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Abstract

Bacteriorhodopsin (BR) and sensory rhodopsin Il (SRII), homologous photoactive proteins in
haloarchaea, have different molecular functions. BR is a light-driven proton pump, whereas SRII
is a phototaxis receptor that transmits a light-induced conformational change to its transducer
Htrll. Despite these distinctly different functions, a single residue substitution, Ala215 to Thr215
in the BR retinal-binding pocket, enables its photochemical reactions to transmit signals to Htrll
and mediate phototaxis. We pursued a crystal structure of the signaling BR mutant (BR_A215T)
to determine the structural changes caused by the A215T mutation and to assess what new
photochemistry is likely to be introduced into the BR photoactive site. We crystallized BR_A215T
from bicelles and solved its structure to 3.0 A resolution to enable an atomic-level comparison.
The analysis was complemented by molecular dynamics simulation of BR mutated /n silico. Three
main conclusions regarding the roles of photoactive site residues in signaling emerge from the
comparison of BR_A215T, BR, and SRII structures: (i) the Thr215 residue in signaling BR is
positioned nearly identically with respect to the retinal chromophore as in SRII, consistent with its
role in producing a steric conflict with the retinal C14 group during photoisomerization, proposed
earlier to be essential for SRII signaling from vibrational spectroscopy and motility measurements;
(if) Tyr174-Thr204 hydrogen bonding, critical in SRII signaling and mimicked in signaling BR, is
likely auxiliary, for example, to maintain Thr204 in the proper position for the steric trigger to
occur; and (iii) the primary role of Arg72 in SRII is spectral tuning and not signaling.
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Introduction

The molecular functions of bacteriorhodopsin (BR) and sensory rhodopsin Il (SRII), two
homologous photochemically reactive proteins in haloarchaeal membranes, are distinctly
different. BR is a light-driven pump that uses the energy of a photon to translocate an ion
vectorially across the membrane, whereas SRII is a phototaxis receptor that transmits a
light-induced conformational change to the membrane-bound transducer protein Htrll,
which in turn modulates a cytoplasmic kinase that controls the motility of the cell. 1 X-ray
crystal structures of BR® [Protein Data Bank (PDB) ID: 1C3W] and SRII6 (PDB ID: 1JGJ)
show similar overall structures. However, the detailed structures differ greatly since there is
only 26% residue identity. There is greater residue conservation in the retinal-binding
pockets of the proteins, but even residues that are conserved are, in some cases, in different
positions and exhibit different interactions (Fig. 1). Despite these functional and structural
differences and as a remarkable testament to the ease by which nature can evolve a new
function in a protein, a single residue substitution, Thr for Ala215 in the BR retinal-binding
pocket, enables the photochemical reactions of this BR mutant A215T (*“signaling BR”) to
transmit signals to an Htrll molecule to mediate phototaxis by the cell.” Two additional
mutations on the lipid facing surface of BR, corresponding to residues in SRII that form
hydrogen bonds with Htrll in the SRII-Htrll interface, greatly enhance the signaling
efficiency by BR_A215T, presumably by aligning the mutant BR and Htrll for more
efficient signal transfer.’

We pursued a crystal structure of signaling BR to compare with the structures of native BR
and SRII in order to determine the structural changes induced by the A215T mutation and to
assess what new photochemistry is likely to be introduced into the BR photoactive site by
the mutation. Additionally, a BR_A215T structure would identify features of SRII not found
in BR that are also not in BR_A215T, indicating that they are not essential for signaling.
Toward these ends, we succeeded in crystallizing signaling BR and solved its structure to
3.0 A resolution.

Crystallization and structure of signaling BR

After unsuccessful attempts to crystallize BR_A215T using the cubic lipid phase method,>8
we were able to grow type | membrane protein crystals using the bicelle method developed
by Faham and Bowie,® which has been employed in a number of membrane protein structure
determinations.19-12 Bicelle-grown crystals of BR_A215T diffract to 3.0 A resolution and
belong to space group C2 (Table 1). This is the same space group, albeit with different unit
cell dimensions, that was reported for wild-type BR crystals obtained by vapor diffusion,13
for which a 2.9-A structure was published subsequently (PDB code: 1BRR).14 However,
only two of the unit cell dimensions are similar, whereas the shortest axis has a length of
80.2 A for 1BRR type Il crystals and a length of 61.5 A for BR_A215T type | crystals. In
both cases, the asymmetric unit contains three molecules that form a C3 trimer. The
structure of BR_A215T was solved using molecular replacement with the native BR
structure® (PDB 1D: 1C3W) as the search model. Retinal was not included in the search to
avoid model bias, but all three independent molecules showed strong electron density
extending from Lys216 in A, — A, maps. Because of the limited resolution, non-
crystallographic symmetry (NCS) restraints were placed on the backbone of the three
monomers during all steps of refinement. The A215T mutation was apparent in the /, — F
difference map. Other features observed in the electron density were lipid molecules and
residues 157-161, which were not part of the search model. The missing residues were built
in using the D85S/F219L BR double mutant!® (PDB ID: 1JV6) as a model. We confirmed
40 ordered waters by superimposing the mutant structure on the native structure and by
looking for unassigned density that overlap water molecules. Additional water molecules
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were placed in regions of unassigned density after all protein residues and lipid molecules
had been accounted for.

The overall structure of BR_A215T does not vary significantly from the native structure
(backbone RMSD: 0.6 A). When individual helices are compared between native and
mutant BR, the backbone RMSD of each of the seven helix pairs is below 0.5 A. However,
there is a significant change near the active site of all three monomers in the BR_A215T
structure. Both BR and SRII have an aspartic acid residue (residue 212 and 201,
respectively) that is coordinated by two tyrosine residues (185/174 and 57/51) via hydrogen
bonding between the carboxyl groups of the aspartic acids and the hydroxyl groups of the
tyrosines. While BR_A215T retains the hydrogen bond between Asp212:0D2 and
Tyr57:0H (Fig. 2a and b), the Asp212:0D1-to-Tyr185:0H bond is broken, and the distance
between the two atoms lies outside of the typical hydrogen-bond cutoff distance of 3.2 A.
The carboxylate of Asp212 is rotated about 60° around the Xz angle relative to both native
BR and SRII (Fig. 1a). To confirm the validity of this conformation, we removed the NCS
restraints on the BR_A215T residues in question, rotated the side chain of Asp212 to the
most common rotamer (as found in BR and SRII), and performed 10 cycles each of TLS
(franslation/ fibration/screw-motion) and restrained refinement. For all three independent
molecules, the carboxylate of Asp212 moved back to the new conformation, resulting in the
loss of hydrogen bonding with Tyr185. 2/, — F. density maps also support that the Asp212
side chain is rotated.

Tyrl74 in SRII (the homolog of Tyrl85 in BR) forms a key hydrogen bond with Thr204
(Ala215 in BR).18 Disruption of this interaction in SRII causes a loss of a steric hindrancel’
upon isomerization of retinal, which is a prerequisite for signal transfer. A similar hindrance
is introduced by the A215T mutation in BR,18 suggesting that the steric hindrance is a
sufficient addition to the structural changes characteristic of microbial rhodopsin photo-
cycles to confer a phototaxis signaling function. In the BR_A215T structure, the distance
between Tyr185:0H and Thr215:0G1 is 3.01 A (Fig. 2b). Hydrogen bonding is favored
between Tyr185 and Thr215 in the ground state, coupled with a decrease in interaction
between Tyr185 and Asp212.

A key factor that causes the difference in absorption maximum between BR and SRII is the
positioning of arginine 82/72 with respect to the retinal.1® The guanidinium group of Arg72
in SRII is flipped 180° relative to the guanidinium group of Arg82 in native BR. We
observed no change in the position of Arg82 in BR_A215T (Fig. 1b). The small spectral
shift between native BR and BR_A215T can be explained by the introduction of the
threonine residue near the retinal molecule. The threonine residues in BR_A215T and SRII
are in nearly identical positions with respect to the retinal (Fig. 1c), and it appears that the
threonine is causing a shift in absorbance toward shorter wavelengths from that of native
BR. However, the absence of a change in the arginine position results in the spectral shift
not being nearly as large as the spectral difference between BR and SRII.

dynamics

Using native BR (PDB ID: 1C3W)® as a starting structure, we mutated Ala215 to a
threonine /n silico for molecular dynamics simulations. We run 100-ns simulations of three
systems—native BR, BR_A215T, and SRIlI—in parallel, each in a POPC (1-palmitoyl-2-
oleoyl-srglycero-3-phosphocholine) bilayer in excess water. Interestingly, the molecular
dynamics simulation predicted the very same disruption of the hydrogen bond between
Asp212 and Tyr185 in BR_A215T, yet this hydrogen bond remained intact in the control
simulations (Fig. 3a and b). The Tyr185:0H-to-Asp212:0D1 distance shows very little
fluctuation during a 10-ns sampling of native BR trajectory, yet the same distance
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measurement in the trajectory of BR_A215T remains above the hydrogen-bond-distance
cutoff of 3.2 A (Fig. 3c and d).

The distance between Tyr185 and Thr215 decreased over time and reached a baseline
around 4.0 A. However, we saw that the distance fluctuates between 3 and 4 A once
equilibrium was established (Fig. 1d), suggesting that a weak hydrogen bond forms
intermittently. The simulation also provided us with an in-depth look at the arrangement of
water molecules near the active site as a function of time, something that was not attainable
through crystallography alone. The mutant BR showed an arrangement of waters that is
different from those of BR and SRII. Substitution of the nonpolar Ala215 with threonine
changed the electrostatic environment in the region of the retinal pocket. In the A215T
simulation, the equilibrated system includes a network of several hydrogen-bonded waters
that extend from the retinal pocket to the backbone oxygen of Thr46 near the cytosolic
region of the protein (Fig. 4). This organization of water molecules was not seen in either
the native BR or the SRII simulations. In the BR_A215T system, the complex that is formed
between Tyrl85, Thr215, and Asp212 is mediated by water molecules; the connections
between Tyr185 and Asp212 and between Thr215 and Tyr185 are mediated in the
simulation via a single water molecule (Fig. 5a and b). It is interesting that the additional
waters are only present in A215T. It is possible that the additional water in the retinal pocket
optimizes the geometry between Thr215-Tyr185-Asp212 in the A215T structure. We also
note that the Tyr185—-Asp212 interaction is similar in both the native BR and the SRII
structures yet is altered in the A215T structure. Our interpretation is that the precise position
and environment of this pair is not essential for signaling, although we cannot exclude that
the exact path in which the signaling activity is propagated to the Htrll surface differs
between A215T_BR and SRII.

The photoactive site of signaling BR: Implications for the phototaxis
signaling mechanism

Mutational disruption of the hydrogen-bonded Thr204-Tyr174 pair in the SRII photoactive
site by substituting Phe for Tyrl174 or Ala for Thr204 results in loss of phototaxis
signaling,16 and the Thr—Tyr pair has been shown by cryogenic FTIR (Fourier fransform
mfrared spectroscopy) to be responsible for a steric conflict with retinal in the SRII-Htrll
complex during photoisomerization.1” The A215T mutation creates a similar steric conflict
in BR18 and converts the BR molecule into a functional SRII-like photosensor.” Based on
these observations, the Thr—Tyr hydrogen-bonded pair was proposed to provide a key
component of a steric trigger activation mechanism in both SRII and signaling BR. The
A215T structure shows that Thr215 is located in a nearly identical position with respect to
the retinal as Thr204 in SRII, and its hydroxyl group is within 3.01 A of that of Tyr185,
similar to the 3.20 A in SRII. The BR_A215T structure and simulation data are consistent
with Thr215 forming a hydrogen bond with Tyr185, mimicking the Thr204-Tyr174 pair in
SRII. However, the structure shows large differences in the interactions and environment of
Tyrl85 in BR_A215T compared to Tyrl74 in SRII. Mutation of Tyrl74 to Phe in SRII
causes loss of signaling and loss of the steric conflict during retinal photoisomerization.16
The different local environments of Tyr185 in BR_A215T and Tyr174 in SRII argue that
Tyrl74 itself is essential because of an auxiliary rather than direct role in signaling, for
example, to maintain Thr204 in the proper position for the steric trigger to occur.

There are two major structural differences between BR and SRII photoactive sites.>® First, a
dramatic difference is that Arg82 is flipped ~180° so that its positive charge points away
from the retinylidene Schiff base in SRII and toward the Schiff base in BR. Second, the
hydrogen-bonded Thr—Tyr pair exists in SRII and creates a steric conflict with the retinal
during photoisomerization, whereas BR lacks the hydrogen-bonded pair since it lacks the
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Thr residue. Based on these facts, the BR_A215T structure gives us two important insights
into the signaling mechanism.

Crystallization

The position of SRII Arg72 (Arg82 in BR) is at most only of minor importance for
signaling since it is not flipped in BR_A215T. This conclusion was not evident
before the BR_A215T structure since the different position of the Arg in SRII
compared to BR produces several major differences in hydrogen bonding. As
concluded from molecular orbital calculations,1? the repositioning of Arg82
explains well the shift in absorption maximum of SRII (490 nm) compared to that
of BR (568 nm), and the fact that A215T without the flipped Arg is not so strongly
blue shifted (550 nm) further supports that explanation. Therefore, the new
structure provides compelling evidence that the primary role of Arg72 in SRII is
spectral tuning and not signaling.

A major question is whether the Tyr or the Thr residue or both further propagates
the signal to the interface. Both are hydrogen bonded to residues in or near the
interface. The BR_A215T structure argues strongly that it is Thr204 that is crucial
for the signal propagation. The Tyr (a) is greatly altered in its hydrogen bonding in
A215T compared to BR and SRII and (b) has lost its connection to Asp212, a key
residue between the Tyr and the interface. If the Tyr were a crucial residue in the
post-isomerization signaling reactions, one would expect it to be unable, being so
greatly altered from the SRII case, and the steric trigger to still function in
signaling. In contrast, the introduced Thr in BR_A215T assumes a position with
respect to the retinal and the surrounding residues essentially identical with that of
Thr204 in SRII. Therefore, the result favors that Thr204 in SRII propagates the
signal out of the retinal pocket to the interface. This result from the structure is in
line with vibrational spectra from FTIR of C14D-labeled retinal, indicating that the
steric constraint during isomerization is between Thr204 and the C14H group of
retinal 20 In this view, the lack of signaling function (and the lack of steric
hindance) in the SRII mutant Y174F would be explained in terms of the hydrogen
bond between Thr and Tyr being necessary to maintain Thr204 in the proper
position for the steric trigger to occur in SRII.

Halobacterium salinarum cells transformed with a BR_A215T expression plasmid were
cultured in CM medium plus mevinolin as described previously.16 BR_A215T purple
membrane (Amax, 554 nm) was isolated essentially as described for native BR.2! The
concentrated suspension of cells in 4 M NaCl was dialyzed overnight against 0.1 M NaCl.
The dialysate was washed twice with H,O, layered over a sucrose step gradient (30%, 50%,
and 60%), and centrifuged 18 h at 100,000g. The purple band was collected, and sucrose
was removed by centrifugation and washing twice with H,O and finally resuspended at 10
mg/ml. The suspension was mixed with 5 mg of polar lipid extract?2 from H. salinarum
strain S9 in 1% octylglucoside and incubated at 4 °C with gentle agitation for 1 h. The
protein—lipid mixture was combined in a 4:1 ratio with a 40% 1,2-dimyristoyl-sn-glycero3-
phosphocholine/3-(chloramidopropyl)-dimethylammonio-2-hydroxyl-1-propane-sulfonate
(2.8:1) bicellar solution following the procedure of Faham and Bowie.? Crystals were grown
in hanging drops at 28 °C using the vapor-diffusion method. Drops contained 6 I of
protein/bicelle mix plus 2.5 1 of well solution [3.0 M NaH,PO4 (pH 3.6)].

The polar lipid extract was assayed by negative mode electrospray mass spectrometry and
HPLC to assess lipid content (analysis conducted by Avanti Polar Lipids, Inc., Alabaster,
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AL). Ninety-nine percent of the extract consisted of phosphatidylglycerol,
phosphatidylglycerol sulfate, archaeal glycocardiolipin, glycolipid sulfate, and
phosphatidylglycerophosphate methyl ester, similar to those obtained from cells.23

X-ray diffraction

Crystals of BR_A215T diffracted to 3.0 A resolution at the Stanford Synchrotron Radiation
Laboratory, beamline 9-1. Data were collected at 100 K as 360 frames with 1° rotation each.
Data were processed using HKL.200024 (see Table 1 for crystallographic statistics), followed
by molecular replacement using Phaser2> (CCP4 suite) with native BR5 (PDB 1D: 1C3W) as
the search model. Retinal was not included in the search to avoid bias, but all three
independent molecules showed strong electron density extending from Lys216 in /, — F¢
maps contoured at 3 o. Refinement and further model building were performed using CNS26
and Coot.2” Because the resolution was 3.0 A, NCS restraints of backbone atoms were
employed at all steps of refinement. The A215T mutation was apparent in the /, — /~;
difference map. Other features observed in the electron density were lipid molecules and
residues 157-161, which were not part of the search model. These residues were built using
the D85S/F219L BR double mutant!® (PDB ID: 1JV6) as a model. Lipid molecules were
built manually using lipids from the native BR model® (PDB ID: 1C3W). We identified 40
ordered waters and confirmed them by superimposing the mutant structure on the native
structure and by looking for unassigned density overlapping water molecule from the native
high-resolution BR model. Additional water molecules were placed into unassigned density
after accounting for all protein residues and lipid molecules.

Molecular dynamics

Simulations of three systems—native BR, BR_A215T, and SRIl—were run in parallel, each
in a POPC bilayer (~230 lipid molecules) in excess water (~12,000 water molecules) with a
single protein monomer and sufficient counterions to give the system a net zero charge.
Each simulation was roughly 100 ns in length. We placed each monomer in a pre-
equilibrated bilayer and relaxed the systems by running first for 100 ps with the protein
backbone fixed, then 100 ps sequentially with backbone restraints of 50, 20, 10, 5, 2, and 1
kcal/mol/A. All simulations were performed with the NAMD 2.6 software package.?8 The
CHARMM?22 and CHARMM3?2 force fields2%:30 were used for the protein and lipids,
respectively, and the TIP3P force field3! was used for water. Parameters for the retinal were
taken from quantum chemical calculations performed by Nina et a/32 and Tajkhorshid et
al33 The smooth particle Ewald method343% was used to calculate electrostatic interactions,
and the short-range real-space interactions were cut off at 11 A, employing a switching
function. A reversible multiple-time-step algorithm3¢ was employed to integrate the
equations of motion with time steps of 4 fs for electrostatic forces, 2 fs for short-range
nonbonded forces, and 1 fs for bonded forces. All bond lengths involving hydrogen atoms
were held fixed using the SHAKE3" and SETTLE38 algorithms. Molecular graphics and
simulation analyses were performed using VMD 1.8.7.39 A Langevin dynamics scheme was
used for temperature control, and a Nosé-Hoover-Langevin piston was used for pressure
control 4041
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IA215T-BR/SRII)

Time (ns)

Fig. 1.

Comparison of crystal structures of native BR (PDB ID: 1C3W), A215T mutant BR, and
SRII (PDB ID: 1JGJ). (a) Relative positions of Tyr185/Tyr174, Asp212/Asp201, Tyr57/
Tyr51, and Thr215/Thr204 (Ala215 in native BR) in the three proteins. The hydroxyl group
of Thr215/Thr204 is shown as a dark-yellow sphere and as a dark-blue sphere (respectively).
Asp212 of BR_A215T is rotated ~60° around the 2 angle relative to both native BR and
SRII. (b) Relationship between Arg82/Arg72 and retinal in all three proteins. The position of
Arg82 in the native and mutant BR structures is almost identical. (c) Relative positions of
retinal and Thr215/Thr204 in BR_A215T (yellow) and SRII (blue). Distance between
threonine and retinal represented by an arrow. (d) Distance between hydroxyl oxygens of
Tyrl85/Tyrl74 and Thr215/Thr204 in BR_A215T (red) and SRII (blue) during the last 10
ns of the molecular dynamics simulations. A broken line at 3.2 A represents the hydrogen-
bond cutoff. While the Tyr174-Thr204 hydrogen bond remains strong throughout the
duration of the SRII simulation, the bond is weak in BR_A215T and fluctuates between 3
and 4 A.
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Thr215

Fig. 2.

Region of mutation in native and mutant BR crystal structures. Broken lines denote
hydrogen bonds, and arrows denote distances. (a) Crystal structure of native BR, with
emphasis on Ala215, Tyrl85, Asp212, and Tyr57. Asp212 is coordinated by the hydroxyls
of two tyrosine residues (57 and 185) via hydrogen bonds. The nonpolar Ala215:CB remains
4 A from Tyr185. (b) Crystal structure of A215T mutant BR (monomer A), with an
emphasis on Thr215, Tyrl85, Asp212, and Tyr57. Asp212 continues to accept a hydrogen
bond from Tyr57 but is now rotated too distant from Tyr185 for a hydrogen bond. The
mutated residue, Thr215, is closer to Tyr185 than the original alanine, forming a hydrogen
bond. The mutated residue, Thr215, is closer to Tyr185 than the original alanine, forming a
hydrogen bond. Here, we define a hydrogen bond geometrically as having a donor—acceptor
distance of <3.2 A and a donor-hydrogen—acceptor angle of >150°. Range of distances for
all three monomers of A215T: Y185(0OH) to T215(0G1), 2.90-3.08 A; Y185(0OH) to D212
(OD1), 3.45-3.67 A; Y185(OH) to D212(0D?2), 3.47-3.78 A; and Y57(OH) to D212(0D2),
2.94-3.27 A.
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Region of mutation in native and mutant BR molecular dynamics simulations. Broken lines
denote hydrogen bonds, and arrows denote distances. (a) Snapshot of native BR molecular
dynamics simulation taken after ~80 ns. Similar to the crystal structure, Asp212 is
coordinated by Tyr185 and Tyr57 through hydrogen bonds. The nonpolar Ala215:CB is >4
A from Tyr185. (b) Snapshot of A215T mutant BR molecular dynamics simulation at ~80
ns. Asp212 continues to accept a hydrogen bond from Tyr57 but is too distant from Tyr185
to accept a second hydrogen bond. Tyr185 is still >4 A from the mutated residue, Thr215.
(c) Distance between Asp212:0D2 and Tyr57:OH in both native and mutant simulations
over the last 10 ns of trajectory. (d) Distance between Asp212:012 and Tyr185:0H in both
native and mutant simulations over the last 10 ns of trajectory. Hydrogen bonds are defined
asin Fig. 2.
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BR_A215T

Water coordination near photoactive sites of BR, SRII, and BR_A215T. (a) Snapshot of
native BR molecular dynamics simulation taken at ~80 ns. Water molecules (red and white)
are localized between retinal and Arg82. (b) Snapshot of native SRII simulation taken at ~80
ns. Water molecules (red and white) are localized near retinal and Arg72, although at least
two molecules are seen toward the cytoplasmic region of the protein. (c) Snapshot of
BR_A215T mutant simulation taken at ~80 ns. A chain of water molecules (red and white)
is visible from the cytoplasmic region above the retinal, and this extends into a region
between retinal and Arg82, toward the periplasmic region. This arrangement is not observed

in native BR or SRII.
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Fig. 5.

Water molecules near the mutation site in both native and mutant BR molecular dynamics
simulations. Possible hydrogen bonding involving water molecules indicated with broken
lines. (a) Snapshot of native BR molecular dynamics simulation at ~80 ns. Four water
molecules (shown as pink spheres) are within 5 A of Tyr185, Asp212, and Tyr57. Distances
of bonds are (1) 2.70 A, (2) 3.16 A, (3) 2.61 A, (4) 2.80 A, (5) 2.96 A, (6) 2.87 A, (7) 3.14
A, and (8) 2.89 A. (b) Snapshot of A215T mutant BR molecular dynamics simulation at ~80
ns. Five water molecules (shown as pink spheres) are within 5 A of Tyr185, Asp212, Tyr57,
and Thr215. Distances of bonds are (1) 2.68 A, (2) 2.56 A, (3) 2.84 A, (4) 2.55 A, (5) 2.82
A (6)2.80A, (7)2.92 A, (8)2.84 A, and (9) 3.02 A. Hydrogen bonds are defined as in Fig.
2.
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Data collection and refinement statistics

Table 1

Data collection
Beamline
Wavelength (A)
Space group
Cell dimensions
a b cA)
B ()
No. of molecules in the asymmetric unit
Resolution range (A)
Mosaicity range (°)
Total observations
Unique reflections
Redundancy
Completeness (%)
FRimerge (%)
Average /o
Data processing program
Refinement
Refinement programs
Resolution range (A)
R-factor (%)
FRiree (%)
Solvent content (%)
No. of atoms, average B (A2)
Protein
Water
Retinal
Lipid
RMSD from ideal bond lengths (A)
RMSD from ideal bond angles (°)

Ramachandran plot (preferred/allowed/outliers) (%)

9.1, SSRL, Menlo Park, CA

0.979
2

61.452, 106.139, 124.139

90.0, 95.08, 90.0
3
50.0-3.0
0.34-1.15
53,674
15,545
35(2.9)
97.5 (92.1)
16.2 (49.1)
9.43 (2.34)
HKL2000

CNS, Refmach
50.0-3.0
235
28.8
54.8

5241, 47.2
46, 24.1
60, 34.5
325, 55.6

0.010
1.55
94.0/6.0/0.0
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