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Distance Measurements in Spin-Labeled Lysozyme!

Paul G. Schmidt* and Irwin D. Kuntz

ABSTRACT: The single His-15 of hen egg lysozyme reacts with
2,2,6,6-tetramethyl-4-(bromoacetamido)piperidinyl-1-oxy or
2,2,5,5-tetramethyl-3-(bromoacetamido)pyrrolidinyl-1-oxy to
give a spin-labeled enzyme [Wien, R. W., Morrisett, J. D.,
& McConnell, H. M. (1972) Biochemistry 11, 3707-3716].
High-field 'H NMR spectra (300 and 500 MHz) of these
species in 2H,0 contain protein peaks selectively broadened
by dipolar coupling to the unpaired electron spin. While
usually difficult to discern in the spectrum itself, broadened
resonances are revealed in difference spectra obtained by

’Ee time-averaged structure of any molecule can be deter-
mined if one measures a sufficient number of interatomic
distances. Distance geometry (Crippen, 1981; Havel et al.,
1979; Kuntz et al., 1979) provides the mathematical frame-
work to convert distance measurements, with the associated
experimental errors, into actual three-dimensional structures.
A great many distances are needed to solve a structure. One
estimate (Havel et al., 1979) suggests an order of 1000-2000
measurements would be required. This is in agreement with
low-resolution X-ray diffraction studies on small proteins. In
analogy with the diffraction methods the more measurements,
the higher the resolution of the final result. NMR methods
have considerable potential for such measurements, especially
with the new two-dimensional techniques using the nuclear
Overhauser effect (NOE). Methods such as NOESY (Jeener
et al., 1979; Kumar et al., 1981), coupled with the high fields
now available, provide semiquantitative estimates for a large
number of interproton distances in proteins (Wiithrich et al.,
1982). But even if all possible NOE’s were determined to
better than +1-A accuracy, the structure of a small protein
would be underdetermined and could not be solved without
the use of idealized models. The major difficulty is that the
distances measured with NOE techniques are all short (less
than 4 A in proteins) compared to the radius of the molecule.
Longer distances are required to complete the structure (Havel
et al., 1979).

Paramagnetic probes offer another avenue to intramolecular
distances. Because of the great strength of the paramagnetic
moment compared to the magnetic moment of the proton,
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subtracting the original spectrum from one taken after re-
duction of the nitroxide radical with ascorbate. The heights
of difference spectra peaks are related in a simple way to r5,
where r is the label to proton distance. These distances were
used to solve for the location of the electron spin by using
algorithms from distance geometry. The spin was found to
lie in a hydrophobic groove between Phe-3 and Asp-87. These
results demonstrate the feasibility of spin-labeling for accurate
distance measurements in proteins through the use of distance
geometry. '

line-broadening effects can be seen out to about 20 A in
molecules of ca. 10000 daltons (Wien et al., 1973; Krugh,
1976; Dwek et al., 1975). The two main types of probes are
paramagnetic metal ions such as Mn?* or Gd** and free
radicals. Metal ions have been quite useful in special cases
where well-defined binding sites exist (Campbell et al., 1975;
Lee & Sykes, 1983). Nitroxide spin-labels appear to be more
generally useful and offer the opportunity to put probes, one
at a time, in several specific locations throughout a protein
by taking advantage of the great variety of reactive groups
available (Berliner, 1976; Likhtenshtein, 1976). The possibility
of measuring many hundreds of 10-20-A distances is well
worth investigating.

As an initial test of this strategy, we have prepared a
spin-labeled lysozyme derivative. Wien et al. (1972) showed
that hen egg white lysozyme, labeled at His-15 with 2,2,5,5-
tetramethyl-3-(bromoacetamido)pyrrolidinyl- 1-oxy, induced
broadening of proton resonances from inhibitors binding more
than 15 A away. They checked to see if resonances from the
protein could be likewise measured, but the spin-labeled ly-
sozyme spectrum was devoid of resolution. Addition of as-
corbate reduced the nitroxide to the diamagnetic hydroxyl-
amine, after which the NMR spectrum sharpened up.

The early work of Wien et al. (1972) was limited by the
low magnetic field employed (23 kG, 100-MHz 'H). Without
spectral resolution of the labeled protein, changes in line widths
due to dipolar broadening from the free electron could not be
determined. We have now measured spin-labeled lysozyme
at 300 and 500 MHz. Increased dispersion at these high fields
provides much better resolution in spectra of the paramagnetic
enzyme. Equally important was our ability to work at much
lower protein concentration because of greatly increased
sensitivity. High concentrations lead to substantial broadening
even at 300 MHz due to intermolecular effects. Finally, we
used difference spectroscopy to quantitate line-broadening
effects (Campbell et al., 1975). We subtracted a spectrum
of paramagnetic spin-labeled protein from a spectrum taken
after reduction of the label to the diamagnetic hydroxylamine.
This procedure results in a greatly simplified trace containing
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Table I: Amino Acid Analysis of Spin-Labeled Lysozyme: Reaction
of II + Lysozyme

AA peak 14 peak 2¢ lysozyme® theor
Asp 20.8 21.0 21.1 21
Thr 6.5 6.7 6.8 7
Ser 9.6 9.2 9.4 10
Glu 5.0 49 5.4 S
Pro 2.3 2.3 4.2 2
Gly 11.7 11.9 11.8 12
Ala 12.1 12.2 12.1 12
Cys* 8
Val? 5.2 5.4 5.5 6
Met 2.0 1.9 2.1 2
Ile? 4.7 5.1 42 7
Leu 7.1 7.4 6.9 7
Tyr 2.7 2.8 2.9 3
Phe 2.8 2.9 3.0 3
His d 0.7 1.1 1
Lys 5.6 5.6 6.0 6
Arg 11.0 10.8 10.9 11

4HPLC first major peak (1) and second major peak (2). ®Low val-
ues due to incomplete hydrolysis. ¢Not accurately determined under
conditions used. ¢Not detected. ¢Commercial enzyme.

only peaks from residues near the label since difference spectral
amplitudes are related to the inverse sixth power of label-
proton distance.

Proton-electron distances for spin-labeled lysozyme were
used in the distance geometry program, along with atomic
coordinates from the lysozyme crystal structure, to solve for
the position of the nitroxide radical. The program returned
a well-defined location for the label near the surface of lyso-
zyme. This result suggests that spin-labels provide a useful
way to measure distances in proteins, and it points the way
to determining protein structures in solution by distance ge-
ometry.

Materials and Methods

Hen egg white lysozyme (salt free) was obtained from
Worthington Biochemicals. 2,2,6,6-Tetramethyl-4-(bromo-
acetamido)piperidinyl-1-oxy (I) and 2,2,5,5-tetramethyl-3-
(bromoacetamido)pyrrolidinyl-1-oxy (II) were from Aldrich.
2H,0 (99.96 atom %; low paramagnetic ions) was from Ald-
rich. Other chemicals were reagent grade.

Spin-labeled lysozyme was prepared by the method of Wien
etal. (1972). A total of 70 mg of protein was dissolved in 1
mL of 0.1 M sodium acetate, pH 5.5, and the pH restored with
1 M HCL. Then 13.9 mg of I or II was dissolved in 50 uL
of MeOH and added to the protein solution. The mixture was
stirred gently at 40 °C for 30-36 h, during which time the
cloudy solution cleared up. The reaction mixture was desalted,
and excess spin-label was removed by chromatography at room
temperature on Sephadex G-25 using 0.1 M ammonium
acetate to elute. Pooled protein fractions were lyophilized.

Desalted spin-labeled lysozyme was further purified by
preparative high-performance liquid chromatography (HPLC)
on carboxymethylated silica with 0.01 M sodium phosphate,
pH 6.0, and a gradient of 0—0.5 M NaCl. The main peak,
containing spin-labeled protein, eluted first, followed by a peak
with unlabeled protein. Main peak fractions were pooled,
dialyzed against water, and lyophilized.

Amino acid analysis of the major peak of II-lysozyme
showed all residues present in the same number as authentic
lysozyme except His which was at a level of <0.12 residue
(Table I). The second peak on HPLC gave an analysis
consistent with underivatized lysozyme.

NMR spectra were run at 300 MHz on a hybrid instrument
using a CMS 70/50 magnet and probe (Cryomagnet Systems,
Inc., Indianapolis, IN) and a Nicolet 1180 computer system.
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FIGURE 1: 'H NMR spectrum of spin-labeled lysozyme: 2.5 mM
I-lysozyme in D,O, pH 5.3, 25 °C; 500-MHz 336 scans, 1-Hz
broadening, solvent HDO presaturation; 1.5-s recycle time, 90° pulses.
(Inset) ESR spectrum of I-lysozyme: 9.5 GHz; sample as above, 23
°C; 20-mW power, 2-G modulation, 0.3-s time constant, 8 min/100-G
sweep; aqueous sample pH 5; glass capillary sample tube.

Spectra at 500 MHz were taken on a Nicolet instrument at
the University of California, Davis. The solvent ?H,0 peak
was used for a field-frequency lock. The methyl resonance
of Met-12 was used as an internal standard since its position
is essentially invariant with pH and temperature (Poulsen et
al.,, 1980).

Protein samples for NMR were dissolved in 0.4 mL of 0.1
M oxalate-D,0 buffer, pH* 5.2. The solution was lyophilized
with readdition of 99.96 atom % 2H,O to a volume of 0.4 mL.
Residual water was suppressed by presaturation. After a
spectrum of spin-labeled protein was collected, 0.2 M sodium
ascorbate in D,0, adjusted to pH* 5.2, was added to a con-
centration of 5 mM to reduce the label. Following a 10-20-
min period to allow complete reduction, another spectrum was
recorded under the same conditions. The two spectra were
subtracted in the computer with a correction for the 2.5%
volume increase after addition of ascorbate.

Results and Discussion

An electron spin resonance (ESR) spectrum of lysozyme
spin-labeled with I is shown in Figure 1 (insert). Since the
outer extrema are separated by 39 G, the label is moderately
immobilized relative to the enzyme. We observed similar
spectra for lysozyme with label II as did Wien et al. (1972)
for the same derivative.

A 500-MHz 'H NMR spectrum of 2.5 mM spin-labeled
I-lysozyme in D,O is shown in Figure 1. It is very similar
to spectra of unlabeled lysozyme taken under the same con-
ditions. On the other hand, spectra of spin-labeled lysozyme
above 5 mM concentration showed substantial general peak
broadening, which increased with increasing concentration.
We speculate that Wien et al. (1972) had to use such a high
concentration at 100 MHz to observe the protein spectrum
that intermolecular effects wiped out any resolution. Two
effects are at work at high concentrations of labeled protein.
First, general paramagnetic broadening is a factor. Second,
self-association of lysozyme will increase with concentration.
Even without the spin-label, this would lead to broader peaks
because of increased rotational correlation times. Further,
specific intermolecular relaxation effects will occur if the label
is near amino acids on the partner protein in a self-association
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complex. This behavior may be present for a few resonances
in spin-labeled lysozyme (vide infra). In any case, concen-
tration-dependent effects can certainly be important.

Does the spin-label perturb the protein structure? This is
an important question since, in general, one is interested in
the structure of the unmodified macromolecule. Chemical
shifts of assigned peaks in the spin-labeled lysozyme spectrum
are all very close to their positions in the unlabeled protein
under similar conditions (Poulsen et al., 1980; Redfield et al.,
1982; Delepierre et al., 1982). For example, the Met-105
methyl is within 0.01 ppm of its normal position at 0.0 ppm.
Even groups that lie within 10 A of the label have chemical
shifts in accord with their normal values; viz., Phe-3, with
7.026, 7.219, and 7.511 ppm in lysozyme (Redfield et al.,
1982) and 7.01, 7.22, and 7.50 ppm in II-lysozyme, is one of
the closest side chains to the label. Not all peaks from la-
bel-side residues have been assigned, so the final word on label
perturbation is not in. But it appears that the effects are not
large and do not extend far into the protein.

. When ascorbate was added to the spin-labeled protein so-
lution, some sharpening of resonances was noted and new peaks
appeared. Difference spectra show these changes most ef-
fectively. Figure 2 presents the difference spectrum for I1-
lysozyme at 35 °C, reduced with 5 mM ascorbate. Peaks at
3.74, 4.03, and 4.53 ppm belong to the added ascorbate.
Prominent peaks near 1.35 ppm arise largely from methyl
protons of the spin-label itself. Other peaks from the spin-label
itself have not yet been assigned. The rest of the difference
spectrum consists of protein resonances that had been more
or less broadened by the free radical.

In Figure 2 the difference spectrum at 35 °C is compared
with part of the ascorbate-reduced spectrum plotted at the
same vertical gain. Note in the aromatic region that only a
few peaks are left in the difference spectrum. Three prominent
ones are at 7.50, 7.22, and 7.01 ppm; they correspond almost
exactly with the assigned positions of Phe-3 (Redfield et al.,
1982) and with the expected line shapes for C{H (triplet),
Ce2H (triplet), and C62H (doublet), respectively. A handful
of slowly exchanging amide protons contribute to the difference
spectrum in the region from 7.7 to 9 ppm. They are not firmly
assigned at this time and were not used in the calculations
below. In the aliphatic region Leu-17 Cé,H, has been assigned
to the well-resolved peak at —0.68 ppm. It is easy to see that
the difference spectrum peak has 0.25 times the intensity of
the normal spectrum.

Difference spectra for aliphatic and aromatic regions at 45
°C are shown in parts A and B of Figure 3, respectively. By
and large these traces are similar to the ones taken at 35
(Figure 2) and 23 °C (not shown). A notable exception is
Ile-98 CyH; at —0.26 ppm. Its relative amplitude in the
difference spectrum decreases significantly at the higher
temperature. An explanation is provided below.

Fractional amplitudes were measured (with the precision
dependent on the signal/noise ratio and how well resolved they
were) for assigned peaks that could be located reasonably
unambiguously in difference spectra at 23, 35, and 45 °C.
These peaks, their chemical shifts, and their fractional am-
plitudes (AAmp) are listed in Table II. In cases where peaks
of interest in the normal spectrum (not base line corrected)
overlapped severely with neighbors, their amplitudes and line
widths were estimated on the basis of similar resolved reso-
nances. We also estimated line widths directly using a con-
volution difference method (Campbell et al., 1973). Using
both approaches, we estimate that uncertainties of up to £0.2
in AAmp and £25% in line width could arise in the worst case,
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FIGURE 2: Difference spectrum of II-lysozyme minus I1-lysozyme
reduced (diamagnetic): 1.5 mM II-lysozyme in 0.1 M oxalate-D,0,
pH* 5.2, 35 °C; 300-MHz spectra, two blocks of 400 scans each, 2.4-s
repetition delay, 90° pulses of 5.8 us; 1-Hz broadening on the free
induction decay, zero-filled to 8192 frequency domain points. (A)
(a) Aliphatic region difference spectrum for oxidized minus reduced
sample; (b) reduced sample spectrum at same gain as (a) (base line
straightened). (B) Aromatic region. (a) and (b) as above.

but because of the r° dependence, errors in distance are
minimized and lie within the overall limits given in Table II.
In several cases a peak was confirmed to be absent from the
difference spectrum, but we have not made use of this infor-
mation at present.

Data Analysis

The relative intensity of a peak in the difference spectrum
is related to how much broadening is induced by the label and
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FIGURE 3: II-lysozyme difference spectrum: pH* 3.8; 45 °C. Other
conditions and notations are as in Figure 2.

to the natural line width in the absence of a free radical. For
singlets the expression for the fractional amplitude at the center
of a difference spectrum peak is

AAmp = 1 - WA/WB (1)

where W, is the line width of a peak in the diamagnetic protein
and Wy is the total line width when the label is paramagnetic.
Wy = W, + Wp, where Wy is the paramagnetic contribution.
In cases of multiplets, similar functions that also depend on
coupling constant values were calculated from the classic
NMR absorption line-shape equation.

Proton NMR line widths due to relaxation by the free
radical are given by

(2)

where C is a constant containing the dipolar interaction, r is
the electron spin—proton distance, and 7y is the rotational
correlation time for the label-proton vector. Since the spin-
label is at least partly immobilized relative to the protein, 7
is taken as the overall rotational correlation time for lysozyme
(Wien et al., 1972), which, under the conditions of our ex-
periment, is (0.5-1) X 107% s (Yguerabide, 1972; Dill & Al-
lerhand, 1979; Bauer et al., 1975).

We used eq 1 and 2 to deduce the distance of the spin-label
to the proton resonances of Table II with error limits estab-
lished by considering (1) uncertainties in the experimental
amplitudes, (2) uncertainties in the protein rotational corre-
lation time, and (3) uncertainties resulting from solving for
positions of the carbon atoms rather than those of the attached
and mobile hydrogen atoms. Generally, the errors were £3
A except for larger estimates for quite short (<10 A) and long
distances (>20 A). In a few cases, errors were increased

p= Cr"6‘rR

Distances from NMR Spectra and Calculated Results from Distance Geometry Solution

Table 11:
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12
12

[

AAmp distance

LW
12
12
12

8
8

atom(s) mult, J

residue

SCHMIDT AND

o™ \D 00
N \O 0
—

10.2,9.7
26.6, 25.7
136
12.6

QM@O'A#OOI\
OW[\Q\NO\OO
U ef e O = N~

16.2
17.9

X KasRas a3 e Xos)
FOHH H H H

00N 00 th oo N
HOH H H L H H R H

NNOONNOV)OO
NN — NN

4

12+4

17
17
21
22
19
21
22
23
27
21
11
10
13
12
21
26

0.32
0.22
0.11
0.13
0.3
0.08
0.07
0.08
0.04
0.13
0.9
0.9
0.6
0.7

7
7
6}
6
7
)
%)
(6)
6

-0.10
6.75
6.24
5.42
7.14
6.85
5.69
5.85
5.52
0.29
0.75
0.51
0.64

~0.26

10
10
15
11
21
17
20
23
19
13
10
13
13
19
24
b Spin to carbon atom distance from computed best-fit structure. Two values represent distances to individual atoms of a

11

5

—
oo

0.9
0.9

0.7
0.9

0.1
0.25
0.15
0.9
0.6
0.6
0.15
0.05

0.8

overlap
overlap
overlap
overlap
overlap

8

9
10
10
10
10
10
10
10
10

7.02
7.22
7.52
1.66
7.96
-0.13
-0.68
6.74
6.28
0.28
0.75
0.45
0.62
-0.27

10
10
10
16
11
16
16
17
21
18
17
10
14
11

0.9
0.9
0.9
0.6
0.9
0.35
0.2
0.15
0.25
0.25
0.9
0.6

7.2
7.5
1.6
7.9

DI -- S~ o oo
EEETSQEIITTTTIT I oQ
W
S3888888853883888888
o Zo% {833 $38x §
Q S22 ;o.:; :g:. T'Ia
) SES Q84S 40«82 S

KUNTZ

21.2

20+ 5

0.08
0.05

8
6

16
23

Ile-98

25.3

25+5

6.54

6.48

xo=
Soo

Trp-108
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FIGURE 4: Location of spin-label electron spin in II-lysozyme. The
size of the “ball” shows the approximate uncertainty in location of
the label. The protein backbone is shown in white, His-15 is shown
in orange, and assigned residues are shown with side chains in various
colors depending on the distance from the label.

further for distances that appeared to be quite temperature
dependent (Tyr-23 Ce, Tyr-53 Ce, Cys-64 Ca, Ile-98 Cv,
Trp-108 C¢).

We used this information to ask a simple question: Are the
data consistent with a single probe position given the known
crystal structure for lysozyme? To explore this point, we took
the atomic coordinates for triclinic lysozyme from the ex-
periments of Phillips (Diamond, 1974) supplied by the Protein
Data Bank, Brookhaven National Laboratories (see Figure
4). Optimization of the usual distance geometry error function
as the probe position was varied let us examine how precisely
the spin-label could be located, consistent with the assumption
of a rigid, isotropically tumbling protein with a correlation time
of approximately 10 ns. The probe was always found in a
shallow groove in the protein surface, bounded by residues
Phe-3, His-15, Asp-87, and Ile-88 on the side of the protein
away from the active site cleft. The optimization procedure
found a global minimum with zero residual error within a
region of space given by the coordinates x =5+ 1 A,y =4
+1A,and z = 14 £ 1 A for all three temperatures. Variation
of the error limits and the starting point for optimization
showed that this solution is reasonably robust. The calculated
distances for each resonance with the probe positioned at this
location are given in Table II.

The most discordant aspect of the data is the large tem-
perature dependence for certain distances. There are several
possible sources for this effect. We presently feel that it arises
from self-association of lysozyme at low temperature for the
following reasons:

(1) This much temperature dependence for the rotational
correlation time of the entire protein would require an unac-
ceptable activation barrier (>15 kcal/mol) and would be ex-
pected to affect all proton to probe distances more or less
equally given (eq 2).

(2) Increased reorientation of the probe would have the most
effect on the shorter distances. Further, increased probe
motion would cause some average distances to increase but
others to decrease. We see only an increase in apparent
distances and only (some of) the longer distances are involved.

(3) If part of the protein begins to move so that, on the
average, the distance to the probe is increased, one would see
temperature-dependent effects for the protons involved in the
motion. We cannot rigorously dismiss such a mechanism but
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notice that, of the resonances involved, Tyr-53 is in the 3 sheet,
Tyr-23 is on one loop, and Ile-98 and Trp-108 are on another
loop. Concerted motion of these disparate regions of the
molecule and, particularly, deformation of the 3 sheet by
several angstroms seem unlikely.

(4) Self-association of lysozyme in solution is well-known
for the native protein (Imoto et al., 1972), particularly at pH
values above 5 due to Glu-35 ionization. A plausible self-
association model can be established on the basis of the pro-
tein—protein interactions seen in the crystal. Specifically, Hogle
et al. (1981) describe a dimer in which Glu-35 (in the active
site) interacts with His-15, which holds the label. Residues
relatively distant from His-15 in the monomeric species but
close to Glu-35 will be selectively broadened in the dimer.
Using the probe position, above, we find that all protons
showing unusual temperature behavior are more than 15 A
from the label (in the monomer) and all are within 15 A of
Glu-35. While this observation does not form conclusive proof,
it makes the self-association model the most consistent ex-
planation of the unusual temperature effect.

Two more points can be made from the present analysis of
the data. First, there is no need to invoke partial labeling
(>10%) of non-histidine residues to explain any observations.
Second, even a preliminary effort, such as this one, can play
a role in the laborious task of assigning the proton spectrum.
For instance, the lysine and/or arginine signals at 3.2 ppm in
the 45 °C spectrum can only come from Lys-1 and/or Arg-14
if the spin-label position is correct.

Conclusion

The conclusions we draw from this initial set of experiments
are as follows: (1) The distances derived from the spin-label
results for lysozyme in solution are consistent with the atomic
coordinates taken from the lysozyme crystal structure within
an uncertainty of a few angstroms. (2) The data are ex-
plainable assuming an immobilized probe in a relatively
well-defined location. (3) The apparent temperature depen-
dence of some of the probe to proton distances is best explained
as self-association of lysozyme into specific dimers. (4) The
spin-label technique is potentially quite suitable for gathering
intramolecular distances. It is a useful adjunct to NOE
measurements in small proteins. In lysozyme, the approach
is limited by lack of complete assignments and by the overlap
of resonances. The first problem is being rapidly ameliorated
by the work in Dobson’s laboratory. The second problem
requires careful attention.
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