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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.

© 1989 American Chemical Society
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the empirical assignment of an overall coordination number,
has confirmed these assignments (Kaden et al., 1974; Holm-
quist et al., 1975). However, more detailed information on
the metal environments of Co(II)CPD and its complexes could
not be derived from these electronic spectra since it has not
been possible to assign the specific d-d transitions that give
rise to the absorption and MCD spectra with any certainty.
This results in part from the low-symmetry metal environments
encountered in metalloenzymes (Vallee & Galdes, 1984),
limiting the degree to which metal complex ions can be com-
pared to metalloenzymes. The spectral properties of low-
symmetry Co(II) complexes have been considered in some
depth within the framework of the angular overlap model of
the ligand field (Banci et al., 1982).

Of the spectral techniques available for the study of high-
spin Co(IT) complexes, EPR spectroscopy, despite its early use
(Kennedy et al., 1972), has only recently been emphasized in
the study of Co(II)CPD (Kuo & Makinen, 1982, 1985;
Geoghegan et al., 1983; Auld et al., 1984; Makinen et al.,
1985). Owing to the sensitivity of the g and hyperfine principal
values to variations in the metal environment, EPR spec-
troscopy has the demonstrated capability of providing useful
structural information about the metal coordination sphere
in Co(II) complexes (Banci et al., 1982). In this paper we
have examined a variety of inhibitor complexes of Co(II)CPD
using EPR spectroscopy assisted, where possible, by quanti-
tative computer simulation, These results have been integrated
with the available electronic absorption, CD, MCD, and kinetic
data.

MATERIALS AND METHODS

Carboxypeptidase A, prepared by the method of Cox et al.
(1964), was received as a crystalline suspension from Sigma
Chemical Co. and was recrystallized twice prior to use.

Apocarboxypeptidase was prepared from the native enzyme
by a slight modification of the published procedure (Auld &
Holmquist, 1974; Auld, 1988). The crystals were washed with
a solution of 10 mM 1,10-phenanthroline (Aldrich Chemical
Co.) in 10 mM Mes, pH 7.0, for 1 h at 4 °C and collected
by centrifugation, and the procedure was repeated twice more.
The 1,10-phenanthroline was removed by repeated washing
with 10 mM Mes, pH 7.0, until the absorbance at 320 nm was
negligible (<«<0.01). Co(II)CPD was prepared from the
apoenzyme crystals by incubating the apoenzyme with 0.2 mM
cobalt chloride (Specpure grade, Johnson Matthey Chemicals,
Ltd.) in 10 mM Mes, pH 7.0, for 1 h, centrifuging the crystals
and repeating this a further two times. Excess cobalt was
removed by washing the crystals repeatedly with 10 mM Mes,
pH 7.0, buffer. Enzyme concentration was determined by
using €75 = 6.4 X 10* M7 em™.

The L-amino acids and L-8-phenyllactate were obtained from
Sigma, and phenylacetic acid was from Chemical Dynamics
Corp. Indole-3-acetic acid and $-phenylpropionate were ob-
tained from Eastman Organic Chemical Co. and recrystallized
prior to use. L-Benzylsuccinate was prepared from the D,L
mixture (Burdrick & Jackson) by the method of Byers and
Wolfenden (1973). Mercaptoacetyl-D-Phe was synthesized
according to a literature procedure (Holmquist & Vallee,
1979). Buffer solutions were extracted with dithizone (Fisher
Scientific), 0.01% in CCl,, to remove trace metal contaminants
(Holmgquist, 1988).

X-band EPR spectra were obtained with a Varian E-9
spectrometer equipped with a dual cavity operating in the
TE, 4, mode at a microwave frequency of =9.35 GHz, allowing
concurrent magnetic field calibration with a Varian strong
pitch sample (g = 2.0027). An Air Products LTD-3-110
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Heli-Tran liquid helium transfer line was employed to obtain
optimal sample temperatures of 4 K. Some of the spectra were
also obtained at a microwave frequency of ~9.28 GHz by
using similar equipment at the National Biomedical ESR
Center, Medical College of Wisconsin, Milwaukee. EPR
spectra of the inhibitor complexes of Co(II)CPD and the native
enzyme were recorded at a microwave power of 200 mW,
modulation frequency 100 kHz, and a modulation amplitude
of 10 G.

Calibration of the magnetic field and microwave frequency
was independently checked by remeasuring the spectra on a
Varian E-12 EPR spectrometer at Monash University
equipped with an Oxford Instruments helium flow cryostat,
where magnetic fields were directly calibrated against proton
magnetic resonance. Both proton resonance frequencies and
the microwave frequency were measured with an EIP 548A
(DC-26.5 GHz) frequency counter.

EPR samples were prepared by using zwitterionic buffers
(Hepes, Mes) to avoid large changes in pH with temperature
(Williams-Smith et al., 1977) and were frozen by immersion
in liquid nitrogen prior to insertion into the EPR cavity.

The signal to noise ratios for the EPR spectra of Co(I)CPD
and the inhibitor complexes are quite low as a result of their
inherently large line widths (see Table III). Computer av-
eraging to improve the signal to noise ratio was carried out
on an Apple Ile computer or on a PDP 11/34 computer.
Spectra obtained on the E-12 instrument at Monash University
were collected on an LSI 11/23 computer linked to the VAX
network at the Monash Computer Center. The spin Hamil-
tonian parameters were determined from computer simulation
studies.

Computer-simulated EPR spectra of Co(II)CPD and its
complexes with inhibitors were obtained by using (Dougherty
et al.,, 1985)

90° 90° +7/2

S, BY= 2 X 2 £%flve—vy(B), 0,) A cos §AD
4=0°8=0°M=—1/2
(n

where g,? is the power-averaged expression for the transition
probability (Pilbrow, 1969) and f; the lineshape function, is
assumed to be Gaussian. In f, vy(B) is the actual energy
difference between the energy levels and is evaluated by using
second-order perturbation theory (Lin, 1973; Freeman, 1973).
To determine the approximate magnetic field at which each
transition occurs, the conventional second-order perturbation
field expressions are retained in the simulation program, but
these are not used to calculate the line shape. They are used

.in setting up the “windows” for the calculation of each indi-

vidual line. The 1/g factor introduced by Aasa and Vanngard
(1975) is not required in eq 1 since the calculation of the
line-shape function is carried out directly in terms of frequency
rather than field. In a field-swept experiment it is v, the
microwave frequency, that is constant and vo(B) that varies
with the magnetic field.

The line widths, o,, used in the simulations are based on a
model developed for copper(II) complexes by Froncisz and
Hyde (1980). In this model it is assumed that the dependence
of line width on both microwave frequency and M, in frozen
solution EPR of metal complexes is due to random strain.
Such strains, which occur upon freezing, are believed to be
responsible for strongly correlated distributions of g and A4
values. Thus, for the principal directions in the molecule,
where i = x, y, or z, the line width, in frequency units, is of
the form (Dougherty et al., 1985)

o; = [og? + (Ciwo(B) + CuMy)?)V/2 (2)
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Table I: EPR Parameters of the Inhibitor Complexes of Cobalt Carboxypeptidase A”

inhibitor concn (mM) I8 & g Al A0 Ap

Co(II)CPD (alone) 5.40 2.84 1.90 0° 0 0
mercaptoacetyl-D-Phe 1 5.06 3.67 2.05 54 103 58
L-benzylsuccinate 1.1 4.13 3.29 1.71 0 0 50
L-8-phenyllactate? 10 4.40 3.49 1.99 0 ] 50
L-phenylalanine® 10 6.03 2.17 1.68
L-leucine* 100 5.46 3.88 2.12
L-valine* 218 5.82 2.55 1.85
L-tryptophan® 45 5.94 371 1.96
phenylacetate$

Q)] 2 5.30 2.88 2.00 0 0 0

) 20 577 1.3V
B-phenylpropionate?€

1) 20 5.29 241 1.65 0 199 200

(2) 20 5.99 2.48 1.68 122 0 0
indole-3-acetate®¢

) 0.9 6.32 3.49 1.91

2) 18 6.03 3.59 1.96

9Samples were prepared in 2 M NaCl and 50 mM Hepes, pH 7.5. Effective g and A values were determined from computer-simulated spectra
unless otherwise stated. For fitting errors see text. ®To convert A values in units of 107 cm™ to MHz multiply by 2.9979. ¢Hyperfine values are
assigned zero since if given a finite value the corresponding og’s would then reduce. ?Sample prepared in 2 M NaCl and 50 mM Mes, pH 6.0. ‘g
values are apparent, calculated from the experimental spectrum. /Value measured for sharp (low field) and broad (high field) features. #The
numbers in parentheses refer to the putative 1:1 and 2:1 complexes, respectively, or in the case of 3-phenylpropionate the two simulated species at 20

mM.

Table II: Line-Width Parameters for Cobalt Carboxypeptidase and Inhibitor Complexes

inhibitor op, (MHZ) o, (MH2) 0g, (MHz) Cy, (MHz) C;, (MHz) C,, (MHz) C,, (MHz) C;, (MHz) C;, (MHz)

Co(II)CPD (alone) 79 164 312 0.058 0.148 0.045
mercaptoacetyl-D-Phe 142 206 201 0.022 0.026 0.0 35 61 64
L-benzylsuccinate 83 86 190 0.10 0.10 0.03 22 22 9
L-phenyllactate 89 91 223 0.10 0.10 0.03 22 22 12
phenylacetate

(1) 107 196 280 0.10 0.25 0.08 22 22 12
B-phenylpropionate

9} 141 300 900 0.0011 0.16 0.0 0 10 80

2) 45 484 529 0.014 0.05 0.05 -9 0 0

where Cy; = o,/g and Cy; = 0,4, Where o, and o, are the
half-widths of the distributions of the ith components of g and
A, respectively. The residual line widths, the ag’s, result from
all or some of the following effects: homogeneous broadening
from spin-lattice relaxation and spin—spin interactions, un-
resolved metal ion hyperfine structure, and unresolved ligand
hyperfine structure. A unique set of line-width parameters
cannot be determined for resonances in which hyperfine
coupling is unresolved. The angular variation, for purposes
of frozen solution spectral simulations, is assumed to behave
in a similar manner to hyperfine structure, viz.

02 = Z(oigl)?
The /s are the direction cosines of the magnetic field direction
with the principal magnetic axes of the cobalt center in the
protein.

The use of eq 13, couched in terms of frequency variables,
conforms to the general principles discussed previously (Pil-
brow, 1984) and provides a model in which a minimum num-
ber of assumptions are made about the nature of the intrinsic
line shapes. In this case the line shape in the frequency domain
is chosen to be either Gaussian or Lorentzian; at any magnetic
field and any orientation, and for any particular value of the
nuclear quantum number, M, only one parameter is needed
to specify the width, i.e., the value of ¢, given by eq 3. The
simulation program then calculates the contribution to S(,,
B) (eq 1) for each individual line at each output field within
a window centered about its resonance field. The Gaussian
or Lorentzian line is truncated in the wings so as to minimize
computer-generated noise in the simulated spectrum.

The output from the EPR spectrometer is the first derivative
of S(»., B) with respect to magnetic field and is obtained by

i=x,z 3

using finite levels of magnetic field modulation at 100 kHz;
it turns out to be accurate to use finite difference differentiation
of eq 1. The differentiation step chosen is approximately the
same magnitude as the field modulation amplitude.

Computer simulations were carried out on the VAX network
at the Monash Computer Center by using FORTRAN pro-
gram EPRSOF, an extension of an earlier program MONOQF
(Dougherty et al., 1985), which is capable of simulating spectra
arising from metal ions with triclinic symmetry. Use of the
least-squares computer simulation program EPRSOFIT has au-
tomated the fitting procedure, which enables simulations of
a higher quality to be obtained in a shorter time.

An estimation of the quality of fit of a simulation (S) to
an experimental spectrum (E) was provided by the least-
squares error parameter (LSE), defined in

LSE = [(E/Ig) - (S/1))*/N 4

where Iy and Ig are the normalization factors (doubly inte-
grated intensities) and NN is the number of points in both the
simulated and experimental spectra. This normalization en-
sures comparison of commensurate values inside the brackets
of eq 4. A menu-based file handling and plotting package
developed at Monash University was used to carry out plotting
of spectra, spectral subtractions, and calculation of the
least-squares error parameters, where appropriate.

RESULTS

The EPR spectrum of Co(II)CPD in 2 M NaCl and 50 mM
Hepes, pH 7.5, is characterized by three resonances with g
values g, = 5.40, g, = 2.84, and g, = 1.90 determined from
computer simulation (Figure 1 and Tables I-1II).2 The in-
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Table III: EPR Line Widths for Cobalt Carboxypeptidase A and Inhibitor Complexes®®

inhibitor oy (MHz) o, (MHz) o, (MHz) W, (G) W, (G) W, (G)
Co(II)CPD (alone) 545 1386 522 73 349 196
mercaptoacetyl-D-Phe 164 208 204 23 40 71

357 500 300° 50 97 105

L-benzylsuccinate 857 857 312 148 185 130

1010 1010 364 174 219 221

L-phenyllactate 857 857 325 139 175 116

1010 1010 390 164 206 140

phenylacetate 859 2256 755 115 559 270

1) 1013 2409 834 136 597 298

B-phenylpropionate 140 1483 900 19 439 642

(1) 1552 942 459 573

2) 168 671 704 20 193 300
108 38

@ Upper and lower values indicated whenever the C,’s of Table II are non-zero. The relation between W’s in gauss and ¢'s in megahertz is o =
1.3996gW <Since C), = 0 in this case, the actual values are 301, 257, 223, 204, 204, 223, 257, and 301 MHz.

RR2

| 1 1 I I L 1 l 1 . 1 | i 1 1
0o 1250 2500 3750 5000
GAUSS

FIGURE 1: (A) EPR spectrum of Co(II)CPD, 2 mM. Sample was
prepared in 2 M NaCl and 50 mM Hepes, pH 7.5. Microwave
frequency was 9.356 GHz. (B) Computer simulation of (A), LSE
= 0.00344.

ability of the simulation to account for features around 1360
G (labeled with an asterisk in Figure 1 A) suggests the presence
of a broad, underlying spectrum of unknown origin. In the
present study the g factors are given in decreasing order as
8 8)» and g,. This is not of fundamental significance; in some
cases it will mean that, e.g., g, ~ 6 corresponds to the unique
axis in the axial limit, but for the other doublet g, ~ 2 cor-
responds to the same direction in the molecule. At pH 7.5,
neither a change in NaCl concentration from 1 to 4.5 M nor
a change in salt from NaCl to NaF, NaBr, or Nal has an
effect upon the spectrum (data not shown). The line widths
of the resonances in the EPR spectrum of Co(II)CPD are
extremely sensitive to temperature, and the spectra are virtually
unobtainable above 15 K, implying rapid relaxation.

The binding of mercaptoacetyl-pD-Phe, L-benzylsuccinate,
or L-B-phenyllactate to Co(II)CPD perturbs the EPR spectrum
of Co(IT)CPD in a similar manner. The spectra of these
complexes (Figure 2A,C,E) have a strong feature at low
magnetic field (the sum of an absorption and a derivative peak)

2 The main source of error in the principal g and 4 (hyperfine) values
and line-width parameters listed in Tables I and II, respectively, arise
from the very large line widths (Table III). gvalues are reported to two
decimal places, although for some of the simulations the error is £0.005.
For spectra in which hyperfine coupling is unresolved, errors of A4 values
are not given because of the interaction between them and the line-width
parameters for the unresolved features. Table II contains values of the
or’s, C,’s, and C,’s, while Table III contains values (in megahertz and
gauss) of maximum and minimum line widths across the eight-line
pattern due to x, y, and z orientations. All line-width parameters are
calculated by using eq 2 and converted to gauss as shown in the footnote
to Table III. These values are reported to define the simulations.

and a weak absorption peak at high field, indicative of an
approximate axial symmetry for the cobalt atom at the active
site. Computer simulation of these spectra (Figure 2B,D,F)
provides the g values (Table I) and indicates some departure
from true axial symmetry.

The EPR spectrum of the cobalt enzyme is perturbed in a
different manner upon binding of L-Phe (Figure 3) and other
L-amino acids. The EPR spectra of these complexes exhibit
three resonances with larger g, values (Table I) and broader
resonances for g, and g, than those observed in the spectrum
of Co(II)CPD (Figure 3).

A third group of inhibitors includes phenylacetate, 8-phe-
nylpropionate, and indole-3-acetate. The EPR spectra of their
complexes with the cobalt enzyme exhibit spectral features
arising from two distinct species whose relative amounts de-
pend upon the inhibitor concentration. At 2 mM phenyl-
acetate, approximately a 2-fold molar excess over the cobalt
enzyme, the EPR spectrum consists of contributions from two
distinct metal species attributable to the putative 1:1 and 2:1
phenylacetate—Co(II)CPD complexes (Figure 4A). *C NMR
and electronic absorption studies have indicated the 1:1 in-
hibitor to enzyme complex is converted to a 2:1 species over
the concentration range 1-20 mM at pH 6.0 and 1 M NaCl
(Bertini et al., 1988). Addition of phenylacetate to Co(II)CPD
to a concentration of 20 mM (Figure 4B) yields a spectrum
predominantly that of the 2:1 complex with a minor contri-
bution from the 1:1 complex. The EPR spectrum of the 1:1
complex is obtained by spectral subtraction (Figure SA). The
orthorhombic EPR spectrum of the 1:1 complex is remarkably
similar to that of the native enzyme, having g, = 5.30, g, =
2.88, and g, = 2.00 (Table I). The computer simulation of
this spectrum is shown in Figure SB.

The features of the line shape of the EPR spectrum asso-
ciated with the putative 2:1 complex (Figure 4B) includes a
sharp low-field resonance (g, = 5.77) and a broad resonance
at high field (g, = 1.31). This broad resonance may be a
combination of a first derivative and a negative absorption
peak. Alternatively, the high-field resonance may be just a
first derivative resonance, g, in which case the third resonance
with a negative absorption shape, g,, would be at higher field
and so broad as to preclude resolution under the present
conditions.

The EPR spectrum of Co(II)CPD, 1.1 mM, in the presence
of B-phenylpropionate, 20 mM, is shown in Figure 6A. The
presence of two distinct complexes is particularly apparent
from inspection of the complex EPR features in the g, region
of the spectrum. The simulation of one of the species was
made on the assumption that the observed hyperfine splitting
in g, is due to this species as well as the other strong resonances



EPR of Cobalt Carboxypeptidase A

800 1500 2200 2900 3600

[+] 1250 2500 3750 5000
GAUSS

FIGURE 2: (A) EPR spectrum of Co(II)CPD, 0.8 mM, and mer-
captoacetyl-D-Phe, 1 mM. Microwave frequency was 9.331 GHz.
(B) Computer simulation of (A), LSE = 0.0043. (C) EPR spectrum
of Co(II)CPD, 0.7 mM, and L-benzylsuccinate, 1.1 mM. Microwave
frequency was 9.353 GHz. (D) Computer simulation of (C), LSE
= 0.0088. (E) EPR spectrum of Co(II)CPD, 1.1 mM, and L-
phenyllactate, 10 mM. Identical spectra were obtained at pH 7.5
and pH 6.0. Microwave frequency was 9.357 GHz. Sample was
prepared in 2 M NaCl and 50 mM Mes, pH 6.0. (F) Computer
simulation of (E) LSE = 0.0041. All samples were prepared as
described in Figure 1 except where indicated.

for g, and g, (Figure 6B). This complex of 8-phenylpropionate
with Co(II)CPD contains resolved hyperfine coupling (122
+ 6 X 10~ cm™) on the low-field resonance (g = 5.99) cor-
responding to a hyperfine splitting of 44 G (Figure 6B, Table
I). This spectrum was subtracted from that of Figure 6A to
yield a sharp low-field peak and a very broad feature toward
the high-field portion of the spectrum. Figure 6C is a com-
puter simulation of the latter 8-phenylpropionate—Co(II)CPD
species using the EPR parameters given in Tables I and II.
The two large hyperfine principal values for the g, and g,
resonances of this species are estimates since they cannot be
resolved; the total line width is the convolution of the large
line widths (Table III) for this example and the effective line
width from the unresolved hyperfine structure. The simula-
tions of Figure 6B,C are added together as described in the
figure caption to produce Figure 6D to be compared with the
original experimental spectrum (Figure 6A).
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FIGURE 3: EPR spectrum of Co(II)CPD, 1.1 mM, in the presence
of L-Phe, 10 mM. Sample was prepared as in Figure 1. Microwave
frequency was 9.357 GHz. Computer simulation not shown, LSE
= 0.0238.

o] 1750 3500 5250 7000
GAUSS

FIGURE 4: (A) EPR spectrum of Co(II)CPD, 1.1 mM, and phenyl-
acetate, 2 mM. Microwave frequency was 9.287 GHz. (B) EPR
spectrum of Co(II)CPD, 1.1 mM, and phenylacetate, 20 mM.
Microwave frequency was 9.285 GHz. Samples A and B were pre-
pared in 2 M NaCl and 50 mM Mes, pH 6.0. The resonances
attributed to the putative 1:1 and 2:1 species are designated.

6
24
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0 1750 3500 5250 7000
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FIGURE 5: (A) EPR spectrum of the putative 1:1 phenylacetate—
Co(IT)CPD complex obtained by subtraction of 0.34 of (4B) from
(4A). (B) Computer simulation of (A), LSE = 0.0066.

DiscussioN

The EPR spectrum of cobalt carboxypeptidase (Figure 1A)
is characterized by an anisotropic effective g matrix (Table
I) and the absence of resolved hyperfine coupling on any of
the resonances. The necessity for recording the EPR spectrum
of Co(II)CPD at liquid helium temperatures implies a rapid
relaxation (i.e., short 7)) as is observed for many high-spin
cobalt complexes with low-lying excited states. Zero-field
splitting of the spin degenerate orbital singlet ground state [*A,
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FIGURE 6: (A) EPR spectrum of Co(II)CPD, 1.1 mM, and 3-phe-
nylpropionate, 20 mM. Sample was prepared in 50 mM Mes and
2 M NaCl, pH 6.0. Microwave frequency was 9.285 GHz. (B and
C) Computer simulations of the two S-phenylpropionate complexes.
(D) Computer simulation of (A) obtained by adding 0.54 of (B) to
(C), LSE = 0.0048.

for high-spin tetrahedral Co(II) complexes] produced by the
combined effect of spin orbit coupling and low-symmetry
ligand fields gives rise to two Kramers doublets. If the
magnitude of the zero-field splitting is somewhat greater than
the applied microwave frequency (0.32 cm™), then only
transitions within one doublet are expected. Computer sim-
ulation of the EPR spectrum of Co(IT)CPD, assuming an
effective spin of !/, confirms that EPR transitions are indeed
only observed within one doublet and further that the zero-field
splitting is indeed greater than 0.32 cm™. The observed g
matrix for Co(IICPD, with three principal g values, indicates
an orthorhombic or lower symmetry environment for the cobalt
ion.

A distorted tetrahedral environment had previously been
assigned to the cobalt atom in Co(II)CPD on the basis of
electronic absorption and MCD spectra (Latt & Vallee, 1971;
Holmquist et al., 1975). The EPR spectrum of Co(II)CPD
strongly resembles that of cobalt carbonic anhydrase-sulfon-
amide complexes, which have also been assigned a tetrahedral
geometry (Cockle et al., 1974). Finally, the X-ray crystal
structures of the native zinc- and cobalt-substituted carbox-
ypeptidases have identified His-69, His-196, Glu-72 (possibly
two oxygens), and water as metal ligands thought to result in
a coordination number of four or five (Rees et al., 1983;
Hardman & Lipscomb, 1984).

The binding of inhibitors markedly affects the EPR spectra
because of alterations in the metal coordination sphere. The
EPR spectra of the complexes of the cobalt enzyme with
L-benzylsuccinate, mercaptoacetyl-D-Phe, and L-8-phenyl-
lactate are similar and approximately axially symmetric
(Figure 2). The similar EPR spectral features of these com-
plexes imply analogies in their modes of binding to Co(II)CPD.

Binding of mercaptoacetyl-D-Phe to Co(II)CPD produces
distinctive perturbations of its electronic absorption spectrum:
the appearance of a sulfur to cobalt charge-transfer band and
a dramatic increase in the intensity of the d—d transitions in
the visible region (Holmquist & Vallee, 1979). These features
are consistent with ligation of the thiolate group to the metal
and a shift toward a more regular tetrahedral arrangement
of ligands. The perturbation of the orthorhombic EPR
spectrum of Co(II)CPD (Figure 1) toward axial symmetry
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(Figure 2A) upon binding of mercaptoacetyl-p-Phe is con-
sistent with direct metal coordination of one of the functional
groups of this compound and a more symmetric arrangement
of ligands. With the thiolate group coordinating to the metal,
the carboxylate and phenyl side chains of mercaptoacetyl-p-
Phe are available for interaction with other active-site loci,
e.g., Arg-145 and the hydrophobic pocket, provided there are
no stereochemical impediments.

A binding mode analogous to that for mercaptoacetyl-D-Phe
is suggested for L-benzylsuccinate based on the axial ap-
pearance of the EPR spectrum of its Co(II)CPD complex
(Figure 2C). One mole of L-benzylsuccinate binds per mole
of enzyme. It was postulated that one of the carboxylates
coordinates to the metal in this single binding mode. Since
L-benzylsuccinate also binds to apocarboxypeptidase, the other
carboxylate and/or the aromatic side chain must be able to
interact with other regions of the active site (Byers & Wol-
fenden, 1973). L-Benzylsuccinate and the phenylalanyl-like
portions of peptide and ester substrates are structurally similar,
and this agent competitively inhibits hydrolysis of these sub-
strates (Byers & Wolfenden, 1973). On the basis of these
facts, the other sites of L-benzylsuccinate interaction may be
tentatively identified as Arg-145 and the hydrophobic spe-
cificity pocket of CPD.

The metal environment in L-benzylsuccinate—Co(I1)CPD
was judged to be pentacoordinate or even octahedral (Kuo &
Makinen, 1985) on the basis of the magnitude of the zero-field
splitting determined for this complex (51 cm™) from power
saturation measurements of the relaxation time determined
for the Orbach process and the apparent empirical relationship
between this parameter and coordination number. The values
of this parameter for four, five, and six coordination were <13,
20-50, and >50 cm™, respectively (Makinen et al., 1985).
However, theoretical calculations have demonstrated that large
distortions from tetrahedral symmetry may produce anoma-
lously large zero-field splittings (Banci et al., 1982). Such
anomalous values have been observed experimentally, even in
the relatively small selection of cobalt model compounds that
have been studied (Makinen et al., 1985). The metal envi-
ronments encountered in proteins are generally severely dis-
torted from idealized tetrahedral or octahedral symmetry
(Vallee & Galdes, 1984), often precluding an unambiguous
assignment. For this reason, it is necessary to integrate the
available structural data rather than to rely on any single
technique to provide a definitive conclusion. The assignment
here of an approximate tetrahedral geometry for the metal
environment in the L-benzylsuccinate-Co(II)CPD complex is
consistent with visible absorption and MCD data (unpublished
data).

The approximate axially symmetric EPR spectrum of the
complex of Co(II)CPD with L-G-phenyllactate (Figure 2E)
suggests interactions at the active site analogous to those
described for the mercaptoacetyl-D-Phe and L-benzylsuccinate
complexes. Although L-benzylsuccinate and mercapto-
acetyl-D-Phe have been shown to provide a ligand to the metal,
there is no experimental evidence that the hydroxyl or carboxyl
group of L-G-phenyllactate coordinates to the metal, though
the similarity of their EPR spectra suggests that an oxygen
atom may be close, even if not directly bound, to the metal.
In addition, kinetic (Byers & Wolfenden, 1973) as well as
spectral data with the azo-Tyr-248 derivative of CPD-A
(Scheule et al., 1981) indicate that the binding of L-benzyl-
succinate and L-B-phenyllactate to CPD-A is mutually ex-
clusive; hence, it is likely that these two inhibitors share at least
some common binding loci.
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These three inhibitors may also interact with other active-site
loci, notably those moieties that confer the enzyme’s specificity:
Arg-145 and the hydrophobic pocket at the back of the active
site. Such nonmetal active-site interactions may be crucial
in the orientation of the metal coordinating group necessary
to produce the observed approximate axially symmetric EPR
spectra for these complexes.

In view of the above assignments it is most interesting that
the binding of the competitive product inhibitors of peptide
hydrolysis, L-Phe and other L-amino acids, perturbs the EPR
spectrum of Co(II)CPD in a less drastic manner (Figure 3),
reflecting a weak interaction with the metal. These inhibitor
complexes exhibit anisotropic g matrices that vary slightly from
that of Co(II)CPD (Table I). At pH 7.5, the amino group
of L-Phe is fully protonated and would not be expected to
interact strongly with the metal, if at all. This aspect of the
binding of L-Phe distinguishes it from the binding of the first
group of inhibitors analyzed, although interactions of the
carboxylate groups with Arg-145 and of the phenyl moiety
with the hydrophobic pocket, as discussed for the first group
of inhibitors, have been proposed (Lipscomb et al., 1968).

The sensitivity of the EPR spectral parameters to even slight
changes in the metal environment allows subtle differences in
the binding modes of inhibitors to be discerned. For example,
the X-ray crystal structures of the complexes of L-3-phenyl-
lactate and L-phenylalanine at 6-A resolution indicate very
similar binding modes for these two compounds (Lipscomb
et al., 1968). Yet the EPR spectra for these two complexes
differ distinctly (Figures 2C and 3), implying different metal
interactions for these two inhibitors. Relaxation kinetics of
the native enzyme have also indicated that the structurally
similar compounds, L-Phe, L-3-phenyllactate, and §5-phenyl-
propionate, all interact differently with the enzyme (French
et al,, 1974).

The inhibitors that have been discussed thus far appear to
bind to carboxypeptidase in a single mode. The other inhibitors
investigated, phenylacetate, 3-phenylpropionate, and indole-
3-acetate, induce complex perturbations of the EPR spectrum
of Co(II)CPD that clearly indicate multiple binding modes
(Figures 4-6). The EPR spectral manifestations of multiple
binding modes for these inhibitors are entirely consistent with
the existing spectral and kinetic data on their multiple modes
of interaction with CPD-A. Phenylacetate and 8-phenyl-
propionate exhibit multiple modes of inhibition toward car-
boxypeptidase catalysis of peptide hydrolysis (Auld et al.,
1986b). Separate binding modes have been postulated to
account for the competitive and noncompetitive components
of their inhibition. Thus, for phenylacetate it was found that
the competitive mode of inhibition hardly varies with pH; in
contrast, the noncompetitive component is pH dependent, and
binding becomes tighter with decreasing pH (Auld et al,,
1972). These results have been thought to reflect that the
inhibitor binds most tightly to the EH, form of the enzyme
(Auld et al., 1972, 1986b). The EPR data for the binding of
phenylacetate to Co(II)CPD (Figure 4) are in agreement with
these kinetic data.

Multiple binding modes for phenylacetate, S-phenyl-
propionate, and indole-3-acetate have been well established
by electronic absorption, CD, and NMR studies (Latt &
Vallee, 1971; Bertini et al., 1988). At low concentrations these
inhibitors act noncompetitively toward peptide hydrolysis and
alter the Co(II)CPD absorption spectrum only slightly, while
at high concentrations they act competitively and induce a
more marked effect on the visible absorption spectrum.
Perturbation of the CD spectra of Co(II)CPD and that of the
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azo-Tyr-248 derivative of CPD-A is also complex and con-
centration dependent (Latt & Vallee, 1971; Johansen et al.,
1976).

13C NMR studies of cobalt carboxypeptidase also provide
evidence that acetate and phenylacetate bind at two distinct
sites (Bertini et al., 1988). The cobalt 3COO" distances,
calculated by means of the Solomon equation, indicate that
the second acetate molecule binds directly to the metal ion
while the first binds to a protein group at a distance 5-8 A
from the metal ion, consistent with its interacting with one
or more of the arginyl residues, Arg-145, Arg-127, or Arg-71.

These EPR spectra show that the binding of the first
equivalent of inhibitor perturbs the spectrum of Co(II)CPD
only slightly. Thus, the line shape of the EPR spectrum and
the effective g matrix for the 1:1 phenylacetate-Co(II)CPD
complex differ only slightly from that of Co(II)CPD (Figure
5 and Table I), whereas the binding of the second inhibitor
molecule produces a complex with markedly different spectral
properties (Figure 4, Table I). Similarly, for 8-phenyl-
propionate, the unusual feature [for complexes of Co(I[)CPD]
of resolved hyperfine coupling observed on the low-field (g =
5.99) resonance may indicate a stronger metal interaction for
this binding mode (Figure 6).

The EPR data reported here both complement and extend
the existing data on the binding of inhibitors to carboxy-
peptidase A. Even though some of the EPR parameters cannot
be determined uniquely, as explained earlier, the g values are
unambiguous as is the hyperfine splitting on the g = 5.99 peak
of the 8-phenylpropionate—Co(I1I) CPD complex. Furthermore,
the hyperfine constants for the high-field features of the L-
benzylsuccinate and L-83-phenyllactaie complexes with Co-
(IT)CPD are also well established. The catalog of spectral
perturbations and the inhibitor-enzyme interactions inducing
them provide a frame of reference for the investigation of the
spectral properties of other complexes of this enzyme. This
framework will be utilized in the structural characterization
of reaction intermediates of Co(II)CPD with peptide and ester
substrates.
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Time-Resolved Absorption, Circular Dichroism, and Emission of tRNA. Evidence
That the Photo-Cross-Linking of 4-Thiouridine in tRNA Occurs from the Triplet

State'
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ABSTRACT: The time-resolved optical density (TROD) and time-resolved circular dichroism (TRCD) spectra
of the lowest triplet state of 4-thiouridine (4t-Urd) in aqueous solutions of tRNA are reported. The TROD
spectrum is consistent with the triplet state being primarily in the thione tautomer. The intersystem crossing
yield to the triplet is 0.35 and 0.27 (£10%), respectively, with and without 102 Mg?* added to the solution.
Upon addition of increasing amounts of I” to solutions of tRNA, the initial triplet yield decreases, the rate
of the observed triplet decay increases, and the quantum yield of internal photo-cross-linking decreases for
the 4t-Urd chromophore. The results show quantitatively that the near-UV-induced photo-cross-linking
reaction in tRNA occurs from the triplet state of 4t-Urd. From the TRCD spectrum the dissymmetry factor
(Ae/€) of some of the triplet—triplet absorption bands is shown to be significantly larger than for any of
the ground-state absorption bands. Two CD transitions are seen in the triplet—triplet spectrum which are
obscured in the TROD spectrum by the strong ground-state bleaching signal near 335 nm. This shows that
TRCD may be useful, in some cases, in locating electronic transitions that are not observed in TROD spectra.

Tansfer ribonucleic acid (tRNA)! has been shown to be the
photoactive species in the near-UV inhibition of the growth
of Escherichia coli. The chromophore responsible for ab-
sorption of this light is the somewhat rare base 4-thiouridine
(4t-Urd) (Favre & Thomas, 1981; Jagger, 1975; Peak et al.,

tWe thank the National Institutes of Health for financial support
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1983; Caldeira de Araujo & Favre, 1985). For tRNA in
solution, 4t-Urd has been shown to photo-cross-link with a

! Abbreviations: CD, circular dichroism; CPL, circularly polarized
luminescence; Cyt, cytidine; DMTU, 1,3-dimethyl-4-thiouracil; OMA,
optical multichannel analyzer; PMMA, poly(methyl methacrylate);
tRNA, transfer ribonucleic acid; TRCD, time-resolved circular di-
chroism; TROD, time-resolved optical density; 4t-Urd, 4-thiouridine.
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