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Interaction of Oligoribocytidylates with T7 DNA in Neutral and Acid

Mediaf

Marie-Thérése Sarocchi-Landousy,* Barbara L. Haas, and Wilhelm Guschlbauer*

ABSTRACT: Oligoribocytidylates of chain length 4 to 12 were
found to interact with native T7 DNA at neutral and slightly
acid pH. The results suggest that binding occurred at deoxy-
cytosine clusters which may be displaced by the oligomers at
neutral pH, while a local triple-stranded structure would be

M any reports concern the binding of short oligonucleotides
to single-stranded nucleic acids: for example, to 5S RNA to
determine the length and location of loops in the secondary
structure (Lewis & Doty, 1970); to charged or uncharged
tRNA to reproduce interactions similar to the codon-antico-
don associations (Uhlenbeck et al., 1970; Danchin &
Grunberg-Manago, 1970; Schimmel et al., 1972); or to de-
natured DNA to study interactions between the complemen-
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formed at acid pH. Transcription of DNA-(Cp), complexes
by Escherichia coli RNA polymerase showed a decrease in
level without affecting the specificity of the transcription,
suggesting that oligocytidylate binding did not occur on the
promoters.

tary strands (McConaughy & McCarthy, 1967). Niyogi &
Thomas (1967) and Riiger & Bautz (1968) have also used
RNA fragments varying in length to study the recurrence of
specific sequences in natural DNA.

It would be interesting to deal with a double-stranded
polymer or DNA—instead of a single-stranded one as pre-
viously shown—to mimic replicative or transcriptional pro-
cesses. Only a few reports have appeared on that topic. Hol-
loman et al. (1975) have observed the binding of deoxyriboo-
ligonucleotides to X 174 supercoiled DNA. They suggest that
such complexes may simulate early steps in genetic recombi-
nation. More recently, it has been shown that RNA can hy-
bridize to double-stranded DNA in the presence of formamide
(Thomas et al., 1976). One of the DNA strands is displaced
and a stable RNA-DNA structure, called R-loop, is formed.



INTERACTION OF OLIGORIBOCYTIDYLATES WITH DNA

It remains after removal of formamide or treatment of the
DNA by restriction endonucleases.

We have observed that oligoribocytidylates of short length
can bind to native DNA under neutral conditions. Many in-
dications led us to suppose that the interaction takes place
mainly at dG and dC clusters and that, according to the pH
and ionic conditions, there may be a displacement of the dC
sequences by the oligonucleotides. With synthetic polymers
of the G-C series, we have observed a similar displacement
reaction (Haas et al., 1976). In fact, mixtures of poly(dG)-
poly(dC) and poly(rC) lead, at neutral pH and high ionic
strength, to the formation of a poly(dG)-poly(rC) hybrid. The
typical triple-stranded structure observed for poly(purine)-
poly(pyrimidine) polymers, i.e. one purine strand for two py-
rimidine strands, was also found at lower pH. Moreover, these
triple-stranded complexes remain stable, even if the purine
strand is formed of monomeric elements (Sarocchi et al.,
1970). For the A-T or A-U series, however, Morgan and Wells
(1968) observed only hybrid triplexes in which poly(rU) in-
teracted specifically with poly(dA)-poly(dT) and poly(rUC)
with poly(dT-dC)-poly(dG-dA).

As a working hypothesis, we supposed that dG and dC
clusters of natural DNAs would behave like synthetic dG-dC
oligomers and could thus react with short oligocytidylates. For
this reason, we chose T7 DNA which is known to be rich in
repetitive dG and dC sequences (Summers & Szybalski, 1968;
Mushynski & Spencer, 1970). The biological significance of
such clusters is not yet demonstrated. They are thought to be
involved in enzymatic reactions, possibly in transcription, since
the transcribed strand is enriched in dC sequences (Summers
& Szybalski, 1968). With synthetic polymers, a decrease in
transcription by Escherichia coli RNA polymerase was ob-
served when the third strand was added (Morgan & Wells,
1968; Murray & Morgan, 1973). We therefore also studied
RNA synthesis with the T7 DNA-(Cp), complexes as ma-
trix.

Materials and Methods

Polymers. TT DNA was prepared by phenol treatment of
T7 phages according to Richardson (1966). It contained nei-
ther nicks nor gaps as shown by alkaline sucrose density gra-
dient analysis, S1 nuclease assays, and tests with different
RNA polymerases (E. coli holoenzyme and core enzyme, yeast
enzyme B), the matrix specificities of which are well
known.

Labeled and unlabeled oligoribocytidylates were obtained
by alkaline hydrolysis of [*H]poly(rC) (Miles, Elkhart) and
poly(rC) (Choay, Paris), respectively, and subsequent column
chromatography on DEAE!-cellulose (Haas, 1975). Oli-
gouridylates came from Miles.

Enzymes. E. coli RNA polymerases were gifts from A. Ruet
(Saclay). Both the holoenzyme (E“) and the core enzyme (E)
were pure proteins as seen by gel electrophoresis. Yeast enzyme
B was from S. Dezélée (Saclay) who performed the tests.
RNase III was prepared by J. L. Darlix (Genéve) (Darlix,
1975).

Methods. Mixtures of T7 DNA, at concentrations of about
10~3 M, and oligomers were made in Tris-HCI buffer (20 mM,
pH 8.0) and NaCl of different molarities. For melting exper-
iments a sodium acetate buffer was used as indicated in the
figure legends.

! Abbreviations for synthetic polynucleotides conform to the IUPAC-
TUB Rules ((1971) J. Mol. Biol. 55, 299). Other abbreviations are: CD,
circular dichroism; Cl3AcOH, trichloroacetic acid; DEAE, diethylami-
noethyl; EDTA, ethylenediaminetetraacetic acid.
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FIGURE 1: CD spectra at pH 7.5 and 0.05 M NaCl for the interaction
between T7 DNA and (Cp)s. (Cp)s/DNA = 2%: (- - -) sum of compo-
nents; (—) experimental spectrum of the complex: (- - -) difference spec-
trum.

Sucrose density gradient analysis was performed on T7
DNA samples (50 ug) plus [3H]oligoribocytidylates
((Cp)./DNA = 11.5%; 27.9 uCi/umol of P) in linear con-
centration gradients, 5-15% (w/v) sucrose and 0.05 M NaCl.
Centrifugations were run in an SW-65 Ti rotor, for 3.5 h at
35 000 rpm. Fractions of 320 uL were collected and counted
in toluene-based scintillation fluid containing 30% Triton
X-100.

Enzymatic assays were carried out in standard buffer (40
mM Tris-HCI (pH 7.9)-10 mM MgCl,-0.1 mM EDTA-6
mM 2-mercaptoethanol-50 mM NaCl) and with the four
nucleoside triphosphates (0.1 mM) with [3H]JUTP or [3?P]-
GTP (35000 counts min~! nmol~!). RNA synthesis was
measured after 15 min of incubation at 37 °C by acid precip-
itation with 5% Cl3AcOH and filtration through nitrocellulose
filters (HAWP 025 Millipore).

Circular dichroism was measured on a Jobin-Yvon dichro-
graph III. Absorbance spectra were recorded on a Zeiss DMR
10 spectrophotometer.

Results

(I) Physico-chemical Study of the Interaction between T7
DNA and Oligoribocytidylates. At neutral pH, interaction
between T7 DNA and oligoribocytidylates was evidenced by
circular dichroism measurements and sucrose density gradient
analysis. Dichroic spectra of mixtures between T7 DNA and
oligocytidylates differed from those of the sum of the reference
components (Figure 1). If oligocytidylates were replaced by
oligouridylates, both spectra superposed exactly. Neutral su-
crose density gradient analyses, performed under the same
ionic and pH conditions, clearly demonstrated that binding of
oligocytidylates to DNA took place (Figure 2).

This interaction persisted at lower pH. It was, however, less
pronounced if the mixture was directly made at a pH between
3.0 and 6.0. Small variations were observed as a function of
ionic strength (in the range of 0.01 to 0.5 M NaCl) and oli-
gocytidylate chain length. We therefore chose oligocytidylates,
between 4 and 12 residues long, in order to reduce self-asso-
ciation (Haas, 1975) and to get fragments of length about
equal to T7 dG and dC clusters (Mushynski & Spencer, 1970).
From the amplitude of CD difference spectra it was concluded
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FIGURE 20 Sucrose gradient analysis of T7 DNA- [H[{Cp)s complexes,
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FIGURE 3: Percentage hypochromicity of T7 DNA as a function of (Cp),
at pH 7.5 and 0.05 M NaCl.

that oligomers with 4 or 5 residues interacted better with DNA
than longer ones at high ionic strength and neutral pH.

The variations of the DNA spectrum with varying amounts
of oligomers were followed by ultraviolet differential absorb-
ance. Binding of oligomers to DNA provoked a hypochromic
change. The percentage of hypochromicity at 260 nm vs. rel-
ative concentrations of oligocytidylates to DNA (Figure 3)
reached a saturation plateau at about 3-4% both for (Cp),4 and
(Cp)o. This is in the range of the known percentage and length
of repetitive dG and dC sequences in T7 DNA (Mushynski &
Spencer, 1970). In addition, it should be noted that the no-
namers interacted with DNA even at very low (Cp)e/DNA
ratios while (Cp)s~DNA complexes could only form at
(Cp)s/DNA ratios beyond 1%. This was also corroborated by
enzymatic assavs (see below).

If the hypochromicity data were presented on a semiloga-
rithmic plot, sigmoid curves were obtained, characteristic of
coopcerative interactions, i.e. that oligomers in excess were
necessary for the binding to take place. For this reason, no
quantitative binding data could be obtained from the sucrose
density gradient data (Figure 2).

In order to obtain the binding constant from Hill or Scat-
chard plots, the amount of bound and free oligocytidylates at
each point has to be known, i.c. the saturation binding value
(n) must be determined. This value is, however, inaccessible
by experimentation. An upper estimate can be obtained from
the break point in Figure 3, i.e. it must be less than 3% for
(Cp)as, or 1 < 0.03. Hill plots with » = 0.005, 0.01, 0.015, and
0.02 are shown in Figure 4a. Clearly, the two higher values of
5416
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FIGURE 4: Hill (a, top) and Scatchard plot (b, bottom) of interaction of
(Cp)4 with T7 DNA using the data in Figure 3 at different values of sat-
uration binding n: (@) n = 0.005; (&) n =0.01; () n =0.015; (M) n =
0.02. For the convenience of plotting all the data on the same scale, §/Cr
was plotted against 8, instead of r/C¢vs. r in the Scatchard plot, and f vs.
Cqin the Hill plot.

n yield physically meaningless results. Similarly, the Scatchard
plots (Figure 4b) show a break in the linear part of the plot. On
the other hand, » = 0.005 or 0.01 give very similar Hill and
Scatchard plots, indicating that n & 0.01 is probably correct.
Both values give a K ~ 3 X 108 M~ at the midpoint of the
transition (Schwarz, 1976).

The nonamer, which showed binding already at very low
concentrations, yielded Hill and Scatchard plots which indi-
cated two steps: a noncooperative followed by a cooperative
one (the cooperativity of which was much smaller than for
(Cp)4, and n =~ 0.02). As pointed out by Schwarz (1976), such
data can be analyzed “under favorable circumstances™. The
precision of the data certainly does not warrant such analy-
sis.

What is the nature of the interaction at neutral pH? Two
hypotheses may be proposed, keeping in mind our suggestion
that the sequences concerned are the dG and dC clusters.

(1) A hybrid deoxyribo-ribopolymer is formed. This implics
that the system (Cp),-DNA behaves like the synthetic poly-
mer poly(dG)-poly(dC) plus poly(rC) under high ionic con-
ditions (Haas et al., 1976), i.c. that repetitive dG and dC se-
quences behave like oligomers. While oligocytidylates did not
displace the poly(dC) strand of the poly(dG)-poly(dC) (Haas
et al., 1976), we should consider that the ratios of length be-
tween the displaced sequence and the oligomer which displaces
may intervene. Holloman et al. (1975) have shown that sin-
gle-stranded fragments of DNA could associate to superhelical
¢X 174 DNA by a displacement reaction. And it is known that,
in the G-C series, RNA-DNA hybrids are stronger than
DNA-DNA duplexes (Chamberlin, 1965).

(2) A local three-stranded (Cp),-DNA complex is formed.
Under our experimental conditions this triplex does not exist
for synthetic polymers (Haas et al., 1976). But one cannot
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(Cp)n/DNA = 2%.

assume that pairing in natural DNAs is quite the same as in
polynucleotides and therefore that such an association does not
occur. Small conformational changes related to the fine
structure of the nucleic acid do exist (Arnott et al., 1975) and
probably intervene in the binding reactions.

The shape of the CD difference spectra was a good tool to
deduce the nature of the interaction between poly(dG)-po-
ly(dC) and poly(rC) (Haas et al., 1976). The amplitudes here
were, however, too small to allow comparison of spectral shape.
Nevertheless, variations between the DNA reference and the
complex DNA-(Cp), were observed by plotting the ratios of
the dichroic signals at 245 and 275 nm as a function of pH
(Figure 5). (In this range of pH, this ratio is almost zero for
oligocytidylates alone.) For example, at 0.05 or 0.25 M NaCl
and between pH 7.2 and 6.0, in the case of the DNA-(Cp),
solution, a transition was obtained which might correspond to
the protonation of free dC sequences. The same change in ti-
tration behavior was observed with poly(dG)-poly(dC) and
poly(rC) for solutions in which hybrid formation had occurred
(Haas et al., 1976). This suggested that, at neutral pH, some
dC sequences might be displaced by oligocytidylates with a
local opening of the DNA helix, while a three-stranded com-
plex could form at acid pH.

Figure Sa shows that, under the same conditions, mixtures
of oligouridylates and T7 DNA did not present any variation

BIOCHEMISTRY, VOL.
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FIGURE 6: Melting curves of T7 DNA and DNA-(Cp), complexes at
pH 5.8 and 0.05 M NaCl. (Cp),/DNA = 2%.

beyond pH 4.5 when DNA itself varied. This confirms the
binding of oligocytidylates to DNA and argues in favor of an
interaction at dG and dC sequences.

The melting curves of the mixtures of DNA plus oligocyti-
dylates agree with the two forms of complexes, according to
pH values, as suggested before. At neutral pH (pH 7.0) there
was no difference in melting points between DNA and
DNA-(Cp), solutions, which is not surprising if we assume
that short ribo sequences displace short deoxyribo sequences.
On the contrary, an increase was observed for DNA plus oli-
goribonucleotide samples at acid pH (Figure 6). At pH 5.8 and
0.05 M NaCl, the T, was 79 °C for T7 DNA, 83 °C for
DNA-(Cp)i2, and 86 °C for DNA-(Cp)s. This result suggests
that a triplex did exist locally when pH was below 6.0. The fact
that DNA-(Cp)s “melts” at higher temperature than DNA-
(Cp)12 probably reflects the more perfect fit of the smaller
oligoribocytidylates to the dG and dC clusters: the mean length
of the repetitive sequences is closer to 5 than to 12 (Mushynski
& Spencer, 1970). Nevertheless, the nature of the interaction
at neutral pH remained uncertain. Enzymatic assays on T7
DNA-(Cp),, complexes could possibly distinguish between the
two hypotheses suggested. We tried to determine it by mea-
suring their transcription.

(IT) Enzymatic Tests on T7 DNA-(Cp), Complexes. En-
zymatic assays on T7 DNA-(Cp), complexes evidenced a
decrease in level of the transcription without affecting the
specificity. For convenient enzymatic conditions we studied
only the effect of oligocytidylate binding upon transcription
above pH 7.0.

Transcription of DNA-(Cp), complexes varied according
to the length of the oligomers. The longer ones, (Cp)7, (Cp)o,
and (Cp)1,, provoked an inhibition of RNA synthesis (Figure
7)—the longer the oligomer, the stronger the decrease of
transcription. With short oligonucleotides, (Cp)4 and (Cp)s,
a slight increase of RNA synthesis was observed at low con-
centrations while higher concentrations also showed inhibition
of transcription. Taking into account the data in Figure 3, this
increase in RNA synthesis corresponds to the “nonbinding”
of small oligomers at low concentrations while higher amounts
induced binding of oligocytidylates to DNA, which provoked
a decrease in the level of RN A synthesized.

Control experiments were performed in order to verify that
enzymes were not trapped on DNA~-(Cp),, complexes or bound
to the free oligonucleotides, which would explain the decrease
in transcription. RNA polymerase was first preincubated with

16, No. 25, 1977 5417
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FIGURE 8. Transcription of T7 DNA (2.5 ug) after preincubation of the
enzyme (E7) (0.75 ug) with (Cp), (A) and with T7 DNA (B).

the oligomers for 5 min; then DNA and the four nucleoside
triphosphates were added (Figure 8A). In another assay, RNA
polymerase was preincubated with DNA alone; then the oli-
gocytidylates and the four nucleoside triphosphates were added
(Figure 8b). A stimulation of RNA synthesis was observed in
both cases; this increase was larger with (Cp)4 than with (Cp)s
or (Cp)y2. It demonstrated that the enzyme was not trapped
locally on the DNA molecule. Furthermore, oligonucleotides
which were not bound to the DN A were shown to increase the
transcription level.

Our results resemble those of Morgan & Wells (1968) and
Murray & Morgan (1973) on triplexes formed with synthetic
polymers. This is rather in favor of a local triple-stranded
complex. Similar results would be expected, however, if the
DNA was opened at precise sequences. Experiments with E.
coli RNA polymerase without o factor (core enzyme) or with
yeast enzyme B clearly demonstrated that DNA strand sepa-
ration took place and that hybrid duplexes were formed. In
fact, neither enzyme can transcribe an intact double-stranded
DNA matrix (Burgess et al., 1969; Vogt, 1969; Dezélée et al.,
5418 16. NO. 25,
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FIGURE 9: Transcription of T7 DNA-(Cp), complexes by £. coli core
enzyme (DNA = 3.5 ug: E = 0.75 ug).

1974). When oligomers were bound to DNA (Figure 9) we
observed an increase in the level of transcription by E. coli core
enzyme. Similarly, RNA synthesis by yeast enzyme B was
raised by a factor of 3 (not shown), This suggested that binding
of oligoribocytidylates at neutral pH induced an opening of the
DNA helix where oligomers might replace some dC sequences
to form RNA-DNA duplexes. (Control experiments with ol-
igomers alone (# < 12) showed that they were not tran-
scribed.)

E. coli RNA polymerase with ¢ factor binds to T7 DNA at
specific sites (Dausse et al., 1972; Minkley & Pribnow, 1973;
Bordier & Dubochet, 1974). Polyacrylamide gel electropho-
resis in the presence of RNase 111 was performed on RNA
synthesized by E. coli holoenzyme to determine if the observed
inhibition of RNA synthesis was related to one specific site of
T7 DNA (Studier, 1973; Darlix, 1975; Dausse et al., 1975).
The three small initiator RNAs proceeding from the three
strong promoters of T7 DNA early region and the RNA
fragments resulting from specific transcription were observed
both for the DNA reference and for the complexes in similar
proportions (not shown). We may thus conclude that oligori-
bocytidylates did not interact specifically at T7 promoters.

Dinucleoside phosphates are known to allow RNA initiation
when the concentration of the four nucleoside triphosphates
is quite reduced in the reaction mixture (Minkley & Pribnow,
1973). It was also shown that, sometimes, short oligomers may
serve as primers for E. coli RNA polymerase and thus increase
the transcription level (Niyogi, 1969; Yefimova et al., 1975).
Under the same conditions, oligoribocytidylates bound to DNA
were almost not used as primers. There was only a slight in-
crease in RNA synthesis, about 30% for (Cp)s and 15% for
(Cp)7 when the transcription of DNA-(Cp). complexes was
compared with that of the DNA reference. This finding is
understandable if one supposes that oligocytidylates were
complexed to the dG sequences, while the transcribed strand
is richer in dC sequences (Summers and Szybalski, 1968).

Discussion

Small oligoribocytidylates, 4 to 12 residues long, were shown
to interact with duplex T7 DNA. Under the same ionic and pH
conditions, complexes were not formed with oligouridylates.
In addition, binding curves of the DNA-oligocytidylates in-
teraction showed that binding took place at about 1% of the
DNA. This suggests that interaction might essentially take
place at dG and dC clusters (Mushynski & Spencer, 1970).

The nature of the association varied according to the pH
conditions. The similar behavior of the titration curves both
for T? DNA-(Cp), complexes (Figure 5) and for the system
poly(dG)-poly(dC) plus poly(rC) (Haas et al., 1976) suggests
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that, at neutral pH, oligoribocytidylates might displace re-
petitive deoxyribocytosines with local strand separation, This
hypothesis was supported by assays with RNA polymerases
initiating RNA synthesis preferentially at nonperfect duplex
sequences (Figure 9). At lower pH, a triple-stranded complex
could form according to the classical scheme: one purine
strand/two pyrimidine strands.

Ionic strength influenced binding at neutral pH. At low
NaCl concentrations, oligomers were easily complexed since
the DNA structure is more flexible, but a minimal concen-
tration was necessary for short oligonucleotides (» = 4 or 5)
to bind. At high ionic strength, the DNA molecule is more
compact, which would favor the binding of short oligomers
because of a decrease in charge barrier, but at the same time
disadvantaged DNA-(Cp),>7 complexes since the strands
open less easily. In all cases an excess of oligomers was neces-
sary to obtain maximal interaction.

The dichroic difference signals obtained were not very in-
tense, but they exceeded largely what was expected for a
structural modification affecting about | or 2% of the DNA
molecule. This suggests that the interaction not only affected
the bound sequences themselves, but also perturbed the
structure on both sides of these sequences. This agrees with the
work of Burd et al. (1975) on synthetic polymers (dC3pdA o)
(dTlodGzo) and (dC2odA15)-(dT15dG20) and Early et al.
(1977) on (dC;sdA|s5)«(dT;sdGs). They demonstrated that
(dA)«(dT) sequences are influenced by the conformational
stability of close-by (dG)-(dC) sequences. In the same line,
locally formed hybrids or triplexes may act on both sides of the
interaction as structural inducers. While natural DNAs are
in the B form, all polynucleotide triplexes (Arnott and Selsing,
1974) and hybrid duplexes (Milman et al., 1967) have been
found to be in the A form.

RNA synthesized by E. coli RNA polymerase on T7
DNA-(Cp), matrices showed a decreased level, but the
specificity of the transcription process was not affected. The
same results were obtained with [32P] GTP or [*H]UTP. This
is strong evidence that the three promoter sites were not con-
cerned with the binding of oligoribocytidylates. Pribnow
(1975) has recently determined the sequence and the local-
ization of two of the three T7 early promoters. They do not
show a particular enrichment in dG or dC sequences, which
would explain why no change in specific initiation was ob-
served.

On the contrary, one cannot exclude that dG and dC clusters
may intervene in processes concerned with late RNA synthesis.
Most of the chains initiated by T7 RNA polymerase begin
precisely with the triplet pppGpGpA (McAllister et al., 1973;
Bishayee et al., 1976). In addition, it was shown by Chamberlin
& Ring (1973) that this enzyme possesses particular affinity
for poly(dG)-poly(dC). It therefore should interact with re-
petitive dG and dC sequences of T7 DNA and it would be in-
teresting to test T7 DNA-(Cp), complexes with T7 RNA
polymerase.
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Phase Separation of Acidic and Neutral Phospholipids Induced by

Human Myelin Basic Protein®

J. M. Boggs,* M. A. Moscarello, and D. Papahadjopoulos

ABSTRACT: Differential scanning calorimetry was used to
detect lipid phase separation induced in mixtures of acidic and
neutral phospholipids by myelin basic protein from human
central nervous system myelin. Phosphatidic acid, phospha-
tidylglycerol, and phosphatidylserine mixtures with phos-
phatidylcholine (PC) were used and were shown to be nearly
randomly mixed in the absence of the protein. Incorporation
of basic protein into these mixtures caused a shift in the phase
transition temperature toward the temperature of the PC
component, indicating that it binds and separates out the acidic
lipid leaving a PC-enriched phase. In some cases, a transition
due to the acidic lipid-basic protein complex was also observed.

There is abundant evidence which indicates that both lipids
and proteins are asymmetrically distributed across certain cell
membranes, but it is not clear how this asymmetry is induced
and maintained (Rothman and Lenard, 1977). Early x-ray
diffraction studies showed that the repeat distance of myelin
was equivalent to the thickness of two membranes, indicating
an asymmetric arrangement within each of the membranes
{Schmitt et al., 1941; Blaurock and Worthington, 1969). De-
termination of the electron density profiles of myelin suggested
that this asymmetry occurs both at the polar head group-
aqueous interface and in the hydrocarbon region of the mem-
brane (Caspar and Kirshner, 1971). It was suggested that the
asymmetry in the hydrocarbon region was due to an asym-
metric distribution of cholesterol, although it is equally possible
that it is caused by an asymmetric distribution of other lipids
and/or intrinsic proteins. Specific binding of proteins to certain
lipid classes resulting in phase separation could be one way in
which lipid asymmetry is induced and maintained. In order to
investigate this possibility, we are studying the ability of myelin
proteins to induce lipid phase separation when incorporated
individually into lipid vesicles containing both acidic and
neutral phospholipids randomly mixed. We reported earlier
that a hydrophobic intrinsic protein, lipophilin, isolated from
the proteolipid of human CNS myelin, is embedded in the
hydrocarbon region and immobilizes some lipid surrounding
it in the form of “boundary lipid” (Boggs et al., 1976). This

t From the Department of Biochemistry, Research Institute, The
Hospital for Sick Children, Toronto, Ontario, Canada (J.M.B. and
M.A.M.), and the Department of Experimental Pathology, Roswell Park
Memorial Institute, Buffalo, New York (D.P.). Received July 5, 1977.
This work was supported by grants from the Medical Research Council
of Canada and the National Institutes of Health (U.S.A.) (No. 6M-18921)
and by a postdoctoral fellowship from the Multiple Sclerosis Society of
Canada for J.M.B.

5420

BIOCHEMISTRY. VvOIL.. 16, NO. 25, 197

The shift toward the transition temperature of the PC com-
ponent occurred regardless of whether the PC was the lower
melting or the higher melting component of the mixture. Thus,
the protein does not just bind to the lipid which melts first, but
binds to the acidic lipid even if it melts at a much higher tem-
perature than the neutral lipid. If enough acidic lipid is avail-
able, the protein can bind to 27-34 molecules of acidic lipid
per molecule of protein. At pH 7.4 basic protein has 38 basic
residues; thus, nearly all of these can be involved in electrostatic
binding to acidic lipid polar head groups resulting in lipid phase
separation.

protein causes phase separation by binding the acidic lipid
preferentially to its boundary layer (Boggs et al., 1977).

In this study, we present evidence using differential scanning
calorimetry (DSC) which indicates that the basic protein or
encephalitogenic component from myelin, which interacts with
lipid primarily by electrostatic interactions, can also cause lipid
phase separation in a mixture of acidic and neutral lipids by
binding to the polar head groups of acidic lipids.

Materials and Methods

Preparation of Basic Protein. Myelin was isolated from
normal human white matter and basic protein extracted from
it by the method of Lowden et al. (1966). The protein was
stored in the lyophilized form.

Lipids. Phosphatidyiserine (PS)' was isolated from bovine
brain, phosphatidic acid (PA) was obtained from egg yolk
phosphatidylcholine, and dimyristoylphosphatidic acid
(DMPA) from dimyristoylphosphatidylcholine (DMPC) as
described earlier (Papahadjopoulos and Miller, 1967; Papa-
hadjopoulos et al., 1976). Phosphatidylglycerol (PG) was
prepared enzymatically from egg phosphatidylcholine by a
modification of the method of Dawson (1967). Dipalmitoyl-
phosphatidylglycerol (DPPG) and dimyristoylphosphatidyl-
choline (DMPC) were synthesized as described eariier (Pa-
pahadjopoulos et al., 1973).

These lipids were stored in chloroform under nitrogen in
sealed ampules at —50 °C. Dipalmitoylphosphatidylcholine
(DPPC) was purchased from Serdary Research Laboratory

! Abbreviations used: PS, phosphatidylserine; PA, phosphatidic acid;
DMPA, dimyristoylphosphatidic acid; DMPC, dimyristoylphosphati-
dylcholine; PG, phosphatidylglycerol: DPPG, dipalmitoylphosphatidyl-
glycerol; Hepes, N-2-hydroxyethylpiperazine-/N'-2-ethanesulfonic acid;
DSC, differential scanning calorimetry.



