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ABSTRACT:

Protein

side chain interactions

between residues

separated

by

at least one loop or turn or break in the amino acid sequence are called 'nonlocal
contacts' in this manuscript, and contiguous sets of such interactions located
between segments of secondary structure are called 'contact zones.' A new
interactive program, the quaternion contact ribbon tool, has been developed
to help protein chemists identify, straighten if twisted, and display contact
zones between two neighboring segments of helix.

INTRODUCTION
Nonlocal contacts, which involve side chain interactions between residues separated by at least one turn, loop or break in the backbone, are located within
the heirarchy of protein structure between elements of secondary structure and
side chain conformations. The forces and energies acting across such contacts,
including the hydrophobic effect, van der Waals interactions, electrostatic interactions, salt bridges, hydrogen bonds, and polarization effects, literally hold
proteins together. Thus, the nonlocal contacts, and contiguous sets of such interactions that we are calling' contact zones,' are literally at the nexus of
protein structure and stability. Yet, there is a notable lack of identification
and display of such non-local contacts, perhaps because appropriate tools for
this purpose are lacking. Development of a computer tool for this purpose
therefore would seem to be very important.
For the development of new computer tools, it is useful to apply the prototypes to well-und,erstood systems. The contact zones between two almost
parallel-helices have been selected for our intial studies because these are
probabably the best-studied and best-understood of all the contact zones in
proteins[l, 2, 3, 4, 5, 6, 7,8,9, 10, 11,12, 13, 14].
Previous Work:
As early as 1953 Crick proposed that fibrous helical
proteins would exhibit knobs-into-holes packing and would wind around each
other into coiled-coils[15]. Later, we generalized the principles of knobs-intoholes packing [2] for idealized helical bundles intended to be possible mod-
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els for structure and function of membrane proteins [3, 4, 6]. This exercise
gave us considerable experience with helix/helix contact zones and provided
us with the rationale for the approach to be presented here. Also, there are
a number of interesting proteins, and peptides derived from larger proteins,
that contain prominant helix/helix contact zones. These include several membrane proteins, the various proteins based on the" 4-helix bundle motif' [16],
the leucine zipper peptide[13, 17, 18] and its relatives[14, 19], and numerous
other proteins. Thus, even for a tool restricted to the special case of helix/helix interactions, there are many interesting possible applications for the
tool, once developed. Finally, there has been a recent burst of activity in the
study of coiled-coils joined by knobs-into-holes packing[20] using a combined
approach of chemical synthesis and physical characterization of the resulting
structures [14, 19, 21, 22, 23, 24]. A well-designed tool for displaying helix
contact zones should complement these studies.
Overview:
In our previous modeling studies we developed a planar projection for the originally twisted contact zones in coiled-coils[2]. This was possible
because the models were designed to fit this projection. Here we describe the
quaternion contact ribbon tool, which has been developed to yield our planar
projections of coiled-coil packing zones[2], but now the projection is applied to
real structures rather than to idealized models. The purpose of this paper is to
present a description of this new tool. Detailed studies of various helix/helix
interactions using this this tool will be presented elsewhere.
.

MATERIALS
An SGI Indigo, using the VIEW software[25], was used to display the out-puts
of our programs. All programs were written in the VIEW system language[25].
Color versions of the figures presented here are available for viewing at
http://www.eecs.wsu.edu/-kalbrech/Q_Contact_Ribbons.
The coordinates of GCN4[18], which is a typical leucine zipper[13] and which
is used here to illustrate the method, were obtained from the Protein Data
Bank[26, 27].

METHODS
Given a coiled-coil pair of helical segments (figure 1) and their axes (figure 2),
development of the quaterninion contact ribbon consists of the following steps:
I Construction

of chords joining the two helix axes (figure 3);
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II Determination of the set of local coordinate frames to specify the
contact ribbon (figure 4);
III Construction of the contact ribbon from the set of local coordinate
frames (figure 5);
IV Transformation

of the twisted contact rib bon into a flat surface

using quaternions

(figure 6);

V Display of the resulting quaternion contact ribbon with its associated, interacting side chains, with views down the three principal
axes (figure 7, 8, 9).
Each of these steps will be considered in turn.
Construction of the connecting chords:
Kahn's algorithm[28] for finding a
helix axes yields a series of discrete points, one for each a-carbon in a peptide
chain. We have developed a simpler version of Kahn's method (described
in detail elsewhere[29]), which also represents helical axes as sets of points
(figure 2).

Figure 1: The contacts of a coiled-coil
A pair of helix axis is considered to be in local contact if nearby points on
each

axis are not too distant

from

each other

( we set our threshold

at 15

A)

and if the line through them is nearly perpendicular to the helix axes ( we set
this threshold to be within 18° of perpendicular).
Once a contact pair has been found, the extent of the contact is determined
by iterating down the helices simultaneously until a pair of helix points are
either too far apart or the connecting chord is too divergent from right angles
to the helix axes. A new chord is added to the set of connecting chords for
each pair of helix points that meet the contact criteria. Such a collection of
chords defines a helix/helix contact zone (figure 3).
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Figure 2: A pair of helical axes

Figure 3: The contact zone displayed as a set of chords
Determination of the local coordinate frames for the contact ribbon:
A
local coordinate frame is a local cartesian coordinate system with an origin
and three mutually orthogonal unit vectors. The three unit vectors are called
the tangent, binormal, and normal vectors. For the ribbons drawn here the
tangent vector lies along the center of the ribbon, the binormal vector points
from the center toward an edge of the ribbon, and the normal vector points
generally between the appropriate contact pair and is perpendicular to the
ribbon. Figure 4 is an illustration of a set of local coordinate frames in a
contact zone.

Figure 4: Local coordinate

frames
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Each chord in a contact zone yields a distinct local coordinate frame. Each
midpoint of a contact chord is the origin of a local coordinate frame. One way
to define a vector is as the difference of two points. The tangent vector is the
difference between the midpoint of one chord and the midpoint of the next (
or previous) chord. The binormal vector is the cross product of the tangent
vector and the chord. The normal vector is the cross product of the tangent
and binormal vectors.
Since a rough or jagged ribbon tends to distract from the scene, it is desirable to produce a smooth ribbon. To yield a smooth contact ribbon the
set of local coordinate frames is interpolated. It is possible to interpolate the
set of local coordinate frames by fitting interpolating splines through points
appropriately offset from the chord midpoints. However, such a set of splines
is difficult to manipulate and does not have a well defined relationship to the
molecule under examination. It is preferable to interpolate the local coordinate
frames themselves, which do have well defined relationships with individual
atoms within the molecule and which are not difficult to manipulate.
Our scheme for interpolating a set of local coordinate frames is to first
convert each frame into a point and an orientation. Since other methods of
representing orientation have serious drawbacks and because the set of unit
quaternions corresponds closely to the set of orientations, we represent each
orientation with a unit quaternion[30, 31]. Secondly we interpolate the sets
of points and quaternions separately, and finally convert the resulting sets of
points and quaternions back into local coordinate frames. The result is a set
of easily manipulated local coordinate frames that curve smoothly through the
scene.
We interpolate the local coordinate frame origins using a modified CatmullRom spline[32, 33]. The Catmull-Rom spline is an easy to implement curve
which interpolates its control points.
Since the orientation of a local coordinate frame can be represented as
a quaternion we interpolated the set of quaternions using the same scheme
mentioned above. It is important for quaternions describing orientations to
have unit length. Because our spline method does not preserve length, we use
the additional step of normalizing the resulting set of quaternions.
The Contact Ribbon:
Offset points for each local coordinate frame are
determined by finding the two points at a certain distance from the local coordinate frame origin lying along the extended binormal for that local coordinate
frame. These points lay on the edge of the ribbon. A consecutive pair of local coordinate frames forms a quadrilateral with two ribbon points from each
frame. The non-planar quadrilateral is filled in with a pair of triangles whose
common edge is a diagonal of the quadrilateral. The ribbon is a collection of
such pairs of triangles. Figure 5 is the contact ribbon for GCN4, a "leucine

46
zipper"

.

Figure 5: Formation of a contact ribbon
Transformation of the twisted contact ribbon into a flat surface using quaternions: Given a twisted contact ribbon described by an ordered set of local
coordinate frames arranged along its spine, quaternions are used to rotate all
the local frames into alignment thereby straightening the ribbon. The details
of this transformation are given elsewhere(29].

Figure 6: Flattening

of a contact ribbon

Display of the quaterion contact ribbon with its associatedl interacting side
chains:
In addition to their use in drawing manipulatable ribbons, the original set of local coordinate frames can contain information from the molecule.
Since each residue in a helix is associated with an helix point, and since
each helix point in a contact is associated with a particular local coordinate
frame, the position of each atom in a residue is mapped to a specific position
with respect to its associated local coordinate frame.
The procedure for straightening the ribbon yields the set of atomic coordinates of the interacting side chains, but moved to be consistent with the
straightened ribbon. The resulting coordinates and the contact ribbon can
then be displayed by any appropriate molecular graphics tool. The results of
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this procedure applied to the leucine zipper peptide are shown in figures 7, 8,
9.
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Figure 7: A flattened contact zone viewed edge on. The thin line at the center
of the figure is the contact ribbon
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Figure 8: A flattened contact zone viewed face on, ie. the view is from one
helix axis toward the other.

Discussion
Here we describe a method in which the geometry of difficult-to-visualize contact zones in a coiled-coil is captured by a twisted contact ribon, which is
then flattened using quaternions. We have illustrated this approach using the
well-studied GCN4 "leucine zipper" coiled-coil[12, 13, 14, 18, 19]
It has been noted previously that the luecine side chains of the GCN4
peptide have highly regular geometries owing to the overall symmetry of this
particular helix contact[13, 17, 18]. The quaternion ribbon deformation obviously maintains the similarity of the leucine geometries as is evident in figure
3 - all the leucines appear to have essentially the same structure. We are in
the process of carrying out a quatitative investigation of the amount of local
distortion that is introduced by our new tool. Furthermore, in the studies
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Figure 9: A flattened contact zone viewed end on
of the GCN4 contact, O'Shea et al[18] showed that there are two distinctive
geometries for the orientation of a side-chain "knob" inserting into its corresponding hole. In one case, the bond from the a- to the ,B.carbon is almost
perpendicular to the vector from residue (i) to (i + 1), which in turn is approximately parallel to the surface of the hole spanned by (i) and (i + 1), and in
the second case the same bond is almost parallel to the same vector. Although
not evident in the figures given here (and space limitations preclude additional figures to show this point, which will be given in detail elsewhere), these
detailed geometries are well-preserved following the deformations induced by
the quaternion contact ribbon tool. Thus, preliminary data suggest that the
quaternion contact ribbon tool gives a reasonable preservation, not only of the
local side chain contacts, but also of the geometric details of the interactions
across the contacts.
Preliminary data suggests that, for a typical coiled-coil, the quaternion contact ribbon tool does not distort the local features beyond recognition, and so
this tool should be useful for the investigation of the geometric details and organization of contact zones in proteins. But small distortions are not the same
as no distortions, so any interesting feature observed in the simplified version
of the contact should be checked out in the original, undistorted contact. For
this reason we have constructed a feature that allows the user to define local
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regions in the straightened contact zone and to click onto the corresponding
region in the undistorted contacL
There have been previous attempts to identify and classify helix/helix contact zones[l, 2, 5, 7], but a rather limited data set was examined. It is evident
from comparing figure 1 with figures 7, 7, 9 that our tool does greatly simplify
the visualization of contact zones. It is noteworthy that the helix/helix contact
zone shown in figures 7, 7, 9 for the "leucine zipper" gives a result identical to
our original proposals for the planar projection of the coiled-coil interface[2].
A long term goal would be to modify our algorithms for other types of
contact zones, thereby providing a basic tool that would enable the display
and classification of all types of contact zones in proteins. If it were possible
to represent all types of backbone structures by a set of points (one for each acarbon, for example), then it would be straightforward to create the quaternion
contact ribbons for all types of contact zones using the same logic we have
presented here. There would have to be modifications to take into account
that close pairs of ,8-strands could be due to hydrogen-bonding between the
backbones or due to side chain interactions, but the orientations of the planar
peptide groups would provide an easy way to distinguish these two possibilities.
Recent papers show that Kahn like algorithms can be implemented to represent
all types of backbone structure, yielding curves representing not only the axes
of the helices but also the ,8-strands, turns, loops, etc[34, 35, 29]. Thus, we
are confident that our basic approach for the development of contact ribbons
can be extented for all types of contact zones within proteins.
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