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Fig. 4 Replication-uncoupled transcription. Probe 3 was used (gene 23).
Lanes G, A, T, C, N, O and R are as described in Fig. 2. Lanes W, X, Y
and Z are S, mapping experiments performed as described in Fig. 2 using
RNA extracted from E. coli infected with the T4 mutant tsL56 amH39X
amN130. Lanes W and X are from an infection of E. coli B¥ at 30 °C with
RNA extracted at 5 and 20 min after infection, respectively. Lanes Y and
Z are from an infection of E. coli BE at 43 °C with RNA extracted at 3
and 18 min after infection, respectively.

Transcriptional specificity in prokaryotes is conferred in large
part by DNA sequences at —10 (Pribnow box) and —335 relative
to the initiation site'*™"”. Temporal control of gene expression
in the bacteriophage life cycle can be achieved by synthesis of
a new RNA polymerase molecule with different specificity. For
example, T7 directs the synthesis of an RNA polymerase which
does not recognize the —35 and —10 regions of E. coli or T7
class I promoters, but instead recognizes a specific 23-base pair
sequence'®. Alternatively, phage-specified proteins can modify
the existing RNA polymerase, altering its DNA sequence
specificity. This phenomenon is well documented in Bacillus
subtilis. For example, phage SP01 synthesizes gp 28 which dis-
places the ¢ subunit of the host RN A polymerase. This activates
middle promoters which have —35 and —10 sequences different
from those of B. subtilis promoters or SP01 early promoters'.
T4 is similar to SPO1 in that it modifies the host RNA poly-
merase rather than synthesizing a new enzyme. Like SPO1

middle promoters, the DNA sequence which is well conserved
among the T4 late transcripts examined here is different from
the sequences recognized by the unmodified RNA polymerase.
Although the first five bases of the conserved sequence are
identical to the first five bases of the Pribnow box (TATAA),
the sixth base of the Pribnow box is a 100 per cent conserved
T (refs 15-17) while the 100 per cent conserved A found here
is actually more similar to eukaryotic promoter sequences*’.
The consensus sequence is also longer and closer to the 5' end
of the mRNA than the Pribnow box recognized by the host
enzyme and there is apparently no specific sequence recognized
at —35. The change in transcriptional specificity that occurs at
late times is thus not only a substitution of one set of specific
DNA-protein interactions with another, but also a fundamental
change in the geometry of the interactions.
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The helical hydrophobic moment:
a measure of the
amphiphilicity of a helix
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The spatial distribution of the hydrophobic side chains in
globular proteins is of considerable interest. It was recognized
previously' that most of the a-helices of myoglobin and
haemoglobin are amphiphilic; that is, one surface of each helix
projects mainly hydrophilic side chains, while the opposite
surface projects mainly hydrophobic side chains. To quantify
the amphiphilicity of a helix, here we define the mean helical
hydrophobic moment, {pu) = L., Hil/N, to be the mean vector
sum of the hydrophobicities H; of the side chains of a helix of
N residues. The length of a vector H; is the signed numerical
hydrophobicity associated with the type of side chain, and its
direction is determined by the orientation of the side chain
about the helix axis. A large value of (i) means that the
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helix is amphiphilic perpendicular to its axis. We have classified
a-helices by plotting their mean helical moment versus the
mean hydrophobicity of their residues, and report that trans-
membrane helices, helices from globular proteins and helices
which are believed to seek surfaces between aqueous and non-
polar phases, cluster in different regions of such a plot. We
suggest that this classification may be useful in identifying helical
regions of proteins which bind to the surface of biological
membranes. The concept of the hydrophobic moment can be
generalized also to non-helical protein structures.

Schiffer and Edmundson? represented helix amphiphilicity
by a two-dimensional ‘helical wheel’ diagram: a projection
down the idealized helix axis shows side chains protruding from
a circle every 100°. Non-polar residues were mainly on one
side of the circle, polar and charged residues on the other.
Helical wheels have since been used to represent other amphi-
philic helices: for example, it has been noted that portions of
apolipoprotein chains®~ and a synthetic melittin-like peptide®
can be built into helices having one polar face and one non-polar
face. The notion of amphiphilic helices has also been helpful
in studying the folding of proteins (for example, see ref. 7).

The concept of amphiphilic helices can be quantified by
combining a hydrophobicity scale with the helical wheel. Figure
1 shows portions of two helices viewed in projection down their
axes. The hydrophobicity of each amino acid residue is rep-
resented by a vector directed radially from the projected helix
centre to the idealized projected « -carbon position. The length
of each vector is H,, the hydrophobicity of the residue; as this
is a signed quantity, hydrophobic residues on one face of the
helix reinforce contributions of hydrophilic residues on the
other face. For the calculations described in Figs 1 and 2, the
values of H; are those proposed by Janin® on the basis of
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Fig. 1 Graphical representation of the contributions, by residue,
to the helical hydrophobic moment, jiy. a, The 11-residue stretch
of a helix in lactate dehydrogenase starting at residue 308. Hydro-
phobic residues have positive values for the hydrophobicity, H;
and are represented as vectors extending out from the centre of
the axial projection of the a-helix. Hydrophilic residues have
negative values of H; and their positions about the helix axis are
represented by dashed vectors extending from the centre. Their
vector contributions are represented by solid lines 180° away. The
vector sum of the H; is jiy. As the distribution of solid lines is
relatively symmetric, this segment has a small hydrophobic
moment, {uy)=0.10. b, Residues 5-22 of melittin, the most
amphiphilic 18-residue segment ({(uy3) = 0.40). Residues of small
contribution are represented by vectors but are not labelled. The
resulting hydrophobic moment would be off the page to the upper
left.

observed distributions of each amino acid between the surface
and interior of proteins. We also performed calculations with
other sets of hydrophobicity values, including those proposed
by Wolfenden et al.’, von Heijne and Blomberg'® and Chothia'?,
as well as with our own set. The general features of the results
described below do not depend on the hydrophobicity scale
used.

We define the degree of amphiphilic character of a helix
perpendicular to its axis by the helical hydrophobic moment,
iy, the magnitude of the vector sum of the H; for N residues
of an a-helix: |jiy| =¥, H;. To compare moments of helices
of different lengths, it is convenient to work with the intensive
form of the moment, {uy) =|jwul/N, which we will sometimes
refer to simply as the hydrophobic moment. In much of our
work, a stretch of 18 residues was chosen because an ideal
a-helix of this length makes exactly five turns; thus the side
chains are distributed uniformly about its circumference.
However other lengths were also studied. Although the real
vectors calculated from atomic coordinates (see below) can also
be used, the present approach can be used when the tertiary
structure is unknown, but the secondary structure can be pre-
dicted.

Figure 2 shows a hydrophobic moment plot in which {(uyy) is
plotted against the mean hydrophobicity, (H)=(¥\, H,)/N,
for helices of N residues, where N is always greater than 10.
For helices of =19 residues, the largest value of (uy) for any
18-residue segment is also plotted with a related symbol. Thus,
for each helix of 11-18 residues, there is a single point on the
plot, and for each helix of 19 or more residues there are two
points. The abscissa value of Fig. 2 reflects the solubility of
each helix in a non-polar medium, the points falling to the right
representing helices which prefer a non-polar medium to a
polar medium. The ordinate reflects the tendency of a helix to
assume a preferred orientation at an interface between polar
and non-polar media. The plot shows data from 64 helices in
26 proteins. Of these helices, 28 have 19 or more residues (up
to a maximum of 53 residues for the haemagglutinin membrane
glycoprotein of influenza virus) and 36 have 11-18 residues.

Figure 2 shows that different types of helices cluster in
different regions of the diagram. Transmembrane sequences
are found in the lower right; this is to be expected because, as
noted by others'?, such sequences have high mean hydro-
phobicities which render them soluble in lipid. They also have
small helical hydrophobic moments, indicating that all orienta-
tions about the helix axis are essentially energetically
equivalent. We have assumed that these transmembrane
sequences are in «-helical conformations on the basis of Hen-
derson’s argument'? that this conformation is strongly favoured
in a membrane. The common length of 18-24 hydrophobic
residues also suggests that these sequences bridge the apolar
portion of the bilayer (~30A) in a-helical conformations
(1.5 A per residue along the helix axis).

In the left and lower central regions of Fig. 2 are clustered
a-helical segments from globular proteins. These segments
(Table 1) include every representative a -helix of known confor-
mation having 18 or more residues, and every helix of 11-17
residues in the same proteins, after Feldman'*. Of course, other
regions of these polypeptide chains are generally not a-helical
(and therefore are not plotted). Because these helices are from
soluble proteins, it is not surprising that their mean hydro-
phobicities are smaller than those of membrane-penetrating
sequences (that is, they are more hydrophilic). The helical
hydrophobic moments for these helices vary substantially, but
are often small.

In the upper right of Fig. 2 is a group of helices (represented
by triangles and arrowheads) which have both high helical
moments and large mean hydrophobicities. The main members
of this group are 26-residue peptides known to be both Iytic
and surface-active. Two are melittins, the main protein com-
ponents of venom from bees' ¥, another is a synthetic melittin-
like peptide® and two others are 8-haemolysins, lytic peptides
secreted by Staphylococcus aureus which are similar to melittin
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Table 1 Helices included in the hydrophobic moment plot of Fig. 2
Ref. for
st No. of Evidence Protein sequence or
Protein Organism/organ residue residues for helix* type structure
Adenylate kinase Pig 69(Leu) 15 X ray Globular 14
123(Glu) 11
144(Glu) 21
179(Val) 16
Alcohol Horse 170(Cys) 18 X ray Globular 14
dehydrogenase 202(Gly) 11
324(Ser) 13
353(Glu) 13
Carboxy- Cow 14(Thr) 15 X ray Globular 14
peptidase A 112(Asn) 11
173(Glu) 15
215(Asp) 17
285(Gln) 22
Chymotrypsin Cow 230(Arg) 16 X ray Globular 14
HAZ2 haemagglutinin Influenza 77(Glu) 53 X ray Globular 22,23
virus
Lactate Dogfish 33(Val) 12 Xray Globular 14
dehydrogenase 55(Met) i6
107(Glu) 13
120(Phe) 11
165(Cys) 17
249(Trp) 15
308(Lys) 22
Myoglobin Sperm whale 1(Val) 19 X ray Globular 14
20(Asp) 16
58(Ser) 20
100(Pro) 19
125(Ala) 24
Myohaemerythrin Marine worm 18(Tyr) 21 X ray Globular 14
40(Ser) 23
69(Glu) 19
93(Ala) 18
Ribonuclease S Cow 3(Thr) 11 X ray Globular 14
24(Asn) 11
Thermolysin Bacillus thermo- 67(Asp) 21 X ray Globular 14
proteolyticus 137(1le) 14
160(Glu) 20
235(Gly) 12
260(Arg) 15
281(Phe) 16
301(Gln) 12
TMV coat protein Tobacco mosaic 20(Pro) 13 X ray Globular 24,25
virus 38(Gln) 11
74(Ala) 15
114(val) 21
Triose phosphate Chicken 17{Lys} 15 X ray Globular 14
isomerase 44(Pro) 12
105(Ser) 16
138(1le) 17
177(Thr) 20
213(Thr) i1
Glycophorin Human erythrocyte 12(1le) 23 Length Membrane 26
Glycoprotein Vesicular stomatitis 51(Ser) 24 Length Membrane 27
virus
HA?2 haemagglutinin Influenza 185(Trp) 24 Length Membrane 28
A/Victoria
or A/Aichi
HAZ2 haemagglutinin Influenza A/Japan 527(Val)t 24 Length Membrane 23
igM B lymphocyte 569(Asn) 26 Length Membrane 29
Isomaltase Small intestine 10(Ile) 22 Length Membrane 30
M13 coat M13 virus 20(Tyr) 18 Length Membrane 31
M13 procoat M13 virus —20(Ser) 21 Length Membrane 31
8-Haemolysin S. aureus 1(Met) 26 Analogy Surface 17
S. aureus 1(Met): 26 to Surface 17
(canine strain) melittin
Melittin Apis mellifera 1(Gly) 26 X ray Surface 15,19
Apis florea 1{Gly)§ 26 Analogy Surface 16
to above
Cytotoxic peptide Synthetic 1(Leu) 26 CD Surface 6
with melittin-
like activity
Diphtheria toxin Diphtheria toxin 7(Leu) 26 Prediction Surface 20

* X ray means that an a-helical conformation has been established by X-ray crystallographic studies; CD, evidence for helicity comes from examination of circular

dichroism; length, for a transmembrane protein, the length of the hydrophobic sequence is suitable for spanning the hydrophobic portion of a lipid bilayer as an a-helix.
+ Corresponds to residue 185 in the enumeration of ref. 28.
¥ The sequence differs from that of the above strain of §. aureus in four residues.
& The sequence differs from that of A. mellifera in five residues.
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Fig. 2 A hydrophobic moment plot for 64 a-helical segments
from the 26 proteins listed in Table 1. The abscissa gives the mean
hydrophobicity of each segment and the ordinate gives the corres-
ponding value of (uy), as defined in the text. Helices from proteins
having different functions plot in various regions of the diagram,
as explained in the text. Membrane, membrane-penetrating
helices: * represents the average of the entire helix (present for
all helices) and % the 18-residue segment having the largest
hydrophobic moment (present only for helices of =19 residues).
Globular, helical segments from globular proteins: ®, average
and @, largest moment, Surface, surface-seeking helices: 4 and
A. The curve shows the largest possible value of (uy) for each
value of (H), as described in the text.

in both properties and sequence'’. One of the melittins is known
from X-ray diffraction studies to have an «-helical conforma-
tion'®!?; the synthetic melittin is « -helical as judged by circular
dichroism®. By analogy to these two peptides, we assume here
that the §-haemolysins are also a-helical. The final member of
this group is a 26-residue peptide, fragment B from diphtheria
toxin. This peptide has been predicted to have an «-helical
conformation and is part of a larger CNBr peptide that induces
conductance changes in lipid bilayers®®. We include it in this
group only to suggest that some peptides from larger proteins
may have relatively large hydrophobic moments related to
special functions.

Also shown in Fig. 2 is the maximum possible helical hydro-
phobic moment for each value of the hydrophobicity, represen-
ted by a curve which meets the abscissa at 0.70, the value for
a hypothetical polyisoleucine a-helix. (Cysteine was excluded
from the calculations of the maximum hydrophobic moment
because the procedure used® to determine hydrophobicities
may overestimate that of cysteine.) Note that even the highly
amphiphilic §-haemolysins are far less amphiphilic than some
hypothetical helices.

The amphiphilic helical portions of melittin, as well as similar
helical regions in other proteins, might be termed ‘surface-
seeking helices’ because their large hydrophobic moments tend
to align them at the surface between polar and non-polar
phases'®. Another class of proteins believed to function as
amphiphilic helices is the apolipoproteins®*; these have not
been included here because even less direct information on
their three-dimensional structures is available than for the
melittins.

Although proteins of different functional types cluster in
different regions of Fig. 2, these regions do not have absolute
boundaries. This is expected as the various types of helices do
not have entirely distinct functions. For example, the solubility
of melittin in aqueous solution is believed'® to be achieved in
part by the highly charged C-terminal segment of the helix.
This segment projects polar groups uniformly to all sides'® and
hence lowers the value of () for the entire melittin chain
below that of the most amphiphilic 18-residue segment. For
the two types of melittin and the synthetic melittin-like peptide,
this results in arrowheads near the coordinates (H)=—-0.15,

() =0.25. Other helical segments that plot in intermediate
regions include some of those from the purple membrane pro-
tein model described by Engelman et al.>': these plot between
the ‘membrane’ and ‘surface’ regions because of the charged
and polar residues in the sequence (they are not included in
Fig. 2). Such membrane helices with large hydrophobic
moments may pair in the membrane, thereby reducing the net
hydrophobic moment of the pair. More generally we suspect
that segments from a helix that plot in a region of Fig. 2 occupied
mainly by another type of helix may have a specialized function.

A potential limitation in the calculation of the helical hydro-
phobic moment (uy) is that amino acid side chains deviate
significantly from the idealized positions we have used (spaced
100° apart perpendicular to the helix axis). To clarify this point,
we have investigated the properties of the structural hydro-
phobic moment, {i,; the most convenient definition for this
comparison is f,; = 211 H5, where §; is a unit vector pointing
from the a-carbon atom of the ith residue to the centre of the
residue side chain. This quantity can be calculated for any
protein segment whose structure is known; when calculated for
the idealized helices used in obtaining the mean hydrophobic
moment, the angular deviation between the idealized §; and the
corresponding vectors perpendicular to the helix axis for a real
helix averaged 30°. The difference in magnitude between the
mean and structural moments, after scaling the latter by the
length of the helix, averaged 25%. When computed for a helix,
the structural hydrophobic moment j;, like jiy, emphasizes
the amphiphilicity perpendicular to the helix axis. An alterna-
tive definitionis jt., = Z:v:l (H;R, — (H)R,),inwhich R; isavector
from any origin to the centre of the side chain of the ith residue.
This definition of the hydrophobic moment represents amphi-
philicity in directions both parallel and perpendicular to a helix
axis and may have applications in energetics calculations.

We conclude that hydrophobic moment plots can reveal
correlations between amino acid sequence and protein function;
in particular, they can identify sequences particularly well suited
for forming surface-seeking helices.
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