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ABSTRACT. The 61-kDa colicin E9 protein toxin enters the cytoplasm of susceptible cells by interacting
with outer membrane and periplasmic helper proteins and kills them by hydrolyzing their DNA. The
membrane translocation function is located in the N-terminal domain of the colicin, with a key signal
sequence being a pentapeptide region that governs the interaction with the helper protein TolB (the TolB
box). Previous NMR studies [Collins et al. (200R)Mol. Biol. 318 787—904; MacDonald et al. (2004),

J. Biomol. NMR 3081-96] have shown that the N-terminal 83 residues of colicin E9, which includes

the TolB box, is intrinsically disordered and contains clusters of interacting side chains. To further define
the properties of this region of colicin E9, we have investigated the effects on the dynamical and TolB-
binding properties of three mutations of colicin E9 that inactivate it as a toxin. The mutations were contained
in a fusion protein consisting of residues-@1 of colicin E9 connected to the N terminus of the E9
DNase by an eight-residue linking sequence. The NMR data reveals that the mutations cause major
alterations to the properties of some of the clusters, consistent with some form of association between
them and other more distant parts of the amino acid sequence, particularly toward the N terminus of the
protein. However!N T, measurements indicates that residue43 of the fusion protein bound to the
43-kDa TolB remain as flexible as they are in the free protein. The NMR data point to considerable
dynamic ordering within the intrinsically disordered translocation domain of the colicin that is important
for creating the TolB-binding site. Furthermore, amino acid sequence considerations suggest that the clusters
of amino acids occur because of the size and polarities of the side chains forming them influenced by the
propensities of the residues within the clusters and those immediately surrounding them in sequence space
to form 3 turns.

One of the striking discoveries concerning protein structure deredin zitro may not be soin wivo, as illustrated by
in recent years has been the finding that many proteins areSalmonella typhimuriunfFigM. This has two unstructured
unfolded or only partly folded in their native states, folding domains in the dilute solutions required for vitro NMR,
into an ordered structure on binding a partner molecide ( and one becomes structured inside livilgcherichia coli
4). Coupling a protein-folding transition to an intermolecular cells (L0). Furthermore, where coupled folding and binding
interaction has been considered to be functionally advanta-does occur, it is not always clear that the partner molecule
geous because it may contribute to the specificity of the recognizes the unfolded form of a protein, which folds once
intermolecular recognition everfi); could enhance the rate  the molecules have made contact or binds to the folded form
of the intermolecular interactiors(7), may allow a protein  of the protein, which, being in equilibrium with the unfolded
to bind to several different target moleculds), and could  form, leads to protein folding through sequestration of the
provide for large intermolecular interfaces with relatively folded form in the complex. Neither of these caveats apply
small proteins §). A counterview is that coupled protein  to the intrinsically disordered N-terminal domain Bf coli
folding and binding events are not as frequent as recentcolicin E9 (11, 12), an extracellular toxin secreted by
reports suggest because a protein that is intrinsically diSOf'producing strains oE. coli to kill competing bacterial(3,
14). This domain retains disordered regions of considerable
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Ficure 1: (Upper panel) Schematic diagram of intact colicin and the#DNase fusion protein. T indicates the translocation domain; R
indicates the receptor-binding domain; L indicates a short linking sequence between the R and C domains; and C indicates the cytotoxic
DNase domain. T; is the first 61 residues of the translocation domain. The TolB box (see the text) and the Im9-binding site on the
colicin and fusion protein are indicated. (Lower panel) Primary sequence of the N-terminal 69 residues,oftHuNBse fusion protein.

Residues from the T4, region and the eight-residue thrombin cleavage sequence WHe'$®&l NH resonances have been assigned are
indicated by uppercase lettering. The position of the TolB box is also indicated. The thrombin cleavage sequence was intended to enable
proteolytic release of the;Ts; peptide. However, the fusion protein without cleavage was used for experiments reported here because of
poor yields of stable intact T¢; peptide following proteolysis.

the susceptible cell, and subsequent cell killing by enzymatic explored in detail 12). Here, we reportH-*N NMR studies
cleavage of nucleic acids in the cytoplasm or pore formation of the dynamical behavior of the Asp35Ala, Ser37Ala, and
in the inner membranel8—16). For colicin E9 (Figure 1),  Trp39Ala variants of the T s;-DNase fusion protein and their
the killing activity is contained in the C-terminal domain, interactions with TolB.

while the central section contains the receptor-binding

domain and the N-terminal region is responsible for trans- MATERIALS AND METHODS

location of the cytotoxic domain into the target celB]. A

key step in the translocation mechanism for colicin E9 is its

interaction with the 43-kDa TolB, which is located in the ! g - .
periplasm of the target cell. This interaction involves a by growingE. coli ER2566 (F A~ fhuA2 [lon] ompT lacZ::

pentapeptide sequence in the colicin from residues3@ |/ 9enel gal sulAlIA(mcrC-mrm)114:I1S10R(mer-73::
Asp-Gly-Ser-Gly-Trp, which is known as the TolB bak3 miniTn10)2R(zgb-210Tn10)1(Tef) endAl [dcm]) (New

17-21) and interacts with th@-propeller domain of Tolg ~ England Biolabs Inc.) cells containing plasmid pNP330
(20, 22). The TolB box is contained within an 83-residue Lencoding wild-type T-e-DNase fusion protein and the
sequence that has been shown by NMR to be disordered infMMmunity protein for colicin E9 (Im9), with a histidine tag
solution (L1), consistent with crystallographic studies of the attached t?SImQ] in minimal mgdmgccontalnlﬁ@\lHﬁl (1
related colicin E3 in complex with its inhibitor protein Im3, 9/L) and ®™NH.CI (1 g/L) with “Csglucose (4 g/L),
which found that the N-terminal 83 residues were not visible "€SPeCtively. Plasmids pNP332, pNP334, and pNP333, which
in the electron-density map28). NMR studies of the encode_ the Asp35Ala, Ser37Ala, and_Trp39AIa variants,
translocation domain of the intact 61-kDa colicin E9 were 'espectively, were used for transformation of the host cells

complicated by the presence of a glycine-rich region from (O €Xpress each mutant protein. Expression and purification

residues 62 to 83, and to characterize the properties of the®f the fusion proteirim9 complexes and isolation of the

TolB box region by NMR, this glycine-rich region was Ti-e-DNase fusion proteins frqm the His-tggged immunity
deleted from a colicin E9 translocation domain construct. Protein were performed as previously describ&).(Prepa-

This construct also lacked residues-88 of the intact ~ 'ation of uniabeled TolB was carried out as described
colicin so that the final T_¢-DNase fusion protefrcontains ~ Previously €0).

residues +61 of colicin E9 connected to the N terminus of ~ NMR Spectroscopyll NMR samples contained 50 mM
the endonuclease domain of colicin E9 (E9 DNase) by an sodium phosphate buffer in 90%®&/10% DO at pH~6.3—
eight-residue thrombin cleavage sequence (Figure 1). The6.8 and 0.1% sodium azide. Concentrations of thes:¥
simplification of the NMR spectra of the N-terminal region DNase fusion protein for NMR measurements werg8D-
containing the TolB box provided by this construct allowed 2.0 mM. All NMR spectra were acquired at 288 K with

the backbone dynamics of the TolB-binding epitope to be Varian Unity Inova 500 or 600 spectrometers equipped with
triple-resonance pulsed field gradient probes, operating at

1 Abbreviations: AABUF, average area buried upon folding; Im9, 'H frequgnmes of 499.865 and 599.162 MH_Z atit .

immunity protein for colicin E9; E9 DNase, endonuclease domain of frequencies of 50.66 and 60.72 MHz, respectively, using

colicin E9; HSQC, heteronuclear single-quantum coherence; DSS, 2,2-pulse sequences incorporated into the Varian (CA) “BioPack”

(dimethylsilyl)propanesulfonic acid;;Ts;-DNase fusion protein, resi- suite of experiments. Resonance assignments were obtained

dues 161 of colicin E9 connected to the N terminus of the E9 DNase )

by an eight-residue thrombin cleavage sequence; rmsd, root-mean-ffom HNCO, HNCA, CBCA(CO)NH, HNCOCA, HNCACB,

square deviation. (HCA)CO(CA)NH, HCCONH, C(CO)NH, and HNN spectra

Sample PreparationJniformly *N-labeled and3C/*5N-
labeled wild-type T-s1-DNase fusion protein was obtained
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Ficure 2: Backbone NH region of the 500 MHE-15N HSQC spectra of°N-labeled T_g-DNase fusion protein (A) and its Asp35Ala
(B), Ser37Ala (C), and Trp39Ala (D) variants in the absence (blue) and presence (red) of unlabeled TolB. The samples of free fusion
proteins were at a concentration of1.6 mM in 90% HO, 10%2H,0, and 50 mM sodium phosphate buffer (pH 6.5), while the TolB-
containing samples were at lower concentrations in 9090,H.0% 2H,0, and 50 mM sodium phosphate buffer (pH 6.8) because of
relatively poor solubility of TolB. For the TolB interactions, the fusion protein concentrations were in the range of0.26@M, with
a 1:2 molar ratio of fusion protein/TolB in all cases. The spectral overlay was carried out in NMRLAB (32).

(24, 25). One-dimensional data were processed using Varianabsence of proton saturation. For the spectra recorded with
VNMR software and FELIX 95.0 (Biosym/MSI, CA), and proton saturatio a 2 s,relaxation delay was followed by
multidimensional data were processed using NMRP2& ( the period of saturation, while those recorded without proton
Prior to Fourier transformation, a cosine-bell window func- saturation used a relaxation delay of 5 s. For the determi-
tion was applied to each dimension for apodization. The nation of peak height uncertainties, three sets of the saturated/
indirect dimensions were first linear-predicted to double the unsaturated experiments were run. Relaxation times and
number of data points and then zero-filled to round up the heteronuclear NOEs were calculated as described previously
number of data points to the nearest power df2chemical (12). Reduced spectral density analyses were carried out
shifts were referenced directly to external 2,2-(dimethylsilyl)- following the procedure of Mandel et aBY) to determine
propanesulfonic acid (DSS), and th€ and!®N chemical the values ofJ(0), J(wn), and J(0.87wy) as previously
shifts were referenced indirectly to DS37). Spectra were  described 12).
analyzed with XEASY (28) and FELIX 95.0 (Biosym/MSlI,

RESULTS

CA).

Backbone NH!N relaxation times at 60.72 MHz were Resonance Assignments for thesT Regions of the Fusion
measured with standard procedurg$, (30) using spectral Proteins.We previously reported assignments for 53 of the
widths of 8000 Hz {H) and 2200 HztN). Relaxation delays  expected 58 backbone NH resonances for the first 61 residues
(7) for the T, measurements were 10, 30, 50, 70, 90, 110, of the wild-type sequence of the &;-DNase fusion protein
130, 150 or 170, 210, and 250 ms with the experiments atand the 7 backbone NH resonances of the linker sequence
10, 50, and 150 or 170 ms repeated. The relaxation delays(12). In the present work, corresponding assignments were
(7) for the T, measurements were 10, 50, 80, 200, 500, 750, obtained for the Asp35Ala, Ser37Ala, and Trp39Ala variant
1250, 2000, and 3500 ms, with the experiments at 10, 200, proteins with a combination of triple-resonance experiments
and 500 ms repeated. For all measurements, a pulse delaysing **C/**N-labeled samples andH-'H-N-NOESY—
of 4 s was used. Heteronuclear NOE spectra were measuredheteronuclear single-quantum coherence (HSQC) spectra. As
with the procedure described by Farrow et 2B)(as 1024 previously indicated 2), we found the HNN experiment
x 128 complex data points with 32 transients per point. (25) to be invaluable for these assignments, particularly in
Proton saturation was achieved with a pulse train 0f°120 distinguishing between glycine resonances. Sequence-specific
pulses every 5 ms for 3 s. Steady-state NOE values wereassignments are indicated in Figure 2 for selected signals.
determined from spectra recorded in the presence andVariation in the concentration of the;Ts;—DNase fusion
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protein over the range 5oM—2.0 mM did not change the 2.0
chemical shifts of théH->N HSQC resonances. 1

The chemical-shift differences for the, &, resonances 1'8'_
of the wild-type sequence from their sequence-corrected X 1-6-_
random-coil values33) indicated that this region lacked £ 1.4-
stable secondary structur&2j and has a preference for < 1.2]
populating thes region of @,y) space, which is normal for 1 '0 1
random polypeptide chain84). The effect of the mutations —~ V7]
did not change these findings, although the mutations had a,g 0.8
more far-reaching effect on resonance chemical shifts than 4 (.6 -
just to groups close in sequence to the site of mutation, as — 0.4-
illustrated by the sum of the normalized absoltite and =
15N residue-specific chemical-shift differences between the N 0-2'_
mutants and the wild-type protein given by (Figure 3) 0.0t -
10 20 30 40 50 60

[(AOH)/(AOH gl + [(AON)/(AON)1 (1) 20

whereAd = Smutant — Owild type- 1 8_. D3 SA

As expected, the mutated residues and their sequentially > 1.6-
nearest neighbors have the largest chemical-shift differences = 141
Excluding these data, the maximum chemical-shift differ- 1
ences for assigned resonances wefe065 ppm {H) and < 1'2'.
+0.25 ppm N), and the averageAo values for the — 1.0—_
Ser37Ala, Asp35Ala, and Trp39Ala variants, respectively, o 0.8
were 0.083, 0.115, and 0.116 ppm. Perturbations significantly < 0.6-
greater than these averages were seen for regions far remove > ",
from the mutation site; specifically, resonances of residues — 0'4__
55 and/or 56 were affected by the mutations, and residuesN 0.2

13 and 14 for two of the variants were also affected (Figure 0.01
3). These chemical-shift changes for residues distant in 10 20 30 40 50 60
sequence from the mutation sites indicate the presence of ;
networks of nonlocal contacts involving sequentially distant 2-0—_
residues that have been brought into spatial proximity to form 1.8
structural elements. The presence of structural elements is y¢ 164
supported by the sequence dependence of{#hg-15N T
heteronuclear NOE antiN T, relaxation times (Figure 4), = 1'4__
as discussed below. <1 1.2
Polypeptide Chain Dynamic8ackbone dynamics of the ™~ 1.0
variant fusion proteins were investigated wifiN T;, N = 0.8

T, and{H}-15N heteronuclear NOE data recorded at 60.72 “@
MHz (Figure 4). The data indicate flexibility throughout the <1 0.6
proteins, as is most clearly indicated by {#&l}-1N NOEs, — 0.4
which are in the range fron0.4 to—0.8. These values are | (.2
considerably lower than th€0.82 expected for NH groups 001
of a rigid globular protein that is tumbling isotropicall$g). '
Similar behavior has been observed for other unfolded
proteins, including urea-unfolded apomyoglob&®), acid- :
unfolded apomyoglobin3{7), and urea-unfolded lysozyme ReSIdue NO.

(38), as well as the N-terminal regions of the_f-DNase Ficure 3: Chemical-shift differences between the three (Asp35Ala,

: Lo qA ; Ser37Ala, and Trp39Ala) mutants and the gi-DNase wild-type
fusion protein with a wild-type sequencéj and the intact proteins. Differences are calculated as the sum ofthand >N

colicin E9 (L1). As with the intact colicin E9 and the,Te1- differences for each residue as a proportion of the maximum

DNase fusion protein with a wild-type sequendd, (12), respective difference. Broken horizontal lines indicate the mean

the sequence variation N T, values for the fusion protein  shift differences omitting residues exhibiting the largésor 15N

variants reveals a marked change coincident with the TolB Shift differegces "’}”d the_i(; immediatel se?fuentic?lbneiTgf;gotr)_s. dE_)ata

box _pentapeptide (_residues -339) with the residues N- ﬁﬂgt;d'Eyr?heaégpg;rfﬁéeugf_égoggég sep%tftra (yFig(l)JI’e 2')n ng

terminal to this having longer, values than those on the

C-terminal side. The sequence variation{iti}->N NOE

values also shows a change at the TolB box. shifts of the'H-1N HSQC resonances were independent of
In principle, the sequence variation in relaxation param- the concentration and also because fine R, values were

eters might result from either intra- or intermolecular concentration-independent (data not shown).

interactions. However, we exclude intermolecular interactions  The relaxation data have been analyzed using the reduced

as the causative factor because, as noted above, the chemicabectral density metho®B{, 39, 40), which is the normal

10 20 30 40 50 60
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FiGURE 4: Backbone 60.72 MH2Z®N T; (A) and T, (B) relaxation times andlH}-*>N NOEs (C) of T,—¢;-DNase fusion protein variants
in 90% H0 and 10%?H,0O (50 mM sodium phosphate buffer at pH 6.3) at 288 K.

approach for unfolded proteins because the Lip8dabo (18). Thus, it appears that the mutations either lead to the
formalism @1) is not applicable to these&9, 40, 42). The formation of nonproductive complexes or reduces the binding
sequence variation of the functiod®), J(wn), andJ(0.87wn) affinity of the colicin for TolB sufficiently so that significant
are shown for the variant fusion proteins in Figure 5 along interaction between the two does not occur under physi-
with the corresponding functions for the_;-DNase fusion ological conditions. Note that the NMR experiment is able
protein with a wild-type sequencéZ?). As noted previously  to detect weak interprotein complexes withvalues as low
for the wild-type sequencel®), the profiles 0fJ(0) for the as millimolar, while SPR experiments, in which binding of
mutants mirror the sequence variationsTef(Figure 4). TolB to the Asp35Ala, Ser37Ala, and Trp39Ala mutant
TolB Binding to T-s1-DNase Fusion Proteing he effect colicins could not be detecte@X), are not sensitive to such
of adding TolB to samples of the fusion proteins can be seenweak interactions. The pattern of TolB-induced perturbations
in the H-1°N HSQC spectra of°N-labeled DNase fusion  suggest that TolB interacts with the Ser37Ala variant in a
proteins with and without unlabeled TolB at the fusion similar way to how it interacts with the wild-type colicin
protein/TolB molar ratio of 1:2 (Figure 2). The spectra are but that it interacts differently with the Asp35Ala and
displayed at a relatively high threshold level so that the broad Trp39Ala variants, most notably in that residues of the TolB
peaks of the DNase domain are not visible. The effect of box are not affected by TolB in these latter two variants
TolB binding is to broaden some of the resonances of the (Figure 2). The only common feature for the wild-type
T1-61 region so that they too are not visible at the threshold protein and the three variants is that TolB binding perturbs
level of the spectra; Figure 6 provides a summary of the Trp 56 and neighboring residues.
affected resonances to aid the Discussion later in the paper. The effects of TolB on the backbone dynamics of thesT
Resonances of fusion protein residues that are affected byregion of the fusion protein were monitored BN T,
TolB binding are also indicated in red in Figures 3, 7, and measurements. Figure 7 shows the sequence-depeRgent
8. Increasing TolB relative to the fusion protein up to a molar data for the T_¢;-DNase fusion proteinTolB complex with
ratio of 1:4 did not cause any further changes in the fusion the data for the unbound fusion protein overlaid; the majority
protein spectra, indicating that the spectra of the mixtures of the resonances affected by TolB binding were too broad
in Figure 2 are for the fully bound fusion proteins. for reliable R, rates to be obtained. For the complex, from
The broadening experienced by resonances of residues in>€er 34 toward the N terminus until residue 15, the effect of
the T,_e; region of the wild-type fusion protein on binding  ToIB binding was to increas&. This region exhibited some
TolB is probably because of a reduction in their backbone degree of restricted dynamics compared to the unbound
motions. For the wild-type ¢ DNase fusion protein, 21 Ti-si-DNase fusion protein but was still more flexible than
resonances from the N-terminal 61 residues were affectedthe DNase domain of the fusion protelt®(. Residues 513
by TolB, spanning from His 9 to Gly 58. Residues of the Of the bound fusion protein remain as flexible as they are in
fusion protein with a wild-type sequence whose resonancesthe free protein.
were perturbed were also affected by TolB binding to intact
colicin E9 (11), consistent with the fusion protein having DISCUSSION
the same TolB-binding properties as the intact colicin. T.-61 Polypeptide Chain DynamicBynamics of a polypep-
The fact that the presence of TolB affects the spectra of tide chain can be deduced from the backbone NH relaxation
the three variants of the ;Ts; fusion protein (Figure 2)  parameterdy, T,, and'H-®N NOE through the use of the
indicates that TolB binds to all three proteins despite the reduced spectral density functiod(®), J(wn), andJ(0.87wy).
corresponding mutations making colicin E9 nontoxic to cells The magnitudes of these functions are sensitive to motions
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FIGURE 5: Sequence variations of th¥0) (A), J(wn) (B), and FIGURE 7: Histogram plot ofR; values for T_¢-DNase bound to

J(0.87wyy) (C) spectral density values of backbone NH groups g The sample of the complex contained 560 T1_g, fusion
calculated by the reduced spectral density mapping proced0ye ( protein with a wild-type sequence and 17@/@ TolB in 50 mM

from the relaxation data in Figure 4 for the Asp35Ala (blue), i
. phosphate buffer (pH 6.8R; values for the free protein taken from
Ser37Ala (green), and Trp39Ala (red) variants of thesFDNase Figure 4 are indicated as black triangles and red squares. Data points

fusion protein and, for comparison, the corresponding data for the g5wn as red squares are for residues strongly affected by TolB

leell-Dll\lase fusion protein with the wild-type sequent®) (shown binding judged by the appearances15N HSQC spectra (Figure
in black.
2).

at the corresponding frequencies, wil0) reflecting slow ~ Between residues 45 and 5H0) shows a U-shaped dip
internal motions on the millisecordnicrosecond time scale ~ toward increased local dynamics around residue 50, indicat-
as well as slow global rotational diffusion](0.87w:) ing that the local ordering is not fully maintained throughout
reporting on the presence of internal motions on the this part of the sequence. However, because the minimum
picosecond time scale, and{wy) lying between these  Vvalue forJ(0) of ~1.0 ns rad? is still greater than that seen
extremes. As can be seen from FigureJgyy) is rather for the initial 35 residues, some ordering must remain.
uninformative about the dynamics of the_T; region but Between residue 55 and 56, ordering is also present because
J(0) andJ(0.87wy) are more revealingl(0) is ~0.5 ns rad? J(0) is ~2.0 ns rad* at residue 56, only decreasing to a
at the N terminus of all of the proteins, highlighting the minimum of ~1.2 ns rad" at residue 60. Beyond residue
extreme flexibility of the T_s; chain. Moving along the 60, J(0) increases to the level of the globular E9 DNase
sequence of the wild-type fusion protein, the high degree of domain. Mirroring the trends i(0), J(0.87wy) reveals faster
flexibility is maintained right up until residue 35. Then, over motions in the first 35 residues of the_F; sequence than
the next 10 residueg(0) increases to a maximum of 2.0 ns  in the regions identified as being more structured, as indicated
rad™! at residue 45, showing that the local segmental motions by a value of~0.025 ns rad! for the first 35 residues
are decreasing and the correlation time is increasing, as acompared with~0.015 ns rad for residues further along
consequence of some constraint on the local dynamics.the sequence.
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Ficure 8: Plots of experimentdR; values (squares) and the results of the cluster analyg9i$r¢ém eq 2 for the DNase fusion proteins.

Broken lines represent the intrinsic relaxation of the polypeptide as described by the first term of eq 2. Data points in red are for residues
strongly affected by TolB binding judged by the appearancéHb#>N HSQC spectra (Figure 2). Black and blue arrows indicate the
position of tryptophan and alanine residues, respectively.

The general trends id(0) seen for the Asp35Ala and to form a central plateau that tails-off at the N and C termini.
Ser37Ala variants are similar to those seen for the wild-type However, the overall glycine and alanine content of the
sequence. Two marked differences are present though. Firstregions of the proteins studied in the present paper was
residues 9, 15, and 16 in the variants have values(@rin typically 40% with several regions of higher localized glycine
the range of 0.921.47 ns rad?, in contrast to the values of  content (up to 80%), and therefore, the model of Schwarz-
0.5-0.6 ns rad? for the wild-type sequence and so does inger et al. 86) was used. This is a development of the
residue 13 for the Ser37Ala variant. These changes aredynamics model of Schwalbe and his colleagu&® (hat
consistent with an increase in the local structure accompany-we have used previously for the intact colicin E9 and wild-
ing the mutation. Second(0) no longer increases at residue type T,—s;-DNase fusion proteinl). The Schwarzinger et
35 but at residue 36 or 37. Hence, the local structure al. (36) model takes into account the small size of glycine
associated with residue 35 is destroyed in both variants.and alanine residues, thereby significantly modifying the
However, this does not affect tl#¢0) maximum position at  predicted underlying polypeptide motional properties. The
residue 45 nor the subsequent profile seenJ{6). Thus, sequence-dependeRt relaxation rates are then given by
apart from some residues further toward the N terminus, theeq 2
effects of the mutations are limited to the actual amino acid
replaced and its near neighbors. In contrast, the mutation of N i SV
Trp39 to alanine has a profound effect &0), and instead R, = k-erj-e( =) 4 Z Rduste;e( (1=no%/(we)%) (2)
of an increase i(0) around residue 35 as with the other = cluster
fusion proteins,J(0) only increases after residue 40. Also, ) o )
the degree of structure within this local region is lower than where the first term accounts for the intrinsic relaxation of
in the other proteins as shown by the maximum value for the polypeptide and the second term describes additional
J(0) at residue 45 of 1.3 ns ratl Furthermore, although interactions arising from local clusters of residugs.s the
the second region of the structure aroune-68 is preserved, relaxation rate of residueN is the total number of residues;
the degree of structure within this region is also decreased,andzj and4; are the intrinsic correlation time of residjie
with a maximumJ(0) of only 1.51 ns radt. In addition, the ~ and the persistence length for segmental motion of the
increase inJ(0) for residue 9 is much smaller than for the Polypeptide, respectively. After Schwarzinger et 8b)( the
other mutants, with no evidence for an increase around 15intrinsic correlation time of a given residue was described
and 16. using its radius of gyratiori,, and taken to be proportional

Order in the Otherwise Disordered Polypeptide Chain. 0 R}, and; was assumed to be 2 for glycine and alanine
Further insight into the dynamics of the disordered regions and 7 for all other residues. The additional clusters were then
of polypeptides can be gained through fitting of i T, defined by an intrinsic relaxation rat@;,s.er centered at
relaxation data to models for polypeptide motion, as has beenresiduenc with a half-width ofwe.
reported previouslyl2, 36, 38, 43). These models generally The results of applying this model to the wild-type di-
assume that the effect on the motion of an amino acid DNase fusion protein and its Asp35Ala, Ser37Ala, and
because of neighboring residues decreases exponentially a3rp39Ala variants are shown in Figure 8. No attempt was
the distance between them increases. Thus, the predictednade to extend modeling beyond residue 69 because the
sequence-dependent intrinsic relaxation rates would appeaiproperties of the highly structured DNase domain then begin
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to dominate theR, relaxation rates 12). The intrinsic 8.0 -8.0

relaxation of the polypeptides determined by the first term 70 (70

of eq 2 are shown as broken lines in Figure 8, which shows ' L

that the experimental data follow the general trend, in 6.0 _‘6-0

particular reflecting the predicted peaks between residues 35 — 5.0 A 5.0 |,

and 60. The polypeptides are therefore naturally predisposec‘Tu, 401 (40D

to form localized regions of varying dynamics as a result of “— LT m

the distribution of glycine and alanine residues. This natural n?l 3.0+ 3.0

predisposition is then further enhanced by the interactions 204 2.0

of various residues to form clusters with more restricted i

dynamics that are accurately modeled by inclusion of the 1.04 _’1'0

second term of eq 2 (Figure 8). 0.0 L) 0.0
The modeling reveals the presence in all three variants of 10 20 30 40 S0 60

similar clusters to those of the wild-type protein, having 8.0- -8.0

relaxation ratefRusier of > ~1 or < ~1 s71, respectively, 70 (70

for the major and minor clusters. Other than one extreme

N-terminal cluster, the major clusters are centered in or close 6.0 _‘6-0
to the TolB box from Asp 35 to Trp 3913, 17—20), at — 5.0 B .50 w
residues 35, 37, and 41 and at residues 46 and 56. Thest" ¢, 401 (40D
latter two clusters are centered on tryptophan residues anc . LT m
are the most rigid of all of the clusters having the highest n?l 3.04 3.0
Reuster rates andw, values (Table 1 of the Supporting 204 M | o0
Information). Clusters at residues 35, 37, and 41, although ‘ -
centered on the smaller hydrophilic residues aspartate anc 1.01 _’1'0
0.0 0.0

serine, respectively, nevertheless surround the tryptophan a . T . T T T .
position 39 within the TolB box, which itself has a 10 20 30 40 50 60
substantially increased value Bf. The fact that there is no
cluster centered at Trp 39 does not mean that this residue is
not integral to the clustering between 35 and 46. Neither g
does it preclude the hydrophobic nature of this residue from 3
being a trigger for cluster formation in this general region. O
However, the fact that the relaxation enhancement is not {
maximum compared to the neighboring residues indicates @ 05 “\

this is an example of cluster formation not solely dependent \

on amino acid hydrophobicity. This suggests that the nature = \\ |

of a cluster is more complex and arises from the interplay O \ ﬂ

of multiple physicochemical properties of the interacting QL \ /‘
residues within the network. Including further minor clusters 00 : . ' . A
toward the N terminus of each protein considerably improves 10 20 30 40 50 60
the overall fit of the simulation and leads to a root-mean- :

square deviation (rmsd) between the model and experimental Residue No.

Ty . o Ficure 9: Plots of average area buried upon foldid)(in red
data for the wild-type protein of 0.38. Similar rmsd values for the T..s;-DNase fusion protein (A) and its Trp39Ala variant

of 0.34, 0.4, and 0.24 were obtained for the Asp35Ala, (g) with their corresponding cluster analysis results from Figure 7
Ser37Ala, and Trp39Ala mutants, respectively. These minor in black. AABUF values were calculated with the EXPASY tool

clusters are largely constructed of polar rather than hydro- ProtScale (http://us.expasy.org/tools/protscale.html) and normalized
phobic residues. from O to 10. The outputs of various PONDR predictions (http:/
www.pondr.com) are shown in C with the VL-XT results as cyan,
Although the strongest clusters are centered at tryptophanysL1 results as black, VL3 results as green, XL1 results as red,
residues, it nonetheless seems that the nature of the clustergnd CaN results as blue. Also indicated by thick horizontal black
observed in these systems cannot be accounted for solelPars are those residues exhibiting enhanced NR4Rates.
by hydrophobic clustering. Consistent with this view, neither no correlation of AABUF with](0.87wy) or J(wy) but there
the Kyte and Doolittle approximatio§) nor hydrophobic  is with J(0). The effect of the Trp39Ala mutation on the
cluster analysis using HCA_Draw?®) revealed the presence AABUF and the corresponding correlation with the reduced
of any inherent hydrophobic clusters. However, the average clustering is also apparent (Figure 9), but similar plots of
area buried upon folding (AABUF), which is proportional AABUF for the Asp35Ala and Ser37Ala mutants showed
to the hydrophobic contribution of a residue to the confor- no significant differences between these mutants and the
mational free energy of a proteid®) and has been shown  wild-type protein; however, there are clearly subtle variations
to correlate with sequence-dependent dynamic variations inin the clusters revealed by modeling the experimertalata
urea-unfolded apomyoglobi3§) does appear to be associ- for these proteins (Figure 8).
ated with the formation of at least the major clusters in the  When theR, data and clusters of the DNase fusion proteins
T1-s1-DNase fusion protein, because the increaseRin are compared, the underlying importance of Trp 39 of the
mirrors an increase in AABUF (Figures 5 and 9). There is wild-type sequence is apparent from the severe disruption

Disorder

Q
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Order
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to the clustering of the Trp39Ala variant, witRyster rates (Figure 7). Therefore, in this case, it is most likely that
being reduced to 26 and 37% of those of the wild-type structural changes to thg J; conformational ensemble are
sequence at residues 41 and 37 and to 56% at residue 46@esponsible for the perturbations seen in Figure 2 rather than
Although replacement within the TolB box of the smaller this region forming part of the TolB-binding site. The cluster
polar residues, Asp35 or Ser37, with an alanine has lessof residues centered on Trp 56 (Figure 7) is likely to be
severe effects on the major clusters, they are neverthelesgperturbed by TolB as a direct effect of its binding because
affected. Strikingly, thé, rates and cluster paramet®gsier resonances of these residues in the Asp35Ala and Trp39Ala
andw; are reduced, not only at the site of the mutation but variants are affected by TolB and the TolB box residues are
also within the nearby clusters centered at residues 41, 46,not. However, colicin E9 lacking residues-5464 of colicin
and 56, suggesting some form of association betweenE9 is able to bind TolBZ0), and the Trp56Ala colicin E9
clusters. Most notable though is the appearance of clusterss toxic (18); therefore, this region is not essential for
at His9 and Thrl6. If clusters are stabilized by mutual productive TolB-colicin E9 interaction. In summary then,
association, then it would seem that to compensate for thethe data suggests that the region including Setr&dn 44
loss of stability within the cluster containing the mutation contains the main TolB-binding site and the TolB-induced
new residues are co-opted into the cluster arrangement.perturbations for resonances further toward the N terminus
Presumably, this enhances the stability of the clusters, are a result of conformational changes. Note that we are not
possibly from polar interactions involving hydrogen-bonding able to precisely delineate the binding region on colicin E9
networks because 4 of the 10 clusters are centered on serinér TolB from the data available so that it may run some
or threonine residues, which can mask their polarity through residues beyond 3444. However, the NMR data (Figures
hydrogen bonding. Also, although individual clusters have 6 and 7) indicate that it does not extend beyond residues 33
Reustervalues between-1 and~4 s %, once these values are  and 48.
added to the underlying dynamics of the polypeptide, the The issue of how the stretch of residues from Ser 34 to
result is to produce localized regions with similar maximum Asn 44 interacts with TolB is an important one, but the NMR
R, values (Figure 8), further indicating the occurrence of data does not provide any direct evidence on this because
cooperative actions between clusters. the resonances of residues from Ser 34 to Asn 44 are not
TolB Binding to the T-¢1 Region of Colicin E9From our detected for the bound fusion protein. However, it is possible
previous NMR studies of intact colicin EQ1), we proposed  to make a reasonable suggestion. A run of 11 residues is
extending the TolB interaction region of colicin E9 from the too small to fold into a globular domain, but the conforma-
pentapeptide TolB box sequence, Asp-3%p 39, to the 12 tional preferences of the amino acids suggest that this region
amino acids from Ala 33 to Asn 44. The effect of TolB on will not be a random extended chain. The amino acids with
the H-N HSQC spectrum of the ;Tg;-DNase fusion  the highest propensity for forming turns are glycine,
protein with the wild-type TolB box is consistent with this, asparagine, proline, serine, and aspartd®, (vhich are 9
and with the improved resolution and increased number of of the 11 residues in this sequence. Thus, we expect it to
resonance assignments for this protein compared to the intacform one or mores turns, and predictions using BTPRED
colicin (12), it is clear that resonances of residues neighboring (48) suggest that it will consist of-24 j turns. Therefore,
this region of the sequence are also affected by TolB, notablywe propose that the TolB-binding sequence forms a series
those of Ser 30, Gly 31, Gly 32, and Gly 48. Mutational of turns and runs across the surface of TolB. There appears
analysis of the TolB box region of colicin E9 supports an to be a precedent to this kind of structure with thg3,
extended TolB box, with S40A, E42A, and W46A mutations protein methanol dehydrogenast9,(50). This consists of
in colicin E9 inactivating biological activity and TolB binding two domains, a 66-kDa eight-blade¢dpropeller catalytic
(21). The perturbations to tH&l-1>N HSQC spectra of the  domain and a 8.5-kDa domain of unknown function that is
variant forms of the T_s;-DNase fusion protein caused by essential for activity. Ghosh et ab@) note that the small
the presence of TolB (Figure 2) show that, although the domain has an unusual structure by being layered across the

mutations render these proteins inactive as a td@ [olB surface of thgg propeller in an extended fashion and without
does bind to them, although not necessarily at the TolB box, a hydrophobic core. The N-terminal 30 residues form a series
at least for the Asp35Ala and Trp39Ala variants. of open turns with the remainder of the protein mostly in a

Interpreting the TolB-induced spectral perturbations to singlea helix. Ghosh et al.§0) suggest that the structure
identify the TolB-binding site on colicin E9 is not possible of the small domain is determined largely by its interaction
because the perturbations may be a direct consequence of with the 5 propeller. In summary, this is our proposal too
group being in contact with bound TolB or a secondary effect for the T,_s; region of colicin E9 in its interaction with the
of TolB-induced structural changes to the conformational six-bladeds-propeller domain of TolB.
ensemble of the T, region of the fusion protein. However, The model that we have put forward for the interaction of
although it is not possible to distinguish between these two TolB with the translocation domain of colicin E9 is a good
with the NMR data of Figure 2 alone, in conjunction with example of the kind of system described by Fuxreiter et al.
the other NMR data presented herein and with previously (51). These authors suggest that intrinsically disordered
reported mutagenesis and biophysical studl&s Z0), they proteins that interact with structured partners often have
do allow a plausible model for the interaction of the & preformed structural elements that act as the initial contact
region of colicin E9 and TolB to be proposed. points for binding their partners and that the initial binding

The chemical shifts of the residues forming the minor of the partners to these contact points reduces the dimen-
clusters at the N-terminal end of the fusion protein are sionality of the folding process. Although Fuxreiter et al.
affected by TolB, but the backbone dynamics of this region (51) focused on proteins whose preformed structural elements
reflected by'>N T, measurements are unaffected by TolB were likely to be helices, their scheme is not exclusive to
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these and does encompass amino acid clusters of the kind In summary then, PONDR predictions of the essentially
that we have described for colicin E9. disordered nature of the wild-type; &, sequence are in
Prediction of Disorder from the Colicin;Ts; Amino Acid agreement with experimental observations and, furthermore,

SequenceAnalyses of amino acid sequence data to predict indica_lte that some (esidues impiortant for binding the partner
disorder is of growing importance as more genome sequence®rotein TolB exhibit a propensity toward order consistent
become available and predictive tools become more sophis-With & local disorderorder transition on binding, with the
ticated. A leading set of predictors of natural disordered "€mainder of the e, region staying disordered.

regions are the PONDR suite of prograr@sg2), of which Possible Physiological Relance of the Disordered
PONDR VL-XT is regarded as the most accurate predictor Region of Colicin E9As noted in the Introduction, there

of disorder 63—55). This combines three neural network are a variety of possible functional reasons for intrinsic
predictors (NNPs): VL1, which begins and ends 11 residues disorder of proteins, and often such disorder is associated
from the termini, and the XN and XC predictors, which begin With intermolecular interactions. In the case of colicin E9,
at the respective N or C terminus and continue inward for the protein also has to traverse the outer membrane of a target
14 residues. Application of the PONDR approaches to the cell and disorder might assist this because globular proteins
colicin E9 translocation region provides both a test of the do not generally pass across membranes unaided. It is a

PONDR predictors and additional insights into the nature common feature of all structurally characterized colicins that
of this region. their translocation domains contain some flexible regions,

despite there being little primary and tertiary structural
similarity between them. Thus, parts of the translocation
regions of the TolA-dependent colicin N (15) and the TonB-
dependent colicins B5{) and la £8) and not visible in X-ray
diffraction electron-density maps. Furthermore, NMR studies
show that the colicin N translocation region is intrinsically
disordered and folds on binding TolA%). The observation
that parts of the TolB-bound N-terminal region of colicin
E9 retains considerable flexibility (réfl and Figure 7) may
be connected to the requirement for functional multiple
protein complexes, which seems to be involved in the
translocation of colicin A. This protein has a TolB interaction
site between residues—20 and a TolA interaction site in
the region from 34 to 10710) and forms the ternary

The results of using PONDR to predict disordered regions
within the sequence of the wild-type; T, fusion protein
are shown in Figure 9C. PONDR VL-XT predicts that the
N-terminal 69 residues are completely disordered throughout.
Therefore, because one continuous region of disorder is
predicted, it is expected that the rate of false positive results
(i.e., predicted disorder when the residue or region is ordered)
would be less than 0.1%. The additional NNPs, VL3 and
VSL1, concur with the general prediction of overall disorder
with perhaps a slight tendency toward less disorder toward
the C-terminal region of residues-89, particularly after
approximately residue 30. The XL1 NNP does not provide
predictions for the N- and C-terminal 14 residues and is

optimized to predict regions of disorder containing greater complexes of colicin A-TolA—TolB and colicin A-TolA—

th_an 39 re5|dge55(3). This glgorlthm predicts a single 1o (60). Recently, various ternary complexes of colicin
disordered region of 41 residues and would thus also be g have been detected in SPR experime@®, (and the
expected to be reasonably accurate. It is known that this NNPternary complex of TolB-colicin E9-OmpF has been

is less accurate than VL_-X_T at predicting disorde_r, _but itis isolated 61). The OmpF appears to interact with the TolB-
more accurate at predicting order; therefore, it is most 4,14 colicin in flexible regions of the N-terminal sequence,
!nterestlng tp note that the region C-terminal to residue 30 \\hich are unaffected by TolB binding (Figure 7). Therefore,
is now predicted to have an even greater tendency towardie flexible translocation regions of colicins may be like
order than with the other PONDR NNPs, especially in the fishing lines for their partner proteins, enhancing the rate at
region between residues 44 and 55. NNPs trained on a broadyhjich productive intermolecular interactions occur through
data set of molecules containing regions that undergo 5 fly-casting mechanisnsy( 7).

disorder-order transitions upon complexation will naturally

recognize those regions as disordered. However, CaN NNP,ACKNOWLEDGMENT

which is based on data sets of families of disordered proteins

that fold on binding, has been shovs8 to identify binding We thank Scott White (Birmingham) for pointing out the
sites within disordered sequences through apparent falseapparent similarity of our binding model for colicin E9 and
negative predictions, i.e., predicting order when a residue is TolB to the structure of methanol dehydrogenase.
disordered. As can be seen from Figure 9, the CaN algorithm

does indeed make false negative predictions for the wild- SUPPORTING INFORMATION AVAILABLE

type T;—s1 Sequence, with an extreme minima centered on

Trp 46. Significantly, this coincides with one of the strongest for WT Ti_g,, D35A, S37A, and W39A. See http//ww-
cluslters identi(;ied frl;)rr(lj N'E)AR relaﬁatic()jn rates e;nd clulster w.uea.ac uk/c'ap/grm,resfoc/t’)iochem pdf . This material is
analysis, as described above. The degree of correlation_ ' .. . ; oAt .

between the CaN prediction and the cluster analysis can beava|IabIe free of charge via the Internet at http://pubs.acs.org.
seen in Figure 9 by comparing those residi8%s48, 53— REFERENCES
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