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Computational searching and
mutagenesis suggest a structure for
the pentameric transmembrane
domain of phospholamban

Paul D. Adams', Isaiah T. Arkin'2, Donald M. Engelman' and Axel T. Briinger?

Structural and environmental constraints greatly simplify the folding problem for
membrane proteins. Computational methods can be used in a global search to
find a small number of chemically reasonable models within these constraints,
such that a modest set of experimental data can distinguish among them. We
show that, for phospholamban, the global search can be further simplified by
reducing the problem to two-body, rather than many-body, interactions. This
method of a constrained global search combined with experimental mutagenesis
data yields a three-dimensional structure for this pentameric ion channel. The
model is a left-handed symmetric homopentamer of a-helices with a well-defined
channel, lined solely by hydrophobic residues.

The contraction/relaxation cycle of muscle is regulated
by cytosolic levels of Ca?* ions. For cardiac muscle cells
to relax after contraction a rapid transfer of Ca?* from
the cytosol into the sarcoplasmic reticulum (SR) lumen
is required. This transfer is achieved by the Ca**-ATPase
of the SR. It has been shown that this pump is activated
by cyclic AMP- and calmodulin-dependent phosphory-
lation of phospholamban (PLN), an integral membrane
protein of the SR'. Cross-linking experiments suggest
that phosphorylation of PLN promotes dissociation of
an inhibitory complex formed between PLN and the
Ca*"-ATPase, activating the latter’. The putative trans-
membrane (TM) domain of PLN is predominantly o-
helical® and forms a homopentamer*. PLN has also been
shown to have ion-channel properties of its own in re-
constituted lipid membranes*. Electrophysiological ex-
periments demonstrate that PLN has a high specificity
for Ca?* ions and that inhibition of ion-channel activity
can be produced with Cd** ions*®. It is possible that the
ion-channel activity of PLN is also important in its func-
tion as a regulator of the Ca?*-ATPase.

The creation and breakdown of electrochemical gra-
dients across membranes is important for energy trans-
duction and the regulation of numerous cellular pro-
cesses. There is a wealth of experimental data available
for many of the membrane proteins involved; however,
structural information has not been forthcoming. In
part, this is due to the large size of many of these pro-
teins, but also because of their transmembrane environ-
ment. Although structural information is available for
certain ion-channel forming, non-DNA-encoded, fun-
gal peptides such as gramicidin and alamethicin®?, they

contain amino acids with unique structural properties
making direct comparison with DNA-encoded ion chan-
nels difficult. Limited structural information has recently
been obtained for the nicotinic acetylcholine receptor
using electron diffraction’®. The five central a-helices,
which are thought to line the pore of this channel, could
be observed but other transmembrane structural features
were less easy to define. PLN has a passive ion-channel
activity (it forms a pore through the membrane bilayer)
but, in contrast to other DNA-encoded ion-channel
forming proteins, it is very small (52 amino acids for the
monomer). PLN, therefore, provides a simple system for
the study of passive ion-channel structure. Here we
present the construction of a molecular model for PLN
using a global conformational search by computational
methods combined with a mutagenesis analysis based
on oligomerization'*'2,

Restrained modelling

There are many integral membrane proteins whose func-
tions depend on the successful formation of oligomers
through interactions between transmembrane o-heli-
ces®. High-resolution structural information about such
integral membrane proteins has proved difficult to ob-
tain using conventional structure determination tech-
niques (crystallography or solution nuclear magnetic
resonance). A combination of qualitative experimental
observations and computational methods can be used
to determine the most probable structures'®!". The num-
ber of experimental observations may be very small but
limiting constraints can be included based on the amino
acid sequence, ideal chemical parameters, secondary
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Fig. 1 a, Results of mutational sensitivity analysis (the mutational index P) for
residues in the transmembrane region of PLN. A greyscale is used, with black
indicating high sensitivity to mutation, decreasing through shades of grey to
white indicating insensitivity to mutation. b, The results of mutational
sensitivity analysis for residues in the transmembrane region of PLN shown
on a helical wheel with a pitch of 3.5 residues per turn (that is geometrically
consistent with a left-handed coiled-coil).

structure and the environment. Molecular modelling can
be carried out by an extensive and systematic conforma-
tional search. Prior knowledge and some conservative
assumptions can be used to limit the scope of the search
to relevant regions of conformation space.

The existence of highly specific interactions between
transmembrane helices has been demonstrated using
mutational sensitivity analysis'®. Several types of inter-
actions are involved in driving the association of these
helices: polar interactions (electrostatic), packing (van
der Waals’), interactions between protein and lipid, and
also between protein and solvent. The two stage model
for the folding of polytopic a-helical membrane proteins
proposes that individually-stable transmembrane heli-
ces interact with one another to form the folded confor-
mation without changes in secondary structure'®. If this
is so, conformational searches can be simplified by maxi-
mizing the interaction (or complementarity) between
the independently folded secondary structure elements.
While the energy of the system alone may not be a reli-
able indicator of model correctness's, the careful con-
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sideration of mutagenesis data allows a critical, indepen-
dent test of any proposed model.

The complexes formed by many helical transmem-
brane proteins consist of more than two subunits and in
many cases they are heteromeric. Complete search meth-
ods that sample all possible helix—helix interactions for
such systems'®'”'"* would be very time consuming if not
impossible. The computational cost of a complete
heteromeric search without assuming symmetry rises
with the power of the number of helices. If, however, a
complex helical membrane protein can be sucessfully
modelled as a set of pairwise helix interactions, the prob-
lem is approachable, as the computational cost is only of
order two. We have conducted a pairwise search to gen-
erate a structure for the PLN pentamer and compared it
with the result of a fivefold symmetric search. Both meth-
ods converged to the same structure, which could be se-
lected from the small set of possible structures on the
basis of a satisfactory match to mutagenesis data.

Mutagenesis studies of PLN pentamerization'? have
concentrated on the last 18 amino acids of the human
PLN sequence (FCLILICLLLICIIVMLL, residues 35-52;
Fig.1a, b), which are likely to comprise the transmem-
braneregion of PLN based on their hydrophobicity. The
a-helical nature of a truncated PLN sequence (residues
25-52) has been shown by both circular-dichroism® and
Fourier transform infrared spectroscopy (I.T.A. et al.,
manuscript in preparation). The putative TM helices of
PLN are expected to be parallel in direction, based on
their insertion into the bilayer through a common path-
way. We assume that the helices are in contact through-
out their length. These observations and assumptions
were implemented during the conformational searches
by using backbone hydrogen-bond and helix-axis re-
straints. In all calculations the 18 residue sequence stud-
ied by mutagenesis was simulated.

Exhaustive two-body search

The conformations of pairs of PLN transmembrane he-
lices were searched with rotation angles ¢ and 3 of 0"
360° for helices A and B respectively(Fig. 2a), starting
with both left- and right-handed crossing angles, Q. The
sampling step size was 45° (extensive tests indicated this
was an optimum value which maintained unbiased sam-
pling of rotation space yet minimized the computational
cost of the search), and four trials were carried out start-
ing from each conformation using simulated annealing
of all atomic coordinates leaving rotation- and crossing-
angles free to vary. The resulting structures were ana-
lyzed to determine the final crossing angle (that is left-
handed or right-handed) and rotation angles of both
helices (Fig. 2b). In addition, the interaction energy be-
tween helices, the geometric helical parameters and the
frequency of structures appearing in a particular region
of interaction space were calculated (Fig. 2¢). Two-body
interactions were identified which are most consistent
with a pentameric arrangement of helices, that is a rela-
tionship between o and B which when propagated to five
helices produces a symmetric pentamer (Fig. 2b). The
results indicate twelve sufficiently populated regions
approximately consistent with a pentameric interaction.
It should be noted that ten of these regions are left-
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Fig. 2 2, The helix rotation parameters o and B were
systematically varied in the two-body search. b, Frequency
of structures obtained by simulated annealing found in o/
rotation space, averaged over a 10" by 10" grid, for left-
handed and right-handed helical pairs. Lines indicate the
regions with a pentameric relationship between o and §.
The twelve clusters which were consistent with a
pentameric interaction are marked (d1-d12). These
clusters were used to generate single averaged structures
and then refined. ¢, Distribution of final «, B rotation
angles for all structures obtained by simulated annealing
with a final left-handed or right-handed crossing angle. :
d, Pentamers generated from ten of the refined average &
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Fig. 3 a, The helix rotation parameter a
o was systematically varied for all
helices simultaneocusly in the
symmetric pentamer search. b,
Interaction energy against rotation
angle o for left-handed pentamers.
The five clusters marked (p1-p5) were
used to generate single averaged
structures. The lower identifiers
(italics) indicate the corresponding
dimer models (Fig. 2¢). ¢ and d,
Average interaction energy per
residue (solid line) compared to the
sensitivity of each residue to
mutation (dashed line) for the lowest
energy model (c) p4 and (d) p1. Error
bars indicate the minimum and
maximum value within the pentamer
model.
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handed while only two are right-handed. This bias to-
wards left-handed structures is consistent with the mu-
tation data, which best fit a-helices in a left-handed
coiled-coil conformation (Fig. 1b). Average, refined
models were generated from these clusters.

Helical pairs to pentamers

After refinement of the twelve models, pentamers were
generated from the average models of pairs of helices by
repeated application of the rotational and translation
relationships between the two helices (Fig. 2d). It can be
seen by visual inspection that many of the structures gen-
erated are approximately pentameric, the most obvious
exception being the right-handed models (d11 and d12)
which are much closer to tetramers. The pentameric

structural biology volume 2 number 2 february 1995
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residual R (equation 1) indicates that model d3 best
forms a pentamer. Model d3 also shows the best corre-
lation with the mutational data (Fig. 4a), with sensitive
residues lying on the internal face of the pentamer and
non-sensitive residues lying on the external face. This
pentamer model was therefore further refined by use of
simulated annealing and energy minimization.

Symmetric pentamer search

A systematic search starting from symmetric pentamers
was carried out independent of the two-body search, with
both left-handed and right-handed initial conformations
(Fig. 3a). The helix conformations were searched with
the helix rotation angle o between 0° and 360". Struc-
tures were analysed after the simulated annealing proto-
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col. The root-mean-square fit to a cylinder was used to
determine which pentamers were still approximately
symmetric after annealing, (P, < 1.5 A). A plot of
the helix rotation angle against average interaction en-
ergy for left-handed pentamers shows five well defined
energy minima (Fig. 3b). There were very few symmet-
ric pentameric right-handed structures found after simu-
lated annealing (data not shown): selection of right-
handed pentamers using P____ < 1.5 A did not retrieve
any models, and even when the selection criterion was
relaxed (P_ . <2.0 A) only six structures were found,
defining two poorly populated energy minima.

This result strongly suggests that the PLN transmem-
brane sequence is unable to form a stable right-handed
pentameric structure. Average structures were calculated
for the five left-handed energy minima found. There isa
well defined energy minimum at approximately ot =250"
(model p4; Fig. 3b). A comparison between the interac-
tion energy per residue and the experimental mutational
sensitivity shows a strong anti-correlation for model p4
(Fig. 3¢). It is assumed that sensitivity to mutation indi-
cates residues which contribute to stability through pack-
ing interactions. Of the five most stable pentameric struc-
tures only one model shows a strong correlation with
the mutation data, model pl (Fig. 3d). It is interesting
to note that the ensemble of structures used to generate
this model were the most pentameric in character (P,
< 0.9 A) and that this is also the most populated energy
minimum found in the search.

The phospholamban model

The final phospholamban model is a left-handed
pentamer which shows a high level of symmetry. The
crossing angle (Q) between adjacent helices is 16.7°, the
separation between neighbouring helicesis 10 A and the
average number of residues per turn for each helix is
approximately 3.64. These geometric parameters are con-
sistent with aleft-handed coiled-coil interaction between
the helices and are also similar to results obtained in
another, unrelated helix bundle modelling study®.

Two-body vs pentamer search

One of our goals in this study was to use the informa-
tion from two-helix searches to model higher order oli-
gomers. If this simplification succeeds, it could lead to a
greatly enhanced computational approach to the study
of membrane protein structure. The models produced
from the independent two-body and pentamer searches
(d3 and p1 respectively) are very similar to one another,
with 0.6 A r.m.s. deviation for Cot atoms, 1.63 A r.m.s.

Fig. 4 Space-filling representations of the best models
from the two-body and pentamer searches. In both cases
residues have been shaded according to their
experimentally determined sensitivity to mutation (Fig.
1). a, Model d3 (best two-helix model), internal and
external face. b, Model p1 (best pentamer model), shown
as sections through the pentamer (along the pentamer
axis). The residues in each section are indicated, their
identity and average sensitivity to mutation are shown
in the lower scale. ¢, Pore radius for model p1 as a
function of the distance travelled along the pore (from
N to C terminus).

structural biology volume 2 number 2 february 1995
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Fig. 5 a, The packing int
while a molecular surface coloured by surface curvatur

deviation for all atoms (and almost identical geometric
parameters). Therefore, it would have been possible to
generate the pentameric structure purely on the basis of
the two-body search alone, in combination with the
mutagenesis sensitivity data'. In the case of a symmet-
ric homopentamer such as PLN the computational cost
for a two-body search and symmetric pentamer search
are approximately equivalent. When considering asym-
metric hetero-oligomers, however, the computational
cost of several two-body searches will be much less than
one complete oligomer search. Although time consum-
ing, such systematic searches are within the scope of cur-
rent high performance parallel computing technology.
The results presented here suggest thatinformation from
two-body searches alone may be sufficient to determine
the correct conformation of an oligomer of helices.
Although the correlation between the mutational in-
dex and the interaction energy is high (Fig. 3d) for the
best model, there are still some discrepancies, in particu-
lar residue 43 and the four caroboxy-terminal residues.
In the case of Leu 43, these may be due to difficulties in
distinguishing partial disruption from wild-type in the
mutagenesis results. In the case of the four C-terminal
residues the lack of a molecular environment in the
simulations may distort their contribution to the sta-
bility of the model. Explicit inclusion of the lipid and
water environment, although desirable, is not cur-
rently possible because of the extensive computing
time required and inadequacies in force field param-
eters. Since all simulations were carried out in vacuo

b

and distance restraints between helices were imposed,
a compact structure with maximized packing inter-
actions was obtained. If the four C-terminal amino
acids are replaced with alanines, our simulations show
that the symmetric pentamer search reveals a single
preferred structure identical with our proposed
model.

Prediction of tertiary structure at the atomic level
based purely on sequence information is a challeng-
ing goal. A particular problem is still the selection of
the correct model from a group of several candidates.
Our work shows that, while it is possible to limit the
number of models using an extensive search method,
no simple criteria were capable of determining which
model is most appropriate; in fact, the use of the low-
est energy as a criterion selects an incorrect model
(Fig. 3b, c). At the present state of computational
methodology it appears that verification through di-
rect experimental observations is essential. The con-
tribution of a global computational search is to direct
attention to a small number of chemically reasonable
models. The information gained through mutagenesis
studies then permits the most likely model to be identi-
fied from this small pool of structures.

Hydrophobic lining

Although our model of PLN may represent a compact
conformation, there is clearly a pore running through
the centre of the pentamer. A space-filling representa-
tion of slices through the molecule reveals a continuous

eractions between the helices in the phospholamban pentamer. A space-filling representation is used for one helix (red),
o2 s used for the remaining four helices (exposed regions are shaded green, while buried

regions are shaded dark grey). b, Space-filling representation rotated by 90°, looking along the pore from the N terminus.

structural biology volume 2 number 2 february 1995
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Fig. 6 Location of the three cysteine residues in the phospholamban model.
The mainchain of one helix is shown as a thick tube, the other helices are
represented by a molecular surface. Cysteine residues are coloured yellow,
leucine (residue 39) is coloured magenta, and isoleucine residues are coloured
green (residue 47) and blue (residue 48). The same residues on other helices
are shown beneath the molecular surface as indicated by the coloured patches.

160

channel (Fig. 4b). The mutationally sensitive residues lie
at the interface between adjacent helices, and the most
sensitive make contact with the same residue in both
adjacent helices. In the case of residues 40, 43 and 47 a
three-body interaction is seen with interactions between
a helix and its two neighbouring helices. These residues
define the narrowest part of the channel which is ap-
proximately 3 A in diameter (Fig. 4¢).

The helices exhibit a high degree of spatial
complementarity at their packing interface (Fig. 5a,b).
This contributes both to the stability of the pentamer
and also provides specificity of interaction. Of consider-
able interest is the location of the cysteine residues in
the structure. These represent the only moderately po-
lar residues in the transmembrane sequence modelled,
and therefore might be expected to play some part in
the ion channel activity of the pentamer. Cys 36 is at the
entrance to the pore formed by the pentamer, and there-
fore is in a position to influence the ion channel activity
of phospholamban (Fig. 6). We speculate that Cys 36 is
the site of Cd?* inactivation of the channel, based on its
accessibility and its pore location. In contrast, both Cys
41 and 46 are located partially on the external (lipid fac-
ing) face of the pentamer. Both these residues are in-
volved in the packing interface between adjacent heli-
ces. Cys 41 packs against Leu 39 on the neighbouring
helix, while Cys 46 interacts with both Iso 47 and 48. It
is possible that all the cysteine residues play some role in
defining the overall electrostatic properties of the

phospholamban pore; however, only Cys 36 is placed so
as to make a direct interaction with ions.

The putative PLN pore is predominately (apart from
Cys 36) lined by hydrophobic residues (Figs. 4b, 7). That
an ion channel may possess a hydrophobic lining has
been suggested previously'® and is supported by experi-
mental work®. This is in contrast to current theories
about the residues lining the pores of larger ion chan-
nels where polar residues are thought to play a signifi-
cant role*?. That PLN possesses ion channel activity in
vitro has been demonstrated*®. The sequence of the PLN
transmembrane region dictates that a pore lined with
predominantly hydrophobic residues be formed (Fig.
1b); if it is assumed that the channel pore is filled with
water molecules, the unfavourable ion desolvation en-
ergy could be partially compensated for by interaction
with the water molecules within the pore. The model
presented here for phospholamban, combined with ex-
perimental data, provides a starting point for under-
standing the properties of a hydrophobic pore.

Methods

Mutagenesis. The full details of mutagenesis experiments are
presented elsewhere'?. Briefly, standard molecular biology
techniques were used to construct chimeras of full length PLN
linked, by a flexible region, to the protein staphylococcal nuclease.
Each residue within the transmembrane region was then separately
altered by saturation mutagenesis. The ability of each mutant to
form pentameric complexes in SDS-PAGE was then determined.
The effect of each mutation on pentameric stability was assessed
as non-disruptive, partially disruptive, or totally disruptive. A value
between 0 and 1 was assigned to each residue examined in the
mutation study, reflecting the extent to which mutations at this
position disrupted pentamerization. This index was a real number
defined by the sensitivity of each residue (/) to mutation. The index
was normalized to the number of possible observable mutations
(N, N=10 in this study). For the n, observed mutations for a given
residue, the effect was quantified (s) using a three point scale. A
completely disruptive mutation was assigned a value of 10, partially
disruptive mutations a value of 5, and non-disruptive mutations a
value of 0. The index (P) was calculated using P, = (N/n) Z¥_ s,

Molecular dynamics calculations. All calculations were carried
out using the program X-PLOR (ref. 24). The united atom topology
and parameters sets TOPH19 and PARAM19 (ref. 25) were used
with all polar hydrogens included. A nonbonded cutoff of 13 A
was used for all calculations. A switching function was applied to
the van der Waals’ terms between 10 A and 12 A, and a shifting
function was applied to the electrostatic term between 10 A and
12 A. The bond lengths for hydrogen atoms were constrained to
ideal lengths using the SHAKE algorithm?¢, Half-sided distance
restraints were applied between O, and N, , in order to maintain
an a-helical conformation during the systematic search procedure.
Distance restraints, using a square-well potential, were applied in
order to prevent the separation of helices during simulated
annealing'’. Different restraints were used for two-body and
pentamer searches; the details of which are outlined for each
case below. All calculations were carried out in vacuo, thus
speeding convergence. The initial coordinates were those of a
canonical o-helix (3.6 residues per turn) derived from internal
coordinates. In contrast to (ref. 10), no prior supercoiling was
applied to o-helices. Helices were allowed to reach a stable coiled-
coil conformation during the annealing procedure. In both two-
body and pentamer searches the same simulated annealing
schedule was used in order to search the energy surface of the
system for local minima. Bad steric contacts present in the initial
models were removed by energy minimization with a quartic

structural biology volume 2 number 2 february 1995
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Fig. 7 Partial atomic charges (as defined in the TOPH19 united atom topology
set?) projected onto the molecular surface for four of the five a-helices of
phospholamban (the fifth helix is removed to illustrate the continuous channel
that is present through the centre of the pentamer). Negative charge is
coloured red while positive charge is blue, white indicates zero partial charge.

repulsive function instead of the usual van der Waals’ and
Coulombic terms. This was followed by energy minimization using
the standard nonbonded potential. The atoms were then assigned
random velocities from a Maxwell distribution. The system was
simulated using molecular dynamics for 5,000 steps at 600 K with
a timestep of 1 fs. This was followed by simulation, 5,000 steps,
at the lower temperature of 300 K with a timestep of 2 fs.
Constant temperature was maintained by coupling to a heat bath?’.
The molecular dynamics simulation was followed by energy
minimization.

The two-body search. An exhaustive search of the possible
interactions between the parallel helices was carried out. Changes
were made to previous work' to improve both the range and
evenness of sampling. The search was carried out over the entire
two-body rotational interaction space (o = 0°-360°, § = 0™-360",
where o and B are the rotation angles about the long axis of the
two helices relative to some arbitary starting position). Tests
showed that initial crossing angles (Q) between +20° and -20°
often became trapped in local minima around 0", therefore, the
starting structures were canonical o-helices with either a left-
handed +50° or right-handed -50° crossing angle. These initial
crossing angles aflow convergence to stable left-handed and right-
handed coiled-coil structures, including configurations close to
Q=0° (for example Fig. 2d, structures d5 and d6). Multiple trials

structural biology volume 2 number 2 february 1995

were carried out from the same starting position, using different
initial random velocities in each case. The centres of the helices
were initially separated by 10.4 A , with the maximum centre-
centre distance restrained to 10.4 A with a half-sided potential.

Averaging of structures from the two-body search. A
convention was used in order to localize different structures to
unique regions of rotational space. The dyad axis of each final
structure was aligned along the z-axis in coordinate space and
the geometric centres of both helices were calculated. The z
components of the centres were compared and the helix with the
more positive value was assigned the identifier A, the other
assigned the identifier B. Therefore, helix A always has a positive
or zero shift, along the long helix axis, with respect to helix B.
When considering plots of rotation angles o against B it must be
remembered that points on either side of the dyad axis are not
equivalent because of this convention. Clusters of structures were
determined visually from plots of o against B, (Fig. 2¢; in general
clusters were well defined). The average structure for each cluster
was then energy minimized using a repulsive nonbonded potential
in order to regularize any bad contacts and distorted side-chain
geometries. This regularized structure was then subjected to the
same simulated annealing protocol used in the systematic search.

Generation of pentamers from dimers. Analysis of the final
helical pair conformations was carried out to identify interactions
between pairs that were consistent with a pentamer. The rotation
matrix (¢) and translation vector (1) required to superimpose the
Ca atoms of helix A on helix B was calculated. This transformation
was then repeatedly applied to the coordinates (r:) of helix A to
generate a structure with five helices (helix B was first deleted),
r_/.:1 = cF,)+ T. The r.m.s. difference between the a-coordinates of
the first helix and a sixth helix generated by rotation and translation
of the fifth helix was calculated. This residual (R) was used as a
measure of the lack of closure of the pentamer generated (ideally
the sixth helix should superimpose on the first),

R=sart (£, -1/ N, 1)

where the sum is over all Ca coordinates and N, is the number
of Ca atoms in the monomer.

The symmetric pentamer search. Initial symmetric, pentameric
structures were generated from canonical o-helices. The initial
helix was defined to be 9.5 A from the centre of the pentameric
axis. The helix was then duplicated and rotated by 72° around this
axis. This duplication was repeated four times to generate the
pentamer. An initial crossing angle was imposed by rotation of
the long helix axis with respect to the pentamer long axis. The
crossing angle was 15° for the initial left-handed model and -30°
for the initial right-handed model. The distance between the
centres of neighbouring helices was restrained to a maximum
distance of 11 A using a half-sided potential. No restraint was
applied between the helices and the pentamer axis. The search
was with respect to only one variable, the rotation about the long
axis of each helix. A symmetric pentamer was assumed, thus
allowing a rotation to be applied to all helices simultaneously.
The search was across the whole rotation space (o = 0°-360%) in
20° steps, simulated annealing was performed to relax the
conformation without explicit application of symmetry restraints.
In addition, multiple trials were carried out from the same starting
position, using different initial random velocities in each case.

Measuring the degree of pentameric symmetry. The residual
R (equation 1) cannot be used to assess the lack of closure of pre-
formed pentamers not derived by repeated transformation of one
helix. Therefore, a criterion was defined to distinguish regular
symmetric pentamers from distorted assemblies of five helices:
the fit of the five5 helices to a cylinder with axis 70 and radius c,

- X n (2)

0T s 5—+A)

= an, |I’;I'|,| (3)
5
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The r.m.s. deviation of the position of both ends and the centre
(defined by the geometric average of Co coordinates) of each
helix from this cylinder was calculated by,

P 0= sart ( Ziv |7::I';|—C2 ) (4)
r.M.5. 5

Visual inspection of structures showed that an r.m.s. deviation
greater than 1.5 A clearly indicated a non-symmetric and non-
pentameric arrangement of helices.

Averaging of structures from the pentamer search. Averaging
of the pentamer structures could not use the same convention
used for pairs of helices. Averaging considered all models within
a region of rotation space (o - width € o < o + width), the centre
of the averaging region was determined by visual inspection of
clusters and the width was 15°. A restriction was applied such
that only pentameric structures were considered in the averaging
process. This was done by only accepting structures with a value
of P . less than or equal to 1.5 A. Geometric averages of
coordinates were calculated if at least five structures were found.
Minimization and simulated annealing were carried out as for the
two-body averaging procedure.
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