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Summary

The L11 binding site is one of the most important functional sites in the ribosome. The N-terminal
domain of L11 has been implicated as a “reversible switch” in facilitating the coordinated movements
associated with EF-G—driven GTP hydrolysis. The “reversible switch” mechanism has been
hypothesized to require conformational flexibility involving re-orientation and re-positioning of the
two L11 domains, and warrants a close examination of the structure and dynamics of L11. Here we
report the solution structure of free L11, and relaxation studies of free L11, L11complexed to its 58
nt RNA recognition site, and L11 in a ternary complex with the RNA and thiostrepton antibiotic.
The binding site of thiostrepton on L11 was also defined by analysis of structural and dynamics data
and chemical shift mapping. The conclusions of this work are as follows: First, the binding of L11
to RNA leads to sizable conformation changes in the regions flanking the linker and in the hinge area
that links a B-sheets and a 31g-helix-turn-helix element in the N-terminus. Concurrently, the change
in the relative orientation may lead to re-positioning of the N-terminus, as implied by a decrease of
radius of gyration from 18.5 A to 16.2 A. Second, the regions, which undergo large conformation
changes, exhibit motions on ms-ps or ns-ps time scales. Third, binding of thiostrepton results in more
rigid conformations near the linker (Thr71) and near its putative binding site (Leul2). Lastly,
conformational changes in the putative thiostrepton binding site are implicated by the re-emergence
of cross-correlation peaks in the spectrum of the ternary complex, which were missing in that of the
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binary complex. Our combined analysis of both the chemical shift perturbation and dynamics data

clearly indicates that thiostrepton binds to a pocket involving residues in the 3;p-helix in L11.
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Introduction

One of the remaining important questions in the post-ribosome structure era is the mechanism
of translocation in protein synthesis.l'3 During the elongation cycle of protein synthesis, both
elongation factors, EF-G and EF-Tu, play essential roles. EF-Tu forms a complex with
aminoacyl-tRNA and GTP, and delivers the aminoacyl-tRNA to the A site, 4 whereas EF-G
in complex with GTP drives the translocation reaction. Both factors interact with a site that
consists of the highly conserved ribosomal protein L11 and a stretch of 58 nucleotides (nt) in
23S rRNA. The functional importance of this site on the ribosome is also suggested by the fact
that it is a target for the thiazole class of antibiotics, e.g. thiostrepton and micrococin, which
inhibit EF-Tu- and EF-G—dependent reactions. 5-811- def|C|ent mutants of both Escherichia
coli (E. coli) and Bacillus megaterium are viable but sick® due to dramatically slowed protein
synthesis. 9 The putative interaction site on L11 for thiostrepton is believed to be centered
around Pro21 and Pro22, which are conserved among bacterial and archaeal protelns.10 11
The lack of these two prolines in eukaryotic L11 provides a plausible explanation for the
insensitivity of eukaryotic ribosomes to thiostrepton.

The C-terminal domain (L11-CTD) is responsible for tight binding in the distorted minor
groove of the highly conserved L11 binding domain RNA (L11 BD RNA} 12,13 \whereas the
N-terminal domain (L11-NTD) has limited interaction with the rRNA. 12,14 |y L11 structures
derived from the crystal structure of either intact ribosomes or a binary L11 — rRNA fragment
complex 2 the relative position of the L11-NTD to the L11-CTD is not well-defined. A poor
electron density of the L11-NTD may be caused by the rigid body movement of the L11-NTD.

2 f s0, this movement of the L11-NTD implies flexibility in the linker between the two
domains, even though the linker is short and inherently rigid because of the presence of two
proline residues. 12Coordinated movements among the C-terminal domain of L7/L12, the G’
domain of EF-G and the L11-NTD have been proposed to play an important role in the
translocation reaction.19:16

Initial fits of L11 to lower-resolution cryo-EM electron density maps of the ribosome suggested
that a substantial rotation (~40°) and a shift (~7 A) of the L11-NTD had occurred relative to a
conformation seen in a crystal structure of the binary L11-58mer rRNA complex, 12,16 gng
that further changes in the relative position of the L11-NTD took place in response to GTP
hydronS|s 16 A recent fitting of the L11 binary crystal structure into a density map from a
higher resolution cryo-EM study required smaller adjustments in the orientation of the L11-
NTD, although inhibition of L11-NTD movements by thiostrepton remains the leading
potential mechanism for thiostrepton action.1? Given the importance of alternative L11-NTD
orientations and relative positioning of the two domains to the ribosome function, it is essential
to accurately define the free L11 structure in terms of both the relative orientation and
positioning, and to carefully examine the dynamics profiles of L11 in free state, in the binary
and ternary complexes in the context of the structure and its functions. Moreover, this study
would provide insight into the behavior of a functionally relevant section of the ribosome, at
a level of detail not possible in experiments with intact ribosomes.
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In this paper, we present the high-resolution structure of free L11 of Thermus thermophilis
(T. thermophilis), together with comparative studies of the dynamics of L11 in the free-state,
and in the binary and ternary complexes. The solution structure and dynamics of L11 presented
here complement and extend previous structural work, which includes a crystal structure of
the L11-RNA complex,12 and a recent NMR study of L11 of Thermotoga maritima (T.
maritime).18

Structure determination of free L11

The structure determination of L11 using conventional NOE distance and torsion angle
restraints was straightforward (Figure S1, Supporting Materials). The backbone-heavy atom
root-mean-square deviations (rmsds) relative to the average structures were 0.75 and 0.55 A
for the L11-NTD (residues 1-66) and the L11-CTD (residues 73-138, excluding a known
flexible RNA binding loop (RBL, residues 83-96)), respectively. However, the linker that
connects the two domains (residues 67—72) was poorly defined, possibly due to flexibility or
lack of restraints to define the structure of the region, or both. The relaxation parameters Ty,
T1, and 15N-[*H] NOEs of L11 backbone amides do not suggest that the linker is any more
flexible than the rest of the protein (Figure S2, Supporting Material). Model-free analysis

of 15N relaxation data yields the generalized order parameter, S2, and the effective internal
correlation time, 1,; the profiles of these parameters are plotted in Figure S3 in Supporting
Materials. The generalized order parameter of the linker residues is ~0.75 on average (Figure
S3), and confirmed that the linker residues are not particularly dynamic. Therefore, the apparent
structure disorder in this linker is likely due to the lack of restraints, resulting in the under-
defined relative orientation and position of the two domains. We therefore applied both
alignment and diffusion tensor analysis to characterize the relative orientation.

We first analyzed residual dipolar couplings (RDC) data of L11 using the singular value
decomposition method1®. An identical alignment tensor for both protein domains was
obtained, suggesting that the two domains act as a single rigid body. We then refined the
structure by including the RDCs of NH, C,H, and C,C’ in the structure calculation (Table 1).
Moreover, since the number of hon-dynamic RDCs that we could measured accurately was
less that the twice of the number of the residues in the protein, the error in applying the RDC
for the structure calculation may still exist.20 For this reason, we resorted to the orientation
diffusion tensor analysis, which is independent from alignment tensor analysis, to characterize
the relative orientation.

If the relative orientation between the domains is rigid and correctly defined, the RDC refined
structure should agree with the diffusion tensor analysis of the relaxation data. The calculated
rotational diffusion tensors of the individual domains and the full length protein, using the
standard linear least-squares optimization, T1/Ty,, ratio21-25 and the solution structure
coordinates, are listed in Table 2. Based on the calculation using the axial symmetric model,
the overall rotational correlation times for the L11-NTD, the L11-CTD and the overall structure
were 11.1, 11.2 and 11.1 ns, respectively. These values are expected for the L11 molecular
weight of ~16 kDa. In contrast, an overall rotational correlation time of ~6.0 ns would have
been expected if the individual domains were to rotate independently.26 The average angles
between the principle inertia tensor axes of the individual domains in their rotational diffusion
tensor frames, from the longest to the shortest axes among the ensemble of the structures, were
approximately 74°, 81° and 66°. These angles are similar to those calculated based on the
structures refined with RDCs (88°, 81° and 65° Figure S4). Therefore, in terms of the relative
oritentation between the two domains, the diffusion tensor analysis of the relaxation data agrees
with the structure that was refined with RDCs, and both the diffusion tensor analysis and RDC
data suggest that the L11 acts as a single body.

J Mol Biol. Author manuscript; available in PMC 2008 April 6.
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The ensemble of the 20 lowest-energy RDC-refined structures is shown in Figure 1(a). The
global rmsd values relative to the mean coordinates were 0.75 A and 1.22 A, respectively, for
the backbone and all heavy atoms of residues 5-140, excluding the RBL. The L11-NTD
consists of two integral parts: a 31g-helix-turn-helix (3;9HTH; residues 14-50), depicted in
magenta in Figure 1(c), and pB-sheets, depicted in cyan in Figure 1(c). “Hinges” link these two
parts, allowing possible movements within the L11-NTD itself (see later sections of this paper).

Refining the L11 structure using small-angle neutron scattering (SANS) data

As discussed in the Introduction, another important question pertinent to the “reversible
switch” is the relative positioning of the two domains, which can normally be well defined
with enough NOE distance restraints. However, only a very few NOE distance restraints
between the two domains of the L11 from T. thermophilis were extracted in our hands, and the
same problem has also been recognized by Ilin et al. in their L11 from T. maritime. 18 This
lack of sufficient inter-domain distance restraints may lead to uncertainty in defining the
relative positions of the two domains.

Small angle scattering curves contain information about dimensionality in the form of radius
of gyration (Rg) and global shape of molecules?’ , and have been used to generate low-
resolution structural models, 28-31 o1 ysed to complement NMR data to derive the solution
structures of multi-domain protems.32'33. Very recently, a protocol has been implemented to
directly refine NMR structures using small-angle X-ray scattering (SAXS) data.20 We resorted
to small-angle neutron scattering (SANS) measurements 34 to resolve the global shape,
specifically the relative position of the domains of L11.

The Ry values for free L11 in D,O and H,O buffers extracted from the SANS data, were 18.2
+0.3 and 18.5+0.3 A, respectively. These values are significantly different from those
calculated based on the RDC-refined NMR structures (16.7 A), suggesting a deviation in the
overall dimension of the RDC-defined structure from that of the true solution structure. This
deviation s likely caused by possible mis-placement of the relative position of the two domains.
We then adopted two approaches to refine the structure that make use of the SANS data from
the SANS data. Using a reported protocol we first refined the RDC-refined NMR structure
using Rg. Figure 2 shows the average SANS data for the samples measured in the Dzo buffer,
along with the SANS curves back-calculated from the RDC-refined NMR structure (x%=4.2).
With the simple refinement of using experimental Ry as one of restraints, the x2 improves to
~2.0 (Figure 2).

Since small-angle scattering scatterlng data contains information about not only Ry but also
the overall shape of a molecule,2’ a SAXS data was recently utilized in combination with
NMR data to directly refine the solution structure of y-crystallin to better define relative
position of the two domains and the overall packing of the protein.20 The advantage of using
SANS over SAXS is that the former measures “dry volume” and the interpretation of the data
isrelatively straightforward, whereas the latter measures *“wet volume” 36 and the interpretation
requires maing an assumption about the hydration water. 37 This difference in the two
approaches is important because the size of the hydration layer is often comparable to the subtle
change in Ry due to a switch in conformation, and uncertainty in estimating the hydration layer
may obscure the change in dimension due to conformation switch and may complicate the
interpretation of SAXS data. We have implemented the protocol of direct refinement of
structures using NMR and SANS data in Xplor-NIH. The %2 value was improved to be about
1.23 between the experimental and back-calculated SANS. While the backbone RMSDs of
domain-wise comparison between the RDC- and Rg-refined, and between the RDC-refined
and SANS-refined minimized average structures were rather small, about 0.35 A for the both
domains, the overall backbone RMSD, ~1.3 A, between the two structures was significantly
large. Because the relative orientation between the two domains was the same in all three
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structures because of RDC restraints, the difference in the overall backbone RMSDs between
the RDC-refined and either Rg-refined or SANS-refined structures was attributed to the
difference in the relative positioning gin the structures.

L11 changes conformations near the ends of the linker and in the hinges upon binding to

RNA

To determine whether free and RNA-bound L11 are structurally different, we compared the
structure of free L11 described above with that of the L11 in the binary complex crystal
structure.12 These findings are important because they may reveal residues or regions that may
be susceptible to conformation changes and may be critical to the L11-NTD movements
necessary for its function. Comparisons of the individual domains in the solution structure with
those of the crystal structure show nearly identical folds, with backbone RMSD values of 1.45
+0.11 and 1.1620.04 A for the regular secondary structures in the L11-NTD and -CTD,
respectively (Figure S5). However, when the regular secondary structures of both the domains
are simultaneously superimposed, the backbone RMSD value increased to 7.20+0.12 A. The
large RMSD difference between the two structures is attributed roughly to a rotation of the
L11-NTD by ~70 ° around the longest principal component of the inertia tensor, and to a tilt
of the domain by ~40° along one of the horizontal axes relative to the L11-CTD (Figure 3). In
detail, the conformation change upon binding to RNA was accomplished via a series of change
in both ¢ and y angles. We calculated the average difference of both ¢/y angles between the
two structures as defined using the following formula:

Aan g = 1 / ZN/ (p(solution) — ¢(crystal))2 + (Y(solution) — zp(crysz‘al))2
Aang Clearly revealed the residues where the ¢/ torsion angles underwent substantial changes
upon L11 binding to the RNA (Figure 4). Those residues include not only those located in the
L11-CTD regions in direct contact with the RNA (Ala82-Gly97, Met112, Leull5 and Thr118)
as expected, but also residues in or around the linker (Thr71 and Ala74) and in the L11-NTD.
The latter residues include those in the two hinges (Alal4-Lys16 in one, and Met48 and Asp50
in another, Figure 4). The large changes in the torsion angles of the hinge residues Alal4-
Lys16, Met48 and Asp50 allowed the 3190 HTH motif to reorient relative to the p-sheets in the
L11-NTD when bound to rRNA. These large changes were also accompanied by changes in
the torsion angles in the post—31g-helix residues in a loop (Gly28 and Ala32). The regions that
exhibited large changes in ¢/y angles were also those that showed motions on various time
scales (see the following sections).

Dynamics of L11 in the free state and in the binary and the ternary complexes

We have optimized solution conditions for NMR investigations of L11 in binary (L11-RNA)
and ternary (L11-RNA-thiostrepton) complexes. Almost complete assignments of the
backbone 1H/13C/5N chemical shifts of the L11 in both complexes have been obtained by
using a combination of 3D TROSY experiments. For the binary complex, the ratio of RNA:L11
had to be at least 2:1 due to a fast exchange between bound and free states in order to obtain a
high-quality spectrum. The weaker binding between the RNA and L11, which is estimated to
be on a um-scale, may complicate the interpretation of the Ty and Ty, of the binary complex
due to contributions from chemical exchanges. The ratio of RNA:L11 in the ternary complex
was kept to 1:1, with an excess of thiostrepton. The TROSY spectra of the L11 in all three
states are illustrated in Figure 5.

Dueto in part of the large molecular weights, ~40 kDa, and in part chemical exchanges between
the bound and free L11 in complex samples, it was impossible to apply the conventional array
of experiments to record relaxation data for L11 in all three states. The estimated low end of
the overall rotational correlation time was approximately 17 ns for both the binary and ternary
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complexes using the 1D [*5N,*H]-TRACT experiment.38 We then applied TROSY-type Ty,
T1pand 15N-[1H] NOE measurements>?:4Y in order to compare the dynamic properties of all
states (Figure 6). However, due to a poor signal-to-noise ratio in the Ty, measurements of the
binary and ternary complexes, we then resorted to measuring Ty, of the TROSY-component
of L11 in all three states using Palmer’s scheme.#1 These relaxation parameters are sensitive
to motions on the ps and ns time scale. However, the quantitative interpretation of the relaxation
parameters of these TROSY components has not been developed. Therefore, we present in this
paper only the qualitative interpretation of the data. Nevertheless, we have measured the
relaxation of free L11 using conventional experiments (Figure S2) and the results showed
basically the same trend as that for free L11 using the TROSY-based experiments (Figure 6).
In addition, we have also performed quantitative analysis of the relaxation parameters of free
L11, and the results are presented in supplementary materials (Figure S3).

The TROSY-type Ty, Ty, and NOE data, referred as Ty, Ty, and NOE in the rest of the text,
for free L11 were plotted against residue numbers as shown in green in Figure 6. The average
NOE value, excluding outliers, was about 0.83. The NOE values for the L11-NTD were
relatively uniform, except in the region around Ala51. In contrast, the L11-CTD contains the
large unstructured RBL, part of which shows significantly depressed NOE values (residues
90-95), agreeing with previous measurements of the L11-C76 fragment (from Bacillus
stearothermophilus, comprising residues 64—139).42!43 The C-terminal tail showed strongly
depressed NOEs from residues 143-147. The depression of the NOEs, which reflects internal
motion on the sub-ns timescale, was also reflected in depressed T, and elevated Ty, values for
90-95 in the RBL. Additionally, the C-terminal tail and residue Ala51 in the L11-NTD showed
substantially increased Ty, which, together with substantially depressed NOE at these
positions, indicate possible motions on the sub-ns timescale. It is interesting to note that in
contrast to those in the C-terminus, the residues in the N-terminus, which make Bq strand, are
not particularly dynamic (Figure 6).

For comparison, the Ty, Ty, and NOE data for the binary and ternary complexes were plotted
next to those for free L11 (Figure 6). The average Ty, of the TROSY components of L11 in
the binary complex was approximately 60 ms, about 5 ms shorter than that of L11 in the ternary
complex (Figure 6(c)), and may be attributed to the slow chemical exchange due to transient
inter-complex interaction. Compared to the Ty, of free L11, the Ty, of L11 in the complexes
showed relatively small fluctuations around their average mean values, with the exception of
Ala51. The T4 of L11 in both the binary and ternary complexes varied in concert, although the
Ty of L11 in the binary complex exhibits a larger variation (Figure 6). The NOE values of the
binary are consistently lower than those of the ternary complexes. The NOE values for the
binary complex are virtually identical in two sets of measurements recorded with 3 and 6 second
recycling time (data not shown). Furthermore, the Ty,,, T and °N-[*H] NOE values indicate
the RBL in complexes is flexible and still exhibits motion faster than their overall tumbling
time in the complexes (Figure 6c).

The L11-NTD in free L11 was more dynamic than the CTD. The average Ty, of the L11-NTD
in free L11 was ~210 ms, whereas that of the L11-CTD was ~180 ms, suggesting that, on
average, the residues in the L11-NTD undergo internal motions on a time scale faster than
those in the L11-CTD. This result appears to be in agreement with a recent molecular dynamics
study, in which the L11-NTD was seen to fluctuate significantly more than the L11-CTD.44
This difference between the domains disappeared in L11 bound to the RNA in both the binary
and ternary complexes, possibly due to the changes in dynamics upon the binding in the regions
flanking the linker (see the following discussion).

We also examined the relaxation data in the linker between the two domains and the regions
flanking the linker in the three states. The linker may serve as a hinge for the L11-NTD
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movement, and the relaxation data may provide a clue to the dynamics of the linker. First, the
residues in the linker appeared to have an average value of NOE in all three states (Figure 6c).
Second, Ala51 in all three states showed a deeply depressed NOE and a greatly elevated Ty,
indicating internal motion on the sub-ns time scale. Ala51 in free L11 also showed a greatly
elevated T, comparable only to residues at the end of the L11-CTD, suggesting a very fast
motion of Ala51. This is in contrast to the complexes in which the Ala51 T4 value is about
same as the mean value of T;. Last, the NOE value of the L11 Thr71 was depressed in the
binary complex but was about the average value in the ternary complex (Figure 6(c)),
suggesting that thiostrepton binding resulted in an altered dynamics, most likely more rigid
conformation. It is noteworthy that Leu12 showed a depressed value in the binary complex but
had an average NOE value in the ternary complex (Figure 6(c)), indicating a more rigid
conformation, which might be attributed directly to thiostrepton binding as Leul2 was located
right across from the 31¢-helix, the putative binding site for the antibiotic. We also attempted
to investigate the slow motion dynamics of L11 in the three states. The slow motion dynamics
of free L11, using the Car-Puercell-Meiboom-Gill technique (CPMG) dispersion
experiments“ll4 indicate residues Ser75 at the end of the linker along Gly49 in the hinge
region in free L11 showed internal motions on a us-ms time scale. Ser75 is located at the
beginning of a-helix 2 in the L11-CTD. We have performed the same experiments for L11 in
the binary and ternary complexes but were unable to obtain consistent sets of results due to a
poor signal-to-noise ratio of the spectra.

It is clear that residues that exhibit dynamic motion in the free state also have large changes
the @/y torsion angles when compared with those in the binary complex (Figures 4 and 6).12
In particular, Ser75, located at the beginning of ay, shows ms-us time scale motions; Thr71,
located at the end of the linker, shows an ns-ps time scale motion (Figures 4 and 6). Both of
the regions undergo large conformation changes (Figure 4). Furthermore, binding of L11 to
the RNA causes sizable changes in the torsion angles of the hinge residues that hold the
310HTH and B-sheets (Figures 1(c) and 4). As a result, Pro21 and Pro22 in the motif begin to
face toward A1067 and A1095 of the RNA, as shown in the binary complex.12 The ability of
torsion angles to change in the region around G49 also appears to be associated with motions
of ps-ms (G49) and ns-ps (residues 48-52) time scales (Figures 4 and 5).

The mode of action of thiostrepton

The chemical shift differences of the L11 amide groups between the free protein and binary
complex indicate, as expected from RNA binding studies with truncated L1114.46 and from
crystal structures of L11-RNA complexes,lzl13 that L11 binds to the RNA via the L11-CTD
(Figure 8(a) and (b)). The largest chemical shift perturbations were seen in the RBL between
residues Gly83 and Gly97. Besides the large perturbations of chemical shifts in the L11-CTD,
smaller perturbations of chemical shifts also occurred in the L11-NTD residues.

In contrast to the difference between chemical shifts in free and RNA-bound L11, a comparison
of the binary and ternary complexes suggests that binding of thiostrepton mainly perturbs
residues within the L11-NTD, while those in the L11-CTD remain largely unchanged (Figures
8(c) and (d)). Some of the largest perturbations of chemical shifts in the L11-NTD occurred in
amides of residues Val5, Val7, Leul0, Ala32, Gly49-Ala51, Val53 and Ser75, among which
residues Gly49-Ala51 are located in one of the hinges that bridge the B-sheets and the 3;pHTH
motif. The same region also showed one of largest changes in the torsion angles when bound
to the RNA (Figure 4), and ms-ps motions (Figure 6(c)). The amide chemical shifts of 1le52
were assigned in the free L11 but the cross peak was missing in both the spectra of the binary
and ternary complexes. We could not obtain chemical shift perturbation data in the putative
binding site for thiostrepton because it contains two prolines (Pro21 and Pro22); the cross peaks
of residues next to these two prolines were also missing in the binary complex spectrum,
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possibly due to exchange line broadening. However, many of these missing cross peaks in the
spectrum of L11 in the binary complex, including two residues immediately following these
prolines, re-emerged in the spectrum of the ternary complex. These residues were Lys3, Val4,
GInl11, Val23, Gly24, Ala26, Gly28 and GIn29. The re-emergence of these missing cross peaks
was the direct result of altered chemical exchange/dynamics of the region caused by
thiostrepton binding. These affected residues are located in 3, and the 31¢-helix (Figure 9).

Discussion

Inthe bacterial ribosome, the complex between protein L11 and the associated 58mer nt domain
of rRNA is involved in several important, factor-dependent processes.47 During the elongation
cycle of protein synthesis, EF-Tu—aminoacyl-tRNA complexes and EF-G, which share
structural similarities, 48 alternately interact with the same region of the ribosome.49 1t has
been hypothesized that the L11-NTD, which only weakly interacts with rRNA,12 may be able
intrinsically to change its conformation or position, and function as a molecular switch in
synchronization with the binding and release of EF-Tu and EF-G during the elongation cycle.
12,16,50 The antibiotic thiostrepton may affect the ribosome function by altering the
conformations accessible to the L11-NTD.10:11 |n this article, we present experimental
evidence that may reveal the structural and dynamic basis for the mobility of the L11-NTD.

The question of the relative orientation and position of the two domains is the central to the
“reversible switch” hypothesis. The L11-NTD in the free-state and in the binary complex
adopts different conformations and orientations relative to its CTD. The different orientations
are due to alternative conformations in the regions flanking the linker and in one of the hinges
in the L11-NTD, both of which exhibit ns-ps motions. In the crystal structure of the binary
complex,12 interface residues forming hydrogen bonds (the equivalent of Thr71 is bonded to
Lys111 and Asp114) are highly conserved. However, these hydrogen bonds are not present in
our solution structure of the free L11, and our relaxation data indicate that the amide 1°N of
Thr71 of L11 in the binary complex exhibits ns-ps motions (Figure 6). The major structural
differences in terms of the torsion angles can be seen in the residues flanking the linker and
the residues in the hinges between the B-sheets and the 3;gHTH motif in the L11-NTD, in
addition to those expected in the L11-CTD (Figure 4). These structural differences correlate
well with the chemical shift perturbation data (Figure 8 (a) and (b)): wherever a large change
in torsion angles occures between the two structures, a large change in chemical shifts occurs
in the same region, suggesting that these structural differences are not artifacts of crystal
packing. Furthermore, the change in the Ry value, from 18.5 A for free L11 to 16.2 A for the
L11 in the binary complex (IMMS12), with the ¥ = 9.4 between the experimental and the
back-calculated SANS, indicates a decrease in overall dimension, likely due to a shift of the
relative position between the two domains, upon binding to the RNA. We suggest that the
inherent dynamics in the regions flanking the linker and in the hinges allows them to adopt
different conformations and the relative position with little penalties in free energy when L11
binds to rRNA. While this work was in progress, an NMR study of L11 from T. maritimal8
also concluded that the L11 domain interface in solution is rigid and differs from that in the
crystal structure. Unfortunately, the coordinates of that structure are not availabel for a detailed
comparison with the T. thermophilis structure reported here.

Thiostrepton is believed to be the only antibiotic drug to bind to both rRNA and a protein in
ribosome. Its binding site on 23S rRNA, which involves A1067 and A10957°1 s relatively
well defined. In contrast, the interface between L11 and thiostrepton is less clear. A
mutagenesis study suggests that both Pro21 and Pro22 may be involved in the binding.10 A
recent proposal suggests that the antibiotic primarily binds to rRNA, inhibiting protein
synthesis by blocking a conformational change in the L11-NTD.11:47 Indirect experimental
evidence came from the altered protease susceptibility of Tyr62.11’47 Tyr62 (Tyr60in T.
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thermophilis) is located at the end of B, which is adjacent to the N-terminus of the protein.
The chemical shift perturbation data indicate that the residues in the N-terminus were among
the most affected by thiostrepton binding (Figure 8 (c) and (d), and Figure 9), suggesting that
significant conformation change took place in the region. It is possible that the thiostrepton-
induced conformational change in the N-terminus renders Tyr62 less accessible to the protease.

Moreover, the residues that were affected by thiostrepton binding can be divided into two
groups. The first group is located either in the vicinity of the putative binding site, and the
second group in the remote region at the hinge and the end of the linker. The perturbed residues
near the putative binding site include those in the 31g-helix, in the opposing B1 and the rest of
the N-terminus (Figure 9). The 31g-helix and the opposing B, strand form a shallow pocket.
Interestingly, almost all residues following, but none of those preceding the Pro21 and Pro22,
were affected by the binding. One plausible explanation is that thiostrepton may be in close
contact to the residues in the 31g-helix, which directly faces RNA residues A1067 and A1095
inthe binary complex.12 Thisexplanation is consistent with the proposed “thiostrepton pocket”
model, in which the antibiotic is sandwiched between A1067 and A1095, and the 31p-helix.
47 The second group of the perturbed residues include those in the hinge and those at the end
of the link (Figure 9). Both Ala51 in the hinge and Thr71 at the end of the linker exhibit ns-ps
dynamics in the binary complex (Figure 6(c)), and Thr71 appears to become rigid upon
thiostrepton binding in the ternary complex (Figure 6(c)). The chemical shift perturbation of
these amide groups in the hinge and at the end of the linker is likely due to the conformation
change taking place in these two dynamic regions to accommodate the antibiotic insertion into
the pocket formed between the A1067 and A1095, and the 31¢-helix. Furthermore, restricted
motions of Thr71 and elsewhere throughout the L11 backbone, as suggested by an increase in
average values of NOE upon thiostrepton binding, may limit the conformation space that is
required for a concerted movement involving L11 and several other factors during the
elongation cycle in protein synthesis

Materials and Methods

Sample preparation

The 58mer rRNA fragment was prepared using a protocol similar to one previously described
by other researchers. 2 RNA was transcribed in vitro using purified Hisg-tagged T7 RNA
polymerase and plasmid DNA, one end of which was generated by digestion using Rsa I to
give the exact 5’ ending sequence of the RNA fragment. 2The RNA was purified by denaturing
20% polyacrylamide gel electrophoresis and excised from the gel. RNA was eluted from the
gel using an Elutrap (Schleicher & Schuell, Keene, NH), ethanol-precipitated, and desalted
using 3K molecular cutoff spin filters (Millipore, Billerica, MA). The purified RNA was
lyophilized and suspended in a buffer containing 50 mM NaCl, 20 mM MES (pH 6.5) and 0.5
mM MgCl, to make a 1.2 mM stock RNA solution. The protein L11 sample was prepared in
a way similar to that previously reported,53 with the following exception: a his-tag followed
by a thrombin digestion site was cloned into the N-terminus of the protein; therefore, a cobalt
column was used in the first step of purification. The his-tag was cleaved by thrombin digestion
(0.01 unit/pg) at ambient room temperature overnight. The digestion mixture was passed
through a C-18 reverse-phase column, and the L11 fractions were lyophilized and suspended
in the same buffer as the RNA sample to make a 1.5 mM stock solution. Thiostrepton was
purchased from Sigma (St. Louis, MO) and was dissolved in DMSO to make a concentrated
stock of ~100 mM. To make the ternary complex of L11-RNA-thiostrepton, we first titrated
the L11 solution with the RNA using amide 2D [5N, H]-TROSY spectra®? until the peaks
of L11 in the free form were not observed. We then added thiostrepton stock solution to the
L11-RNA complex to confirm the ternary complex by monitoring with 2D [1°N,1H]-TROSY.
The final ternary complex solution contained 5% DMSO. As a control, up to 10% DMSO was
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added to the L11-RNA complex sample, but the signal from the protein in 2D [1°N,1H]-TROSY
spectra was not changed. The ternary complex solution was then spin-filtered in a 10K MWCO
filter to concentrate itto 0.7 mM in about 330 pl volume. Using a previously reported procedure,
55 a preparation of 85% perdeuterate, 13C/15N-labeled L11 was used for assigning the
backbone of L11 in the ternary complex. The RDCs of L11 were recorded using a 6%
polyacrylamide gel as described in a published procedure.56 The ratio of stretching was 6:4.8.

Solution structure determination of free L11

The H/23C/15N chemical shift assignments of the free L11 were made in 10 mM KPi (pH 6.5),
70 mM KCI,53 which is different from our current buffer. We verified the assignments using
the normal array of through-bond assignment experiments.57 For the structure determination
of the free L11, we obtained distance constraints from three NOESY experiments with a mixing
time of 90 ms, i.e. 3D 1°N-resolved [*H,1H]-NOESY, and 3D 13C-resolved [*H,H]-resolved
NOESY, with the 13C carrier frequency in the allphatlc and aromatic region, respectively. All
NMR data were processed with the program nmrPlpe 8 and the program CARA was used for
the spectral analy5|s.5

The three NOESY spectra were picked and assigned by automated NOESY peak picking and
the NOE assignment method ATNOS/CANDID. 60 The input for the ATNOS/CANDID
approach consisted of the chemical shift list obtained from a sequence-specific assignment and
the three NOESY spectra. A total of 1,256 meaningful NOE upper limits obtained from
ATNOS/CANDID calculation, together with 565 torsion angle constraints, was used for
structure calculation with the program CYANA.61 Based on the 20 lowest target function
conformers from the aforementioned structure calculation, 51 backbone hydrogen bonds were
identified by CYANA and used for the final structure calculation.

This NOE-based solution structure of L11 was further refined with RDC, using Xplor-NIH
version 2.6. About 150 RDCs, for residues with order parameters greater than 0.7 and well
resolved cross peaks were used in the refinement. The initial D, and R values were estimated
from a histogram, 62 and the final values, 14 0 and 0.55, and 14.3 and 0.5, were determined
using the SA and SVD methods, respectlvely 9,62 Because L 11 consists of two domains joined
by a short linker, we also evaluated the D, and R of the two domains individually, using both
approaches. Since the results were very similar for each domain using both approaches, one
alignment was sufficient to characterize L11. The structure validation was performed using
standard procedures 63,64 and the average Peterson correlation coefficients, Rp, were
approximately 0.95. The calculated structures have good covalent geometries, and the residues
in the most favoured, additionally allowed, generously allowed and disallowed regions are
64.8%, 26.2%, 6.6% and 2.5%, respectively. It is noteworthy that more than 50% of the L11
residues are in non-regular, secondary structure regions. The residues that are in generously
allowed and disallowed regions are mostly those in the flexible loops where there is little
restraint.

Chemical shift assignment of L11 in binary and ternary complexes

Assigning the backbone heteronuclear chemical shifts of the L11 in the binary and ternary
complexes was challenging due to unfavorable solution behavior of the complexes. This was
especially true for the binary complex and was likely due to “rigid body” movements of the
L11-NTD relative to the rest of the complex. The overall rotational correlation times of L11
in the complexes were estimated to be ~17 ns using the 1D [15N,*H]-TRACT.38 We applied
a combination of 3D TROSY -type triple resonance experiments,65 namely HNCA, HNCACB
and 3D1°N-resolved [*H,2H]-NOESY spectra to assign more than 98% of the backbone amide
group, 13C*and 13CP of L11 in the binary and the ternary complexes using 1°N,13C 2H-triplely
labeled L11.
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Relaxation experiments

For detailed analysis of the dynamic properties of L11 in the free form, we recorded
conventional Ty, Ty, and $5N-[*H] NOE at 30 °C on a Bruker Avance600 spectrometer
operating at a 1H frequency of 600.133 MHz. The T4 data was obtained using 1°N relaxation
delays of 8, 64, 136, 232, 336, 472, 664 and 800 ms. The T, data was obtained using 1°N
relaxation delays of 8, 24, 48, 72, 96, 120, 160 and 192 ms with the 625 Hz field strength
CPMG. For the 1°N-[1H] NOE measurement, two 2D spectra were acquired in an interleaved
manner with and without the saturation of protons.

To compare the dynamic properties among L11, the L11-RNA and L11-RNA-thiostrepton
complexes, we recorded Ty, Ty, and 1N-[*H] NOE of the TROSY component39:41 at 40 °
C on the Bruker Avance600 spectrometer. For L11, the T, data was obtained using relaxation
delays of 10.7, 85.3, 192, 320, 480, 687.3 and 981.3 ms, and Ty, was obtained using relaxation
delays of 32, 64, 96, 128, 192, 288, 320, 384 and 448 ms with the 625 Hz field strength CPMG.
For the L11-RNA complex and L11-RNA-thiostrepton complex, the 15N T; was obtained using
relaxation delays of 10.7, 85.3, 192, 320, 480, 687.3, 981.3 and 1440 ms; Ty, was obtained
from experiments with relaxation delays of 3.2, 6.4, 9.6, 12.8,19.2, 28.8, 32.0, 38.4, 44.8, 57.6,
76.8 and 96.0 ms, with a 625 Hz field strength CPMG. The values of 15N-[1H] NOE for all
samples were from an intensity ratio derived from two data sets taken with and without
saturation of the protons.

For the relaxation dispersion measurement of L11, we recorded two sets of T1p41 with t¢p of
1and 10 msrefocusing CPMG at 30 °C. For Ty, with the 1 ms refocusing CPMG, the relaxation
delays of 4, 8, 16, 32, 64, 128, 256 and 512 ms were measured, while the relaxation delays of
40, 80, 160, 240, 320 and 440 ms were measured with the 10 ms refocusing CPMG. All
relaxation measurements were duplicated several days apart.

All data were processed with the NMRPipe software package,58 and peak integrations were
performed with the CARA software package.59 The peak intensities versus relaxation delays
for Ty and Ty, were fitted to a single exponential decay to obtain the relaxation times.

Determination of components of the rotational diffusion tensor of the free L11

The rotational diffusion tensors were calculated by standard linear least-squares optimization
using the structures of the individual domains (55 and 52 residues were used for the L11-NTD
and the L11-CTD, respectively) and the full-length L11 (107 residues) solution structure.24
25 Even though the relative lengths of the principal axes of the inertia tensor for L11
(1.00:0.69:0.41) imply that the rotational diffusion tensor may be anisotropic, the rotational
diffusion tensors calculated using the axial symmetric model and the anisotropic model are
very similar (Table 2). Thus, we used the axial symmetric model for the detailed analysis
of 15N relaxation?2 (Figure S3: Supplementary Materials). The rotational diffusion tensor D
was determined by a linear least-squares fit to the T1/T3, ratio of a set of 15N-1H vectors24
S in the individual domains and overall L11, using the 20 lowest-energy conformers
representing the solution structure. Residues with 15N-[1H] NOE values less than 0.65 were
excluded from the calculation, due to fast internal motions. In addition, residues that are subject
to conformational exchange were excluded with the following criteria:22

( T1p> - Tlp)/<T1p> ~ (1) - T/ (11)> B[220 1)

where o is the standard deviation of ({ T1p> - Tlp)/< T1p> - (1y) - T [(7y), and the
brackets indicate average overall residues.
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SANS measurements and refinement of the structures with SANS data

SANS measurements were performed on the 30-meter SANS instruments at the National
Institute of Standards and Technology (NIST) Center for Neutron Research in Gaithersburg,
MD.53 The neutron wavelength, A, was 5A, with a wavelength spread, AA/A, of 0.15. Scattered
neutrons were detected with a 64x64 cm 2-dimensional position-sensitive detector with
128x128 pixels at a resolution of 0.5 cm/pixel. Raw counts were normalized to a common
monitor count and corrected for empty cell counts, ambient room background counts and non-
uniform detector response. Data were placed on an absolute scale by normalizing the scattered
intensity to the incident beam flux. Finally, the data were radially averaged to produce scattered
intensity, 1(Q), vs. Q curves, where Q=4xrsin(0)/A and 20 is the scattering angle. A sample-to-
detector distance of 1.5 m was used to cover the range 0.03A-1<Q<0.3A"1. The scattered
intensities from the samples were then further corrected for buffer scattering and incoherent
scattering from hydrogen in the samples.

Initial data analysis was performed using the Guinier approximation, on the low-Q

Q) = |(o)exp( - Q2R92/3), @)

portions of the data to obtain values for the radius of gyration, Ry, and the forward scattering
intensity, 1(0), of the samples. This analysis is valid only in the region where QRg ~1. SANS
scattered intensity curves were compared to model curves calculated from high-resolution X-
ray crystal or NMR structures using the program XTAL2SAS.54:95 The Ry values from the
model SANS intensity curves were obtained by XTAL2SAS using the following relation:

0 2
2_ ./0 P(nr<dr

o0 2
/ordr

Rg (3)

where P(r) is the distance distribution function. The Ry values calculated from the model
structures were compared to the average Ry calculated from the combined H,O and D0 data.
In addition, the model scattered intensity curves were compared to the average scattered
intensity curve for the data obtained in DO buffer. The 1(Q) vs. Q SANS data were recorded
for L11 at concentrations ranging from 2 mg/ml to 5 mg/ml in H,O buffer and from 1 mg/ml
to 5 mg/ml in D0 buffer, along with the Ry and 1(0) values calculated using the Guinier
analysis. We used the same buffer for both NMR and SANS experiments.

Refinement of the NMR-structures against the SANS data was performed using the newly
implemented protocol in the Xplor-NIH package. While the details of the protocol will be
described elsewhere to avoid diluting the main focus of this article, a brief outline follows: A
harmonic energy potential, along with other standard multiple energy terms,66 was used for
the refinement against the scattering intensity,

Escat™ wscat% wj{ d (%') -/ Obs(qj)]2 )

where wscq is an overall scale factor on the energy term, wj is a per g weighting, IObS(qj) is the
observed scattering intensity, and the sum is over the data points of gj . The protocol consists
of 20 ps of dynamics at 3000 K, followed by annealing from 3000 K to 25 K at 12.5K
increments, with 0.2ps of dynamics run at each temperature. Final gradient minimization was
performed in torsion-angle space, followed by all-degree of freedom minimization. The 20
lowest-energy (omitting TADB and non-bonded terms) structures were used for analysis.
Atomic masses were set to 300 amu. With the regard to the fitness of the structures to the
SANS, %2 values were calculated for the top 20 structures using the equation where N is the
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total number of data points, /j"bsand /jcalcare the observed and calculated scattering intensities

/

at point j, and /O"bsand /5% are the scattering intensities normalized to their g = 0 values.

XZ =N, - 1)—1% (/jobs//(;)bs_ /jca/c//oca/c)Z/U/Z(%) )

The RDC-refined structure was used as the starting coordinates for the refinement with the
SANS data. The force constants on the various energy terms, Table 3, were either scaled
geometrically during refinement, or held constant, while the atomic radius used in the
nonbonded interaction was scaled down. Xplor-NIH versions 2.16 and later contain support
for SANS refinement. The input scripts used in these calculations can be obtained from the
authors.

The L11 structures have been deposited with PDB accession codes 2H8W (NOE-dihedral-
refined), 2E34 and 2E35 (Ry-refined) and 2E36 (SANS-refined). The assignments of the
backbone amide *H and 1°N, 13C, and 13Cg have been deposited with accession codes 7314
for the binary, 7315 for the ternary complexes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Solution structure of L11 from Thermus thermophilus

(a) The polypeptide backbone represented by a bundle of the 20 lowest-energy conformers
calculated using NOE, dihedral angle and RDC constraints. The N-, C- termini and the RBL
are indicated. (b) A bundle of the 20 lowest-energy conformers using a radius of gyration
(Rg) from the small-angle neutron scattering (SANS) data, together with NOE, dihedral angle
and RDC constraints. (c) Ribbon drawing of one of the 20 lowest-energy conformers from (b).
The regular secondary structure elements are labeled. The L11-NTD consists of -sheets (cyan)
and a 31gHTH motif (magenta) that are connected by two hinges centered around residues
Leul2 and Asp50.
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Figure 2.

Normalized SANS intensity, 1(Q) vs. Q, of free L11 in D,O buffer (red with error bars), together
with back-calculated SANS curves based on the RDC (blue)-, R_?(purple)- and SANS (black)-
refined minimized average structures. We also plot the GNOM® preprocessed curve (yellow)
of the experimental data in the figure for comparison. The nearly identical SANS curves of the
Rg- and SANS refined structures suggest that the relative position of the two domains can be
sufficiently restrained using Ry in the presence of the distance, torsion angle and RDC restraints
in the case of L11 where the two domains are linked by a short linker.
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a & b C

Figure 3.

Comparison of the relative orientation between L11-NTD and L11-CTD among the solution
structure (a), the structure of L11 in the complex with 58 nt RNA fitted into cryo-EM density
of 70S ribosome (1JQS)16 (b) and the crystal structure of L11 in the complex with 58 nt RNA
(AMMS) 12 (c). The backbone atoms for L11-CTD (residues 75-140, excluding the flexible
RBL) have been superimposed for the best fit. The principal components of inertia tensors of
L11-NTD of the solution structure, the cryo-EM structure and the crystal structure were
calculated using the MolMol program and are shown in magenta. The N- and C- termini are
indicated.
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Figure 4.
Comparison of torsion angles between the solution structure and the crystal and the

Bapg =1 [ 2V(@(sotution) — ¢(crystal)? + (w(solution) — w(crystah)?)structure of
L11. Residue regions showing Aang>~50° are indicated.
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Figure 5.

2D [15N,IH]-TROSY spectra of (a) L11; (b) L11-RNA complex; and (c) L11-RNA-
thiostrepton complex. The concentration of 15N,2H-labeled L11 in all samples was 0.7 mM.
For both complexes, non-labeled RNA was used. For the L11-RNA-thiostrepton, non-labeled
thiostrepton was used. All spectra were recorded at pH 6.5 and 40 °C on a Bruker Avance600
spectrometer. In order to achieve the maximum sensitivity, all three spectra were recorded
using different delays for polarization transfer, as well as different t;max and tomax-
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Comparison of the polypeptide backbone amide °N (a) Ty; (b) T1,; and (c) 1°N-[*H] NOE of
free L11 (green); L11 in the binary (blue); and L11 in the ternary complexes (red). All spectra
were acquired W|th the selection of a slowly relaxing component of the 1°N doublet, using a
pulse scheme.39-41 The errors were estimated based on duplicating the measurements that
were recorded several days apart. The concentrations of 15N,2H-labeled L11 in all samples
were about 0.7 mM. Non-labeled RNA was used to prepare the L11-RNA complex and L11-
RNA-thiostrepton complexes. The secondary structure of L11 is drawn on the top of the figure.

Excess non-labeled RNA and thiostrepton were used to prepare the binary and ternary
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complexes, respectively. All spectra were recorded at 40 °C on a Bruker Avance600
spectrometer.
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Figure 7.

(a) Plot of the difference AR1p=R1,(tcp=10 ms) Ryycp=1 ms) of L11 versus the residue
number, and the ribbon drawings of (b) the solution structure and (c) the crystal structure of
L11. The surface areas of Ala51 and Pro72 in magenta, which were calculated using program
MolMol, are in close hydrophobic contact in both the free state and binary complex.. The
residues showing conformational exchange are indicated (Gly49 and Ser75).
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Figure 8.

1H and 15N chemical shift differences in the backbone amide groups of L11 in the free state
and the binary complex (a) and (b), respectively, and L11 in the binary and ternary complexes
(c) and (d), respectively. The secondary structure of L11 is drawn on the top of the figure.

J Mol Biol. Author manuscript; available in PMC 2008 April 6.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Leeetal. Page 26

Figure 9. The molecular surface and ribbon diagram of L11

Residues whose chemical shifts of backbone amide groups either re-emerged or were
significantly perturbed upon thiostrepton binding are indicated by their residue numbers and
magenta color in the ribbon diagram. The Pro21 and Pro22 positions in the structure are also
indicated. The position of Tyr60 is indicated at the back of the N-terminus.
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Restraints and Structural Statistics

Table 1
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Restraints

Total experimental restraints

Total distance restraints
Intraresidue (i = j)
Sequential (i —j| =1)
Shortrange (1< |i—j| <4)
Long range (]i—j| > 4)
Hydrogen bond

Total dihedral restraints®
Phi
Psi
Chil

Total dipolar couplings

N

C(XHll

c.C’
NOE violation > 0.5 A
Dihedral angle violation > 5 deg.
SANS (D,0)" Range

1306
492
361
144
259
50
373
217
162
180

58
51
41
0

1
0.03-0.2577 At

Rmsds
Deviation from idealized geometry
Bonds (A) 0.0015 + 0.0002
Angles (deg.) 0.35+0.03
Impropers (deg.) 0.31+0.1
Backbone rmsds in regular secondary structure® (&) 0.33+£0.05
Nonhydrogen atoms in regular secondary structure (A) 0.85+0.2
Rmsds from Residual dipolar coupling
NH 0.49 £0.03
C.H, 0.79 +0.04
c’C, 0.63 +£0.03
+2 (Exp. SANS vs. bkCalc SANS) 123+0.14
Energies
E(NOE) (kcal/mol) 56.2+3.0
E(dihed.) (kcal/mol) 9.2+1.0
E(repel) (kcal/mol) 525+7.0
E(RDC) (kcal/mol) 106.33+ 10
E(SANS) (kcal/mol) 20.21+05

a . . . L - . . .
Note: Torsion angles are restrained ambiguously due uncertainty in stereo-specific assignments and in NOE asS|gnment.61

bThe SANS in D20 was used for the refinement.

CRegulanr secondary structure elements are the a-helices 1 (residues 35-47), 2 (75-82), 3 (101-109), 4 (120-134); 310-helix (24-26); B-strands 1 (6-13),

2 (52-60), 3 (64-66), 4 (98-99) and 5 (137-139).

dThe XZ between experimental and back-calculated SANS. The
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Table 2
Diffusion parameters for L11 from 1°N relaxation?
Tensor Djs (107 5% 2D,,/(Dy+Dyy) Dy/Dyy
Overall Isotropic? 1.41:0.01 - -
Axial® 1.50+0.01 1.53+0.01 -
Anisotropic 1.49+0.01 1.52+0.01 0.88+0.03
NTD Isotropic? 1.40£0.01 } }
Axial® 1.50+0.01 1.60+0.01 -
Anisotropic 1.500.01 1.61+0.01 0.91x0.01
CTD Isotropicb 1.42+0.01 - -
Axial® 1.490.01 1.530.02 -
Anisotropic 1.49+0.01 1.52+0.02 0.92+0.05

aValues of D for 107, 55 and 52 residues were fitted using the local diffusion approximation for overall, L11-NTD and L11-CTD, respectively.

b
Diso=Dxx=Dyy=Dzz.

CD:=Dzz, Df =DXX=Dyy, DisoZ(D:+2 Df )/3, D-/ Df =2Dzz/(Dxx+Dyy).
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Table 3

Scaling force constants used in the refinement
Term high temperature initial final units
RDC 0.001 0.001 1 kcal/mol/Hz?
NOE 30 2 30 kcal/mol/A2
Dihedral 10 200 200 kcal/mol/rad?
TADB 0.002 0.002 1 kcal/mol
SANS 100 100 100 kcal/mol
Bond 1 1 1 kcal/mol/ A
Angle 0.4 0.4 1 kcal/mol/rad?
Improper 0.1 0.1 1 kcal/mol/ rad?
Nbond 0.004 0.004 4 kcal/mol/ A*
Radius 1.2 0.9 0.8 A
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