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Inhibitor binding to HEW lysozyme has been studied by X-ray crystallog-
raphy,", 2 ultraviolet3' 4and fluorescence', 6 spectroscopy. Much consistent
information regarding the nature of the binding subsites for oligosaccharides has
been elicited. Recent progress in the application of NMR to problems of protein
structure and function7-'7 has made it possible to obtain more detailed informa-
tion on the behavior of the enzyme in solution. In this paper we wish to report
partial assignments in the low-field (aromatic) region of the HEW lysozyme
spectrum, a comparison of several denatured conformations and spectral changes
resulting from inhibitor binding.

Materials and Methods.-HEW lysozyme (twice crystallized, salt-free) was obtained
from Worthington and was lyophilized from D20. Unless otherwise indicated, 10% solu-
tions (0.0068 M) in D20 containing 0.1 M NaCl were used. pH was measured with a
Radiometer pH-meter 26 and a Beckman microcombination electrode (no. 39030) and
was adjusted with 0.1 M DCl or NaOD. pH values given are actual meter readings un-
corrected for deuterium isotope effects and were checked after the sample had been in
the spectrometer.
NAG was obtained from Mann Laboratories, Inc. Di- and tri-NAG were prepared

from chitin.'8 A Bio-Gel P-2 (200-400 mesh) (Bio-Rad Laboratories) column (75 X 2 cm)
was used to purify aliquots (ca. 70 mg) of the initially separated oligomers. The ma-
terials were characterized by specific rotation, paper chromatography, and NMR. Inhib-
itors and urea were lyophilized from D20. Peptides were obtained from Miles-Yeda
Laboratories. Insoluble material was spun down in a Clay-Adams Microchemistry centri-
fuge. Precision-bore NMR cells (0.5 cm OD), requiring 0.35 ml of solution, and coaxial
inserts were obtained from the Wilmad Glass Co.

Spectra were recorded with frequency sweep on a Varian Associates HA 100 NMR
spectrometer equipped with internal lock system and autoshim device. Sweep rate was
1 cps/sec at 250 cps sweep width, unless otherwise stated. The offset and sweep width
were calibrated directly using a Varian Associates Counter (V 4315) and a C-1024 CAT.
Chemical shift values are given relative to external HMS to the nearest cps. (DSS is
33 cps downfield from HMS.) For observation of the high-field region, benzene was used
as the lock signal.
Ambient probe temperature was 32°, and spectra were recorded at this temperature

unless otherwise stated. For higher temperatures, the Varian Variable Temperature
Controller (V 4343) was used.

Results and Discussion.-Denaturation and spectral assignments: The simplest
NMIR spectrum of HEW lysozyme is obtained by totally denaturing the enzyme
and breaking the four disulfide bonds'9 20 with excess 2-mercaptoethanol2l in
8 M urea at 650. From the fit of the spectra of the aromatic amino acids and
their relative chemical shifts (Fig. 2), it is possible to assign peaks in the enzyme
spectrum as shown in Figure 1C. The major peak at 767 c s which is absent in
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the other enzyme spectra (Fig. 1A, B) arises from the equivalence of 15 Phe
protons. The major peak at 761 cps is assigned to the sharp singlet of the
Try H-2 protons. The doublet at 720 cps corresponds to the high-field Tyr
doublet. Hence, the region 730-755 cps consists of the superposition of the low-
field Tyr doublet and the Try H-5,6 peaks (Fig. 2). In view of the overlap and
the possible change in multiplicity of the Try H-5,6 peaks as a result of small
relative differences in chemical shifts (since A5 ' JH-5,6),22 this region is difficult
to analyze. Similarly, the H4,7 region 770-800 cps, although largely separated,
clearly shows a change in intensity ratios compared to the simple Try spectrum
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B

FIG. 1.-100 Mc/sec NMR
spectra of the aromatic region of
HEW lysozyme. (A) 8 M urea,
pH 4.5, 320, 45 CAT scans; (B)
0.1 M NaCi, pH 4.6, 750, 25
scans; (C) 8 M urea + excess 2- [
mercaptoethanol, 650, 25 scans. ,
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(Fig. 2G). There is a Try-Try sequence (residues 62, 63) in the enzyme,20 and
the peptide Try-Try shows unequal intensity ratios in this region, even in 8 M
urea.23
Temperature denaturation1' 12 occurs over a range of a few degrees. At 750

the spectrum (Fig. 1B), although containing some sharp peaks as a result of
thermal motion, is less sharp than the spectrum with the disulfide bonds broken
(Fig. 1C), reflecting the rigidity due to these bonds. The Try H-4,7 region is
shifted upfield, and there is a change in the Try H-5,6-Tyr region (peak 2),
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FIG. 2.-Spectra of the aromatic region of Tyr, Try, and Phe in peptides and HEW ly-
sozyme under various solvent and temperature conditions (R = CH2CH(NH2)COOH).
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partly due to broadening of these peaks. The sharp peak at 768 cps (Fig. 1B)
must be due to a single Phe residue with free rotation (as in Fig. 1C) and is
assigned to Phe at position 3 near the amino terminal end in the protein se-
quence.20 The peak due to the other two Phe residues appears to be upfield by
4 cps and to be much broader than the Phe-3 peak. (The area of this shoulder is
ca. 20% of the total with the use of the DuPont 310 curve resolver.) The residues
Phe-34 and -38 are therefore less mobile and more shielded.

Denaturation with increasing molarity of urea (Fig. 3) results in the gradual
shift of a peak from ca. 740 to 750 cps in 8 M urea. This peak is assigned (Fig.
1A) to the Try H-2 protons. Since there are few other changes from the spectrum
of the native enzyme, no major conformational change could have occurred.

2

3
5

FIG. 3.-100 Mc/sec
NMR spectra of HEW
lysozyme at pH 4.55 ±
0.05 with increasing mo-
larity of urea. (a) alone, A
35 CAT scans; (b) 4 M
urea, 220 scans; (c) 6 M,
109 scans; (d) 8 M, 45
scans.

X

I -I -

This is consistent with the known stability of the enzyme in urea from other
measurements.24 Comparison of the spectrum to those of the heated samples
(Fig. 1B, C) indicates a number of major spectral differences, apart from the
changes in line widths. The Try H-2, Phe, and Tyr peaks have all shifted up-
field as expected from the temperature shifts of the peptides (Fig. 2). However,
the Tyr doublet at 705 cps has shifted 14-15 cps upfield, in contrast to only 8 cps
for Val-Tyr-Val (Fig. 2). This partly accounts for the changes in relative
intensities of peaks 2 and 3.

It is quite clear from the above that different conformations of the molecule
exist under the different denaturing conditions described. Previously, there
have only been a few indications of such states.25-28 The changes observed,
notably increased shielding of Phe, Tyr, and Try residues in going from Figure
1C to Figure 1A, are indicative of the formation of a compact highly aromatic
region, as described for the structure determined by X-ray crystallography.2
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Furthermore, the downfield shift of the Try H-2 peak in 8 M urea (Fig. 3) in-
dicates the presence of magnetically nonequivalent highly shielded Try residues
in the native enzyme. For Try-Try, the H-2 singlet is at 750 cps, 13 cps upfield
from the position in Try-Ala (Fig. 2G). This shielding indicates base stacking in
Try-Try, and may also be expected for the Try-Try sequence in the native
enzyme.2
The mode of action of such denaturants as urea was clarified in parallel studies

which were carried out on the high-field region of the lysozyme spectrum (Fig. 6A)
recently described by McDonald and Phillips.'°0 29 Peaks in this region are
thought to arise from the shielding of aliphatic protons by aromatic ring cur-
rents.'10 12 No changes occurred in these peaks in 8 M urea, even though they
vanish at 75'.1O Studies of solvent structure perturbations in denaturing solu-
tions with ultrasonic attenuation have indicated gross breakdown of water
structure.30 31 The results are consistent with the increased solubilization ob-
served for hydrocarbons32 and aromatic amino acids33 in aqueous urea solutions.
Hence, it has been suggested3l1 33 that breakdown of hydrophobic bonds in the
native enzyme are a prime cause of denaturation by urea. This does not appear
to be the case for lysozyme where certain hydrophobic bonds, as indicated above,
remain intact in 8 M urea solution. The major effect of urea would appear to
result in a deshielding of Try H-2 protons (Fig. 3). Those residues (Try 62, 63,
and 108) which occupy the cleft containing the active site2 would be expected to
be the most susceptible to solvent effects.
Binding studies with di- and tri-NAG: Above pH 4.534 or 5,35 HEW lysozyme

is reported to aggregate in solution. This is reflected in a general loss of resolu-
tion of the NIVIR spectrum with increase in pH due to broadening of the peaks.9
Thus, all binding studies were carried out at pH 4.5-4.6 to avoid superposition
of phenomena. Slight broadening of the aromatic region of the spectrum of
HEW lysozyme resulted at pH 4.5 with high molar ratios of NAG. However,
with di- and tri-NAG selective effects were observed at inhibitor to enzyme
ratios of 0.5-15:1 (Figs. 4 and 5). These changes were essentially complete with
7.5 M ratio of di-NAG and 2 M ratio of tri-NAG, reflecting differences in their
association constants.6 It should be noted that the C-2 His peak (915-917 cps)
and the high-field tyrosine doublet (peak 1, 705 cps) do not shift on addition of
inhibitor. Also the shoulder on peak 3 (Fig. 4, 756 cps) assigned to Phe (Fig. 1A)
appears to remain stationary.
The systematic shifts which occur can be followed most readily for di-NAG

(Fig. 4). Thus, with 1 M ratio a peak appears at 746 cps and shifts a further 9
cps downfield. This behavior is strikingly similar to that observed on urea
denaturation (Fig. 3), and in that case the peak was assigned to the H-2 protons
of Try (Fig. 1A). Concurrently, peak 4 in the enzyme spectrum (772 cps)
shifts downfield with di-NAG a total of 12 cps. This peak is assigned to the
H-4,7 region of the Try spectrum (Fig. 1). Thus, it appears that some (probably
two or three) of the Try residues with H-2 peaks at unusually high field in the
native enzyme experience a deshielding on binding inhibitor. This could result
from H-bonding of Try 62 and 63 with the inhibitor molecule2 or from increased
van der Waals (contact with adjacent amino acid residues. Peak 2 in the enzyme
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FIG. 4.-100 Mc/se
spectra of the arom
gion of HEW lysozyn
in 0.1 M NaCl/D20Q
4.55 i 0.05 with in(
molar ratios of ti
(a) alone, 35 CAT scs
plus 0.5 M ratio, 3M
(c) 1 M, 25 scans; (4
20 scans.
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spectrum is also affected by addition of inhibitor. However, this peak arises
from the overlap of a number of components (Fig. 1A) and no clear deductions
can be made.
The spectra obtained on saturation of HEW lysozyme with di- or tri-NAG

(Figs. 4E, 5D) are almost superimposable, whichwould tend to indicate equivalent
involvement of aromatic, particularly Try residues, in the binding site(s) for
each. This is consistent with the view2 6 that subsites B and C are implicated in
the strong binding of both di- and tri-NAG, and that subsite C involves Try
residues 62 and 63. Perturbation of the spectra of these and Try 108 would also
be expected on binding as a result of changes of their intramolecular bonds
(hydrogen or hydrophobic).5 6

FIG. 5.-100 Mc/sec NMR
spectra of the aromatic region of
HEW lysozyme (10% in 0.1 M
NaCl/D2O) at pH 4.55 0.05
with increasing molar ratios of
di-NAG. (a) alone, 62 CAT
scans; (b) plus 1 M ratio, 48
scans; (c) 2.5 M, 19 scans; I (d)
5 M, 30 scans; (e) 10 M, 20
scans.
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FIG. 6.-100 Mc/sec NMR
spectra of the high field re-
gion of HEW lysozyme (10%
in 0.1 M NaCl/D20). (a
alone, pH 4.55 i 0.05, 35
CAT scans; (b) same, lower
gain; (c) plus 0.5 M ratio of
tn-NAG, 19 scans; (d) 1 M
ratio, 63 scans; (e) 5 M
ratio, 6 scans.

+100 +50 S 50
cps kw. NS

The high-field region of the lysozyme spectrum on addition of tri-NAG is
shown in Figure 6. Peak 1 remains almost stationary, while peaks 2 and 3
shift concurrently upfield by 9 cps, and peak 4 shifts downfield by 9 cps. Peak 5
represents the majority of the methyl group protons in the enzyme. It is quite
clear from its distorted shape that peak 3 results from the superposition of two or
three components. Furthermore, peaks 1-3 cannot be fitted with Lorentzian
shaped curves with the use of the DuPont curve resolver.
An attempt to derive an association constant36 from the shifts of peaks 2 and 3

was unsuccessful. The upfield shifts on binding indicate greater shielding for the
protons comprising peaks 2 and 3. Since these are thought10 to arise from the
close juxtaposition of aliphatic protons with aromatic moieties (hydrophobic
bonds), this result would indicate even closer proximity of these groups during
the binding process. This is consistent for solution with the observation from
X-ray difference analysis2 that the cleft containing the active site closes somewhat
on binding inhibitor, bringing i-Leu 98 and Try 63 (from opposite sides of the
cleft) closer together. Thus, peaks 2 and/or 3 (or components thereof) can be
tentatively assigned to the side-chain protons of i-Leu 98.

We wish to thank M. Feil for technical assistance, and G. Roberts, J. Markley, and D.
Meadows for constructive criticism.

Abbreviations used: NMR, nuclear magnetic resonance; HEW lysozyme, hen egg-white
lysozyme; NAG, N-acetyl glucosamine; HMS, hexamethyldisiloxane; CAT, computer of
average transients; DSS, 2,2-dimethylsilapentane-5-sulphonate.
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