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Using Experimental Information to Produce a Model of the
Transmembrane Domain of the lon Channel Phospholamban

Pawel Herzyk and Roderick E. Hubbard
Department of Chemistry, University of York, Heslington, York YO1 5DD, England

ABSTRACT Molecular models of the transmembrane domain of the phospholamban pentamer have been generated by a
computational method that uses the experimentally measured effects of systematic single-site mutations as a guiding force
in the modeling procedure. This method makes the assumptions that 1) the phospholamban transmembrane domain is a
parallel five-helix bundle, and 2) nondisruptive mutation positions are lipid exposed, whereas 3) disruptive or partially
disruptive mutations are not. Our procedure requires substantially less computer time than systematic search methods,
allowing rapid assessment of the effects of different experimental results on the helix arrangement. The effectiveness of the
approach is investigated in test calculations on two helix-dimer systems of known structure. Two independently derived sets
of mutagenesis data were used to define the restraints for generating models of phospholamban. Both resulting models are
left-handed, highly symmetrical pentamers. Although the overall bundle geometry is very similar in the two models, the
orientation of individual helices differs by ~50°, resulting in different sets of residues facing the pore. This demonstrates how
differences in restraints can have an effect on the model structures generated, and how the violation of these restraints can
identify inconsistent experimental data.

INTRODUCTION

Integral membrane proteins are a widely distributed andn the basis of mutagenesis data and some simple assump-
diverse group of proteins responsible for many importantions about helix-bundle geometry.
processes in intercellular communication and selective Our model system, phospholamban (PLN), is a noncova-
transport. Our understanding of the sequence, biology, anigént homopentameric membrane protein localized in the
biochemistry of these proteins is increasing rapidly. How-membrane of the cardiac sarcoplasmic reticulum (SR)
ever, the difficulties of producing active proteins in large (Kirchberger et al., 1975). In its dephosphorylated state,
quantities and their insolubility in polar solvents means thatPLN inhibits the steady-state activity of the TaATPase,
structural information is available only for a few special whereasp-adrenergic stimulation results in cAMP- and
cases where the natural abundance and/or homogeneity ealmodulin-dependent phosphorylation of PLN, which re-
protein have facilitated the growth of suitable crystals. Instores the full activity of the pump (Tada and Kadoma,
the absence of direct experimental structural information1989).
there continues to be considerable interest in the develop- The PLN monomer consists of 52 amino acid residues,
ment and application of molecular modeling techniques forwith an N-terminal stretch of 30 hydrophilic residues fol-
understanding the structure of these proteins and relating jbwed by a C-terminal stretch of 22 hydrophobic residues.
to their function. The high helical content in PLN and, in particular, the
The lack of experimentally determined structures for27-residue-long C-terminal tryptic fragment (QNLQN-
most of the classes of membrane proteins means that thefINFCLILICLLLICIIVMLL, residues 26-52) was dem-
are not suitable templates that can be used with the estabnstrated by circular dichroism (CD) in detergents (Sim-
lished techniques of homology modeling to generate strucmerman et al., 1989) and CD and Fourier transform infrared
tural models. There is therefore a need for alternative mod¢FTIR) studies of PLN in lipid bilayers (Arkin et al., 1995;
eling approaches in which the available experimental ydlam et al., 1996). In contrast to the 2—25 domain, both
biological and biophysical data are used as a guiding forc@ N and the 26—52 domain show €aselective conduc-
in the modeling process. We have previously described gance in reconstituted lipid membranes (Kovacs et al.,
computational methodology that generates models of seven-9gg), suggesting an alternative but not necessarily exclu-
helix transmembrane (7TM) proteins on the basis of diversgjve mechanism whereby PLN generates a passive calcium
experimental information (Herzyk and Hubbard, 1995). Injeak across the cardiac SR membrane. Although there is
this paper we demonstrate how these methods can be agome debate regarding the function of PLN as an ion chan-
plied to the generation of models for parallel helix bundlesnpe| (Reddy et al., 1995), the calculations performed in this
study assume that the transmembrane (TM) domain of PLN
acts as an ion channel. Consequently, its pore-forming
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of a constrained global search conducted through a series effichor points for certain restraints, but do not take part in the steric overlap
molecular dynamics simulated annealing (MDSA) calcula-calculation.

tions, including extensive searches for helix interactions.

These assumed that the transmembrane domain is a fivB-e fining a set of structural restraints

helix bundle, each helix being a 35-52 stretch of 18 C-
terminal hydrophobic residues. In that work it was explicitly Although five types of restraints were employed for modeling GPCRs
stated that although it was possible to limit the number of(Herzyk and Hubbard, 1995), here we use only two of them:

models using an extensive search method, no simple criteria 1. Distance restraintare imposed betyvgen the ends ofdlffgrent_ helices
in the bundle to prevent them from drifting away or collapsing into the

were capable of determining which model was most approggre. The restraints are imposed on DI-DI and DS-DS distances between
priate. As a result, the final model was selected on th&ummy atoms of neighboring (1-2) helices and (1-3) helices (Kerr et al.,
criterion that it satisfied the available mutagenesis data994) (see Fig. 1). For (1-2) helices the lower and upper limits of restraints
(Arkin et al., 1994)_ are setto 7 Aand 11 A, vvhereas for (1-3) helices t_hese limits are set Fo
our modeling technique (Herzyk and Hubbard, 1995) Canll.3 Aand 17.8 A, respect!vely. These values were inferred from analysis
) . of the results of parallel helix bundles modeled by Sansom and co-workers
be regarded as an inversion of the MDSA procedure. Instead(err et al., 1994).
of performing a thorough and time-consuming conforma- 2. Orientation restraintsare used to restrain certain residues to be either
tional search and then selecting the best solution on theointing inside (ORI-inside restraints) or outside (ORI-outside restraints) a
basis of experimental data, we use the experimental datglix b.unFIIe.. Herg, contrary t.o the original paper (Her;yk and. Hubbard,
directly in the modeling process to generate model Struc}QQS?,lnsM_els deflngd as facmg the pore space or Ihe |nterhe||_ca| space.
. . . . . _This is achieved by incrementing tfgzangle by 12.8° on each side (see
tures. The available experimental evidence is converted int@,,endix B in Herzyk and Hubbard, 1995, for details). In this context,
structural restraints between different parts of the proteirutsidemeans notnside
model. In the first stage of our procedure, the protein is
represented as rigid helical units whose positions and ori-
entations are optimized by a Monte Carlo simulated annealConstruction of a penalty function to measure how well a
ing procedure using the structural restraints in a targefrodel satisfies the structural restraints
function. The resulting simplified template is then refined a restraint is declared satisfied as long as it falls between lower and upper
into a full-atom representation. limits. If it does not, then a violation is calculated as
In this paper the effectiveness of these methods for par-
allel helix bundles is demonstrated through calculations for
systems of known structure consisting of helix dimers. InWhereX represents a restrained quantity axg, is one of the limits,
the first set of calculations, the known structure of a leucin@ynichever is nearer. Each violation is penalized by a square-well function,
zipper from GCN4 is used to generate model mutagenesiand all contributions are summed over the number of violated restraints,
data, which are then used to characterize the performance of
the computational procedure in regenerating the helix
dimer. This is followed by calculations in which real ex- whereK represents a scaling constant. Wherever it is not specified other-
perimental mutagenesis data are used to generate models {ge  is set to 50 A for distance restraints and to 5Afor orientation
the transmembrane domain of the dimeric protein glyco-
phorin A. The modeling procedures are then applied to
generate models of phospholamban on the basis of two
independently generated sets of mutation data (Arkin et al.,
1994; Simmerman et al., 1996).

V|O| = |X - Xlim|

restr= 3, K viol?

METHODS
Generation of a simplified template model

The methods used for generating simplified models of the structure of
membrane proteins has been described extensively elsewhere (Herzyk and :
Hubbard, 1995). In summary, the procedure consists of the following steps.

Defining a simplified representation of the protein as an
aggregation of a number of rigid idealized helices

Each residue in the helix is represented by onea®m and one virtual
side-chain atom, the size and position of which depend on the size and
topology of the side chain. This is a simplified version of our earlier
reduced representation for proteins (Herzyk and Hubbard, 1993). Twd-IGURE 1 Schematic representation of distance restraints between
dummy atoms labeled DS and DI represent, respectively, the sarcoplasm{@—2) and (1-3) helices. For clarity, only restraints for one helix are
and intracellular ends of the helix. These dummy atoms can be used gwesented.
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restraints. The total penalty functidhis given by distance restraints are used in the calculationsahelical distance re-
straintsare imposed on intrahelical hydrogen bond lengths. The distance
P = repel + restr between OK) and Nk + 4) is kept between 2.4 A and 3.2 A, and the

distance between ®and HNK + 4) is kept between 1.7 A and 2.3 A.
Interhelical distance restraintare imposed between adjacent helices by
defining restraints between the pair of virtual atoms representing the

s , , termini of the helices, as illustrated in Fig. 1 for the simplified template.
Global optimization of the penalty function using the The centroid positions are the mean coordinates of the middle sesin C

technique of Monte Carlo simulated annealing each helix, and the termini positions are the mean coordinates of the first

. . . . seven or last seven € in each helix (Nilges and Bnger, 1991). The
Conformational searching starts at a high temperature and then continués ; ; . .

; N " target distance ranges are kept the same as in the first stage of calculation.
as the system is cooled ("annealed”) gradually and slowly. The term The initial structure consists of the (ositions from the simplified
temperaturerefers (o a parameter that regulates the acceptance rate in thteém late with th(E:AJ o;Jher main-chain angcgde chain atoms for eaF():h residue
Monte Carlo simulation (Kirkpatrick et al., 1983). A Monte Carlo simu- p ) )

lated annealing (MCSA) trajectory is generated by initially producing ascattered randomly around the appropriais @ithin a sphere of 1 A

randomized configuration of rigid body elements representing the helices(.]“amEter' This structure s then heated to 1000K, and several stages of

For PLN, the five helices are arranged perpendicular to the membranremJIeCUIar dynamics with a time step of 1 fs are performed at this temper-

plane &y plane) at the apices of a regular pentagon, 9.5 A from its center,ature’ keeping (atom positions fixed, as described by Nilges anciger

whereas for helix-dimer calculations they are positioned at the center of thélggl)' Durm_g these stages different potenual energy terms are introduced
coordinate system. The tilt of each helix with respect toxhady axes are one by one (first bond and angle, then impropers, then repulsive nonbonded
randomized withint45°, and orientations relative to ttzeaxis are ran- potential), and energy co_nstant§ are significant_ly scaled down and then
domized fully. This is followed by randomization of the y, and z increased gradually to their maximum values (Nilges anthBeun, 1991).

coordinates of- the centroid of each helix wittd 2 Aboundary ,After the During this process the intrahelical restraints are used. The high tempera-

initial configuration has been generated, each of the helices is move%:re stage lasts for 10.3 ps. The system is then annealed to 300K for 2.9 ps
i

whererepel describes the penalty for steric overlap.

sequentially by a random step of a randomly chosen coordinate (thre y reducing the temperature of the heat bath by 25K every 0.1 ps. During

translations and three rotations per rigid body element). After each random Is stage G atoms are released to be harmonically restrained to their

step, the increment in the penalty function is calculated, and the step i|Sr_1|t|a| positions with energy constants being reduced gradually. The repul-

accepted or not on the basis of a Metropolis decision (Metropolis et a1 Sive nonbonded potential is replaced by Lennard-Jones and electrostatic

1953). One thousand such Monte Carlo steps are performed at ea(91otent|als. A switching function is applied to both potentials between 8 A

temperature as the temperature is lowered from the initial value of 8.0 b)?nd 12 A, and a nonbonded neighbor list is generated within a radius of 13

10% in 25 steps. The first three temperature runs are carried out with thé];.a d|stance-d_ependept d'EIECF”C con_staq}t% " !n A) is used. During

. . ; this stage both intrahelical and interhelical restraints are used. The anneal-
repulsive potentiatepel switched off. . . ) . .

ing phase is then followed by a final burst of 5-ps dynamics at 300K, using

the same set of restraints. The entire protocol is repeated 10 times (with
different randomizations of initial side-chain atom position), and the mean
structure is calculated. This structure is then finally minimized using no
Fifty MCSA trajectories are generated for an ensemble of different initial restraints.
configurations of the system. Final configurations with abnormally high
penalty function values are discarded, and the mean structure is calculat(aé
by averaging the accepted final configurations. The final template is

generated by superposition of idealized helices on the mean structure. The convergencecony) of the family of final structures generated within
MCSA or MDSA protocols is measured by the average root mean square
. . . deviation (RMSD) from the mean structure over the family of selected
Refinement of the simplified template: structures overlapped on the main-chain atoms. Thus the lowezotne
conversion to a full atomic representation and value, the higher (the better) the convergence.

geometry optimization

The simplified template created within the first stage is subjected to ZG€ometrical characterization of the final

molecular dynamics simulated annealing (MDSA) protocol to 1) extend ithelix bundle

into a full-atom representation and to 2) optimize the geometry of the ) ) ) ) o

system. All calculations were carried out using the program X-PLOR The helix-helix separations between adjacent helices in the bihdie
(Briinger, 1992); the approach is similar to the protocol of Nilges angdetermined as the minimum distances between helix axes. Helix crossing
Briinger (1991). The protein is defined with a united atom and explicit angles() are determined according to the method of Chothia et al. (1981).
polar hydrogen topology and parameter sets TOPH19 and pARAM1dN the case of PLN, botD and() are quoted as averaged over the five pairs
(Brooks et al., 1983; Neria et al., 1996). Some modifications have beef neighboring heliceRsy,, assesses the symmetry of a bundle as in Kerr
made so that all bonds, angles, and impropers have uniform energy cofet al- (1994):

stants of 500 kcal/mol A 500 kcal/mol rad, and 200 kcal/mol r&d

Generation of final template

onvergence

4
respectively, and all planarities and chiralities are defined in terms of
impropers rather than dihedrals. This is similar to how these terms are Rsym = g E RMSD
defined for NMR structural determination (Brger, 1992). Because cys- i=1

teine is the most polar residue in the stretch of 18 C-terminal residues, we .
have decided to keep the expligithydrogen. The appropriate parameters where RMSD |s.thea_-carbor1 RMSD between a bunc_lle structurg and the
were adopted from a PARAM22 set (MacKerell et al., manuscript submit->2"€ structure in which helix 1 is rela_beled as 1, helix 2 as 2t I, etc,
ted for publication). The charges on helix N- and C-termini were neutral—Thus the lower the value Gsyy, the higher the symmetry of the bundle.
ized.

The X-PLOR (Bringer, 1992) potential energy function contains re- §oftware
straint terms for bonds, angles, impropers, repulsive nonbonded or Len-
nard-Jones, electrostatics, and distances. Different combinations of theSéhe simplified templates are calculated using the program PANDA (Her-
terms are used during different stages of the calculations. Two groups afyk and Hubbard, 1995). The refinement into the full-atom representation
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uses the program X-PLOR, version 3.843 {Bger, 1992). Display and
examination of templates and refined models were performed with the
programs SQUID (Oldfield, 1992), Molviewer (M. J. Hartshorn, unpub-
lished program), and QUANTA (MSI, San Diego, CA).

A

RESULTS

In our earlier work on seven-helical proteins (Herzyk and
Hubbard, 1995), a diverse set of experimental information
was available to define a variety of restraints from which the
MCSA protocol generated a structure. For the TM domain
of phospholamban, only mutational data are available. The
results of mutagenesis can be translated into structural re-
straints on the basis of the assumption that the sensitivity ofB
a residue to an oligomer disruptive mutation is a measure of
its involvement in interhelical interactions. Consequently,
sensitive residues are assumed to be facing inside the bundle
and vice versa. These orientational restraints are combined
with distance restraints between helix ends generated to
prevent the helices from drifting away or collapsing into the
pore. In an initial set of calculations, we assessed how well
this computational procedure worked in reproducing the
structure of two helix dimers whose structure had been C
determined experimentally. The first example is the GCN4
leucine zipper, where the known structure is analyzed to
generate a model set of mutagenesis data, which are then
applied in calculations to produce a model structure. The
second example is for the glycophorin A transmembrane
domain, Where real ,eXpe“memal data on the effects 0FZIGURE 2 Graphical representation of model generation for the GCN4
mutagenesis are available. leucine zipper. &) Wall-eyed stereo plot of the accepted 50 final config-
urations (overlapped on Catoms) generated by MCSA calculations and
used in calculating the final simplified templat8) (Wall-eyed stereo plot
GCN4 leucine zipper of the final family of 10 accepted refined structures, overlapped on the

. ) _ main-chain atoms, and used in the final structure calculation; only back-
The structure of a peptide corresponding to the leucingone and residues making up the dimerization interface are sh@n. (

zipper of the transcriptional activator GCN4 has been deWall-eyed stereo plot of the final modeddiid ling) and crystal structure
termined by x-ray crystallography at 1.8-A resolution (PDB code 2zta) (O'Shea et al., 199Haghed ling overlapped on the
(O'Shea etal., 1991; PDB code 2zta, Bernstein etal., 1977122:}:::'(:};ﬁﬁ?hs{egngebzﬁgmrfe and residues making up the dimerization
It shows a two-stranded, left-handed coiled coil of parallel,

identical, 31-residue-long-helices with the sequence Ac-

RMKQLEDKVEELLSKNYHLENEVARLKKLVG-COO.

From this structure we have derived simulated mutationa@cterized by aconv value of 0.94 A calculated on main-
data based on the estimations of the average, interhelicghain atoms (Fig. 2B). The final GCN4 leucine zipper
van der Waals energy per residue. Consequently, residuésodel is very close to the 2zta structure (FigCR The
with interaction energies close to zero were oriemtetside ~ RMSD for the 2-30 stretch is 0.97 A on the main-chain
(residues K3, Q4, D7, E10, E11, S14, Y17, H18, N21, A24,atoms, and 1.16 A on the main chain and all atoms of
R25, K28, and G31), whereas all others were orientedesidues buried in the dimerization interface, namely, M2,
inside This gives, for the dimer, a total of 26 ORIl-outside L5, V9, L12, N16, L19, V23, L26, and V30. Interestingly,
and 36 ORI-inside restraints. In addition, two distance re-< virtually identical template (RMSDB= 0.24 A) was cal-
straints are imposed between the corresponding ends of tieellated if only ORI-inside restraints concerning the above
helices represented by DI and DS atoms, to keep thernine residues were used.

betwea 7 A and 11 A apart (see Methods).

Fifty MCSA trajectories were generated, all of which
converged to a single structure withcanvvalue of 0.1 A
(Fig. 2 A). The RMSD for G atoms between the final It has been shown by in vitro experiments that glycophorin
template and the 2zta structure, disregarding the first and th& (GpA) from human erythrocytes dimerizes through spe-
last residues, is only 1.07 A. The refinement of the finalcific interactions mediated by its single Tihelices (Bor-
template produced a family of 10 all-atom structures charmann et al., 1989). Recently the structure of the TM domain

Dimer of glycophorin A TM domain
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of the GpA dimer in sodium dodecyl sulfate micelles has
been determined by NMR (MacKenzie et al., 1997; PDB
code lafo, Bernstein et al., 1977). It showed thatdHee-

lices formed by residues 73-96 create a right-handed dimer
with the relatively high crossing angle 6f = —40°. A

In a comprehensive site-directed mutagenesis study, each
of the amino acids in the helix was substituted with the
nonpolar residues A, C, V, L, I, M, F, and W (Lemmon et
al., 1992), and the effects on helix-helix association were
measured. In this study we concentrate on the 18-residue
peptide 74-91 (TLIFGVMAGVIGTILLI), which is well
inside the TM region, and for which the effects of substi-
tution were the strongest. The same region was also used B
earlier modeling studies of Bnger and co-workers (Adams
et al., 1996; Treutlein et al., 1992), where a global search of
the interhelical interactions was performed, and the final
models were assessed on the basis of the mutation data
(Lemmon et al., 1992). The coordinate set for the final
model in that study (Adams et al., 1996) was deposited in
the Brookhaven data base (Bernstein et al., 1977) with the
code 1msr.

In the models generated here, orientation restraints wer
derived from the mutational data. For each residue that was
mutated, we have calculated the relative number of disrup-
tive mutantsP; as defined by Treutlein et al. (1992). Resi-
dues withP; equal to zero were assumed to be oriented
outside(T74, F78, M81, A82, and 185), whereas residues
with P; greater than 2 were assumed to be orieftside  FIGURE 3 Graphical representation of model generation for the trans-
(|_75, 176, G79, V80, G83, V84, and T87)_ The remaining membrane domain of glycophorin AAY Wall-eyed stereo plot of accepted
residues whosB, value was higher than zero but lower than 50 final configurations (overlapped on,Gtoms) generated by MCSA

. . lculati d used i Iculating the final simplified templaRy.
1.3 were not restrained. Thus in total we have 10 ORI o atons and used in caicuiating the final simplie emplagy. (

. o . . Wall-eyed stereo plot of the final family of 10 accepted refined structures,
outside and 14 ORI-inside restraints, as well as two distanCgyeriapped on the main-chain atoms, and used in the final structure
restraints imposed on the distances between correspondimrgiculation; only backbone and residues making up the dimerization inter-
helix ends represented by DI and DS atoms, to keep therice are presentedC) Wall-eyed stereo plot of the final modeddlid line)
betwea 7 A and 11 A apart (see Methods). and the mean NMR structure (PDB cod_e lafo) (MacKenzie et al., 1997)
Fifty MCSA trajectories were calculated, all of which (da_shed I|n§zoyerlapped on thg mgm-gham atom;. iny backbone and the
. . . . ! residues making up the dimerization interface (highlighted) are presented.
converged to a single configuration withcanvof 0.07 A
(Fig. 3A). The final template is a right-handed dimer, very
similar to both lafo (MacKenzie et al., 1997) and 1msrSimmerman et al., 1996). The results of these experiments
models (Adams et al., 1996), with an RMSD of 0.93 A andare here used to generate two sets of orientation restraints.
0.68 A, respectively. An identical template (RMSH0.01 In the first study (Arkin et al., 1994), each residue of the
A) was generated if only ORI-inside restraints were used35-52 C-terminal stretch (FCLILICLLLICIIVMLL) of the
The final model was generated from the family of 10 human PLN sequence was separately mutated into a number
structures (Fig. B) calculated with the MDSA protocol. Its of residues (G, A, S, C, T, V, |, L, M, F), and the ability of
comparison with the lafo model is presented in FigC.3 each mutant to form pentameric complexes in sodium do-
The RMSD between the 75-90 stretches of these two strudecyl sulfate-polyacrylamide gel electrophoresis was deter-
tures is 0.91 A and 1.35 A on main chain and all-atomsmined. The residue positions were classified as disruptive
respectively. (37, 40, 44, and 47), partially disruptive (36, 39, 41, 43, 46,
49, and 51), and nondisruptive (35, 38, 42, 45, 48, 50, and
52). In our modeling, residues occupying nondisruptive
Model of the transmembrane domain of positions are orientedutside whereas residues occupying
PLN pentamer disruptive and partially disruptive positions are oriented
inside (see Methods). Thus in total we have 55 ORI-inside
and 35 ORI-outside restraints in this data set, termed ARK-1
Two groups have reported independent studies that measuf€able 1).
the effect of site-directed mutagenesis at positions along the In the second study (Simmerman et al., 1996), each of the
TM domain of the PLN pentamer (Arkin et al., 1994; C-terminal amino acids at positions 26 to 52 were separately

Source of experimentally driven structural restraints
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TABLE 1 Characterization of different data systems for several MCSA calculations of phospholamban
Residue positions oriented inside Residue positions oriented outside Final
Data system the helix bundle the helix bundle template*
ARK-1 36 37 39 40 41 43 35 38 42 45 48 50 52 A
44 46 47 49 51
ARK-2 36 37 39 40 41 43 35 38 42 45 48 49 52 A
44 46 47 50 51
ARK-3 36 37 40 41 43 35 38 39 42 45 46 48 49 52 S
44 47 50 51
SIM-1 37 40 41 44 47 50 51 35 38 42 45 48 49 52 S

*Geometry of the final template. A, Similar to the ARK-1 template; S, similar to the SIM-1 template.

replaced by Ala and Phe, and the ability of the mutant tathe symmetry of the bundle measuredras,, of 0.26 A for
pentamerize was assessed in the same way as in Arkin et ahe ARK-1 model, which is more symmetrical than the
(1994). If we confine ourselves to the 35-52 stretch, thervalue of 1.02 A for the 1psl model.

the assumption is made that a particular residue position is Additional calculations were made for a system contain-
declared disruptive if at least one of two mutations ising a 23-residue TM domain equivalent to residues 30—52
disruptive, which is the case for residue positions 37, 40, 4L FINFCLILICLLLICIIVMLL), using the same ARK-1

44, 47, 50, and 51 (see table 1 in Simmerman et al., 1996}ata set. The common parts of the full-atom models are
A residue position is declared nondisruptive if both mUta'essentiaIIy identical, with RMSD of 0.30 A and 0.65 A on
tions are nondisruptive, which occurred for residue posiihe main chain and all-atoms (Fig.B). This is important,

tions 35, 38, 42, 45, 48, 49, and 52. The effect of mutationg,s jt shows that a decision on where to assign the beginning
at the remaining four residues (36, 39, 43, and 46) wa f

. . . . ) Wadf the helix does not affect the performance of the techniques.
inconclusive, and no restraints were assigned. Thus this data
set, termed SIM-1, contains 35 ORI-inside and 35 ORI-
outside restraints (Table 1).

For both set of restraints, an additional 20 distance rePLN TM domain model on the basis of the
straints are imposed between dummy atoms representing tiBimmerman mutagenesis data

helix ends of neighboring (1-2) and (1-3) helices (see ) L i ,
Methods). A model system of five-helical, 18-residue- Forty-nine of fifty final MCSA configurations calculated for

long helices representing residues 35-52 was used. the SIM-1 data set (Table 1) converged well (Figh)Swith
convof 0.44 A and penalty function values between 20.1

and 24.1. The final SIM-1 template is a left-handed pen-
tamer. The full-atom SIM-1 model was generated after 10
final structures calculated with the MDSA protocol were

Forty-eight of fifty final MCSA configurations generated averaged (Fig. 38). The SIM-1 model is a bundle corre-
for the ARK-1 system (Table 1) converged on a singlesponding to a left-handed coiled-coil, and its geometrical
structure with a value foconvof 0.18 A and with penalty parameters are presented in Table 2.

function values between 330 and 336. The final simplified

ARK-1 template is a left-handed pentamer whose geomet-

rical parameters are presented in Table 2. A refined full-

atom ARK-1 model was then generated using the MDSATABLE 2 Georpetric (_:haracterization of final simplified

protocol. Ten structures were calculated, and all of theni®Mplates and final refined models

PLN TM domain model on the basis of the Arkin
mutagenesis data

were accepted. The structures show high convergence (Ta- ARK-1 SIM-1

ble 2) and produced a model consisting of a parallel helix parameter* Template Model Template Model

bundle corrgspondlng to a left-handed coiled-caoil. conv(A) 0.18 0.56 0.44 0.70
A comparison of the ARK-1 model and the Adams modelRIVISDref A 0.96 0.94/1.33 202 1.51/2.78

(Brookhaven code, 1psl; Adams et al., 1995) is made in Figr.,,, (&) 0.04 0.26 0.04 0.26

4 A, showing that the models have very similar geometriesP (&) 9.2 9.8 9.7 9.6

The interhelical separatiob is 9.8 A and 9.4 A, and the ¢ () 22.1 153 18.1 16.1
helical crossing anglé€) is 15.3° and 18.2° for the ARK-1 *For a description of these parameters, see Methods.

and 1psl, respectively. It can be seen from Fig. 4 that heliXRMSD from the reference structure. For the ARK-1 template and model,
orientations (With respect to their Iong axes) are virtuallythe reference structure is the 1psl model (Adams et al., 1995); for the

. . . . SIM-1 template and model, these are the ARK-1 template and model,
identical, and the main difference between the two mOdeI?espectively. The RMSD values for simplified templates are calculated

is caused by some helix displacements in the directioRyer ¢, atoms, whereas for refined models over main-chain and all-atoms,
perpendicular to the membrane. This can be measured byspectively, they are calculated excluding the first and last residues.
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FIGURE 4 Graphical representation of the similarities between differentr)gUrg 5 Graphical representation of the generation of the model for

models of the transmembrane domain of PLN using the ARK-1 datahe transmembrane domain of PLN using the SIM-1 dataApwall-eyed
system. ) Orthogonal wall-eyed stereo view of the main chains of the gareq plot of accepted 49 final configurations (overlapped graiéms)

36-51 domain of the final ARK-1 modekglid line) and 1psl model  generated by the MCSA calculations and used in the final simplified

(Adams et al., 1995)dashed ling overlapped on the r_‘nai.n—chain atoms. template calculation (cytosolic side at the tojB) Wall-eyed stereo plot of
The upper panel shows a view from the cytosolic side; the lower pane{he final family of 10 accepted refined structures, overlapped on the

shows a side view with the cytosolic side at the td}). (Vall-eyed steréo  in_chain atoms, and used in the final structure calculation (cytosolic side
plot of the common parts of the ARK-1 modeiolid lin) and the model 4t thetop). (C) Wall-eyed stereo plot of the main chains of the 36-51
generated using the same ARK-1 data set but longer helices (30-58,main of the final SIM-1 modelsplid ling and the ARK-1 model

tsr:retmh)) (ashed ling overlapped on main-chain atoms (cytosolic side at (4ashed lingoverlapped on the main-chain atoms (view from the cytosolic
e top). side).

Comparison of the ARK-1 and the SIM-1 models overall geometries of the bundle in the two models are

Fig. 6 shows a plot of the averaged, interhelical van deessentially identical (Table 2) and consistent with results on
Waals energy per residue for the final models of both thegpentameric bundles of parallel, model hydrophobic helices
ARK-1 and SIM-1 systems. Both show a characteristic(Kerr et al., 1994) and the recent crystal structure of the
heptadic interhelical interaction pattern, which is shifted byfive-stranded coiled-coil in cartilage oligomeric matrix pro-
four residues from one model to the other. This pattern igein (COMP) (Malashkevich et al., 1996).
best visible for the 38—45 domain in the case of the ARK-1
system and the 42—-49 domain in the case of the SIM-JWh do simil . tal dat d
system. Small perturbations occur at positions 36 and 46 ir,. y do simflar experimental data produce

' different models?
the ARK-1 pattern and at 36 and 41 in the SIM-1 patterns
(Fig. 6), respectively. These residues are cysteines, whicAlthough the mutation data of Arkin (Arkin et al., 1994) and
seem to be too small to match the “knob-into-hole” pattern.Simmerman (Simmerman et al., 1996), described briefly
A direct comparison of the final models as well as the finalabove, are similar, they are by no means identical. Several
templates demonstrates that in the SIM-1 model, each heligalculations were performed with slightly different interpre-
is rotated counterclockwise by360°/7 as viewed from the tations of the mutagenesis data to identify the source of the
cytosolic side (Fig. 5C). Consequently, the residues that inconsistencies in the models (Table 1).
make up the pore surface are not the same in both models, A comparison of the SIM-1 and the ARK-1 data sets,
namely L37, 140, L44, 147, and L51 in the SIM-1 model and presented in Table 1, shows that they are consistent for 12
C36, 140, L43, 147, and M50 in the ARK-1 model. The of 18 residues. Residues F35, 138, L42, 145, 148, and L52
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-10 ally similar in the two models with respect to tlireside
1 outside division. Moreover, the Arkin data for L43 are
strong, leaving no doubts that this residue should be ori-
entedinside However, the locations of residues L39 and
C46 are different in the two models, as they both face
interhelical space in the ARK-1 template and the lipid
environment in the SIM-1 template. We therefore per-
formed MCSA calculations, using the ARK-2 data set,
5 ) modified so that the ORI-inside restraints for L39 and C46
B Y are changed into ORI-outside restraints. This data set (called
lfgabc Cf efgabcdef gz b ARK-3) is equivalent to the SIM-1 data set, with inconclu-
40 50 sive data interpreted so that C36 and L43 are orieintside
and L39 and C46outside (Table 1). The final ARK-3
FCLILICLLLICIIVMLL template is essentially identical to the SIM-1 final template,
Residue with an RMSD of 0.3 A, to be compared with an RMSD
from the ARK-1 template of 1.9 A. Similar results are
FIGURE 6 Interhelical van der Waals interaction energy per residue.  qhtained if both ORI-inside restraints for L39 and C46 are
ARK-1 model; *, SIM-1 model. . . . .
simply omitted from the ARK-2 list. Thus reversing or
omitting the two restraints for residues L39 and C46 in the
Arkin mutation data switches the template generated to that
are all orientedoutside and residues L37, 140, C41, L44, generated by Simmerman’s mutation data.
147, and L51 are orientemhside The main difference is at The ARK-2 and ARK-3 data sets have the same number
residues V49 and M50. Position 50 is classified as nondisef restraints, allowing the penalty functions to be compared.
ruptive in the ARK-1 set, as all four mutations M50G/A/S/T This shows that the penalty function for the ARK-2 tem-
are nondisruptive. In the SIM-1 experiments, however, muplate is 70% higher, due mainly to a high penalty for
tation M50F is clearly disruptive. This suggests that posi-exposing C41 to the lipid environment. Both sets of muta-
tion 50 is at least partially disruptive and therefore should beion data show strong evidence for the importance of posi-
orientedinside in both data sets. Mutations V49A/F are tion 41 in the pentamerization process, which argues for
partially disruptive in the ARK-1 set and nondisruptive in restraining C4linside Thus the price for forcing L39 and
the SIM-1 set. However, close inspection of the MCSAC46insidein the ARK-2 template is to expose C41 to the
trajectories for the ARK-1 calculation reveals that the ORI-lipid environment.
inside restraint imposed on V49 is the most violated, as this
residue is clearly orientedutsidein the final template. In
addition, the final template for SIM-1 shows no violations
for the V49 ORI-outside restraint. This analysis suggestsDISCUSSION
that V49 should be orientedutsiderather tharinside The results presented in this work show that a computa-
MCSA calculations were then performed for the ARK-1 tional method for generating models of membrane-bound
data set modified, so that V49 was orientedsideand M50  proteins on the basis of limited experimental information,
was orientednside (the new restraint set and models areinitially designed for modeling 7TM receptors (Herzyk and
labeled ARK-2) (Table 1). Forty-nine final structures con- Hubbard, 1995), is also applicable to parallel helix bundles
verged well withconv = 0.26 A, and the final ARK-2 believed to be the pore-forming domains of ion channels.
template is essentially identical to the ARK-1 final tem- The quality of the final structure depends on the quality
plate, with an RMSD of only 0.19 A. The penalty function of restraints. For these parallel helix bundles, two types of
values were greatly reduced and fell to between 128.2 anckestraints have been used. The interhelical distance re-
132.6. So, although the changes in the restraints for V49 anstraints arise from assumptions about the interhelical inter-
M50 improved the agreement between the restraints and thection and pore architecture. Rather than targeting an arbi-
model, it did not generate a model with the SIM-1 orientation.trarily chosen distance value (Kerr et al., 1994), they are
These calculations suggest that the difference in the tweoonstructed to allow distances between neighboring and 1-3
models is caused by a difference in the interpretation of théelices to change freely within the ramg A and 6.5 A,
mutation data for the remaining residues, C36, L39, L43respectively. The main function of these restraints is to
and C46. These residues are omitted from the ORI restrairgnsure that the helix bundle has been formed and that none
list in the SIM-1 set, as the mutation data seem to beof the helices collapse into the pore or drift away from the
inconclusive and are orienteédsidein the ARK-1 system, bundle. They do not exert artificial attractive forces between
as they are classified as partially disruptive (Arkin et al.,helices, which is the case when distance restraints aimed at
1994). Close analysis of the ARK-1 and SIM-1 templatesa target value lower than the interhelical separation distance
reveals that C36 and L43 face either the pore (ARK-1) orare applied (Kerr et al., 1994). The second group of re-
interhelical space (SIM-1); thus their locations are structur-straints, orientation restraints, defines the lipid-exposed sur-

Energy (kcal/mol)
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face of the helix bundle and drives the formation of a bundlethe interface area and those that are sensitive are oriented
with the correct tilts and orientations for the helices. Theinside. These restraints, combined with the requirement for
restraints assume that certain residues protrude outside tkpatial proximity of two interacting helices, allow the con-
bundle and certain residues do not. struction of a simple function penalizing violations of the
Although our methodology had been validated for 7TMrestraints. Global optimization of the penalty function, en-
proteins using bacteriorhodopsin as a test case (Herzyk arfthnced with a simple repulsive potential, allows the rapid
Hubbard, 1995), only limited restraint information is de- generation of an optimal model structure that corresponds to
rived for the parallel helix bundle proteins. The series ofthe correct atomic model.
calculations on helix dimer systems was therefore per- Two different sets of mutation experiments (Arkin et al.,
formed to assess how well these limited restraints can defing994; Simmerman et al., 1996) have been used to extract
a model structure. structural restraints for the TM domain of phospholamban
The first test calculations used synthetic restraints derive@nd used to calculate models. The only assumptions made
from an analysis of the residues involved in helix packing inwere that 1) the transmembrane domain is a parallel five-
the known structure of the GCN4 leucine zipper. Residue$elix bundle, and 2) nondisruptive mutation positions are
that did not participate in interhelical interaction were as-lipid exposed, whereas 3) disruptive or partially disruptive
sumed to be orientedutside whereas all others were ori- mutations are not. Previously, Adams and co-workers pro-
entedinside The success of this test (RMSD from crystal posed a model of the PLN transmembrane domain from a
structure on main-chain atoms of less than 1 A) also showsonstrained global search for optimal helix orientations and
that using idealized, rigid helices at the first stage of theinterhelical crossing angles (Adams et al., 1995). This
calculation is an acceptable simplification, even in the cassearch was performed by a series of MDSA calculations on
where the real helices wrap around each other to form &#oth dimer and symmetric pentamer model systems in a
left-handed supercoil. full-atom representation, and the suggested correct model
The second set of calculations for the dimer of the TMwas selected on the basis of consistency with the Arkin
domain of glycophorin A used real mutagenesis data (Lemmutagenesis data (Arkin et al., 1994). This contrasts mark-
mon et al., 1992). Here the assumption was made thatdly with our approach using MCSA procedures, where the
mutations that do not disrupt dimerization involve residuessearch space is directly limited by the mutagenesis data. In
that do not participate in the interhelical interaction and viceaddition, the MCSA calculations are very rapid (no more
versa. The resulting models were again of very high qualitythan a few seconds of computer time for one template), and
as demonstrated by atomic RMSD beld A (on main-  multiple structure determinations converge on a single con-
chain atoms) from the NMR model 1afo (MacKenzie et al.,figuration when the structural restraints are consistent. The
1997). The computed model shows that the helices arspeed and reproducibility of the MCSA procedure allow the
separated by only 6.1 A at the crossing point near G79, andalculations to be performed many times, which is neces-
the crossing angle is-43°. Our model is also consistent sary for rapid evaluation of alternative interpretations of
with the solid-state NMR measurements of two interhelicalexperimental data.
distances V8GfCH,) <> G79(-*C=0) and V84{°CH,) < The models generated with the MCSA procedure for the
G83(*c=0), which determines their upper limits as 6 A Arkin mutagenesis (ARK-1) data are very similar to the
(Smith and Bormann, 1995). In our model these distancesiddams model (Adams et al., 1995). However, there are
are equal, on average, to 4.9 A and 5.4 A, respectively. some important differences between these models and those
Bringer and co-workers used the molecular dynamicgienerated using the Simmerman (SIM-1) mutation data.
simulated annealing technique for a global search of théModels generated using the ARK-1 and SIM-1 data sets
helix arrangements in the dimer of TM domains of GpA (Table 1) are five-stranded, left-handed parallel helix bun-
(Adams et al., 1996; Treutlein et al., 1992), and the finaldles of virtually identical geometry, as measured by the
models were selected on the basis of comparison with thiaterhelical crossing angle and interhelical separation (Table
mutational data (Lemmon et al., 1992). These calculations?). These parameters are consistent with those of the crystal
however, depended critically on the search protocol used, agructure of the pentameric COMP channel (Malashkevich
the two studies produced two different models, of whichet al., 1996). The main difference between the ARK-1 and
only one, 1msr (Adams et al., 1996), is consistent with theSIM-1 models is that helices in the SIM-1 model are rotated
NMR 2zta model (MacKenzie et al., 1997) and the solid-around their long axes counterclockwise ¥860°/7, as
state measurements (Smith and Bormann, 1995). By condewed from the cytosolic side (Fig. 6).
trast, our calculations generated the final correct solution A series of MCSA calculations using slightly altered
directly. original ARK-1 and SIM-1 data sets have identified the
These test calculations on helix-dimer systems demonsource of the inconsistencies in the models generated. Most
strate that it is reasonable to identify a residue as beinglifferences can be attributed to the orientation restraints
involved in helix-helix interaction on the basis of the sen-derived for the two residues L39 and C46, which gave
sitivity of that position to dimer disruptive mutants. This inconclusive evidence in the Simmerman study, and were
information can be used to apply simple structural restraintglassified as partially disruptive in the Arkin study. A com-
where residues insensitive to mutations are oriented outsidearison of the penalty function values and restraint viola-
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tions also shows that the templates built on the basis of theanded coiled-coil packing and came out as a result of
Arkin mutation data violate one of its important restraints heptadic periodicity of some residues whose mutations were
and force C41 to be lipid exposed. Thus it seems that thelassified as nondisruptive or disruptive. This heptadic mu-
Simmerman data are more consistent with their templatetation pattern is stronger in the case of the SIM-1 data set
because of a lack of serious restraint violations, than th¢nondisruptive: 35/42/49, 38/45/52; disruptive: 37/44/51
Arkin data are with their template. and 40/47) as compared to the ARK-1 data set (nondisrup-
Although the MCSA calculations of simplified templates tive: 35/42, 38/45/52; disruptive: residues 37/44 and 40/47).
can explain why different models have been created andsing the SIM-1 heptadic mutation pattern, the authors of
which data set is more consistent with its template, theyhat study (Simmerman et al., 1996) proposed that the
cannot determine which template is the correct one. For thig7_52 stretch adopts a pentameric coiled-coil structure sta-
purpose, the simplified templates are built into full-atomyjjized by a leucine-zipper motif formed by residues from
models, using a molecular dynamics procedure, and thgyly disruptive positions, namely L37, 140, L44, 147, and
interactions of the amino acid residues in these final model§ 51 They suggested that the central pore be defined by the
are subjected to more detailed analysis. hydrophobic surfaces of those five residues. Although a
The left-handed coiled-coil geometry of the SIM-1 and g4,ctyral model for the bundle was not presented, the

ARK-1 models allows thex-helical residue positions to be 55564 characteristics of the TM domain are consistent
classified into four groups, based on the positiergithat | . the SIM-1 model, although the latter is stabilized
the residues occupy on a helical wheel with a pitch of 3.5

f— . : equally by residues from groups | and Il, at positi@sl,
residues per turn, as shown in FigA7Group | is residues a nd}é y group P
facing the pore. In the SIM-1 model they occupy positions ’ o . )
aandd (Fig. 7B), whereas in the ARK-1 model they are at The most striking differences between the SIM-1 and

o . . : . ARK-1 final models is that in the SIM-1 model, the posi-
positionsd andg (Fig. 7 C). These residues are involved in . . o . .
; o - N ions of the mutations classified consistently in both mu-
interhelical interactions as shown in Fig. 6, and each o

. . : g . . __tagenesis studies as disruptive face the pore, whereas in the
hem interacts with residues from two neighboring helices. "
the 9 9 ,[ARK-l model, 140 and 147 face the pore (group I, position

Group 1l is residues that face interhelical space but do no . )

make up the pore surface. They occupy positiens, and d),_and |737 anq L44 face the mt_e_rhehcal space b_etween

a, cin the SIM-1 and ARK-1 models, respectively. Thesenmghbormg helices (group I, positia). In fact, the fifth
most important residue for pentamerization detected by

positions contribute significantly to interhelical interactions " X
as shown in Fig. 6, and each of them interacts with residues'mmerman etal. (1996), L51, completes the set of residues

from one neighboring helix. Only those residues fromPelonging to group I'in the SIM-1 model. Whichever model
groups | and Il make knobs in the interhelical “knobs-into- IS COrrect, it s_hould_ rat|onal|z_e the selection of the position
hole” interactions. Group Il residues are lipid exposed ancPf the most disruptive mutations.
contribute to weak interhelical interactions. They occupy !f the ARK-1 model was correct, then there should be an
positionsb, ¢, ande, fin the SIM-1 and ARK-1 models, explanation for the division of the most disruptive positions,
respectively. Group IV residues are lipid exposed and do nok andd, between groups I and II, and for the fact that those
participate in the helix-helix interactions. They occupy po-Positions are clustered only on one face of each interhelical
sitionsf and b in the SIM-1 and ARK-1 models, respec- interface (Fig. 7C). We are, at present, unable to answer
tively, and are oriented in the direction opposite the centethese questions.
of the pore. This packing characteristic is fully consistent If the SIM-1 model is correct, then there should be a
with the crystal structure of the COMP channel (Malash-structural explanation why mutations of residues from
kevich et al., 1996). group | (positionsa andd) have a greater disruptive effect
The heptadic periodicity of both interhelical van der on the pentamerization of helices than residues from group
Waals energy profiles (Fig. 6) is characteristic of the left-1l. The analysis of both models reveals that each of the

FIGURE 7 Schematic representa- A B C

tion of the heptad repeat in PLN £ c b £ I £ e b
monomer and pentamerA) Assign- gig e e c

ment of residues 35-52 of mono- EZZ o 9 us0 g o a £
meric PLN to the heptadic positions g 140 o Y g K 4 »
a-g. (B andC) Two-dimensional rep- 35 147 a d e d g a

resentation of pentameric arrange- \L,ﬁi_?, £ - 9 d a b £ y g d e
ment in the SIM-1 B) and ARK-1 a SZ a d a g,

(C) models. Positions classified as 138 b L51 £ d a £ b g d b
group | are in black, group Il in grey, 145 €cat h € (e e a ¢ ¥F
and groups Ill and IV in white (see B2 148 g € c a

text). ¢ b f e
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ture-function relationships for proteins, such as ion chan-
nels, for which direct structural determination is not possible.
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