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tively, could be established. It is clear, however, that the di-
chroic spectrum of ELG;; is characteristic of the “cross-3”
conformation.

Conclusions

The experiments described here demonstrate that both
oligopeptides and polypeptides are partially oriented upon
incorporation in stretched films of polyoxyethylene. Fur-
thermore, the infrared characteristics of the POE support
allow determination of dichroic spectra for the »(NH),
amide I, and II transitions as well as for infrared bands
below ~800 cm™!, Since POE films rapidly absorb substan-
tial amounts of water vapor, hydrogen to deuterium ex-
change reactions of suspended molecules can readily be
studied. Important new conformational information is
available from the combination of infrared dichroism and
hydrogen exchange kinetics.

Incorporation of peptides has no measurable effect on the
infrared transitions of the POE matrix. Apparently the pep-
tides are confined to the amorphous phase of the POE film
and do not alter its crystalline structure. Alignment of the
long axes of suspended molecules parallel to the stretching
directions appears to be the preferential mode or orientation
of the peptides employed here. Only partial orientation is
achieved; values for the minimum orientation factor fn
ranged from 0.4 for gramicidin S to 0.6 for PBLG. In spite
of imperfect orientation, useful conformational information
could usually be derived from the dichroic spectra.

Results presented here are consistent with the Hodgkin-
Oughton-Schwyzer?24 conformation of gramicidin S. We
speculate that its “cross-8” type dichroic spectrum results
from extensive aggregation to form the ribbon-like 8 struc-
tures shown in Figure 6. Dichroic spectra of synthetic oligo-
and polypeptides reveal that both a-helical and 8 conforma-
tions are oriented in POE films. The latter can be oriented
either with the peptide chains parallel or perpendicular to
the stretching direction of the POE film.
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Abstract; The “distance plots” described by Rossman and Liljas are graphs of a-carbon distances derived from the known
X-ray structures of globular proteins. These plots have been shown to be useful in locating “folding domains™. The surpris-
ingly regular patterns contain much additional information about protein tertiary structure. In this paper we show that re-
peating square and trapezoidal patterns can correspond to distorted three-dimensional “‘superhelical” structures that are

principal constituents of folding domains.

Characterization of tertiary structure in globular pro-
teins is not well developed. Kauzmann’s suggestion that
proteins contain a hydrophobic core remains the only major
generalization.! With the availability of X-ray structural
data for many globular proteins there have been some ini-
tial efforts to locate specific features such as calcium bind-
ing sites,? dinucleotide binding sites,> and hydrophobic re-
gions.* A more general approach that has considerable
promise has been the identification of “folding domains”

within the larger proteins.’>-7 One of the methods used for
the location of domains employs “distance plots”, described
first by Phillips® and used in modified form by Rossman
and Liljas.67 “Distance plots” are graphs of C,-C, dis-
tances plotted against residue number, with contour lines
drawn at fixed interatomic distances (see Figure | and Fig-
ures 1 and 2 of ref 7). These plots provide a concise summa-
ry of the structural information available from X-ray dif-
fraction experiments. Rossman and Liljas have shown that
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Figure 1, Representative distance plots. The data for pancreatic trypsin
inhibitor (Huber and coworkers),!” cytochrome bs (Mathews and co-
workers),!6 and for sperm whale myoglobin (Watson and J. C. Ken-
drew)!’ were made available by the Protein Data Bank, Brookhaven
National Laboratory. Contours are drawn at 0, 15, 10, 15, 20, and 25
A. The numerical results from which these diagrams were made were
obtained upon a lineprinter and all slopes are too large by a factor of
1.6. This error does not alter the basic patterns of interest here. Con-
ventional secondary structure is shown as assigned by the original
workers.

such plots permit direct visualization of folding domains.
We hope to show, here, that the distance plots also provide
a very convenient and systematic approach to the study of
other aspects of tertiary structure and permit recognition of
some novel features of polypeptide chain folding.
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Figure 2, Relationships between idealized patterns on the distance plots
and three-dimensional polypeptide conformations. The weak dotted
lines (class B-D) are used to indicate the boundaries of the outer seg-
ments.

We begin by noting that the distance plots provide a
“natural” organization of structural information. Secon-
dary structure, that is, helical or extended chain conforma-
tions, involves residues close together along the peptide
chain and is identified on the distance plots by inspection of
the contours near the diagonal. Helical regions, for exam-
ple, are portrayed by a low density of contour lines very
near to, and parallel with, the diagonal, while 8 strands
have a high density of contours along the diagonal. Local
tertiary structures are explored by moving away from the
diagonal. One first encounters representations of turns of
various types. Further out from the diagonal, one finds pat-
terns representing loops and other closed structures to be
discussed below. On still larger excursions from the diago-
nal, there is information about the way in which these com-
pact units interact with each other to form “domains”. Fi-
nally, domain-domain interactions are depicted. Thus the
distance plots provide an inherent structural hierarchy that
allows us to focus our attention on different levels of struc-
tural complexity.

Our main concern in this paper is a qualitative discussion
of the surprisingly regular features seen in the distance
maps of Rossman and Liljas” and Figure 1. We shall pro-
ceed by considering various idealized patterns on the dis-
tance maps and asking to what backbone spatial conforma-
tions these patterns correspond. We make use of the struc-
tural hierarchy just described to discuss four classes of fea-
tures (Figure 2). Class A patterns consist of simple line ele-
ments that stand for collections of contour lines that inter-
sect the diagonal. Features of this type represent adjacent
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segments® (a,b) of residues that come close together in
space in an antiparallel manner. The common “8” turn
linking two 8 strands is the most obvious example of this
type. ‘““‘Hairpin” turns can also link other secondary struc-
tural elements such as helix to helix or helix to 8 strand.!0.1!
On the distance plot any of these combinations will be seen
as a set of contours that we represent in idealized fashion as
a single straight line that intersects the diagonal. The slope
of this line will depend on the secondary structure because
the slope is determined by the ratio of the number of resi-
dues per unit length for the segments a and b. This ratio is 2
if segment a is helical and segment b is a 8 strand. A §-
helix arrangement would give a slope of 0.5. If both seg-
ments are of the same secondary structure, the slope is
unity. These values represent limits for proteins since poly-
peptide structures more compact than helices or more ex-
tended than g strands are not normally expected.!? Off-di-
agonal lines on the distance maps can have a wide range of
slopes. Slopes of —0.5 to —2 correspond to parallel arrange-
ments of the usual secondary structures. Very positive or
negative slopes for contour lines off the diagonal represent
segments that cross each other. Negative slopes are not pos-
sible at or very near the diagonal because two segments
cannot be directly linked to each other so that the sequence
proceeds in a parallel fashion while the residues of each seg-
ment maintain close contact.

We next consider idealized representations of distance
plot contours that are combinations of the line elements
forming simple closed figures such as triangles, squares, or
trapezoids. These patterns come about when three segments
(a,b,c) separated by two hairpin turns, are arranged in
space so that each segment is close to the other two. Cu-
riously, a triangular pattern of contours at the diagonal
cannot occur for proteins. This comes about because the
limited range of permissible slopes (0.5 to 2) generates a
pattern (Figure 2) that would require that the three pairs of
segments a,b and b,c and a,c be close to each other in space
with antiparallel sequences. Three segments cannot be all
antiparallel to each other, Hence, triangular patterns of this
type should not occur on protein distance plots.

Four-sided patterns such as squares or trapezoids do not,
generally, deal with the interactions between four segments.
Rather, they also represent the contacts among three seg-
ments that come close together in space. Such a pattern re-
quires that segments a,b be antiparallel to each other as are
segments b,c. However, segments a,c are now parallel to
each other. Two related idealized structures can meet these
requirements: (1) three segments arranged in a plane as in
an antiparallel 8 sheet,!? a structure we will call “S”, and
(2) a three-strand loop roughly assembling a figure “6”.
This latter structure can be thought of as a distorted “8
sheet” in which the last strand is rotated significantly out of
the plane of the first two strands. With sufficient out-of-
plane rotation, this structure would permit the side chains
of segments a and ¢ to be in contact.

Trapezoidal forms on distance plots are found whenever
the hairpin turns link helix to extended segments or vice
versa. We have pointed out that such linkages will generate
initial slopes that differ from unity and, hence, that will give
rise to the trapezoidal patterns. Square and trapezoidal pat-
terns represent the simplest and smallest units of tertiary
structure that can form parallel spatial arrangements of the
polypeptide chain. They also are indicative of quite compact
packing of the chain. We shall call such patterns “contour
cells”. We have not considered higher level polygons of con-
tour lines (pentagons, hexagons, etc.) although some of the
patterns on protein maps might best be represented in this
way.

We next consider patterns that are combinations of con-

tour cells. First let us look at contour cells that are adjacent
to each other and each lying along the diagonal (class C,
Figure 2). Diagonal contour cell patterns represent exten-
sions of the structures just described for single cells. One
such structure is a multistranded antiparallel 8 sheet. If
there are m cells in the pattern, there will be m + 2 strands
of antiparallel 8 conformation in the structure. The other
limiting structure represented by a class C pattern is a re-
peating “three-strand loop”. This structure has a quasi-heli-
cal shape with (m + 2)/3 helical turns per pattern of m
cells. One isolated contour cell would then represent a sin-
gle superhelical turn. We use the name ‘‘superhelix” for
such structures in analogy to the well-characterized su-
perhelical DNA,'4 Note that there appear to be no restric-
tions on the types of secondary structures that can contrib-
ute to a “superhelix”; thus, both helical and extended con-
formations could be included, Formation of a 8 sheet within
the superhelix would tend to flatten it, and a number of ad-
jacent 8 strands would yield the conventional twisted pleat-
ed sheet.

Patterns in which some of the connected cells lie off the
diagonal are grouped together in class D. Stacking of the
cells on top of each other requires that some contacts be
made between the polypeptide chain at both ends of a super
helix. These patterns represent complicated three-dimen-
sional structures that can be approximately characterized
as multiconnected loops or “bent” superhelices. Further in-
terpretation would require careful inspection of molecular
models and a consideration of the actual size of the loops.
We shall not attempt such a treatment here. Nor shall we
discuss features of the distance plots that are more than two
cells off the diagonal, even though such patterns contain in-
formation on the packing together of domains and are po-
tentially of much interest for an understanding of the com-
plete tertiary structure.

We have implicitly assumed throughout this discussion
that all segments are linear. In fact, as noted earlier, nonlin-
ear segments are often observed. Nonlinear segments make
detailed analysis of structure more difficult since they per-
mit considerable distortion in the three-dimensional confor-
mations represented by the contour cells. Such effects will
be pointed out in the next section.

To this point we have been concerned, primarily, with
idealized features of the distance maps. We must now ask
what features are actually found on the maps prepared
from the X-ray data for some globular proteins. Inspection
of maps for several proteins confirms the detailed analysis
of the slopes of the contour lines for 3-8, helix-helix, and
B-helix linkages. One can also readily pick out secondary
structure and many hairpin turns. As suggested above, only
about one-half of the hairpin turns reported in earlier stud-
ies!®!! produces major intersecting contours on distance
plots. This comes about for two reasons. First, some of the
hairpin turns overlap to form a composite turn. Second,
some of the turns, while meeting the various criteria in the
literature, are not sharp enough to bring many residues in
adjacent segments into close contact.

A closer look at the distance plots for myoglobin and cy-
tochrome bs permits an evaluation of the utility of idealized
patterns. Myoglobin contains eight « helices linked together
by “corners” of varying complexity.!* The folds in the chain
occur after each helix at or near residues 18-20, 35-36,
43-50, 57-58, 77-85, 95-99, and 119-124. The molecule
contains no 8 structure. The distance map indicates major,
high-angle folds occur at residues 40-50 (this loop includes
the junction of the B and C helices, the C helix itself, and
the CD corner), as well as at the EF, FG, and GH corners
(residues 77-85, 95-99, 119-124, respectively). The junc-
tion of the A and B helices and the junction of the D and E
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helices are not major features on the contour map because
they generate only “weak’ turns ca. 90°, The five segments
of the polypeptide chain, as marked out by the “strong”
turns, are shown in Table I. The first two segments are
quite nonlinear, while the last three are each composed of a
single helix and an adjacent corner and are thus approxi-
mately linear. There are three complete contour cells and
parts of two others lying along the diagonal (Table I and
Figure 1). Generally, we find that the peptide chains that
go with each contour cell have a more complicated folding
pattern than the idealized shapes we have discussed. This is
primarily due to the nonlinear segments. Thus, for example,
the peptide chain for cell A (an incomplete cell that spans
helices A-E) is a bent hairpin shape and cell B (helices
C-F) is also quite distorted. Cells C and D, however, are
composed of nearly linear segments and the corresponding
peptide chains are, in fact, in an approximate right-handed
superhelical conformation. The last contour cell is incom-
plete but serves to extend the superhelix by one third of a
turn, Thus, in very rough terms, we can represent the myo-
globin molecule as being folded in two overlapping parts,
The first part, resides 1-77, has a compact but irregular
tertiary structure. The second section, residues 58-153,
forms about one and one-half turns of a superhelix. The two
sections are joined by the common residues 58-77 (D and E
helices), and their mutual interactions are represented on
the distance map by the collection of close contacts between
residues 5-58 and 99-120 (the large off-diagonal set of con-
tours in the upper right part of the myoglobin map).

The X-ray data for cytochrome bs are incomplete in that
several terminal residues have not been located. The protein
contains an assortment of secondary features including six
helices and five short pieces of 8 structure.!® The distance
map for cytochrome bs is less well marked than that for
myoglobin. This seems to be part of a general tendency for
larger proteins to produce more distinct patterns on dis-
tance maps than do smaller proteins, perhaps because of the
longer linear segments in the former molecules. There are
five segments in cytochrome bs and four reasonably distinct
diagonal contour cells (Table I), with two partial cells also
present. Some of the segments are nonlinear, giving rise to
distorted cells, two of which actually incorporate other cells,
The first cell is a partial one that represents a closed loop
spatial conformation that is almost a single turn of superhe-
lix. The second cell incorporates two strands of § structure
and the corresponding peptide chain is a nearly planar “S”
shape. The third and fourth cells include nonlinear seg-
ments that lead to looped structures, but of complex shape,
The last two cells (one complete and one partial) again rep-
resent a roughly superhelical chain conformation. It is in-
teresting that both myoglobin and cytochrome bs have
adopted a similar tertiary feature to form most of the heme
pocket.

In summary, we agree with Rossman and Liljas that the
distance plots are a very useful tool for locating folding do-
mains. Further, the distance plots suggest a general method
for representing many levels of tertiary structure in pro-
teins. Our preliminary analysis of the experimental maps
leads to an ordering of tertiary structural features. The low-
est level of folding is, of course, the ‘“hairpin” turn. Such
turns bring sets of residues that we have termed “segments”
into close contact. These segments typically contain 10-15
residues and can be made of helical, 8, or other secondary
conformations. The next level of tertiary structure deals
with the arrangement of three segments into compact units
such as 3 sheet or superhelical loops. Distance maps provide
a straightforward way to recognize such units because they
generate the square or trapezoidal patterns we have called
contour cells. Such cells represent, typically, 30-50 residues
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Table I, Tertiary Features in Myoglobin and Cytochrome b,

A. Myoglobin
Seg-
ment Residues Secondary structure Description
I 1-35 «l, AB corner, a2 Nonlinear
I 36-77 «3,CD corner,a4,aS Nonlinear
III  78-99 EF corner, a6 Linear
IV 100-119 FG corner, a7 Linear
V 120-153 GH corner, a8 Linear
Con-
tour
cells Residues Segments Description
1-77 L1II Partial cell, benthairpin
36-99 I III Distorted

78-153 I IV,V

3-Strand loop fsuperhelix
100-153 IV,V

A
B
C 58-120 »IL I IV
D
E Partial cell

3-Strand loop}right-hand

B, Cytochrome by

Seg- Secondary
ment Residues  structure Description
I 3-16 pl,al Nonlinear
I 17-25 B2 Linear
I 26-39 83,02 Nonlinear
IV 40-49 a3 Linear
V 50-63 p4,ad Nonlinear
VI 64-87 a5,p5,ab Nonlinear
Con-
tour
cells Residues Segments Description
A 3-25 LI Partial cell, loop
B 7-39 WBLILII “s”
C 17-54 ILILIV,% VI Distorted
D 26-73 ILIV,V, %AVI Distorted
E 40-80 1IV,V,%VI 3-Strand loopiright-hand
F 50-87 V,VI Partial cell superhelix

and have spatial dimensions of 10-20 A. A concatenation of
loops results in a few turns of superhelical structure that is
often found folded back on itself. Since the superhelical di-
mensions are 10-20 A across and require 30-50 residues
per turn, it is unlikely that more than a few turns will be
present per helix. Most of the folding domains we have ex-
amined appear to consist, at least in part, of this “superheli-
cal” structure.
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Abstract: The synthesis and isolation in purified form of [Sar!-Alinsulin, a biologically active analog of sheep insulin, are de-
scribed. This analog differs from the parent molecule in that the N-terminal amino acid residue of the A chain, glycine, has
been replaced with sarcosine. This change which in essence is the replacement of one hydrogen of the amino group of the Al
residue with a methyl group, with a concomitant increase of the basic character of that residue, results in a small decrease of
the biological activity and a more pronounced decrease of the immunoreactivity of insulin (20 and 9 IU/mg, respectively, vs.
23-25 IU/mg for the natural hormone). For the synthesis of this analog, the [Sar!]A chain was synthesized by the fragment
condensation method and isolated as the S-sulfonated derivative. Conversion of the latter compound to the sulfhydryl form
and combination of the reduced product with the S-sulfonated derivative of the B chain of sheep (bovine) insulin afforded the
[Sar!-Alinsulin. Isolation and purification of the insulin analog was accomplished by chromatography on a carboxymethyl-

cellulose column with an exponential sodium chloride gradient.

The importance of the amino acid residues located at the
amino terminal regions of the A and B chains of insulin to
the biological activity has become evident by studies carried
out in several laboratories.> Our own investigations have
shown that removal of the N-terminal tetrapeptide se-
quence from the A chain results in complete inactivation of
the molecule.* Of particular interest was our finding that
replacement of the a-amino group of the N-terminal gly-
cine by hydrogen results in a substantial decrease of the bi-
ological activity of the hormone’ (7-10 IU/mg vs. 23-25
IU/mg for the natural compound). Similarly, removal of
the N terminus of the A chain, glycine, leads to a 90% loss
of the biological activity of insulin.® On the other hand,
elimination of the N-terminal amino acid residue of the B
chain does not cause any appreciable change in the biologi-
cal activity of the hormone.” These data therefore clearly
demonstrate that the A! residue is critically involved in the
maintenance of high biological activity of insulin. It ap-
pears, however, that the amino group at A! is not per se in-
volved with the manifestation of high biological activity of
insulin. Indeed, modification of the amino group of glycine
Al with a variety of acyl groups does not strikingly affect
the biological potency and immunoreactivity of the hor-
mone.>®? The preparation of numerous analogs of insulin
with the A! amino group modified indicates that the rela-
tive size of the modifying acyl group affects the biological
profile of the hormone and that large acyl groups decrease
the biological activity of insulin.? These results led to the
speculation® that the N-terminal residue of the A chain is
involved in the stabilization of the “active site” of insulin
and that this site is affected either by conformational
changes and/or a steric effect of the large acyl groups at
Al

Characteristic of almost all insulin analogs involving
modifications at A! that have been prepared thus far is that
they no longer possess a basic group at Al. It was therefore
of interest to investigate the effect on the biological activity
and immunogenicity of insulin of modifications at A! that
increase the basic character of that residue. This investiga-

tion describes the synthesis, isolation in pure form, and bio-
logical evaluation of such an analog, [Sar!-A] sheep insulin,
which differs from the parent molecule in that the N termi-
nus of the A chain, glycine (pK> = 9.6), has been replaced
with sarcosine (pK> = 10.00). By the mouse convulsion
assay method this analog was found to possess a potency of
20 IU/mg. By the radioimmunoassay method [Sar!-Alin-
sulin possesses a potency of 9 IU/mg (vs. 23-25 IU/mg for
the natural hormone). It thus becomes apparent that re-
placement of one hydrogen of the amino group of the A!
residue with a methyl group with a concomitant increase of
the basic character of that residue results in but a modest
decrease of the biological activity and a more pronounced
decrease of the immunogenicity of insulin. It is interesting
to note that a parallel situation exists with another insulin
analog, the [Arg-GlyA'linsulin, where one hydrogen of the
amino group at the A! residue is replaced with the basic ar-
ginine residue.!® In this case, too, there is a more pro-
nounced decrease of the immunogenicity than of the biolog-
ical activity of the molecule (60 vs. 40%). The synthesis of
several insulin analogs modified at the A! residue is, of
course, required before a firm conclusion regarding such a
relationship between chemical structure, biological activity,
and immunogenicity is established.

General Aspects of the Synthesis. [Sar!-A] sheep insulin
was prepared by combination of the S-sulfonated form of
the B chain of bavine (sheep) insulin with the sulfhydryl
form of the [Sar!]A chain of sheep insulin. The S-sulfonat-
ed bovine B chain, which is identical with the respective
chain of sheep insulin,!!12 was prepared by oxidative sulfi-
tolysis of bovine insulin, followed by separation of the re-
sulting S-sulfonated derivatives of the A and B chains by
continuous flow electrophoresis. The sulfitolysis of insulin
and the separation of the resulting A and B chain deriva-
tives have been described in previous communications from
this laboratory.!® The synthesis of the [Sar!]A chain with
its functional groups protected (XII) was accomplished by
the classical methods of peptide synthesis, namely, a combi-
nation of the “stepwise elongation” and “fragment conden-
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