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ABSTRACT: We have investigated perturbations of the triplet-state properties of Trp residues in bacteriophage
T4 lysozyme caused by point mutations using low-temperature phosphorescence and optical detection of
triplet-state magnetic resonance (ODMR) spectroscopy. Five temperature-sensitive mutants have been studied
in detail. These include lysozymes with the point mutations Gln-105 — Ala, GIn-105 — Gly, Gln-105 —
Glu, Ala-146 — Thr, and Trp-126 — Gln. Changes in phosphorescence 0,0 band wavelength, intensity,
the triplet-state zero-field splitting (ZFS), and the wavelength dependence of the ZFS were detected only
from Trp-138 in each mutant. In the case of the Q105A mutation, the perturbations on Trp-138 have been
ascribed to the combination of an increase in the polarizability of the environment and to the loss of hydrogen
bonding of the enamine nitrogen of indole. For the Q105G mutation, we believe that Q is replaced by a
solvent molecule in H bonding, leading to relatively small changes. In the Q105SE mutation, the perturbation
results largely from the introduction of a charged residue. In the case of the mutation A146T, the perturbation
is associated with a local conformational change in which Trp-138 is shifted to a more solvent-exposed location.
On the other hand, no significant spectroscopic changes in Trp-126 and Trp-158 were found in any of the
mutants, suggesting that the perturbations are probably localized near Trp-138 for the mutations of positions
105 and 146. However, in the mutation W126Q, which occurs ~ 16 A away from Trp-138, significant changes
of Trp-138 are detected, suggesting that the effects of this mutation are propagated over large distances.

Lysozyme from bacteriophage T4 (T4 lysozyme)' has been
used as a model to determine the factors which influence the
stability and folding of proteins, since the crystal structure of
the enzyme is known and various kinds of mutants have been
obtained by classical selection as well as by site-directed
mutagenesis (Streisinger et al., 1961, 1966; Alber et al., 1986,
1987a,b; Perry & Wetzel, 1984, 1986, 1987). A series of
temperature-sensitive mutants whose thermostability or en-
zymatic activity is substantially altered by changes in a single
amino acid have been studied recently by crystallographic and
thermodynamic methods (Hawkes et al., 1984; Alber et al.,
1986; Griitter et al., 1979, 1987; Gray & Matthews, 1987).
It has been reported that the thermally stable proteins are
structurally very similar to their less stable homologues.
Therefore, it has been suggested that specific noncovalent
interactions, such as hydrogen bonds and solvent structure
changes, may be responsible for the observed change of a
protein’s thermal stability (Griitter et al., 1979, 1987). In other
work, T4 lysozyme and some of its mutants have been in-
vestigated using fluorescence techniques by probing the Trp
residues in particular, to determine any changes of the ex-
cited-state properties caused by local environmental changes
(Harris et al., 1988). Also, changes of the intrinsic fluores-
cence of Trp residues in T4 lysozyme have been used to study
enzyme-inhibitor binding (Vedenkina et al., 1984).

T4 lysozyme contains three Trp residues at positions 126,
138, and 158. The three-dimensional structures of the wild-
type enzyme and several temperature-sensitive mutants have
been determined (Remington et al., 1978; Weaver & Mat-
thews, 1987; Griitter et al., 1979, 1987; Alber et al., 1986; Gray
& Matthews, 1987). The triplet-state spectral and kinetic
properties of the individual Trp residues have been charac-
terized using low-temperature phosphorescence and optically

t This work was supported by a NSF grant.

detected magnetic resonance (ODMR) spectroscopy of Trp
— Tyr double-point mutants which contain only a single Trp
residue (Ghosh et al., 1988; Zang et al., 1988).

In this paper, we describe the spectroscopically detected
perturbations of Trp residues caused by the single-point mu-
tations in five temperature-sensitive mutants. We find that
the triplet state of Trp-138 is selectively perturbed when each
of two nearby residues, 105 and 146, is replaced by different
amino acids. Furthermore, we report experiments that dem-
onstrate the special interactions between Trp-138 and the
residue at position 105 by different mutants in which Gln-105
is replaced by the residues Ala, Gly, and Glu. Significant
phosphorescence shifts, changes in the zero-field splitting
(ZFS) parameters, and/or the wavelength-dependent pattern
of the zero-field splittings (ZFS) of Trp-138 were observed
in these mutants and the one in which Ala-146 is replaced by
Thr. On the other hand, no significant spectroscopic changes
were detected from Trp-126 and -158 in any of these mutants,
suggesting that the perturbations from the mutations at pos-
itions 105 and 146 are relatively localized. In contrast, the
replacement of Trp-126 with Gln changes the wavelength-
dependent pattern of the ZFS of Trp-138 even though the
mutation occurs about 16 A away from Trp-138, indicating
a long-range propagation to the neighborhood of the active
site.

MATERIALS AND METHODS

The bacteriophage T4 lysozyme mutants studied in this work
were generous gifts from Professor B. W. Matthews, L.
Mclntosh, and co-workers, Institute of Molecular Biology,

! Abbreviations: D and E, triplet-state zero-field splitting parameters;
ODMR, optical detection of triplet-state magnetic resonance; T4 lyso-
zyme, bacteriophage T4 lysozyme; ZFS, triplet-state zero-field split-
ting(s).
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Table I: Phosphorescence 0,0 Band Maxima and Phosphorescence
Lifetimes of Trp Residues in Wild-Type and Various Mutated
Enzymes

system®  Agg (nm)® A, (nm)®  lifetime components (s)
WWWe 4078 4084  1.15 (25%), 6.28 (15%)
4135 4140  1.18 (30%), 5.61 (70%)
QILO05A 407.2 407.2 0.82 (23%), 6.33 (77%)
417.2 417.2 0.625 (21%), 5.51 (719%)
Q105G 407.1 407.1 1.53 (13%), 6.43 (87%)
413.3 4133 1.72 (20%), 5.87 (80%)
QIOSE 407.1 407.1 2.11 (5%), 6.49 (95%)
413.1 413.1  2.83 (18%), 6.09 (82%)
A146T 409.7 4100  2.75 (29%), 6.11 (71%)
412.0 2.65 (32%), 5.81 (68%)
WI126Q  408.1 409.0  1.14 (34%), 6.14 (66%)
4129 413.4 1.0 (41%), 5.15 (59%)

“Measurements were made at 77 K. The excitation was at 295 nm
with a 16-nm bandwidth for all the samples except W126Q which was
excited at 305 nm with the same bandwidth. X, is the peak wave-
length of the corresponding 0,0 band; A,y is the monitored wavelength
at which decay is measured using 1-nm bandwidth. ¢Data from Ghosh
et al. (1988).

Eugene, OR. The proteins were stored in 100 mM sodium
phosphate buffer containing ca. 500 mM NaCl and 0.01%
NaN,; at 4 °C. Before spectroscopic measurements were
made, 10 mM dithiothreitol was added to the protein stock
solution to prevent oxidation of cysteine residues; 30% glycerol
(v/v) was then added to the protein solution as a cryogenic
solvent.

For consistency in terminology with previous work (Ghosh
et al.,, 1988), WWW and YWY are used to designate the
wild-type enzyme (indicating Trp-126, -138, and -158) and
a double-point mutant with two Trp — Tyr substitutions
(indicating Tyr-126, Trp-138, and Tyr-158), respectively. The
five temperature-sensitive mutants studied are named Q105A,
Q105G, Q105E (mutation of Gln-105 to Ala, Gly, and Glu,
respectively), A146T (mutation of Ala-146 to Thr), and
W126Q (mutation of Trp-126 to Gln).

The ODMR apparatus and experimental methods of
phosphorescence and ODMR slow passage have been described
previously (Ghosh et al., 1984).

RESULTS

Phosphorescence Spectra. The phosphorescence spectra of
Trp residues in WWW, Q105A, Q105E, Q105G, A146T, and
W126Q at 4.2 K are shown in Figure 1. The wavelengths
of the corresponding 0,0 bands of each sample are presented
in Table I. Previous studies have demonstrated that the two
well-resolved 0,0 bands of WWW, which peak at 407.8 and
413.8 nm, originate from Trp-158 and -138, respectively; the
emission of Trp-126 is largely quenched by efficient selective
singlet-singlet energy transfer to Trp-158 (Ghosh et al., 1988).
Comparison of the spectra (Figure 1) shows that the 0,0 band
originating from Trp-138 is red-shifted by about 4 nm in
QI105A relative to WWW. Crystallographic analysis has
shown that this mutation eliminates the hydrogen bond be-
tween the enamine nitrogen atom of Trp-138 and the side
chain carbonyl of GIn-105 (L. Mclntosh et al., unpublished
results). The replacement of the neighboring Gln-105 with
Ala increases the overall polarizability of the Trp-138 envi-
ronment, which leads to a red shift of its phosphorescence. In
addition, the loss of the hydrogen bond destabilizes the ground
state of Trp-138 relative to the lowest triplet excited state,
contributing to a red shift in the phosphorescence spectrum.
In contrast, the 0,0 band of Trp-138 is blue-shifted in A146T
where the mutation introduces a bulkier alkyl group at position
146. The blue shift of Trp-138 results in considerable overlap
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FIGURE 1: Phosphorescence spectra of wild-type T4 lysozyme WWW
and its temperature-sensitive mutants Q105A, Q105G, Q105E, A146T,
and W126Q in phosphate buffer containing 30% glycerol at 4.2 K
with emission monochromator resolution of 1.5 nm. Excitation
wavelength was 295 nm with 16-nm band pass. The protein con-
centrations are ca. (1-2) X 10 M,

of the 0,0 bands of these residues (Figure 1). On the other
hand, although the 0,0 band of Trp-138 in Q105G and Q105E
does not exhibit a significant shift, a reduction of the phos-
phorescence intensity is observed in each protein, and the 0,0
band of Trp-138 in Q105G is somewhat broadened. The
mutation of Trp-126 to Gln, which is almost 16 A away, shows
much less influence on the phosphorescence of Trp-138 (with
only a 0.6-nm blue shift). However, the ODMR measure-
ments, described in a later section, reveal a rather large change
in the wavelength dependence of the ZFS of Trp-138, as well
as shifts in the ZFS parameters.

The spectra compared in Figure 1 also show that the 0,0
band originating from Trp-158 does not undergo dramatic
changes in any mutant enzyme. The ODMR results which
are discussed later also show that the triplet-state properties
of Trp-158 in each mutant remain nearly the same, which
demonstrates that Trp-138 is perturbed selectively by these
mutations.

The phosphorescence lifetime of each Trp residue in these
mutants was measured at 77 K, monitoring the corresponding
0,0 bands. The lifetimes are given in Table I. Two exponential
components were obtained from the computer analysis. The
short-lived component (1-2 s) is due to the contribution of
tyrosine phosphorescence which has a broad emission band
with a maximum at ca. 400 nm. Previous studies (Zang et
al., 1988) on mutants containing a single Trp residue show
that Trp-138, which is buried in a hydrophobic environment,
has a shorter lifetime (~5.6 s) than Trp-158 and Trp-126
(~6.3 s), which are solvent-exposed residues. The decay
lifetimes of Trp-138 in Q105G and in Q10S5E are significantly
longer than that in the wild-type enzyme, WWW, whereas the
lifetime of Trp-138 in W126Q is slightly shorter than that in
WWW. Only small changes in the Trp-138 lifetime are
caused by the mutations Q105SA and A146T. The phos-
phorescence lifetimes of Trp-158 in all the mutants are the
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FIGURE 2: Molecular axes convention and triplet sublevel splittings
of Trp in zero field.

Table II: Zero-Field Splitting Parameters of Trp Residues in the
Wild-Type T4 Lysozyme and Several of Its Mutants

Aem ID| - |E| 2|E| |D| |E]
system (nm)® (GHz)* (GHz)* (GHz) (GHz)
WWWwe 4078 1.78 2.47 3.01 1.24

413.6 1.625 2.695 2.975 1.350
YWY 413.5 1.630 (40) 2.690 (50) 2.970 1.345
QIO0SA  407.1 1.78 2.48 3.01 1.24
417.2  1.575 (40) 2.720 (80) 2.930 1.360
Q105G 4070 1.78 2.48 ' 3.02 1.24
413.3  1.625(40) 2.710 (80) 2.980 1.355
QIOSE  407.1 1.78 247 3.02 1.24
413.1 1.640 (45) 2.760 (65) 3.020 1.380
Al46T 4074 1.78 2.47 3.02 1.24
4110 1.685(90) 2.600 (120) 2.985  1.300
W126Q 408.0 1.77 2.48 3.01 1.24

413.0 1.640 (35) 2705 (70)  2.990  1.350

9Peaks of the phosphorescence 0,0 band were monitored in all pro-
teins except A146T in which emission was monitored at the blue and
red edge of its composite 0,0 band, respectively. ®Measured at 1.2 K
with £5-MHz accuracy for the red-shifted peak which is assigned to
Trp-138 and with £10-MHz accuracy for the blue-shifted peak which
is assigned to Trp-158. Full width of the transitiion at half-maximum
in megahertz appears in parentheses. Both transition frequency and
line width have been extrapolated to zero microwave sweep rate.
¢Data from Ghosh et al. (1988).

same within the experimental error (0.1 s).

ODMR Transitions. In order to determine the effects on
the triplet-state ZFS of Trp-138, which undergoes readily
measurable changes in the phosphorescence 0,0 band wave-
lengths and the lifetime, ODMR slow-passage measurements
were conducted by monitoring the phosphorescence at the peak
of the 0,0 band of Trp-138. The ODMR of Trp-158 was
obtained by monitoring its 0,0 band. In the case of A146T
where the 0,0 band of Trp-138 overlaps to a large extent with
that of Trp-158, the measurements were made by monitoring
at the blue edge or the red edge of the composite band. The
energy level diagram and molecular axes convention of tryp-
tophan are shown in Figure 2, and the ODMR spectra cor-
responding to Trp-138 are shown in Figure 3. The ODMR
transitions and corresponding ZFS parameters of the Trp
residues in each mutant are presented in Table II. The ZFS
of each Trp residue in T4 lysozyme has been isolated by using
the three mutants which contain two Trp — Tyr substitutions
(Ghosh et al., 1988). These results have shown that Trp-126
and Trp-158 have similar D and E values, while Trp-138 gives
a quite different ZFS. The D and E values of Trp-138 in
WWW (Table II) are lower and higher, respectively, than
those of Trp-158 and Trp-126, indicating (Hershberger et al.,
1980) that the latter residues are located in a more polar
environment. Furthermore, the ODMR transition line widths
for Trp-138 are much narrower than those obtained from
Trp-126 and Trp-158, which indicates that Trp-138 is located
in a relatively homogeneous environment (Maki, 1984; Davis
& Maki, 1984). These experimental observations may be
interpreted with regard to the local environments of Trp
residues in T4 lysozyme and are consistent with the crystal
structure results (Remington et al., 1978; Weaver & Mat-
thews, 1987) which indicate that Trp-138 is a buried residue
while Trp-126 and -158 are solvent exposed.
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FIGURE 3: Slow-passage ODMR transitions of Trp-138 in WWW
and in five mutants at 1.2 K. Measurements were done by monitoring
at the peak of the 0,0 band of Trp-138 in each sample with 1.5-nm
bandwidth, except in A146T where the emission was monitored at
411.0 nm. The microwave sweep rate was 58 MHz/s.

Comparison of the data presented in Table II shows that
the D and E values of Trp-138 in Q105A are shifted further
to lower and high frequencies, respectively, than those of
Trp-138 in WWW or YWY, while the ODMR transition line
widths remain narrow. This indicates that Trp-138 in Q105A
continues to experience a homogeneous environment after the
mutation of Gln to Ala, and it still remains buried. In accord
with the opposite direction of the phosphorescence shift of
Trp-138 in A146T relative to Q105A, the D and E values now
shift oppositely, as well, namely to higher and lower fre-
quencies, respectively. Moreover, the ODMR transition line
widths of Trp-138 in A146T are significantly broader than
those in WWW and in the other mutants (Table II). Both
these effects, namely, an increase in |D| — |E| and in the
ODMR line width, have been associated with increasing ex-
posure of the Trp residue to the polar solvent [see Maki (1984)
and references cited therein). These observations suggest that
the Trp-138 in A146T has been moved out of the hydrophobic
environment which it occupies in WWW and in Q105A, into
a more solvent-exposed position. In Q105SE in which the
mutation replaces Gln by a charged group Glu, even though
the phosphorescence 0,0 band of Trp-138 remains unshifted,
a considerable change in the ZFS is observed. Both the D and
E values are larger than those of Trp-138 in WWW, but no
significant changes in the transition line widths are observed.
Therefore, the change of the ZFS of Trp-138 in Q105E may
be attributed to a uniform Stark effect induced by the nega-
tively charged group introduced by the mutation. The mu-
tation of Trp-126 to Gln in W126Q is not close to Trp-138;
on the other hand, the substitution severely reduced the
thermal stability of the protein (L. McIntosh, personal com-
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FIGURE 4: Plot of (a) the |D| — |E| and (b) the 2|E| ODMR transition frequency vs emission wavelength through the 0,0 band region of Trp-138
in YWY (@), Q105A (0), QI0SE (1), Q105G (A), and W126Q (A). The microwave sweep rate in each case was 58 MHz/s. The temperature
was 1.2 K, and the emission bandwidth was 1 nm. The transition frequencies were all corrected for rapid-passage effects.

munication). We find from ODMR measurements that a
moderate increase of the D value of Trp-138 occurs in W126Q.
It is very interesting that unlike Q105A, Trp-138 in Q105G
does not show a large change in the ZFS, although this mu-
tation also lacks a hydrogen bond between Trp-138 and the
residue at position 105. Both the D and E values are only very
slightly increased. It has been found from the crystal structure
of Q105G (B. W. Matthews, personal communication) that
the much smaller residue Gly leaves enough room for a H,0O
molecule to occupy the Gln side chain position. Consequently,
a hydrogen bond formed between Trp-138 and the internal
H,O compensates for the increase in energy caused by the
solvent rearrangement. Therefore, it is not surprising that the
ZFS of Trp-138 in Q105G does not undergo a significant
change. The solvent effect of a hydrogen-bonded H,O mol-
ecule effectively mimics that of the native Gln-site chain. Our
results, obtained from both phosphorescence and ODMR, are
consistent with the X-ray study of Q105G, suggesting that the
Trp-138 environment in a 30% glycerol matrix at low tem-
perature contains a H,O molecule in the Q105 cavity and thus
is similar to that in the crystalline enzyme.

The D and E values obtained for Trp-126 and -158 in all
the temperature-sensitive mutants are similar to those found
in the wild-type enzyme (Table II), which implies, along with
the phosphorescence spectra and lifetime studies, that these
environments are not changed significantly in the Q105 and
A146 mutants.

Wavelength-Selected ODMR Measurements. In order to
further define the perturbations on Trp-138 caused by these
mutations, we carried out wavelength-selected ODMR mea-
surements, in which the ZFS was measured by monitoring
different wavelengths across the 0,0 band corresponding to
Trp-138. The results are plotted with the transition frequencies
given vs monitored wavelengths in Figures 4 and 5. Unlike
the results for Trp-138 in YWY where both |D| — |E| and 2|E]
transition frequencies are wavelength independent (Ghosh et
al., 1988), a linear wavelength dependence of the |D| — |E] and

n.seT
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FIGURE 5: Plot of (A) the |D| - |E| and (B) the 2|E] ODMR transition
frequency vs emission wavelength across the 0,0 band region in A146T.
The transition frequencies were corrected for rapid-passage effects.
Other conditions are the same as described in the Figure 3 caption.

2)E) frequencies was obtained for the Trp-138 in Q105A,
QI105E, W126Q (Figure 4), and A146T (Figure 5). In the
case of Q105G, wavelength-independent 2|E| but wave-
length-dependent |D| - |E| frequencies were observed. The
measurements made for Q105A, Q105G, and W126Q are
relatively more accurate, since the phosphorescence 0,0 band



ODMR Study of Tryptophan Residues in Lysozymes

Aqroe ARy

Biochemistry, Vol. 28, No. 5, 1989 2249

Actas hey

FIGURE 6: Stereoview drawing showing the vicinity of Trp-138 in the wild-type T4 lysozyme. The distance between N, of Arg-145 and N,
of GIn-105 is 3.94 A, and that between N,; of Trp-138 and O,; of GIn-105 is 2.81 A.

of Trp-138 is well resolved. However, in A146T, the blue-
shifted 0,0 band of Trp-138 overlaps severely with that of
Trp-158. Therefore, the measurements were done by moni-
toring different wavelengths across the composite band. In
spite of the phosphorescence overlap, the two Trp sites were
clearly resolved in the plot of ODMR frequency vs monitored
wavelength (Figure 5), in which the discontinuities result from
the different transition frequencies of Trp-138 relative to those
of Trp-158 and -126 (Table ITI). The results show that the
ZFS of both Trp-138 and Trp-158 are wavelength dependent,
supporting the conclusion that Trp-138 in A146T experiences
a more solvent-exposed environment. It is particularly in-
teresting that Trp-138 for Q105G has a wavelength-dependent
|D| — |E]| transition but that the 2|E] transition is wavelength
independent, which means that the D value depends linearly
on the wavelength instead of the E value as occurs in most
other cases.

A model of the molecule-solvent electric field (Stark) in-
teraction based on the spin—spin dipolar coupling predicts a
linear wavelength dependence of the ZFS parameters on the
phosphorescence wavelength (van Egmond et al., 1975; Gradl
et al., 1986). Generally, in proteins this linear dependence
of the ZFS may occur either in a solvent-exposed probe or in
a buried one. However, some sites are found which exhibit
very little correlation between the environmental-induced Stark
shift and the ZFS parameters. In fact, this lack of wavelength
dependence of the ZFS has been observed only in buried Trp
residues (Hershberger et al., 1980; Davis & Maki, 1984). As
demonstrated in earlier work (Ghosh et al., 1988), Trp-138
in wild-type T4 lysozyme exhibits wavelength-independent
ZFS while that of Trp-126 is wavelength dependent. The
introduction of a wavelength-dependent pattern for the ZFS
of Trp-138 in all the temperature-sensitive mutants may result
either from Trp-138 being shifted to a more solvent-exposed
environment or from changes in the local electric field resulting
from displacement and/or introduction of charged groups.

DiscussioN

Trp-138 in T4 lysozyme is a buried residue near the active
site. The crystal structure shows that the nearby Gln-105
forms a hydrogen bond with the N-H of the indole ring
(Remington et al., 1978; Weaver & Matthews, 1987). In the
three Q105X (X = A, G, E) mutants, Ala, Gly and Glu,
respectively, replace GIn-105. This set of mutants provides
a unique opportunity to investigate changes of the triplet-state
properties of Trp-138 which are induced by the changes at a
single position. Aside from the solvent rearrangement in
Q105G, very little structural change has been detected by
X-ray studies in these Q105X mutants (B. W. Matthews,
personal communication). However, rather large perturbations
of the Trp-138 triplet state have been observed from our
spectroscopic measurements. First of all, among all three

Q105X mutants, a large red shift of the 0,0 band of Trp-138
appears only in Q105A. We cannot determine quantitatively
how much of this shift is due to the increased polarizability
of the environment and how much is due to the loss of the
hydrogen bond. Since there probably is little difference in
polarizability between Ala and Gln, we think polarizability
effects are of smaller consequence. If this is the case, we can
conclude that hydrogen bonding of the indole N-H stabilizes
the ground electronic state more than it does the triplet state.
On the other hand, retention of a hydrogen bond with the N-H
of the indole ring of Trp-138 in Q105G and Q105E results
in relatively minor changes in the triplet-state energy relative
to that in WWW. Although the 0,0 band of Trp-138 in these
two mutant enzymes remains unshifted, different peak in-
tensities as well as changes in the phosphorescence lifetime
and the ZFS of Trp-138 were observed. We may conclude
that the hydrogen bonds between Trp-138 and H,O in Q105G,
between Trp-138 and Glu-105 in Q105E, and between Trp-138
and GIn-105 in WWW are different in terms of their effects
on the photophysics of Trp-138 and on the electron dipolar
coupling of its triplet state. When the negatively charged Glu
replaces Gln, the phosphorescence intensity of Trp-138 de-
creases dramatically, while the phosphorescence lifetime be-
comes longer than that in WWW. Moreover, the D and E
values of Trp-138 both increase, and a linear wavelength
dependence of the ZFS is produced. The changes in the local
electric field and, to a small extent, the polarizability of the
local environment of Trp-138 seem to be responsible for the
perturbation of the triplet state of Trp-138 in Q105E. As
suggested by the crystal structure of the wild-type enzyme
(Figure 6), a stronger hydrogen bond may form between the
N-H of Trp-138 and CO* of Glu-105, and the adjacent
positively charged Arg-145 may form an internal salt bridge
with this negatively charged residue in Q105E. It is possible
that the introduction of such a salt bridge leads to fluorescence
quenching via exciplex formation, resulting in a reduction of
the phosphorescence quantum yield. Changes observed in the
ZFS of Trp-138 arise from Stark shifts induced by local
changes in the electric field. Previous studies (Lemaistre &
Zewail, 1979; Clark & Tinti, 1979; van Egmond et al., 1975)
have resulted in two proposed mechanisms for electric field
modification of ZFS, namely, spin—orbit interactions and
electric field induced mixing of triplet states. The model based
on spin—orbit coupling (Lemaistre & Zewail, 1979) does not
apply to tryptophan because it is valid only for those molecules
whose ZFS results to a large extent from the spin—orbit in-
teraction in the first place (Maki, 1984). Since Trp has a long
triplet-state lifetime, spin—orbit effects are minimal, and it is
most likely that the local electric fields which mix higher triplet
states with the phosphorescent state are responsible for the
shifts of the D and E values through alteration of the spin—spin
dipolar coupling. The electric field effects on the dipolar
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coupling give rise to the wavelength dependence of the ZFS
when GIn-105 is substituted by a negatively charged Glu.
Electric field effects on the ZFS of Trp have been observed
previously. It has been reported that when porcine pancreatic
phospholipase A2 binds to a negatively charged lipid substrate,
a large reduction of the E value of Trp results (Mao et al.,,
1986), which was explained by the postulated location of
perturbing electrical charges within the indole plane. Such
a location of charged groups would perturb primarily the E
value (Maki, 1984). In T4 lysozyme, however, we find that
D and F are both increased when Gln-1035 is substituted by
Glu. Tt should be noted that Arg-145, a positively charged
group, is located roughly within the indole plane of Trp-138
and ca. 6 A from the edge of the indole in the wild-type
enzyme (Figure 6). This charged residue probably contributes
significantly to the ZFS pattern in the wild-type enzyme. The
mutation of Gln-105 to the negatively charged Glu may reduce
significantly the electric field generated at Trp-138 by Arg-145
through the formation of an internal salt bridge. Because of
the unsymmetrical location of the resulting dipole with respect
to the indole plane of Trp-138, the observed changes in both
D and E are reasonable. In Q105G, the unshifted phos-
phorescence 0,0 band of Trp-138 and its slight broadening are
in accord with the crystal structure, where a H,O molecule
hydrogen bonded to the indole N-H of Trp-138 is found
situated in the pocket created by the mutation. The direction
of the ZFS shift of Trp-138 is the same as that in Q105E, but
it occurs with much smaller amplitude; the D and E values
both are only slightly increased. This suggests that the local
electric field produced by H,O is similar to that of Gln in
WWW; hence, the perturbation on the ZFS is considerably
less than that which occurs with the Gln to Glu mutation.
Finally, the ODMR signal line widths of Trp-138 remain
relatively narrower than those of Trp-126 and-158 in the three
Q105 mutants, further indicating that there is little confor-
mational heterogeneity induced in the vicinity of Trp-138 and
that this residue remains buried in a relatively well-defined
local environment.

Unlike the Q105 point mutants, in A146T the perturbation
of Trp-138 is due mainly to a significant local conformational
change induced by the mutation. According to Alber et al.
(1986), the substitution of Ala-146, an internal and almost
completely solvent-inaccessible residue, with the bulkier Thr
displaces neighboring groups, resulting in an outward move-
ment of the indole ring of Trp-138 by about 0.7 A. Our
spectroscopic investigations characterize the perturbations of
Trp-138 as a blue shift of the phosphorescence, an increase
in D and decrease in E values, and an induced wavelength
dependence of the ZFS, all suggesting that the mutation moves
Trp-138 into a more solvent-exposed location.

Although there is no structural information available, the
change of the D parameter and the wavelength-dependent
pattern of the ZFS of Trp-138 induced in W126Q suggest that
this perturbation is propagated to the vicinity of Trp-138.

In summary, our investigation of the perturbations of Trp
residues in T4 lysozyme induced by point mutations using
low-temperature phosphorescence and ODMR spectroscopy
reveals that the triplet state of Trp-138 in all five tempera-
ture-sensitive mutants is perturbed in various ways and to
different extents. Although X-ray studies show that very little
structural change of the enzyme accompanies the mutations
at position 105 reported in this work, very different triplet-state
behaviors of Trp-138 have been observed. The perturbations
arise mainly from such effects as the loss of the hydrogen bond,
the introduction of a buried H,O molecule, and the intro-
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duction of an electrically charged group, which alters the local
electric field. Some changes in the polarizability of the local
environment may also be significant. These spectroscopic
measurements also demonstrate that local charges and dipoles
play an important role in determining the triplet-state prop-
erties of the probe Trp and a suggested hierarchy of pertur-
bations is hydrogen bonds ~ local charges > dipole moments
> induced dipole moments (related to the polarizability). On
the other hand, the mutation which introduces a bulky group
at position 146 yields a local conformational change which
moves Trp-138, a buried residue in WWW, to a more sol-
vent-exposed environment. This shift of Trp-138 is observed
in the crystal structure of the A146T mutant (Alber et al.,
1986). Although the mutation at position 126 is not close to
either of the remaining Trp residues, small but significant
changes of the triplet-state properties of Trp-138 were detected
by ODMR techniques.
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ABSTRACT: The metal coordination sphere of cobalt-substituted carboxypeptidase A and its complexes with
inhibitors has been characterized by X-band electron paramagnetic resonance (EPR) spectroscopy. The
temperature dependence of the EPR spectrum of cobalt carboxypeptidase and the g anisotropy are consistent
with a distorted tetrahedral geometry for the cobalt ion. Complexes with L-phenylalanine, a competitive
inhibitor of peptide hydrolysis, as well as other hydrophobic L-amino acids all exhibit very similar EPR spectra
described by three g values that differ only slightly from that of the cobalt enzyme alone. In contrast, the
EPR spectra observed for the cobalt enzyme complexes with 2-(mercaptoacetyl)-D-Phe, L-benzylsuccinate,
and L-$-phenyllactate all indicate an approximately axial symmetry of the cobalt atom in a moderately
distorted tetrahedral metal environment. Phenylacetate, -phenylpropionate, and indole-3-acetate, which
exhibit mixed modes of inhibition, yield EPR spectra indicative of multiple binding modes. The EPR spectrum
of the putative 2:1 inhibitor to enzyme complex is more perturbed than that of the 1:1 complex. For
B-phenylpropionate, partially resolved hyperfine coupling (122 X 10™* cm™) is observed on the g = 5.99
resonance, possibly indicating a stronger metal interaction for this binding mode. The structural basis for
the observed EPR spectral perturbations is discussed with reference to the existing crystallographic kinetic

and electronic absorption, nuclear magnetic resonance, and magnetic circular dichroic data.

A detailed description of the catalytic role of the essential
active-site zinc ion in carboxypeptidase A (CPD-A)! (EC
3.4.17.1) requires an understanding of the alterations in the
metal coordination sphere accompanying the binding of lig-
ands. Substitution of the active-site zinc atom in CPD-A with
cobalt produces a metallo derivative of the enzyme that is
active toward both peptide and depsipeptide substrates (Auld
& Holmquist, 1974), and X-ray crystallography has shown
crystalline Co(II)CPD to have a metal binding site structure
similar to that of the native enzyme (Hardman & Lipscomb,
1984). This metal substitution allows the binding of inhibitors
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and substrates to be monitored by electronic absorption, MCD,
EPR, and NMR spectroscopy (Latt & Vallee, 1971; Holm-
quist et al., 1975; Vallee & Holmquist, 1980; Geoghegan et
al,, 1983, 1986; Auld et al., 1984, 1986; Kuo & Makinen,
19885; Makinen et al., 1985; Bertini & Luchinat, 1986; Bertini
et al., 1988; Bicknell et al., 1988; Luchinat et al., 1988).

The structural characterization of the complexes of Co-
(II)CPD with various ligands by spectral means has relied
primarily on electronic spectroscopy including absorbance, CD,
and MCD. The correlation of the spectral features of the
cobalt d—d transitions with overall metal geometry of cobalt
complex ions has enabled assignments to be made for co-
balt-substituted enzymes (Latt & Vallee, 1971; Holmquist &
Vallee, 1978). On this basis, the metal environment in Co-
(I)CPD and some of its inhibitor complexes have been
classified as tetrahedral-like. MCD, a technique that allows

! Abbreviations: CPD-A, native zinc carboxypeptidase A; Co(II)-
CPD, cobalt substituted carboxypeptidase; apo, metal-free; MCD, mag-
netic circular dichroism; EPR, electron paramagnetic resonance; CD,
circular dichroism; Hepes, N-(2-hydroxyethyl)piperazine-N-2-ethane-
sulfonic acid; Mes, 2-(/N-morpholino)ethanesulfonic acid; LSE, measure
of the least-squares error between the simulated and experimental EPR
spectra.
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