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ABSTRACT: The repressor of primer (Rop) protein has become a steady source of surprises concerning the
relationship between the sequences and the structures of several of its mutants and variants. Here we add
another piece to the puzzle of Rop by showing that an engineered deletion mutant of the protein
(corresponding to a deletion of residues-33 of the wild-type protein and designed to restore the heptad
periodicity at the turn region) results in a complete reorganization of the bundle which is converted from
a homodimer to a homotetramer. In contrast (and as previously shown), a two-residue insertion, which
also restores the heptad periodicity, is essentially identical with wild-type Rop. The new deletion mutant
structure is a canonical, left-handed, all-antiparallel bundle with a completely different hydrophobic core
and distinct surface properties. The structure agrees and qualitatively explains the results from functional,
thermodynamic, and kinetic studies which indicated that this deletion mutant is a biologically inactive
hyperstable homotetramer. Additional insight into the stability and dynamics of the mutant structure has
been obtained from extensive molecular dynamics simulations in explicit water and with full treatment of
electrostatics.

The wild-type repressor of primer (Rop) protein is a RNA- different structures, with different bundle topologies, different
binding protein involved in the regulation of the copy number hydrophobic cores, and different surface properties. Although
of the ColE1 plasmidX). The structure of Rop has been all structures do remain four-helix structures, they are so
studied extensively using both X-ray crystallography and different in every other respect that, at least at the atomic
NMR and serves as the paradigm of a canonical homodimericlevel, it would make more sense to note their similarities
all-antiparallel fourei-helix bundle 2, 3). The apparent rather than their differences.
structural simplicity of its folding motif led several groups
to believe that Rop could be used as a model system to
investigate the sequenestructure relationships in the fold-
ing and dynamics of foue=helix bundles in general( 5).

The result is a large body of knowledge comprising
functional 6—8), thermodynamicq—15), kinetic (16—18),

and structural 19—25) investigations of many Rop mutants
and variants. Unfortunately, the structural simplicity of Rop
proved to be deceiving; if there is a consistent lesson to be ™ . . = . :
learned from these sequenestructure studies, it is our being hydroph(_)blc (and, through t,he|r|nteract|o_n, responsible
consistent failure to understand the dependency of the Ropf©" the formation of the bundle’s hydrophobic core). As
fold on its sequence. Figure 1 illustrates this point. Four very Shown in Figure 1, the pattern of successive heptad repeats

similar amino acid sequences lead to four completely N the wild-type Rop sequence [indicated with the repeating
pattern of underlined (with green) amino acids marking the
*To whom correspondence should be addressed: Department of@ andd positions] is disrupted only once at the position of
Biology, University of Crete, P.O. Box 2208, GR-71409 Heraklion, the turn region (centered on Al It has been hypothesized
(kjéitk?ﬁi dgfnfgg'folﬁ'gfhone and faxi-302810394351. E-mail:  yhat it is exactly this deviation from the heptad periodicity
* Democritus University of Thrace. that leads to the formation of the turn connecting the two
8 These authors contributed equally to this work. helices in the wild-type Rop monomer. To test this hypoth-
"University of Crete and Institute of Molecular Biology and gagis we have designe6)(two variants of wild-type Rop
Biotechnology. ' . : ,
'%?\,ch%(i%émokritosn. both of which lead to a restoration of the heptad repeat

# University of Rome Tor Vergata. throughout the protein sequence. The first variant is a two-
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Here we present th2 A crystal structure ofsp-34 an
engineered, non-naturally occurring deletion mutant of Rop
(we will hereafter refer to this variant as RM6). The design
principle for RM6 has its roots in the heptad sequence
periodicity @) characterizing associatinghelices; interact-
ing helices usually display a periodicity of seven residues
in their primary sequence, with the first and fourth residue
of the repeat, designated agndd positions, respectively,
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Ficure 1: Sequencestructure relationships in the Rop family. Comparison between the sequences, the structures, and the topological
diagrams of wild-type Rop (PDB entry 1rop), the A31P mutant (PDB entry 1b6q), thellgd)a Rop variant (PDB entry 1f4n), and the

RM6 deletion mutant described in this paper (PDB entry 1gx8). In the sequence alignment (top), differences between the sequences are
highlighted using bold red characters. The underlined amino acids in the RM6 sequence (pJust@éwild-type Rop sequence) correspond

to residues occupying treeandd positions of the heptad repeat (see the text for details). Note how the RM6 deletion restores the heptad
periodicity in the turn region. The schematic diagrams of the structures corresponding to these sequences (middle) are all on the same scale
and have been oriented to align (in both orientation and position) the helix shown with an arrow in the A31P structure. The coloring
scheme used for all structures is the same and corresponds to a color gradient for each monomer (polypeptide chain) ranging from blue for
the N-terminus to red for the C-terminus. In the topological diagrams (bottom), each circle corresponds to a helix, with its color denoting
the relative helix direction. Connecting loops are represented as green lines.

residue insertion, with two alanine residues inserted on eithera four-stranded, left-handed coiled coil. The homotetrameric
side of Aspo (this insertion mutant will be termed2aa>). state of the protein as determined from its crystal structure
The second variant is RM6 which corresponds to the deletionis in excellent agreement with previously published kinetic
of five residues (from Asp up to and including Glg, and thermodynamic data for this mutat). The crystal-
DADEQ sequence; see Figure 1). Both sequences have anographically determined coordinates of the four monomers
uninterrupted succession of heptad repeats, wittaa> are not independent; the complete bundle is formed through
being seven residues longer than RM6. The high-resolutionthe application of a crystallographic 2-fold symmetry axis.
crystal structure determination ef2aa> (24) showed that  To simplify the discussion that follows, we will use different
restoration of the heptad pattern (through the aforementionednames for the four individual helices. Chains A and B (green
insertion) does not alter the fold of Rop. Here we show that and yellow helices in Figure 3, respectively) correspond to
restoring the heptad repeat through a deletion (i.e., the RM6the contents of the crystallographic asymmetric unit and are
variant) results in a complete reorganization of the bundle chosen in such a way that they are on the same side of the

structure. intramolecular dyad axis. Their symmetry-related monomers
will be denoted as chains C and D (with the-& and B-D
RESULTS pairs related through the intramolecular symmetry axis). It

is worth noting here that, at least in principle, it would have
been possible for this homotetrameric protein to have a higher
Overall Fold and TopologyA summary of the structure  internal (molecular) symmetry with three exact and intersect-
determination procedure is given in Structure Determination ing orthonormal 2-fold axes (point group 222) instead of just
and Analysis. The electron density maps shown in Figure 2 one exact 2-fold axis (point group 2). The fact that this is
illustrate the quality of phase determination and of the final not observed agrees with the notion (also discussed below)
model. A schematic diagram of the structure is shown in that the RM6 structure may better be described as a “dimer
the left panel of Figure 3 (with its topological diagram shown of dimers”.
in Figure 1). RM6 is a homotetrameric, all-antiparallel, left-  Coiled-Coil and Helical Parametergigure 4 shows some
handed foum-helix bundle. Its molecular surface (shown pertinent parameters of the RM6 coiled coil (see Structure
in the right panel of Figure 3) can be approximated by a Determination and Analysis for a description of how these
slightly curved (see below) cylinder 78 A in length and 28 parameters were calculated). The bundle as a whole is
A in diameter. Each monomer (of the tetramer) correspondsslightly curved as can be inferred from the deviation of the
to one Rop polypeptide chain and forms a continumimelix local bending angles of the coiled-coil axis from the value
(instead of a helixturn—helix hairpin as in wild-type Rop;  of 187 (Figure 4A). Note also that the bending angles show
see Figure 1). The helices twist around one another and forma consistent trend, with higher deviations from linearity

Structure Description
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Ficure 2: Stereodiagrams (wall-eyed) of the electron density distribution with the final model superimposed. The top panel shows a large
volume containing portions of both helices contained in the crystallographic asymmetric unit. Residpe#\§4, Leuss, Aspy, and

Tyry, are labeled. The map is contoured using two isosurfacesah8 3r above mean, and all density features in the volume that is shown

are drawn. The bottom panel illustrates the quality of phase determination by showing a detailed view of the distribution of electron density
around part of the structure containing residues.Ifoottom left corner) and His (center). The electron density in both panels corresponds

to an approximation to the maximum-entropy estimate [calculated @rigphEnt(50)] of a oa-weighted difference map of the formmiE,

— DF. expli¢c). All data between infinity and 2.02 A (not counting the maximum-entropy extrapolated data) have been used for the
calculation.

toward the protein’s edges. As can be seen in Figure 3, These, again, start from a value of around,3@ecrease
individual helices are highly curved, twisting about the almost linearly to a value of~10° at the middle of the
bundle axis. What is not immediately evident from the protein, and then increase as we move toward the other end
structure schematics is that this twist is not uniform across of the bundle. The pattern of hetbhelix distances shown
the bundle’s length. As Figure 4B shows, the bundle’s edgesin Figure 4C indicates that although the protein is homotet-
are significantly more twisted than its middle with an rameric, the contacts between neighboring helices are not
approximately linear relationship between the twist and the equivalent, suggesting that the RM6 structure may better be
distance from the center of the protein. This observation described as a dimer of dimers. Not only is the average
concurs not only with the behavior of the local bending distance between the-AB (or, equivalently, C-D) helices
angles of the coil axis (Figure 4A) but also with the values significantly smaller than that for the-AC (or, B—D) pairs,

of the helix-helix crossing angles as shown in Figure 4D. but the variation of their values along the bundle’s length is
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Ficure 3: Overall structure and surface properties of RM6. The left panel is a stereodiagram (wall-eyed) of a schematic (cartoon) representation
of the RM6 crystal structure. A different color is used for each monomer (with their N- and C-termini marked). Note that the structure
shown is the complete bundle which is formed through the application of a crystallographic (exact) 2-fold axis. This intramolecular 2-fold
axis relates the two monomers in the crystallographic asymmetric unit (green and yellow in this figure, called chains A and B in the text,
respectively) with the other two (red and blue) and is approximately horizontal and passing through the center of the bundle. The right
panel is a molecular surface representation of the structure (in the same orientation as the left panel) color-coded according to the electrostatic
potential from—5 kT/e (red) to 5 kT/e (blue). Note the highly asymmetric charge distribution. The structure used for calculating the
electrostatic potential had all missing side chains and hydrogen atoms built using PSEGEN (

systematically different with the AB and C-D pairs helical segments in each helix, namely, residued® 16—
following closely a sinusoidal curve with a period of half 30, 31-38, and 39-48. The limits of these segments are
the bundle’s length (Figure 4C). This behavior may be related indicated by the colored bars drawn below Figure 5C. Note
to differences in the composition (and size) of the buried that there is a difference between the A and C helices and
side chains at the corresponding hydrophobic core layers (seéetween the B and D helices concerning the limits of the
Hydrophobic Core and Surface Properties). two last segments: for the -AC helices the segments are

Turning our attention to individual helices, we note that residues 3137 and 38-48, but for the B-D pair, their limits
their parameters are essentially identical to those expectedare residues 3139 and 406-48. On the basis of this matrix
from an undistorted-helix. Averaging over all residues of  alone, it would be difficult to decide whether these segments
the structure gives a mean of 3.62 residues per turn and ado indeed behave as relatively rigid bodies in solution and/
mean rise per residue of 1.51 A. As panels A and B of Figure or whether some other classification scheme would have been
5 show, both the number of residues per turn and the risemore appropriate. For example, it could be argued that the
per residue remain fairly constant across the length of the matrix indicates the presence of three (residue$® 16—
helices with the larger deviations occurring at the highly 30, and 3+48) or even only two segments (residues3®
mobile (and mostly nonhelical) termini. It is worth noting and 31-48). As will be discussed in Molecular Dynamics
that individual helices are not uniformly curved. This can Simulations, molecular dynamics simulations of RM6 indi-
be seen in Figure 5C which shows a grayscale representatiorcate the presence of two relatively rigid segments (residues
of a matrix whose elements are the angles between all5—30 and 3%+48). It is worth noting here that the limit
possible pairs of segments from the local helix axi$)( between these two segments coincides with the RM6 deletion
The matrix indicates the presence of four relatively straight point.
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FIGURE 4: Coiled-coil parameters. The horizontal axes in all U

diagrams correspond to the (per residue) position along the whole FIGURE 5. Helical parameters. The horizontal axes in the top two
bundle or individual helices. (A) Bending angles (in degrees) diagrams corres.pond to residue numbers (of the respective helices).
between successive triplets of points representing the local coiled-In the bottom diagram, both the horizontal and the vertical axes
coil axis. Note the systematic deviation from 28Adicating that ~ correspond to successive residues of the helices. (A) Number of
the bundle is slightly curved. (B) Twist (per residue) of the coiled residues per helix turn. The orange curve corresponds to helix B
coil. The reported value is in degrees, and the rotation is calculated (O, equivalently, D) and the black curve to helix A (or C). (B)
with respect to the direction of the local coiled-coil axis. (C) Local Rise (in angstroms) per residue. The color coding is the same as
helix—helix distances (per residue and in angstroms). The top curve that for panel A. (C) Grayscale representation of a matrix whose
(orange) corresponds to the distances between neighboring helice§lementsi(andj) are equal to the angle (in degrees) between the

related through the crystallographic 2-fold axis{& and B-D local helix axis segments corresponding to residuasd]j of the
pairs). The bottom curve shows the distances between the two non-nelix. The grayscale representation is such that an angle® of 0
symmetry-related helices ¢AB and G-D pairs). (D) Local helix- corresponds to white and any value greater than or equal’ts25

helix crossing angles (per residue and in degrees). The orange curvéolored black. The top half (above the diagonal) shows the angles
corresponds to the angles between neighboring helices relatedfor helices B and D and the bottom half those for helices A and C.

through the crystallographic 2-fold axis {AC and B-D pairs). The colored bars below the matrix indicate the limits of relatively
The black curve shows the angles between the two non-symmetry-straight helical segments (see the text for details). The origin of
related helices (AB and G-D pairs). the matrix is in the top left corner.

Hydrophobic Core and Surface Propertidss mentioned ~ hydrophobic layers, with each layer comprising tw@and
in the introductory section, associatioghelices display a  two d residues. Due to the presence of an intramolecular
heptad sequence periodicity with the first and fourth position 2-fold axis, these eight hydrophobic layers are symmetry-
of the repeat (denoted as positioasand d, respectively) related in pairs (the fourth layer is symmetry-related with
being usually hydrophobic. The residues corresponding to the fifth, the third layer with the sixth, etc.). The composition
these & and d) positions are responsible for forming the Of the layers, however, is not symmetric: when one moves
protein’s hydrophobic core. In wild-type Rop, taeandd from the center of the bundle toward its end, the four unique
residues from all four helices (underlined in Figure 1) interact Wild-type Rop layers consist of Alg-Leu;—Thrig—lless,
at the protein’s core in quartets: omeand oned residue  Alaiz—Lel;—Cysg—Lews, Cys,—Glnsa—Lews—Alag, and
from the first monomer interact with d and ana residue ~ Glus—Lelo—Alas—Phes residues (in the ordeadad.
from the second monomer. The result is that the hydrophobic The RM6 hydrophobic core retains the organization in
core of native RopZ) can be visualized as a stack of eight hydrophobic layers comprisirgdadresidues, but as shown
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Ficure 6: Hydrophobic core comparison. Stereodiagrams (wall-eyed) of the side chains comprising the hydrophobic cores of wild-type
Rop (left) and RM6 (right). Side chains are shown as space-filling models using their corresponding van der Waals radii and colored
according to the polypeptide chain to which they belong (two chains for wild-type Rop and four for RM6). To aid the comparison between
the two proteins, the side chains of residue®23 of one of their helices have been aligned in both position and orientation. The arrows
point to equivalent sets of some of these side chains in the two proteins.

in Figure 6, this is as far as the similarities with wild-type penetrated by water and its residues are highly mobile. As
Rop go. RM6 comprises 14 layers related in pairs through can be seen from Figure 6, the central layers of the RM6
the application of the intramolecular 2-fold axis. The hydrophobic core are rich in bulky side chains which causes
composition of the RM6 layers is internally symmetric with a noticeable bulge at the middle of the protein. This
not a single layer sharing the same residues with native Rop.asymmetric distribution of the large side chains may be
The RM6 layers are as follows (from the center of the bundle correlated with the sinusoidal variation in the interhelix

toward its edge and in the ordedad: Leus—Leux— distances (Figure 4C) and the increased values of the coiled-
Lews—Lel, Cyss—Lew,—Cyss—Lew, Thrig—Leuss— coil twist near the bundle’s edges (Figure 4C).

Thrig—Leuss, Alagg—lleis—Alasg—lless, Alaj,—Lews—Ala— With such a drastically repacked hydrophobic core, it
Lews, Cysi7—Alag—Cysi;—Alag, and, finally, Glg—Phe;— would be considered probable that some buried cavities may

Argso—Argse. Note that the last layer should not have been have been formed in RM6. In reality, the inverse happened:
named as such, given that it is open, asymmetric, andwhereas wild-type Rop contains two symmetry-related cavi-
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ties of volumes equal to approximately 26 ffor a probe

with a 1.4 A radius), RM6 contains no buried cavities at all.
This, together with the extent of the buried accessible area-
(discussed below) and the presence of eight interhelix salt
bridges, may explain the apparent thermostability of this
variant (L7) (see also the Discussion). The total accessible
surface area of RM6 (ignoring hydrogens and missing side
chains) for a 1.4 A probe is 10 4393ARepeating the
calculation for the four isolated chains gives an average total
accessible surface area per monomer equal to 4936040

and 4850 A& for A—C and B-D chains, respectively). The
average buried accessible surface area of a monomer upor
tetramer formation is thus 2320349281 A for all four
monomers) which gives an estimated solvation free energy
gain (upon tetramer formation) of approximatehL10 kcal/

mol (26). Finally, and as shown in Figure 3, the distribution
of the electrostatic potential of RM6 is highly polarized: the
middle of the bundle is negatively charged, whereas its edges
are prominently positive. This distribution of electrostatic
potential is totally different from the one seen in wild-type
Rop which is characterized by the presence of two distinct
(front—back) surfaces, one negatively and the other positively
charged [and used for RNA bindin@){.
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Molecular Dynamics Simulations

Stability and Consistencyl.o gain an understanding of
the equilibrium dynamics of RM6, we performed an exten-
sive set of molecular dynamics simulations using periodic
boundary conditions with explicit representation of water and
a full treatment of the electrostatics. We followed the
dynamics of six independent trajectories amounting to a total
simulation time of 54.4 ns (see Molecular Dynamics Simula-
tions for a detailed description of the simulation protocol).

Probably the most consistent finding from these simula-
tions is the stability of the RM6 structure even at the
relatively high temperature of 320 K (4€C) that was used

for_ all of our C_alculatlons. Flg_ure ’ I||ustrates_ exactly this FIGURe 7: Stability of molecular dynamics simulations. THex2
point by showing representative results obtained from the simylation was used for all calculations shown in this figure. For
longest continuous trajectory (simulatibtex?: the rms panels A-C, the flexible terminal residues have been excluded from
deviation from the starting (experimentally determined) the calculations. (A) Evolution of the rms deviation between the
structure (Figure 7A) remains be¥dl A for almost the whole starting (crystal) structure and each of the structures recorded during
. . . the simulation. (B) Evolution of the rms deviation between the

length of th_e trajectory, with an average deviation of 0.92 simulation-derived average structure (calculated from Hex2
A. Calculation of the rms deviation between the average trajectory) and each of the structures recorded during this same
structure (from the simulation) and each frame from the simulation. (C) Evolution of the value of the radius of gyration
trajectory (Figure 7B) shows that the simulation converges during theHex2 simulation. (D) Grayscale representation of the
to a stable average structure with a mean rms deviation (from2Vverage &—C, distance map and the corresponding rms deviation

. L from it. The half of this figure below the diagonal shows the average
this average structure) of 0.71 A. Similarly, and as shown

h ! - h g C.—C, distances in the range f0 A (corresponding to black)
in Figure 7C, the value of the radius of gyration remains

to 78 A (corresponding to white). The top half of the figure shows
essentially identical with its starting value with a mean (over
the length of the trajectory) of 19.84 A and a standard
deviation of only 0.08 A. Note that the highly mobile
terminal residues of the helices have been excluded from
these calculations (see the following section).

the rms deviations (from these averagge—C, distances) during

the length of the simulation. For the rmsd map, the contrast has
been reversed and rangesrir® A (white) b 1 A (black). The
origin of the matrix is in the top left corner. The limits (on these
maps) of the individual helices are indicated with the horizontal
and vertical color bars (chain A corresponds to the green bar, chain

As a further indication of the consistency between the B to yellow, chain C to red, and chain D to blue).

experimental and simulation-derived structures, Table 1

compares the rms deviations and the average displacementthat some of the simulation-derived structures are closer to
between the crystal structure and the average structureshe crystal structure than to other simulations. Indeed, a
obtained from the six trajectories. The mean value of the dendrogram which was calculated by treating the rms
rms deviation between the crystal structure and the simula-deviations as distances (in a distance matrix) indicated the
tion-derived structures is only 0.58 A. This is not very presence of three clusters of structures (at a rmsd cutoff of
different from the expected coordinate error (approximately 0.59 A): the first cluster comprised the experimental

0.3 A) of the experimentally determined structure. Note also structure plus thédexlkderived structure, a second cluster
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(A) Simulation—derived rms fluctuations

Table 1: Comparison between the Experimentally Determined RM6
Structure and the Trajectory-Averaged Structures Obtained from Six
Molecular Dynamics SimulatioAs

crystal Hexl Hex2 Hex3 LHex Octl Oct2

crystal — 0.582 0.591 0.758 0.503 0.596 0.468
Hex1  0.517 - 0.653 0.908 0.572 0.741 0.598
Hex2 0.531 0.601 — 0.462 0.363 0.322 0.440
Hex3  0.681 0.831 0.377 — 0.590 0.431 0.600
LHex 0.463 0.512 0.328 0.524-— 0.419 0.354
Octl 0.541 0.676 0.266 0.337 0.376- 0.349

Oct2 0.433 0.534 0.367 0.492 0.304 0.30F

2 The experimental structure is denoted as crystal. All other columns 20
correspond to the six molecular dynamics simulations that were
performed (see Molecular Dynamics Simulations for details). The top &
half of the table shows the rms deviation (in angstroms) between the
coordinates of the £atoms of residues 749 of the respective ]
structures. The bottom half shows the corresponding average displace- & 20 |
ments (again in angstroms).

60

40

]

(most distant to all other) contained only tHex3structure,
whereas the third cluster contained the structures from (C)
simulationsHex2 Octl, Oct2 andLHex It is worth noting
that even the simulation which appears to be the most distant 3
from all others (i.e.,Hex3 gives results that are fully
consistent with those obtained from the other simulations
[compare, for example, the upper half (obtained fidex2

with the lower half (obtained fromHex3 of the cross-
correlation matrix shown in Figure 9 (the linear correlation
coefficient between thélex2 and Hex3-derived values is
0.902)].

Mobility and Rigidity. Turning our attention to the dynam-
ics of RM6, we start by examining the variability of the
structure’s G—C, distances during the length of the simula-
tions. A compact representation of these results is shown in
Figure 7D. The lower (below the diagonal) half of this figure
is a grayscale representation of tHex2trajectory-average
C.—C, distance map. The upper half of the same figure is
the map corresponding to the rms deviations, during the
length of the trajectory, from these average-C, distances.
The average distance map has the characteristic appearanc
expected from an antiparallel foar-helix bundle (with dark
areas corresponding to short interatomic vectors and the
inverse). The rmsd map, on the other hand, contains
information about the relative stability of the protein (on a
per residue basis) and clearly differentiates between the
relatively rigid parts of the structure (white and light gray Ficure 8: (A) Root-mean-square fluctuations of the &oms for
areas) and the highly mobile ones (black and dark gray areas)five independent trajectories. To aid comparison between the curves,
Its most pronounced feature is the set of black lines running four of them have been translated along the vertical axis by 0.25,
horizontally and vertically, creating a checkerboard appear- 0.50, 0.75, and 1.0 unit, respectively. (B) Comparison between the

. . experimental (top black curve) and average simulation-derived
ance. These highly mobile segments correspond to the(bottom orange curve) atomic temperature factors of thatGms.

residues belonging to the termini of the individual helices The Jimits (on these graphs) of the individual helices are indicated
(residues 5, 6, 50, and 51 for helices& and residues-16, with the horizontal colored bars (chain A corresponds to the green
50, and 51 for helices BD). These residues do not bar, chain B to yellow, chain C to red, and chain D to blue). (C)
participate in the formation of the bundle’s hydrophobic core Stereodiagram (wall-eyed) representation of the average structure

. . of RM6 (from theHex2trajectory) using the thermal anisotropic
(see Hydrophobic Core and Surface Properties) and apPe€agyjipsoids calculated from the motion of the backbone apdtGms

to be mostly disordered. The mobility of these residues (as during the simulation. The ellipsoids’ isosurfaces are drawn at the
indicated by the simulations) is in very good agreement with 90% probability level and are colored according to the value of

their crystallographically determined temperature factors (seethe equivalent isotropic temperature factor from 8 (Ar less)
below). With the exception of these tails, the RM6 structure OTresponding to dark blue to 30*4or more) corresponding to

) . T . red. This figure was prepared with Raster3l)(
appears to be well-preserved during the simulation. Never-
theless, some trends related to the dynamics of the bundleespecially for those helices that are lying on opposite sides
can be discerned directly from the rmsd map. The best of the intramolecular 2-fold axis (this agrees with the longer
preserved substructures correspond to the individual helicesdistances between these helices; see Coiled-Coil and Helical
whereas the helixhelix distances show higher variability, Parameters). It should also be noted that individual helices
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Ficure 9: Sufficient sampling and cross-correlation matrices. (A) Pseudocolor representation of the density function corresponding to the
projections of the fluctuations of the,@otion (during theHex2simulation) on the planes of the four eigenvectors associated with the four
largest eigenvalues. The-2, 1-3, 1-4, 2—-3, 2—4, and 3-4 eigenvector planes are shown. In all six diagrams, the values on all axes
range from—20 to 20 A. (B) Cross-correlation matrix calculated from the motion of thedms during thédex2 (above the diagonal)
andHex3 (below the diagonal) simulations. The matrix values range from 1 (for fully correlated motions, depicted as dark red), through
zero (uncorrelated, white), tel (fully anticorrelated, dark blue). The contrast of the cross-correlation matrix has been artificially increased
through the application of a sigmoidal function. The limits of individual monomers are indicated by the marked bars shown above and on
the left side of the matrix. The part of the matrix corresponding to the cross-correlations between the atoms of helix A is boxed. (C)
Simplified schematic diagram of the type of motion of a helix that would result in the pattern of positive and negative correlations seen in
the cross-correlation matrix. The curved lines correspond to successive snapshots of the helix axis motion (from black to light gray and the
reverse). The arrows indicate the presence of correlated (red) and anticorrelated (blue) motion between different parts of the helix.
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appear to behave not as a single rigid body but as two refinement 27) was repeated using two TLS bodies per helix
relatively rigid segments connected by a more flexible [instead of the one TLS body per helix used during the
connection (this is seen most clearly in the part of the rmsd original crystal structure determination procedure (Structure
map that corresponds to vectors between theatoms of Determination and Analysis)].
helix A). Correlated Motions and Their Principal Components.
The indication that individual helices may behave as two Evident from Figure 8C is the fact that the directions and
rigid segments connected through a more flexible (but still lengths of the major axes of the anisotropic ellipsoids show
helical) region is further supported by the distribution of the highly correlated preferences, most easily seen by their
rms fluctuations of the £atoms during the length of the tangential alignment around the bundle’s circumference.
simulations as shown in Figure 8A for five trajectories. All These localized preferences are suggestive of the presence
simulations show the same trend with highly mobile termini of correlated protein motions. To analyze these, we per-
and a higher-than-average mobility around the center of theformed a principal component analysis of the motion of the
bundle. In Figure 8B, we compare the crystallographically C, atoms during the length of the molecular dynamics
determined atomic temperature factors with those calculatedtrajectories. We will focus our analysis on thdex2
from the molecular dynamics simulations. The experimen- simulation, the results from which are comparable with (and
tally determined and simulation-derivel-factors show representative of) the results obtained from all other RM6
exactly the same trend as before and are in very goodsimulations. An important prerequisite for the validity of the
agreement with each other with a linear correlation coef- (tentative) assignment of the principal components to protein
ficient of 0.83. Still, and in terms of absolute values, the motion modes is that sufficient sampling has been attained.
crystallographic temperature factors (at least at the core of The trajectories must be of adequate length to guarantee that
the structure) are approximately 3 times higher than thoseall accessible protein conformations (for the given simula-
derived by the simulation. We believe that this apparent tion’s equilibrium conditions) have been sufficiently sampled.
disparity has its roots not in a simulation-specific deficiency An indirect indicator of sufficient sampling is the distribution
but in the properties of the RM6 crystals which show very of the projection of the atomic fluctuations on the eigenvector
strong diffuse scattering even at relatively high angles. planes corresponding to the largest eigenvalues. The diagrams
Finally, we note the presence of systematic differences in Figure 9A show these projections for all unique combina-
between the simulation-derived temperature factors of thetions the four largest eigenvectors of tHex2 simulation.
A—C pair of chains as opposed to the-B pair (most easily = Their closeness to two-dimensional Gaussians centered at
seen from the higher average mobility near the center of thethe origin indicates that correlated protein motions have been
B—D helices). To quantify this observation, we calculated sufficiently sampled.
the value of the linear correlation coefficient between the  Principal component analysis is based on the diagonal-
simulation-derived-factors of all possible pairs of the four ization of the variancecovariance matrix of thex(y,2)
chains. The A-C and B-D pairs gave a value of 0.98, components of the atomic fluctuation®8( 29). A closely
significantly higher than the value of 0.82 obtained for the related matrix that is far easier to visualize is the dot product-
A—B and C-D pairs. The symmetry characterizing these based cross-correlation matrix (normalized varianoevar-
pairs of helices is present not only in their average mobility iance matrix) shown in Figure 9B. Some aspects of this
but also in their average structures (data not shown). Thematrix are worth discussing. The strong diagonal band
fact that the symmetry between the-& and B-D pairs is corresponds to the fully correlated motion between neighbor-
preserved even during the molecular dynamics simulationsing C, atoms. There is also significant correlation between
(and in the absence of crystallographic symmetry) further the motion of the neighboring antiparallel pairs of helices
supports the view of RM6 as a dimer of dimers. (A—B and C-D) creating the X-like patterns in the top left
The previous discussion clearly showed the significant and bottom right quadrants. The correlation between helices
differences in the average mobility of the RM6 residues but lying on opposite sides of the intramolecular 2-fold axis (i.e.,
gave no indication of whether the atomic fluctuations are A—C, A—D, B—C, and B-D pairs) is significantly lower
isotropic or anisotropic. The availability of a trajectory of and inversely proportional to the distance between the
the atomic motions allows the calculation of anisotropic corresponding helices. Running parallel to the bands of
ellipsoids describing the trajectory-average probability den- positive correlation are bands of negative matrix values
sity distribution of the atomic positions, very similar to the indicating the presence of anticorrelated motion between parts
crystallographic anisotropic thermal ellipsoids. A representa- of the RM6 structure. The interpretation of this anticorrelated
tion of the RM6 structure using these anisotropic ellipsoids motion is best understood in terms of the cross-correlation
is shown in the form of a stereo diagram in Figure 8C (and pattern of a single helix. Taking, for example, the part of
colored according t8-factor values). This diagram explicitly  the matrix that corresponds to helix A (marked in Figure
reinforces a new view of the RM6 structure in terms of its 9B), we observe a tripartite organization: the two ends of
dynamics: the protein can be viewed as two relatively stable the helix show highly correlated motion, whereas the center
four-o-helix bundles of half the RM6 length, joined end to of the helix appears to move in a manner anticorrelated to
end along their long axes, and with their connection its ends. A schematic interpretation of this pattern of
coinciding with the RM6 deletion point. This view of the movement is shown in Figure 9C: if the helix comprises
dynamics of the RM6 structure is further supported by (i) two relatively rigid parts connected by a more flexible
an analysis of the protein’s correlated motions as observedconnection and it oscillates in the form shown in Figure 9C,
in its molecular dynamics simulations and discussed in the then we will indeed observe a positive correlation between
next section and (ii) a reduction of the crystallograpRic ~ the motion of its ends and an anticorrelated movement of
and Ryee values by 0.5% when the crystallographic TLS its central part. This interpretation of the cross-correlation
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Ficure 10: Principal component analysis. The three stereodiagrams (wall-eyed) depigtrii@ion corresponding to the three eigenvectors
associated with the three largest eigenvalues. The movement of the chains is indicated through the superposition of 17 structures (for each
diagram) which cover the whole range of conformations associated with each component. These 17 structures are colored from blue,
through green, to red, corresponding to successive conformations along the given eigenvector motion.

matrix is in good agreement with the view of the RM6 If the flexible terminal residues are ignored, RM6 com-
dynamics presented in the previous section. prises 172 residues. With thregy,z) components per £
Although the hypothetical model presented in Figure 9C atom, the variancecovariance matrix is a 51& 516 real
can qualitatively explain some of the features observed in square symmetric matrix. Its diagonalization results in 516
the cross-correlation matrix, it does make the erroneouseigenvectors (principal components) and their associated 516
assumption that RM6 dynamics can be described by just oneeigenvalues (which are related to the amplitude with which
type of correlated motion. A quantitative decomposition of the corresponding eigenvectors contribute to the correlated
the RM6 correlated motion (as observed in the molecular molecular motions). As is usually the case, we observe a
dynamics trajectories) based on principal component analysismarkedly asymmetric distribution of eigenvalues with the
is described below. three largest (corresponding to only 0.58% of the total
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number of principal components) accounting for 41% of the of why only one of them is experimentally observed
total correlated motion [with 66 eigenvalues (12.8% of the [allowing for the possibility that crystallization (even in
total) required for explaining 90% of the correlated motion]. different space groups) could be responsible for selecting
A schematic representation of the protein motion corre- specific conformers30)].

sponding to each of the top three principal components is Even if we take the complexity of the Rop sequence
shown in Figure 10. This figure clearly exposes the over- structure relationships for granted, there is still an important
simplification involved in the interpretation of the cross- question that remains unanswered: is this complexity
correlation matrix in terms of one major motion. The characteristic of this protein alone, or can these results be
component associated with the largest eigenvalue (equal togeneralized to other proteins? In the absence of similar
16.3) corresponds to a twisting motion of the bundle’s edges experimental findings from other proteins, we would rather
relative to its center, resulting in a periodic overwinding and prefer to exercise caution by noting that it is indeed difficult
underwinding of the coiled coil’'s edges. The second com- to imagine such small sequence changes causing such drastic
ponent (with an associated eigenvalue of 10.5) illustrates andstructural rearrangements in larger and/or nonsymmetric
exemplifies the rigid-body motion of the two, in terms of proteins.

dynamics, halves of RM6 as previously discussed. The third Comparison of the RM6 structure with the2aa
eigenvector (with an associated eigenvalue of 9.9) corre- structure (see the introductory section for a description of
sponds to a bending (closing) movement of the whole bundle this Rop variant) creates a new question: why restoration
toward its intramolecular 2-fold axis (a finding consistent of the heptad repeat through an insertion has practically no
with the curvature of the coiled-coil axis as discussed in effect on the Rop structure, whereas restoration through a
Coiled-Coil and Helical Parameters ). The fourth and fifth deletion does. We believe that a qualitative and descriptive
components have associated eigenvalues significantly smalleanswer in this “to loop or not to loop” question can be
than those already presented (4.9 and 3.6, respectively) andbtained from an examination of the relevant sequences. The
will not be discussed further. When the analysis is performed <2aa> variant is a full heptad repeat longer than RM6. The
using theHex3or LHextrajectories (instead dfiex?, very sequence of the seven residues@aa>, which are missing
similar results are obtained (data not shown). It should be from RM6, is ADAADEQ. The first three residues (ADA)
mentioned, however, that in the case of Hex3trajectory were designed to occupy positiors-g of one repeat and
the order of the top two principal components is reversed the last four (ADEQ) to occupy positiorss-d of the next

(with respect toHex32. repeat. The closest match to the ADAADEQ sequence (from
within Rop) is the HDHADEL sequence (starting at position
DISCUSSION 42 of the native protein). Our working hypothesis to explain

why the ADAADEQ sequence failed to restore the helical

We have shown that a five-residue deletion results in a continuity at the turn region is that glutamine may not be
complete reorganization of the Rop structure. The kelix compatible with &d position in the context of an RM6-like
turn—helix motif is abandoned, and a homotetrameric four- structure (in wild-type Rop @ does occupy al position,
o-helix bundle of double the wild-type Rop length is formed. but this is a structurally special case since the side chain
Along with this change of fold, everything else changes: the lies at the end of the bundle and its polar group is positioned
coiled-coil parameters, the hydrophobic core, the surfacetoward the solvent and facing Asg. An attempt to over-
properties, and the dynamics. But even more surprising thanexpress a<2aa>-like variant of Rop but with a leucine
these results is the fact that, statistically speaking, thesereplacing this glutamine is currently underway.
results should not have been surprising: to our knowledge The comparison between the hydrophobic cores of native
this is the third time (see Figure 1) that a relatively small Rop and RM6 (shown in Figure 6) is worth mentioning
change in the Rop sequence leads to dramatic reorganizatioragain, but this time in a more generalized context. The
of the Rop structure. Adding to these results cases such asurrent (metaphorical) view of protein hydrophobic cores is
that of the<2aa> variant (discussed below) only serves to that of well-packed three-dimensional jigsaw puzzles. The
accentuate the Rop sequenstructure puzzle. The factthat  implication of taking this metaphor at face value, however,
all these structures are of sufficient thermodynamic stability is that we would consider it highly unlikely to find the same
to be crystallized and studied only implies (tautologically) protein sequence being responsible for the formation of two
that they represent minima of their corresponding free energy different (but equally well-packed) cores. The RM6 structure
landscapes, but this does little to help our understanding of clearly shows that even protein hydrophobic cores can be
how the sequence alters (or determines) the folding pathwayunexpectedly malleable. It should be admitted, however, that
toward one minimum or another. The silent assumption in it is probably the symmetry of association together with the
the previous sentence is that for a given Rop sequence moresequence periodicities of the Rop family that made such an
than just one pronounced free energy minima may exist (i.e., exceptionally extensive repacking feasible.
that in terms of thermodynamic stability alone, a given = The RM®6 structure, together with the results from its
sequence could have folded in at least two different ways). molecular dynamics simulations, is in excellent agreement
Computationally derived indications for the presence of such with the functional, thermodynamic, and kinetic data avail-
multiple free energy minima have been obtained for the A31P able for this variant &, 17, 52, 53). The absence of any
Rop mutant 19) and more recently for the (Adde,)s and detectable biological activity is the direct consequence of
(AlazLew)s Rop variants (N. M. Glykos and M. Kokkinidis, the completely different fold and surface properties of the
unpublished results), but even if these computational indica- protein. The structure-based estimate of the solvation free
tions are correct, knowing the existence of multiple free energy gain upon tetramer formation, together with the very
energy minima only serves to further complicate the question stable trajectories and average structures obtained from the
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simulations, fully corroborates the experimentally determined simulated annealing refinemer34 35) of this model (using
thermostability of RM6. The computational (simulation- successively shorter rigid bodies, starting from one helix per
derived) predictions concerning the dynamics of RM6 are body, and going down to two residues per rigid body)
more difficult to validate experimentally, but indirect evi- resulted in a polyalanine model giving &of 0.397 and an
dence has been obtained from the agreement with theRqee of 0.413 for all data between 8 @r2 A resolution.
crystallographic data. In this respect, it is probably note- A 2mF, — DF. difference map36) which was calculated
worthy how the atomic mobility predicted from molecular using the phases from this refined polyalanine model allowed
dynamics agrees quantitatively better with the known stability the unambiguous determination of the side chains’ identities
of RM6 than with the mobility implied by (the rather high) and orientations. Refinement was continued with successive
crystallographic temperature factors. rounds of torsion angle dynamics, simulated annealing, and
To summarize, we have added a new member to the addition of the most well-ordered water molecules using CNS
growing family of metamorphosed Rop structures, illustrating (37) and Xfit [from the XtalView @8) suite of programs].
once more the plasticity of protein structures and the This procedure converged to a mostly complete model with
complexities of protein folding. In contrast to the other Rop an R of 0.235 and anRyee of 0.267 for all data. The
variants previously studied, RM6 is more stable than wild- refinement was completed with successive rounds of maxi-
type Rop, offering a clear example of how evolution toward mum likelihood refinement [using REFMAC39)] inter-
larger protein domains could have proceeded. In a morespersed with addition of further water molecules and fitting
application-oriented note, we should mention that the stability of discretely disordered residues. A round of TLS refinement
and symmetry of RM6 could make it a promising starting (27) (using REFMAC and one set of TLS parameters per
material for the creation of artificial fibers with customizable helix) led to the final model with aR of 0.189 and afRyee

surface properties. of 0.212. The model comprises residues3. of the first
monomer (chain A), residues-b1 of the second (chain B),
EXPERIMENTAL AND COMPUTATIONAL and 54 water molecules. All but one residue are in the core
PROCEDURES Ramachandran region (one in the allowed) with an overall
G-factor [calculated with PROCHECKA4()] of 0.23. The
Structure Determination and AnalysiShe purification, crystallographically determined coordinates of RM6 have

crystallization, and data collection have been described been deposited with the Protein Data Bank (PDB entry
previously @1). In summary, RM6 was purified from an  1QX8).
overexpressingscherichia colistrain (K38) using a single Helical parameters (for individual helices) were calculated
Q-Sepharose chromatography step by utilizing its differential using HelAnal ¢1). To analyze the coiled-coil parameters,
solubility in solutions containing ethanol (20%, v/v) and we used the coordinates of pseudoatoms representing the
varying amounts of sodium chloride. The protein was local helical axes of each helix. The local helical axes (with
crystallized using a combination of mixed (organic solvent one pseudoatom for each residue and for each helix) were
with salt) systems in microdialysis experiments comple- again calculated with HelAnal. The coordinates of the local
mented by successive micro- and macroseeding steps. Theoiled-coil axis were calculated as the averagey,?)
resulting crystals belong to space gradp and contain the  coordinates of quadruplets of pseudoatoms belonging to the
equivalent of half a bundle (two monomers) per asymmetric same layer (the classification in layers was based on the
unit (with the whole bundle being formed through the heptad sequence periodicity). An estimate of the curvature
application of a crystallographic 2-fold axis) with the of the bundle axis was obtained by calculating the local
following unit cell dimensions:a = 54.5 A,b =425 A,c bending angles of the coiled-coil axis. The calculation of
= 51.7 A, andB = 104.7. Crystallographic data were the twist of the coiled coil per residue again used the local
collected b 2 A resolution on a MAR Research image plate helix pseudoatoms and was based on the calculation of the
detector mounted on a Rigaku RU-3HR rotating anode X-ray polar rotation angless, ¢, and«) needed to least-squares
generator using the coppeg Kadiation focused and mono-  superimpose the four pseudoatoms of one layer onto the four
chromatized via a double nickel-coated mirror system. The pseudoatoms of the previous layer. The valueca$ the
rotation method was used with an oscillation range ©f 1  reported twist value. Helixhelix distances were calculated
Indexing and integration were performed with the HKL on a per residue basis using a distance matrix calculated from
system 82) and resulted in data useful to 2.02 A with an the coordinates of the local helix axis pseudoatoms. Similarly,
overall Rsymm Of 6.6% (31.2% in the last resolution shell), to calculate the helixhelix crossing angles, we calculated
an overall completeness of 95.3% (76.0% in the last shell), the torsion angle among four pseudoatoms belonging to two
and an average redundancy of 3.8 (2.6 in the last shell). successive layers of the (two) helices under examination.
Molecular replacement calculations were performed with  All calculations reported here were performed using
various programs33, 34) and starting models and allowed programs from the CCP4 suite of prograr88)( as well as
the consistent determination of the approximate positions andCNS @7), X-plor (34), APBS @2), Xfit (38), VMD (43),
orientations of two helices in the asymmetric unit. Initial PyMol (DeLano Scientific), HELANAL 41), and locally
difference maps indicated the absence of turns and thewritten programs (for analyzing the helical and coiled-coll
presence of continuous helical segments sufficiently elon- parameters).
gated to account for the whole length of each monomer. An  Molecular Dynamics SimulationStarting from the crys-
initial polyalanine model of the protein was constructed using tallographically determined coordinates of RM6, we built
helical backbone segments from other Rop structures. Thismissing side chain and hydrogen atoms with PSFGEN from
initial polyalanine model accounted for 45 residues from the the NAMD distribution @4) and assuming an acidic pH (with
first monomer and 46 residues from the second. Rigid-body the histidines fully protonated). Three different explicit
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solvation systems were prepared, each with a successivelysimulationsHex1, Hex2 andHex3 respectively. For the large
larger volume (and, thus, number of water molecules). The hexagonal cell, we performed one production run which
reason for this multiplicity of hydration systems lies with lasted 12.7 ns (called.Hex. Finally, for the truncated
the highly asymmetric electrostatic potential of RM6 (see octahedral cell, we performed two production runs with
Figure 3): when a hydration system with a tight bounding lengths of 4.6 and 2.8 ns, respectively (cal@ctlandOct?).

box is used, RM6 molecules can experience the electrostaticAll production runs were performed with the impulse Verlet-I
potential of neighboring molecules. This leads to a slow (but multiple-time step integration algorithm as implemented by
consistent) rotation of the molecules (during the molecular NAMD. The inner time step was 2 fs; short-range nonbonded
dynamics simulation) that allows them to interact electro- interactions were calculated every two steps and long-range
statically with their neighboring images. Having observed electrostatic interactions every four time steps using the
this behavior for all simulations performed with a tight particle mesh Ewald methodT). A cutoff for the van der
bounding box, we decided to undertake a series of simula-Waals interactions was applied through a switching function,
tions using larger systems (in which a direct interaction and SHAKE was used to restrain all bonds involving
between solute molecules is physically impossible). Com- hydrogen atoms. Trajectories were obtained by saving the
parison of these molecular dynamics trajectories allowed usatomic coordinates of the whole system every 0.4 ps. All
to confirm that the electrostatic interaction between the simulations reported here were performed on the depart-
periodic images of RM6 (arising from the periodic boundary mental (Department of Molecular Biology and Genetics,
conditions used for the simulations) does not significantly Democritus University of Thrace) 18-node Beowulf class |
alter the dynamics of individual RM6 molecules. cluster.

The three hydration systems used in our simulations are Calculation of the average trajectory structures, of the rms
(i) a relatively tight hexagonal cell comprising 4675 pre- deviation from the average structures, of the radius of
equilibrated TIP3 water moleculed) with unit cell basis gyration, and of the atomic rms fluctuations was performed
vectors (projections along the orthogonal axes) of (100,0,0), with X-PLOR (34). Calculation of the anisotropic fluctuations
(0,39.8,23), and (0,0,46) and a shortest (initial) sehs@ute was performed with g_rmsf from the GROMACS suite of
distance of 20 A, (ii) a larger hexagonal cell comprising 7966 programs 48). Removal of global rotations and translations,
pre-equilibrated TIP3 water molecules with unit cell basis calculation of rms deviations from the experimental structure,
vectors (projections along the orthogonal axes) of (110,0,0), the G,—C, distance map (and the corresponding rms
(0,47.6,27.5), and (0,0,55) and a shortest (initial) setute deviation from it), the cross-correlation matrix, and the
solute distance of 30 A, and (jii) a truncated octahedral cell principal component analysis were performed witdrma
with a shortest dimension of 89 A (which is approximately (49), available via http://www.mbg.duth.grblykos/.

8 A longer than the longest dimension of the RM6 bundle)

comprising 10 321 pre-equilibrated TIP3 water molecules. ACKNOWLEDGMENT
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