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Structural Comparisons among the Central Complexes in the
Phosphoglucomutase System by Means of Spectral Techniques®

Chong Ma and William J. Ray, Jr.*

ABSTRACT: In the phosphoglucomutase system, the intercon-
version of the substrate (glucose 1-phosphate, Glc-1-P) and
product (glucose 6-phosphate, Gle-6-P) complexes of the Mg?*
form of the phosphoenzyme, viz., Ep-Mg:Gle-1-P and Ep
Mg-Glc-6-P, respectively, is too fast to allow an assessment
of possible differences in their physical properties. In the
present paper, three different strategies are used to slow or
prevent the interconversion of such complexes so that their
spectral properties can be examined, separately: removal of
the bivalent metal ion; substitution of bound Li* for bound
Mg?*; removal of the acceptor hydroxyl groups of the substrate
and product, viz., using 6-deoxyglucose 1-phosphate and 1-
deoxyglucose 6-phosphate. In all three cases, essentially the
same marked spectral differences were observed between these
“frozen” complexes of the 1- and 6-phosphates with the en-
zyme; hence, analogous spectral differences between the
rapidly interconverting Ep-Mg-Glc-1-P and Ep-Mg-Glc-6-P
complexes are inferred. Solvent perturbation difference
spectroscopy, using dimethyl sulfoxide, shows that when glu-
cose 1- or 6-phosphate binds to the enzyme to give a frozen
complex, an essentially identical net shielding of tryptophan
residues from the solvent is produced with little or no net
shielding of tyrosine residues. However, the major spectral
difference between the frozen complexes of glucose 1- and
6-phosphates with the enzyme strongly resembles a tyrosine
difference spectrum with a Aeyg7 of ~1000. The size of this
difference is sufficiently large to suggest that bound glucose
6-phosphate perturbs at least one more residue equivalent of

Kinetic studies of the catalytic cycle in the phosphogluco-
mutase reaction show that ~PO; groups become covalently
bonded to the enzyme at a single site and are detached from
the enzyme at the same site (Ray & Roscelli, 1964b; Britton
& Clark, 1968). On the basis of structural studies [cf. Ray
& Peck (1972) and Ray et al. (1977)], this site must be the
oxygen of the active-site serine residue. Since the catalytic
cycle also includes the complex(es) of the dephosphoenzyme
and glucose 1,6-bisphosphate, Ep-Glc-P,,' and since this
complex can react to give two different products, viz., to give
either the complex of the phosphoenzyme with glucose 1-
phosphate or that with glucose 6-phosphate, Ep-Glc-1-P or
Ep-Glc-6-P, without intervening dissociation steps (Ray &
Roscelli, 1964a), the structure of the bisphosphate complex
must be such that either of its -PO; groups can be transferred
to the hydroxyl group of the active-site serine. One way of
achieving an alternative intramolecular -PQjs transfer such
as this involves a unique binding site for the glucose ring that
is (essentially) unchanged during the catalytic cycle; the 1-
and 6-phosphate groups of the bisphosphate occupy two dif-
ferent positions adjacent to the hydroxyl group of the acceptor
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tyrosine than does bound glucose 1-phosphate. Solvent per-
turbation studies indicate that the differentially perturbed
tyrosine(s) is an internal residue(s), which is taken as an
indication that the enzyme adopts a different conformation
in its complexes with glucose 1- and 6-phosphates. Spectral
comparisons involving complexes of the phosphoenzyme with
the a-1-phosphates of glucose, mannose, galactose, and ribose
as well as comparisons of the corresponding complexes with
the isomeric w-phosphates indicate that it is primarily the 2-,
3-, and 4-hydroxyl groups of the sugar ring that control the
above spectral differences and thus the presumed differences
in the conformation of the enzyme in these complexes. A
procedure for making a direct spectral comparison of the
monophosphate complexes of the phosphoenzyme with the
bisphosphate complex of the dephosphoenzyme, e.g., Ep-Li-
Glc-1-P with EpyLi-Gle-P,, was developed. These comparisons
suggest that two complexes of Ep-Li-Glc-P, actually are present
at equilibrium, that the more stable complex is structurally
similar to Ep'Li*Glc-1-P, and that the less stable one is similar
to Ep:Li*Glc-6-P. Thus, the rapid interconversion of (at least)
four, different, central complexes with at least one accompa-
nying conformational change appears to be required for com-
pletion of a single catalytic cycle in the phosphoglucomutase
reaction. The results seem to be more nearly in accord with
an exchange mechanism for this enzyme than a minimal
motion mechanism [cf. Ray, W. J., Jr., Mildvan, A, S., &
Long, J. W. (1973) Biochemistry 12, 3724].

serine residue which are so structured that -PQ, transfer to
the enzyme can occur from either. This reaction sequence has
been referred to (Ray et al., 1976) as a “minimal motion”
mechanism (see Scheme I). In a second type of mechanism,
an “exchange” mechanism, two different E-Glc-P, complexes
occur successively in the catalytic cycle and involve alternative
binding interactions for the glucose ring. From an a priori
standpoint, both mechanisms have their respective merits.
Thus, the minimal motion mechanism simplifies the (observed)
requirement that both Glc-1-P and Glc-6-P bind efficiently
to the enzyme and that both bind much more tenaciously than
other sugar phosphates (Lowry & Passonneau, 1969) but
imposes a structural requirement that the direction of nu-
cleophilic attack by the serine hydroxyl group on the 1- and
6-phosphate groups be different. On the other hand, a uni-
directional attack of the serine hydroxyl group on either the
1- or 6-phosphate groups of bisphosphate is possible in an

! Abbreviations used: Glc-1-P, a-D-glucose 1-phosphate; Glc-6-P,
D-glucose 6-phosphate; Glc-P, an equilibrium mixture of Gle-6-P and
Glc-1-P; Gle-P,, a-D-glucose 1,6-bisphosphate; 6-deoxy-Gle-1-P, 6-
deoxy-a-D-glucose 1-phosphate; 1-deoxy-Gle-6-P, 1,5-anhydro-p-glucitol
6-phosphate; Man-1-P, a-D-mannose 1-phosphate; Man-6-P, D-mannose
6-phosphate; Gal-1-P, a-D-galactose 1-phosphate; Gal-6-P, D-galactose
6-phosphate; 3-PGA, D-glycerate 3-phosphate; 1,3-P,GA, D-glycerate
1,3-bisphosphate; Ep and Ep, the phospho and dephospho forms of
phosphoglucomutase.
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Scheme |b Minimal Motion and Exchange Mechanisms for
Phosphoglucomutase?

Minimal
Motion
Mechanism

Exchange
Mechanism

¢ The minimal motion mechanism involves only one Egy-Gle-P,
complex, so structured that when the 6-PO, group is in position
for fransfer to the enzymne, only a minimal structural change is re-
quired in order to bring the 1-PO, group into position for transfer,
but trom a different site.  The exchange mechanism involves two
substantially different Ep-Gle-P, complexes that can be intercon-
verted intramolecularly: one with the 6-PO, group in position for
transfer to the enzymne and the other with the 1-PO, group in an
cquivalent position.

exchange mechanism. However, alternative binding interac-
tions for the glucose ring are required in which the 6-phosphate
group of one Ep-Gle-P, complex and the 1-phosphate of the
alternative EjGle-P, complex occupy equivalent positions for
transfer to the enzyme.

In previous studies, the binding patterns of inorganic
phosphate and its analogue methyl phosphonate were exam-
ined, together with the binding patterns for mono- and bis-
phosphate esters, and bulk nuclear relaxation in some of these
that was produced by the Mn?* complexes of the phospho and
dephospho forms of the enzyme was assessed (Ray & Mildvan,
1973; Ray et al.,, 1973). The results indicated two functionally
nonequivalent binding sites for phosphates in Ep, in accord
with the exchange mechanism, where one phosphate site is the
-PO, transfer site and the other functions solely as a binding
site. The results are difficult to rationalize by means of the
minimal motion mechanism, since this mechanism requires
that ~POj; transfer occur from either of two different phosphate
binding sites. The present study was undertaken in an attempt
to extend these conclusions by demonstrating that Glc-1-P and
Glc-6-P do indeed interact with the enzyme in a different
manner. Since numerous enzymic reactions involve reaction
sequences in which the enzyme-product complex produced in
the first step must rearrange before a second catalytic step
occurs, such a demonstration would validate the phospho-
glucomutase system as a model for such reactions.

Experimental Section

The phospho form of phosphoglucomutase was isolated from
rabbit muscle, purified, and concentrated to ~40 mg/mL in
42% ammonium sulfate according to a procedure that will be
published in a subsequent paper. The enzymic assay has been
described previously (Ray et al., 1978). Metal-free phos-
phoglucomutase was obtained by dialysis first against EDTA
in 20 mM Tris-SO, buffer, pH 7.5, and later by dialysis
against the buffer alone [cf. Ray & Mildvan (1970)]. Sub-
sequently, the solution was concentrated via pressure filtration
to 50-100 mg/mL enzyme and was stored as frozen pellets
in liquid nitrogen.

The metal-free, dephospho form of phosphoglucomutase was
prepared as follows, To the phosphoenzyme at 20 mg/mL in
20% (NH,),SO,, containing 15 mM Mg?*, | mM EDTA, and
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0.1 M Tris-SO,, pH 7.5, in an open-end, collodion, dialysis
sac, was added 0.05 volume of 0.2 M Gle-1-P, and the enzyme
was dialyzed at room temperature against the above solution
(without the Gle-1-P) for 1 h. The addition and subsequent
dialysis were repeated four more times using fresh dialysis
solution each time. The solution then was dialyzed against
two changes of 20 mM Tris-HCI buffer, pH 7.5, containing
5 mM EDTA, and four changes of 20 mM Tris-HCI buffer,
pH 7.5,0.1 mM in EDTA, 3 h apart. The final solution was
concentrated by pressure filtration and stored as above.
Conversion to the dephosphoenzyme was assessed by a mod-
ification of the procedure used by Lowry & Passonneau (1969)
except that the change in optical density instead of fluorescence
was used. On the basis of e;73 = 0.77 (Najjar, 1955) and a
molecular weight of 64000 [cf. Ray & Peck (1972)], more
than 90% of Ep was converted to Ep by this treatment.

6-Deoxyglucose 1-phosphate was synthesized from 1-O-
methyl 6-deoxy-3-D-glucoside by (a) acetylating to give 6-
deoxy-a-D-glucose tetraacetate (Richtmeyer, 1962), (b) con-
verting to 6-deoxy-3-D-glucose tetraacetate (Wolfrom &
Thompson, 1963), and (c) phosphorylating with anhydrous
phosphoric acid (MacDonald, 1962). 1-Deoxyglucose 6-
phosphate (1,5-anhydro-p-glucitol 6-phosphate) was syn-
thesized from §-D-glucose pentaacetate by brominolysis of the
1-acetoxy group followed by reduction with LiAlH, to give
1,5-anhydro-p-glucitol (Gletcher, 1963); an enzymatic phos-
phorylation with yeast hexokinase (type IV, Sigma) gave the
desired product (Slein, 1957). Both phosphates were further
purified by chromatography on columns of Dowex-1-HCO;,
8%, 200-400 mesh, with a gradient of 0-0.25 N Et;NH-:
HCO;. The final products were converted to their potassium
salts and characterized by their NMR spectra in D,O (not
shown).

1,3-Bisphosphoglyceric acid was synthesized from glycer-
aldehyde 3-phosphate by a modification of the procedure of
Rose (1968)? and, after chromatography, was stored as frozen
pellets in liquid nitrogen. Aliquots of 1,3-P,GA were heated
in boiling water for 1 h or at 30 °C overnight in sealed vials
for complete hydrolysis. Glucose 1-phosphate was purified
on Dowex-1-HCO;, 8%, 200400 mesh, with an elution gra-
dient of 10-200 mM KHCO;. The potassium salt was re-
crystallized from hot, 75% alcohol. a-D-Glucose 1,6-phosphate
was prepared from Gle-6-P by phosphorylating the tetraacetate
with anhydrous phosphoric acid in a manner similar to that
described by Hanna & Mendicino (1970) and was chroma-
tographed in a manner analogous to that used for Gle-1-P.
Other sugar phosphates were obtained commercially and
treated with dithizone in carbon tetrachloride to remove heavy
metal ion contaminants (Sandell, 1950). Heavy metal ion
contaminants were removed from solutions of Tris-HCI, pH
7.5, by passing the 0.5 M buffer over Chelex-100 and adjusting
the pH of the effluent with a solution of ultrapure HCI (Alfa).
Ultrapure grade LiCl (Alfa) was used in the presence of 1 mM
EDTA. EDTA was crystallized from a boiling, 1 N HC|
solution, washed with distilled water, and dried under vacuum.
Other chemicals were reagent grade and were used without
further purification. Laboratory grade deionized water was
distilled and passed through a column of mixed-bed resin
before use.

Ultraviolet spectra were obtained at 25 °C by use of a
Perkin-Elmer 575 spectrophotometer equipped with a con-
stant-temperature cell holder and a background corrector and

2 The main difference was in the use of 0.05 volume of 30% hydrogen
peroxide to stop the enzymic reaction. This was followed, 10 min later,
by excess catalase to decompose the remaining peroxide.
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operated in conjunction with a Sorenson ARC 3000 voltage
regulator. A slit width of 1 nm and a scanning rate of 12
nm/min were used. Unless otherwise specified, spectra were
obtained in the presence of 20 mM Tris-HCI buffer, pH 7.5,
containing 1 mM EDTA. Solutions of the enzyme for spectral
studies were prepared from concentrated, metal-free stock
solutions (~40 mg/mL) in plastic test tubes that had been
soaked in 2 N HNO, overnight and thoroughly rinsed with
water before use. Noncritical amounts of enzyme solution were
transferred with mechanical pipets employing freshly rinsed
plastic tips; critical amounts were transferred with volumetric
micropipets that had been rinsed with the same enzyme so-
lution and then with water and air-dried just prior to use.
Solutions used in solvent perturbation studies were made up
by weight with a precision of at least 0.03% [cf. Ray (1978)].
Solutions were centrifuged prior to use in all spectral studies.
All reported spectra were stable for hours and unless otherwise
specified were reproduced by tracing a single scan. Difference
spectra usually were obtained by using matched absorption
cells with a 1-cm light path and solutions of enzyme at ~2.1
mg/mL (33 uM; ODyg = 1.62). After temperature equili-
bration and base line adjustment with a background corrector,
difference spectra were obtained on the 0.1-OD scale, after
making identical additions to both sample and reference cu-
vettes (no more than 0.02 mL /addition). Cuvettes were kept
tightly closed except when making additions. The final con-
centrations of substrates, metal ions, or both were in excess
of 20 times the dissociation constant. In cases where the
additive, itself, made a contribution to absorbance differences,
matched sectored cells with a 0.438-cm light path per com-
partment were used to obtain an internal correction for this
contribution, and spectra were obtained on the 0.05-OD scale.

In comparisons involving the phospho and dephospho forms
of phosphoglucomutase, the phospho form was generated in
situ from the dephospho form, which was present, initially,
in both sample and reference cuvettes. A fivefold excess of
1,3-bisphosphoglycerate (10 L of a 15 mM solution) was
added to one cuvette and the mixture was allowed to stand
for 0.5 h to accomplish this. The same amount of hydrolyzed
1,3-bisphosphoglycerate was added to the other cuvette.

The solvent perturbation difference spectrum of the phos-
phoenzyme was obtained after first setting and recording the
base line with 20% perturbant and water in separate com-
partments of sectored sample and reference cells (see above);
all solutions contained 40 mM Tris-SQ,, pH 7.5, and 2 mM
EDTA. Subsequently, the perturbant solution in the sample
cell and the water solution in the reference cell were replaced
with 1.000 to 10.000 dilutions of a concentrated stock solution
of the enzyme in 22% perturbant or water, respectively.
Solvent perturbation difference spectra of complexes of the
enzyme subsequently were obtained with the same solutions
by adding 10-uL aliquots containing an excess of either the
required materials or water to each compartment and mixing
with a bent Teflon rod. Differences between the solvent
perturbation difference spectrum of the enzyme and that of
the enzyme-substrate complexes were obtained by placing
solutions containing identical concentrations of the enzyme,
in either 20% perturbant or water, in both compartments of
sectored sample and reference cells. Complexes of the enzyme
were formed in the appropriate compartments by mixing in
10-uL aliquots containing an excess of the required materials
(see figure legends) after obtaining a base line.

Results

Ultraviolet Difference Spectra Induced by Substrate
Binding. For examination of the difference spectrum induced
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FIGURE 1: Substrate-induced difference spectra produced by the
binding of glucose 1-phosphate and glucose 6-phosphate to metal-free
phosphoglucomutase. The enzyme was present at a concentration
of 2.1 mg/ml; a saturating concentration of 2 mM Gle-1-P or 4 mM
Glc-6-P was used. Spectra were obtained in the manner described
under Experimental Section; the important components in the sample
and reference cells, S and R, respectively, are shown. An experimental
base line is reproduced which shows the decreased signal-to-noise ratio
in the region of maximum protein absorbance.

in phosphoglucomutase by the binding of individual substrates,
viz., Gle-1-P, Glc-6-P, or Glc-1,6-P,, transfer of -PO, groups
catalyzed by the enzyme must be essentially stopped. Two
basically different ways of doing this are deactivating the
enzyme and using chemically altered pseudosubstrates.
Deactivating the enzyme can be achieved by removing the
activating metal ion. Thus, the activity of metal-free phos-
phoglucomutase is no more than 107 that of the Mg?* enzyme
(Ray et al., 1978) and the rate constant for -PQ, transfer to
bound substrates in the absence of bound metals thus is no
greater than 107* 57!, Moreover, the metal-free enzyme is
expected to bind substrates in the same manner as its Mg?*
complex since the binding of substrates and Mg?* is noncom-
pulsory and essentially independent, both kinetically and
thermodynamically [cf. Ray & Peck (1972)]. In addition, the
essentially inactive Lit complex (kg < 2 X 107° s71) can be
used as a deactivated form of the enzyme. [Li* binds com-
petitively with Mg?* and induces a similar spectral change in
Ep as Mg?* (Ray, 1978).] Alternatively, transfer of the ~PO,
group within complexes of the Mg?* enzyme also can be
blocked by using the pseudosubstrates 1-deoxy-Glc-6-P or
6-deoxy-Glc-1-P (Ray et al., 1976).

Figure 1 shows the spectral differences induced in metal-free
phosphoglucomutase by the binding of Glc-1-P (—) and
Glc-6-P (—-). Successive scans of these spectra, as well as
activity measurements at high enzyme concentrations, showed
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that no significant interconversion of the complexes (via -PO,
transfer) occurred within a 1-h time period. The subsequent
addition of Li* to either EpGle-1-P or EpGle-6-P induced only
minor changes (Ae < 200) in the 280-300-nm region (spectra
not shown). The difference spectra induced by the binding
of 1-deoxy-Glc-6-P and 6-deoxy-Gle-1-P to the metal-free
enzyme were essentially indistinguishable from those induced
by the corresponding glucose phosphates, and subsequent
addition of Mg?* to the Ep-deoxy-Glc-P system induced only
minor spectral changes (spectra not shown). Since it is unlikely
that all three of the transfer-blocking procedures would pro-
duce anomalous spectral effects that are the same, both
qualitatively and quantitatively, we conclude that the difference
spectra in Figure | are not significantly affected by any of
them and that these spectral differences are quite similar to
those produced by the binding of Glc-1-P or Gl¢-6-P to Ep-Mg
to give catalytically active complexes. In subsequent studies,
where possible, the Li* complex of the enzyme is used in place
of the metal-free enzyme, since enzymic action, presumably
caused by residual free Mg?*, produces spectral changes over
a period of several hours when “metal-free” enzyme is used
in the presence of the normal substrates and 1 mM EDTA.’

The shapes and positions of the difference spectra in Figure
1 show that Glc-1-P and Glc-6-P induce nearly the same
spectral shifts (red) in some tryptophan absorption bands since
Aeygg, the maximum of the difference peaks, is essentially the
same in both cases. Since this maximum is at longer wave-
lengths than usually is observed for solvent-induced pertur-
bation of the narrow absorption bands of tryptophan (Anan-
thanarayanan & Bigelow, 1969), the tryptophan absorption
bands that produce this difference peak probably occur at
unusually long wavelengths prior to substrate binding. The
shoulder at ~295 nm appears at a more normal wavelength
for tryptophan perturbation spectra and probably represents
a different tryptophanyl residue or residues since the relative
intensities of the difference peaks at 295 and 298 nm vary
markedly with conditions (see below). A significant difference
between the spectral changes induced by Glc-6-P and Glc-1-P
is observed in the peaks at ~287 nm, which, at least in the
case of bound Glc-6-P, arises partly from the perturbation of
tyrosine residues (see below).

Direct Comparison of Substrate-Induced Difference
Spectra. Differences between the spectral changes in the
enzyme induced by the formation of complexes with its normal
substrates are equivalent to the spectral differences between
the complexes themselves. These are shown in Figure 2.
Figure 2a shows the differences in the spectra of the Glc-6-P
and Glc-1-P complexes of Ep (—). Closely similar differences
were observed between the corresponding complexes involving
EpLi (——) as well as between the complexes of 1-deoxy-
Glc-6-P and 6-deoxy-Glc-1-P with EpsMg (not shown), as was
indicated in the previous section. The difference peaks at 279
and 287 nm suggest that the environment of a tyrosine residue
or residues is substantially different in the Glc-1-P and Glc-6-P
complexes. Also, there is a small difference in the environ-
ments of a tryptophan residue or residues in these complexes:
295-nm peak and long-wavelength valley at ~300 nm.

A spectral comparison of the phosphoenzyme-mono-
phosphate complexes with the dephosphoenzyme-bisphosphate
complex can be made by utilizing the procedure outlined in
Scheme II. The use of this procedure is based on the following
observations: no quantitative in situ conversion of Ep to Ep

* A concentration of ~ 1072 M free Mg?* would be sufficient to cause
the slow changes that were observed.
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FIGURE 2: Spectral differences between complexes of phospho-
glucomutase. Procedures and conditions are described under Ex-
perimental Section, and the important components in the sample and
reference cells, S and R, respectively, are shown. The enzyme con-
centration was 2.1 mg/mL, and the final concentrations of substrates
(or pseudosubstrates) and metals, when present, were as follows:
Gle-1-P, 2 mM; Gle-6-P, 4 mM; Gle-P, 4 mM; Gle-1,6-P,, 0.1 mM;
1-deoxy-Glc-6-P, 3.5 mM; 6-deoxy-Glc-1-P, 4.5 mM; Mg?*, 2 mM;
Li*, 2 mM; Zn?*, 1.1 mM; Cd**, 1.1 mM. (a) EpGlc-6-P vs. Ep
Gle-1-P (—); EpLiGle-6-P vs. EpLi-Glc-1-P (—). (b) EpLi-Gle-6-P
vs. Ep'Li-Glc-1,6-P, (—); EpLi-Glc-1-P vs, EpLi-Gle-1,6-P; (——);
the origin of (-) is described under Results. (c) (EpZn-Glc-P) g vs.
(Ep-Cd-Glc-P),, (—). The solutions used in (c) were equilibrated for
20 min before use; initial concentration of Glc-1-P was 4 mM.

is known which can be employed at concentrations of enzyme
that are useful for difference spectroscopy (~30 uM); an
essentially quantitative in situ conversion of Ej to Ep can be
achieved by treatment with excess 1,3-P,GA [cf. Alpers &
Lam (1969)]. After addition of hydrolyzed 1,3-P,GA to an
untreated sample of Ep, a direct spectral comparison of Ep
and Ep in identical environments is possible. Only small
differences in absorbance between Ep and Ep, were detected
in the range of 250-300 nm, and the largest difference (Ae;y,
= 440) is not much larger than the largest absorbance dif-
ference between Ep-P; and Ep, (Aeyg, = 250), at least in com-
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Scheme II:  Schematic Showing the Procedure for Comparisons of
Phospho and Dephospho I'orms of Phosphoglucomutase and Their
Complexes

Ep

|

xs [,3-P2GA Ep P +3- PGA

| |

Ep+P; + 3-PGA Eg* Pi + 3-PGA
Li* Lit

Gle-6-P Glc-Pp

Ep Li-Gle-6-P EpLi: Glc-Pp

parison with the larger spectral differences produced on sub-
strate binding (Figure 1).

Figure 2b shows the difference in absorbance between one
complex of the phosphoenzyme, EpLi-Glc-6-P, and the cor-
responding complex of the dephosphoenzyme, Ep-Li-Glc-P,
(—). Since this difference spectrum closely resembles that
of EpLi-Glc-6-P vs. Ep-Li-Glc-1-P (—-, Figure 2a), the
spectrum of E-Li-Glc-P, must resemble that of EpLi-Glc-1-P.
That this is indeed the case also is shown in Figure 2b (——).

The spectral differences between the Ep-Li-Glc-1-P and
Ep:Li-Glc-6-P complexes suggest that the glucose ring is in-
teracting differently with the enzyme in these complexes (see
Discussion). In such a case two different forms of the Ep:
Li-Glc-P, complex are expected. These are designated as
(Ep-Li-Glc-P,), and (Ep-Li-Gle-P,), to indicate enzyme-glu-
cose ring interactions that are analogous to those observed in
Ep-Li-Glc-1-P and Ep-Li-Glc-6-P, respectively. Since the
equilibrium constants for binding of Glc-1-P to Ep or Ep-Mg
(to give EpGlc-1-P or Ep-Mg-Glc-1-P) are substantially larger
than those for the binding of Gle-6-P (to give EpGle-6-P or
EpMg-Glc-6-P; Ray & Long, 1976a) and since these differ-
ences probably reflect differences in the enzyme—glucose ring
interactions within these complexes, the (Ep-Li-Glc-P,); com-
plex would be expected to exhibit the strongest interactions
with the enzyme and thus to predominate over the (Ep-Li:
Glc-P,)¢ complex. Because differences in the enzyme—glucose
ring interactions appear to be responsible for the spectral
differences in Figure 2a (see Discussion), a similarity in the
spectra of Ep-Li-Glc-1-P and (Ep-Li-Glc-P,); might be ex-
pected, as well as a similarity in Ep-Li-Glc-6-P and (Ep-Li-
Glc-P,)¢. The spectra in Figure 2b are in accord with these
expectations; viz., the mixture of Ep-Li-Gle-P, complexes is
similar, spectrally, to Ep:Li-Glc-1-P (—-) but differs from the
latter spectrum at wavelengths that suggest the presence of
a minor component (see arrows) that is similar, spectrally, to
Ep'Li-Glc-6-P. Actually, the characteristic peaks for the
presumed minor component of the Ep-Li-Glc-P, mixture are
superimposed on relatively common features of difference
spectra in the phosphoglucomutase system: a long-wavelength
valley at 300-305 nm and a broad maximum at shorter
wavelengths, both of which are apparently related to pertur-
bation of broad tryptophan bands (Ray, 1978; see also below).
The outlines of part of these features in the lower spectrum
of Figure 2b are suggested by the dotted line.

In an earlier study, Ray & Long (1976b) showed that in
an equilibrium mixture of enzyme-substrate complexes in the
presence of Zn** the monophosphate complex, Ep+Zn-Glc-6-P,
predominates, while in the presence of Cd** complexes the
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other bisphosphate complex(es), Ep-Cd-Glc-P,, is essentially
absent. They suggested that the primary spectral difference
between these mixtures of complexes (in the 280-290-nm
region) does not originate in the difference in identity of the
bound metal ion but is produced by the differences in the
attachment of the transferable —-PQ; group. The negative
aspect of this suggestion is now verified by the observation that
there are only small spectral differences between the 6-
deoxy-Glc-1-P (or 1-deoxy-Glc-6-P) complexes of Ep-Zn and
Ep-Cd (maximum Ae < 150; difference spectrum not shown).
Hence, in accord with expectation, Figure 2c shows that the
same general features characterizing the spectral difference
between Ep-Li-Glc-6-P and Ep-Li-Glc-P; also are found be-
tween the equilibrium mixtures of central complexes involving
Zn** and Cd**, respectively. The smaller size of the difference
peaks in the latter case is caused by the substantial amounts
of EpZn-Glc-1-P and Ep-Zn-Gle-P, that are present in the
former equilibrium mixture. [The valley at around 300 nm
is much larger but presumably is analogous to one of the
background features that was noted in Figure 2b (--); see
above.] However, the present results do not support the
positive aspect of the suggestion in the earlier study about the
origin of the spectral difference in the 280-290-nm region.
This suggestion was based on the assumption that Ep-Gle-6-P
and Ep-Gle-1-P were more likely to be similar, spectrally, than
EpGlc-6-P and Ep-Gle-P,, an assumption that is invalidated
by the present results (see Discussion).

Solvent Perturbation Studies. Solvent perturbation dif-
ference spectra of the phosphoenzyme and its complexes with
Glc-1-P and Glc-6-P were examined by using 20% Me,SO or
20% sucrose as perturbants. The Me,SO perturbation spec-
trum of the phosphoenzyme is shown in Figure 3a (—). It
is similar to previously published spectra (Peck & Ray, 1969)
and indicates the presence of tyrosine and tryptophan residues
that are accessible to the perturbant, although the long-
wavelength difference peak for tryptophan is substantially
red-shifted with respect to the corresponding difference peak
of model compounds under analogous conditions, e.g., /V-
acetyltryptophan ethyl ester (Herskovits & Sorenson, 1968).
The binding of Glc-1-P causes a decrease in the intensity of
this long-wavelength peak (——, Figure 3a), which, together
with intensity changes in other parts of the spectrum, indicates
that substrate binding produces a shielded or less accessible
tryptophan(s), with little change in the accessibility of tyro-
sines. Thus, the difference between the two solvent pertur-
bation difference spectra in Figure 3a (—, Figure 3b)* is
similar to an Me,SO perturbation spectrum of N-acetyl-
tryptophan ethyl ester (Herskovits & Sorenson, 1968) (---,
Figure 3b), which has been reduced in intensity by one-half
(on a molar basis) and shifted to longer wavelengths by ~2.5
nm.

The solvent perturbation difference spectrum for ExGlec-6-P
(not shown) was visually indistinguishable from that of Ep:
Glc-1-P (—-, Figure 3a); viz., the solvent perturbation dif-
ference spectrum of Ep (—, Figure 3a) and thus the exposure
of aromatic residues were similarly altered by the binding of
Glc-6-P and Glc-1-P. A direct comparison of these alterations
was made by obtaining the difference between the solvent
perturbation spectra of the respective substrate complexes in
sectored absorption cells. However, in this study the Li* form
of the enzyme was used to eliminate possible interconversion

4 The plot (—, Figure 3b) was obtained from a point-by-point sub-
traction of the two spectra in Figure 3a; a direct measurement of the
difference between the two difference spectra, obtained by using sectored
sample cells, was quite similar in appearance (not shown).



756 BIOCHEMISTRY

1200F T T T ]

=(Ep-Glo-1-Ploys
*(Ep-Gle-1-Ply, o
800 |-

400 +-

Molar Absorptivity Difference

‘ j
400 - __[6*(EpOPlysolEnl,, f\\ ]
| = (EpGIPY, . MEDYe [ \ b
i

l —~— Trp Model

S= (Ep-Li"GEP)s IEPLIGIPY,
R=(EpLi‘GEPI, o I1EP-Li-GIPlowsc |
4 ~

Tyr Mogel ~— P

L ) . i
250 260 270 280 290 300 310 320

Wavelength, nm

FIGURE 3: Me,SO perturbation difference spectra and the differences
between these. The important components in the sample and reference
cells, S and R, respectively, or the compartments of S and R are shown
in each case, and the procedure is described under Experimental
Section, along with the concentrations of noncritical components. (a)
The perturbation difference spectra induced by 20% Me,SO for Ep
(—) and for the complex Ep:Li-Glc-1-P (—). Concentrations were
as follows: Ep, 2.1 mg/mL; LiCl, 2.0 mM; Glc-1-P, 2.0 mM. (b)
The differences between the Me,SO perturbation difference spectra
of Ep and Ep-Li-Glc-1-P, viz., between the two difference spectra in
part a.* The dashed line is a half—mtcnsny Me,SO (20%) perturbation
difference spectrum of acetyltryptophan ethy! ester, constructed from
data in Herskovits & Sorenson (1968) and shifted to longer wave-
lengths by 2.5 nm. (c¢) The difference between the Me,SO perturbation
difference spectra of the Ep-Li:Glc-1-P and EpLi-Glc-6-P complexes.
Concentrations were the same as in part a, except for Glc-6-P, which
was present at 4.0 mM. The average results from five successive scans
of the base line (no glucose phosphates present) were subtracted from
the average results of five successive scans in the presence of the
indicated arrangement of glucose phosphate complexes.

of these complexes (see previous section), since the spectral
difference between Ep+Glc-6-P and EpGle-1-P is not signifi-
cantly altered by added Li* (Figure 2a). The difference be-
tween the solvent perturbation spectra of Ep-Li-Glc-6-P and
Ep:Li-Glc-1-P (—, Figure 3c) is broad and shallow, with an
essentially featureless maximum in the 260-290-nm region
and valley in the 290-305-nm region. This difference resem-
bles the background spectral features noted in the previous
section (cf. Figure 2b) that are relatively common in difference
spectra of phosphoglucomutase and that probably arise from
environmental effects on tryptophans. In the present case, the
effect is relatively small (Aey,, = 70, on a molar basis) and,
in fact, minor differences in the environments of tryptophans
are expected (from the small differences in the spectra of the
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Ep-Li-Gle-6-P and Ep-Li-Gle-1-P complexes between 290 and
300 nm; Figure 2a). Also shown in Figure 3¢ (---) is the
expected difference between the Me,SO perturbation spectra
of the Ep-Li-Glc-6-P and Ep-Li-Gle-1-P complexes if one less
residue equivalent of tryosine were exposed to the aqueous
environment in EpLi-Gle-6-P than in EpLi-Gle-1-P [data from
Herskovits & Sorenson (1968)]. From this comparison, it
seems unlikely that the difference in exposure of tyrosines
between these two complexes exceeds a small fraction of one
residue equivalent. Hence, it is difficult to account for the
major spectral differences between these complexes (between
275 and 290 nm) (Figure 2a) in terms of a differential ex-
posure of tyrosines. Thus, the size of the molar extinction
difference at 288 nm due to tyrosine perturbation must be
nearly 1000, if a reasonable assumption is made about possible
contributions to this difference that might arise from a minor
differential perturbation of tryptophan residues. In fact, the
largest reported molar extinction difference for tyrosine of
which we are aware is ~ 1000 (Bigelow, 1960), and this ex-
tinction difference involves the complete exposure (on dena-
turation) of completely buried tyrosines. Hence, in view of
the small differences in residue equivalents of exposed tyrosine
between the Ep:Li:Glc-6-P and Ep-Li-Gle-1-P complexes,
neither a direct nor indirect differential shielding of tyrosines
by Gle-6-P and Glc-1-P is likely to provide a rationale for the
major spectral differences between these two complexes in the
tyrosine difference region (Figure 2a). A differential elec-
trostatic perturbation of tyrosine residues [cf. Anderson &
Forster (1972)] that are equally accessible to the solvent before
and after binding also is unlikely. Thus, the results in Figure
3¢ (—) require that the spectral differences between the
Ep:Li-Glc-6-P and Ep-Li-Glec-1-P complexes in 20% Me,SO
be essentially identical with the observed differences in water
(Figure 2a) to within a molar extinction difference of ~ 70.
Thus, the spectral differences between the above complexes
most likely arise from a differential perturbation of tyrosine
residues that, even in Ep-Li, are either inaccessible or only
marginally accessible to the solvent. A differential pertur-
bation of such residues could be rationalized in terms of
conformational changes that accompany the binding process
and that are different for Glc-6-P and Gle-1-P.

Spectral Comparison of Sugar Phosphate Complexes of
Phosphoglucomutase. The spectral differences between
Ep-Li-Glc-6-P and Ep-Li-Glc-1-P complexes in the tyrosine
difference region (275-290 nm) also are observed in com-
parisons of the corresponding complexes with 1- and w-
phosphates of mannose, galactose, and ribose (Figure 4a) but
to successively smaller extents. A similar comparison of
complexes involving the corresponding 1-phosphates with the
Ep-Li-Gle-1-P complex (Figure 4b) indicates a perturbation
equal to or greater than that in the latter complex: plateau
or peaks (1) in the tyrosine difference region. [The difference
spectrum obtained with 2-deoxy-Glc-1-P is essentially identical
with that obtained with Man-1-P (—, Figure 4b) and is not
shown.] A further comparison of complexes involving the
w-phosphates of these sugars with E-Li-Glc-6-P (Figure 4c)
indicates that in each case tyrosine perturbation is less ex-
tensive than in the latter complex: valleys (}) in the tyrosine
difference region. Other less important features of these
comparisons include small peaks or valleys with a half-width
of ~5 nm in the 290-300-nm region that are produced by the
differential perturbation of the narrow absorption bands of
tryptophan residues and that usually appear superimposed on
a broader valley; e.g., the arrow (1) in Figure 4c points to a
peak at ~297 nm superimposed on a broader valley () in
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FIGURE 4: Spectral differences between complexes of phospho-
glucomutase with substrates and pseudosubstrates. Procedures are
described under Experimental Section, and the important components
in the sample and reference cells, S and R, respectively, are shown.
Concentrations of substrates and pseudosubstrates were as follows:
Glc-1-P, 2 mM; Glc-6-P, 4 mM; Man-1-P, 5 mM; Man-6-P, 5 mM;
Gal-1-P, 4 mM. (a) The complexes of EpLi with the 1- and w-
phosphates of various sugars: mannose (—); galactose (—-); ribose
(---); glucose (). (b) Difference spectra with Ep-Li-Glc-1-P as the
reference: Ep-Li-Man-1-P (—); Ep-Li-Gal-1-P (—-); Ep-Li-Rib-1-P
(---). (c) Difference spectra with Ep-Li-Glc-6-P as the reference:
EpLi-Man-6-P (—); Ep-Li-Gal-6-P (—-); Ep-Li:Rib-5-P (---).

the plot for Man-6-P (—); see also the valley in Figure 2c.
Similarly, some of the tyrosine difference peaks (1) or valleys
(1) are superimposed upon and slightly shifted by a much
broader peak in the 260-290-nm region. Both of these broader
features are present in other difference spectra, as was noted
in a previous section.

The differences in tyrosine perturbation observed on binding
of the various sugar phosphates might be rationalized in terms
of differences in contact between tyrosine residues of the en-
zyme and the 2-, 3-, and 4-hydroxyl groups of bound sugar
phosphates. However, the comparison of the Me,SO per-
turbation difference spectrum of Ep-Li-Glc-6-P and Egp-Li:
Glc-1-P (previous section) suggests that the increased spectral
red shift of tyrosine caused by the binding of Glc-6-P is not
the result of an increased shielding that accompanies the
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binding process. Hence. it seems more reasonable to suggest
that the binding of the various sugar phosphates produces a
gradation of conformational changes that alters the environ-
ments of internal (or only marginally exposed) tyrosines as
follows: Glc-1-P ~ Gal-1-P < Man-1-P = Gal-6-P < Rib-1-P
< Rib-5-P ~ Man-6-P < Glc-6-P. (The existence of varying
amounts of only two extreme conformations represented by
the Ep:Li-Glc-1-P and E -Li-Glc-6-P complexes also is pos-
sible.)

Discussion

The immediate objective of the present study was to com-
pare the near-UV spectral properties of the reactive substrate
and product complexes of phosphoglucomutase. Since in the
presence of bound Mg?*, the normal metal ion activator (Ray
& Peck, 1972), these complexes are rapidly interconverted (k.
> 1000 s7'), -PO, transfer must be blocked quite efficiently
if individual complexes are to be examined separately. In the
present studies the transfer process is blocked by removal of
bound Mg?* (k. < 107 s7! for the metal-free enzyme), by
replacement of bound Mg?* by Lit* (k. < 107° s7! for the
Ep-Li complex), or by removal of the acceptor hydroxyl groups
of the substrates.® In each case, the spectral differences
between the corresponding complexes of the 1- and 6-phos-
phates are essentially the same (see Figure 2a). In view of
the disparate ways in which —PQj transfer is blocked in these
complexes, it seems reasonable to suggest that the same
spectral differences would be found between the normal
Ep-Mg:Glc-6-P and EpMg-Glc-1-P complexes, and the sub-
sequent analysis is based on this assumption. In these argu-
ments, Ep will be used interchangeably with Ep-Li, since most
studies were conducted with both complexes and no significant
differences were observed between the two.

(1) Both Gle-1-P and Glc-6-P produce substantial spectral
changes on binding to Ep; these changes are similar in overall
appearance (Figure 1) but differ in detail (Figure 2a).

(2) Some of the common features of the above spectral
changes arise from a decrease in exposure of tryptophans
(probably two; see Results) to the aqueous surroundings, as
is indicated by solvent perturbation difference spectroscopy.
In fact, the decreased exposure of tryptophans produced by
the binding of Glc-1-P (Figure 3b) is essentially the same as
that produced by the binding of Glc-6-P (cf. Figure 3c).

(3) The major spectral differences produced by the binding
of Gle-1-P and Glc¢-6-P, viz., the major differences between
the Ep-Glc-6-P and Ep-Glc-1-P complexes, appear to arise from
a differential perturbation of tyrosine residues (Figure 2a).
In addition, the size of these differences is substantial (Aeygq
~ 1100 M~ cm™). Although these differences must be pro-
duced via an alternative mechanism (see below), the magnitude
of the differences is equivalent to that expected if a single
tyrosine were completely exposed in Ep-Glc-1-P and completely
shielded in Ep-Glc-6-P (see Results).

(4) Solvent perturbation difference spectroscopy indicates
that, at most, there is a difference of only a small fraction of
one residue equivalent between the exposure of tyrosines in
EpGle-6-P and EpGle-1-P (Figure 3¢). Hence, a differential
shielding of tyrosines cannot be the basis for the observed
spectral differences between these two complexes (see below).

(5) Since the maxima in the spectral differences between
Ep:Glc-6-P and EpGle-1-P are not shifted by 20% Me,SO or

5 Although -PQ, transfer to the deoxyglucose phosphates cannot oc-
cur, a very slow transfer to water does occur in the presence of these
pseudosubstrates (Ray et al., 1977).
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20% sucrose, nor are the intensities of the difference peaks
altered by these solutes, the tyrosines that are differentially
perturbed in the above two complexes are unlikely to be ex-
ternal residues; viz., they probably are internal or only mar-
ginally exposed residues.

(6) Although the magnitude of the spectral differences
between the EpGle-6-P and Ep-Gle-1-P complexes could be
rationalized in terms of a single tyrosine whose environment
is drastically different in Ep-Glc-1-P and Ep-Glc-6-P (see
above) since the tyrosine or tyrosines involved appear to be
either internal or marginally exposed, we favor a rationale in
which several (internal) tyrosines are affected to a smaller
extent, viz., a mechanism in which Glec-1-P and Gic-6-P pro-
duce conformational changes on binding which are different
in detail and which, because of these differences, affect several
internal tyrosines to a modest extent.

(7) A detailed analysis of the graded effects that are pro-
duced by the binding of the various sugar phosphates is pre-
mature. However, to a first approximation the spectral dif-
ferences produced on binding of the 6-phosphates (large
tryptophan and tyrosine perturbation) are less sensitive to
changes in the hydroxyl groups at the 1, 2, and 3 positions®
while differences produced on binding of the 1-phosphates
(large tryptophan but minimal tyrosine perturbation) are less
sensitive to changes in the hydroxyl groups at the 4 and 6
positions, as though the portion of the molecule distal to the
acceptor group was the more important in producing a normal
complex, at least with respect to tyrosine perturbation.

(8) In any case, the present data show that the enzyme-
glucose ring interaction is different in the Ep-Glc-1-P and
EpGlc-6-P complexes. This difference eliminates the simple
form of the minimal motion mechanism (Scheme I; see below)
and is in accord with conclusions drawn earlier from a more
indirect approach (Ray et al., 1973; Ray & Mildvan, 1973).

(9) If the glucose ring interacts differently with the enzyme
in the EpGle-1-P and EpGlc-6-P complexes, two types of
Ep-Gle-P; complexes probably also exist, (EpGle-P,); and
(Ep*Gle-P;)g, although these cannot be examined separately.
However, since Glc-1-P binds to the enzyme substantially
better than Gle-6-P (Ray & Long, 1976a), the interaction of
the glucose ring with the enzyme should be energetically more
favorable in the (EpGle-P,); complex and this complex should
predominate over the (Ep-Glc-P,)s complex. In fact, a direct
comparison shows that the spectrum of the Ep-Gle-P; com-
plexes is quite similar to the spectrum of the EpGle-1-P
complex but differs from it in the manner expected if a small
proportion were present as (Ep-Gle-P,)e.’

In numerous enzymic reactions a product of the first cat-
alytic step (the initial product) serves as a substrate for a
subsequent step, and phosphoglucomutase is one such reaction
(Sutherland et al., 1949; Najjar & Pullman, 1954). In most
reactions of this type a dissociation—association step intervenes
before a second reaction takes place. An earlier study of the
phosphoglucomutase reaction (Ray & Roscelli, 1964a) shows
that dissociation of the intermediate Ep+Glec-P, complex(es)
is not required for completion of the catalytic cycle and places
this reaction in a second, less common category. Reactions

¢ As a first approximation, ribose 1- and 5-phosphates are considered
as “hexoses” in which the 3-carbon and its 3-hydroxyl group are missing.

" The spectral differences previously observed (Ray & Long, 1976b)
between a mixture of complexes that, by direct analysis, is predominately
in the Ep+Gle-6-P form and one that is almost entirely in the Ep-Gle-P,
form (cf. Figure 2c) thus appear to be caused by an altered enzyme-
glucose ring interaction that follows the catalytic step, viz., (Ep-Gle-P,)g
— (Ep'Gle-Py),, instead of one that accompanies it, viz., EpGle-6-P —
(Ep-Glc-Py)¢, as was previously suggested (Ray & Long, 1976b).
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in this category may be divided into those requiring that
binding interactions between the enzyme and the initial product
be substantially altered before completion of the catalytic cycle
and those lacking such a requirement. The present results,
which show that the initial substrate and final product com-
plexes are structurally different, place the phosphoglucomutase
reaction in the former category, although molecular models
indicate that a minimal motion mechanism (Scheme 1) is at
least sterically feasible in this reaction.

The terms “minimal motion” and “exchange” mechanism
(Scheme I originally were formulated with only the Ep-Glc-P,
complexes of phosphoglucomutase in mind. Although the
former term seems sufficiently general in its implications, the
latter represents a special case within a broader group of
“internal rearrangement”™ mechanisms for enzymes that utilize
more than one catalytic step but are able to operate without
dissociation of the intermediate thus produced. The latter
mechanisms can be further subdivided into (a) processes in
which the original enzyme-substrate binding interactions are
maintained more or less unaltered during successive catalytic
steps and different groups are brought into proper position for
successive reactions by changes in the enzyme itself and (b)
processes in which binding interactions in the initial product
complex must be altered (intramolecularly) in order to produce
the second substrate complex. A distinction between these
possibilities in the phosphoglucomutase reaction cannot be
made at present, although we hope eventually to make such
a distinction.
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Resonance Raman Spectroscopy of Arsanilazocarboxypeptidase A:
Conformational Equilibria in Solution and Crystal Phases'

R. K. Scheule, H. E. Van Wart,! B. L. Vallee,* and H. A. Scheraga*

ABSTRACT: Resonance Raman spectroscopy has been em-
ployed to explore the environment of the azoTyr-248 residue
of arsanilazotyrosine-248 carboxypeptidase A in solution and
in crystal phases. In solution near pH 6, azoTyr is protonated
and studies of model compounds indicate that azoTyr-248 is
in an aqueous environment. At pH 8.5, the spectrum of the
arsanilazoenzyme correlates well with those of model azo-
phenols forming complexes with zinc, in accord with earlier
data demonstrating an intramolecular complex between azo-
Tyr-248 and the active-site zinc atom of the enzyme. Zinc
is bound to the phenolic oxygen and an azo nitrogen atom of
azoTyr, with the azo group in the planar trans conformation.
At pH 11, this intramolecular complex is dissociated and
azoTyr-248 then exists as the ionized azophenolate species.
Resonance Raman studies of o-hydroxyazobenzene models for
azoTyr show that in solution the azophenol forms of these
molecules coexist in two different conformations which differ
with respect to the presence or absence of an intramolecular
hydrogen bond between the phenolic proton and a nitrogen

Arsanilazocarboxypeptidase A,! the derivative of carboxy-
peptidase A, obtained by selective chemical modification of
its active-site Tyr-248 residue with diazotized arsanilic acid,
has been studied intensively in our laboratories. In particular,
absorption and circular dichroism spectra have characterized
both its local conformation as a function of its physical state
(Johansen & Vallee, 1971, 1973, 1975) and its interaction with
inhibitors (Johansen et al., 1976; Alter & Vallee, 1978).
Recently, we have further elucidated chemical details pertinent
to these molecular events by means of resonance Raman (rR)?
spectroscopy (Scheule et al., 1977, 1979).

The rR spectra of the azoenzyme and the apoazoenzyme
in solution (Scheule et al., 1977) identify the same pH-de-
pendent species detected earlier by absorption spectrometry.
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atom of the azo group. Each of these conformations exhibits
characteristic NN and »*N bands, with intensities proportional
to their concentrations. The relative amounts of these two
forms which are in equilibrium depend on the capacity of the
local environment to act as hydrogen-bond acceptors. Hence,
the relative intensities of both the pair of »™~ and the pair of
v¥*N bands in the resonance Raman spectrum of azocarboxy-
peptidase provide specific information about the state of hy-
drogen bonding of the phenolic proton of azoTyr-248, which
has been thought by some to be transferred to the substrate
during catalysis. In solution, azoTyr-248 is predominantly
hydrogen-bonded intramolecularly and exists in an
“aqueous-like” environment. However, crystallization ap-
parently induces a conformational change that enables the
phenolic proton of Tyr-248 to form an intermolecular hydrogen
bond to a group of the protein. This interaction may be related
to the marked reduction of the enzyme’s activity brought about
by crystallization.

In addition, the rR spectra provide structural details of the
intramolecular coordination complex between azoTyr-248 and
the active-site zinc atom and have similar potential for the
conformation of the rest of the enzyme. However, for this
purpose more extensive band assignments are required. This
has now been achieved through the study of the rR spectra
of several azophenols and their isotopically substituted de-
rivatives which serve as models of azotyrosine (Scheule et al.,
1979). The resultant data are employed here to identify the
vibrational bands in the rR spectra of azocarboxypeptidase,
and these assignments are used to interpret the spectral
changes in the enzyme induced by various environmental
perturbations, including crystallization and changes in pH.
Crystallization is known to affect the spectral properties of

YIn order to simplify the presentation, “arsanilazotyrosine-248
carboxypeptidase”, “arsanilazocarboxypeptidase”, “azocarboxy-
peptidase”, and “azoenzyme” are all terms used interchangeably with
monoarsanilazotyrosine-248 zinc carboxypeptidase A; “apoazoenzyme”
and “apoenzyme” are used interchangeably with apoarsanilazotyrosine-
248 carboxypeptidase; “arsanilazotyrosine-248”, “azotyrosine-248”,
“azoTyr-248”, “azotyrosine”, and “azoprobe” are all terms used inter-
changeably with monoarsanilazotyrosine-248.

2 Abbreviations used: rR, resonance Raman; DAC, monoarsanilazo-
p-cresol; DAT, monoarsanilazo-N-acetyltyrosine; DMS, dimethyl su-
berimidate.
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