3) and fibronectin44). This isomerization
and Prol139-Lys140-Thr141-Cys142 for the otfigurn in involves exchange between two conformations with different
K122-4 pilin?®-1%0), In the protein, five residues at the chirality for the disulfide bond. Thus, the decreasded-T,
N-terminus of the disulfide loop (Cys129-Thr130-Ser131- relaxation times for Cys142 as well as those for GIn143 can
Asnl132-Alal33) contribute to strandlV. For K122-4 potentially be explained by disulfide bond isomerization.
pilin?®-1%0) residues in the disulfide loop exhil# values Interestingly, Cys129, the disulfide-bonded partner for
expected for structured residues, while residues ifpthens Cys142, does not show appreciably decred¥ddr, relax-
manifest conformational exchange, that is, potentially genu- ation times, likely as a result of involvement in secondary
ine micro- to millisecond time-scale motion, particularly structure within stranglV.

residues Asp134, Lys136, and Cys142. Additionally, slow Peptide studies of the C-terminal disulfide loop in pilin
nanosecond time-scale internal motioms € 7s < ) are have indicated that it assumes a role in receptor binding and
observed for Asn135. Unfortunately, Lys140 and Thrl41l in interacting with antibodies4@, 45. The conformational
could not be unambiguously assigned in the spectra and thugestriction of the C-terminal loop by the disulfide bridge
could not be included in the dynamics analysis. Hence, the appears to be critical for binding of peptides from this region
C-terminal disulfide loop is rigid with respect to fast to host cell surface receptors, as oxidized peptides bind to
picosecond time-scale motions, but displays slow micro- to A549 human lung carcinoma cells, whereas reduced peptides
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do not @6). As the disulfide loop does not exhibit flexibility — antibody 64). Our results support the “induced fit” mech-
for backbone dynamics on the fast picosecond time-scale,anism in which the conformation for the antibody interaction
we suggest that a rigid main chain conformation is important surface is induced by the structure of the antigenic deter-
for proper attachment of bacterial pili to host cell surface minant 66). An understanding of the molecular determinants
receptors. Despite diverse sequence variations for the C-for antibody recognition should give insight into cross-
terminal disulfide loop, pilin proteins from differer®. reactivity in immune responses, and aid in the design of more
aeruginosastrains have been shown to recognize the sameefficient vaccines against a variety of pathogenic bacteria.
receptor analogue4(), and share a commagsturn motif

in their disulfide loops 48). To maintain a favorable =~ ACKNOWLEDGMENT
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