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Theoretical zone sedimentation patterns have been computed for a variety of non-cooperative Ligand-mediated,
macromolecular interactions. The generalization is drawn that rapidly equilibrating ligand-mediated interactions in
general have the potentiality for showing bimodal zones irrespective of reaction mechanism subject to the provisos
that overall ligand-binding is sufficiently ‘trong to generate large gradients of unbound figand along the sedimenta-
tion column but that binding to the reactant itself is not so strong that in effect the system behaves like the ana-
logous nonmediated interaction. A physical explanation of the resolution of bimodal reaction zones is given. Quali-
tatively similar results have been obtained for molecularsieve chromatography.

1. Introduction

Previously (chapters 4 and 5 in ref. [1], [2, 3]), we
have described the theory of sedimentation of re-
versible ligand-mediated interactions of the type (re-
action I)

mM+nX=M X , @

in which a macromolecule, M associates into an m-
mer, with the mediation of a small ligand molecule or
ion, X, of which a fixed number, », are bound into
the cvmplex. The theoretical sedimentation patterns
reve. - that such interactions can given rise to a well-
reso: . . aodal reaction boundary or zone despite
instantaneo: s establishment of equilibrium. Resolu-
tion of the two peaks depends upon the production and
maintenance of concentration gradients of unbound
ligand along the cantrifuge cell by re-equilibration
during differential transport of macromonomer and
polymer; and the peaks correspond to different equi-
librium mixtures of monomer and polymer. This is so
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even for ligand-mediated dimerization (i.e., m = 2 and
n =1 or 6) which is in contradistinction to simple
dimerization (reaction II)

M=M,, an

which always gives sedimentation patterns showing a
single peak when re-equilibration is rapid [4—7]. Of
course, at sufficiently high ligand concentration (or
low centrifugal field) ligand-mediated dimerization
can also give pattems that show a single peak. In the
limit where for any reason the concentration of un-
bound ligand along the cent::fuge cell is not signifi-
cantly perturbed by the reaction during differential
sedimentation of the macromolecular species, the
sedimentation behavior of ligand-mediated association
effectively approaches that of the simple association
reactions considered by Gilbert [4, 5] in the case of
analytical sedimentation and by Bethune and Kegeles
[8] for zone sedimentation.

Subsequently, the prediction of bimodal reaction
boundaries found experimental verification in studies
cn the reversible dimerization of New England lobster
hemocyanin mediated by the binding of 4—6 Ca2*
and 2—4 H* which occurs when the pH is lowered
from above 9.6 to below 9.2 [9, 10] and on the di-
merization of tubulin through the mediation of 1 vin-
blastine molecule [11]. One notes, however, that
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except for the case in which n = 1, reaction 1 is co-
operative with respect to ligand; and the question re-
mains whether non-cooperr uve interactions in general
can give bimodal sedini=. <ation patterns. Thus, for
example, the author was asked recently: “Will the
zone sedimentation pattern of 2 macromolecule under-
going the set of sequential and simultaneous inter-
actions (reaction set III)

M+X=MX Xy,

MX+M=M,X (K,),

MX = szi (K3), (If1)
show two peaks?” In order to answer such questions
a theoretical investigation of the sedimentation be-
havior of some representative, non-cooperative ligand-
mediated interactions has been made. In addition to
reaction set III, the following interactions have been

examined: the sequential monomer-tetramer reaction
(reaction set IV)

M+X=MX (X)),

MX=MX, (K,), av)
sequential and progressive tetramerization
M+X=MX K;),

MX=M,X, X,),

M, X, + MX=M,X, (K5),

M;X; +tMX=M,X, (K,).

Ky =K;=K, =K )

dissociation of a dimer driven by binding of ligand to
the monomer

M, ==2M X))
M+ X =MX (X,), (VD)
and sequential isomerization

M+X=MX (K,)

MX = DX K,), (VID)

in which the conformational isomer, DX, has different
diffusion and sedimentation coefficients than does
isomer M, either uncomplexed or complexed with X.
The results of the calculations predict that under
appropriate conditions each of these rapidly equilib-
rating interactions can give rise to zone patterns
showing two peaks.

2. Theory

The theory of zonal transpott to be described is for
rectilinear coordinates and constant driven velocities
of the various species and is thus valid for zone sedi-
mentation through 2 preformed linear density gradient
in the preparative ultracentrifuge. This is so because
macromolecules sediment with constant velocities
under the conditions described by Martin and Ames
[12].

Theoretical sedimentation patterns have been com-
puted by numerical solution of the appropriate set of
transport equations for constituent macromolecule
and constituent ligand. The computations are for the
limiting case of rates of reaction so fast that, in effect,
there is local equilibrium among the interacting
species. The salient features of the calcuiation are as
follows: Suppose the sedimentation column to be
divided into a number of discrate segments. Given
the initial equilibrium concentrations of the several
species in each se- ment, we calculate the change in
the distribution of material during a short interval of
time, Ar, due to transport. It is assumed that there is
no re-equilibration by interaction during Az, each
species migrating independently from its distribution
at the begirning of the interval. After the concentra-
tions have veen advanced, equilibrium is recalculated.
That is, for known constituent concentrations of
macromolecuie and ligand computed from the con-
centrations of the several species as changed by trans-
port, new equilibrium concentrations are calculated
by applying tlie law of mass action. We then compute
the change in this new distribution of material due to
transport over the next Ar; recalculate the equilibrium;
and so on, constructing the entire evolution of the
distribution of material in the sedimentation column
from the initial condition.

To illustrate the numerical procedures let us con-
sider the dimerization reaction set [II. In this case there
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are five sedimeating species including unbound ligand;
and the simplifying assumption is made that both
monomeric species, M and MX, have the same diffu-
sion and sedimentation coefficients and that both
dimeric species, M, X and M, X,,, likewise have the
same transport coefficients. The molar concentrations
of the macromolecular species are designated as C; .
where i =1 or 2 designates monomer or dimer and
k=0, 1 or 2 designates the number of bound ligand
molecules (eg., C; g is the concentration of M; C; §
the concentration of M,X; etc.). Their transport co-
efficients bear the subscript i. The molar concentra-
tion, diffusion coefficient and sedimentation coeffi-
cient of unbound ligand are designated as C3, D3

and s3 respectively.

The changes in concentration of the four macro-
molecular species with time, £, and position in the
sedimentation column, x, during independent trans-
port are described by the conservation equations

WGk _ 82C;x . %Cux
ar Tt g2 ' ox
(i=1,2;k=0,1,2), (1a)

where D; is the diffusion coefficient; and vy; is the
driven velocity. v; =sw2x in which s; is the sedimen-
tation coefficient; w?x , the constant field strength;
w, angular velocity and x, an average position. In our
calculations, w2x = 2.6056 X 108 cm sec—2 which
corresponds to 60,000 rpm and x = 6.6 cm. The con-
servation equation for independent transport of un-
bound ligand is

ac. ac ac
3 > _yy a—; i (1b)

ot 3 3x2

These equations have been solved in a frame of reference
moving with the average macromolecular velocity v =
3(uy + vy), which introduces the new position variable
x' =x — ut. Eqs.(1a) and (1b) are transformed into
the moving coordinate system simply by makmg the
replacementsx’ -+ x, v; —v—>y; and v; — V> V5.

We now introduce dlscrete time and position
variables

t, =nAr

(n=0, 112,"'))

x;=iax’ (1=0,1,2,...L)

W

and replace the continuous variables C; 1.(¢, x "} and
C5(t, x") by the discrete variables C; ;(nAr, 1Ax N=
C; (1, xp) and C3(nAt, IAX") = C3(t,,, »-
Proceeding as in a previous investigation [13] the
transformed eqs. (1a) are approximated by the finite
difference equations

Cikllner» XD = Cipty- %)

DAt
+(E")2 {Ci'k( 1'l-‘—l) 2 lk(tl"l

' - (v,-—-z_;-)
k( n’xl—l)} - T 8¢, k]for

(i=1,2:k=0,1,2), (23)

in which
BC; x Vgor = Gty ¥ — Citys Xy y)
if (y, —9)>0,
C 1 (2,0 xp1) — Ci g8, xp)
if (; — ) <0.

Similarly, for eq. (1b). Given values of C; ;. and C5 at
any time ¢, we can calculate their values at r + At as
changed by transport using these equations.

At each time, ¢, , new values of the constituent
concentrations of macromolecular, C\! , and ligand,
Cx, are computed from C;; and C5 as changed by
transport

Gu=Cro*Cyp +2Cy G

5}( =C3+Cp | +Cy +2C, ,

and then re-equilibration is imposed by simultaneous
solution of the mass action expressions

, 2
=C) gt K, C; oC3 +2K,K,C7 oCy
2y 2 2
+ 262,63 (G, (32)

Cx C +K1C10C +K K C

)

2 2 -
+ 2K3K,C1 oC3 (3b)
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for the equilibrium values of C; ¢ and C3 which, in
turn, are used to calculate the equilibrium values of

C 1=K C5C -

= 2
C2,l =K K,C; C’l 0>

oLl
< 27 (CM - Cl,o - C}.,l)_ CZ,l'

To solve egs. (33) and (3b) we apply the Newion—
Raphson method [14], using the old equilibrium
values of ©) o and Cj as starting approximations
except when the old value of C3,9 is zero in which
case 0.5 Cyy is used. The new values of the equilibrium
concentrations serve as the starting distribution of
material for the next time cycle of transport followed
by re-equilibration; and so on. Given initial conditions
and boundary values, this recursive calculation
allows one to follow the evolution of the sedimenta-
tion pattern.

The initial conditions are

Cl,O(O’ x;) = Clol(l +R10),
Cl,o(o,x;),
Ca0/(1 ¥R y4),

Cyo — 65,100, %),

€y 1(0,x)=Cyy
G510, x;) =
02,2(0, x)=
C3(O,x,') = C30(I=L/2 -35,...L[2+5),
Cl’o(O,x,' )=Cy,00,x) = C, 10, x;)

- =G, ,(0,x7)=0,

C3(O, xl') = Cm(li-‘ Lf2—5,...L[2+5).

The quantities C, 4, C,q 2nd C,, are the initial equi-
librium concentrations of totai monomer, total dimer
and unbound ligand, respectively;and R;q and R,
are the initial equilibrium ratios

R0 = C1,1(0:x)/C; (0, xp,

R0 = C2,3(0, x)/C, 140, x)).

(4a)
(4b)

C10> C20> C30, Ry and R, constitute computer input

data, and the values of the equilibrium constants are
calculated therefrom:

Ky =R y/Cyy, (5a)
Cyg (1 +R )2
AP P s (5b)
2, Rio(l+Ry)
Cao Ryl +Ryp)?
3@ RAALAR (5c)
Clo Rig(1+Ry)
The boundary values are
Cl,O( ,O)= .,1 l( 0)=C2’1(l‘n,0)=C2,2(tn,0)=0,

Cl,O( ,xp)= ¢, 1{ys5 xy)
=C3,1(ns %) =C5 54, x1) =0,

C3(t,,0) = C3(t,, %1 ) =C3

As stated mathematically by the initial conditions
given above, the calculations are for unbound ligand
initially distribvL:ed uniformly throughout the
centrifuge column.

Computations were made on the University of
Colorado’s CDC 6400 electronic computer. The
values of Ar = 10 sec and Ax’ = 0.02 cm used in these
calculations satisfy the stability criterion employad
previously [13]. The computed sedimentation patterns
are displayed as plots of constituent concentration of
macromolecule, (C; + 2C,) = G, against position, x,
where C; and C, are the concentrations of total
monomer and total dimer, respectively. Two vertical
arrows indicate where the peaks in the patterns would
have been located had sedimentation been carried out
on a mixture of noninteracting macromolecules having
the same transport parameters as mononier and dimer.

The foregoing mathematical formulation has been
applied in principle to the other interactions which
e have examined. In each case it is assumed that M
and MX have the same transport parameters. The nota-
tion used is as foiiows:

Reaction IV. C;, C4 and C desigante molar con-
centrations of total monomer both uncomplexed and
complexed with ligand; tetramer; and unbound ligand.
Subscripts 10, 40 and 50 designate initial concentra-
tions.
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Diffusion and sedimentation coefficients bear the same
subscripts as the concentrations of the corresponding
species. R ;¢ is defined as in eq. (4a).

Reaction V. Cy, Cy, C3, C4 and Cy designate molar
concentrations of total monomer;dimer; trimer; tetra-
mer; and unbound ligand. Initial concentrations and
transport parameters are subscripted in a manner
analogous to that indicated above; and R is defined
as in eq. (4a).

Reaction V1. Cy, Cy and Cq designate molar con-
centrations of total monomer; dimer; and unbound
ligand. R ;g is defined as in eq. (4a).

Reaction VII. Cy, C, and C3 designate molar con-
centrations of total isomer M both uncomplexed and
complexed with X; isomer DX; and unbound ligand.
Initial concentrations and transport parameters are
subscripted in an analogov's manner as above; and R g
is defined as in eq. (4a).

In the case of reactions IV and V we chose to in-
crease Ax’ to 0.03 cm in order to insure stability
while maintaining Ar = 10 sec to minimize the amount
of calculation, rather than decreasing At at Ax' =0.02
cm. This compromise was made at the expense of
increased truncation error which expresses itself as
excess spreading (“truncation diffusion™) of the peaks
in the sedimentation pattern [15] but has no effect
on their positioning. The error is not serious and has
no bearing on the conclusions. Thus, the half-widths
of the peaks shown by a noninteracting mixture of
monomer and tetramer after 1.5 X 10% sec of sedimen-
tation were only about 15% greater than expected
from translational diffusion of the macromolecules.

The theory of molecular-sieve chromatography is
for small zones [16] and was formulated for reaction
set IV in the same way as zone sedimentation except
that in most cases the ligand was taken to be initially
present only in the starting zone. Calculatiors were
made for the total column frame of reference [17}
with system parameters as given by Zimmerman et
al. [18] for monomer (17,000 daltons) and tetramer
on G-200R. The “truncation diffusion™,

lv; — v Ax"/2, was subtracted from the axial disper-
sions of monomer and tetramer in order to eliminate
this source of error (correction << 10%). The concen-
tration profiles are displayed as plots of total con-
stituent concentratior. of macromolecule [Cy =

C} +4C}y where, in the notation of Zimmerman and
Ackers [17], the prime designates the total column
frame of reference] vs x'.
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Fig. 1. Theoretical zone sedimentation pattern computed for
the ligand-mediated dimerization reaction set III, 50% di-
merization with R ;o = 0.10 and R34 = 1.00; a - plot of con-
stituent molar concentration of macromolecule (C; + 2C5) vs.
position, x’; b — twice the molar concentration of dimer (2C3)
vs x’; ¢ — molar concentration of monomer (C;) vs x'. The
following values of the macromolecule concentrations and
parameters were chosen to approximate the sedimentation of
a protein of molecular weight 60,000: Cyo=7X 10° M,
Cao=35X 107 M, sy, = 45,52 = 6.355, Dy =6 X 10 7 cm?
sec ! Dy =4.76 X 10 ' em? sec’!. For the small ligand
molecule: C30=5X 1077 M,s3 = 0.15,D3 = 10> cm? sec!.
Time of sedimentation, 1.5 X 10% sec.

3. Results and discussion

Let us first consider the dimerization reaction set
III according to which the binding of a single ligand
molecule to the macromolecule mediates formation
of two kinds of dimer—one containing a single ligand
molecule and the other containing two ligand mole-
cules. As for mechanism, it could be that the monomer
conformation that favors formation of dimer is
stabilized by the binding of a ligand molecule as might
obtain, for example, in an allosteric interaction. As
illustrated by curve a in fig. 1 for 50% dime:ization
such an interaction can give a well-resolved bimodal
reaction zone even though re-equilibration is rapid.
The individual distributions of dimer and monomer
are shown by curves b and ¢, respectively. In contrast
to dimer, the monomer is bimodally distributed — a
fact which would have to be bome in mind if the
pattern of biological activity were to be measured
through the zone. The slower peak in the zone is com-
posed largely of monomer, while the faster one isa
mixture of dimer with an appreciable amount of
monomer. Consequently, the slower peak migrates
only slightly faster than monomer, while the faster
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Fig. 2. Plots of molar concentration of unbound ligand (C3)
vs positior, x': a, b, c and d pair with the corzespondingly
designated macromolecular patterns displayed in fig. 3C; pat-
tern a also pairs with the macromolecule pattern presented in
fig. 1. Horizontal line represents the initially uniform distribu-
tion of unbound ligand throughout the sedimentation column.

one migrates rather slower than dimer. The macro-
molecule contained in the faster peak is about 60%
dimerized even though the overall extent of dimeriza-
tion throughout the spreading zone has decreased to
about 35% due to mass action.

The distribution of unbound ligand is given by
curve a in fig. 2. We see that as the zone migrates down
the sedimentation column ligand is swept out of the
upper part of the column and concentrated in the
region corresponding to the position of the faster peak
in the pattern of macromolecule. Comparison of the
macromolecule and ligand distributions (figs. ! and 2)
with the aid of the mass action expression, Cy ; /Cy g =

K 3Cy, shows that, whereas less than 3% of the monomer

contained in the slower peak is complexed with ligand,
more than 30% is complexed in the faster peak. It is
immediately apparent that resolution of the bimadal
reaction zone depends upon the production and
maintenance of concentration gradients of unkound _
ligand along the centrifuge column by re-equilibration
during differential transport of macromonomer and
dimer; and that the peaks correspond to different
equilibrium mixtures.

The mechanism of resolution is as follows: Because.
of the transport of ligand bound into dimer the back
half of the sedimenting zone is almost depleted of

108 x{C)+ 26y}

Fig. 3. Factors governing the shape of the theoretical zone
sedimentation pattern for the dimerization reaction set 1IL.
A—Dependence of shape on Cyq for 50% dimerization with
Ryo=0.10and R4g = 1.00: patterna — C35 =5 X 10 ' M;
b—-1X10%c~1.7x 10%d—-5X 10°;and e — 2 X
10°. B — Dependence on R 59 for 50% dimerization with
Rya=0.10and C3p =5 X 10 ' M: patterna — Rq = 0.10;
b — 1.00 and ¢ — 10.00. C — Dependence on R ;g for 50%
diinerization with R20 = 1.00 and C30 =5 X 10 ’ M: pattern
a—R;=0.10;b—-0.25;c—-050;and d — 1.00.

D — Dependence on percent of dimerization at fixed Ky =
1X10° M, K,=4.32x10° M~ and K 3 =4.32 x 105M~":
patterna — 25% dimerization, total ligand concentration
2.49 X 107° M; b — 50%, 5.99 X 10> ;and ¢ — 75%,

10.80 X 10~5. C g +2Cyq = 14 X 10— M; other param-
eters as in fig. 1.

ligand. Consequently, the remaining monomer in this
region is deprived of the dimerization-mediating smal!
molecule and thus lags behind to form a second peak.
At the same time the fast peak is enriched in ligand to
an extent which more than compensates for dilution
of the macromolecule in the spreading zone. As a re-
sult, the macromolecule in this peak is actually more
highly dimerized than in the starting zone™. The tvo
peaks never completely resolve, however, because the
association reactions are reversible. With only minor

* The redistribution of ligand during sedimentation of macro-
molecule is particularly striking. From the thermodynamic
point of view the decrease in entropy accompanying these
processes is at the expense of centrifugal work. Mechanistical-
ly, the sedimentation velocity of the ligand is increased by
almost two orders of magnitude as a result of binding into
the dimer.
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modification of details this argument is expected to
apply to any ligand-mediated interaction which leads
to a change in sedimentation coefficient of the macro-
molecule provided that the overall binding of ligand

is sufficiently strong (i.e., ratio of bound to free con-
centration sufficiently large) to generate large gradients
of unbound ligand along the sedimentation column;
but binding to the reactant itself must not be so strong
that the sedimentation behavior of the system ap-
proaches that of the analogous nonmediated interaction.
A survey of the factors governing the shape of reaction
zones follows.

These factors are delineated in fig. 3 for the dimer-
ization reaction set I1I. The families of patterns dis-
played in figs. 3A, 3B and 3C for 50% dimerization at
fixed macromolecule concentration show how the
shape of the zone dependsupon the strength of ligand-
binding as adjusted by systematic and independent
variation of each of the parameters [C3q, R and R»q;
see eqs. (4a) and (4b)} which determine the values of
the three equilibrium constants [see egs. (5a)—(5¢c)].
The family of patterns in fig. 3A was computed by
varying Cyq at fixed values of R{g = 0.10 and R, =
1.00. At the lowest value of C5; the bimodal zone is
well resolved. Increasing C3q (i.2., decreasing the
strength of overall ligand-binding by decreasing X, at
fixed K, and K ;) causes progressive loss of resolution
until - ~“ficiently high C5 the two peaks have co-
alesce.. . orm a skewed unimodal zone whose apex
migrates with a velocity only slightly greater than
the weight average velocity of monomer and dimer.
This is so because redistribution of unbound ligand
along the sedimentation cclumn becomes progressively
weaker as the limit is approached in which the initial
uniform distribution cannot be significantly perturbed.
In this limit the sedimentation behavior approaches
that of the simple dimerization reaction Il.

The strength of ligand-binding can be increased at
a fixed low value of C3q by increasing either R or
R, with differing effects on resolution because here
the controlling factor is the change in proportions of
ligand bound to the different macromolecular species
rather than the increased strength of overail binding.
Thus, increasing R5g (i.e., increasing the proportion
of ligand bound into the dimer M;X,) enhances
resolution {fig. 3B) because in the limit of very large
R5q and small R, the reaction set I1I collapses to the
cooperative interaction

2M +2X =M,X, , (VIID)
whose equilibrium position is more sensitive to the
concentration of unbound ligand than in the case of
the noncooperative interaction. Consequently, the
macromolecule in the faster peak is more highly
dimerized and thus migrates more rapidly. In contrast,
increasing R (i.e., increasing the proportion of
ligand bound to monomer) causes progressive loss of
resolution (fig. 3C) * because the redistribution of
ligand along the sedimentation column becomes
progressively weaker (fig. 2) as the fraction of mono-
mer initially complexed with ligand increases.

The set of patterns presented in fig. 3D illustrates
how the shape of the reaction zone depends upon the
initial percent of dimerization as determined by total
ligand concentration at constant macromolecule
concentration and fixed equilibrium constants. The
zones for 25% and 50% dimerization are bimodal, and
the faster peak grows at the expense of the slower
one as the percent of dimerization increases. How-
ever, the distribution of macromolecule between the
two peaks does not faithfully reflect the initial com-
position, the amount in the faster peak being dis-
proportionally large. The disparity increases progressive-
ly with increasing percent of dimerization until reso-
lution is completely lost at 75% di:nerization. This
behavior is due to progressive increase in both the
fraction of monomer initially complexed with ligand
and the initial concentration of unbound ligand. As
we have already seen, either factor when taken alone
leads to eventual loss of resolution. Finally, the velocity
of the faster peak in the bimodal zone increases with
increasing percent dimerization; as dimerization is

* It is interesting that both families of patterns displayed in
figs. 3B and 3C exhibit a stationary point reminiscent of an
isosbestic point in absorption spectra except that the con-
stituent macromolecule concentration at the stationary point
decreases with time of sedimentation. On the other hand
the point meves at a constant velocity different from the
local velocity which indicates that it is a property of the
equilibrium equations rather than the transport equations
per se. The analogy to an isoshestic point holds only insofar
as the amount of monomer contained in the zone is the same
for each pattern in a given family. This is so within the error
of the calcuiation; e.g., only a 4% drift over a 10-fold range
of R j¢-values for 7.5 X 10° sec of sedimentation and 8% for
1.5 X 102 sec which is consistent with the fact that the trun-
cation error is propagated in time.
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driven to completion, the velocity of the apex of the
unimodal zone approaches the velacity of the dimer.

Although the foregoing results are for zone sedi-
mentation, the same behavior can be expected of
analytical sedimentaiton in which case bimodal reac-
tion boundaries are predicted for essentially the same
conditions.

The several factors delineated above for reaction
set iII also apply tc other ligand-mediated interactions
as illustrated, for example, in fig. 4 for the tetra-
merization reaction sets IV and V. Even progressive
tetramerization (fig. 4B) can give bimodal zones (e.g.,
pattern a) in which the slow peak is composed largely
of monomer and the faster one is an equilibrium mix-
ture of monomer, dimer, trimer and tetramer. The
leading edge of the zone is hypersharp because of the
strong dependence of reversible higher-order poly-
merization reactions on macromolecule concentration;
as higher-order polymers are differentially transported
into the fresh solution immediately ahead of the
advancing zone they dissociate into slower sedimenting
species which lag behind. Increasing either the initial
concentration of unbound ligand (Csq) or Ry leads
to 10ss of resolution. In the first instance this is due
to decreased strength of overall ligand-binding, while
in the second case the limit is approached in which
all of the monomer is complexed with ligand so that
the system in effect behaves like the nonmediated
progressive tetramerization reiction

During the course of these calculations 1t was noted thata
good approximation to zone sedimentation could be made
by (1) transporting total macromonomer and total dimer
without distinguishiag between species containing different
numbers of ligand molecules; (2) assuming that the ratios
R, =Cy1]Cy g and Ry = C; 2/C2y do not change signifi-
cantly during transport over a small time interval, Ar;

(3) calculating at time, #;;1, the concentrations C; from
Cy,0 +C1,1 and G5 ) + C; 7 as changed by transport using
the old vaues of Ry and R,; and (4) calculating new values
of Ry and R, after re-equilibration. For ease of calculation
this approximation has been used to compute analytical
sedimentation patterns employing a modification of the
computer program developed by Goad (Chapter 5 in ref.
[1]) for reaction I. The major modification in the program
is a riew Subroutine Equil. The computed sedimentation
behavior is strikingly similar to that shown in fig. 3 for zone
sedimentation. '

M, +M=M; (K,),
M; +M=M, K,),
K, =K, =K;,. (1x)

Ligand-mediated dissociation and isomerizaiton
can also give well-resolved bimodal reaction zones. In
the case of the dissociation reaction set VI resolution
is enhanced by increasing the proportion of monomer
complexed with ligand (i.e., increasing R ) because
in the limit of very large R, the sysiem coliapses to
the cooperative interaction

6

1S

0O (Cy+4C,)
N

=]

O

103 (Cy+ 2Cp+3C4+4C,)
N &

_O
N
(2]
&

Fig. 4. Factors governing the shape of the theoretical zone
sedimentation pattern for ligand-mediated tetramerization.

A — Reaction set IV, 50% tetramerization with R;9 = 0.10
for patternsa, b, ¢ and dandRq = 10 Q0 for pattern e: pat-
tema—Cso 5x107 M b—-2X10%c—-5x10%;d -
7% 10° ;ande—-5 X 10°.B - Rmctxonsetv Sb%as-
sociation with Ryo = 0.10 and K = 1.72 X 10° M t'ox patterns
a,b,cand dand R;g = 10.00 and K =5.10 X 103 M! for
pattern e: patterna —Cs9 =5 X 107 M;b -2 X 10%;c —
5% 10-%;d — 5 x 10~5;and e — 5 X 10—5. Initial consti-
tuent concentration of macromolecule equals 14 X 10-%

M sl -4S sz '=6.358,5, =8. 3?3 Sa = 10.083 Dy=6X 10"
em? sec— =4.76 X 10~ cm® sec— =4.16x 10~
cm? sec— -1, D4 =378 X 10~7 cm? sec™ 1! Other parametexs
asin fig. 1.
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100 % {C) +Co)

Fig. 5. Theoretical zone sedimentation patterns computed for
the lizand-mediated isomerization reaction set VIl for 5 0%
1somen.za.txon. Patterna — s, = 58,53 =48, D, =7.5X 107
cm? sec! =6x 107 cm?® sec L and 3% 10% sec of
sedlment.auon Pattem b—sy=6.355.5;=45 D =

476 X lO 7 em? sec ,Dz =3X 107cmzsecl and

1.5 X 10% sec. Cjp + Cpg = 14 X 107> M;C3 =5 X 10-7M
and R ;¢ = 0.10; other parameters as in fig. 1.

M, +2X = 2MX [6.9)

The patterns for 50% dissociation with Cyq =
5X 10~7 M and Rq = 1.00, 2.50 or 5.00 are similar
to although better resolved than patterns ¢, b and a in
fig_ 3C, respectively. Not only does the shape of the
zone show a dependence upon R;q which is opposite
to that for dimerization; but the redistribution of
ligand along the secdimentation column is also op-
posite in sense, i.e. ligand is concentrated in the upper
portion of the column and depleted in the region of
the faster peak of the pattern of macromolecule.
Finally, bimodal reaction zones computed for the
isomerization reaction set VII are displayed in fig. 5.
Thus, the forementioned generalization seems
justified that rapidly equilibrating ligand-mediated
interactions in general have the potentiality for
showing bimadal sedimenting zones irrespective of
reaction mechanism provided that overall ligand-
binding is strong but that the product of the interaction
binds ligand more strongiy than does the reactant. We
recognize the second condition as characteristic of

ETERAmER

A saCraCual R 3 :."-‘\b

Fig. 6. Factors governing the shape of the molecular-sieve
chromatagraphic profile computed for reaction set IV on
Sephadex G-200R, 50% tetramerization. A — Dependence of
shape on R ¢ for flow rate F = 1.2 ml/hr: a — R 9 =0.10;
b — 10.00. B — Dependence of shape on F for R ;0 =0.10:
a-— 1.2 mifhr; b — 5 ml/hr; ¢ — 9.6 ml/hr. Ligand initially
present only in starting zone; where tested {(conditions in A)
virtually the same profiles were obtained when unbound
ligand was initially distributed throughout the chromato-
graphic column. The times are such that the volume passed
(V = Ft) is 5 ml for all cupves. Cjp +4C30 = 14 X 10° M;
Cig=5x% 1077 M.

allosteric interactions. Nor, as shown previously 2],
need the ligand be initially distrituted throughout the
sedimentation column for resolution to occur; virtual-
ly the same bimodal pattern was obtained for co-
operative ligand-mediated dimerization (reaction I
with m = 2 and » = 6) when ligand was initially present
only in the starting zone. Since the generation of bi-
modal zones is not unique for any one reaction
mechanism, it is imperative that appeal be made to
the combined application of zone sedimentation with
one or more other physical methaods such as sedimen-
tation equilibrium and light scattering in order to
elucidate the mechanism of reaction.

The above results for zore sedimentation also apply
to zone electrophoresis when the mobility of the
associated macromolecule happens to be greater than
the monomer, and as illustrated in fig. 6 ,a qualitatively
similar behavio: is predicted for molecular-sieve
chromatography on Sephadex or other gel-permeation
supports. It is particularly interesting that increasing
the flow rate (fig- 6B) causes progressive coalescence
of the two peaks in the broadening reaction zone. This
is due to progressive increase in the axial dispersions
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of the several species especially the increase in the axial
dispersion of the ligand which tends to smooth its
concentration gradients through the zone.™ Although
the chrematographic patterns were computed for the
total column frame of reference and are thus directly
related to the column-scanning mode of data ac-
quisition [16], the elution profile will show the same
features. Accordingly, the same precaution that was
emphasized previously for electrophoresis and sedi-
mentation (chapter 6 in ref. [1]; {2, 19]) also applies
to gel filtration; namely, fractions must be rechromat-
ographed to see if they run true. Otherwise bimodality
due to interactions could be misinterpreted in terms
of inherent heterogeneity.

Finally, it is anticipated that the concepts elab-
orated in these investigations will find application to
a variety of biochemical reactions such as the inter-
action of enzymes with cofactors and allosteric
affectors. A recently reported practical application
of the mass transport of interacting systems is the
determination of the equilibrium constants for the
kinding of complementary tetranucleotide to -RNA
and proflavin to chymotrypsin from acrylamide gel
electrophoresis [20].
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The Hill plot has been used by many investigators in protein ligand equilibria. As a general rule, it is used with a
single exponent. In this paper, we propose the use of the Hill equation with an exponent that varies with the ligand
concentradon. Since Wyman {1,-2] has shown this exponent is related to free energy of interaction of the site,
computing the exponent as a function of ligand concentration provides a history of the conformational changes that

occur with increasing ligand concentration.

1. Introduction

It has long been known that cooperxztive effects
[3—6] in the binding of oxygen by hemoglobin follow
a sigmoid saturation curve which differs from the typi-
cal Michaelian saturation character [7].

It is clear, however, from a multitude of recent
studies, that many enzymes display sigmoid saturation
dependence, and such behavior may be affected by
cooperactive interaction [8—17].Work by Perutz et
al. [18, 19] on the structure of hemoglobin suggests
that the interaction between hemes or binding sites is
indirect, resulting from conformational changes when
the molecule binds oxygen.

The recent emphasis on such cooperative confor-
mational effects suggests the view that ail allosteric
enzymes are composed of subunits and are thought to
possess distinct stereospecific binding sites. The bind-
ing of ligand to its site produces a specific conforma-
tional change in the protein (an allosteric transition).

Since the concept of allosteric protein was intro-
duced by Monod et al. [20], four representative models
for allosteric phenomena have veen proposed in recent
years: (1) the two-state model [21] ;(2) the induced-

* This work was supported by Nationai Science Foundation
Grant GB 28223-A*-1 and in part by the Department of
Health, Ed:cation, and Welfare Grant HL 05784-07(T01).

** Reprint requests and all correspondence to: Dr. Paul W.
Chun.

fit or square model [22] ;(3) the probability Ising
model [23]; and (4) the model of progressive change
in ligand interaction [24}. These models, which are
equivalent, all pay attention to the mechanism of
binding and may be derived using Adair’s expression,
as described by Magar and Steiner [17]. Wyman
[1, 2] has shown that Hill’s coefficient (n) [4] may
be used as an index of the interaction that occurs in
the cooperative binding process.

The interaction parameter, formally defined by
Wyman [2;, 25] asrz =dIn(y/1 — y)/dIn x, where y
is the degree of saturation and x is the ligand concen-
tration, is related to the average free energy of inter-
action of the sites designated as AF,,.. By conveation,
AF, =RT Inx. dAF, measures the effect of a
gradual change by dv in the fractional saturation on
the free energy. Then, dAF, /dy = RT dinx/dy. When
no interaction occurs in the system, dAF, /dy = 0 and
when there is interaction, dAF, Jdy # 0. Thus, at any
given value of dy with fractional saturationy, AF,., is
defined as the free energy of interaction at a given
saturation. When n > 1, the interaction is a stabilizing
one, where AF, . gives the stabilizing energy per site
for the system as a whole at saturation [2]. Wyman
derived the following equation for AF, . :

AF =RT [ (n- Ddinx )
x=0

for fixed exponents of n.
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The Hill plot has been extensively used by Wyman
[2}, as well as by Antonini et al. [26], Brunori et al.
[27], and Banerjee and Cossaoly [28] in studies on
the oxygenation of hemoglobin to obtain the average
free energy of interaction per site. This procedure
has been disputed by Saroff and Minton [29], who
claim that Hill plots can only yield the difference be-
tween the free energies of interaction between the
first and last sites. Saroff and Yap [30] further con-
clude that the relationship between the value of n and
the interaction energy is meaningless without the
application of a model. Whatever the precise inter-
pretation of the quantities yielded by the Hill plots, .
it is clear that the analysis to date indicates the value
of n is not, in fact, constant throughout the binding
curve, but is a function of ligand concentration.
Therefore, a single, constant n value is not sufficient
to describe the cooperative binding process which
occurs.

In this communication, we propose the use of the
Hill plots with a variable exponent which varies as a
function of ligand concentration. This new procedure
permits a more detailed evaluation of the thermo-
dynamic parameters or protein-ligand interaction.

2. Theoretical considerations

A.V_Hill [4] proposed an empirical equation
which describes the oxygenation of hemoglobin:

Y _..n
T =k )

The linzar transform of this equation yields the param-
eter iz, that is, In(y/1 — y) versus in x. When the sites
are all identical and independent of each other, then
this plot gives a straight line with n = 1. If cooperative
interaction exists, i.e.,n > 1, then the Hill plot will no
longer give a straight line.

Wyman [1] derived the stabilizing free energy of
binding per site at saturation x, given by:

AF,, = U-f{_)—y_ (1 —%) 3

This equation (3) can also be expressed as:

AF,, =RT [ (n—1)dlnx.
0

Mounting studies in the literature indicate that a
constant value of # is not suitable to describe the
binding process. In work on hemoglobin, Saroff [31]
has asserted that a fixed exponent n characterizes only
a limited region of the binding curve, neglecting
regions at Ligh and low saturations of oxygen.

In order to assess the full range of cooperative ef-
forts, n must be considered as a function of liga.d
concentration, and therefore variable.

In this paper, Hill’s exponent will be designated
¥ (x) to distinguish it from # defined as the number
of binding sites, as it often appears in ihe literature.
Thus, Wyman’s expression would be written as:

XH
AF =RT [ [W(x)— 1]dInx. @
0

In eq. (4), xy is the highest ligand concentration at
which y(x) # 1. Since, when ¢ (x) = 1, then ¢ (x)
—1 =0, and there is no contribution to the average
stabilizing free energy.

In order to compute ¥ (x) as a function of ligand
concentration Y {x) can be represented as a poly-
nomial in x, thus:

Yx)=1+ ZJI axt, )

where a; are constants t> be determined. Using Hill’s
equation at a given ligand concentration x;, we obtain:

J’
¥j =kx CPY(L + kx} €Y + 5, ©)

where &; is the experimental error in making a mea-
surement. Substituting ¢ (x) into eq. (6) gives:

Yi
1 —¥;

= [kx’(.l+zi"='lair;:)] +5;. @

’

The experimental error §; can be written as:

5, = [ ( Vi ) 3 kx’(l«-zgla,-x;i) ]
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whose sum can be experessed as a function of the
parameters k and the o; (written collectively as a) as
follows:

k }—' m i12
ok, )= [E I _ lcx-“’:i=n°‘x"‘,i] ; 8)
j=1 1"}’; 7

We note from eq. (8) that we are irying to determine
k and a, so as to minimize thz sum of the squares of
the experimental error or the function,

k
ok, @)= 22 52. &)
i=1

Once we find the values of k and & that determine that
minimum, we can compute  (x) and, using eq. (4),
we can compute AF, . as a function of concentration.
Lyster’s resuits on horse hemoglobin quoted in ref.
[32] and the results of Antonini et al. [33] on
Spirographis chlorocruorin hemoglobin were used to
make the computations.

3. Computational procedure

There are a number of methods for obtaining the
minimum of ¢(%, &) [34]. In this manuscript we used
the non-linear least square procedure, BMD-OIR
(UCLA Biomed program of Dixon [35]), which em-
ploys a medified Gauss—Newton method. This is a
widely used method available at many computing
centers. For our particular application we recommend
that all initial estimates of the constants of k and al}
the o’s be set equal tu zero. Failure to do so results in
an overflow, since the magnitude of the first
derivatives is quite large. Having put in the initial
estimates, the computer program makes continuous
changes in the parameters, with each iteration re-
sulting in successively smaller mean square deviations
of the observed y values with respect to x for the
curve generated at that stage. The procedure is con-
tinued until the mean square deviation is negligible
and provides the best fit to the data. For our purposes,
we fit the curves in sections, since it is clear that if

nt
W) =1+27 e,
i=1

1.0— .-‘._.._.-“".'.
‘t
R4
0.8 »
§ v
_ 4
y b d
0.6 4
§
'l
]
1
0.4
0.2
1 1 1 L |
10 20 30 40 50
p0

2

Fig. . Nonlinear least square analysis of the oxygenation of
horse hemoglobin. The black circles (®) represent horse-
hemoglobin data (Lyster, quoted in ref. [32] ); the dotted line
is based on eq. (8) where & = 0.085; and the solid line_ on

eq. (10) wherek = 0.033.

then data at lower ligand concentrations must be
eliminated from the fit. At such low concentrations,
a plot of In(y/1 — ¥) versus In x is a straight line with
a slope equal to unity. Such a straight line cannot be
fitted with a polynomial function unless &; = O for ali
i 2 1. In this region of low concentration, the con-
t:ibution to the average iree energy of interaction per
site is negligible. A fit at low concentration was made
using the expression of eq. (10):

Y1 —y)=kx, (10)

where the exponent of x is unity. At higher concen-
trations we made fits with variable exponents.

4. Results

In fig. 1, we see the effects of such a fit for data on
horse hemoglobin (Lyster, quoted in ref. [32]). The
parameter k = 0.033 describes the region x = 0 to
x=125.Fromx =125 to x =45, k was found to be
0.085 and
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Fig. 2. Regeneration of the curve for ¥ as a function of pO,
. . . , from a Hill plot of log ¥ /(1 —¥) versus log P. Data on Spiro-
2.5 5.0 7.5 10.0 graphis chlorocruorin taken from the results of Antonini et
) . - al [33] as plotted by Wyman [2] . Here again the solid line
po, isa fit of eq. (10) and the dotted line isa fit using eq. (8).
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Fig. 3. A plot of ¢ (x) versus pO; for Spirographis chlorocruorin and horss hemoglobin. Data on Spirographis taken from the re-
sults of Antonini et al. [33] as plotted by Wyman [2]. Lyster’s data on horse hemoglobin as quoted in Monod et al. [32j.
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Fig. 4. Demonstration of the fact that, irrespective of the slope of the Hill plot, the Wyman equation RT [z — 1)d In x always

gives the same free energy for the same distance between the asymptotes. Curve 5 shows that even if we have several different
slopes on the same curve, we also have the same value for free energy between the same asymptotes. It alss can be proven that the

same energy is obtained if a curve is broken up into an infinite number of slopes.

$(x)=1+00113x +0.00145x% — (6.1t * 107)x3
+(6.66 - 107 T)x*

for horse hemoglobin.

In fig. 2, on Spirographis chlorocruorin, the param-
eter & = 0.3362 describes the low-concentration region,
x=0tox=3.6. Fromx=36tox=106,k=
0.00235 and

() =1+ 1.65x — 0307x2 +(2.27 * 10~2)x3
—(6.01 - 1074)x*

for chigrocruarin. A plot of ¥ (x) versus x for horse

hemoglobin and Spirographis chlorocruorin is
shown in fig. 3.

S. Discussion

The relationship of Hill’s parameter n to the free
energy of interaction makes it a good indication of
cooperativity. The use of {/(x) as a variable exponent
rather than a single value of n permits continuous
characterization of the cooperativity at all ligand
concentrations, compiling a more complete “history™
of the ligand binding.
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It is important to note that the AF,, for the entire
lisand range can be computed by Wyman’s equation
(1) by taking the distance between the asymptotes of
the Hill plots, irrespective of the value of 1 and even if
n is not constant, This is demonstrated geometrically
in fig. 4. However, if one requires a “history” of
AF,,. as a function of x, then ¥ (x) must be used.

As defined in eq. (4):

XH
AF,, =RT f W) —1ldinx,
0

a piot of [ (x) — 1] versus Inx yields the average
siabilizing free energy whenever [{(x) — 1] > 0. Such
a plot provides an idea of the free energy of inter-
action with changing ligand concentration. The area
under the [Y(x) — 1] versus Inx between the two
ligand concertrations thus provides a sort of “history™
of the conformational changes as the ligand concen-
tration increases.

Saroff [36], in his work on hemoglobin, has
emphasized that n is not constant, although he stops
short of advocating a solution for that problem.
Furthermore, a variety of single exponents can be
shown to fit the data. For example, he has shown
that a given set of data can be fitted with a series of
k and n values, with n varying from 2.6 to 3.2 fora
given portion of the Hill plot.

His results serve to emphasize the point that unless
the whole range of the In(y/1 — y) versus Inx curve
is fitted, many single values of n are possible, de-
pending on which portion of the curve is fitted. We
feel that the plot of ¥ (x) versus x is a more faithful
reproduction of the cooperative binding which is
taking place.

Qur plot of ¥(x) versus ligand concentration (fig.
3) for horse hemoglobin approaches a maximum value
of 1.6 for the region x = 12.5 to x = 45 in contrast to

-a value reported by Wyman [2] of zpproximately
n =3 for one portion of the Hill plot. Because our
results were considerably lower than the slope of the
Hill plot reported by other researchers, we attempt
enumerable fits, always obtaining a result close to 1.6.

Thus, we must conclude that the maximum value
of ¥ (x) = 1.6 for this particular region. This conclu-
sion reirforces the point that any two or three points
on the Hill plot will yield many different slopes,
particularly when the data is rising so steeply. Linear

least square analysis, however, yields the best fit for
all points on the Hill plot (fig. 1).

Also to be noted in fig. 3 is the fact that the curve
of ¥ (x) versus x for horse hemoglobin does not reach
a maximum and start to decline again as would be
expected because n = 1 at both extremes of the Hill
plot. That ¢ (x) does not decline in_the case of horse
hemoglobin can be attributed to the data being
analyzed. It is a truism that data apalysis methods are
only as good as the data they seek to analyze. As re-
corded by Wyman [2], Lyster’s unpublished data
show that at high ligand concentration, the Hill plot
had yet to approach a slope of unity. Once a slope of
unity is approached at high concentration, a fit using
equation (10) may be entertained, as there is no
contribution to the average free energy of interaction
of the site in this region.

Because of the empirical nature of the plot, the
computation of the average free energy of interaction
per site, it should be emphasized that plots of ¢ (x)
versus x are not to be extrapolated beyond the ligand
concentration for which they were computed.

The use of a polynomial to express the variability
of the Hill exponent is not the only device to achieve
that end. If an investigator feels that other functions
are appropriate or even more suitable to gbtain good
fits, they could be employed. In particular, sin e we
are fitting the saturation curves piecewise, spline-
function ivierpolation may be used [37].

Since the occurrence of negative cooperativity in
L-threonine deaminase has been reported by Changeux
[38] and in digested hemoglobin by Brunori et al.
[27], as well as in other systems (Moncd et al., [32]),
we feel that an additional advantage of our proredure
is that, in those rare instances where the free energy
of interaction at the site may fluctuate from positive
to negative at a range of ligand concentration, use of
¥ (x) offers additional information over earlier pro-
cedures. Careful analysis using the variable ¥ (x) may
reveal the magnitude of cooperative interaction
operating in these systems, and the nature of the
delicate regulatory mechanism which controls it.
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Appendix
Fo: the convenience of investigators who wish to

employ function optimization teckniques which use
the first derivative, we have the following derivations:

F(k, a) - kx(lmlxmzx2+a3x3+a4x4)

oF(k, ) _ [x(l-fa,xmzx2+a3x3m4.r4) l
ok

OF(K, ), orarxrarx™resxagx™)] n x
doy

aF(k, C[) = [h(lmlx-l-ozzxzm_s,x3+°t4x4)] lnx x2
aaz

and in general

K, @) _ 1 (rapxsanxrasx®aax) 1n x o
oy

or

aFg:; o) _ [Fgcj) ]x _
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Matrix rank analysis, a method extensively used tc enumerate interacting species or components in various bio-
logical systems, has been compared with the more readily available technique of factor analysis. Data previously
analyzed by matrix rank analysis has been subjected to factor analysis. The results show that there are some agree-
ments and disagreemnents between the two methods. The sources and nature of the disagreements are discussed. Our
work iudicates that factor analysis may e preferable to matrix rank analysis.

1. Introduction

Matrix rank analysis, a technique to determine the
number of linearly independent components, has had
many applications in biochemistry and molecular
biology. It can ke applied to determine the number
or components in a mixture of absorbing species [1,
2] o analyze the optical rotatory dispersion of
tobacco mosaic virus [3], and to determine the num-
ber of interacting species in fluorescent spectroscopy
[4, 5]. It has also been applied to the kinetics of the
oxidation of hemoglobin derivatives [6], to gel filtra-
tion data [7], and to the determination of interacting
species from a diffusion experiment in the ultra-
centrifuge [8].

Factor analysis and component anaiysis, two long-
recognized techniques, have been: suggested as alter-
natives to the method of matrix rank analysis [9].

Fundamentally, the question asked of matrix rank
analysis and these two methods is: given a2 matrix
array of numbers resulting from one or the other of
the analytical techniques mentioned above, how
many linearly independent components or interacting

species produce this array? One has to ask this question

because from a matrix array of essentia'ly experimen-
tal nuinbers one cannot determine the rank of the
matrix by simply determining the smallest nonzero

* To whom to address correspondence .

minor. It is manifest that since the matrix elements
are experimental quantities (and hence subject to
error), such a procedure will not do. In fact, because
of experimental error, it is probably that the entire
data matrix und2r consideration is nonsingular. In
what follows, we briefly describe both methods of
determining the number of components, apply com-
ponent and factor analysis to examples in the litera-
ture in which matrix rank analysis has been used,
and, Iastly, compare results.

2. Comparison of methods

Consider a matrix array whose elements x;; are the
result of a set of measurements. To fix the idea and
show the applications we pick the analysis of absorp-
tion spectroscopy as an example. Here, the index i
would run over wavelength and the index j would
identify the solution under various conditions of pH,
ionic strength, etc., or conditions that purportedly
alter the contributions of the various components.
Thus, in the case of Wallace [1], asolution of indicator
was measured at different wavelengths and at different
pH. McMullen et al. [3] measured the ORD of a solu-
tion of tobacco mosaic virus RNA at various condi-
tions of temperature and jonic strength. Ainsworth
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and Bingham [6] measured the initial velocity of the
combination of various concentrations of partially
oxidized hemoglobin with carbon monoxide at dif-
ferent pH’s, and so on.

To determine the rank of the matrix, Wallace [1]
first suggested that the values and the probable error
of all the determinant minors of the data matrix be
computed and compared. There is some merit to this
procedure and it has been extensively applied to’
biclogical systermns. Its merits and applications will be
detailed in the discussion. Unfortunately, it was felt
to be tco tedious and was abandoned by Wallace and
Katz {2] in favor of another method. This method
took the original data matrix and applied a series of
elementary transformations (which do not change the
rank of the matrix) to produce an upper triangular
matrix. These transformaiions were performed in such
a way that the largest element in the rows of the
transformed matrix was on the principal diagonal.
Schematically, this may be represented as:

— -t r ’ T
*11 - - - Xin *11 *¥12 ---Xqn
X35 .- -.-X3, | elementary X33 .. .X5,

. . | transformation . .
- - [ ———— -
) -1

Lxml .- mn_[ | x'(;:l )_J

Original matrix Reduced data matrix

with the (m - 1) elements x}, and x5, being larger
than all other clements on their corresponding rows.
In a similar fashicn, another matrix whose elements
are the standard er-ors of the corresponding elements
of the original matrix is subjected to a series of ele-
mentary transformations to a reduced error matrix
[2]. The reduced error matrix is also upper triangular.

— - .7 ’ =3
S11 - - S
Elements of
this matrix Soy . So
1 ta 22 2n
are standard clemen ry
transformations e
errors of > 533
data matrix .
“sn—1)
.L . L mn
Original error matrix Reduced error matrix

To determine the number of components or inter-

acting species, one compares the (in — 1) elements of
the reduced data matrix with those of the reduced er-
ror matrix and comes to a conclusion as to how many
components there are. This last step is best illustrated
for the reader by showing two actual examples as to
how it was done. In a case ana‘yzed by Wallace and
Katz [2], the diagonal elements for the reduced data
matrix were:

1.015 0.414
0.005 0.005

—0.016
0.004,

0.060
0.006

and for the reduced error matrix they were:

0.003
0.006

0.003
0010

0.004
0017

0.005
0.021.

From these data Waliace and Katz [2] came to the
conclusion, and we quote, “The results show the
definite existence of three colored components and
perhaps a fourth, since the element 4, 4 i.e., —0.016
in the reduced matrix is three times its estimated
error, i.e., 0.005”. In the case analyzed by Ainsworth
and Bingham [6], the elements for the reduced data
matrix were:

222 0.3968

-0.2150 0.0808,

and the elements of the reduced error matrix were:

0.120 0.0900 0.157 0.1682.
The authors then came to the following conclusions
regarding the number of components: “Comparing

the principal diagonals of the two reduced matrices

0.0807
0.1682

2.22 0.369
0.120 0.090

0.2150
0.157

indicates the existence of at least two variables. The
possibility that a third independent variable might
exist receives only slender support; thus, the ratio of
element 3, 3 to its estimated error is 1.4”.

The exact statements of the authors are inserted
to give the reader a feeling for what has been involved
in estimating the number of components. Ideally,
there should be a specific statistical test giving a cer-
tain probability level that one can use in order to
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determine the number of interacting species, and we
presume that Wallace and Katz [2] and Ainsworth
and Bingham [6] were using one. However, no such
probability or confidence statements were given by
those authors, a mattcr that is taken up later.

With respect to factor analysis, the method can be
outlined as foliows:

Factor analysis can analyze any system which can
be written in the form

m

=L ke ry G120
The various x;’s are samples thought to te made up of
m components denoted by { (k=1,2...m); ij is
the quantitative contribution of the kth factor to the
Jth sample; and ¢; stands for the errors. In previous
papers we advocated the use of maximum likelihood
estimates to determine the £;;. and the ol2 (which are
the variances of the set of ;). Once those values are
obtained, a statistical test proposed by Bartlett [10]
was suggested to determine the number of components.
In this paper we apply a much simpler criterion to
determine the number of components, using the data
of Wallace and Katz [2] and Ainsworth and Bingham
[6]-

There are several reasons for using this simpler
method. First and foremost, as far as we know, most

computer centers have only programmed packages using -

the sim:pler criteria, which are therefore readily acces-
sible. The extensively distributed UCLA Biomed
package (which we used) and the University of Wiscon-
sin factor analysis package do not use the test based on
maximum likelihood estimates, but rather a simpler
one. Second, and we discuss this in greater detail, the
criteria adopted for determining the number of factors
or interacting species in those programs, as a practical
matter, have proven very useful.

This is not to say that the maximum likelihood
methods are not to be preferred. On the contrary, the
fact that they emanate from a sound statistical basis
would, in the eyes of many, make them preferable.
However, since our objective is to simplify matters for
the working chemist, biochemist and molecular biolo-
gist, and since questions and canned programs associated
with maximum likefihood solutions are still in a state of
flux {11, 12], we will use the simpler criteria.

For this method, we proceed as follows. The data
matrix, call it X, is transformed into its s.andard form,
given by the matrix Z as follows. Define the sample
variance of x; by

5= Z=31 G-

The clements of Z are given by
2},- = x,-,-/s-.

From the matrix Z, the matrix of observed correla-
tions, which is given by

R=22'In,

is obtained. In the above equations, Z’ is the transpose
of Z. The eigenvalues of R are then found, call them
04,63, -.-0,, and there are as many significant fac-
tors as there are eigenvalues greater than unity. For
the data of Wallace and Katz [2] the comrelation ma-
trix was found to be as in table | and the eight eigen-
values of this matrix were:

0.00142
0.00000,

1.63065
0.00013

0.00296
0.00001

6.56461
0.00022

accounting (respectively) for the following proportion
of the total variance:

0.99995
1.00000.

099978
1.00000

099941
1.00000

0.79558
0.99998

In the case analyzed by Ainsworth and Bingham
[6] the correlation matrix was found to be as in
table 2. The eigenvalues of this correlation matrix
were:

0.49854
0.00000,

1.49854
0.00000

3.68502
0.32751

which in turn accounted for the following curmulative
proportion of the total variance:
1.0000.

0.61417 0.86393 094541 1.0000
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Table 1
Correlation matrix of Wallace & Katz (1964)

1 2 3 4 5 6 7 8

1.00000

0.99858 1.00000

0.99739 0.99826 1.60000

0.99713 0.99495 0.99464 1.60000

0.94498 0.93222 0.9359% 0.96346 1.00000
-0.19808 -0.23567 —-0.22189 -0.13772 0.13173 1.000G0
—0.74682 -0.77277 —0.7619: ~0.70572 -0.49077 0.79851 1.00000
—-0.85601 —0.87563 -0.86707 —-0.82305 ~0.64159 0.67553 0.98305 1.00000

Using the criteria of eigenvalues of one or greater as
represeniting the number of interacting species, we

find that in the case analyzed by Wallace and Katz
[2], according to this analysis cnly two components
were present; and in the case analyzed by Ainsworth
and Bingham [6], our analysis vields two components,
which is roughly the same conclusion that Ainsworth
and Bingham came to.

3. Discussion

The test used here to determine the number of in-
teracting species is a simple rule of thumb, and as such
commends itself to investigators involved in biological
problems such as those mentioned in the introduction.
There is, however, more to justify it than mere simpli-
city. There are a number of techniques used over the
years by factor analysts to determine the number of
factors [13, 14]. Statisticians, as a rule, would be in-
clined to favor tests of significance, and in this respect
it appears that the method of using maximum likeli-
hood estimations [10, 15, 16] in statistical tests
would be best. On the basis of a wide use of factor

analysis and after considering statistical significance,
algebraic necessity conditions and other criteria,
Kaiser [17, 18] came to the cornclusion that eigen-
value one criterion is one of the “best”” methods avail-
able. This criterion has gained wide popularity among
factor analysts [14]. It is not infrequent that empiri-
cal criteria sometimes yield results which are just as
useful as more formal criteria. Speaking of this prob-
lem in the domain of factor analysis, Harman [13]
has stated, ““It has been found by a number of
workers that empirical tests of significance used by
factor analysts frequently lead to about the same re-
sults as the more proper statistical tests™.

Perhaps the biggest drawback of this simple crite-
rion is the problem posed when one has eigenvalues
close to unity. For example, it does not appear alto-
gether proper to retain an eigenvalue of 1.03 and
drop a subsequent one of 0.97, or to consider that an
eigenvalue of 0.989, for example, does not belong to
a factor contributing significantly to the result. In
such instances, other empirical criteria or perhaps
rigorous statistical tests may be useful to supplement
the analysis. The examples analyzed here do not pose
this problem.

Table 2

Correlation matrix of Ainsworth and Bingham (1968)
1 2 3 4 5 6
1.00000
0.57669 1.00000
0.59778 0.71901 1.00000
0.65424 0.56354 0.90744 1.00000
0.60740 0.22901 0.35830 0.70074 1.00000
0.27492 0.02390 0.16171 0.54816 0.93066 1.00000
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Comparing the resuits obtained by factor analysis
ard matrix rank analysis, we find that we obtained
only two components for the absorption spectra data
of Wallac:: and Katz [2]. This is in contrast to the
authors’ statement of at least three or four compo-
nents. In the case of Ainsworth and Bingham’s data
[6], these authors feit that there were two factars,
possibly three. We found two. In view of those dif-
ferences, it is pertinent to look at the procedure of
matrix rank analysis.

The current procedure of rank analysis due to
Walilace and Katz [2] was suggested in preference to
an earlier procedure by Wallace [1]. In the earlier
procedure, Wajlace decided to use an elementary
statistical criterion to determine rank. His argument

.runs as follows: The probable error of a function ¥ of
several variables x, x5, ... X, , written as
Y{xy,X,, -..X,), is given by:

av 2
xn(ax,_ ax) Py (

where P, sz »--- Py are the probable errors of
Xi,X3,-..X,, respectively, where the derivatives are
evaluated at the mean value of the measured variable.
Since a determinant of a square matrix is a function
of all its elements, the standard deviation of a deter-

minant is:

[Z} E(probable error of 2;:)2 X ( o4 )2 } i

'l

Since the derivative of a square matrix with respect to
any of its elements is its cofactor, then the standard
deviation of the determinant o 4 is

0y 4= [ 2 E(probable error of 2;;)2
L |

X (cofactor a,,-)z] .

If the a;; or the standard deviations of the individxal
elements are known, one can compute 0j 4, and tne
probability that a matrix is singular can be determined
from the ratio [4}/g, 4, by consulting statistical tables.
In his first paper Wallace applied this test to all the
minors of increasing order and concluded that there

were only two components in his system. Later,
analyzing the same system with the new method,
Wallace and Katz came to the conclusion noted at the
beginning, and they believed that the more recent
analysis was better, partlyr because Wallace had to
restrict the size of the matrices he had analyzed the
first time, and partly because Wallace and Katz felt
that they were confirming the result of Reilley and
Smith [19], who found three components by
another method.

A word of caution is in order with respect to the
remzrk sometimes made by matrix rank analysts to
the effect ““that other experimental evidernce shows
that there are more components in the system”. A
biological system could well contain other interacting
species detectable by experimental (as opposed to
mathematical) means. But if matrix rank analysis and
factor analysis are used, then these methods determine
in principle only linearly independent components ar
species. All linearly dependent components appear as
one component.

Wallace’s older method is based on a fairly rigorous
statistical test, and despite the large number of
comnputations that one may have to make, the test is
conceptually easy to understand. It is possible to
devise more sophisticated tests for Wallace’s older
method.

On the other hand, there are a few things about
the newer method of Wallace and Katz which need
clarification. It is not clear that a series of elementary
transformations will yield a unique upper trangular
matrix, but it is true that in the absence of experimen-
tal error any series of elementary transformations
which yields an upper triangular matrix will have the
same number of nonzero rows as the rank of the
niatrix. Here we have experimental error, and the
guestion of uniqueness is of some import. If we do
not have uniqueness, then there would be several
possible diagonal elements that must be compared
and no clear choice as to what should be done.

Another point that must be noted is that workers
using matrix rank analysis seem to have decided that
comparison of the elements on the principal diagonal
of the reduced data matrix and the reduced error
matrix is all that is required to come to a conclusion
regarding the rank of the matrix. This state of affairs
seems to have originated with Wallace and Katz. Al-
though these authors stated quite explicitly that the
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entire row of the reduced data matrix has to be zero,
they only compared the elements on the principal
diagonals of the pertinent matrices. Ainsworth and
Bingham followed that procedure. Since it is clear
that we have to compare all elements of a given row,
the question arises as to what would happen if]
having selected a certain criterion for termination,
we find that some elements of the rows satisfy this
criterion, while others do not.

As indicated earlier, the authors have not given the
probability level by which we are to accept termina-
tion. The statements (already noted) by Wallace and
Katz and by Ainsworth and Bingham, regarding
termination criteria, are rather loose; and only
Godschalk states clearly that whenever a matrix ele-
ment (in the data matrix) after a reduction step falls
below its error value (in the error matrix) is it con-
sidered zero.

Wallace’s first paper presumably uses a Student ¢
test to give a probability level, and we suppose that
it was the intent of Wallace and Katz and of Ains-
worth and Bingham to do the same when they com-
pared an element with its error. Whether or not we
can actually do that using the newer method of
Wallace and Katz depends on a clarification of the
precise transformations one uses in their methods.
Factor analysis as used here does not use a statistical
test, but once procedures for making maximum
likelihood estimates become readily available_ a
statistical test will be used. The criterion used here
for the number of factors is the Kaiser rule of eigen-
value unity. This criterion has undergone extensive
comparisons with statistical tests and other criteria
with favorable results. Accordingly, because of the
coincidences between results using this criterion and
statistical testing, it has emerged as one of the most
popular criteria of factor analysis.

Our preference for factor analysis insofar as we
wish to determine the number of factors stems from
the fact that its foundation and methodology have
undergone extensive scrutiny over the last sixty-five

years [11, 13, 14] . This, however, is not to say that
we will be unable to achieve the same results in
enumerating interacting species with matrix rank
analysis as with factor analysis. It is probable that the
method will be made more rigorous and statistical
tests will be found so that several quantities are simul-
taneously compared.
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Absorbance melting curves of the double-stranded (rA) - (rU) helix, made with fractionated homopolynucleotides
of matched length, have been obtained over a 15-fold range of [Na*} and 20° range of temperature. An excellent fit
of the observed profiles was obtained with theoretical curves calculated on the bzsis of the simplest interpretation
for the occurrence of particular equilibria {1--3]; the complete molecular partition function being evaluated by the
power series method developed by Applequist {4—6]. The stability constant was evaluated from literature values
for the calorimetric enthalpy. The loop closure exponent was best represented by 2.22 + 0.04 for the mismatching
loop mode of melting and 1.22 for the matching mode and was independent of {Na*] and temperature. Assuming
the applicability of the nonintersecting random walk value of 1.9 = 0.1, these results would suggest a slight bias
toward matched loop formation during melting of homopolynucleotides that -night be expected to form only mis-
matched loops. The value of the stacking parameter at 60°C was only ~6% higher than that at 30°C, 0.0221 (0.0184
for the matching case). Calculated melting curves indicate the occurrence of a fifth-order phase transition when the

mean helix length is only ~13 base-pairs, or about one full turn of the helix.

1. Introduction

In order to gain a more detailed appreciation of the
molecular dynamics of DNA, it is desirable to know the
equilibrium concentrations of individual base-pairs in
the various conformational states as a function of
temperature. Such information may provide some in-
sight into the molecular mechanisms by which infor-
mation encoded in DNA or double-stranded virai RNA
is expressed at temperatures far below their transition
temperature.

Difficulties associated with fulfilling assumptions
of the statistical thermodynamical analysis in melting
studies on DNA or viral RNA’s are compounded by
the presence of two different base.pairs: A - T(U) and
G - C. Not only do they have different H-bounding
stabilities, but they probably exhibit differences in
stacking energy with each of the 14 possible nearest
neighbors. To avoid some of these complexdities, we
have made a detailed study of the melting behavior
of poly (rA) - poly (fU) ((rA) - (fU)) composed of
two simple homopolymers.

* Present address: Department of Biochemistry, Hitchner
Hall, University of Maine, Orono, Maine 04473, USA.

The average equilibrium concentration of a particu-
lar intermediate in the course of polynucleotide
melting is determined in terms of base-pair ‘stability’
and loop ‘interruption” constants {1--7] for each of
the MV residues in a chain. The sum over their
statistical weights for all states in the chain then
specifies the complete molecular partition fuaction
Z ;- Various methods have been developed to evaluate
the molecular partition function; that found most
convenient for extracting the various paramete.
from our experimental data is due to Applequist's
application {4--6] of the Lifson—Zimm power
series method [8, 9]. This method states that in the
limit of very long chains Zy!/V approaches p, the
radius of convergence of the sum Z§=1 Zyp"; which
occurs in the same interval as the sum 32, [sG(p)]";
where for the case in which loops that occur in
complementary chains are restricted to equal numbers
of residues {*matched’):

G@)Ep+§ b G+1177 g1 )

=1/s=p(1 —b;)+ b, Lia, (p) (matching case).
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Li,, (p) is the polylogarithm of ordera, [6,10),b; is
the “stacking parameter,” j is the number of non-
bonded residue pairs in a disordered loop segment, s
is the stability constant, and a is the ‘loop closure
exponent’. Zy, is related to an experimentally meas-
urable quantity f, the fraction of bases that are paired
through the relationship (e.g., refs. [3, 8]):

F=(UN)@WnZy[d Ins), =-@lnpfolns), . ()

Eqs. (1) and (2) then lead to the following expression

for the melting of the theoretical model in the matching

mode [6]:

f=sp(A—-06))+b;sLi (—1 (p)]_1 (matching case).
3)

The melting behavior of polynucleotide helices is ti.us
associated with the properties of a polylogarithm func-
tion. In the calculation of theoretical transition curves,
p is eliminated as an explicit variable through eq. (1).
Similarly, for melting with mismatched loops:

f=isp(i —2792b,)

*1R by [Li, (") -1,

(mismatching case).

L @

72—

Variables subscribed by 1 or 2 specify the variable
as being applicable to the matching or mismatching
mode of loop formation, respectively. Expressions (3)
and (4) serve in the fit to the experimental melting
profiles for (rA) - (rU).

A tractable analysis of helix-coil equilibria requires
the assumption that the stability constant be in-
dependent of the length of the helical segment. Con-
sequently, forces that extend beyond the nearest
neighbor boundaries of a given base-pair are ignored.
Significant long-range electrostatic forces may exist,
however [11, 12}; suclhi a possibility would be assessable
from an examination of the melting profile over a wide
range of concentrations of counter-ions that screen
the coulombic forces between neighboring phosphates.
Consequently, the melting properties of (rA) - (rU)
were investigated over a 15-fold [Na*], the maximum
practical range.

Due to the potential for total binding or sliding
degeneracy, homopolynucleotides such as (rA) - (rU)
would be expected to form ‘mismatched loops’, that

is, loops of equal probability with regard to size in
either chain. Applequist has suggested [6] that long-
range electrostatic forces of repulsion between the
negative charges on opposing chains might lead to a
bias toward the formation .. matched loops during
the melting of homopolynecleotide helices. A bias
toward matched loops could result in an intermediate
situation for which a theoretical values for the loop
closure exponent [13—16] would not be applicable.
For this reason the exponent shall be regarded 1s an
adjustable parameter. Since it is to be determinea
over a wide range of [Na‘*], the effects of charge
screening on a possible bias toward matched loops
can also be evaluated.

2. Materials and methods
2.1. Polynucleotides

Poly (rA) and poly (rU) were synthesized with
polynucleotide phorphorylase [17] by J.R. Fresco
and purified and fractionated as previously described
[18]. The poly (rU) had an Sy ,, of 7.6 corres-
ponding to a residue length N = 1000 (mol. wt. =
340,000) [19, 20]. The UV sedimentation boundary
of the sample was extremely sharp; the distribution
indicated that > 90% of the polymer chains fell
within 5% of the average length, but was skewed to
the long side. The poly (rA) had a sedimentation
coefficient indicating a chain lergth the same as that
for the poly (rU) {21, 22].

2.2. Preparation of the poly {rd)- (rU} complex

The (rA) - (tU) complex was prepared according
to Blake and Fresco [18]. There was no evidence of
any three-stranded (rA) - 2 (rU); it is estimatec that
as little as 3% (rA) - 2 (rU) could be detected. In the
range of ionic strengths of the experiments below
(rA) - 2(rU) would always melt at a lower temperature
than (rA) - (rU). Nucleotide residue concentrations
were determined from the mclar extinctior coef-
ficients [23].

2.3. Solvents

The solvent contained 0.0010 M cacodylate (Nat),
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pH 7.1, plus NaCl to give the desired [Na*]. The [Na*]
was determined within + 0.5% of the nominal value
by conductivity.

2.4. Melting curves

The meiting of (rA) - (fU) at 6.5 X 10~5 moles
total nucleotide concentration was monitored by the
loss of hypochromicity at 259 mu. The fraction of
base-pairs remaining at temperature 7, contiguous to
{2p) stacked nearest neighbors, is calculated from the
expression:

A=A, - ADVIA, ~4,] . ©)

where A, is the upper and A, the lower limiting ab-
sorbancies, linearly extrapolated from short (~3°)
temperature regions immediately above and below
the transition region respectively, as illustrawed in the
example of fig. 1. It is assumed that the fractional
loss of hypochromicity originates only from nearest
neighbor interactians and is therefore related to the

true fraction of base-pairs remaining f(7") according to
the expression (e.g., ref. [S]):

F=re e Y- 1). (6)

On the basis of resulis helow, it was found that the
difference between £ and f* never becomes truly
significant, that is 2 1%, before melting is finished.

Meiting was conducted in a Gilford Model 2000
spectrophotometer equipped with an automatic sam-
ple changer and nulling device. Temperature was in-
creased linearly at a rate of 3.2°/hr. with a synchronous
motor attached to the thermoregulator. This rate is
~ 17°Nr.less than that at which a deviation between
thermal and chemical equilibrium was found to become
significant. The temperature is estimated to be
within * 0.2° of absolute.

Absorption data were recorded at 0.02° intervals,
smoothed (not averaged) over 0.1° intervals and cor-
rected for thermal volume change using Kell’s empirical
expression for the temperature dependence of the

: T-7'7C
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Fig. 1. Melting curve for (rA) - :U) obtained in 0.10 M-Na*/L. The sigmoidal (dotted) curve illustrates the analog output of the
*spectrophotometer. The line through open circles represents the derivative of the fraction of base-pairs remaining with the ab-
solute temperature, 5f*/6(1/T). The upper ordinate is defined by the temperature at which the line bisecting the derivative profile

intersects with it at [61*/5 (1/1)] .
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specific volume of water [24]. Processing was on a
Hewlett-Packard 2116B mini-computer,

2.5. Theoretical transitions

The calculation of theoretical melting transitions
based on egs. (3) and/or (4) were carried out on an
IBM 360/91. The program that evaluates polylogarithm,
zeta and gamma functions was kindly supplied by J.

Applequist, whose 1969 paper (6] gives full details of
all computations.

3. Results

3.1. Experimental melting curves

The sigmoidai curve in fig. 1 represents a direct
tracing of the melting transition. Results are corrected
for volume change and sloping boundaries in the com-
putation of the fraction f* of base-pairs remaining ac-
cording to eq. (5). The slope of the upper boundary is
caused by the continued break-up of some residual
stacking in the single-stranded (rA) chain after being
released from helix. The lower plateau is virtually flat,
ie.,5(1)X 104 4,,/°C.

It was found more convenient to work with the
derivative profile [5/%/8(1/T)], for several reasons.

A much greater sensitivity to subtle changes in melting
behavior is exhibited; and a convenient refsrence tem-
perature 7’ is presented, corresponding to a maximum
in [6/%/6(1/7)] or inflection in f*. Though a higher
order derivative would be more sensitive, the demands
on the quality of the data became unusually severe.

The derivative in f* is taken over (1/7), °K~ Iso
that curves obtained at different temperatures can
be compared directly. Operationally 7~ represents the
temperature at which a line bisecting the derivative
curve intersects with it at [67/8(1/T)]’. (The primed
variable everywhere specifies its value at the inflection
point in the melting curve.)

Some of the energy needed to dissociate tine helix
preexists in the mutual repulsion of anionic charges
on the backbone phosphates. The addition of Na*
counterions reduces this energy, resulting in a net
increase in thermal energy ne2ded to dissociate the
helix. Extensive investigation has shown that T’
(Celsius scale) increases linearly with the logarithm of
the [Na*|; for (rA) - U) {23, 25—28]):

T’ =198 log [Na*}+76.9°C. ()]
For these studies (rA) - (xU) was melted in the pre-

sence of various [Na*] within the range 0.008 — G.I2
M-Na*, corresponding to T’ ~ 30—60°C. These bound-
aries represent practical limits of investigation. Above
0.15 M-Na* (T” = 61°C) (rA) - (rU) does not melt
directly, but rearranges to the (rA) - 2 (rU) helix {23,
26]; while below 0.005 M-Na* the transition becomes
particularly sensitive to low concentrations of con-
taminating multivalent cations whose effect on 7” is
very much greater. (Melting was always conducted

in 10—3 M-NaEDTA.)

With T’ as a temperature of reference, an internal
fT-T) scale was established for each experiment.
That for the derivative profile in fig. 1 is given along
the upper horizontal scale. It was found that the frac-
tion of base-pairs remaining at the temperature of in-
flection f', showed no dependence on [Na*] or tem-
perature. Thus, from a least squares plot, ' =0.25 %
0.02 at 7' = 30°C (5 mM-Na*) and the same at 60°C
(0.15 M-Na*) (cf. table 1). Since T’ occurs at con-
stant f*, the (T—T’) scale serves as a convenient basis
for comparing profiles of different experiments ob-
tained at different [Na*] and temperature. Fig. 2 il-
lustrates how three values for [6/*/5(1/T)] at the
same (7—T") temperature are related by [Na*]and
temperature. Results of a point-by-point comparison
at 0.10° intervals across the entire profile are sum-
marized in fig. 3, where the open circles represent
values taken near 30°C from the best straight line
through the full range of data such as that in fig. 2.
The diameter of each open circle reflects the
standard deviation at different temperatures from
least squares lines such as those in fig. 2.

A derivative melting curve thus averaged at T'=
30°C (fig. 3) clearly reflects the characteristic
asymmetric melting profile with a value for [6f*/
5(1/T)]’ of 6.29 (£0.11) X 10%, and that ~ 90%
of the transition occurs within two degrees. The
shape of the profile is the same, whether obtained
by an increasing or decreasing temperature through
the transition region.

3.2. Evaluation of the stability constant, s
Having the properties of an equilibrium constant,

s is deterniined from the standard thermodynamic
relationship:

e [$(21)].
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Table 1
Thermodynamic parameiers for the helix-coil equilibria of (rA) - (xU)
Matching Mismatching
TCO) ~ [8/*/5Q/TF/16°  TCO) cegy; AHY  as®) 2 Bt @ BT
- (base pairs) (cal/mol) (e.n.)
30.00 0.254 £+ 0.18 6.29 £ 0.11 30.84 13.1 —-6607 —21.79 1.22 0.0184 222 0.0221
60.00 0.262 £ 0.20 743 £ 0.15 60.84 12.2 —-8397 -2522 1.22 00197 222 00236
) AH=-59.8 T (°C) — 4813 cal/mol
bYAS = AH/[T'CK) — 1.32]
- [N o Those from the latter two groups were obtained from
ST T LA I measurements of the dependence on temperature
- o - of the release of excess heat capacity on passing through
= . - the region of the helix-coil transition. The profiles
. T .
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Fig. 2. Representative variations in the value observed for
6f*[6(1/T) at constant T'—T with temperature, The upper
scale shows the relationship to the secondary variable,
{Na*], as given by eq. (7).

where AH is the enthalpy for formation of a mole

of base-pairs and where T, the temperature at which

s =1, is given by the relationship: T, = ' (°K) —

1.32°. This slight difference between T’ and T is

due to the effect of loops on the overall equilibrium
between bonded and non-bonded bases, as found below.
Calorimetric determinations of A are available from
the work of Rawitscher et al. [29], Neumann and
Ackermann [30] and Krakauer and Sturtevant [28].

that result resemble the derivative melting curves of
figs. 1 and 3; though from the one illustrated example,
the melting of (rA) - (rU) in the calorimeter occurred
over 2 1/2 times the breadth in temperature of that
in fig. 1, achieving the same change in state. (The
likelihood is that this greate; breadth is due to chain
length heterogeneity.) In any case, the temperature
of maximum release of excess heat will not vary
greatly from 7~ of the optical results above. Fig. 4
shows a plot of the integrated calorimetric enthalpies
obtained as a function of 7. As with the optical
melting curves herein, this latter dependence was
achieved by varying {Na*] over the range indicated
by the upper horizontal scale in fig. 4 (cf. fig. 2). A
linear relationship exists between T' and [Na*], as
indicated by eg. (7), as well as with the electrostatic
repulsive component of the fice energy per base-

pair [9, 27}]. Therefore, the dependence of AH for
base-pair formation on T’ must likewise be linear,

and is defined on the Celsius scale by the relationship:

AH=—-598 T’ (°C) — 4813 calories ©)

from a least squares analysis of the results in fig. 4.
Since AG=0at T' — 1.32°, eq. 9 serves in the

determination of the unitary conformational en-

tropy per (rA) - (fU) base-pair according to the

relationship:

AS = AH/[T (CK) — 1.32]. (10)

The dependence of AS on T is indicated in fig. 4 by
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Fig. 3. Observed and theozetical derivative melting curves of (rA) - (rU). The variable diameter of the open circles represents the
standard deviation from the indicated value at 0.005 M-Na*/t and T° = 30°C for 5f*/6(1/T) taken from linear least squares lines
through experimentally obseived results abtained over a 30° range of temperature, as illustrated in fig. 3. The lines represent the
variation of theoretical df‘Jd(llT) with temperature with three trial values for the loop closure exponent and stacking parameter
for which [df*/d(1/T})/10" = 6.29, AH = —6570 = 10 cal/mol, and AS = —21.79 e.u.
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Fig. 4. Variation of calorimetric enthalpy (kcals) and entropy

(e.u.) on association of one mole of (rA) - (£U) base-pairs with

temperature and {Na*]. Data from Krakauer and Sturtevant (c);

from Neumann and Ackerman (¥). The [east squaresline is given

by eq. (9).

the right-hand-side vertical scale. For the most part,
this variation reflects the release of an increasingly
less structured poly (rA) component with increasing
T, as does much of the change in AH with T~ (e.g.,
ref. [27]). Additional contributions to an apparent
change in heat capacity of —60 cal per mole-degree

(eq. 9) are due o0 the increase in interphosphate
charge screening with increasing [Na*], the decrease
in bulk dielectric constant with temperature (both
effects anticipated in eq. 7), ‘solvophobic effects’,
etc.

3.3. Evaluation of the loop closure exponent a and
stacking parameter b

The variation in f* with temperature for the
theoretical model is caiculated from eqs. (1), (8)
and (4) for (3), depending on the loop mode] where
[5, 6]

f=rfsp=1/G' (p). (11)
The derivative of f* is taken over s:

@F*/alns),« =f*> 0G"(p), (12)
where b* = bs. From: the van 't Hoff equation:
af*[a(1/T) = —(ar*/alns) AH/R , (13)

which is required for direct comparison of observed
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Fig. 5. Variation in the theoretical fraction of base-pairs re-
maining at the temperature of the melting curve inflection
point with loop closure exponent. The dashed line re-
presents a plot of eq. (14), and is independent of 53 only
when the latter is < 0.005. For b} > 0.005, the dependence
of a; on f' was determined from eq. (11) where [df*/
d(1/T'/10% = 6.29, AH = —6600 + 20 cal/mol, 7" = 30 =
1°C, and the value of b¥ given by the upper scale. The point
represents the experimental value for f* between 30—60°C
for (rA) - (U).

and theorctical curves. The remaining adjustable
parameters 2 and b, are evaluated by fitting to the
experimental curves.

Applequist [6] has shown that when b is sufficiently
small, its variation is accompanied by virtually no
change in the value of 4. On this basis he proposed a
convenient means for approximating the latter. The
sole requirement is an experimental value for the
fraction of base-pairs remaining at the temperature
of inflection:

a, =2+ [(1 -3/ - 31)]. (14)

A plot of this function (14) is shown in fig. 3, re-
presented by the dashed line; and indicates a value

of ay = 2.2 when ' = f*' = 0.25 (cf. table I). With
this approximate value for a,, some trial derivative
melting curves were calculated for which [3*/a(1/D}/
10* = 6.29; shown in fig. 3. That for a, = 2.2, re-

-4

/T 210
F -y
>

0222

b, =00221
AH =~ 6607 calmol
AS =-21.79¢u

;.I;.;L._L--n I
20

Temperature 'C

Fig. 6. The best fit of theorectical to abserved derivative
melting curves of (rA) - (rU). Results at 0.005 M-Na*/1 and

T = 30°C for 5§f*/6(1/T) taken from the least squares lines
through data at constant 7'—7T over a range of temperature
(cf. fig. 3) (0); results at 0.150 M-Nat/l and 7° = 60° similarly
obtained (@). Circle size defines the standard deviation. The
lines represent theoretical results calculated with values for
the required parameters as given in the fis. Heavy arrows in-
dicate phase transition temperatures.

presented by the solid line, clearly exhibits the closest
fit to the observed results over most of the transition.
An identical family of curves is obtained for the
matching case when:

a; =a,—1 as)
and
bY=b3[k(a,— 1)~ §(a;) 2 2)/ [t(a,— 1) — 11, (16)

where {(x) is the Riemann zeta function.

Expression (14) seems to hold well only for b, <
0.005. The value for a, was refined from the depen-
dence of f'(= f*') on a,, given by the solid line in
fig. 5. This line was computed from eq. (11) for dif-
ferent values of 53 > 0.005 (upper horizontal scale),
when [9r*/a(1/T)]'/10* = 6.29. The placement of the
experimentally observed f* on the line indicates a
value for @, = 2.22 and 5% = 0.022; which actually
led to the best fit of theoretical to observed transition
curves (cf. table 1), illustrated in fig. 6. The upper
half of fig_ 7 then shows the dependence on tem-
perature of the fraction of base-pair remaining through
the transition region. Both observed and theoretical
curves are represented by the solid line, since they
are virtually indistinguishable. For reference, the de-
pendence on temperature of the stability constant is
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also given (upper horizontal scale). Note that the
temperature at which s = 1, T is lower than T’ by
1.32°%; while the temperature at which f* =0.5,(T,,)
is lower than T by 0.37°.

By a similar routine a best fit was obtained at T’ =
60°C, shown in fig. 6. Values for the various param-
eters are again given in table 1; the stacking parameter
is increased by only 6% of that at 30°, but otherwise
there is no change in a.

Thus, a region of the helix-coil transition most
sensitive to subtle changes in melting parameters
has been examined over a moderately wide range
of [Na*]and temperature, with no significant effect
of these variables. It could be that the mean helix
length (£g? does not become sufficiently short over
this partfcular region of the transition to reveal any
depency on length of the stability constant, as might
be anticipated from the effecis of electrostatic forces.
Similarly, the mean loop size (€4 ) may be so large
that matched-loop biasing forces no longer exert
a very significant influence.

3.4. Evaluation of mean sequence lengths

The mean helicat segment length is given by [5—-7]:
g)=1/(1 —sp) . {i7)

The dependence of (€g} on temperature, calculated
with parameters given in table 1 (irrespective of the
loop made), is plotted in the lower half of fig. 7 (on
a logarithmic scale for convenience). It can be seen
that by the temperature at the inflection point, (2g?
has dropped to an average of 20 contiguous base-pairs

per helical segment, which is still a considerable length.

The mean loop size, calculated as a function of
temperature from [6]:

(@)= 1 - NIf, (18)

is also plotted in fig. 7. {® 2 Teaches 50 residue pairs
by 7. This value seems rather large to experience a
significant coulombic bias and is parhaps the reason
why an ionic strength effect was not observed.

Fig. 7 shows very different rates of change of loop
and helix sizes. While the average helical segment
length is dropping from 50 to 17 base-pairs between
27° and 30.5°, the average loop size is rising from
5 to 800 residue pairs. Applequist [6] has found this
behavior to characterize melting when 2.1 Sa, < 3.
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Fig. 7. The curve in the upper half represents the variation in
both observed and theoretical fraction of (rA) * (rU) base-
pairs remaining with temperature; the latter being calculated
with the same values for parameters as used in fig. 6, viz.,

a; =2.22, 53 =0.0221, AH = —6607 cal/mol and AS =
—21.79 e.u. Curves in the lower half represent the theoretical
variation in mean helix length, (2g) (base pairs), and mean
loop size, (24) (residue pairs), with temperature, calculated
from eqs. (19) and (20) respectively. ({2 is plotted on a
logarithmic scale only for convenience.)

Since loops are increasing in size at a much greater
rate than helix lengths are decreasing, they must be
doing so at the expense of numbers of helical seg-
ments, implying that helical segments have some cri-
tical minimum length.

3.5. Phase transition

The requirement for a true phase transition is a
disconfinuity in a derivative of the molecular partition
function with temperature. The unusual structural
feature of nucleic acid helices that leads to this con-
dition is the occurrence of long-range interactions, par-
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ticularly within the disordered loop regions of the
chain, Large closed loops, as appear late in melting,
constitute weak, long-range entropy effects. It was
shown by Poland and Scheraga [31] and by Applequist
[4] that in.the limit-of infinite chain length such in-.
teractions give rise to a discontinuity in the function
(2™ In pf31ns™) (cf. eq. (2)), where m, the order of
the phase transition, is a function of the loop closure
exponent a.

Applequist [6] has demonstrated that ifa; > U,n
solution for eq. (1) exists only for 5 > 5, where:

5, = 1/ 11 = by +b,§(a,)] (matching case) (19)

fulfilling the condition for a phasc transition. The
order of the transition is then determined from the
precise increase of 2, above unity:

1+ <o <ol

The temperature at which the phase transition occurs,

T, is obtained by setting s = 5 in oq. (8) and solving

for T,. The fraction of base-pairs remaining at Tis

determined from eq. (3) by setting p =1 and s =5, .
Likewise, if 2y > 2, then:

S"—"l/(l "‘bg["@; —-1)- f(ag) -27%2) (20)
(mismatching case) .

The order for the mismatching model is determined from:

1
m-1"

On the bagis of these conditions (TA) * (tU) would
appear to undergo a fifth-order transition (irrespective
of loop mode) at Ty = 30.84°C and 60.84°C (table 1)
for the lower and higher temperature curves in fig. 6,
respectively (indicated by the heavy arrows). The mean
helix length at the phase transition temperature (2g),,
would be ~13 base-pairs (cf. table 1 and fig. 7) from
€q. (17). It is to be noted, however, that such an ana-
lysis does not provide a direct experimental determi-
nation of the order of the transition.

241 <a,<2+
m

4, Discussion
4.1. Applicability of the theoretical model for melting

The obviously good fit of theoretical to experimen-
tal melting curves over a targe part of the transition

would seem to give considerable support to Zimm's
simplex munditiis model {1]. Many qualifications to
this model have been proposed, but thelr relevance
appears to be restricted to regions of the melting

_ transition outside the practical - temperature bound-

ari¢s of the analysis herein. Of course, a fit of one
somiempitical and two adjustable theoretical param-
eters to experimental data {s u necessary but not suf-
ficient criterion to test the applicability of the basic
model.

There is a hierarchy in the precision with which
various parameters are determined. Assuming its in-
variance with helix length, ¢ is presumed known to
approximately £ 2% from calorimetric measurements
of the enthalpy. The foregoing assumption has, how-
ever, been challenged recently on the grounds that
at low {onic strength *long-range® electrostatic forces
make a significant contribution to the net cnergy
per basespair. Such forces are likely responsible for
the greater relative stability of the shorter oligomer
helices [3, 11}, Such helices have also been demon-
strated to exhibit an increase in the dependence of
(T, [3[M*]), p with increasing helix length, asymp-
totically approaching that for the polynucleotide. On
the basis of such results Elson et al. [11] proposed
an ‘cffective’ stability constant:

s N)=s-exp [AH - AH* (M)/RT , QN

where [AH - AH*(N)] represents the difference in
total energy between the infinite polymer and oligomer
helix, respectively, averaged over the chain tength. The
magnitude of [AN — AN*(N)] increases with de-
creasing oligomer length due to the truncation of
disruptive ‘long’ range coulombic forces. (By o similar
argument, the penultimate base-pairs of the finite
polynucleotide helix would be expected to be more
stable.) However, the quantitative relevance of an
‘effective’ stability constant computed on the basis

of results from short helices to the short helical seg-
ments of a partially melted polynucleotids is
questionable. The proximity of charge density from
disordered loop segments in the partially melted
polynucicotide cannot be totaily ignored in the sum-
mation of net electrostatic encrgy for a given base-
pair. For example, in helices with extrahelical non-
complementary residues theve is a contrasting
decrease in (3T, /6 [M*]) with increasing mean
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helical segment length between loops of noncomple-
mentary residues asymptotically approaching that

for the homo * homopolynucleotide [32]. Since

the coordinates for all pairwise coulombic interaction-
between phosphates in discretely localized bonded
and statistically localized nonbonded segments of the
chain cannot be defined in any simple geometric
fushion, a more pertinent s*(V) cannot be readily
computed. In any case, it does not seem necessary,
since the average helical length in the critical inflec-
tion region of the melting curve is > 20 base-pairs,
ond certainly not less than 13 (the critical minimum
length). The former helix length would seem to be
beyond the range of significant length-dependent
sensitivity to Intramolecular coulombic forces. More-
over, the analysis above was quite insensitive to a 15-
fold increzse in [Na*] that presumably provides a
greater screening of the coulombic forces of repulsion
between YO3 groups on opposing backbone chains,

It is con:luded, therefore, that a value for s indepen-
dent of helical segment length serves as a reasonable
approximation for analyses of helix-coil equilibria of
polynucleotides.

4.2. Loop formation

The interpretation of the value measured for the
loop closure exponent depends upon the precise mode
of loop formation in these homopolynucleotides,
which is unknown. On the assumption that loops on
opposing chains occur in mismatched fashion, the
value observed, 2.2, is significantly greater than that
calculated, 1.9 0.1, from theoretical random walk
studies for non-intersecting chains [13—16]. This
would suggest the occurrence of forces leadingto a
blas toward matched loop formation. Alternatively,
it could mean the inapplicability of the random
walk calculation. Recent theoretical and experimen-
1al results suggest that the weighting function for
loop closure somewhat underestimates the true
value for smail loops, from which the latter derive
a greater relative stability {3, 33, 34]. A dependence
of the loop weighting function on loop size was not
detected in this analysis due o the intensitivity of
theoretical melting curves to rather widely different
valuesof g at T’ — T'= 1.5° (cf. fig. 3), that is,
when {2, } <5 10 residue pairs. Perhaps for the same
reason, a dependence of 4 upon ionic strength was

not observed, since n couombic bias probably in-
fuences a predominance of matched loops early in
melting. The screening of coulmnbic forces between
opposing phasphates s not complete within the
[N.*] range examined [Na*] S0.12 M, so that the
later growth of larger matched loops may also be
unable to form in either chain with an equal pro-
bability with regard to size. This would explain the
slightly high value observed for the loop closure
cxponent.

The value found herein for the exponent, ¢, =
2.22, fulls in the range of empirical values from
other laboratories. For (fA-HY) - (rtA-H*): 2.5 >4,
> 2.3 (vef. [6]), and a5 = 1.8 (Hennage and Crothers,
quoted in ref. [35]); for (dA) - (dT): 1.9>a, > 1.5
and for (dA-T) - (dA-T): 1.7 2> 1.5 (ref, [36]).
The reason for such a range of values for a is not clear,
that is, it may not simply represent experimental un-
certainty. 1t could, for example, be a reflection of the
effects of differing finite chain lengths. The theore-
tical melting curves are calculated on the assumption
that end effects are nonexistent; that the polynucleo-
tide chains are of effectively infinite length. The ex-
tent to which experimental melting curves reflect
the effects of finite length is not known at present.
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Under the same solution conditions, the apparent weight average sedimentation coefficient, Swa, and some quan-
tities obtained from it can be combined with the equilibrium constant or constants, K;, and the monomer concen-
tration, ¢, obtained from sedimentation equilibrium, light scattering or osmotic pressure experiments on the same
self-associating solute, so that the individual sedimentation coefficients, s;, of the self-associating species, and also
the hydrodynamic concentration dependence parameter, g or &, can be evaluated. Using two different models for
the hydrodynamic concentration parameter, four different methods are presented for the evaluation of the s;'s.
Methods for evaluating g or g, once the s;’s are known, are presented. A method for obtaining the number average
sedimentation coefficient, sy, and its application to self-associations is presented. Methods are shown for the
evaluation of z average properties, Xz, as well as number average properties, ¥ N, of a self-associating solute from

its weight average properties, Xy,

1. Introduction
Self-associaticns are reactions of the type

nP, &P,

n=2,3,.., )
and related self-associations. Here P represents the
self-associating solute. These reactions are quite wide-
ly encountered, and they can be studied by 2 variety
of techniques [1], including sedimentation equilibrium
[2—8] and sedimentation velocity experiments [1,
9—13]}.

While there is great interest in self-associating
solutes, it is only in the last twenty years that real pro-

* This paper is based in part on the thesis submitted by
Charlotte A. Weirich to the Graduate College of Texas
A & M University in partial fulfillment of the requirements
for the degree of Master of Science (August 1972).

** Please address all correspondence regarding this paper to
Dr. E.T. Adams, Ji., Chemistry Department, Texas A & M
University, College Station, Texas 77843, U.S.A. Part of
this material was presented at the 16th Annual Meeting of
the Biophysical Society, Toronto, Canada, Feb. 2427,
1972.

gress has been made in the analysis of self-associations.
Steiner [14—16] was the first to apply a thermo-
dynamic analysis that allowed the evaluation of the
equilibrium constant or constants for a variety of self-
associations. His methods were restricted to ideal,
dilute soluti~1s and wer: developed individually for
light scattering and osmotic pressure experiments.

Rac and Kegeles [17] extended the Steiner analysis

to the Archibald exp~riment. They developed some
novel methods for tl.e analysis of a monomer-s-mer
self-association. The first attempt to analyze a non-
ideal self-association was done by Adams and Fujita
[2] , whose procedure was restricted to a monomer-
dimer self-association. This restriction was removed

by Adams [4], who also established the interrelation
between average molecular weights [4, 7] . Since

then much progress has been miade in the analysis of
self-assaciations, and newer and much simpler methods
have been developed for the analysis of various self-
associations [5, 8].

Transport methods have also been used extensively
for the analysis of self-associations [1] . Much of the
pioneering work in this area was done by Gilbert and
his associates [9—12] . While the Gilbert method did
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have some limitations, the most serious being that the
continuity equation when self-associations exist could
not be solved if diffusion were included, it neverthe-
less did stimulate much interest in the analysis of self-
associations. More recently Goad and Cann [18],
using sophisticated computer methods, have been
able to include the effects of diffusion and solve the
continuity equation when self-associations are present.
Cox [19] has developed some elegant methods for
simulating sedimentation velocity experiments on seli-
associating solutes; he has been able to show how
variation in the values of several parameters (the equi-
librium constant or constants, the sedirnentation co-
efficients, the hydrodynamic concentration depen-
dence parameter) affects the concentration gradient
(schlieren) patterns. Godshalk [20] has developed a
method for the evaluation of diffusion coefficients
from a series of sedimentation velocity experiments at
different speeds; he has proposed a matrix rank ana-
lysis method to enumerate the number of associating
species present, if this be unknown beforehand. Very
recently Kegeles [21] has developed a method for
obtaining the z average sedimentation coefficient, s,,
for self-associating sclutes; he has proposed some
ways to estimate the sedimentation coefficients ina
monomer-1-mer self-association.

Generally these developments in sedimentation
equilibrium and sedimentation velocity experiments
on self-associating solutes were done separately, and
no attempt was made to combine the two experiments.
The first attcmpt to combine sedimentation velocity
data with sedimenrtation equilibrium data on the
same self-associating solute, so that the sedimentation
coefficients of the associating species and also the
hydrodynamic concentration dependence parameter
couid be evaluated, was done by Kakiuchi and
Williams [22]. This procedure was also used by Iso
and Williams [23] . Unfortunately their method in-
volved extrapolation from a region of high solute
concentration for the evaluation of the desired quan-
tities.

The purpose of this paper is to show some new
ways of combining sedimentation velocity and sedi-
mentation equiitbrinm data to extract as much in-
formation as gossible chout the self-associating sys-
tem under investigation. Two models for the hydro-
dynamic concentration dependence parameter will be
proposed; we can generate several independent equa-

tions for the evaluation of the sedimentation coeffi-
cients of the associating species. We will also show
how the hydrodynamic concentration dependence
parameter can be obtained from the data with either
model. In addition we will show how 5, can be ap-
plied to this problem. We will also show that if any
weight average property of the system, x,, is avail-
able experimentally for a self-association, then it is

a simple matter to obtain the z average property; here
x could represent a sedimentation coefficient, a
partition coefficient, a diffusion coefficient, etc. We
will also show how to obtain the number average
sedimentation coefficient, sy,.. The methods used here
can be extended to obtain other number average
properties, Xy, of the associating system. Knowledge
of the sedimentation coefficients of the associating
species may lead to insights into the shape of the
associating species, as well as how the associating
species are joined into n-mers. Values of the sedimen-
tation coefficients and the hydrodynan-*- ~oncentra-
tion dependence parameter may be useft ‘or testing
various methods for simulating sedimenta. n velocity
schlieren patterns for self-associating solute:; they
could also be used to help test various theorics
regarding self-associations and sedimentation relocity
experiments. The sedimentation coefficients (ould
also be used for the evaluation of translationzi dif-
fusion coefficients of the associating species

2. Evaluation of the weight average (s, ) of apparent
weight (5,,) average sedimentation coefficient

In order to proceed further it is necessary to make
the following assumptions.

(1) The natural logarithm of the activity ccefficient,
¥,, for each self-associating species can be represented
by the expression
Iny,=iBMic, i=1,2,.... 2
Here c is the total solute concentration on the gram
per liter (or other weight over volume_concentration)
scale; for a monomer-n-mer self-association ¢ is
given by
c=c, +K c’; A3)

n
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as a consequence of eq. (2). The quantity BM; in eq.
(2) is known as the second virial coefficient.

(2) Sedimentation equilibrium, light scattering or
osmotic pressure experiments have been performed
on the self-associating solute under the same solution
conditions so that ¢y , the monomer concentration,
and X ,,, the association equilibrium constant, are
known.

(3) The third assvmption is that interacting flows
are absent; this is an assumption that has been made
by all the workers in this field so far, [9—12, 19-23].

When a self-association is present, the weight average
sedimentation coefficient, s, is defined [13] by

5, +K, s, 5 +K,ct s,
cy +K, ] 1+K,ct1

4)

Swe

for a monomer-n-mer self-association; analogous equa-
tions can be written for other types of self-associations.
The subscript ¢ in eq. (4) indicates that a self-associa-
tion is present; note that as ¢ = 0, s, —* 57, whereas

as ¢ —+ oo, s, — s, . Studies on nonassociating solutes
have established the existence of a hydrodynamic
concentration dependence parameter, g; this was the
reason for the use of the term sedimentation coefficient
in place of sedimentation constant. Thus with non-
associating solutes one encountered the following
empirical expressions to describe the observed con-
centration dependence of s:

s=s0(1 —gc) )
or
s=5%/(1 +gc). (6)

Here s? is the value of s at infinite dilution of the sedi-
menting solute.

When hydrodynamic concentration dependence is
present, and this is usually the case, we will use the
term s,, the apparent value of 5., in place of s,
Two models for defining s\, will be used here. One
model which we have proposed defines s, by the
relation

(Model I). )

In this model, which we will call Model I, the hydro-
dynamic concentration dependence parameter is
designated by g; generally this model is simpler to use
mathematically in the treatment that follows. The
other model for s, , which we will call Model I1, is
given by

Swa = Swel(1 +g¢) (Model I). 3)
Model I was first used by Gilbert [9—12] and is the
model for s, that was used by Kakiuchi and Williams
[22] and by Iso and Williams [23]. Here the hydro-
dynamic concentration dependence parameter is
designated by g.

There are two ways that s, can be evaluated. With
refractometric optics (Rayleigh and schlieren optics),
Swa Can be evaluated from the rate of movement of
the square root of the second moment of the boundary
gradient curve, r, since

dinr
Tt WS- ©)

Here w is the angular velocity of the rotor and is given
by w = 2a(RPM)/60. The quantity r is defined by the
general equation [24, 25]

—2:(Cmrx2n + fpr2 g—f dr)/cp.

m

(10)

Here ¢, is the value of the concentration of solute at
the air-solution meniscus, 7, , and cpis the concentra-
tion of solute in the plateau region, the region of con-
stant concentration. The quantity r, is the radial posi-
tion from the center of rotation at which the plateau
region begins. In order to calculate 7 it is necessary to
know ¢, and c¢;,. Kegeles and Rao [26] showed that
€, can be evaluated for self-associations from the

equation

P . dc
€m =cg —(1/r2) f r2 3 9 (n
m

The concentration at the plateau, ¢, can be obtained
from

® dc
€p=Cm t f 3 dar. (12)
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When ¢, =0, then eq. (10) reverts to the form ob-
tained by Goldberg [27].

With absorption optics one can use the continuity
equation to evaluate s, . In the plateau region it is
easy to show that

(13)

Thus s, can be evaluated from the slope of a plot of
Inc, vs. 1.

3. Elimination of the hydrodynamic concentration
dependence parameter

The key to the evaluation of the sedimentation co-
efficients of the associating species lies in the elimina-
tion of the concentration dependence parameter. When
this is done one obtains an equation containing only
sedimentation coefficients, s;, the monomer concen-
tration, ¢y, and the equilibrium constant or constants,
K,.Note that the 5;, {= 1,2, ..., are the true values
of the sedimentation coefficients of the associating
species. We will illustrate the procedure for eliminating
the hydrodynamic concentration dependence param-
eter with a monomer-n-mer self-association, and then
the arpuments will be extended to other self-associa-
tions. With nonassociating solutes one can easily
obtain g, the hydrodynamic concentration dependence
parameter, by simply plotting s or 1/s vs. ¢. For
instance, from eq. (6) one notes that

%=l+33_ (14)

Thus one notes that lim,_,¢(1/s) = (1/5g) and the slope
of a plot of 1fs vs. ¢ is g/sg. With seif-associations the
situation is more complicated. With maodet I one notes
that

dswa dsW
lim —— = —gs? + ( c) . 15
o dc Bi"\4c .. (15
whereas with model II we note that

Sy, dS e
lim—— =—gs +( ) (16)
o0 dc 1 dC =0 -

If one used Model I and made a plot of 1/s,, vs.c,
the intercept would be sy, but the limiting slope
would be g — si‘z(dswcldc)c=o. Thus we cannot ob-
tain g or g from plots of 1/sy,, vs. ¢, and we must
look for alternative methods when dealing with self-
associations. Fortunately it is easy to obtain these
alternatives, and four different methods will be used
to eliminate g or g. Model I will be used first.

Model I: —!‘- =s—l— +ge.

wC

In all of the four procedures to be described below,
a monomer-n-mer self-association will be used as an
example. Since it is assumed that ¢; and X, are avail-
able from light scattering, sedimentation equilibrium,
or osmotic pressure experiments on the self-associating
solute, and since

lims_ =5, 17
-0 ¥2 1 (7
the elimination of g, the hydrodynamic concentration
dependence parameter for model I, leads to an equa-
tion in one unknown, s,,. One can then use successive
approximations to obtain the value of s,,.

Method 1:
Here one uses 1/fs,,, and d(1/s,,,)/dc to eliminate
&, since

1 d ( 1) 1 d ( 1

——Cs— | — = —C5=|— ). 18
Swa de \s,,. Swe de \sSy. (18)
For a monomer-z2-mer association
1 1K 1)
SWC 31 +Knc’1'—lsn
and

4 (L)a OO W
de \swe (sl +Knc’;_15n)2(l+”Kncl—l)-

Thus,
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1+K,c; !
_ﬁc_ (_:)_-sl+1{ f1s

o(n —~ )Kpc™ (s - 59)
(s; +K, " 3)2(1+nK Al

Pl

(21)

Method 2:
Suppose the plot of 1/s,, vs. ¢ has a minimumat
c=c,,then

ii_ (_l_) =0 22
¢ sWa c=C* ’ ( )
d ( 1 )
=_ e (L i 23
de \Swe /o=ce (23
and
1 1 d 1
— = —c—(— 24
SWB. s\”c dC swc )c=c,g ( )

The insertion of eq. (19) and eq. (20), evaluated at
c=c_, leads to an equation with one unknown, s,,

Method 3;
Hecre we note that

1 2 £dc_1 2 £ dc

el (25)
swa < SWZ SWC c SWC

For a monomer-dimer association one cun show that

2 < 1 +K2L'l
_C— bl. S Sl +K2C'152

wa
sl 251) (sl + K555 \

(26)

The only unknown here is s, , and it is obtained by
successive approximations. The integrals necessary for
the evaluation of [ dc/sy,. forn =2 to 4 are found

in tables of integrals; when 7 2 5 one must use a reduc-
tion formula to evaluate the necessary integrals [28].

Method 4:

Kegeles [21] recently pointed out that one could
obtain the z average sedimentation coefficient, s,,.,
from the equation

d(csy,.)
S50 = dwc =27 ic;s /E:c (27)
For a monomer+#-mer self-association

sy +nK et s, 28
S0 = -

1 +nK,cf

Now note that with model I 5, is given by

d(cs )
522 = d:a = 5,2/(1 + gesg,)?. (29)

From the definition of s, given by model [ (see eq.
7), one can obtain

s
_Swe
l+gCch—s—— .
wa

30)

With model L, s, is written as

o = _We_
Wa  (1+gcsy,)

The insertion of eq. (30) into eq. (29) followed by a
rearrangement leads to

zalSwa = SzclSc- (€1}

For 2 monomer--mer self-association, eq. (31) can be
written as

572 _ cz(clsl +"Knc'l'sn)

e . 32
st (eg +nK, ) cysy + KnClisn) G2)

Eq. (32) has only one unknown, s,,.
Model II: s, =s¢./1 +gc.

Again a monomer--mer association will be used as
an example. It will be assumed here also that s, , ¢,
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and K,, are already known so that the elimination of
g leads to an equation in one unknown, s, , which we
can solve for by successive approximations. The
methods described in the previous section for model
I can also be tried with model II, but in this case the
mathematical relations are somewhat more compli-
cated.

Method 1:
Here we note that

L -l g0 (33)

Swa Swe

When model II is used eq. (33) can be used to obtain
an expression for d(1/s,,,)/dc, and this can be used to
obtain an expression for g. Doing this we obtain

(e, 1 done)
Swe dc :,Z; dc

g= . (39
(1-& dSWC)
Swe UcC

The substitution of eq. (34) into eq. (33) leads to

(d(llswa) i d‘swc)
el————F+— —
1 i de 2 dc

LY

p ; wc T (35)
wa Swe j_ < {dsw‘fl)
Swel dc

When eqgs. (19 and 20) are substituted into eq. (35),
one obtaizs an equation in one unknown, s,,.

ds

Method 2:
If sy, has a minimum at c=¢,_ orif 1/s,, hasa
maximum at ¢ =c_, then one can show that

ds,,c/de
g= (36)

s _c(dswc)
we de e=c,

and

Swe
S = . 37
wa dsgelde

1
+ C[swc — (dsgpld0) jc=c,

When a monomer-n-mer association is present the sub-
stitution of eqs. (19 and 20) into eq. (37) leads to an
equation containing only one unkncn, s, .

Method 3:
This method can be used in a different form; here
we note that

j:£= f-—l—(1+gc)dc. (38)

't} swa Q9 SWC

Solving for g one obtains

fo_ [
0 swa swc
g= - . (39
fea
0 SWC

One can insert eq. (39) into eq. (33), and then use eq.
(4) to obtain an equation in the unknown, s,,.

Method 4:
When model II applies, Kegeles [21] showed that
_G(eSyyd Sz — BSun

T Tge T TIT ge (40)

With a monomer-n-mer self-association one can use eq.
(40) to obtain an equation in onw unknown, s, , using
the following steps:

SwelSwa =182, (41)
S

g= i‘-l)/c, “42)
Swa

and
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The substitution of eqs. (4 and 27) leads to an equation
in one unknown, s,,.

4. Evaluation of gor g

Since we have shown that one cannot obtaingorg
from the slope of a plot of 15, vs.c (see egs. 15 or
16), we must use another approach. The simplest pro-
cedure is to calculate sy, first; this can be done once
the sedimentation coefficients of the self-associating
species have been obtained (see the preceeding section).
Then with model [ g can be obtained from the fol’ow-
ing equation:

1 1
— —— =g (44)
Swa Swe

A plot of (1/s,) — (1/sy,) vs. ¢ will have a slope of g.
If method 2 applies one could also use eq. (23) to
evaluate g, or one could also use eq. (30) for this
purpose.

When model II applies and when sy, is known, eq.
(33) can be reammanged to give

(45)

Thus a plot of (I/sy,) — (1/5y, ) wiil have a slope of g.
Alternatively g could be evaluated from eq. (41),

since g is the slope of a plot of sy, /sy, vs. c. Eqs. (34
or 36) could also be used for obtaining g.

5. Extension of these methods to other self-associations

5.1. Monomer-dimer-trimer association

For this association the expression for s, becomes

_ sy tKjeys, +K3c%s3
1 +K201 +K.3C%

(46)

SWC

Since sy, K5,K 3 and ¢y are known, we are left with
only two unknowns to solve for, s, and s5. All of the
previous methods can be used to eliminate g or g, but
we are faced with the necessity of evaluating the two
unknowns. Note that method 3 can be used here since

the integrals necessary for this method can be found
in a good table of integrals. However, it may be more
difficult to apply method three to other associations,
such as a monomer-dimer-tetramer self-association.
With a monomer-dimer-trimer self-association we
would have enough equations available to solve for
§, and s3, but admittedly we would have messy algebra
to do this. One way to obtain s, and s3 would be to
use an iterative procedure, such as the Gauss—Seidel
method or a curve crawling procedure [29] or we
could use Monte Carlo methods {30]. These procedures
could be carried out on a computer or on some pro-
grammable calculators. The only restriction here would
be thats3 > 59 > 5y . Another but mere restrictive way
to attack this problem would be to assume that the
three sedimentation coefficients are related by an
equation of the type
s;=K@M)*, i=1,2,3. 47
Here K is a constant whose value depends on the tem-
perature and the combination of solvent and solute
used. If eq. (47) were valid, then s,/s; =2% and
s3/sy = 3%, so that eq. (46) can bz written as

si(1+ 22K ¢, + 3°=1<3c%)

5 (48)
1+K5e; +K5c1

Swe

The quantity « is the only unknown in eq. (48). So
we could use eq. (48) along with cther required quan-
tities in the methods previously described for both
models for s, , but here o instead of 55 or s3 would
be evaluated by successive approximations. The dis-
advantage of this procedure is that ali of the

s;(i = 1, 2, 3) must obey eq. (47), whereas the other
iterative method mentioned in this section does not
have this restriction. In principle one could evaluate
s, and s first without assuming that they are related
through eq. (47).-Then we could see if they are inter-
related, since if this were true then

_log(syfsy)  log(ssfsy)
“~ Tg2 " log3 -

(49)

If all of the self-associating species were spheres, then
o = 2/3; and if all the self-associat™ :¢ species were
random coils, then « = 1 /2.
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5.2. Indefinite self-association

Here the self-association reaction can be written as
nP; E gPy +mPy+ ... .
It appears that the only way to treat this case is to as-
sume that eq. (47) applies. When one does this, then

one notes that si/s; =j, wherej =2, 3, ... . The ex-
pression for s,,. becomes

s+ 220k Cy + 34 E2C2 + )
(1 +2KkCy +3k2C2 + .. )

ch
=s(1 +22kC) +30¥1k2C2 +. . )(1 — kC)?,

(50)

if kC; < 1. Here k = 1000K/M is the intrinsic equi-
librium constant. In arriving at eq. (49) we have used
the relationship

1+ 2KC) +3k2CE +...=1/(1 — kCy)?,

when kC; < 1. Note that C| is the monomer concen-
tration in gfml. At present the sum of the series in the
numerator of eq. (49) is not known. Since the sum of
the series in the denominator of eq. (50) is (1 — kCy)™2
for kC; < I, we might be able to truncate the series in
the numerator after the fifth or sixth term. Just where
to tiuncate it would depend on the magnitude of £C;
and on the expected experimental error in the values

of Sye OF Sy, - Assuming that the truncation is justifiable,

one could use eq. (50) and the other necessary quan-
tities in the four methods previously proposed for the
elimination of g or g and the estimation of the s; from
either model for s,,,, except here one would obtain «
by successive approximations. Note that the series in
the numerator of eq. (50) has the sum of

(1 +kC)/(1 —kCy)? fora=1,
and
(1 +4kCy + E2C3)/(1 — kCy)* fora=2.

Thus one could see whether « is less than one or if its
value lies between one and two.

S,

6. Discussion

How do our methods differ and what is their ad-
vantage over the Kakiuchi and Williams [22, 30]
method? Consider a monomer-dimer-trimer self-asso-
ciation. In the Kakiuchi and Williams method model
Il s, was used; they rmade an attempt to evaluate s,
and g from a plot of 15, vs. c. The first point to note
is that Kakiuchi and Williams used the wrong equation
for sy, . liistead of using eq. (4) for s, they used

(sic)

S 1 + K ZCSZ
Swe =T TR, - G1)
The error here is the use of ¢, the total solute concen-
tration, instead of ¢, the monomer conczntration,
The correct expression for 5. is given by eq. (4).
Xakiuchi and Williams then proceeded to write s, as

_(sic)

Sl +K2S2C

wa = (T +K0)(0 +20)° G2)

when model Il applies. The correct expression for sy, ,
when model II applies, is

3 +K2C1$2

Swa = (1 +K5cy)(1 +gc)° (3)

The Kakiuchi and Williams equation (eq. 45) can be
rewritten as

- 1 +gc . (54)

sWﬂ
Sz[l +

Sl ——32 ]
82(1 + K2C)

If this equation were correct then as ¢ becomes large,
eq. (47) approaches the form

I l+ge

Swa S2

(5%)

Eq. (55) islinear in ¢, and if the tangent to a plot of
1/sy, vs. c is taken at large values of ¢, one obtains
/s, for the slope and 1/s; for the intercept at ¢ = 0.
One can justify this procedure by using eq. (53), which

is the correct equation. Here one obtains
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1 1 +gc

Swa S — §2 )
sz[ t* (1 +Ky0 )]

If Kc; gets large as c gets large, then eq. (56) can be
reduced to eq. (55).

The disadvantage of the Kakiuchi and Williams
method {22, 31] is that the experiment must be carried
out to large values of ¢, the plot of 1/s,,, vs. ¢ should
be linear at these high values of ¢, and the results
depend on how the tangent to the plot of 1/s,, vs.c
is drawn. At very high concentrations other hydrody-
namic concentration terms might have to be included.
The main advantage of this method is its simplicity.

Our methods, while somewhat more complex, do
offer a possibility of evaluating s, (or s,) and g or g at
several different concentrations. Thus we can obtain an
average value for these quantities, whereas the Kakiuchi
and Williams procedure is a one shot method. Alse we
have available several ways to evaluate s, (or s,) and
g or g, whereas they do not have this versatility.

We can extend the methods described here to any
other weight average property, x,., of an associating
system; here x could be a translational diffusion co-
efficient, a partition coefficient, a partial specific
volume, etc. As long as a physical method gives x,,,
where x,. is defined by

(56)

i=1,2,..., G7)

Xwe =z_> gxilc,
H
then it is possible to obtain x, , the z average value of
X, and also xyy, the number average value of x. If these
physical properties exhibit some type of concentration
dependence, then one can use models, analogous to
models { or II for s, , to define x,,, , the apparent
Xwc»>and the individual x; for the associating species can
be evaluated from x,,, using methods analogous to
those described in this paper. Note that x,, is defined
by

Z,} ciMpx;
“ T

z_) fcgxy
= I
Z;i(.‘i
i

(38)

since M; =iMy, i=1,2,....We can obtain x,, from

20 = d(Cxy,)/de, (59)
since
d(cxw(_-) dc; /dcl
dc ‘Z;" dac Z,; i dcldcy (60)
dc;
Zi)x" a?' =xl +1Y2K2Cl + 3X3K3C% +
-(l/cl)zz s (61)
and
defdey = 1+2K5¢y +3K 3¢ +...=(lfc)) 23 ic;.(62)
i

How do we obtain the x,.? Ackers [32] has shown
that the weight average partition coefficient, .., can
be obtained from analytical gel chromatography exper-
iments with self-associating solutes. It should be noted
that Chun et al. [33] have shown how to obtain the
weight fraction of monomer from o, by a different
procedure. The apparent weight average diffusion co-
efficient, Dy, , can be obtained from free diffusion
experiments [34] . The weight average partial specific
volume, ch, could be obtained from careful density
measurements.

The number average property, xy, is defined by

Ne = Z_;"isil Z_;"i = Z_;(Cisi/i"fi)/ Z (ci/;)

= 20 22(cilD,  i=1,2,.... (63)
i i
Now note that
c Cl
fcswcd(_‘l/cl= f (sl +K2Cls:)_+...)dcl
0 0
Kycys 5;C;
=cys 221 2+ ‘_‘Z—:"‘ (64)
1
But it has been shown by Adams [35] that
7 (63)

1 clec
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for self-associating systems. Thus it follows that

[4

I SweMy /M e = sye(eM /M) (66)
a
or
M, ¢
Sne =a—";i [ SucM /My )dc . 67)
0

Under conditicns where the hydrodynamic concen-
tration dependence parameter is present, one can show
using model I that

M, <
SNe =5Na — g(Cﬁl ) f swa(Ml/A{wc)dc- (68)

0
Here s, is the apparent values of sy.; sy, is defined by

c

Sna = LMy /M) [ SualMy [Myc)de. (69)
0
Eq. (68) czn be rearranged to give
- (SNC — SNB)(CM]./AIHC) . (70)

£ c(My [M )5y zde

which gives us still another way to evaluate g. The
evaluation of sy, from model I is more difficult and
will not be discussed here. One can generalize the
treatment above to show that the number average
property can be obtained from
(4
XN = 1My /M) [ X (M /My )de. (71
a

It is clear from this discussion that if some weight
average property, s, of a self-associating solute is
available from transport experiments, then one can
combine transport data with thermodynamic data to
extract the individual x; of the self-associating species.
Here we have emphasized a combination of sedimen-
tation velocity with sedimentation equilibrium experi-
ments. Some test of these procedures will be reported
in the next paper in this series.
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90° stopped-flow light scattering experiments hiave been used to determine the forward and reverse rate constants
of the reversible hexamer—dodecamer reaction of lobster hemacyanin in giycine buffer at pH 9.6. Resuits were ob-
tained at 20.5° and 25° at two different levels of calcium ion, and equilibrium constants derived from the data are in
good agreement with those measured earlier with the ultracentrifuge.

I. Introduction

A logical method for monitoring macromolecular
reactions is to use light scattering whenever a change
in molecular weight is involved. In a classical paper on
the dimerization of bovine plasma mercaptalbumin
[1].such an application of light scattering was made
to study a slow reaction. One of us, in a review entitled
“Interacting Protein Systems™ suggested [2] the appli-
cation of light scattering methods of observation to
relaxation techniques [3]. Stopped—flow measure-
ments of macromolecular interactions were similarly
performed by turbidity or scattering at 90° in several
laboratories since 1969 [4--7]. A pressure-jump light
scattering technique is being described elsewhere [8].

The “concentration-jump’ method, in which a
sudden dilution of a protein system with buffer
produces a relaxation to a new equilibrium, was
developed by Fisher and Bard [5]. This procedure has
the distinct advantage over many other types of
stopped—Hfow experiments, in that the rate constants
for the proiein reaction steps, which may ia fact be
coupled to many steps of ligand binding, are actually
determined in a prescribed and constant solvent
medium. Such rate constants for single steps are then
directly related to equilibrium constants measured by
other methods, in the same buffer.

2. Theory

In ion—mediated protein interactions, such as that

considered here, in which both protons and calcium
ion play a role [9], the detailed expressions for the
dependence of the protein reaction relaxation time
can be developed, if at all [3], only when a mecha-
nism is known for the ion-binding steps. Otherwise,
since the “equilibrium constant” for the protein
reaction depends strongly on the free ion concentra-
tions, one or both of the ““rate constants™ for the
protein interaction will similarly depend on these ion
concentrations. Thus, for the results of an experiment
to be interpretable at all, it is necessary for these “rate
constants” to be determined in a well-defined ionic
environment which does not change appreciably with
time, i.e. in a well-buffered system. This makes the
“concentration-jump” method particularly attractive
compared to other types of stopped—flow experiments,
since the dialyzed protein can be diluted by a small
amouxnt {in our case to 5/7 of its total original concen-
tration) by a buffer with which it was already at
dialysis equilibrinm.

When concentrations are expressed in molar units,
the relaxation time for a simple monomer—dimer re-
action step is given by {3]

-} _ » f

where k7, and k5, are the molar rate constants for
dimerization and dissociation, and n; is the equilibrium
molar concentration of monomer, all referred to the
final (in this case the diluted) state. This relaxation
equation assumes that the system is never far from its



G. Kegelex and M.-S. Taé, Rate consrants for the hexemer—dodecamer reaction of lobster hemocyanin 47

final equilibrium condition, which we have assured by
dilution of five volumes of protein with only two
volumes of buffer, and appropriate adjustment of
calcium ion and pH according to the prior equilibrium
data {9]. If concentrations in grams per unit volume
are used in the original rate equations to derive the
expression for the relaxation time, it is found that in

place of eq. (1), as cited in previous publications {3, 10],

the cormrect expression is
~1 .

where £y and &,y are the weight concentration rate
canstants and ¢y is the weight concentration of mono-
mer. Since the dissociation constant has the dimensions
of reciprocal time, k4, = k5, and the relationship be-
tween the equilibrium constants is, as required,

Kypfieay = QIMYE 1R, )

Here M is the molecular weight of monomer. In our
case, the “monomer” is a hexameric unit, and the
“dimer” is the dodecamer.

[t has been pointed out [3] that a plot of reciprocal
refaxation time against equilibrivm concentration of
monomer gives a straight line, providing the dimeriza-
tion constant from the slope and the dissociation con-
stant from the intercept. Although we have had the
good fortune to have available prior equilibrium data
in some cases [9] from which to calculate the mono-
mer concentration, we have nevertheless found this
type of plot less than satisfactory for the following
reason: when the formation constant is too high
because of experimental error, the slope and intercept
of the plot from eq. (2) are so distorted that the ratio
of the retrieved rate constants gives back a formation
constant which is still higher. Conversely, when the
formation constant is too low to begin with, the re-
trieved value from use of eq. (2) is still lower. In other
words, successive approximations based on direct use
of eq. (2) are uniformly divergent.

This unfortunate circumstance can be circumvented,
and rate constants for the monomer—dimer interaction
can be determined which are wholly independent of
the use of prior equilibrium data, in the following
manner. The equilibrium constant is given by

where the total weight concentration is den{rtfd by c.
When eq. (2} is squared, and the value of ¢y from
eq. (4) 1s substituted therein, the result is

2 a1 2
T = Ak Rk et Ky, (%)

According to eq. (5), the square of the reciprocal
relaxation time is a linear function of the total weight
concentration of protein. The intercept provides the
square of the dissociation constant, and the slope and
intercept together then provide a value for the rate
constant (or reassociation. Hence no prior value of
the equilibrium counstant is required, and the ratio
kyafkq, provides a completely independent equilib-
rium constant directly from the kinetic data.

in the case of non-deal solutions, as shown pre-
viously [10], the measured relaxation time 7 should be
muitiplied by the factor (1 + ¢ 3ln y/dc) before per-
forming the plots of eq. (2), or in this case ¢q. {3)-
The non-ideality factors were measured for non-react-
ing dodecameric hemocyanin {9].

3. Experimental

The dilution, or “concentration-jump” experiments
[5] were perfonmed in a Durrum—Gibson stopped—~
flow apparatus {11] equipped with a new cell and
photomultiplier assembly {6] for high response to
scattering at 90°. For optimal long-time stability, the
tungsten iodide light source originally part of the
equipment was found to be far superior 1o either
Xenon or Xenon—Mercury sources. The apparatus was
also furmnished with a set of “ratio-syringes”, which
permitted the dilution of five volumes of protein with
two volumes of buffer. Experiments were performed
at either 20.5°C or 25°C by circulating water from a
carefully regulated water bath. It had been found
earlier that temperature control is quite essential to
good scattering experiments. Protein solutions were
measured at 5~6 different protein concentrations,
leading to final diluted concentrations in the range
between 0.18% and 1.14%, in 0.1 ionic strength gly-
cine buffers at pH 9.6 containing either 0.0031 M or
0.0036 M free calcium ion [9]. Each solution was di-
alyzed against the corresponding buffer with which
it was mixéd in the stopped-flow experiment. Solutions
were kept in closed vessels, and were prepared from
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Fig. 1. Light scattering stopped flow “concentration—jump™
relaxation curve for lobster hemocyanin. Five volumes of
1.203% hemocyanin dialyzed against buffer were mixed with
two volumes of 0.1 ionic strength pH 9.6 glycine - NaOH
buffer containing 0.0031 M Ca®* at 25°C. Scanning speed was
14.43 sec/div. The tungsten iodide light source was used, with
the monochromator set at 436 nm.

freshlv boiled distilled water to minimize air bubbles.
All hemocyanin preparations were processec by re-
moving the clot, centrifuging briefly, ang either freez-
ing the whole serum for storage, or diluting and dia-
lyzing directly. Small amounts of aggregated material
were removed from stored thawed samples by centrifu-
gation before dilution and dialysis.

4_ Results and data evaluation

For a considerable period we had believed that the
only scattering relaxation in lobster hemocyanin was
to be found in the time range too fast for stopped—
flow experiments, since a small relaxation was found
[10] in the time range below 1 millisecond, and
repeated efforts to detect any slow relaxation with
the earlier version of the stopped—flow scattering cell
had failed, as had hand mixing experiments {9] . Once
the newer scattering cell and photomultiplier arrange-
ment with greatly improved aperture [6] was available
to us, a crucial set of experiments, in which reacting

hemocyanin was either mixed with an excess of calcium

ion or with a dilute solution of ethylenediaminetetra-

. 2
(I’
X 10°

-23 S0 75 .o

(C), G/7100 ML

Fig. 2. Reciprocal of square of non-ideality-corrected relaxa-
tion time vs. total protein concentration. Points are experi-
mental, and lines are least-squares fit (see text). Upper curve:
25°C. Lower curve: 20.5°C. The buffer was 0.1 i mmc strength
pH 9.6 glycine-NaOH containing 0.0031 M Ca®". Upper curve
was based on 18 experiments, and lower curve on 20 experi-
ments; where points are missing they overlapped too closely
with those shown, to be seen.

acetic acid, showed a strong scattering change in the
range of 15—25 seconds. These effects lie entirely
outside the range of the temperature—jump experi-
meni, which could not detect even an amplitude shift,
since the entire cell had cooled back to original tem-
perature before the protein could react.

The use of the concentration—jump technique, as
described above, leads to relaxation scattering curves
such as the oscilloscope trace shown in fig. 1, where
a solution of original concentration of 1.203% was
diluted to 0.859% in a buffer containing 0.0031 M
Ca2* at 25°C. The oscilloscope traces were mounted
and measured directly with reflected illumination in
a two-coordinate Mann microcomparator, some 30
points being read (the baseline in fig. 1 being a second
scan following the first after a gap of two sweep scale
divisions). Between two and five experiments were
performed at each concentration.

The raw microcomparator data were least—squared
with an IBM 1620 computer as a single exponential
decay, in the form of a log—log relation, the uncor-
rected relaxation time and the zero—time amplitude
were printed out, and the computations were used to
produce automatic correlation plots between experi-
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Fig. 3. Reciprocal of square of non-ideality-corrected relaxa-
tion time vs. total protein concentration. Points are experi-
mental, and lines are least squares fit (see text). Upper curve:
25°C based on 15 experiments. Lower curve: 20.5°C based
an 16 experiments. The buffer was 0.1 ionic strength, pH 9.6
glycine—NaOH containing 0.0036 M Ca*™.

mental data and the least square line, with an IBM
1627 plotter. Emoneous or inconsistent data points
were then rechecked, and if necessary discarded, and
the process repeated.

Once relaxation times were obtained, they were
multiplied by the non-ideality factor (1 + ¢ dlny/dc),
and the square of the cormrected reciprocal was least
squared as a function of the total (diluted) protein
concentration, according to eq. (5) at a given tempera-
ture and calcium ion concentration. The ratio of the
derived forward and reverse rate constants was obtained,
from which the concentration of monomer was ob-
tained at equilibrium, eq. {(4). Having this, the reci-

“procal of the non-ideality-corrected relaxation times
were least-squared as a function of monomer concen-
tration, according to eq. (2). These computations were
all performed with the IBM 1620 computer, and the
punched card output was used to plot the experimental
points versus the least square lines, eq. (2) and (5).

Fig. 2 shows the resuits of the plot according to
eq. (5) at 0.0031 M free CaZ*, and fig. 3 shows the plot
of the results at 0.0036 M Ca?*. Each figure contains
data at both 20.5% and 25°C. Fig. 4 shows the more
conventional (corrected) reciprocal relaxation time

i7r

(Cu), G /100 ML

Fig. 4. Reciprocal of non-ideality-corrected relaxation time

vs. hexamer concentration calculated from equilibrium con-

stants derived from fig. 2 {see text). Upper curve: 25°C based
on 18 experiments. Lower curve: 20.5°C based on 20 experi-
ments. Buffer contained 0.0031 M Ca™.

i/t

1 1 | -
42 .24 .36 .48

{Cul G/100 ML

Fig. 5. Reciprocal of non-ideality-corrected relaxation time
vs. hexamer concentration calculated from equilibrium con-
stants derived from fig. 3 (see text). Upper curve: 25°C based
on 15 experiments. Lower curve: 20.5°C based on 16 experi-
ments. Bufier contaired 0.0036 M Ca*".
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Table 1

TCC) FreeCa® kg kay Kegq.
M)

20.5 0.0031 0.01318 0.00624 211
0.0036 0.0198 0.0069 2.86

25.0 0.0031 0.0161 0.0164 0.982 2)
0.0036 0.0270 0.0120 2.26 b)

a) Comparison ultracentrifuge value [9]: 1.0
b) Comparison ultracentrifuge value [9]: 2.89.

plots vs. monomer concentration, eq. (2) at 0.0031 M
free CaZ*, and fig. 5 shows the corresponding plots at
0.0036 M free Ca2*, each figure containing data at
both 20.5° and 25°.

5. Discussion and summary

Egs. (2) and (5) assume that the reaction involved
in producing a change in scattering is entirely a single
step, bimolecular in the forward direction and uni-
molecular in the reverse direction. One additional
test of this assumption, beyond figs. 2, 3,4 and 5 is
the consistency of direct oscilloscope data in the
log—log plots with a single straight line. Usually the
data followed this requirement very well — in cases
where this was not so, either uncovery of errors in

reading or a repeated experiment usually substantiated

the assumption. The biggest experimental defect has
been drifting or shifting of the scattering baseline,
caused usually by minute leaks through valves or
around drive syringe plungers. Although the initial
amplitude of the experimental scattering curve is not
required, we have found no way to eliminate the re-
quirement of knowing the final scattering baselinz.

A summary of the rate constants on the gfdl con-
centration scale taken from use of eq. (5) and the
computer results represented by figs. 2 and 3, is given
in table 1.1t is noted that the formation constant,
Keq = K12/k3y , is in good agreement with prior ultra-
centnfuge results [9] determined at 25°C. Again, it
is emphasized that k, and k,; contain effects of ion
binding in an unknown way, and are constants only in
the specified solvents.

Thus, it has been found that the major part of the
scattering change resulting from the reversible hexa-

mer—dodecamer interaction of lobster hemocyanin

in glycine buffer at pH 9.6 lies in the time range of
about 15—-25 seconds. The previously reported rela-
tively small scattering amplitude [10], earlier ascribed
to the hexamer—dodecamer interaction, may, in fact,
be due to a minor conformational change coupled to
oxygenation. Repeated efforts to investigate the
phenomenon have been disappointing and this remains
to be further elucidated.

It is rather intriguing, table 1, that the dissociation
rate constant is refatively independent of calcium ion
concentration, while the association constant bears
most of the calcium ion dependence previously ob-
served [9] in the equilibrium constant.
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1. Introduction

The profound biological effects of cyclic-AMP are
now widely recognized [1, 2]. It is expected that in-
vestigators interested in developmental biology, mem-
brane biology, and cell transformation will find it of
increasing importance. Elucidation of the reaction of
cyclic-AMP with receptors will be facilitated by the
development of fluorescent analogues such as that of
Secrist et al. [3,4]. In this connection, while o
examining the luminescent properties of the 1,N6-
ethenoadenosine 3',5' monohydrate (E-C-AMP) we ob-
served: 1) an unusual solvolysis reaction between p.'v
dioxane and E-C-AMP resulting in a complex in which
luminescent lifetime varies in an intricate manner with
p-dioxane concentration, and 2) an interaction between
E-C-AMP and a wide range of proteins not presently
known to be biologically significant C-AMP binding
sites.

2. Methods
Cyclic-AMP, purchased from Calbiochem, was con-
verted to cyclic E-AMP via the reaction procedure of

Barrio et al. [4]. The lyophilized product was tested

* From the Bureau of Medicine and Surgery, Navy Department,
search Ta:k MRO41.06.01.0004BOEX.

for homogeneity by paper chromatography [5].
Proteins and enzymes were purchased from Calbiochem
or Worthirgton and were the highest purity availablé,
The absorption studies of £-C-AMP were performed
at room temperature in a Cary-14 spectrophotometer,
Fluorescence spectra were obtained with an Aminco—
Bowman spectrophotofluorometer. Lifetimes (25°C)
were determined using a TRW Model 31 A spectral
source and decay time computer using Corning filters
#9863 and # 3385 to isolate the excitation and
emission bands resepectively. All chemicals were of re-
agent grade or better quality.

3. Results

Only one UV absorbing spot was noted in a paper
chromatographic analysis of E-C-AMP employing 5%
sodium hydrogen phosphate saturated by isoamyl
alcohol. The ultraviolet absorption spectrum was
identical with that reported by Secrist et al. for
E.C-AMP [3]. As it was anticipated that future
studies of receptor proteins would involve a variety of
solvents, the fluorescent lifetimes shown in table 1
were measured. In neutral solvents, the value of 19
nanoseconds agrees with that reported by Secrist et al.
[3] of “about 20 nanoseconds”. There is only a slight
decrease in the stroag protein denaturing solvents,
guanidine and urea. However, in 50% p-dioxane the
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Table 1
Fluorescent lifetimes of E-C-AMP

Solvent Lifetime 3)(nsec) + S.D.

0.01 M sodium phosphate buffer,

pH7 1891
0.1 M sodium phosphate buffer,

pH7 16.3£ 05
0.01 M sodium phosphate buffer +

0.2M NaCLpH7 19.0 = 0.9
0.1 M saodium phosphate buffer +

0.2 M NaCl,pH 7 18.2 0.7
5 M Guanidine and 0.001 M

Clelands Reagent and 0.05 M

sodium phosphate buffer, pH7 16.6 £ 0.9
8 M Urea and 0.001 M Clelands

Reagent and 0.05 M sodium

phosphate buffer, pH 7 17.7+ 0.7
50% DMSO in 0.05 M sodium

phosphate buffer, pH 7 16.3+ 0.7
50% Dioxane in 0.05 M sodium

phosphate buffer, pH 7 11.3+ 0.6
50% Ethylene Glycol in 0.5 M

sodium phosphate buffer, pH7 19.2+ 1.2

a) Mean of twenty or more determinations

lifetime falls almost tc half. Further examination
showed that the fluorescence emission in p-dioxane
depends on solvent composition in an unusual manner.
Fig. 1 shows these results for an E-C-AMP concen-

tration of about 4 X 10~* M. The drop and subsequent

gain in fluorescence presumably results from aqueous
solvent displacement on the chromophore by the
organic solvent. In 100% p-dioxane, the characteristics
of the excited state must be fairly similar to that of
the aqueous one since the emission spectra in the two
cases are virtually identical. At the inflection point,
the ratio of p-dioxanef/E-C-AMP is about 1 X 103.
Similar results were obtained with varying concentra-
tions of E-C-AMP, This result suggests that highly or-
ganized structures of p-dioxane hydrogen bonded to
water may exist and that care should be taken in
attributing lack of quenching to lack of binding for
the very high and very low ratios of p-dioxane/E-C-
AMP. Neither urea nor guanidine shows this behavior;
only simple quenching occurs with these solutes.
Quenching of E-C-AMP also occurs in dimethyl
sulfoxide, dimethyl formamide and more extensively
in methanol, ethanol and butanol. This involved be-
havior certainly indicates that receptor E-C-AMP
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Fig. 1. Dependence of E-C-AMP fluorescence on p-dioxane
concentration. [E-C-AMP] = 3.88 X 10™* M; Excitation wave-
length = 305 nm.

studies be performed with the possibility in mind that
the receptor may not be a single macromolecule but
a noncovalently stabilized network of smaller mole-
cules.

As the adenylate moiety of C-AMP is a component
of NADH, we measurzd the interaction between E-C-
AMP and NADH dependent dehydrogenases. With
excitation at 280 nanometers quenching of both
enzyme and E-C-AMP fluorescence (20% to 40%) oc-
curred for lactate dehydrogenase, phosphorylase A
and B, 3-glycerol dehydrogenase and glutamic de-
hydrogenase. The quenching for 3-glycerol phosphate
dehydrogenase is shown in fig. 2, which is typical of
the titration spectra for the other proteins. This ap-
parent interaction might be attributed to the known
involvement of the adenine moiety in the coenzymes
vital to these enzymes. No such explanation can be
advanced for the quenching of E-C-AMP by egg
albumen, B-lactoglobulin or trypsin. This quenching
may represent binding at similar hydrophobic sites
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on proteins of widely disimilar function. The reason
for the existence of those sites is sti!! uncertain.
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Fig. 2. Titration ot E-C-AMP into 3-glycerol phosphate dehy-
drogenase (0.1 mg/ml). A — enzyme in 0.01 M tris buffer,

pH 7.2;B — 3 x 10°° M E-C-AMP + enzyme; B — 3 X 107 M
E-C-AMP in buffer; C — 5 X 10> M E-C-AMP + enzyme;C’ —

S X 1073 M E-C-AMP in buffer. Excitation wavzlength =
280 nm.
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The changes of density and chemicatl shifts of the water proton upon addition of CoCl3 to aqueous solutions of
tetramethylammonium salts of seven polyelectrolytes (polyphosphate, maleic acid-methylvinylether alternated co-
polymer, polyacrylic acid, carboxymethylcellulose of substitution degree 0.98, 1.3, 2.1, 2.65) have been measured.
Assuming a negligible contribution of pscudo-contact interaction to the water proton chemical shift and a constant
hyperfine constant upon displacement of water molecules by other ligands, has permitted the calculation of (i) the
number of water molecules released by Co?* ions upon binding and the approximate fraction of Co? jons bound with
loss of water, and (ii) the total volume change upon binding and the individual contributions of counterions and poly-
electrolyte charged sites to this volume change. Our results are generally in agreement with those obtained using other

methaods.

1. Introeduction

The theory of counterion condensation recently re-
ported by Manning [1] has clarified the picture of poly-
ion—counterion interaction in polyelectrolyte solutions.
In summary this theory states that condensed count-
erions can be considered as bound counterions while
interactions between uncondensed countersions and
polyions can be described with a Debye—Hiickel po-
tential. In its present form, however, Manning’s theory
does not give the fraction of condensed cousnterions
associated with discrete sites on polyions although a
large body of experimental evidence for “specific™ or
“site™ binding has been obtained by means of refracto-
metry [2], dilatometry [3, 4], density [5] and ultra-
sonic absorption [6—8] measurements. All of these
techniques are sensitive to the total volume change oc-
curring upon binding, owing to the release of electro-
stricted water rolecules from the hydration shells of
counterions and polyion charged sites. However, both
the interpretation of this volume change in terms of
numbers of released water molecules and the gvaluation
of the contributions of counterion and of polyion site
to the total volume change are difficult. Another inter-
esting and yet unanswered question is that of the dis-
tribution of condensed counterions between those bound
with and without dehydration.

Clearly, such problems can be dealt with only by
means of techniques such as density, NMR and ultra-
sonic absorption which are sensitive to the local en-
vironment of the ions, i.e., to their state of hydration
and/or to the exchange of counterions between the
different states of hydration. The use of density for
such studies has been already reported [3—5]. On the
other hand, NMR measurements using a paramagnetic
ion like Co2* provide a powerful way of looking at the
state of hydration of counterions with and without
added polyions [10—12] . [ndeed in Co2* solutio-s,
the water proton signal appears as a single narrow line
due to the fast exchange between free and coordinated
water and to the fast electronic relaxation time. This
line is shifted relative to pure water proportionally to
the molality of the solution and to the number of water
molecules present in the first hydration sphere of the
ion. Replacing some of these water molecules by other
ligands will cause a decrease of the shift. Some authors
(11, 12} have taken this change in shift as directly pro-
portional to the number of displaced water molecules.
Shift measurements can therefore be used to evaluate
the loss of electrostricted water molecules from the
counterion hydration shell alone in the binding process.

The purpose of this paper is to report the results of
measurements of density changes and water proton
chemical shift changes upon additions of CaCl, to the
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tetramethylammonium (T}1A) salts of a series of poly-
electrolytes. It will be shown that, in favorable cases,
the combination of density and NMR data can be used
to obtain the individual contributicas of counterions
and polyion sites to the total volume change upon
binding and the number of Co* ions bound with loss
of exchangeable water molecules. The usefulness of
these last data for the quantitative interpretation of
the excess uitrasonic absorption due to site binding

of cobalt ions in cobalt-polyphosphate solutions is
emphasized in a following paper [14] where values

of the fractions of site bound Co2* in different states
of hydration are reported.

2. Experimental
2.1. Materials

Measurements have been performed on polyphos-
phate (PP), polyacrylic acid (PAA), carboxymethyl-
cellulose (CMC) with substitution degrees (SD) 0.98,
1.3,.2.1 and 2.65 and an alternated copolymer of
maleic acid and methylvinylether (MA-MVE). The
origin of these samples, the purification procedures
and the preparation of the stock solutions have been
previously repcrted [S—9].

In most of the measurements, the starting materials
were the TMA salts of the above polyacids. All TMA—
polysalt solutions had concentrations between 0.05
and 0.] equivalent/€. TMA was used as a reference
counterion as its interaction with pnalyions gives rise
to a negligible volume change {6--9]1 owing 0 its large
ionic radius and weak hydrophobic and electrostrictive
effects on surrounding water molecules [15. 16}.

For each polysalt, a series of solutions was prepared
by adding both water and aliquots of a standardized
CaoCl, stack solution to the polysalt solution. In each
case, the ratio of water ta CoCl; stock solution was
chosen to keep the final polyelectrolyte concentration
¢ constant and to obtain the desired value of the ratio
r=Cc,/c where Cg, is the concentration of Co2* ions
in the polyelectrolyte soluiion in equivalent/Q.

2.2. Density measurements

The densities were measured at 25°C by means of
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Fig. 1. Calculation of AV and g from the variation of density
(left scale) and chemical shift (right scale) as a function of the
concentration of added Co?*,

a digital precision densitometer DMA 02 (5, 17]. The
total volume change AV upon binrding of Co2* ions
by polyions was obtained as follows. In fig. 1, curve 1
gives the density of CoCl, solution as a function of
C¢o- (Curve 1 has been found to be linear in the con-
centration range investigated; its slope yields for CoCl,
an appai2:a molal volume of 1 cm>/mole, as compared
with the value 11.6 cm3/mole listed by Millero [18].)
Curve 2 represents the variation of the density 4 of the
TMA-polysalt solution under study upon additions of
CoCl, at constant c. Curve 1’ is obtained from curve
1 by a translation along the d-axis of a quantity d, —d,
equal to the difference between the densities of the
TMA-polysalt solution and of pure water,

At any valtue of r the difference Ad between curves
1" and 2 has been attributed to the binding of Co2*
by the polyions. The volume change upon binding per
equivalent of added Ca?* is then given by

AV = 10° x Ad/crd, )

which assumes that conformational changes undergone
by polyions upon CaCl, additions resuit in negligible
volume changes. This assumption is supported by the
results of dilatometric studies [3]. Eq. (1) also assumes
that the increase of ionic strength upon CaCl, additions
has a negligible effect on AV Indeed it has been shown
[19] thet the variation of the velume change of ionic
reactions with ionic strength is negligible at low ionic
strength (< 0.1 N) such as used in this work. The re-
sults given in section 3.1 of this paper also suppert this
assumption.
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2.3. NMR measurements

Spectra were recorded on a Varian HA 100 spec-
trometer at a temperature of about 30°C, i.e., slightly
above that at which density measurements were per-
formed. This difference should not matter as it is known
[18, 20] that hydration numbers as abtained from
NMR and apparent molal volumes show negligibie
changes in such a narrow temperature range. A preci-
sion of about 0.4 Hz of the resonance frequency mea-
surements has been obtained by the use of a frequency
synthesizer to sweep the audio frequency.

The chemical shift of water was measured using 2,2-
dimethyl-2-silapentane-5-sodium sulfonate (DSS) as
an internal reference at a concentration of about 1%,
small enough not to disturb appreciably the ionic con-
centrations but insufficient for locking the magnetic
field. A capillary of benzene was used for this purpose.
The frequency difference between the benzene lock
and the DSS reference signal, which is a direct measure
of the magnetic susceptibility of the solution, allows
to check that Co2* suffers no change of its apparent
magnetic moment upon binding.

Assuming the same proportionality between the shift
of water protons Ay an< the number ¢ of water mole-
cules in the first hydration shell, irrespective of the
state of binding, a mean hydration number § can be
calculated from the plot of A» as a function of the Co2*
concentration in the presence and absence of poly-
electrolyte by a procedure very similar to the above
calculation of AV, Curves 1" and 2 of fig. 1 now repre-
sent the shifts Av respectively in absence and presence
of polyelectrolyte and the value of 7 at r = X/c is re-
lated to the difference between the concentration X
and x corresponding to a same shift respectively on
curves 2 and 1’. Knowing that the coordination number
of Co* is 6 [20] one has

(6 —q)/6=(X —~ x)/X. (&)

Atany r, @ is clearly related to the equilibrium between
the different binding states of the Co2* counterions in
the same way as AV, However, divalent ions are known
to bind very strongly on polyions. Thersfore the value
of 7 at low r represents the value associated with site
bound ions and the initial slope of the plot 6(X—x}/c
versus r is equal to the number 7 of water moleculss
released from the inner hydration shell upon binding
(n<6).

This interpretation rests strongly on the assumption
of constant proportionality between the shift and the
hydration number which has already been shown to
hold in some specific cases of replacement of part of
the water by another ligand in the first hydration shell
of octahedrally coordinated Co2* [11]. The propor-
tionality constant contains two terrns arising from (i)
the Fermi contact due to the density of unpaired spin
at the resonating nucleus, (ii) the pseudo-contact shift
resulting from the dipole interaction between the elec-
tronic spin with an anisoiropic g factor and the nuclear
moment. The total shift is given by [I3]

1ast _ 1 S_(S_“L)[ﬁAg

v P9 T 'y_H

2

+ 8%, —2,) (g, +22,) (3—"—"srsi—‘ )q] )
where p is the molality of the solution, S the electron
spin quantum number, A the isotropic hyperfine coupling
constant between proton and electron, vy the proton
magnetogyric ratio, gy and g, the components parallel
and perpendicular to the symmetry axis of the mole-
cule of the electronic Landé€ tensor of trace 3g, the
Bohr magneton, 8 and r the parameters defining the
position of a water proton in the coordinates of the
paramagnetic ion principal axis, the average being
taken over all water molecules of the first hydration
shell.

A constant proportionality upon binding supposes
that both (i) A remains constant when part of the water
of the hydration shell is replaced by another ligand,
(ii) the pseudo-contact term remains negligibly small
compared to the contact temm as it is, due to the sym-
metry, for a complete hydration shell. The validity of
this second assumption is questionable in the case of
partial replacement of water. Indeed, calculations using
the results of Luz and Shulman [11} for A and of La
Mar [21] for the g-tensor anisotropy . show that the
negligible influence of the pseudo-contact term on the
shift of the coordinated water molecules is due to the
averaging of the factor (3cos?8 — 1). Partial replace-
ment by polyion ligands can, however, increase this
contribution. Evidence for the pseudo-contact term is
given by the shift (positive or negative) that we have
observed for the TMA proton signals upon addition of
Co2* ions to TMA—polysalt solutions [10,22]. Assum-
ing a cylindrical polyelectrolyte model this effect is
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understood in term of Manning’s condensation of part
of the TMA™ ions in a cylindrical shell: the motion of
TMA* ions in this limited volume does not average the
geometric factor to zero. It should be theoretically pos-
sible, adopting a radial distribution of concentrations
in agreement with the solution <t the Poisson—Boltz-
mann equation to calculate the average factor

{3cos2B — 1)/r3} for TMA ions. The TMA experimental
shift could then be used to determine the pseudo-con-
tact shift at any position, especially at the location of
the coordinated water. Rough calculation, starting
from the maximum shift observed in the case of TMA—
PP (fig. 3) shows that in nonfavorable cases pseudo-con-
tact interaction could contribute to half the total shift
observed in Co2* solution with polyelectrolyte But the
result is so sensitive to the details of the model (radius
of the polyion, position of the paramagnetic center
and orientation of its principal axis) that a general con-
clusion cannot be reached in this way concerning the
role of the pseudo-contact term. However, the consis-
tency of the density data with numbers of released
water molecules obtained below in the case of PP and
MA-MVE, neglecting the possible change of propor-
tionality constant in eq. (3) upon binding, indicates,

in this case, a negligible contribution of the pseudo-
contact shift.

3. Results and discussion

As an illustration, figs. 2 and 3 give the variation of
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Fiz. 2. Variation of the density of a TMA—PP solution upon
addition of CoCl;. Curve 1’ represents the density of a pure
CoCly solution.
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Fig. 3. Variation of the cliemical shift (i) of water protons in
solutions of CoCl, in absence (curve 1) and presence (curve 2)
of TMA—PP, (ii) of TMAY protons (curve 3).

density d and chemical shift Av of a TMA—PP solution
upon addition of CaCl,, together with the reference
curves as explained in section 2 (see fig. 1). The upper
part of fig. 3 shows the variation of the shift of TMA
protons. For all of the polyelectrolytes studied in this
work the data have been plotted as function of r ac-
cording to eq. (1) for AV (fig. 4) and eq. (2) for
6(X—x)/c (fig. 5). The results relative to PP and MA-
MVE will be discussed first, as their interpretation is
easier than for CMC’s and PAA.

3.1. PP and MA-MVFE

For polyphosphate (fig. 3) A» is independent of CoZ*
concentration for 0 <r < 04. For the region 0.6 <
r < 1, Ap varies linearly with C, with a slope almost
equal to ihat of the reference line. The two linear seg-
ments intersect at = 0.5. A break in the variation of
density at r = 0.5 can also be distinguished in fig. 2. In
this simple case, these breaks can be interpreted as due
to a nea:ly stoichiometric site binding of 0.5 equivalent
Co2* with complete loss of alf rapidly exchangeable
water molecules in the counterion hydration shell. The
limiting value of r is smaller thaa the fraction 0.86 of
condensed counterion calculated according to Manning’s
theory [1] for PP and a divalent counterion.
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Fig_ 4. Volume change per equivalent of added Co™ to TMA-
polysalt solutions as a function of r: (2) PP, () MA-MVE,

(®) PAA, (@) CMC DS 265, () CMC DS 2.1, (+} CMC DS 1.3,
() CMC DS 0.98.

The alternate copolymer MA-MVE displays a be-
haviour quite similar to PP but with a weaker site bind-
ing constant at higher r as can be seen in fig. 5. The
curve relative to MA-MVE has an initial slope equal
to 6 as for PP but departs more rapidly from its initial
behaviour and precipitation occurs at large r before the

Fig. 5. Variation of 6 g upon additions of CoCl; to solutions
of TMA—polysalts.

site binding by polyelectralvtes 59
Table |
Polyelectrolyte AV n A Vp _¢E.p
(cm3/equiv.) (cm3/equiv.) (ref.[5})
PP 37.7 6.0 19.6 -
MA-MVE 36.5 6.0 184 19.9

horizontal asymptot is reached. It is therefore impos-
sible to determine precisely the stoichiometry of site
binding, the limiting value being in any case larger than
r=0.5.

Assuming a complete loss of hydration water upon
binding, the total volume change AV 0 obtained from
the extirapolation of AV tor=0(fig. 4, table 1) can
be split into the individual contributions AVQ 5, and
A¥9 of the counterions and of the polyion charged
sntes respectwely Indeed, _\Vg ~, can be assumed to
be equal to —;«,‘)2; where —¢Q is the contnbunon of
electrostriction to the apparent molal volume ¢C01+
of Co?* at infinite dlluuon ¢‘E can be written as the
difference between °C 2+ and a geometric term ¢G
4.7 ’%02*- [23], where rg2+ is the radius of the ion.
Therefore

AVgo" = —"¢0 = —7(¢c°2+ -4 75%°2+) )
With ¢ Co2+ = —34 cm3/mol° [18, 23] and reg2e =
0.78 A one obtams AV = 18.1 cm?/equiv. Sub-

tracting this quantity f-om AVO yields the values of
AV listed in table 1 for PP and MA-MVE.

AVg can be identified with ~9Ep- contribution of
electrostriction to the apparent molal volume of the
polyion. For MA-MVE, ¢ , has been obtained in a
prev1ous study [5] and compares extremely well with
AVP as can be seen in table 1. The consistency of these
two resuits gives a firm basis to the assumptions on
which we have based our evaluation of the number of
released water molecules from chemical shift measure-
ments.

The comparison of NMR and density data at large
r brings further interesting information. The average
value of AV, can be calculated from AVlandg! at
r=1 accordmg to

=Ap! +AVC°_+(6 ate. )
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For polyphosphate, fig. 4 shows that AV! =20.5
em3/mole® and application of eq. (5) yields AV
17.1 em3jequiv. compared to AV? = [9.6 cm3lequlv
at r = 0, A similar calculation for MA-MVE yields
16.6 cm3/equw for AV, compared to 18.4 cm3/equiv.
for AV . in both cases the precision is not sufficient
for determlmng the decrease of electrostriction with
the decrease in linear charge due to site binding. It
must be emphasized that fig. 4 shows a decrease of
AV, for PP and MA-MVE even in the region of sto-
ichiometric binding, likely because the electrostriction
par site decreases upsn pinding [2].

3.2. Other polyelectrolytes

The results of density and chemical shift measure-
ments have been analysed by means of egs. (1) and
(2). The results of these calculations are given in fig.

5 and table 2.

Although the average charge spacing is about the
same (~ 2.5 A) for PP, MA-MVE and PAA, the vol-
ume change at low r is smaliler for PAA. This is in line
with the NMR results (see fig. 5) which indicate only
a partial dehydration of Co2* upon binding on PAA.
In fact. the number of released water moleculesis a
fractional number (4.5). This cannot be due to an
equilibrium between different species since the varia-
tion of Av with r is linear up to r = 0.5. More likely the
assumptions about the proportionality between Av
and hydration number are not, in this case, strictly
fulfilled. The value of n for PAA is probably overesti-
mated since AV9 is smaller than —®Ep (see table 2).

For the for:r CMC samples an addmonal difficulty
arises from a possible modification of the binding site,
as the DS is increased. This is indicated by the fact that

.-
A separate determination of A¥! can be deduced from the
apparent molal volumes at infinite dilution of TMA—PP and
Cc—PP, according to 5]

1 _ 0 (] L] (1]
AV’ = 10%e_pp ~ PCo?~©@TMa—pP ~ PTMAY
All values are known from previous studies {5, 18, 23}, ex-
cept ¢cq_pp which has been measured in this work and found
equal to 38.6 cm” /mole. The above equation then yields
AV' =20.8 cm? in excellent agreement with the value 20.5
cm? calculated t'mm fig. 4 at r = 1. This indicates (i) that the
binding of Co is not affected by the presence of a small ex-
cess of TMA®, and (i) that the binding of TMASis accompa-
nied by a negligible volume change.

Table 2
Polyelectrolyte av® n AVB —~Ep
(cm3/equiv.) (cm3/equiv.) (ref. [5])
PAA 27.2 4.5 i3.6 17.6
CMCDS 265 24.7 3.0 15.7 i7.1
CMCDS 2. 19.3 3.0 108 8.2
CMCDS 1.3 18.0 20 120 8.1
CMC DS 0.98 120 2.0 6.0 5.1

the initial slopes in fig. 5 give n = 2 for DS 0.98 and

1.3 and 12 = 3 for DS 2.1 and 2.65. The values of AV]
have been calculated assuming that each water molecule
released by a cobalt ion contributes 18.1/6 =~ 3 cm3/
mole to the ictal volume change. The results given in
table 2 are in refatively good agreement with the values
of N S of ref. [5] for CMC’s DS 098 and 2.65. The
agreement is less satisfactory for the samples with DS
1.3 and 2.1.

The results listed in table 1 show that for PP and
MA-MVE, AV is close to  A¥0. The same remark
holds for the results of table 2 and also for those at
r=1if we split AV! into AV} and AV} 2+ by assum-
ing an average volume change of 3 cm3/mole _per re-
leased water molecule For mstance for PP and CMC
DS 0 98 AV =208 ang 5.5 cm® /mole respectively and
AV = 10.3 and 2.7 em” /mole. The agreement between
iA and AVP is too general to be simply fortuitous.

It may well indicate that counterion and polyion charged
site contribute almost equally to the total volume change.

4. Conclusions

NMR shifts measurement appears to show that at
low values of r, the binding of Co2* by PP and MA-
MVE is accompanied by the release of all water mole-
cules from the inner hydration shell of Co2*. This can
be used to evaluate the individual contributions of
counterions and polyions charged sites to the total
volume change upon binding obtained from density
measurements. Shift measurements also give an estima-
tion of the fraction of Co?* ions which can be bound
with loss of exchangeable water molecules.
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The size and shape of four polyribonucleotides were studied by sedimentation and viscosity measurements. The re-
sults were correlated with their conformations based on optical activity studies. Polyriboadenylic acid in acidic solution
dimerizes into two double-stranded forms, one with half-protonated bases and the other fully protonated. The fully pro-
tonatzd form is somewhat less asymmetrical than the haif-protonated form. Polyriboguanylic acid in alkaline solution
{(near the second pK; of guanine) undergoes a time-dependent disaggregation and the final form siiows little base stacking.
In acidic solution, it demonstrates a reversible transition near the first PK, of guanine but without evidence of disaggrega-
tion. Polyribocytidylic acid undergoes a transition upon half protonation of the bases, but its molecular weight remains
unchanged with pH. The results suggest that this polymer assumes a hairpin structure in acidic solution. Polyribour-
idylic acid has some degree of base stacking at room temperature. A transition to a hairpin structure occurs at Iow

temperature.

i. Introduction

Synthetic polyribonucleotides can serve as simplified
models of the structure of ribonucleic acids. It is known
that poly(A) %, poly(G), poly(C), and poly(U) can adopt
different conformations under various experimental con-
ditions such as changes in pH, solvent, and temperature.
Structural findings in X.ray diffraction studies of fibers
drawn from concentrated solutions of polyribonucle-
otides are often applied to smdies of these polymers in
dilute solution. The findings, however, may not neces-
sarily be applicable, as we will show in the case of poly(C)
in acidic solution.

In the present studies we analyzed the hydrodynamic
properties (viscosity and sedimentation) of the four poly-
ribonucleotides in dilute solutions. Qur interast was in
the relation of conformational changes resulting from
variations in pH or temperature to the size and shape of
these polymers. Some ORD and CD results are also pre-

* Taken in part from a Ph.D. dissertation by G.C.C., University

. of California, San Francisco (1972).

T Abbreviations used in this work: poly(A), polyriboadenylic
acid; poly(G), polyriboguanylic acid; poly(C), polyribocyt-
idylic acid; poly(U), polyribouridylic acid; ORD, optical ro-
tatory dispersion: CD, circular dichroism.

sented for the purpose of discussion, even though volu-
minous data on this subject have been reported in the
literature.

2_ Experimental

2.1. Materials

Poly(A), poly(G), poly(C), and poly(U) were pur-
chased from Miles Laboratory, Inc. and Schwarz Bio-
Research, Inc. All chemicals were of reagent grade.
Double-distilled water was used.

All polyribonucleotides were deproteinized by phenol
extraction [1], and stored at —20°C before use. Solu-
tions were prepared in 0.1 M NaCl and dialyzed ex-
haustively against appropriate buffers at 4°C. The dia-
fysis tubing had been successively boiled in water, 0.001
M EDTA. 0.001 M HCl, and water. Solvents were filtered
through Millipore type PH filters (pore size 0.3y) before
use and polymer solutions through type HA (0.45u),

SM (5p), or SC (8p) filters. The pH of the solutions was
measured with a Radienleter 25 pH meter equipped with

an expanded scale, which had been calibrated against
standard buffers.
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The polyribonucieotide concentrations were deter-
mined spectrophotometrically with a Zeiss PMQU spec-
trophotometer. We used the following molar absorp-
tivities, €5, X 1073 in 2 mole™! cm™1, per nucleotide
residue on the basis of phosphorus analysis {2, 3]:
poly(A), 10.1 in 0.08 M NaCl and 0.02 M sodium ci-
trate plus citric acid (pH 7.0); poly(G), 10.3 in 0.01
M sodium citrate—HC1 buffer (pH 7.0) or 9.8 in 0.1
M NaC1—0.05 M sodium cacodylate buffer (pH 7.0);
poly(C), 6.2 in 0.08 M NaCl and 0.02 M sodium citrate
plus citric acid (pH 6.2) or 7.1 (pH 4.8); poly(U), 8.7
in 1 M KF (pH 7.0).

2.2. Methods

2.2.1. Viscosity

Viscosity measurements were made in two suspen-
sion-type Ubbelohde two-bulb viscometers at 25 £
0.05°C. The flow times for water were about 1000 and
270 seconds for the lower bulbs and 700 and 200 sec-
onds for the upper bulbs. The intrinsic viscosity, n}.
was determined from the Huggins equation:

np/c=lal + &'[n)%ec.

2.2.1. Sedimentation velocity and equilibrium
Sedimentation measurements were carried out in two
Spinco model E ultracentrifuges, one equipped with a
schlieren optics and the other with an absorption op-
tics and a photoelectric scanner. The wavelength of
light was set at 265 nm for the absorption optics, The
AN-D and AN-F rotors were used for speeds higher than
10000 rpm and the heavy AN-J rotor for lower speeds.

2.2.3. Optical activity
ORD was measured on a Cary 60 spectropolarimeter

and CD on a Durrum—Jasco J-10 spectropolarimeter, both

under constant nitrogen flush. The data are expressed
in terms of mean residue rotation, {m}, and mean resi-
due ellipticity, [#], with dimensions in deg cm?2 dmole™!.

3. Resnlts and discussion
3.1. Polyriboadenylic acid

3.1.1. Viscosity and sedimentation

(7], dt/qm (a,a)
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Fig. 1. Variations in the intrinsic viscositics and the CD and
ORD extrema of poly(A} with pH in 0.08 M NaCl and 0.02 M
sodium citrate plus citric acid at 25°C. All symbols, except the
open triangles, represent measurements on a single lot.

with pH in acidic solution. The intrinsic viscosity in-
creased abruptly near the pK, of the base in the poly-
ribonucleotide (5.87 in 0.1 M NaCl [4]), reached a
plateau between pH 5.6 and 5.2, and then dropped
sharply to another plateau near pH 5.0-4 8. Holcomb
and Tinoco [3] have studied the temperature effect
on the specific viscosity of poly(A) in neutral and ac-
idic pH’s. Replotting their data at a concentration of
0.024% at four pH’s also led to a bell-shaped curve;
however, we could not explain their finding that the
specific viscosity at pH 4.6 approaches ze1o, which
they attributed to extensive aggregation. We studied
two batches of poly(A), both of which demonstrated
the same profile. Also plotted in fig. | are the [m] 549
and [8] 545 of the polymers against pH. Their profiles
parallel the hydrodynamic measurements, suggesting
that the poly(A) molecule undergees two conformational
transitions in acidic solution, one at pH 5.7—5.9 and
the other at pH 5.0--5.2 at 0.1 M salt concentration.
X-ray diffraction studies of poly(A) fibers drawn

Fig. 1 shows the change in intrinsic viscosity of poly(A) from a concentrated acidic solution indicated that the
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Table 1
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Hydradynamic properties and molecular weights of poly(A) at 25°C®)

Solvent [n] s° Mgeq? Mg ©) Ma/3;19) L (o)®) L rod)®)
pH (dl/g) )  1075) (X £1075) (X 1075) X) K)

6.5 3.5 8.5 3.1 3.3 4.8 1800 1700

6.1 3.3 ~ - - ~ - -

5.6 17.3 8.7 - 6.3 10.7 3800 3206

5.4 19.7 9.7 5.9 7.9 135 4000 2900

5.0 12.5 9.3 56 6.3 10.7 3500 2900

4.8 12.5 10.3 5.9 7.3 12.0 3500 2600

a) Schwarz lot No. w-2065; solvent, 0.08 M NaCl and 0.02 M sodium citrate plus citric acid.

v = 0.546 ml/g [8] was assumed unchanoed with
! Estimated from the relation: B(or ol 3p y=Ny
) £(in A) = 6.832 (n1A13 2,172
€} LGin A) = 1.76 X 1017 A1 -—vp)/noso 1023 [ fo)l.-

structure is a double-stranded helix [5]. The same struc- -

ture is believed to exist in acidic solution of poly(A)
under proper experimental conditions. This helix is
thought to be more extended than the single-stranded
moncmer, which could account for the sharp increase
in the intrinsic viscosity near pH 5.9 (fig. 1). The sedi-
mentation coefficients of poly(A) rose during the acid-
induced transition (table 1); however, the changes were
not as drastic as those of [7]. An increase in sO indicates
an increase in the molecular weight of the polymer, or
a decrease in'}\ts frictional coefficient, or both. In the
present case the increase was largely due to the dimeri-
zatian of poly(A) in acidic solution (see below). Ac-
cording to potentiometric titration [4], the two acid-
induced trapsitions {fig. 1} probably resulted in a half-
protonated and a fully protonated double-stranded
helix. With full protonation of the bases poly(A) has a
net charge of zero; therefore, it could be less asymmet-
rical than the half-protonated form, causing the intrinsic
viscasity to drop below pH 5. The occurrence of aggre-
gation at high concentration or low pH’s made precise
viscosity measurements difficult. The solutions were
filtered through Millipore filters before use. The extent
of aggregation was checked by the loss of absorbance
of the fiitered solutions. In spite of these difficulties,
our conclusions drawn from the hydrodynamic mea-
surements remain valid.

%[n] 13,03 5p).

3.1.2. Opiical qctivity
The ORD and CD of poly(A) have been extensively

—
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Fig. 2. The ORD of poly(A}) at several pH's in 0.08 M NaCl and
0.02 M sodium citrate plus citric acid at 25°C.
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described in the literature. The ORD peak near 285
nm splits into two peaks under proper experimental
conditions {3, 4] ; for example, the ORD of the
poly(A) solution at pH 3.0 shows a double maximum,
which was designated as a mixture of the two acidic
forms A and B {4]. As can be seen in fig. 2, the ORD
peak on the long wavelength side showed a red-skift
with increasing magnitude and the trough a blue-shift
with increasing magnitude when the pH was changed
from 6.1 10 5.85 or 5.81. At pH 4.2 th= peak reversed
to a blue-shift, but with further increase in magnitude.
We confirmed a double maximum ax intermediate pH’s,
but found that its magnitude at, for example, pH 5.4,
was always larger than that at pH 5.7—5.9 and smaller
than that at pH 4.2, whereas Adler et al. [4] reported
that the magnitude of the double peak at pH 5.0 was
less than that at either pH 5.81 (B form) or 4. 0 (A
form). Our CD data also led to the same conclusions
as the ORD. The enhancement of the multiple Cotton
effects at acidic pH’s indicates that the adenine bases in
both acidic forms are highly stacked. This finding is in
accord with the observation that both forms show
strong hypochromicity (about 20%) compared with
poly(A) at neutral pH.

Adier et al. [4] reported that the ratio of the twin
peak, [m] .54/} 554, of poly(A) first dropped sharply
at pH 5.81 and then increased continuously with de-
creasing pH in the range of 5.8 to 4.0. They proposed
only acidic B form at pH 5.81 and a gradual conversion
of the B form to the A form between pH 5.8 and 4.0.
We found that the ratio {m] 554/ {m] ;g5 first decreased
with pH, then reached a plateau, and finally increased
again at lower pH’s. The changes occurred within the
same range as those shown in fig. 1. We conclude that
the B form is stable between pH 5.2 and 5.7 and that
the A form exists below pH 5.2 under our experimental
conditions.

The Cotton effects of poly(A) were teported to
depend at times on the previous handling of the sample;
for example, pre-heating for 5 to 10 minutes at 95—
100°C could increase the magnituae of the extrema
{4, 6] . We therefore studied samples obtained from
two souices, Miles and Schwarz, both of which were
unaffected by pre-heating at 35—100°C for 5 to 10
minutes (after correction of the increase in concentra-
tion by about 5% through evaporation). The ORD of
aur unheated poly(A) was comparable to the ORD of
heated poly( A} os reported by Fasman and coworkers

fa <
i

J.1.3. Size and sh.ape

We determined the molecular weight of poly(A) at
several pH's either by the method of sedimentation equi-
librium or by a combination of intrinsic viscosity and
sedimentation ceefficient “vhich gave a reasonable esti-
mate. The hydrodynamic properties also provide addi-
tional information about the shape of the molecules. The
data in table I show that poly(A) dimerized when the
pH of the solution was lowered from 6.5 to 5.4 or lower.
The transition between the two acidic forms (fig. 1),
however, was not accompanied by any change in mo-
[ecular weight.

The poly(A) moiecule in neutral solution is neither
an exact rigid ellipsoid nor, because of base stacking,
a flexible coil. Whether it can ba represented by either
of the two models is open to question. Combination
of [n] and s® leads to a g-function for a hydrodyna-
mically equivalent ellipsoid of revolution {7}:

B=Ngs® [n] Py, (1-vp). (1)

which is a function of axial ratio, p, only, and for a
prolate ellipsoid, § varies from 2.12x 100 atp =1 to
3.6 X 10% at p = 300. Here Ny is the Avogadro number,
1, the solvent viscosity, M the molecular weight of the
polymer, b the partial specific volume of the polymer,
and p the density of the solvent. We assumed & unchanged
with pH and used a value of 0.546 ml/g for poly(A)

[8). The B-function is rather insensitive toward p, and
this insensitivity to shape provides a simple means for
estimating the molecular weight of the particles. The

p., and therefore the $-value, can be estimated from

11} = v/ 100, where the viscosity increment, v, defines
p. if hydration is taken into consideration, according

to Oncley’s formula [9], the axial ratio so determined
will be slightly smaller than the ratio determined with-
out hydration. For highly asymmetrical particles neglect
of hydration will amount to only a few percent dif-
ference in the estimated molecular weight. If the polymer
molecules resemble flexible coils. we can use Flory’s
®13-1 _function to replace g in eq. (1); experimentally
&13p-1 isusually about 2.5 x 106 {10}.

As shown in table 1, the molecular weight of poly(A)
at pH 6.5 estimated from the g-function agreed more
closely to the molecular weight determined by the
method of sedimentation equilibrium than to that based
on the $13p-t_function, suggesting that even for a
single-stranded polyribonucleotide chain the ellipsoid
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model is a better representation. In acidic solution,
where poly(A) is believed to form a double-stranded
helix, a flexible coil would be a poor model. The results
in table 1 support this conclusion. The higher M, than
that of a dimer at pH 5.4 and 4.8 is probably due to’
the presence of some aggregation.

Eisenberg and Felsenfeld {8] determined the mo-
lecular weight of poly(A) by iight scattering and by
its intrinsic viscosity and sedimentation coefficient at
various temperatures and concluded that the -function
changed with temperature. They questioned the common
practice of using an assumed fixed B-value for the esti-
mation of molecular weight. Indeed, there is no justifi-
cation for assuming a fixed §-value, unless one adopts
a flexible coil model and uses Flory’s ®1/3p=1_function.
Eisenberg and Felsenfeld [8] found that the intrinsic
viscosity of poly(A) decreased with rising temperature.
This observation suggests that the polv(A) molecule
becomes more flexible at higher temperature and can
be represented by an equivalent prolate ellipsoid of
smaller axial ratio. Consequently, the S-value diminishes
gradually with increasing temperature, as would be ex-

-pected. In our studies we estimated the axial ratio from
the intrinsic viscosity at each pH rather than from a
constant §-value.

Next we estimated the length of the equivalent el-
lipsoid of poly(A) in acidic solution. From the defini-
tion of [] and sO, the length, L, of a prolate ellipsoid
(= the major axis) is given by [11]:

L (in ) = 6.82([n] A0 B (p2/w)!/3

2
and
_5in) n2/3
L(in&)=176x 10-17 MQ—op) p~° 3)

oS 0 ﬂfo ’
(f/fg) being the frictional ratio, a function of p only.
For very asymmetrical particles, the two factors in-
volving p in egs. (2) and (3) are rather insensitive to the
axial ratio assumed. Thus, the length of 2 hydrodynam-
ically equivalent prolate ellipsoid can be estimated with
reasonable confidence, even though p is not known ac-
curately. According to X-ray diffraction studies of
poly(A) fibers drawn from an acidic solution [5], the
helical molecule consists of two parallel intertwined
chains, and successive residues are related by a transla-
tion of 3.8 A per base pair. If the same conformation
exists in acidic solution, the double-stranded helix of
our poly(A) sample, which had a degree of polymeriza-

tion of about 900, would have a contour length of about
3500 A. The length of the equivalent ellipsoid of our
sample as calculated from egs. (2) and (3) (table 1)

was close to this value. Such close agreement could be
fortuitous; however, qualitatively, we could conclude
that the two acidic forms were very extended.

Two points are worth mentioning. First, the estimated
length based on viscosity measurements was greater
than that based on s© values. The disadvantage of vis-
cometry is that it requires a moderately high polymer
concantration, whereas with absorption optics it is pos-
sible to measure the sO value of poly(A) in extremely
dilute solution. If there was aggregation of poly(A} in
the viscosity measurements, both the length and the
molecular weight based on [} would be greater than
the values without aggregation (table 1). According to
eq. (2), L varies with ([n]#)1/3 . Thus, we can still ob-
tain a reasonable estimate of L, even though [n] is
somewhat inaccurate and M larger than the true value.
For the same reason, the difference between the cal-
culated lengths of the two acidic forms is small, despite
the sharp drop in [} during the second transition near
pH 5 (fig. 1). Second, the double helix of poly(A)
wnuld be expected to behave like a stiff chain and the
length of its equivalent ellipsoid should be much less
than the contour length of the helix. Since the molec-
ular weight of our poly(A) sample was fairly low, the
molecule must be stiffer than the molecule having a
molecular weight of several miilions. Our estimated
values, however, are unexpectedly close to the contour
length of the double helix. Although the effect of poly-
dispersity on the calculated length in eqs. (2) and (3)
is not known, we believe that it cannot account for the
results in table I. One plausible explanation is that the
double strands of poly(A) are not exactly matched, but
are overlapped, with portions of single-stranded chains
protruding at both ends of the helix. Such a staggered
array could conceivably increase the equivalent length
of the particles.

3.2. Polyriboguanylic acid

3.2.1. Optical studies

Fig. 3 shows the CD of poly(G) in acidic solution.
We used 0.01 M sodium citrate—HCI buffer because
the acidic pK,, of guanine is higher at lower ionic strength,
thus enabling us to follow conformational changes in
a convenient pH range. Significant changes in the CD
spectrum were observed below pH 3.5; the positive
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shoulder near 280--285 nm turned into a negative mini-
mum at pH less than 3 (see also refs. [12, 13]), the
negative minimum near 240 nm became positive below

pH 2.8, and the maximum near 260 nm showed a blue-
ok coLrics shift. In addition, a large negative minimum appeared
near 195 nm. The corresponding ORD revealed similar
changes. However, Ulbricht et al. [14] reported that in
0.15 M salt solution the rotations of poly(G) changed
little as the pH was reduced to 1 and the positions of
the extrema showed a red-shift.

Plotting the CD extrema of poly(G) against pH re-
vealed a sharp transition between pH 2.5 and 3.5 with
a midpoint at pH 3 under our experimental conditions
(fig. 4). Since the pK_ of poly(G) in 0.01 M NaCl was
2.75 [13], this conformational change was probably
caused by the protonation on N(7) of the guanine kase.
This acid-induced change in optical properties was re-
versible when the acidic poly(G) solution was dialyzed
_2dl- back to neutral pH.

255 s i .e . At pH 2 in 0.01 M sodium citrate—HC! buffer, the
WAVELENGTH, am ORD and CD of poly(G) showed no marked changes
between 25 and 70°C. The magnitude of the ORD ex-
Fig. 3. The CD of poly{(G) at several pH's in 0.01 M sodium trema decreased by about 15—20% at 90°C, and the
citrate-HC1 buffer at 25°C. polymer did not precipitate even at temperatures higher
than 90°C. In contrast, the poly(G) molecules at pH 3.3
without added salt precipitated upon heating to 45°C.
Thus, the observed changes in the CD spectra (fig. 3)
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Fig. 4. Changes in the CD extrema of poly(G) with pH at 25°C. (a) Left: in 0.01 M sodium citrate-HCl buffer; (b) right: in 0.01 M
KF and 0.1 M NaCl.



68 G.C. Chen and J.T. Yang, Viscosity and sedimentation of polyribonucleotides

POLY (G/

[6) x 107

e

) .
5] Z40 260 760 £
WAVELENGTH. nm

Fig. 5. The CD of poly(G) at several pH’s in 0.1 M NaCl at 25°C.

could not be attributed to possible disaggregation of
poly(G) at low pH’s, as had been proposed by Wolfe
ctal, {12].

Fig. 5 shows the CD of poly(G) in alkaline solution.
The general features of the spectrum at neutral pH
agreed qualitatively with those reported previously [12,
15] ..There was no detectable change in the CD of
poly(C) up to pH 10. At higher pH’s the magnitude of
the Cotron effects began to decrease and at pH 11.7 the
CD actually became slightly negative over the range of
230—300 nm studied (above pH 11.7 the ORD showed
only small negative Cotton effects, in agreement with
the finding of Ulbricht et al. {14]. Of the polyribo-
nucleotides studied, only poly(G) in alkaline solution
at pH’s higher than the second pK, of guanine had little,
if any, base stacking, as revealed by loss of multiple
Cotton effects.

The variation in the magnitude of the CD extrema
with alkaline pH indicated a marked change in the con-
formation of poly(G) between pH 11 and 12 (fig. 4).
The change was probably due to the deprotonation of
the guanine bases and each nucleotide residue would
carry two negative charges. As a result, the electrostatic
repulsion would be so strong that the bases would be
forced to unstack.

The conformational changes shown in fig. 5 were
time dependent. The multiple Cotton effects at pH 7
could be recovered by back titration from pH 12,
provided that the solution was kept at pH 12 for less
than 30 minutes at room temperature or less than 3
hours at 4°C. Gel filtration of poly(G) in both neutral
and alkaline (pH 12.4) solutions indicated that the
polyribonucleotide aggregates gradually disintegrated
after exposure to alkali and that the extent of disag-
gregation depended on the duration of exposure at
alkaline pH.

3.2.2. Hydrodynamic studies

Both the intrinsic viscosity and sedimentation coef-
ficient of poly(G) dropped significantly when the pH
of the solution was raised from neutral to above 10
(table 2), suggesting a reduction in the size of the polymer.
Like the optical properties, the s? values of poly(G)
in alkaline solution (pH > 11) were both time and tem-
perature dependent. The moiecular weight of poly(G)
was determined by a combination of sedimentation
and diffusion coefficients or by use of the 8- and ®1/3p-1.
functions. The limited results (table 2) make it difficult
to choose between a prolate ellipsoid of revolution and
a flexible coil model. However, for our sample, the
g-value happened to be close to 2.5 x 105; thus, the
estimated molecular weight was little affected by the
chosen model. As shown in table 2, a marked decrease
in molecular weight of poly(G) did occur when the pH
of the solution was raised from 7.5 to 11.3 and the de-
crease was even more pronounced at higher pH’s, a fact
indicative of disaggregation of poly(G). Fresco and Mas-
soulie’ [16] first reported that poly(G) at neutral pH
tended to aggregate and form a multiple-stranded helix
with extremely high thermal stability, a conclusion ques-
tioned by Pochon and Michelson [17} because of lack of
evidence for more than two strands for the poly(G) com-
plex. Michelson et al. [i8] found that a 7 mg/ml solution
of oligoguanylic acid was extremely viscous and suspected
that the preparation of Fresco and Massoulie® [16] might
be of reiatively short chain length and behave differently
from poly(G). However, our poly(G) sample with a re-
latively high molecular weight showed only moderate
intrinsic viscosity at neutral pH. Our findings strongly
support the possibility that poly(G) at neutral pH is in
a highly aggregated form.

In acidic solution in contrast to alkaline solution,
the viscosity of poly(G) was only slightly reduced and
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Table 2
Hydrodynamic properties of poly(G} at 23°C
Solvent (n} s® o® x 107, M _pd My M3t d)
pH lfe) S {cm” fsec) (x 1075) x 1075 (X 1075)
Lot: M-11-08-314

752 0.33 95 26 20 16 1.8
11.39 0.11 4.5 0.3 03
1s® - 1.3
Lot: 11-06-314 )

7.0 0.29 8.1

35 - 8.2

28 - 9.0

:; In 0.1 M NaCl plus 0.05 M cacodylate buffer.

In 0.15 M Na; HPQ, after dialysis for about 12 hours.
) n 0.01 M sodium citrate — HCl buffer.
9 5= 0.55 mifg [19] was assumed unchanged with pH.

the sedimentation coefficient was modestly increased.
For instance, the specific viscosity of a 0.04% solution
dropped from 0.34 difg at pH 7 to 0.30 dl/g at pH 3.1
at 25°C. Because not enough of the sample remained,
we were unable to determine its intrinsic viscosity, but
it was probably somewhat lower than at neutral pH.
The change in sO value was small between pH 7 and 3.5,
a region with no significant changes in optical properties.
The 5O value did increase at pH's below 3. These hydro-
dynamic measurements ruled out any marked change

in the size and shape of poly(G) in the acid-induced
transition region. As the pH was further lowered, the

s0 value continued to increase, and the solution showed
significant aggregation below pH 2 as judged by the
decrease in its absorbance upon filtration. Since the .
structure of the aggregates in both neutral and acidic
solutions is not known, it is difficult to speculate on
the kind of conformational changes that took place as
a result of acidification. Nevertheless, our results dem-
onstrate marked differences in the conformation and
molecuizr shape of poly(G) in acidic and alkaline solu-
tions.

3.3. Polyrtbocytidylic acid
3.3.1. Viscosity and sedimentation

Table 3 lists the intrinsic viscosities and sedimenta-
tion coefficients of poly(C) at several pH’s. The [7],

{0}, and {m] of poly(C) in acidic solution (fig. 6)
showed a sharp transition. suggesting a marked change
in conformation as well as in shape. The mid-point of
the transition occurred at pH 5.7—5.9 at Q.1 M salt con-
centration, which is identical with the pK, of 5.7 for
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Fig_ 6. Variations in the intrinsic viscosities and CD and ORD
extrema of poly(C) with pH in 0.08 M NaCl and 6.02 M sodium
citrate plus citric acid at 25°C.
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Table 3
Hydrodynamic properties of poly(C) at 25°C a)

G.C. Chen and 1.T. Yang, Viscosity and sedimentation of polyribonucleotides

Solvent®) {nl ° M L, o)™ L od)®
pH (di/g) (S) (X 107%) (A) (A)

6.2 1.17 5.46 1.1 840 810

6.05 1.18 -

5.87 0.66 —

5.65 0.37 -

4.8 0.32 7.52 1.1 500 500

3.6 -~ 7.47

;) Schwarz lot No. 8-6701; solvent.0.08 M NaCl and 0 02 M sodium citrate plus citric acid.
u=0.505 ml/g [25] was assumed unchanged with pH; for equations for g-function and for rod length, see footnote ¢, d and e

of table 1.

the cytosine base in the polymer [20]. Both the de-
crease in [n]and increase in s@ of poly(C) in acidic solu-
tion (see also refs. [20, 211) suggest that the molecule
is less asymmetrical at acidic pH than in neutral solu-
tion.

o
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Fig. 7. The ORD of poly(C) at several pH’s in 0.08 M NaCl and
0.02 M sodium citrate plus citric acid at 25°C.

3.3.2. Optical activity

Fig. 7 shows the ORD of poly(C) at various pH’s.
Lowering the pH from 6.2 to 495 produced a red-shift
in the spectrum and also decreased the magnitude of
the Cotton effects. Two peaks were observed in the
intermediate pH’s and there was an isorotational point
near 300 nm, a fact indicative of the presence of only
two forms, one at neutral pH and the other in acidic
solution. The general features of the ORD spectrum
(and CD spectrum) agreed well with those described in
the literature (see, for example, ref. [22]).

Unlike poly(A), poly(C) cannot have two acidic forms,
one with half-protonated bases and the other fully pro-
tonated. According to the results of X-ray diffraction
studies of poly(C) fibers [23], the double-stranded helix
has a positive charge on N(3) upon half protonation. In
contrast, full protonation of the cytosine bases wouid
put two positive charges on the two N(3) positions ad-
jacent to each other and the resultant electrostatic re-
pulsion could disrupt the double-stranded helix.

The pH-induced transition was in such a narrow range
(fig. 6) that the structure in the transition region was
very unstable; for example, the ORD spectrum at pH
5.85 could be shifted to that at pH 5.9 merely by shaking
the poly(C) solution or allowing it to stand. However,
we have no evidence that this instability near the pK,
value causes the structure of poly (C) to collapsz, as
reported by the disappearance of the rotations for solu-
tions at pH slightly above the pK, value [24].
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3.3.3. Size and shape

As in the case of poly(A), we can adopt an equiva-
Ient prolate ellipsoid modet for poly(C) and estimate
its molecular weight at pH 6.2 and 4.8 from the -
function. With ¥ = 0.505 ml/g [25], the molecular
weight of our sample was 1.1 x 103 daltons at both
pH’s (table 3). Unlike poly(A), the acid-induced con-
formational transition of poly(C) does not involve a
change in the size of the polymer. With the poly(C)
sample used, we found that the f-values were not too
different from Flory’s ®13p~1 of 2.5 x 106. Therefore,
even if we had chosen a flexible coil model, the esti-
mated molecular weight would not have differed much
from that listed in table 3. Our results clearly rule out
the possibility of a dimerization of poly(C) in acidic
solution. A possible explanation is that the poly(C)
molecule adopts an antiparallel hairpin-lime structure,
although the results of X-ray diffraction studies suggest
a parallel double-stranded dimer [23]. Conceivably,
fibers drawn from a concentrated solution could differ
in conformation from polymers in dilute solution. Fur-
thermore, during the drawing two hairpin-like molecules
could be stretched into a parallel double-stranded com-
plex.

In neutral solution poly(C) has one negative charge
per phosphate group and the molecule is thought to be
rather extended, although flexible. Upon half protona-
tion the molecule would tend to contract if it adopted
a hairpin structure, which would account for the marked
drop in intrinsic viscosity, as contrasted with poly(A),
and the gradual increase in the sedimentation coeffi-
cient. As in the case of poly(A) we can estimate the
length of an equivalent ellipsoi< for poly(C) according
to eqs. (2) and (3). Our sample had a degree of poly-
merization of about 360, so that the hairpin helix would
have a maximum length ¢f about 560 A, assuming a
translation of 3.1 A per base pair {23]. The equivalent
length of about 500 A at pH 4.8 (table 3) supports the
hairpin structure, although the helix must be bent or
distorted to account for the shorter equivalent length.
Even the single-stranded poly(C) at pH 6.2 appears to
be very extended, since its equivalent length was about
two thirds the length of a stretched polynucleotide
chain.

3.4. Polyribouridylic acid

3.4.1. Optical and hydrodvnamic studies

Poly(U) has little secondary structure at soom tem-
perature on the basis of hypochromicity studies [26].
However, its ORD and CD do display multiple Cotton
effects, although much smaller in magnitude than those
of other polyribonucleotides, suggesting the existence
of some base stacking. Lowering the temperature of
the solution toward 0°C increased the magnitude of the
Cotton effects, in association with a significant blue-
shift (5—10 nm) of the positive CD band near 265—
270 nm, a fact indicative of the formation of base pair-
ing [27}. In our studies the variations in the CD and
ORD extrema of poly(U) with temperature gave a
melting temperature of 8°C in 1 M KF, butin 0.1 M
KF the transition was not complete even at 0°C (cf.
ref. [28]).

The intrinsic viscosity of poly(U) decreased with
the lowering of temperature (table 4) and the Huggins’
constants were less than one, suggesting the abscnce
of aggregation. The sedimentation coefficient, s | also
decreased with decrease in temperature, but wher con-
verted to standard conditions, 59.0 w - actually increased
when the temperature was lowered. This fact, together
with the decrease in {n], suggests a smaller hydrody-
namic volume or a less asymmetrical structure for poly(U)
at lower temperatures.

The molecular weight estimated from the - or ®1/3p-1.
function was essentially unaffected by temperature, but

Table 4

Hydrodynamic properties of Poly(U) a)

Temperature (°C)

Properties 25 3
[n] (@l/g) 0.70 0.50
s (S) 4.76 3.01
20w (S) 4.27 4.85
Mo x 107 20°0" 8.0

M x 16°*P) 7.8 8.3
1‘I@ll3p-l x 10™%b) 9.5 9.3

a) Solvent: 0.08 M KF and 0.02 M sodium citrate plus citric
acid at pH 6.2.
uv=0.564 mlfg [31] was assumed unchanged with tempera-
tuse.
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the results based on S-function showed better agree-
ment with the value determined directly by sedimenta-
tion equilibrium (table 4).

The temperature-induced transition of poly(U) is
dependent on the nature of the ¢alts used, as well as on
their concentration. For instance, we found that 0.1
M KF was more effective than 0.1 M NaCl for inducing
the thermal transition. We studied the hydrodynamic
properties of poly(U) in 0.08 M KF and 0.02 M sodium
citrate plus citric acid because some evidence indicates
that higher salt concentrations cause the molecules to
aggregate [29, 30]. The disadvantage of using low salt
concentrations is that the transition is not complete
even at 0°C. Nevertheless, our data are sufficient to
detect any change in the molecular size of poly(U) in
the transition region. The facrt that poly(U) had a con-
stant molecular weight over the temperature range stud-
ied (0—25°C) supports the current concept of poly(U),
that is, a hairpin-like structure at low temperature with
the polyribonucleotide chain folded back upon itself,
but a single-stranded chain with little secondary struc-
ture at room temperature,

In summary, measurements of the hydrodynamic
properties of the four polyribonucleotides can provide
information about the size and shape of these polymers
under various experimental conditions. In association
with measurements of optical activities, they are useful
for the characterization of the conformations and con-
formational changes of these polyribonucieotides as a
result of changes in pH and temperature.
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Tropocollagen is derived from an extracelinlar precursor, procollagen. Conversion to tropocollagen is accomplished
by one or more tissue proteases dependent i1 vitro on the presence of serum in the culture medium, Twenty-four hour
cultures in which serum has been excluded yicld an apparently undegraded precursor. procoliagen §. The Iatter is ap-
proximately twice the size of tropacollagen, possesses an acidic pl in contrast to the alkaline pl of tropocollagen, and
shares secondaxy structural chamctenstncs common to trapocollagen. Procollagen | exhibits a sharp thermal transition
point at 39° with a AT of 2° indicating that the collzzenous portion of the molecule is in the triple helical configura-
tion prior to proteolytic excision from the parent molecule. The amino acid composition is remarkable when compared
to tropocoliagen in the farge quantity of acidic residues, decreased glycine and imino acids, and the presence of cysteine.
Three madels of procollagen I styucture are presented and discussed refative to the available experimental evidence.

1. Introduction

Based on the insolubility of collagen under physiol-
agical conditions, Schmitt {1] originally postulated the
existence of a soluble, precursor form of tropocoliagen.
The rapidity of triple helix formation i vivo as con-
trasted to that encountered in vigro prompted Speak-
man [2] to propose recently the existence of registra-
tion peptides on a precursor form of tropocollagen. Al-
though no data have heen reported to date which speci-
fically validate the Speakman hypothesis, laboratories
have recently reported the demonstration of a tropo-
collagen precursor [3—10], procollagen, and its con-
version to tropocollagen by tissue protease {11, 12].
The variety of in vifro cultture conditions employed by
various investigators has resulted in corfusion regarding
the molecular properties of procollagen and has prompted
Church et al. [5] to suggest a nomenclature in which
procollagen I represents a nondegraded state while fur-
ther numerical designations represent sequential cleavage
products. This report describes the effect of serum on

¥ Present address, Department of Biochemistry, Academy of
Medicine, Bialystok, Poland.

the procollagen product irom human skin fibroblasts
in culture, Conditions of culture are described which
yield apparent procoliagen [ in quantities amenable
to detailed physical and chemical analysis.

2. Experimental procedure
2.1. Marerials

Eagle’s minimal essential medium and fetal calf serum
were the products of Grand Island Biological. Tricine,
Tris base, trypsin, pepsin, and pronase were obrained
from Sigma Chemical, tosyllysine chloromethyl ketone
from Calbiochem, -aminoproprionitrile fumarate from
Aldrich Chemical, ascorbic acid from Fisher Scientific,
hydrogen peroxide from Merck, [5-2H] proline (25 C/f
mmole) from Sckwarz—Mann, Spectrafluor PPO-POPOP
from Amersham/Searl and Triton X-100 from Research
Products International. Bacterial collagenase was purified
from Worthington Biachemicals’ CLS crude collagenase
by a chromatographic method [13] with inhibition of
residual clostripain activity by hydrogen peroxide [14] or
the active site inhibitor, tosyllysine chloromethyl ketone
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[15}. Carboxymethyl cellufose aad agarose (Biogel A
0.5 M and electrophoretic agarose) were the products
of BioRad. Lathyritic rat skin collagen was the Kind
gift of Di. Hector Aguilar.

2.2. Methods

2.2.1. Culture cornditions

Adult human fibroblasts were obtained by skin bi-
opsy and maintained as a continuous culture at 37° in
Eagle's minimal essential medium (buffered with 20
mM Tricine) at pH 7.36 and supplemented with 15%
heat inactivated fetal calf serum. Procollagen products
were harvested during a 24-hiour period every 4 days
from contact inhibited cells at confluence in 1000 cm?
roller flasks containing 60 m] of culture fluid rotating
at 1 rev per 5% minutes. For the harvest cycle, fresh
medium cither with or without 15% fetal calf serum
was added containing f-aminoproprionitrile fumarate
{50 ug/ml) and ascorbic acid (50 ug/m!) plus 25 uC/ml
[5-*H] proline. The harvest medium was extensively
dialyzed against 0.02 M Tris—0.5 M NaCl at pH 7.4 to
remove non-incorporated radioactivity. This procedure
results in no visible precipitate or of precipitated counts
within the dialysis bag. Concentration was achieved by
vacuum dialysis at 4° against 1 M NaCl—0.05 M Tris,
pH 7.4 or by precipitation of procollagen I (see text)
which results on acidification of the medium by dialysis
againsi 0.15 M Na acetate, pH 4.

2.2.2. Chemical methods

Protein concentration — All protein concentrations
were determinad by a microbiuret method [16] using
bovine plasma albumin solution, prepared by nitrogen
content, as a standard.

Hydrolysis by proteases — Various proteases of
widely variant specificities were used as structural mo-
lecular probes. Limit digests employed 20:1 or greater
mass excesses of protease to [Pro-5-3H] procollagen to
ensure maximum hydrolysis. Trypsin and pronase hy-
drolysis was accomplished in 50 mM Tris — 0.9% NaCl
at pH 8.0 and 7.2, respectively. Collagenase digestion
utilized the same buffer plus 10 mM CaAc at pH 7.2.
Acetic acid (0.5 M) at pH 2 was used for pepsin diges-
tion.

Amino acid analysis — Samples were hydrolyzed
under vacuum in 6 N HCI at 110° for 20 hours. Analysis
was achieved using a Technicon single column system

with norleucine employed as an internal standard. De
novo conversion of [3H] proline to hydroxyproline
was analyzed on the Technicon analyzer by use of a
stream splitter and unlabelled proline and hydroxypre-
line as internal standards.

2.2.3. Physical methods

Chromatography — Molecular sieve columns at 8°
of Sephadex G-200 employed a variety of solvents.
Agarose (38 cm x 2.5 cm glass columns) utilized an
eluting buffer of 0.5 M NaCl — 0.02 M Tris, pH 74
and a flow rate of 15 ml per hour. Carboxymethyl
cellulose ion exchange chromatography at 40° was
utilized for the identification of collagen subunits
using acid soluble lathyritic rat skin collagen as a stan-
dard according to the method of Piez (17).

Gel electrophoresis — Discontinuous gel electro-
phoresis was performed on 1% agarose gels in 10 cm X
5 mm cylinders. The agarose was melted in 2 buffer
of 0.12 M Tris at pH 8.1 and layered into a Bio-Rad
precision gel forming apparatus (Model 200) and allowed
to polymerize by cooling. Samples for electrophoresis
were dialyzed against the above buffer, mixed with
sucrose (6% final concentration) and bromphenol blue,
and layered on the agarose column under an upper
electrode buffer of 0.043 M Tris, 0.046 M glycine at
pH 8.9. The lower chamber buffer was 0.12 M Tris,
pH 8.1. Electrophoresis utilized a constant current of
3mA per tube. Gels were removed, sliced into 1.2 mm
sections, dissolved in 0.5 mi hot water, mixed with
scintillation cocktail, and counted for radioactivity.

Isoelecrric focusing — pH gradients of 3 to 10 were
formed in a LKB 110 ml electrofocusing column and
run at 500 volts for 2 days at 8° following the general
methad of Vesterberg and Svensson {18] using 3% Am-
pholine (v/¥) in sucrose. Fractions of 2.2 ml were collect-
ed and assayed for pH at 20° using a Radiometer TTT |
standardized against pH 7 and pH 4 buffers. 0.2 ml vol-
umes were diluted to 1ml with water prior to counting.
To eliminate non-specific fluorescence at alkaline pHs all
samples above pH 8 was neutralized with 0.5 M acetic
acid prior to counting.

Scintillation counting — Assessment of radioactivity
of various aqueous szmples was made in a Beckman LS
spectrometer at =~ 50% efficiency. The scintillation
cocktail consisted of 29.5% Triton X-100, 2.4% Spectra-
flour, and 68.1% toluene (vfv); a volume of 1 mi sample
to 10 ml cocktail was used.
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Sedimentation equilibrium — Meniscus depletion
sedimentation equilibrium [19] was accomplished with
a Spinco model E analytical ultracentrifuge equipped
with a Raleigh interference optical system. 3 mm col-
umns of procollagen 1in 1 M NaCl —~0Q.02M Tris, pH
7.4, were layered over an inert base of perfluorotsi-
butylamine. During the run, the temperature was main-
tained at 5° and measurements were made at 11000
and 14000 rpm using double sector cells equipped with
quartz windows. Fringe positions were recorded on
Spectroscopic 11 G photographic plates and analyzed
with a Nikon model 6 microcomparator at 50 x magni-
fication. Runs were made for 5 days, cquilibrium being
assured after the third day by a lack of change in the

fringe concentration gradient on sequential photographs.

The apparent weight average molecular weight
(Mw,app) over the liquid column was evaluated by the
relationship:

2RT dlae
[, = ome i
woapp (1—*?}5)&)2 d xz { )

in which R is the gas constant, T the absolute tempera-
ture, ¥ the partial specific volume of the protein, 5 the
solution density, «w the angular velocity in radians per
second, x the radial distance in cm, and ¢ the concen-
tration in {ringes. The value for the solvent density was
obtained with a 50 ml Leach pycnometer. The partial
specific volume of procollagen I (0.712 g/ml) was cal-
culated from amino acid composition by the use of the
known specific volume of the component amino acids
[20].

Circular dichroism — Measurements of the circular
dichroism from 250 nm to 195 nm were performed on
a Cary model 60 spectropolarimeter equipped with a
muodel 6001 CD accessory. Experiments were carried
out using a I mm path length cell with procollagen {
dissolved in 1 M NaCl — 0.05 M Tris, pH 7.4. at a con-
centration of 60 ug per mi. The circular dichroism data
were recorded by the instrument directly in terms of
degrees ellipticity, 8, ; the mean specific ellipticity,

[8'} A» having units of degree cm? per decimole at wave-
tength A, was calculated according to the relationship:
[8'1, =0,(MRW)/ 10/, )
where MRW is the mean residue weight of the sample,
¢ the concentration in grams per cm?, and { the path
length of the sample solution in cm. A mean residue

weight of 106 was calculated from the amino acid com-
position.

3. Results

3.1. Collagenous nature of the [ TH { -proline labeled
product from serum free culture medium

In a 24-hour pulse with {3H] proline in which no
serum is present in the medium., 1~-2% <f the counts
are incorporated ino non-dialyzable products with a
proline-hydroxyproline ratio of approximawely 3:1
of which approximately one half is rendered dialyzable
by limit digests with bacterial collagenase at 23°.0n
standard carboxymethyl cellulose ion exchange columns
used for collagen chain analysis, the product is re-
tained on the column and requires base for elution
(fig. 1A). Digestion with pepsin at 157 for 6 hours
results in approximately one half of the counts eluting
with the salt gradient. Using a column calibrated with
lathyritic rat skin collagen, a small amount of radio-
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Fig. I. Carboxymethyl cellulose chromatography of serum
free medium at 40°. NaCl gradient is indicated by the dashed
tine and right ordinate. Arrow on abcissa indicates step salt
change to 0.4 NaOH + M NaCl. A, medium without pepsin
treatmient: B, following Fepsin digestion at 15°,
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activity elutes in the 8 chain region despite the pre-
sence of f-aminoproprionitrile in the serum free pulse
medium (fig. 1B). Apparent a 1 chains are in a roughly
2:1 excess over « 2 as expected. However, almost one
half of the counts liberated by pepsin digestion elute
prior to the standard « chain elution volumes (labeled
pre &) suggesting a relative acidic composition.

3.2. The influence of serum in the culture medium on
the procollagen product

Quantitatively, the presence of serum in the culture
medium generally results in approximately a twofold
increase in the level of [3H}-proline incorporation.
However, as demonstrated below, the presence of
serum results in significant qualitative changes in the
nature of the praoducts obtained.

4000{ @
2,0001
g 0 20 30 40 50 60
[&]
8,0001
4,000
e }‘l

I0 20 30 40 50 60
- SLICE NUMBER
Fig. 2. Molecular sieve chromatography on agarose of human

fibroblast culture fluid following extensive dialysis. A, serum
free culture medium; B, serum containing culture medium.

3.2.1. Molecular sieve chromatography

Preliminary experiments on Sephadex G-200 under
a variety of eluting conditions (0.06 M acetate pH 4.8,
or 0.05 M Tris pH 7.4, or 6 M urea) resulted in virtually
total loss of counts on the column. However, by using
agarose columns in 0.5 M NaCl — 0.02 M Tris pH 7.4,
§00% recovery is routinely obtainable. The majority of
the non-dialyzable [3H] proline from serum free label-
ing experiments elutes on agarcse (exclusion limit of
approximately 400000 daltons for globular proteins)
as one major peak in the void volume with only minor
smaller components is routinely observed (fig. 2A).
However, cultures pulsed with radioactive proiline in the
presence of serum yield not only a major peak in the
void volume of the column but significant quantities
of apparently smaller components (fig. 2B).

{®

cpm/ mi

10 20 30 40
FRACTION NUMBER

Fig. 3. Electrophoresis of human fibroblast culture fluid fol-
lowing extensive dialysis. A, serum free culture medium; B,
serum containing culture medium.
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Fig. 4. Isoelectric focusing of the major components of human fibroblast culture medium obtained by gel filtration. Left ordinate
and solid circles indicates pH; right ordinate and open cixcles indicates observed cpm at the indicated fraction. A, serum free culture
medium (agarose peak [); B, serum containing culture medium (agarose peak I); C, serum containing cuiture medium (agarose peak

11); D, serum containing culture medium (agarose peak IID).

3.2.2. Disc electrophoresis

In standard 7.5% polyacrylamide systems (both
pH 9 and 4) [21], procollagea fails to penetrate the
gel. For this reason agarose was employed as a more
porous support material. Fig. 3A demonstrates that the
de novo synthesized, secreted high molecular weight
pioduct from serum free cultures migrates as a single
band. However, in serum containing cultures, the rap-
idly moving anionic peak is lost and is replaced by a
small double peak migrating at the same rate and a
major peak which possesses a much slower rate of mi-
gration (fig. 3B). In all cases at least 8C% of the applied
radioactivity was recovered.

3.2.3. Isvelectric focusing

Fig. 4 illustrates results obtained from the isoelectric
focusing of major peaks from agarose molecular sieve
chromatography. The major peak of radioactivity from
serum free cultures (fig. 4A) has an isoelectric point
of pH 3.9 # 0.1 in striking contrast to the cationic
properties of tropocollagen {22]. A single symmetrical
peak of radioactivity is observed at pH 4.0 when the
gradient is acid at the bottom of the column. When
the gradient is reversed (as illustrated), precipitation
occurs, yielding asymmetry on elution from the column
with an apparent iscelectric point of pH 3.8. In serum
containing cultures (fig. 4B), a major shift in isoelectric
point to pH 6.3 occurs for the material eluting from
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agarose columns in the void volume. The peak is sharp
and symmetrical with no tendency to precipitate at the
isoelectric point. The smaller molecular weight compo-
nents in serum containing cultures possess anionic iso-
electric points, do not precipitate, and are heterogenous
(figs. 4C and 4D).

3.2.4. Conversion of procollagen io collagen

. As previously illustrated (Fig. 1B), pepsin digestion
of procollagen from serum free culture media liberates
not only a chains but an apparently acidic species which
elutes on carboxymethyl cellulose prior to the earliest
o chain elution. Chromatography of serum containing
culture medium on CM cellulose at 10° yields a pre &
peak eluting at an identical position plus a major resid-

&
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Fig. 5. Carboxyn:ethyl cellulose chromatography of serum con-
taining culture medium. Ordinates as in fig. 1. A, chromato-
graphy at 10°; B, chrematography at 40° fallowing 30 min in-
cubation at 45°.

val activity requiring base for elution (fig. SA). Fol-
lowing incubation at 45° for 30 min. and chromato-
graphy at 40°, counts elute in the &, position as well
as in pre ¢ (fig. 5B). In order to correlate the origin of
pre a and ¢, eluting counts to the components sepa-
rated by molecular sieve chromatography on agarose
(fig- 2B), each major agarose fraction was subjected
to chromatography on carboxymethy! cellulose, hydro-
lysis by bacterial collagenase, and proline hydroxyla-
tion analysis. Agarose peak [ is more extensively hy-
droxylated and digestible by collagenase than either
peaks [I or III (table I). The lability of counts in the
peak II control following a 37° incubation period sug-
gests the presence of a protease in this fraction. On
carboxymethyl cellulose peak I behaves similarly to
that obtained from serum free cultures in that base is
required for elution (fig. 6A). Fraction II elutes in the
pre-a position with no residual counts remaining on
the column (fig. 6B) while fraction I11 precipitates
under the conditions used (0.06 M acetate, pH 4.8, and
40°). Recombination of the three fractions in solvents
used for gel filtration, concentration, and dialysis agains
the standard carboxymethyl cellulose solvents, and in-
cubation at 45° followed by elution at 40°, results in
the appearance of a, and pre-« peaks (fig. 6C). Thus,
presumptive evidence for a protease in serum contain-
ing cultures which elutes in the agarose peak II region
and which utilizes procollagen as a substrate is apparent.
In an effort to ascertain conditions in which the
proteolytic effect aoccurs, culture medium from serum
containing cultures were incubated at three different

Table 1

Proline hydroxylation and susceptibility to collagenase of
procollagen products from serum containing cultures separated
on agarose. All collagenase hydrolyses at 37°. See fig. 2B for
details of isolation

Agarose g 3 H}HO-proline % dialyzable a)
peak (————) {"H]-imino residues
[?H}-proline -
contyol collagenase
| 0.38 3.7 64.5
I 0.16 25.6 40.4
HI 0.11 109 205

=) Dialysis at 5%
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Fig. 6. Carboxymethyl cellulose chromatography at 40° of the
major components of human fibroblast culture medium ob-
tained by gel filtration as illustrated in fig. 2B. Ordinates as in
fig- 1. A, fraction I; B, fraction II; C, recombination of fractions
I, II, and 111 and incubation at 45° for 30 min prior te chro-

matography.

pHs for 24 hours at 37° and subjected to carboxymethyl

cellulose chromatography. In acetate buffer (0.06 M,
pH 4.8) both «; and «y peaks appear in approximately
2:1 ratio as well as pre a (fig. 7A). At pH 7.4 (culture
medium only), the previously noted a4 and pre @ can
be seen, but there is a new peak of radioactivity eluting
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Fig. 7. Carboxymethyl cellulose chromatography at 40° of
serum containing culture medium incubated at 37° for 24
hours at various hydrogen ion concentrations. A, pH 4.8 (0.06
M Na acetate); B, pH 7.36 (culture media); C, pH 8.5 (0.05 M
Tris — 0.9% NaCl); D, pH 7.36 (culture media) containing 1
mM EDTA-Naj.
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in the ¢ position (fig. 7B). Nevertheless, o, is greater
in quantity than o;;. At pH 8.5 (0.05 M Tris — 0.9%
NaCl), there is a reduction in &, and pre-x content with
no «; peak (fig. 7C). In a manner analogous to the non-
incubated situation (fig. 5A), inclusion of 1 mM
EDTA-Na, in a 24-hour incubation at pH 7.4 results

in pre-a material on'y (fig. 7D). Incubation of procol-
lagen isolated from serum free cultures with fresh, heat
inactivated fetal calf serum fails to yield a, a,, or pre-
a components. Thus the observed EDTA inhibited pro-
teolytic activity is not indigenous to serum but is an
apparent product of fibroblasts in culture, induced by
ore or more factors in serum.

3.3. Partial characterization of putative procollagen I

Evidence has been presented which indicates that

an anionic precursor of tropocollagen is secreted Ly
human skin fibroblasts in culture. The data suggest that
one or more factors in serum either activate or induce
synthesis and/or secretion of protease which convert
procollagen to tropocollagen yielding a variety of prod-
ucts in serum containing cultures. In serum free cultures
the absence of the acidic pre « peak on carboxymethyl
cellulose chromatography argues against significant de-
gradation and provisionally qualifies this material for
the designation of procollagen I. The physical proper-
ties of high salt solubility, high molecular weight, and
precipitation at the isoelectric point (fig. 8) were used
to isolate the putative procollagen [ used in the studies
described below.

3.3.1. Adsorptive properties of procollagen I in low salt
Procollagen | in a variety of solvents (0.06 M acetate,

PURIFICATION OF PROCOLLAGENT

Culture Medium ( Serum Free)

Dialysis against M NaCl- O.05M Tris, pH 7.4

|

(Buffer A)

Concentration by vacuum dialysis (~20X)(Buffer A)
Void volume peak from agarose column {Buffer A)
Concentration by vacuum dialysis (Buffer A)
Dialysis against Q.15SM Na acetate, pH 4 (4-Shours)

Centrifuge 12,000rpm ot 4°for 30min

i
Ppt. Supernatant
{Discard)
Resuspend in 0.1I5m Na acetate, pH 4
Ppt. » Supernatant
(Discard)
Resuspend in H0
Ppt. > Supernatant
l {Discard)

Solubitize (Buffer A)

Fig. 8. Isolation procedure for procoliagen L.
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Table 2

Comparison of the amino acid contents (residues/1000 residues, uncorrected for hydrolytic losses) of human procollagen I, human
skin collagen, human basement membrane collagen, and human complement Clq

Amino acid Human skin procollagen I Human skin coll:.lgena) Human basement Clq of human comple-
membrane collagen °) ment©
aspartic acid 93.0 47.2 67.7 85.0
threonine 49.5 18.3 36.7 527
serine 65.7 36.9 489 55.2
glutamic acid 110.0 77.7 98.3 919
proline 114.2 125.1 579 60.3
glycine 154.6 3244 221.0 173.2
alanine 70.2 114.5 59.8 44.2
half-cystine 17.3 tr. 22.8 24.6
valine 51.5 24.5 35.6 55.2
methionine 13.5 7.0 i3.2 254
isoleucine 276 104 31.3 38.1
leucine 55.1 248 65.3 60.0
tyrosine 200 3.5 153 30.2
phenylalanine 24.0 126 249 424
lysine 38.7 266 19.5 36.8
histidine 144 54 14.2 14.0
arginine 424 49.0 38.0 429
hydroxyproline 31.8 90.9 103.5 389
hydroxylysine 59 59 26.1 18.8
tryptophan ND ND ND 9.1
total acidic 203.0 1243 166.0 176.9
amino acids
total basic 87.0 81.5 83.6 98.5
amino acids
total imino acids 146.0 216.0 161.4 99.2

:’ As reported by Fieischmajer and Fishman [25].
) As reported by Westberg and Michael [26].
) As reported by Yonemasu et al. {27].

pH 4.8;0.05 M Tris HCI, pH 7.4 or pH 8.5; < 0.9% tent of aspartic and glutamic residues than that of

NaCl) exhibits a profound ability to adsorb to glass and human skin collagen, despite a relatively equivalent

plastic surfaces. This property can be largely inhibited content of basic amino acids. As in tropocollagen, the

with NaCl at a molar concentration of 0.5 or greater. predominant amino acid is glycine. Roughly 1/6 of the

total sites are occupied by glycine in procollagen |

3.3.2. Amino acid composition while every third residue in tropocollagen is glycine. Thus
The anionic behavior of procollagen I as compared the minimum weight of native procoilagen I is approxi-

to that of tropocollagen can be readily explained on mately twice that of tropacollagen assuming few glycines

the acidic amino acid composition (table 2). Although in the ‘“‘non-collagenous” portion of the precursor. The

no data is available on the degree of amidation, human total imino acid content of pracollagen I is also diminished

skin procollagen [ has approximately 1.6 times the con- but to a lesser extent than that of glycine. Of consider-



82

T.0¢

BASE

Sof

2 .

50.8

—50.6 510

X2

50.2 50.4

Fig. 9. Typical In ¢ versus x? plots of procoilagen L. Speed at
11000 rpm after 72 hours.

able interest is the identification of significant quanti-
ties of cysteine in procollagen L. Since this analysis was
made on material in which the cysteine residue was not
derivatized, the reported value probably represents a
low value, due to the relative instability of cysteine
under standard acid hydrolysis conditions.

3.3.3. Sedimentation equilibrium

Szdimentation equilibrium of procollagen I yielded
linear In ¢ versus X2 plots at each of the four protein
concentrations analyzed with no apparent evidence of
size heterogeneity or aggregation (fig. 9). Nevertheless,
a marked concentration dependence was observed be-
tween cells with large loading concentration differences
(fig. 10). Extrapolation of this apparent linear regres-
sion slope to zero conrcentration yielded a molecular
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Fig. 10. Apparent weight average molecular weight as a func-
tion of initial cell loading concentration with extrapolation to
infinite dilution.
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Fig. 11. Circular dichroic spectra. A, rat skin collagen in acetic
acid (1%) at $%; B, human skin procollagen in 1 M NaCl — 0.05
M Tris,pH 74. e—e at 5° x—x at 50°.

weight of 539000 = 40000 in agreement with the con-
clusions drawn from amino acid analysis. Due to low
absorptivity at 280 nm. analysis at lower protein con-
centrations using the UV scanner of the Model E were
impractical.

3.3.4. Comparison of the circular dichroic spectra of
procollagen I with skin collagen

Due to the insolubility of procollagen I in acid buffer
the usual measurement of optical activity of collagen
derived material in acetate is impaossible for procoliagen
I. Fig. 11A illustrates the typical spectrum of native
rat skin collagen in dilute acetic acid. The characteristic
negative absorption peak at 197 nm and positive absorp-
tion at 222 nm is present. In contrast procollagen  in
1 M NaCl — 0.05 M Tris, pH 7.4 fails to exhibit the 222
peak (fig. 11B). Circular dichroism scans below 200 nom
were impossible due to adsorption by the buffer, but
the general curve configuration suggests a minimum
approximately 60% that of rat skin lathyritic tropo-
collagen in acetate.

3.3.5. Stability of the secondary structure

Although the circular Gichroism spectra suggest
features analogous to tropocollagen, praocollagen I is
sensitive to proteolytic digestion below the denatura-
tion temperature by non-collagenolytic enzymes which
ordinarily cannot attack the polyproline II configura-
tion (table 3). Procollagen at 23° is readily hydralyzed
to a majority of dialyzable peptides by pronase and to
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Table 3
Procollagen I susceptibility to proteolytic hydrolysis

% dialyzable a [3 H}-imino residues

23° 37°
control Q.5 3.1
collagenase 484 56.1
pronase 77.7 89.9
pepsin 24.1 522
trypsin 224 516

2) piatysis at 5°.

a more limited extent by trypsin and pepsin. At 37°,
more of the procollagen structure is in a form suscep-
tible to proteolytic attack by pepsin and trypsin. Ap-
proximately 1/2 of the {3 H]-imino acids are rendered
dialyzable by bacterial collagenase in support of the
collagenous nature of the material and is consistent
with amino acid analysis and ultracentrifuge data on
the minimum molecular weight of procollagen L

The thermal stability of procollagen [ was analyzed
by monitoring the circular dichroic negative extremum
as a function of temperature (fig. 12). A sharp transi-
tion occurs at 39°, closely paralleling native tropocol-
lagen denaturation behavior.
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Fig. 12. {8'] 202 as 2 function of temperature.

4. Discussion

The existence of an extracellular precursor of col-
lagen has been well substantiated by reports from a
number of independent laboratories [3—10]. There is
common agreement that the precursor is larger than
tropocollagen and is converted to the latter by the
proteolytic activity of an enzyme(s) commonly referred
to as procollagen peptidase [11, 12]. Lt is the existence
of such proteolytic activities which probably account
for variances in the reported molecular properties of
procollagen. [n the studies reported here, the omission
of serum from roller flasks of human skin fibroblasts
in culture results in the producticn of a tropocollagen
precursor of approximately 540000 daltons. The glyc-
ine content of 15.5% and imino acid content of 14.6%
supports the sedimentation equilibrium data and com-
pares reasonably closely with the respective values of
20.8% and 15.5% for the intracellular collagen precursor
recently reported by Tsai and Green [23]. In contrast,
Bornstein et al. [24] have reported a value of 115000
for the pro-w-1 chain from chick calvaria with 2 29% and
16.7% content of glycine and imino acids, respectively.
Thus the difference of 60000~70000 daltcns per chain
between the data reported here and that reported by
several laboratories may be due to partial proteolysis
with the main precursor moiety demonstrating a com-
paratively low glycine content. The addition of serum
to our system results in a heterogeneity of [ZH]-proline
labeled products, an alkaline shift of isoelectric point
in the collagenous portion of pracollagen, and the ap-
pearance of an acidic peak on carboxymethyl cellulose
which we refer to as pre a. This pre-« component is a
commeon feature of published chromatograms in which
the molecular weight of pracollagen is substantially
less than that reported here. The proteolytic activity
is not present in fresh serum but must be exposed to
fibrablasts, an observation in agreement with Tsai-and
Green [23]. The ability to liberate a-1 chains preferen-
tially at low pH as compared to -2 at neutral pH suggests
a multiplicity of proteases.

Comparison of the amino acid composition of pro-
collagen I to that reported for human skin collagen [25],
human basement membrane collagen [26], and human
complement Clq [27] suggests that procollagen I may
function as the precurssor of the latter three (table 2).
The greatest deviation exists between pracollagen 1 and
skin collagen. As previously noted there is 1/2 the glyc-
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ine content in procollagen I, but the total acidic amino
acids are increased by 60% resulting in the low iscelec-
tric point observed for procollagen I. Both basement
membrane collagen and Clq compotient of complement
have an acidic residue and glycine content intermediate
between procollagen I and collagen. Thus partial pro-
teolysis of the precursor moiety could result in a mole-
cule with these properties, The specificity of end product
production would then depend on protease specificity
and/or degree of lysine hydroxylation and carbohydrate
content. [f this hypothesis proves to be valid, then the
low imino acid content of Clg of complement would
suggest a proline clustering in the more distal regions

of procollagen I, while the commmon cysteine content

of procollagen I, basement membrane collagen, and

Clq of complement suggest a more proximal location
for the residue in the precursor moiety.

The secondary structure of procollagen I as judged
by circular dichroism in the far ultraviolet exhibits fea-
tures in common with acid soluble collagen. Although
penetration below 200 nm in NaCl was not possible,
the configuration of the procollagen curve suggests a
minimum at the same wavelength as collagen (197 nm)
at 60% of the observed ellipticity. The spectral data, as
well as the susceptibility of procollagen I to proteolytic
attack by a variety of proteases, clearly indicates that
the precursor mouity is not completely in the polypro-
line I configaration [28]. Nevertheless, procoliagen I ex-
hibits a sharp thermal transition point at 39° with a AT
of 2% which is clesely comparable to that of native tropo-
collagen [29]. Since the thermal stability of native tro-
pocollagen is directly related to the total imino acid con-
tent [30], it is of interest to note that the lowered total
imino acid content of procollagen I did not lower the
melting temperature (fig. i3), which suggests that the
observed change in optical activity represents thermal
denaturation of a collagenous unit component. More-
over, the small AT observed is strong evidence that the
collagenous portion of the molecule is in the triple heli-
cal configuration prior to proteolytic excision from the
parent molecule.

Electron micrographs of procollagen ‘rom chick em-
bryo cell culture [7] as well as kinetic analysis of pro-
collagen biosynthesis [10] indicates that the precursor
moiety is located at the amino terminus, The recent
demonstration of size distribution of procollagen de-
pendent on disulfides {9, 31], suggests that procoliagen
is synthesized as separate chains and aligned intracellu-

T (°C)
(3]
Q

100

Hydroxyproline + Proline

Fig. 13. Thermal denaturation temperature versus imino acid
content for a variety of collagens and procollagen I. The shaded
area represents the observed distribution around the mean (solid
line) {30] while ® indicates the relationship of procollagen I to
the melting profile. All data corrected to theoretical values
exXpected in water [29].

larly by disulfide pairing. Such a mechanism should
result in rapid chain registration and formation of the
native tropocollagen structure as originally suggested
by Speakman [2].

The studies reported here strongly suggest that pro-
collagen I is considerably larger than generally held. Fig.
14 illustrates three possible molecular configurations.

In each, the coliagenous regions are depicted as helical
and are associated in a cooperative structure as indicated
by the small AT observed in this study. Church et al.

{5} originally postulated a single chain containing both
a-1 and a-2 elements. Fig. 14A illustrates this model.
Since tropocollagen chains are aligned NH, to COOH
terminal in parallel, connecting links which would allow
the triple helical configuration for the collagenous por-
tion, would necessarily need to be of approximate equal
size. Evidence against this made! is formidable. Kinetic
labelling of tropocollagen by Vuust and Piez [10] indicate
separate initiation points for a-1 and «-2 chains while
the polysomes involved in procollagen synthesis [32]
wouid appear to be too small to support an mRNA
vielding a molecule of more than 500000 daltons. The
identification of cysteine in procollagen I and the dem-
onstration by Burgeson et al. [9] of altered chromato-
graphic properties of a collagen precursor following re-
duction by f-mercaptoethanol or NaBH, leads credence
to two additional models. In each (figs. 14B and C) di-
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Fig. 14. Structural madels for pracollagen 1. A, single chain; B, three chain; C, multiple chain.

sulfides hold the three chains together by covalent
bonding as well as that to be expected through non-
covalent forces of the triple helix_ In fig. I4B each
chain is approximately twice the length of & chains.

In fig. 14C the major procollagen exteusion is repre-
sented as approximately 10—15% of the main chain
while additional peptides conceivably of use in trans-
port are covalently bonded to the main chain by di-
sulfides, or alternatively, as tightly bound non-covalent
acidic polypeptides which are not dissociated under the
conditions employed in this study. The occurrence of
a small amount of apparent 8 chain in our material as
well as the small quantities available, has precluded us
from arziving at an unambiguous answer. We currently
are culturing human fibroblasts in which 8-aminopro-
prionitrile is present continuously rather than only in
the serum free 24-hour collection period. The availability
of mg quantities of procollagen I fiee of contaminating

aldehyde cross links should allow the proper selection
of the correct model.
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We propose a mechanism of asymmetric mitosis applicable for cells even without inherent architectural asymmetry
and in the presence of symmetric conditions such as a homogeneous environment. The theory is based on the instability
of the symmetric development in time of the prospective daughters of a cell in mitosis. The macroscopic equations of
chemical reaction, diffusior. and permeation of the various chemical species in the cell are given formal expression,
and are then linearized about the symmetric development in order to test the stability to asymmetric perturbations.
Instability to such perturbations indicates the deterministic onset of asymmetric division (differentiation). Only small
external gradients of concentration, temperature, light, etc. are necessary to polarize the asymmetry for the purpose
of a particular morphology. The theory is compared qualitatively with experiments on melanocytogenesis, is used to
suggest new experiments, and is proposed as a possible alternative to other mechanisms. Possible application of the
theory to the experiments on the first division in the egg of Fucus is considered. Finally, a simple model of a product-
enhanced reaction mechanism is developed in: detail which shows that the history of the initial preparation of the cell
prior to mitosis may play a role in determining the possibility of asymmetric division.

1. Introduction

There are many examples of cell division which yield
progeny having qualitatively different characteristics
from those of the parent. A number of different events
may occur. In undifferentiated division two cells of
type A are formed from a cell of the same type. In sym-
metric cell differentiation a cell of type A produces two
daughters of type B. If a cell of type A produces two
ce'ls, one of type B and one of type C (where B may be
identical to A), then this process will be called asymme-
tric cell differentiation. The process may occur by
means of different mechanisms. First, the origin of the
asymmetry of the differentiation may be an inherent
architectural asymmetry of the parent cell, as occurs
for instance in the case of the grasshopper neuroblasts.
Here the division results in a ganglion and a neuroblast

' This work was supported in part by the National Science
Foundation and the Camille and Henry Dreyfus Foundation.
A brief account has been submitted as a Note to the journal
Developmental Biology.

as daughter cells [1]. Second, the process may require
the presence of an external gradient (of temperature,
chemical composition, pressure, light intensity, electric
field, etc.) sufficiently strong to be significant over
cellular dimensions as may be of importance in regene-
ration in association with mitosis, i.e., epimorphosis
[2]. Third, the asymmetric differentiation may be ini-
tiated on one of a random or ordered distributior: of
sites, either within the cell or in the membrane, due to
(irreversible) activation by a hormone or light for in-
stance {3}. This mechanism requires that the time scale
between successive initiations of the asymmetric dif-
ferentiation on two sites, or localized set of sites, be
longer than the time necessary for signals to be sent to
prevent similar activation at the remaining sites. Fourth,
the differentiation may occur by an inexact replication
process which yields two daughters of different genotypes,
or by chromatin diminution as in the bifurcation of the
germ cell from the somatic cell lines [4] .

In this article we discuss another possible process
of asymmetric cell differentiations, one applicable even
to the most stringent condition of a parent cell without
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architectural asymmetry immersed in a homogeneous
ervironment. In an abstraction, parent cells without
essential asymmetry are termed symmetric. The mecha-
nism we discuss could be operative in asymmetric par-
ent cells but is applicable to repetitious symmetric cells,
such as in the first division of the egg of Fucus [5].

In a pioneering work Turing [6] showed how the
homogeneous evolution of certain chemical reaction
mechanisms with feedback and maintained far from
chemical equilibrium may become unstable to the on-
set of spatially inhomogeneous perturbations due to
the coupling of diffusion and reaction. He proposed
this as a possible chemical basis for biomorphogenesis,
giving an explanation of how a homogeneous cell field
may break up into differentiated regions. The onset
of symmetry-breaking instability has been shown theo-
retically [7] and experimentally [8] 7 to lead to stable
dissipative spatial structures. The role of heterogeneous
caralysis in the formation of stable, inhomogeneous
structures is discussed in ref. [9]. The importance of
chemical instabilities to the formation and maintenance
of structure in biological systems has been discussed
by a number of authors {6, 7,9-12].

The analogy between symmetry breaking in chemical
and biological systems suggests a mechanism for asym-
metric cellular differentiation. The theory is based on
the equations for chemical reaction rates and transport
of the chemical species in the differentiating system,
i.e., those which participate in the development of the
asymmetry. Thepossibility for the growth of the asym-
metry is posed as a stability question and the theo.y
predicts that symmetric differentiation may occur. If
the parent cell at some point becomes unstable to an
asymmetric concentration fluctuation, then asymmetric
differentiation is initiated. The course of this asym-
metric development is determined by t'.e non-linearity
of the equations and the asymmetry may become stable
due to this non-linearity. Thus the system becomes
committed to a weil-defined course of events leading
to asymmetric mitosis. The equations of reaction, dif-
fusion, and permeation yield unique solutions for given
initial and boundary conditions and hence the course
of differentiation is deterministic. For spherically sym-
metric parent cells in a homogeneous environment only
the orientation of the differentiation is random. In
order that chemical symmetry-breaking mechanism

T See also ref. [7].p-261.

may provide a theory for cell differentiation, the time
scales of the reactions and transport (diffusion and
permeation) must be comparable.

The theory of asymmetric cell differentiation pre-
sented here may be extended to the analysis of the
creation of additional localization and structure in
initially asymmetric cells.

A distinction must be made between asymmetric
cell differentiation which occurs (1) in a homogeneous
medium and (2) in a medium which has gradients. The
second case may be illustrated in blastoma (epimorphic
development) where there are nutritional, hormonal,
and temperature gradients. In the eggs of Fucus [5],
the polarity of the differentiation of the first division
may be fixed by external gradients of salinity and
voltage or direction of illumination. In the absence of
these gradients, however, polarity still develops but is
randomly oriented. Our analysis provides a mechanism
for the development of asymmetry in the absence of an
external gradient. Hence in this theory the possible pre-
sence of vanishingiy small gradients serves only to
orient the asymmetry along the direction of the gradients.
[f, contrary to our mechanism, an external gradient
proves to be essential for the development of asym-
metry, as may well be the case for certain systems, then
the magnitude of the gradient must be sufficiently large
to constitute an appreciable concentration difference
over a distance of cellular dimensions.

Reversal of differentiation (B —+ A) is known; see,
for example, the case of reversion of non-proliferating,
multi-nucleated fibers into proliferating mono-nugleated
cells during wound healing in muscle [13]. Clearly, in
such cases, irreversible genetic changes do not aceur.

In order to stress further the importance of cell com-
ponents other than the nucleus in asymmetric differen-
tiation, we refer to the case of mitosis in certain neuro-
blasts {3]. The architecturally asymmetric neuroblast
divides into a ganglion and daughter neuroblast. If the
mitotic spindle is rotated 180° so that the nucleus nor-
mally targeted for the pre-ganglion pole will enter the
preneuroblastic region, then an apparently normal
neuroblast and ganglion are nevertheless formed from
the respective precursor region. Thus no genetic asym-
metry is required to induce the asymmetric differen-
tiation.



P. Ortoleva and J. Ross, Asymmetrric cell differentiation 89

2. Theory
2.1. Statement of model

We begin consideration of the onset of asymmetry
in mitosis where the development is still symmetric
with respect to the prospective daughters (halves). For
instance, in the eggs of Fucus [5] this initial state is
spherically symmetric and asymmetry arises prior to
nuclear division. The asymmetry may, however, arise
after nuclear division from a state symmetric with re-
spect to the plane of division. In such cases the asym-
metry may be initiated either before or after the for-
mation of the phragmoplast in plant cells or invagina-
tion of the parent cell plasma membrane in animal cells.
At such stages the two halves of the cell, prospective
daughters, aré in a state of strong coupling. Thus, as a
simplifying convenience, in discussing the mass transfer
we substitute a model of two compartments for the
actual geometry. After formation of a separating mem-
brane, but prior to isolation of one daughter from the
other, the daughter cells are in a state of weak coupling.
In this state, transport through tight or gap junctions,
particularly in the embryo, may play an important role
in maintaining the differentiation. During the strong
coupling phase each prospective daughter is described
by its average concentrations of the various substituents
(ions, hormones, enzymes, etc.) and the state of activa-
tion of the genome. We assume that the concentrations
in the parent are uniform, and hence so are the initial
concentrations in the complex. (The additional but not
crucial problem of the distribution of material in each
prospective daughter is not considered here.) Concen-
tration differences between the prospective daughters
occur by fluctuations. If the fluctuations decay, then
symmetric development continues. However, it is pos-
sible that the system may become unstable to these
asymmetric perturbations, in which case concentration
differences will grow. Such instabilities provide a mech-
anism of the initiation of asymmetric differentiation.

Transport between prospective daughters is due to
permeation through incompletely formed dividing mem-
branes (in plant cells), diffusion through the region of
common cytoplasm and diffusion within each daughter.
(Streaming may also play a role in distributing material.)
We assume that the transport from one prospective
daughter to the other may be approximated by an ef-
fective permeation flux which vanishes with the differ-

ence of average concentrations. Thus if ¢! is the aver-
age concentration of species & in each prospective
daughter (i = L. 2) the rate of increase J , of species a
in prospective daughter 1 due to transport from daugh-
ter 2 is given by

I, =h, (D) — D). (2.1)

The effective permeability /1, decreases in time as the
cell halves pass from strong to weaker coupling as 2
result of decreased contact area or completion of the
dividing membrane. (Note that maore complex procasses
such as active transport may be included by taking
more general force-flux relationships.)

2.2. Analysis

It is convenient to introduce a vector notation. Thus,
for example, €) represents the column vector of aver-
age concentrations of all species in cell half . Intercel-
lular transport is therefore given by J = H(c(1)—c)),
where H is a matrix of effective permeabilities. With
this notation we also may now simply include cross
diffusional or permeative effects (i.e.. the diffusion or
permeation of species adriven by a gradient in concen-
tration of species §). Direct transport indicated in (2.1)
is described by a diagonal matrix H.

Exogenous agents may be introduced into the dividing
cell from the environment due to the permeability of
the plasma membrane; loss to the environment may
also play a role. Thus we introduce an external per-
meability (matrix) G. In an external gradient the pro-
spective daughters may in general be subjected to dif-
ferent external concentrations ¢{1}9(¢), and hence the
increase in concentration of agents in the half 7 due to
interaction with the environment is given by

JO0 = g[cD0) — U Nn)). (2.2)

In general the permeability of the plasma membrane,
G, may depend on the composition, both inside and
outside the cell, but will take the same functional form
for both halves, at least in the early stages of differen-
tiation. That is, we assume the prospective daughters
to have the same plasma membrane initially ; permeation
may, however, depend on conditions inside and outside
each half of the complex.

The overall rate of change in composition is due both
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to transport and reaction. The reaction rates in the two
halves are taken to be a function of the average con-
centrations. By our assumption of initial symmetry

the functional form F[c] of the chemical rate equa-
tions is the same for both halves. Thus, the dynamics
of the system is described according to

dcM/dr=G[c"?® — V] +H[c® -V + F[c™M],

dcD/dr=G[c®0 — @} +H[cD D]+ FcPy.
(2.3)

Undifferentiated (symmetric) division and symmetric
differentiation in a homogeneous environment corre-
sponds to the case ¢(£) = ¢(¢) (i = 1, 2). The remain-
der of the analysis will be devoted o investigating the
stability of this symmetric development to asymmetric
perturbations in a homogeneous environment ¢{9)0 =
0. This constitutes the most stringent conditions for
the onset of asymmetry. Let §¢{¥)(¢) represent the de-
viation in one half of the complex from symmetric
development:

&ty = a0y 1 §D(). 24
If perturbations satisfying 8c(1) —6¢® = 0 grow, then
asymmetric differentiation is initiated; otherwise, a
small asymmetric fluctuation decays and such differ-
entiation does not occur.

The stability analysis proceeds by linearizing eqs.
(2.3) in a small perturbation 8c{?) [see (2.4)], with the
result

dscVjdr=E"8cM+ HseP —5cV} + Ko}, (2.5)

where the superscript ¥ implies that the quantity is

calculated with values of the concentrations in the

symmetric development {(r)], and the elements of
* *

E and R are

E5=—Gug+ Zy; (acm/aca)(cg -c). (2.6)

R .= aFu/acB.

af 2.7

An equation similar to (2.5) holds for the other half
labelled 2.

Let us introduce symmetric and asymmetric pertur-

bations

s=31GAV +5c2),  a=16d) —5d). (28)
If we define a matrix € according to

@)= +R". 2.9)
we obtain

ds/de =Q(f)s, daldr={Q()—2H@E)]a. (2.10)

We see that the symmetry breaking (@) and symmetry
preserving (s) perturbations are not coupled in a homo-
geneous medium. The possibility for growth of asym-
metric perturbations is determined by the solutions

of (2.10). If the coefficients of that equation are slowly
varying in time then the stability to asvmmetric per-
turbations is given qualitatively by the eigenvalues

z(t) of the matrix [€2 — 2H]. If the real parts of all z
are negative, asymmetric perturbations will decay; if
Re(z2) for at least one eigenvalue is positive for a suf-
ficiently long period of time the asymmetric perturba-
tions will grow.

2.3. Discussion

(1) Instability to asymmetric perturbations may
occur due to many causes: (a) reaction mechanisms
in the cytoplasm which involve auto- or cross catalysis,
or product inhibition, or other homogeneous chemical
feedback [14] ; (b) periodic precipitation phenomena
[15];{c) coupling of stable and unstable reactions to
concentration dependent plasma membrane permea-
bilities {16] and active transport; (d) heterogeneous
feedback mechanisms involving genome activation and
repression, membrane and particle (i.e., ribosomes)
bound reactions and reactions in well-defined local
regions (mitochondria) {17].

(2) In the earliest stages of the mitotic complex, dif-
fusion is likely to be much more important than per-
meation, simply because the dividing membrane be-
tween the two halves of the complex may be just form-
ing. In that case the length scale associated with un-
stable, inhomogeneous perturbations is of the order of
(DfK)12 where k is the 1ate coefficient in the rate-
determining step of the mechanism responsible for the
development of the asymmetry (in the differentiative
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system). This length scale must be of cellular dimen-
sions as a necessary condition for the onset of asym-
metric differentiation in the early stages dominated

by diffusion. A calculation for one part of a glycolytic
reaction mechanism involving product enhanced en-
Zymatic activity shows the length scale of unstable per-
turbations to be of the order of 10~ to 1072 cm [14],
consistent with cellular dimensions.

(3) The effective permeability H must be limited so
that a concentration difference between the two halves
of the complex can develop and persist. If the effective
permeabilities H are very large then the eigenvalues of
{© - 24], (2.10), are approximately those of —2H (plus
a correction term involving the chemical rates and the
exogenous permeability G). Therefore the asymmetric
perturbations decay quickly as exp[—2Hz]. On the
other hand, if the rates of the differentiative system
(when stable) and the exogenous permeation are very
large, then the decay of the asymmetric perturbations

is again fast, approximately exp [2¢] . Symmetry breaking

requires a delicate balance between H and the symmetric
properties of Q.

(4) For differentiation to occur, the time to set up
an appreciable asymmetric distribution must be shorter
than that during which the prospective daughters are
decoupled, either by cleavage or other cytoplasmic de-
coupling mechanism, or by separation of equivalent
local sites of reaction such as the daughter nuclei them-
selves.

(5) The model provides criteria for the initiation of
asymmetric perturbations and these are obtained from
the linearized equations 72.10). The states to which the
system evolves after that initiation are given by the non-
linear equations (2.3). For instance, if the differentiative
reaction system is unstable to symmetric and asymmet-
tic perturbations, competitive events are possible: sym-
metric differentiation (A — 2B); asymmetric differen-
tiation (A - B + C); and reproduction without differen-
tiation (A —+ 2A). The outcome among such competitive
routes is determined by non-linear effects in the per-
meation and reaction mechanisms and is beyond the
present analysis.

(6) The developed asymmetry in the two halves of
the complex may-be sustained in a number of different

ways. (2) If the daughter cells remain sufficiently strongly

coupled after division, then the same mechanism leading
to the growth of asymmetric perturbations may main-
tain the two daughters in a dissipative structure, a stable

time independent asymmetric state. (b) If the final
coupling is weak the onset of asymmetry may drive

the daughters to different stable states of the isolated
cell system. Indeed the same types of mechanisms lead-
ing to symmetry-breaking instability may lead 1o
multiple stable steady states (see appendix). (c) If thz
onset of weak coupling feaves one of the daughters
with an excess of a chemical species (ehzyme or RNA)
which persists for a long time, then the reaction mech-
anisms in one daughter may be altered, compared to
that of the parent, during that time. In particular,
some reactions may be essentially irreversible. (d)
Chemical composition changes due to the growth of
asymmetry may bring about conformational transi-
tions, such as in cell membranes which result in changes
in transport and catalytic properties. {e) Asymmetric
concentration differences may lead to irreversible
genetic changes with attending changes in reaction
mechanisms.

(7) The inclusion of external gradients in the analysis
can be made without difficulty. Unlike random fluctua-
tions, such gradients provide a well-defined axis and
polarity for the development. If the development of
an asymmetric mitosis is due to a symmetry breaking
instability, then only vanishingly small gradients are
required for including polarity.

(8) In the appendix we illustrate the theory with a
simple, product-enhanced, reaction mechanism and
find conditions for the existence of three symmetric
states. One of the symmetric states is stable over its
entire range of existence. Another, however, while
stable to symmetric perturbations, may become un-
stable to asymmetric perturbations as the interdaughter
permeative coupling is decreased. Hence the possibilitv
for the initiation of asymmetric differentiation depends
on the initial symmetric state in which the complex
has been prepared.

3. Evidence for proposed theory
2 1. Melanocytogenesis

The extensive studies of hormone-induced differen-
tiation of melanoblasts into melanocytes [i8] (in ex-
plants from xanthic goldfish tailfin) provides in our
view a set of data for which the proposed theory serves
in qualitative, but broad terms. A brief summary of the
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findings on melanocy togenesis (the transformation of
a melanoblast into a melanocyte) in ref. [18] are:

(i) Melanoblasts are stem cells which may undergo
asymmetric mitosis upon stimulation by several differ-
ent hormones; a melanocyte and a melanoblast are the
result of asymmetric mitosis. (if) Melanocytes do not
appear in pairs. (iii) Mitosis is essential for hormone-
induced melanocytogenesis. (iv) Melanoblasts cannot
synthasize melanin, but melanocy tes can. (v) The syn-
thesis of melanin requires tyrosine, oxygen, and tyro-
sinase; protein synthesis after mitosis is not necessary
for the synthesis of melanin. (vi) “Since the pheno-
typic appearance of active tyrosinase does not occur
in melanoblasts which have been treated with hormone
but have not undergone mitosis, one can postulate
further that hormone ... causes a segregation of tyro-
sinase and its inhibitor during mitosis. The end resuit
of such action is that one of the daughter cells now
possesses active tyrosinase ...”" ““... the primary effect
of the hormone is not at the genetic, but at the cyto-
plasmic level, and leads to the release or segregation of
tyrosinase from its inhibitor during mitosis”. There is
evidence that the functioning of the enzyme tyrosi-
nase may not be due to the removal of an inhibitor
but due to the activation of a proenzyme [19].(vii) As
the hormone concentration is increased the probabil-
ity of occurrence of melanocytes increases sharply.

What is the concordance of these experimental re-
sults and the theory? The result of the asymmetric
mitosis is two cells, one containing tyrosinase but no
inhibitor (or proenzyme plus activator), the other con-
taining inhibitor {or proenzyme and no activator) (vi).
Thus a tyrosirase inhibitor (aciivator) concentration
difference is established during mitosis. Since hormone
stimulation inducss asymmetric mitosis (i), and the ab-
sence of hormone leads to symmetric mitosis, then
there exists no asymmetry in the architecture of the
cell prior to hormone stimulation. The hormone in-
duces or completes the differentiative chemical reaction
system. Upon mitosis, this system, coupled with diffu-
sion and permeation, becomes unstable to asymmetric
perturbations which grow and bring about asymmetric
differentiation (i, ii). If mitosis is inhibited melanocyto-
genesis is absent (iii). During the asymmetric differen-
tiation active tyrosinase appears in one daughter only
(vi), a case of an asymmetric concentration growth
from an initial symmetric distribution. The daughter

with a low concentration of tyrosinase inhibitor (high
concentration of protyrosinase activator) is the melan-
ocyte (iv, v).

To what extent do the other theories of asymmetric
differentiation (cited in the Introduction) fit these ex-
perimental findings? The fact that symmetric mitosis
occurs in the absence of hormone indicates the lack
of inherent architectural asymmetry. Second, the ex-
periments were carried out in the absence of external
gradients. The third mechanism is possible but not likely
because of the sharp increase of melanocytogenesis at
hormone concentrations (10-3 mg/ml) which exceed
by many orders of magnitude the concentrations of
stem cells (vii). Finally, a hormone-induced genetic
irreversible mechanism may initiate the asymmetric
differentiation in which case osre of the daughter nuclei
activates the tyrosinase system. This usually requires
protein synthesis, however, whi:h is contrary to the
available evidence (v).

The theory based on chemical symmetry breaking
fits the available experimental findings but more thor-
ough substantiation is required. We may use the theory
to make some predictions and pose some questions
which lead to suggestions for new experiments. First,
if a chemical symmetry-breaking mechanism is the basis
of certain types of asymmetric differentiation, then
a gradient of a chernical activator or inhibitor in one
direction within the dividing cell is accompanied by a
gradient of another substance in the opposite direction.
Second, the differentiative system, which becomes
unstable during mitosis, can be stabilized by chemical
changes which affect the differentiative system without
necessarily interfering with mitosis itself, Thus we
suggest that melanocytogenesis may be arrestable by
chemical means other than mitotic inhibitors. Such ex-
periments may give some information on the chemical
species and reaction mechanisins of the differentiative
system. Third, the possibility of the occurrence of a
symmetry breaking instability in a system with reaction
and diffusion suggests the search for such instabilities
in cell extracts upon hormone stimulation [6—8] . Fourth,
a crucial test of the theory is an experiment which
questions the possibility of asymmetric cell division in
a homogeneous environment (such as in a suspension
of cells at low density cultured in a gradient-free medium).
Fifth, a vanishingly small extemal gradient should po-
larize the asymmetry.
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3.2. Eggs of Fucus

Cell differentiation in the eggs of Fucus provides
another example for which the theory may possibly
be useful. The initial state of a Fucus zygote is nearly
spherically symmetric. The first division is asymmetric
and yields an elongated rhizoid and a more or less
spherical thallus. Some important observations [5]
made on this system are: (1) In the absence of imposed
gradients the orientation of the polarity of the differ-
entiation is random. (2) The asymmetry of the differ-
entiation is polarizable by the imposition of gradients
of chemical composition and voltage, or light. (3) More
than one rhizoid may be formed; this was accomplished
by illuminating zygotes with two antiparallel sources.
(4) As the zygote matures a potential develops across
cell membrane (inside negative) in association with the
development of large concentration differences across
the cell membrane. After the membrane potential
reaches a critical value of around 80 mV there develops
a current loop going through the cell from rhizoidal
pole to thallus, and is then completed by an extracel-
lular pathway. The onset of current is accompanied by
a 5—10 mV drop in trans-membrane potential.

It is difficult to reconcile these experimental results
with any of the four mechanisms not based on chemical
symmetry breaking cited in the Introduction. A detailed
analysis of this system within the framework of the
theory proposed here seems warranted.

Appendix: A model system

We consider a simple model system having multiple
steady states, one of which may become urstable to
asymmetric perturbations. The reaction mechanism is
a modification of one used [7] to demonstrate chemical
oscillations and symmetry breaking instability. Our
system consists of species S and P participating within
the cell in the reaction mechanism:

A—S, (A.1)
9P +S 3P, (A.2)
S—+D, (A.3)
P—E. A4

The trimolecular reaction is an analogue for a praduct-

enhanced enzymatic processi. Concentrations of spe-
cies A, D and E are kept constant within the dividing
cell and the reverse reactions are neglected. The per-
meability of S and P through the plasma membrane

is taken to be zero. A and P are supplied from an in-
ternal pool or biosynthetic pathway. The rate equations
describing the prospective daughter 1 may be written

= _rcDpll)y2 3
dSPdr=—kSP PV +q,d —q,5+h (SP —sD),
(A.5)
dP(”/dt=kS(”[P(”|2—q3P+hP(P(Z)_P(”), (A.6)
where &k and gq; (i = 1, 2, 3) are rate coefticients, and
I, hp are permeability coefficients for exchange be-
tween prospective daughters. A similar equation holds
for prospective daughter 2. An equivalent model sys-
tem is one in which reaction (A.2) takes place in a

membrane bound volume immersed in a medium main-
tained at fixed SO and PO We have

dS“)/dt=—kS‘” [P(l)] 2 +gs(S0 _S(l))+]ts(s(2) _S(n)'
(A7)

AP dr=kS D PO g (PO —PDy+p (PO _pD)),
P P (AS)

where g, g, are plasma membrane permeability coef-
ficients. It is seen that (A.7) is equivalent to (A.5). In
the limit PO — 0, (A.8) is equivalent to (A.6). We now
consider all rate coefficients and permeabilities to be
constant and work with the notation in (A.7) and (A.8)
choosing units such that kX = 1. We limit ourselves to

the case PO = 0. We shall find the symmetric and asym-
metric steady states of (A.7) and (A.8) and shall analyze
their stability as a function of the source concentration
S0 and the interdaughter coupling A, hy-

The symmetric steady states may be found from
(A.7) and (A 8) by equating the concentrations in the
prospective daughters S& = S, PO = P_Eliminating
S we obtain

PP ~SP+g | =0. (A.9)

¥ Consider an enzyme E to occur in three states, E, EP and
EP;. If EP, is the active form and if the equilibrium between
the three forms of enzymes are fast then the effective rate
law for the process S {EP21 p takes the trimolecular form in
the low P limit.
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Fig. 1. Branches of muitiple stationary states calculated for the
system (A.7), (A.8). The steady-state concentration of P, de-
noted by P, is given as a function of the external concentra-
tion S, see (A.10).

where & is a normalized external concentration,
S=g,5%z,. (A.10)

We find three symmetric steady states which are given
by

*

1*; P*=0, s%=59, (A.11)
t 3

2% P =4 — (% -4g)' 2, ST=g JP", (A.12)

37 P eiS + M2 —ag )2, ST=g /P", (A13)

and shown in fig. 1. From (A.12) and (A.13) it may be
seen that unless
S>S_=2g )2, (A.14)
there is only one steady state solution. In fig. 1, the
three steady states are shown as functions of 3. [f 2
is increased from its assumed value of zero, then the
steady-state values of P for the 17 branch are positive
and increase slowly with o§; the 1 branch therefore
intersects the 2* branch at non-zero & when PO > 0.
The stability of the steady states may be tested with
respect to asymmetric as well as symmetric perturba-

tions. The analysis is essentially the same as that out-
lined in section 2. Here we have the simplification that
the matrices €2 and H in (2.10) are constant.

State 1 is always stable. State 2% is always unstable
over the entire range of its existence 3. < & <. An
upper critical value of S, &, defined by

2 (g, +2h,)-4,

S, () = . (A.I5)
{(g, +20)[g (5, + 2h,) — A, I}

where

AgH) =221 (h, +2) ~ g ], (A.16)

may be shown to exist such that for §, < d <d,, 3"
is unstable to asymmetric perturbations. If now we in-
troduce

(A.17)

aEhp/hs; h.=h

we find that at a value of &, denoted by /1, such that
3, =, the 3* branch is always stable for i > A_,.
Noting that 3, = ., when Ay = 0, we find that ki is
given by
By = (5,122 ~ ;- (A.18)
Since the symmetric steady state 3* is unstable to
asymmetric perturbations ford, <d <J, we might
expect to find asymmetric steady-state structures. The
condition for S, > o is equivalent to Ay(H) <0 o~
0<h<h_. (A.19)
With this we proceed to calculate the asymmetric
steady states. For arbitrary A, /i, the calculation is
straightforward but tedious. Therefore we consider the
simple case &1, = 0 for which ki = 20, (A.19); this retains
some interasting features.
Setting the r.h.s. of (A.7) and (A.8) equal to zero
we may eliminate S() and obtain
PR =ppO* ((PD*)2 _5p(* g +n]~!,  (A.20)
and a similar equation with the superscript 1 and 2 inter-
changed. Combining these two equations we obtain a
quintic equation in P(1) which factors into a term iden-
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tical to the one on the left-hand side of (A.9), corre-
sponding to the three possible symmetric steady states
and a quadratic factor corresponding to two asym-
metric steady states. The asymmetric steady-state con-

centration of P(D* is given by

PO"=1s" £ 182 —a(g, +2m)] 12, (A21)
where

S =[(g, +2M)g th) S>S (A.22)

and the corresponding P‘tz)' is then obtained by sym-
metry or from (A.20). [t is seen that real solutions can
be found only for the condition
S>d8,; =2g, +h)(g, + 22, (A.23)
For the present case ki, = 0 we note that &, = 2J; .
The stability analysis of the symmedric states is
summarized in fig. 2 with a phase diagram in the nor-
malized extemnal concentration d (A.10) and the inter-
daughter coupling strength i(= A,) at i xed o(=h /lzs)
We consider only the case PO 0. State 17 is stable in
all domains, [-III. State 2* is unstable in all domains
where it exists, II, IIl. State 3¥ is stable in domain II.
In the initial state of mitosis, the prospective daugh-

4
I
o, (a.h)
A
T
4
I
i
h fe

Fig. 2. Schematic phase diagram in the external concentration,
d, (A.10) and interdaughter coupling, &, (A.17). The domains
[abelled by Roman numerals represent regions of stability of the
symmetsic states as described in the text near (A.23).

ters are strongly coupled, that is /i is large, and the cell
complex is taken to be in a symmetric stable state,
corresponding to conditions such as point A in fig. 2.
As mitosis progresses, the permeability % decreases. If
the systera at point A is in stable state 3%, then on de-
creasing it at constant & the system may pass into do-
main Il where it is unstable to asymmetric fluctuations
and therefore asymmetric differentiation may begin.

If, however, the system at point A had been in the
symmetric state 17 then the mntosns would have developed
symmetrically, since the state 1¥ is stable with respect
to asymmetric as well as symmetric perturbations. The
course of the mitosis is thus seen to depend on the pre-
paration of the initial state of the cell.
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The reaction of hemoglobin with N-acetyl imidazole at neutral pH indicated thzt in carboxyhemoglobin 1.80 resi-
dues per heme were acetylated while in deoxyhemoglobin only 1.15 residues were available to the reagent. The revers-
tble titration of these residues in alkali was followed by difference spectrophotonietry at 245 nm. Hill plots of the ti-
tration data, assuming 2 residues titrable per heme and Ae = 10500 per tyrosyl residue upon ionization, showed a slope
of 1.5 and a pH 1/2 near 11. The average pK of these groups in carboxyhemoglobin was previously found to be near
10.5. Also, by difference spectrophotometry it was shown that exposure of deoxyhemoglobin to alkaline pH was ac-
companied by a modification of the Soret region of the absorption spectrum. which might indicate the appearance of
liganded conformation in the deoxyhemoglobin system. The sedimentation velocity of deoxyhemaoglobin demonstrated
that at alkaline pH dissociation into dimers accurred at pHs lower than 10, where no ionization of tyrosines was de-
tectable. The titration of tyrosines was independent from protein concentration.

The low availability of tyrosyl residues to acetylation in deoxyhemoglobin, the ccoperativity of proton binding of
these residues and the change in conformation of hemoglobin concomitant with their titration are all consistent with
results of Simon et al., Moffat, and Moffat et al., and with the model proposed by Perutz for explaining the heme—
heme interaction. The free energy of the pK shift of the tyrosyl residues in carboxy and deoxyhemoglobin can be in-

cluded in the free energv of the heme—heme interaction.

t. Intraduction

Recent papers of Perutz [1], Moffat et al. 2],
Simon et al. [3} and Moffat [4], indicate the relevance
of the penultimate tyrosyl residue of the hemoglobin
subunits to the mechanism of the heme—heme inter-
action. It appears that deoxygenation of hemoglobin
is accompanied by the hiding of that residue inside a
hydrophobic pocket where it is stabilized by a hydro-
gen bond with the peptide backbone of the chains [1].
This change in conformation should be accompanied
by a decrease in availability of tyrosyl residues to acety-
lation, and by an increase of their pK value. Also it is
expected that the negative charge: acquired upon de-
protonation would expel those residues from the hydro-
phobic pocket described by Perutz [1]. This might

- This project was supported in part by FHS grants HL13164
and HL13178. Computer time was supported through the
facilities of the Health Science Computer Center of the Uni-
versity of Maryland School of Medicine in Baltimore, Mary-
Iand, and of the Computer Science Center of the University
of Maryland in College Park, Maryland.

produce a conformational change which should mimic
the restoration of some liganded structure in the deox-
ygenated system.

The results here presented are consistent with this
picture. The free energy of the pK shift of the tyrosyl
residues in liganded and unliganded hemoglobin should
probably be included in the free energy of the heme—
heme interaction.

2. Experimental procedure

Human hemoglobin was prepared from toluene
hemolyzates [5] and purified from organic and inor-
ganic ions by recycling for one hour in cold through
a mixed bed resin column.

Heme concentration was measured spectrophoto-
metrically on the basis of the following extinction
coefficients: 14000M? cm™! for the CO derivative at
540 nm, 190000 M~ cm™! for the CO derivative at
420 nm and 130600 M—1 cm~—! for the deoxy derivative
at 555 nm.
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Removal of the heme was obtained by titrating the
deionized protein solution to pH 3 with IN HC and
pouring it into 10 to 30 volumes of acetone at room
temperature. The precipitate was washed 3 times with
acetone, dissolved in 0.004 M HCI and dialyzed for 24
hours or more against at least two changes of a large
volume of 0.304 M HCI in order to completely remove
the acetone. The final solutions were clarified by filtra-
tion through Millipore membranes and used for amino
acid analysis and spectrophotometric measurements.
On the basis of the yield of arginines and lysines the
following extinction coefficients per af dimer were
calculated for apohemoglobin in 0.004 M HCl: 28560
M-lecm—! at 278 nm and 16800 M~ cm—? at 290 nm.

Amino acid analvses were performed with a Beckman
120 c autoanalyzer using the standard 4 hour run. Hydro-
lyzates were prepared heating the protein in 6 N HCl
at 110°C for 24 hours in sealed evacuated tubes. The
ratio between the yields of lysines and arginines always
corresponded to that expected from the amino acid
composition of human apochemoglobin. The yield of
histidines was 5—10% lower than expected. Different
hydrolysis times, 18 or 30 hours, did not modify ap-
preciably the yields of lysines and arginines.

Reaction of CO or deoxyhemoglobin with acetyl-
imidazole was performed by adding 75 mg of the re-
agent to 40 mg of protein in a final volume of 10 ml,
in 0.04 M veronal] buffer at pH 7.5 [6]. After one hour
at room temperature the solution was filtered through
Sephadex G25 equilibrated with water. When deoxy-
hemoglobin was acetylated, carbon monoxide was
rapidly bubbled through the solutions immediately
before the gel filtration, which required approximately
5 min. Parallel acetylation of CO and deoxyhemoglobin
was obtained by transferring part of the deoxygenated
mixture of hemoglobin and acetylimidazole into an-
other container which was flushed with carbon monox-
ide. To ensure a complete anaerobiosis and to avoid for-
mation of ferric hemoglobin, dithionite was added in
amounts varying from 0.02 to 1 mg/ml. This did not
seem to affect the number of tyrosyl residues acetylated
in either CO or deoxyhemoglobin.

Acetylimidazole was purchased from K & K and re.
crystallized. N-acetyltyrosire and N,Q-acetyltyrosine
were purchased from Cyclo Chemical and used as such.
Dissolved in 0.004 M HCI, they showed a negligible ab-
sorption at 290 nm and an extinction coefficient at
273 nm of 1270 M~} em~! and 210 M~ cm~1, respec-
tively. Following the procedure of Riordan et al. [6]

the difference between the two coefficients, Ae =
1060 M~ cm—1, was referred to the O-acetylation and
used to calculate the number of tyrosyl residues ace-
tylated in apchemoglobin.

Deoxygenation was obtained by flushing the protein
solutions with nitrogen or bubbling nitrogen through
the various solvents and/or reagents. Prepurified nitrogen
was used, passed through copper at high temperature
and humidified with water. The gas was sent into the
various containers through polyethylene capillary tubings
inserted in the vessels through soft rubber caps. Anaer-
obic transfer of the deoxygenated solutions from one
container to another was accomplished forcing the
solutions through the tubings with nitrogen pressure.
To avoid turbidity hemoglobin solutions were deoxy-
genated at a minimum concentration of 1 mg/ml, dilution
with the appropriate solvent was done after decoxygena-
tion. To test the degree of deoxygenation the ratio be-
tween the absorptions at 555 and 540 was measured.
This ratio is 1.24 in deoxyhemoglobin [7]. During the
course of acid base titrations Tatios of 1.23 to .25
were considered acceptable. Ratios lower than 1.23
indicated incomplete deoxygenation, while ratios higher
than 1.25 indicated the presence of ferrous hemochro-
mogen, which shows an absorption near 558 nm ap-
proximately 2 times higher, and an absorption at 540
nm slightly lower, than the correspondent absorptions
of deoxyhemoglobin.

Deoxygenated solutions of hemoglobin were stable
for at least one day when stored inside spectrophoto-
metric cuvettes. However, when stored inside ultra-
centrifuge cuvettes spectrophotometric measurements,
conducted directly on the cells, demonsirated that a
partial reoxygenation was already present after 30 min,
and within 2 hours it was practically completed. Adding
dithionite to these solutions retarded the reoxygenation
and 0.012 mg/ml of dithionite appeared to ensure a
complete deoxygenation for several hours. The reported
amounts of dithionit: refer to weighted quantities of
the reagent.

Difference spectrophotometry of deoxyhemoglobin
solutions at different pH’s was performed preparing
large amovats, 100 to 400 mi, of a stock solution at
the desired reference pH and, after filling the reference
cuvette, readjusting the pH of the solution to the value
desired for the sample cuvette, by addition of 0.1 to
0.5 N NaOH or HCL. In this way continuous forward
and backward titrations could be followed by difference
spectrophotometry. The total dilution of the initial
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solution produced by the reagents was kept below 1%
and disregarded. To adjust the pH, deoxygenated solu-
tions of NaOH and HCI were used with gas-tight, gas-
flushed syringes, whose needles were inserted through
the soft rubber caps into the titration vessel. All of the
experiments were performed in 0.25 M NaCl and

0.004 M glycine at 23°C. Addition of ethylenediamine-
tetraacetic acid up to a concentration of 10~3 M was
without effect on the titrations. The titration vessel

was flushed with nitrogen for the period of the titration.

A Cary 14 instrument was used for spectrophoto-
metric measurements.

Measurements of pH were performed with s Radio-
meter M26 instrument equipped with a GK2302B com-
bination electrode. This was inserted through the rubber
stopper of the titration vessel and the KCI solution in-
side the electrode was bubbled with nitrogen and kept
unde%_qstream of nitrogen during the anaerobic titra-
tions.

Sedimentation velocity was measured with a Beck-
man Model E ultracentrifuge. The absorption optics
was used selecting the mercury band near 405 nm with
a Farrand interference filter. The films were scanned
with a Joyce and Loebl microdensitometer, and the
tracings digi:ized with a Thompson PF/10 digitizer.
The boundary position was calculated from the second
moment of the boundary distribution

Per2 o (2/cp)fp redr,

where CP is the prl(r)ltein concentration in the plateau
region, 7, and r, are the radial position of the meniscus,
and of an arbitrary point in the plateau region, respec-
tively. These measurements agreed very well with the
positions determined by the interception of the bound-
ary with the horizontal line drawn at half the optical
density difference between the meniscus and the plateau
region, indicating the symmetry of the boundaries. This
was confirmed by experinients of superimposition at
the illuminated table. After assembly, the ultracentri-
fuge cells were immersed in water with dithionite and
all the operations of gas flushing and filling with protein
solutions were carried out under water. Deoxygenation
of the samples was checked spectrophotometrically at
the beginning and end of each run. All mns were per-
formed in 0.25 M NaCl, 0.01 M glycine and 10~5 to
10-3 M ethylenediaminetetraacetic acid at temperatures
comprised between 20 and 23°C.

Table 1

Number of tyrosines per heme acetylated by acetyl imidazole
in CO and deoxyhemoglobin

Preparation Derivative of

acetyl tyrosines

number hemoglobin per heme
2 deoxy 1.18

5 deoxy 1.10

2 CcO 1.82

5 CcO 1.82

3. Results

3.1. Acetylation of tyrosyl residues in presence and
absenuce of ligand

Acetylation was performed in parallel on CO and
deoxyhemoglobin following a procedure very similar
to that described by Riordan et al. [6]. After removal
of the heme, the apohemoglobins were analyzed spec-
trophotometrically in 0.004 M HCI. Quantitative
amino acid analyses indicated that the acetylation did
not modify the extinction ccoefficient of apohemoglo-
bin at 290 nm. Therefore, the ratios between the ab-
sorptions at 278 ard 290 nm, were used for calculating
the number of tyrosyl residues acetylated.

Table 1 reports the results obtained in two different
acetylations. [t is possible that the values slightly greater
than unity, obtained for the tyrosyl residues acetylated
in deoxyhemoglobin, were due to the addition of car-
bon monoxide just before the filtratican through
Sephadex. The addition was indispensable for avoid-
ing extensive denaturation of the protein during the
process. In CO hemoglobin approximately one more
restdue per heme was available to acetylation than in
the absence of ligand. The values reported here for
CO hemoglobin correspond very well with those re-
ported by Riordan and Vallee for bovine CO hemo-
globin [6].

3.2. Titration of tyrosyl residues

The titration was followed by difference spectro-
photometry. The reference solution was kept between
pH 7 and 9, and the difference spectrum scanned from
340 to 240 nm. Only when the sample solution was
above pH 10 meaningful difference spectra were re-
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Fig. 1. Differcnce spectrum of deoxyhemoglobin at pH 9.4
(reference compartment) and at pH 10.61 (sample compart-
ment). Heme concentration 19.2 X 107 M. 2 cm path cell.

corded. A typical spectrum is shown in fig. 1. [t is very
similar to that obtained when alkaline and neutral so-
lutions of free tyrosines are compared [8]. The only
difference was in the region near 290 nm where some
fine structure was present. This might suggest a con-
tribution of tryptophy! residues to the difference spec-
trurp {9, 10]. The OD at 245 nm was plotted against
pH.tIn fig. 2, the data of several experiments are col-
lected and normalized to 20.5 x 10-6 M heme fora 2
cm path cuvette. The experiments were performed in
three ranges of concentration, near 20, 40 and

80 x 106 M heme. The titrations appeared indepen-
dent from the concentration of the protein. All of

the titrations not found to be reversible within the

200

a00.

95 0o 10.5
pH

Fig. 2. Spectrophotometric titration of deoxyhemoglobin as
described in the text. Different symbols refer to different ex-
periments. All data have been normalized to 20.5 X 1075 M
heme. 2 cm path cell.

scattering shown in fig. 2, were discarded. For this
reason no data are reported above pH 10.7.

Tie reaction with acetyl imidazole at neutral pH
indicated that nearly 2 residues per heme were exposed
10 the solvent in CO hemoglobin and nearly 1 per heme
in deoxyhemoglobin. This was because, as seen by
Perutz [1], Moffat et al. [2], Simon et al. [3], and
Moffat [4], one of them becomes inaccessible inside
a hydrophobic pocket upon deoxygenation. However,
this residue should be expelled from that pocket upon
deprotonation because of the acquired negative charge.
Therefore it was assumed that in deoxyhemoglobin 2
residues per heme were titrated in alkali. From data
obtained in a previous investigation [11] Ae = 10500
M-! cm~1 per tyrosyl residue at 245 nm was assumed.

Fig. 3 shows the usual plot of log[a/(1—a)] against
pH for calculating the apparent pK of ionizable groups.
This plot is a ““Hill plot™ as defined by Wyman [12]},
and a slope higher than 1.0 would indicate cooperativity
of binding. The line traced in fig. 3 was obtained with
the least squares procedure and shows a slope very near
1.5. Assuming only 1 residue titratable per heme pro-
duced a non-linear plot with a slope increasing to 3
with the ionization. Assuming 3 titratable groups per
heme slightly lowered the slope of the plot to near 1.4.
The value of 1.5 found for the slope of the plot was
a minimum because: (a) it was calculated in the initial
region of the titration of the groups, where the slopes
of “Hill plots” tend to slow down to a value of 1 [12];

T~a
&

— ¥ -
3] as 1]

pH
Fig. 3. Hill plot of the data shown in fig. 2. It was assumed
that 2 tyrosyl residues were titrated. A line with a slope =1
has been traced for comparison. The interpolating line was ob-
tained with the least squares procedure.
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Table 2

Sedimentation velocity of deoxyhemoglobin at alkaline pH in
presence of abouc 0.012 mz/ml of dithionite. Runs were per-
formed at the indicated pH in 0.25 M NaCl, 0.004 M glycine
and 1073 M ethylenediaminetetraacetic acid. The weight frac-
tion of the dimeric species was calculated by the methiod of
Kirschner and Tanford [13], using values of S0 « 4.55 and
2.85 for the tetramer and the dimer, respecti.vely [14]

Run pH Heme conc. Szo,w Weight frac-
x 10% tion of
dimers
98 6.7 4.9 %.56 -
117 9.62 20.7 4.12 0.25
113 9.80 224 3.94 0.36
126 9.82 17.9 3.89 0.38
116 10.11 20.03 4.08 0.27
123 10.25 18.84 4.02 0.31
112 1045 21.80 3.80 044

(b) the pX of the two groups involved were probably
not identical and not all of them participated to the
positive interaction; (c) no correction for the negative
electrostatic interaction predicted by the Lindstrom—
Lang model was applied to the titration data. Their
slopes seem to indicate a cooperative protonation of
tyrosines in deoxyhemogiobin.

3_3. Sedimentation of hemoglobin at aclkaline pH

Table 2 shows the results obtained. It can be as-
sumed that the low protein concentration and the pre-
sence of 0.25 M NaCl made the virial coefficients too
small to affect the sedimentation data. Also, previous
investigations demonstrated that at 20°C in 0.25 M
Na(l, the hemoglobin molecule expands above pH
10.0, the expansion being reversible at least up to pH
10.4 [15]. On this basis it appears that, under condi-
tions similar to those used for the spectroohotometric
titrations, a substantial dissociation of deoxyhemo-
globin was present at pH’s where no ionization of
tyrosy! residues was detectable.

3.4. Changes in conformation associated with the titra-
tion

Fig. 4 shows the difference spectrum in the Soret

T 1 T
350 400 450
X
Fig_ 4. Difference spectrum in the Soret region of hemoglobin
at pH 9.1 (sample compartment) and at pH 10.6 (reference
compartment). Heme concentration 20.2 X 107® M. 1 cm path
cell.

region obtained comparing solutions of deoxyhemo-
globin at pH 9.1 and 10.6. A similar result is reported
by Andersen et al. [16]. The spectrum very much re-
sembles the one reported by Brunori et al. [17] as the
difference spectrum between the isolated chairs and
the product of their recombination in the absence of
ligands. [t indicates a change in the conformation of
the heme pocket and, if we accept the idea that the
isolated chains are still in their liganded form when
deoxygenated [18], this might indicate that the expo-
sure of hemoglobin to alkaline pH produced the ap-
pearance of a detectable amount of liganded conforma-
tion in the system,

Because of the very high sensitivity of this region
of the absorption spectrum to formation of ferric ferms
and to reoxygenation of hemoglobin, these experiments
had to be performed in the presence of dithionite
{1 mg/ml). When the difference spectrum was scanned
between 480 and 240 nm it was apparent that the modi-
fications of the absorption in the Soret region were
strictly concomitant with the jonization of tyrosyl resi-
aues. Attempts to measure titration curves in the Soret
region were frustrated by poor reversibility.

4. Discussion

Previous work indicated that under conditions very
similar to those used here the average pK of tyrosyl
residues in liganded hemoglobin is near 10.5 [11]. This
pK was found to be considerably greater ir. deoxyhemo-
globin, consistent with findings of Nagel et al_ {19].
However, they do not report high values for the slopes
of their titrations. The higher ionic strength used here
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might have produced a different overfapping of the ti-
tration of the groups involved, resulting in a more clear
interaction. Also, they did not test the reversibility of
their titrations. Andersen et al. [16] claim that the ti-
tration of tyrosines in deoxyhemoglobin is linked to
the dissociation of the protein into dimers and this
would explain the steepness of the titrations. It was
not paossible to confirm their conclusions. According

to the results shown in table 2, dissociation of deoxy-
hemoglobin in alkali preceded the ionization of tyro-
sines. The sedimentation values obtained here are lower
than those reported by Andersen et al. [16}. The dis-
crepancy might be due to the higher ionic strength used
here. In fact, Briehl [20] has shown that a detectable
dissociation of deoxyhemoglobin is produced by I M
NaCl already at pH’s near 9. Also, the reversible titra-
tion of those residues was independent from protein
concentration. On this basis it is believed that the dis-
sociation of deoxyhemoglobin in alkali and the ioniza-

tion of tyrosyl residues are two independent phenomena.

According to the model proposed by Perutz [1], the
transition from oxy to deoxyhemoglobin is accompa-
nied by the hiding of the penultimate tyrosine of the sub-
units inside a pocket where it is stabilized by a hydrogen
bond with the peptide backbone of the chains. Never-
theless, it should be expelled from that hydrophobic
pocket, upon deprotonation, because of the acquired
negative charge. A mutual interdependence, between
the conformation of the protein and the position of
those tyrosines, would require that some oxy confor-
mation be restoredin the deoxygenated system upon
their titration. This would explain the modifications
of the Soret region of the absorption spectrum of de-
oxyhemoglobin, concomitant with the titration of
tyrosines. Indeed those modifications suggested the
appearance of a detectable amount of oxy conforma-
tion in the deoxygenated system. The different con-
formations of oxy and deoxyhemoglobin produce a
fine structured difference spectrum near 290 nm [9,
10]. As shown in fig. 1, this fine structure was present
in the difference spectra used to follow the ionization
of the tyrosines. Qualitatively it was proportional to
their ionization and was strictly concomitant with it.
This also supports the hypothesis that some oxy con-
formation appeared in the deoxygenated system upon
titration of the tyrosines. The modification of the
kinetic of the reaction of hemoglobin with carbon mon-

oxide noted by Andersen et al. [16] above pH 10 is also

consistent with a change i the conformation of de-
oxyhemoglobin at that pH. Finally, a conformational
change produced by the ionization of tyrosines is con-
sistent with their cooperative protonation in deoxyhe-
moglobin.

The question is raised how much the conformational
change detectable with the spectrophotometer is due
to the ionization of the tyrosines and how much was
produced by the titration, of the salt bridges between
the 141e; arginine and the 126«, aspartate, and be-
tween the 1466 histidine and the 40a, lysine. The other
salt bridges described by Perutz [1}] are not considered
because they are completely titrated near pH 9. Ac-
cording to Perutz and TenEyck [21] the remaoval of
the 14 la arginines and 146 histidines does not modify
the positions of the respective penultimate tyrosyl
residues in deoxyhemoglobin. This appears consistent
with the finding that the dissaciation of hemoglobin
in dimers, presumably of the «; 8, type {22], did not
effect the titration of tyrosines. On this basis and on
that of the very strict concomitance of the spectro-
photometric modifications in the Soret and UV regions
described, it is proposed that the observed conforma-
tional change was dependent on the ionization of
tyrosyl residues in deoxyhemoglobin.

As a consequence, the free energy of the pK shift
of the tyrosyl residues in CO and deoxyhemoglobin
should be included in the free energy of the heme —
heme interaction. In the model of P~rutz [1], the salt
bridges, formed by the COOH terminals in deoxyhemo-
globin, stabilize the hydrophobic and electrostatic in-
teractions, established by the adjacent tyrosyl residues
with the F and H helixes of the subunits, and vice versa.
In his calculations, Perutz [1] considered only the con-
tributions to the heme—heme interaction of the salt
bridges. Bunn and Guidotti [23], raise the point that,
in this case, the strong pil dependence of many of those
bonds, in the neutral or slightly alkaline region of pH,
would produce a pH dependence of the heme—heme
interaction much higher than what can be measured.
Including the contribution of the tyrosyl residues will
decrease the relative weight of the contribution of the
salt bridges to the heme—heme interaction. The extra-
polated value of pH 1/2 in the Hill plot shown in fig. 3,
would indicate an average pK > 11.0 for tyrosines in
deoxytremoglobin. This corresponds to a pK shift of
about 0.5 from that in CO hemoglobin and to a free
energy difference of approximately 0.8 kcaloriesfheme.
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This represents a very crude value, nevertheless it in-
dicates that tyrosines might contribute a non-negligible .
fraction of the overall free energy of the heme—heme
interaction, which was calculated to be 1.5—3.0 kcalo-
ries/heme [12].

References

{11 M.F. Perutz, Nature 228 (1970) 726.

{21 J.X. Moffat, S.R. Simon and W.H. Konigsberg, J. Mol.
Biol. 58 (1971) 89.

[3] S.R. Simon, D.J. Amot and W.H. Konigsberg, J. Mol. Biol.
58 (1971) 69.

[4] 1.K. Moffat, J. Mol. Biol. 58 (£971) 79.

[5]1 D.L. Drabkin, J. Biol. Chem. 164 (1946) 703.

[6] 1.F. Riordan, W.E. Wacker, B.L. Vallee, Biochemistry 9
(1965) 1755.

[7] R. Benesch, G. MacDuff and R.E. Benesch, Anal. Biochem.
11 (1965) 81.

[8] D.B. Wetlaufer, Advan. Protein Chem. 17 (1962) 303.

[91 R.W. Briehl and J.F. Hobbs, J. Biol. Chem. 245 (1970;

544.

[10] K. Imai, Biochemistry 12 (1973) 128.

{11] Y.X. Yip and E. Bucci, J. Biol. Chem. 243 (1968) 5948.

f12] J. Wyman, Advan. Protein Chem. 19 (1964) 223.

f13] A.G. Kirschner and C. Tanford, Biochemistry 3 (1964)
291.

{14] S.1. Edelstein. M.]. Rehmar, 1.S. Olson and Q.H. Gibson,
J. Biol. Chem. 245 (1970) 4372.

[15] E. Bucci, C. Fronticelli and B. Ragatz, J. Biol. Chem. 243
(1968) 241.

[16] M.F. Andersen. J.K. Moffat ar.d Q.H. Gibson, J. Biol. Chem.

245 (1971) 2796.

[17] M. Brunori, E. Antonini, . Wyman and S. Anderson, J.
Mol. Biol. 34 (1968) 357.

[18] E. Antonini, E. Buecci, C. Fronticelli, J. Wyman and A.
Rossi-Fanelli, J. Mol. Biol. 12 {1965) 375.

[19] R.L. Nagel, HM. Ranney and L. Kucinskis, Biochemistry
5 (1566) 1934,

[20] R.W. Briehl, J. Biol. Chem. 245 (1970) 538.

[21] N.F. Perutz and L.F. TenEyck, Cold Spring Harbor Symp.
Quant. Biol. 36 (1971) 295.

[22] C. Fronticelli and E. Bucci, in preparation.

[23] H.F. Bunn and G. Guidotti, J. Biol. Chem. 247 (1972)
2345.



BIOPHYSICAL CHEMISTRY 1 (1973) 104~111. © NORTH-HOLLAND PUBLISHING COMPANY

CATION BINDING TO g8-CASEIN.
A COMPARISON OF ELECTROSTATIC MODELS

Charles W. SLATTERY
Department of Biachemistry, Loma Linda University, Loma Linda, California 92354, USA

and

David F. WAUGH

Department of Biology, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

Received 9 May 1973
Revised manuscript received 14 August 1973

The binding of cations of g-casein at pH 6.6 was considered previously. Available for three sodium concentrations,
I=0.04,0.08, or 0.16 M are: (1) proton releases between J and (2) for each [, as calcium activity is increased, corre-
[ated sequences of monomer net charge, proton release, site bound calcium and protein solvation. Models for ion bind-
ing are examined. Critical considerations are the intrinsic binding constants between hydrogen(H), calcium(Ca) and
sodium(Na) ions and phosphate(P) and carboxylate(C) sites, and the effects of electrostatic interaction between sites
as influenced by spatml fixed ch:.u'ge distribution, lOnlC strength and dielectric constant (). Anticipated intrinsic bind-
ing constants are kH p=3x10° kCa p=120, ‘A'Na p=L kHC 7x 10% and kg, c=5.6.

Distributed charge madels, either surface or VOlume. are madequate since any reasonable monomer size yields fixed
charge densities requiring IcH pand kc’ p which are too low when the maximum in D is 75. Also, with increasing cal-
cium binding, calculated ptoton release is only 0.4 to 0.5 of that observed.

Discrete charge models accept anticipated & and yiéld calculated sequences of culcium binding and proton release
which are in good agreement with those observed provided that: (1) using the known amino acid sequence of the phosphate-
containing acidic peptide portion of the molecule, peptide fixed charge is distributed at the lowest [ so as to minimize
electrostatic free energy; (2) in the region of fixed charge, D is approximately 5; (3) the distances between peptide
fixed charges decrease with increasing ionic strength or calcium binding and (4) while protein is in solution, the acidic
peptide and the remainder of the molecule are essentially electrostatically independent.

1. Introduction

An analysis of the binding of ions tc charged macro-
molecules is complicated by the fact that more than one
ion is often competing for a particular binding site, and
neighboring charges, through electrostatic interaction,
affect the degree of binding at this site. Critical consid-
erations are the intrinsic binding constants, and th= ef-
fects of electrostatic interaction as influenced by spatial
fixed charge distribution, ionic strength and dielectric
constant. The complete expression yielding the extent
of binding of a particular ion to a macromolecule is

" k)2 expl—5(2)]
5=y oA 0
=11+ Em kgiaq exp[—q&i(Z)]

In eq. (1), 2 is the total number of binding sites, m is
the number of different ion species competing for these
sites. a,, is the activity of the gth ion species and 7; is
the binding of the ith jon species, in moles ion per mole
protein. The kq, are the intrinsic binding constants of
the gth ion species to the jth site. Each term of the

sum over j represents the average binding of the ith ion
species to the jith site. In eq (1), ¢(Z) is equal to
(6W,/6Z)) (NZ,/RT) (Tanford [1}), where 5W,,/5Z;
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is the change in the molecular electrostatic free energy
as binding of the ith ion of charge Z; alters the charge
on the jth site. In these, N is Avogadro’s number, R is
the gas constant and T is the absolute temperature. The
gereral procedure for calculating binding by means of
eq. (1) is to use a particular model to calculate W, and
W l/'ciZ and then obtain ¢. V(Z) from the latter.

Where the spatial distribution of fixed charge is
known, the most complete accounting of ion binding
can be made by applying electrostatic theory, as is done
in the approach of Harris and Rice [2, 3] and Rice and
Harris [4] . In most studies (see Tanford [1]), fixed
charge distribution is not known. However, molecular
positive and negative charge is known, along with in-
formation concerning molecular weight, molecular shape
or radius of gyration and the nature of the binding sites.
In such cases, estimates of the numbers of binding sites
having particular intrinsic binding constants are ob-
tained through models for which it is assumed that the
net charge is distributed uniformly: either over the sur-
face of an impenetrable sphere (Scatchard et al. [5])
or cylinder (Hill {6]), or throughout a selected volume
as in the models of Hermans and Overbeek {7] and
Tanford [8].

The binding of cations to B-casein has been examined
{Waugh et al. [9]). Proton release is given as the mono-
valent ionic strength alone is increased from 0.04 to
0.08 and 0.16. For each monovalent ionic strength,
correlated sequences are determined as calcium concen-
tration is increased: site bound calcium (¥, g). the
total ionic strength (/,), the ionic strength in the region
of the fixed charges (/;), observed proton release (3H, bs)
monomer net charge (£), and solvation (G). These values
are essentially independent of specific models. In addi-
tion, as will be indicated below, information is also
available concemning the structure of the f5-casein mono-
mer.

The information available is sufficiently extensive to
provide an opportunity to compare madels designed to
account for ion binding, to examine the requirements
for intrinsic binding constants and to reveal certain sys-
tem characteristics for which any specific model must
account.

Intrinsic binding constants: In the following calcula-
tions, hydrogen, calcium, and sodium ions are considered
to bind to carboxylate and phosphate groups present
on the macromolecule. A set of anticipated intrinsic
binding constants was established by the foilowing con-
siderations.

105

For the second binding of H* to orthophosphate,
kﬂ p isabout 7 x 105 . However, for alkyl phosphates,
Kumler and Eiler [10] found values as low as 3 x 106,
and Alberty et al. [11] report values of an apparent
association constant, ky p, near 1 x 108 for AMP-5,
o-AMP-3 and §-AMP-3_ The ionic strengths used by
these authors and the data of Kielland [12] lead to ac-
tivity coefficients which increase this to a value of
K p =2 x 108_It is anticipated that the serine or
threonme phoz phate monoesters of the caseins bind
nearkH p=3x 10°.

Davies and Hoyle [13] obtain apparent binding con-
stants for CaZ? to HPO4 (orthophosphate) ranging
from 400 to 600. while the results of Smith and Alberty
[14] give an apparent constant of 50 + 2 at 25° and
I = 0.2. Calculation of activity coefficients for the latter
gives a value of k%, p = 560 * 22. The value of k2, p
is not known for or’gamc phosphates To proceed, it
was assumed that the ratio kel [,/kc,1 p for orthophos-
phate (1.25 x 104) would be mult[plxed by two for
organic phosphates in order to account for the statistical
difference in the number of ionizable hydrogen atoms
compared to the number of oxygen atoms to which
they can return [10]. The otker factors (inductive,
steric and solvation) should maintain the same ratio.
This gives anticipated kOCa.P = 120.

For sodium binding, measurements of pH were used
by Smith and Alberty [15] to determine an apparent
constant, ky;, p = 4. Strauss and Ross [16], using con-
ductance and electrophoresis methods which are con-
sidered to be more accurate when the binding is low,
obtain kg,avp =1, and this value was used for all calcula-
tions.

For the binding of prctons to carboxylate groups,
the anncnpaled constant is that for orgamc acids:
kH c = 7x10% Values of kc_—; c and ANa ¢ have not
been measured. The latter is certainiy negligible. The
assumption that the orthophosphate ratio of 1.25 x
104 holds also for kf; ¢-/kc, ¢ Yields anticipated
L c=56.The antnc:pated set of constants is then
K -3x10 k2, p=120,6%, p= 1.k c = 7x10*
and kc‘.. c” =35.6.

2. Distributed charge madels and binding

The simplest model for a polyion which permits cal-
culation of the effect of net charge on binding is that
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used by Scatchard et al. [5} and Scatchard and Yap
[17}. In this model, the protein molecule is viewed as
a sphere, impenetrable to mobile ions, with the net
charge uniformly distributed over its surface. In this
case

_Z22 kR,
Wa = 2DRE (l T 1+xd ) )
and
_ NZZE xRp )
%)~ RTDR, (' ~1vxal G)

Here, e is the protonic charge, D is the dielectric
constant, k is the Debye parametcr using the solution
ionic strength (/,), R, is the effective radius of the
macroion and 4 is the sum of Rp and the radius of the
mobile ion being bound.

lon binding at equilibrium was obtained by deter-
minating z set of ¥;, using eq. (1), which were compa-
tible with ¢(Z) as given by eq. (3). It is noted firstly,
that eq. (1) simplifies considerably for distributed
charge models since only the net charge is recognized,
and calculations thus involve a single ¢‘(Z), and secondly,
that £7; determines Z.

An examination was made of the related values of
Ve, 5. Z and G as given by Waugh et al. [9]. These are
recorded in the first three columns of table 1. Using the

Table 1
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surface distributed charge model, the large electrostatic
effect which results from a high surface charge density
emesged as a problem. For example, if Z is distributed
over a sphere whose radius yields the volume of the
anhydrous molecule, D is taken at its maximum of 75
and no binding is attributed to the carboxylate groups,
the value of kCa p fequired to account for initial cal-
cnum binding is éxtraordinarily small (Ich p=2and
kH p=5Xx 10*). On the other hand, if it is assumed
that Z is distributed over the outer surface of a sphere
equivalent to a solvated macroion, D is taken as 75 and
anticipated &9 are used, the value of G required to ac-
count for initial binding is about 15. This would require
more than one-fifth of the solution volume to be water
of solvation. For the data of table 1, it is assumed that
Z are distributed over the outer surfaces of solvated
spheres determined by anhydrous molecular volume
and observed G values. The maximum D was taken as
75 and allowed to vary (column 4 of table l) to account
for bmdmg Thls required the low values of kH p=
5x 10° and kCa p = 20. As indicated, the series of D
is non-monotonic. Calculated values of 5 (bound pro-
tons) are given in column 5. This column predicts that
0.90 protons will be released between 5, g =0.31 and
6.82. The observed release is 2.42 protons.

Distribution of charge in a volum* has been examined
by using the model of Tanford [8]. La this model, part

A comparison at / = 0.04-ef variables for reproducing calcium binding using distributed surface charge and distributed volume charge
models. For surface charge kfj p = 5 X 10° and k&, p = 20. For volume charge kfy p = 1 X 10° and k&, p = 40

Surface Volume
¥Ca,s G z D H.calc D PH,calc
0.71 7.29 —~13.8 61 1.93 26 2138
0.93 6.75 —-12.8 37 242 |1 282
1.29 6.39 —12.2 a1 2.19 4 2.60
1.74 5.97 —11.5 38 2.18 3 2.57
2.09 5.63 -11.0 38 2.12 3 2.52
3.09 1.60 — 95 49 1.66 24 1.96
4.03 3.45 — 8.1 75 1.28 75 1.51
5.392) 2.80 - 83 56 1.15 46 1.33
5.80 2.30 - 59 56 1.09 52 1.26
6.82 1.98 ~ 52 31 1.03 7 1.17

2) First precipitate.
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of the protein molecule is present as an impenetrable
sphere of radius R and the remainder, which carries
distributed Z, accuss in a concentric shell penetrable

by mobile ions. In present calculations, it is assumed
that all of the volume is penetrable except that directly
occupied oy the anhydrous protein and its tightly bound
solvent (0.5 g water/g protein; see Waugh et al. [9]).
The relation for W, is given in Tanford [1, p. 472, egs.
(26-42)] . This was differentiated with respect to Z and
multiplied by NZ;/RT to give ¢{2).

A number of examinations of this model have been
made. For example, employing observed G values and
maximum D = 75 requu'es the low values oka p=
1 x 10° and k = 40. At these values, non-mono-
tonic vanatmns u1 D are required as indicated in col-
umn 6 of table 1. Proton binding, shown in the last
column, predicts a release of 1.21 protons between
Tca,s = 031 and 6.82, which is to be compared with
2.42 observed.

Both distributed charge models (and the maodel of
Hermans and Overbeek [7] ) require kg, P and kga
which are well below anticipated values. Further,D
first decreases and then must increase to account for
experimental data. This behavior of D is contrary to ex-
pectation. In addition, these models predict an unaccep-
tably small proton release. An examination of all calcu-
lations suggests that,solong as distributed charge is as-
sumed, there is no acceptable way by which electrostatic
mteractmn can be reduced to permit choice of reasonable
&° values, to yield adequate proton release aand to yield
an acceptable sequence in D. With respect to the latter,
it is noted that distributed charge models differ from
discrete charge models in that they predict a monotonic
increase in Wy as D is decreased. Clearly, dxstnbu ted
charge models require all sites having the same %0 to
be equivalent and do not recognize effects requiring
local electrostatic interactions for their production.

3. Discrete charge madel

To the extent that eq. (1) is applicable, local electro-
static interactions are taken into account. The accom-
panying expressions for W,; and ¢(Z) are:

3 n n exp(—«r, )
€ Tix
Wz__z;z_z:z_ @
e~

€ NZ n exp(—xr.k)
72 2, (5)
L= K ]

8,2)=

x

These equatiornis require a model specifying the spatial
position of each fixed charge from which the distance,
Iz, between a charge Z; at site j and another charge Z,
at site k can be calculated.

(-Casein contains an acidic peptide comprising the
first 25 amino acid residues at the N-terminal end. The
amino acid sequence for this acidic peptide portion of
the molecule has been given by Manson [18] in an oral
communication and by Ribadeau-Dumas et al. [19].
The latter sequence has been used here. 1t places four
phosphates in positions 15, 17, 18, and 19, seven car-
boxylates in positions 2, 4, 5, 11, 14, 20 and 21 and
two arginines in positions 1 and 25. The rest of the
molecule contains one additional phosphate and 17
additional carboxylate groups, which are assumed to
be able to bind calcium ions, and 18 groups capable of
carrying positive charge.

Examinations by Waugh et al. [9, 20], suggest that
the acidic peptide is solvent accessible and that it carries
essentially all of the monomer net charge. The remainder
of the molecule, which has a compact anisometric form
(the body), has a net charge near zero. It is evident that
major electrostatic effects are due to the acidic peptide.
Except where noted, in calculations it is assumed that
icns bind to the body phosphates and carboxylates at
their £0 values.

In an extended peptide chain, the distance between
amino acid residues is 3.62 A [21]. The acidic peptide
would thus form a rodlet approximately 90 A long with
side <hains carrying the charged groups. The average
side chain length is 7 A.

With respect to acidic peptide geometry, preliminary
calculations revealed two important model independent
rcqmrements Firstly, irrespective of body groups, if
acceptable k0 values are to be used to account for ini-
tial calcium binding the peptide at the lowest mono-
valent ionic strength (f = 0.04) must be expanded in
such a way as to minimize electrostatic interactions.
Secondly, for any selected Ay values, conformation
cannot remain constarit: the peptide must progressively
collapse to account for calcium and proton binding se-
quences.

Model for 3-caseirn: The following model was used to
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reveal certain system characteristics for which any spe-
cific model must account. All charges were placed on
rings having radii, o, at the average side chain length of
7 A. From bond angles and lengths the unstrained dis-
tance between rings, A, is 3.62 &, The distance, Ties
between charges placed atj and X is given by

Ty = [P - ) R

Py’ A% +40% sin? (¥, — & (6)
7 k
where P; is the position of the amino acid carrying the
Jth group in the acidic peptide and ¥; is the angle be-
tween a radius to the charge and an arbitrary plane
which includes the rod axis. Examination of the effects
on binding produced by alterations in the density of
fixed charge was made by varying the distance, A, be-
tween rings.

4. Discrete charge binding

To obtain a charge distribution for initial minimiza-
tion of peptide electrostatic free energy at £ = 0.04, the
unstrained maximum of A = 3.62 A was chosen, and
charged groups were placed on their corresponding
rings in sequence by a process which successively mini-
mizes rodlet electrostatic free energy. The first charge
(Arg) was placed on its ring at ¥, = 0°. The second
(Glu) was then placed on its ring and trial values of ry5
and W, calculated at each one degree increment around
the ring. The position, W,, giving the minimum in W,
was selected. Successive charges were introduced in
sequence and minimization carried out using all preced-
ing charges.

Given this acidic peptide structure when fully chargea,
eq. (5) readily yields the ¢5(Z) for each site. However,
binding alters the average charge at each binding site,
and this will affect electrostatic interaction. To obtain
the bound ion distribution at equilibrium maximum
charge reduction at each peptide binding site was first
obtained for selected &0 values by using exp[—¢;(Z)] =
1 in eq. (1). Using these charge reductions, eq. (5) was
used to calculate minimum ¢, (Z) These values and eq.
(1) were used to obtain minimum binding for reduction
of site charge. Eq. (5) was again used to obtain new
¢,;7(2). Convergence was facilitated by using ¢$;{Z) mid-
way between the two preceding values. [teration was
continued until ¢,—,—(2) and ¥; were constant.

The following method was used to correlate experi-
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mental data. For each Vg, g (column 1, table 2) the
Debye parameter, k, was calculated using the total
solution ionic strength given in the second column.
Body groups were assumed to bind at their 40 values.
Calcium ion activity in the acidic peptide region was
calculated using the data of Kielland [12] and the ionic
strength in this region, I (column 3). A trial set of

&° was selected. For each P, s, 2 series of A was chosen,
and for each A, eqgs. (5) and (l) were solved for 7; at
equilibrium. The A yielding P, g was selected, and

this was compared with the unstrained maximum. In
addition, proton releases, obtained from calculated
binding were compared with observed values.

The choice of dielectric constants is important in
determining the ¢5(Z). A value of D = 75 was first ex-
amined and, as with distributed charge models, 2 major
problem was to reduce electrostatic interaction suffi-
ciently so as to account for initial calcium binding at
1= 0.04. For example, using anticipated k°, the required
value of A was far too large to be accomodated by
straining of the acidic peptide. For another set of cal-
culations, A was taken as a reasonable maximum of
3.85 A (a difference between unstrained and strained
conformations of AW, = 0.25 kcal per mole, the strain
to be produced by electrostatic repulsion). Keeping
other &0 at anticipated values, initial calcium bmdmg
requxrﬂd the low values ofkga p =40 (and k
1 x 10%; . In addition, permitting all % to vary, and
including the possibility that ratios of binding constants
to phosphate may vary, does not allow selection of
significantly higher k0. Generally, at even slightly higher
kC_ the initial A becomes far too large and calculated
proton release is unacceptably small.

The discrete charge model constructed here exhibits
a dependency on dielectric constant which is absent in
models assuming distributed charge. As D is decreased,
electrostatic free energy reaches a maximum at D= 15
and then decreases. This results from the influence of
the two arginine positive charges, which eventually ex-
tends to negate the effects of neighboring negative
charges. As Dis reduced below 15, progressively higher
values of kCa p and kﬂ p can be used, and the differences
between calcitiated and observed protan release pro-
gressively decrease. Accepting anticipated &% and a
maximum value of A = 3.85 A requires a value of D = 5.

These values have been used in calculations, the re-
sults of which are recorded in columns 4 to 7 of table
2. The specification that D be as low as 5 is in accord
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Table 2
Calcium binding, proton binding and proton release for g-casein

BCa,S A Iy A oy 5H 6H"
calc. obs.
(=004, 7y, p=0.15)
0.00 3.68
0.56 0.0403 0.0581 3.85 3.38 - -
0.95 0.0405 0.0590 3.61 3.17 0.21 040
1.32 0.0408 0.0607 361 2.90 0.48 0.56
1.73 0.0411 0.0622 3.30 2.71 067 0.75
2.02 00414 0.0640 3.14 2.55 0.83 0.91
3.06 0.0432 0.0616 299 1.98 1.40 1.38
4.07 0.0479 0.0948 2.99 1.58 1.82 1.89
4.502) 1.43 1.95 2.00
541 0.0579 0.1081 1.73 1.12 2.26 227
5.82 0.0635 0.1267 1.49 1.03 2.35 241
6.78 0.0933 0.1473 0.86 0.91 247 2.58
« = 0.08, ;Na‘P =0.15)
0.0 3.10
0.11 0.0802 0.0995 2.99 3.09 - -
046 0.0806 0.1009 2.20 3.08 0.01 0.17
0.89 0.0809 0.1019 1.96 3.03 0.06 0.30
0.98 0.0816 0.1039 2.28 2.80 0.29 0.34
1.33 0.0819 0.1051 2.04 2.69 040 0.45
1.86 0.0841 0.1116 220 2.33 0.76 0.68
2.47 0.0850 0.1162 1.73 2.08 1.01 0.86
3.74 0.0940 0.1402 1.73 1.57 1.52 1.37
4.15 0.0988 0.1542 1.73 1.45 1.64 1.50
4.503) 1.35 1.75 1.63
4.83 0.1050 0.1502 1.10 1.24 1.85 1.73
¢ =0.16, by, p=0.49)
0.00 2.66
0.03 0.1602 0.1809 2.0 266 - -
0.22 0.1610 0.1825 1.79 2.65 0.01 0.04
0.30 0.1611 0.1836 1.73 2.65 0.01 0.15
Q.75 0.1616 0.1843 1.37 2.65 0.01 0.21
0.77 0.1622 0.1856 1.41 2.65 0.01 0.23
145 0.1645 0.1907 1.34 2.25 0.41 044
1.61 0.1696 0.2018 1.73 2.14 0.52 0.53
2.66 0.1751 0.2134 1-26 1.78 0.88 0.82
3.20 0.1812 0.2259 1.18 1.57 1.09 1.00
4.502a) 1.26 1.38 1.31
4.52 0.1858 0.2347 0.71 1.27 1.39 1.35

a) First precipitate.
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with Harris and Rice [2]. They select a value of 5.5

as an upper limit on D in a situation where charges are
close together (polymethacrylic acid) with the lowe~
limit at about 2 for charges interacting through organic
matter.

Table 2 records results of calculations up to and past
the precipitation point, but not including situations
involving apparent charge reversal. Specified in table
2 are Py at P, g = 0 (obtained by extrapolation), the
maximum calculated sodium binding for each 7, and the
interpolated values of ¥y at P, g = 4.5. Maximum
sadium binding at each [ is small. In calculations, each
e, s is matched by a selection of A (column 4), and
this selection fixes a particular calculated proton bind-
ing (column 5). Sequential binding values give calculated
proton release (column 6), and these are to be com-
pared with the observed proton release values of column
7. The two sets are in good agreement. On the average,
observed release is 0.04 proton greater than that cal-
culated and the standard deviation of the single diffar-
ence is £ 0.11 proton. The specific discrete charge model
presented here appears to be a reasonable approximation.

The values of A given in column 4 of table 2 reveal
acceptable trends. While protein is in solution, A is
nearly constant or decreases stightly with increasing
ECa,S’ and at a particular ;Ca,s’ A decreases as [ is in-
creased. When precipitate forms, A decreases sharply.
Since A is the single parameter used to account for alt
changes in site density, it must include effects due to
focal conformational changes and molecular association
which can affect the proximity of sites to each other.

A decrease in A correlates with a decrease in G, with
(G-U) always sufficiently large to accomodate the
acidic peptide structure as required by A.

The assumption has been made that with respect to
calcium binding the body and peptide are essentially
electrostatically independent. That this is the case is in-
dicated by the following. The P, g are arbitrarily
matched by selecting site density on the acidic peptide
while maintaining that on the body constant. If there
were body—peptide electrostatic interactions which
affected calcium binding, the choice of A would com-
pensate for these in the calcium binding sequence. How-
ever, the electrostatic effect, exp[—¢(Z)] , for proton
binding at a site is the square root of that for calcium
binding. In the complex summation of eq. (1), any sig-
nificant compensation to match calcium binding would
produce a progressive divergence between calculated
and observed proton release sequences.

C.W. Slattery and D_F. Waugh, Cation binding to g-casein

Calculations suggest that there may be bady groups
which bind protons, but not.calcium, and are sensitive
to electrostatic interaction with other fixed charges.
This is indicated by the following. Stacting at / = 0.04,
an increase to f =0.08 produces an observed release :
of 0.98 proton and an increase to £ = (.16, a release of
1.49 protons. From table 2, corresponding calculated
releases are, respectively, 0.58 and 1.02 proton. The
differences between calculated and observed values are
larger than experimental error. This monovalent ionic
strength effect is not observed up to Py s = 4.5, where
the increase in total ionic strength due to calcium
chloride addition is still small (Z; of table 2). However,
at ic, g = 11 (0.08 M CaCl,) release is independent
of I and is 4.93 protons [9] . It is noted that the release
accompanying an increase in f slone occurs when protein
is in solution and in a state of minimum association. If,
as indicated above, calculations account adequately
for the peptide, but not for the body, then the mono-
valent ionic strength effects are due to body group inter-
actions. One attractive possibility implicates the five
histidines of S-casein [19]. These bind protons but not
calcium and have pK9 near the ambient pH of 6.6. If,
on the average, they are closer to fixed negative than
positive charge, increasing / will produce proton release.
What is required is an average release of about 0.10
proton per histidine.
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Proton magnetic longitudinal (T, ) relaxation times have been measured for acid (hosse) ferrimyoglobin solutions
(0.1 M NaCl and KH»>POj4, 2 M NaCl and 1 M MgCly) from 5°C to 35°C in dependence on myoglobin concentration
up to 6 mM. The enhancement of the relaxation rate due to the paramagnetic haem iron, which is observed in this tem-
perature range is compared with analogous data for the ferrihaemoglobin solution. The conclusion is that the protons
exchanging from the haem pocket with bulk solvent are not those from the water molecule at the sixth ligand site of
haem iron. The exchanging protons are more than 4 A away from the haem iron being closer to it in ferrimyoglobin
than in ferrihaemoglobin. This distance becomes larger in solutions with higher salt concentration, the largest differ-
ence between 0.1 M NuCland I M MgCly being over one Angstrom unit. This indicates a conformational chavze of

the haem pocket, possibly its tightening.

1. Introduction

Myoglobin differs from haemoglobin in thatitisa
monomeric protein in solutions up to concentrations
of 2mM [1}]. This simplifies the study of the confor-
mational state(s) of the ferric haem packet by proton
magnetic relaxation (PMR) both with regard to the
self-consistency of the parameters derived from the ex-
isting theory and the influence of varying solvent con-
ditions such as ionic strength. Information on the latter
is needed for elucidating the effect of salts on the as-
sociation of haemoglobin subunits which is also re-
flected in the PMR measurements.

Mildvan et al. [2] discussed similar measurements
assuming the mechanism of a thermally activated ex-
change of the water protons from the sixth coordina-
tion site at the haem iron and the bulk solvent. On the
other hand, Derzhanski et al. [3] interpreted their own
measurements by invoking a thermally activated change
of the protein conformation with no exchange of water

molecules from the haem pocket. Experimental evi-
dence has recently been presented [4] supporting the
former mechanism and excluding the latter one. [t is
the purpose of this paper to corroborate the hydration
model of the haem pocket advanced earlier for ferri-
haemoglobin solutions {5). by comparing the two sets
of data’ on the basis of the structural similarity of the
ferric haem pockets in the two proteins [6, 7].

2. Experimental
2.1. Materials
The horse myoglobin samples were lyophilized, com-

mercial products of “Serva” and “Koch & Light®, and
were used as obtained, ie., in the ferric form and with-

T Part of this discussion was presented by S M. 2t the Royal
Society Meeting on Haemoglobin, in London, on 23 February,
1973.
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out any further purification except for centrifuging off Table 1
the solutions before the measurements. Aii the solutions The proton magnetic relaxation rates per unit (horse) ferri-

were adjusted close to pH 6 and the concentrations myoglobin concentration, A(1/T), sec”! M1, in different
were determined by spectrophotometry using the ex- salt solutions at pH 6
tinction coefficients quoted in the literature [1].
A(l/Ty)
2.2. Methods A(l/Ty) 33-10°C
34°¢C 106°C

The measurements of the longitudinal proton mag-

. . . - 0.1 MKH,PO4 133725 518%13 819 = 25
netic relaxation times, Ty, were done at 29 MHz with 1 2Fa

subsequent evaluation of the resulis as described ear- 0.1 M NaCl 120327 463> 6 740 = 27
lier [5]. 2 M NaCl 64316 248z 3 395 = 16

1 M MeCls 81425 60915 205 £ 25
3. Results

myoglobin in the solutions. The slopes of the least-

The concentration dependence of A(1/T) as shown squares straight lines in fig. 1. i.e., the relaxation rates

in fig. 1 for the different salt solutions at 10 and 34°C at 10 and 34°C nommalized per unit Mb-concentration
was obtained from the usual Arrhenius plots of the re- are given in table 1.

laxation rates, A(1/T), induced by the presence of

1]
Ar,‘sec

—
-
T
-

I s 2 z L

1 2 3 13 S

CMpM ! 2 3 4 s 6

Fig. 1. The concentration (mM Mb) dependence of the proton magnetic réfaxation rates induced by the presence of (horse) ferri-
myaglobin in different salt solutions at pH 6. Circles, data at 10°C; triangles, data at 34°C. The solutions were: (a) 0.1 M NaCl; (b)
0.1 M KH,POg; (c) 2 M NaCl, and (d) 1 M MgCly. The slopes of the least-squares best straight lines are given in table L.
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4. Discussion

The following model of the proton magnetic relaxa-
tion mechanism in haemoprotein solutions was put
forward in ref, [S]: (a) fast exchange of (water) pro-
tons between the haem packet and bulk solvent; this
was recently verified [4] ; (b) the sixth ligand water
molecule is not participating in this exchange mecha-
nism, but there is another (next neighbour) water mol-
ecule in the haem pocket whose exchange with bulk
solvent results in the observed temperature enhance-
ment of the relaxation rates. The present data for Mb
solutions are also consistent with this second aspect
of the proposed model.

The increase in the myoglobin induced relaxation
rates between 10 and 34°C is related to the distance,
r, between the electron spins of the ferric haem iron
interacting by dipole—dipole coupling with the proton
spins of the nearest water molecule(s) which exchange
with bulk solvent:

(AT g <778 n

(For details of the pertinent equations see ref, [5]).
The differential relaxation rates, {A(1/T})}34.10°C»
in table 1, change considerably with various salts and
ionic strength of the solutions. This implies a change
in r and it is difficult to rationalize how a stereochemi-
cally precisely defined water molecule at the sixth
ligand site of the haem iron could change its position
without an alteration of the spectra in the visible range.
From a quantitative point of view the calculation of
the corresponding r’s reveals that these distances are
much larger than required by the position of the sixth
ligand.

In order to obtain r one must know the proportion-
ality constant in eq. (1), which includes the correlation
time, 7, during which the spins interact unperturbed.
The perturbation of this interaction depends on the
time characteristic of the myoglobin rotation, g, the
residence time of the exchanging proton(s), 7y, and the
longitudinal electronic relaxation time, 7g:

LI S I —l—_ 2
c 'R B T

1/7¢ will be determined by the fastest of the three rates,
i.e., by the shortest time constant. The contribution of
1/7y is negligible [5]. The relative importance of the

remaining two rates may now be tackled by comparing
the curves in fig. 2, which show the dependence of r
for Mb and Hb on the correlation time, 7, for the mea-
suring Larmor frequency of 29 MHz, calculated as
before [5]. The Hb-curve is taken from the latter ref-
erence, while the Mb-curve was calculated using the
value 740 % 27 sec—1 M—1¢ from table 1 (0.1 M NaCl
solution) with the theoretical magnetic moment of the
haem iron, 5.92 BM. The shaded uncertainty limits
(larger than the experimental error) are given by as-
suming the exchange of one water molecule (i.e., two
protons), or only one proton.

The dielectric correlation times, 7, for both haemo-
globin and myoglobin have been measured by the di-
electric frequency dispersion technique {8]. If in eq.
(2) 1/7¢ were equal to 1/7g, then the theory [9] re-
quires that 7p =T /3. Hence, using the 7 1y, and
Tp,p vValues [8], 7¢ yp = (1.3 20.1) X 10-Tsec/3~4x
10-8sec, and 7¢ ppp = 1 X 10~-8sec. With these two cor-
relation times one obtains from fig. 2 the iron-to-proton
distance close to 6 A for both ferriMb and ferritib,
which would be expected because of the similarity of
the haem pockets in these two haemoproteins. However,
it follows from eq. (2) with the neglect of 1/7g, that
for 7 = 10~8sec the relaxation time of the unpaired
heam-iron electrons, 7g, should be longer than 10-8sec.
This is not acceptable on the basis of the comparison of
hyperfin> shifted lines in high resolution proton mag-
netic resonance spectra of low and high-spin (acid) fer-
ric haemoproteins [10] . The value for 7q has been ac-
cordingly set to be 10~ 19sec. PMR dispersion data of
Koenig et al. are quoted in the latter reference as being
in accord with 7¢ = 7g = 10~1%sec. Qur unpublished
[11}] dispersion measurements in the range 1.5 to 60
MHz for Hb and Mb (ferri- and CO-form) at 35 and
5°C do not show a proper dispersion step, but they do
indicate that it may be expected between 200 and 300
MHz Larmor frequency corresponding to 7 of about
6 x 107 10sec. With this value for 7 one obtains from
fig. 2 the following interspin distances, r (3):

aumber of exchanging

protons

2 1
acid ferriMb in 0.1 M NaCl 4.8 4.3
acid ferriHb in 0.1 M NaCl 59 53
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3. The distance, r (1), between the ferri-haem iron in Mb and Hb and the closest exchangeable proton(s). in dependence on

the correlation time, r(sec), for this dipole—dipole spin interaction. The upper edges of the shaded curves are calculated by as-
suming two protons and the lower edges by assuming only cne proton exchanging.

With all the similarity of the haem pocket in Mb
and Hb [6, 7] expressed as well in their electronic ab-
sorption spectra, magnetic properties, and the NMR
resonances related to the haem iron, there is no reason
for expecting different Ts’s for the two haemoproteins,
which is necessary if their r's ought to be equal. (If
T Hp ~ 6 x 10710 then, for an equal r, 7¢ ygp, = 2 X
10-9, which again is too long [10].) Hence the differ-
ence in the interspin distances between Mb and Hb
seems to be real. On the other hand, in order to satisfy
the X-ray value (r = 2.8 A [6, 7]) for the distance be-
tween the heme iron and the protons of the water in
the 6th coordination site of the heme, 7o for Mb should
be 1.2 x 10~11 sec or 4 x 16~ sec, which is too low
[10], while for Hb (with r = 2.8 A) 7 should even be
an order of magnitude shorter (10~12 sec), which is
quite improbable.

A rather firm conclusion therefore emerges: there
is a water molecule (or, more exactly, there are ex-
changeable protons) in the haem pocket of acid ferri-
haemoproteins next to that water molecule which 13

liganded directly to the haem iron at its sixth coordi-
nation site: these exchangeable protons are closer to
the haem iron in myoglobin than in haemoglobin.
Another water molecule. hydrogen-bonded by the
available hydrogen from the sixth site water molecule
will have its protons about 5 A from the haem iron,
but there are, of course, other possibilities for the lo-
cation of the exchanging protons.

The exchangeable (water) protons may be regarded
as a probe for the uverall conformational state(s) of
the haem pocket. (Were the sixth site water molecule
involved only in the exchange mechanism no such in-
formation could be expected because of the strictly
defined stereochemistry of this water molecule.) This
is well borne out by the data in table 1.

The relaxation rates induced by the paramagnetic
haem-iron, {A(1/T})}34-10°C- differin the 0.1 M
KH,PO4 and in 0.1 M NaCl solutions, although the
resulting difference in r’s (4.74 and 4.84 A) is negligible.
These changes are, however, quite large for solutions
of high ionic strength, yielding 73 pnacn) =54 and
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T(1 MMgClp) = 60 A, with all these values obtained as-
suming 2 exchangeable protons. Judging by the elon-
gation of the r’s, there is a tightening of the haem
pocket in more concentrated ionic solutions, the larg-
est change in the location of the exchanging protons
with respect to the haem-iron being more than one
Angstrom unit.

It has been shown by nuclear quadrupole relaxation
measurements [12] that chloride ions bind to haemo-
globin, while sodium ions apparently do not. It is not
known whether magnesium ions interact with haemo-
proteins directly. Additional measurements concerning
the hydration shell around myoglobin in different salt
solutions would be necessary in order to estimate the
relative importance of specific-binding versus solvent-
structure mechanism {13] in bringing about the con-
formational changes around the haem pocket as evi-
denced by the results presented in this paper. One ob-
servation, however, seems worth a conclusion: the dif-
ferential relaxation rate for I M MgCl, solution is only
one half that for the 2 M NaCl solution, although the
overall chloride ion concentration is practically the
same in both instances. Besides, the corresponding re-
laxation rates at 10 and 34°C differ substantially be-
tween the two solutions. It therefore follows that the
magnesium ions themselves bring about considerable
conformational changes around the haem pocket,
though the mechanism by which it takes place and the
very nature of those changes remain unknown.

The method of praton magnetic relaxation senses
the subtle changes in the environment of the paramag-
netic haem iron in acid ferric haemoproteins. In order
to use this method to its full advantage, i.e., by deriving
the structural and kinetic parameters with an even
greater confidence level, more elaborate measurements
are required, as discussed elsewhere [14}] . This bucomes
of primary importance when one wishes to compare
small changes in these parameters on an absolute scale,
especially for haemoproteins of different origin.
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The Kkinetics of collagen-fold formation has been analyzed in terms of a series of consecutive reactions, rather than
the usual set of parallel reactions. Data on the regain of optical rotation and viscosity for denatured ichthyocol, form-
aldehyde cross-linked ichthyocal, isolated «l-chains, a2-chzins and the g45-component of rat skin collagen have been
utilized. The Guggenheim point averaging procedure was used for data analysis for those reaction steps where final
equilibrium measurements cannot be made. By considering the data over appropriate time ranges, optical rotation con-
stants characteristic of each sequential intermediate have been determined. Comparisons of the constants for the first
nucleated intermediate in the cases of varying degrecs of cross-linking and differing pyrralidine ring contents, show
that both hydrogen-bonding interactions and pyrrolidine ring content contribute to the stahilization of the multi-
stranded nucleated fold intermediate. The presence of single chain nucleated intermediate seems highly unlikely.

1. Introduction

When a gelatin solution is cooled below 40°C, most
of its physical properties change in ways characteristic
of a partial return of the dlsordered gelatin molecules
to ordered collagen-like structures {1, 2} . This partial
reordering, variously called collagen-fold formation or
fenaturation, is very strongly dependent on the reaction
conditions. The Sig‘lliliC&ﬁl variables are temperaiure,
ionic strength, pH, gelatin concentration and the degree
of cross-linking between gelatin chains. Several schemes
have been proposed to describe the mechanism of col-
lagen-fold formation, all of them based on studies of
the kinetics of the fold-formation [3—12], but no de-
finitive understanding of the renaturation mechanism
has yet been reached.

All mechanisms proposed presume a multi-step pro-
cess involving nucization of the fald, growth of fold-
units over extensive lengths of the system, and in the
case of severe undercooling, an annealing or rearrange-
ment process leading to perfection of the folded struc-
ture. The development of the initial three-stranded col-

¥ Supported by a grant from the National Institutes of Health.
AM-13921.

lagen helix is itself considered to be a multi-step process.
Von iippel [1] has summarized the earlier proposals

of von Hippel and Harringion [4, 5] and Flory and
Weaver [6] in terms of the scheme:

k k k
RC m—— NCﬁ2 lé}ﬂ. (1)
k_y L) k.3

Von Hippel's [l] molecular interpretation of this
scheme was that RC denotes chain regions in random
conformations; NC, nucleated chain elements, presum-
ably pyrrolidine-rich regions, which have assuvmed local
conformations typical of the collagen-fold; 1, single
chain segments in which the fold-conformations extend
over several residues; and H, a hydrogen-bonded, three-
stranded unit of the collagen helix. The rate limiting
step, in both the von Hippei—Harrington and the Fiory—
Weaver models, is the formation of I, leading to an ap-

parent first-order dependence of the rate on gelatin
concentration. This is also the step which can supposedly
be followed by optical rotation measurements. Most
recently, Harrington and Karr [12] treated the overall
kinetic data as a sum of parallel first-order reactions.
Their analysis required three concurrent reactions, pro-
ceeding at markedly different rates. The regain of op-
tical rotatory power on fold-formation was followed
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and the experimental data were analyzed as:

fa], — [edg = z:,l([al.,,,-—

where [«], was the observed specific rotation at time
t; [a] g, the specific rotation at £ = 0 and [a}.. ;. the
specific rotation of the completed reaction of type i,
with rate constant k;. The inherent disadvantages of
this approach are in the assumption that the refolding
process consists of concurrent rather than consecutive
reactions and in the proper identification of a value for
(o] o ;-

In the present work we have attempted to analyze
the refolding in terms of a set of consecutive first-order
reactions, as implicit in scheme (1). and to determine
the appropriate constants for each stage. Our use of a
sequence of first-order reactions, however. does not
mean that we apply these specifically to the molecular
interpretation of the steps of scheme (1).

[elg)exp(—k;),  (2)

2. Data treatment and results

Kinetic studies of collagen-fold formation are avail-
able from previous work. Drake and Veis [9] examined
the refolding process at 15°C for denatured ichthyocol
(DI1) and for formaldehyde cross-linked ichthyocol
(synthetic y-gelatin) (CLI) all in 0.1 M HAc, 0.1 M KCt
at pH 2.8. Piez and Carrillo [t0] carried out similar
studies on the isolated a1, a2 and ;5 chains from rat
skin collagen. Optical rotation and viscosity measure-
ments were made in both studies. The refolding kinetics
are dependent upon the total pyrrolidine ring content
[13] as well as on the degree of cross-linking. Since
ichthyocol and the al and &2 chains of rat skin col-
lagen have quite different pyrrolidine ring contents,
the two sets of data should be viewed separately before
correlations are made.

A typical experimental result for CLI 1s shown in
fig. la, where the specific rotation, —fo) §2 3gs, is plotted

as a function of time. The absolute value of [a] 13 in-
creases sharply during the first half hour after quenching

the solution irom 40 to 15°C. After the first rapid change,

the optical rotation change slows and finally reaches an
apparent plateau value after standing overnight. This
value keeps changing slightly, however, over a period
of many days. As a result, it is difficult to measure a
final equilibrium value. As seen in eq. (2), the data es-
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Fig. 1. Recovery of specific rotation and reduced viscosity as

a function of time fcr cross-linked ichthyocol y-gelatin (CLI).
All moeasurements in pH 2.8, 0.1 M KCI and 0.1 M acetic acid

at1s C.

sentially are to be analyzed as a set of first-order equa-
tions. The rate constants of the first order steps are not
sufficiently separated so that a plot of log [&] versus

t dces not provide individual straight line segments. The
Guggenheim procedure [14] has been used to rectify
these data. In this pracedure, one plots the logarithm
of ([e]; — {el ;) versus time, where A is a constant
small time increment. Such a plot relating to the data
from fig. 1a is shown in fig. 2. After about 15 minutes
of renaturation, the data plot yields a straight line over
the entire period of the terminal reaction. For the case
in question, this straight line gives a first-order rate con-
stant of 7.35 x 10~ sec~1. The values extrapolated from
this line to earlier time periods are then subtracted from
the corresponding observed values and the differences
plotted in the same semi-log fashion. A second straight
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Fig. 2. The Guggenheim plot for the data of fig. 1. The con-
stant time increment is six minutes,

line is obtained for this difference plot, wita a first-
order rate constant value of 42 x 104 sec!. Over the
time range studied, the optical rotation regain dara for
CLI1 appear to be well represented by considering only
two first order processes. The choice of A is crucial in
plotting the data; for best results, different values of
the constant time increment, A, should be tred.

The zero-time optlcai rotation value at the refolding
temperature T, fa] o » is very close to the value for the
completely denatured CLI at T > Ty However, a more
precise vaiue, at T, can be obtained by plotting [o],
versus exp(—&,t), &, being the rate constant of the
slowest precess (fig. 3). The zero-time value can be extra-
polated if enough data points are available near zero
time, or a still better value can be determined by plot-
ting the deviation from linearity against time in a semi-
log plot (see inset in fig. 3). The slope of this line also
gives the rate constant for the fast reaction as well as
the intercept, [a]o. Extrapolation of the [a], versus
exp( —k.f) plot to infinite time yields a good value of
el . This value of {a} T may not correspond to a true
value of {7 at infinite time because of other compli-
cating processes, nor does it correspond to the value
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Fig. 3. Plot of specific rotation versus exp{-Kk 1) for determin-
ing the zero and infinite time rotation values. Inset. plot of the
deviation from linearity, Ale],, against time.

for completely native collagen. In the present case,
[e} L3gve 365 = —1350°. while as seen in fig. 3, o] L3545 =
~1140°. The use of two methods of plotting the data
to obtain the rate constants of the two reaction steps
allows one to refine the data by a reiterative process.
The first use of the & as obtained from the raw data
Guggenheim plot in the [e] ; versus exp(—&1) plot
shows up departures from linearity at long reaction
tmes. One can adjust &, then recalculate &, and so on
until a best fit is obtained in both plots.

With values of [«] § and [«] L determined, one can
normalize the experimental data by computing
([}, — [«lo)(lalg — [a).). which provides the per
cent of the polypeptide in the random-coil form, When
the normalized data are plotted as In {({e}, — {a] L)/
(lel g — [@]..)} versus ¢, fig. 4, only two straight line
regions are obtained, another indication that two first-
order rate constants are sufficient to characterize the
regain of optical rotation upon the refolding of CLI.
The observed data fit the equation

fel ¢ — lal.

m =(1 — Y Jexp(—k 1) + Y _exp(—&k,i),

&)
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Fig. 4. Fraction of the polypeptide in the denaturated form as
a function of time for cross-linked y-gelatin.

where &k, and k, are the rate constants for the fast
(k) and slow (k) reaction processes. The parameter
Y, represents the fraction of the total rotation change
related to the slower process, described by &,.

The viscosity increases during collagen-fold forma-
tion in much the same way as the optical rotation, but
as indicated in fig. 1b, the time scale for the viscosity
change extends over a much longer period. It is evident
that the fast process seen in the first step of the optical
rotation regain does not contribute appreciably to the
solution viscosity. In spite of this time scale difference,
the viscosity recovery data can be treated formally by
the same type of normalized equation, viz:

Te)e U= _ )y yexp(ty )+ Yyexp ().

(TIR)O—(TIR),, - (4)

The (17») terms represent the reduced viscosity at times
t, zero and infinity with the zero and infinity time val-
ues being obtained by extrapolation as with the optical
rotation. Y, &y and kyy have the same meaning as in
€q. (3) but the subscript differences imply that these
constants might refer to different processes than those
seen by the optical rotation.

Table 1

Kinetic constants for the regain of optical rotation during col-
lagen-fold formation of crosg—h’nked and non-cross-linked ich-
thyocol. Conditions: T= 15 C, pH 2.8, 0.1 sM HAc, 0.1 M KCL
Specific rotation measured at 365 nm. [«] gs'naﬁve = —1350°

Sarmaple Rate constants

X 10% sec’!

Ky k2 Y, ~(a]d® el
CLI 41.9 7.4 0.79 465 1138
DI 2.57 0.40 0.75 465 815

The kinetic parameters for rotation recovery, anal-
yzed according to the above procedure and eq. (3), are
shown in table 1. The zero time values, —[a] 2>, agree
well with the values measured directly on the denatured
solutions at 40°C. The infinite time values, —[e] 135,
while consistent for the two samples, are much lower
than that of native, undenatured cross-linked ichthyocol
(—1350°). This discrepancy suggests that either some
non-cross-linked chains are present, not refolding over
the time span of the rotation measurements, or that some
intermolecular interactions providing out-of-register
chain alignments occur preventing complete renatura-
tion of each individrjal v-gelatin molecule. This may be
the case because a very stow but constant change in
optical rotation is observed as the solution is tempered
at 15°C for long periods.

The viscosity parameters analyzed according to eq.
(4) are shown in table 2. The sample chosen for analysis

Table 2

Kinetic constants for the regain of viscosity during collagen-
fold formation of cross-linked and non-crossdinked ichthyocol.
Conditions: T=15°C, pH 2.8, 0.1 M HAc. 0.1 M KCL. Concen-
tration: 0.074 g/dl (CLI); 0.170 g/dt (DI)

Sample Rate constants

X 10% sec!

kg kqy Y, (nle®  [n12®
CLI 4.75 Q.20 0.30 0.72 13.85
Di 042 — - 0.60 3.58
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was the same as one used in the rotation recovery ex-
periment but at a lower concentration to minimize the
intermolecular component of the viscosity change.
Again, two rate constants are sufficient to express the
data. The zero time value obtained by extrapolation,
(nR)ls , was 0.72 dl/g, whereas the 40°C value

(MR)3 hatured cLI- Was 0.82 dlfg. The reduced viscosity
of the non-denatured ichthyocol was 29 dl/gatc =
0.074 g/dl, while the intrinsic viscosity, [17] jygve. Was
15 dl/g. This value agrees well with the (ng)., deter-
mined by extrapolation. The formal similarity between
viscosity and optical rotation data ends when one com-
pares the values of the rate constants and Y for the two
properties. The rate constant &y has a value less than
one-fifth that of £; and, in fact, is on the order of k5.
The slower viscosity change rate constant, Ky, has no
counter-part in the rotation change and is less than
one-twentieth of the value of &;. The fast reaction in

viscosity accounts for about 70% of the total (Yy,),
whereas the fast reaction in optical rotation accounts

for only 20% of the total reaction (¥ ).

During the optical rotation studies, the fast reaction,
monitored continuously, takes place within the first
ten minutes and quickly decays to zero, whereas the
slow pracess continues for a few hours. On the other
hand, one cannot obtain viscosity data in a reliable
fashion much before 8 to 10 minutes after initiating
fold-formation and it is difficult to obtain enough ac-
curate data points for any time within the first ten
minutes of refolding. The fast reactior measured by
viscosity covered the first 300 to 400 minutes, the same
range as that of the slower optical rotation stage. From
the overiapping time ranges for the reactions character-
ized by k5 and &y, the similarity of values of these rate
constants, and the similarity of the fraction of the total
change ascribable to these reactions, it seems reasonable
to conclude that the slow process measured by optical
rotation and the fast process measured by viscosity re-
present the same event. Thus, the experimental data for
the cross-linked ichthyacol, as viewed by two very dif-
ferent kinds of measurements, indicate three reaction
steps. As depicted by the equation:

Optical rotation change

| 1
Ak g B2
kg &gy

D, (5)

viscosity change

the time scales and rate constants (tables I and 2) are
such that only the first two steps are involved in the
optical rotation change, while only steps two and three
are within the range of the viscosity measurements £,

Up to this point, the determination of the rate con-
stants has been independent of whether the reactions
considered were parallel or consecutive. If we now as-
sume that the set of events in eq. (5) are consecutive,
and further accept that for all practical purposes the
final step C =+ D does not contribute significantly to
the optical rotation change at the early stage of the re-
naturation, then the concentrations of components A,
B and C are related to the optical rotation constants

by

[A] = [Al] exp(—k, 1), )
(Bl = [Alglk, /(k, —k,)] [exp(—k,t)—exp(—k, )],

6
[C] = [Alq — [A] — [BI. (8)

where [A]g is the initial concentration of component
A. The total optical rotation is the sum of the optical

rotation values from all three components, each calcu-
lated as the product of concentration and a character-
istic specific rotation constant, a;. Thus,

[al o = (@] 4 + [a] g + [a] -
=°‘A[A] +og [B] +°‘c[C] - 9)

Substituting eqs. (6), (7) and (8) into eq. (9), one ob-
tains the following relationship:

] —«
S = (1= ¥ Jexp(—k, ) + ¥ _exp(—K,1).
@, —0¢ 2(10)
where
_eg—oc Ky
Y, =——C an

a, —a~ k) — ky'

Eq. (11) is an important formaulation because it per-
mits the evaluation of ag, the rotation constant for the
first intermediate. The terms Y, &£y and &k, come from
direct analysis of the kinetics (table 1), while a is
equivalent to [a]  and & to [a] ...

¥ This situation is not true in the case of the rat skin data to be
discussed Iater. There the rotation data cover a more extended
time range and the situation is more complex.



122

Table 3

Kinetic ¢7nstants for the refolding of isolated al, a2 and 82
component. from rat skin collagen

L. Yuan and A. Veis, Intermediates in collcgen-fold formation

Table 4

Specific rotation constants for the three stage consecutive re-
action mechanism for collagen-fold formation

Rate constunts Optical rotation

X 10% sed!

al a2 B12
ky 7.46 1.16 12.4
ko 0.986 0.065 1.48
ki3 0.15 - 0.10
Y (A=C) 0.31 0.87 0.40

The kinetic parameters based on the refolding data
frr (DI}, the non-cross-linked denatured ichthyocol,
zre also shown in tables 1 and 2. Aside from the dif-
ference in magnitude of the optical rotation rate con-
stants, the main difference is that in the time period
covered by the available data, only a single rate con-
stant is obtained. The data of Piez and Carrillo [10]
oi the refolding kinetics of rat skin «l, «2 and 3,5 mol-
ecules are all summarized in table 3. These data differ
from the ichthyocol data in that the rotation was mea-
sured over a longer period of time and a more detailed
analysis of the late stages of refolding was possible. Thus,
the complete transition, A - D [eq. (5)], is viewed by
the specific rotation changes. The viscosity data of Piez
and Carrillo [10] still cover too short a time period to
provide all of the rate constants.

The calculated rotation constants are presented in
table 4 for all of the rotation data. The differences be-
tween constants can be considered in two ways, as a
function of intrinsic chain compasition, and as a func-
tion of chain registration arising from cross-linking.

Piez and Gross [13], in a study typical of many,
have shown that the denaturation temperature of solu-
ble collagens from a variety of sources is a linear func-
tion of the total pyrrolidine ring content. Comparing
the rotation constants, ag, of «l, 2 and DI in table 4
and the pvrrolidine ring compositions, it appears that
ap is directly dependent on the content of imino acids.
Rat skin &2 has very nearly the same imino acid com-
position as the denatured ichthyocol, DI, and the rate
constants and rotation parameters are quite similar. The
rat skin a1 chain, on the other hand, has a much higher
imino acid content and shows a markedly increased rate
constant for process A — B and the characteristic rota-
tion of intermediate B. The characteristic rotation of

el-(Raty®  a2-(Rat) B12-(Rat) CLI DI

&, 497 509 497 465 465
og 880 584 776 700 593
- 1021 931 928 1138 815
ap 1131 - 1078 - -
Eimino

acids, 226 201 213 197 197

res/1000

) Optical rotations were measured at 313 nm and converted
to 365 nm readings for a direct comparison with ichthyocol
collagen.

B can be interpreted as indicating 2 marked enhance-
ment of structural order in B, and hence, in the stability
of B. If, as Flory and Weaver [6] have suggested, the
stability of the nucleated intermediate determines the
minimum number of residues, n™, required to partici-
pate cooperatively in a conformational fluctuation
leading to further propagation of the fold-unit, and if
the rate of the first step is inversely proportional ton™,
then this heightened value of ay for the al-component
as compared to «2 is responsible for the sevenfold dif-
ference in the rate constants k for the two cases.

From the argument above, it would appear that e
for DI is somewhat high. However, Veis and Drake [15]
showed DI to contain about 20% - and only 80% «-
component. Based on the imino acid content of rat
skin 85, we would expect an e value of 730. The
value of 776 shown in table 4, thus indicates that cross-
linking also provides chain regions with enhanced stabili-
ty in which fold-formation may be nucleated. This is
even more strikingly demonstrated in comparing ag
values for DI and CLI where the only composition dif-
ference is in the presence of cross-linkages in CLI. The
fact that k,; and ag for DI are higher than in rat skin
«2 can be attributed to the presence of the 8-compo-
nent.

Veis and Schrell [16], Veiset al. [17] and Bensusan
and Nielsen [18] have all shown by hydrogen—deuter-
ium exchange experiments that the first stage of fold-
formation does involve the formation of inter-chain hy-
drogen bonds. The very high values for &, for the cross-



L. Yuan aad A. Veis, Intermediates in. collagen-fold formation 123

linked collagens, compared to the lesser effects of change
inag (e.g., compare ag and &, for rat skin ol and 8y,)
indicate that chain registration to provide inter-chain
hydrogen-bonding can also supply nucleation sites for
fold-formation, or add markedly to the stability of the
nucleated regions, again reducing the size of n*. Veis
and Legowik [19} used equilibrium data close to the
melting temperature to estimate n” for bovine & and
y-gelatins and found 1" to be less fory than a.

3. Conclusions

The data analysis discussed above presents a rather
more detailed insight into the mechanism of collagen-
fold formation than heretofore possible. By considering
the refolding processes as consecutive rather than par-
allel reactions, one may determine constants character-
istic of the state of order in the hypothetical nucleated
intermediate. Analysis of these constants, along with
the rate constants for the first rapid reaction step, show
that two factors can lead to the formation of stable
nuclei. First of course, is the content of imino acids
which determines the structural stability of a substan-
tial part of each gelatin chain. Equally important, how-
ever, as shown by the data on cross-linked gelatins, is
the fact that hydrogen-bonding interchain interactions
also are involved in the stabilization of the initial nuclei,
reducing the number of peptide units which must in-
teract cooperatively before chain growth can occur.
Chain registration, by cross-linking in the native state,
leads to the most favorable hydrogen-bonding alighment,

This interpretation of the consecutive reaction se-
quence suggests that the molecular interpretation of
eq. (1) presented earlier is inappropriate. One cannot
distinguish between a single chain nucleated form, NC
of eq. (1), and a hydrogen-bonded multi-stranded nu-
clei, B of eq. (5). [n fact, the hydrogen—deuterium ex-
change studies during fold-formation [17, 18} imply
that nucleation and hydrogen-bonding are concurrent
processes. Thus, it seems likely that, as depicted in the
scheme represented in eq. (12)

o . - .
helix nuclei, #n residues,

Single chain ! three chains (may start in
random coils nucleation  Cither _cr_oss-l!nk r_eglons‘or
step pyrrolidine-ring rich regions)

k2 lengthen helical
helix segments
propagat:on
X3 perfected triple (12)
annealing helical regions -
reordering

the triple helix nuclei indistinguishably originate in
either pyrrolidine residue rich sequences or cross-link
containing sequences, but that in either case the or-
dered crystailite helix nucleus is a compound helix.
hydrogen-bonded structure.

The second reaction stage, contributing to the major
change in both optical rotation and viscosity is the
propagaticn of helix from the nuclei. The final step is
that of annealing or tempering, perfecting the triple
helix by securing the most stable interchain chain align-
ments. In the highly cross-linked y-gelatins, this most
stable alignment is facilitated and one achieves nearly
complete renaturation with small contribution from
step 3.
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Spectral properties of solutions containing mixtures of chlorophyl! a and chlorophyll c are investigated. The yield
of excitation energy migration from chlorophyll ¢ to chlorophvll a is obtained ranging from 23 to 48% dependent on
the used dye concentrations. The back transfer from chlorophyll a to chlorophyll ¢ is negligible. The shape of the po-
larization excitation spectrum of chlorophvyil ¢ in the Soret band region is less composed than that of chlorophyll a.
Depolarizatien of chlorophyl a fluorescence by chlorophylil ¢ is in agreement with the conclusion drawn from
fluorescence quenching that excitation energy migrates from chlorophyll ¢ to chlorophyll a.

L. Introduction

The mechanism responsible for energy transfer be-
tween accessory pigments and chlorophyll a (chl a) in
vivo has not as yet been definitely established. Many
authors presume that this transfer follows the inductive
resonance mechanism, whereas there is also some evi-
dence [1, 2] that interaction between pigments could
be much stronger than that following the “very weak™
Forster [3, p. 67] mechanism.

In the present paper, the solution of a mixture of
chlorophyil a and chlorophyll ¢ (chl ¢) is investigated.

In the inductive resonance mechanism, the efficiency
of energy transfer is proportional to the overlapping of
the donor emission band and acceptor absorption spec-
trum [3, p. 69]. Therefore, in the case of a mixture of
chl a and chl c, only inefficient transfer of energy from
chl ¢ and chl a can be predicted from this mechanism.

The Soret bands of chl a and chl c overlap to a high
degree {4, p. 154, p. 160], suggesting that “prerelaxa-
tional” [S] or “fast” [2] transfer of excitation can be,
at least partially, involved in the efficient energy mi-
gration between those chlorophylls observed in vivo.
Such “fast” energy transfer (intervening before Boltz-
mann distribution of vibrational energy has been reached)
was proposed by Bauer et al. [2] to explain the energy
migeation between chlorophyll b (chl b) and chl a.

The energy transfer from chl ¢ to chl a plays a role

in the photosynthesis of organisms dispersed in water.
Certain types of organisms exhibit an equivalent photo-
synthesis efficiency in yellow (500 — 600 nm) and red
(600 — 690 nm) light. From the absorption spectra of
chl a and chl c it follows that in this case chl ¢ plays
the role of accessory pigment responsible for efficient
photosynthesis [6;4, p. 513]. Inou€ et al. [7] mea-
sured the vield of energy migration between chl ¢ and
chl a in vivo and obtained a value of about 55%.

The purpose of the present paper is to obtain infor-
mation as to what type of mechanism is responsible
for this high yield of energy transfer.

2. Material and methods

Pigments were extracted from Fucus using a mixture
of methanol. acetone and ethyl ether. Chl ¢ was sepa-
rated from chl a and carotenoids on a column filled
with cellulose. The column was washed with petroleum
ether with 0.5% of propanol and again with ethyl ether
containing 5% of methanol. The chi ¢ zone was located
on the top of the column. It was cut from the column
and eluated with ethyl ether. The procedure of purifica-
tion of chl ¢ was similar to that used by Jeffrey [8].
Separation of chl a from carotenoids was performed
in a column filled with sugar.

Dye concentrations were obtained from absorption
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Fig. 1. (1), Absorption spectium of chl ¢ solution in ethyl
ether; (2), emission anisotropy versus wavenumber.

spectra using absorption coeificients of chl c and chl a
given in the liverature [8, 9].

Details concerning the measurements of absorption,
fluorescence and excitation spectra are given in an ear-
lier paper {10].

" The polarization of emission was measured with the
device used in fluorescence spectra measurements but
equipped with polaroid sheets.

Spectral bandwidths were, in the case of excitation
spectra: in the exciting beam 6 nm, in the fluorescence
beam 20 nm; and for polarization measurements: 20
nm and 20 nm, respectively.

8 n3

[ abitrary umtg]
S

3

[/

Fig. 2. Fluorescence spectra of chl ¢ and chl a mixture excited
at 436 am. (1), Copyp o = 23.5 uM, Copp 5 = 8 uM; 2 Ceh1e=

3.5 uM, Copy 2 = 26 uM; B), Copyy ¢ = 23.5 uM, Copy o = 53 uM:

), Cch] e~ 12.3 M, Cchl a~ 0 uM.

3. Resuits

Fig. 1, curve 1 shows the absorption specirum of
chl ¢ solution in ethyl ether.

Fig. 2 shows the fluorescence spectrum of chl a and
ch! ¢ mixtures for various concentrations of the dyes.
The fluorescence is excited with 436 nm, a wavelength
belonging to the Soret band of both pigments. The
molar absorption coefficients of both pigments in this
region are comparable, but as follows from fig. 2, the
contribution from chl a fluorescence predominates in
the emission spectrum (the maximum at 671 nm belongs
to chl a emission, that at 635 nm to chl ¢).

Fig. 3 shows the fluorescence spectra of the same

set of samples but excited with a 450 nm beam, absorbed

predominantly by chl c. Though in this case the con-
tribution to emission from chl ¢ is higher, some of the
enargy is nevertheless transferred to chl a.

The yields of energy migration between chl ¢ and
chl a listed in table 1 are calculated from fluorescence
and absorption spectra using the formula given in ref.
[2]. As can be seen from table 1 the yield of energy
migration in vitro is slightly lower than that obtained
in vivo {7], but in vivo the average distances are pos-
sibly shorter than in solution and in organisms the dye
molecules are mutually oriented in lamellar system.
The migration yield from chl a to chl c is, in the limit
of accuracy of our experiments, negligible. If the “‘pre-
relaxational™ mechanism of transfer was involved, one
would expect a higher efficiency of “back transfer”
from chl a to chl ¢ than that obtained. The differences
between the yields of energy transfer from chl ¢ to chl
a under various excitations are within limits of accu-
racy of the method (table 1), whereas on the ground
of “pre-relaxational’” mechanism much bigger differ-
erices can be expected [11].

ks) 635—691
:13' F *37 .-' Aem-wﬂm
3 "\' exg= 8nm
™20 A
£ H \f % 7
3 NS k 3
8,0 : =7
R
o Aln
&00 650 w0 7S50 a0

Fig. 3. Fluorescence spectra of chl ¢ and chl 2 mixture excited
at 450 nm. Cchle: 23.5 ud; Cchl g+ (1) 8uM, (2) 26uM,
(3) 33uM.
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Table 1
Yield of energy migration between chl c and chl a

Wavelength of excitation Concentration (uM)

Yield of energy migration Yield of energy migration
from chl ctochl a from chla tochl ¢

(nm)
chla chic
450 0.23 £ 0.12 0.04 = 0.12
436 26 235 0.30 + 0.10 0.08 = 0.04
450 0.37 £ 0.11 0.05 = 6.15
53 235
436 0.49 + 0.09 0.09 = 0.08

From the plot of log [ f/(1—-f)](f —efficiency of
energy migration) versus clog R (R — mean distance
between donor and acceptor), the exponent x of the
donor—acceptor distance R in the function [2] de-
scribing the vield of energy migration is obtained. This
x-value is about 6 what suggests “‘very weak™ Forster
[3, p. 67] interaction between chlorophylls, at least
at the donor and acceptor concentrations used by us.

The same method of measurement and calculation
for the case of biliproteins and chlorophyllin mixtures
reveals values between 3 and 5 for x [12]. It is possible
that the presence of proteins has influences on the
mechanism of interaction between pigment groups.

In fig_ 4, the excitation spectrum of chl ¢ emission
measured for a chl a + chl ¢ mixture is shown. The max-
imum of excitation spectrum is located at 453 nm, i.e.,
niear the chl c absorption maximum.

20— T T 45
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Fig. 4. Excitation spectia of chl ¢ and chl a mixture observed
at 635 am. Ceil 2 235 pM; Cent 2 (1) 8uM, (2) 26p:M,
(3) 53u:M.

The excitation spectrum of chl a emissicn of the
same sample (fig. 5) presents a much higher peak at
the absorption maximum of chl a (at 431 nm) than at
the maximum of chl ¢ fluorescence (at 453 nm), be-
cause the yield of chl ¢ fluorescence is about 3 times
lower than tnat of chl a. Therefore, the excitation spec-
trum results are in agreement with those presented in
figs. 2 and 3 as well as in table ].

Fig. I, curve 2 shows the emission anisotropy, r =
Uy — J)/(, + 21}), versus the wavenumber of exciting
light for the solution of chl ¢ with chl a added (concen-
tration ratio 8 : I). Fluorescence was observed at the
maximum of chl ¢ emission (at 635 nm); therefore, this
graph presents practically the shape of the chl c excita-
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Fig. S. Excitation spectra of chl c and chl a mixture observed
at 671 nm. Ccpyc: 23.5 M; Copia: (1) 8uM, (2) 26pM,
(3) 53uM.
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Emission anisotropy of chi ¢ with chl a mixtures

Wavelength of excitation Wavelength of fluores-

Concentration ratio

Ratio of absorption Emission anisotropy

(nm) cence Cent ¢/Ceni a coefficients divided by r
(nm) ratio of fluorescence

yields

€chl ¢/€chl a

Tchl ¢/7chia
432 635 8:1 0.050 = 0.01
{max of chl a absorp- (max of chl ¢ fluores- 3:1 =4 0.030 £ 0.01
tion) cence) 1:1 0.028 + 0.01
452 635
{max of chl ¢ absorp- (max of chl ¢ fluoses- 8:1 =~ 60 0.076 + 0.01
tion) cence)
452 671 3:1 0.007 = 0.01
{max of chi c absorp- (max of chl a fluores- = 60
tion) cence) 1:1 -0.015 £ 0.01

tion polarization spectrum. This spectrum of chl ¢ in
the Soret band region is much less complex than that
of chi a [13; 4, p. 156; 14, p. 257]. The Soret band
of chl a is composed of two transitions with different
polarization and energy, whereas chl ¢ seems to be
more like porphyrine with symmetry higher than chi
a and therefore with two completely degenerate transi-
tions responsible for the Soret band.
The fluorescence polarization measurements of chl
¢ are difficult because of the low fluorescence efficiency
of this dye. Therefore, the spectral region used in the
exciting beam had a width of 20 nm, and the spectral
resolution of the excitation polarization spectrum was
worse than that obtained previously in chl a measure-

ments [13].

However, fig. 1 suggests that the transitions are
“‘almost” degenerate, or at least that the degeneracy
s removed to a lesser extent than in the case of chi a.
The addition of chl ¢ to a chl a solution causes
strong depolarization of chl a fluorescence (table 2),
in agreement with the conclusion drawn from fluores-
cence quenching that energy migrates from chl ¢ to
chl a. The range of dye concentratioi.s used excludes
self-quenching phenomena. Thus the observed changes
in fluorescence polarization are related with the follow-

ing three effects:

(1) an increase in contribution from chl a to absorption
and emission of the mixture with increasing chl a
concentration;

(2) depolarization of fluorescence by energy migration;
and

(3) a decrease in tne amount of light absorbed by chl
c due to absorption of the exciting beam by chl a.

Evaluation of these three effects shows that in the case

of excitation at 452 nm (at the maximum of chl ¢ ab-

sorption) and observation of emission at 671 nm (maxi-
mum of chl a emission), the most important is the sec-
ond effect — depolarization by energy migration. An
increase in chl a concentration influences also, though
to a lesser extent, the anisotropy of chl € emission, but
in this case the effects 1 and 3 play an important role
because of the overlap in this excitation region of both
absorption spectra,

From our results it follows that in model systems
energy migrates from chl ¢ to chl a with an efficiency
similar to migration in vivo. The mechanism of this
migration seems to follow the “slow™ inductive reso-
nance mechanism.
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The cooperativity in hemoglobin can be described by the Hill paramster n, the free energy of interaction AFy and
the allosteric free energy AF 4. By this latter is meant here the free energy change associated with the transition from
the deoxy to the oxy conformation in hemoglobin. In this paper some general relations between n, AFyand AF 4 are
given. A method is presented by which AF 4 can be calculated from oxygenation data.

1. Introduction

In the cooperative behaviour of the oxygen binding
by hemoglobin an important part is played by the salt
bridges which constrain the deoxy form and which
break up upon going to the relaxed oxy conformation
{1. 2]. The change in free energy associated with the
transition from the deoxy to the oxy conformation
will be defined here as the allosteric energy AF , . This
free energy change was called the irter-subunit bonding
energy by Noble [3] who calculated a value of 8 kcal/
tetramer for it from-the difference in ligand affinity
between deoxyhemoglobin and the « and 8 chains,
whereas Perutz 1] estimated a value between 6 and
12 kcal/tetramer, based on the presence of six salt
bridges. On the other hand, Wyman [4] has introduced
.the concept of free energy of interaction, AFy, which
is quite different from AF, {5, 6]. Besides AF, and
AFY, the Hill parameter n is frequently used to describe
the cooperative effects in hemoglobin. The object of
this paper is to show some relations between 2, AF 5
and AFy and further to give an estimate of the magni-
tude of AF, , based on-oxygenation data of human
hemoglobin.

2. The free energy of interaction AF;

Our discussion will partially be based on experimental
cxygenation curves and therefore we need parameters

which satisfactorily describe such a curve. We chose
the Adair scheme [7] for this purpose. In this model
the fractional saturation Y is given by:
. kyp+3k k,p?+3k kykp3+k K,k k,p* o
144k, p+6k, k,p® +ak kykyp® +k, kokykyp*
where ky, k5, k3 and k4 are the intrinsic association
constants for the reaction Hb(0,);_; + 0, = Hb(0,);
(=1 to 4) and p the partial oxygen pressure. It should
be realized that eq. (1) will be used in this paper merely
as 2 mathematical description of an oxygen saturation
curve. The Adair scheme has been chosen since the
available experimental oxygenation curves are analyzed
according to this scheme. The fact that equivalent bind-
ing sites are assumed in the derivation of eq. (1) provides
no impediment to the use of it and we are not concerned
with the physical meaning of &, to k4. The only limits
we impose on the Adair model in this section is that
k4 = k3 2 ky 2 k. The madels mostly used for a de-
scription of the interactions in hemoglobin, viz., the
Monod—Wyman—Changeux and the Koshland—-Né-
methy —Filmer model fulfil this condition [6].

The Hill plot is defined as log[Y/(1—Y)] against log
p and the slope » at ¥ = 0.5 at the haif saturation pres-
sure py, is called the Hill parameter.

We now will discuss the relation between 2 and Afy.
Wyman [4] has shown that when ¥ approaches O or 1,
n should become 1 independently of any model. Further-
more, he defined AFj as the free energy of interaction
per heme which can be calculated from the distance
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between the asymptotes of a Hill plot. It has been shown
that in terms of the Adair model AFy = RTIn(k4/k )
[6, 8] . The cooperativity, however, as measured by 2
will certainly also depend on &5 and k3, so it will be
evident that AF} can only partially describe allosteric
effects. To illustrate this point we investigated the de-
pendence of 7 on AFy.

Letky =ak), &3 = bky, kg =c~Vky and kypyy5 =
x. Then it follows from the definition of 7 and from
eq. (1)

n=(6x — 22%bx> + 4)/(3x + 3ax? + a%bx> + 1), (2)
where x follows from
a2bctx* £ 222633 —2x —1=0. 3)

Thus the Hill parameter is determined only by the
relative magnitudes of the Adair constants. For each
value of AFy, n may take a range of values, depending
on k, and k5. However, n reaches 2 maximum when
ky = k5 and k3 = k4. In that case eq. (2) reduces to the
simple equation:

n =4l + 1)/(4c'? + 3¢ + ). @)

In fig. 1, curve A gives this relation between n and AFy.
On the other hand, 7 becomes minimal for a fixed value
of AFy whenk, =k, =k, ork, =k; =k,.Infig. 1,

n T T T 1
3 ® .
F .
1 1 L r] )

1 2 3 4 Afy

Fig. 1. Dependence of n on AF] (kcal/heme). Cusve A repre-
sents the maximum and curve B the minimum value of n for a
given AFy under the restrictions mentioned in the text. In the
calculations a temperaturse of 25° was assumed.

curve B represents this minimal n as a function of AF.
Thus as long as k4 2 k3 > ky > k| which seems to hold
for human hemoglobin (at least in the absence of al-
losteric effectors as 2.3-diphosphoglyceric acid) (8,9},
any observed combination of # and AFy should fall in
the region between curves A and B in fig. 1. For example
n for human hemoglobin at neutral pH is found mostly
near 2.7. From the curves presented in fig. ! it follows
that in that case AF| should vary between 2.2 and 3.3
kcal per heme as indeed usually is found. The figure
further shows that an increase in AF; does not neces-
sarily correspond with an increase in # and vice versa.

3. The allosteric free energy AF,

As stated in the introduction AF 4 stands for the
standard free energy change of the transition

loyBylp = [oy85 ] s (%)

where a, (3, represents the non ligated hemoglobin te-
tramer and T and R the tensed deoxy and the relaxed
oxy conformation, respectively. When ligand binding
can be described by the two-state modei [8], AF, is
equal to RT In L, L being the allosteric constant. Our
aim is to obtain an expression for AF, in terms of
Adair constants by considering the reactions

[a:)_B'_)_] T +402 - [az(o'_)_)zﬁl(oz)z] R (6)
and
[(1262] R +402 g [0‘2(03)233(03)11 R- 9

The free energy change associated with reaction (6) is
the total free energy of oxygenation AF. The free
energy change of reaction (7) will be represented by
AFp 1t will be clear that AF, isequal to AFg — AFp.
AFg, is simply given by 4RT Inp,,, p,, being the me-
dian oxygen pressure [4] whereas p,, is refated to the
Adair constants by the relation p} = (k kyk3k,)"!

[6, 8] . For the determination of AF, we will assume
that before the last ligation step takes place, the mole-
cule has switched over from the T to the R state. In the
model proposed by Perutz [1] a conformational change
has been suggested after the binding of the second ligand.
Kinetic experiments [10, 11], non-linear relationships
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between fractional saturation and structural changes

of hemoglobin as observed by electron paramagnetic
resonance [12], nuclear magnetic resonance [13],
ultraviolet spectroscopy [14] and the release of 2,3-
diphosphoglyceric acid [15, 16] seem to support in-
deed that at least the binding of the last ligand takes
place when hemoglobin is in the relaxed conformation.
Theoretical considerations support this view [6, 8, 17—
19] . Indicating the affinity constants of the reactions

[2,(0,)8,(0,),1 g + O, > [ag(oz)zﬁz(oz)zi r- 8)
[QZ(OZ)ZB?,(OZ)] RY 02 g [052(02)252(02)2] R €))

by a4 and b4, respectively, AFy becomes —RTlnazbg
and so
- 2.2 4

AF, =RTInazbyp . (10)
Unfortunately, values of «4 and b4 are lacking for
oxygen as a ligand. Only with n-butyl isocyanide as a
ligand have these constants been determined {20].
Here it was found that a4 is about two times b,.

However, for k4 we can write kg = 2a,b4/(ay + by)
and with a4 = fb4 eq. (10) becomes

an

where AF; = 2RTIn[(f + 1)?/4f]. It should be noted
that AF; is always positive. Eq. (11) reduces to

AF, =RTIn(K}pl) + AF,,

AF, = RTIn(k3p? ) = RTin(k3/k, k&) (12)
when f= 1. There are several‘arguments suggesting that
a4 and b4 do not differ more than a factor 2—-3. First,
the isolated « and 8 chains have equal or nearly equal
oxygen affinity [21, 22], although an unequivecal inter-
pretation is obscured by the different association be-
haviour of the isolated chains; moreover, the affinity
of the isclated B chains has been reported to be equal
to k4 [22]. Itis also pertinent that on modification of
hemaoglobins or on total dissociation of modified hemo-
globins the cooperativity mostly reduces but n never
becomes smaller than 1 [23—25], whereas a difference
of a factor two in affinity would result in ar. # of about
0.9 in absence of any cooperativity.

Studi¢s on artificial cyano- or aquomet intermediates
of human F2moglobin indicate a small non-equivalence

of the chains. From reported values of # and p;y one
can easily calculate the affinity constants «, and b,
for the binding of the second molecule of oxygen of
the intermediates a,8% and a3f,. It was found that
b, is about 1.5 to 2.5 timesa, [21, 26]. On the other
hand, the measurements of Maeda et al. [27] on cya-
nomet intermediates result in values fora, and b, of
3.9 and 3.4 mmHg"1, respectively, whereas k4 = 4.0
mmHg~! under identical experimental conditions [8].
In the case of non-equivalence AF, calculated using
eq. (12) will be too small, but AF; amounts to only
0.14 kcal when f= 2 and to 0.34 kcal when f=3.In
view of the absolute magnitude of AF, this is not a
serious error so we will use eq. (12) as a very good ap-
proximation.

We now want to make some remarks about AF, .
By rewriting eq. (12) in the form
AF, = AF; + RTIn(k3/kok5), 13)
it follows that AF, = AF when k, =k =k, and
AFA = 3AF[ whenkl =k2 =k3-SOAF[<AFA =
3AF;. The limits AF, = AFp and AF, = 3AF] corre-
spond with a minimal value of n, whereas the maximal
value of n may be observed when AF, = 2AF;. Since
AF| ranges from 2.2 to 3.3 (see above), AF, should
vary between 2.2 and 9.9 kcal/tetramer. It should be
noted here that AF, has been defined per tetramer and
AFy per heme.

It should further be recognized that the occurrence
of Adair parameters in the several equations does not
mean that the validity of these equations depends on
the validity of the Adair equation (1). If a different .
starting model was used odier formulae would appear.
However, applied to the same experimental data, the
same value of AF, should be found. In other words,
the value of AF 4 is of course independent of any model.
The difference between the way of calculating AF, as
presented here and that of Noble {3] is evident. The
approximation introduced by Noble is that in eq. (10)
Py, is equated topy 5 and a4 to by, taking for the last
two the affinity of the isolated chains, thus assuming
that this affinity does not change if an isolated chain
is embadied in the tetrameric relaxed hemoglobin mole-
cule.

It should e -ealized that AF, changes when experi-
mentai con€itirns as pH, temperature, ionic strength,
protein concentration and concentration of allosteric
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effectors are varied. We briefly want to discuss the
temperature and pH effect. The temperature effect is
relatively small: in the region 20—30°, AF A does not
change significantly according to the results of Imai
and Tyuma [28]. The pH dependence is rather large
and results from the change in py» with pH. Aslong
as k4 remains constant, which seems to be the case in
pH region 7.0 to 7.8 [22], this change in AF, is given
by 4 RT (Alnp,,). This wneans that AF, decreases con-
tinuously from pH 7 to higher pH. For example, from
the data of Bunn and Guidotti [29] one finds a de-
crease in AF, of about 1.7 kcal going from pH 7.0 to
7.8 (0.03 M bis—tris, 0.01 M CI~, equating p,, top; /2).

Applying eq. (12) to the Adair constants reported
by Roughton and Lyster [9] for human hemoglobin
(pH 7.0, 0.6 M phosphate buffer, 19°) and to the data
of Imai [8] (pH 7.4, 0.05 M bis—tris buffer, 25°) one
can easily calculate a value for AF4 of 5.7 kcal and
4.7 keal, respectively. The difference of 1 kcal between
the two values can be attributed mainly to the difference
in pH of the two sets of data.
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IR spectroscopy was used to define the previous observations of Shimanouchi et al. on the polymorphism of
guanosine in the solid state. It is shown that form II is guanosine in its crystal form while form I is the helical tetra-
meric gel. This work was extended to 8-bromoguanosine which also shows polymorphism. It is shown that one of the

forms (I) is also that of the helical gel.

1. Introduction

In the field of nucleoside chemistry guanylic com-
pounds are probably unique [2]. The high degree of
rotational freedom of the base around ihe glycosidic
linkage makes the guanosine derivative conformation
very sensitive to environmental changes and in particu-
lar to protonation [3, 4]. Also, only guanosine and its
analogues are known to form gels in concentrated aque-
ous electrolytic solutions [5, 6] and there is now in-
creasing evidence [7—12] ‘/hich supports the tetrameric
arrangement between guanosine residues proposed by
Gellert et al. [6].

In solution, infrared spectroscopy would afford a
major contribution to the structural investigation of
these helical aggregates, if the technique were not
strongly restricted by the presence of water in the gel
formation. In this respect, Raman spectroscopy appeared

T Part 11 is ref. {1].
Boursier de Thase du C.E.A. (1968 ~1973). This work is part
of the Thesis of J.F. Chantot, which has been presented to
I'Université de Paris-Sud (Centre d'Orsay).

to provide a more sensitive method [13] which could

give much useful information on the base stacking and
the backbone conformation of these pseudo-polymers
[14]-

Most of the experiments with monomeric guanosine
have been carried out in deuterium oxide [15—18} or
in Nujol {19, 20]. In the solid state [21], two forms
were observed in Nujol for neutral guanosine with quite
different spectra in the range 1500—1800 cm~1_ In-
frared spectroscopy is used here in a first attempt to
precise the observations made by Shimanouchi et al.
[21] and to study the polymorphism of guanosine and
8-bromo-guanosine in the solid state when included in
potassium chloride matrices and to compare its infrared
spectra with those of the gels drawn from aqueous solu-
tions.

2. Material and methads

Commercial guanosine (Merck, Darmstadt, Germany)
was recrystallized from water to yield guanosine di-
hydrate. 8-bromo-guanosine dihydrate was prepared as
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previously reported [8]. The gels were formed accord-
ing to the usual procedure {9] and the fibers drawn as
described in a preceding paper [7]. Infrared spectra
were recorded with a 225 Perkin—Elmer double beam
spectrometer (slit width: 1 em™!; accuracy in the mea-
surement: 2 cm~1). In the solid state_ the samples were
examinated either in Nujol mulls or by inclusion in
KCl peliets which gave well resolved spectra. Infrared
measurements on solid gels were made either from
viscous gels which were allowed to dry on nickel grids
or CaF, plates or from ground solid fibers [7] included
in KCl matrices. In solution, spectra were recorded in
2H,0 and dimethyl sulphoxide (DMSO).

3. Results
3 1. Guanosine

Early in this study, it was observed that depending
on the conditions of preparation of the sample. dif-
ferent spectra were obtained for guanosine (Guo). A
suspension of Guo dihydrate in Nujol gave the spectrum
a of fig. 1 which was identical to those of the films of
sample deposited on grids or CaF, plates. Also the spectra
did not vary markedly when these mulls or films were
subjected to large temperature changes from —150 to
25°C. In KCI pellets, the most interesting feature is
that the spectral response was strongly dependent on
the thermal treatment of the sample. In fig. 1 is shown
the spectrum c at room temperature of Guo dihydrate
in a KCl pellet without previous heating (form H). If
the same pellet was first heated for a few minutes at
120—130°C, then spectrum d of fig, 1 was obtained
(form I) with an enlarged absorption intensity around
1695 cm~! and disappearance of the peaks at 1635 and
1735 cm~!. On the other hand, if Guo dihydrate was
heated to 120—130°C before making the KCI pellet,
form II (spectrum c) was observed again, even if the
disk was subjected to further heating. In return, a sam-
ple which had yielded form { could be readily recon-
verted to form Il by dissolving in water, drying in air
and then making z new pellet. This excluded any thermal
degradation. The conditions are summarized in the
legend of fig. 1.

If gels of Guo were allowed to dry slowly on grids
at 5°C, no precipitation occurred. Samples prepared
in this way also yielded spectra identical to form I
(spectrum d).
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a
Nauajol
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form 11
4
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1800 1800 %00 em’

Fig. 1. Infrared spectra of Guo at room temperature. Conditions:
(a). Nujol mull of Guo; (b), DMSO solution-of Guo; (c), crys-
talline Guo in KCl disk: (d), Guo in KCI disk. The pellet was
heated to 120~130°C for a few minutes before taking the spec-
trum; (e). fibezz drawn from Guo gel solutions included in a

KCl1 pellet.

In a further attempt to clarify this point, fibers of
Guo were drawn from aqueous gels as for X-rays fiber
diffraction [7]. The fibers were ground with KCl to
make a pellet (spectrum e). Again, form [ was obtained.
On some occasions mixed forms I and Il were observed.
Since Guo gels sometimes give rise to local precipita-
tions, this resuit is not surprising.
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Fig. 2. Infrared spectra of 8BrGuo at room temperature. Con-
ditions: {(a), DMSO solution of 8BrGuo; (b), crystalline 8BrGuo
in KC1 disc!f: (c), 8BrGuo in KCl disk. The sample was heated to
120-130 C a few moments before making the pellet; (d),
8BrGuo in KCl disk. The pellet was first heated for 2 few minutes
before taking the spectrum; (e), fiber~ drawn from 8BrGuo gel
solutions included in a KCl pellet.

3.2. 8-bromo-guarosine

In fig. 2, the spectral results on 8-bromo-guanosine
(8BrGuo) are presented. Three forms can be clearly dis-
tinguished. Form II (spectrum b) was obtained from
KCl pellets of the crystalline product. If the pellets

were heated to 120°C, then a transformation into form
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I (spectrum d) took place. But in contrast with Guo, a
third form (form III, spectrum c) was observed when
8BrGuo hydrate was heated a few moments to 120°C
before making the pellet. The disk, in turn, did not
give rise to noticeable spectral changes on further heat-
ing. Conversely, pellets which gave form [ or III could
be redissolved in water and dried in air. New disks pre-
pared from these powders gave spectra characteristic
of form Il. Visibly, no thermal degradation was involved
in these transformations. As for Guo, gels of 8BrGuo
deposited on grids or dried gel fibers pelleted with KCl
yielded spectrum e, characteristic of form I. It can be
noted that a mixture of KCl and guanine nucleosides
in water, dried to 120°C and then pelleted also gave
form 1.

Gels formed in 2H, O in the presence of KCI (fig. 3)
showed very similar shape to those of the dried fibers
(fig. 2). Increasing the temperature, a gradual shift of
the bands at 1690 cm~! , {C=0), to 1670 cm~! and
of the ring vibration at 1592 cm~! to 1580 cm~! was
observed in analogy to these observations on guanosine-
3’ and 5'-phosphate [15].

4. Discussion

Shimanouchi et al. [21] had already mentioned the
existence of two forms for neutral Guo in Nujol mulls
which gave two very different infrared absorption spectra
without studying this dimorphism in detail. Unfortu-
nately, no details about the obtainment of the different
forms were published which would allow the comparison
with our results. The two sets of data may be correlated,
however, by a close resemblance in the reported spectra.

If one compares, in the region 1500—1800 cm™!,
where the »(C=0) and §(NH,) bands are located, the
spectrum of 8BrGuo (Guo is very similar) in DMSO
with that in 2H, O (figs. 2 and 3), the disappearance of
the 1635 cm~1 band in DMSO by deuteration is partic-
ularly noteworthy. This band corresponds therefore to
the angular deformation vibration of the NH, group.

The band at 1688 cm~! in DMSO (1692 cm™! for
Guo) is displaced to 1680 cm™! in KCl-containing
2['120 (gel). It is probably due to the valence vibration
of the C=0 group. The displacement results from the
variation of the dielectric constant and from the forma-
tion of hydrogen bonds with the carbonyl group (te-
tramer formation) which do not exist in DMSO.
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Fig. 3. Infrared spectra in %H, O solution of 8BrGuo (0.1M; pD 7; 50u path length; 0.1M K(C1) as a function of the temperature. In-
sert: melting curves of 8BrGuo. a: 1680 cmi ¥; 2: 1580 cri1;0: 1592 e !5 @: 1518 cm 1. The lack of a plateau at higher tempera-
tures results from incomplete melting due to the high thermal stability of this gel [8].

The bands below 1600 cm~! can be attributed to in- ring vibration at 1592 cm ! at 20°C is displaced and
plane ring skeleton vibrations of the purine rings and split into two bands indicating the liberation of the
show very little displacement if the solvent is changed. purine rings from the tetramer stack at higher tempera-

In case of Guo or 8BrGuo gel formation (figs. 1 and tures.

2, spectra d and e) the absorbance at 1690 cm™! is greatly Comparison of the solid state spectra of Guo and
increased (compared with crystalline form or in DMSO).  8BsGuo (figs. 1 and 2) shows very significant differences
It appears reasonable to suppose that the vibration on the ¥(C=0) level (band at 1735 cm™! in Guo, ab-
AC=0) and 5(NH,) are superimposed. This implies that  sent in 8BrGuo). This indicates that less (or weaker)

the wavenumber of the latter vibration increased, if hydrogen bonds are formed in the case of Guo than in
hydrogen bonds are formed. This is represented in the 8BrGuo crystals. Inspection of the published crystal
heating curves (fig. 3) where the wavenumber of the structures of these two compounds [22, 23], which
band at 1680 cm~t decreased by 10 cm~! between 20 are considerably different in many respects, confirm

and 80°C. Similar observations were made by Miles and this idea. While in 8BrGue [22] the carbonyl group
Frazier [15] for the melting of guanylic acid gels. The forms two hydrogen bonds (with NH of its neighbour
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and with a H,O molecule), mainly one hydrogen bond
(with the amino group of its neighbour) seems to exist
in Guo, while one of the hydrogen atoms of one water
molecule is shared by two carbonyl oxygen atoms {23],

i.e.. only one carbonyl of every two has a water hydrogen

bond.

In DMSO the two compounds show great similarity,
indicating that the suppression of the hydrogen bonds
in the crystal renders the C=0 group quite similar in
both cases. On the other hand, the 1530 et band in
Guo (fig. 1) is displaced to 1512 ecm~! in 8BrGuo (fig.
2). This substitution effect makes it probable that we
deal with a ring deformation vibration of the purines.
A similar displacement is observed in the spectra of
form 1 of Guo and 8BrGuo which is the main difference
between the two compounds.

As stated above, the spectra observed in KCl pellets
of Guo and 8BrGuo in form I and in dried gels or fibers
are quite similar (see figs. I and 2, spectra d and ¢€). The
following additional points can be made:
~ Gels of 8BrGuo prepared in 2H,0 (0.1M KCI) at
20°C gave spectra characteristic of form I taking into
account the isotopic effect of deuteration (fig. 3). In-
crease of the temperature from 20° to 80°C (at which
monomers are mostly present) produced profound
changes and the high temperature spectra showed es-
sentially the characteristics of form II.

— In 2 previous study [9], it had been observed that
certain Guo analogues only formed gels. While 2, 3’
substituted Guo derivatives easily led to aggregation,
this structuraiion did not take place in 5'-O-acetylated
Guo. 5'-O-acetyl-Guo and 2',3",5-tri-O-acetyl-Guo were
therefore subjected to the same treatment as Guo. De-
spite repeated attempts, only one spectral form was ob-
served, similar to form II (considering the effects of
acetylation). Deoxyguanosine has been found to aggre-
gate in concentrated aqueous solutions. This compound
showed a clear shift towards the spectral form I for the
helical structure. Heating of this nucleoside, however,
produced irreversible changes, probably due to partial
pyrolysis.

— Although circular dichroism is not well indicated for

studies in the solid state, we have performed measurements

on very carefully prepared pellets in order to reduce the
heterogeneity of the system. Compared with form Il,

the signal for nucleoside pellets in the form I is notably
increased, indicating ordered asymmetric structuration.

— Debye—-Scherrer X-ray diagrams have been taken from

various powders drawn from ground pellets correspond-
ing to the different forms of the two Guo derivatives.
In form I, unit sepeat at 10.5 A forGuoand at 7.2 A
for 8BrGuo was observed which cannot belong to the
corresponding hydrates in form [I. Comparison of this
result with those found by X-ray fiber diffraction [7}
shows that the above periodicities can be roughly re-
lated to the distances between the two nearest mole-
cules of Guo or 8BrGuo in two adjacent tetramers.

It appears therefore reasonable to assign form I of
Shimanouchi et al. {21] to the helical tetrameric form
of Guo and 8BrGuo while form II appears its crystalline
form.

After terminating this work, a paper of Howard
et al. [18] came to our attentiin on the aggregation of
8-bromo-guanosine-5°-phosphate and its interaction with
poly(C). While their conclusions on the band assign-
ment resemble in many respects those observed here,
these authors seem to be unaware of the four papers
published on many Guo analogues in the last four years
[8—11}, among that the gel formation of 8BrGuo [8].
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