10.

11.

12.

13.

14.

15.
16.

17.
18.

19.

20.

21.

22.
23.
24.

km on Lake Tanganyika (Fig. 2C). Single airguns or
multigun arrays in the size range of 40 to 140 cubic
inches (0.65 to 2.3 liters) were used for the seismic
source. Incoming seismic signals were received on a
960-m long, 48-channel cable and then recorded on
a Texas Instruments DFS V acquisition system
aboard the Project’s research vessel, Nyanja. TRAN-
SAT satellites coupled to ship’s velocity logs and
supplemented by radar provided most navigational
control. Global positioning system satellite naviga-
tion was used during about 20% of the Lake Malawi
data acquisition. All Lake Malawi data have been
stacked and a few lines have been migrated to date.
All Lake Tanganyika dip lines have been migrated.
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maximum depth of about 700 m (Fig. 2B). The lake
is permanently anoxic below depths of about 200 m
(3). Lake Tanganyika is about 650 by 70 km and has
a maximum depth of about 1500 m (Fig. 2D). It is
permanently anoxic below depths of about 150 m
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have been closed in historical times (5).
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Amino Acid Preferences for Specific Locations at the

Ends of a Helices

JANE S. RICHARDSON AND DAvID C. RICHARDSON

A definition based on a-carbon positions and a sample of 215 a helices from 45
different globular protein structures were used to tabulate amino acid preferences for
16 individual positions relative to the helix ends. The interface residue, which is half in
and half out of the helix, is called the N-cap or C-cap, whichever is appropriate. The
results confirm earlier observations, such as asymmetrical charge distributions in the
first and last helical turn, but several new, sharp preferences are found as well. The
most striking of these are a 3.5:1 preference for Asn at the N-cap position, and a
preference of 2.6:1 for Pro at N-cap + 1. The C-cap position is overwhelmingly
dominated by Gly, which ends 34 percent of the helices. Hydrophobic residues peak at

positions N-cap + 4 and C-cap — 4.

HE EMPIRICAL PREFERENCES OF

each amino acid for the different

types of secondary structure have
formed a central theme of the efforts to
predict three-dimensional protein structure
from amino acid sequence. In almost all
cases (I—4), those amino acid preferences
have been smoothed over windows of 3 to
20 residues along the sequence, which gives
statistically solid but relatively weak prefer-
ence values. The only secondary structures
that have been analyzed for unaveraged,
single-position preferences are specific types
of turns or connections; those have shown
preferences as high as the 3:1 value for
proline in tight turn position two (5), and
sometimes even higher for glycine in very
specifically defined connection types (6).
Position-specific preferences have not been
compiled for helices or B strands, presum-
ably because the database was not large
enough, and also because of the difficulty of
settling on an unambiguous definition for
placing segment ends. The database of well-
determined three-dimensional protein struc-
tures is now large enough to provide statisti-
cally meaningful single-position helix prefer-

ences for all but the rarer amino acids. We
use a definition of helix ends that optimizes
correlation with the amino acid sequence, in
order to compile those preferences here.
The sample of 215 a helices was taken
from 42 proteins in the Brookhaven Data
Bank (7), plus three revised coordinate sets:
bacteriochlorophyll protein (8), cro repres-
sor (8), and cytochrome b562 (9). From
families of homologous proteins, only exam-
ples with low sequence similarity to each
other were included. We examined the
structures on an Evans and Sutherland PS
330 with a Tektronix stereo window, using
the display program CHAOS (10), which
runs entirely inside the PS 330 processor.
The utility programs that calculate vectors,
ribbons, H bonds, and dot surfaces for
CHAOS run on a MassComp workstation
under UNIX. The backbone dihedral angles
¢ and ¢ were calculated by means of the
DIHDRL program (11), modified for the
UNIX MassComp. The superpositions in
Fig. 2 were done with the INSIGHT pro-

Department of Biochemistry, Duke University, Durham,
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Helix boundaries can be defined in terms
of ¢ and  angles (12), hydrogen bonding
(12, 13), or a-carbon positions (14); a toler-
ance margin must be chosen and it is neces-
sary to decide whether an interface residue
with only one correct H bond or one correct
conformational angle is counted as inside or
outside the helix. Fortunately, for compiling
position-specific preferences the last deci-
sion is irrelevant, since the interface residue

(here called the N-cap or C-cap) is treated -

separately. A subset of the sample was exam-
ined to test whether H bonding [based on
the definitions from (9)], ¢ and ¢ angles
(values from DIHDRL), or a-carbon posi-
tions (with the use of visual examination on
computer graphics, as described below)
would give the strongest and most position-
specific amino acid preferences. The a-car-
bon definition performed best, for two sepa-
rate reasons. One is that it accentuated
known residue preferences such as Gly at the
C-cap (I5) and Ser at the N-cap (16) and
produced new preferences in addition, more
sharply defined than for either of the other
two definitions. The second reason is that
there are rather frequent cases where a single
peptide in a helix is rotated far enough to
destroy reasonable ¢ and W values or H
bonding but leaves the a carbons un-
changed. These local distortions show ami-
no acid preferences characteristic of helix
interior rather than ends.
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helices.

Therefore, we adopted an a-carbon defi-
nition of helix ends. Specifically, the N-cap
(or C-cap) is the first (or last) residue whose
a carbon lies approximately in the cylinder
formed by the helix backbone and approxi-
mately along the helical spiral path. One N-
cap and three C-caps were ambiguous by
this definition and were not included in the
database. No helices were included that
were shorter than eight residues including
caps. The 215 a helices are listed in (17).
Preferences were normalized by the number
of occurrences expected, on the basis of the
overall percentage of each amino acid found
in a sample of 135 proteins of known struc-
ture (18). Preferences are tabulated for the
caps at each end, two positions out from the
ends, and five positions in from the end;
remaining helical residues are grouped to-
gether as “middle.” | i

The results are presented in the form of
amino acid preferences for specific positions
along the o helices (Table 1); the values
either up or down from random expectation
by more than 3 standard deviations are
indicated. These strong preferences include
some that have been previously observed,
such as Gly at the C-caps (15), here seen for
fully one-third of the helices (Fig. 1A), lack
of Pro in helix interiors (Fig. 1B), and the
asymmetrical preference for negatively
charged side chains in the first turn and
positively charged ones in the last turn (Fig.
1D) (19, 20). However, there are also some

N4 N5 mid C5 C4 C3 C2 Ct C:l:ap [

Fig. 1. Graphs of preference values for individual amino acids
or groups: (A) Gly; (B) Pro; (C) Asn; (D) Asp + Glu; (E) Lys
+ Arg + His; (F) Leu + Phe + Met. The vertical dotted lines
mark the N-cap and C-cap interface residues at the ends of the

strong and highly position-specific prefer-
ences that have not been seen before. The
most notable of these are for Asn in the N-
cap position and for Pro at position N1 (the
first residue after the N-cap).

The preference distribution for Pro (in
Fig. 1B) indicates its near absence from helix
interiors, where it breaks at least two adja-
cent H bonds and where its ring pushes the
preceding turn of backbone away by about
an angstrom. Although Pro has the lowest
helix preference of any residue, it actually
occurs in the interiors of 8 percent of the
helices in this sample (21). Pro is fairly
common, but not spectacularly so, at the cap
positions and beyond the ends, and its aver-
age preference value for the three positions
in the first turn is about 1.0, as has been
found before (1). However, the detailed
tabulation shows that Pro residues in the
first turn are almost exclusively in the N1
position, which has a normalized preference
value of 2.6 as opposed to 0.4 to 0.5 for N2
and N3. In this one location, at least, it
seems that Pro is perhaps better described as
a helix-initiator rather than a helix-breaker.

Pro in the first turn of a helix fits well in
terms of its own backbone conformation,
and it should have some stabilizing influence
because with only one rotatable angle it
loses less entropy than other amino acids in
forming a regular structure. In addition, Pro
in the first turn should help block continua-
tion of the helix in the NH,-terminal direc-
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tion, since its ring produces steric interfer-
ence with the necessary backbone position-
ing and it also prevents H bonding both
from its own nitrogen (which is covalently
bonded in the ring) and, indirectly, from at
least one neighboring NH. Both of these
effects should apply in positions N1, N2, or

Fig. 2. Stereo image of 16 superimposed examples of Asn N-caps, all of which make side-chain H bonds

N3, but might be expected to show most
strongly in N3, which is immediately under
the next potential residue that could add to
the helix. Overall, these considerations do
not seem to account at all adequately for the
5:1 preference of Pro for N1 over N2 or N3
(Table 1 or Fig. 1B). The work of Presta

with the backbone NH of helical residue N3 or N2. Side chains are shown only for the N-cap Asn

residues and for Pro residues in position N1.

Fig. 3. Stereo picture of a Gly C-cap (1TIM 120), showing how the peptide NH groups on either side
of the Gly form H bonds to the C4 and C3 carbonyl groups in reverse order (15), while making further

propagation of the helix impossible. This type of C-cap conformation is L3, (near ¢ = 70°, ¢ = 20°),

so that most cases are Gly; in this helix sample there are 60 Gly, 12 Lys, 7 Asn, and 12 other C-cap

residues with positive ¢ angles. The H bonds are shown bent at the calculated H position.

1650

and Rose (22) now suggests a possible
explanation. In our sample of native-protein
helices, side-chain H bonds are frequently
seen to the backbone NH of N2 and espe-
cially N3, but almost never to N1. If a
principal contribution of Pro is simply to tie
up one of those otherwise exposed NH
groups, then it should be most valuable in
position N1.

The asparagine preferences are shown in
Fig. 1C, where the height and sharpness of
the peak at the N-cap position can be appre-
ciated. Of the 34 Asn N-caps, 23 form H
bonds from O3 to the backbone NH of
residue N3 (or sometimes N2) exposed in
the first turn of the helix. This type of H
bonding has often been noted for Ser, which
is indeed just as common as Asn but has a
significantly lower preference value since
Asn is a rarer amino acid overall. Asp and
Thr can also fill this role, but their prefer-
ences are a bit lower and less position-
specific. In contrast, Glu and GIn do not
have the right geometry for this interaction
and are quite rare as N-caps. In helices and
helix ends, Asn and Gln are in fact very non-
conservative replacements for one another in
spite of their apparent similarity. Eighty-five
of the 214 helix NH,-termini have H bonds
from the N-cap side chain to N3 or N2 as
follows: 26 from Ser, 23 Asn, 17 Thr, 16
Asp, 1 Glu, and 1 His. A set of 16 Asn N-
caps are superimposed in Fig. 2, showing
that their conformations vary only slightly.
All are within the broad B region, but one
cluster has ¢ near 100° and can H bond to
either N3 or N2, while the other cluster has
¥ near 170° and H bonds to N3. The Ser
residues that form this H bond have more
variable conformations than the Asn resi-
dues, but most are within the polyproline
region (approximately B, but with ¢ <
—90°), which makes the carbonyl groups
surrounding them point in perpendicular
directions.

For those amino acid preferences noted
here, the dominant theme is the importance
of possible hydrogen bonding patterns in
determining the ends of a helices. The
sharpest preferences are at the C-cap, where
a Gly in La or L3¢ conformation (15) can
satisfy two successive backbone CO groups
while turning the chain in a direction that
prevents continuation of the helix (Fig. 3),
and at the N-cap, where the side chains of
Asn, Ser, Asp, or Thr can H bond to the
open backbone NH’s. Asn is especially suit-
able in this position because not only does
its side chain mimic a peptide, but the entire
residue actually mimics a dipeptide: follow-
ing backward along the chain from the CO
of the succeeding peptide, through the Asn
Ca, and out the side chain to O3 (which
plays the role of the second peptide CO).

SCIENCE, VOL. 240



Asn would help to specify the location of the
helix NH,-terminus, because it can simulta-
neously stabilize the first helical turn by
providing an additional interaction equal to
that of a residue, and also discourage further
helix propagation in the NH,-terminal di-
rection by competing with the backbone to
provide that interaction. In an odd sense,
Asn is a less “handed” amino acid residue
than any except Gly, because two of the
substituents at its o carbon are approximate-
ly equivalent: the preceding peptide out to
the CO, and the side chain out to O 8. Good
N-cap residues are relatively rare in the
interior of « helices, perhaps because they
compete with the helical H bonds. When
Ser does occur in a helix, its OH often

forms a second H bond to a backbone CO
on the previous helical turn; this presumably
destabilizing arrangement often involves a
slightly lengthened distance between the
two turns.

Moving in from the helix ends, one sees a
preference for negative charges in the first
turn and positive charges in the last turn
(Fig. 1, D and E) confirming what has been
noted previously (19). Those distributions
are fairly uniform over the first or the last
helical turn except for the relative rarity of
Asp in position N1, which may be because it
makes itself the N-cap when it is that close.
As N-cap, it can both interact favorably with
the helix dipole (20) and H bond to one of
the exposed backbone NH groups.

Still further in from the helix ends, there is
a peak of preference for hydrophobic amino
acids in position N4 and in C3 or C4 (Fig.
1F); these peaks are quite strong for Leu,
Phe, and Met and are somewhat less pro-
nounced for Val and Ile. Positions N4 and
C4 are underneath the polypeptide chain
leaving the helix, and also usually on its
interior face, since the chain at each end
must connect to the rest of the protein. This
hydrophobic preference pattern shows once
again the classic inside versus outside distri-
bution on helices (23, 24). A new feature is
the demonstration that this periodicity has a
well-defined relation to the N-cap and C-cap
positions; this has been noted before for
specific cases (25, 26) but not as a general

Table 1. Position-specific amino acid preferences in helices. The upper entry is the observed number of occurrences out of a total number listed at the bottom.
The lower entry is the relative preference value: the ratio of observed occurrences to the expected number based on average percentage composition [column
1; adapted from reference (18)]. Boldface values are higher, and underscored values lower, than expectation by more than 3 standard deviations. Out of 215
helices, one NH,-terminus and three COOH-termini were omitted because their location could not be specified unambiguously.

% N N’ [ N-cap | N1 N2 N3 N4 N5 | Mid | C5 C3 C2 Cl C-cap c’ C’

4.5 Pro 6 9 8 25 5 4 1 2 10 2 0 0 2 0 7 17 13
0.7 1.0 0.8 2.6 0.5 04 0.1 0.3 03[ 03 0 0 0.2 0 0.7 19 1.5

8.7 Gly 29 25 33 6 16 12 6 8 29 6 8 2 3 4 72 21 10
1.6 1.4 1.8 0.3 0.9 06 04 0.6 05| 05 0.5 0.1 02 0.2 3.9 1.2 0.6

6.9 Ser 22 17 34 11 12 6 6 12 27 5 6 8 23 25 11 9 12
1.6 1.2 2.3 0.7 0.8 04 04 1.1 06| 0.5 0.5 0.6 1.6 1.7 0.8 0.7 0.9

6.1 Thr 4 10 21 11 9 13 6 6 43 4 6 9 12 13 4 10 25
0.3 0.8 1.6 0.8 0.7 1.0 05 0.6 10| 05 0.6 0.7 0.9 1.0 0.3 0.8 21

4.5 Asn 11 9 34 7 7 7 0 9 28 4 5 8 9 11 15 8 13
1.2 1.0 3.5 0.7 0.7 0.7 0 1.2 091 06 0.6 0.8 9 1.2 1.6 0.9 1.5

3.6 GIn 7 7 3 5 6 12 9 8 30 5 1 10 12 16 7 10 8
1.0 0.9 0.4 07 038 15 1.3 14 1.3 1.0 0.2 1.3 1.6 2.1 0.9 14 1.1

6.0 Asp 17 10 27 10 33 28 4 6 38 6 5 7 9 5 9 17 17
14 0.8 2.1 0.8 2.6 22 03 0.6 1.0] 0.7 0.5 0.6 0.7 0.4 0.7 1.4 14

5.6 Glu 11 8 5 27 24 40 6 8 30 9 7 19 20 10 4 9 8
1.0 0.7 0.4 2.2 2.0 33 05 0.9 0.8 1.1 0.7 1.6 1.7 0.8 0.3 0.8 0.7

6.7 Lys 14 16 10 9 14 12 11 21 49 13 12 31 27 28 18 16 17
1.0 1.1 0.7 0.6 1.0 08 038 1.9 1.1 14 1.0 2.2 1.9 2.0 1.3 1.2 1.3

3.8 Arg 3 4 3 6 7 3 11 7 33 5 5 6 17 8 7 11 8
0.4 0.5 0.4 0.7 0.9 04 15 1.2 1.3 1.0 0.8 0.8 21 1.0 0.9 14 1.1

2.1 His 5 4 5 3 3 3 6 3 14 7 7 5 8 15 6 5 4
1.2 0.9 1.1 0.7 0.7 0.7 15 0.9 10| 24 1.9 1.1 1.8 3.4 1.3 1.2 1.0

9.0 Ala 13 16 10 24 31 19 20 20 106 23 21 13 27 21 15 18 12
0.7 0.8 0.5 1.2 1.6 1.0 11 14 18| 1.8 1.3 0.7 14 1.1 0.8 1.0 0.7

7.7 Leu 15 20 3 15 5 10 39 13 63 13 19 31 13 11 11 14 8
0.9 1.2 0.2 0.9 0.3 0.6 26 1.1 1.2 1.2 14 1.9 0.8 0.7 0.7 0.9 0.5

7.1 Val 10 15 1 17 9 16 21 9 56 4 17 19 10 10 3 9 14
0.7 1.0 0.1 1.1 0.6 1.1 1.5 0.8 12| 04 1.4 1.3 0.7 0.7 0.2 0.6 1.0

5.1 Ile 9 14 2 10 8 4 11 7 41 9 14 15 4 8 8 11 7
09 1.3 0.2 0.9 0.7 04 1.1 0.9 1.2 1.3 1.6 14 0.4 0.7 0.7 1.1 0.7

3.8 Phe 9 9 2 4 7 5 14 6 34 10 19 14 2 6 4 1 9
1.2 1.1 0.2 0.5 0.9 06 19 1.0 1.3 19 29 1.8 0.3 0.7 0.5 0.1 1.2

34 Tyr 13 3 6 13 3 9 4 1 19 6 5 8 2 9 6 6 3
19 0.4 0.8 1.8 0.4 1.2 0.6 0.2 0.8 1.3 0.8 1.1 0.3 1.2 0.8 09 0.5

1.8 Met 1 7 3 1 4 4 6 5 18 7 9 4 5 4 3 3 0

0.3 1.8 0.8 0.3 1.0 10 17 1.7 15| 2.7 2.8 1.0 1.3 1.0 0.8 0.8 0

1.3 Trp 3 2 1 6 5 4 8 3 14 2 5 1 1 0 0 1 7
1.1 0.7 0.3 2.1 1.7 14 34 14 1.5 1.1 2.1 0.4 0.4 0 0 0.4 2.7

2.4 Cys 3 4 3 4 6 3 5 6 11 0 3 1 6 8 2 4 2
0.6 0.8 0.6 0.8 1.2 06 1.1 1.6 071 0 0.7 0.2 1.2 1.6 0.4 0.8 0.4

h Iotal 205 209 (214 214 214 214 194 160 | 650 | 140 174 211 212 212 212 200 197

ain-

termini 9 5 12 15
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regularity.

Some amino acid residues, notably Ala,
show relatively smooth and favorable distri-
butions along the helix but are rarer at the
caps. Ala has visible but slight preferences
for outside over inside and middle over
ends. Several of the amino acid residues that
form side-chain H bonds (Ser, Thr, and
Gln) show a smoothly increasing occurrence
for C3, C2, and C1 but drop abruptly at the
C-cap.

Preferences are relatively weak for the
positions outside the caps, presumably be-
cause those residues have a variety of other
roles and constraints. The charge asymmetry
is essentially gone by then (Fig. 1, D and E).
There is a significant but weak preference
for H bonding residues (up by 2 sigma)
over hydrophobic residues (down by 2.5
sigma) in positions N'’, C’, and C'’, while
position N’ somewhat prefers the hydro-
phobics. The only individual preference in
this region that is up by more than 3
standard deviations is for Thr in C''. Most
of those C'" Thr’s are on the solvent side of a
B strand or at the beginning of the next o
helix, but six of them show a specific interac-
tion where they are in position 4 of a tight
turn and both Oy and NH of the Thr are
hydrogen-bonded to the carbonyl O of resi-
due C1.

It is interesting that a simple definition of
helix ends in terms of Ca position gives
stronger and more position-specific amino
acid preferences than more precise defini-
tions based on hydrogen bonding or ¢,
angles. Some of this effect may come from
local errors in the less well-determined crys-
tal structures, but in looking at the struc-
tures it is hard to avoid the conviction that
many of the local irregularities represent late
folding adjustments of the protein to its
detailed environment in the final tertiary
structure. Interactions important for sec-
ondary-structure formation early in the fold-
ing process may persist only approximately
in the native structure, as is also strongly
suggested by the work of Presta and Rose
(22). Presumably the definition that corre-
lates most strongly with amino acid se-
quence will be best for use in structure
predictions.

It remains to be seen whether these indi-
vidual position amino acid preferences can
be integrated into an improved helix predic-
tion algorithm, and whether substitution of
strongly preferred residues in appropriate
positions can help to stabilize isolated heli-
ces or entire proteins.
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Effect of Forskolin on Voltage-Gated K* Channels Is
Independent of Adenylate Cyclase Activation

TosHINORI HosHI, SARAH S. GARBER, RICHARD W. ALDRICH

Forskolin is commonly used to stimulate adenylate cyclase in the study of modulation
of ion channels and other proteins by adenosine 3’,5’-monophosphate (cAMP)—
dependent second messenger systems. In addition to its action on adenylate cyclase,
forskolin directly alters the gating of a single class of voltage-dependent potassium
channels from a clonal pheochromocytoma (PC12) cell line. This alteration occurred
in isolated cell-free patches independent of soluble cytoplasmic enzymes. The effect of
forskolin was distinct from those of other agents that raise intracellular cAMP levels.
The 1,9-dideoxy derivative of forskolin, which is unable to activate the cyclase, was
also effective in altering the potassium channel activity. This direct action of forskolin
can lead to misinterpretation of results in experiments in which forskolin is assumed to

selectively activate adenylate cyclase.

EURONAL EXCITABILITY CAN BE
modulated by phosphorylation of
ion channel proteins by protein
kinases that are activated by specific second
messengers, such as cAMP (I). Because of
its high affinity for adenylate cyclase, forsko-
lin (FSK) has been used to increase intracel-
lular cAMP levels, leading to the presumed
phosphorylation of ion channels by cAMP-

dependent protein kinases (1-9). Recent
reports, however, have suggested that some
of the actions of FSK on ion channels and
the glucose transporter may be inconsistent
with a selective activation of adenylate cy-
clase and subsequent phosphorylation (9-
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