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Abstract: The electronic absorption spectrum of nickel(II) carboxypeptidase A exhibits weak bands at 9430, 14,600, and
24,250 cm~!, which are assigned to the three spin-allowed d-d transitions (*Azg — 3Tag, 3Azg — 3T 5(F), 2Azg = 3T.14(P))
of octahedrally coordinated nickel(II). Comparison of the ligand field parameters Dg = 923, B = 755 cm™! for NillCPA
with those of a variety of octahedral Ni(IT) complexes suggests either an N,O4 or NOs donor-atom set in the resting enzyme.
Addition of fluoride ion or the model substrate glycyl-L-tyrosine does not change the octahedral nature of the Ni(II) center.
The electronic spectrum of the complex between NillCPA and the inhibitor 8-phenylpropionate (8PP), however, is substan-
tially different, as two visible bands of moderate intensity and a low-energy feature (<6500 cm™!) are observed. The position
and molar extinction coefficient of the principal peak (23,350 cm™1; e ~50) are suggestive of five-coordinate Ni(II). A for-
mation constant of K1 = 0.37 X 10* M~! was measured by spectroscopic methods for the Nil!'CPA.S3PP complex. Magnetic
susceptibility and electronic absorption spectral data for Col!CPA are analyzed in detail. The uerr = 4.77 BM and the inten-
sity of the principal visible absorption band (18,000 cm~!; € ~150) are more compatible with five coordination than with a
distorted tetrahedral Co(II) center. The fact that substantially different coordination geometries are adopted by various fully
active CPA derivatives demonstrates the considerable flexibility of the binding site for metal ions.

Carboxypeptidase A (CPA) is a zinc metalloenzyme of
molecular weight 34,600.1> The enzyme catalyzes the hy-
drolysis of the C-terminal amino acid of a polypeptide
chain. Enhanced activity is observed for C-terminal resi-
dues that have aromatic or branched aliphatic side chains
or are in the L configuration. Esterase activity subject to
these criteria has also been observed.?

A combination of high resolution X-ray4-¢ and complete
amino acid sequence’ studies has provided structural expla-
nations for the peptide substrate specificity of CPA. These
studies have also established His 69, Glu 72, and His 196 as
the protein ligands of the active-site zinc ion and that the
probable coordination geometry is distorted tetrahedral,
with the fourth ligand a water molecule in the resting en-
zyme. The zinc ion in CPA is thought to bind to the carbon-
yl oxygen of the peptide bond to be hydrolyzed, thereby
withdrawing some electron density from the adjacent car-

bon and rendering it more susceptible to nucleophilic attack
by other groups in the enzyme.’:%8 Dipositive first-row
transition metal ions® such as Mn2+, Co2*, Ni2*+, and Cu2+,
as well as the vanadyl ion,!® VO2*+ can be substituted for
the zinc ion in CPA with varying degrees of retention of ac-
tivity. Only CollICPA and NillCPA, however, retain full
peptidase activity.®

The spectral properties of Col!CPA have been extensive-
ly studied. The electronic absorption,!' circular di-
chroism,!! magneto circular dichroism,!? and low tempera-
ture electron paramagnetic resonance!'? spectra of Co!'CPA
have been interpreted as being consistent with distorted tet-
rahedral coordination about the metal center. However, ex-
cept for the absorption spectra, extensive model system data
are simply not available for Co(II) systems, making at-
tempts to assign structure based on results from the various
physical measurements subject to considerable uncertainty.
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The size of the magnetic moment, or rather the magni-
tude of the unquenched orbital angular momentum, is a
well-established indicator of the coordination number and
geometry in high-spin Co(II) complexes.! We have pre-
viously shown that both Co!!'CPA and Nil!CPA have high-
spin ground states.!S Here we report a detailed analysis of
the magnetic properties of Col!CPA and demonstrate how
distorted four-, five-, and six-coordinate geometries can be
distinguished by low temperature magnetic susceptibility
and electronic absorption spectral results. We also report
our results on the solution properties of resting NillCPA
and its complexes with a model substrate, an inhibitor, and
fluoride ion.

Experimental Section

Materials. Crystalline carboxypeptidase A, isolated by the Cox
procedure,'® was obtained from Sigma Chemical Co. and used
without further purification. The Cox procedure was chosen be-
cause it yields very little of the undesirable CPA,, form of the en-
zyme.!” Metallocarboxypeptidase A derivatives were prepared by
the method of Coleman and Vallee.18 Extreme care was taken to
prevent contamination of CPA by adventitious metal ions.!® Plas-
tic labware was used, and all the Tris-HCI buffers were repeatedly
extracted with dithizone in CCly prior to use. Solutions of Co?* or
Ni2* were made up by dissolving the pure metal in metal-free
HCI. Minimum 99.8% pure metal powders were obtained from
Alfa Inorganics, Inc. Samples of CPA were checked for peptidase
activity?? and metal content both before and after metal replace-
ment. Hippuryl-L-phenylalanine (0.994 X 103 M) (Schwarz/
Mann) was used as the substrate in all assays (assay conditions 0.5
M NaCl, 0.05 M TrissHCl, pH 7.5, 25°). Substrate hydrolysis
was followed spectrophotometrically at 256 nm. A residual zinc
level of from 0.01 to 0.03 g-atom/enzyme was found in all deriva-
tives. Peptidase activity ratios were found to fall in the following
ranges: ColCPA/ZnlICPA = 1.7-1.9, NillCPA/Zn!!CPA =
0.7-0.9 (these ratios refer to activity of the Co(II) or Ni(II) deriv-
ative relative to the native enzyme before Zn(II) removal). The
D0 buffer used in the spectral experiments was freed of metal ion
impurities by passing it through a column of Chelex-100. D,O
(99.8%) was obtained from Columbia Organic Chemical Co. Deu-
terated apoCPA was obtained by dialyzing apoCPA against at
least five changes of deuterated buffer. Sodium B-phenylpropion-
ate (NaBPP) was prepared by neutralizing an alcoholic solution of
hydrocinnamic acid (Eastman Chemical Co.) with sodium hydrox-
ide. The NaBPP was recrystallized from ethanel-hexane solution.
Metal analyses were performed on a Varian Techtron Model AA-5
atomic absorption spectrometer equipped with a Jarrell-Ash
Model 82-000 monochromator and Varian Techtron element-spe-
cific hollow cathode lamps.

Spectral Measurements, Near-infrared and visible absorption
spectra of NillCPA were measured on a Cary 171 recording spec-
trophotometer which had been modified to run at constant slit
width; this modification considerably reduces baseline variation in
the near-infrared region on the 0.0-0.1 OD slide-wire. Because of
the low optical densities of NillCPA solutions, spectra were mea-
sured by a difference technique utilizing 50-mm matched cells
(vol. 1.95 ml) obtained from Helma Cell, Inc. A baseline spectrum
was determined with solutions of apoCPA of the same concentra-
tion in both sample and reference cells. This baseline spectrum was
subtracted, point by point, from the spectrum obtained when a
small volume (~20 ul) of first the metal ion and then substrate or
inhibitor was added to the sample cell. An equivalent volume of
metal-free buffer was added to the reference cell in order to keep
the protein concentrations equal. Spectra were measured in 1 M
NaCl and 0.05 M (pH 7.8) deuterated Tris buffer at temperatures
between 7 and 12°. At the pH of this medium, Nil!CPA has the
maximal peptidase activity.!® Corrections for enzyme dilution were
applied to all the spectral data. Enzyme concentrations were mea-
sured spectrophotometrically at 278 nm.20

Magnetic Susceptibility Measurements. The magnetic suscepti-
bility of Co!!CPA as a function of temperature was measured on a
magnetometer of ultrahigh sensitivity, utilizing a superconducting,
quantum mechanical sensor, by methods described previously.15 In
order to obtain a suitable sample of CollCPA, a suspension of crys-

talline Col!'CPA was spread on a glass slide and allowed to dry in a
scrupulously dust-free enclosure and then transferred to a quartz
tube. Only samples containing less than one Co2* per enzyme mol-
ecule were used. Air-dried crystalline Co!'CPA retains its red-pur-
ple color. The visible absorption spectrum of a pellet of this air-
dried Co!!CPA exhibited a band maximum at 558 nm, in agree-
ment with the position of the principal peak in the solution spec-
trum. Following the susceptibility measurements, a total cobalt
analysis showed that the 24.4-mg sample of ColCPA contained
29.7 ug of cobalt (~0.7 Co/CPA).

Results

NillCPA. Magnetic susceptibility measurements have es-
tablished a A, ground state for Nil!lCPA.!* The absorp-
tion spectrum of NilICPA in D,O buffer is shown in Figure
1. Three bands with low molar extinction coefficients at-
tributable to electronic transitions in NillCPA are observed.
The sharp features in the spectrum below 8000 cm~! are
undoubtedly due to the vibrational overtones of residual
water. The observed electronic absorption bands of NillC-
PA may be assigned unambiguously to the three spin-al-
lowed d-d transitions predicted by ligand field theory for an
octahedral, Az, Ni(II) center: A, — 3T, 9430; Az —
3Tig(F), 14,600; 3Az — 3Tig(P), 24,250 cm™!. Neither
fluoride ion nor the slowly hydrolyzed substrate glycyl-L-
tyrosine changes the octahedral-like character of the ab-
sorbing species, as the same pattern of low-intensity bands
is observed when these substances are added to a solution
containing Ni'lCPA. The spectrum of Ni'lCPA in a 0.5 M
NaCl, 0.5 M KF Tris buffer medium is slightly red shifted
from that observed in the sodium chloride buffer solution,
indicating that fluoride ion is coordinated to the metal (Fig-
ure 2).

The ligand field parameter values which give the best
least-squares fit to the observed d—d bands of resting NillC-
PA are Dg = 923 and B = 755 cm~'.2! For comparison, we
have calculated Dg = 779 and B = 940 cm™! for NillPGM
(phosphoglucomutase) from the spectrum reported by Mul-
tani and Ray.?? The probable donor-atom sets which deter-
mine the ligand field strengths of these two Ni(II) enzymes
may be assigned by reference to the observed spectra and
calculated ligand field parameters for a wide range of
model octahedral nickel(II) complexes involving nitrogen
and oxygen donors (Table I). The iigand field parameters of
NillPGM clearly indicate an all oxygen-donor ligand envi-
ronment, as Multani and Ray previously concluded.?? It is
reasonable to assume that the coordination environment of
octahedral NillCPA includes three H,O molecules, in addi-
tion to the protein ligands His 69, His 196, and Glu 72. We
note, however, that Dg for the Ni(II) derivative of CPA
falls slightly below the range observed for complexes with
N,04 donor-atom sets, although it is significantly greater
than the values found for the model complexes that have ex-
clusively oxygen donor atoms. Chloride ion is apparently
not coordinated to the Ni(II), as the addition of fluoride
causes Dg to decrease. The relatively low value of the in-
terelectronic repulsion parameter B in NillCPA is in line
with results obtained from model complexes containing po-
lyacetate type ligands such as HEDTA and NTA. It is pos-
sible that the geometric constraints of the metal-protein in-
teractions are such that ligand to metal = bonding is en-
hanced in NillCPA. Such an effect. would tend to lower
both Dg and B. Thus it is probable that the donor-atom set
in NillCPA is N,O4, but we cannot entirely rule out NOs,
which would occur if either His 69 or His 196 were not
coordinated under the conditions of our experiment. Fur-
ther, the electronic spectral data do not shed any new light
on the question of Tyr 248 coordination,?? as substitution of
a TyrO~ group for a ligated H,O would not be expected to
shift the d—d transitions of Ni(II) appreciably.
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Table I. Electronic Spectra and Calculated Ligand Field Parameters for Octahedral Ni(II) Complexes
and Enzymes (all energies are in cm™?)
Donor 2 vy V3

Complex atom set (BAge — *Tyy) (BAgg = T (F))  (BAy — *Ti,(P)) Dq B Ref
Ni(en); 2™ Ns 11,600 (7) 18,350 (7) 29,000 (9) 1150 855 a
Ni(im)s2*+ N 11,100 18,150 28,700 1131 849 b
Ni(tn)s 2+ Ns 10,900 (6) 17,800 (11) 28,200 (15) 1110 836 c
Ni(CH;CN)g2* Ns 10,700 17,400 27.800 1085 836 d
Ni(NH;)s2+ Ns 10,750 (4) 17,500 (3) 28,200 (6) 1080 886 a
Ni(NC:H;)s2+ Ns 10,500 (7) 17,100 (7) 27,500 (12) 1063 841 e
Ni(C:H;NH,)e2+ Ns 9,662 16,666 27,027 1006 881 f
Ni(17-C;H-NH,)42* Ns 9,826 (6) 16,502 (5) 26,809 (14) 1006 862 f
Ni(C;H:N)s2~ Ns 10,150 (4) 16,500 (3) 27,000 (10) 1022 852 ¢
Ni(i-C3sH:NH,)2* Ns 9,480 15,267 26,042 939 881 f
Ni(his). N.O, 10,700 (7) 18,000 (8) 28,000 (10) 1109 826 g
Ni(tren)(H,0),2+ N.O, 10,500 (15) 17,800 (9) 27,800 (2) 1092 834 ¢
Ni(C:H;N)«(CF;CO;7);, N.O; 9,874 (5) 15,870 (10) 28,080 (19) 988 821 h
Ni(NTA)(en)~ N;0; 9,400 (11) 16,900 (8) 27,200 (13) 1004 901 ¢
Ni(gly)s~ N;0, 10,100 (10) 16,600 (8) 27,600 (14) 1018 906 a
Ni(NTA)(gly)*~ N:O4 9,900 17,100 26,200 1043 772 ¢
Ni(HEDTA)- N0, 10,100 16,785 26,455 1038 792 i
Ni(asp). N,O, 9,810 (7) 16,340 (5) 27,930 (13) 990 967 j
Ni(glygly), N,O4 9,270 (7) 16,130 (5) 27,030 (9) 983 907 j
Ni(gly)s(H,0), N:0, 9,270 (7) 16,050 (6) 27,100 (9) 979 917 j
Ni(Tris)o(H,0), N:O, 9,540 15,750 25,975 965 846 i
Ni(NTA)H:0).~ NO; 9,500 (16) 16,000 (7) 25,600 (13) 980 799 ¢
Ni(CH;OH)s2* Os 8,431 (2) 14,226 (4) 25,000 (6) 853 905 k
Ni(H,0)s2* Os 8,500 (2) 13,800 (2) 25,300 (5) 834 947 I
Ni(DMF),2™ Os 8,500 (6) 13,600 (5) 25,000 (15) 826 933 m
NiO in MgO Os 8,600 13,500 24,600 827 901 /
Ni(C,H;O0H)s2* Os 8,180 (3) 13,404 (3) 24,795 (7) 806 941 j
NI(CH3C02)2 in Li+,

Na* acetate glass O¢ 7,800 13,200 24,200 786 919 n
Ni(DMSO),2~ Os 7,728 (3) 12,970 (3) 24,038 (10) 773 920 0
Ni(DMA);2*+ Os 7,690 12,900 23,920 769 916 m
Ni(SO.) in Ky(S0,),

Zn(S0O,) Os 7,300 12,200 (6) 23,100 (21) 726 903 D
KNiF; Fs 7,250 (6) 12,530 (11) 23,810 (23) 737 943 q
Ni(quinoline)Cl, N:Cl, 6,400 (5) 11,100 (9) 21,100 (12) 652 837 r

Ni(II) Enzymes
NilICPA N.0.? 9,430 (3) 14,600 (7) 24,250 (24) 923 755 s
NillPGM 0¢? 7,692 (5) 13,160 (6) 24,390 (23) 779 940 t
NiZCA N;0;? 16,000 (10) u
@ C. K. Jorgensen, Acta Chem. Scand., 9, 1362 (1955). * C. W. Reimann, J. Res. Nat. Bur. Stand., Sect. A, 72, 756 (1968). (im = imid-

azole.) ¢ C. K. Jorgensen, Acta Chem. Scand, 10, 887 (1956). (tn = trimethylenediamine; tren = triethylenetetramine; NTA = nitrilo-
triacetate.) ¢ B, J. Hathaway and D. G. Holah, J. Chem. Soc., 2400 (1968). < R. W. Kiser and T. W. Lapp, Inorg. Chem., 1, 401 (1962).
/R.S.Drago, D. W. Meek, R. L. Onghi, and M. D. Joesten, lriorg. Chem., 2, 1056 (1963). ¢ P. L. Meredith and R. A. Palmer, Inorg. Chem.,
10, 1049 (1971) (his = histidine.) » A. B. P. Lever and D. Ogden, J. Chem. Soc., 2041 (1967). ¢ R. C. Rosenberg, Ph.D. Thesis, California
Institute of Technology, 1974. 7 G. N. Rao and N, C. Li, Can. J. Chem., 44, 1637 (1966). (asp = asparaginate.) * V. Imhof and R. S.
Drago, Inorg. Chem., 4, 427 (1965). ! C, K. Jorgensen, Advan. Chem. Phys., 5, 33 (1963). = R. S. Drago, D. W. Meek, M. D. Joesten, and
L. LaRoche, Inorg. Chem., 2, 124 (1963). (DMF = dimethylformamide; DMA = dimethylacetamide.) » J. A. Duffy and M. D. Ingram,
J. Chem. Soc., 2398 (1969). ¢ D. W. Meek, R. S. Drago, and T. S. Piper, Innorg. Chem., 1,285 (1962). #J. A. Duffy, P. F. Glasser, and M. D.
Ingram, J. Chem. Soc. A, 551 (1968). ¢ R. G. Shulman, S. Sugano, and K. Knox, Phys. Rer., 130, 512 (1963).  D. M. L. Goodgame, M.
Goodgame, and M. J. Weeks, J. Chem. Soc., 5194 (1964). * This work. * W. J. Ray, Jr., and J. S. Multani, Biochemistry, 11, 2805 (1972).
» J. E. Coleman in “Inorganic Biochemistry,” Vol. I, G. L. Eichhorn, Ed., Elsevier, New York, N. Y., 1973, p 508.

Addition of the inhibitor sodium S8-phenylpropionate dra- NillCPA system add some support to one possible interpre-

matically alters the spectrum of NillCPA, as is shown in
Figure 3. Both visible absorption bands are red shifted and
enhanced in intensity. In the near-infrared region, the 3A,,
— 3T», band of Ni'lCPA is replaced by a new absorption
feature above 1400 nm. The exact position and intensity of
this new peak are hard to establish, as this region of the
near-infrared is obscured by absorption due to water (1430
nm) and the onset of the effective low-energy cutoff in D,O
(1550 nm). The peaks at 1420 and 1520 nm appear to be vi-
brational overtones of the solvent superimposed on a broad-
er electronic absorption band, which falls below 1540 nm
(6500 cm~"). The spectrum of Nil!lCPA-SPP is the same in
both chloride and fluoride ion media, which indicates that
F~ does not bind effectively to the nickel(II) when inhibitor
is present. In this regard it is of interest to note that nmr re-
laxation experiments have shown?* that the exchange be-
tween F~ and the inner coordination sphere of Mn''CPA is
greatly attenuated upon addition of 3PP. Our results in the

tation of the nmr experiments, namely, that the fluoride
binding site is lost upon formation of Mn!!CPA.SPP,

Following the procedure of Furman and Garner,?® the
changes in the absorption spectrum of NillCPA on addition
of NaBPP may be used to evaluate the formation constant
K1 for the NillCPA-BPP complex. As the absolute absorb-
ance changes are so small, linear plots of (E X I/A, — pE-
enilicpa) vs. (E + I) were obtained only in the region of
greatest absorbance change (405-460 nm) (E and [ are the
total enzyme and inhibitor concentrations, respectively; 4 »
is the observed absorbance at wavelength A, and p is the
pathlength of the cell in centimeters). Some representative
plots are shown in Figure 4. A value of K = (3.7 £ 1.7) X
103 M~ was obtained, and the absorbance maximum of
NillCPA-BPP was calculated to fall between 425 and 430
nm (~23,350 cm~!), with a molar extinction coefficient of
roughly 50.

The observed band pattern, and particularly the substan-
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Figure 1. Near-infrared-visible absorption spectrum of 4.7 X 10=4 M

Ni!!CPA between 7 and 12° in | M NaCl, 0.05 M (pH 7.8) deuterat-
ed Tris buffer.
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Figure 2. Visible absorption spectra of Ni!!CPA between 7 and 12° in
0.05 M (pH 7.8) Tris buffer: L[NiZF] =470 X 1074 M, | M
NaCl; - - - -, [Ni?*] =335 X 1074 M, 0.5 M NaCl,0.5 M KF.

tial increase in the molar extinction coefficient at 23,350
cm~! suggest some type of five-coordinate geometry for
NillCPA-BPP. A distorted tetrahedral structure, which
could also explain the low energy of the near-infrared
band,26-28 would not be expected to give rise to a d-d tran-
sition above 20,000 cm~! for a mixed nitrogen-oxygen
donor-atom set.26 Stronger field ligands, such as phos-
phines, are required?® to place the highest energy d-d tran-
sition in a distorted tetrahedral Ni(II) complex at about
23,000 cm~!, which effectively rules out this coordination
geometry for NillCPA-SPP.

Many high-spin five-coordinate Ni(II) complexes con-
taining weak-field donor-atom sets exhibit relatively intense
absorption bands at energies greater than 20,000 cm~!.28
Of particular note is the close similarity of the absorption
spectrum of the N,0O; complex [Ni(dacoda)(H,0)~]%% to
that of Nil!CPA-8PP. The comparison is sufficiently good
to conclude that the probable donor-atom set in the en-
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Figure 3. Effect of added NaSPP on the near-infrared-visible absorp-
tion spectrum of Nil!CPA between 7 and 12° in | M NaCl, 0.05 M
(pH 7.8) deuterated Tris buffer: . [Ni2¥! = 471 X 10-4 M
- -~ [Niz*] = 4.20 X 10-4 M, [NaGPP] = 8.48 X 10~3 M.
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Figure 4. Plots of (E X I)(A, — pEenicpa) vs. (E + I) for the reac-
tion of Ni!!{CPA with NagPP (A in nm).

zyme-inhibitor complex is also N,O;. The implied contrac-
tion of the metal pocket could be caused by small conforma-
tional changes associated with the binding of the aromatic
part of the inhibitor to the enzyme. It should be noted that
the observed formation constant of NillCPA-BPP is two or-
ders of magnitude greater than a typical value for binding
an acetate-type ligand to aquo nickel ion,3° which signals
the presence of favorable interactions between enzyme and
inhibitor over and above those provided by ordinary carbox-
ylate coordination to the metal.

ColICPA. The temperature dependence of the effective
magnetic moment of Col!lCPA between 30 and 120°K is
shown in Figure 5. The magnetic moment is 4.77 + 0.15
BM over the temperature range studied, which establishes a
high-spin ground state.!’

The band positions in the absorption spectrum of a pellet
of air-dried Col!!CPA are the same as those observed for
Co''CPA in solution.!!:!5 However, the possibility remains
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Figure 5. Comparison between the experimental uefr values for Co!'C-
PA (30-120°K, ®) and calculated ranges (shaded area) of ueg for oc-
tahedrally coordinated Co(Il). Calculations were performed using the
standard theoretical expression'® and the free-ion spin~orbit coupling
constant for Co?*. The upper boundary of the shaded area represents
the weak-field limit (4 = 1.5), and the lower boundary the strong-field
limit (4 = 1.0).

that some partial denaturation may have occurred in the
drying process, as accurate intensity data cannot be ob-
tained from pellet spectra. Such partial denaturation would
presumably give octahedral cobalt(II) species, which would
not be spectroscopically detectable in the presence of tetra-
hedral or five-coordinate cobalt(II), awing to low extinction
coefficients. The magnetic moment data, however, allow us
to place an upper limit on the amount of octahedral co-
balt(II) present. Although the room temperature magnetic
moments of octahedral cobalt(II) complexes are high, 4.7-
5.2 BM, they are strongly temperature dependent.!4 This
temperature dependence arises because the ground state
4T\ term is split by spin-orbit coupling into several levels
that are separated by energies roughly: comparable to k7.
Over the temperature range we have investigated, for exam-
ple, the magnetic moments of octahedral cobalt(II) com-
plexes are substantially reduced from their room tempera-
ture values,?! in accord with theoretical predictions illus-
trated in Figure 5. Therefore, as little as 5% of an octahe-
dral Co(II) impurity would show up in our experiment at
low temperatures. The strict Curie law behavior of our sam-
ple of CollCPA strongly rules against the presence of any
appreciable amounts of octahedral Co(1I) species.

Both distorted tetrahedral and five-coordinate geometries
are reasonable candidates for the metal ion coordination in
Co!!CPA. Latt and Vallee have favored!! the former struc-
tural model, whereas we have argued!'S that the available
evidence is more compatible with five coordination. The
issue is difficult to settle because the electronic spectra of
distorted tetrahedral and five-coordinate cobalt(II) com-
plexes are often very similar, especially when only band po-
sitions are considered.3? We will now demonstrate, however,
that a choice can be made after a detailed consideration of
both the magnetic and spectroscopic properties associated
with these modes of coordination to cobalt(II) centers.

The magnetic moments of tetrahedral cobalt(II) com-
plexes can be calculated from the expression!4

4p% ) B

Mees = 3.87 (1 - m
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where X is the free-ion, spin-orbit coupling constant, which
for cobalt(II) is —180 cm™!, & is the orbital reduction fac-
tor, which can take a value between 0 and 1. Ligand field
parameters?! as well as calculated and observed magnetic
moments for some distorted tetrahedral and five-coordinate
cobalt(II) complexes are given in Table II. The magnetic
moments were evaluated from the slopes of 1/xm, vs. T
plots or corrected for temperature independent paramagne-
tism when only room temperature data were available.3?
The v; and »3 values were taken as the centers of gravity of
the band multiplets that are usually observed in these sys-
tems. The magnetic moments were all calculated fromeq 1,
as we were interested in determining whether the experi-
mental values for known five-coordinate Co(II) complexes
could be “explained” satisfactorily on the basis of an incor-
rect assumption regarding stereochemistry. Inspection of
Table II clearly illustrates that even the maximum “tetra-
hedral” magnetic moments (k = 1) fall significantly below
the observed values for the five-coordinate complexes. The
experimental value (4.77 BM) of the magnetic moment of
ColICPA is also well above the maximum of 4.42 BM ob-
tained from eq 1, but it does fit nicely in the range of 4.5-
5.1 BM observed for the five-coordinate model complexes.
Therefore, the magnetic susceptibility results strongly favor
a five-coordinate assignment for the ground state of Co!!C-
PA.

The five-coordinate assignment is strengthened by an ex-
amination of the intensities of the visible absorption bands
(v3) for the two types of model complexes. The molar ex-
tinction coefficient of »; is generally greater than 250 for
distorted tetrahedral complexes, whereas substantially
lower values are observed both for Co!lCPA and the five-
coordinate models (50 < ¢qay < 225).15

Discussion

We have shown how spectroscopic and magnetic data can
be used to make assignments for the metal ion coordination
in Ni''CPA and Co!CPA. Among the structural proposals,
the octahedral-like character of the coordination environ-
ment in resting Nil!CPA is most certain. Literally hundreds
of octahedral nickel(II) complexes have been studied, and
the pattern of three bands of low intensity in the near-ir and
visible spectral regions is characteristic of all. The conclu-
sions regarding the metal coordination in the resting CollC-
PA system must be regarded as somewhat less firm. Al-
though our assignment of five-coordination to CollCPA is
based on two independent lines of evidence, alternative
structural possibilities are difficult to rule out entirely.
There seems to be little doubt, however, that the metal cen-
ter in Co!!CPA has a structure different from that of the
Co(II) derivative of the enzyme carbonic anhydrase (CA).
Both the low magnetic moment and the rather intense visi-
ble absorption bands of CollCA fit distorted tetrahedral
coordination reasonably well, as was concluded previously
by Lindskog and Ehrenberg?# on the basis of a much more
limited set of model system data. This and other compari-
sons we have made illustrate the considerable importance of
measuring the temperature dependence of the magnetic
moment in a cobalt(II) system, particularly at temperatures
between 10 and 100°K, as an aid in determining the proba-
ble coordination environment.

It is apparent that there is considerable flexibility in the
binding site for metal ions in CPA. A variety of geometrical
arrangements can be accommodated, ranging from distort-
ed tetrahedral in Zn''CPA to octahedral in NillCPA. The
observed variation of coordination number from four to six
while full peptidase activity is retained is not easily recon-
ciled with the entatic state hypothesis, as it has been applied
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Table II. Ligand Field Parameters (cm~1) and Magnetic Moments (BM) for Co(II) Complexes

tets (caled;

Complex ve Vs Dqg B eql,k=1) Mets (Obsd) Data ref
Distorted Tetrahedral
Co(EDM)Cl, 7688 15587 451 649 4.49 4,36 a
Co(Meen)Cl, 8336 16837 490 699 4.44 4.54 b
Co(MOBen -NEt,)Cl, 7531 16108 439 697 4.50 4.37 c
Co(PA), 9117 19775 531 864 4.39 4.56 d
Co(Barb)(Im), 8897 17938 523 743 4.40 4.33 e
Co(BenzIm)(ClO,), 9009 17700 531 718 4.39 4.28 f
Five-Coordinate
B-Co(Paphy):Cl, 7680 15850 450 669 4.49 4.79 g
Co(Megtren)Cl, 9090 18333 534 760 4.39 4.51 h
Co(Mesdien)Cl, 9762 17487 586 644 4.35 4.61 i
Co(Me.daeo)Cl, 8519 16923 501 693 4.43 4.70 j
Co[Py(Cy):]Cl, 7741 17168 450 761 4.49 4.85 k
Co(MABenNEt,)Cl, 8965 16600 534 635 4.39 4.82 /
Co(Il) Enzymes
ColICPA 8616 17750 504 748 4.42 4.77 m
ColICA 8962 17490 529 705 4.40 4.23 n

@ A, L. Lott, III, and P. G. Rasmussen, J. Inorg. Nucl. Chem., 32, 101 (1970); EDM = ethylenedimorpholine. * L. Sacconi, I. Bertini,
and F, Mani, Inorg. Chem., 6, 262 (1967); Meen = N,N,N’,N’-tetramethylethylenediamine. ¢ L. Sacconi and 1. Bertini, Inorg. Chem,, 7,
1178 (1968); MOBenNEt, = N,N-diethyl-N’-(o-methoxybenzylidene)ethylenediamine. ¢ R. H. Holm, A. Chakravorty, and L. Theriot,
Inorg. Chem., 5, 625 (1966); PA = N-tert-butylpyrrole-2-aldimine. ¢ R. C. Rosenberg, Ph.D. Thesis, California Institute of Technology,-
1974; Barb = 5,5'-diethylbarbituric acid, Im = imidazole. / M. Goodgame and F. A. Cotton, J. Amer. Chem. Soc., 84, 1543 (1962);.
Benzlm = benzimidazole. ¢ S. F. Lions, 1. B. Dance, and J. Lewis, J. Chem. Soc. 4, 565 (1967); Paphy = pyridine-2-aldehyde 2-pyridyl-
hydrazone. » M. Ciampolini and N. Nardi, Inorg. Chem., 5, 41 (1966); Megtren = tris(2-dimethylaminoethylamine). ¢ M. Ciampolini and
G. P. Speroni, Inorg. Chem., 5, 45 (1966); Me;dien = bis(2-dimethylaminoethyl)methylamine. # M. Ciampolini and N, Nardi, Inorg. Chem.,
6, 445 (1967); Me,daeo = bis(2-dimethylaminoethyl) oxide, * L. Sacconi, I. Bertini, and R. Morassi, J. Chem. Soc. 4, 1570 (1968); Py(Cy),
= N,N'’-dicyclohexyl-2,6-diacetylpyridine bisimine. ! L. Sacconi, 1. Bertini, and R. Morassi, Inorg. Chem., 6, 1548 (1967); MABenNEt, =
N,N-diethyl-N'-(o-methylaminobenzylidene)ethylenediamine. ™ Spectral data only from ref 11. * S. Lindskog and A. Ehrenberg, J. Mol.

Biol., 24, 133 (1967).

to acid-base catalysts.3> According to this theory, the rest-
ing enzyme is activated in part by virtue of an unusual
metal ion coordination geometry. Our findings for Ni'!{CPA
are especially at odds with such ideas, as in this derivative
the metal ion is coordinatively saturated and has a very or-
dinary ligand environment. Our results, on the other hand,
accord well with mechanistic proposals in which the metal
ion simply serves as one of a number of catalytically impor-
tant groups.®~3-3¢ It would appear that as long as a properly
oriented, substitution-labile position is available at the
metal center, full peptidase activity is possible. We note
that in derivatives where the metal ion is expected to be
inert to substitution, such as Coll'CPA, no peptidase activi-
ty is observed.3?
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