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Stereospecific Requirements for Carbonyl Reagents in the

Resolution and Reconstitution of Phosphorylase b"

Shmuel Shaltiel, T Jerry L. Hedrick,} and Edmond H. Fischer

ABSTRACT: Removal of pyridoxal 5’-phosphate from phos-
phorylase by means of deforming agents and carbonyl re-
agents is a stereospecific process. Resolution occurs with L-
cysteine but not with D-cysteine, although the two isomers
have identical association constants with pyridoxal 5’-phos-
phate.

p-Cysteine does not compete with L-cysteine in the re-
moval of pyridoxal 5’-phosphate from the enzyme. Stereo-
specificity also is observed in the reconstitution of apophos-
phorylase b with pyridoxal 5’-phosphate to yield the holoen-
zyme; however, this reaction is inhibited by the presence of a
large excess of D-cysteine due to competition of the two en-

In a previous publication (Shaltiel ez /., 1966) a new method
for the removal of pyridoxal 5’-phosphate from phosphorylase
bt was described. This procedure involved two distinct op-
erations, namely, deformation of the enzyme with an imidazo-
lium citrate buffer followed by reaction of pyridoxal 5’-phos-
phate with L-cysteine. The deforming action of imidazolium
citrate on the enzyme was discussed in detail in the preceding
paper (Hedrick er al., 1969) where it was suggested that the
deformer “loosens” reversibly the structure of the enzyme
and renders the bound cofactor readily available to chemical
interactions.

One of the striking findings in this study was that while res-
olution of the enzyme (removal of pyridoxal 5’-phosphate)
occurred readily with L-cysteine, it did not take place with a
number of cysteine analogs which react just as well as cysteine
with free pyridoxal 5’-phosphate (Shaltiel er al., 1966, 1967).
A systematic study was therefore undertaken in an attempt to
establish which structural features of the cysteine molecule

* From the Department of Biochemistry, University of Washington,
Seattle, Washington. Received February 14, 1969, This work was sup-
ported by grants from the U. S. Public Health Service (AM 7902)
and from the National Science Foundation (GB-3249). For previous
publication in this series, see Hedrick et al, (1969).

1 On leave of absence from the Weizmann Institute of Science,
Rehovoth, Israel. Recipient of a U. S, Government grant under the
Fulbright-Hays Program (1964).

{ Present address: Department of Biochemistry and Biophysics,
University of California at Davis, Calif. Recipient of a Public Health
Service fellowship (No. 5-F2-CA-9939-02) from the National Cancer
Institute, U. S. Public Health Service (1962-1964),

1 w-1,4-Glucan:orthophosphate glucosyltransferase (EC 2.4.1.1).

PYRIDOXAL 5 -PHOSPHATE SITE

antiomorphs for the free cofactor. Evidence is presented for
the existence of a cysteine binding site in phosphorylase. Upon
incubation of the enzyme with radioactively labeled cysteine
and gel filtration on Sephadex G-235, binding of ca. 1 mole of
cysteine per mole of enzyme protomer (mol wt 92,500) was ob-
served. The bound cysteine can be removed by exhaustive
dialysis or urea denaturation indicating that it is probably
linked to the protein by a noncovalent bond or a bond that is
easily hydrolyzed. Data indicate that during both resolution
and reconstitution of phosphorylase the cofactor leaves and
reenters the protein as a pyridoxal S’-phosphate-L-cysteine
complex.

were required for resolution to occur. It was found that both
resolution of phosphorylase and reconstitution of the apo-
phosphorylase with pyridoxal 5’-phosphate are stereospecific
processes, i.e., they occur with L- but not with D-cysteine.
Furthermore, there appears to be a cysteine binding site in
phosphorylase. These findings further elucidate the structure
of the pyridoxal 5’-phosphate site of the enzyme and its pos-
sible involvement in the control of phosphorylase activity. For
previous publication, see Hedrick er a/. (1969).

Materials and Methods

Rabbit muscle phosphorylase » and apophosphorylase &
were prepared, assayed, and characterized as described pre-
viously (Fischer and Krebs, 1958; Hedrick and Fischer, 1965;
Shaltiel er al., 1966; Hedrick et al., 1966). These publications
also describe the determination of rates of resolution and re-
constitution of the enzyme. Molecular weights of 370,000,
185,000, and 92,500 were used for phosphorylase a, b, and the
enzyme monomer, as recently determined (Seery er al., 1967 ;
DeVincenzi and Hedrick, 1967; Ullmann et a/., 1968). Reduced
phosphorylase b was prepared according to Fischer er al.
(1958) and Strausbauch er al. (1967).

D- and L-cysteine as well as the other amino acids and their
analogs were purchased from Calbiochem, Eastman Organic
Chemicals, or Mann Research Laboratories. All other chem-
icals were the best available from commercial sources. L-[3*S]-
Cystine was obtained from the Radiochemical Center, Eng-
land, and pL-[3-'‘C]cystine from Nuclear-Chicago. Each di-
sulfide was reduced to the corresponding sulfhydryl derivative
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FIGURE 1: Stereospecificity in the resolution of phosphorylase b
with cysteine. The resolution medium contained final concentrations
of 2.3 mg/ml of protein, 0.4 M imidazole, and 0.1 M cysteine hydro-
chloride (D or L). The pH was adjusted to 6.5 at 0° with citric acid
and resolution was allowed to proceed at this temperature.

by incubation with a 100-fold excess of nonlabeled, L- or DL-
cysteine, respectively, for 15 min at 37°, pH 8.5.

358 or 1C radioactivity was measured in a Packard liquid-
scintillation spectrometer. Sedimentation coefficients were
determined in a Spinco Model E ultracentrifuge employing
wedge window cells. The temperature during the run was
maintained within +0.2° of the indicated value.

Results

Sterospecific Requirement of L-Cysteine during Resolution.
Previous investigation of the resolution of phosphorylase in-
dicated that the over-all reaction displayed a distinct specific-

Pattern ggggﬁfg‘l’ Szo,w. (8)
A
a L-Cys 8.4
= &
| it b D-Cys 8.3
c ME 8.6
B 5.1 and
d L-Cys heavy
components
e D-Cys 59
f ME 6.0

FIGURE 2: Effect of L-cysteine, D-cysteine, or 2-mercaptoethanol on
the sedimentation properties of phosphorylase b. (A) Phosphorylase
b (5.4 mg/ml) in 0.1 m sodium glycerophosphate, 0.1 M of the
sulfhydryl compound, adjusted at 0° to pH 6.0 with HCI. (B) Phos-
phorylase / (5.3 mg/ml) in 0.4 m imidazole, 0.1 m sulfhydryl
compound, adjusted at 0° to pH 6.0 with citric acid. The tempera-
ture of the rotor was kept at 2.4° during the run and the rotor
speed was 52,670 rpm. The photographs were taken 32 min after
attainment of maximum speed.

2430

SHALTIEL, HEDRICK, AND FISCHER

BIOCHEMISTRY

TABLE I: Resolution of Phosphorylase » in the Presence of
Various Aldehyde Reagents.«

to.; for Loss of Act.

Aldehyde Reagent (min)
Hydroxylamine 3.4
Semicarbazide 21.0
Hydrazine 39.0
Isonicotinylhydrazine 40.0
Bisulfite (Nat) Stables
L-Cysteine 4.44d

« The resolution medium contained a final concentration
of 1.5 mg/ml of protein, 0.4 m imidazole, and 0.1 M of the
aldehyde reagent. The pH was adjusted with HCI to 6.0 at
0° and resolution was allowed to proceed at this temperature.
*In a separate experiment, the protein obtained following
hydroxylamine treatment was isolated after precipitation
with ammonium sulfate and gel filtration through Sephadex
G-25 (see Shaltiel er al., 1966). The material freed of pyridoxal
5’-phosphate regained 807% of its original activity following
restoration of the cofactor (Hedrick er al., 1966), indicating
that loss of activity resulted from resolution and not from
irreversible denaturation. < No loss of activity was observed
within 40 min. ¢ The rates of resolution varied slightly from
one enzyme preparation to the other, perhaps due to trace
contamination by AMP. When aldehyde reagents were com-
pared with one another, experiments were performed with
the same enzyme preparation; L-cysteine was always included
as a control.

ity not only toward the deforming agent but also toward the
carbonyl reagent used to remove pyridoxal 5’-phosphate from
the enzyme (Shaltiel er al., 1966; Hedrick er al., 1967). This is
exemplified in Table I, in which it can be seen that the rate of
resolution of the enzyme varies somewhat from one pyridoxal
5'-phosphate reagent to the other. Of the nonsulfhydryl re-
agents tested, hydroxylamine was the most effective with a half-
life of resolution similar to that obtained with L-cysteine. On
the other hand, amazingly strict structural requirements be-
came apparent when analogs or derivatives of cysteine were ex-
amined. Loss of any one of the three functional groups of cys-
teine (as in cysteamine, 3-mercaptopropionic acid, or alanine
in which the carboxyl, amino, and sulfhydryl groups, respec-
tively, are replaced by a hydrogen atom) or substitution of any
one of these groups (as in cysteine ethyl ester? or S-methyl-
cysteine) abolished resolution. Similarly, no resolution was ob-
served when cysteine was replaced by 2-mercaptoethanol, 2-
aminoethanol, ethylenediaminethioglycolic acid, y-mercapto-
butyric acid, pL-homocysteine, DL-methionine, cystathionine,
reduced glutathione, ergothionine, B-alanine, histidine, hist-
amine, or cycloserine. These experiments were carried out on
a reaction mixture containing final concentrations of 5 mg/ml
of phosphorylase b, 0.1 M imidazole, and 0.1 M amine or

2 A very slow rate of resolution observed (half-life of over 2.5 hr)
would be attributed to trace amounts of free L-cysteine contaminating
the ester in spite of two recrystallizations,
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sulfhydryl compound tested; the pH was adjusted with HCl
to 6.0 at 0° and resolution was allowed to proceed at this tem-
perature. Mild conditions were intentionally chosen (0.1 M im-
idazole vs. 0.4 M in the regular deforming buffer) in case one of
the analogs tested proved to be more effective than cysteine in
promoting resolution of the enzyme ; half-life of resolution with
L-cysteine under these conditions was 21 min. The differences
just described could not be explained in terms of the chemical
reactivity of the various analogs toward the aldehyde group
of pyridoxal 5’-phosphate. In fact, and most unexpectedly, res-
olution did not occur when L-cysteine was replaced by D-cys-
teine, indicating that the process was stereospecific (Figure 1).

The striking difference in the effectiveness of D- and L-cys-
teine in promoting resolution of phosphorylase was also re-
flected in the behavior of the enzyme in the ultracentrifuge.
Phosphorylase b has an ss,, of 8.3-8.6 S when dissolved in a
sodium glycerophosphate buffer (pH 7.0; 0°) containing either
D-cysteine, L-cysteine, or 2-mercaptoethanol (Figure 2A).
However, when the ultracentrifugations were carried out in an
imidazolium citrate buffer, totally different sedimentation
patterns were observed depending uponwhether b- or L-cysteine
was present (Figure 2B). In the presence of L-cysteine, resolu-
tion occurred in the ultracentrifuge cell and the sedimentation
pattern indicated the presence of heavy aggregates character-
istic of the apoenzyme when held at temperatures close to 0°
(Hedrick er al., 1966). With D-cysteine, on the other hand, the
sedimentation pattern was similar to that obtained with 2-
mercaptoethanol, indicating that dissociation to monomers,
but not resolution, had occurred (Shaltiel ez al., 1966).

Cysteine (I) reacts with pyridoxal 5’-phosphate (II) through
its amino and thiol groups to form a thiazolidine derivative
(III) (Heyl er al., 1948; Buell and Hansen, 1960) (Scheme I).
Since the spectral properties of the thiazolidine derivative
(III) (M\wax 335 mu) differ markedly from those of pyridoxal
5’-phosphate (II) (Amax 395 mu), the equilibrium constant of
this reaction could be determined spectrometrically; a Kycsoen =
2.2 X 103 M~* was found for both D- and L-cysteine in 0.1 M
sodium citrate phosphate buffer (pH 6.8) (Gomori, 1955). Ob-
viously, the inability of D-cysteine to promote resolution was
not due to a lower reactivity toward free pyridoxal 5’-phos-
phate.

D-Cysteine not only failed to promote resolution of phos-
phorylase, but even failed to inhibit this process. In a series of
experiments in which resolution was carried out at various L-
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FIGURE 3: Rate of resolution of phosphorylase 4 as a function of
L-cysteine concentration: effect of added D-cysteine or mercapto-
ethanol. The resolution mixtures contained final concentrations of
2 mg/ml of protein, 0.4 M imidazole, and the indicated concentration
of L-cysteine (—A—). When other thiols were added, the total
concentration of sulfhydryl compounds was maintained at 0.1 M
by addition of either 2-mercaptoethanol (—O—) or D-cysteine
(—®@—). In each case, the pH of the resolution medium was
adjusted to 6.6 with citric acid at 0° and resolution was performed
at this temperature,

cysteine/D-cysteine (or L-cysteine/2-mercaptoethanol) ratios,
keeping the total concentration of SH compounds constant at
0.1 M, rates obtained were essentially identical with those
afforded by L-cysteine alone (Figure 3).

Stereospecificity during Reconstitution of the Enzyme.
Another remarkable effect of SH compounds on the inter-
action of pyridoxal 5’-phosphate with apophosphorylase was
observed during the reconstitution of the enzyme. As expected,
no reconstitution of phosphorylase occurred in the presence of
a large excess (1000-fold over the concentration of pyridoxal
5’-phosphate) of high-affinity aldehyde reagents such as hy-
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FIGURE 4: Reconstitution of apophosphorylase & in the presence of
cysteine analogs and aldehyde reagents. The reconstitution mixtures
were composed of 1.3 mg/ml of apophosphorylase b, 2.5 X 105 M
pyridoxal 5’-phosphate, 2.5 X 10=? u sulfhydryl compound
or aldehvde reagent indicated, and 2.5 X 1072 M sodium glycero-
phosphate. Reactivation was allowed to proceed at pH 7.0, 17°,
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FIGURE 5: Reconstitution of apophosphorylase b with pyridoxal
5’-phosphate in the presence of D- and L-cysteine. The reaction
mixtures contained 2 mg/ml of apophosphorylase 5, 1.7 X 1074 M
pyridoxal 5’-phosphate, and 0.05 M sodium glycerophosphate at
pH 7.0. In A, the total concentration of p- plus L-cysteine was
maintained at 5 X 1072 M, in the ratios indicated. In B, reconstitu-
tion was performed with L-cysteine alone at § X 1073 M (—B—)
and 5 X 10~¢ M (—a—). Temperature during reconstitution was
20 £ 1°.

droxylamine (Figure 4), isonicotinylhydrazine, or sodium cya-
nide (not illustrated). Similarly, reconstitution was very slow in
the presence of D-cysteine or cysteamine. However, when the
same excess of L-cysteine was used, very rapid reconstitution
occurred; in fact, the reaction was even faster than in the pres-
ence of 2-mercaptoethanol (Figure 4) even though this latter
compound binds pyridoxal 5’-phosphate 30 times more
weakly than cysteine (Kussoew = 70 M~ ! for 2-mercaptoethanol).

When reconstitution was carried out with mixtures of D-
and L-cysteine (Figure 5A), again keeping the total concentra-
tion of cysteine constant at 0.1 M, the reaction was greatly in-
hibited by a large excess (e.g., 90-fold) of D-cysteine. Inhibi-
tion was definitely due to competition between the two isomers
of cysteine for the free cofactor, not to the low concentration
of L-cysteine present (5 X 10~% M in the case cited above): L-
cysteine alone allowed for a rapid reconstitution of the enzyme
even at this low concentration (Figure 5B).

Stoichiometric Binding of Cysteine to Phosphorylase. The
above results could be interpreted by assuming that during res-
olution or reconstitution of phosphorylase, the cofactor
leaves or reenters the protein as a pyridoxal 5’-phosphate—L-
cysteine complex, such as the thiazolidine derivative (IID). If
this were the case, an L-cysteine binding site might be present
in the enzyme. To investigate this point, phosphorylase b was
incubated with either L-[¥3S]cysteine or bDL~[3-14Clcysteine,
precipitated with ammonium sulfate, and then subjected to gel
filtration on Sephadex G-25 (Figure 6A). Stoichiometric
amounts of labeled cysteine (ca. 1 mole of cysteine/mole of en-
zyme protomer mol wt 92,500) were bound to the protein
(Table II).

The stoichiometric binding of cysteine to the holoenzyme
was not altered significantly when the gel filtration was per-
formed in the presence of glucose 1-phosphate (substrate) or
AMP (an allosteric effector) which otherwise affect dramati-
cally the structure and catalytic function of the enzyme (for re-
view, see Brown and Cori, 1961, and Krebs and Fischer, 1962).
It was even abserved in the presence of the deforming medium
(0.4 M imidazole adjusted to pH 6.0 with citric acid) used to
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FIGURE 6: Binding of labeled cysteine to phosphorylase 4. The
AMP-free enzyme was dissolved in 0.05 M sodium glycerophosphate
(pH 7.0) and diluted to a concentration of 3 mg/ml. This solution
(2.5 ml) was diluted with 10 ml of 0.05 M sodium glycerophosphate
containing 5 X 10~3 pL-[14Clcysteine (pH 8.5). After standing for
15 min at 37°, the protein was precipitated by addition of an equal
volume of saturated ammonium sulfate containing 0.05 M sodium
glycerophosphate (pH 7.0). After centrifugation, the pellet was
dissolved in 1 ml of 0.05 M sodium glycerophosphate (pH 6.5) and
subjected to gel filtration at 22° on a Sephadex G-25 column (1.5 X
25 cm) previously equilibrated (A) with 0.05 M sodium glycerophos-
phate (pH 6.5) or (B) 0.05 M sodium glycerophosphate containing
4 m urea (pH 6.5). Fractions (1 ml) were collected and characterized
for protein concentration ( ) and radioactivity (-- @ - -).

bring about resolution of phosphorylase b, in this instance, res-
olution did not occur during passage through the column be-
cause of the low concentration of cysteine present (see Figure
5 in Shaltiel et al., 1966). Binding of cysteine was also observed
with NaBH -reduced phosphorylase 5 to nearly the same ex-
tent as with the native enzyme (Table ID).

Little binding occurred when gel filtration was performed
in the presence of 4 M urea where phosphorylase b loses its
native conformation and releases pyridoxal 5’-phosphate
(Figure 6B and Table I). The bound labeled cysteine could
also be removed from the enzyme by 48-hr dialysis at 0°
against 0.05 M sodium glycerophosphate buffer (pH 6.0) or
by simple exchange with a number of SH compounds. In the
former instance, removal of the labeled cysteine probably re-
sulted from a slight dissociation of the cysteine protein com-
plex and shifting of the equilibrium by air oxidation of cys-
teine to cysteine. Most conveniently, the enzyme was dissolved
in a buffer containing 2-mercaptoethanol, L-, or even D-cys-
teine, and filtered through a Sephadex G-25 column (Table
ID).

The binding of cysteine to apophosphorylase 4 proved to
be more difficult to study since the protein fractions often
became turbid, apparently due to partial denaturation of the
apoenzyme; the turbid solutions could not be fully reactivated
with pyridoxal 5/-phosphate even in the presence of L-cysteine
or 2-mercaptoethanol. In these instances, the apoenzyme
bound only small amounts of cysteine varying from 0.15 to
0.18 mole per mole of enzyme protomer. In some experiments
where precipitation did not occur, binding of cysteine to the
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TABLE II: Binding of Labeled Cysteine to Phosphorylase b, NaBH ;-Reduced Phosphorylase b, and Apophosphorylase b.

Sp Act. Measured

Moles of In the In
Cysteine Bound/ Absence Regular
Cysteine Mole of Enzyme of Added Assay
Enzyme Medium Isomer Protomer Thiols? Buffer:
Phosphorylase b Sodium glycerophosphate? 14C, DL 0.82 22 55
Sodium glycerophosphate S, L 1.03 23 53
Sodium glycerophosphate + 4C, DL 0.96 31 81
glucose 1-phosphate (5 X
102 M)
Sodium glycerophosphate + uC, DL 0.90 40 62
AMP (103 M)
Imidazole (citrate; 0.4 M) uC, pL 0.96 41 70
Sodium glycerophosphate + uC, oL 0.22 0 0
urea (4 M)
Sodium glycerophosphate HC, DL 0 22 53
(exchange with 2-mercap-
toethanol)
Sodium glycerophosphate HC, DL 0 24 56
(exchange with L-cysteine)
Sodium glycerophosphate 14C, DL 0 20 6C
(exchange with D-cysteine)
Reduced phosphory- Sodium glycerophosphate uC, pL 0.74 10 17
lase &7
Apophosphorylase b Sodium glycerophosphate “C, DL 0.15 precipitates
Sodium glycerophosphate 35S, DL 0.18 precipitate
Sodium glycerophosphate 1C, pL 0.37 no precipitate

o For the procedure used in these experiments, see legend to Figure 6. The Sephadex G-25 column was equilibrated in each
case with the solution described under Medium at pH 6.5. In the exchange experiments, the pellets obtained after ammonium
sulfate precipitation were taken up in 1 ml of sodium glycerophosphate buffer (pH 6.5) containing 0.1 M sulfhydryl compound
listed; these solutions were incubated for 30 min at 22° and then subjected to gel filtration. ® The specific activity was determined by
diluting the material in the protein peak fraction with 0.05 M sodium glycerophosphate (pH 6.5). < Determined in 0.1 M maleate-
0.04 M mercaptoethanol buffer (pH 6.5) containing 1 mg/ml of bovine serum albumin (Hedrick and Fischer, 1965). ¢ Average of
four experiments with deviations within +10%;. ¢ This material was completely inactive due to urea denaturation. / NaBH;
reduction was achieved to the extent of 98.5%; the reduced enzyme had a specific activity of 30 units/mg. ¢ These protein frac-

tions were turbid as they emerged from the column,

extent of 0.48 mole/mole of phosphorylase protomer was ob-
served.

There is no indication that cysteine is chemically modified
during its binding to phosphorylase. In one experiment, the
bound [14Clcysteine was first displaced with an excess of un-
labeled L-cysteine, then the reaction mixture was deproteinized
by perchloric acid precipitation.® Paper chromatography and
electrophoresis of the supernatant solution indicated that the
labeled cysteine had not been modified (Figure 7). Similarly,
no loss of radioactivity from L-[33S]cysteine was observed, as
would have been expected if H:S had been released.

Sulfhydry! Compounds and Phosphorylase Activity. In view

3 Exchange with an excess of unlabeled cysteine was necessary prior
1o acid precipitation of the protein to prevent some coprecipitation of
the labeled material.

PYRIDOXAL S5'-PHOSPHATE SITE IN PHOSPHORYLASE

of the known activation of phosphorylase by sulfhydryl com-
pounds (Cori er al., 1943; Green and Cori, 1943; Buell and
Hansen, 1961), it was of interest to establish whether: (a) this
phenomenon also exhibited a stereospecific requirement for the
L isomer of cysteine, (b) the stoichiometric amount of cysteine
bound to the protein sufficed to activate the enzyme, and (¢)
activation could be afforded by compounds other than thiols.

Phosphorylase to which [*‘C]cysteine had been added was
freed from sulfhydryl compounds by dialysis, precipitation with
ammonium sulfate, and then gel filtration on Sephadex G-25.
Total removal of thiols was followed by loss of radioactivity.
When the cysteine-free enzyme was further diluted with an
SH-free buffer and assayed, a low specific activity was ob-
served (8-12 units/mg, Table III). However, dilution buffers
containing either 2-mercaptoethanol or D- or L-cysteine
produced a six- to sevenfold enhancement in activity (Table
).
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FIGURE 7: Characterization of labeled cysteine bound to phos-
phorylase. The protein fractions containing stoichiometric amounts
of [14C]cysteine as obtained in the experiment illustrated in Figure
6A were pooled, then incubated 10 min at 22° with unlabeled
L-cysteine (final concentration 102 Mm). Perchloric acid (6 N)
was added to a final concentration of 0.3 N and the nonradio-
active precipitate formed was spun. After removal of the perchloric
acid by precipitation with KOH, the supernatant was freeze dried,
dissolved in 0.2 ml of water, and 25 ul was applied on paper for (A)
descending chromatography in butanol-acetic acid-water (4:1:5,
v/v) and (B) electrophoresis in pyridine acetate (pH 6.5), 40 V/cm
for 1 hr. The paper was cut into equal strips (1.5 cm wide) and radio-
activity was monitored (——). A labeled cysteine solution identically
prepared except that phosphorylase was omitted from the incubation
reaction mixture was used as marker (— —). Arrows indicate the
starting points on the chromatogram and electropherogram.

TABLE 1 Effect of Various Compounds on the Activity
of Phosphorylase b.*

Additives Sp Act.
None 11
0.05 M 2-mercaptoethanol 69
0.05 M cysteamine 68
0.05 M L-cysteine 68
0.05 M D-cysteine 63
0.05 M EDTA 70
0.05 M 8-hydroxyquinoline 58
0.05 M imidazole 55
1 mg/ml of albumin 72
Assay buffer (control) 77

« AMP-free phosphorylase 5 (1.1 mg/ml in 0.02 M sodium
glycerophosphate, pH 6.5) was freed from SH compounds
to a level below 0.1 mole/mole of enzyme protomer as indi-
cated in the text. This solution was diluted 1:40 with each
of the indicated solutions (all at pH 6.5), preincubated for
10 min at 30°, and then assayed. * As described by Hedrick
and Fischer (1965).
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FIGURE 8: Effect of imidazole and Mg?* ions concentration on the
specific activity of phosphorylase 5. Phosphorylase 4 (6.6 mg/ml)
was freed from AMP and sulfhydryl compounds (see legend to
Table III). Aliquots were diluted 1:40 with various concentrations
of: (—QO--) imidazole (Cl7); (—-@--) MgCly; (—A—) imidazole-
MgCl; (1:1 molar ratio); (—O—) imidazole-MgCl, (1:5 molar
ratio). All assays were performed at pH 6.5.

In the presence of stoichiometric amounts of protein-bound
cysteine, the specific activity of phosphorylase 4 was 20-23
units/mg (Table II), i.e., about twice that obtained in the total
absence of SH compounds. If AMP or glucose 1-phosphate
were present during the preparation of the cysteine-phos-
phorylase (1:1) complex, the enzyme exhibited even higher
specific activities reaching 40 and 31 units per mg, respectively.
In all instances, much higher specific activities were observed
when the various enzyme preparations were assayed in the
regular dilution buffer containing an excess of sulfhydryl com-
pounds.

Phosphorylase did not display an absolute requirement for
SH compounds for maximum activity. As seen in Table III,
albumin, EDTA, 8-hydroxyquinoline, and imidazole (see
also Figure 8) were all capable of restoring enzyme activity;
maximum values of 75-85 units/mg were obtained in the
maleate—-albumin-2-mercaptoethanol buffer described by Hed-
rick and Fischer (1965).

Activation of phosphorylase by imidazole is reminiscent of
that described for phosphoglucomutase where two- to six-
fold increases in specific activity were observed following pre-
incubation with imidazole and Mg?** (Robinson and Najjar,
1960; Harshman et al., 1965). However, in the case of phos-
phorylase, activation occurred with imidazole alone and was
not enhanced by addition of magnesium ions (Figure 8).

Discussion

As discussed in the preceding paper, two possible mech-
anisms can be visualized for the involvement of cysteine in
the resolution of phosphorylase. In the first pathway, defor-
mation of the enzyme unmasks the pyridoxal 5’-phosphate
site and allows uptake of cysteine; the latter attacks the bonds
connecting the cofactor to the protein, weakened by distortion
of the molecule, and brings about their cleavage. In the second
pathway, deformation of the enzyme labilizes the bonds be-
tween phosphorylase and pyridoxal 5’-phosphate and the
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latter spontaneously dissociates from the enzyme; cysteine
merely shifts the equilibrium to the fully dissociated state.

An apparent paradox is that cysteine accelerates both reso-
lution and reconstitution of the enzyme. The difference is,
of course, that resolution is carried out in the presence of the
deforming buffer whereas reconstitution is carried out in
glycerophosphate. A further complication results from the
experiment reported in Table 11; it indicates that even when
the enzyme contains 1 mole of bound cysteine/mole of en-
zyme protomer, addition of 0.4 M imidazole citrate (a classical
deforming buffer) will not bring about resolution. Clearly,
removal of pyridoxal 5’-phosphate requires both the deform-
ing agent and a Aigh concentration of cysteine (e.g., greater
than 10~2 M) as previously determined (Shaltiel es al., 1966).
The reason for the excess cysteine requirement and whether or
not this amino acid acts synergistically with imidazole citrate
to further distort the pyridoxal 5’-phosphate site is not known.

The finding that resolution proceeds rapidly with L-cysteine
and not with D-cysteine (even though the two isomers have
identical association constants with free pyridoxal 5’-phos-
phate) clearly excludes the second alternative. Therefore,
L-cysteine must interact with the cofactor while the latter is
still bound to the protein and forms the thiazolidine deriv-
ative (III) in situ; the latter then dissociates from the protein.
The fact that stereospecificity is observed during reconstitution
strongly supports the view that pyridoxal 5’-phosphate also
reenters the protein as a thiazolidine derivative.

A large variety of cysteine analogs do not promote resolu-
tion and reduce dramatically the rate of reconstitution of phos-
phorylase with pyridoxal 5‘-phosphate. This suggests that all
three functional groups of L-cysteine are involved in the pro-
cesses of resolution and reconstitution, as if there were some
sort of functional recognition on behalf of the enzyme for this
amino acid, and a specific site for its binding. This hypothesis
is strongly supported by the findings that phosphorylase does
indeed bind equimolar amounts of cysteine, presumably at
the pyridoxal 5’-phosphate binding site.

How is cysteine bound to phosphorylase? Its removal from
the enzyme by exhaustive dialysis or by gel filtration in the
presence of 4 M urea strongly suggests that either noncovalent
bonds or very easily hydrolyzable covalent bonds are involved.
This would seem to exclude the formation of a mixed disul-
fide, unless one assumed that a mixed disulfide could be dis-
placed by a sulfhydryl residue on the protein, to give an inter-
or intramolecular disulfide derivative of the protein and free
cysteine. There is no evidence for the presence of such disul-
fide bonds in phosphorylase.

In view of the proposal that at neutral pH, pyridoxal 5’-
phosphate is bound to phosphorylase as a substituted ald-
amine derivative involving the e-amino group of a lysyl resi-
due and an additional group X (Kent et al., 1958; Fischer
et al., 1963; Fischer, 1964), the possibility was considered that
the extraneous cysteine molecule taken up by the enzyme
provides this group X, for instance, by forming a bond be-
tween its sulfur atom and the 4’-carbon of pyridoxal 5/-phos-
phate. However, NaBH.-reduced phosphorylase which could
not form such a bond was found to bind almost stoichiometric
amounts of cysteine.

Attempts to determine the binding of cysteine to the apo-
enzyme were complicated because of denaturation of the
latter. Nonetheless, binding of up to 0.48 mole/mole of en-
zyme protomer was observed indicating that the cysteine site

PYRIDOXAL 5'-PHOSPHATE SITE IN PHOSPHORYLASE

might be operative even after removal of pyridoxal 5’-phos-
phate.

There does not seem to be a connection between the stereo-
specific requirement of L-cysteine during resolution and
reconstitution of phosphorylase, and the need of SH com-
pounds for maximum activity. Phosphorylase can be acti-
vated by various SH compounds including L- or D-cysteine.
Furthermore, it was shown above that imidazole, EDTA, 8-
hydroxyquinoline, etc., also activate the enzyme in the absence
of thiols (see also Buell and Hansen, 1961).

The reason for the presence of a cysteine binding site in
phosphorylase is not apparent. It is unlikely that binding of
cysteine is associated with another catalytic activity of the
enzyme since none was found under a variety of reaction con-
ditions (Hedrick and Fischer, 1965). As shown here, the cys-
teine molecule bound to phosphorylase is not modified by the
enzyme. However, the fact that the binding of cysteine is
stoichiometric and stereospecific may indicate that this phe-
nomenon is of physiological significance; conceivably, it
could provide a means by which the activity of phosphorylase
could be regulated through resolution and reconstitution of
the enzyme.
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Isolation and Characterization of a Phytohemagglutinin

from the Lentil”

Irmgard K. Howardt and Harvey J. Sage}

ABSTRACT: A hemagglutinin from the common lentil has been
isolated from crude extracts by precipitation in slightly acid-
ified water followed by either DEAE-cellulose chromatog-
raphy or elution from a Sephadex G-100 column with 0.1 M
D-glucose. The hemagglutinin thus prepared exhibited a
single precipitin arc on immunoelectrophoresis and a single
symmetrical peak on ultracentrifugation. The sedimentation
coefficient did not vary appreciably over a range of concen-
tration from 2 to 8 mg per ml, and the 3, = 4.0 S. Despite
the homogeneity indicated by the above criteria, Lens culinaris
hemagglutinin consistently migrated as a smear upon pro-
longed electrophoresis on cellulose acetate at pH 8.6. Red

Hemagglutinins are proteins which combine with red
cell surface structures causing visible clumping. Although
the most familiar ones are antibodies (e.g., human blood-
group isoagglutinins), there are a large number whose occur-
rence does not appear to be immunologically induced. Such
“naturally occurring” hemagglutinins have been noted in the
Limulus crab (Marchalonis and Edelman, 1968a) and the
lamprey eel, Petromyzon (Marchalonis and Edelman, 1968b).
Many hemagglutinins are found in plants and are known as
phytohemagglutinins or lectins (Boyd, 1954). Structural
studies have been performed on only a few phytohemagglu-
tinins (Agrawal and Goldstein, 1968; Olson and Liener,
1967b; Rigas et al., 1966) and little is known about their in
vivo function or about the nature of the hemagglutinin—eryth-

* From the Departments of Biochemistry and Pathology, Duke
University Medical Center, and Veterans Administration Hospital,
Durham, North Carolina 27706, Received January 31, 1969. Supported
in part by the U, S, Public Health Service and the National Institutes
of Health, A preliminary account has been presented (McGregor and
Sage, 1968).

1 U. S. Public Health Service trainee., A portion of the material to be
submitted by I. K. H, for the Ph.D. in Biochemistry, Duke University.

1 U. S. Public Health Service career development awardee.

2436

HOWARD AND SAGE

cells of different animal species were agglutinated to specific
extents by the hemagglutinin; some strongly, others moder-
ately, still others not at all. A saccharide binding site was
implicated in the agglutination reaction by the following ob-
servations: (a) several soluble saccharides inhibited agglu-
tination to various degrees; (b) D-glucose, a good inhibitor
of agglutination, could protect the hemagglutinin against heat
denaturation; (c) the hemagglutinin adhered to columns of
dextran gels in which the pore size was such that the aggluti-
nin could reach the interior of the gel; (d) the hemagglutinin
could be eluted from such gels with D-glucose but not with
buffer alone.

rocyte bond(s). A number of phytohemagglutinins appear to
combine specifically with saccharide-containing structures of
the red cell surface (Makeld, 1957). It has been suggested that
phytohemagglutinins react with their receptor molecules in a
manner similar to antibodies (So and Goldstein, 1967). It
has also been suggested (Agrawal et al., 1968) that some lectins
may serve as ideal models for studying protein—carbohydrate
interactions because, unlike antibodies, phytohemagglutinins
can be readily obtained in a homogeneous state,

The common lentil, Lens culinaris or Lens esculenta, was
first reported to contain a hemagglutinin, L. culinaris hem-
agglutinin, by Landsteiner and Raubitschek (1908). L.
culinaris hemagglutinin has been termed an “unspecific” phy-
tohemagglutinin because it agglutinated red cells of all human
blood groups equally well (Mikeld, 1957). The receptor
site(s) for L. culinaris hemagglutinin probably contained a
saccharide moiety since a number of sugars (D-glucose, D-
mannose, D-fructose, etc.) specifically interfered with hem-
agglutination. These sugars fell into the group III saccharides
of Mikeld (1957).

Because L. culinaris hemagglutinin was easily obtained
from a common source and reacted with simple sugars, it ap-
peared to be a useful material for studying the structure and



