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Kinetic study on the dimer-tetramer interconversion of phosphorylase b
by a stopped-flow X-ray scattering method
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The dimer-tetramer interconversion of phosphorylase b induced by the binding of AMP and Mg?* was monitored using a
stopped-flow X-ray scattering method. The rate constants of this second-order reaction have been determined by a nonlinear
least-squares method. Burst phases in both radii of gyration and zero-angle intensities were detected at the initial step of the reaction.
This suggests that rapid association might take place, followed by a slow association process of which the kinetics were measured in
the present study. The radius of gyration of tetrameric phosphorylase b was determined and found to be in excellent agreement with
that of phosphorylase a, but different from that of phosphorylase b reported elsewhere (G. Puchwein, O. Kratky, C.F. Golker and E.
Helmreich, Biochemistry 9 (1970) 4691). The reason for this inconsistency is discussed.

1. Introduction

Phosphorylase, an enzyme catalyzing glycogen

degradation, plays an important role in the regu-
lation of glycogen metabolism in muscle. It exists
in two interconvertible forms: phosphorylase b
and a. In conversion of phosphorylase b to a, a
seryl OH side chain of the phosphorylase proto-
mer b is phosphorylated through the action of
phosphorylase b kinase, together with ATP and
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Mg?*. The reverse reaction, conversion of phos-
phorylase a to b, is catalyzed by phosphorylase
phosphatase. Phosphorylase a and b are com-
posed of four or two identical subunits of molecu-
lar weight 96 000 under physiological conditions,
respectively. It has been observed that the inter-
conversion equilibrium between the dimeric and
tetrameric forms of phosphorylase b is completely
shifted toward the dissociated form in the absence
of effectors at any temperature [1].

Two AMP-binding sites have been detected on
each enzymatic subunit via different techniques
[2,3]. AMP binding might exert a significant effect
on both activity and association of the enzyme.
The presence of certain divalent cations, such as
Mg?*, Ca?* and Mn?*, increases the affinity of
the enzyme for AMP, which implies a rise in the
extent of tetramerization [5].
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X-ray scattering provides a useful tool for
studying the conformation of macromolecules in
solution. Direct information is thereby available
on the gross conformation of biological macro-
molecules [5-8]. Since synchrotron radiation has
been-used as an intense X-ray source, the time-re-
solved study of X-ray scattering has been consid-
ered most promising. This procedure has been
applied in studies on the dissociation of aspartate
transcarbamylase [9,10], assembly of hemoglobin
subunits [11] and assembly of bromomosaic virus
[13]. In this paper, we report the kinetics of the
dimer-tetramer interconversion of phosphorylase
b monitored by using a stopped-flow X-ray
scattering method and the influence of Mg>* con-
centration on the kinetic parameters.

2. Materials and methods

Phosphorylase b was purified from rabbit
skeletal muscle according to the method of Fischer
and Krebs [13]. On average, 500 mg phosphory-
lase b was extracted from 500 g skeletal muscle.
Enzyme concentration was determined spectro-
photometrically using an extinction coefficient of
El* =132 at 280 nm [14]. : :

Enzymatic activity of phosphorylase b was
estimated by measuring the phosphate produced
from glycogen and glucose 1-phosphate; the re-
verse process of the native reaction in vivo. The
phosphate produced was quantitated as described
by Fiske and Subbarow with some modifications
[15,16]. Enzyme activity was estimated from the
slope of a straight line through the origin of a plot
of phosphate produced vs. time.

X-ray scattering experiments were performed
with a stopped-flow apparatus at beam line 15A1
of the Photon Factory, National Laboratory for
High Energy Physics. The camera and detection
systems have been reported in detail elsewhere
{17,18]. In this experiment, the sample solution
was irradiated with monochromatic X-rays (1.55
A) and scattered X-ray intensities were recorded
on a position-sensitive proportional counter (512
channels) of camera length 2403 mm and channel
width 0.368 mm. For all X-ray scattering measure-
ments, scattered X-ray. intensities were corrected

in order to cancel out the effect of the intensity
decay of the incident X-ray beam by means of the
ionization current of an ion chamber placed in
front of the sample cell. The scattering data were
normalized with respect to exposure time and
enzyme concentration. Normalized data were also
subjected to background subtraction. In the pre-
sent study, X-ray scattering data are expressed in
terms of A =4 sin /X, and have been analysed
in the form of Guinier plots.

50 mM B-glycerophosphate/mercaptoethanol
(pH 6.8) was used as a pH buffer solution in all
experiments. The temperature of solutions was
maintained at 25+0.1°C throughout. All re-
agents used were of guaranteed or better grade.

3. Theoretical basis for data analysis

X-ray scattering investigation affords us the
structural parameters of the macromolecule. In
particular, the radius of gyration and zero-angle
intensity, which is proportional to the number of
electrons in the molecule, are obtained directly
from Guinier plots of the X-ray scattering data.
Our intention is the elucidation of the dimer-tetra-
mer interconversion in terms of these two parame-
ters. ‘

The dimer-tetramer interconversion of phos-
phorylase b is represented by:

ka
2D*=T*

ky,
where D* and T* designate the dimer and tetra-
mer, respectively. k, and k., are the rate constants
of the association and dissociation process, respec-
tively.

The molar fraction of tetramer in the unit of

dimer concentration, W, and the dimer fraction,
1 — W, are defined as:

9T

Y= TE

_ o [D*]

1-W ] (0))

where [D*] and [T*] denote total concentration
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of dimer and tetramer, respectively. [E] represents
the total concentration of enzyme in the unit of
dimer concentration, i.e., [E]=[D*]+ 2[T*].

The zero-angle scattering intensity I(0) of the
binary system is given by,

1(0) = 0.5WIL.(0) + (1 = W) Ip(0) )

where I1(0) and I,(0) are the zero-angle intensi-
ties of tetramer and dimer, respectively. Using the
relationship 71(0) = 4I5(0), this equation can be
written as:
I(0) = 2WI,(0) + (1 - W)I,(0)

=(1+ W) Ip(0).

Therefore, we obtain the tetramer fraction, W, in
terms of zero-angle scattering intensities:

w=[10)/1p(0)] - 1. 3.

Assuming that phosphorylase b is in the di-
meric form in the absence of both AMP and
Mg2*, we can obtain the value T(0). Thus, the
tetramer fraction W can be evaluated using eq. 3.
In the present study, the tetramer fraction W did
not reach unity even at high Mg2* concentrations
as shown in table 1. As a consequence, the radius
of gyration of the tetramer could not be obtained
directly.

The apparent radius of gyration, R;, of the
binary system is related to the radii of gyration of
tetramer and dimer as:

2_ 0.SMWZER%+ (1— W)MARE
8 0.5WME+ (1 - W)M3

(4)

Table 1

Tetramer fractions and ratios @ (R/Rp) in equilibrium at
different Mg2" concentrations in the presence of 1 mM AMP

[Mg?* ] (mM) w «
0 022 1.26
10 - 0.63 1.21
25 0.77 1.21
50 0.83 1.24
100 0.83 - ‘ 1.24

where M+ and R; denote the molecular weight
and radius of gyration of the tetramer, respec-
tively, with My, and R, corresponding to those of
the dimer. Using the relationship My = 2 Mp,, the
apparent radius of gyration can be reduced to

give:
_2WR+(1-W)R}

2
R= T )
or

, R: [RAO+W)/RE|-1+w
o= Ezl; = 2W . (6)

Since Ry is determined from the scattering
curve in the absence of both AMP and Mg?™, as
in the case for I5(0), we can calculate the value a
for any tetramer fraction W. As listed in table 1, «
is nearly constant at any Mg2" concentration,
which implies the validity of this approach. We
can then estimate the radius of gyration of tetra-
mer R using eq. 6.

In the stopped-flow study, tetramerization of
phosphorylase b was initiated by mixing with
AMP and Mg?2*. The rate equation for this pro-
cess can be expressed as:

A - kD F = plTe]

=k ([E] - 2[T*])* — ey [T*]

= ki [E] = (4k,[B] + &, )[T*]
+4k,[T*]". | ‘ (7)

On equilibrium being attained, d[T*]/dr =0, ie.,

ﬂ::_] = ka([E] - 2[T*]eq)* — ku[T*)eq =0
then -

ky _ ([E1-2[T*])’ _ 2AEI0 - )"

ka [T*]eq Weq

_ 2[E](:V:; w3) _E) ®)
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where subscript eq designates the equilibrium
value. Introducing eqs. 1 and 8 into eq. 7, we
obtain:

aw Q+w2)w |
d— = 2[E]k 1- T + W
=2[E]k, (W - W3 )(W— Wy). (9)

Integration of this equation under the boundary
condition, W= W, at =0, yields the following
solution for the differential equation:

1- W, W 1- W W,
=|n
1-W'w  1-WJ'W
2(E](1 - w2)
+—— A
Weq
=-lnA+Ct (10)

Since W, can be obtained from eq. 3, a plot of
In[(1 — W, W)/ (= W 'W)) vs. time ¢ should
give a strmght line. We can calculate k, from the
slope of the straight line and obtain kb further
from eq. 8.

Eq. 10 can also be written as:

_ 1—Ae™
Wo! — Wegde ™

(11)

Introducing eq. 11 into egs. 3 and 5, the
zero-angle scattering intensity and apparent radius
of gyration at time ¢ after mixing can then be
obtained:

1—Ade™™
1(0) = ID(O)(I + W WA (12)
2_ p2 2(a* —1)(1 — 4e”*)
K _RD[l i +m3')-Q+ Weq)Ae“”]
(13)

According to egs. 12 and 13, the rate constants k,
and k, can also be obtained by fitting the experi-
mental time course with a nonlinear least squares
method.

4. Results
4.1. Solution X-ray scattering in equilibrium

Solution X-ray scattering patterns of phos-
phorylase b were recorded in the absence or pres-
ence of 1 mM AMP and various concentrations of
magnesium acetate. The intensities were normal-
ized with respect to concentration and exposure
time, and the background scattering patterns for
each data set were subtracted.

Fig. 1 shows Guinier plots of a small-angle
region. Unbroken lines represent the least-squares
fits [19]). One can observe that the radius of gyra-
tion R, and zero-angle intensity /(0) increase
upon bmdmg of AMP and Mg?*. In the absence
of AMP and Mg?*, R, was estimated as 39.32 A
(0.018 < /1 < 0.028 A~ i!), in excellent agreement
with the value reported in ref. 20. It may also be
noted that the linear regions can be expanded to
the greater value of h (2<0.028 A~1). In the
presence of 1 mM AMP and 100 mM Mg?*, the
tetramer fraction W was 0.83 by substituting
1(0)/I5(0) = 1.83 into eq. 3. This result at least
implies' that most of the dimeric phosphorylase b
associates into the tetrameric form upon ligation

LI L) T T
14p
12+ 2 .
10%
£ 8F s
=
£ &k 4
a4 -
2F 4
A A 4 i
) 00004 00008 00012 00016 0002
R (R-%)

Fig. 1. Guinier plots of solution X-ray scattering data for
phosphorylase b in the absence (trace 1) and presence (trace 2)
of 1 mM AMP and 100 mM Mg?*; enzyme concentration, 12
mg/ml. Scattering intensitics are normalized for incident beam
intensity, exposure time and enzyme concentration. Back-
ground scattering intensities have been subtracted. Solution
contained 50 mM B-glycerophosphate mercaptocthanol as pH
buffer (pH 6.8); 25°C.
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Fig. 2. Effects of Mg2* concentration on R (@) (scale on left
ordinate) and 1(0)/I(0) (©) (scale on right ordinate). Other
conditions as in fig. 1.

with AMP and Mg?*. Fig. 2 demonstrates the
effects of Mg2* concentration on R, and
I(0) /I5(0) in the presence of 1 mM AMP. Both
parameters increase with increase in Mg?* con-
centration. R, increases from 43.2 to 48 A
asymptotically with rise in Mg?* concentration.
The values of W, and « (= R1/Rp) under dif-
ferent conditions are listed in table 1. Using an
average value of a=1.232, the radius of gyration
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Fig. 3. Time-resolved X-ray scattering patterns of phosphory-

lase b at different times after mixing with AMP and Mg2*.

Final concentrations: 1 mM AMP and 100 mM Mg?*. Respec-

tive patterns A-C were recorded at 0.5, 5 and 47 s after
mixing. Other conditions as in fig. 1.
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Fig, 4. Time course of zero-angle intensity 7(0) for tetrameriza-

tion of phosphorylase 5. Final concentrations: 1 mM AMP

and 100 mM Mg2?*. Data of 15 shots were accumulated.

( ) Theoretical time course calculated from eq. 12 with

I(0) =1015, W, = 0.83, 4=0.89, C = 0.029. Other conditions
as in fig. 3.

of the AMP-ligated tetramer R is calculated to
be 39.32x1.232=48440.6 A, which is con-
sistent with the value for tetrameric phosphorylase
a determined previously [23].
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Fig. 5. Time course of variation in radius of gyration R g with
tetramerization of phosphorylase b. Final concentrations: (H) 1
mM AMP and 100 mM Mg?* (15 shots accumulated); (®) 1
mM AMP without Mg?* (4 shots accumnlated); (a) without
AMP and Mg?* (2 shots accumulated). Data were smoothed
by the method of moving averages (7 points). ( ) Theo-
retical time course calculated from eq. 13 with Rp =1565,
W, =0.83, 4=0.928, C=0.026, a=1.232. Other conditions
asin fig. 3.
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Fig. 6. (a) Dependence of dissociation rate constant k [(®)
from R, (©) from /(0)] on Mg?* concentration. (b) Depen-
dence of association rate constant k, [(®) from R, (O) from
1(0); scale on the right and tetramer fraction at time t = 0, W,
[(a) from R, (a) from I{0) scale on the left] on Mg2*
concentration. k,, k, and W, were obtained by fitting the
experimental time course to eq. 12 or 13 with a=1.232 and
various W, values listed in table 1.

4.2. Stopped-flow X-ray scattering

Two solutions (A and B) were mixed and the
scattered X-rays from the combined solutions were
monitored. Solution A contains phosphorylase b,
the other containing 2 mM AMP and various
concentrations of magnesium acetate. Fig. 3 de-
picts the X-ray scattering patterns at different
times. Both R, and I(0) were estimated for each
time interval and plotted vs. time (figs. 4 and 5).
However, no association kinetics were observed in
terms of R, and I(0) in the absence of Mg”*
irrespective of the AMP concentration; I(0) in the
presence of AMP is greater than that in its ab-
sence by a factor of 1.22 (data not shown).

Fig. 6 shows the dependence of the rate con-
stants and the tetramer fraction at t =0 on Mg?*
concentration. In the presence of 1 mM AMP and
10 mM Mg?2*, the results are in agreement with
those obtained from light scattering [21].

5. Discussion

(1) The recent availability of the stopped-flow
X-ray scattering method represents a powerful
tool for performing kinetic studies on conforma-
tional changes in biological macromolecules. In
particular, the zero-angle scattering intensity in
every case undergoes changes with alterations in
molecular weight upon progression of the reac-
tion. This makes it possible for one to elucidate
the relation between association or dissociation
processes in oligomeric enzymes and their biologi-
cal function.

(ii) The burst phases in both R, and I(0) were
detected during the initial stage of the reaction
(< 0.5 s) in the presence of both AMP and Mg?*.
Since the amplitude of the burst phase appears to
be independent of Mg2?* concentration, it is
probable that very rapid association of the
AMP-enzyme complex takes place prior to the
‘slow’ association upon formation of the ternary
complex with AMP and Mg>* which has been
monitored by stopped-flow X-ray scattering. A
possible explanation is that, if Mg?* binding to
the enzyme-AMP complex is diffusion-controlled,
therefore reaching equilibrium rapidly enough, the
burst phase seems to imply that conformational
change of phosphorylase b occurs after Mg?*
binding to the enzyme-AMP complex. Either the
conformational change itself proceeds slowly or a
relatively slow association occurs after the confor-
mational change of the enzyme.

When the rapid equilibrium condition men-
tioned above is satisfied, individual Mg2* binding
to the dimeric and tetrameric forms with different
numbers of bound Mg?* remains in equilibrium
during tetramerization. The association process
between a dimer with i Mg?* and another with j
Mg?* is then expressed as:

D(Mg?*),+ D(Mg?*) ;= T(Mg?*),,,.

According to the Adair equation, the con-
centration of dimer with i Mg?** is

[D"‘]A,.[Mgz"’]i

: : (14)
ZAi[Mngr]l




Z.-X Wang et al. / Stopped-flow X-ray scattering of phosphorylase b 159

where A, designates the Adair constant. Similarly,
the concentration of tetramer which is a complex
of the dimer with i Mg®* and the other with j
Mg?" can be written with Adair constant B;; as:

[T* ]Bij[Mg2+] it

Tra, M

rJ

(15)

Similarly to the manner proposed by Wang and
Tsou: {22], the rate constants for this reaction can
be described:

Z ZkiinAj".[MgH]Hj
= - (16)
(ZalveT)

)y Zk—ijBij[Mg2+] "
i Jj

ky = — (17)
T T8, Mg

It is obvious that both k, and k,, are functions of
Mg?* concentration as shown in fig. 6. In princi-
ple, we could determine the constants in egs. 16
and 17 by curve fitting. However, in practice, the
number of parameters in these equations is too
large for one to be able to extract realistic parame-
ters. However, it may be possible to simulate the
trends of the rate constants with respect to Mg?2*
concentration in a qualitative manner.

(iii) Using the average value of a in table 1
(1.232), the radius of gyration of the AMP-ligated
tetramer R, is calculated to be 39.32 X 1.232 =
48.4 + 0.6 A, in good agreement with that of phos-
phorylase a in the absence of ligand {23], but at
variance with the value of 50.2 + 0.75 A estimated
by Puchwein et al. [20]. In the present study, no
correction was made for slit smearing. We con-
clude that this apparent inconsistency in the R,
value for the tetramer is not due to slit smearing
as described in item iv, but probably arises from
the difference in equations used for estimation of
the apparent R, (cf. eq. 4 with eq. 8 in ref. 20).

The scattering intensity of the binary system is

expressed as a linear combination of those of the
dimer and tetramer:

I(R) =0.5WI (k) + (1 — W)In(R). (18)
Individual scattering intensities are described as:
I(h)=F*Q)[1-(1/3)R2n*+ -+ -]

Ir(h) = F2(0)[1 - (1/3)RER*+ -]

In(h) =F3(0)[1 - (1/3)REA% + -]

where F represents the structure factor for each
species. Therefore, we obtain the following rela-
tions.

F%(0) =0.5WF(0) + (1 — W)F3(0)
F*(0)R3=0.5WFZ(0)R: + (1 — W) F3(0) R},
2 _ 0.5SWFFO)R%:+ (1 - W)YF3(0) Ry
& 0.5SWFZ(0) + (1 — W) F2(0)
0.5WNZR%~+ (1 - W)NZR%
T OSWNZT(1- W)NE

(19)

where Ny and Np denote the number of electrons
contained in the tetramer and dimer, respectively.
Assuming that the number of electrons of the
tetramer and dimer are proportional to their
molecular weights, eq. 19 can be written in the
form of eq. 4. Hence, eq. 8 in ref. 20 may be
incorrect.

(iv) In the present study, no correction was
made for slit smearing. We calculated ideal and
slit-smeared scattering curves for spheres of uni-
form density of radii 50 and 60 A with the use of
the optical parameters of our X-ray measurement
system. Guinier plots of these data provided R,
and I(0). Differences in R, values calculated from
the ideal and slit-smeared curves amounted to
0.025% for a 50 A sphere and 0.039% for a 60 A
sphere. Differences in J(0) were also estimated as
1.13% for a sphere of 50 A and 0.85% for a sphere
of 60 A. In the current study, we estimated the
tetramer fraction W at various Mg?* concentra-
tions by using the value of 1(0)/I,,(0). The dif-
ference in I(0)¢,/1(0)sy calculated for the ideal
and smeared curves was estimated as 0.148%.

(v) Usually, the concentration of phosphory-
lase b in vivo is about 1077 M. This value is much
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lower than the dissociation constant of tetrameric
phosphorylase b (K4 =k, /k,=10"> M). Hence,
phosphorylase b appears to be only in the dimeric
form under physiological conditions. It is most
likely that the dimer-tetramer interconversion of
phosphorylase b may be independent of its cata-
lytic function.
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