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AssignFit is a computer program developed within the XPLOR-NIH package for the assignment of dipolar
coupling (DC) and chemical shift anisotropy (CSA) restraints derived from the solid-state NMR spectra of
protein samples with uniaxial order. The method is based on minimizing the difference between exper-
imentally observed solid-state NMR spectra and the frequencies back calculated from a structural model.
Starting with a structural model and a set of DC and CSA restraints grouped only by amino acid type, as
would be obtained by selective isotopic labeling, AssignFit generates all of the possible assignment per-
mutations and calculates the corresponding atomic coordinates oriented in the alignment frame, together
with the associated set of NMR frequencies, which are then compared with the experimental data for best
fit. Incorporation of AssignFit in a simulated annealing refinement cycle provides an approach for simul-
taneous assignment and structure refinement (SASR) of proteins from solid-state NMR orientation
restraints. The methods are demonstrated with data from two integral membrane proteins, one a-helical
and one b-barrel, embedded in phospholipid bilayer membranes.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Methods for NMR structure determination typically rely on
obtaining resonance assignments by establishing correlations be-
tween neighboring atoms, followed by measuring a series of re-
straints (e.g. distances, orientations) for each assigned site, that
are used in structure determination by simulated annealing. In re-
cent years, methods for simultaneous assignment and structure
refinement (SASR) have been developed for both solution NMR
and solid-state NMR.

For solution NMR, several such methods rely on backbone resid-
ual dipolar couplings (RDCs) measured from weakly aligned sam-
ples, in combination with backbone chemical shifts, to define and
connect structured fragments of a protein in a sequence-specific
manner [1], to obtain backbone resonance assignments from a
known protein structure [2], or to determine the three-dimen-
sional arrangement of protein–protein complexes from the
pre-determined structures of the individual components [3,4].
Alternatively, it is possible to generate low-resolution structures
of globular proteins by fitting unassigned NMR data (e.g. chemical
shifts, NOEs, RDCs) to computationally predicted structural models
using a Monte Carlo procedure [5]. Finally, methods have been
ll rights reserved.
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developed to compute realistic spatial proton distributions for pro-
teins in solution, solely from experimental NOE data with minimal
assignments [6–8].

For solid-state NMR, the direct correlation between protein
structure and the orientation-dependent dipolar coupling (DC)
and chemical shift anisotropy (CSA) frequencies, measured in sam-
ples with uniaxial order [9–11], provides a method for SASR based
on minimizing the difference between the experimentally ob-
served spectral frequencies and the frequencies back-calculated
from a structural model. Because such solid-state NMR spectra dis-
play full, or near full, magnitudes of the DC and CSA, the order ten-
sor is known a priori, and their interpretation is significantly
facilitated. The SASR approach relieves the burden of having to ob-
tain near complete resonance assignments prior to structure deter-
mination: resonance assignments are obtained as a side product of
fitting a structural model to the NMR data, but is not a prerequisite
for structure determination.

Uniaxial order can be achieved by either inducing sample align-
ment relative to the magnetic field (Bo), as in oriented sample (OS)
solid-state NMR [12,13], or by exploiting the inherent uniaxial
rotation of a protein relative to an internal principal axis in a
non-aligned sample (e.g. [14–16]). Since the direction of order is
fixed by the sample geometry, the resulting NMR frequencies
provide not only precise internal restraints for structure determi-
nation, but also relative restraints that enable the structure to be
positioned in the context of the alignment medium. This is
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Fig. 1. SASR protocol. (A) Flowchart representation of SASR using AssignFit. (B)
Energy and RMSD functions calculated by AssignFit to evaluate the results.
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particularly useful for membrane proteins in lipid bilayers where
structure determination also yields the three-dimensional position
of the protein within the membrane [17–21]. For membrane pro-
teins embedded in phospholipid bilayer membranes, the direction
of order is determined by the membrane preparation, which can
consist of planar lipid bilayers supported on glass or aligned mag-
netically, or of spherical vesicles where the protein undergoes rota-
tional diffusion around the lipid bilayer normal (n).

In the first applications of SASR to a-helical membrane proteins,
the 1H/15N separated local field (SLF) spectra obtained from combi-
nations of selectively 15N-labeled (by residue type) and uniformly
15N-labeled (all residues) proteins were assigned by comparison
with the spectra calculated from a structural model, and the as-
signed experimental frequencies were then used to either directly
calculate backbone dihedral angles [18], or as orientation restraints
in a simulated annealing protocol [22], to obtain a final membrane-
oriented structure consistent with the data. Alternatively, an algo-
rithm has been described to build structural models from random
assignments of SLF data and comparison of the data back-calcu-
lated from each structural model with the experimental data
[23]. Furthermore, a method based on graph theory has been
developed to simultaneously obtain structure and assignment of
1H/15N SLF spectra [24]. These two approaches were developed
specifically for a-helical proteins, although they should also be
applicable to other regular secondary structures.

In a recent application of SASR to a b-barrel outer membrane pro-
tein, the 1H/15N SLF spectrum of 15N-Phe-labeled OmpX in magnet-
ically oriented lipid bilayers was assigned through an iterative
approach where each of the possible peak assignment combinations
was tested for its ability to provide 1H/15N DC and 15N CSA orienta-
tion restraints, consistent with the proper spatial orientation of the
crystal structure within the membrane and with its associated back-
calculated spectrum [25]. Although powerful, this type of analysis
can quickly evolve into a complicated problem when the number
of assignment permutations to be tested is very large, since for n
number of peaks there are n! assignment permutations. For exam-
ple, there are 5040 (7!) ways to assign the 7 Phe peaks in the SLF
spectrum of selectively 15N-Phe-labeled OmpX and, while the task
can be alleviated by further subdividing the spectrum into separate
sets of peaks according to their H/D exchange [25], or other proper-
ties, such simplifications are not always possible.

Here we present a computer program, AssignFit, developed with-
in the XPLOR-NIH package [26], that greatly facilitates the SASR pro-
cess. Unlike the first applications of SASR to a-helical [18] or b-barrel
[25] membrane proteins, where the potential assignment permuta-
tions were generated by hand and analyzed with the aid of home-
developed FORTRAN code, AssignFit generates all permutations
computationally and tests them for best fit to the data.
2. Results and discussion

2.1. AssignFit and the SASR protocol

The SASR calculation cycle starts with an initial structural mod-
el and a set of unassigned DCs and CSAs for a particular residue
type (e.g. from a selectively labeled sample). Each SASR cycle con-
sists of generating optimal residue-specific assignments for the in-
put data, and then using the assigned DC and CSA restraints to
refine the structural model, which provides the input for the next
SASR cycle where a new set of DCs and CSAs are assigned. The cy-
cles are continued until all DC and CSA restraints are assigned and
the resulting structure is consistent with the entire data set
(Fig. 1A).

AssignFit is an integral part of the SASR process. Starting with a
structural model and a set of DC and CSA data, AssignFit generates
all possible assignment permutations and calculates the corre-
sponding molecular alignment, the atomic coordinates reoriented
in the alignment frame, and the associated set of NMR frequencies,
which are then compared with the experimental data for best fit.
For each possible assignment the optimal orientation of the input
structural model is determined using conjugate gradient minimi-
zation of a weighted sum of energies (Etot) corresponding to DC
and CSA terms (Fig. 1B). The assignments are sorted by the
weighted sum of RMSDs for both DC and CSA (RMSDtot), and the
lowest RMSD assignments are saved for further analysis.

While the orientation determination is quite fast, the number of
possible assignments grows combinatorially such that exhaustive
calculation of these orientations becomes impractical when there
are more than about 11 residues of a particular type to be assigned.
In this case, it may be possible to split the data points into smaller
subsets grouped by other known properties, such as 2H exchange
or dynamics. Moreover, SLF spectra provide a natural separation
of frequencies according to the orientation of their corresponding
structural domain (e.g. transmembrane versus membrane surface
helices), thus separating the data into smaller subgroups that can
be handled more readily by the program. For example, the cross-
polarization matching condition in SLF experiments can be ad-
justed to selectively couple only those residues in transmembrane
helices. Finally, graph-theoretic approaches, such as those used in
[8], completely avoid the combinatorial growth problem, and are
straightforward to implement in our current protocol when re-
quired by large system size.

AssignFit uses the modules for variable tensor (varTensorTools),
RDC potential (rdcPotTools), and CSA potential (csaPotTools) avail-
able in XPLOR-NIH [26,27]. The relevant parameters and associated
energy (Etot) and RMSD (RMSDtot) functions are described below
and in Fig. 1B.

For solid-state NMR studies, the magnitude and orientation of
the alignment tensor are known, or can be closely estimated, from
the sample geometry. In this case, AssignFit can be performed by
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specifying and fixing the values of the axial alignment parameter
(Da) and rhombicity (Rh), so that only the orientation of the input
structure relative to the principal alignment axis (e.g. the lipid
bilayer normal) is varied. Alternatively, AssignFit could be applied
to cases where the tensor is not known (e.g. data from weakly
aligned samples) by allowing the values of Da and Rh to vary.
Selecting this option results in AssignFit performing singular value
decomposition for each set of assignment permutation to calculate
1H
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Fig. 2. Results for the five lowest energy assignments obtained with XPLOR-NIH Assign
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and energy values (G) obtained for each of the five lowest energy assignments before
orientations consistent with each of the five lowest energy test assignments obtained fr
reader is referred to the web version of this article.)
the optimum values of Da and Rh, together with molecular orienta-
tion. The application of this approach for solution NMR alignment
tensor determination, based on RDCs assigned solely by residue
type and a known protein structure, has been demonstrated previ-
ously for the structural analysis of protein–protein complexes [28].
In that case a pre-refined structure was used to determine the val-
ues of Da and Rh, which were then used to position the protein in
the context of the complex.
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Both DC and CSA need to be signed (+/�) values in the input
files of AssignFit. The CSA signs are obtained experimentally and,
while the SLF experiment does not provide direct information
about the DC signs, the latter can often be determined from the
peak positions in the spectrum [29]. In cases where this is not pos-
sible, AssignFit enables peaks with ambiguous signs to be specified
and taken into account during the calculation by testing different
sign permutations.

The value of Etot reflects the combined difference between the
observed and back-calculated DC and CSA, each scaled by the cor-
responding user-defined force constants (RDCscale, CSAscale). The
value of RMSDtot reflects the combined RMSD for DC and CSA,
scaled by the relative effective spectral resolution (Rspec) available
in the DC and CSA dimensions (Fig. 1B). Rspec is a user-defined
parameter that reflects the ratio of the total spectral range avail-
able to the resonance line width. Its value can be determined from
the observed spectral ranges and associated experimental line
widths or errors for the DC and CSA data. The value of RMSDtot,
scaled in this way, provides an effective parameter for selecting
the AssignFit result with best fit to the experimental spectrum.
For the spectra of OmpX and fd coat protein examined in this study
values of Rspec = 7.5 and Rspec = 4.0 were used, respectively; they
each reflect experimental CSA spectral ranges of 150 ppm (OmpX)
or 80 ppm (fd) with a CSA error of 1 ppm, and DC spectral ranges of
5000 Hz (OmpX, fd) with a DC error of 250 Hz.

2.2. AssignFit assignment of the 1H/15N SLF spectrum of the OmpX b-
barrel in oriented lipid bilayers

We first used AssignFit to assign the 1H/15N SLF spectrum of
15N-Phe labeled Escherichia coli OmpX in magnetically aligned
phospholipid bilayers (n||Bo). OmpX forms an eight-stranded trans-
membrane b-barrel in the outer membrane of E. coli. Its structure
has been determined by both X-ray crystallography [30] and solu-
tion NMR [31] in detergents, and we have determined its orienta-
tion in phospholipid membranes using solid-state NMR [25].

Using AssignFit, starting from the crystal structure of OmpX, all
5040 test assignments of the 7 Phe peaks were obtained in 634 s of
CPU time (Hp-390t Linux computer, Intel Core i7-970 3.20 GHz six-
core processor) without the need to separate the data into two sets
according to their H/D exchange properties, as was done previously
[25]. The five lowest energy assignments (Fig. 2A–E) all yield calcu-
lated spectra that are visually very similar to the experimental
spectrum, good correlations between observed and calculated
15N CSA and 1H/15N DC frequencies, and very similar molecular ori-
entations of OmpX within the membrane (Fig. 2H). One test assign-
ment with the best correlations (test #1; Fig. 2A) has the lowest
values of both RMSDtot (Fig. 2F) and Etot (Fig. 2G). It is identical
to our previously determined assignment [25] and yields an iden-
tical transmembrane orientation of the b-barrel.

The next four lowest energy results swap the assignments
among F107, F115 and F125 (test #2–4; Fig. 2B–D) or between
F43 and F148 (test #4–5; Fig. 2D–E), and thus produce poorer cor-
relations between experimental and calculated data, reflected in
higher values of RMSDtot and Etot. The peaks for F107, F115 and
F125 are clustered within a 15 ppm by 2 kHz spectral region, and
their corresponding NH bonds have relatively similar orientations.
Therefore, it is not surprising that swapping their assignments
yields similar molecular orientations. Similarly, the peaks from
F43 and F148 are very close in a narrow spectral window (8 ppm
by 80 Hz) and their assignments can be swapped with little conse-
quence. In contrast, the peaks from F90 and F24 occupy singular
positions in the spectrum, and their assignments are constant in
all of the lowest RMSDtot and Etot AssignFit determinations.

Since lipid bilayers magnetically aligned with n||Bo have net ax-
ial order parameters in the range of Szz = 0.9–0.8, a value of Da = 8.5
was used to generate the AssignFit results in Fig. 2. Varying Da from
10 to 7 kHz does not affect the AssignFit result but produces calcu-
lated SLF spectra where the DC and CSA frequencies scale as Szz and
the SLF peaks move progressively towards the isotropic frequen-
cies with decreasing Da (Fig. 3). The best fit to the experimental
spectrum is observed for Da = 8.5 kHz, the value which also yields
the lowest AssignFit values of RMSDtot and Etot, and which was
found to give the best agreement between experimental and calcu-
lated frequencies in the previous study [25].

2.3. AssignFit and SASR of the a-helical fd bacteriophage coat protein
in oriented lipid bilayers

We next used AssignFit to assign the 1H/15N SLF spectrum of
15N-selectively labeled fd coat protein in glass-aligned phospho-
lipid bilayers (n||Bo). The membrane-bound form of the major pVIII
coat protein of filamentous fd bacteriophage resides in the inner
membrane of infected E. coli before incorporation into virus parti-
cles that are extruded through the bacterial cell membrane. The
structure of the membrane-bound form has been extensively stud-
ied in micelles and lipid bilayers using NMR (reviewed in [18]). The
protein has two distinct a-helices: a short amphipathic helix that
associates with the membrane surface and a longer hydrophobic
helix that traverses the membrane.

Previously [18], we showed that the 1H/15N SLF spectrum of fd
could be assigned by comparison with the spectra back-calculated
from ideal helices oriented in the magnetic field by relying on the
characteristic wheel-like patterns (Pisa wheels) observed in the spec-
tra of helical proteins [9–11]. In this first example, each potential
assignment permutation was generated by hand and analyzed with
the aid of home-developed FORTRAN code. The best assignments
were selected based on the ability of the corresponding DC and CSA
frequencies to yield the most favorable helical backbone dihedral an-
gles for connected residues. In contrast, AssignFit generates all per-
mutations computationally and automatically tests them for best
fit to the experimental data and a reasonable structural model.

Using AssignFit in combination with an ideal helix starting mod-
el, the SLF peaks corresponding to the four Val, three Ala, and three
Gly residues in the transmembrane helix of the fd coat protein could
be assigned quickly, and the accuracy of the assignments could be
evaluated quantitatively (Fig. 4). Furthermore, using AssignFit as
part of an SASR cycle where the structural model is refined after
assigning each set of peaks, increases the assignment confidence
by ensuring that each assigned data set is consistent with the next,
to produce a final refined structure consistent with the data.

To start the SASR cycle we performed AssignFit for the four Val
peaks, using an ideal helix with uniform backbone dihedral angles
(/ = �60, w = �45) for the 50-residue fd coat protein (Fig. 5A).
Since there is a single Leu (L41) in the transmembrane helix of
the coat protein, assignment of its peak was held fixed in all
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AssignFit calculations. The lowest RMSDtot and Etot assignment is
shown in Fig. 4A (test #1). This result generates a rigid body orien-
tation of the starting model (Fig. 5B) similar to the membrane ori-
entation of fd in the previously determined structure (Fig. 5D;
[18]). The next best assignment of the Val peaks (test #2) swaps
the labels of V29 and V33. These residues occupy similar positions
along the a-helix (Fig. 5) and their peaks have overlapped 15N
chemical shifts. However, swapping their assignments results in
significantly higher values of RMSDtot and Etot, enabling the Assign-
Fit results to be differentiated. Refinement of the starting model
using the Leu41 and Val DC and CSA restrains assigned in test
#1, followed by another AssignFit search for the Val assignments,
yields a calculated spectrum with excellent fit to the experimental
data (Fig. 4A), and corresponding values of RMSDtot and Etot that
are much lower and much more differentiated from the other test
assignments than those obtained before refinement.

The Leu/Val-refined model was subsequently used in a second
SASR cycle where AssignFit was used to assign the Ala peaks while
the assignments for L41 and Val were held fixed, and the assigned
Ala restrains were used together with those for Leu and Val in a
second refinement step. Finally, the resulting Leu/Val/Ala-refined
model was used in a third SASR cycle, where AssignFit was used
to assign the Gly peaks, and the assigned Gly restrains were used
together with those for Leu, Val, and Ala in a third and final refine-
ment step. Note that the peaks for G23 and G34 are overlapped,
and their assignment can be swapped with little consequence for
model refinement or spectrum back-calculation, as evidenced by
the similar values of RMSDtot and Etot observed for test assign-
ments #1 and #2 where this occurs (Fig. 4C).

The resulting structure of the fd transmembrane domain (resi-
dues 19–46) determined by SASR using only Leu, Val, Ala and Gly re-
straints compares very favorably (average backbone RMSD = 1.0 Å)
with the structure determined using DC and CSA restraints for all
residues [18]. Notably, the three-dimensional membrane orienta-
tion, which is an integral part of this structure determination
method, is also reproduced very well (axially within 5�; Fig. 5E).
Finally, the spectrum that is back-calculated during the last refine-
ment step correlates very well with the experimentally measured
spectrum of 15N-uniformly labeled fd coat protein (Fig. 4D), with
excellent correlation coefficients (R2) for both 1H–15N DC and 15N
CSA frequencies (Fig. 4E and F); these values provide a quantitative
estimate of the agreement between the refined structure and the
experimental data.

The results illustrate two important aspects of the SASR meth-
od: (1) structure refinement is obtained simultaneously with reso-
nance assignment and (2) complete resonance assignment is not
required. The inclusion of additional assigned restraints will im-
prove both structural accuracy and precision, but a very reasonable
backbone structure can be obtained even with a few gaps in the re-
straints coverage of the amino acid sequence. The examples
described in this paper are for double resonance 1H/15N spectra,
however AssignFit and SASR can include both 1H/13C DC and 13C
CSA data. This would additionally enhance the confidence in
assignment selection and improve structural refinement by pro-
viding an additional set of restraints.

2.4. AssignFit parameter optimization

The values of RMSDtot and Etot calculated for each test assign-
ment of AssignFit depend on the user-defined parameter Da and
on the relative values of the DC and CSA force constants (DCscale,
CSAscale). The effects of these parameters are illustrated in Fig. 6,
for both OmpX and fd coat protein. Viewing RMSDtot as a function
of both Da and the ratio of the force constants (CSAscale/DCscale)
indicates that, for both proteins, the best fit to the experimental
data is obtained when Da = 8.5 kHz and when CSAscale/
DCscale = 0.01. For OmpX, the value of Da = 8.5 kHz is in line with
the order parameter expected for magnetically aligned bilayers.
However, the fd coat protein incorporated in glass-aligned lipid
bilayers would be expected to exhibit higher order, with
Da = 10 kHz, which was the value of Da used in all AssignFit calcu-
lations. Indeed, we observed that upon refinement with additional
assignments of Ala and Gly, the optimum value of Da (yielding the
lowest RMSDtot) shifted to 10 kHz for fd, while that of OmpX re-
mained constant at 8.5 kHz.

The optimal ratio of the DC and CSA force constants between 0.1
and 0.01 reflects the optimum balance between the effects of DC
and CSA restraints in the calculation. It is the region where both
DC and CSA contribute equally to the assignment determination.
When CSAscale/DCscale > 0.1, the CSA makes a disproportionate
contribution; in contrast, when CSAscale/DCscale < 0.1, the DC fre-
quency takes over and controls the result. Both cases have the po-
tential of skewing the AssignFit result towards a poor fit with the
experimental data.

For both OmpX and fd coat protein, the assignment with best fit
between structure and experiment displays a minimum in both
RMSDtot and Etot at the optimal value of Da (Fig. 6B and C). However,
while RMSDtot is also minimal at the optimal value of CSAscale/
DCscale (Fig. 6D), the same is not true for Etot, which always reflects
the actual values of the force constants used and, thus, always in-
creases with increasing CSAscale and DCscale (Fig. 6E). Therefore,
while both RMSDtot and Etot are useful parameters for quantitatively
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Potential term parameters used for AssignFit calculation of the fd coat protein.

RDCpot (DC restraints)
Force constant = 1 kcal s2 mol�1

Da = 10 kHz
Rh = 0

CSApot (15N CSA restraints)a

Force constant = 0.01 kcal s2 mol�1

DaScale = 20,000
15N tensor for non-Gly [51]: diso = 119 ppm, d11 = �42.3 ppm,
d22 = �55.3 ppm, d33 = 97.7 ppm, b = 17�, c = 0�

15N tensor for Gly [52]: diso = 105 ppm, d11 = �41.0 ppm, d22 = �64.0 ppm,
d33 = 105.0 ppm, b = 20�, c = 0�

a Values are reported following the convention |d33| > |d22| > |d11|; the angle b is
between d33 and the NH bond and the angle c is between d22 and the axis normal to
the peptide plane.
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assessing confidence in each AssignFit result, RMSDtot is better sui-
ted for this purpose, since it always yields a minimum for the best-
fit assignment. Indeed, we find that the best results are obtained
when we select assignments based on the lowest RMSDtot.

3. Conclusions

The recent development of bioinformatics methods for predict-
ing protein structure, either by comparative homology modeling
based on amino acid sequence similarity to a protein of known
structure [32,33], or by de novo methods based on database
searches for low energy conformations compatible with the target
amino acid sequence [34–39], enable structural models of proteins,
including membrane proteins, to be generated. Our interest is not
in obtaining the most precise structure from these statistical meth-
ods but rather to obtain effective starting structural models that
will enable AssignFit and SASR to assign experimental solid-state
NMR orientation restraints, which can then be used for structural
refinement directed toward the calculation of atomic resolution
structures with high accuracy and precision. Furthermore, orienta-
tion restraints measured for membrane proteins in lipid bilayer
membranes can also be used to refine NMR or crystal structures
determined in detergents, to obtain membrane-specific structural
information that more closely resembles the native environment
[22,25]. Regardless of the provenance of the starting model, even
a few DC and CSA measurements can provide effective orientation
restraints enabling some structural information to be obtained
prior to complete resonance assignment. AssignFit facilitates the
SASR process by minimizing the difference between experimen-
tally observed spectral frequencies and the frequencies calculated
from a structural model. Its incorporation in the XPLOR-NIH pack-
age further facilitates its use in combination with simulated
annealing for structure refinement.
4. Methods

4.1. Computer programs

All calculations were performed with the XPLOR-NIH molecular
structure determination package [26]. Molecular structures were
analyzed and visualized with Pymol [40]. A set of example scripts
and input data files are provided with XPLOR-NIH release 2.29.

4.2. Initial structural models

The 50-residue ideal a-helix used as initial model for the fd coat
protein was generated from extended random coil coordinates
using a high temperature simulated annealing protocol [41] in
XPLOR-NIH, restrained by uniform (u = �65�, w = �40�), tight
(±0.1�) backbone dihedral angles, imposed with a force constant
of 1000 kcal mol�1 rad�2. The coordinates of the 1.90 Å crystal
structure of OmpX [30] were obtained from the Protein Data Bank
(PDB code 1QJ8). After adding missing hydrogens, the structure
was subjected to Cartesian coordinate Powell minimization as de-
scribed [25].

4.3. AssignFit parameters

The parameters used in the AssignFit calculations are listed in
Table 1. User-defined parameters include the values of Da and
Rh, specifying molecular order in terms of the 1H/15N DC, the val-
ues of the force constants for the DC and CSA potentials, and the



Table 2
Potential term parameters used for structure refinement.

Potential Force constant 300 K 300–20 K
Dynamics Simulated

annealing

SANI (DC restraints) (kcal s2 mol�1) 0.1 0.1–1.0
DCSA (CSA restraints) (kcal s2 mol�1) 0.001 0.001–0.01
CDIH (predicted dihedral

restraints)
(kcal mol�1 rad�2) 300 300

RAMA (knowledge-based
dihedral restraints)

(kcal mol�1) 0.02 0.02–2.0

ANG (bond angle) (kcal mol�1 rad�2) 0.4 0.4–1.0
IMPR (improper dihedral

angle)
(kcal mol�1 rad�2) 0.1 0.1–1.0

VDWa (non-bonded atom–
atom repulsion)

(kcal mol�1 Å�4) 0.004 0.004–4.0

a Atomic radii are scaled by 0.4 during initial dynamics and minimization and
scaled by a value ramped from 0.4 to 0.8 during simulated annealing.
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value of Rspec specifying the relative spectral resolution used to cal-
culate RMSDtot. It is also possible to provide specific values for the
magnitudes and molecular orientation of the chemical shift tensor.
Previously we noted that residue-specific variations in the 15N
chemical shift tensor are minor compared to the spectral manifes-
tation of molecular orientation, indicating that 15N chemical shifts
as well as dipolar couplings can be useful restraints for structure
determination and refinement [18,25]. This is also evidenced by
the observation of the characteristic wheel like patterns in the
spectra of aligned membrane proteins [9–11].

For solid-state NMR experiments with membrane proteins in
either glass aligned (e.g. for fd coat protein) or magnetically
aligned (e.g. for OmpX) lipid bilayer samples, the order tensor (S)
is set by the sample’s liquid crystalline geometry. Order is axially
symmetric around the bilayer normal (n), which can be either par-
allel or perpendicular to the magnetic field (Bo), resulting in net ax-
ial alignment of Szz = 1.0 for n||Bo and Szz = �0.5 for n\Bo, and null
rhombicity (Rh = 2/3(Sxx � Syy)/Szz = 0) [42–45].

The axial alignment parameter, Da, incorporates both the values
of Szz and of Dmax, the maximum DC expected for a static NH bond of
a given bond length (Da = 1/2 � Szz � Dmax). For an NH bond length of
1.07 Å and corresponding Dmax = 20 kHz, values of Da = 10 kHz and
Da = �5 kHz are expected for fully ordered bilayers with n||Bo and
n\Bo, respectively. Glass-aligned lipid bilayers are highly ordered
and typically exhibit an overall order parameter for internal motion
close to 1.0, whereas for magnetically aligned bilayers, axially sym-
metric motional averaging scales Szz by a factor in range from 0.9 to
0.8.

The CSA alignment tensor was normalized to the maximum va-
lue of DC by setting the user-defined XPLOR-NIH AssignFit param-
eter, DaScale, equal to 20 kHz. The CSA for each residue was
calculated by subtracting the isotropic 15N chemical shift
frequency (diso) from the orientation-dependent chemical shift fre-
quency measured in the solid-state NMR SLF spectra of the aligned
protein; similarly, the CSA values calculated in AssignFit or after
structural refinement were converted to orientation-dependent
frequencies by adding diso.

4.4. Parameters used for structure refinement

Refinement of OmpX with the DC and CSA restraints for the 7
Phe residues was as described previously [25]. For refinement of
the fd coat protein, the DC and CSA energy terms were minimized
as described [46,47], after obtaining the appropriate assignments
with AssignFit. Additional restraints included loosely imposed
(±15�) backbone dihedral angles, derived from the predicted sec-
ondary structure, and the torsion angle potential of mean force
[48,49]. Finally, energy terms were included to enforce covalent
geometry (bonds, bond-angles and improper dihedral angles) and
prevent atomic overlap (via the standard repulsive quartic Van
der Waal term).

Structure refinement was performed with a simulated anneal-
ing protocol consisting of a 10 ps, variable timestep, torsion angle
molecular dynamics [50] phase at a temperature of 300 K, followed
by simulated annealing from 300 K to 20 K, in 10 K increments at
each step of 2 ps torsion-angle molecular dynamics. Finally, gradi-
ent minimization was performed in Cartesian coordinates. The
schedule for the force constants is specified in Table 2. A total of
100 structures were calculated and those with covalent or dihedral
restraint violations were discarded. The remainder was sorted
using experimental, dihedral and covalent energies. The structure
with the lowest energy was used as the initial structure in the next
SASR cycle.
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