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Determination of the Equilibrium Constants of Associating
Protein Systems. IV. The Application of the Weight-Average
Partition Coefficient to Analysis of BM; Nonideality Term
(As Applied to Bovine Liver L-Glutamate Dehydrogenase)*

P. W. Chun and S. J. Kim?

ABSTRACT: In numerical evaluation of the equilibrium
constants of associating protein systems of the type
qP1 =— tP; + rP, + sP,, n>m>1>1, or
qP1 —=2gP; + tP; + tPp, + sPr,n > m>1>i> 1,
the more readily obtainable weight-average partition
coefficients can be substituted for the quantities

- (ZCiMi2)/M12

as proposed by Adams (Adams, E. T., Jr. (1967),
Biochemistry 6, 1864) and

In part III of this research communication (Chun
et al. (1969)), it was shown that when the weight fraction
of monomer from the weight-average partition co-
efficients of more than four species are involved in
chemical equilibrium, quantitative evaluation becomes
both tedious and involved.

It is also true that Adams’ (1967) evaluation of the

quantities
2
_ZOMT MY CyM P

M2 3

from molecular weight data is cumbersome. Adams
(1967) pointed out that the determination of the quan-
tity could be complicated by experimental error

_ ZCiMiZ
M2

in the vicinity of zero concentration. In addition, the
quantity

M12ZC1‘/M{2

is a rather unwieldy term due to the required double
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(Adams, E. T., Jr., and Lewis, M, S. (1968), Biochemis-
try 7, 1044). The resulting equations from a combina-
tion of the weight-average partition coefficient and
molecular weight data allow a more simplified evalua-
tion of BM1 (nonideality term) and the weight fraction
of the monomer, Bovine liver L-glutamate dehydro-
genase was used in experimental applications. Results
confirmed the linear indefinite association described in
detail in part III (Chun, P. W., Kim, S. J., Stanley,
C. A., and Ackers, G. K. (1969), Biochemistry 8, 1625
(this issue; preceding paper)).

integration in its determination. Any error introduced in
the first integration is multiplied by the second.

In this paper a quantitative evaluation of BM;
(nonideality term) and the weight fraction of monomer
based on a combination of molecular sieve partition
coefficient and molecular weight data will be proposed
as a method of checking the calculation of these values
at low concentration. The application of two inde-
pendent methods furnishes the needed quantity BM;
and the equilibrium constant of associating protein
systems when more than four species are involved in
the chemical equilibrium. Thus, a correlation of these
two approaches permits the verification of previous
calculations of the equilibrium constant and nonideality
term. Application of both methods provides a dual
check on the mode of association and weight fraction
of monomer in the associating protein model selected.
Molecular sieve chromatography has a special advan-
tage in the studies at low concentration (Ackers and
Thompson, 1965; Ackers 1967a,b, 1968) in that it
avoids the introduction of the two more cumbersome
terms derived by Adams (1967) and Adams and Lewis
(1968) which are the basis of the equilibrium sedi-
mentation method.

The theoretical derivation which follows may be
applied to various model systems, providing that
partition and molecular weight data are collected under
identical conditions.

Elementary Column Matrix Transformation for
Evaluation of BM | and the Weight Fraction of Monomer.
BASIC EQUATIONS AND ASSUMPTIONS. The assumptions
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that are used in the analysis of dssociating protein
systems of all types based on molecular weight data are
(1) that the partial specific volumes of all species are
the same, (2) that the refractive index increments of all
species are equal, (3) it is assumed that the logarithm
of the activity coefficient on a concentration scale for
each species / is described by In"v; = iBM1C + 0(C?),
i=1,2,3,... As the result of this assumption, the
total concentration for the associating protein system
is given by (Adams and Fujita, 1963)

Cn = Kncln (1)

C= ZK1C11 = C; + K2C12 + K3C13 + - (2)

By definition, the weight-average molecular weight
(Goldberg, 1953; Adams and Williams, 1964) for the
associating system is

M M
Mwapp Mw(C)

+ BM\C (3

By using eq 1-3, Adams (1965a) derived

1
q)(w) = =
M, )
— BM
<CMwapp !
SUKC = C1 + 2KeCE 0 (@)

i

Adams (1965a) has shown that one can obtain the
apparent number-average molecular weight, Muapp,
from a series of sedimentation equilibrium experiments
at different initial concentrations, using the equation

C
CM,; M,
= dc =
Mnapp 0 Mwapp
ey, K:Ci" BM,C*
/( ! +BM1C)dC= R
o \Mx) ~ 2
KoC KsC BM,C?
CL+ =5 Cy —3—1— o )

The apparent concentration of monomer for a non-
ideal solution as expressed by Adams and Williams
(1964) is C1 = ae~B¥1C where

f(

& Wwapp (6)

a is obtained from the integration of (M1/Muyapp — 1)
vs. C, where C — 0, C — C. Basic equations given to
this point will suffice for the determination of the non-
ideality term BM1, equilibrium constant, and the weight
fraction of monomer when as many as three species are
involved in chemical equilibrium.

In dealing with four or five species in chemical equi-
librium, Adams’(19’67) and Adams and Lewis (1968)
derived two additional quantities, —3_ C;M;2/M1? and
M,23 Ci/M2,
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i(A.)
_ZCMP  dC\CMyupy

M2 M, T
[CMwapp BMI

—[C1 + 4K2C1° + 9K3C° + -+ ]

= —Zisz‘Cli )
and 2
My C/M —____1 ac =
( Z 0 MnappMuapp
CM1 BM; CM]
BM dC dC —
! 0 Mnapp Tt 2 0 Mwupp
K; C
¥BMY'C + ®)

The necessity for numerical evaluation of the de-
rivative of eq 7 and double integration of eq 8 increases
the chance of errors in calculation even though the
equations themselves are valid. These intricate calcula-
tions can be eliminated by introducing the weight-
average partition coefficient in combination with
molecular weight data. As described in part III (Chun
et al., 1969) of this series, the weight-average partition
coefficient, &+, at low concentration is expressed as
(Ackers, 1967a,b, 1968)

= D oifi + 0(C) )

The first-order term, 3;C.f; = 0, is linear at low
concentration of the molecular sieve partition isotherm.
The weight-average partition coefficient is evaluated
from the following expression

o, = erfc[éiz——AQ:] (Ackers, 1967a,b)  (9a)
0
Substitution of f; = C;/C into eq 9 gives
KCr'
= Yoifi = DT - ! (9b)

Combining eq 9b with the definition of My
(Adams, 1965a,b) gives

Qe

4
[N
9]
1

= > o.K.CildC (10)

where
d¢; M, dC

i My C

an

Integrating eq 10 gives

c .
_ O'{Kq,'Cll
/0 Mw(c)crwdC = / 2 o KiCi A1 = 2

(11a)

! Cases in which the first order term, YC # 0, in equation
gwapp = gw() + 7YC are discussed in detail in Appendix II.
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c

c
My . dc = / < M, +BM1C>&WdC=
o \M.

0 Mwapp w(C)

. c
Z@ + BM, / F-CAC  (12)
0

i

letting

c C .

M K Cr'

A = L g.dC — BM1/ socdC = S K€L
0 Mwapp 0 3 i

(13)

Note that by substitution of simplified eq 9a for
previous eq 7 and 8, the involved calculations have
been eliminated.

It is also possible to establish an empirical relation-
ship, ¢; = 01 — A In i, which is based on the constant
A, the slope of a plot of o; vs. Ini. Substitution of
g: = 01 — Alniinto eq 9 gives

Gu = 01— AD_filni (14)
Equation 10 becomes
— -w Kz ‘ )
to = 2T > i = ZKCInG gy,
A 3 C
Combining eq 14a with eq 11 gives

My

{dC = 2 K.CTl (nddCi (14b)
Mw(c) 3

Integrating eq 14b

c
M

0 My

C1
cdC =/ S K.C ' nidC, =
0 [3
25119— Ini (14¢)

Equation 14c can be expressed in terms of M1/ Mgqp,p a8
follows.

c
My / < My >
—dC = BM C ){dC =
0 Mwnppg- 0 MW(C) * ' g-

c

. c
K.Ci'
Z—TCl—lnHrBMl / CrdC  (14d)
7 0

letting

c

C
M
= / L rdC - BM1/ crdc
0 Mwapp 0

Hence

¢ = ZKEC‘ Ini (15)

Note that eq 14 is an empirical equation based on
o; = —Aln M; + B. This empirical relationship be-
tween the partition coefficient and molecular weight of
i-mer may not hold true for all cases. Until more
exacting measurements of the constant 4 may be made,
use of the empirical method involves a certain risk.

Therefore, the theoretical method based on eq 9b is
preferable for application to other associating protein
model systems.

Six basic equations (2, 4, 5, 6, 9b, and 13) which
incorporate the weight-average partition coefficient can
be used for discrete association when four or more
species are in chemical equilibrium. In addition, the
empirically derived eq 14a and 15 can be applied, with
the precaution that they are less dependable than the
other six. In order to illustrate the use of the basic
equations outlined here, their application to several
discrete cases will be considered. Their use in cases
involving indefinite association is described as applied
to bovine liver r-glutamate dehydrogenase. It was
found that only results for indefinite association fit this
particular protein system.

The evaluations which follow are arrayed in matrix
form, due to their adaptability to computer analysis
and ease of application to various model systems.

qP1 — rP, n>1 (A)

Method 1A. Two species are involved in chemical
equilibrium. The nonideality term, BM, and the weight
fraction of monomer are obtained by the following
procedure. Combining eq 2 and 9b

C C, + K,C1™
Coy = Cr01 + 0,.K,C1" (16)

By determinants (Harris, 1964), the solution to
equation set (eq 16) is given by eq 16a, C1 = D/D,
C, = D3/D, where

1 1 C 1 1 C
D = D = Do =
g1 On ! }C&w Tn ? g, Coy
(16a)
Hence, eq 16a becomes
_|C 1 1 1!
€1 = ’C&w On / o1 On -

Clon — Gw)/(on — a1) (16b)
C, = K,C1" = Do/D = C(6y4 — 01)/(0, — 01)
Since the apparent concentration of monomer for a

nonideal solution as expressed by Adams and Williams
(1964) in eq 6 is C1 = ae~BM1C, Using this expression

and c
M c
o = o T VE

the nonideality term BM can be evaluated from C; or
from C = C; + K,C1" using BM; = 1/Cln (¢/C1).
The equilibrium constant of monomer—n-mer associa-
tion may be evaluated from

C—-C;
K, = —
Cy™

or C, = K,Cy" a7n

Method 2A. For monomer-#-mer association, Adams
(1965a,b) has shown that C = C; + K,.C:™® and
Py = C1 -+ nK,Ci1™ By Kramer’s rule and using (6)

1635

EQUILIBRIUM CONSTANTS OF ASSOCIATING PROTEIN SYSTEMS. IV



1636

_ e _11C 1)
Cl ae D (I>(w) n -
C 1
1 1
5( 7 - BM> n (18)
CM app !
. 11 ¢ |
Cn = KaCr” = 3l eyl
1 C
1 1
D 1 ( 7, - BM> (18a)
CMonpp !
where
11
D—(l nl—(n—l) (18b)

Proper substitution of eq 18b into eq 18 yields
1

(n — Dae 2" = (18¢)

nC — M
CMyapp

— BM,

Rearrangement of eq 18¢ gives

My

wapp

mC - (n ~ 1)ae_BM‘C]|: - BMlc] =0 (18d)
Equation 18d can be used to evaluate the nonideality
term BM by successive approximation. Subroutines
by interaction and elimination for matrix analyses such
as these are readily available for use with computers.
Notice that eq 18d is identical with that of Adams
(1965a), as is shown in the appendix.

Method A3. Combining the empirical relationship of
eq 14a with eq 2 gives the basic equations

C=C1+ K.C1*

C = (InnK,C1" (19

Knowing C; = ae 810 eq 19 becomes

ch 1 |_ e
5'{ Inn| — C<1 In n> (20)
C, = K,.Ci" = C¢/Inn (20a)
The nonideality terms (BM1) of methods 2A and 3A
can be determined by applying eq 18 and 20, respec-

tively. The equilibrium constant of this model system is
evaluated from eq 17.

—~BM,C
C1=ae ™=

qPy — sP,, + rP, n>m>1 (B)

Method 1B. Modified procedure of Adams (1965a,b).
When three species are involved in chemical equilibrium,
the following equations (eq 2, 4, and 5) are solved as
simultaneous equations

C = C1 + KEnC1" + K.C{"
qD(w) = CI + meclm + nKnCI"

1 BM;®

CM 1 m n
L= €1 4+ —K.C1" + -K.C1"
m n 2

Miapp

(21)
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Applying column matrix transformation, one obtains

11 1}|G C

m n||Cni= Dy (21a)
Lol CM; _ BMy®

m n Mierp 2

Note that a matrix array is distinguished from some
other array by the brackets as shown here. By Kramer’s
rule, eq 21a becomes C; = Di/D, C,, = Dg/D, and
C. = D3/D, where

c 11
Dy = Cb(w) m n
! <CM1 _BMiCY\ 11
[ \Mnapp 2 m n
1 c 1
Do = 1 Cb(w) n
2= L (M _ BMC?\ 1
Miepp 2 n
11 c
Ds = 1 m CIf’(w)
8= L L (em BM,C?
m  \Mnuapp 2
11 1
p=il ™™ (21b)
11
1 ni——
m n
Hence
c 11
_ e _ 1 D) m n
€1 = ce D|/cMi  BMiCP\ 1 1
Mnapp 2 m n
21¢)
1 c 1
m 1 1 CIf’(w) n
Cn = KnC1m =5 (M BMICH 1
Mhapp 2 n
(21d)

Co=K.C1"=C—C1 — Cy (21e)

The nonideality term, BM, is obtainable fromeq 21c
and Ci1, Cp, K, Cn, and K, are computed by simple
substitution. The quantities $) and $.y) can be ob-
tained from the curve of M1/Mgap, vs. C.

1 CM;  BM:C?
Ll v > ®an =[—M - - 21 ]
——1  _ BM,; napp
CMoapp
(21f)

Method 2B. When the weight-average partition
coefficient is employed, the following sets of equations
(eq 2, 4, and 14) can be transformed into matrix form
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C=C1 + K.C1™ + K,.C1"
b = C1 + mK,C1™ 4+ nK,C1" (22)
Ca-'w = O'ICI -+ O'meClm + G'"K,,C1n

The concentration of monomer and the nonideality
term is expressed as

1 C 1 1
Cr=ae ?% = &y, m n (22a)
D\ -
Céw Om On
i 1 C 1
Cm = chlm = —11 (p(w) n (22b)
D _
o1 Cow on
i 1 1 C
C.=K.Ci"==l1 m &z =C—~Cy—Cp
D -
o1 om Cow
(22¢)
where determinant
1 1 1
D = |1 m n

g1 Om 0n

Method 2B is analogous to the Adams’ procedure as
defined in method 1B with the exception that the
partition coefficient becomes a variable. It is also
possible to derive two additional sets of three simul-
taneous equations which provide alternate procedures
for evaluating BM .

Method 3B. The third simultaneous equation used
with the two basic equations (eq 2 and 4) is based on
the term A as defined in eq 13.

C = C1+ KuC1" + K.C1"
Py = C1 + mKn.C1" 4+ nK.C{" (23)

onKnC1™ oK. Ci"

A= Cio1 + 4
m n

Setting up the determinants in matrix form

c 1 1
C1 = ae~PM1C _ lD‘I’<W> ;" "l @
A oz
| m n
1 ¢ 1
Cp = KnCi™ = lD 1 @ Z (23b)
o1 A -z
n
1 1 ¢
Co = K.Ci" = ll) 1 ” ®w (23¢)
o1 —= A
m

orC, = C— C1 — Cp.

The equilibrium constants in this case are evaluated
from eq 17 having first determined BM and the weight
fractions.

Method 4B. This method is empirically derived based
on eq 14a. It is absolutely essential to note that the

value of 4 in eq 14 is based on the slope of plot of
o; vs. In M;. Because this slope is not always linear, a
greater possibility of error is introduced when this
method is employed.

In cases where an accurate determination of the 4
value can be made, then this method is theoretically
valid.

C=0C + K.Ci™+ K,.C1»
W) = C1 + mK,C1™ + nK,.C1» 29
Ct = 0 + (In mKnC1™ - (In n)K»C1?

Establishing matrices

C 1 1
by m n (24a)
C¢ Inm Innm

1 C 1

Cm = kmclm + 'l—) 1 (b(w) n (24b)
0 ¢t Inn

—BM,C
C1 = ae Y=

ol=

C.=K.Ci"=C—-0C — G,
to be solved for BM and the weight fractions.

qP1 == P, + rP, + sP, n>m>I1>1 (€

When four species are involved in chemical equilib-
rium, a combination of the molecular weight and weight-
average partition data allows elimination of the
quantities

2
o XM MY (C/MP)
M,2 T
As was described in detail in case B, four procedures can
be developed from the basic eq 2, 4, and 5 solved
simultaneously with equations from the partition
isotherm,
Method 1C. Based on eq 14

C = C, + KC1 + K,.Ci" + K,.C!"
& = C1 + KC1 4+ mK.C1" 4+ nK,C1"
m n (25)
KiCi'  KnC K.C
vy = C1 + 111+ L+ !
m n
Céw = 01C1 + ciKiC1' + onKnCi™ + 0,.K.C1"
Setting up matrices
c 1 1 1
1 by | m n
C1 = ae 20 = 2 1 1 11 5a)
C @(N) 7 _— -
m n

Céw 01 Om On

It is apparent that eq 25a can be used to evaluate both
BMi and C;.

C 1 1
1 1 @(w) m n

C =K/ (C, = oh By, l l (25b)
m n

o1 Cow Om On
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1 1 C 1
1 1 / q’(w) n
Cn = K.C1" = —
1 Dl 1 Doy _l_ (25¢)
{ n
o1 o, Coy o0
1 1 1 C
I 1 I m dw
C.=K,Cy" = D1 1 _l_ B, (25d)
! m
o1 o om Cow
K,.=[C—-C - C— C,l/Ca (26)

Method 2C. In the four simultaneous equations in
method 1C, the equation based on Cdy (eq 9b) is
replaced by one based on A\ (eq 13), that is

K,C mKmC1" K C1"
N = Cioy 4 T 4 Ty T

The concentration of monomer and BM; in the
matrix form becomes

C 1 1 1
Q(w) { m n
-smc 1 1 1 1
Cl = e = B CIT’(N) 7 ; ; (27)
N O Im On
I m n

Method 3C. Empirical eq 14a becomes the fourth
variable equation to be simultaneously solved with
basic eq 2, 4, and 5.

Ct = 0 + (InDHKCyt + (InmKnCi™ + (InmK,Cyr™

In this case, C) term is expressed as

C 1 1 1
1 ‘P(w) { m n
_ o _ 1
C1 = ae D&, l l l (28)
{ m n

Ct Inl Inm Inn

Matrices for C;, Cm, and C, are also established,

where D is
1 1 1 1
1 1/ m n
D = 1 1 1
1 - It 2
{ m n

0 In/ Inm Inn

Method 4C. This method employs the two empirical
equations (14a and 15), one of which also incorporates
Ml/Mwapp-

Ct = 0 + (In DK,C1' + (In m)KC1™ +
(In))

(n MK, Ci" = 0 + = Kt +
1 m In n
1638 EmﬁKmCl +—;£K,.C1
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Setting up matrices

c 1 1 1

Q(w) { m n
Ci=ae®° - Lt Ininm nn (9
Inl lnm Inn

>

£ I/ m n
11 1 1
1 1/ m n
ae P10 Inl Inm Inn| =

In/ Inm Inn

0 — - =%

{ m n

C 1 1 1

q’(w) { m n

Ct Inl Inm Inn (29a)
In/ Inm Inn

£ { m n
1 C 1 1
1 1 ‘P(w) m n
C = ) 0 C¢ Inm Inn (29b)
Inm Inn
0 ¢ _—
m n
11 C 1
I 1 1/ S5y n
Cn=—=|0 In/ C¢ Inn (29¢)
D
o nl, ln
) n
11 1 C
1 1/ m ‘P(w)
Co=—=|0 In/! Inm C¢ (29d)
b In!/ Inm
0 — — ¢ ‘

I/ m

Having shown how to obtain the quantities o and
BM,, the equilibrium constants are evaluated from
eq 29%.

i _ Cy/C fi
K,,: = C’i C = — = - =
s /€ per?
Fiue™10) == (29¢)
h

Although this method can be theoretically derived,
it is our opinion that it demands more refined empirical
measurement for 4 values before it can be widely
applied to model systems.

gPy =—=¢qP; + tP; + rPy, 4+ sP,
n>m>I1I>j>1 (D)

The methods in case D, when five species are in
chemical equilibrium, employ molecular weight equa-
tions 2, 4, and 5 of Adams (1965a,b) and two additional
variable equations (9b, 13, 14a, and 15).

Method 1D. This method employs eq 9b and 13 with
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eq 2, 4, and 5. The equations and the determinants in
matrix form are as follows.

C=C+ KC' + KCi' + K.C" + K.C"
®w = C1 + JKC1' + KiC' + mK,.C1" +

nkK,Cy"
KC’ | KC' | K.C1"
@(N)=C1+ _7.1+ ll+ 1 +
J 4 m
K.C/"
=n-l o (30)
n
Céw = 01C1 + 0;K;,C1" + aiKiC1' + onKnC1" +
O'nKncln
K i ! mKm "
A=o01C + % J.Cl + 7ikKiCy + 7nKnCy +
j ! m
n
c 1 11 1
bwy j I m n
1 1 1 1
Cy = ae P00 1 %w i1 m n (30a)
Dl
Céw 0; 01 Om 0Oa
A 9; 91 Im On
| jo . m n

Method 2D. Equation 15 is substituted for equation
A from eq 30. Note that ¢ is empirically derived.
Resulting determinant of C; becomes

]c 1 1 1 1 |
CI’(W) j ! m n
1 1 1 1
_ ey _ 1wy = 5 = -
C1 = ae j I m n
D ..
Coy, 0j 01 Om Tn
. mmlm
\ j [ m n
(30b)

Method 3D. This method is based on two empirical
eq 14 and 15. BM; and C; are evaluated as

C 1 1 1 1
Dy J / m n
1 1 1 1
Cy = —BM,C 11w = - — -
1 = ae = J { m n
C¢ Inj Inl Inm Inn
; ImjInllminn
J / m n
(30c)

In addition, in each method of case D determinants
for C;, Ci, Cm, and C, must be evaluated in matrix form.
When BM and these values are known, the equilibrium
constants are evaluated from eq 29e. As with previous
cases, particular care must be exercised in using such
empirical equations.

The theory and analytical methods presented in cases

A-D can be used as a check on the values of BM;
obtained from molecular weight data alone (see
Appendix I).

INDEFINITE ASSOCIATION, The methods to be used in
the theoretical consideration of indefinite association
are identical with the procedure outlined in part III
(Chun et al., 1969) of this series and by Adams
(1965a,b).

Method 1. In part III (Chun et al., 1969), a method
for obtaining the weight fraction of monomer from the
weight-average partition coefficient has been demon-
strated. After the weight fraction of monomer f; is
evaluated from the partition coefficient, intrinsic
equilibrium constants can be obtained using

Gw = 2ioifil = V)T

1

F0 = VR = o=V 6D
1

k =
Ch

The resulting intrinsic equilibrium constant, denoting
quantities consistent with the Adams notation, may be
compared with that obtained from Adams and Lewis
(1968) using the expression

M, B
kCy =1 — M BMC

32
. 5 (32)

Equation 31 can be combined with M1/ Miapp =
((1 — kC)/(1 + kC1)) + BM,C in order to evaluate
the nonideality term BM;.

1y M 1

= +
C| Myopp ]

BM, = 33)

i
Vi

Method 2. This method employs an empirical equa-
tion as given in part III (Chun et al., 1969).

fw =01 — ALilniA0 = VAT G

Letting Z(f1) = (01 — dw)/4, eq 34 becomes

Z(f) = Liln i — VAT (9)

Hence
fi=2Z"Yo1 — da)/A (352)

Using Table I of part III (Chun et al., 1969), f1 may
be obtained. Then the intrinsic equilibrium constant is
computed from f3 using the following expression.

T

(25
¢ A
Thus,
1| M 1
BM; = =2 + (37
T C Mgy 2

1
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TABLE I: Values of BM 1, the Nonideality Term, for Discrete Association Models Based on Molecular Weight vs.
Concentration from Eisenberg and Tomkins (1968). pH 7.0, 0.2 M Phosphate Buffer-10-3 M EDTA.¢

g
C(g/l) Mi/Muywpp Mi/Muyp, a«  GC\CMsgpp

) BM Value of Discrete Assocns
1-6 1

-7 1-8 1-9 1-3-6 1-4-8
0 1.0000
0.1 0.7351 0.8050  0.0754
0.3 0.5513 0.7042  0.1450
0.5 0.5110 0.6470  0.2023 —0.50
1.0 0.3763 0.5325 0.2746 —-5.39 0.1700 0.2000 0.2220 0.2390 —1.880
1.5 0.3084 0.4677  0.3144 —2.03 0.0739 0.0927 0.1068 0.1178 -—1.510 —1.4329
20 0.2739 0.4241 0.3432 —1.00 0.0410 0.0547 0.0650 0.0729 -—1.2735 —1.2128
3.0 0.2348 0.3673 0.3813 —0.360 0.0165 0.0253 0.0319 0.0370 —0.9874 —0.9449
4.0 0.2153 0.3314  0.4092 —0.189 0.0084 0.0149 0.0197 0.0236 —0.8142 —0.7813
5.0 0.2026 0.3072 0.4335 -0.129 0.0050 0.0088 0.0136 0.0166 —0.6960 —0.6690
6.0 0.1957 0.2893 0.4488 -0.068 0.0030 0.0072 0.0104 0.0129 -—-0.6127 —0.5901
7.0 0.1892 0.2755 0.4718 —0.048 0.0018 0.0054 0.0081 0.0102 -—0.5447 —0.5251
8.0 0.1835 0.2645 0.4880 —0.040 0.0010 0.0041 0.0065 0.0083 —0.4930 —0.4575

@ The BM; values of 1-2-3-4 and 1-2-3-4-5 discrete association were also computed, along with the modes of
association represented above. The equilibrium constants of discrete cases were found to be inconsistent. Only in the
cases of indefinite association was a unit of BM values evident.

The quantity needed to solve eq 33 and 37 is

c
M1 / My
Bl B dc
Mnapp C 0 Mwapp

and the weight fraction from the weight-average
partition coefficient.

Bovine Liver L-Glutamate Dehydrogenase. In Table I,
it is shown how the BM values test for the various
possible types of association that are thought to be
present. The equations for the various types of discrete
association are described separately in Appendix I. In
a recent publication, Sund and Burchard (1968) have
proposed that bovine liver L-glutamate dehydrogenase
at 20° in pH 7.6, 0.15 M potassium-sodium phosphate
buffer undergoes a stepwise association—dissociation
equilibrium of eight subunits. Coleman and Frieden
(1966) proposed a 1-8 association without intermediate
steps. A glance at the BM values for 1-8 association
(Table I) will show inconsistency which would eliminate
it as the mode of association in operation here. Such a
conclusion is further supported by a comparison of the
sigmoidal curve calculated by Sund and Burchard with
that generated by our own results (Figure 2 of Chun
et al., 1969). The curve for indefinite association fits
much more precisely to the experimental curve than
that for 1-8 discrete association.

Our results gave us confidence that the possibility of
discrete association may be eliminted. The nonideality
term BM; and intrinsic equilibrium constant for
bovine liver L-glutamate dehydrogenase evaluated by
Adams’ procedure for indefinite association are shown
in Table II. The results are consistent with those
obtained using partition coefficient data shown in

CHUN AND KIM

Table III. Our computations demonstrated that both
the nonideality terms from molecular weight and
partition data show a striking degree of correlation.
However, the partition coefficient as a function of
concentration generated from the empirical equation
does not fit the experimentally observed curve, evidence
of the fact that eq 37 must be used with reservation.
The correlation of eq 33, however, with molecular
weight data is very good. All values for BM; and
equilibrium constants as determined from both mole-
cular weight and partition data strongly support the
conclusion that the model enzyme undergoes linear
aggregation, as described in detail in Chun er al. (1969).
The theoretical evaluation of interaction parameters
here derived furnishes two methods for the determina-
tion and rechecking of nonideality terms, equilibrium
constants, and mode of association of various model
systems.
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Appendix? I

Evaluation of nonideality term BM1 based on the
sedimentation equilibrium and light-scattering ex-
periments varies with the mode of association as
summarized below (further elucidation of the terms of

2 A stepwise regression analysis by computer to determine the
mode of association and the equilibrium constants of reversibly
interacting protein systems in part II (Chun ez al., 1968) using
molecular weight as a function of concentration is described.
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TABLE II: Values of BM, the Nonideality Term, for Bovine Liver L-Glutamate Dehydrogenase Based on Molecular
Weight Data for Indefinite Association. M, vs. C data were Taken from Eisenberg and Tomkins (1968).%

Indefinite Association

C (g/l) C (g/ml) BMl k Ci (Ml/Mwapp)calcd (Ml/Mnapp)calcd (a) X 10_3
0 0
0.1 10—¢ 0.76 X 104 0.7756 0.8735 0.76 X 10—*
03 3 X 104 1.61 x 10—* 0.5797 0.7334 1.6 X 10—4
0.5 5% 10—¢ 2,11 X 10—4 0.4839 0.6510 2.1 X 10—*
1.0 1.0 X 10—3 2.82 X 10—4 0.3677 0.5342 28 x 1074
1.5 1.5 X 10—3 3.23 X 10—¢ 0.3111 0.4684 32X 104
2.0 2 X 1073 3,50 x 10—¢ 0.2768 0.4244 3.5 X 1074
3.0 3 X 1073 5.23 1652.4 3.86 X 10—¢ 0.2370 0.3678 3.9 X 104
4.0 4 % 10-3 6.48 1680.2 4,09 X 104 0.2150 0.3321 4.2 x 10—*
5.0 5% 108 6.46 1674.0 426 X 10—¢ 0.2017 0.3073 4.4 X 10—*
6.0 6 X 10-3 6.69 1680.2 4.4 X 10—¢ 0.1933 0.2889 4.5 X 104
7.0 7 X 1073 6.30 1660.6 4.5 X 10~4 0.1881 0.2749 4.7 X 10—4
8.0 8 X 103 5.78 1627.4 4.6 X 104 0.1855 0.2638 4.8 X 10—¢

these equations is found in Adams and Williams (1964)
in Adams (1965a,b, 1967) and in Adams and Lewis
(1968)).

nP —P, n=2734... (A-1)

M,

_— BM1C] —C=0
Mapp

[nC — (n — l)ae_BM‘C][

nPy —qP, + rP I>m>1,m=2,3,4...
(A-2)
1
+ _—
] M,
CMupy BM,
(U + m)C = (| = 1)(m — Dae” 2¥1°

i CM1 _ BM,;C?
Moanp 2

nPy—¢qP,, + rP + sP;

i>Ii>mm=234... (A-3)

MiC  BM,C?

IMJ{—I — 1 — (Um+ mj+ jiDC +
Moapp 2

(m+14+ )YPwm+e=0U-1DG-1X

(m — Dae B¢

_d_[_Mx_]
_ZCMS A0 CMuwyy
M12 B M1 3
— BM
[CMWp 1]

nPl‘:‘qP,,,+rP,+sP,»+tP,-
i>j>l>m>1,m=23,4...

(A-4)

TABLE 111: Values of BM;, the Nonideality Term, for
Bovine Liver L-Glutamate Dehydrogenase, Based on
the Combination of Molecular Weight and Partition
Data.*

C (g/ml) Ml/Mwapp Ow fl BMI
1.0 0.3763 0.5330 0.280 6.50
2.0 0.2739 0.470 0.180 6.01
3.0 0.2348 0.428 0.135 5.95
4.0 0.2153 0.402 0.112 6.10
“BM; = 6.14; k = 1650 (ml/g). The weight-

average partition coefficient as a function of concentra-
tion data was run at pH 7.0, 0.2 M sodium phosphate
buffer-10—3 M EDTA at 25°, Column gel was composed
of Sepharose-4B.

1T M 1
BM, = |-
M CMwapp+1_ 2
Vi
N M’dc | (BMy)*C®
1{ — BM; X
um 0 MwappMnapp + 6 '
[of
stk
- CcdCp —
/(; |:Mnapp ZMWBDD
Gl + jim + Imi + mij) X
CM
[A_J Ly Gi+il+ jl+ im+ jm+ Im)C —
napp

(+j+1+mdPm—e—>(-DG-1DX

(- D(m— l)ae_BM‘C] =0
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For example, in 1-2-3-4-5 association, m = 2, | = 3,
J = 4,i =5, the term for evaluating BM becomes

1207 — 154SML _ 71€ + 148 +
napp
¢ — 24ae 1% = 0
where
c .
~ [ mldc_  (BMy°C’
0 MwappMnnpp 6

¢,
M M,
BM/ [————— - ——JCdCl
! 0 Mnnpp 2Mwapp

Indefinite Association. The product of the intrinsic
equilibrium constant and concentration is less than
1,kC1 < 1.

2 M,
s — BMm -1 = -
(p 1>(Mmp B lc> 1=0 (A5

_ ( M _ §M1C
P = \Maapp 2 )

where

Appendix 1T

The evaluation of the nonideality term BM 1 based on
the combination of the weight-average partition co-
efficient and molecular weight experiments when YC
does not equal zero is more involved than when this
term is minute enough to be ignored at low concen-
tration. The quantity to be measured experimentally
thus becomes not G but dwapp = Fwiy + YC.

Céwapp — YC¥ = D 0.:K:Cr' (38)

Combining eq 38 with the definition of eq 10

M,
— Ty dC =
0 Mw(c)a“( )
¢ M ¢ M
1 1
——GwappdC — Y cdC —
4] Mwappa PP 4] Mwapp
‘ BM:C®
BM: / Faaps CAC + 7——31— -
0
3
Ay — YAy — BMyiAs + ZB——A:‘C— (39)
where

c
M; .
A1 = A Mwnppo'wappdc

c
Ao = M, cdcC

4] wapp

C
Az = / E'W,;ppCdC
0

From eq 11a and 39
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iK«,'C i 2
TEEL < 4 - 7<A2 - %BMI) — BMy 4,

1 s.K.Ct*
cz 37!

Substituting eq 40 into eq 38

A
Cémapp — [(Al ~ BM143) / (E% - %BM1>] -

i B 2
! C2 3BM1

oK Ci' (41)

Letting

T = Z"HKiCIi
i As
T = Owapp —C— -

Az 1 1
(5 - 3M i)”‘

7 is introduced to eliminate the ¥ term from eq 38.

%BM1C> ~ A1 + BM1A3 (42)

ni

qP1 —rP, n>1 )

C 1)/[1 1]=
T o[/ M M

(Cnn — /(= 11)

Ci = ag™BMC =

gPy —= 5P, + VP, n>m>1 an

1 C 1 1 1 1 1
Ci = ae”PM1¢ = ) $wy m n|D=|1 m n
T Nm 7771! M MmN

111 c 1
Cm = chlm = —D‘ 1 q’(w) n C,, =
.7]1 T Na

K.Ci"=C—C1— Cn

qPy, —= tP; + YPn + 5P, (110)
C 1 1 1
1 ‘I’(w) { m n
—BM:C
= = — 1 1 1
C1 = e e TR
m n
T Nt Mm 7n
1 1 1 1
1 I m n
D = i 1 1
1 = = =z
I m n
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1 C 1 1
1 1 q)(w) m n
Ci = Ky D!I By 11
1 m n
Im 7 MmN
1 1 ¢ 1
1 1 / CID(W) n
=BGl =Gy 1 ogy L
/ n i

m M T Mn
C.=K.C;"=C—-C; —C; — Cp
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Phenylalanine Transfer Ribonucleic Acid from Escherichia coli B.
Isolation and Characterization of Oligonucleotides from
Ribonuclease T; and Ribonuclease A Hydrolysates®

M. Uziel and H. G. Gassen

ABSTRACT: Phenylalanine transfer ribonucleic acid of
Escherichia coli B, exhaustively hydrolyzed by either
ribonuclease T; or ribonuclease A, yields a total of 34
oligonucleotides. These have been isolated and
characterized, and account for all the bases present in
the molecule, including 4-thiouracil, which is apparently
in an unstable state. The oligonucleotide from each
enzyme hydrolysate that contains the single 7-methyl-
guanosine residue is routinely isolated in only 60-709,
yield.

E. coli B phenylalanine transfer ribonucleic acid

’I;e large number of known tRNA sequences has
permitted a number of structural comparisons (Holley
et al., 1965; Goodman et al., 1968, Dube ef al., 1968;
Bayev et al., 1967; RajBhandary and Chang, 1968;
Zachau et al., 1966; Madison and Kung, 1967; Take-
mura et al., 1968; Madison, 1968). By judicious choice
of deleted regions it is possible to align all the known

* From the Biology Division, Oak Ridge National
Laboratory, Oak Ridge, Tennessee. Received November 26, 1968.
Research sponsored by the U. S. Atomic Energy Commission
under contract with the Union Carbide Corp.

has an unique anticodon region, A-J-U-G-G-A-A-A-y{,
that includes three possible anticodons in an overlap-
ping configuration. The unexpected anticodon triplet
GGA is in the most favored position stereochemically,
The full potential of the remaining overlaps may be
realized if the protein-synthesizing complex undergoes a
conformational shift so as to utilize AAA for the UUU
codon and GAA for the UUC codon. On the other
hand, as in yeast phenylalanine transfer ribonucleic acid,
only the GAA sequence is needed to fulfill the anticodon
requirements.

tRNA sequences so that there are a large number of
sequence positions where the same base occurs (Jukes,
1966; Madison, 1968). Attempts to correlate these
structural features unequivocally with the variety of
biological roles attributed to tRNA have been ham-
pered by the absence of independent measures of func-
tion. The location of the amino acid acceptor site has
been readily proven because of the relative ease of
isolation of covalently linked aminoacyl ester. However,
the enzyme recognition site and the topological inter-
actions of the tRNA with ribosomes and mRNA are
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