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ABSTRACT

LYOTROPIC SALTS AND THE HEXOKINASE MEMBRANE
INTERACTION: PURIFICATION, RECONSTITU-
TION AND CHARACTERISTICS OF THE
OUTER MITOCHONDRIAL MEMBRANE
BINDING SITE FOR
HEXOKINASE

By
Philip L. Felgner

Lyotropic Salts and the Hexokinase/Membrane Interaction--

Neutral salts can be ranked according to their relative abilities
to disrupt or stabilize the tertiary structure of macromolecules.
This ranking has been called the Hofmeister or lyotropic series,
with the more lyotropic salts being more effective at»disrupting
the native structure of macromolecules than non-lyotropic salts.
Some salts in this series, in order of increasing lyotropicity,
are Na2504 < NaF < NaCl < NaBr < Nal < NaClO4 < NaScCN.

A molecular interpretation of the effect of neutral salts
on macromolecular structure was developed that accommodates two
general properties of neutral salts on macromoleculars in aqueous
solution. (1) Salts can disrupt ionic linkages (including hydro-
gen bonds) by binding to charged (or partially charged) moieties.
The binding constants, though small, can be measured. (2) Salts
can promote hydrophobic interactions by changing the solution

properties of water such that hydrophobic molecules are less
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readily hydrated. These two effects oppose one another with
respect to whether or not the tertiary structure of a macromolecule
will be stabilized or destabilized; i.e., breakage of ionic
linkages destabilizes the tertiary structure, and promoting
hydrophobic interactions tends to stabilize tertiary structure.
Lyotropic salts have a large destabilizing component and a small
stabilizing component. Conversely, non-lyotropic salts have a
relatively smaller destabilizing component and a large stabilizing
component.

A system of equations has recently been derived by Melander
and Horvath (1) which allow the quantitation of the relative con-
tributions of electrostatic and hydrophobic forces between two
interacting molecules. Their development was applied to the
hexokinase/membrane interaction and it was estimated that about
half of the surface of the enzyme molecule is involved in hydro-

phobic interactions with its binding site on the membrane surface.

Purification, Reconstitution and Characteristics of the

Mitochondrial Binding Site for Hexokinase--Very pure outer

mitochondrial membranes (OMM) have been obtained from rat liver
that contain a binding site for rat brain hexokinase. The specific
activity for this membrane binding site (units of hexokinase bound/
mg membrane protein) is 40 fold higher than in either microsomes,
erythrocytes, or inner mitochondrial membranes. Glucose-6-P at

Tow concentrations (1 mM) specifically elutes the enzyme from
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these membranes as it does from intact mitochondria from either
Tiver or brain.

As a means of gaining insight into the nature of the OMM
binding site, numerous attempts were made to chemically or enzy-
matically modify the binding site. A1l these approaches were met
with equivocal results. The enzyme would not bind to any 1iposome
preparations in the glucose-6-P sensitive manner that is charac-
teristic of the intact binding site. The OMM proteins can be
depleted of their 1lipid content by treatment with low concentra-
tions of detergent. This treatment modifies the binding site in
a partially reversible manner.

Treatment of the OMM with the non-ionic detergent octyl
glucoside preferentially extracts a single protein of mol. wt.
31,000 that has been tentatively identified as the hexokinase
binding protein. Removal of the detergent from this solubilized
membrane protein by dialysis results in the formation of 1lipid
containing membrane vesicles that contain a glucose-6-P sensitive

hexokinase binding site.
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PREFACE

The requirements of the Graduate School limited the length
of the Abstract that appears in the front of this dissertation.
This preface is intended to be an expanded version of that Abstract.

It is hoped that this will aid in the reading of this material.

Chapter 1

Lyotropic Salts and the Hexokinase/Membrane Interaction--

Neutral salts can be ranked according to their relative abilities
to disrupt or stabilize the tertiary structure of macromolecules.
This ranking has been called the Hofmeister or lyotropic series,
with the more lyotropic salts being more effective at disrupting
the native structure of macromolecules than nonlyotropic salts.
Some salts in this series, in order of increasing lyotropicity,
are Na2504 < NaF < NaCl < NaBr < NaI < NaC10, < NaSCN.

A molecular interpretation of the effect of neutral salts
on macromolecular structure was developed that accommodates two
general properties of neutral salts on macromolecules in aqueous
Solution. (1) Salts can disrupt ionic linkages (including hydro-
gen bonds) by binding to charged (or partially charged)moieties.

The binding constants, though small, can be measured. (2) Salts

x1i



can promote hydrophobic interactions by changing the solution
properties of water such that hydrophobic molecules are less
readily hydrated. These two effects oppose one another with re-
spect to whether or not the tertiary structure of a macromolecule
will be stabilized or destabilized; i.e., breakage of ionic
linkages destabilizes the tertiary structure, and promoting
hydrophobic interactions tends to stabilize tertiary structure.
With respect to the first point, several observations have
been made. (1) Salts bind to the peptide bond dipole. (2) The
binding affinity of the salts for the dipole varies according to
the position of the salt in the lyotropic series, such that the
more lyotropic salts bind more tightly. (3) Vicinal hydrophobic
groups around the dipole are required to produce the observed
variations in the binding affinities of different salts to the
dipole. (4) Hydrophobic groups are surrounded by interfacial
water that is different from bulk water. (5) Surface tension
theory predicts that salts with a deeper hydration sphere, are
repelled from interfacial water more than salts with smaller
hydration spheres. (6) The depth of the hydration sphere around
anions decreases as the lyotropicity increases. Considering all
these points together, the general conclusion is that, the smaller
the hydration sphere around the anion, the more tightly it will
bind to peptide bond dipoles containing vicinal hydrophobic
groups. Binding to such a dipole could lead to destabilization
Of the tertiary structure of a macromolecule by disrupting the

a~helix or other secondary structures.
xii



The second point regarding stabilization of hydrophobic
interactions by salts is also supported by several observations.

(1) To disrupt a hydrophobic interaction, a new hydrocarbon/water
interface must be created that has characteristics similar to the
air/water interface. (2) Since the value of the surface tension
can be described as the extent to which a given solution prefers
to minimize its interfacial area, anything which increases the
surface tension will tend to decrease the interfacial area,
favoring hydrophobic interactions. (3) The extent to which a
given salt will increase the surface tension of an aqueous solution
(the surface tension increment) is dependent on the salt used, and
non-lyotropic salts increase the surface tension more than lyo-
tropic salts. From consideration of these three points the
general conclusion is that neutral salts tend to stabilize hydro-
phobic interactions with non-lyotropic salts being more effective
than lyotropic salts.

So, to summarize, a given salt will either stabilize or de-
stabilize the tertiary structure of a macromolecule depending on the
interplay between two opposing forces, one tending to stabilize the
overall structure and the other tending to destabilize it. Lyotropic
salts have a large destabilizing component and a small stabilizing
Component. Conversely, non-lyotropic salts have a relatively smaller
destabilizing component and a large stabilizing component.

A system of equations has recently been derived by Melander

and Horvath (1) which allow the quantitation of the relative
Contributions of electrostatic and hydrophobic forces between two

xiii



interacting molecules. Their development was applied to the
hexokinase/membrane interaction and it was estimated that about
half of the surface of the enzyme molecule is involved in hydro-

phobic interactions with its binding site on the membrane surface.

Chapter II

Purification, Reconstitution and Characteristics of the

Mitochondrial Binding Site for Hexokinase--Purified outer mito-

chondrial membranes (OMM) have been obtained from rat liver mito-
chondria that contain a binding site for rat brain hexokinase. The
effective concentration for this membrane binding site (units of
hexokinase bound/mg membrane protein) is 40 fold higher than in
either microsomes, erythrocytes, or inner mitochondrial membranes.
Glucose-6-P at low concentrations (1 mM) specifically elutes the
enzyme from these membranes as it does from intact mitochondria of
either liver or brain. Binding appears to be weaker in the OMM,
however. Exogenous protein in the crude mitochondrial preparation,
which is absent in the purified OMM, appears to play a role in
strengthening the binding.

The enzyme can be bound to positively charged 1iposomes, and
to negatively charged liposomes that contain tightly bound 1ysozyme,
but in neither case is the binding sensitive to glucose-6-P.
Hexokinase binding to the liposomes that contain bound lysozyme is
MQCTIZ dependent as it is in OMM, but glucose-6-P causes tighter

instead of weaker binding of hexokinase. Negatively charged

xiv




liposomes or liposomes that have been prepared from total 1ipid
extracts of either OMM or microsomes do not bind any hexokinase.

SDS gels of chymotrypsin or trypsin treated OMM indicate
that proteolysis modifies several proteins in the membrane, but the
binding properties of the protease treated membranes are not appre-
ciably modified. Periodate treatment of OMM removes 30% of the
binding sites for hexokinase and the enzyme bound to this modified
binding site does not show the glucose-6-P specific elution effect
that is characteristic of intact OMM. While it was clear that
periodate inactivated the binding site, no inferences about the
involvement of carbohydrate residues in the binding site could be
made, since it was demonstrated that periodate readily inactivates
a protein (hexokinase) which contains no carbohydrate. Incubation

of OMM at 37°C leads to losses in the number of binding sites as
well as in the glucose-6-P sensitivity. Paradoxically, Mg++ and
Ca++, as well as EDTA, have stabilizing effects. Phospholipase A2’
intrinsic to the OMM, may play a role in this loss of the binding
properties.

Treatment of OMM with the non-ionic detergent Emulgen 913,
extracts more than 90% of the phospholipids from the OMM while
solubilizing less than 40% of the membrane protein. The insoluble,
lipid depleted, membrane proteins remaining after Emulgen treat-
ment, contain a hexokinase binding site but this binding site is
NOt glucose-6-P sensitive. The addition of phospholipids extracted
From OMM or microsomes to the 1ipid depleted proteins, with soni-
Cation, restores the glucose-6-P dependent solubilization effect.

XV



The reason for this unusual ability of detergent to preferentially
extract phospholipids from the OMM without solubilizing the proteins
may be that the OMM proteins are unusually difficult to solubilize
by detergents. Consistent with this view, it was observed that at
least a 10 fold higher concentration of either cholate or Emulgen
913 was required to completely solubilize the OMM than was required
to solubilize microsomes.

Treatment of OMM with the non-ionic detergent octyl gluco-
side under the appropriate conditions solubilizes primarily two.
proteins which have molecular weights on SDS gels of 61,500 and
31,000. On the basis of its molecular weight the 61,500 M.W.
protein has been tentatively identified as monoamine oxidase.

When this solubilized material is dialyzed to remove the detergent,
membranous vesicles are formed which retain about 50% of the ori-
ginal glucose-6-P sensitive hexokinase binding properties.
Electron microscopy confirms the membranous character of the
reconstituted material. Resolubilization of these reconstituted
OMM with octyl glucoside, followed by dialysis results in the for-
mation of twice reconstituted vesicles which still contain 25-50%
of the original glucose-6-P sensitive hexokinase binding sites.
These twice reconstituted membranes contain primarily a single
Protein of molecular weight 31,000. When the octyl glucoside-
Solubilized membranes are treated with trypsin, the resulting
h.Vdr'o'lysate cannot be reconstituted into membranes containing an
intact, glucose-6-P sensitive binding site for hexokinase. SDS
gels of the octyl glucoside-solubilized, protease-treated membranes

xvi



confirmed that the amount of the 31,000 M.W. protein was substan-
tially reduced. These results strongly suggest that hexokinase
binding is dependent on a single protein (M.Wt. 31,000) of the OMM,
and that this protein can be selectively purified by solubilization

of the OMM with octyl glucoside followed by reconstitution of

membrane vesicles.

xvii



CHAPTER I

LYOTROPIC SALTS AND THE HEXOKINASE
MEMBRANE INTERACTION

Introduction

The effect of salts on macromolecules has been studied for
nearly one hundred years and yet after all this time no clear
explanation, in molecular terms, has appeared, despite a truly
remarkable abundance of data on the subject. In this first chapter
I will develop a working hypothesis, based on the 1iterature and
my own data, that describes, in molecular terms, the basis for the
action of neutral salts on macromolecules.

Is there any physiological relevance for studies of macro-
molecular structure at high ionic strength, with neutral salts like
KSCN or NaC]O4 which are rarely found in vivo? In view of my
bias, it's obvious that my answer to this question will be affirma-
tive. We have found, for instance, that hexokinase in the
Presence of mitochondria in vitro can be predominantly either
soluble or membrane-bound depending on the ionic strength in the
range 0-0.25M. The physiological jonic strength is within this
range. The fact that the intracellular saltconcentration is

(llresumably) a fixed value does not argue against performing



experiments outside that range. For example, one way to shed light
on the role of KC1 at intracellular concentrations (™ 0.15M) is by
observing its influence at concentrations above and below intra-
cellular levels. Likewise, a means of determining specific roles
for KC1, is by comparing its effects with other salts.

Another point that deserves some attention here is that
in_vivo solute concentrations are far different from those
typically used for in vitro experiments. For example, one rarely
sees in vitro experiments done with the protein concentration as
high as 10%, as it is in vivo. It seems likely that some important
basic principles about protein structure and function in vivo may
be gleaned from studying proteins in concentrated protein solutions
as well as in concentrated solutions of pure solutes such as
neutral salts. The effect of neutral salts on macromolecules may
be entirely different at high protein concentrations (10%). Some
data that begin to address these points are presented in Chapter
IT and in reference 3 (see appendix).

Apart from the physiological relevancy, there are other
reasons for studying salt effects on macromolecules. As will be
shown later, salts can be used as a probe to semiquantitatively

measure the extent of hydrophobic vs. electrostatic bonding in a
9 iven macromolecular interaction. In addition, insights into the
Molecular nature of the hydrophobic effect can be gained through

the study of neutral salt effects on macromolecules.



The Molecular Basis for Neutral Salt
Effects on Macromolecules

Previous explanations of the molecular basis for neutral
salt effects (4-7) all included the concept of "water structure."
The following description, which is based on some recent develop-
ments, is intended to provide a more lucid molecular description
of the effect of salt on macromolecules, without depending as much
on the rather i11 defined "water structure" concept (8).

Most of the effects of salts on proteins can be explained
in terms of direct binding by the salts to the peptide bond dipole,
and, by inference, to other charged groups on the protein molecule
(3). The relative influence of different salts can be inter-
preted on the basis of their relative binding affinities for the
dipole and the differences in their binding affinities can be

explained in terms of their relative tendencies to be excluded from

a hydrocarbon/water interface.

Description of the Hofmeister
(or Lyotropic) Series

Neutral salts can be ranked with respect to their relative
abilities to solubilize macromolecules. If the salts tend to
soTlubilize proteins, they are called “"salting-in" type salts.

If they tend to force macromolecules out of solution, they are
called "salting-out" type salts. This ranking, called the

Ho Fmeister or lyotropic series, was first established by Hofmeister
LU F::T (9) in a study of the relative effectiveness of various

Sal ts at salting-out euglobins from aqueous solution. [This




series is sometimes termed, somewhat erroneously, the "chaotropic"
series. The term chaotropic is commonly used in reference to tﬁe
"disorganization" of water molecules in bulk solution by various
solutes (7, 8). Since the chaotropic properties of different neu-
tral salts (as measured by various physical methods) are not always
correlated with their relative tendencies to salt-out proteins, it
has been suggested that this terminology be dropped (W. P. Jencks,
personal communication).] Table 1 is a comprehensive list of
neutral salts in the order of increasing effectiveness at salting-
out (i.e. decreasing lyotropicity) of the peptide analogue,
acetyltetraglycine ethyl ester (10). A similar ranking has been
shown for the effect of neutral salts on the collagen-gelatin phase
transition, ribonuclease denaturation, DNA unfolding, the polyvinyl-
methoxazolidinone cloud point (precipitation) and other phenomena
(8, 11).

Some aspects of the working hypothesis which will be pre-
sented in the next sections are unpublished. Other aspects of the
hypothesis are derived from the work of Tanford (12), von Hippel and
Schleich (8), Kuntz and Kauzmann (13), Robinson and Jencks (10),
Felgner and Wilson (3), Roseman and Jencks (14) and Kauzmann (29).
Basically the hypothesis represents a synthesis between the work

of wvon Hippel et al. (6, 15, 16, 17) and Melander and Horvath (1).



Table 1.--Approximate Saltingagut Constants for Acetyltetraglycine
Ethyl Ester at 25.0

Compound KSb .Compound KSb
Lithium-3,5-

diiodosalicylate -1.3 NaBr 0.00
Phenol -0.48 MgC]2 0.00
NaClO4 -0.33 (CH3)4NBr 0.018
Sodium tosylate -0.31 LiCl 0.021
C.H_NH,C1 -0.31 NH,C1 0.035

65 3 4

Lil -0.28 KC1 0.046
C13CC00Na -0.27 NaCl 0.046
NaSCN -0.25 CsCl1 0.054
Nal -0.23 NaBro3 0.090
KI -0.21 (CH3)3CC00Na 0.15
LiBr -0.17 Glycine 0.16
C6H5C00Na -0.14 NaHSO3 0.16
NH4Br -0.1 CH3C00Na 0.23
CaC12 -0.09 (NH4)ZSO4 0.45
NaNO3 -0.075 Na2504 0.48
KBr -0.023 Na3 citrate 0.90

a
From reference 10.

) bl og s°/s = K_M, where S° is the solubility in water, S
1s the solubility in Sther solvent, and M is the concentration of
salt moles per liter. Values of K_ were estimated from solubility
Mmeasurements at salt concentration0-0.5 M. "Salting-in" type
Salts have large negative values of K_ and "salting-out" type

Sal ts have large positive values of Ke .-



There is an enormous amount of data regarding the effect
of neutral salts on numerous solvent parameters such as water
activity, viscosity, heat capacity, entropy of solution, ionic
mobility, self-diffusion of water, internal pressure and spectral
properties (I.R., NMR and Raman) and the literature is likewise
replete with dataon the effects of neutral salts on macromolecular
structure (8, 10). Al1 of these data must eventually be included
in a coherent framework describing the effects of solvent and
salts on macromolecular structure. In this chapter, however, I will
concentrate on only two prominent factors that, when considered
together, can explain much of the data as well as provide a
molecular interpretation of the Hofmeister series.

These facts are that (1) neutral salt binding affinities to
the peptide bond dipole increase in the same order as the Hofmeister
series (15,16) and (2) the surface tension increment (i.e. that amount
by which the surface tension of pure water is changed due to the
addition of a mole of solute) increases in the same order as the
Hofmeister series (1). These two points will be dealt with separ-
ately and then considered together in order to draw a molecular
picture of the effects of salts on macromolecules.

Neutral Salt Binding Affinities to the
Peptide Bond Dipole

Von Hippel and his colleagues (15, 17) have been

able to determine relative binding constants of various
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neutral salts to polyacrylamide columns ('CHZ'? - ). Comparative

H

CHat
measurements on a polystyrene column (-CHZ-E- ) indicate that the

H
bindings occurs only to the amide moieties and not to the hydro-
phobic backbone or to the hydration shell surrounding the backbone
of the polyacrylamide. Ions that bind tighter than water to the
dipole, tend to destabilize macromolecular conformations, i.e.
aremore lyotropic. Likewise, those salts that tend to stabilize
macromolecular conformations bind less tightly than water to the
acrylamide column. In fact, the lyotropic series as it relates
to conformational stability of macromolecules is fully developed
in the acrylamide binding experiments so that the ions with
the greatest structure destabilizing characteristics bind
tightest and those that tend to stabilize macromolecular
structure, bind the weakest. From these studies then,
von Hippel infers that the destabilizing characteristics of
salts are the result of direct binding to the macromolecule
(6, 15, 16, 17). The stabilizing characteristics probably arise
because of some other effect that salts have on the solvent
pProperties of water favoring hydrophobic interactions. Insight
into the nature of this structure stabilizing effect comes from the

effect of salts on the surface tension of water which will be

[¥



dealt with in more detail later. For the present I want to emphasize
that the overall effect of a particular salt on macromolecular
structure depends on the relative magnitudes, for that salt, of

two opposing effects: the first is a structure destabilizing com-
ponent which arises from direct binding of the salt to polar
moieties in the macromolecule, and the second is a structure
stabilizing component which results from the tendency of the salt
to stabilize hydrophobic interactions‘by changing the solvent
properties of water. (At this point the phrase "solvent properties
of water" may still seem vague. This will, hopefully, become
somewhat clearer later.)

Von Hippel and his colleagues (11, 13) have also demon-
strated that the affinity of the various salts for an ion retarda-
tion column varies with the solvent used to elute the salt.
Elution by water was compared to the elution by various other
solvents that were considered to be peptide bond analogues, such
as formanide, acetamide, N-methyl acetamide, N-methyl formamide,
and N,N-dimethyl formamide. The relative affinities of the salts
for these solvents varied with the amount of methyl substitution
around the dipole, such that the more methyl groups around the
dipole, the lower the affinity of the salt for the dipole. The
decrease in affinity for the dipole that results from added
methyl groups is most marked for NaCl; then comes NaBr, Nal and
NaC104, in that order (consistent with the lyotropic series).

A11 salts bind approximately as well to formamide which represents



an "ideal" peptide bond dipole with no vicinal non-polar groups.
Thus it appears that the Hofmeister specificity of binding to the
peptide bond dipole is dependent on the nonpolar environment in the
immediate vicinity of the dipole.

There are at least two ways to explain these data (8,
17): either the methyl groups around the dipole cause an inductive
effect on the dipole which introduces the Hofmeister specificity, or
the methyl groups perturb the water structure in the vicinity of
the dipole and this leads to the Hofmeister specificity. The first
hypothesis doesn't seem 1ikely because methyl groups substituted
in different positions around the dipole give approximately the
same effect (i.e. salts bind about as tightly to N-methylacetamide as
to N,N dimethyl formamide). If an inductive effect were operating,
one would expect substitution at the carbonyl moiety to give
substantially different results than substitution at the amide
nitrogen. Furthermore, data on the effect of salts on the surface
tension of water suggest another hypothesis that accounts for the
observed Hofmeister binding specificity (see below).

The Effect of Neutral Salts on the
Surface Tension Increment

Recently Melander and Horvath (1) reported a relationship
between the extent to which a given salt influences the surface
tension of pure water and its position in the lyotropic (Hofmeister)
series. The expression which approximately describes the surface

tension of many inorganic salt solutions is
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y =y +om

where y° is the surface tension of pure water, m is the molality of
the salt, and, for a given salt, y is a constant called the molal

surface tension increment (1, 18). In Table II is a list of

inorganic salts and their surface tension increments. Notice that
all salts give positive values of o which means that they all
increase the surface tension of water.

In Table 1 are listed the salting-out constants for many
of the salts listed in Table 2. A comparison of these two
tables indicates that, in general, the larger the salting-out
constant, the larger the surface tension increment. The plot of
o VS, Ks (Figure 1) emphasizes this relationship. In their paper,
Melander and Horvath (1) similarly demonstrated that the con-
centration dependence of salt-induced protein flocculation for
different salts bears a similar relationship to the surface
tension increment of the salt used. That is, salts that induce
flocculation (precipitation) of proteins at lower concentrations
have higher surface tension increments.

Physical Description of the Surface
Tension Increment

According to Moore (19) andothers (20, 21), surface tension
is a reflection of the internal cohesiveness of the bulk solution.
If the solution properties are such that molecules in the bulk
Phase have a high affinity for one another, this will be reflected

in a high value for the surface tension. If the molecules in
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Table 2.--Molal Surface Tension Increments of Various Salts

(x 10° E%X%E%) salt (x 103 g, salt
0.45 KSCN 1.96 Kz-tartarate
0.55 NaC10, 2.0 Ba(N0,),
0.74 NH, I 2.0 LiF
0.79 Lil 2.02 Na,HPO,
0.84 KI 2.10 NiSO,

0.85 NH,NO, 2.10 MgS0,

0.86 KC104 2.10 MnS0,

1.02 Nal 2.15 Cus0,

1.06 NaNO, 2.16 (NH,),S0,
1.14 NH, Br 2.27 Zns0,

1.16 LiNO3 2.35 Naz-tartarate
1.26 LiBr 2.58 KS0,

1.31 KBr 2.66 Na3P04
1.32 NaBr 2.73 Na,S0,
1.39 CslI 2.78 Li,50,
1.39 NH,C1 2.78 FeC1,

1.4 KC10, 2.93 BaCl,

1.55 FeSO4 3.12 K3-citrate
1.63 LiCl 3.16 MgC1,

1.64 NaC1 3.66 caCl,

1.57 CsNO, 3.9 KyFe(cN)®
1.82 Cuso, 4.3 KqFE(CN)®

4Taken from reference 1.
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Figure 1

The Relationships Between the
Solubility Coefficent and
the Surface Tension
Increment

The values for Ks and o were obtained from Tables 1 and

2, respectively.
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solution have a low affinity for one another, the solution will
spread out easily and one will observe a low value for the surface

tension. Water molecules exhibit particularly strong intermolecular
interactions via hydrogen binding. It is this special property

that, in large part, leads to the high values for the surface ten-

sion of pure water relative to other liquids at comparable temper-

ature (19, 20). It is misleading to think that great cohesive

energy between the surface molecules is the only factor producing

sur face tension. The surface molecules do not hold bulk water in

a bal1l like a rubber balloon holds air, but rather water prefers

the bulk phase so that it seeks to minimize the surface area. This

is reflected in high surface tension. Putting it in thermodynamic

terms, the free energy of the water molecules in the bulk phase
is 1 ess than the free energy of the surface molecules. The solu-
tion gseeks to minimize the free energy by minimizing the surface

area . Another useful way to state the point is that it takes work
to mave a molecule of water from the bulk phase and place it on

the gyrface (19-22). The more work it takes to do this, the

grea ter will be the surface tension.
The increase in the surface tension that results from added

SaT1 t can be understood from the definition of surface tension.
S““"“Face tension is defined as the amount of work, dw, required to
incv‘ease the surface area by an amount dx (21). To do this one
MUS t remove water molecules from the bulk phase and put them on

the surface. Therefore, anything that makes it more difficult to
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extract molecules from the bulk phase will increase the surface

tension. By this interpretation, salts increase the surface tension

of water because they (somehow) increase the cohesiveness of bulk

water. It takes more work to extract a water molecule from a salt

water solution and put it on the surface, than from pure water;

therefore, one observes an increase in the surface tension. Data

on the enthalpy of hydration for the different anions should pre-
sumably bear on the validity of this interpretation, because

enthalpy is generally considered to be a reflection of bonding

energy (21, 23). Thus, ions that bind water molecules tightly

would be expected to give high values for the hydration enthalpy

and would also be expected to make those water molecules less

ava i Table to create a new interface. This decreased ability of

Water to escape from the bulk phase could lead to an increase in
The enthalpies of hydration have been deter-

the syrface tension.
For these five anions

mined for the halides and for perchlorate.

the enthalpy of hydration decreases in the expected order, i.e.,

-

Fo~ camsBr >1" > C10,” (24).

What is the Relationship Between Surface
Tension, o, and the Hydrophobic Effect?

Surface tension is a reflection of the tendency for a
]'i(llaid to form spherical drops (19, 20, 21) and thereby minimize
the air/water interfacial surface area which, therefore, minimizes
the free energy of the drop. A hydrocarbon in an aqueous solution

Creates a hydrocarbon/water interface, similar to the air/water
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interface (10, 25, 26). Consequently, hydrocarbon molecules in

aqueous solution tend to associate in an attempt to minimize the

area of the interface. It follows then that anything one does to

increase the interfacial tension will lead to an increased tendency

for hydrocarbon moieties to associate, so that the interfacial

area will be minimized.

As mentioned earlier, the relative tendencies of different

salts to salt-out proteins depends on the relative magnitudes of

a salting-in component (which depends on direct binding of the salt
to the macromolecule) and a salting-out component which involves the
sol vent properties of the solution and the ability of the solvent
to accommodate hydrophobic surfaces. It is consistent with the
Prewv ious interpretation that the surface tension increment is a
dire ct measure of the solvating properties of salt solutions, such
that | fora larger surface tension increment, the solution will
have a smaller tendency to solvate hydrophobic groups. In other
Word s, salts with large surface tension increments will tend to
Promote hydrophobic interactions.

The ability of the lyotropic salts to salt-in proteins is
€XPTained by their ability to bind with greater affinities to
h-Vdr-ophobicaHy shielded, charged sites as indicated by the data of
von Hippel. The reasons for these different binding affinities
Can aiso be interpreted in terms of the surface tension increment.
\'On Hippel determined that all salts bind with equal affinity to
AN jdeal peptide bond dipole containing no hydrophobic groups

Qvround it. In line with the present hypothesis, the hydrocarbon
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moieties around the dipole form an interface with a layer of water
at the interface. As will be discussed below, this water layer acts
like a barrier that interferes with the approaching salt molecules,
lowering their effective concentration in the vicinity of the dipole
and decreasing their apparent binding affinities. This "barrier" is
more difficult for non-lyotropic salts to penetrate, which leads to
a decreased binding affinity for the charge site when compared to
more lyotropic salts.

In thermodynamic terms the data of von Hippel can be des-

cribed in the following way. There is an intrinsic association
cons tant, Keq, defined as,

. _ldipole-salt]
Keq = TaipoTel [saTti .

Whic h is characteristic of the interaction between any salt and an
idea peptide bond dipole with no vicinal hydrophobic groups. In
the present situation, [Sa]t]int specifically refers to the concen-
tra-tion of salt at the interface with the aqueous phase immediately
adJ acent to the dipole; this is signified by the subscript "int."
In The absence of secondary effects resulting from the presence of
Vic inal hydrophobic groups, [Sa]t]int is equal to the concentration
in the bulk solution [sa]t]bulk' When hydrophobic groups are placed
in the vicinity of the dipole, the effective concentration of the

S&T t around the dipole is reduced by a factor, f, such that,

fsalt] bulk - [salt] int’
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The expression for the apparent association constant, Keqapp, then

becomes,

. [dipole-salt] -
app ~ Tdipole] [salti_—, ~ ' Ked

Keq

where f is close to 1 for the most 1yotropic salts, and approaches
zero for the less lyotropic salts.

Further evidence that salts are excluded from the hydrocar-
bon/water interface comes from the thermodynamic treatment of the
variation of surface tension with composition, as derived by J. W.
Gibbs (20, 22). His model describes the change in the surface ten-
sion, dy, at an interface of undefined thickness, between the bulk

Phases (such as air and water or hydrocarbon and water) as,

[+ <]

dy = -SdT - .Z

I I‘idu_i . (1)

The quantity S, the surface excess entropy (22), is the amount by

which the entropy per unit area of surface exceeds the entropy of

the pyik phase. The quantity 1“1., is the moles of component i at the

2 surface area

interface region (of depth x cm) in moles per cm
(F+ Qure 2). ri is the chemical potential of component i. For a
two component system at constant temperature and pressure and by

APP1ying a Gibbs-Duhem expression (20, 22), one gets,

NQW the surface excess of component 2, i.e. 1‘2(”, is the amount

(1 n mo]es/cm2 surface) by which 1“2 exceeds the quantity of component

2 that would be associated with I‘] of component 1 in the bulk phase.

Y
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Figure 2
The Relationship Between I' and §

s = solute molecules (the empty space contains
solvent)
x = the depth of the interface
r](z) = moles of S/cm2 surface at depth x that is less than
the moles of solute in a similar volume in the bulk
phase (r](z) is a negative number).
Likewise,
rz(]) = moles of excess solvent in the interfacial phase rela-
tive to the bulk phase

r1(2)/x = the interfacial concentration of solute

To get a difference in the solute concentration between a
surface phase (defined at depth, x) and a bulk phase, the solute
molecules may be organized in either of two ways. Either the
solute molecules are distributed uniformly throughout each phase
(I) or nonuniformly as in diagram II. 1In diagram II the value
of I is the result of a surface layer, of thickness, &, that is
solute free (the ion free layer). The concentration of solute in
the layer defined by the distance, y, is the same as in the bulk

phase.
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N1 and N2 are the mole fractions of the respective components in
the bulk phase.
The important point to glean from this relationship is

that a difference in the solute concentration at the surface of a

solution relative to the bulk phase can contribute to the inter-

facial tension. If component 2 is the solvent (water) and

component 1 a solute (salt) then a surface excess of component 2
(positive 1‘2(])) will give rise to an increase in the surface
tension. Likewise, a surface decrement in component 2 (1‘2(”
negative) gives rise to a decrease in the surface tension. Direct
mea surements of surface excess quantities and Ay have verified
the Gibbs equation (20).

In order to get some idea what the actual concentration

di fferences are between solutes in the bulk phase vs. solutes at
an interface it is necessary to come up with some means of defining
the depth of the interface. One way that this can be done is by
Assuming that the surface excess of solvent (1‘2(])) at the inter-
Face is due to a surface layer of solvent that is completely
Solute free and that the molecules of solute present in the inter-
Facial layer are surrounded by the same number of solvent molecules
Qs in the bulk phase. The amount of excess solvent (rz(])) in
the interfacial phase will then be given by the depth of the solute
Free layer. For an aqueous solution of salt this distance, g, is

Called the ion free layer, given by,
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moles) 18 cm3

8 cm=Ty(qy ( - mole

where 18 cma/mole is the molar volume of water (see Figure 2). It
has been demonstrated that a relationship similar to that used to

define o can be written for § such that,
Y =y, + ém vQK (4)

where m is the molality of added salt, v is the moles of ions per
mole of solute and Q, the osmotic coefficient of the solution (22).
Plots of Ay vs. mvK yield straight lines with slope, KS where K is
a constant that includes the temperature in °K, the gas constant and
the molar volume of water. The order of increasing § for different
anions is SCN” < C103” < C17 < 50,™ < FeCN,~ again consistent with
the Hofmeister series (22).

Since the enthalpies of hydration of the anions show an
Obvious relationship to &, (22) the inference is that the larger
Values of & are the reflection of a larger hydration sphere around
the anions. This larger hydration sphere leads to larger values of
S because the anion is limited in its approach to the surface by
the depth of its hydration sphere. There are other methods for
Calculating the depth of the hydration sphere around ions. The
Qpproaches have been reviewed by Marcus and Kertes (27). These
vailues for different anions have been tabulated in Table III. And

Qgain we see that the depth of the hydration layer follows the
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Table 3.--The Hydration Radii of Several Ions

. . A ob A .
A A hyd A hyd A
ro i sphere i sphere 8
F 1.23 3.52 2.29 3.06 1.83
504= 2.18 3.79 1.61 3.64 1.46 5.10
el 2.02 3.32 1.30 2.55 0.53 3.46
Br~ 2.21 3.30 1.09 2.42 0.21
N03' 2.34 3.35 1.01 2.23 -0.1
I” 2.48 3.31 0.83 2.04 -0.44
C104' 2.64 3.38 0.74 2.43 -0.21 1.67
SCN™ 2.57 - - 2.21 -0.36 0.80

re = electronic radius
i = hydrated radius

hyd sphere - i ~Te

The two different values of hi were obtained from two
different experimental approaches (27). The values of & (the ion

free layer) are from refernence 22.

3calculated from the partial molal ionic volume of the
salt solution (27).

bCa]cu]ated using ionic mobilities and Stoke's law (27).
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lyotropic series, which is related to the surface tension increment

and &, the ion free layer.

Summar.

The following picture then emerges for the molecular basis
of the binding data of von Hippel et al.: (1) A1l salts bind
equally well to an ideal peptide bond dipole with no hydrophobic
groups in the immediate vicinity of the dipole. As hydrophobic
groups are placed around the dipole, a water/hydrocarbon interface
is created similar to the air/water interface. The less lyotropic
salts bind less tightly to the dipole because they are excluded
from the interfacial water around the hydrophobically shielded
dipole. The extent of exclusion from this interface is determined
by the depth of the hydration layer of the ion.

(2) If the salts have a high binding affinity for the
pProtein, they will tend to salt it into solution. If they do not
have a high binding affinity, they will increase the interfacial
tension until additional hydrophobic associations are favored
and the protein will be salted-out. Or, in other words, the
increased interfacial tension produced by added salt, results in a
greater tendency for the solution to minimize the amount of
hydrocarbon/water interface and several proteins will contact each
O ther at their hydrophobic surfaces leading to large molecular
weight aggregates and salting-out.

The salting-in phenomena can be described by the following

equilibrium.
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protein + salt «— protein-salt
(insoluble) (soluble)
Binding of salt to regions of the macromolecule that are not readily
hydrated by water, makes that molecule more soluble by making it
more readily hydrated and hence more soluble. Take, for example,
an a-helical segment of a protein with its peptide bond involved in

intrahelical hydrogen bonds:

A
[)
™
st Th
0.-
—C- s
I c*
0 . A™
[} + C+A_ ’,/
| =
Hs* __A -
| 18
Ng* ¢t
A B

The segment of the protein molecule labeled A is expected to be
Tess water soluble than segment B. This is because, due to
intrahelical hydrogen bonding, the amide group is not accessible
for hydrogen bonding with water. Binding of salt to the amide
group (segment B) breaks the helix and allows interaction of the
amide moiety with water through hydrogen bonding, as well as
@llowing ionic interactions with other ions in the bulk solution.
Disruption of a-helical structure by neutral salts has been demon-

Strated (8). This is somewhat analogous to the situation with
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some small molecules like short chain fatty acids that are rela-
tively water insoluble at low pH's (when they are uncharged) but

are more water soluble at high pH's as the salt.
Theoretical Treatment of the Salt Effects

Data on the Hexokinase/Membrane
Interaction

Melander and Horvath (1) have derived, from thermodynamic
principles, an equation which can numerically quantitate the rela-
tive importance of electrostatic and hydrophobic forces in the
interaction of small molecules or macromolecules with hydrophobic

affinity columns. The equation is of the form
In K7k = - g <am+ om (1)

where ko’ the capacity factor in the absence of salt, is the reten-
tion volume of the solute minus the holdup volume of an unretained
solute, k is the capacity factor in the presence of added salt,

m is the molality of added salt, o the surface tension increment
for a given salt, g an electrostatic "salting-in" component pro-
portional to the dipole moments of the interacting groups and Q
is proportional to the square angstrom contact area between the
hydrophobic groups of a macromolecule and the hydrophobic affinity
Column. As indicated by this equation, at Tow salt concentrations
(m = o) the capacity factor (k) is largely determined by the

Constant, B8; at higher salt concentrations the other terms become

Predominant.
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To convert the above equation into a form applicable to the
hexokinase/membrane interaction, we note that the capacity factor,

is defined (28) by the equation,

In k = 1In Kassoc - € (2)
where Kassoc is the association constant for the equilibrium
expression,
S+LSSL. (3)

S is the concentration of free solute applied to the affinity
column, L is the concentration of free hydrophobic binding sites
on the affinity column, and SL the concentration of bound solute.
€ is a constant characteristic of each individual column. The

hexokinase/membrane interaction can be similarly written
E+Ms EM (4)

where E, is the soluble hexokinase, M, the membrane binding site
and EM, the amount of bound enzyme. For this expression an asso-

Ciatijon constant can be written,

K = - LEM (5)
eq T[EJ M
and equation (1) becomes
K
eq
In /Keq°= -B - Am + Qom (6)
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where Keqo is the equilibrium constant in the absence of added

salt. According to this equation plots of In eq/Keqo vs. m give
straight 1ines with slope equal to (Q0-A) and y intercept equal to
-B as in figure 3A. This figure (as well as equation 6) illustrates
that the salt dependence for solubilizationis the net result of

two components, one of which, A, tends to solubilize the enzyme

and the other, Qo, which tends to hold the enzyme on the membrane.
Since the slope, A is greater than Qo, the overall effect is to
solubilize the enzyme. B is a constanf that describes the effect
of Tow salt on the equilibrium constant. In this example (figure 3A)
the positive value of B indicates that low salt increases the
association constant of the enzyme for the membrane. The slope A
is a constant characteristic of the interaction and is related

to the dipole moments of the interacting species. Likewise,

is a constant, but the slope Qo depends on the value of o which is
an empirically determined characteristic of the salt used (Table

2) . Q can be related by a complex equation (given in reference

1) to the square angstrom contact area between interacting hydro-
Phobic groups.

The experimental data for the solubilization of hexokinase
by salts as in reference 3 (appendix) was usually presented by
Plotting the fraction of enzyme solubilized versus the molality of
the salt added. If, E, is the fraction solubilized, such that
i (“Eo)/Eoz

Where E° is the fraction soluble at zero salt. By solving equation

- (0 -p,2 o
E + EM=1.0, then Keq JEC. Likewise, Keqo
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Figure 3

Plots using Equation 6 with Assumed
Values for A1l Constants
The constants used to generate these curves were @ = 15.7,
A =45.3, and B = -0.5. The salt used was NaCl which has a value
of o = 1.64. Eo was equal to 0.05. The values were chosen to fit

the experimental data (see Figure 4 and text).
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6 for E at different salt concentrations, plots such as figure 3B
are obtained. (The values of B, A, @ and Keqo were the same as
for figure 3A.) On the x asis is the molality of salt added to
the membrane bound enzyme and on the y axis is the fraction
solubilized. The addition of salt gradually solubilizes the
enzyme until virtually all is solubilized. Also notice that the
curve is sigmoidal indicating that low concentrations of salt have
little solubilizing effect.

Figure 4 shows several curves constructed in a fashion
similar to Figure 3B with the same values for A, @ and B. Notice
that the curves shift depending on the salt used. This is because
each salt has a characteristic o which changes the slope, Qo, while
A, Q, and B stay constant (figure 3A).

The constants (2, A, and B) used to generate the curves on
figures 3 and 4 were chosen to fit experimental data (3). The
points plotted on Figure 4 are the experimental data points ob-
tained for the hexokinase-membrane interaction. Notice that
these data points fit the theoretical curves fairly well. This
means that the constants A, B, and Q are characteristic values for
the hexokinase/membrane interaction.

To calculate the nonpolar contact area between enzyme and

membrane we can substitute the value for Q (from Figure 4) into

the equation

¢ = 4119 - 12
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Figure 4

Plots Using Equation 6 with Assumed Values
for A11 Constants; the Effect of Differ-
ent Salts
A11 constants were the same as in Figure 3. The values
for o, for KSCN, KI, NaNO3 and NaCl, were 0.45, 0.84, 1.06 and
1.64 respectively (Table 2). The data for KSCN (m), KI (v),

NaNO, (w) and NaCl (e®) were obtained from reference 3. The

lines are theoretically calculated with equation 6.
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where ¢ is the nonpolar contact area in square angstroms (1).

2 from Figure 4 is 15.7, so that ¢ is equal to 6,440 A2. Assuming
a value of 0.74 gm/cm3 and a molecular weight of 100,000 for the
hexokinase molecule it can be calculated that the total surface
area of hexokinase (if the molecule is spherical) is about
12,000 A2. This means that about half of the total surface area
is in contact with hydrophobic groups on the membrane. In other
words, half of the molecule is embedded in the hydrophobic
portion of the membrane. While this calculation may be extending
the implications of the theory to the extreme, it is nevertheless
interesting that it gives a somewhat reasonable value for the
nonpolar contact area.

The value of this development is that numbers can be
calculated which affix relative importance to hydrophobic vs.
electrostatic effects in any given interaction where experimental
data can be obtained on the effect of salts. The equations used
to generate these numbers evolve out of a theoretical framework
using principles of thermodynamics, so that the numbers have
physical chemical meaning. It will be very interesting to see

this approach applied to other systems so that the magnitudes

of 2 and A can be compared.

e



CHAPTER 11

SOLUBILIZATION, RECONSTITUTION AND CHARAC-
TERISTICS OF THE OUTER MITOCHONDRIAL
MEMBRANE BINDING SITE FOR
HEXOKINASE

Introduction

The mitochondrial hexokinase from brain can be solubilized
by lTow concentrations of glucose-6-P (30, 31). In the presence of
MgClz, the enzyme rebinds to the outer mitochondrial membrane.
Investigations dealing with the effect of neutral salts on the
association between hexokinase and the mitochondrion, have provided
the basis for a hypothesis describing the interactions between the
outer mitochondrial membrane and hexokinase (3, appendix).

These interactions appear to be primarily electrostatic in nature,
in accord with Teichgraber and Biesold (32) and include both repul-
sive and attractive components.

As indicated in the first chapter of this thesis, there
also appears to be a substantial hydrophobic component to the inter-
action. The extent of this hydrophobic component can be roughly
approximated in terms of the square angstrom surface area of inter-
acting hydrophobic groups. In order to reconcile the presence of
a8 hydrophobic effect with the proposal that the interaction is
Primarily electrostatic we have suggested that the electrostatic

interactions occur in a hydrophobic milieu. When compared to "ideal"
35
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ionic bonds (i.e. ionic bonds not surrounded by hydrophobic groups),
they are more difficult to dissociate because they are protected
from attack by water and by salts. Lyotropic salts are more
effective at disrupting the interaction because they can penetrate
into a hydrophobic milieu more readily than non-lyotropic salts.
The basis for these conclusions can be found in reference 3
included in the appendix.

So it develops that from the effects of neutral salts on
the hexokinase membrane interaction, we were able to draw a more
lucid picture of the hexokinase/membrane interaction. But after
all this work was done, several key questions about the nature of
the binding site still remained unanswered. What is the role of
protein in the binding site? 1Is there a specific binding protein?
What is the role of 1ipid? Is there a specific lipid or phospho-
lipid ratio that is required to give the proper binding specificity
and solubilization characteristics?

In this Chapter I outline several approaches directed at

these questions. The experiments fall into three general categories.

I will now briefly summarize and give the conclusions of each
approach. Unlike the studies outlined in the first chapter and

in reference 3 (appendix) which utilized the rat brain enzyme and
hexokinase binding sites from the rat brain particulate fraction,
the studies presented in this chapter utilized rat liver outer
mitochondrial membranes (OMM) which could be obtained in a very

Pure form and in high yields. The OMM were found to contain

TS
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binding sites for hexokinase that had very similar properties to
those of brain mitochondria (33).

1. Specificity of the outer mitochondrial membrane binding

site--Outer mitochondrial membranes (OMM) from rat liver were
purified and the specific activity of the binding site (in units

of hexokinase bound/mg membrane protein) determined. When compared
to various other membranes, the OMM had a specific activity of
binding at least 40 fold greater, thus indicating that some specific
factor(s) resides in the OMM that is required for binding. Some
liposomes and 1iposome/protein mixtures could be shown to bind
hexokinase but none of these showed the glucose-6-P dependent
solubilization effect that is characteristic of the OMM. This
result once again pointed to some specific characteristic(s) of the
OMM that is (are) required to give the appropriate binding pro-
perties.

2. The role of lipid in the binding site--1 discovered

that treatment of the OMM with the non-ionic detergent, Emulgen

913, under the appropriate conditions would extract the phospho-
lipid and most of the cholesterol from the OMM, without solubilizing
the proteins. This treatment resulted in the loss of the glucose-
6-P dependent solubilization effect (3, 31 ). When chloroform/
methanol extracted 1ipids from the OMM were added back to the
membrane proteins, the glucose-6-P dependent solubilization effect
was restored. (See the Methods section for an explanation of what

is meant experimentally by the "glucose-6-P dependent solubilization
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effect.") Since lipids extracted from microsomes (which do not
contain a binding site for hexokinase) also reconstituted the
glucose-6-P dependent solubilization effect, it was concluded that
the reasdn for the glucose-6-P sensitive, specific binding of
hexokinase did not reside in the outer mitochondrial 1ipids alone.

3. The role of protein in the binding site--Several

experiments aimed at chemically or enzymatically inactivating a
proteinacious binding site in intact OMM gave negative results and
it was consequently not possible by this approach to either confirm
or rule out the hypothesis that protein was involved.

Another more direct approach toward determining the nature
of the binding site involved solubilization, fractionation and
reconstitution of a putative binding protein. The success of this
approach was obviously contingent on the existence of a binding
protein, for which there was no direct experimental evidence.
After many fruitless attempts using different detergents and
different methods of reconstitution, it finally became possible to
prepare reconstituted membranous vesicles, greatly enriched in a
single protein, that gave glucose-6-P-sensitve binding of hexo-

kinase.

Materials and Methods

Chemicals

Biochemicals and HEPES buffer were obtained from Sigma

Chemical Company. A1l other chemicals were reagent grade, obtained

from commercial sources.
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Adult male and female rats (ranging from 150-500 gm) of the
Sprague-Dawley type were obtained from Spartan Research (Haslett,
Michigan) and maintained on a common laboratory diet and water

ad 1ibitum.

Hexokinase Assay

Hexokinase was assayed spectrophotometrically by the

glucose-6-P dehydrogenase method as previously described (34).

Preparation of Mitochondria

Rat liver mitochondria were prepared by homogenizing the
liver from a starved rat (15-17 hr, with water ad libitum) in 10
volumes (10 ml/gm tissue) cold 0.25 M sucrose with a Teflon-glass
homogenizer (4-6 strokes). The homogenate was centrifuged at 600
x g for 10 min and the pellet discarded. The supernatant was
centrifuged at 6,500 x g for 15 min and the supernatant discarded.
The 6,500 x g pellet was resuspended in 10 volumes sucrose and
centrifuged at 6,500 x g for 15 min. The final pellet was resus-
pended in 2 volumes (based on original liver weight) of 0.25 M
sucrose and 1 ml aliquots were stored at -20°C.

Crude rat brain mitochondria were prepared as described in

reference 3.

Glucose-6-Phosphate Solubilized
Enzxme

Rat brains, frozen in Tiquid N,, were thawed and homogenized

in 0.25 M sucrose (10 ml/gm). The homogenate was centrifuged at
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1000 x g for 10 min, and the pellet discarded. The 1000 x g
supernatant was centrifuged at 40,000 x g for 10 min and the
resulting pellet washed once by rehomogenization in 10 volumes

0.25 M sucrose and centrifugation. The washed pellet was resus-
pended in 10 volumes 0.25 M sucrose containing 1.2 mM glucose-6-P
and incubated for 30 min at 25°C. The solubilized enzyme was
obtained in the supernatant after centrifugation at 40,000 x g for
30 min and stored frozen at -20°C in 10 ml aliquots. Just prior to
use the thawed aliquots were centrifuged at 160,000 x g for 30

min to remove particulate material.

Preparation of Purified Quter
Mitochondrial Membranes

Rat liver mitochondria were prepared from 5 or 6 rats
(85-120 gms of liver) by differential centrifugation from a 10%
(w/v) homogenate (3 strokes w/homogenizer) in 0.25 M sucrose.
After sedimentation of the nuclear fraction at 600 x g (2,250 rpm,
9RA rotor) for 15 minutes, mitochondria were sedimented from the
supernatant by centrifugation at 6500 x g (7,500 rpm, 9RA rotor)
for 20 minutes. The pellet was washed twice, with one half and
one fourth of the initial volume of sucrose. The fluffy layer on
top of the pellet was carefully removed after the last wash by
aspirating with a Pasteur pipet. This procedure was slightly
different from the one used when only crude 1iver mitochondria were
required (see above).

The final pellets were suspended in 90 ml of ice-cold 10

mM Tris-phosphate (10 mM Tris + phosphoric acid to pH 7.5) buffer,
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pH 7.5, by means of a Teflon pestle fitted into the centrifuge

tube. After standing at 0° for 5 minutes (during which time the
mitochondria underwent swelling) 30 ml of a solution containing

1.8 M sucrose, 2 mM ATP, and 2 mﬂ_MgSO4 was added to the suspension.
A visible increase in turbidity immediately appeared due to
contraction of the mitochondria. After another 5 minutes at

0°, the suspension was subjected, in aliquots of 20 ml, to sonic
oscillation at 3 amperes with a Branson Sonifier for 20 seconds

at 0°.

The sonicated mitochondria were divided equally among
freshly prepared sucrose density step gradients. Each gradient
contained 5 ml of 1.32 M, 5 ml of 1.00 4 and 5 ml of 0.76 M
sucrose, and 20 mls of the sonicated mitochondria. The gradients
were centrifuged at 25,000 rpm in the Beckman SW 27.1 rotor for
4.5 hrs. The purest outer membrane fraction sediments to the
interface between 0.76 M and 1.0 M sucrose. This fraction was
diluted with approximately 4 volumes of water and pelleted at
100,000 x g for 90 min. The pelleted OMM were taken up in 0.25
M sucrose to a concentration of 2-4 mg protein/ml and frozen in
0.5 ml aliquots at -20°.

1% Sodium Dodecyl Sulfate-Polyacrylamide
Disc Gel Electrophoresis

The method of Fairbanks et al. (55) was somewhat modified.
Samples (1-15 mg/ml) were prepared in 1% sodium dodecyl sulfate,

5-10% sucrose, 10 mM Tris-HC1 (pH 8.0), 1 mM EDTA and 2%
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g-mercaptoethanol. They were then heated at 100° for 15 min, 0.2%
pyronin B tracking dye was added, and the samples were layered on
5.6% polyacrylamide gels (5 mm x 100 mm) prepared in tubes which
had been coated with dimethyl dichlorosilane. Electrophoresis was
performed at constant current of 4 ma/gel with a running time of
about 4 hours. Gels were fixed and washed overnight by gently
agitating each gel in a 30 ml capacity test tube with two changes
of 10% TCA/33% isopropanol. The dehydrated gels were placed into
10% TCA until they regained their original size and then were
stained with xylene brilliant cyanin-G (K + K Laboratories, Inc.
Plainview, N.Y.) according to published procedures (35, 36). The
rather extensive washing of the gels removes SDS that interferes

with the staining.

Mitochondrial Binding Assay

For the assay, aliquots of glucose-6-P solubilized hexo-
kinase (prepared as above) and either 1liver mitochondria, brain
mitochondria, purified outer mitochondrial membranes (OMM) or
reconstituted OMM were mixed in polycarbonate centrifuge tubes
and 3 mﬂ_MgC]2 was added. The aliquots were incubated at 25°C
for 10-15 min and spun at 40,000 x g for 10 min at 4°C or at
160,000 x g for 30 min if purified OMM or reconstituted OMM were
used. Hexokinase activity in the supernatant was measured
directly. Pellets were assayed after suspending them in a known
volume of 0.5% Triton X-100 - 0.25 M sucrose by vortexing in the

presence of glass beads (Sargent, No. S-61740, size A-7) until
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homogeneous. With each new membrane preparation the concentration
of binding sites was determined by titrating a fixed volume of the
membrane suspension with increasing amounts of hexokinase. In this
way, it was always possible to determine when the binding sites
were in excess for a given amount of hexokinase.

Determination of Glucose-6-P Dependent

Solubilization of Hexokinase from

Purified Quter Mitochondrial
Membranes

Binding of hexokinase to purified outer membranes was done
by incubating an aliquot of OMM (50 ul, 2.0-4.0 mg/ml) with enough
glucose-6-P solubilized hexokinase to saturate all available
binding sites (5 ml, 0.7 u/ml) and 3 mﬂ_MgClz for 10 min at 25°C.
This suspension was centrifuged at 100,000 x g x 30 min. The
pellet, containing bound hexokinase,was homogenized in a convenient
volume (0.6 m1) of phosphate buffer (2 mM Na-phosphate; 2 mM
thioglycerol; 0.1 mM EDTA; 2 mM glucose; 0.25 M sucrose; pH 6.6).
150 ul aliquots of the resuspended pellet were added to each of
three tubes and 1.0 mM of glucose-6-P or galactose-6-P was added
to two of the tubes. After incubation at 25°C for 15 min the
tubes were spun for 5 min at top speed in a Beckman Airfuge and
the supernatants were assayed. The datawere usually presented as
the percent of the total hexokinase activity that was in the
supernatant after incubation and centrifugation. The amount of
enzyme solubilized in the presence of glucose-6-P divided by the

amount solubilized in the presence of galactose-6-P (the G6P/Gal6P
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ratio) was also used as &n indicator of the magnitude of the

glucose-6-P dependent solubilization effect (see below).

Explanation of the Glucose-6-P/
Galactose-6-P Ratio and Rationale
For Using This Ratio as a

Means of Assessing the

Intactness of the

Hexokinase Binding

Site

In many of the studies presented in this chapter the
amount of enzyme solubilized with glucose-6-P divided by the
amount solubilized with galactose-6-P was used to reflect the degree
of intactness of the hexokinase binding site (see Tables 5-8, 9,
10, and 12-16, and Figures 13 and 13). When this ratio exceeded
1.3, it was routinely concluded that some intact binding receptor
was present in the preparation. Values of 1.1 or less were judged
to contain negligible amounts of intact binding sites. Mere binding
(adsorption) of hexokinase to a given membrane (or protein)prepara-
tion alone, was not considered to adequately reflect the intactness
of a native binding site (see Table 11). In thisthesis the G6P/
Gal6P ratios greater than 1.3 are often referred to as indicating
"glucose-6-P dependent solubilization," "a glucose-6-P dependent
solubilization effect," "glucose-€-P sensitive binding" or a
glucose-6-P effect."

In experiments where various agents were used to perturb
the native binding site, decreases in the G6P/Gal6P ratios were
sometimes observed. There are two possible factors that can give

rise to such decreases in the G6P/Gal6P ratio, i.e. either the
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amount of enzyme solubilized in the presence of glucose-6-P
decreases or the amount solubilized in the presence of galactose-
6-P increases. When decreases in the G6P/Gal6P ratio were observed,
this was sometimes referred to as a "decrease in the glucose-6-P
effect." This terminology may be somewhat misleading since the
reason for the decreased G6P/Gal6P ratio was often due to an
increase in the amount of enzyme solubilized in the presence of
galactose-6-P without any marked effect on the amount solubilized
in the presence of glucose-6-P. In these cases then it might have
been more appropriate to describe the effect as a galactose-6-P
effect. I did not, however, change the terminology in the body of
the thesis, because no ambiguity arises as long as it is understood
that when I refer to the "glucose-6-P dependent binding," I am
referring to the G6P/Gal6P ratio.

For reasons which remain as yet unclear, the percent of
solubilized enzyme in the presence of glucose-6-P was found to
vary from one experiment to the next as did the amount of enzyme
released in the presence of galactose-6-P, sometimes without any
deliberate change in the conditions of the experiment or without
any appreciable change in the G6P/Gal6P ratio. Due to this
variability in the percent solubilized by glucose-6-P and galactose-
6-P it was considered difficult to make firm conclusions about the
precise effect that a given perturbant had on the binding site with
respect to glucose-6-P or galactose-6-P solubilization. Despite

this variability, the G6P/Gal6P ratio was considered, for the

1
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purposes of this thesis to be a sufficiently sensitive and quantita-
tive as well as convenient indicator of the intactness of the native

hexokinase binding site.
Results

Specificity of Hexokinase Binding to
the Quter Mitochondrial Membrane

The data in Table 4 indicate that the specific activity
for hexokinase binding by the purified outer mitochondrial membrane
(OMM), is at least 40 fold higher than in erythrocytes, microsomes
or inner mitochondrial membranes. SDS gel electrophoresis of
purified outer mitochondrial membranes, with and without hexokinase,
indicates that the binding is specific for hexokinase (Figure 5)
since appreciable amounts of other proteins in the crude hexokinase
preparation are not adsorbed.
Glucose-6-P Dependent Solubilization

of Hexokinase from Purified Quter
Mitochondrial Membranes

The data in Table 5 indicates that glucose-6-P solubilized
enzyme, rebound to the outer mitochondrial membrane, can be
specifically eluted with glucose-6-P and not with galactose-6-P.
This specific elution is similar to that observed in the crude
particulate fraction from a brain homogenate, as reported previous-
1y ( 3), except that the conditions for solubilization are somewhat
different. With OMM the pH must be maintained at a relatively low

value (pH 6.6) in order to get an observable effect and for reasons
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Table 4.--Specificity of Hexokinase Binding to Quter Mitochondrial

Membranes

Units Hexokinase Bound
Membrane mg Membrane Protein
Quter Mitochondrial 4.1
Inner Mitochondrial 0.061
Microsomes 0.063
EDTA-Washed Microsomes 0.104
Erythrocytes (right side out) 0.021
Erythrocytes (inside out) 0.027

Microsomes were prepared from rat liver by centrifuging
a rat liver homogenate (10 volumes, 0.25 M sucrose) at 40,000 x g
for 10 min. This supernatant was centrifuged at 100,000 x g for
60 min. and the pellet was resuspended in 0.25 M sucrose to a
concentration of 30 mg/ml protein. Part of the microsomal fraction
was washed with 20 mM EDTA, pH 7.4, to remove loosely bound protein
and ribosomes (37). Inner mitochondrial membranes were obtained
as a pellet in the sucrose density gradient during the preparation
of outer membranes (see Methods). Right side out and inside out
human erythrocyte membranes were prepared according to Steck and
Kant (38). The specific activity of hexokinase binding sites in
each membrane preparation was expressed as the total number of units
of hexokinase bound (in the presence of MgCl, and excess hexokinase)
per mg of membrane protein (see Methods for more details of hexo-

kinase binding determination).
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Figure 5

SDS Gels of Purified Outer Mitochondrial
Membranes With and Without Added
Hexokinase

A. 30 ul of an outer membrane preparation containing
3 mg/ml of protein was prepared for SDS electrophoresis according
to methods.

B. As in A except that prior to preparation for electro-
phoresis hexokinase was bound to the outer membrane, by the
procedure described in Methods. The two bands at the top of the
gel on scan B come from the crude glucose-6-P solubilized hexo-

kinase preparation.
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Table 5.--Glucose-6P Dependent Solubilization of Hexokinase from
Purified Outer Mitochondrial Membranes.

Units % G6P/
Solubilized Solubilized Gal6P
No Additions .031 20
Galactose-6-P .031 20 4.7
Glucose-6-P .142 94

This experiment was done as described in the Methods section.
The total units of hexokinase bound per 0.15 ml of the resuspended

OMM was 0.152 units.
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which remain unclear the spontaneous release from OMM is more
sensitive to pH changes than that seen with intact mitochondria.
At pH 8.0 all of the enzyme is released spontaneously from OMM
(see below), whereas, crude particulate hexokinase remains 60-70%
bound at pH 8.0 ( 3, and appendix). Part of the explanation for
this difference is apparently due to the removal of exogenous
protein in the purified membrane preparation (see below).

The Effect of Exogenous Protein and

Polyethylene Glycol on the Hexo-
kinase Membrane Interaction

One readily apparent difference between the crude parti-
culate enzyme and enzyme bound to purified outer membranes is
that the amount of exogenous protein in the purified OMM is
much lower. I, therefore, decided to determine the influence of
added protein on the binding affinity.

From Figure 6 it is apparent that the addition of exogenous

protein (bovine serum albumin, BSA) results in a marked decrease
in  the amount of spontaneous release from purified outer mito-
chondrial membranes at pH 8.0. Glucose-6-P, however, still causes
€Xtensive solubilization.

A possible explanation for the enhanced binding affinity
Observyed upon addition of BSA is that, because of the requirement
for pBsa to be hydrated when it is in solution, it causes a reduction
N the free water concentration and leaving less water available to
Bind to the sites between the enzyme and membrane. When the

hexokinase molecule is not in contact with its binding site, there



52

Figure 6

The Effect of BSA on the Hexokinase/OMM
Association

Aliquots of OMM containing bound hexokinase were prepared
as in Methods. To each of the several pellets was added phosphate
buffer (see Methods), adjusted to pH 8.0, containing the indicated
concentrations of bovine serum albumin (BSA). The BSA had been
dialysed extensively [3 days, three changes against 15 volumes
of water] and lyophilized prior to preparation of the 10% stock
solution. The BSA stock solution was adjusted to pH 8.0 with
NaOH.) To each resuspended pellet was added 1 mMglucose-6-Fe),
1 mM galactose-6-P (0) or 3 mM NaCl (=) and the samples were
incubated at 25°C for 15 min. After centribugation at 160,000 x
g for 30 min the supernatants were assayed to determine the

percent of the total activity that was solubilized.
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must be some water molecules occupying the points between the enzyme
and the membranes that are in contact when the enzyme is bound.
Hence, it takes more water to hydrate the solubilized hexokinase
in the presenceof the binding site, then it does to hydrate the
enzyme when it is bound to its binding site. A reduction in the
water availability might, therefore shift the equilibrium, between
the enzyme and its binding site, more toward the bound form. To
test this hypothesis I added increasing concentrations of poly-
ethylene glycol (which 1ike BSA must be extensively hydrated in
solution) (Figure 7) to OMM bound hexokinase to determine its
influence on the binding affinity. The effect of added polyethylene
glycol-6000 (PEG) was similar to BSA, i.e. there was a marked reduc-
tion in the amount of spontaneous release with a relatively smaller
reduction in the amount of glucose-6-P releasable enzyme. At
15% PEG the apparent affinity of hexokinase for the binding site
was so high that glucose-6-P did not cuase any specific elution.
An equally plausible explanation for the effect of BSA on
the OMM/hexokinase interaction, is that the BSA is binding to the
oMM, thereby inducing some type of change in the enzyme binding
site to give the effects observed in Figure 6. This explanation
IS especially tenable in 1light of the recent report that BSA binds
SPecifically to the outer side of the outer mitochondrial membrane
(39) . BsA binding to negatively charged regions of the OMM
May decrease the repulsive forces (3) between the negatively
charged enzyme and negatively charged membrane, and thereby,

Sive rise to a higher binding affinity. Experiments

v
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Figure 7

The Effect of Polyethylene Glycol on the
Hexokinase/OMM Association
The binding of hexokinase was done as in Figure 6 but
the pellets were resuspended in phosphate buffer containing the
indicated amounts of polyethylene glycol 6000. After addition of
glucose-6-P (@) galactose-6-P(® ), or no additions (o) the
samples were incubated at 25°C for 15 min and centrifuged as in

Figure 6, and the supernatants assayed.
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aimed at resolving this question have not yet been done. The
effect of polyethylene glycol could conceivably be analogous to

this BSA binding effect.

Hexokinase Binding to Liposomes

In Table 6 are the results of several experiments designed
to determine the binding properties of various liposome preparations.
Liposomes with a net negative or neutral charge did not bind any
enzyme even in the presence of MgC]Z. Positively charged 1iposomes
bound enzyme tightly but this enzyme could not be released with
glucose-6-P. Presumably the positively charged 1iposomes bound
the negatively charged enzyme molecule via attractive electrostatic
interactions. There was no MgCl2 requirement for this effect.
Negatively charged liposomes that had the positively charged
protein lysozyme added to them, bound hexokinase. MgCl2 was required
to facilitate this interaction, (Figure 8) as is observed with mito-
chondria or purified OMM (3, 31, 33). The liposome bound enzyme
could not, however, be specifically eluted with glucose-6-P. In
fact, glucose-6-P caused decreased solubilization when compared
with galactose-6-P. Presumably this indicates that glucose-6-P
causes a conformation change in the enzyme that leads to a higher
affinity of the enzyme for this type of 1liposome.

Liposomes prepared from a chloroform/methanol extract of
outer mitochondrial membranes gave results similar to those obtained
with negatively charged 1iposomes, that is, no enzyme bound to

them. These liposomes when sonicated extensively to produce
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Table 6.--Hexokinase Binding to Liposomes

pH

During

Solubili- Units % Solubilized G6P
zation Bound Control Gal6P G6P GaléP

Neutral liposome 6.6 ns
8.0 ns
NeGative 1iposome 6.6 ns
8.0 ns
Positive liposome 6.6 0.257 ns ns ns
8.0 0.241 ns ns ns
Lysozyme/Neg. 1ipo- 6.6 0.190 45 52 37 0.71
some 8.0 0.148 91 91 82 0.90

ns = not significant

Liposomes with a net negative or a net positive charge were
prepared according to Sessa and Weissman (40) in 10 mM Na-phosphate
pH 7.5 at a concentration of 5 mg/ml of lecithin with the appro-
priate amounts of cholesterol, and dicetylphosphate or stearyl
amine. Liposomes coated with 1ysozyme were prepared by mixing 5 ml
of the negatively charged 1iposomes with 1 mg lysozyme. Hexokinase
binding and solubilizationwas done similarly to the outer membranes
(see Methods) using 0.25 mls of each liposome preparation. The
composition of the solubilization buffer was the same as in
Methods, except that half of the solubilization was done with the
buffer adjusted to pH 8.0.
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Figure 8

Magnesium Requirement for Binding to
Lysozyme Coated Liposomes
The indicated volume of lysozyme coated 1iposomes
(prepared as described under Figure 8) and 3 ml of glucose-6-P
solubilized hexokinase (~0.6 units/ml) were incubated at 25°C for
10 min with (o) and without (@) 3 mM MgC]z, The aliquots were
centrifuged at 40,000 x g for 10 min and the supernatants assayed
for hexokinase activity. The 25% precipitation of activity that
is seen when MgC]2 is added to the enzyme (with zero 1iposomes)
is normal for the crude glucose-6-P solubilized enzyme that has
not been centrifuged at 160,000 x g. The high speed centrifugation
removes some particulate material from the solubilized enzyme that

can presumably bind hexokinase in the presence of MgC]Z.
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unilamellar liposomes, still would not bind enzyme. Taken together
all of the previous data indicate that there is (are) some specific
characteristic(s) of the outer mitochondrial membrane that enables
it to specifically bind hexokinase in a glucose-6-P dependent
manner.

The Role of Protein in the Binding

Site; Attempts to Modify the

Binding Properties Chemically
and Enzymatically

Protease digestion.--Extensive protease digestion of OMM

led to substantial modifications in the banding pattern as deter-
mined by SDS gel electrophoresis (Figure 9). Several proteins

were removed or reduced as the result of treatment with chymotrypsin
or trypsin. Only two of the major bands in intact membranes
remained substantially unmodified. Despite these marked changes in
the protein composition of the treated membranes, however, the
effects on their binding properties when compared to control
membranes were minimal (Table 7). There was an increase (50%) in
the specific activity of the binding site in chymotrypsin treated
membranes and a slight decrease (15%) in the trypsin treated
membranes, and the G6P/Gal-6P ratios in both protease treated
preparations were only slightly decreased (10%); the latter
differences were, however somewhat variable and were not considered
large enough to make any inferences about the involvement of

protein in the binding site for hexokinase on the membrane.
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Figure 9

SDS Gels of Protease Treated Membranes

Membranes were treated as described in the legend to Table

7 and SDS gels were run as described in the Methods.
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Table 7.--The Effect of Protease Treatment on the Outer Membrane
Binding Site for Hexokinase

OQuter Membrane G6P Units Bound/

. Treatment Gal6P mg membrane protein
Control 2.90 1.8
Chymotrypsin 2.76 3.0
Trypsin 2.65 1.47
Papain 2.90 3.1

Outer membranes at 1 mg protein/ml in buffer (50 mM tris
pH 7.5; 150 mM NaCl; 2 mﬂ_CaC]Z) were incubated with 1 mg/ml of
three different proteases for 1 hr at 37°C. In this experiment
the control was left on ice. The specific activity of binding
and the glucose-6P, galactose-6P solubilization ratios were deter-
mined for each of the protease treated outer membrane preparations,
as in Methods. After proteolysis and centrifugation of the OMM
to remove protease solubilized protein the mg membrane protein was

determined.
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The data in Table 8 indicate (as do the data in Table 7)
that chymotrypsin and trypsin do not inactivate the hexokinase
binding site. This Table also shows that more binding sites were
lost as a result of the 30 minute incubation in the control than
in the protease treated membrane preparation. This protease induced
stabilization effect, though small, was observed in three other
experiments. It also appears from Table 8 that the protease treat-
ment stabilizes the OMM against decreases in the G6P/Gal6P ratio.

A general approach to test for the involvement of carbo-
hydrate in the binding site is to determine the effect of periodate
treatment on the binding properties, since periodate characteris-
tically oxidizes carbohydrate residues. The data in Table 9
indicate that this treatment did in fact have a marked affect on
the binding site since about 30% of the binding sites were lost
and the glucose-6-P dependent solubilization effect was completely
lost (i.e. the G6P/Gal6P ratio was reduced to 1.0).

However, Figure 10 demonstrates that purified hexokinase,
which is not a glycoprotein, is rapidly inactivated at a 40 fold
Tower concentration of periodate than was used to inactivate the
binding site, indicating that protein, 1ike carbohydrate, is also
markedly susceptible to inactivation by periodate. This point
has, in fact, already been demonstrated by Clamp and Hough (45) in
a thorough study of the relative rates of oxidation of amino acids
by periodate. Therefore, while it is clear from the data in Table

8 that periodate is reacting with something in the membrane that is
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Table 8.--Proteoloysis of Intact OMM with Trypsin and Chymotrypsin

% Units HK
Solubilized G6P/Gal6P mg prot.
Control 28
Control Galé6P 40 2.22 2.4
G6P 88
Control 25
Trypsin Galé6P 30 2.53 2.8
G6P 77
Control 28
Chymotrypsin Gal6P 36 2.49 3.0
G6P 91
Control 21
Unincubated Gal6P 27 2.81 3.6
Control G6P 76

To 0.15 ml of OMM (4.0 mg/ml1) were added 75 ug of chymotryp-
sin or trypsin and the aliquots (including a control with no addi-
tions) were incubated for 30 min. at 25 C. The proteolysis was
stopped by the addition of 2 mM phenylmenthyl-sulfonyl fluride (PMSF)
from a 0.3M stock in ethanol; obtained from Sigma Chemical Co.).

The aliquots were centrifuged at 160,000 x g for 30 min and the
pellets resuspended in 0.25 M sucrose (0.4 ml). Hexokinase was added
to each aliquot and the G6P/Gal6P ratio was determined as in Methods.
In this experiment the amount of membrane protein was calculated
from the initial amount of membrane protein present before protease
treatment. The amount of membrane protein present after proteo-

lysis was not determined.
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Figure 10

Inactivation of Purified Hexokinase
by Periodate

Purified hexokinase (in 50 mM Hepes pH 7.5; 0.5 mM EDTA)
was incubated at 25°C with 1 mM NaIO,. Aliquots were taken out

at various time intervals and assayed for hexokinase activity.
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Table 9.--Effect of Periodate on Hexokinase Binding

Units % G6P/
Bound Soluble Gal-6P
No Additions 21
Control 0.32 Galactose-6P 27 2.6
Glucose-6P 71
No Additions 69
Periodate 0.20 Galactose-6P 67 1.0
Glucose-6P 67

Intact liver mitochondria in 50 mM Na-phosphate pH 7.5 and
150 mM NaCl were incubated with and without 40 mM Na-periodate at
25° for 20 min. The mitochondria were pelleted and hexokinase bind-
ing and glucose-6P solubilization determined as described in Methods.
Note that the 0.25 M sucrose inthe resuspension media will quench any
residual, unreacted periodate before the binding determination is
begun. Formaldehyde (40 mM) which is a potential product of
periodate oxidation was added to some binding assays as a control

and found to have no effect on the binding properties.
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essential to the binding process, no inferences can be made about

whether that group is a protein or a carbohydrate.

Heat inactivation of the Glucose-6-P dependent solubilization

effect.--Incubation of purified outer mitochondrial membranes at 37°C
sites on the membranes as well as a decrease in the G6P/Gal6P ratio.
Since a Ca*t activated phospholipase A is present in the outer
membrane (41), the effect of added calcium and EDTA in the incubation
medium were tested for their effects on inactivation. The data in
Table 10 indicate that while EDTA partially stabilizes the binding
site during incubation at 37°C (consistent with the phospholipase A
hypothesis), calcium does not lead to destabilization (inconsistent
with the lipase hypothesis). Table 10 also shows that thioglycerol
does not stabilize the binding, suggesting that the mode of desta-
bilization of this binding site is not oxidation of sulfhydryl groups.
The data in Table 11 suggest that divalent metal ions tend to sta-
bilize the binding properties against heat inactivation. One inter-
pretation of these results might be that phospholipase A activity is
the cause of the heat inactivation. The failure of calcium to cause
increased destabilization of the binding site may be explained by

a divalent ion stabilizing effect.

Miscellaneous.--Thiocyanate has been reported to solubilize

membrane proteins (7). I, therefore, thought it would be of interest
to determine the effect of this salt on the binding properties of

the membrane. Extensive washing of intact mitochondria with
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Table 10.--Heat Inactivation of the Glucose-6-P Dependent Solubili-
zation Effect

Total Units %
Condition Bound Soluble G6P/Gal6P

control 44

phosphate Gal6P .979 40 1.70
G6P 68
control 27

phos + EDTA Galé6P .933 26 2.31
G6P 60
++ control 39

phos + Ca Galé6P .844 38 1.94
G6P 74
control 54

phos + T.G. Gal6P 732 54 1.30
G6P 70
control 59

sucrose Gal6P .563 54 1.37
G6P 74
control 21

No Incubation Gal6P 1.367 18 3.00
G6P 54

OMM (3 mg/m1) were diluted with ten volumes of 0.25 M
sucrose or with 10 mM Na-phosphate (pH 7.5) containing either 5 mM
EDTA, 5 mﬂ_CaC]2 or 10 mM thioglycerol. These aliquots were incu-
bated at 37°C for 1.5 hours and subsequently pelleted by centri-
fugation at 160,000 g for 30 min. The G6P/Gal6P ratios were

determined as described in Table 5.
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Table 11.--Heat Inactivation of the Glucose-6-P Dependent Solubili-
zation Effect

Total Units %
Condition Bound Soluble G6P/Ga16P

Control 48

10 mM phosphate 0.74 Galé6P 45 1.56
pH 7.5 G6P 70
control 24

5 mM EDTA 0.707 Gal6pP 26 2.27
G6P 59
control 30

5 mM MgC]2 0.587 Gal6P 30 1.93
G6P 58
control 38

10 mM.MgC]2 0.474 Galep 35 1.94
G6P 68
control 65

100 mM NaCl 0.209 GaleP 65 1.18
G6P 77
control 34

500 mM NaCl 0.346 Gal6p 34 1.56
G6P 53
control 42

100 mM NaCl 0.306 Gal6P 43 1.47
10 mﬂMgCl2 G6P 63
0.25 M control 49

Sucrose 0.289 GaléP 45 1.13
(no phosphate) G6P 51

This experiment was exactly analogous to Table 10 with the
indicated additions of salt. All tubes contained 10 mM Na-phosphate,

pH 7.5, except the 0.25 M sucrose control.



73

2 M KSCN still left the glucose-6-P solubilization effect intact.
Consequently, if a protein in the membrane is involved in the
binding site, it is not removed by salt washing. Treatment with
1 M NaCl was also found to leave the binding properties as well
as the banding pattern on SDS gels, substantially intact.

Another way to approach the question of whether a protein
is involved in the binding site is by treating the membranes
with sulfhydryl reagents and determining their effect on the
binding properties. If a sulfhydryl group on a protein is
important in the binding site, this treatment would be expected
to modify the binding properties. ‘When intact mitochondria were
exhaustively treated with DTNB, no change in the number of binding
sites was observed. The effect on glucose-6-P solubilization
was not checked.

Neuraminidase cleaves sialic acid residues from glyco-
proteins. Consequently, if membrane bound sialic acid is
important in the binding site, neuraminidase treatment should
modify the binding properties. When intact mitochondria were
treated with neuraminidase, about 50% of the sialic acid
was released but no change in the number of binding sites
or in the concentration dependence of MgC]2 for binding was
observed.

Lectins bind to carbohydrate residues associated with
membranes. If such residues are intrinsic to the binding site,

then lectins would be expected to bind at the site and block
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hexokinase binding. Pretreatment of intact mitochondria with
concanavalin-A or wheat germ agglutinin did not decrease the amount
of hexokinase binding on intact liver mitochondria. The G6P/Gal-6P

ratio was not determined.

Lipid extraction from outer membranes with Emulgen 913.--

While attempting to solubilize outer membranes with the non-
jonic detergent, Emulgen 913, I noticed that the membranes seemed
unusually diffiuclt to solubilize. With relatively high con-
centrations of detergent (i.e. 1-2%) a large insoluble pellet
remained after ultracentrifugation. A hexokinase binding site
was found in this pellet but no glucose-6-P dependent solubili-
zation could be detected. I suspected that the 1ipid had been
preferentially removed from the membrane protein and subsequent
assays proved that this was the case. Readdition of phospholipid
back to the 1ipid depleted membranes, with sonication, substan-
tailly restored the glucose-6-P dependent solubilization effect.
The experiments reveal a role for phospholipid in the binding
site.

The data in Table 12 show that treatment with Emulgen 913
substantially removes the phospholipid from the outer membranes.
The cholesterol level is also reduced but to a lesser extent.

The thin-layer plates (Figure 11) likewise indicate a marked

reduction in phospholipid upon Emulgen treatment. Figure 11 also
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Table 12.--Lipid Extraction of OMM with Emulgen 913

% Reduction

Before After Due to Emul-
Extraction Extraction gen Treatment
Protein 4.6 mg/ml 2.88 mg/ml
Phospholipid 4110 nmol/ml - 160 nmole/ml - 94%

893 nmole/mg prot. 55 nmole/mg prot.

Cholesterol 129 nmole/ml - 31 nmole/ml - 61%
28 nmole/mg prot. 11 nmole/mg prot.

Outer membranes were diluted with 5 volume of cold 10 mM
Na-Phosphate pH 7.5 and 1% Emulgen 913 was added. The membranes
were immediately centrifuged at 160,000 x g for 30 min and the
pellets were resuspended in a volume of 0.25 M sucrose equivalent
to the volume of membranes used initially. Assays for protein (42),
chloroform/methanol extractable phosphate (43) and cholesterol were
done on the membranes before and after Emulgen treatment. Choles-
terol was determined by reaction with cholesterol oxidase and
flourometric measurement of H202 (Pat Kelly, personal communication).
A second extraction of the OMM with Emulgen reduced their cholesterol
content by an additional 25%. The % reduction of lipid due to
Emulgen treatment was based on the amount of protein remaining

after Emulgen treatment.



;
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Figure 11

Thin-layer Plates of the Chloroform/Methanol
Extracts of OMM, Emulgen Extracted OMM,
and Reconstituted Emulgen
Extracted OMM
Chloroform/methanol extracts of intact OMM (track #1) and

Emulgen extracted OMM (track #2) (prepared as in Table 12) were
spotted on silica gel plates and developed with chloroform-
methanol-acetic acid-water, 25:15:4:2 (v/v). A portion of the
Emulgen extracted material was sonicated in the presence of an
excess (1 mg phospholipid/1 mg protein) of liposomes prepared
from microsomal 1ipids and the resulting "reconstituted"
vesicles were pelleted. An aliquot of this material comparable

to that used on track #1 and #2 was extracted with chloroform/

methanol and spotted on track #3.
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demonstrates that upon sonication in the presence of phospholipid
(extracted from microsomes), the phospholipid is extensively

reincorporated back into the proteins.

The effect of lipid extraction on glucose-6-P dependent

solubilization.--From Figure 12 it is clear that treatment with

increasing concentrations of Emulgen leads to a progressive de-
crease in theglucose-6-P dependent solubilization effect (i.e., a
decrease in the G6P/Gal6P ratio). In this experiment it appeared
as though the reason for the reduction in the G6P/Gal6P ratio
resulted primarily from an increase in the amount of release

that occurred in the presence of galactose-6-P. However a rela-
tively smaller decrease in the amount of glucose-6-P dependent
solubilization was also observed. (These data are included in

the addendum.)

Restoration of glucose-6-P dependent solubilization by

adding back OMM lipids to Emulgen extracted membranes.--From

Figure 13 it is clear that adding back chloroform/methanol
extracted 1ipid from OMM to Emulgen treated membranes restores the
glucose-6-P dependent solubilization effect. In this experiment,
the total lipid extract from a 2x a]iduot of membranes was
required to give optimal restoration of the glucose-6-P effect
from a 1x aliquot of Emulgen extracted OMM.

David Alessi has obtained data on the restoration of the
glucose-6-P dependent solubilization effect from Emulgen extracted

OMM using lipids extracted from microsomes. These data (Table 13)
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Figure 12

The Effect of Emulgen Treatment of OMM on
Glucose-6-P Dependent Solubilization
0.2 ml aliquots of OMM (~3 mg protein/ml) and 0.8 mls of
50% Buffer A (Buffer A: 0.3 M NaCl, 50 mM Na-Phosphate, 1 mM
EDTA, pH 7.5) were incubated for 10 min at 4°C with the indicated
amounts of Emulgen 913. The samples were centrifuged at 150,000 x
g for 30 min (4°C) and the pellets were assayed for the G6P/Gal6P

ratio as in Methods.
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Table 13.--Continued

The Emulgen extracted OMM were obtained exactly as described
in Figure 12. The Emulgen treated pellet from each 0.2 ml aliquot
of OMM was homogenized in 0.5 ml, 0.01 M Na-phosphate pH 7.0. To
this rehomogenized pellet was added 0.05 ml microsomal 1ipid (pre-
pared as described below) and the sample was briefly (~30 sec.)
sonicated in a bath type sonicator. Hexokinase was added directly
to these "reconstituted" OMM and the G6P/Gal6P ratios determined
as described in Methods.

The microsomal lipids were prepared by following a Folch
type extraction procedure (44) on intact microsomes (30 mg
microsomal protein/ml) prepared as described in the legend to
Table 4. After drying this total lipid extract under a stream
of nitrogen, the lipids were resuspended in a volume of 0.01M
Na-phosphate pH 7.0 that was equivalent to the original volume of

microsomes used.
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Figure 13

Restoration of Glucose-6-P Dependent Solubil-
jzation from Emulgen Extracted OMM by
the Addition of OMM Lipids

OMM were treated with Emulgen exactly as in Table 13 using
0.8% Emulgen. The Emulgen extracted pellet was suspended in a
volume of 0.01M Na phosphate (pH 7.0) equivalent to the original
volume of OMM used. To aliquots of the pellet were added increas-
ing amounts of liposomes prepared from the chloroform/methanol
extract of OMMs. The liposomes were prepared by sonicating the
chloroform/methanol extracted (44) 1ipids in a volume of 0.01 M Na
phosphate (pH 7.0), equivalent to the original volume of OMM from
which the 1ipids had been extracted, until they were clear. On the
y-axis is the G6P/Gal6P ratio, determined as in Methods. On the
x-axis is the amount of liposomes that were added back to the
Emulgen extracted pellet, expressed as the volume of the 1ipo-
somes added per volume of the resuspended Emulgen extracted
pellet. In this experiment an amount of 1ipid extracted from a
2 x volume of OMM was required to optimally restore the G6P/Gal6P

ratio to a 1 x volume of Emulgen extracted OMM.
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indicate that microsomal 1ipids partially restore the glucose-6-P
dependent solubilization effect to Emulgen treated OMM (as do
lipids extracted from OMM; see Figure 12). Decreases in the
G6P/Gal6P ratio due to Emulgen treatment appear to result primarily
from increases in the amount of enzyme solubilized in the presence
of galactose-6-P; however, decreases in the amount solubilized
with glucose-6-P are also sometimes observed. Restoration of the
glucose-6-P dependent solubilization effect by the addition of
1ipid seems, reproducibly, to imply decreases in the amount of
enzyme released in the presence of galactose-6-P. However,
increases, as well as decreases, in the amount solubilized in the
presence of glucose-6-P are observed. The amount of enzyme
solubilized when no hexose-phosphate is added, is about the same
as that which is solubilized with galactose-6-P.

The scatter in the data on the extent of solubilization
that occurs in the delipidated and reconstituted membranes by the
hexose-phosphates, prohibits any firm conclusions on the exact
role that 1ipid plays in the binding site, with respect to glucose-
6-P or galactose-6-P solubilization. It is, nevertheless, clear
that the G6P/Gal6P ratio is a sensitive enough indicator of the
intactness of the hexokinase binding site to support the conclu-
sions presented here. These conclusions are that removal of 1lipid
from OMM by Emulgen causes a reproducible decrease in the G6P/Gal6P
ratio, to approximately a value of 1.0, so that no glucose-6-P

dependent solubilization effect is apparent. Since this property
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can be restored by the readdition of 1ipid from either OMM or
microsomes (which do not contain a hexokinase binding site), then
the 1lipid requirement for recovery of the binding site is not a
specific property of the OMM lipids alone. There must, therefore,
be some other factor(s) present in the OMM (presumably protein)
that gives rise to the specificity of binding and to the glucose-6-P
dependent solubilization effect. Subsequent experiments (see
below) have fully supported this contention that factors in
addition to 1ipid (i.e. a hexokinase binding protein) are required
for a fully intact hexokinase binding site.

I consider this experimental approach of delipidation of
OMM by Emulgen an adequate one for demonstrating that lipids play
some kind of role in forming a native binding site for hexokinase.
I don't, however, think this approach is adequate for determining
precisely what that role is since the data on the extent of
solubilization by galactose-6-P and glucose-6-P were too scattered.
One reason for this scatter may be that when the 1ipids are extrac-
ted from the OMM, the remaining insoluble proteins form large,
partially denatured aggregates which are, subsequent to Emulgen
treatment, pelleted at high speed. The extent of recovery of this
binding site into its native conformation upon readdition of
1ipids, may depend on the method of resuspension of the pellet or
on the extent of sonication, two factors which are difficult to
control precisely.

A better approach for solving this problem would avoid the

formation of such high molecular weight aggregates as well as avoid
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sonication. We have found that the non-ionic detergent octyl
glucoside solubilizes, without irreversibly denaturing, the hexo-
kinase binding protein (see below). We have also noticed that
phospholipids in the presence of octyl glucoside, can be dialysed
away from OMM protein (data not shown). These observations suggest
that a much better approach for determining the role of lipid in
the binding site would be to dialyse octyl glucoside-solubilized
OMM against octyl glucoside to remove the phospholipids. Purified
1ipids could be added back to this 1ipid depleted OMM protein to
determine which lipids are required to restore the binding site to
its native conformation. Hopefully this approach, since it would
not involve formation of large delipidated, protein aggregates and
sonication, would lead to more consistent results so that the
precise role of 1ipid, with respect to glucose-6-P or galactose-6-P

solubilization, might be more clearly resolved.

Comparison between outer mitochondrial membranes and micro-

somes with respect to detergent solubilization.--Figure 14 indicates

that, compared to microsomes, outer mitochondrial membranes are
strikingly resistant to detergent solubilization. Compared to the
microsomes it takes at least a 10 fold higher concentration of
either cholate or Emulgen to solubilize a comparable percentage
of the outer membrane protein.

In the experiment presented in Figure 14 a rather high
ionic strength was used (0.2M). Preliminary results suggest that,

at low ionic strength, detergents are even less effective at
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Figure 14

Solubilization of Quter Membranes and
Microsomes with Emulgen 913 and
Cholate

Outer membranes and microsomes (approx. 0.4 mg/ml) in
50 mM Na-phosphate pH 7.5, 0.3 M NaCl and 1 mM EDTA, were
incubated for 15 min on ice with increasing concentrations of
detergent either Na-cholate (o) or Emulgen 913 (o) (x-axis).
After centrifugation at 150,000 x g for 45 min the pellets were
resuspended in an equivalent volume of buffer and assayed for
protein (y-axis) (42). From this figure it is apparent that
relative to microsomes, outer membranes of mitochondria are
markedly resistant to solubilization by either cholate or Emulgen

913.
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solubilizing the OMM. Taking these observations into consideration,
the results in Figure 14 are taken to be an indication that the
outer membrane proteins have an unusually high affinity for one
another through ionic bonds as well as through hydrophobic attrac-
tions.

Solubilization, Reconstitution and

Purification of a Putative Hexo-

kinase Binding Protein from the
Quter Mitochondrial Membrane

Solubilization of the OMM with octyl glucoside and reconsti-

tution of the hexokinase binding properties by dialysis.--Addition

of octyl glucoside (1-4%) to OMM in 50% buffer A (see figure 12)
followed by centrifugation at 160,000 g x 30 min yields a clear
supernatant and a small pellet. When this supernatant is dialyzed
against 0.01 M Na-phosphate pH 7.0 for 4 hours to remove the
detergent, membrane-like material forms which sediments out during
centrifugation at 160,000 x g for 40 min. The data in Table
14 indicate that these particles are capable of binding hexo-
kinase in aglucose-6-P sensitive manner. The G6P/Gal6P ratios
approach or exceed 2. Solubilizationwith 2-4% octyl glucoside is
required for optimal recovery of binding sites and the G6P/Gal6P
ratios.

When octyl glucoside is added to a cold OMM sample, the
membranes clarify immediately. If this sample is kepton ice,it
stays clear for at least 30 min. If, however, the sample is warmed

up to 25°C, cloudiness develops within minutes. The 160,000 x g



9

Table 14.--Solubilization and Reconstitution of the OMM Binding
Site for Hexokinase; Detergent Concentration Depen-

dence
%
Octyl- Units % G6P
Glucoside Bound Soluble GaléP
control 58
1% Gal6P .023 58 1.34
G6P 78
control 26
2% GaléP .130 27 2.07
G6P 56
control 35
4% GalepP 101 35 1.94
G6P 68

OMM (~4 mg/ml) were mixed 1:1 with buffer A (0.3 M NaCl;
50 mM Na phos pH 7.5; EDTA 1 mM) on ice and the indicated concentra-
tion of octyl glucoside was added from a 20% stock solution. The
solubilized membranes were immediately centrifuged for 30 min at
160,000 x ¢ and the supernatants were dialyzed for 4 hours against
500 volumes of 0.01 M Na phosphate, pH 7.0. An amount of dialyzed
material equivalent to 0.1 m1 of the original membranes was used
in the standard binding and solubilization assay as described

under Methods.
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pellet from a warmed sample is noticably larger than the pellet
from a sample that has been kept cold. The data in Table 15
indicate that warming the sample prior to centrifugation and
reconstitution does not appreciably reduce the recovery of binding
sites or the G6P/Gal6P ratio. The procedure for solubilization

and reconstitution as described in Table 15 with the 30 min incuba-
tion at 25°C prior to centrifugation was adopted for all subse-
quent experiments (unless otherwise indicated).

A comparison of the 1% SDS gels of intact OMM (Figure 15,
A) with the reconstituted membranes (Figure 15, C), indicates that
the reconstitution procedure results in a substantial reduction
in the number of bands. Of the 15 bands that are present in intact
membranes, primarily two, a 31,000 MW band and a 61,500 MW band,
remain after reconstitution. SDS gels of the octyl glucoside
insoluble material indicates that most of the membrane proteins
are insoluble in the detergent and pellet out in the 160,000 x g
centrifugation step (Figure 15, B).

When the reconstituted membranes are solubilized a second
time, centrifuged, and dialysed, the reconstituted membranes
obtained give the SDS gel banding pattern observed in Figure 16,
C. From this figure, it is clear that 2x reconstituted membranes
contain primarily the 31,000 M.W. protein. The data in Table
16 indicate that the 2x reconstituted membranes retain a substan-
tial number of binding sites for hexokinase that are sensitive to
glucose-6-P solubilization, although there are decreases in both

the binding sites and the G6P/Gal6P ratio.
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Table 15.--Solubilization and Reconstitution of the OMM Binding
Site; the Effect of Preincubation of Solubilized
Membranes at 25°C Prior to Centrifugation

% Recovery of

G6P/Gal6P Binding Sites
Untreated OMM 1.99 = 100%
Control Reconstituted 1.85 52%
10 min; 25°C 2.15 40%
30 min; 25°C 1.75 42%

The membranes were treated identically to Table 14 with
2.6% octyl glucoside except that the solubilized membranes were
either kepton ice (control reconstituted) or incubated at 25°C
for 10 minutes or 30 minutes, prior to centrifugation. The re-
covery of binding sites in 1x reconstituted OMM is consistently
around 50%. The most 1ikely reason for this persistent result is
that half of the binding sites in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>