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Abstract

The endonuclease domain of colicin E9 binds Zn?* in a multi-step process with a substantial increase in stability that
has been suggested to result partly from changes in the dynamic properties of the protein as detected by tryptophan
fluorescence. We have used NMR and molecular dynamics to investigate the effect of zinc binding on the structure
and dynamics of the backbone of the colicin E9 DNase through '*N chemical shift and relaxation parameter analyses.
Significant differences in the experimental chemical shifts between the metal-free and Zn?"-containing forms were
limited to the region of the metal binding site, with the largest difference of 12.7 ppm seen for Val 98. Analysis of the
relaxation data was carried out using the Lipari-Szabo model-free formalism. The effective rotational correlation time
of 10.8 ns for the Zn?* bound E9 DNase is similar to that of the metal-free form, 11.0 ns. The local dynamics of both
the metal-free and Zn?* bound E9 DNase, were indicative of a rigid protein. Average order parameters for the metal-
free and Zn?* bound E9 DNase are uniformly high, averaging in excess of 0.9 for all the helices and for the E9 DNase
as a whole. No significant differences were seen in S? values for residues at the metal binding site. No significant
differences could be seen in the Ca backbone rmsd fluctuations between the metal bound and metal free structures
and no evidence for increased deviations between calculated and experimental order parameters. We conclude that
the binding of zinc only leads to changes in the protein around the binding site and that the conformation and dynamics
of the rest of the E9 DNase are little affected by the presence of zinc. The dramatic effect of zinc on the stability of the
protein can be understood in terms of the enthalpy changes associated with metal binding.

principally with the major form, but where appropriate comparison will
be made to the minor form.
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Another feature of the E9 DNase domain is the multi-step binding
of transition metal ions, including zinc, nickel and cobalt [12], through
the H-N-H motif leading to a BPa-metal topology (Figure 1). The
function of the bound metal ion is not known. It may be catalytically
active, by binding and stabilizing the DNA phosphate [13,14], or it may
simply play a structural role. Equally, the question of whether the metal

Abbreviations:

E9 DNase: Endonuclease Domain of Colicin E9; Im9: Immunity
Protein for Colicin E9 DNase; NMR: Nuclear Magnetic Resonance

Introduction

Colicins are a heterogeneous group of anti-bacterial proteins that
are produced by Escherichia coli under nutrient stress to kill competing
bacteria [1,2]. Cell killing normally occurs either by pore-formation in
the inner membrane or, as in the case of the nuclease E-type colicins,
by enzymatic cleavage of nucleic acids in the cytoplasm. In common
with most colicins, the E-type colicins consist of three functional
domains: the killing activity is contained in the 134 residue C-terminal
endonuclease domain (E9 DNase), while the central section contains
the receptor-binding domain, and the N-terminal region is responsible
for translocation of the cytotoxic domain into the target cell. Protection
of the producing cell from the cytotoxic effects of the E9 DNase occurs
through co-expression of an immunity protein, Im9. X-ray structures
for the metal- free E7 [3] Zn**-containing E9 DNase domains [4] and
Im9-E9 DNase [5]. as well as Im7-E7 DNase complexes metal free
[6] and metal containing [7] have been reported, in addition to NMR
studies of the E9 DNase free [8] and bound to Im9 [9]. These show that
Im9 binding does not cause a substantial conformational change to the
E9 DNase.

Figure 1: Ribbon diagram of the crystal structure of the Zn?+ containing
DNase domain of the E9 colicin, 1fsj, showing the elements of secondary
structure. The histidine residues involved in the metal binding site are
labelled. Figure prepared with the program MOLMOL.

The E9 DNase domain in solution is conformationally heterogeneous

[8] with the rate of exchange between the two conformers present, a
major and minor form, found to be 1.61 + 0.5 s at 288 K. Although
described as open and closed conformations [10,11], such a description
is misleading since there is no evidence for large scale structural
differences between the two forms. One hypothesis for the two
conformers found in solution by NMR is reorientation of tryptophan 22
about its Ca-Cp and/or CB-Cy bonds [9]. Notably the two conformers
are retained for the E9 DNase domain when in a complex with Im9,
with a similar rate of exchange ~1.2 s* at 298 K. The present paper deals
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binding induces more wide ranging conformational changes facilitating
the binding of the DNA or enhancing the action of the bound metal
ion is unclear. On the one hand, ESI-MS results [15] suggest zinc
binding leads to the presence of only a closed conformation implying
a dramatically altered conformational heterogeneity while on the
other hand NMR still shows two conformers remain in solution for
the E9 DNase when metal bound. Taken together these imply the two
conformers seen by NMR cannot be identified with the open and closed
conformations proposed on the basis of ESI-MS data but they do leave
open the possibility that one of the NMR conformers is actually the
open and closed forms in fast exchange [10].

The role of the transition metal ion in the E9 DNase remains
intriguing since Mg** is thought to be the essential cofactor for E9
DNase action and yet it does not bind to the H-N-H domain [16] while
Zn** binds strongly and in so doing induces phosphate binding, yet is
inactive [17]. An argument for the metal playing a structural role can
be made on the basis that the melting temperature, T, is over 22 K
greater when zinc is bound compared to the metal-free E9 DNase [16].
Yet, crystal structures of the E9 DNase:Im9 complex in the presence
[5] and absence of Ni** [4], show only minor differences in structure in
the region of the metal-binding site, a site of tetrahedral coordination
based on three histidine ligands; 102, 127 and 131, and a phosphate
molecule connected to histidine 103 [5,18,19]. Furthermore, metal
binding has no effect on the conformational heterogeneity of the E9
DNase as seen by NMR since it is present in both the Zn** and Ni**
bound forms. Evidence for a marked structural effect on metal binding
is therefore absent and attention has turned to the dynamics of the E9
DNase domain in order to rationalize the change in properties of the
E9 DNase accompanying zinc binding. Fluorescence measurements on
the metal-free E9 DNase and Zn?* containing E9 DNase as well as an E9
DNase-Im9 complex have shown significant changes in the dynamics
of the fluorescent tryptophan probes (Trp22 and 58) on complexation
[15]. On the basis of these measurements it was proposed that zinc
binding immobilizes Trp22 and has a transmitted effect leading to more
widespread conformational changes affecting Trp58 and the overall
compactness of the protein. However, such measurements by their very
nature, being dependent on just the two tryptophans present, offer only
a limited view of the overall molecular dynamics. In addition questions
remain unanswered about the extent to which replacing one of the
tryptophans, by phenylalanine, to create the singleton Trp mutants
modifies the dynamics of the protein. More complete dynamical
information can be obtained over a wider range of timescales, including
the nanosecond range encompassed by the fluorescence measurements,
by analysis of the "N NMR relaxation parameters, R, R, and the
heteronuclear (*H)-'*N NOE, of the backbone NH [20-22]. Furthermore
molecular dynamics simulations are capable of exploring a wide range
of protein dynamics [23,24], and through order parameters determined
from the dynamics the flexibility of the protein backbone. Indeed
simulations have been used to study protein-protein interactions in the
colicin system looking at the changes seen when the immunity protein
Im9 is bound to the endonuclease domain of E9 [25]. The purpose
behind the current simulations is to assess the intrinsic flexibility of
the backbone, especially around Trp22 and Trp58, by looking for any
marked disagreement between an experimental order parameter found
by NMR and the calculated one by molecular dynamics over a long 100
ns run. It has been established that force fields are poor at characterising
inherently flexible or poorly defined parts of a backbone consequently
these differences would be indicative that conformational changes are
plausible in these regions [26]. Direct comparison with the fluorescence
measurements is also possible through the indole Ne resonance. Indeed
the role of tryptophan in inhibitor binding to a metallo-{-lactamase has

been expressly studied by "°N relaxation measurements [27]. The aim of
the present study was thus to determine the conformational dynamics
of the metal-free E9 DNase and its complex with Zn** through
molecular dynamics simulations, backbone N chemical shifts and
relaxation parameters of the E9 DNase to find evidence or otherwise
for more wide ranging conformational effects caused by complexation
of the E9 DNase domain that might account for the increase in stability
of the E9 DNase on zinc binding. Measurements on the Zn** containing
form were specifically made at 319 K, a temperature at which the Zn**
containing E9 DNase remains structured while the metal-free E9
DNase is unstructured.

Materials and Methods
Sample preparation

The E9 DNase protein was prepared using the methods previously
described [28,29] while the methods described in Hannan et al. [18]
were employed to ensure the removal of any Ni** which the protein
could have been contaminated with from the Ni** affinity column. The
E9 DNase samples were all °N labelled. The Zn** E9 DNase sample was
prepared by the addition of stoichiometric amounts of ZnCl, to the
metal-free E9 DNase.

The sample conditions for the NMR measurements were: 0.5 ml
of 3 mM E9 DNase (either metal-free E9 DNase, or E9 DNase + Zn?**
(1:1)) in 50 mM K, buffer with 90% H,0/10% D,0 and ~0.01%
sodium azide at pH 6.2 (Table 1).

NMR spectroscopy

All spectra were acquired on a 600 MHz Varian Unity Inova
spectrometer, with an operating frequency of 599.162 MHz for 'H and
of 60.72 MHz for “N. Assignments of the backbone amide NH have
been made previously [30]. Backbone NH N spin-lattice and spin-
spin relaxation time measurements were carried out on the metal-
free and Zn** containing E9 DNase at 288 K and at 319 K for the Zn**
containing E9 DNase using modified HSQC pulse sequences [31-33].
All the experiments were carried out with spectral widths of 8000 Hz
(*H) and 2500 Hz (**N). In the 'H dimension 1024 complex data points
were measured, with 64 increments in the t1 dimension and 32 scans
per tl increment, except for the Zn** E9 DNase T, measurements at
288 K in which case there were 128 increments, and 32 scans for each
tl increment. Eleven relaxation delays were used ranging from 10 ms
to 4000 ms for R, and 10 ms to 250 ms for R, including three duplicate
delays for estimation of the uncertainties in the peak intensities. A
recycle delay of 3.5 s-4 s was used. Data were acquired in each set of
experiments using a random order of relaxation time delays to average
out effects such as sample heating. Heteronuclear NOE values were
measured using three pairs of ‘with NOE’/‘without NOE spectra, the
‘with NOE’ experiments including a proton presaturation period of
three seconds. The spectra were acquired with 1024 complex points
and a spectral width of 8000 Hz in t2 and 128 complex points, 2500 Hz
in t1, with 32 scans per t1 point. NOE experiments were performed on
the metal-free and Zn** containing at 288 K and 319 K. Temperature
calibration of the sample was carried out using 100% (v/v) methanol for
all measurements. All spectra were processed using NMRpipe [34] and
analysed with FELIX 95.0 (Biosym/MSI, California).

R, R, NOE
Trp 22 NeH metal-free | 0,920 +0.028 | 12.871£0.395 0.755 + 0.023
zn> 1.023£0.030 | 12.782 £ 0.300 0.786 £ 0.040

Table 1:"N relaxation parameter data, R,, R, and hetero nuclear {'"H-"*N} NOE for
the Trp 22 indole Ne in the metal-free and Zn?* containing form of the E9 DNase
domain at 288 K.
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Chemical shift calculations

The "N chemical shifts were predicted using the program SHIFTX2
[35] and the E9 DNase crystal structures, 1bxi [5], lemv [4] and 1fsj [4]
from the Protein Data Bank. 1bxi and lemv correspond to the metal
bound and metal free forms of the Im9:E9 DNase complex while 1fsj
is a Zn*" containing oligomeric form. No crystal structure has been
reported for the metal-free E9 DNase free of the immunity protein.
Refinement of the structure for Val 98 was carried out using SHIFTS
4.1 [36].

NMR relaxation time analysis

“N relaxation rates R, and R, were determined by fitting the
measured peak intensities to two or three parameter single exponential
decay curves using the program curvefit (A.G Palmer III Columbia
University). Errors were estimated by Monte Carlo methods using the
same program. The steady state {'"H}-'"N NOE values were calculated
from the peak intensity ratios obtained from the spectra in the presence
and absence of proton saturation, errors were estimated from the
triplicate set of experiments.

The NH "N relaxation data were analyzed by the Lipari-Szabo
model free analysis [37,38] in which the dynamics is partitioned
between a global rotational diffusion and local dynamics. Model free
simply means no motional models are assumed for the local dynamics
in deriving the spectral densities. In fact the method relies critically on
a number of nested models corresponding to various combinations of
model free parameters, as well as a preliminary determination of the
anisotropic rotational diffusion. Model free analysis was performed
using the in-house programs R2R1Win and LSWin using protocols
adapted from Mandel [39]. R2R1Win was used to determine the
anisotropic rotational diffusion and LSWin the model free parameters.
To avoid spurious changes in the model assignments in the Model free
analysis resulting from differences in the errors in the experimental data,
all the data were analysed using the errors found for the Zn?* containing
form of the E9 DNase at 288 K. Errors in the fitted parameters were
estimated using 500 Monte Carlo calculations.

Direct comparison of the "N relaxation data is complicated by
the dependence of these data on motion at a number of different
frequencies, as shown by the presence of the spectral densities.

J(w),0=0,0,0,-0,, v, and v, +w [40].

R, :(%Zj[‘](wﬁ _a)AV)+3J(a)N)+6J(wH oy )]+62J(wN)

R, :[%z][zu(o)u(wﬁ —wy)+3J (@y)+6J (0, +@y)+6J (o, ):|+%2[J(wv)+4j(0):|+Rm

NOE =1+(d* /4R, ) (7,4 73 ) 6] (0, + @y ) =T (0, )]

whered :[””il]y:y‘V .c=w,(c-0,)/\3, y is the magnetogyric ratio, h
is Plancks constant i, the vacuum permeability, r,, the NH bond
length taken as 1.02 A and ol| oL are the parallel and perpendicular
components respectively of the axially symmetric chemical shift tensor
of the backbone amide >N nuclei with (ol -0.L) taken as -160 ppm. In
the case of the indole Ne the chemical shift anisotropy was taken as
-89.6 ppm [27].

In the model-free theory of Lipari-Szabo [37,38] the spectral
densities J(w) for a protein are defined in terms of a global motion, the
rotational diffusion of the protein, and a local motion characterized by

the correlation times t_ and 7, respectively leading to the relationship:
20 T 2 T
J(“’)‘SZ{,S‘I y (1=, )1+ or ZPwhere =1/t + l/7,

5 1+ %wrm
restriction of the local motion is described by

and S7 =1. The spatia

the order parameter §? = §? = where § can vary from 0.0 meaning no
restriction to 1.0 where the restriction is complete. Slower segmental
motions on the milli- to micro-second timescale can be incorporated
through an exchange term, R , to R,. In the extended model [41], an
additional slower internal motion is introduced which is characterized
by an order parameter S’ =S?,and a correlation time T, while the faster
internal motion is assumed to have a correlation time of 1 ps and an
order parameter S; = S7. A modified methodology was adopted for the
analysis of the relaxation data in order to obtain acceptable x* in the
determination of the global rotational diffusion tensor. Residues having
rigid NH were initially identified using the criteria of Tjandra and
Bax [42], (An NOE>0.650 and the absence of exchange contributions
to R)). Using these residues and their R /R ratio the global rotational
diffusion was determined with the program R2R1Win and the E9
DNase crystal structure co-ordinates. Lipari-Szabo model free analysis
was then carried out using the program LSWin together with the
rotation diffusion tensor components deduced from the previous step,
with model selection based on the Mandel approach. Model free in
this instance indicating no specific choice of the dynamics describing
the NH bond vector. In practice a model, corresponding to the actual
parameters used in the model-free expressions, was chosen on the basis
of statistical evidence. The five models are: (1) §* (2) %, 1,(3) &, R (4)
NA T, R, (5) &, T, SzF Model selection was carried out using statistical
analysis using a combination of x* and F-test, a hierarchical selection
tree and the principle of parsimony. Further refinement of the rigid NH
set was achieved by using the Lipari-Szabo analysis as a filter, taking
only those NH which fitted to models 1 and 2 and recalculating the
anisotropic rotational diffusion [43].

Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out with the
OPLS-AA/L all-atom force field using the GROMACS 5.1 package [44].
Three structures for the endonuclease region for E9 DNase were used
in the simulations 1bxi, lemv and 1fsj. All crystallographic waters were
removed but the metal ion was retained though replacing the nickel or
zinc by magnesium because of the lack of suitable force field data for
these metals. Calculations were repeated removing the metal ion from
the metal ion containing structures to see whether any differences were
observed.

Solvation was carried out by filling a cubic box, approximately 6.9
nm in dimension, with water molecules centring the protein to ensure
it was at least 1 nm from the edge of the box. A three point model,
spc216.gro, was used to represent the water molecule and roughly
9700 water molecules were required to fill the box. Eight chloride ions,
replacing water molecules, were then added to balance the charges.
Periodic boundary conditions were applied throughout the following
simulations. Energy minimisation, to a target final maximum force
of 1000 k] mol”! nm, was carried out on the solvated protein with a
steepest descent minimisation followed by a two-step equilibration
using a leap-frog integrator. Particle mesh Ewald (PME) was used to
evaluate long range electrostatic interactions. The first step, with a fixed
volume and temperature (NVT ensemble) using a modified Berenson
thermostat and the second step, at a fixed pressure and temperature
(NPT ensemble) with additional isotropic Parrinello-Rahman pressure
coupling. In both cases all the bonds were constrained using LINCS at
a temperature of 300 K for 100 ps in 2 fs steps. After equilibration was
complete 100 ns production simulations were run at a temperature of
300 K with an NPT ensemble using the same couplings and constraints
as before. Flexibility in the carbon backbone was established by
determining the NH order parameters, §%, from the full 100 ns
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production molecular dynamics runs using the GROMACS routine
g rotacf. Global tumbling was first removed by a progressive fit to the
reference crystal structure. Determination of order parameters using
a full long molecular dynamics simulations is known to accentuate
weaknesses in the crystal structure description of flexible or poorly
defined regions consequently artificially low values of §? will be found
[26]. This approach was chosen deliberately to accentuate any flexibility
resulting from the protein backbone structure since it has been shown
experimental §? as found by NMR can be grossly underestimated if the
protein is flexible regardless of the force field used. The corollary being
that if the $* order parameter is not underestimated then that part of
the structure is as rigid as implied by the experimental NMR order
parameter.

Results
5N Chemical shifts

The differences in the "N chemical shift between the metal -free
and Zn?*-containing E9 Dnase at 288 K and 319 K are shown in
(Figure 2). Calculations were carried out to predict the *N chemical
shifts using SHIFTX2 [35] and the E9 DNase crystal structures.
These calculations gave a correlation coefficient of 0.880 between the
predicted and observed '°N chemical shifts for the metal-free E9 DNase
using the crystal structure (Protein Data Bank access code): lemv. A
similar comparison for the Zn**-containing E9 DNase, gave correlation
coeflicients between the predicted and observed chemical shifts of 0.862
and 0.892 using the crystal structure 1bxi and 1fsj respectively. Mean
absolute deviations between the predicted and observed chemical shifts
were 1.76 ppm for metal-free (lemv), 1.94 ppm Zn?** containing (1bxi)
and 1.79 ppm Zn** containing (1fsj) while the mean absolute deviation
between the predicted *N chemical shifts using lemv and 1bxi was
0.76 ppm and 1.09 ppm for the two metal containing crystal structures
1bxi, 1fsj. A small number of residues gave deviations exceeding 5 ppm

a)
5-
=)
° % | 40 60 8 120
N .5 Residue numbe
=
4~ 10
-3
b)

Figure 2: Difference in experimental >N chemical shifts between the metal-
free and Zn?* containing form at a) 288 K and b) 319 K plotted against the
residue number.

namely (Asp 36, -8.2 ppm; Val 98 -9.1 ppm Asp129, -6.4 ppm) for lemv
(Asn70, 8.55 ppm, Thr122, -6.66 ppm) for 1bxi and (Asp 24, -5.80 ppm,
Thr122, 5.34 ppm, Thr123, 5.63 ppm) for 1fsj.

The temperature dependence of the N chemical shifts as
determined from the 'H-"N HSQC NMR spectra obtained between
288 K and 319 K revealed two groups of resonances. In the first group,
consisting of 80 residues, the average difference in chemical shift was
only 0.125 + 0.306 ppm implying an average temperature co-efficient
of 4.2 ppb K. The largest difference in N chemical shift, of only 1.43
ppm, being seen for Leu 67. More complex behaviour was seen in the
second group, which consisted of resonances from residues involved
in the conformational heterogeneity. Here three types of behaviour
were seen in the "N NMR spectrum as a function of temperature
depending on the chemical shift difference between the major and
minor conformers at 288 K. When the chemical shift difference was
small the resonances, 25 in all, merge together. When the chemical shift
difference was large, two resonances remained corresponding to the
major and minor forms, 15 in all; and finally a group in intermediate
exchange which broaden and in some cases disappeared entirely, 9 in
all. Line shape analysis on the 1D 'H slices of the 'H-"N HQSC for Gly
31, the resonances of which merged on increasing temperature, allowed
the exchange rate for the conformational exchange to be determined as
a function of temperature (Figure 3) and a AH* of 87.5 + 9.7 k] mol™! to
be derived assuming the exchange process is unimolecular. In addition
to the resonances for which an exchange process was known to be
present, another group of 16 resonances also disappear.

Relaxation time analyses

The backbone NH N spin-lattice and spin-spin relaxation rates,
R, and R, and the {"H}-"*N NOE for the metal-free and Zn** containing
forms of the E9 DNase domain at 288 K are shown in Figure 4 and
the relaxation parameters for the Trp22 indole N are listed in Table
1. The Trp58 indole Ne could not be identified in the Zn?** containing
form and is therefore omitted from the analysis. Only those residues
for which a complete data set (R, R, and NOE) could be measured
are shown, giving data for 102 and 105 backbone NH groups out of
a possible 123 (134 residues less the N-terminus and 10 prolines)
for the metal-free and Zn** containing forms, respectively, at 288 K.
At 319 K only 68 residues of the Zn** containing E9 DNase could be
assigned with a complete relaxation data set. The remaining residues
of the metal-free and Zn?*-containing forms were excluded because
peak overlap prevented the accurate measurement of one or more of
their relaxation parameters. An added complication was the presence

5.5

5.0+ I

45

2 404

=
3.5
3.0
2.5

315 320 325 330 3B 340 345 350

1T 1031

Figure 3: Arrenhius plot of the rate of exchange found for Gly 31 by lineshape
analysis of the 1D 'H slice of the 'H -'SN HSQC spectrum as a function of
temperature. The line shown is the least squares fit to the experimental data,
from which the activation energy was derived.
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of two conformers in all samples of the E9 DNase associated with the
major-minor conformational equilibrium which caused the NMR
spectra to have many more peaks than would have been expected
for a 134-residue protein. Data is only presented here for the major
conformer as indicated by the intensity of the NMR resonance, but
detailed comparison of resolved signals of the major and minor forms
of the metal-free and Zn**-containing E9 DNase revealed no consistent
significant differences between the two conformers of either. For those
residues where the two peaks were too close together to be measured
separately, an average value for the two conformers was obtained using
the overlapped peaks. All such peaks gave statistically acceptable fits
to a single exponential in their relaxation decays. Since the exchange
rate between the two conformers is in the order of 1-2 s this will not
affect the measured relaxation values significantly as only R, processes
might be affected by slow chemical exchange and the design of the pulse
sequence excludes the effect of any exchange slower than the delay
between pulses in the CPMG sequence [32]. The average errors in the
individual measured values were: metal-free E9 DNase, 1.7% (R), 1.8%
(R,) and 3% (NOE); Zn**-containing E9 DNase, 2% (R,), 4% (R,) and
3% (NOE) at 288 Kand 1% (R), 2% (R,) and 2% (NOE) at 319 K.

The mean relaxation rates and their standard deviations are listed
in Table 2. The values for the average R /R  exclude those at the termini
(residues 3,4,5,130 and 134). To extract a fuller picture of the dynamical
behaviour of the two forms of the E9 DNase from the relaxation
parameters Model free analysis was used [37,38]. Initially the rotational
diffusion was determined from the R /R ratios for a full rigid set of
residues chosen on the basis of the criteria proposed by Tjandra et al.
[42]. These serve to remove residues undergoing slow internal motions
or fast chemical or conformational exchange. The colicin E9 DNase co-
ordinates from the crystal structure of the metal bound form (pdb 1fsj)
were used for consistency for both the metal-free and Zn2+ containing

b) Zn2* containing

a) metal-free

o 40 &0 G0 100 120 o 40 &0 G0 100 120

Residue Nurmber Residue Nurmber

Figure 4: Summary of the "N relaxation parameter data, R,, R, and
heteronuclear {'H}-"*N NOE for the metal-free and Zn?* containing forms of the
E9 DNase domain at 288 K.

E9 DNase given the absence of crystal data for the metal-free form.
In order to get acceptable goodness-of-fits a further filter was used to
prepare a reduced set of residues [43]. This filter consisted of selecting
only those residues which gave model 1 and 2 fits in a subsequent Model
free analysis with the initial best rotational diffusion tensor. With this
reduced set of residues, and applying an F-test to successive diffusion
models, the rotational diffusion tensor was found to be oblate axial for
the metal-free and Zn®* containing E9 DNase with goodness-of-fits
better than 0.1 (Table 3).

Model free parameters, ($% SZ‘,, T, R, and ts) were then found
for metal-free and Zn** containing E9 DNase assuming oblate axial
global rotational diffusion for the E9 DNase with the model selection
approach modified to accept a lower critical value, a of 0.015 for the x*-
statistic than used in the original method. Monte Carlo simulations on
noisy data sets constructed with relaxation parameters consistent with
either model 4 (S, T, and Rex) or model 5 (52, SZf and Ts) demonstrated
this led to fewer data sets not fitting to any model. At the same time the
number of data sets under-fitting, that is fitting to models requiring
fewer parameters than the three expected for models 4 and 5, was not
affected. Although Akaike’s Information Criteria has been proposed as a
better alternative to the x*-statistic in model selection because it reduces
the under-fitting of true complex synthesized relaxation data [45,46] in
practice this is at the potential cost of over-fitting data represented by
simpler models and therefore we did not use this approach. The model
free parameters $%, 1, and R , for the metal free and Zn** containing E9
DNase at 288 K are shown in Figure 5. The numbers of residues fitting
to each combination of model free parameters is shown in Table 4 with
a comparison of the 65 residues of the Zn**-containing E9 DNase at 288
and 319 K for which we have complete data in Table 5. The correlation
coeflicient for the model selection across the set of 91 residues of the
metal-free and Zn?*-containing E9 DNase at 288 K for which we have
complete data, and assuming the above models are grouped into fast
picosecond motion (1), exchange term (3) and nanosecond (5) motions
and no fit is assigned a value 0, is 0.443. With this classification 65 of
the residues have the same type of motion. The correlation coefficient
for the corresponding values of §* was 0.811. Order parameters for the
individual helices in the metal-free and Zn?** containing E9 DNase are
shown in Table 6. While the order parameters for the backbone NH and
indole Ne of Trp22 are given in Table 7.

Molecular dynamics simulations

The backbone Ca positional radius of gyration over the 100 ns
duration of the molecular dynamics simulation is shown in Figure 6.
A stable fluctuation was seen over the entire period for all the crystal
structures, lemv, 1bxi and 1fsj with a mean value of ca. 0.144 nm in
good agreement with previous simulations [25]. An indication of the
overall backbone flexibility is revealed by the data in Figure 7 showing
the Ca atom position root-mean-square fluctuations along the amino
acid sequence. Calculated values for the generalised order parameters
(§?) along the amino acid sequence are shown in Figure 8.

N R, R, NOE R,R,
metal-free |102| 1.163 £ 0.081 |14.637 + 2.318| 0.746 £ 0.120 | 13.079 + 1.49
288K

Zn 288K |105) 1.198 + 0.085 |14.688 + 2.898| 0.765 + 0.101 | 12.625 + 2.37
Zn319K |68 | 1.962+0.099 | 8.270 £ 1.781 | 0.783 + 0.084 | 4.180  0.859

Table 2: Average and error, expressed as the standard deviation of the "N
relaxation parameter data, for R, R, and heteronuclear {'"H}-"*N NOE as well as
the ratio R,/R, in the metal-free and Zn?* containing form of the E9 DNase domain
at 288 Kand 319 K.
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Disoa DIIIDL DII D, @ 6 Xz
(107 s°) (107 s (107 ")
metal-free® 1.518 0.922 1.438 £ 0.015 1.558 + 0.009 12.0+3.9 76.2+3.7 39.8
Zn at 288 K° 1.545 0.897 1.437 £ 0.023 1.599 + 0.015 129+41 69.9+4.1 58.1
Zn at 319 K¢ 3.085 0.927 2.930 £ 0.058 3.162 + 0.041 55.8+5.0 -70.7+5.2 70.8

Table 3: Oblate axial rotational diffusion tensor components from the reduced set of °D,_=(2D, + DH )/3. For comparison the isotropic model gives D,_=1.512 x 107 s';

X?=73.6 for the metal-free E9 DNase; and D_=1.528 x 107 s™; x>=78.1 for the Zn** containing E9 DNase at 288 K°46 NH, “62 NH 57 NH.
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Figure 5: Model free parameters, S? 1, and R_, for the metal-free and Zn**
containing E9 DNase at 288 K. The global rotational diffusion was taken as
oblate axial on the basis of preliminary fitting of the R,/R, ratio.

s? S 1, S%LR S%41,,R,, §%,8%, 1, No fit
metal-free | 43 27 5 7 13 7
Zn 55 23 6 5 11 5

Table 4: Comparison of the numbers of residues fitting to particular models in the
Lipari-Szabo analysis of the local dynamics for the metal-free and Zn?* containing
E9 DNase at 288 K.

s [ sr, | SR, [sir,,R, | $3,8%, 1, | Nofit
Zn288K | 39 11 4 2 7 3
Zn319K | 53 6 6 3 - -

Table 5: Comparison of the numbers of residues fitting to particular models in the
Lipari-Szabo analysis of the local dynamics for the Zn?* containing E9 DNase at
different temperatures.

Helix metal-free Zn?
122-25 0.903 + 0.030 0.899 + 0.025
11 36-42 0.912 + 0.039 0.924 + 0.020
111 50-62 0.919 + 0.040 0.947 + 0.031
IV 65-69 0.924 + 0.032 0.920 + 0.029
V 73-80 0.951 + 0.051 0.934 +0.072
V1 124-129 0.949 + 0.019 0.935+0.015

Table 6: Comparison of the order parameter S? for helices in the metal-free and
Zn?* containing E9 DNase.

Discussion

Chemical shift analyses

®N chemical shifts are a sensitive guide to the local environment

of the amide nitrogen reflecting the local structure, the torsion angles
of adjacent residues and the presence of hydrogen bonding [47-49].
Although a precise interpretation of the actual differences in chemical
shifts is not always possible, the absence of a significant change in a
chemical shift on perturbing a protein, for example by metal binding,
does mean that the local chemical environments are similar. Equally,
when significant changes are seen, as for example in the case of a 4 ppm
N deshielding on Ca** binding to an EF hand, distinct conformational
changes, in this case from a compact to an open state, can be identified
[50]. Thus in the case of zinc binding to the metal-free E9 DNase, when
the vast majority of residues show a change in chemical shift of less
than 1 ppm (Figure 2), the general backbone fold and relationship
between the secondary structural elements must be preserved, which is
consistent with the crystal structure [5]. Large differences in chemical
shifts can be identified in three regions: residues 30, 94-104 and 120-
130. The latter two regions correspond to those containing the histidine
ligands to the bound Zn** (His 102, His 127 and His 131) while the
former corresponds to one strand of a B-sheet that forms part of the
zinc binding site. Overall the largest difference in N chemical shift,
12.7 ppm, is seen for Val 98 arising from the unusually shielded value of
108.6 ppm seen in the Zn** form. An indication of the unusual nature of
this "N chemical shift in the Zn** form is the fact that only 3% of valine
amide N nuclei have chemical shifts more shielded than 110 ppm in
the RefDB database [51].

The observed correlation coefficients of 0.880 (lemv: metal
free) and 0.862, 0.892 (1bxi. 1fsj: Zn?") between the predicted and
experimental N chemical shifts were poorer than has been reported
for other proteins [35] suggesting that there are small changes between
the solution and crystal structures. However, only small differences
in ®N chemical shifts are predicted between the metal-free and Zn**
containing forms using SHIFTX2, with a mean absolute deviation
of 0.76 ppm, and indeed none are observed experimentally outside
of the zinc binding site, (Figure 2). Clearly the NMR data reflect a
somewhat different solution conformation from the metal-free Im9-
bound E9 DNase crystal structure lemv, and the Zn?* bound form,
1bxi, 1fsj, with the solution conformers being more similar to each
other than the corresponding crystal structures. Importantly though,
the experimental differences in chemical shift seen around Trp22 and
Trp58, which fluorescence measurements indicate were affected by zinc
binding [15] are of the same magnitude as seen elsewhere, suggesting
little in the way of conformational change on metal binding. Also large
chemical shift differences are not seen in the regions associated with
the slow conformational exchange giving rise to the major and minor
conformations, namely residues 18-25 and 66-71, consistent with the
evidence from the NMR exchange rate data that the major-minor
conformational equilibrium is unrelated to the metal binding [8]. Since
the only significant changes in N chemical shifts are seen around the
zinc binding site the open and closed conformations seen by ESI-MS
must correspond to differences in the conformation around this part
of the E9 DNase.

Only one residue, Val 98, stands out in the comparison between
experimental and predicted N chemical shifts. Experimentally a
difference in chemical shift of 12.7 ppm is seen and yet the program
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Figure 6: The backbone Co positional radius of gyration over 100 ns from
the molecular dynamics simulation with different crystal structures for the
DNase. 1emv (green), 1bxi_all (red), 1bxi (black), 1fsj (cyan) with the metal
ion replaced by magnesium, and 1fsj_noM (blue) with the metal ion removed.
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Figure 8: Calculated S? values for the NH bond over 100 ns from the molecular
dynamics simulation with different crystal structures for the DNase. 1emv
(green), 1bxi_all (red), 1bxi (black), 1fsj (cyan) with the metal ion replaced by
magnesium, and 1fsj_noM (blue) with the metal ion removed.
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Figure 7: The backbone Ca rms fluctations over 100 ns from the molecular
dynamics simulation with different crystal structures for the DNase. 1emv
(green), 1bxi_all (red), 1bxi (black), 1fsj (cyan) with the metal ion replaced by
magnesium, and 1fsj_noM (blue) with the metal ion removed.

SHIFTX2 predicts essentially no difference. Consequently, some change
in conformation in solution must take place around Val 98. Refinement
of the side chain orientation using SHIFTS 4.1 demonstrates that the
absence of shielding in the metal-free form can be understood simply
in terms of changes in the ' angle of the Val 98 residue. Similarly the
shielding in the Zn** form is consistent with the side-chain torsion
angle x' of -62.4° [4]. A specific shielding effect caused by the presence
of the nearby Zn** ion, for example an amide polarization effect, can be
discounted in the Zn** bound form because this is likely to result in a
deshielding rather than a shielding [50].

A notable feature of the temperature dependence of the "N
chemical shifts is that a substantial core of residues, over half in total,
have a remarkably small variation in N chemical shifts. Indeed, the
average temperature variation of 4.2 ppb K is not out of line with
that seen for proteins in mesophilic organisms which show a greater
thermal stability [52]. Moreover, there is no evidence for a smaller

temperature dependence for residues close to the metal binding side,
despite the constraint caused by the co-ordination of the histidines
to the zinc. Overall the data show that this core of residues in the E9
DNase maintains its structure up to 319 K and highlights the absence
of specific structural features to account for the increase in melting
temperature on binding zinc. Note that this core of residues is common
to both the major and minor conformers.

Alongside this stable core of residues, more marked spectral changes
arising from chemical exchange are seen for those resonances known
to be associated with the major-minor conformational equilibrium.
The value for AH?Y, 87.5 + 9.7 k] mol’!, noted earlier in the Results,
for this conformational equilibrium is comparable to those of other
slow conformational changes in proteins, namely cis-trans proline
isomerisation, ~80 kjmol" [53] and slow flipping of aromatic rings in
cytochrome c, 68 kJmol! [54]. It is worth noting that the disappearance
of a further group of resonances on raising the temperature which do
not show conformational heterogeneity at 288 K indicates that more
wide ranging conformational exchange processes are present.

Relaxation time analyses

Qualitatively the °N relaxation parameters profiles for the metal-
free, and Zn?* -containing E9 DNase as shown in Figure 4 are similar,
as are the mean relaxation parameters, R, R, and heteronuclear NOE.
Also of note is that the indole Ne of Trp22 has similar relaxation rates
R, and R, in both forms, with the smaller values compared with the
backbone NH reflecting the smaller chemical shift anisotropy of the
indole Neg [27].

Analysis of the full and reduced sets of R /R, ratios indicated a
rotational diffusion with a small anisotropy in the form of an oblate axial
tensor for both forms, with only minor differences between the metal-
free and Zn?* containing E9 DNase. The isotropic correlation time for
the metal-free E9 DNase implied by the rotational diffusion tensor is
11.0 ns, rather similar to the value of 11.6 ns seen for the Trp22Phe and
Trp58Phe mutants by fluorescence anisotropy decay [15,55].

On binding zinc the isotropic rotational diffusion coefficient seen
for the metal-free E9 DNase by NMR shows a small increase of 4%,
corresponding to a decrease in the correlation time to 10.8 ns. The
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effect seen by fluorescence on the single Trp mutants is more marked
with a decrease in the correlation time to 9.4 ns Trp22Phe and 9.7 ns
Trp58Phe. Overall though, the picture derived from the NMR data is of
similar global rotational diffusion of the metal-free and Zn?* containing
E9 DNase with the presence of the metal ion having only a minor
effect. Anisotropy of the global rotational diffusion is consistent with
the ratio of the moments of inertia (1.0000: 0.85412: 0.69145) as well
as with hydrodynamic calculations using HYDRONMR [56] based on
the crystal structure of the E9 DNase component of the E9 DNase-Im
9 complex, 1bxi, which suggested fully anisotropic diffusion with an
effective isotropic diffusion coefficient of 1.832 x 107 s and a predicted
diffusion anisotropy D ||/D, of 0.847.

The general pattern of models selected for each form of the E9
DNase from the Model free analysis is unremarkable, with the large
number of model 1 and 2 fits consistent with a relatively rigid protein
backbone, and the numbers of model 3 and 4 fits indicative of slower
dynamics, in line with the broad range of proteins. Model 5 fits are
mainly seen at the termini, for which greater local dynamics is to be
expected, in agreement with the qualitative interpretation of the R /R,
ratios. Striking differences were seen, however, in the models selected
for individual residues in the metal-free and Zn** containing E9
DNase, both in terms of the low correlation coefhicient for the model
selection, of less than 0.5, and the actual numbers having the same
model with only 60 out of 91 residues common to the metal-free and
Zn** containing E9 DNase having common models. This is all the more
emphatic given the classification into broad categories of fast motion,
exchange and slow motion. Within the exchange category there is
consensus for only 5 residues; 34, 56, 59, 83 and 129. Note that the
major-minor conformational exchange will not give rise to resonances
falling within the exchange category because the rate of exchange
for this process is too slow at 288 K. Both the metal-free and Zn*
containing E9 DNase show a cluster of residues undergoing exchange
around 56 to 59, while the metal-free form has another cluster around
residues 79 to 84. In general the R, terms are small, less than 3 s}, and
do not show significant difference between the forms. Caution must
be attached to the significance of these smaller R terms since these
may well be spurious, arising because R contributions only affect R,
in the fitting process. The one exception to this is Ile 107 with a value
of 24.8 s! for the Zn**-containing E9 DNase. Examination of the NMR
spectra confirms this is not an artefact as the resonance appears broad
and the {H}-"*N NOE is low at 0.63. Note Ile 107 lies close to the metal
binding site and therefore does not give evidence for more wide ranging
conformational effects on metal binding. A similar picture of low
agreement is seen for the slow motions because, although in both the
metal-free and Zn?* containing E9 DNase there is a strong consensus
at the termini, outside of these regions there is little commonality. The
Zn** containing form shows a small cluster at residues 76-79 with the
other residues isolated, while the metal-free form shows a small cluster
at residues 72 and 74. Consequently the effect of zinc binding on the
dynamics within the E9 DNase is complex and cannot be reduced to a
simple increase in rigidity.

Confirmation of this is provided by the order parameters, S*. For
both the metal free and Zn?* containing E9 DNase the values for S are
consistently high, in the range 0.8-1.0, indicative of a rigid backbone.
Excluding the termini the average $* is 0.903 + 0.070 for metal-free
E9 DNase, and 0.924 + 0.044 for Zn** containing E9 DNase. One
region, characterized by a series of residues having an §? more than one
standard deviation less than the mean, is seen for both metal-free and
Zn**-containing E9 DNase, namely residues 18-21. At the termini, the
order parameter does drop significantly below 0.8, and this is associated

with the flexibility of the ends of the protein chain. In contrast to the
model selection, very good correlation is seen for §” between the metal-
free and Zn** containing E9 DNase with good agreement in the actual
values, which have a mean difference of only -0.027 or 5.2%. Any possible
mis-assignment of the motional model into an exchange category will
not affect this conclusion because on average S* is decreased by only
0.03 when an exchange model is used. Furthermore an examination of
the residues involved shows that overall the difference in §* between
the metal free and Zn”* containing forms becomes smaller when the
residues with a small R term are fitted to models 1 or 2. The absence of
significant differences in the model free parameters is not unusual; for
example, a comparison of a thermophilic and mesophilic ribonuclease
HI enzyme showed a similar poor agreement in the model selection,
55 out of 110 the same, and yet the correlation co-efficients between
the derived parameters were high with a correlation coefficient of 0.92
[57]. No significant differences are seen in the order parameters for
the different helices in the metal-free and Zn** containing E9 DNase,
consistent with the chemical shift analysis indicating metal binding
does not affect the conformation of the protein core. Taken together the
mean and mean differences in §* values for the NH vectors show some
weak evidence for a minor general constriction in the dynamics of the
E9 DNase on binding to zinc. In the variation of T, with residue, the
most significant differences are apparent in the region of residues 76-79
and 107-111, where slower local dynamics are seen in the case of the
Zn**-containing E9 DNase and metal-free protein, respectively.

A direct comparison of the dynamics seen by the time-resolved
fluorescence anisotropy decay and NMR measurements is possible
through the NMR relaxation behaviour of the indole Ne which, in
contrast to the backbone NH, reports directly on the side-chain indole
ring dynamics like the fluorescence measurements. In case of the metal-
free E9 DNase Trp22 the spatial extent of the local dynamics seen by
the two techniques is rather similar, an angular displacement of 16°
by fluorescence implying an order parameter of 0.887 and by NMR an
order parameter of 0.929. Although the correlation times derived for
the local component are quite different, 1 ps or less by NMR and 1.39
ns by fluorescence, nevertheless, the important consideration is that the
motion of the indole side chain is heavily constrained. Furthermore,
similar agreement between the two techniques is seen for the dynamics
of Trp22 in the Zn?* containing E9 DNase. Both reports a further
reduction in the mobility of the sidechain, indeed no local motion
is seen by fluorescence while by NMR the order parameter is 0.983.
Consequently the NMR results support the conclusion reached using
fluorescence measurements, namely that zinc binding constrains the
dynamics of Trp22 itself. Despite this agreement the presence of more
widespread ligand-induced conformational changes is not supported
because only small changes are seen in the peptide backbone order
parameters.

A doubling of the rotational diffusion rate is seen with temperature,
consistent with the factor of 2.2 expected on the basis of the change
in solution viscosity and temperature. Although, the anisotropy of
the rotational diffusion tensor is largely maintained, the orientation
of the tensor is different implying some change in the protein-solvent
interactions and hence the manner in which the protein tumbles in
solution. A similar pattern of models is seen for the local dynamics in
the Zn** containing E9 DNase at the two temperatures, the majority
being model 1 or 2, corresponding to picosecond motions. Somewhat
more model 3 fits are seen at higher temperature, but for the most
part these involve a R  of less than 1 s7. Indeed apart from the fast
exchanging Ile 107 at low temperature which is too broad at 319 K to be
seen, and Val 98 there is no evidence for an increasing exchange rate at
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higher temperature for those residues identified as having an exchange
contribution in the lower temperature data. Thus it is tempting to
see the small exchange rate contributions as an artefact arising from
a default fit to higher R, values. Those residues for which the major-
minor conformational equilibrium might have given an R_ term
because of the increased rate of exchange at higher temperature are not
seen to do so because, as noted earlier, they are broadened extensively
sometimes to the extent of disappearing altogether. A paired Students
t-test of the average differences in §* at the two temperatures reveals
that the mean difference (8%, -5%,,,,) of 0.011 does not differ from zero
at the 95% confidence level (t=0.972, n=65) [58]. Thus although the
dynamics are less constrained at higher temperatures, the effect is very
small. Consequently, the effects of binding zinc on the dynamics of the
E9 DNase are too small to be revealed fully by these experiments.

Molecular dynamics

The results seen for the molecular dynamics simulations in terms
of the radius of gyration and sequence dependent Ca rms fluctuations
are consistent with previous simulations [25]. In particular the radius of
gyration was stable over the 100 ns run and common regions showing
increased rms fluctuations for the backbone Ca, namely 20-30, 65-
75, 90-95 and 105-115. These same regions of increased flexibility are
reflected in the NH order parameters $? providing a consistent picture
of the E9 DNase. Therefore it is likely that the intrinsic flexibility of the
E9 DNase and its response to binding the metal ion is being properly
represented by the simulations. Turning to the dynamics around the two
Trp noted in the fluorescence measurements, Trp22 and Trp58. First,
there is no evidence from the radius of gyration that the metal bound
forms 1bxi and 1sfj show any changes in the compactness of the protein
as proposed on the basis of the fluorescence measurements. Second,
there is little evidence for a conformational change propagated from
Trp22 towards Trp58 as a consequence of metal binding. For Trp22
looking at the NH §* parameter, there is no evidence that the metal
containing structures 1bxi and 1fsj have more restricted backbone
dynamics than the metal free structure. While for Trp58 there is some
evidence to suggest increased flexibility in the metal free form, lemv.
Consequently as with the NMR results whatever changes are being seen
in the side chain dynamics by the fluorescence measurements are not
reflected in the backbone dynamics.

Enhanced stability of Zn**-containing E9 DNase

Attempts to seek a role for dynamics in the increased stability of the
Zn**- containing E9 DNase may well be misplaced because the extra
thermal stability can be understood in terms of the enthalpy of zinc
binding within the framework of the following energy cycle:

AGgdine
U+Zn*" —_—_— s F+Zn2"
AGriading[U] AGhinging[F]
AGoigine[ Z0]
UZn** —— F:Zn*"

where U represents the unfolded E9 DNase and F the folded E9
DNase. Overall
AG. . [Zn]=AG

folding

+(AG, . [F]-AG, . [U])

In the absence of complex formation between the unfolded E9
DNase and zinc this reduces to

AG,_. [Zn]=AG

folding

folding folding folding

+ AG

folding folding [

F]

Isothermal titration calorimetry yields a value of -80.9 k] mol-1 for
AH, ch“g[F] at 298 K. This is consistent with the values seen for zinc
binding in carbonic anhydrase II where the zinc similarly binds to
three histidine ligands. Importantly the enthalpy changes in the case
of carbonic anhydrase II are attributable to metal desolvation and the
formation of metal-histidine bonds, not widespread conformational
changes [59,60]. A good estimate for AG, ding[F ] cannot be made because
only an upper limit of 1 x 10° M can be placed on the equilibrium
constant for the dissociation of the Zn** containing E9 DNase
complex by calorimetry Pommer et al. [16]. Despite this uncertainty
in AG, . .[F] the enthalpy of binding suggests AS_ . [F] must be
negative because even in the event of a picomolar equilibrium constant,
AS, g F] = -50 ] mol! K. A negative binding entropy is indicative of
structural re-organization involving either solvent, the protein or both
during zinc binding [57,58]. The observed changes in "N chemical
shift are consistent with a small re-organization in the protein limited
to the Zn** binding site. Folding itself is entropically unfavourable, a
rough estimate of AS, . =-2.77 k] mol" K" can be made on the basis
of an average of -20.7 ] mol ! K per residue [61,62]. This contribution
will dominate the temperature dependence of AG . [Zn] through
TAS, with the binding entropy adding no more than 4% and in such a
manner as to decrease T Consequently AS, . [F] can be neglected. To
a first approximation then the increase in T must lie in the favourable
AH, cli“g[F]. The stabilization by 80.9 kJmol" can be estimated as being
equivalent to an increase in T _ of 29.2 K for the E9 DNase on binding
zinc, assuming the enthalpy terms are temperature independent. Thus
the increase in thermal stability of the Zn** containing DNase can be
understood in terms of the enthalpy changes associated with metal

desolvation and the formation of zinc- histidine bonds.

Conclusion

N relaxation times and heteronuclear NOE have been used to
study the dynamics of the E9-DNase domain and to examine changes in
the dynamics on binding the metal ion Zn*". The NMR measurements
complement earlier fluorescence ones by providing a more
comprehensive picture of the dynamics as well as looking specifically at
the backbone of the wild type protein rather than side-chain dynamics
of a mutant protein. A comparison of the raw data revealed only subtle
differences between the metal-free and zinc containing forms. Chemical
shifts indicated small differences between the solution structure for
the E9 DNase and the crystal form of the Im9 bound E9 DNase. In
particular, the binding of zinc caused dramatic changes in the N
chemical shift of residues close to the metal binding side, notably Val
98. Yet despite this sensitivity, overall the zinc binding induced shifts
were small indicating rather similar structures for the zinc-containing
and metal-free forms in contrast to the fluorescence measurements.
Model free analysis of the relaxation data gave an overall view of the
dynamics in the metal-free E9 DNase as a slightly anisotropic rotational
diffusion with a rigid backbone undergoing relatively complex motions.
Globally the dynamics were in line with expectations based on the
crystal structure and hydrodynamic calculations. Major differences
were seen between the metal-free and Zn?* containing form in terms
of the local dynamics with a significant number of the NH involved
in conformational exchange. Unlike the fluorescence measurements
no evidence was found for local nanosecond motions for Trp22 in the
metal-free E9 DNase. On metal binding a smaller decrease was seen
in the correlation time for rotational diffusion than by fluorescence,
however, the conclusion that the E9 DNase is more compact is not so
clear cut since any surface perturbations caused by altering the solvent
interactions need to be considered. Changes in the order parameters
for the indole Ne support the idea that zinc binding immobilizes Trp22.
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The Zn** E9 DNase is characterized by the core of residues which were
stable over a range of temperature as revealed by their chemical shifts
and dynamics. Overall the conformation and dynamics of the E9 DNase
are little affected in the folded state by zinc binding. The dramatic effect
of Zn?* on the stability of the protein can be understood in terms of
the changes in the metal solvation and the formation of metal-histidine
bonds.

Supporting Information Available

R, R, NOE of the metal-free, Zn*"- containing E9 DNase at 288
K and the Zn**- containing E9 DNase at 319 K. Model free data for the
Zn**- containing E9 DNase at 319 K.
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