CHEMICAL MODIFICATIONS OF TRP-108 OF LYSOZYME

Effect of Chemical Modifications at Tryptophan-108 on Binding of
Lanthanide Ions to Hen Egg-White Lysozyme. Application of
Natural-Abundance Carbon-13 Nuclear Magnetic Resonance

Spectroscopy’

Kilian Dill and Adam Allerhand*

ABSTRACT: Natural-abundance 13C NMR spectroscopy (at
15.18 MHz) is used to investigate the effect of chemical
modifications at Trp-108 of hen egg-white lysozyme on the
lanthanide ion-binding properties of the enzyme. The strong
binding of Gd3* in the vicinity of Glu-35 and Asp-52 of lyso-
zyme is weakened (by a factor 220) when Trp-108 is converted
into the internal Glu-35 ester of §;-hydroxytryptophan-108.
The modified protein has a weak binding site for lanthanide
ions near Asp-101. Unlike intact lysozyme, the modified pro-
tein does not show evidence of aggregation at neutral pH.
When the internal Glu-35 ester of [8;-hydroxytryptophan-

Rupley and co-workers (Hartdegen and Rupley, 1964,
1967, 1973; Imoto et al., 1973; Imoto and Rupley, 1973) made
detailed studies of the reaction of hen egg-white lysozyme with
a half-molar amount of I, at pH 5.5. The reaction yielded a
protein mixture which could be separated chromatographically
into three major components (Imoto et al., 1973). Rupley and
co-workers (Imoto et al., 1973; Hartdegen and Rupley, 1973)
showed that one of these components is lysozyme with a
chemical modification only at Trp-108, and that the modified
residue is not oxindolealanine! (Figure 1C,D). There is strong
evidence that the modified residue 108 is 6;-hydroxytryptophan
(the enol form of oxindolealanine) esterified to Glu-35 (Figure
1B) (Imoto and Rupley, 1973; Beddell et al., 1975; Norton and
Allerhand, 1976). We shall call the modified protein
[(RCOO)Trp-108]lysozyme.! It can be hydrolyzed irreversibly
to [oxindolealanine-108]lysozyme! after it is unfolded with
guanidinium chloride (Imoto et al., 1973; Imoto and Rupley,
1973; Norton and Allerhand, 1976). Removal of the dena-
turing agent yields two folded proteins which are diastereo-
isomeric at oxindolealanine-108 (Figure 1C,D) (Norton and
Allerhand, 1976).

Hen egg-white lysozyme has a site in the vicinity of the
carboxylate groups of Glu-35 and Asp-52 which strongly binds
lanthanide ions (Dwek et al., 1971; Campbell et al., 1973a,
1975; Secemski and Lienhard, 1974; Kurachi et al., 1975). In
this report, we use the resonances of nonprotonated aromatic
carbons in natural-abundance !3C NMR spectra of-
[(RCOO)Trp-108]lysozyme and [oxindolealanine-108]ly-
sozyme to study the binding of Gd3* to these proteins. Qur
results yield information about the extent of secondary binding
of lanthanide ions to intact lysozyme. We also show that the
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108]lysozyme is converted into [oxindolealanine-108]lysozyme
(and the pH is maintained at a value $5), the modified Trp-
108 residue exists as an equimolar mixture of the two diaste-
reoisomers of oxindolealanine-108. However, when the pH is
raised to 6 or higher, one diastereoisomer becomes predomi-
nant. When the pH is lowered again (to a value in the range
3-5), the system does not revert back to the equimolar mixture
of diastereoisomers (even after several weeks at pH 3 and 40
°C). The predominant diastereoisomer of [oxindolealanine-
108]lysozyme binds Gd3* in the vicinity of Glu-35 and Asp-52
with a binding constant similar to that of the intact protein.

ratio of the two diastereoisomers of [oxindolealanine-108]-
lysozyme depends on pH in a complex manner.

Experimental Procedure

Materials. Hen egg-white lysozyme (six times crystallized,
substantially salt-free) from Miles Laboratories, Inc., Elkhart,
Ind., was used as received. Purity was checked by electro-
phoresis on cellulose acetate and by chromatography on Bio-
Rex-70 (Imoto et al., 1973). Lanthanum oxide (ultrapure
grade) was obtained from Alfa Products, Beverly, Mass. Ga-
dolinium oxide (99.9% pure) was purchased from Sigma
Chemical Co., St. Louis, Mo. Other chemicals were reagent
grade.

Methods. [(RCOO)Trp-108]lysozyme was prepared and
purified essentially as described by Imoto et al. (1973), except
that an I/protein molar ratio of 1.0 instead of 0.5 was used
(see Norton and Allerhand, 1976). Typically, potassium tri-
iodide solution (0.04 M I,, 0.48 M KI) was added to a stirred
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FIGURE I: Structures. (A) Indolyl group of a tryptophan residue. (B)
Modified indolyl group of residue 108 of [(RCOO)Trp(108)]lysozyme.!
(C,D) Oxindolyl groups of the two diastereoisomers of an oxindolealanine
residue.
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FIGURE 2: Region of aromatic carbons (and C¢ of arginine residues) in convolution-difference natural-abundance '*C NMR spectra of intact hen
egg-white lysozyme and [(RCOO)Trp-108]lysozyme! in H,0 (0.1 M NaCl). Each spectrum was recorded at 15.18 MHz, with a recycle time of 1.1
s. Peak desngnauons are discussed in the text. (A) Intact lysozyme (11 mM) at pH 4.1 and 33 °C, after 65 536 scans (20 h). The truncated peak at about
158 ppm arises from Cf of the 11 arginine residues (Oldfield et al., 1975b). Peaks 4-26 arise from the 28 nonprotonated aromatic carbons. Assignments
to specific residues are given in Table I. (B) [(RCOO)Trp- 108]1ysozyme (8 mM) at pH 4.0 and 37 °C, after 96 566 scans (30 h). (C) [(RCOO)Trp-
108]lysozyme (8 mM) at pH 7.1 and 36 °C, after 65 536 scans (20 h). The chemical shift of C¥ of His-15 (peak 15) exhibits the expected (Allerhand

etal., 1977) pH dependence.

solution of 5 g of protein in 300 mL of water at pH 5.5, as de-
scribed by Norton and Allerhand (1976). Salts and unreacted
iodine were removed by chromatography on Sephadex G-25
equilibrated at pH 3 (with HCI). The resulting dilute protein
solution was concentrated by ultrafiltration (UM-10 mem-
brane, Amicon Corp., Lexington, Mass.) to about 30 mL (pH
was adjusted to a value between 4 and 5), and then loaded on
a Bio-Rex-70 column (120 X 3 cm) equilibrated at pH 10.0
with borate-carbonate buffer (0.05 M). Borate-carbonate
buffer (0.05 M, pH 10.0) with a linear gradient of NaCl (0.0
t0 0.1 M for 9 L of buffer) was used as the eluent. The flow rate
was 30 mL/h. This procedure fractionated the various modi-
fied lysozymes and the intact protein (Imoto et al., 1973).
Usually, 3 g of the reacted protein mixture yielded about 1 g
of [(RCOO)Trp-108]lysozyme.
[Oxindolealanine-108]lysozyme was prepared by hydrolysis
of [(RCOO)Trp-108]lysozyme in the presence of guanidinium
chloride (Imoto et al., 1973; Norton and Allerhand, 1976). The
absorbance ratio 4230/ 4250 Was used to monitor the progress
5712
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of the hydrolysis (Imoto and Rupley, 1973). Incubation of 1
mM [(RCOO)Trp-108]lysozyme for 30 h with 4 M guani-
dinium chloride at 40 °C and pH 3.1 (Norton and Allerhand,
1976) yielded only 50% conversion. Incubation for2hin SM
guanidinium chloride at 40 °C and pH 1.0 (Imoto et al., 1973)
yielded essentially complete conversion. The unfolded [oxin-
dolealanine[108]lysozyme was “renatured” by exhaustive
dialysis against deionized water at 4 °C and pH 3.0.
Samples for NMR studies were prepared essentially as de-
scribed (Norton and Allerhand, 1976). Changes of pH were
made by addition of 1 M NaOH or HCI. Protein concentra-
tions were determined on a Beckman 25 spectrophotometer,
with the use of published extinction coefficients (Imoto et al.,
1973; Imoto and Rupley, 1973; Banerjee et al., 1975). Solu-
tions of proteins in the presence of La3* and Gd3* were pre-
pared as described (Allerhand et al., 1977).
Natural-abundance 13C Fourier transform NMR spectra
were obtained at 15.18 MHz with the use of 20-mm spinning
sample tubes, essentially as described (Allerhand et al., 1973a;

1977
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FIGURE 3: Effect of Gd3* on the resonances of nonprotonated aromatic carbons of 13 mM [(RCOO)Trp-108]lysozyme! in H,O at 36 °C. Each spectrum
was recorded at 15.18 MHz with a recycle time of 2.2 5. The convolution-difference method was applied (see Experimental Procedure). Peak numbers
are those of Figure 2. The molar ratios of GdCl; to LaCl; are indicated in each spectrum. The concentration of LaCl; was 45 mM in each case. (A)
Without GdCls, at pH 5.0, after 32 768 scans (20 h). (B) With 7.2 mM GdCls, at pH 5.1, after 65 536 scans (40 h).

Oldfield et al., 1975a). All spectra were recorded under con-
ditions of noise-modulated off-resonance proton decoupling
(Allerhand et al., 1973b; Oldfield et al., 1975a,b). A spectral
width of 3788 Hz was used. Time-domain data were accu-
mulated in 8192 addresses of a Nicolet 1085 computer. Fourier
transformation was carried out on 16 384 data points, by
placing 8192 addresses with a zero value at the end of each
block of accumulated data points. The convolution-difference
method (Campbell et al., 1973b) was used to eliminate the
broad methine aromatic carbon bands (Allerhand et al., 1973b;
Oldfield et al., 1975a,b) as follows. Two separate Fourier
transform spectra were obtained from each accumulated
time-domain spectrum (stored on a disk), one with 0.9-Hz and
the other with 18-Hz digital broadening. The second spectrum
(multiplied by 0.9) was subtracted digitally from the first one.
Chemical shifts were obtained digitally, and are reported in
parts per million downfield from the '3C resonance of Me,Si.
Estimated accuracy is £0.05 ppm for fully resolved peaks, and
decreases to about £0.1 ppm with decreasing resolution. A
trace of dioxane (at 67.8¢ ppm downfield from external Me,Si)
was used as an internal reference.

Spectra of [(RCOO)Trp-108]lysozyme

Figure 2 shows the region of aromatic carbons (and C{ of
the 11 arginine residues) in the natural-abundance 13C NMR
spectra of intact hen egg-white lysozyme at pH 4.1 (Figure
2A), [(RCOO)Trp-108]lysozyme at pH 4.0 (Figure 2B), and
[(RCOO)Trp-108]lysozyme at pH 7.1 (Figure 2C). The
convolution-difference method (see Experimental Procedure)
was applied to each spectrum in order to remove the broad
bands of methine aromatic carbons (Oldfield et al., 1975b).
Consider first the spectrum of intact lysozyme (Figure 2A).
The 28 nonprotonated aromatic carbons give rise to peaks

TABLE I: Assignments of the Nonprotonated Aromatic Carbon
Resonances of Hen Egg-White Lysozyme to Specific Residues in
the Sequence.

Assignment? Peak? Chemical shift®

Tyr-20 C¢
Lt Cf} 45 156.44
Tyr-23 Cf 6 154.4,
Phe-3 or 38 C¥ 7 139.0,
Trp-63 Ce2 8 138.8,
Phe-38 or 3 C7 9 138.64
Trp-28 or 111 C= 10 138.25
Trp-111 or 28 Ce2
Tro123 Ce } 1 137.94

234 Cv
%’;2‘2‘ gz} 12 137.73
Trp-108 Ce2 13 136.39
Tyr-23 C 14 130.60
His-15 Cv 15 130.1g
Trp-108 C2 16 129.6,
Tyr-20 C
L Cy} 17 129.05
Trp-111 C&2 18 128.44
Trp-63 C%2 19 127.74
Trp-28 C”Z} 20 { 127.15
Trp-62 C%2 127.0¢
Trp-123 Cé2 21 126.64
Trp-108 C7 22 112.63
Tep-123 C 23 111.84
Trp-63 C 24 110.74
Trp-62 CY 25 110.2;5
Trp-28 C¥
Tt Cy} 26 108.7;

@ Taken from Allerhand et al. (1977). ® Peak designations are
shown in Figure 2A. < From the spectrum of Figure 2A (protein in
H,0, pH 4.1,0.1 M NaCl, 33 °C).

BIOCHEMISTRY, VOL. 16, No. 26, 1977 5713



i i
P . e b
| -
Py opoyees @ Sxndolsatanre 108 < “ ‘
oD ) [
| i I o a |
1 2

ay e
NA\‘ U \/\‘*er,\{w,ﬁy‘mMW \JVW W]

| ﬂ

i
f\

IR
Y j{ M ¥

!

' AR}
[ Freeas /D
!

DILL AND ALLERHAND

[OXINDOLEALANINE -108 1- LYSOZYME

t

A
Al it

ok 44

‘L

byt g

M SR \
\’W,V-kuﬁv' VIV g T

!
. ) ok 5C '
B 4 [ - C
() i oA ! : ; i T S,
PR RN 4 1 Yyl . - ol REY A A NP U s
R T G A R e vl Y ol e MO A LA
- L : L
‘60 150 140 120 120 [hte]

ppm from Me,Si

FIGURE 4: Effect of pH and sample history on the nonprotonated aromatic carbon resonances of 14 mM [oxindolealanine-108]lysozyme! in H,0
at 39 °C. Each spectrum was recorded at 15.18 MHz with a recycle time of 1.1 s. The convolution-difference method was applied. Assignments for
Tyr-23 are based on those in Table [ (intact lysozyme). The assignment for C¢ of oxindolealanine-108 is that of Norton and Allerhand (1976). (A)
AtpH 4.1, with 65 536 scans (20 h), recorded immediately after removal of guanidinium chloride (by dialysis at pH 3, see Experimental Procedure).
(B) At pH 5.0, with 32 768 scans (10 h), recorded after the spectrum at pH 4.1 was obtained. (C) At pH 5.0, with 65 536 scans (20 h), recorded alter

the pH had been taken to 5.5 (for 10 h) and 6.3 (for 30 h).

4-26. The peak numbering system is that of Oldfield et al.
(1975a,b). Most of peaks 4~26 have been assigned to specific
residues in the sequence (Allerhand et al., 1977). The assign-
ments are given in Table I. Peaks 13, 16, and 22 are the reso-
nances of C2,C%, and C7, respectively, of Trp-108. Peaks x,
y. and z in the spectra of [(RCOO)Trp-108]lysozyme (Figure
2B,C) arise from C&, C?2, and Cv, respectively, of the modified
Trp-108 residue (Norton and Allerhand, 1976). We have not
detected the resonance of C# of (RCOO)Trp-108. This reso-
nance probably overlaps with the large peak of C{ of the 11
arginine residues (truncated peak at about 158 ppm in Figure
2) (Norton and Allerhand, 1976). The conversion of Trp-108
into (RCOO)Trp-108 causes minor changes in the chemical
shifts of some unmodified aromatic residues. Most affected
are the y-carbons of Trp-28 and Trp-111, which yield a two-
carbon resonance in the spectrum of intact lysozyme (peak 26
in Figure 2A): One component of peak 26 moves about 0.3-
ppm upfield and the other moves about 0.3-ppm downfield
upon conversion of Trp-108 into (RCOQO)Trp-108 (Figure
2B). Thus, it appears that the chemical modification of Trp-
108 causes a slight conformational reorganization near Trp-28
and Trp-111.

It is well known that hen egg-white lysozyme readily self-
associates at pH 26 (Imoto et al., 1972). Under the sample
conditions of Figure 2A (11 mM protein, pH 4.1, 33 °C), intact
lysozyme is essentially monomeric, but becomes strongly
self-associated if the pH is raised to 7 (Sophianopoulos and
Van Holde, 1964; Bruzzesi et al., 1965). The resonance of C
of Trp-62 (peak 25) is a convenient monitor of the extent of
5714
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self-association, because this resonance undergoes a significant
downfield shift when self-association takes place (Norton and
Allerhand, 1977). Under the sample conditions of Figure 2A,
the observed downfield shift is about 0.5 ppm when the pH of
intact lysozyme is raised from 4 to 7 (Norton and Allerhand,
1977). In contrast, there is no change in the chemical shift of
C7 of Trp-62 of [(RCOO)Trp-108]lysozyme when going from
pH 4 (Figure 2B) to 7 (Figure 2C). This result suggests that
formation of the ester bond between Glu-35 and the modified
Trp-108 residue greatly reduces the extent of (or entirely
suppresses) self-association. The thermodynamic data of
Banerjee et al. (1975) support this conclusion.

Hen egg-white lysozyme has a strong binding site for lan-
thanide ions which involves the carboxylate groups of Glu-35
and Asp-52 (Dweketal., 1971; Campbell et al., 1973a, 1975;
Secemski and Lienhard, 1974; Kurachi et al., 1975). The
binding of Gd3* has been of particular interest, because the
bound Gd3* acts as a relaxation probe (Dwek, 1973): i.e., it
causes a broadening of "H and '3C resonances that is inversely
proportional to r, where r is the distance from the relaxation
probe to the pertinent nucleus (Campbell et al., 1975, Aller-
hand et al., 1977). The use of the observed broadening effects
toassign 'H and '3C resonances and to determine interatomic
distances for lysozyme in solution is simplest if the effects of
secondary binding sites can be ignored. Campbell et al. (1975)
have used a “detailed analysis of titration curves” of intact
lysozyme to conclude that binding of lanthanides to the main
site is stronger by a factor Z 100 than binding to secondary sites
such as Asp-101 and Asp-87. Here we investigate secondary
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FIGURE 5: Effect of Gd3* on the resonances of nonprotonated aromatic carbons of 14 mM [oxindolealanine-108]lysozyme' in H,O (pH 5.0, 39 °C).
Each spectrum was recorded at 15.18 MHz with a recycle time of 1.1 s. The convolution-difference method was applied. Peak designations are those
of Figures 2A and 4A. The molar ratios of GdCl; to LaCl; are indicated in each spectrum. The concentration of LaCly was 44.6 mM in each case. (A)
Without GdCls, after 229 376 scans (70 h). The sample was prepared by adding LaCl; to the sample of Figure 4C. (B) With 0.45 mM GdCl;, after

98 304 scans (30 h). (C) With 4.6 mM GdCls, after 98 304 scans (30 h).

binding by examining the effect of Gd3* on the 13C NMR
spectrum of [(RCOO)Trp-108]lysozyme, a species which does
not have an available carboxylate group at residue 35.

In Figure 3A, we show the aromatic region of the convolu-
tion-difference '13C NMR spectrum of 13 mM [(RCOO)-
Trp-108]lysozyme at pH 5 in the presence of a 45 mM con-
centration of the diamagnetic La3* ion. As in the case of intact
lysozyme (Allerhand et al., 1977), addition of La3* does not
significantly perturb the spectrum (compare Figure 3A with
2B). Figure 3B is the spectrum of the same sample as in 3A,
but after addition of a 7.2 mM concentration of Gd3*. A
spectrum of intact lysozyme in the presence of similar con-
centrations of La3* and Gd3* as used for Figure 3B is given
in Figure 3F of Allerhand et al. (1977). In the case of intact
lysozyme, the resonances of Trp-108 are broadened beyond
detection. In contrast, the resonances of (RCOQO)Trp-108
(peaks x, y, and z of Figure 3B) are only slightly broadened by
the Gd3* ions. The broadening of peaks x, y, and z (Figure 3B)
is similar to that observed for the resonances of Trp-108 of
intact lysozyme when the Gd3* concentration is about g of
that used for Figure 3B (see Figure 3 of Allerhand et al.,
1977).

With the use of the crystallographic coordinates of intact
lysozyme (Imoto et al., 1972), we estimated values of the dis-
tances (r) from the nonprotonated aromatic carbons to various
possible Gd3* binding sites (Campbell et al., 1975). For
binding to Asp-52, we used the values of 6 given in Table IV
of Allerhand et al. (1977). The paramagnetic contributions
to the line widths in Figure 3B are too small to allow a quan-
titative comparison of the effect of Gd3* on the resonances of

(RCOO)Trp-108 and those of other affected residues. Nev-
ertheless, the observed effects cannot be explained on the basis
of Gd3* binding to Asp-52 exclusively. It is necessary to invoke
binding of Gd3* to at least one additional site in order to ex-
plain the fact that peaks x, y, and z are not significantly more
affected than peaks 19 and 25, which arise from C%2 of Trp-63
and C7 of Trp-62, respectively (Allerhand et al., 1977). On the
basis of the estimated values of 5, we conclude that the ob-
served broadening effects in Figure 3B are most consistent with
two weak binding sites for Gd3*, one in the vicinity of Asp-101
and the second near Asp-52. However, we cannot rule out the
possibility that Gd3* binding near Asp-101 is entirely re-
sponsible for the broadening effects in Figure 3B. In any case,
a comparison of our results (Figure 3B) with the reported ef-
fects of Gd3* on the '3C NMr spectrum of intact lysozyme
(Figure 3 of Allerhand et al., 1977) indicates that the binding
constant for Gd3* in the vicinity of Asp-52 and Glu-35 de-
creases by a factor 220 when going from intact lysozyme to
the modified protein. Our results also suggest that secondary
binding makes only a minor contribution to the observed
line-broadening effects in spectra of intact lysozyme solutions
which contain Gd3+ ions.

Spectra of [Oxindolealanine-108]lysozyme

Figure 4A shows the aromatic region of the convolution-
difference '3C NMR spectrum of [oxindolealanine-108]ly-
sozyme at pH 4.1. Peaks a; and a; arise from C* of the oxin-
dolealanine-108 residue (Norton and Allerhand, 1976). The
splitting into two “half-carbon” resonances is caused by the
diastereoisomerism of oxindolealane-108 (see Figure 1C,D)

BIOCHEMISTRY, VOL. 16, No. 26, 1977 5715



(Norton and Allerhand, 1976). The proportions of the two
diastereoisomers are about equal under the sample conditions
of Figure 4A, but can be varied by changing the pH (see
below). Note that the chemical shifts of some unmodified
residues are affected by the diastereoisomeric state of oxin-
dolealanine-108. For example, C¢ of Tyr-23 yields two resolved
“half-carbon” resonances (and C” of Tyr-23 yields one re-
solved “half-carbon” resonance) in Figure 4A. Other “half-
carbon” resonances are also discernible, but are more difficult
to assign because of signal overlap.

The §;-carbons of the two forms of oxindolealanine-108
should contribute in the range 126-132 ppm (Norton and
Allerhand, 1976). The é,-carbons of the two diastereoisomers
of residue 108 yield identifiable “half-carbon’ resonances at
the downfield edge of the carbony! region (Norton and Al-
lerhand, 1976). Note that C¥ of an oxindolealanine residue is
a methine aliphatic carbon (Figure 1C,D) and therefore does
not contribute in Figure 4.

it is pertinent to our discussion that the sample of “native”
{oxindolealanine-108]lysozyme whose spectrum is shown in
Figure 4A was obtained by dialysis at pH 3 of unfolded [ox-
indolealanine-108]tysozyme (see Experimental Procedure).
After removal of guanidinium chloride, the sample was con-
centrated by ultrafiltration, the pH was raised to 4.1, and the
spectrum of Figure 4A was recorded. The pH was then raised
to 5.0 and the spectrum of Figure 4B was obtained. The main
effect of the higher pH is the expected downfield shift of C¥
of His-15, from about 130 to about 131 ppm (Allerhand et al.,
1977). However, one component of the C*2 doublet of oxin-
dolealanine-108 (peak a; of Figure 4) moves about 0.3 ppm
downfield when the pH is raised from 4 to 5, while the other
component (peak a;) does not move appreciably. This effect
may be caused by the ionization of Asp-52, which has a pK,
of about 4.5 in intact lysozyme (Imoto et al., 1972). It is pos-
sible that the oxindole group of one diastereoisomer of oxin-
dolealanine-108 is closer to the carboxylate group of Asp-52
than the oxindole group of the other diastereoisomer.

After the spectrum of Figure 4B was obtained, additional
spectra were recorded at pH 5.5 and 6.3, with 10 and 30 h of
spectral accumulation time, respectively. These spectra re-
vealed an increase in the proportion of the diastereoisomer
which gives rise to peak a;. The pH was then lowered to 5.0
again, and the spectrum shown in Figure 4C was obtained.
Clearly, the ratio of the two diastereoisomers in Figure 4C is
very different from the initial value (Figure 4A,B). We were
not able to reverse the equilibrium back to the equimolar ratio
of Figures 4A and 4B even after keeping the sample at 40 °C
and pH 3 for several weeks. However, the equimolar mixture
was obtained again when the protein (diluted to 1 mM con-
centration) was unfolded with 4 M guanidinium chloride at
40 °C (for 24 h at pH 3 and 30 min at pH 1) and refolded by
dialysis against H,O at pH 3. It appears that the equimolar
mixture of diastereoisomers is the equilibrium state of unfolded
[oxindolealanine-108]lysozyme but a metastable condition for
the folded protein. This metastable condition (Figure 4A) is
the consequence of the method of preparation of [oxin-
dolealanine-108]lysozyme, i.e., by hydrolysis of unfolded
[(RCOO)Trp-108]lysozyme and subsequent refolding of the
protein at low pH (see Experimental Procedure).

We examined the effect of Gd3+ on the spectrum of {oxin-
dolealanine-108]lysozyme (Figure 5). Under our sample
conditions (see caption of Figure 5), the amount of only one
stereoisomer was sufficient to yield clearly observable reso-
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nances. The broadening effects in Figure 5B,C are quite similar
to those observed for the corresponding resonances of intact
lysozyme in the presence of comparable amounts of Gd3* (see
Figure 3 of Allerhand et al., 1977). We conclude that Gd3+
binds in the vicinity of the carboxylate groups of Asp-32 and
Glu-35 of at least one diastereoisomer of [oxindolealanine-
108]lysozyme, with a binding constant similar to that observed
for intact lysozyme. The difference in the binding behavior of
[(RCOO)Trp-108]lysozyme and that of [oxindolealanine-
108]lysozyme underscores the importance of the carboxylate
group of Glu-35 in the strong binding of lanthanide ions to
intact lysozyme.
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