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ABSTRACT

PART 1

A ]SN Nuclear Magnetic Resonance Study of

the Active-site Conformation of Arsanilazo-carboxypeptidase A

To determine whether the cata]ytié zinc of carboxypeptidase A (CPA)

15

is complexed to the active-site tyrosine (Tyr-248) in solution, a ~°N

15N at both azo nitrogens, has

probe, an arsanilazo group enriched in
been selectively coupled to Tyr-248 with retention of full catalytic
activity, and the resulting arsanilazotyrosy1-248 carboxypeptidase A

(Zn.Azo-CPA) studied by 19

N NMR spectroscopy over pH range from 7.0 to
10.3. Its azo nitrogen resonances, Na (proximal to Tyr-248) and NB
(distal), show 8.3 ppm and 23.5 ppm shielding respectively relative to
the corresponding resonances of apoarsanilazotyrosyl-248 carboxypeptidase

15N shifts of a model azotyrosine

A at pH 8.8. By comparison with the
and its zinc complex, these shift differences indicate substantial com-
plexation of the azotyrosy1-248 with the catalytic zinc at pH 8.8. Con-
sistent with such complexation is the fact that the azo nitrogen resonances
of Zn.Azo-CPA show large deshieldings on addition of a slowly hydrolyzing
substrate g]ycy]-L}tyrosine or an inhibitor B-phenylpropionate, each of
which binds to th;-catalytic zinc and therefore is expected to break any

azotyrosine-Zn complex. The results demonstrate unequivocally that the

molecular basis for the properties of Zn.Azo-CPA observed by other spec-



vi

tral techniques is a Zn-azotyrosyl-248 complex, with the NB nitrogen
(and presumably the phenolic oxygen) as ligand to zinc. Furthermore,

f 15N shifts to coordination with zinc permits at

the high sensitivity o
least a semi-quantitative estimate of the degree of azotyrosine-Zn com-
plexation and indicates that the major conformation of Zn.Azo-CPA, and by
implication, of CPA in solution could be the one in which the active-site
tyrosine is complexed to zinc, in contrast to the major conformation in
the crystalline enzyme in which the Tyr-248 hydroxyl is 17 X from the zinc.
The binding of the quasi-substrate, glycyl-L-tyrosine, or the inhibitor,
B-phenylpropionate, to Zn.Azo-CPA causes a greatg} deshielding of the NB
resonance than can be accounted for solely by the disruption of azotyrosyl-
Zn complex. The NB shift is also a sensitive probe of intramolecular
hydrogen bonding of this nitrogen with Tyr-248 hydroxyl whose postulated
catalytic function is to donate a proton to the leaving amine group of the
substrate. The NB resonance of Zn.Azo-CPA-Gly-Tyr complex is deshielded
by 8.9 ppm relative to that of Apo.Azo-CPA at pH 8.8, a result consistent
with a partial hydrogen bonding of Tyr-248 hydroxyl with the amide nitrogen
of the scissile peptide bond of the substrate. In the Zn.Azo-CPA-B-phenyl-
propionate complex, a 28.2 ppm deshielding of the NB resonance relative
to that of the apoenzyme indicates disruption of the hydrogen.bond between
N, and Tyr-248 hydroxyl; the most reasonable explanation is that the tyro-

B
sine hydroxyl hydrogen-bonds to the carboxylate group of the inhibitor.
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PART II

Benzoate Catalysis in the Hydrolysis of
endo-5-[4'(5')imidazolyl]-bicyclo[2.2.1] hept-endo-2-y1 trans-

cinnamate: Implications for the Charge-transfer Mechanism of

Catalysis by Serine Proteases

The acceleration, by a factor of 2500, of the hydrolysis of
endo-5-[4'(5') imidazolyl]bicyclo[2,2.1]hept-endo-2-y1 trans-cinnamate
by 0.5 M sodium benzoate in 42 mol % dioxane in water can be explained
without resort to operation of a "charge-relay" mechanism similar to
that often postulated to account for the enzymatic activity of serine
proteases. The degree of ionization of 4-methylimidazole and of
sodium benzoate in 42 mol % dioxane in water at 60°C have been measured

by NMR spectroscopy.
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PART III

Studies of pH and Anion Complexation Effects on L-Arginine by

Natural Abundance ]5N Nuclear Magnetic Resonance Spectroscopy

Natural-abundance nitrogen-15 nuclear magnetic resonance (NMR)
spectroscopy has been used to investigate (1) the effect of pH on the

]SN chemical shifts of L-arginine and (2) the possible effects on

]SN chemical shifts and T] values of the complexation of L-arginine
with chloride ions, phosphate ions, and adenosine triphosphate (ATP)
in aqueous solutions. Guanidine carbonate solutions and protamine
sulfate solutions containing some of these ions have also been examined.
On protonation of the guanidinium group of L-arginine, the guanidino
nitrogens and the -NH-nitrogen show upfield shifts of 15 and 3 ppm,
respectively, as a result of change in the second-order paramagnetic
effect, while the a-amino nitrogen shows an 8-ppm downfield shift on
protonation as a result of decreased shielding. Complexation with
equimolar phosphate ions produces a small downfield shift of approxi-
mately 0.8 ppm in the chemical shift of the guanidino nitrogens of L=

15

arginine. No significant changes in "°N shifts or T] values were observed

on complexation with chloride ions or adenosine triphosphate.
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PART IV

15 . . .
A "N nuclear magnetic resonance study of amino acid
metabolism in Neurospora crassa
15 . .
N nuclear magnetic resonance spectra of suspensions of

intact Neurospora crassa mycelia, cultured in ]SNH4C1-contain1ng
15

medium, have been obtained at 18.25 MHz. Well-resolved “N resonances
of free metabolites that play crucial rd]es in intermediary nitrogen
metabolism, such as the amide nitrogen of glutamine, the o-amino
nitrogens of glutamate and other amino acids, the guanidino nitrogens
of arginine and the ureido nitrogens of citrulline are observed,

as well as those of cellular components such as chitin and uridine
diphosphates. The guanidino nitrogens of intracellular arginine

are found to have a spin-lattice relaxation time of 1.06 sec and
nuclear Overhauser enhancement of -3.6, indicating that these nuclei

-10 sec in the intracellular

have a correlation time of the order of 10
environment. This suggests that a pulsing rate of a few seconds
with proton decoupling is favorable for the observation of protonated
nitrogens of small metabolites in intact microorganisms.

The time course of the assimilation of ]SNHZ into glutamine
and glutamate was followed in vivo in two N. crassa strains, one
capable of synthesizing glutamate directly from NHZ and g-keto-

glutarate, and the other incapable of this synthesis. Preliminary



results demonstrate that an alternative pathway of NHZ assimilation
into glutamate exists in N. crassa, and suggests that this takes

place via the amide nitrogen of glutamine.

15

Potential utility of “N NMR spectroscopy for study of the

in vivo turnover rates of nitrogenous metabolites, for elucidation

of previously unknown pathways and for cellular regulation of nitrogen

metabolism in intact microorganisms is discussed.
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ABSTRACTS OF THE PROPOSITIONS

PROPOSITION I
A ]SN NMR study of the ionization state of the coenzyme pyridoxal

phosphate at the active site of aspartate aminotransferase is proposed.

PROPOSITION II
A 15N NMR study of the mode of binding of the inhibitor sulfanil-

amide to the catalytic zinc of carbonic anhydrase is proposed.

PROPOSITION III
Chromosomal Tocalization of the gene for the ¢ chain of human
embryonic hemoglobin is proposed, with a view to obtaining clues

to the evolutionary relationship of the ¢ chain to the a globin chain.

PROPOSITION IV
A resonance Raman study of electron polarization in a chromophoric
substrate 4-dimethylaminocinnamaldehyde bound to alcohol dehydrogenase
is proposed.
PROPOSITION V
A study of the mechanism of action of an anticancer drug, strepto-

zotocin, by radiochromatography is proposed.
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15

A "°N Nuclear Magnetic Resonance Study of

the Active-site Conformation of Arsanilazo-carboxypeptidase A



INTRODUCTION

Carboxypeptidase A (CPA) catalyzes the cleavage of C-terminal amino
*
acid from a peptide chain. Its active-site residues have been identified

as zinc, tyrosine (Tyr-248), glutamic acid (Glu-270), and arginine (Arg-145)

la-c 2a,b

studies. In

. 3a-c ;
recent years, there has been considerable controversy recarding the

on the basis of chemical modification and X-ray
conformation of the active site, specifically the location of Tyr-248
relative to zinc, because the conformation of the enzyme in solution might
be significantly different from that in the crystalline enzyme. According
to the most recent interpretation of the electron-density maps, crystalline
CPA at pH 7.5 exhibits two conformations; the predominant conformation
being the one in which Tyr-248 hydroxyl is at the surface of the molecule
and is separated by 17 X from the zinc (Figure 1), and a second conforma-
tion constituting up to 25% of the enzymes in which the tyrosine hydroxyl
is within 2 X of the zinc.4 On binding of a slowly-hydrolyzing substrate,
glycyl-L-tyrosine, to the enzyme, there is a large conformational change

of the predominant conformation whereby the tyrosine hydroxyl moves from
the surface of the molecule to within 4%53 of the zinc and 32 from the
NH group of the scissile peptide bond2b (Figure 2). This movement of
Tyr-248 has been regarded as one of the most striking examples of the

induced-fit theory of enzyme-substrate binding.

*

The pH dependence of the activity of CPA at ionic strength 8.5 shows a
broad plateau of optimum activity in pH 7.0 to 9.0 region, thT relative
~velocity of hydrolysis at pH 8.6 being 93% of that at pH 7.5. d



Fig. 1 The predominant conformation of the active site of crystalline
carboxypeptidase A according to X-ray structure. Tne carbon, oxygen

and nitrogen atoms of the active-site residues (including the Cu atoms)
are shown by filled circles, and parts of the peptide backbones around
the active site are shown by blank circles (Adapted from R. E. Dickerson
and I. Geis, "The Structure and Action of Proteins,", Harper and Row,
New York, 1969)



Fig. 2 The active-site conformation of crystalline carboxypeptidase A
on binding of a quasi-substrate glycyl-L-tyrosine. Glycyl-L-tyrosine
is shown by shaded circles and the active-site residues by filled circles.
(Adapted from R. E. Dickerson and I. Geis, "The Structure and Action
of Proteins Harper and Row, New York, 1969)



3a, b have studied the active-site con-

However, Vallee and coworkers
formation of the enzyme in solution and proposed that the Tyr-248 hydroxyl
is. complexed to zinc before substrate binding, and therefore has a con-
formation significantly different from that of the major conformation of
the crystalline enzyme. To determine the conformation in solution, Vallee
and coworkers used a modified CPA with the active-site tyrosine-248 residue
specifically labeled with an arsanilazo group. The coupling of arsanilazo
group to Tyr-248 is se]ective,5 and the resulting arsanilazo tyrosyl-248
CPA (Zn.Azo-CPA) has full catalytic activity,6 indicating that the active-
site conformation necessary for catalysis is preserved. Vallee and co-
workers showed, by comparison with model azotyrosine compound and their

3b, 6

zinc complexes, that Zn.Azo-CPA exhibits visible absorption, circular

dichroic,3b’ 6

and resonance Raman spectra7 similar to those of azophenol,
azophenolate-Zn complex and azophenolate ion at pH 6.2, 8.5 and 10.8
respectively and therefore they proposed that Tyr-248 in Zn.Azo-CPA is
complexed to the catalytic zinc around pH 8.5 in solution.

Valuable as the spectral techniques have proved to be, the techniques
employed so far provide no unequivocal molecular basis for the observed
spectral properties of Zn.Azo-CPA, and if azotyrosine-Zn complexation is
taking place, the mode of complexation on molecular Tevel--whether the
proximal or the distal azo nitrogen is involved in chelation--is not known.
Moreover, previous techniques provide no quantitative estimate of the
degree of Tyr-248-ZIn complexation, if it is occurring, at the active-site
of Zn-Azo-CPA in solution. Another interesting point is the detailed con-

formational change that occurs at the active-site on binding of a substrate

or an inhibitor to Zn.Azo-CPA in solution.
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The present research involves the application o N nuclear magnetic

resonance spectroscopy to study the active-site conformation of

(15

arsanilazotyrosy1-248 CPA N enriched in both azo nitrogens) (1) as free

enzyme in solution, (2) on binding of a quasi-substrate, glycyl-L-tyrosine
and an inhibitor B-phenylpropionate, and (3) on removal of the catalytic
zinc. The potential of 15N NMR spectroscopy as probe of enzyme active

8 15N chemi-

sites has been successfully demonstrated for a-lytic protease.
cal shift is potentially a very sensitive probe of azotyrosine-Zn complexa-
tion in arsanilazotyrosy1-248 CPA, because, with a model azotyrosine
compound, the azo nitrogen shows an upfield shift of fully 90 ppm on com-
plexation with zinc. The high sensitivity of 15N shift to coordination

with zinc permits a semi-quantitative estimate of the degree of azotyrosine-
Zn complexation in arsanilazotyrosyl1-248 CPA in solution which so far has
not been possible by other spectral techniques. With Zn.Azo-CPA 15N
enriched in both azo nitrogens, it is also possible to determine which

15N

azo nitrogen, if any, is involved in complexation. Moreover, the
shifts of azo nitrogens can be a sensitive probe, not only of zinc com-
plexation but also of intramolecular hydrogen bonding with tyrosyl1-248
hydroxyl whose catalytic function, according to proposed mechanism of

cata]ysis9 is to donate a proton to the leaving amine group (Figure 3).

Thus, 12

N chemical shifts of Zn.Azo-CPA-Gly-Tyr complex were expected to
provide important information on the state of hydrogen-bonding of the

Tyr-248 hydroxyl in the enzyme-substrate complex in solution.
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Fig. 3 A probable mechanism for catalysis by carboxypeptidase A

(Adapted from R. E. Dickerson and I. Geis. "Structure and Action

of Proteins," Harper and Row, New York, 1969)



EXPERIMENTAL

Sodium nitrite (99% enriched in 1°

15

N) and p-arsanilic acid (99%

enriched in "“N) were obtained from Isotope Labeling Corporation.

Monoarsanilazo-N-acetyltyrosine (DAT) was prepared by reacting diazo-

7c, 10

tized arsanilic acid with N-acetyltyrosine. Selective nitrogen-15

isotopic enrichment of Na or N, was effected by using sodium (15N) nitrite

- (15

B
N)p-arsanilic acid, respectively in the diazotization reaction.

The ultraviolet-visible absorption spectrum of each preparation of 15N-

o)

enriched DAT was carefully examined over the pH range 4.0 to 11.0. In

general, all spectral parameters were found to be identical to those

reported previous]y.7c’ 10

Monotetrazolylazo-N-acetyltyrosine (TAT) was prepared by reacting
diazonium-1H-tetrazole with N-acetyltyrosine as described by Sokolovsky

11 15N)

and Vallee. The 15N derivative was synthesized by using sodium (
nitrite in the preparation of the diazonium-1H-tetrazole. Ultraviolet-
visible absorption spectra of the nitrogen-15 enriched product were
obtained as a function of pH and of added zinc ion; observed spectral
properties agreed closely with those previously reported.3b
Carboxypeptidase A12 was obtained as a crystal suspension from Sigma
Chemical Company and was recrystallized before use. Arsanilazotyrosyl-
248 carboxypeptidase A was prepared by reacting diazotized p-arsanilic
acid with carboxypeptidase A crystals as described by Johansen and Va]]ee.3a
Nitrogen-15 enrichment at Na or NB was effected through the use of sodium
(15N) nitrite or (15N)E;arsan111c acid, respectively, as described above

for DAT. Ultraviolet-visible absorption spectroscopy was used to



demonstrate that each preparation of nitrogen-15 enriched azo-enzyme
responded to pH, removal of zinc, inhibitors and substrates, and denatur-
ing agents in the manner expected. A1l spectral properties were in good
agreement with previously reported results.

Peptidase activity was determined spectrophotometrically using
(furylacryloyl)glycylphenylalanine. Activity of the modified enzyme as
measured with this substrate was not discernibly different from that of
the unmodified enzyme.

Apoarsanilazotyr-248-CPA was prepared by suspending the crystals of
arsanilazotyr-248-CPA (5 mg/ml1) in 0.01 M 1,10 phenanthroline, 0.01 M 2-
(N-morpholino)ethanesulfonic acid (Mes) buffer (pH 7.0) at 200C for 1 hr.
for four successive times followed by four 0.5 hr. washings with 0.01 M

9b

Mes buffer (pH 7.0). The apoenzyme prepared by this method contained

less than 0.016 g-atom of zinc/mol of enzyme as determined by atomic
absorption spectroscopy.

10-Phenylazo-9-phenanthrol was synthesized by refluxing 9,10-

phenanthraquinone and phenylhydrazine hydrochloride in acetic acid.9C

Crystallization from ethanol gave pure 10-phenylazo-9-phenanthrol
)
(melting point 163v164 C). 1Its anion was prepared by addition of 1.5

equivalent of sodium hydroxide in dimethyl sulfoxide.

15N chemical shift spectra were obtained with a Bruker WH180 spectrom-

15

eter operating at 18.25 MHz. A 1 M solution of H NO3 in D,0 contained

2
in capillary provided both reference signal and field-frequency lock.
For the model compounds arsanilazo-N-acetyltyrosine (DAT), tetrazolylazo-

N-acetyltyrosine (TAT) and its zinc complex (TAT.Zn), the spectra were



10

0
taken of 5 mM aqueous solution. The operating conditions were 90 pulse

and 15 sec. delay. .For arsanilazotyrosyl1-248-CPA, the spectré were taken
of 1.57v2.0 mM aqueous solutions in 1.0 M NaC1-0.02M tris(hydroxymethy1l)
aminomethane buffer at 150C. Glycyl-L-tyrosine (7.5 mM) or B-phenyl-
propionate (7.5 mM) was added to the ;hzyme solution to make enzyme-
substrate or enzyme-inhibitor complexes, respectively. For apoar-
sanilazotyrosy1-248-CPA, the spectra were obtained of 0.3 mM aqueous
solution in the same buffer at SOC. Operating conditions for the 15N
spectra of the enzyme, its substrate and inhibitor complexes and the
apoenzyme were 900 pulse and 0.8 sec. delay and pH 7.0 and 7.8 and 0.29
sec. delay at other pH values. Each spectrum required 8v16 hours of
accumulation time. The stabilities of the enzyme and its complexes

during NMR measurement were monitored before and after by the visible
absorption spectrum of each solution. A1l solutions were found to be
stable during the NMR measurements. The peptidase activity of Zn.Azo-CPA
was checked before and after each NMR measurement. For NMR experiments

at pH 7.009.6, there was no appreciable change in activity before and after
the experiments. At pH 10.3, Zn.Azo-CPA has no catalytic activity, presum-
ably due to binding of hydroxide ion to catalytic Zn, but the three-
dimensional conformation of the enzyme is preserved as indicated by
recovery of catalytically active Zn.Azo-CPA on lowering pH.

13C chemical shift spectra were obtained with a Varian XL100 spectrom-

)
eter operating at 25.14 MHz. Operating conditions were 90 pulse and 3 sec.

delay.
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Enzyme concentrations were measured by the absorbance at 278 nm,

based on a molar absorptivity at 278 nm of 7.32 x 104 M'1 cmf1 Visible
absorption spectra were obtained on Beckman Acta CIII spectrophotometer,

and/or on a Varian 219 spectrophotometer.

RESULTS AND DISCUSSION

Figure 4 shows the structures of arsanilazotyrosyl-248 residue
of the modified CPA (Zn.Azo-CPA), and two model compounds arsanilazo-
N-acetyltyrosine (DAT) and tetrazolylazo-N-acetyltyrosine (TAT). DAT is
the model for free azotyrosine, but because the bidentate DAT does not
form a soluble 1:1 zinc complex, the zinc complex of tridentate TAT was
used as a model for azotyrosine-Zn complex as in previous studies of
arsanilazotyrosy1-248 CPA by visible absorption and resonance Raman

spectroscopy.

15\ NMR shifts of DAT

15

The “°N chemical shifts of the two azo nitrogens of DAT in water

as a function of pH is shown in Figure 5. The assignment of Na and NB

nitrogens was straightforward because DAT was 15N-enm’ched in Na and NB

separately. While the Na shift of DAT at -126v-128 ppm is close to that

13 the NB shift of DAT at -82 ppm is approximately

45 ppm shielded relative to Na. This shielding is the result of an intra-

of azobenzene, -133 ppm,

and the phenolic proton (Figure 5-1).
14,15

molecular hydrogen bond between NB

Although such hydrogen-bond is well-known for o-hydroxy azo compounds,

it has not been previously determined whether the hydrogen bond is to Nd
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KXrsanilazotyrosine-248 carboxypeptidase X
(Zn-Azo-CPA)
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Avsanilazo-N- acetyltyrosine (DAT) Tetrazolylazo-N-acetyltyrosine (TAT)

Fig. 4 The structures of arsanilazotyrosyl1-248 residue of the
modified CPA (Zn.Azo-CPA) and the model compounds arsanilazo-N
acetyltyrosine (DAT) and tetrazolylazo-N-acetyltyrosine (TAT).
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5 in the model compound DAT.”®  The 15NB shifts of DAT in H.0 and

in dimethyl sulfoxide (discussed on p.30 ) clearly establish NB as the

or to N

acceptor of the hydrogen bond from the phenolic hydroxyl.

The 15Na chemical shift of DAT shows small but real changes with
pH, a shielding of 2.2 ppm between pH 5.8 and 8.8 and a deshielding of
1.7 ppm between pH 8.8 and 11.9. The shielding is probably due to the
dissociation of the second proton from the arsonate group, and the
deshielding can be attributed to the ionization of the tyrosine hydroxyl.
The 13C shift-pH titration curves ofvarsani]azo—N-ch]oroacety]tyrosine
in H20, shown in Figure 6, support this interpretation; between pH 6 and
8.1, only the C4 carbon adjacent to the arsonate group shows appreciable
shift change with pH, while at higher pH, the aromatic carbons on the
tyrosine moiety show large shift changes with pH, with a pKa value of
approximately 9.5, due to ionization of the tyrosine hydroxyl. For a
structurally similar model compound monoarsanilazocresol, pKa values of
8.4 and 9.5 have been reported for the ionization of the arsonic and the
tyrosine hydroxyl respectfve1y.7b

The apparent insensitivity of the NB shift of DAT to ionization of
tyrosine hydroxyl is surprising but can be interpreted as follows. When
the phenolic proton ionizes, the resulting anion can be represented as a
resonance hybrid of the principal structures II and III (Figure 5). If
the azophenolate (II) were the dominant resonance form, the loss of the

hydrogen bond would cause a significant deshielding of N However, a

g
predominant contribution from structure III would be expected to be



15

- » — "‘_‘__,——¥-—-;;-¥(:62
(o] (o] —
°TaF ¥ p— === e
-60 } ¥f::D Cy
—0
ar g A——Aa-4 ——  ——4 4 CZ, 2’
. [ . ®—¢ * ° o (C
70 b - e D " "8
--7§ZT__““‘-—4-—__‘4 Say—5—=n " ng
TR —x ¥ (4
-80 =

o0} 0 AN

a[r (ppm downfield from dioxane)

CH,CIC -NH-CH - €00 o
CHz \qo

- \0\ .
: 100} s 81 O— z—o Cg
S NTEE
S A _
N AN H Szﬂnwt}mpmwm
= 3 D = doublet J coupled
» 3 2 2 spectva
g OAs” " 3 _

1 " 1 1 L n

6 7 8 9 10 11

pH

]3C chemical shifts of arsanilazo-N-chloroacetyltyrosine.as function

Fig. 6
of pH in water. The ]3C resonances were assigned by comparison with
those of tyrosine, azobenzene and arsanilic acid. The assignments of

C62 and C€1 above pH 9.2 are uncertain due to overlap.
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associated with a pronounced shielding of NB' These effects oppose each

other and if more or less equal could thus result in an essentially

15

unchanged ““N shift. Further evidence in favor of this interpretation

will be presented later in this paper.

15y NMR shifts of TAT and TAT-Zn complex

o 15

Th Na shifts of TAT and its zinc complex as a.function of pH are

15

shown in Figure 7. The Nughifts of TAT and DAT in the absence of zinc

are similar except for the small shielding around pH 7.7 in DAT due to

the ionization of the arsonate group. The 15

N, resonances of both TAT
and DAT show slight deshielding around pH 8.5 due to the ionization of
the tyrosine hydroxyl.

On addition of one equivalent of zinc chloride, the 15N resonance of TAT
shows a large shielding as pH is -increased from 3 to 6; clearly the
complexation with zinc is facilitated by ionization of the proton from

the tetrazolering which has an estimated pKa of 5.4.7b

Further shielding
is observed between pH 8 énd 9 on ionization of the phenolic proton. On
full zinc complexation at pH 9, the azo nitrogen of TAT is shielded to
-40 ppm, an upfield shift of 90 ppm compared to that of TAT alone.
Increasing the TAT-Zn ratio to 1:3 caused no further shielding of Na'
Above pH 10.0, hydroxide ions begin to complex with zinc, and precipita-
tion of zinc hydroxide occurs.

It is known that an o-hydroxy azo compound with a heterocyclic sub-

stituent such as TAT acts as a tridentate ligand, complexing with most
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Fig. 7 N shifts of tetrazolylazo-N-acetyltyrosine (TAT) and
its zinc complex (TAT.Zn) as functions of pH.
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metals through the o-hydroxyl group, the azo nitrogen nearest to the
phenolic ring (Nu) and the heterocyclic nitrogen atom, giving two stable

five-membered chelate rings as shown in Figure 7.16a, b

Therefore, the
shift of Na in TAT.Zn complex at -40 ppm can be regarded as the shift of
an azo nitrogen directly complexed to Zn. Thus, if azotyrosine-Zn complex-
ation actually occurs in arsanilazotyrosy1-248-CPA, we can expect one of

the azo nitrogens, the one direct1y complexed to zinc, to shift upfield to

the vicinity of -40 ppm.

15N shifts of arsanilazotyrosyl-248 CPA (Zn.Azo-CPA)

15 15

The "N NMR spectra of arsanilazotyrosyl1-248 CPA enriched in "°N at

both azo nitrogens, at pH 7.0, 8.8 and 9.6 are shown in Figure 8. This

enzyme, with a molecular weight of 34,47217

15

is the largest enzyme from

which "N spectra have so far been obtained. The assignment of Na and

N, was made by first obtaining 15

B
15N enriched in Na only; the 15N shift so obtained was identical to the

N spectra of arsanilazotyrosyl1-248 CPA

one assigned to Na in theldoubly enriched enzyme.

The 15N shifts of the two azo nitrogens of arsanilazotyrosyl-248

CPA (Zn.Azo-CPA) as function of pH are compared with those of DAT and
TAT.Zn complex in Figure 9, and are listed in Table I. At pH 7.0 and 7.8,

the shifts of Na at -130 ppm and N, at -78 ppm in the enzyme are very

B
close to the corresponding shifts of DAT without zinc and therefore there

is no indication of complexation with zinc at this pH; the shielding of

N, relative to Na indicates that in the enzyme as in DAT, N, is hydrogen-
%]

B
bonded to the Tyr-248 hydroxyl.



-120 -80 -40 0 ppm

Fig. 8 15y spectra of arsanilazotyrosyl-248 CPA (Zn.Azo-CPA) enriched
in ]SN at both azo nitrogens obtained at pH 7.0 (43,799 transients),
pH 8.8 (70,016 transients) and at pH 9.6 (52,057 transients).
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At pH 8.8, however, the N, nitrogen shows a large upfield shift

B
to -56 ppm and Na shows a small upfield shift to -118 ppm. These results
strongly suggest that at this pH, the azotyrosine in Zn.Azo-CPA is at
least partially complexed with zinc. The larger shift observed for Ng
relative to N suggests that in arsanilazotyrosyl-248 CPA, zinc complexes
to the phenolic oxygen and Ng, resulting in a six-membered ring (Figure 10)
as in other bidentate azophenol metal complexes whose structures are known

1525 b This is in contrast to the tridentate TAT where

from X-ray studies.
Zn complexes to Na’ phenolic oxygen and heterocyclic nitrogen to form two
five-membered rings as mentioned earlier. Because the azo nitrogen directly

15

complexed to zinc is Na in TAT but N, in Zn.Azo-CPA, the "“N shifts of these

B
two nitrogens are the ones that should be compared to estimate the extent
of zinc complexation in the enzyme, although such estimate will be approx-
imate because of the unknown effect of the presence of the third ligand,
the tetrazole nitrogen, on the magnitude of the shielding of the azo
nitrogen on complexation with zinc. A semi-quantitative estimate of the
extent of complexation in Zn.Azo-CPA can be attempted as follows. One
approach is to compare the observed 15N chemical shifts (615N) of the

free azotyrosine,model azotyrosine-Zn complex and the enzyme. If we
assume from Figure 9 that -40 ppm represents the chemical shift of an

azo nitrogen fully complexed to zinc, and -82.5 ppm represents that of

an azo nitrogen hydrogen-bonded to tyrosine hydroxyl, then the chemical
shift of -55.6 ppm observed for the azotyrosine in Zn.Azo-CPA suggests

that about 63% of the time, the active-site tyrosine in the enzyme is

complexed to catalytic zinc. Another approach is to compare the
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15

magnitude of shielding, AS"°N, on complexation, in the model compound

15

and the enzyme. If we assume that 6§ °N of Zn.Azo-CPA in the absence of

hydrogen-bonding or zinc complexation is equal to that the N_ of DAT in

B
dimethyl sulfoxide, -103.9 ppm, or of NB in Zn.Azo-CPA-B-phenylpropionate

complex, -107.3 ppm (Table I, discussed on p.30 ), and further assume that

only zinc complexation contributes to the shielding of NB

the observed 615NB of -55.6 ppm indicates that zinc complexation causes
' . 1

a shielding (AS SNB) of 48.3 ppm (or 51.7 ppm) in Zn.Azo-CPA. Compared

15
to the AS™N of 90 ppm for the azo nitrogen of TAT on full complexation

in Zn.Azo-CPA,

to zinc, the observed A515N in Zn.Azo-CPA indicates 54~57% complexation.
The two approaches, based on slightly different assumptions as indicated
above, yield reasonably close values, and suggest that the major active-
site conformation of Zn.Azo-CPA at this pH is the one in which the

active-site tyrosine is complexed to zinc.

Such partial complexation can arise from either (1) the coexistence
of at least two different conformations for a flexible tyrosyl1-248 side
chain in which full zinc-ézotyrosy] complex occurs 5463% of the time, or
(2) a single conformation in which the azotyrosyl-248 Zn complex is weak
due to steric constraints at the active site and/or partial neutralization
of zinc by other ligands on the enzyme. Although one cannot distinguish
between these two possibilities at present, the 15N results clearly show
that in solution the conformation of tyrosy1-248 side chain is such as to
allow 5463% azotyrosyl-Zn complexation at pH 8.8.

At pH 9.6v10.3, both azo nitrogens in Zn.Azo-CPA shift downfield to

values close to those of free azophenolate ion. This is in accord with

loss of the azotyrosyl-Zn complexation because of the competition of
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hydroxide ions with azophenolate for zinc, just as was observed in TAT.Zn
mixtures above pH 10.0.

Figure 10 shows schematically the probable states of the active-
site tyrosine and zinc in Zn.Azo-CPA at various pH values. At pH 7.0,
the azo nitrogen (NB) is intramolecularly hydrogen-bonded to the phenolic
proton. At pH 8.8, on partial ionization of phenolic proton, the azo-
phenolate complexes with zinc. At pH 10.3, hydroxide ion replaces azo-
phenolate as ligand to zinc.

The X-ray structure of crystalline CPA has been studied only at

15N results alone whether at

pH 7.5, and we cannot determine from the
this pH the azotyrosyl residue is close -to the catalytic zinc but is

not complexed because the catalytic zinc does not compete effectively
with proton for the azophenolate at that pH, or the tyrosine hydroxyl

in solution is more distant from zinc as in crystalline CPA. However,
the 15N results clearly indicate that the tyrosine-248 side chain is
mobile enough to assume a conformation in which the azophenolate is
close enough to zinc to fbrm a complex in the pH range where it is an
effective ligand to zinc. Thus, caution is required in interpreting the

conformation of crystalline enzyme as being directly applicable to solution

conformation.
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]SN shifts of apoarsanilazotyrosyl-248 CPA (Apo.Azo-CPA)

To investigate whether the observed shielding of the azo
nitrogens of arsanilazotyrosyl1-248 CPA (Zn.Azo-CPA) at pH 8.8 is
caused by complexation with the catalytic zinc and not by possible
interactions with other active-site groups, the zinc was removed
from the enzyme to obtain apoarsanilazotyrosy1-248 CPA (Apo.Azo-CPA)
(Experimental section).

a 15

Th N spectrum of Apo.Azo-CPA at pH 8.8 is shown in Figure 11(D)

and thé 15

N shifts of the two azo nitrogens are compared to those
of Zn.Azo-CPA in Figure 9. Removal of zinc causes a 23.5 ppm

deshielding of N, resonance, from -55.6 ppm for the Zn.Azo-CPA

B
to -79.1 ppm for the Apo.Azo-CPA, a value close to that of free
azotyrosine DAT (-82.5 ppm). The Na resonance also shifts downfield,
from -117.9 ppm for Zn.Azo-CPA to -126.2 ppm for Apo.Azo-CPA,

a value almost identical with that of DAT (-126.0 ppm). These results
provide strong evidence that the large shielding of the azo

nitrogens observed in Zn.Azo-CPA relative to that of Apo.Azo-CPA

and of free DAT at pH 8.8 is caused by partial complexation of

the azotyrosyl group of the enzyme with the catalytic zinc.
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Fig. 11 ]SN spectra at pH 8.8 of (a) arsanilazotyrosyl-248 CPA

(Zn.Azo-CPA, 70,010 transients); (b) Zn.Azo-CPA with quasi-substrate
glycyl-L-tyrosine (245,587 transients); (c) Zn.Azo-CPA with
inhibitor B-phenylpropionate (131,054 transients); (d) apoarsanil-
azotyrosy1-248 CPA (Apo.Azo-CPA, 255,327 transients).
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]SN shifts of Gly-Tyr and g-phenylpropionate complexes of Zn.Azo-CPA

Further evidence that the shielding of the azo nitrogens of
the enzyme at pH 8.8 is due to complexation with zinc is found in

]5N shifts on addition of

the significant changes observed in the
a substrate g]ycy]-gftyrosine (Gly-Tyr) or an inhibitor g-phenyl-
propionate, each of which is known to bind to the active site and
cause loss of the absorption maximum at 510 nm which has been attributed

6

to Zn.azotyr-248 complex.  The mode of binding of Gly-Tyr to the

active-site of carboxyveptidase A, according to X-ray structure at

2b is shown in Figure 2; zinc is found to be bound

2 A resolution,
to the carbonyl oxygen of the substrate and Tyr-248 has its hydroxyl
close to the amide nitrogen of the peptide bond. Therefore the

binding of Gly-Tyr is expected to break the azotyrosine-Zn complex

and cause deshielding of the azo nitrogens. This is indeed what occurs.
Figure 11 shows how the 15y spectrum of Zn.Azo-CPA at pH 8,8 (A)
compares with that of the substrate-enzyme complex at the same pH (B).
The NB nitrogen which was shielded to -56 ppm in Zn,Azo-CPA shifts
downfield, on binding of Gly-Tyr, to -88 ppm, a value close to that

of DAT. The resonance of the Na nitrogen also shifts downfield to

a value characteristic of DAT, These results provide further evidence

that the ]5N shifts of the azo nitrogens in Zn.Azo-CPA are a sensitive



28

probe of the formation and dissociation of azotyrosine-zinc complexation,
The inhibitor-g~phenylpropionate is also known to bind to
the catalytic zinc atom through its carboxylate group and is therefore
expected to break the Tyr<Zn association, In presence of the inhibitor
at pH 8.8, the NB peak again is substantially downfield relative to
that of the enzyme alone which indicates the expected dissociation
of the Tyr-Zn association (Figure 11 (C)).
The 15N shifts of the substrate and inhibitor complexes of
In . Azo-CPA at pH 8.8 are sensitive probes, not only of the dissociation
of azotyrosine-Zn comp1ex; but also of the formation or dissociation
of hydrogen bonding of NB with neighboring groups, and thus provide
interesting information as to the changes that occur at the activye
site of the enzyme in solution on binding of the substrate or the
inhibitor. Figure 12 provides a comparison of the 15y shifts of the
substrate and inhibitor complexes of Zn,Azo-CPA over the range of
pH from 8.8 to 10.3 with those of free Zn Az0-CPA, Apo-Azo-CPA and DAT.

Significantly, at pH 8,8, the N, shift of the enzyme inhibitor complex

B

is deshielded by 28,2 ppm while that of the enzyme-~substrate complex

is slightly deshielded by 8,9 ppm relative to that of Apo,Azo-CPA,
In the Gly-Tyr complex of Zn.Azo-CPA, the 8.9 ppm deshielding

of the NB resonance relative to that of Apo.Azo-CPA suggests the
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Fig. 12 The pH dependence of the ]SN shifts of the two azo
nitrogens of arsanilazotyrosy1-248 CPA (Zn.Azo-CPA) and its
complex with g1yc¥1-L-tyrosine and with inhibitor B-phenyl-

“'propionate. The !9N shifts of apoarsanilazotyrosyl-248 CPA
(Apo-Azo-CPA) and of the model compound DAT (Azo-Tyr) are
also shown for comparison.
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following possibilities.
(1) The dominant conformation at the active site is the one in which
NB is hydrogen bonded to Tyr-248 hydroxyl (Figure 13 Ia) but there
is a minor conformation in which Tyr-248 hydroxyl is intermolecularly
hydrogen-bonded to another neighboring group, possibly to the NH
group of the substrate (Figure 13 Ib). (2) The NB is hydrogen bonded
to NH group of the substrate while the Tyr-248 hydroxyl is hydrogen
bonded to the same amide nitrogen (Figure 13 II), If the true catalytic
function of Tyr-248 hydroxyl is to donate a proton to the leaving
amine group, conformation Ib or II in which the tyrosine hydroxy]l
is hydrogen bonded to the amide nitrogen of the substrate should occur
in Zn.Azo-CPA which has full catalvtic activity, Further study is
required to distinguish between these possibiiities, for example, by
use of N-methyl and ester analogues of Gly-Tyr.

In the B-phenylpropionate compliex of Zn,Azo-CPA, the NB resonance
is deshielded to -107 ppm at pH 8.8 (Figure 12). This shift is

seen to be comparable to that of the N, of DAT (-103.9 ppm) in

B
dimethyl sulfoxide (Table 1). It is also clear that the change in

NB shift of the inhibitor complex, from -107 ppm at pH 8.8 to -76.9 ppm

at pH 10.3 closely resembles the change in the NB shift of DAT in

dimethyl sulfoxide from -103.9 ppm to -78.1 ppm * on ionization of
Tyr-OH by addition of sodium hydroxide,

* The ]SN shift of ionized DAT was measured in dimethyl sulfoxide-water
in order to keep the ionized species in solution (see Tablel).



31

Wy
Tyr 248 §H: Tyr248 §H:
A —
N, - T N
e 0 O \
R/ H l-l—l\l/’21 R/Np H'-. R4
\ |
C=0 ——
R; R/C (o]
2
Gly-Tyr Gly-Tyr
Ia Ib
Tyy 248 CHe
=y
\':.‘/R1
i
C=0 —
2
GQly-Tyy
I

Fig. 13  Possible modes of binding of Gly-Tyr to Zn.Azo-CPA
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15

Apo.Azo-CPA and DAT

N shifts of Zn.Azo-CPA, its Gly-Tyr and g-phenylpropionate complexzs,

15 a
pH § “N for Ng (ppm)
In.Azo-CPA Zn.Azo-CPA  Zn.Azo-CPA + Apo.Azo-CPA DAT 10-phenyl
+ Gly-Tyr B-¢=propionate HZO DMSO DMSO/HZO azo-9-phenan-
3:1 v/v throl anion
) (DMSO0)
7.0 -78.0 -82.1
8.8 -55.6 -88.0 -107.3 -79.1 -82.5 -103.9 -101.4
(phenol)
9.6 -78.5 -84.4 -82.4
10.3 -80.8 -80.5 -76.9 -82.6 -78.1 -33.8
(phenolate)
pH G]SN for N, (ppm)?
Zn.Azo-CPA Zn.Azo-CPA  Zn.Azo-CPA + Apo.Azo-CPA DAT 10-phenyl
+ Gly-Tyr B-¢-propionate H20 DMSO DMSO/H,0  azo-9-phenan-
331 v/g throl anion
(DMS0)
7.0 -129.8 -127.8
8.8 -117.9 -125.1 -125.9 -126.2 -126.0 -137.0
(phenol)
9.6 -122.3 -125.5 -126.8
10.3 -123.8 -125.9 -125.1 -127.4 -130.1 -110.1
(phenolate)

a. from HN03.

Negative sign indicates downfield.

43
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The NB shifts of DAT in dimethyl sulfoxide can be interpreted

as follows. The position of N, resonance of DAT in dimethyl sulfoxide

B8
at -103.9 ppm is much more deshielded than that in water (-82.5 ppm)
because dimethyl sulfoxide is an excellent hydrogen-bond acceptor and

can compete effectively with the N, as the acceptor for the hydrogen

B
bond to the phenolic proton (see Figure 14). Arguing from this, the

close similarity between the N, shift of DAT in dimethyl sulfoxide

B
(-103.9 ppm) and that of the Zn.Azo-CPA- B-phenylpropionate comnlex
(-107.3 ppm) at pH 8.8 strongly suggests that in the enzyme-inhibitor
complex, the tyrosine-248 hydroxyl is not hydrogen bonded to NB
but instead is hydrogen bonded to another neighboring group, the
most likely acceptor being the second carboxylate oxygen of the inhibitor
as shown schematically in Ficure 14,

Interaction of the carboxylate group of B-phenylpropionate with
the catalytic zinc of CPA has been inferred from (a) X-ray structure
of CPA-B-(p-iodophenyl)propionate complex at 6 A reso]utionlg;
(b) the decreased rate of exchange of zinc with 65Zn in CPA on
inhibitor addition and the failure of the inhibitor to bind to
zinc-free CPA.20 It is further known that the Tyr-248 hydroxyl of
the free CPA can be acetylated by treatment with N-acetylimidazole

and that this acetylation is blocked if g-phenylpropionate is bound
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Fig. 14 Probable mode of binding of the inhibitor g-phenylpropionate to the arsanilazotyrosyl-248
residue of Zn.Azo-CPA (left). The observed 15
to those of the model compound DAT in dimethyl sulfoxide (right).

N shifts in the enzyme-inhibitor complex are similar

12
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to the enzyme%l this suggests a close proximity of the carboxylate
group of the inhibitor not only to zinc, but also to the Tyr-248 hydroxyl
of CPA. Thus the chemical and NMR evidence are consistent in suggesting
that the carboxylate group of the inhibitor coordinates with zinc
through one oxygen and forms a hydrogen bond with Tyr-248 hydroxy]l

through the other as shown schematically in Figure 14.

15

On ionization of the tyrosine hydroxyl, the “N shift of

Zn.Azo-CPA-B-phenylpropionate complex at pH 10.3 shifts upfield to

-76.9 ppm, close to the value for jonized DAT in dimethyl sulfoxide/water,
-78.1 ppm (Table I). On‘ionization of the phenolic proton, DAT can

be represented as a resonance hybrid of structures such as II and III

in Figure 5, and the observed shielding of N_, might be attributed to

B
some contribution of structure III. To obtain an estimate of the

NB shift expected for an ionized hydrazone of structure III, a model

compound, the anionic form of 10—pheny]azo—9—phenanthro] which

22

is known to exist completely in the hydrazone form, "~ was synthesized

and its ]SN shifts were measured in dimethyl sulfoxide. Its observed

NB shift of -33.8 ppm (Table I) indicates that NB resonance of an

jonized hydrazone is considerably shielded relative to that of azo-

benzene (-133 ppm) and suggests that the observed shielding of NS

resonance of DAT from -101,4 ppm to -78,1 ppm on ionization of
phenolic proton can be attributed to some contribution from structure

III. In water, the jonized DAT shows N_ shift (-82 ppm) very close

B
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to the corresponding shift in dimethyl sulfoxide/water (Table I),
suggesting that in water also, the resonance structure III (Figure 5)

makes contribution to the phenolate species of DAT.

CONCLUSION

]5N shifts

The results presented here clearly indicate that the
of azo nitrogens are highly sensitive to both compiexation with zinc
and to hydrogen-bonding and are therefore useful probes for studying
such interactions in model systems and biomolecules. The present
study demonstrates that it is feasible, by introducing an ]SN-enriched
probe, to study the active-site conformation of an enzyme such as

15

carboxypeptidase A (CPA), having molecular weight of ~ 34,500, by '°N

NMR, despite the low sensitivity of ]SN nucleus and line broadening

expected for slowly tumbling macromolecules, The ]SN shifts of an

arsanilazo group, specifically coupled to the active site tyrosine-248

of CPA with retention of'fu11 catalytic activity, serve as sensitive
probes of the possible complexation of azotyrosyl-248 with the catalytic
zinc in the enzyme in solution. In arsanilazotyrosyl1-248 CPA (Zn.Azo-CPA),

the 23.5 ppm and 8.3 ppm shielding observed for the N_ and Na nitrogens

B
relative to those of apo.Azo-CPA at pH 8.8 clearly indicate that

complexation of zinc with azotyrosy1-248, with N_ as ligand to zinc

B
is taking place, and that such complex constitutes the molecular
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makes contribution to the phenolate species of DAT.
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the 23.5 ppm and 8.3 ppm shielding observed for the N, and Nu nitrogens

B8
relative to those of apo.Azo-CPA at pH 8.8 clearly indicate that

complexation of zinc with azotyrosyl1-248, with N, as ligand to zinc

B
is taking place, and that such complex constitutes the molecular
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basis for the spectral properties of Zn.Azo-CPA observed in this
pH range by visible absorption, circular dichroic and resonance
Raman techniques. Moreover, the high sensitivity of ]SNB shift to
coordination with zinc permits a semi-quantitative estimate of the
degree of azotyrosyl1-248-Zn complexation which is calculated to be
54~-63% at pH 8.8. Thus the major conformation of Zn.Azo-CPA,
and by implication, of CPA in solution at this pH is the one in which
the active-site tyrosine is complexed to zinc,

It has generally been accepted on the basis of X-ray structures
of crystalline CPA and its substrate complex at pH 7.5 that the major
conformation of free CPA is the one in which the Tyr-248 hydroxyl is
17 A from the zinc and that, on binding of a substrate, a large confor-
mational change involving an inward movement of the Tyr-248 hydroxy]l
from the surface of the molecule toward zinc takes place. This has been
regarded as one of the most striking examples of the induced fit
theory of enzyme-substrate binding. The ]SN NMR results indicate
that, in the absence of.substrate binding, the Tyr-248 can assume
a conformation in which its hydroxyl is close to the catalytic zinc.
Thus caution is required in interpreting the conformation of crystalline
enzyme as being applicable to solution conformation,

The ]SN shift of azotyrosine is also a sensitive probe of

intramolecular hydrogen bonding of this nitrogen with phenolic
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proton, as indicated by the large deshielding observed in the model

compound DAT on disrupntion of the hydrogen bond by dimethyl sulfoxide.
The binding of a quasi-substrate, g1ycy1-£;tyrosine to Zn.Azo-CPA not
only breaks the azotyrosyl-248-Zn complex but also partially disrupts

the 1ntram01ecu1ar'hydrogen—bonding of N, with tyrosy1-248 hydroxyl

B
as indicated by the 8.9 ppm deshielding of this nitrogen relative
to that of Apo.Azo-CPA at pH 8.8. This result is consistent with
partial hydrogen bonding of Tyr-248 hydroxyl, whose postulated catalytic
function is to donate a proton to the leaving amine group, with the
amide nitrogen of the scissile peptide bond of the quasi-substrate.

The binding of an inhibitor R-phenylpropionate causes a nearly
complete disruption of the intramolecular hydrogen bond between
Ngand the tyrosyl-248 hydroxyl as indicated by 28.2 ppm deshielding
of Ng relative to that of Apo.Azo-CPA, The greater deshielding of
the Ng resonance in the enzyme—inhibitor complex than in the enzyme-quasi-
substrate complex indicates that the carboxylate group of the inhibitor

competes much more effectively with the azo nitrogen for the Tyr-248

hydroxyl than does the quasi-substrate.
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PART II

Benzoate Catalysis in the Hydrolysis of
endo-5-[4'(5')imidazolyl]-bicyclo[2.2.1] hept-endo-2-y1 trans-
cinnamate: Implications for the Charge-transfer Mechanism of

Catalysis by Serine Proteases
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INTRODUCTION

A "charge-relay” mechanism has been postulated to be crucial to
the effectiveness of operation of the "catalytic triad (serine,
histidine, an& aspartic acid residues}“in the enzymatic cleavage of
peptide bonds by serine proteases(12 The key feature of this mechanism
(Eq. 1) is formation of tetrahedral intermediate by attack of serine
on the peptide carbonyl, assisted by proton transfers from serinyl
OH to histidyl imidazole and of H3 of the histidyl imidazole to the
aspartate carboxylate anion. That the effectiveness of the second
of these transfers requires the aspartate carboxylate to be a stronger
base than the histidyl imidazole has been clearly delineated by

(2) 15 (3) of a-1ytic

Hunkapiller et al However, a “N NMR investigation
protease clearly showed that the histidyl imidazole of this enzyme
has a normal base strength and the decrease of activity that occurs

at Tow pH values is fully consistent with protonation of this
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An alternative mechanism (Eq. 2) has been proposed (3), which might be
called a carboxylate-assisted process. This mechanism features (i) a
sufficient degree of hydrogen bonding of histidyl imidazole in the
tautomeric form with the proton on N3 and the aspartate carboxylate
to make this tautomer the predominant one, and (ii) assistance of
transfer of the serine broton to N1 of the imidazole by both hydrogen
and electrostatic bonding between the resulting imidazolium cation and
aspartate carboxylate. This mechanism is completed to the serine ester
stage by transfer of a proton from the imidazolium cation to the nitrogen
of the leaving RNH — group (3),

The elegant model compound studies by Bender and coworkers (4’5),
however, seem to provide strong support for the charge-relay formula-

tion through discovery of a very pronounced benzoate catalysis of

the hydrolysis of endo-5- 4'-(5')imidazolyl]bicycld 2.2.1]hept-endo-2-y]1
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trans-cinnamate (I). The postulated mechanism is shown in Eq, 3, with
water playing the role of serine, the pendant imidazole the role of

histidine, and benzoate ion the role of the aspartate carboxylate,

qk -_— o\ 3]
e\c{\p = FCoHs >C<° - \f—c,u,
l‘x ?/ AN W R ? u NNy d
H H

The argument for this mechanism is derived from the fact that, although
there is no benzoate catalysis, even at 0.5 M benzoate in water, there
is a steadily increasing catalytic effect with increasing dioxane
content in the water. This increase in catalytic effectiveness of
benzoate ion can be attributed to an increase in the pKa of the benzoic
acid and, thus, a concomitant increase in the basicity of the ben-

zoate ion (5). Exact]y the same kind of argument has been used to
account for the postulated effectiveness of the aspartate carboxylate

in the charge-relay mechanism--the carboxylate in question being Tocated

(1)

in a "hydrophobic pocket" of the enzyme , thus Teading to the

expectation of a larger pKa and greater basicity of the aspartate
carboxylate (2).

We believe that there are alternative interpretations of the
results. Benzoate ion in 42 mol % dioxane in water has a high

catalytic effectiveness. The ratio of catalyzed rate to uncatalyzed

rate is about 400 for 0.1 M benzoate (2500 for 0.5 M benzoate)
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between pH 6 and 8, where the reported pKa is 9.4 (5)‘ Nonetheless,
the reported pKa value of 9.4 implies that the effective concentration

of benzoate ion must be small (calculated for a 0,1 M solution to be

13 15N

0,004 M at pH 8 and 4x10™° M at pH. 6 ), We have used '°C and

NMR to probe the species present in the solutions at these concen-

trations with 4-methylimidazole as model for I,

EXPERIMENTAL SECTION

The ]3C NMR spectra were determined at 25,14 MHz with a Varian

XL100 spectrometer using the pulse Fourier transform technique with
a 35-usec pulse width and 3-sec repetition rate with proton decoupling,

and 12-mm sample tubes, tert-Butyl alcohol and 2H20 in a capillary

provided both the shift reference and the lock signal. The ]SN NMR

spectra were obtained with a Bruker WH180 spectrometer operating at

18.25 MHz, using a 55-usec pulse width, 5-sec delay, and full proton

2+

decoupling (6). To remove traces of Fe3+ and Cu~ , the dioxane was dis-

tilled from 8-hydroxyquinoline. This procedure ensured being able to

detect the nitrogen resonances of 4-methy1imidazo1e.(3’7)

RESULTS AND DISCUSSION

15

The use of ]3C and “N NMR spectroscopy to determine the degree of

jonization of carboxylic acids and imidazoles, respectively, is well
established (3’7’8). The results obtained for several solutions in
42 mol % dioxane in water containing benzoic acid and 4-methylimida-

zole at different pH (9) and ionic-strength values are given in Table
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I. Clearly, the concentration of benzoate ion in these solutions
greatly exceeds that which might be expected from the reported pKa
value. The discrepancy is more real than apparent because the reported
pK, is the thermodynamic value derived with proper regard for the

(5’]0). Con-

activity coefficients of the ions in this solvent system
centration equilibrium constants for benzoic acid corresponding to pKa
values of 6,78 and about 6,2 can be derived, respectively, for 0.1
M solutions (with an approximate ionic strength of 0.1) and 0,5 M

]3C NMR titration curves of

solutions (ionic strength, 0.5) from the
Fig. 1. The pKa values were not changed significantly by addition of
equivalent concentrations of 4-methylimidazole. The curve in Fig. 1
for ionic strength 0.5 could not be determined over the whole range of
concentrations because of phase separations, but, unquestionably,

there is the expected substantial decrease in pKa with increasing ionic
strengths, The pKa of 4-methylimidazolium cation calculated from the
concentrations listed in Table I is 6.4+0.2, which is, within experi-
mental error, the same as the thermodynamic value for I reported by
Komiyama g}_gl_(s) . This is as expected for the ionization of a

cationic acid, BHY + H,0 & B + H+30, where changes in the activity

2
coefficient of BH' and H+3O with solvent and ionic strength will be
reasonably parallel.

The hydrolysis rate of I substantially decreases in the absence
of benzoate as the proportion of dioxane is increased in the solvent.

This decrease has been attributed to preferential solvation of the

trans-cinnamate group by dioxane, causing steric hindrance to the
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Table I, 4-Methylimidazole and benzoic acid (0,5 M each) in 42

mol % dioxane/58% H,0 at 60°C
4-Methylimidazole
p
imidaz-
Benzoate 5 ]SN, ppm* o1 3
bH w8 S¢,ppmd %CGHscogb NT N3 cation’
6.1 0.5  -141,0 56,6  190.6 183.5 60.1
6.4 0.5  -141.8 71.7  188.6 180.9 52.9
6.7  0.55°  -142.2 79.2  185.9 177.9 44.0
6.1 019  -140.2 41,5 189.4 182.5 56.6
* Upfield from 1 M H'°NO,.
15

+ Calculated from the following N shifts of 0.5 M 4-methylimidazole

(u=0.1) in 42 mol % dioxane/58% H20:

§ ]SN, ppm
pH N1 N3
4-methylimidazolium cation 4.3 202.0 197.7
4-methylimidazole 8.5 174.2 161.1

d. Shift of carboxylcarbon downfield of the methyl carbon of tert-
butyl alcohol

b. Calculated from the
acid in Fig. 1

c. C6H5COO'Na+ (0.5 M) and 4-methylimidazole (0.5 M) dissolved in
dioxane/HZO and adjusted to pH by addition of HCI

d. C6HSCOOH (0.5 M), 4-methylimidazole (0.5 M), and KC1 (0.1 M)
dissolved 1in dioxane/HZO and adjusted to pH by addition of NaOH.

]3C shifts of carboxyl carbon of 0.1 M benzoic
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Fig. 1. 13¢C NMR chemical shifts of benzoate carboxyl carbon as a func-

tion of pH at 60°C in 42 mol % dioxane in water, © . 0,1 M C6H5C00H

with 0.1 M KC1; the pH was changed by addition of NaOH.e, 0.5 M

C6H5COO' Na+; the pH was adjusted by addition of HC1. The pH values for
this solvent mixture are corrected from glass electrode readings by

the procedure of Van Uitert and Fernelius (9)‘ The shifts are in ppm

downfield of the methyl carbon of tert-butyl alcohol. The curves

were calculated for pK, values of 6.78 and 6.2 for 0.1 M and 0.5 M

benzoate concentrations, respectively,



50

concerted attack of water and imidazole, as in Eq, 3, A more im-
portant factor is likely to be the decreased ability of the in-
creasingly nonpolar solvent to accommodate the charge separation
produced in the formation of the transition state for Eq. 4. In

order for benzoate ion to be effective in the mechanisms such as Eq. 3,

H H.
H — H
4
{‘3\ 2L &)\ A 4]
(23 Py = ,C\ =
‘ ’? k. NVN\“ R ? “/N@N\“
R " )

it should be of comparable basicity to the imidazole group, and, yet,
even in 17% mol fraction dioxane in water, where benzoate is only
1/10th as strong a base as imidazole, the rate at 0.5 M benzoate

is about 300 times faster than when benzoate is absent (5)‘

It is our view that benzoate ion can increase the hydrolysis
rate of I by virtue of acting much like the asparate carboxylate
group in the catalytic triad of a serine protease: first, by hydrogen
bonding to the imidazole before the transition state, which will make
the imidazole ring more nucleophilic, and, second, by additional
stabilization of the transition state by a further degree of hydrogen
bonding associated with building up the imidazolium charge as the result

of proton transfer (Eq. 5). In addition, there are 1likely to be

secondary influences of benzoate ion at these large concentrations
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which contribute to the general polarity of the medium. That the
combination of adding benzoate and dioxane could make the reaction
rate faster than in pure water is in accord with the speculations

of Warshel (]]). Formulations such as given in Eq. 5 also are
supported by the failure to obtain evidence for a two-proton transfer
mechanism in the benzoate-assisted hydrolysis of I,* although

such two-proton transfers have been suggested by proton-inventory
studies for some, but not all, reactions catalyzed by a-lytic protease

(12) and trypsin (13),

We thank Profs. J..H. Richards and W. W. Bachovchin for many
helpful suggestions. This is contribution no. 6173 from the Gates
and Crellin Laboratories of Chemistry. These studies were supported
by U.S. Public Health Service Grant GM-11072 from the Division of

General Medical Sciences and by the National Science Foundation.

* Bender, M. L., presented at the Fourth IUPAC Conference on Physical

Organic Chemistry, York, England, September 4-8, 1978,
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PART III

Studies of pH and Anion Complexation Effects on L-Arginine by

Natural Abundance ]SN Nuclear Magnetic Resonance Spectroscopy]
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INTRODUCTION

Several enzymes have been found to contain arginyl residues which
appear to interact with negatively chérged phosphate or carboxylate
groups of substrates or cofactors. 2 Chemical modification of posi-
tively charged arginyl residues (and the resulting loss of charge)
has been shown to result in deactivation of the enzymes 2. Riordan
and co-workers have further suggested that enzymes which interact with
anionic substances or cofactors will probably contain arginyl residues

at the active site. 3

The binding of DNA with histone and protamine
is considered to involve electrostatic interactions between the phos-
phate anions of DNA and the positively charged arginyl and lysyl
residues of these nucleoproteins. The guanidinium group of methyl-
guanidine has been shewn by x-ray crystallography to complex with a
phosphate anion through multiple hydrogen bonds. 4 The complexation
of L-arginine with phosphate and chloride ions in aqueous solution

3]P.and 35

has been studied by C1 nuclear magnetic resonance spectro-
scopy. Katz and co-workers > have reported a downfield shift of 0.5
ppm in 3]P chemical shift of methyl phosphate on addition of L-arginine
in DZO solution at pH 6.15. Jonsson and co-workers . have measured

the pH dependence of 35C1 chemical shift in an aqueous mixture of NaCl
and L-arginine and observed a distinct change in 35C1 shift on depro-
tonation of the guanidinium group} The present study was designed (1)

to determine a complete ]SN chemical shift-pH titration curve for
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g-arginine,and (2) to investigate the utility of ]SN NMR for detection
and characterization of complexations of guanidinium ion (1) and L-
arginine (2) with fluoroborate ions, chloride ions, phosphate ions,

and ATP in water solutions.

NH, @
H,N H NH o
I N\ \E oy
C C—N-CH,CH,CH,CH-C
. / A=
H,N NH, H,N O
guanidinium ion, 1 arginine, 2

EXPERIMENTAL SECTION

15

Natural-abundance "“N NMR spectra were recorded using the pulse

Fourier-transform technique with a Bruker WH-180 spectrometer operating
at 18.25 MHz. An external 1 M H]5N03/H20 capillary reference was

used in 25-mm spinning sample tubes. Normal operating conditions for
guanidine carbonate and arginine solutions (for spectra other than T1
measurements) were 55-us pulses (70° f1ip angle) with a 15-s pulse
delay, and for protamine solutions were 60—ps pulses with a 0.58-s

delay. With full proton decoupling, the sample temperatures were

about 55°C, Spectra were obtained of 2 M aqueous solutions of guanidine
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carbonate with internal D20 field-frequency locks, and the L-arginine
spectra were similarly taken of 1 M aqueous solutions, Protamine
sulfate spectra were of 0.0315 M aqueous solutions. L-Arginine

was purchased from Sigma Chemical Co., and guanidine carbonate from
Matheson Coleman and Bell, Clupeine, a protamine isolated from herring,
was obtained as protamine sulfate from the Sigma Chemical Co.

The ]5N T] values were obtained.using the fast inversion recovery
(FIRFT) technique. 7 Before measurement of the T] values, the so-
lutions were treated with Chelex-100, using the method of Irving
and Lapidot, 8 and purged with nitrogen. The pH of each solution was
determined with a Radiometer PHM-26C pH meter using a combined glass
reference electrode and adjusted with hydrochloric acid and potassium

hydroxide. Viscosity measurements were made in an Ostwald viscosi-

meter immersed in a constant-temperature bath.

RESULTS AND DISCUSSION .

Aqueous 1 M solutions of L-arginine show three 15y absorptions.
Of these, the resonance at 304 ppm can be assigned to the two equiva-
lent guanidino nitrogens through comparison with the resonance in
guanidine carbonate (301.7 ppm); the a-amino nitrogen resonance is
surely the one at 342 ppm through comparison with a-amino chemical
shifts for other amino acids, and the -NH-absorption is, by elimination,
the one at 289 ppm. (A compatible, more rigorous, assignment of peaks

has been reported by Pregosin and co—workers.g)
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Figure 1. The pH dependence of ]SN chemical shifts of L-arginine at 25
9. The chemical shifts are in parts per million upfield of H]5NO3. The
accuracy of pH values is #0.05 pH unit for pH < 13,5, For pH > 13.5,

the error may be as much as 0.1-0.3 pH unit because of the high potas-
sium ion concentrations.
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The pH dependence of the chemical shift of each of the three
resonances is shown in Figure 1. The 8<~ppm downfield shift observed
for the a-amino nitrogen at 342 ppm as the pH is Towered from 10.6
to 7.3 (pKa = 9.0 for the g-~amino group of g*arginine) 10 is about as
expected from decreased shielding of a saturated amine nitrogen on
protonation. The 15-ppm upfield shift of the guanidino nitrogens and
the 3-ppm upfield shift of the <NH-nitrogen, which result when pH
is lowered from 14.1 to 12.0 and protonation occurs, are probably due
to a change in the second-order paramagnetic effect of the neutral
guanidino nitrogens. Previous studies H of the pH dependence of the
]SN chemical shift of L-arginine found a similar shift in the highly
basic region. However, it was also reported that above pH 13.5 the
guanidino nitrogen resonance separates into two resonances, one at
approximately 285 ppm and the other at 342 ppm, while the a-amino
resonance could not be observed above pH 5.8, The present work and a

recent paper by Blomberg and co-workers 12

show clearly that the single
resonance at 288 ppm observed in the highly basic region represents

the neutral guanidino nitrogens, and that the 342-ppm resonance
represents the a-amino nitrogen; the quenching of this nitrogen
resonance near its pKa was almost certainly the result of enhanced
relaxation arising from traces of paramagnetic ions, as has been ob-
served for glycine, 13

On protonation of the carboxyl group (_pKa = 2.2), the a~amino

nitrogen resonance shifts 0.6 ppm upfield. This may be due to in-
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creased shielding of the nitrogen on loss of hydrogen bonding between
the -NH3+ group and the ~C00T groups as has been suggested by Blomberg
and co=workers L for glycine, The 0.7-ppm upfield shift of the ~NH-
group on protonation of the a-amino group (pKa = 9.0) may be similarly
ascribed to increase<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>