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Abstract

The cytotoxic activity of the secreted bacterial toxin colicin E9 is due to a non-specific DNase housed in the C-terminus of the
protein. Double-resonance and triple-resonance NMR studies of the 134-amifeN:cathd 13C/L°N-labelled DNase domain

are presented. Extensive conformational heterogeneity was evident from the presence of far more resonances than expected
based on the amino acid sequence of the DNase, and from the appearance of chemical exchange cross-peaks in TOCSY and
NOESY spectra. EXSY spectra were recorded to confirm that slow chemical exchange was occurring. Unambiguous sequence-
specific resonance assignments are presented for one region of the pro@mﬂﬁ?, which exists in two slowly exchanging
conformers based on the identification of chemical exchange cross-peaks 4iH-38-15N EXSY-HSQC, NOESY-HSQC

and TOCSY-HSQC spectra, together with &d & chemical shifts measured in triple-resonance spectra and sequential NH
NOEs. The rates of conformational exchange for backbone amide resonances in this stretch of amino acids, and for the indole
NH of either Trr?2 or Trp58, were determined from the intensity variation of the appropriate diagonal and chemical exchange
cross-peaks recorded in 3B-1H-15N NOESY-HSQC spectra. The data fitted a model in which this region of the DNase

has two conformers, Nand N, which interchange at 18C with a forward rate constant of@l + 0.5 s 1 and a backward

rate constant of 05+ 0.5 s1. Demonstration of this conformational equilibrium has led to a reappraisal of a previously
proposed kinetic scheme describing the interaction of E9 DNase with immunity proteins [Wallis et al. (1995) Biochemistry, 34,
13743-13750 and 13751-13759]. The revised scheme is consistent with the specific inhibitor protein for the E9 DNase, Im9,
associating with both the Nand N5 conformers of the DNase and with binding only to thg bbnformer detected because

the rate of dissociation of the complex of Im9 and thg dbnformer, M|, is extremely rapid. In this model stoichiometric
amounts of Im9 convert, the E9 DNase is converted wholly into tgefrm. The possibility that cis—trans isomerisation of

peptide bonds preceding proline residues is the cause of the conformational heterogeneity is discussed. E9 DNase contains 10
prolines, with two bracketing the stretch of amino acids that have allowedthe:Nlg interconversion to be identified, P

and Prd3. The model assumes that one or both of these can exist in either the cis or trans form with strong Im9 binding possible
to only one form.

* To whom correspondence should be addressed.

Abbreviations: 2D, two dimensional; 3D, three dimensional; Col, colicin; ColE9, colicin E9; CSI, chemical shift index; E9 DNase, the
expressed C-terminal 134 amino acids of colicin E9 encompassing the DNase activity; EXSY, chemical exchange spectroscopy; HMQC,
heteronuclear multiple quantum coherence; HSQC, heteronuclear single quantum coherence; NOE, nuclear Overhauser effect; NOESY, nuclear
Overhauser effect spectroscopy; ppm, parts per million; TOCSY, total correlation spectroscopy; TPPI, time-proportional phase incrementation.
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Introduction between the E9 DNase domain and Im2, Im7 and Im8
with Kg's ranging from 10 to 10-8 M (Walllis et al.,

Dynamic behaviour has long been regarded as be-1995a).
ing central to the properties of many proteins butits ~ We are engaged in a detailed kinetic, protein en-
characterisation is not always easy (Creighton (1993) gineering and structural study of this system that
and references therein). Different kinds of motion oc- has led to: the overexpression of the 134-amino acid
curring in different time regimes require a range of DNase domain of ColE9 (Wallis et al., 1994) and the
methods for their various rate constants and structural 86-amino acid Im9 (Wallis et al., 1992a); structural
parameters to be obtained. NMR spectroscopy is ainformation from NMR studies Concerning both free
method capable of covering a range of time regimes and bound Im9 (Osborne et al., 1994, 1996, 1997),
— from rapid motions best characterised by relaxation including its 3D structure in solution; the identifica-
time studies (Palmer (1997) and references therein) tion of candidate specificity determinants for colicin
to extremely slow motions that can be detected by DNases interacting with their immunity proteins (Cur-
the appearance of slow chemical exchange behav-tis and James, 1991); the definition of the binding
iour. Sometimes slow chemical exchange can manifest epitope on Im9 for the colicin E9 DNase by alanine-
itself by causing chemical exchange cross-peaks to Scanning and homologue-scanning mutagenesis (Li et
appear in multidimensional NMR spectra recorded to al., 1997; Wallis et al., 1998); and the identification of
enable scalar or dipolar connectivities to be deter- putative active-site residues of the E9 DNase by ran-
mined (Jeener et al., 1979; Ernst et al., 1987) and dom mutagenesis (Garinot-Schneider et al., 1996). In
there have been various reports of this phenomenonthe present paper we report multinuclear NMR studies
in recent years (e.g. Falzone et al. (1994) and Cai et of unlabelled and3C/*°N-labelled E9 DNase which
al. (1997)). We have encountered this behaviour in our have revealed that the E9 DNase has an unexpected
study of the DNase domain isolated from colicin E9, dynamic structural heterogeneity that has led to areap-
and report our observations in the present paper. praisal of the kinetic mechanism previously proposed
Colicin E9 (ColE9) is a plasmid-encoded DNase by us to describe the complexation of the E9 DNase
that is secreted as part of the stress response systeriith inhibitor proteins (Wallis et al., 1995a,b).
of Escherichia coli(Luria and Suit, 1987; Eaton and
James, 1989; James et al., 1996). The N-terminal
45 kDa region is responsible for binding ColE9 to the Experimental procedures
vitamin By receptor on target cells, which is encoded
by thebtuB gene (Di Masi et al., 1973), and translo- E9 DNase and Im9 were expressedHscherichia
cating the cytotoxic C-terminal domain into the cell coli and purified as previously described (Wallis et
(Ohno-lwashita and Imahori, 1980). The DNase activ- al., 1992b,1994). All samples prepared for NMR were
ity is located in the 134-amino acid C-terminal domain assayed for biological activity as described by Wal-
(Wallis et al., 1994). To provide immunity against the lis et al. (1992b,1994) and found to be fully active.
action of the cytotoxic domain of ColE9, producing Uniformly 1°N-labelled E9 DNase was obtained by
cells co-express a 9.5 kDa inhibitor protein, Im9 (Wal- growing theE. coli IM105 cells containing the ex-
lis et al., 1992a; James et al., 1996). This binds to both pression system in minimal medium wi#fNH4ClI
the intact ColE9 and the separate E9 DNase domain (1g/l), and uniformly*3C/*°N-labelled E9 DNase was
with a Kq of ~0.1 fM in a binding process that in- obtained from cells grown in minimal medium con-
volves a conformational change (Walllis et al., 1995b). taining a mixture of-3Cs-glucose (4g/l) and®NH4ClI
Additional colicin DNases have been isolated (E2, E7 (1g/l). Yields of protein from these enrichments were
and E8), all with their own specific inhibitor proteins typically 20 mg/I.
(Im2, Im7 and Im8, respectively) (Schaller and No- NMR spectra were acquired with Bruker DMX500
mura, 1976; Toba et al.,, 1988; Chak et al., 1991). and Varian Unity Inova 600 spectrometers. Spectra
There is a high degree of sequence similarity between measured with the Bruker instrument were recorded
the four colicin DNase domains-80%), and between by the States method (States et al., 1982); for gradient-
their inhibitor proteins £50%), but only the cognhate = enhanced experiments, sensitivity enhancements were
inhibitor provides complete immunity against the col- also used (Kay et al., 1992). On the Varian instrument,
icin E9 DNase action (James et al., 1992; Wallis et al., quadrature detection was achieved in the indirectly ac-
1995b). However, non-cognate complexes are formed quired dimensions by the States-TPPI procedure (Mar-



ion et al., 1989b). Proton chemical shifts were mea-
sured from internal dioxane at 3.77 ppm and carbon
chemical shifts were indirectly referenced to exter-
nal sodium 3-(trimethylsilyl)propionat&N chemical
shifts were indirectly referenced to TSP by adjustment
of the 1H frequency of the methyl group of TSP to
a corresponding®N frequency with thetH and1°N
gyromagnetic ratios.

ThelH-1H-1°N 3D TOCSY-HMQC and NOESY-
HMQC pulse schemes (Zuiderweg and Fesik, 1989;
Marion et al., 1989a) and tH¢d-1H-1°N 3D TOCSY-
HSQC and NOESY-HSQC pulse schemes (Zhang
et al., 1994) were similar to those originally de-
scribed. HNCO, HNCA, HN(CO)CA, CBCANH and
CBCA(CO)NH spectra were recorded on the Bruker
instrument as previously described (Grzesiek and Bax,
1992a,b,1993). Acquisition parameters are given in
Table 1.

2D exchange spectra were acquired at 288 K with
the Varian instrument using a clean-EXSY sequence
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et al. (1979). Reversible exchange between two sites
A and B may be represented as follows:

kea

For pure chemical exchange (i.e. assuming no
dipolar cross-relaxation during mixing), Jeener et al.
(1979) showed that volumes of chemical exchange
cross-peaks observed with the NOESY pulse sequence
are related to the mixing timegy, by the following
equation derived from the modified Bloch equations
(Ernst et al., 1987):

IBA(Tm)
0.5Mexp(—R1tm)[1—
exp(—2Dtm)]

IlaB(Tm)

1)

to suppress cross-relaxation coherence transfer signalsvhere hg(tm) is the exchange cross-peak volume

by Hartmann—Hahn mixing (Fejzo et al., 1991). The
mixing scheme consisted of a delay to allow for
longitudinal relaxation and a spin lock,96 90°, —
90, — 9(, of durationtr to allow for transverse re-
laxation. Spectra withn/tr ratios between 1:1 and
4:1, acquired with a mixing time of 100 ms, 256 in-

connecting sites A and B; M= Maokpa / 0.5(kag+
kea) = Mpokag / 0.5(kag + kga), where My and
Mpgo denote the equilibrium magnetisation for species
A and B, respectively, andag and kg are exchange
rate constants for the forward and backward reac-
tions, respectively; Ris the spin-lattice relaxation

crements and 128 transients, showed that a ratio of rate, which is assumed to be equal for A andtg;

3:1 gave better results for the E9 DNase in terms of
signal:noise than the theoretical value of 2:1 expected
for isotropic tumbling in solution. This suggests there

is either an anisotropic contribution to the overall mo-

tion of the E9 DNase or its motional behaviour places
it outside the spin diffusion limit. In order to resolve

overlapping signals, the clean-EXSY sequence wasynere %

incorporated into a standatti-'H-1°N 3D NOESY-
HSQC experiment by replacing the mixing time with
the EXSY mixing block described above. Spectra
were acquired with a mixing time of 100 ms at 288 K.
Data were processed on Silicon Graphics Indigo
work stations using FELIX (Biosym/MSI, California)
or NMR-Pipe (Delaglio et al.,, 1995). A sine-bell
squared window function was used for apodization in
all dimensions with a phase shift of 6ih the acquisi-
tion dimension and 6070 in the indirect dimensions.

is the mixing time; and D is the average rate constant
for the exchange process, defined &Khs + kga).
At equilibrium,

= 2

xg are mole fractions of species A and
B, respectively. For symmetrical two-site exchange
(xa = xg = 0.5 and lng = kga), EQ. 1 simplifies to
the more familiar Eq. 3:

XaKag PELETN

IBA(Tm)
= 0.5Mpexp(—Ritm)[1—
exp(—2ktm)]

laB(Tm)

®3)

where M is the total equilibrium magnetisation and k

Where necessary for the triple-resonance experimentsis the average rate constant for the exchange process.

linear prediction was used to double the number of

points in the heteronuclear dimensions.
Determination of rates of chemical exchange by

NMR was carried out using the procedure of Jeener

However, for systems whereax xg, as in the
case of the E9 DNase in which a major and mi-
nor conformer co-exist (see the Results section), this
difference can be taken into account by substituting
ksa = xgkag / Xa into Eq. 1 to yield
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Table 1. Acquisition parameters for NMR experiments on the E9 DNase

Experiment % Data points Sweep widths (Hz) Offsets (pﬁ’m) References
lH 15N 13C lH lH 15N 13C lH lSC 15N
CBCANH 500 512 36 60 -  7507.5 1666.7 8333.3 - 433 1194  Grzesiek and Bax
(1992a,b,1993)
CBCACONH 500 512 40 60 - 67750 1666.7 83333 - 433 1194  Grzesiek and Bax
(1992a,b,1993)
1H-1H-15N EXSY- 600 1024 16 - 128 8000 2500 — 8000 - 119.4  EXSY component
-HSQC €mix = 100 ms) based on
Fejzo et al. (1991)
1H4-1H4-15N NOESY- 600 1024 32 - 128 8000 1900 — 8000 - 119.4  Zhang et al. (1994)
-HSQC

(tmix = variable) for - - - - - -
exchange rate

8Experiments were run on Bruker DMX500 or Varian Unity Inova 600 spectrometers.
PThe transmitter offset for theH dimension was set to the frequency of the water resonance.

integration since the individual cross-peak volumes for
the forward and backward processes were not equal as
would be expected at equilibrium, implying that the
XaxgMo exp(—Ritm)[1— spin-lattice relaxation times are probably slightly dif-
exp(—Kag (1 + (Xg/Xa))tm)] 4) ferent @20 ms) for species A and B. Mole fractions
Xa and » were obtained from the ratios of the diag-
onal peak volumes at, = 0 s of species A and B,
respectively, over the sum of the diagonal peak vol-
umes of A and B aty,, = 0 s. Diagonal peak volumes
attm = 0 s were obtained from backward exponential
X *1extrapolation of the plot of mixing time versus diago-
EXSY spectra were used because the signal:noise inp,| heak volume. To ensure reproducibility, spectra at
the latter is inferior. This is due to the fairly inefficient ;.o mixing times (40, 60 and 80 ms) were measured

magnetisation transfer scheme required for selecting op, 5 separate occasion from the others in the series and
chemical exchange cross-peaks, which, as far as wegy,q 0lumes of all the cross-peaks were normalised.
are aware, is the only one to allow sufficient simulta-

neous suppression of both Hartmann—Hahn and cross-

relaxation transfer effects. NOESY mixing times of Results

20, 30, 40, 50, 60, 70, 80, 100, 130, 160, 200

and 250 ms were employed to determine the build- Characterisation of E9 DNase

up and decay of chemical exchange cross-peaks, andThe 1H-1°N HSQC spectrum (Figure 1) contains at
each experiment was acquired with 128 increments least 240 NH cross-peaks (overlap prevents an exact
in t1, 32 increments ingtand 8 scans pep tincre- count), many more than the 123 expected backbone
ment (Table 1). The total acquisition time for all 12 amide peaks. Some of the additional resonances arise
3D experiments was-20 days. Volumes of exchange from side chains of the six asparagine, three gluta-
cross-peaks were measured manually in XEASY (Bar- mine and two tryptophan residues, and folded-back
tels et al., 1995) using the elliptical integration mode. arginine resonances may also occur in this region.
Build-up curves obtained from plots of mixing time However, even if all of these are taken into account
versus average exchange cross-peak volume/dte there are still too many cross-peaks for the reported
fitted non-linearly according to Eq. 4 using the graph- amino acid sequence of the E9 DNase. A similar ex-
ics software ORIGIN 4.1 (Microcal Software Inc.). cess ofresonanceswas observed in all triple-resonance
Average exchange cross-peak volumes were plottedNMR experiments correlating signals by scalar inter-
where cross-peaks were sufficiently resolved to allow actions; for example, the HNCO spectrum contains

Iga(Tm)

laB(Tm)

Equation 4 was used for the analysis of the E9 DNase
dynamics presented herein.

Exchange rate constants were obtained from an
analysis of a series of 3EPN-edited NOESY-HSQC
spectra measured at 46. 3D NOESY rather than
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Figure 1. The 600 MHz'H-15N HSQC spectrum of the ColE9 DNase in 90%®/10% D,O and 50 mM potassium phosphate buffer, pH 6.2,
and at 293 K. Assignments for backbone amide peaks dtemsn’? are indicated: denotes the minor conformation.

more than 185 peaks instead of the 123 backbonegeneity arises from dynamic processes as described
and 18 amide side-chain peaks, which are the maxi- below.

mum expected for the amino acid sequence (data not
shown). The increase in the number of resonances overs
those expected suggests that there is some heterogenqﬁ
ity to the sample. Since electrospray mass spectra of ) .
E9 DNase samples consistently showed one species! '€r€ are tlhreleSNH peaks in the tryptophan indole re-
with the correct molecular mass (data not shown), any 9'°" Olf thli H-"N HSQC spectrum of the E9 DNase
heterogeneity must result from variation in the confor- With “H/™N chemical shifts of 10.8/129.7 ppm,
mations of individual molecules, and since molecular 10-5/129.9 ppm and 10.1/129.5 ppm (Figure 1). Con-
weight determinations made with an analytical ultra- N€ctivities between these NH resonances and trypto-
centrifuge have indicated that self-association does not Phan H2 and H7 resonances in NOESY and TOCSY
oceur, an intermolecular aggregation or dynamic asso- spectra identify them as tryptophan indole resonances.
ciation/dissociation process is ruled out as the cause of HOWever, there are or18Iy two tryptophans in the se-
the heterogeneity (Pommer et al., 1998). Further NMR 9U€nce, Trg? and Trp® (Eaton and James, 1989).

experiments indicate that at least some of the hetero- 1 NS discrepancy can be accounted for by heterogene-
ity affecting at least one of the tryptophan indoles.

Relatively intense cross-peaks between the resonances

hemical exchange cross-peaks and tryptophan
dole resonances
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at 10.8/129.7 ppm and 10.5/129.9 ppm iH-1H- The identification of dipeptide units from triple-
15N NOESY-HSQC andH-1H-15N TOCSY-HSQC  resonance NMR data led to the assignment of the
spectra (data not shown) are consistent with this expla- unique Pro-Glu, Leu-Ser, Asn-Leu and Leu-Asn
nation. Such a pattern of cross-peaks is not expecteddipeptides (Figure 2). However, two distinct Leu-
for any protein NH resonances in the absence of chem- Ser dipeptide units were detected (Table 2). Also,
ical exchange, other than those of arginine, asparagineat least six potential Ser-Lys dipeptides were ob-
or glutamine side chains, which can be eliminated served, although the sequence only contains four such
as possible assignments by the connectivities to the units: residues 3/4, 62/63, 68/69 and 80/81 (Eaton
tryptophan ring resonances and, for asparagine andand James, 1989). However, the only @nd ¢
glutamine, by the absence of corresponding HNCO chemical shift matches for the two Leu-Ser dipep-
peaks (data not shown). If slow chemical exchange tides, residues 67/68, are those shown in Table 2.
between two sites for one of the indole NH groups is A combination of the sequential NOEs and chemi-
invoked, then the 10.8/129.7 ppm and 10.5/129.9 ppm cal exchange relationships observed in the 200 ms
cross-peaks can be attributed to chemical exchangelH-1H-1°N NOESY-HSQC spectrum (Figure 3), to-
cross-peaks, which do appear in TOCSY and NOESY gether with the € and & chemical shifts obtained
spectra in some circumstances (Jeener et al., 1979;from triple-resonance spectra (Figure 2), has allowed
Ernst et al., 1987; Willem, 1987; Orrell et al., 1990; resonances of the Pfs-Asn’? region to be assigned
Falzone et al., 1994; Cai et al., 1997; Overmars and (Table 2). This assignment scheme predicts that up to
Altona, 1997). five NH-NH chemical exchange cross-peaks for this

To confirm that the 10.8/129.7 ppm and 10.5/129.9 region should be observed in a 3B-1H-1°N EXSY-
ppm cross-peaks appearing thl-1H-1°N NOESY- HSQC. The appropriate slices of this reveal that the
HSQC and!H-'H-15N TOCSY-HSQC spectra are chemical exchange cross-peaks expected forf{,eu
chemical exchange cross-peaks, a #B1H EXSY Sef8and Asr{® are indeed observed (Figure 4), as the
spectrum was acquired which did indeed show there NOESY-HSQC slices of Figure 2 indicate they should
is a connectivity between the 10.8/129.7 ppm and be. The difference in NHH chemical shifts for Ly&

10.5/129.9 ppm peaks (data not shown). and Led! may be too small for chemical exchange
cross-peaks to be detected in the 3D spectrum. Never-
Assignment of resonances theless, the observed 3D EXSY connectivities confirm

Sequence-specific resonance assignments have beethe description given in Table 2.

obtained from 3D'H-13C-15N triple-resonance spec-

tra. However, the structural heterogeneity inferred Rate measurements

from Figure 1, and manifest in all 2D and 3D spec- Conformational exchange rates have been determined
tra, as Figure 2 shows for the BPeAsn’? stretch,  for the amide hydrogens of residues P&uSef® and
considerably complicates the assignment process, par-Asn’®, and the side-chain NH of the tryptophan, all
ticularly the identification of sequential resonances of which exhibit exchange cross-peaks in the 3N
based on analyses of batH-13C-1°N chemical shifts  edited NOESY-HSQC spectrum (Figure 3). E§and

in 3D triple-resonance spectra and NOEs'kf1H- Leu’! also exhibit heterogeneity (Figure 2), but since
15N NOESY-HSQC spectra. Thus, only incomplete the amide hydrogen chemical shifts of the two forms
assignment of spectra of the E9 DNase has so farare very similar for each residue (Table 2), the corre-
been possible (S.B.-M. Whittaker and G.R. Moore, sponding exchange rates could not be measured. 2D
unpublished data). Nevertheless, it has been possibleslices through the 3D NOESY spectrum showing the
to unambiguously assign one region of the protein amide hydrogen of S&% in one of its conformations
where the conformational heterogeneity is present: the illustrate both the build-up and decay of diagonal and
region Pr8°-Asn’? (Figures 2 and 3 and Table 2). exchange cross-peak intensities with mixing time, and
This was possible because, though the heterogenethe degree of overlap between the diagonal and cross-
ity generally makes the assignment process difficult, peak for a relatively well-resolved signal (Figure 5).
in this case the identification of chemical exchange The mixing time dependencies of the diagonal and
cross-peaks in 3BH-TH-15N NOESY-HMQC/HSQC  cross-peak volumes for $&(Figure 6) show that the
and TOCSY-HMQC/HSQC spectra, together with C  diagonal peak decays exponentially whilst the chem-
and & chemical shifts measured in triple-resonance ical exchange cross-peak has a rapid build-up phase
spectra, aided assignments. and a competing decay arising from relaxation (Eq. 4).
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Figure 2. 2D slices taken along th®N dimension of 500 MHz. triple-resonance 3D spectra illustrating the assignment of sequential dipeptide
units in the region PRP-Asn’2 [P-E-L-S-K-N-L-N]. The upper series of spectra (A) come from the majerftdm of the DNase and the lower
series (B) from the minor N form (see text). At each®N chemical shift, the left slice is from a CBCA(CO)NH spectrum and the right slice is

from a CBCANH spectrum.
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Table 2. Chemical shift8 of resonances of Pf8—Asn’2 b

Residue Conformer gl Conformer Ny
N/ NH C c* (o N’ NH C c* ch AN ANH AC  Ac* acCh
Pr®> nd¢ «¢ 178.10 63.71 31.40 nd. =« n.d. nd. nd. nd. % n.d. n.d. n.d.

GIub® 11596 7.82 178.46 57.12 29.30 n.d. nd. 17879 5720 29.60 nd. nd. 033 008 0.30
Lew®” 116.87 8.42 179.33 55.27 40.77 118.76 8.70 17951 5536 40.85 1.89 0.28 0.18 0.09 0.08
Sef8  111.73 827 176.48 58.86 62.36 110.81 8.07 175.49 57.39 634992 —-0.20 —-0.99 -1.47 1.13
Lys®® 122,05 7.22 177.05 58.04 31.35 123.93 7.21 177.14 58.82 32.13 1801 009 0.78 0.78
Asn’®  114.82 8.05 17498 5222 38.23 114.11 874 17512 52.07 384871 0.69 0.14 —0.15 —0.20
Leu’ 12023 752 176.22 53.03 4145 120.07 7.39 n.d. 53.30 4450 04B13 nd. 027 0.05
Asn’?2 12235 8.68 n.d. 50.76 35.29 n.d. nd. n.d. nd. nd. nd. nd.  nd. n.d. n.d.

8Chemical shift values were determined at 293 K with mM samples of E9 DNase in 25 mM sodium phosphate, pH 6.2.

PThe DNase exists in multiple conformations, two of which have been designateg asd\\s (see text). The chemical shifts of some of
the backbone (§ NH, C* and C) and side chain (&) resonances for these two conformers differ. The difference valugs<(Nig) are
designated withA.

n.d.: not determineds: resonance not present.

E66 L67 | L6T* S68 | 568+ K69 | K69* N70 | N7Ox tg/ N72
*

!
o &)
4.

IH (ppm)

0.0

Figure 3. Slowly exchanging conformational heterogeneity of the®Ruasn’2 region [P-E-L-S-K-N-L-N] detected by the appearance of
chemical exchange cross-peaks in the amide regidiHefH-15N NOESY-HSQC spectra at 288 K. The most intense NH-NH cross-peaks,
labelled E, are chemical exchange cross-peaks. The weaker NH-NH cross-peaks are NOE cross-peaks. Diagonal peaks are boxed. Horizontal
arrows indicate sequentiaigi(i,i+1) and gyn(i,i—1) connectivities. For Ly the chemical exchange cross-peaks overlap with the diagonal.
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Figure 4. Slowly exchanging conformational heterogeneity of the
Lew®7—Asn’0 region detected in &H-1H-15N EXSY-HSQC spec-
trum at 288 K. Each 2D slice is taken at tHeN chemical shift of
the NH for the given residue.

These data give an indication of the accuracy with
which the diagonal peak volumes describe the equi-
librium magnetisation, and hence mole fractions for
species A and B. For the L&{} Sef8 Asn’®, and
tryptophan indole NH signals, the equilibrium con-
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spite the difficulty encountered with accurate volume
measurement resulting from severe peak overlap. Rate
constants determined as the average of the forward and
backward rates for the exchange process were found to
be: 153+ 0.10s%,1.464+0.09s1,0.864+ 0.08 5!

and 1474 0.13 s'1, for LelP’, SefP8, Asn’® and the
tryptophan side-chain NH, respectively. Overlap was
especially problematic for L&Gand Sef8. The amide
hydrogen of Lefi” in one conformation overlaps with
the amide hydrogen of A?j (8.68/118.9 ppm) while

the amide hydrogenin the other conformation overlaps
with an unassigned spin system that exhibits a NOESY
cross-peak at the same chemical shift as the exchange
cross-peak for this conformation. For both forms of
Lew’’, the appropriate diagonal peak volumes, ob-
tained from backward exponential extrapolation to
m = 0 s, were halved to take account of the over-
lap. For exchange rate evaluation of @erather than
averaging the two cross-peak volumes corresponding
to the forward and backward rate processes, the ex-
change cross-peak volume for only one of the rate
processes was used, because accurate volume mea-
surement was impossible for one conformation as its
diagonal peak overlapped the corresponding exchange
cross-peak. Nevertheless, the result obtained agrees
well with the other rates determined. In the case of the
tryptophan side-chain NH (Figure 7), a larger cross-
peak volume error exists at longer mixing times, even
though these cross-peaks are isolated in the spectrum,
because the low intensity of the exchange cross-peaks
prevents accurate volume integration.

The quoted errors reflect the uncertainty in the
peak volume integrations but the problem of peak
overlap is another potential source of error, though
one not quantifiable for individual groups. The spread
of values for different groups is a better estimate of
error than the uncertainty in the peak volume inte-
grations, as indicated by the average values of the
rate and equilibrium constants: the average value of
the forward and backward rate constants for eu
Sef8 Asn’® and the tryptophan side-chain NH is
1.33+ 0.47 s and the average value of the equi-
librium constant is B4 4+ 0.51, with the error bars
determined from the ranges of the individual equilib-
rium and rate constants. The error bars to one standard
deviation for the average values of the equilibrium

stants for the exchange process determined from theconstant and the average of the forward and backward

ratio of the mole fractions are@4+-0.10, 2054+-0.12,
1.154 0.05 and 131+ 0.09, respectively. Relatively

rate constants originating from the volume integra-
tions are 154 4 0.40 and 133+ 0.33 s'L. Thus, the

good fits were obtained for the cross-peak volumes of error bars determined from the spread of individual

all amide NH signals analysed (Figures 6 and 7) de-

values are only marginally greater than those from the
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Figure 5. 2D slices througHLH—lH—15N NOESY-HSQC spectra at 288 K recorded with different mixing times illustrating the variation of
exchange cross-peak and diagonal intensities for the NH §f%@18.27/111.7 ppm. The diagonal peak is boxed; E indicates the chemical
exchange cross-peak between the NH hydrogens in the two conformations.

0.8+ 0.0204

. Serine 68

00154 s

0.0104

Diagonal peak volume

Cross-peak volume

0.0054

0,000 #————— e ———————T
000 005 010 015 020 025

Mixing time (s) Miing time (s)

Figure 6. Build-up and decay curves for the chemical exchange cross-peak and diagonal peak of the NEP aft 8e27/111.7 ppm in
1H-1H4-15N NOESY-HSQC spectra at 288 K. Diagonal and cross-peak volumes plotted correspond to measured peak volumes digided by M
(see text). The decay curve for the diagonal peak indicates the mole fraction for this conformation6i6-b€.04. The mixing time variation

of cross-peak volumes was fitted to Eq. 4 to yidkdg + kga)/2 = 1.46 £+ 0.09 s 1 and R =143+07 s 1
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Figure 7. Build-up curves for chemical exchange cross-peaks-itH-15N NOESY-HSQC spectra at 288 K. Cross-peak volumes correspond
to the average volume of the two exchange cross-peaks observed for each NH divided(&seMext). The following rates were obtained

for Leu®?, Asn® and the tryptophan side chain, respectivékjig + kga)/2 = 1.53+0.10 s, 0.86 4+ 0.08 s~ and 147+ 0.13 s71; and
Ry =1094+05s1 114+ 045 and 129+ 0951,

peak integrations. The average forward rate constantaddress this point we shall describe the conformational
is 1.61+ 0.5 s'1 and the average backward rate con- interchange detected in these experiments as if it is a
stantis 105+ 0.5 s ! calculated from the average rate  single process.
constant, 33+ 0.47 s'1, and the average equilibrium
constant, 54+ 0.51.

The agreement between the rate and equilibrium . : ;
constants obtained from the analysis of the 3D NMR Discussion and Conclusions
data is striking given the difficulties in determining . . .
peak volumes, and it is doubtful whether the differ- MR Spectroscopy of slowly interchanging protein

ences in rate and equilibrium constants measured for cONformations _ o
different resonances are significant. However, it is not Though of considerable mechanistic interest, the slow

certain that the dynamic process affecting the groups conformational dynamics observed for the E9 DNase
investigated is the same in all cases. The indole NH has considerably complicated determination of its
of the tryptophan in particular, need not follow the Structure by NMR. Because of the presence of more

same exchange pathway as the backbone nuclei since?€@ks than expected from the amino acid sequence,
it may experience additional flexibility about it*C ~ reésonances are extensively overlapped, and because

c® bond. However, as we have no additional data to there are multiple conformations, the concentrations
of individual conformations are relatively low, leading
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to poor signal:noise ratios in some spectra. Thus, spec-ses et al., 1996), human interleukin-3 (Feng et al.,
tra have not been completely assigned. Also there are1995,1996), and calbindind (Chazin et al., 1989;
relatively small numbers of long-range NOEs detected Kordel et al., 1990). Given the large number of proline
in 3D NOESY-HSQC spectra, perhaps reflecting the residues in the E9 DNase, 10 out of 134 (Eaton and
effect of conformational dynamics on the build-up and James, 1989), and the observation that the residues
decay of NOEs (S.B.-M. Whittaker and G.R. Moore, listed in Table 2 with relatively large chemical shift
unpublished data). Despite these problems however,differences between the two conformers are located
it has been possible to unambiguously assign peaksabout midway between two prolines, B¥@nd Prd?,
from a region of the protein undergoing slow chemical the question is raised as to whether the dynamic het-
exchange. Slices from a 3fH-1H-1N EXSY-HSQC  erogeneity exhibited by the E9 DNase is connected
spectrum (Figure 4) were central to this analysis. How- with proline cis-trans isomerisation. The rate constants
ever, 3D NOESY spectra rather than EXSY spectra for the DNase conformational dynamics are similar
were used to quantify the exchange rates because theito those for proline cis-trans isomerism in peptides

signal:noise was better. (Steinberg et al., 1960; Maia et al., 1976; Schmid
and Baldwin, 1978), as are the activation enthalpies if
Chemical shift and structural heterogeneity the activation energy for the E9 DNase conformational

As described above, the presence of structural hetero-equilibrium reported by Wallis et al. (1995b) is for the
geneity was inferred from the observation of too many Process described in this paper (see below).
cross-peaks in all of the multidimensional spectra and
from the detection of chemical exchange cross-peaks. Possible functional significance of the DNase
Many cross-peaks appeared to be doubled, an effectconformational exchange
manifested in 3D spectra by peaks generally having We have reported previously that on complex for-
common chemical shifts in one or two dimensions mation between Im9 (I) and the E9 DNase domain
but slightly different chemical shifts in the other di- (N), there is a 15-20% enhancement of the tryp-
mension(s). It is notable that within the BPeAsn’? tophan fluorescence emission emanating from the
region there is a variation in chemical shift differ- DNase that has a biphasic time dependence (Wallis et
ence between the two conformers which, for tife C al., 1994,1995b). To account for these observations,
and & resonances, is at a maximum for $eand we proposed the two-step binding profile shown in
Lys®°. These are in the middle of the region and thus Scheme 1.
the conformational dynamics might simply involve
movement of this stretch of amino acids between two N+1= NI*=NI
environments with GItf and Led? acting as hinges. Scheme 1.
However, it is clear from the chemical exchange ef-
fect with either Trg? or Trp®8, and the much greater
number of peaks in theH-1"N HSQC spectrum than
predicted from the sequence (Figure 1), that the con-
formational heterogeneity is far more extensive than
that discussed for the P¥-Asn’? region.

Chemical shift heterogeneity indicating multiple

The rapid formation of a collision complex, Nlwas
followed by its slow rearrangement to give the final
product complex, NI. However, in our earlier work we
noted that other kinetic schemes were consistent with
the stopped-flow data presented, including that shown
as Scheme 2 (Wallis et al., 1995b).

forms of proteins in solution has been reported by +1
many authors (e.g. Falzone et al. (1994), Overduin Na = Ng = Ngl
et al. (1996), Adjadj et al. (1997), Cai et al. (1997) _
and Carlomagno et al. (1997)). In most cases the ori- Scheme 2.

gin of the heterogeneity has not been reported, though

a relatively common cause is cis—trans isomerisation In this scheme the E9 DNase exists in two conforma-
of peptide bonds preceding proline residues. This tional states (N and Ns), only one of which () is

has been observed for various peptides (Thomas andable to bind Im9. Association of Im9 withg\remains
Williams, 1972; Maia et al., 1976; Cheng and Bovey, the rapid process detected by stopped-flow measure-
1977; Grathwohl and Withrich, 1981; Adjadj et al., ments, but it is the interconversion of the unbound
1997) and several proteins including staphylococcal nuclease rather than the nuclease—Im protein complex
nuclease (Evans et al., 1987; Hinck et al., 1990; Truck- that is the slow step.
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Table 3. Kinetic and thermodynamic parameters for assuming that k1
Nal is not present in appreciable amounts. Scheme 3 Na - Ng
Parameter Wallis et al. (1998b)  This work® k-1
K_4 Ka k_» ko
ky n.d. 16140551 S 0 4 0 i
k_q n.d. 105+ 0551 ks
kp+k_1 4.4 #04)s1 266+10s1¢ Nal N Nl
11 ¢ A ~ B
[1.0 (#0.4) s7]] K_s
vV M—1 o1 _
ko 9.0 ¢0.5) x10 Gl;\/l_ls n.d. Scheme 3.
k_p 2.202)x10°%s n.d.
Ky n.d. 154+ 051 With K1 = K3z and Ky = K4, Nal and Nsl would
Ko n.d. ~2.7x103m—1d be present in solution in the same ratio as&hd Ns.
Kg=(KiKp)~1 2.4 ¢0.4)x10714 M n.d. This is unlikely for two reasons. First, witha= Ky,
kg n.d. ~10° - 1073x k ko = ks, ko = kg, and with K = 1.5, the conforma-
k_g n.d. >k tional equilibrium of the DNase would not produce
Ks n.d. > Ky biphasic stopped-flow fluorescence traces, as observed
Ka n.d. <Kz by Wallis et al. (1995b). Second, if the Im9 bind-

8All parameters were determined for experiments conducted in 50 ing site on M and N differed, it is likely t_hat the
mM Mops buffer, pH 7.0, containing 200 mM NaCl at 298 Kex- NMR spectra of the Im9 bound to the two sites would
cept for the value of k+ k_1 in brackets which was determined  also be different, butH-1>N NMR studies of!°N-
at 288 K. Lo
PNMR experiments were carried out with samples in 90% labelled Im9 binding to unlabelled E9 DNase have
H0/10% D0 and 50 mM potassium phosphate buffer, pH 6.2, Shown only one form of bound Im9 (Osborne et al.,
Lat 288 K. 1997). Thus, we conclude tha K& Kz and Ky # K.
Although the correspondence between the stopped-flow fluores- Wi further th this: f le. itNi
cence and NMR determined rates far-k k_j is not exact, the € can go _ur er . an_ IS. Tor (_axamp e, ilNis
agreement is reasonable, especially if the exchange process is cis— NOt present in solution in appreciable amounts then
trans isomerisation of peptide bonds preceding proline residues K3 > K4, K3 > K1 and K> > Kj.
as the rates of these are known to increase with decreasing pH The rate of association of Im9 with é\|(k2) has
(Steinberg et al., 1960). b found to be % 107 M—1s-1 H7 (50 MM
dvalue of Ko obtained from the l§ reported by Wallis et al. (1995b) een found to be _S at p ( m
and the K determined in this work. Mops, 200 mM NacCl) (Wallis et al., 1995b). At
lower ionic strength the rate is almost3ltimes faster,
indicating that long-range electrostatic interactions be-
If the DNase conformational exchange described tween the approaching molecules might speed up the
in the present paper is the same slow process detectedate of the association. Even iffNhad an appreciably
in the stopped-flow kinetics, then we need to revise our different conformation from N, ks should be substan-
proposal of the mechanism of DNase—Im association tial as the differences betweemMnd Ns would not
and dissociation. The fact that both the NMR experi- prevent Ny from colliding with Im9. Thus, to get a
ments and the stopped-flow measurements determindow K4 to allow Kz > K4, the rate of dissociation of
approximately the same rate (Table 3) for a conforma- the Nal form of the complex (k4) would need to be
tional change affecting one of the two tryptophans of substantially greater than k. So, as with binding of
the DNase supports the case for adopting Scheme 2non-cognate immunity proteins to the E9 DNase (Wal-
in favour of Scheme 1. Table 3 lists the kinetic and lis etal., 1995a), the different binding affinities of Im9
thermodynamic parameters associated with Scheme 2 for the different forms of the E9 DNase are influenced
The re-evaluation of the kinetic scheme describing the by the dissociation rate constants for the complexes.
formation of the DNase-Im complex does not change Im8 binds to the E9 DNase but with a consider-
the interpretation of the kinetic data obtained with mu- ably faster rate of dissociation than for Im9: values of
tant forms of Im9 that we have proposed maps out Kgissociationneasured by subunit exchange experiments
the DNase binding site on Im9 in terms of binding are 28.2 st for Im8 (Wallis et al., 1995a) compared
energies (Li et al., 1997; Wallis et al., 1998). with 2.2 x 107% s~ for Im9 (Wallis et al., 1995b).
Adopting Scheme 2 raises a nhumber of questions Wallis et al. (1995a) showed that the Im8 interaction
that can be explored with the full square thermody- with the E9 DNase followed a similar kinetic scheme
namic cycle (Scheme 3) for whichk= k,/k_,, and to that for Im9, but they also presented compelling
K1K2 = K3Ka. evidence for at least three forms of the DNase being
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present in equimolar solutions of E9 DNase and Im8
at equilibrium. Using Scheme 3, we would now say
they are the W, Ng and Nsl forms. However, there
must also be unbound Im8, and thus, unlessiK
infinitesimally small, some of the N form.
Stopped-flow fluorescence measurements of Im9
binding to the intact 61 kDa ColE9 show a similar
biphasic time dependence to that for Im9 binding to
the E9 DNase domain (Wallis et al., 1995b). Based
on the above analysis, a similar slow conformational
interchange of the DNase domain within the intact
ColE9 must occur with similar kinetic and thermody-
namic parameters to those of the E9 DNase (Table 3).
Whether this assists the DNase domain in fulfilling its
various roles by different conformational states having
different functions, such as binding immunity protein
tightly in the producing cell and hydrolysing DNA in
the target cell, requires experimental investigation.
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