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Abstract

We describe a prototype system (Poly-X) for as-
sisting an expert user in modeling protein re-
peats. Poly-X reduces the large number of de-
grees of freedom required to specify a protein mo-
tif in complete atomic detail. The result is a
small number of parameters that are easily un-
derstood by, and under the direct control of, a
domain expert. The system was applied to the
polyglutamine (poly-Q) repeat in the first exon of
huntingtin, the gene implicated in Huntington’s
disease. We present four poly-Q structural mo-
tifs: two poly-Q B-sheet motifs (parallel and anti-
parallel) that constitute plausible alternatives to
a similar previously published poly-Q 8-sheet mo-
tif, and two novel poly-Q helix motifs (a-helix and
w-helix). To our knowledge, helical forms of polyg-
lutamine have not been proposed before. The mo-
tifs suggest that there may be several plausible ag-
gregation structures for the intranuclear inclusion
bodies which have been found in diseased neu-
rons, and may help in the effort to understand
the structural basis for Huntington’s disease.

Introduction

Several normal and abnormal proteins contain a short
sequence motif of one or more amino acid residues re-
peated several times in succession, called a protein se-
quence repeat. For example, expanded polyglutamine
(poly-Q) repeats are known to cause at least eight
progressive autosomal dominant neurodegenerative dis-
eases, including Huntington’s disease and several forms
of spinocerebellar ataxia (Ross 1997; Warren 1996;
Warren & Ashley 1995). Perutz (Perutz 1996) reviews
the molecular aspects of glutamine repeats and inher-
ited neurodegenerative diseases. Repeats also are in-
volved in certain important structural proteins such as
silk and collagen, which involve short repeating approx-
imate motifs of a few amino acid residues. We have de-
veloped a prototype system for assisting an expert user
engaged in molecular modeling of repeat structures at
atomic detail. The computational task is to enable an
expert to explore alternate conformations rapidly, by
quickly producing a reasonable trial conformation that
falls into the desired energy minima under conventional

force fields and molecular modeling software. This fa-
cilitates building symmetrical, repetitive structures in
the repertoire of current modeling packages. The goal
in this paper is to assist in exploring poly-Q structures
that may have relevance to Huntington’s disease and
related syndromes.

Figure 1 shows the N-terminal end of the hunt-
ingtin protein sequence (HDCR Group 1993). The
region implicated in Huntington’s disease is the long
poly-Q repeat near the N-terminal end, beginning at
residue number 18. The length of the poly-Q repeat
determines the presence and progression of the dis-
ease. Poly-Q repeats of 10 to 34 residues occur in
normal individuals, while repeats of 37 to 100 residues
occur in Huntington’s disease patients (HDCR Group
1993). Above 37 residues, increasing poly-Q repeat
length correlates with an increasing rate of disease
progression and a decreasing age of onset (Penny et
al. 1997). The gene has other repeat regions as
well; note the two proline repeats (poly-P) shortly af-
ter the poly-Q repeat. The huntingtin protein 1s ex-
pressed ubiquitously throughout the body, but only in
afflicted nerve cells does it cause problems leading to se-
vere neurodegeneration. There, huntingtin aggregates
into intranuclear inclusion bodies (Davies et al. 1997;
DiFiglia et al. 1997). Similar aggregation is seen
in other neurodegenerative diseases, for example 3-
amyloid plaque formation in Alzheimer’s disease. It is
thought that (3-sheet formation may play a role in this
process and possibly others.

Figure 2 shows consensus secondary structure predic-
tions (Geourjon & Deleage 1994; 1995) for the disease
regions in both normal (Figure 2.A) and disease-bearing
(Figure 2.B) sequences. Glutamine normally favors he-
lix formation, and helix is favored in Figure 2. However,
(3-sheet is mentioned as a possible secondary structure
(Levin method (Levin & others 1986)), and the Levin
B-sheet prediction increases with increasing length of
the poly-Q repeat. Perutz et al. (Perutz et al. 1993)
proposed the poly-Q f-sheet structure shown in Fig-
ure 3 as a polar zipper that could form a stable lattice
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through intermolecular hydrogen bonds. In a landmark
study, Perutz et al. (Perutz et al. 1994) obtained circu-
lar dichroism spectra from poly-Q fibrils showing that
poly-Q indeed can form f3-sheets. Stott et al. (Stott et
al. 1995) showed that inclusion of glutamine repeats
makes proteins oligomerize, and indicated that the glu-
tamine repeats in dimers and trimers formed [-sheets.
Neither the function nor the structure of the hunt-
ingtin protein are known, and it has no appreciable se-
quence similarity to any other known sequence. The
effects of the poly-Q repeat on protein structure and
function are unclear. Whether the Huntington’s dis-
ease pathology is due to specific effects mediated by the
huntingtin protein containing the polyglutamine tracts,
or whether the pathology is a consequence of the glu-
tamines per se, is unclear. Clues to the structure are
obviously important because they may lead to better
understanding of the disease process and ultimately to
a treatment or a cure. Here we describe a method to
develop structures which are valuable tools for gener-
ating testable hypotheses about the molecular basis for
the disease and avenues of approach for a treatment.

Methods

Protein repeats represent an opportunity for molecu-
lar modeling because of the possibility of reducing the
degrees of freedom that must be considered explicitly.
Poly-X exploits hierarchy and symmetry to reduce the
many parameters that specify a protein motif in atomic
detail down to an understandable and manageable few,
using interaction with the user for choosing and enforc-
ing symmetry. The motif is decomposed into a number
of discrete ungapped chains, each chain is decomposed
into residues, each residue is represented by a residue
proxy, and each residue proxy is represented by back-
bone and sidechain atoms. Figure 4 illustrates this.

The motif is placed by establishing a global coordi-
nate system and then iterating over each chain. Each
chain is placed by iterating over each chain residue.
At each residue, a coordinate transform is constructed
from the proxy residue local coordinate system into a
coordinate system attached to the chain residue. The
transform is based on orthonormal coordinate systems
constructed from the backbone Cea, N, and C' (car-
bonyl) atoms. It is used to map the proxy residue
sidechain atoms onto the chain. For efliciency this is
implemented by pre-computing and caching the proxy
residue as full-atom rotamers. Pseudo-code is:

FOR I = 1 TO number-of-chains
FOR J = 1 TO number-of-residues-in-chain(I)
P = get-cached-proxy-residue(I,J)
R = get-chain-residue(I,J)
T = get-coordinate-transform(P,R)

FOR K = 1 to number-of-atoms-in-residue(P)
write-atom(T,P,K)
END K
END J
END I
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Figure 4: The problem decomposition by hierarchy
and symmetry. (A) A motif is decomposed into dis-
crete ungapped chains. (B) A chain is decomposed into
residues. (C) Each residue is decomposed into backbone
and sidechain. (D) Atoms are placed where specified by
their chain, residue, and proxy.

Poly-X mediates between an expert user and a model-
ing package as shown in Figure 5. First the expert spec-
ifies initial parameters for the backbone and sidechains.
Alternatively, the expert indicates parameters which
should be copied from existing structures, e.g., from a
database, or from previous Poly-X or molecular model-
ing runs. Then the system produces a candidate struc-
ture that embodies this. It is dumped as a formatted
structure file, input to a standard molecular modeling
package, and energy-minimized or otherwise processed.
Then, a second formatted structure format file is writ-
ten from the modeling package and read by the system.
The expert interacts with the system to select or modify
desired degrees of freedom. The process repeats until
the expert is satisfied with the structure.

In this initial study, the structures shown below first
were generated based on standard secondary structural
motifs. These were minimized using the Amber (Weiner
et al. 1984) force field. Then candidate residues were
chosen as interesting structures based on their hydro-
gen bonding potential, and designated by the expert
as proxy residues. Proxy residue conformations were
propagated to the rest of the motif as described above.
The resulting motif was reminimized, and the process
repeated until the expert was satisfied with the struc-
ture. The final step was always a final energy minimiza-
tion. Consequently, the resulting structures represent
a local energy minimum to which they were guided by
the expert.



>gi|1170192|sp|P42858 | HD_HUMAN HUNTINGTIN (HUNTINGTON’S DISEASE PROTEIN)

MATLEKLMKAFESLKSFQQQQQQQQQQQQQQQQQqQQQQQPPPPPPPPPPPQLPQPPPQAQPLLPQPQPP
PPPPPPPPGPAVAEEPLHRPKKELSATKKDRVNHCLTICENIVAQSVRNSPEFQKLLGIAMELFLLCSDD. ..

Figure 1: The first 160 amino acid residues of normal human huntingtin, or Huntington’s disease protein (there are

3,594 total residues).

>From : hd normal
1 10 20 30 40 50 60
| | | | | | |
hd normal MATLEKLMKAFESLKSFQQQQQQQQQQQQQR30Q0QQQQQQPPPPPPPPPPPQLPQPPPQA

Gibrat method
Levin method
DPM method
SOPMA predict
Consensus

hd normal
Gibrat method
Levin method

HHHHHAHHHHHHHHHHHHHHHHAHHHHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCCCCC
HHHHHHEHHHEHHHHHHHCCHCCS CEEEHHHHHHHHHHSSCCSSSCCCCCCCCCCCCCCSC
CCHHHEHEHHHHCECCEHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCCCC
HHAHHHHHEHHHHHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
HHHHHHHHHHHHHHHHHHHHHHCCHHHHHHHHAHHHCCCCCCCCCCCCCCCCCCCCCCCe

QPLLPQPQPPPPPPPPPPGPAVAEEPLHRPKKELSATKKDRVNHCLTICENIVAQSVRNS
CCCCCCCCCCCCCCCCCCCCCCHHHAHACHHHHHHHHHHHCECCCCCEECCEECEECCCC
CCECCCCCCCCSCCCCCCCCCCCHCCCCCCTHCCCHHCHSHHHHCCEEHHHHRHHCCCCC

DPM method CCCCCCCCCCCCCCCCCCCCCHHIAHCCCCCCCCHCHCTCCCECCEEEEEEEEEEREEECCT
SOPMA predict  CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCHHHHHCCCCCCCEEEECCCHHHHHHACCC
Consensus CCCCCCCCCCCCCCCCCCCCCCCHCCCCCCCHCHCHCCCCCECCCCEEECHHHHHECCCC
(A) Normal huntingtin protein sequence.
>From : hd mutant
1 10 20 30 40 50 60
| ! ! | I [ I
hd mutant MATLEKLMKAFESLKSFQQQQQQQAIAAQQQQQQ94Q04Q000Q9Q4Q49Q090900Q0QQ4Q40Q

Gibrat method
Levin method
DPM method
SOPMA predict
Consensus

hd mutant
Gibrat method
Levin method
DPM method
SOPMA predict
Consensus

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEHHHHHHHHHHHHEHHH
HHHHHAHHHHHHUHHHHCCHCCSCEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
CCHHHHHHHHHHCECCEHHHHHHHHHHHHHHHHHHHHHHHHHHH HHAHHHHHHHHHHHHH
HHHHHHHHHHHHHHHHHHAHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
HHHHHHHHHHHHHHHHHHHHHHHCHH HHHHHHHHHAHHHHHHHHHEHHHHHHHHHHHHHA

QQQQRQQQAQQQPPPPPPPPPPPQLPQPPPQAQPLLPQPQPPPPPPPPPPGPAVAEEPLH
HHHHHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCHHHHHH
HHHHHHHHHS SCCSSSCCCCCCCCCCCCCCSCCCECCCCCCCCSCCCCCCCCCCCHECCC
HHHHHHHEHHCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCHHHHCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeCceeccccccccecee
HHEHHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCHCCCC

(B) Disease-bearing huntingtin protein sequence.

Figure 2: The first 160 amino acid residues of consensus secondary sequence predictions for huntingtin.
(A) normal sequence. (B) disease-bearing sequence.
Key: H = helix, E = extended (3-strand/S-sheet), C = coil, T = turn, S = bend.

Lathrop 107



\Y
A
J N\

Modeling
Package

-

Poly-X

Figure 5: The interaction between the expert, Poly-X,
and an atomic modeling package.

Results: Novel Proposed Protein
Structural Motifs

We used the process described above to find novel pro-
posed protein structural motifs for the poly-Q repeat
region of the huntingtin protein. Figure 6 gives atomic
coordinates.

Figure 7 shows a parallel #-sheet and Figure 8 shows
an anti-parallel S-sheet. These constitute plausible al-
ternatives to a similar S-sheet structural motif previ-
ously proposed by Perutz et al. (Perutz et al. 1994)
and shown in Figure 3.

Two of the novel structural motifs are helical. Fig-
ure 9 shows an a-helix and Figure 10 shows a m-helix.
To our knowledge, helical forms of polyglutamine have
not been proposed before.

Discussion

One potentially important result is that there seem to
be several plausible aggregate structures. In addition
to major differences from alternate backbone secondary
structure conformations, minor differences arise from
alternate sidechain conformations. It could be that all
of them play a role in the intranuclear inclusion bod-
les (Davies et al. 1997; DiFiglia et al. 1997). X-ray
data from Perutz et al. (Perutz et al. 1994) suggests
that the sheet-type arrangements appear to be favored
in vitro by short solubilized model peptides in aque-
ous solution, while in the longer diseased proteins in
vivo, a variety of patterns may co-exist. The differ-
ent motifs all may have roughly the same stability per
residue (to within small variations on the order of ther-
mal energy), in which case the possibility of multiple
aggregation motifs could be favored entropically (i.e.,
compared to a single motif).

One important question concerns the stability of the
proposed structures in solvated and hydrophobic envi-
ronments. Water would supply many of the exposed hy-
drogen bonds, disrupting their ordered surface arrange-
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ment. Indeed, preliminary modeling with a continuum
aqueous solvation model indicates that this occurs. The
sidechain hydrogen bonds appear to be disrupted by
water, while the backbone hydrogen bonds, and conse-
quently the secondary structure, appear to be stable.
On the other hand, inclusion bodies formed by aggre-
gation appear in afflicted neurons. The interior of ag-
gregated inclusion bodies should be protected from sol-
vent, and so the surface poly-Q hydrogen bonds would
be protected from disruption. Preliminary modeling
with water excluded indicates that the ordered bonds
are remarkably stable. This might help explain the per-
sistence of inclusion bodies once formed. It might offer
a point of attack for a drug to penetrate the aggrega-
tion, disrupt hydrogen bonds spaced at precise poly-Q
intervals, and so dissolve the inclusion bodies or open
them to proteolytic attack.

Another important question concerns how differences
in the length of the poly-Q repeat can trigger Hunting-
ton’s disease and the formation of inclusion bodies. Pe-
rutz (Perutz 1996) suggests that thermodynamic con-
siderations of loss of glutamine translational and ro-
tational entropy, balanced against gain of entropy from
liberated waters, might provide such a critical length ef-
fect. On the other hand, Perutz (Perutz 1997) discusses
“chameleon” sequences that can adopt either a-helix or
B-sheet folds depending on context, and suggests that
this may be a mechanism for enzyme polymerization.
The secondary structure predictions in figure 2 also sug-
gest a helix to sheet transition. Figure 11 shows a hypo-
thetical helix to sheet pathway that incorporates a poly-
Q length trigger based on steric considerations. Heli-
cal poly-Q structures could account for variable-length
poly-Q repeats up to a limit fixed by the spatial sepa-
ration of the two fixed points (left-hand side of figure).
Longer poly-Q repeats could be absorbed by forming
more turns of the helix. Beyond that limit the helical
form could not absorb the entire poly-Q repeat, and so
would be inaccessible due to steric clashes. Intermolec-
ular f-sheet formation would be enabled (right-hand
side of figure) because the 3-sheet is energetically favor-
able relative to coil and the alternative helix structure
is no longer available. Other plausible possibilities are
easily imaginable; e.g., stochastic lateral shear forces or
the helix dipole moment might reach a critical stabil-
ity threshold. We do not propose that any of these are
the mechanism that occurs in nature. We do suggest
that the availability of appropriate modeling interac-
tion tools is important in studying and analyzing the
different hypothetical possibilities.

Future work will include extending Poly-X to model
aggregates, such as might arise through F-sheet lat-
tice formation, or the transitions sketched in Figure 11.
Extending Poly-X to assemble more than one chain of
residues, especially where sidechain conformations may
differ or the backbone may deviate from standard sec-
ondary structure geometry, will require the ability for
the expert user to restrict specified parameters to spe-
cific subsets of the structure. The proxy residue must



be generalized to range over several alternate rotamers
and local environments, under control of the expert.
The intrinsic problem of optimizing the relative orienta-
tion of the modeled chains in order to analyze and opti-
mize inter-chain interaction probably will require a local
search of relative orientations and sidechain conforma-
tions. For this it might be worth considering simpler cri-
teria such as hydrogen-bond geometry between chains,
accessibility, excluded volume, and the like, rather than
only the modeled force field.

Future detailed studies must be done of the energy
and stability of the proposed structures in various envi-
ronments, including estimated energies of the different
structures and comparisons involving: (1) energies of
random coil in several conformations (e.g., quench dy-
namics randomly from high temperatures and then min-
imize), (2) energies of sheet and helix with disordered
sidechains, and (3) energies in solvated vs. hydropho-
bic environments. Wet-lab experiments are planned
to measure certain observable parameters implied by
the proposed structures in an attempt to determine
whether they exist in vivo. Although much remains
to be done, the results presented above clearly demon-
strate the utility of the approach taken by Poly-X.

Summary

We have described a system for assisting an expert en-
gaged in the task of modeling protein sequences with
repeated motifs. A large number of degrees of free-
dom are required to specify a protein motif in complete
atomic detail. Poly-X reduces these to a small num-
ber of parameters that are easily understood by, and
under the direct control of, a domain expert. The sys-
tem was applied to the poly-Q repeat in the first exon
of huntingtin, the gene implicated in Huntington’s dis-
ease. Poly-X was used to describe four poly-Q struc-
tural motifs: two poly-Q B-sheet motifs (parallel and
anti-parallel) that constitute plausible alternatives to a
previously published poly-Q F-sheet motif (Perutz et
al. 1994), and two novel poly-Q helices (a-helix and -
helix). To our knowledge, helical forms of poly-Q have
not been proposed before. The structures may prove to
be relevant to Huntington’s disease because they may
help to understand the formation of inclusion bodies
and how to disrupt or dissolve them.
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Figure 3: The poly-Q anti-parallel 3-sheet structure (“polar zipper”) proposed by Perutz et al. (Perutz et al. 1994)
(generated using Poly-X following Perutz et al. (Perutz et al. 1994)). Stereogram, top view, end view. Hydrogen
bonds are dashed. Non-polar hydrogens are omitted for viewing clarity.

Perutz (Fig. 3) Parallel (Fig. 7) | Antiparallel (Fig. 8) a-helix (Fig. 9) m-helix (Fig. 10) |

Atom z y z T Y z z Y z z ] z z Y z
N -4.61 -4.01 2.07 |1.87 -263 -0.14] -937 -5.84 7.34 ] 228 -0.87 10.26 |5.20 4.99 8.07
Ca -3.48 -3.12 223 (298 -1.71 -0.15 ) -8.63 -4.60 7.22] 142 -1.99 10.67 [4.92 513 9.49
C -2.33 -372 143 [4.08 -233 -1.00! -728 -498 6.63 | 196 -3.35 10.23 |3.556 4.52 9.84
O -2.14 -493 147 [4.25 -356 -0974( -6.70 -599 7.04[ 188 -431 1098 |3.05 4.69 10.95

CpB -3.09 -298 3.71 1350 -146 127 ] -852 -3.89 857 -0.03 -1.82 10.20 |5.04 660 9.92
Cy -427 -262 461240 -1.07 226 -991 -359 9.15[-091 -3.00 10.67 |5.563 6.64 11.37
Cd -3.81 -2.18 5.99 [2.99 -0.57 357 -9.90 -248 10.19 [-2.39 -2.86 10.36 |5.64 8.04 11.94
Oc -3.26 -1.10 6.15 [3.17 0.62 3.76 | -896 -1.68 10.25 |-2.87 -1.88 9.82 |5.37 9.03 11.28
Ne -401 -3.01 7.01 332 -1.47 448 ;-10.94 -2.37 1099 |-3.21 -3.92 10.71 [6.06 8.13 13.20

Figure 6: Motif proxy residue atomic coordinates, heavy atoms only. The subsequent minimization allows relaxation,
adjustment, and distortion.

110 ISMB-98



Figure 7: Prop‘bsed parallel poly-Q S-sheet structure. Stereogram, top view, end view. Hydrogen bonds are dashed.
Non-polar hydrogens are omitted for viewing clarity. Side-chain conformations are similar to Figure 3, but backbone
hydrogen bonds differ.

Figure 8: Proposed alternate anti-parallel poly-Q [-sheet structure. Stereogram, top view, end view. Hydrogen
bonds are dashed. Non-polar hydrogens are omitted for viewing clarity. Backbone hydrogen bonds are similar to
Figure 3, but side-chain conformations differ.




Figure 9: Proposed poly-Q a-helix structure. Stereogram, end view. Hydrogen bonds are dashed. Non-polar
hydrogens are omitted for viewing clarity. The sidechain hydrogen bond network rotates in the opposite direction to
Figure 10, and the backbone hydrogen bonds differ.
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Figure 10: Proposed poly-Q m-helix structure. Stereogram, end view. Hydrogen bonds are dashed. Non-polar
hydrogens are omitted for viewing clarity. The sidechain hydrogen bond network rotates in the opposite direction to
Figure 9, and the backbone hydrogen bonds differ.
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Figure 11: A hypothetical mechanism by which excessive lengths in a poly-Q repeat might trigger -sheet aggregation.
Boxes represent parts of the protein sequence that are assumed to be fixed in the tertiary structure, e.g., anchored
in the protein core or pinned by a dimer contact. Thin lines represent the poly-Q polypeptide. Ovals represent
helix, parallel thin lines represent [-strands of a 3-sheet. The left column represents increasing poly-Q lengths being

absorbed by increasing helix turns, up to a limit. The right column represents transitions above that limit. Compare
Figure 2.
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