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ABSTRACT

Proton magnetic resonance techniques have used to study the
association of simple cyclohexane derivatives to the primary binding
subsite of lysozyme in solution. The results agree in detail with
crystallographic deductions about the nature of the important binding
interactions in subsite C.

A reagent new to protein modification studies, triethyloxonium
fluoroborate, has been shown to selectively esterify carboxyl groups
under mild aqueous conditions. Two single ethyl esters of lysozyme
were isolated chromatographically in good yield and were character-
ized. One is enzymatically active and reverts to lysozyme under
neutral conditions. The other is enzymatically inactive but still
binds the inhibitor chitotriose. This inactive ester was identified as
occurring at aspartic acid residue 52 by a-chymotryptic digestion of
the oxidized derivative and direct observation of the g-ethyl aspartate
released from the modified peptide by carboxypeptidase.

Difference pH titrations of the Asp 52 ester vs. the native
lysozyme show a difference in proton uptake due to one group over
the pH range 3 to 9. The titration of glutamic acid residue 35 in the
derivative is perturbed, though, and from the shape of the difference
titration curve the ionization behavior of Asp 52 and Glu 35 in native
lysozyme and of Glu 35’ in the derivative can be determined. Four
microscopic constants for the interacting Asp 52-Glu 35 system

considered as a dibasic acid are calculated for each difference curve.
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The macroscopic pK of Asp 52 is 4.5 and that of Glu 35 is 5.9 in
0.15 M KC1 at 25°C. The ionization of Asp 52 is very dependent on
the ionic strength of the solution in going from 0.02 M to 0.50 M KCl1
and it is shown that Asp 52 is in an environment only somewhat less
hydrophobic than that of Glu 35. The heats of ionization determined
over the temperature range 1.6° to 40° give an observed AH equal to
3.5 kcal/mole for Asp 52 and 2. 9 kcal/mole for Glu 35. When these
values are corxjected for charge interactions in an approximate way
they become more normal. The corrected value for Asp 52 can be
interpreted in a manner consistent with hydrogen bonding to Asn 46
and Asn 59.

Lysozyme inhibitors and small substrates are found not to
perturb the ionization of Asp 52. The macroscopic pK of Glu 35
increases to 6.5 when binding subsites A through D are filled. The
pK of Glu 35 exhibits a dramatic shift to 8-8.5 in the presence of the
high molecular Weight substrate glycol chitin. In addition, the pK of
Asp 101 is determined to be about 4.1 in free lysozyme, about 3.9
when subsite B is filled, and about 3.7 when subsite A is filled.
These hydrogen bond mediated pK changes do not occur in the

derivative and apparently require a precise binding orientation.
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CHAPTER I

Binding Interactions between Lysozyme Inhibitors and

Subsite C of Lysozyme as Determined by Proton Magnetic Resonance

Introduction

The three dimensional structure determination of lysozyme by
X-ray analysis methods (1) followed by further structural studies of
inhibitor complexes with the enzyme (2) has provided a detailed
account of atomic interactions for association of various oligo-
saccharides with the crystalline enzyme. A groove extending down
one side of the macromolecule has been shown to contain a series of
six subsites which are capable of interacting with pyranoside rings.
This is depicted in Figure 1. Based on the X-ray analysis 'findings
for association of NAG*, NAG-NAG, NAG-NAG-NAG, NAM, and
NAG-NAM the scheme for relative binding modes shown in Figure 1
has been proposed for these saccharides. In addition, a proposal for
the location of the catalytic site of the enzyme, between sites D and
E has been put forward. As a result of this, hydrolysis of larger
oligomers of NAG or NAG-NAM would proceed as indicated in the

>"NAG, N-acetyl-D-glucosamine; NAG-NAG, chitobiose;
NAG-NAG-NAG, chitotriose; NAM, N-acetyl-D-muramic acid;
NAG-NAM, N-acetyl-4-O-(2-acetamido-2-deoxy-B-D-glucopyranosyl)-
D-muramic acid; ACHol, trans-2-acetamidocyclohexanol; ACH,
acetamidocyclohexane; n.m.r., nuclear magnetic resonance; p.m.r.,
proton magnetic resonance,



figure. Recent chemical evidence (3, 4) has substantiated the
proposal for the location of the catalytic site and the mechanism for
lysozyme catalysed hydrolysis of a selected substrate has been shown
to involve an enzyme bound carbonium ion.

The n. m.r. method which we have used to study the association
of inhibitors and substrates with lysozyme has been detailed in
éeveral recent publications (5-9). Advantage is taken of the fact that
the rates of formation and dissociation of enzyme complexes of the
inhibitors and substrates are rapid. When nuclei in the associating
small molecules experience a change in environment on becoming
bound to the enzyme, chemical shift changes occur. In the fast
exchange limit the observed spectrum of the small molecule represents
a weighted average of enzyme bound and free species. It has been

shown that for the equilibrium

L = B2 - K (1)

where I, and E; represent the total concentrations of inhibitor and
enzyme, respectively, 0 is the observed chemical shift of a nucleus
in the associating small molecule (taking its chemical shift in the
absence of enzyme as zero) and A represents the chemical shift of
the same nucleus in the enzyme bound state. Thus the parameters
KI (the dissociation constant) and A can be evaluated. This gives a

measure of the magnetic environment experienced by a nucleus of the



small molecule when it is associated with the enzyme. This Chapter
describes the use of nuclear magnetic resonance to study the associ-
ation with lysozyme of a variety of inhibitors and substrates, includ-
ing a substrate whose hydrolysis by the enzyme has been shown to
proceed through a carbonium ion intermediate (10). We have demon-
strated that the relative modes of binding for each of these inhibitors
and substrates as deduced by n. m.r. are in good agreement with the
scheme proposed from X-ray crystallography. In addition, we have
obtained evidence that the detailed atomic interactions between

inhibitors and binding subsite C of lysozyme are as deduced from the

crystal structure.



Experimental

Materials. -- N-Acetyl-D-glucosamine (m.p. 203-205°) was
purchased from Calbiochem. N-Acetyl-d;-D-glucosamine was
obtained by acetylation of D-glucosamine-HCIl (Calbiochem) with
acetic anhydride-d, (Volk Radiochemical Company (Chicago)) accord-
ing to published procedures (11). Recrystallization of the resulting
N-acetyl(d;)-a-D-glucopyranose was effected from aqueous-alcohol
mixtures (m.p. 203-205°). Methyl-2-acetamido-2-deoxy-a-D-
glucopyranoside (m.p. 188°) was synthesized as previously reported
(12) and purified by chromatography on a charcoal-Celite column.
Methyl-2-acetamido-2-deoxy-p-D-glucopyranoside (m.p. 204-205°)
was synthesized (13) from D-glucosamine. Synthesis and resolution

of d-trans-2-d,-acetamidocyclohexanol (m.p. 153-154°) and £-trans-

2-d;-acetamidocyclohexanol (m. p. 154-155°) was accomplished with
acetic anhydride-d; as previously described (14). D,-Acetamido-
cyclohexane (m.p. 104-105°) was made by d,-acetylation of cyclo-
hexylamine. Methyl-g-chitobioside (m.p. 287-288°) and methyl-3-
chitotrioside (m.p. 306-310°, d) were prepared by Koenigs-Knorr
synthesis from peracetyl sugars. Chitin oligosaccharides were
prepared by partial acid hydrolysis (15) of chitin (Sigma) by gel
filtration on Bio Gel, P-2 (16). NAG glucosides were prepared by
utilizing the transferase activity of lysozyme (11). Lysozyme was

obtained from Sigma.



Methods. -- The 60-MHz p. m.r. spectra were recorded on a
Varian A-60A spectrometer at a probe temperature of 40°. A Varian
HA-100 spectrometer, operating in frequency sweep mode, was used
for the 100-MHz p.m.r. spectra, which were measured at 30°. The
water resonance was used as a lock signal for the studies in H,O
while a capillary of TMS was used in the studies conducted in D,0O.

The chemical shifts for the 100-MHz spectra were obtained by
counting the frequency difference between the manual oscillator and
the sweep oscillator on the HA-100 spectrometer with a Hewlett
Packard model 5212A counter. All chemical shifts were measured
relative to an internal standard of acetone or methanol (0.5%). In
each case the chemical shifts were measured at least three times
with a standard deviation of 0.04 cps or less. Data were analyzed by
methods of least squares. Two sigma errors are given.

Enzyme concentrations of samples used for the p. m.r. measure-
ments were determined from ultraviolet absorbance at 280 mu of a
25-uf aliquot, after dilution to 5 ml with water, with the use of the
known extinction coefficient (13) for lysozyme.

Solutions for competition experiments were prepared by dividing
a solution of 50 mg/ml lysozyme and 3.17 X 107> M NAG in 0.1 M
citrate pH 5.5 into two portions. The competing inhibitor was then
dissolved in one portion according to the highest concentration that
was to be studied. Various ratios of the two enzyme solutions were
mixed to achieve lower concentrations of competitor. The position

of the acetamido resonance of @-NAG was recorded for each



concentration of competitor. Use of deuteroacetamido competitors
was necessary in order to avoid interferance with the a-NAG

resonance.



Results

Chemical shift parameters for the acetamido methyl protons of
NAG and the B-(1-4)-linked di-, tri-, and tetrasaccharides derived
from it are shown in Table 1. In each case the resonance to highest
field corresponds to the acetamido methyl group at the reducing end
of the molecule. Similar parameters for the methyl-g-glycosides
are given in the table and, in addition, the chemical shifts of the
glycosidic methyl groups are shown.

In Table 2 the chemical shift changes obtained for various
inhibitors upon complexation with lysozyme under various conditions
are shown. It is evident that for all the saccharides with free
reducing groups the acetamido methyl resonance at the reducing end
of the molecule undergoes a large chemical shift to higher field upon
binding to the enzyme. The methyl-g-glycosides upon complex
formation are seen to display similar chemical shift changes in only
the acetamido methyl resonances proximal to the glycosidic methyl
group. In addition, the glycosidic methyl group resonances of all
glycosides undergo a smaller chemical shift to lower field in the
presence of the enzyme.

A quantitative analysis of the chemical shift data obtained for
the NAG-lysozyme system is complicated by the mutarotation equili-
brium between the @ and g anomers of the inhibitor. To decide
whether the a- and B-anomeric forms of NAG compete for the same

sites on the enzyme surface, a sample of crystalline



N-acetyl(d,)- a-D-glucopyranose (m.p. 203-205°) was added to an
equilibrated mixture of NAG and lysozyme and the p. m.r. spectrum
was recorded at 60 MHz within 2 min after mixing. As seen in
Figure 2, the added a-(d,) anomer (although not observable)
decreased the observed chemical shifts (and therefore the percentage
bound) of both a- and B-NAG. Table 3 shows the quantitative effects
observed. As can be seen from Table 3, both anomers were approxi-
mately equally affected by the added a-(d;) anomer. The conclusion
from this experiment is that o-NAG and B-NAG do compete for the
same sites on the enzyme. The separate binding constants and
magnetic environments for the two anomers have.been determined (6).
The two are found to bind in different orientations with slightly
different binding constants.

In addition to studies of binding of oligosaccharides and glyco-
sides containing only NAG residues substrates which contain one NAG
and one glucose residue have been studied. Compounds 14 and 15 in
Figure 5 are in this category. These compounds have been shown to
be hydrolysed specifically at the glucosidic bond (17) by a carbonium
ion mechanism (10, 18). In view of the suggested location of the
catalytic site between subsites D and E (2) from X-ray analysis
evidence and subsequent chemical modification studies which confirm
this suggestion (3, 4) it was of interest to subject these compounds to
study by the n. m.r. method. It was found that the acetamido methyl
group underwent the anticipated chemical shift due to binding in

subsite C. In addition, the dissociation constant obtained



(Kg = 2% 107 M) was in agreement with the Ky, value determined by
kinetic studies of lysozyme catalyzed glycosidic bond cleavage of
compound 14,

The results obtained from these n. m.r. studies of complexation
of the enzyme with a series of saccharides allow definition of their
relative modes of association. Since the monosaccharide NAG was
shown to bind only to subsite C, albeit in tWo competing modes
depending on anomeric form (5, 6), it was of interest to attempt to
define the specific features of the sugar which which are necessary
for association with this subsite. To that end it was found desirable
to extend the applicability of the n. m.r. method in studying compounds
6, 7, and 8 in Figure 5.

Direct chemical shift measurements are not accurate for Weakly
associating enzyme inhibitors or for inhibitors experiencing an only
slightly different magnetic environment on the enzyme surface.

These limitations can sometimes be alleviated by the use of competi-
tion measurements. If an inhibitor competitive for subsite C is
added to a solution of pB-methyl-NAG and lysozyme the observed
chemical shift of the NAG residue will decrease (5). This behavior
is easily quantitated and in the simplest case gives, after good
approximations to linear form,

Ko 1 K

-C
C. = _“FE Ar— = K\ = —= 9
° T E "o 7€ KII" &
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where C, represents the total added competitor concentration, KC is
the dissociation constant of the EC complex and the other symbols
have been defined above. The ratio of the slope of Equation (2) to

that of a similar plot of I, vs. 1 / 61 obtained under identical conditions
but without added competing inhibitor is equal to KC/ KI' Two such
experiments are shown in Figure 3.

Varying concentrations of d;-acetamidocyclohexane or pure
L-trans-2-d,-acetamidocyclohexanol (14, 19) were competed against
NAG. The poorly binding £ isomer was shown to be free of the much
more strongly binding d isomer by the identities of its melting point
and absolute rotation to those of demonstrably pure d isomer. The
purity of the d isomer can be observed directly since lysozyme splits
the resonances of the d and £ forms, leaving the £ resonance sharp
and nearly unshifted. Thus Figure 3 shows that acetamidocyclo-
hexane and £-2-trans-acetamidocyclohexanol are equally poor
competitors for subsite C binding and have dissociation constants of
12.6+2.7 X 1072 molar and 15.7+2.4 X 10”2 molar, respectively.

Not determined thus far is Aj. A plot of I, vs. 1/5; for
inhibitors which undergo small poorly measured shifts will not
determine Aq adequately. However, by including the value of K;
obtained from the competition experiment as a data point on the I,
axis, the slope, and thus Ap, is much better determined. Sucha
graph for pure {-trans-2-acetamidocyclohexanol, shown in Figure 4,
yields 4, equal to 0.22 +0.06 ppm. A similar plot for acetamido-
cyclohexane gives A equal to 0.34+0.07 ppm.
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An analogous situation arises when direct measurements are
made on the chemical shifts of two competitive molecules always held
in equal concentration. Such situations are those of df optical
isomers and a and 8 anomers of some sugars. The equation govern-
ing this (6) may be expressed as

Kdt 4 Kae

ﬁo = A,QEO_I_{—;tT—.g‘Q- - Kd,a = "R_I‘Eo (3)

where d and { stand for the optical isomers and Ky is a reduced
dissociation constant for the d{ mixture equal to K;Kﬂ/ (Kd + K Q).
Provided that the last term in Equation (3) is relati;ely smgll, a plot
of the d and £ inverse chemical shifts vs. their respective equal
concentrations will have the same intercept in a manner identical
with the @ and 5 anomers of NAG (6).

For df-trans-2-acetamidocyclohexanol the intercept was well
determined by the d isomer. After including it as a data point for the
£ isomer and utilizing the value of K!Z found from the competition
experiment, we calculate from Equation (3) a A g value of 0.23+0.07
ppm (Figure 4), in good agreement with the value determined from
pure £. The disomer, both in d{ mixture and pure, gives a dissoci-

ation constant of 0.95+0.16 X 10”2 molar anda A value of

0.91+0.03 ppm.
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Discussion

Previous studies, employing ultraviolet spectroscopic methods,
on the association of B-(1-4)-linked oligosaccharides of 2-acetamido-
2-deoxy-D-glucopyranose (20) have allowed calculation of the
dissociation constants for the monosaccharide through the hexa-
saccharide in association with the enzyme. In that study it was shown
that binding strength increased with increasing chain length up to the
trisaccharide but that the tetra-, penta-, and hexasaccharides did not
appear to bind any more strongly than did the trisaccharide. These
results indicated that lysozyme contains three contiguous subsites to
which acetamidopyranose rings bind strongly. This interpretation is
in agreement with findings (2) employing X-ray analysis techniques to
study the association of crystalline lysozyme with 2-acetamido-2-
deoxy-D-glucopyranose, chitobiose, and, chitotriose.

The n.m.r. evidence shows that the reducing terminii of all
free acetamido sugars studied, except for a-NAG, and the glycosidic
terminii of all the NAG glycosides studied occupy the same magnetic
environment on the enzyme. A binding scheme consistent with these
results is shown in Figure 5. All saccharides are shown to occupy
the same subsite (subsite C) with other residues occupying subsites
A, B, and D. From the data in Table 2 it is possible to assign
magnetic parameters to subsites A, B, and C‘. Acetamido methyl
resonances in subsite C are shown to undergo chemical shifts of

0.5-0. 8 ppm to higher field, while methoxyl resonances in the same
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subsite undergo down field shifts of approximately 0.2 ppm.
Acetamido methyl groups in subsite B undergo no change in chemical
shift while those occupying subsite A are shifted slightly to lower
field (~0. 08 ppm).

Since subsite C apparently is dominant in the binding of various
inhibitors and substrates it is of interest that the important binding
forces in subsite C which determine the scheme be elucidated. Data
obtained from studies of a-NAG, B-NAG, methyl-a-NAG, acetamido-
cyclohexane, and the d- and {-diastereomers of trans-2-acetamido-
cyclohexanol serve to illustrate that the amide functionality is
obviously important. The average magnetic environments experienced
in the complexed state by the acetamido groups of pB-NAG, methyl-g-
NAG, and methyl-a-NAG are the same, whereas that encountered by
a-NAG is different. This suggests that the C, hydroxyl proton of this
inhibitor interacts with the enzyme and causes a change in its bound
orientation. In the lysozyme crystal, a hydrogen bond is formed
between the 1-OH of a-NAG and the main-chain N-H of residue 109.
No interaction occurs between the 1-OH of -NAG and the crystalline
enzyme (2).

The similarity of acetamidocyclohexane and {-trans-2-
acetamidocyclohexanol as well as the striking difference from d-

trans-2-acetamidocyclohexanol in binding to subsite C is explained

as follows. Providing that the ring conformations are similar, the
hydroxyl group of one of the optical isomers will be related to

lysozyrrie as the 1-OH in B-NAG while that of the other isomer will
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correspond to the 3-OH of NAG. Thus we have a thermodynamically
exact test of the relative importance of the §-1-OH and the 3-OH to
NAG binding, subject to usual trepidations about models. Theoretical
calculations (21) as well as empirical rotational correlations (22)
indicate that the absolute configuration of the d optical isomer
corresponds to the 3-OH of NAG. Thus the 3-OH of NAG contributes
a significant part of subsite C binding energy while the p-1-OH contri-
butes nothing, a conclusion in agreement with X-ray crystallographic
evidence (2). In concert with this binding contribution, the 3-OH
orients the inhibitor in the subsite such that a much greater chemical
shift is obtained. The fact that A for d-ACHol is substantially
different from A for B-NAG suggests that there is at least one more
important orienting group for subsite C interactions. The X-ray
analysis suggests that this is the 6-OH of NAG (2). It should be noted
that the additional interaction(s) does not contribute to the binding
strength as all NAG derivatives, in fact, bind more poorly than
d-ACHol. Table 4 summarizes the results obtained with a series of
NAG derivative s and related compounds.

In conclusion, the use of a simple application of n. m.r. to study
the binding of substrates and inhibitors to lysozyme has shown that the
binding properties of the enzyme in solution correspond in detail with
these properties for crystalline enzyme as determined by X-ray
analysis methods. The obvious conclusion is that since certain
functional properties in both states are similar the structure of the

enzyme should be similar in both states. In addition, the simplicity
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and rapidity of the n. m.r. technique allows study of enzyme substrate
association (in cases where substrate hydrolysis is slow) and at the
same time the method is sufficiently informative to yield a detailed

analysis of the association process.
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- Table 3. Chemical Shift Data for Acetamido Methyl Protons of
a-NAG and B-NAG Association with Lysozyme in
Absence and Presence of a-NAG(d,)

Measurements were made at 60 MHz in 0.1 M citrate buffer,

at 40°
N Concentration Chemical shift
Tahibitor Inhibitor Lysozyme relative to acetone 8
M mg/ml Hz

a-, B-NAG 0.05 0 10. 92 0
a-NAG 0.008 50 14,76 . 3.84
B-NAG 0.008 12,24 1.32
a-NAG 0.008 50 12.54 1.62
B-NAG 0.008 11.50 0.58

a-NAG(d,) 0. 067
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Table 4. Data for Binding of NAG Various Analogues to Lysozyme

A(p.p.m)
A
' R
QO a b
INHIBITOR KS(M) -NH-C-CH5| OCH4
HO4 HOCH -2,
F-NAG A 33(£02)XI0°2 |0.512003 | ——
HOAHOCH-C
a -NAG \‘//Z/;\_ 1.6(20.1)X 102 |0.68%0.03 ———
HO HOCHZ’O
Mo 33(+0.5)XI02 [0.54£0.04 | 0.17+0.03
F-Me-NAG Xxﬁiﬁocus
HOAHOCH,~
& -Me-NAG A 5.2(+0.4)X10°2 |0.65+0.02 0
Ho\-AGNH |
OCH,
ACH % 12.6(£2.7)XI072 [0344007 | ——
AENH
ACHol % 15.7(£2.4)X10°2 | 0.2240.06 | ——
(1) ATNH ~-OH
-2
ACHol % 0.55(£0.4)XI0 | 0914003 | ——
(d) Ho~ACNH

aUpfield from free resonance.

b

Downfield from free resonance.
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Figure 1. Scheme for the binding modes of several saccharides
based on X-ray crystallographic analysis.
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Figure 2.
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Competitive binding to lysozyme of a-NAG and §-NAG.
The resonance caused by acetone protons is shown at
left. Other resonances shown are (A) the acetamido
methyl proton resonance of free NAG; (B) NAG

(at mutarotation equilibrium, 1.6 X 1072 M) in the
presence of lysozyme; (C) same as in B but with
added a-NAG(d;) (6.7 % 1072 M). In this case, the
spectrum was recorded immediately after addition of
the a-deuterio anomer.
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Figure 3. The concentration of d;-acetamidocyclohexane (o) or
{-trans-2-d;-acetamidocyclohexanol (e) vs. the
inverse chemical shifts of the o anomer of 3.17 X 10
molar NAG in the presence of 3.2 X 10™° molar
lysozyme and 0.1 molar citrate pH 5.5, 31°.
The dependence of I, vs. 1/6; for aNAG (¢) without
added competitor under the same conditions is also
plotted. The 8 anomer is not shown.

-2
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The concentration of {-trans-2-d,-acetamidocyclo-

hexanol vs. the inverse chemical shift of the £ isomer
in pure £ (o) and in the d¢ mixture (0), 3.2 X 107°
molar lysozyme and 0.1 molar citrate pH 5.5, 31°.
The d isomer in the d{ mixture is not shown. The
ordinate data points with their errors were determined
as described in the text.
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Figure 5. Scheme for relative modes of association with lysozyme
of various saccharide inhibitors and substrates. Where
a- and B-anomeric forms are indicated on a single line,
no information on relative binding modes was obtained.
Where a- and g-forms are depicted separately (as with
a-NAG and -NAG), different binding modes were
elucidated. Where a- and g-forms are shown on the
same molecule on two levels, both anomeric forms bind
identically. Methyl groups are depicted by ®,
nitrophenyl groups by PhN.
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CHAPTER II

A New Reagent for Aqueous Esterification of Protein Carboxylates

Introduction

From knowledge of the three-dimensional structure of
lysozyme at 2-A resolution (Blake et al., 1965, 1967 a, b; Phillips,
1967) and knowledge of the structures of lysozyme-inhibitor complexes
(Johnson and Phillips, 1965; Blake et al., 1967a) now available, it
appears that we should for the first time be close to understanding in
detail the mechanism of action of an enzyme. Based on details of a
nonproductive lysozyme-chitotriose complex in the crystalline state,
it has been suggested as a result of further model building (Blake
et al., 1967b; Phillips, 1967) that the amino acid side chains most
likely to play an active role in catalysis by the enzyme are the -
and y-carboxyl groups of aspartic acid residue 52 and glutamic acid
residue 35 in the amino acid sequence.

Numerous attempts have been made to identify by chemical
means the amino acid side chains which affect catalysis by lysozyme.
The approaches used have been reviewed (Jollés, 1964, 1967). In
summary, it has been claimed that oxidation (Fraenkel-Conrat, 1950)
or reduction (Churchisch, 1962; Imai et al., 1963, Jollés et al.,
1964) of disulfide bonds, photooxidation of histidine and aromatic
amino acids (Weil et al., 1952), oxidation (Horinishi et al., 1964),

iodination (Hartdegen and Rupley, 1964, 1967), or ozonization of
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tryptophan (Previero et al., 1966, 1967) residues, acetylation of
amino groups (Fraenkel-Conrat, 1950; Geschwind and Li, 1957),
and esterification with methanol-HCI of carboxyl groups (Fraenkel-
Conrat, 1950) all can cause inactivation of the enzyme.

This chapter presents a new reagent for the selective esterifi-
cation of protein carboxyl groups. We have sought a method which to
the best of our knowledge does not seriously disrupt the secondary or
tertiary structures of the enzyme. An important feature of the
investigation was the determination of whether inactivation caused by
chemical modification of lysozyme resulted from an effect on the
binding properties or on the catalytic properties of the enzyme

derivatives.
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Experimental

Materials. -- Lysozyme (Lot No. 96B-8572) was purchased
from Sigma Chemical Co. Ninhydrin was a product of the Pierce
Chemical Co. N-Acetyl-D-glucosamine was obtained from the
California Corp. for Biochemical Research. Chitotriose was pre-
pared from a partial acid hydrolysate of chitin by a gel filtration

procedure used in this laboratory (Raftery et al., 1969a). Micro-

coccus lysodeikticus cells were purchased from Miles Laboratories

Inc.

Triethyloxonium fluoroborate was synthesized from boron
trifluoride etherate and epichlorohydrin (both from Matheson Coleman
and Bell Co.) as previously described (Meerwein, 1937) and the
product was stored under ether at 0° with desiccation.

The synthesis of '*C-labeled triethyloxonium fluoroborate was
accomplished by incorporation of [ '*C]diethyl ether into the oxonium
salt by exchange. All preparatory manipulations for the exchange
were carried out at -80° under a nitrogen atmosphere. A solution of
the oxonium salt (0. 78 g) in 7.0 ml of methylene chloride containing
1.0 mCi of [1-14C]diethy1 ether (74 mg, from New England Nuclear
Corp.) was sealed by torch in a heavy-walled glass ampoule. The
ampoule was incubated 22 hr in refluxing methylene chloride. The
[ “*C]oxonium salt solution (1 ml) was added to 100 mg of 3, 5-dinitro-
benzoic acid in 15 ml of methylene chloride. The mixture was

refluxed for 4 hr. After evaporating the methylene chloride, washing
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the residue with 5% NaHCO,, and recrystallizing the residue from
EtOH-H,0, 15 mg of ethyl 3, 5-dinitrobenzoate (mp 82.9-83.7°)
resulted with a specific activity of 5.0 X 10° dpm/mmole. The main
bulk of the [!C]oxonium salt was precipitated from methylene
chloride solution as an oil by the addition of 20 ml of hexane. The
supernatant was poured off and the oil was taken up into a syringe
with 0.5 ml of dry acetonitrile. This solution containing about 0.5 g
of [*“C]oxonium salt was treated with 188 mg of lysozyme in 12 ml
of water at pH 4.5 in the manner described below.

Analytical Methods. -- Amino acid analyses were performed

on a Beckman-Spinco Model 120B amino acid analyzer after prior
hydrolysis of protein samples for 20 hr in constant-boiling HCI,
under vacuum, at 105°, Color values of amino acids normally found
in hydrolysates of lysozyme were calibrated by standard mixtures
(Beckman Co., Spinco Division).

Amino-terminal groups were determined by reaction of protein
samples with fluorodinitrobenzene (Sanger, 1945) followed by paper
chromatography of dinitrophenylamino acids (Levy, 1954) after acid
hydrolysis of the reacted proteins.

Carboxyl ethyl esters were determined (a) by converting them
into hydroxamates at pH 7.0 or 9.0 (using 1 M NH,0OH) at 25° for 2 hr.
This was followed by dialysis or gel filtration to remove excess
hydroxylamine, lyophilization of the protein hydroxamates, and iodine
oxidation to nitrite of the hydroxamates followed by determination as

described elsewhere (Yasphe et al., 1960); (b) as ethanol, liberated
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by mild basic hydrolysis in sealed ampoules, which was quantitatively
determin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>