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the hydrophobicity of the amphiphile and that the number of 
exposed hydrophobic residues is an important determinant in 
the mechanism of lipid-protein association. This hypothesis, 
however, requires a more rigorous test. 
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Phase Equilibria in Binary Mixtures of Dimyristoylphosphatidylcholine and 
Cardiolipin? 
The0 Berclazf and Harden M. McConnell* 

ABSTRACT: Paramagnetic resonance spectra of the spin-label 
2,2,6,6-tetramethylpiperidinyl-l -oxy have been used to study 
phase separations in binary mixtures of dimyristoyl- 
phosphatidylcholine and cardiolipin. Two different samples 
of cardiolipin were used: (i) One sample contained calcium 
ions at a mole ratio of ca1cium:cardiolipin = 1 :2; the experi- 
mental data support the view that cardiolipin is present in the 

x e r e  have been numerous studies of the physical properties 
of binary mixtures of lipids. In a number of cases phase 
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bilayer membrane as calcium ion linked dimers, (CL)$a2+. 
(ii) A calcium-free sodium cardiolipin sample yielded re- 
markable spin-label partition data that were quite different 
from those obtained in the presence of Ca2+. In both cases 
the spin-label data provide evidence for compound formation 
and for fluid-fluid immiscibility in the bilayer membrane. 

diagrams describing lateral phase separations in planar bilayer 
membranes have been described [see, e.g., Shimshick & 
McConnell (1973), Grant et al. (1974), Luna & McConnell 
(1977), Gent & Ho (1978), Lentz et al. (19.78), Mabrey et 
al. (1978), Oldfield & Chapman (1972), and Ladbrooke & 
Chapman (1969)l. The most common type of two-phase 
equilibria that has been encountered is that in which the 
temperatures and compositions are such that a “solid” phase 
is in equilibrium with a “fluid” phase. For the purposes of 
the present paper, we consider a fluid lipid bilayer to be one 
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in which the lateral diffusion coefficients of the lipid molecules 
are large (D N 10-7-10-8 cmz/s) and the solid phases to be 
those in which the lateral diffusion coefficients are small (D 
5 10-lo cmz/s). Although such phase equilibria may be sig- 
nificant for the structure and function of some biological 
membranes, it does appear likely that the membranes of most 
eukaryotic cells are largely fluid, at least as far as lipid dif- 
fusion is concerned. This conclusion nonetheless leaves open 
the question as to whether or not there exist phase separations 
in the fluid state of bilayer membranes, i.e., “fluid-fluid 
immiscibility”. Such phase separations might easily escape 
detection with calorimetric, freeze-fracture electron micro- 
scopic, or spectroscopic techniques. For a discussion of this 
problem, and references to earlier work, see Melchior & Steim 
(1979). 

Spin-labels have been previously used to obtain evidence 
suggesting fluid-fluid immiscibility in binary mixtures of lipids 
(Wu & McConnell, 1975; Galla & Sackmann, 1975; Ru- 
benstein et al., 1980; Recktenwald & McConnell, 1981). In 
the present work we have studied the partitioning of the 
spin-label 2,2,6,6-tetramethylpiperidinyl- 1-oxy (Tempo)’ be- 
tween water and binary mixtures of dimyristoyl- 
phosphatidylcholine (DMPC) and cardiolipin (CL), in both 
the presence and absence of calcium ion. From the present 
work we reach the conclusion that there are phase separations 
involving fluid phases in these binary mixtures of phospholipids. 

Materials and Methods 
DMPC, Grade A, was purchased from Calbiochem (La 

Jolla, CA) and stored as 2 and 17 mM stock solutions in either 
MeOH or EtOH under argon. Cardiolipin from bovine heart 
was purchased from two different suppliers: (a) from Supelco, 
Inc. (Bellefonte, PA), as 50 mg/mL in CHCl,, stored and used 
after dilution to 2 mM in CHC13 under argon (atomic ab- 
sorption spectrophotometry showed this CL contained 1 
molecule of calcium/2 molecules of CL), and (b) from Sigma 
Chemical Co. (St. Louis, MO), as 3.34 mg/mL in EtOH, 
supplied as the sodium salt (atomic absorption spectropho- 
tometry did not detect any calcium in such samples). The 
fluorescent lipid probe N-(7-nitro-2,1,3-benzoxadiazol-4-y1)- 
phosphatidylethanolamine (NBD-PE) was purchased from 
Avanti Biochemicals (Birmingham, AL) as 1 mg/mL in 
hexane-ethanol (9:l). All lipids were used without further 
purification. Tempo was used at about M in phos- 
phate-buffered saline (PBS) solution containing 1 mM eth- 
ylenediaminetetraacetic acid (EDTA). 

Sample Preparation. For the measurement of Tempo 
partitioning, 5 mg of total lipid of appropriate composition in 
DMPC and cardiolipin was dried to a film from the stock 
solution in alcohol, then redissolved into a mixture of 
CHC13-MeOH (lO:l), and finally dried to a film under re- 
duced pressure. Returning to normal pressure was always done 
by introducing argon into the flask. Then the film was hy- 
drated at 45 “C for 5 min with 160 pL of Tempo in PBS/ 
EDTA solution, and the well-hydrated lipids were vortexed 
for several seconds. The liposome suspension was allowed to 
rest for a few seconds before 50 pL was taken and introduced 
into a capillary tube which was immediately sealed. EPR 
spectra were taken as previously described (Rubenstein et al., 

Abbreviations used: DMPC, dimyristoylphosphatidylcholine; CL, 
cardiolipin; EDTA, ethylenediaminetetraacetic acid; PBS, phosphate- 
buffered saline, pH 7.2; Tempo, 2,2,6,6-tetramethylpiperidinyl- 1-oxy; 
NBD-PE, N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phosphatidylethanol- 
amine; diI, bis(2-N-octadecyl-3,3-dimethyl- 1-benz[b]pyrrole) trimethin- 
cyanine iodide; EPR, electron paramagnetic resonance. 
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FIGURE 1: Tempo partitioning (8) into DMPC-cardiolipin liposomes 
as a function of the mole fraction of cardiolipin (A&) for the cal- 
cium-cardiolipin sample (see Materials andd Methods) at (m) 16, 
(0) 18, (0) 24, (A) 28, (A) 32, and (0) 40 OC. For Xc, = 1.0 (pure 
cardiolipin), the bar (I) represents the range of 8 between 16 and 40 
OC. 

1980). Tempo partitioning into phospholipid-cardiolipin li- 
posomes was measured by monitoring the resolved high-field 
EPR signals for the spin-label dissolved in the hydrophobic 
(H) and polar (P) environments. The partition coefficient B 
is equal to the ratio H/P  of these two signals. For the diffwion 
measurements, NBD-PE was added to the original 5 mg of 
lipids at 0.05 mol %. The liposomes were usually washed once 
with Tempo solution and resuspended in appropriate amounts 
of solution before the measurements. The latter were also 
performed on multibilayers prepared by the procedure already 
described (Rubenstein et al., 1979). Lateral diffusion mea- 
surements were made by using the laser fluorescence photo- 
bleaching recovery technique (Smith et al., 1979). 

Results 
Figure 1 shows the Tempo partition coefficient p as a 

function of the mole fraction of CL in binary mixtures con- 
taining DMPC. These data refer to the “CaZ+ sample” (see 
Materials and Methods). As explained under Discussion we 
have found it impossible to account for the data in Figure 1 
in terms of simple phase equilibria with phases composed of 
pure DMPC, DMPC plus CL, and pure CL. On the other 
hand, if CL is assumed to be present in the membranes as a 
specific complex, (CL)2Ca2+, and the data are plotted as a 
function of the mole fraction of (CL)$a2+, the results (given 
in Figure 2) are readily understood in terms of such phase 
equilibria (see Discussion). 

The data shown in Figures 1-3 are quite reproducible and 
show no hysteresis, with the possible exception of the higher 
temperature and higher CL concentrations (XcL 5 0.8,20-40 
“C) in Figure 3 where some lack of reproducibility was noted. 
The steepness of the peaks may be responsible, in that small 
errors (e.g., - 1%) in sample composition can produce large 
errors in /3. That is the reason why we did not connect the 
experimental points for XcL > 0.80 in Figure 3, in contrast 
to what was done for XcL between 0 and 0.80. At other CL 
compositions and temperatures the maximum errors (based 
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FIGURE 2: Plot of the same Tempo partitioning (8) valua as in Figure 
1 but as a function of the mole fraction of the calcium-bridged dimer 
(CL)&a2+ at (m) 16, (0) 18, (0) 24, (A) 28, (A) 32, and (0) 40 
OC. For XcL = 1.0 (pure cardiolipin), the bar (I) represents the range 
of 8 between 16 and 40 OC. The lines represent calculated values 
based on the model discussed under Appendis. In this figure a number 
of experimental points have been omitted to prevent overcrowding. 
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FIGURE 3: Tempo partitioning (j3) into DMPC-cardiolipin liposomes 
expressed as a function of the mole fraction of cardiolipin (&L) for 
the calcium-free cardiolipin sample at (m) 16, (0) 18, (0) 24, (A) 
28, (A) 32, and (0) 40 "C. Due to the lack of reproducibility of values 
for XcL > 0.8 the experimental points for this region are not connected 
with one another as done for 0 < XcL < 0.80, where experimental 
data were reproducible. Some of the points for XcL > 0.8 can be 
connected to give curves similar to those in the center of the figure, 
in the range 0.37 < XcL < 0.60. 

on the reproducibility and self-consistency of the data) are of 
the order of f3%. 

X(CL,,Cd' 

FIGURE 4: Diffusion of the fluorescent lipid probe NBD-PE in 
DMPC-cardiolipin liposomes as a function of the mole fraction of 
the calcium-bridged dimer (CL)&a*+ at 17 (A) and 27 "C (e). The 
bars (I) represent the two extremes of at least four different mea- 
surements. 
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FIGURE 5: Diffusion of the fluorescent lipid probe NBD-PE in 
DMPC-cardiolipin multibilayers as a function of the mole fraction 
of the calcium-bridged dimer (CL)2Ca2+ at 17 (A) and 28 OC (0). 
The bars (I) represent the two extremes of at least three different 
measurements. 

In all of the Tempo paramagnetic resonance spectra, the 
hydrophobic and polar signals are well resolved and have no 
apparent change in line shape, or separation, except for spectra 
taken at  the two compositions near the sharp minima in /3 near 
X,, = 0.37 and XcL = 0.60 in Figure 3. At  these particular 
compositions the hydrophobic and polar signals merge some- 
what, suggesting an enhanced rate of exchange between Tempo 
in the hydrophobic and polar phases. 

Results of some studies of lateral diffusion in the Ca2+ 
samples are given in Figures 4 and 5 for liposomes and 
multibilayers. The lateral diffusion coefficients of a fluorescent 
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lipid probe (NBD-PE) in binary mixtures of DMPC and the 
Ca2+-containing CL seen in Figures 4 and 5 are quite remi- 
niscent of those observed earlier in binary mixtures of DMPC 
and cholesterol (Rubenstein et al., 1979). A single mea- 
surement of the lateral diffusion of NBD-PE in a Ca2+-free 
XcL = 0.50 binary mixture of CL and DMPC was made, with 
the result D N 3.5 X cm2/s at 
17 OC. The Ca2+-free samples with XcL = 0.50 form especially 
large liposomes, typically 20 wm in diameter. All other lipid 
samples, both with and without Ca2+, had the appearance of 
typical liposomes in the optical microscope, except possibly 
for the Caz+-containing samples at high CL mole fractions, 
where the liposomes (sometimes fluorescently labeled) ap- 
peared unusually small (less than 1 wm). Preliminary 
freeze-fracture studies of these samples are in progress in this 
laboratory; a survey of the Ca2+-containing membranes showed 
only very few “lipidic structures” of the type discussed by 
Verkleij et al. (1979) and by Miller (1980). Some diffusion 
measurements were carried out with the Ca2+ samples on 
multibilayers with the fluorescent lipid probe bis(2-N-octa- 
decyl-3,3-dimethyl- 1 -benzo[b] pyrro1e)trimethincyanine iodide 
(diI). These diffusion coefficients were very nearly the same 
as those reported in Figure 5 for mole fractions of (CL),Ca2+ 
between 0.025 and 0.11, at 17 “C. 

All the data in Figures 1-4 were obtained for liposomes 
prepared in PBS, pH 7.0. Other experiments were carried out 
with the Ca2+ samples in distilled water and gave the same 
shape Tempo partition curves, the main difference being a 
smaller “salting out effect”; Le., Tempo binding to a hydro- 
carbon phase is enhanced when salts are added to the aqueous 
phase. (This effect is easily demonstrated with mixtures of 
hexane and water.) The diffusion data given in Figure 5 for 
multibilayers were obtained with distilled water. 

Discussion 
In the present work we have encountered two phenomena 

not previously observed in earlier studies of phase equilibria 
in binary mixtures of lipids. Consider the Tempo partition 
data in Figure 1. These p vs. XcL data can clearly be broken 
up into three regions. In region I, at low CL mole fractions 
(XcL C O,l), p decreases rapidly with increasing XcL. In the 
intermediate region, region 11, p is remarkably independent 
of XcL, and in region I11 p again decreases with increasing 
XcL, Note that p is essentially a thermodynamic property of 
the system. Thus the discontinuities in dp/dx that mark the 
boundaries between regions I and 11, and regions I1 and 111, 
must be phase boundaries. According to the phase rule, such 
boundaries separate one- and two-phase regions for binary 
mixtures of lipids in systems where the aqueous solvent is in 
excess. Thus, regions I and I11 are two-phase regions, and 
region I1 is a one-phase region, or vice versa. It is extremely 
difficult to imagine that region I1 is a two-phase region, since 
this would require the two immiscible phases to have identical 
partition cofficients 6. From these arguments alone we con- 
clude that region I1 must be a one-phase region. In agreement 
with this assignment it may be noted that the marked similarity 
between diffusion data in Figures 4 and 5, and diffusion data 
for binary mixtures of DMPC and cholesterol, strongly in- 
dicates that the region 0 5 XcL < 0.1 at temperatures less than 
22 “C  is a two-phase region. [For a summary of the studies 
of the relation between diffusion data and phase equilibria in 
the DMPC-cholesterol system, see Owicki & McConnell 
(1980).] This again indicates that region I1 is a one-phase 
region. Thus, there is every reason to believe that region I is 
two phase, region I1 is one phase, and region I11 is two phase. 
The constancy of Tempo partitioning into the one-phase region 

at 27 “C  and 1.7 X 

B E R C L A Z  A N D  M C C O N N E L L  

I1 is plausible in that all the samples employed had the same 
total weight and changes in composition within a single ho- 
mogeneous phase of constant total weight need not give major 
changes in Tempo binding. 

In two-phase regions, the “lever rule” for the construction 
of phase diagrams places quantitative restrictions on the 
possible variations of the partition coefficient with composition. 
As discussed under Appendix, the observed dependence of ,!3 
on XcL in region I11 of Figure 1 is not in accord with the 
assumptions that this is a two-phase region, that the two 
components are DMPC and CL, and that the lever rule ap- 
plies. On the other hand, if it is assumed that the CL mole- 
cules in this system are present as calcium ion linked dimers, 
(CL)$a2+, and the data replotted as a function of the mole 
fraction of (CL)2Ca2+ in the sample, then the application of 
the lever rule fits the data to well within the experimental 
errors, as can be seen in Figure 2. 

The Tempo partition data seen in Figure 3 are certainly the 
most unusual yet reported for any binary mixture of phos- 
pholipids. The compositions corresponding to the various 
maxima and minima in the Tempo partition parameter p do 
not change with temperature, within the studied temperature 
range (except for the maximum at XcL = 0.09, which disap- 
pears below the chain melting transition temperature of 
DMPC, 22 “C). We suggest that the compositions corre- 
sponding to the sharp maxima (and/or minima) in Tempo 
partition represent stoichiometric compositions corresponding 
to “compounds”. For example, the maximum at XcL = 0.50 
in Figure 3 may be an example of compound formation. One 
may consider two limiting definitions of the word “compound. 
One can imagine specific clustering of comparatively small 
groups of molecules within a bilayer membrane, these groups 
forming well-defined complexes; the bilayer is then considered 
as some mixture of such complexes. The other limiting view 
of the word “compound” is that it represents a single ther- 
modynamic phase. We prefer this second interpretation (for 
the data in Figure 3) even though it raises a second problem. 
A single homogeneous phase with a simple stoichiometric 
composition (e.g., XcL = 0.50) is expected to have a crystal-like 
lateral ordering. However, this supposed lateral ordering must 
nonetheless be consistent with rapid lateral diffusion. Since 
a number of substances can exhibit both crystal-like order and 
rapid lateral diffusion (e.g., metallic sodium), our observed 
rapid lateral diffusion certainly does not rule out this possible 
crystal-like ordering in CL-DMPC binary mixtures. Assum- 
ing crystal-like ordering it is still not possible to say whether 
the sharp maxima or sharp minima represent such specific 
compounds. Note that eutectics often have simple stoichio- 
metric compositions (Chadwick, 1963-1964). Also recall that 
a solid crystalline phase of DMPC (the PF phase) binds Tempo 
better than a fluid phase mixture of 20 mol % cholesterol and 
80 mol % DMPC at the same temperature. Just the opposite 
result is obtained when (CL),Ca2+ or CL itself is mixed into 
the solid P, phase of DMPC; then, the binding of Tempo 
increases (Figures 2 and 3). In other words, there is no simple 
monotonic relation between Tempo binding and fluidity (as 
measured by lateral diffusion, for example). 

The data in Figure 2 for binary mixtures of DMPC and 
(CL)2Caz+ are also consistent with compound formation, the 
mole fraction of (CL)2Ca2+ in the compound being of the order 
of magnitude of 0.1. Thus, each of the curves in Figure 2 
corresponds to a different temperature; one can then make a 
temperature-composition plot by using the points of slope 
discontinuity given in Figure 2. The resulting curve defines 
a temperature-composition region in which there is some 
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of all the A molecules in the sample that are in the phase i 
is X A ( i y ) ,  and the fraction of all the B molecules in the sample 
that are in phase j is XBG)p). The relative weights of phases 
i and j are then proportional to 

miscibility of this putative compound with DMPC and/or 
(CL)2Ca2+. With this interpretation in mind, examination of 
the data in Figure 2 leads to the conclusion that this compound 
becomes unstable at temperatures much above 40 OC. This 
is in contrast to the data in Figure 3 where there is no indi- 
cation that the various compounds become unstable at the 
higher temperatures employed in the present study. 

If there is lateral order in the binary mixtures of CL and 
DMPC, we think it likely that coulombic interactions between 
the charged CL molecules (together with counterions) play 
a large role in stabilizing this orrder. The importance of 
counterions in the formation of ordered distributions of elec- 
trically charged solutes in (three-dimensional) aqueous solu- 
tions has been emphasized by Ise & Okubo (1980). The 
closest analogy between earlier studies and the present work 
may be the “acid soaps”. These are compounds of simple 
stoichiometry formed between fatty acids and their sodium 
salts. A number of these acid-soap compounds form lamellar 
phases (Eckwall, 1975). 

Until more information about these systems is obtained it 
is premature to attempt to account for the data in Figure 3 
in terms of speculative phase diagrams. It is plausible that 
the spin-label partition data can be accounted for in terms of 
phase diagrams involving compounds and eutectics, providing 
appropriate assumptions are made concerning the relative 
binding of Tempo to these various phases. 

Irrespective of the detailed interpretation of the Tempo 
partition data in Figures 1-3, we must conclude that immis- 
cible fluid lipid phases are present in these binary lamellar lipid 
mixtures. 
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Appendix 
In all the Tempo partition experiments carried out in the 

present work, the total weight of lipid was kept constant ( 5  
mg) as was the total weight of water (160 mg). Thus, if we 
have a two-phase system, one containing pure DMPC and one 
containing a mixture of DMPC and CL, the observed Tempo 
partition coefficient p is expected to be related to the Tempo 
partition coefficients in the two phases, P(DMPC) and p-  
(DMPC-CL), as follows: 

P = ( 1 / 4  x 
[w(DMPC)O(DMPC) + w(DMPC-CL)p(DMPC-CL)] 

(‘41) 

Here w is the total weight of the lipid sample, w(DMPC) is 
the weight of the DMPC phase, and w(DMPC-CL) is the 
weight of the phase containing DMPC and CL. We now 
consider the problem of calculating P as a function of XcL, 
To do this, it will be convenient to state the problem somewhat 
more generally. 

Assume that we have a binary system with components A 
and B in which two phases coexist, i and j. Ifp” is the fraction 
of all the molecules in the sample that are in phase i, then from 
the well-known lever rule for the construction of phase dia- 
grams 

(‘42) 
where X B ( ~ )  and XBu) are the mole fractions of B in phases i 
and j; XB is the mole fraction of B in the sample. The fraction 

f ” )  = (xBti) - xB)/(xBti) - xBW) 

~ ( j )  = Mr(A+A(-i)fo) + Mr(B+B”p’ (A41 

where Mr(A) and Mr(B) are the molecular weights of A and B. 
The total weight of the sample is simply 

w = w(i) + w(j) (A51 
By examination of eq A2-A5 it is clear that the weight 

fractions w(i)/w and w(j)/w are not in general linear functions 
of XB, since X ,  appears in both the numerators and denom- 
inators of these fractions. Thus, if we identify X B  with XcL, 
then eq A1 leads to a nonlinear dependence of P on XcL. 
However, in region I of Figure 1 (see Discussion) the values 
of XcL are so small (0 S XcL 5 0.1 1) that the deviations from 
linearity in caculated vs. XcL plots are much smaller than 
the experimental error. An equation analogous to eq A1 also 
applies to the two-phase temperature composition region of 
Figure 1, designated I11 under Discussion. 
P =  

(1 /w) [w(DMPC-CL)P(DMPC-CL) + w(CL)@(CL)] 
(A6) 

Here the presumed two coexisting phases are a solution con- 
taining a mixture of DMPC and CL and containing pure CL. 
Again one can attempt to fit the observed data in Figure 2 
with eq A2-A5, but in this case calculated @ vs. XcL curves 
show deviations from linearity that are in marked contrast to 
the linear 

As indicated under Discussion, the observed Tempo partition 
data can be accounted for when it is assumed that CL is a 
dimeric molecule bound to calcium ion, (CL)&a2+. With this 
assumption eq A6 is modified as follows: 
0 = (1 /w) [w(DMPC-(CL),Ca2’)P(DMPC-(CL),Ca2+) 

+ W((CL),C~~+)~((CL)~C~~+)] (A7) 

When the experimental values of 0 are plotted vs. the mole 
fraction of (CL),Ca2+ in the sample, then eq A2-A5 and eq 
A7 provide an essentially perfect fit to the experimental data, 
as seen by comparing the experimental points and calculated 
curves in Figure 2. Of course, the only a priori “prediction” 
of the theory is a curvature of the P vs. X(CL)2Ca2+ data on the 
right-hand side of Figure 2; the end points of these curves are 
set by the experimental values of p for X(CL)2,-a2+ = 1 and the 
values of p for X(CL)2Ca2+ in the range 0.15-0.35 where the B 
vs. X(CL)2Caz+ curves show discontinuities in their slopes. It 
should be noted that the general thermodynamic reasoning 
presented here does not require that any of the phases be 
lamellar and/or part of the same vesicle membrane. All of 
the phases described in the present work are lamellar, with 
the possible exception of pure (CL)&aZ+ (Cullis et al., 1978). 
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Nucleotide Sequences of 5’ Termini of Adenovirus 2 Early Transforming 
Region Ela  and Elb  Messenger Ribonucleic Acids? 
Shuichi Hashimoto,* William S. M. Wold, Karl H. Brackmann,. and Maurice Green 

ABSTRACT: The major 5’-terminal RNase T1 oligonucleotides 
derived from human adenovirus type 2 (Ad2) early regions 
E la  [map position (mp) 1.3-4.63 and E lb  (mp 4.6-1 1.2) were 
characterized and sequenced. Poly(A+) polyribosomal RNA 
was isolated from AdZinfected KB cell cultured 10 h in the 
presence of cycloheximide, the 5’-terminal m’Gppp was re- 
moved, and the 5’-OH of the penultimate 2’-O-methylated 
nucleoside was labeled with [y3*P]ATP by using poly- 
nucleotide kinase. 5’-32P-labeled poly(A+) RNA was hy- 
bridized to EcoRI-A (mp 0-58.5), HpaI-E (mp 0-4.5), and 
HpaI-C (mp 4.5-25) and to cloned fragments representing 
mp 0-4.5,4.5-8, 8-10.7, 8-17, and 17-31.5. Fragment-spe- 
cific mRNA was digested with RNase T1, the resulting oli- 
gonucleotides were resolved by two-dimensional paper elec- 
trophoresis-homochromatography, and the 5’-terminal 
methylated oligonucleotides were characterized by nuclease 
P1 digestion and two-dimensional thin-layer chromatography. 
Two major 5’-terminal RNase T1 oligonucleotides were ob- 
tained from EcoRI-A-specific mRNA; these were charac- 
terized by RNase T2 digestion and two-dimensional thin-layer 
chromatography and were sequenced by partial nuclease P1 
digestion and electrophoresis-homohromatography. These 
two oligonucleotides were mapped to E l a  and E l  b, respec- 

A major goal of eukaryotic molecular biologists is to un- 
derstand the mechanism of transcription initiation, because 
this is central to the problem of gene regulation. The human 
adenovirus (Ads) are good models for such studies: many of 
the genes and their products have been well characterized, and 
much of the genome has been sequenced. As a prerequisite 
to understanding transcription initiation, it s necessary to 
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tively, by analysis of Ela-  and Elb-specific mRNA. Their 
sequences are as follows: Ela, m7Gppp(m6)AmC(m)UCUUGp; 
E l  b, m7Gppp(m6)AmC(m)AUCUGp, in which the methylations 
shown in parentheses are partial. The E l a  5’-terminal oli- 
gonucleotide was found as a minor component of E lb  mRNA, 
implying that mRNAs exist with both Ela  and Elb  sequences. 
Five other minor 5’-terminal oligonucleotides were observed 
in E l  mRNA, implying that transcription initiation is not 
always precise. Sequences corresponding to these two 5’ 
termini were found at nucleotide positions 498-504 (Ela) and 
1699-1705 (Elb) in the Ad2 DNA sequence (T. Gingeras and 
R. Roberts, unpublished experiments), positions where the 
5’-terminal region of Ela  and E lb  mRNAs has been mapped 
by nuclease gel analysis [Berk, A. J., & Sharp, P. A. (1978) 
Cell (Cambridge, Mass.) 14, 695-71 11 and electron micro- 
scopic visualization [Chow, L. T., Broker, T. R., & Lewis, J. 
(1979) J .  Mql. Biol. 134, 265-303; Kitchingman, G. R., & 
Westphal, H. (1980) J.  Mol. Biol. 137,23481, Ela  contains 
a TATA box at -24 to -3 1, a potential ribosome binding site 
at +22 to +32, and an ATG at +62 to +64. E l b  contains 
a TATA box at -24 to -30, potential ribosome binding sites 
at +3 to +10 and +34 to +47, and ATGs at +13 to +15 and 
+317 to +319. 

localize, at the nucleotide level, exactly where transcription 
starts. Studies on the Ad2 major late transcription unit have 
indicated that transcription in vivo probably initiates at the 
cap site (Ziff & Evans, 1978). This also seems to occur in 
in vitro transcription systems (Weil et al., 1979; Manley et 
al., 1979). Therefore, the transcription initiation site of any 
transcription unit can be identified by sequencing the capped 
5’ termini of RNA and then by locating the sequence within 
the DNA sequence. 

In this paper, we have sequenced the major 5‘ termini of 
mRNAs synthesized during early stages of Ad2 infection from 
Ad2 early region E l .  E l  is located at map position (mp) 
1.3-1 1.2, and E l  mRNAs are transcribed off the r the strand 
(Berk & Sharp, 1978; Chow et al., 1979; Kitchingman & 
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