circulation with ISO (Fig. 2C). In a high-
resolution Atlantic model, the maximum
northward heat transport with ISO is 1 PW
(13). Thus, in both models with ISO there
is consistency with the empirical estimate
at 25°N of 1.1 = 0.3 PW (20), which does
not occur with HOR.

With HOR, convection occurs in many
places (Fig. 4A), much more extensively
than is thought to occur in nature. In the
ACC, the reason for this difference is the
extensive upwelling near 60°S (Fig. 2A)
that weakens the density stratification and
conduces convection. This upwelling is
much weaker with ISO (Fig. 2C), and there
is consequently much less convection there
(Fig. 4B). In general, with ISO deep-water
formation occurs only in a few small loca-
tions: in the Arctic and far North Atlantic,
in the Labrador Sea, and in the Weddell
and Ross seas around Antarctica where
deep-water formation has been observed.

A new, isopycnally oriented, adiabatic
parameterization for mesoscale tracer trans-
port has been tested in a non-eddy-resolv-
ing, global ocean model. This parameter-
ization replaces the physically unjustifiable
horizontal diffusion that has been the com-
mon practice, and it produces substantial
improvements: a sharper main thermocline,
a cooler abyssal ocean, a meridionally ex-
panded overturning circulation in the
North Atlantic that strengthens the pole-
ward and surface heat fluxes, an eddy-
induced cancellation of the Deacon cell
that greatly diminishes the poleward and
surface heat fluxes across the ACC, and a
confinement of deep convection to regions
where it is known to occur.
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Rules for a-Helix Termination by Glycine

Rajeev Aurora, Rajgopal Srinivasan, George D. Rose*

A predictive rule for protein folding is presented that involves two recurrent glycine-based
motifs that cap the carboxyl termini of « helices. In proteins, helices that terminated in
glycine residues were found predominantly in one of these two motifs. These glycine
structures had a characteristic pattern of polar and apolar residues. Visual inspection of
known helical sequences was sufficient to distinguish the two motifs from each other and
from internal glycines that fail to terminate helices. These glycine motifs—in which the local
sequence selects between available structures—represent an example of a stereochem-

ical rule for protein folding.

The folded structure of a protein is en-
crypted in its amino acid sequence (1),
written in a code that remains obscure. Is
this fold the inevitable outcome of an en-
ergetically controlled process, like rolling a
ball down a hill? Or do discrete instructions
for each structural motif reside somewhere
in the sequence? Such alternatives cannot
be distinguished by the observation of a
folding reaction, any more than a computer
algorithm can be deduced by the observa-
tion of the way a running program trans-
forms input to output. We have been ex-
ploring the hypothesis that protein confor-
mation is specified by a stereochemical code
(2), similar in principle to the code for
DNA, in which strand complementarity is
determined by hydrogen bonds (3). Focus-
ing initially on the a helix, we analyzed
proteins of known structure to extract pat-
terns and modeled short fragments to char-
acterize each pattern fully.

The « helix is characterized by consec-
utive main chain hydrogen bonds between
each amide hydrogen and the carbonyl
oxygen of the previous helical turn (4).
This pattern is truncated at helix ends
because, upon termination, no next turn of
the helix exists to provide hydrogen bond
partners. Such end effects are substantial,
encompassing two-thirds of the residues for
the helix of average length (5). The term
helix “capping” is used to describe those
alternative hydrogen bond patterns that
can satisfy the backbone N-H and C=0O
groups in the initial and final turns of the
helix, respectively (5, 6). Capping stabiliz-
es a helices in both proteins (7-9) and
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peptides (7, 10-12) and inhibits expected
fraying (10, 13).

In this report we describe and analyze
two Gly-based capping motifs that are prev-
alent at the COOH-termini of « helices.
From the analysis, a set of simple stereo-
chemical rules was developed. With these
rules, the visual inspection of known heli-
cal sequences was sufficient to differentiate
between the two motifs and distinguish
them from internal Gly residues that did
not terminate helices.

The nomenclature for helices and their
flanking residues is as follows:

.« . -N"-N'-Ncap-NI1-N2-N3-. . .
. . .. C3-C2-C1-Ccap-C'-C"- . . .

where N1 through C1 belong to the helix
proper and the primed residues belong to
turns that bracket the helix at either end.
Ncap and Ccap are boundary residues that
belong to both the helix and the adjacent
turn. In practice, residues classified as heli-
cal have backbone dihedral angles, ¢ and
P, with mean values of —64° = 7° and
—41° = 7°, respectively; Ncap and Ccap
make one additional intrahelical hydrogen
bond while departing from these means (5).

All capping interactions were cataloged
among the o helices of 42 proteins of
known structure (I14). Consistent with
earlier findings (5), the NH,-termini of
helices were capped predominantly by
nearby residue side chains. In contrast,
the COOH-termini were usually capped
by local backbone interactions, many in-
volving Gly residues.

Approximately one-third of all a helices
terminate with a Gly residue at the COOH-
terminus. Helices terminating in Gly can
be classified by their hydrogen bonding
pattern into two primary motifs (Fig. 1).
The larger class, which includes 24 of the



52 Gly-terminated helices, has a distinc-
tive, doubly hydrogen bonded pattern be-
tween backbone partners, consisting of 6 —
1, 5 — 2 hydrogen bonds between the N-H

1). The smaller class, which contains 18 of
the remaining Gly-terminated helices
(35%), has a 5 — 1 hydrogen bond be-
tween the N-H at C’ and C=0 at C3

at C" and C=0 at C3 and between the N-H
at C" and C=0 at C2, respectively (Table

(Table 1). Glycine adopts a left-hand con-
formation in both classes (15). In two

Table 1. Partitioning of Gly-terminated helices into two motifs. The sequence of residues C4 through
C™ of each helix is shown in one-letter codes (37). Proteins are identified by their PDB identifier (14).

Schellman motif (C" — C3 and C' — C2) o, motif (C' — C3)

PDB Helix S PDB Helix 3

code bounds equence code bounds equence
351c 2-10 LFKNK-GCVA 351c 39-50 QRIKN-GSQG
2act 69-80 FIIND-GGIN 2act 24-42 NKITS-GSLI
5cpa 253-261 WSYNQ-GIKY 5cha 164-172 CKKYW-GTKI
2cts 37-43 VDMMY -GGMR 5cpa 173-186 FVKNH-GNFK
2cts 152-160 RAYAE-GIHR 2cts 89-98 WLLVT-GQIP
2cts 276-292 LQKEV-GKDV* 2cts 208-217 FTINML-GYTD+¥
2cts 297-311 NTLNS-GRWV 4dfr 77-85 AIAAC-GDVP
2cts 344-364 VLLEQ-GKAK 1gdi 251-264 KAAAE-GELK#
2cts 393-415 WSRAL-GFPL 3grs 196-209 ILSAL-GSKT+
4fxn 10-26 GIIES-GKDV 3ins B8-B19 LYLVC-GERG
4fxn 93-106 RMNGY -GCWV 11z1 24-36 AKWES-GYNT
1gdi 101111 KHLEA-GAKK 3lzm 92-106 MVFQM-GETG
3grs 29-42 RAAEL-GARA 3lzm 142-155 TTFRT-GTWD
3ars 227 -241 ELENA-GVEV 9pap 2442 IKIRT-GNLN
3grs 383-391 AIHKY —GIEN* 3rnt 12-29 KLHED-GETVt
3ars 444-453 VAVKM-GATK 3tin 234-245 YLISQ-GGTH
11z1 4-15 TLKRL-GMDG 3tin 280-296 ATDLY-GSTS
3lzm 38-50 LDKAI-GRNC 2wrp 44-63 EELLR-GEMS
1mbo 124-149 KYKEL-GYQG
9pap 67-78 LVAQY -GIHY*
4pep 135-143 NLWDQ-GLVS
4pep 224-235 IQSDI-GASE

1snc 98-106 ALVRQ-GLAK
3tin 300-313 AFDAV-GVK

*High-temperature factors (B factor > 50) for some atoms in the motif; in these three cases, the 6 — 1 hydrogen
bond is not observed, but other criteria for a Schellman motif are satisfied. FStructures with the o motif, with
an additional hydrogen bond from C” to the C3 acceptor. {The hydrogen bond distance criterion is satisfied,
but orientation is skewed; however, a high-temperature factor for all Gly atoms is noted (B factor = 47).

Table 2. The stereochemical rules for Gly motifs. Rules for helix continuation or termination are
summarized: C" is the key position. If Gly is followed by an apolar residue at C”, an interaction with
the apolar residue at C3 (or C4 if C3 is polar, or C2 if both C3 and C4 are polar) terminates the helix
in a Schellman motif, exposing C1 to solvent. If Gly is followed by a polar residue, the helix
terminates in an o motif unless a favorable side chain-side chain interaction between C” and C2
prevents helix termination. When C” is Gly (that is, Gly-Gly), the polarity of C” (in lieu of C") selects
between the Schellman and o, motifs; apolar: Ala, Val, lle, Leu, Met, Phe, Trp, Cys; polar: Ser, Thr,
Asn, Asp, GIn, Glu, Arg, Lys; omitted: His, Tyr, Pro. The long alkyl side chain moieties of Lys and Arg
can function as hydrophobic sites (79) and are observed to interact with apolar residues at the
indicated positions. Histidine can be polar or apolar, depending on its protonation state, which
cannot be determined in x-ray structures. Tyrosine acts ambiguously at C”, partitioning to both
motifs. Glycine-proline terminates a helix with a (Ccap) N-H . .. O=C (C3) hydrogen bond; unlike
the Schellman and o motifs, Gly in Gly-Pro structures has a negative value of ¢.

Residue Structural
C3>C4>C2 c c cr cr motif

Apolar Polar Gly Apolar Not Schellman
Lys or Arg or Ala Lys or Arg “bulky"f
Polar* Apolar* Gly Apolar Helix
not Lys not Ala Lys or Arg continuation
not Arg
Apolar Gly Polar*
Lys or Arg only not Lys o
preferred not Arg

*The helix continues if C1 is apolar or if C3, C4, and C2 are all polar and interaction with C” is not possible. fln
our polyalanine model, Trp was strongly disfavored for steric reasons, although smaller aromatic residues were
allowed. More realistic sequences may impose further steric constraints.
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additional cases, Gly at C’ is followed
consecutively by a Pro residue. Proline,
which “kinks” helices, forces a kink here as
well, with a 4 — 1 hydrogen bond between
the N-H at Ccap and C=0O at C3. The
eight remaining Gly-terminated structures
in our data base involve ligand binding and
are probably perturbed variants of the two
primary motifs, as discussed below.

Both motifs were described previously
(16-18). We refer to the 6 - 1, 5 = 2
hydrogen-bonded structure as the Schellman
motif and to the remaining structure with a
5 — 1 hydrogen bond as the o motif. In
either motif, the requirement that the C’
residue adopt a left-hand conformation is
fulfilled most easily by Gly (19). Nonethe-
less, residues with Cg atoms, such as Asn, do
occupy this region in proteins (19). Occa-
sionally in our survey, Asn or Lys were
observed in lieu of Gly at C' in the Schell-
man motif. Both motifs are compact, with
hydrogen-bonded atoms that are shielded
from solvent (20). In contrast, the side
chain of the Cl1 residue and the carbonyl
oxygens of Cl, Ccap, and C’ are solvent-
exposed. In the Schellman motif, Cl is
invariably either a polar residue or Ala. The
solvation of Gly turns has been noted (9).

The existence of hydrophobic interac-
tions between the side chains of C" and C3
was proposed (16), and we have quantified
this proposition. Hydrophobic interactions
are identified as the juxtaposition of nonpo-
lar atoms with a distance less than the sum of
their van der Waals radii plus 2.8 A (the
approximate diameter of a water molecule).

The presence or absence of hydrophobic
interactions between C" and C3 distin-
guishes effectively between the two motifs
and thereby constitutes a stereochemical
selection rule (Table 2). When C” is apo-
lar, a hydrophobic contact is formed be-
tween the side chains of C" and C3; or, to
a lesser extent, between C" and C4 or
occasionally C2, when C3 is polar. This
configuration favors formation of the (C”)
N-H . . . O=C (C3) hydrogen bond, pro-
moting the Schellman motif. In our data
set, at least one of the three residues, C3,
C4, or C2, is invariably apolar. On the
other hand, when C” is polar, the chain
traverses an alternative path between the
hydrophobic and hydrophilic interface of
the helix. This latter trajectory is incom-
patible with the Schellman motif, and a
(C') N-H . .. O=C (C3) hydrogen bond
is formed instead.

When the stereochemical selection rule
is applied, Lys and Arg segregate with the
apolar residues at C", C3, and either C4 or
C2. Although these residues are charged,
their long alkyl side chain moieties can also
function as suitable sites for hydrophobic
interaction (19). Further stabilization aris-
ing from a favorable interaction between
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