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Summary. Attention has recently been focused on the use of the tri-
valent lanthanides ions as probes in NMR studies of macromolecules.
Previous analyses of the shifts induced by these paramagnetic ions have
assumed that the magnetic susceptibility tensor of the metals is axially
symmetric. This study has tested the validity of this assumption by
analyzing reported NMR shift and relaxation data for various lanthanide
complexes with lysozyme. For the Gd3+—1ysozyme complex the broadening
data, fit to a (1/r6) model, places the metal ion in close proximity to
the reported x-ray position. _Contrary to current assumptions, the
shifts induced by Nd3* and Ce3* exhibit considerable non-axial character.
On the basis of a statistical hypothesis test, the axially symmetric
model was rejected with more than 97% confidence.

The controlled alteration of the NMR spectra of biomolecules by the
addition of paramagnetic ions has continued to be a source of interest
since the first report of Co?* binding to lysozyme by McDonald and
Phillips (1). Recently, lanthanide ions have served as probes in studies
of biological molecules (2). Magnetic resonance studies and other
spectroscopic investigations have demonstrated that these lanthanide
ions can form strong and specific complexes with proteins and nucleic
acids (3). In such paramagnetic macromolecular complexes, the electron-
nuclear interactions produce two changes in the NMR spectra of the
macromolecule: chemical shift perturbations and enhanced relaxation
rates (2). Strategies for employing these changes in conjunction with
structural information available from x-ray crystallographic techniques

to determine solution conformations have appeared in the literature

(4,5,6). These paramagnetic perturbations may alsc aid. in the assignment
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of resonances in the NMR spectrum of the macromolecule provided that a
theoretical understanding of the origin of these spectral changes can be
reached.

0f the macromolecules studied to date, hen-egg-white lysozyme (EC
3.2.1.17) has been adopted as a model system for the development of the
techniques necessary for the analysis of lanthanide-ion induced NMR
spectral perturbations in terms of three-dimensional structure. This
enzyme offers several clear advantages as a model system: it has been
shown to bind polyvalent cations strongly (7,8); it is a low molecular
weight enzyme with a known amino acid sequence (9,10); the mechanism of
its enzymatic activity has been established (11,12); the x-ray crystal-
lographically determined structure for native lysozyme (13-16) as well
as Fourier difference maps for various metal-lysozyme complexes have
been reported (8,16); and the lanthanide induced shifts for most of the
lanthanides as well as relaxation data for gadolinium have been published
(4-6).

The work presented here was undertaken as a first step in the
development of a quantitative computer-based analysis of shift data for
macromolecules which would be comparable to those methods which have
been applied to smaller molecules in organic solution (17). As a starting
point, we have analyzed the shift and relaxation data reported by R.J.P.
Williams et al. (4,6) with a view to establishing the form of the dipolar
shift equation (vide infra) that fits the data most precisely. In this
treatment, we employed the x-ray structure reported by D.C. Phillips et
al. (13,14,15), in conjunction with relaxation data from gadolinium (6)
to establish the position of the Gd3* ion in the metal-enzyme complex.
This position was then used in analyzing the shift data reported for
Nd3* and Ce3+. We present here the results of our analyses along with a
method for testing the two forms of the dipolar shift equation {vide

infra) based on a statistical hypothesis testing scheme.
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Theory
The linewidth at half height (1/Tyy, in sec‘l) of a resonance in
the gadolinium-lysozyme complex is given by (18)
1/Tyy = cf(1)/r0 (1)
Where ¢ is a constant which contains electronic terms of the gadolinium
ion, f(1) is a function of correlation times and r is the distance
between the Gd3* ion and the nucleus or nuclei being monitored.
The incremental shift observed in the presence of lanthanide ions
can be expressed as (19)
AS = 8¢ + 8p (2)
where Sc is the shift arising from the Fermi contact interaction and §p
is the shift arising from the dipolar (pseudocontact) interaction.
Since $§c arises from a through bond mechanism, and since, in macromolecules,
the resonances being observed correspond to residues which are usually
many bonds removed from the binding site, 6D should be the dominant term
in equation (2). General expressions for &, have been derived and
experimentally verified (20). The shift, &p, is given by
8p = Kq[(3c0s26-1)/13] + Ky(sin6cos2¢/1>) (3)
where Ky and K, are constants which depend on the electronic quantum
states of the individual lanthanide ion, and (r,0,¢) are the spherical
polar coordinates (referred to the principal magnetic axis system of the
lanthanide) of the nucleus or nuclei associated with the shifted resonance.
If Ky # 0 equation (3) is referred to as the non-axial model; Ky = 0 or
Ky<<K; represents the axial model.

Analysis and Results

All computations were performed on an IBM 370 computer using a
versatile least squares fitting algorithm written in Speakeasy (21).
This algorithm employs the Marquardt search technique (22), which com-
bines a steepest descent routine with a first-order Taylor's approxima-

tion. This method provides convergence even for arbitrary initial para-

713



Vol. 76, No. 3, 1977 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

TABLE 1

Data for Gd®* and Nd3* in HEW Lysozyme and Results of Best Fits of These Data

6d3* in lysozyme Nd3* in lysozyme
Resonance Reported Assumed At minimum of fit Reported Assumed At minimum
Observed Broadening® o (£-y) /oD T,A° Shift o (f-y) /o
va1l09cY1y 2300 Omitted from fit 8.81 -110 11 +0.72
va1109¢Y2y; 2300 230 +0.46 6.02 -380 38 -0.29
AlallOcH; 1750 175 +0.88 6.26 64 6.41 +0.21
Trpl08cYH 1200 120 -0.95 6.87 -55 5.5 -0.09
Ala3lcHg 163 16.3 -4.58 10.44 -69 omitted from fit
Thr3lch 140, 14 +0.36 9.61 100 10 -0.10
Tyr33¢rdy 100 14 -2.28 10.90 100 14 -2.63
TyrggchH 10 14 +1.69 9.87 14 +1.40
Leu>>CY Hy 95 14 -3.83 11.85 12 7.7 +0.84
Leu0cY 23 95 14 +3.66 9.60 7.7 +0.79
Ile?SEYZHz 7 10 -5.45 13.3 -11 5.5 +0.74
Met . VoCHz 35 10 -0.58 12.6 5 5.5 -1.01
Met1ZcH 2 10 -1.35 14.7 7 5.5 -0.49
Leul7CYRHy 25 14 -1.47 17.2 12 7.7 -0.97
Leul7cY2Hy 25 14 1.26 15.8 7.7 -0.93
apelative to Tyr>3CYH as 100.

bEor Gd3*, f is given by equation (1) and y is the reported broadening.
CFor Nd°*, f is given by equation (3) and y is the reported shift.

meter estimates (steepest descent feature) as well as error estimates
for the parameter values obtained at the best-fit convergence (Taylor's
approximation). Convergence is considered to be complete when parameter
values are stable to 1 part in 10°.

The correspondence between observed and calculated values of either
shift or line-broadening data was assessed using two statistical quantities.
The first, called the "goodness of fit' parameter, XZ, is defined by

N

x? = [1/(Ng - Np)] [(£i - yp) /0t 4)

n M.

i=1

where Ny is the number of data points fitted, N, is the number of variable

P
parameters, fj is the value calculated at each point, y; is the observed

shift or broadening at each point and oj is the assumed error. The
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second parameter, called the "agreement factor", R, is given by (23,24)

2
R="2 f5 -yi /2 y; 2 4
1 e i

i o
The use of the agreement factor as the basis for statistical hypothesis
testing has been described by Hamilton (23) and Willcott et al. (24).

The shift (Nd3+) and broadening data (Gd3+) used in these computations
are compiled in Table 1. In order to perform the computation, error
estimates had to be assumed. Two approaches were used: a uniform error
estimate of + 10% was assumed for each literature value, or larger
relative errors were assigned to the smaller observed values, which are
expected to be less precise. Assumed values for the errors are listed
in columns 3 and 6 in Table 1. In addition for data corresponding to
two related resonances exhibiting the same shift or broadening, the
associated errors were multiplied by 1.4 in order to halve the weight of
each member of the pair in the least-squares sum. The resonances for
which this adjustment was performed are indicated by braces in Table 1.

X-ray coordinates for native lysozyme (13,14) were used to generate
the cartesian coordinates for the various hydrogens in space. The use
of atomic coordinates of the native lysozyme is justified by x-ray data
(8) which indicate that the conformational perturbations associated with
metal binding to this enzyme are confined to the immediate vicinity of
the metal binding site. Residues in close proximity to the metal binding
site were excluded from this analysis. Methine and methyl hydrogen
coordinates were calculated assuming a C-H bond distance of 1.09 A° with
approximate sp2 and tetrahedral geometries, respectively. The methyl
group was represented by the average position of the 3 hydrogens.

Relaxation Data

The Gd3* data in Table 1 was fit to equation (1). This fitting
procedure varied four parameters: the three cartesian coordinates of

the Gd3* in the crystal axis system and the project cf(r). The different
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TABLE 2

Statistics® and Parametersb for Lysozyme Shift Data

R Factor

Model x2 R Ratio K, (10°A%%) Ky/K 0e(®)  ee(®)  ye(®

Nd3* Non-Axial

(all data) 10.1 0.375 7.740.5  +0.80+0.04  163+2 12342 142
2.45

Nd3* Non-Axial

(Ala3lcHg omitted) 1.6 0.153 6.040.4  +0.84+0.09 0+3 142+42 1043
2.63

Nd3* Axia1P

(Ala®lcHs omitted) 9.1 0.402 -5.3+0.3 - 19+1 14431 -

Ce3* Non-Axial

(Ala3lcHy omitted) 2.2 0.188 5.240.5  +0.80+0.06  169+3 123+2 1+4
2.42

ce®” axial

(A1331CH3 omitted) 10.5 0.455 3.9+40.2 - 42+4 4241 -

a) The error estimates are these generated by the Taylor's approximation in
the least-squares algorithm.

b) Smaller of two observed minima.

fits were performed in order to test the sensitivity of the final parameter
values to the assumed errors and to the omission of various residues

109 CY1H3). Inconsistences in parameter values

from the fit (e.g. Val
were observed when the va1l09 CY1H3 was included. On this basis, it was
concluded that there was an inconsistency in the reported va1109 CY1H3
broadening. Results for the best fit of Gd3* are given in Table 1. The
final Gd3* parameters:
(x = 8.4+0.2 A°, y = 22.7+0.1 A®, 2z = 16.9+0.4 A%, cf(r) = 1.14+0.22 x 108 A%0)
gave a xz of 9.47. The Gd3* position is in close proximity to the Gas*
position (labeled (I) in reference (8)) reported from x-ray studies.
Shift Data

The shift data were fit to the two different forms of equation (3).

For the axial model, 3 parameters were varied; Kl and the two Euler

tThese error limits reflect the variation in these parameters from fit
to fit; they are not the errors generated in a single fit,
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angles ¢, and 6, (25), which specify the orientation of the magnetic
axis relative to the crystal axis system. For the non-axial case, two
additional parameters are required; K,/K; and the third Euler angle, Ve-
The results of these computations are summarized in Table 2.
For all of the non-axial fits, there are numercus sets of the five
parameters which generate the same calculated values of the shifts.
These include: 3 sets from an arbitrary labeling of the z-axis; for
each of these, 2 sets from the direction of the z-axis; 4 sets arising
from 90° rotations of the X,y axes around the chosen z-axis; and finally
two distinct sets of Euler angles which give identical rotation matrices.
We have adopted the following convention in reporting the sets of parameter
values summarized in Table 2: The z axis is chosen by restricting Ky/Kq
to satisfy -1<Ky/Ky<l; the positive end of the z axis is directed in a
particular orientation by requring 0<K;/Ky<1. The two Euler angles were
restricted in the following way: 0§We<9003 and 0§9e<1800- Using these
parameters, the dipolar shifts for the remaining residues of lysozyme
can now be calculated. These predicted shifts may provide a method for
the identification of nonassigned resonances in the lysozyme spectrum.
Two hypothesis tests were performed for Nd3*. 1In all of the fits
to the Nd3* data, the AlaSICH3 shift showed the largest deviation from
its calculated value. On the basis of the R-factor ratio obtained from
the inclusion and omission of this resonance, we conclude with 99.5%
confidence that the shift reported for the A1a31CH3 is inconsistent with
the model. It was also clear that the axial model did not fit the data
precisely. On the basis of the R-factor ratio obtained from the axial
and non-axial fits, we conclude with 97.5% confidence that the assumption
of axial symmetry for the magnetic susceptibility tensor of Nd3* is
untenable. This latter hypothesis test was also performed for ce3*. In
this instance as well, the axial model can be rejected with 97.5% confidence.

These findings are in agreement with those reported by Reuben (26)
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for the shifts induced by the neodymium-EDTA complex. Therefore, the
analysis of the shifts induced by the trivalent lanthanides may require
the non-axial model rather than the axial model. The establishment of
the correct form of equation (1) is the first step in the analysis of
the shifts induced by lanthanides in biomolecules in terms of structure,
provided that the resonances of the biomolecule have been independently
assigned. Application of this technique to various biomolecular problems

is currently in progress in this laboratory.
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