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Abstract
Enzymatic catalysis and protein signaling are dynamic processes that involve local and/or global
conformational changes that occur across a broad range of time scales. 1H-15N relaxation NMR
provides a comprehensive understanding of protein backbone dynamics both in the apo
(unliganded) and ligand-bound conformations enabling both fast and slow internal motions of
individual amino acid residues to be observed. We recently reported the structure and nucleotide
binding properties of the STAS domain of Rv1739c, a SulP anion transporter protein of M.
tuberculosis. In this report we present 1H-15N NMR backbone dynamics measurements (T1, T2
and steady-state ({1H}-15N) heteronuclear NOE) of the Rv1739c STAS domain, in the absence
and presence of saturating concentrations of GTP and GDP. Analysis of measured relaxation data
and estimated dynamic parameters indicated distinct features differentiating binding of GTP and
GDP to Rv1739c STAS. The 9.55 nsec overall rotational correlation time (τm) of Rv1739c STAS
increased to 10.48 nsec in the presence of GTP, and to 13.25 nsec in the presence of GDP,
indicating significant nucleotide-induced conformational changes. These conformational changes
were accompanied by slow time scale (μsec-msec) motions in discrete regions of the protein,
reflected in guanine nucleotide-induced changes in relaxation parameters. The observed
nucleotide-specific alterations in relaxation properties of individual STAS residues reflect
increased molecular anisotropy and/or the emergence of conformational equilibria governing
functional properties of the STAS domain.
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Introduction
SulP/SLC26 proteins constitute a phylogenetically ancient superfamily of anion transporters
with an N-terminal polytopic transmembrane domain and a C-terminal cytoplasmic STAS
(sulfate transporter and anti-sigma factor antagonist) domain [1–3]. Among the 10 SLC26
genes of the human genome, loss-of-function mutations identified to date underlie familial
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recessive syndromes of deafness (SLC26A4, SLC26A5), goiter (SLC26A4), chondrodysplasia
(SLC26A2), and chloride-diarrhea (SLC26A3). Disruption of additional Slc26 genes in mice
leads to nephrolithiasis (Slc26a1, Slc26a6), distal renal tubular acidosis (Slc26a7), gastric
hypochlorhydria and dysplasia (Slc26a7, Slc26a9), and male infertility (Slc26a8). Slc26
genes or closely adjacent loci have also been genetically or epigenetically linked to
increased risk inflammatory bowel disease [4] and colon cancer [5], among other disorders.
These phenotypes likely result from tissue-specific loss of transport of chloride, bicarbonate,
iodide, sulfate, or oxalate by a mechanism of anion exchange and/or (for Slc26a7 and
Slc26a9) chloride conductance [6]. Among the many SLC26 gene disease mutations
characterized to date are numerous missense mutations of their STAS domains.

Slc26-like sulP genes are expressed in all metazoan phyla examined to date, as well as in
unicellular eukaryotes and bacteria [7], and most contain STAS domains. The STAS
domains of yeast sulfate transporters Sult1 and Sult2 proteins are essential for
plasmalemmal targeting [8]. The ychM protein of E. coli is associated with bicarbonate
uptake, and binding of acyl carrier protein by ychM STAS domain appears to contribute to
fatty acid elongation reactions [9]. The bicA protein of Synechococcus likely mediates Na+-
dependent bicarbonate uptake as part of the organism’s carbon fixation process [10, 11], but
the function of its STAS domain has not been determined.

The structure of SulP/SLC26 transmembrane domains is unknown, but C-terminal alkaline
phosphatase and β-lactamase fusion studies of bicA predict 12 transmembrane spans [1],
consistent with cytoplasmic localization of both N- and C-termini of mammalian SLC26
polypeptides [12, 13]. The X-ray crystal structures of STAS domains have been solved for a
centrally deleted form of rat prestin [14] and for E. coli ychM in spontaneous complex with
acyl carrier protein liganded with malonyl-coA [9]. The NMR structural analyses of the
engineered central deletion variant of rat prestin corroborated the prestin crytstal structure.

We recently reported the NMR solution structure of the cytoplasmic C-terminal STAS
domain of M. tuberculosis SulP protein Rv1739c [15, 16], a probable sulfate transporter or
sulfate transport regulator [17]. These data also demonstrate binding of Rv1739c to the
guanine nucleotides GTP and GDP [15]. The anti-sigma factor antagonist SpoIIAA of B.
subtilis is a GTPase [18], and the copurification of GTPase activity with Rv1739c STAS
domain [15] suggests that Rv1739c STAS may also possess intrinsic GTPase activity. The
interaction of specific guanine nucleotides with Rv1739c STAS was characterized by photo-
affinity labeling, steady state intrinsic fluorescence quench, and residue-specific 1HN, 15N
chemical shift perturbation [15].

Protein-ligand interactions are governed by dynamic processes and interaction mechanisms
that vary greatly with respect to rate constants across a wide range time scales. NMR
relaxation parameters reveal intrinsic atomic level dynamic properties of proteins alone as
well as in complex. These dynamic properties of proteins and protein-ligand interactions
determine protein tumbling behavior in solution, identify local or global protein regions
affected by ligand binding, and may correlate to protein function. We therefore
measured 15N- backbone relaxation parameters, T1, T2 and steady-state ({1H}-15N)
heteronuclear NOE of Rv1739c STAS in the absence and presence of GTP and GDP. The
relaxation data were analyzed by model-free formalism [19–21] and reduced spectral density
mapping [22, 23] to define dynamic properties of the Rv1739c STAS domain in unliganded
and liganded forms. The results demonstrate that nucleotide binding significantly altered
motional properties of defined residues of the STAS domain. Nucleotide-specific relaxation
properties of select residues or segments exhibiting internal motions of varied time scales
suggest molecular regions important to this nucleotide-STAS complex.
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Results
15N backbone dynamics of Rv1739c STAS domain

(a) relaxation NMR data—To study dynamics of the Rv1739c STAS domain, the
backbone 15N-1HN resonance-based 15N longitudinal (T1) and transverse (T2) relaxation
times as well as {1H}-15N heteronuclear NOEs were collected and measured. Well-
resolved 1H-15N crosspeaks, as seen in 2D 1H-15N HSQC [16], allowed us to record T1 and
T2 data for each of 112 unambiguously assigned resonances from a total of 119 non-proline
residues. {1H}-15N NOEs were obtained for 108 unambiguously assigned resonances
(Supplementary Table S1). {1H}-15N NOEs could not be obtained for loop residues D3
(L1), I4 (L1), Q47 (L3), and G106 (L8) (the bracketed L represents the loop structure as
numbered from the N-terminus; this convention, used throughout the present study, also
extends to the symbols α for helix and β for strand) as a result of resonance degeneracy in
either NOE or NONOE experiment. The 7 unidentified residues in T1, T2, and {1H}-15N
heteronuclear NOE experiments are those previously unassigned [16]. Longitudinal
relaxation rates (R1), transverse relaxation rates (R2), {1H}-15N heteronuclear NOE, and the
ratio R2/R1 are plotted with their estimated error values for protein backbone 15N-1HN atoms
as a function of Rv1739c STAS amino acid sequence (Figure 1). Average values of
these 15N-relaxation parameters for Rv1739c STAS were: < R1 > = 1.36 ± 0.05 s−1; < R2 >
= 14.62 ± 0.70 s−1; and < NOE > = 0.79 ± 0.04.

R1 values are homogeneously distributed along the sequence (panel A, Figure 1). Residues
localized within secondary structures demonstrated lower R1 (1.33 s−1), in contrast to the
residues in the loop regions (Table 1 and Supplementary Table S1). These data show that
residues in structured regions exhibit relatively restricted motions compared to those of loop
regions. The high flexibility of the Rv1739c STAS N-terminus [15], (L1, first 15 aa) is
reflected by their average R1 value of 1.52 s−1, which is higher than the overall R1 of the
STAS domain (Supplementary Table S1). The structured region α1-β3 exhibits a tighter
distribution, with the exception of the few residues within and near loop region L4.

In contrast, the R2 and {1H}-15N NOE values exhibit substantial variation along the protein
backbone (panels B and C in Figure 1). The flexibility of the N-terminal loop L1 is also
reflected in its R2 value of 8.06 s−1, much lower than the overall domain average R2
(Supplementary Tables S1). The R2 values of residues R20, Q47 (L3), and E60 are also
significantly lower (≤ 8.88 s−1) than the overall R2, suggesting faster motions of these
residues, as well (Figure 1). However, the 7 loop residues {C26 (L2), S57, L63 and T64
(L4), R87 (L6), L101 (L7), and E107 (L8)}, and 3 helical residues {R93 and R97 (α3),
Q119 (α5)} exhibit significantly higher R2 (≥ 23.7 s−1) than the overall average, indicating
comparatively restricted mobility of these residues. These higher R2 values may reflect
individual contributions of these residues to the conformational exchange dynamics that
occur on a slower (μsec-msec) time scale and/or the result of localized conformational
effects resulting from the molecule’s non-isotropic tumbling behavior (see below).

{1H}-15N NOE is a measure of high frequency motions that decrease in value as the N-H
bond vector mobility increases, and may actually be represented by negative values for those
residues sampling high frequency motions. {1H}-15N NOE varied along the protein primary
sequence (Figure 1C), with lowest values for N-terminal loop L1. β-strand residues
exhibited higher NOE (0.88) than those in α-helices (0.81) or loops (0.77) (Table 1).
Excluding those residues found in the highly flexible loop L1, loop residues D22 (L2), E60,
V61 and D62 (L4), R87 and K89 (L6) and helix residues L76 (α2), L92 (α3) and Q119 (α5)
showed the lowest NOE values (≤ 0.65) (Figure 1C). Among these, loop residues, D22, E60,
V61, and D62 also exhibit lower than overall average R2 values (Supplementary Table S1),
suggesting the increased mobility of these residues is due to internal motions occurring at
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faster (psec-nsec) time scale. The distribution of R2/R1 values tracked R2 values (Figure 1D),
with an average value of < R2/R1 > = 10.89 ± 0.53.

Seventy-seven residues qualified for a valid R2/R1 data set by coarse-filter criteria (see
Experimental Procedures), allowing the calculation of residue-specific local effective
correlation times (τe) (Supplementary Figure 1) and overall rotational correlation time (τm).
Non-qualified residues were largely from loop regions, whereas 51 of 65 residues (~79%)
were localized to the non-loop regions stabilized by secondary structure. The majority of
these qualified residues were from C-terminal secondary structured regions, with ~54% from
theα3- α4 region. Only 5 residues found within the 15 residue unstructured N-terminal
portion of the domain qualified. The overall rotational correlation time (τm) of 9.55 ± 0.21
ns is slightly higher than the 7.5 – 9.0 ns correlation time expected for a 15 kDa protein of
130 aa (including the 6 His tag) [24, 25]. This change may reflect non-isotropic molecular
tumbling as indicated by the diffusion tensor analysis.

The principal components of the inertia tensor of the average Rv1739c STAS structure
exhibit aratio of 1.00 : 0.92 : 0.77, suggesting that the STAS domain experiences
conformational anisotropy. Diffusion tensor optimization yielded diffusion tensor
parameters: D||/D⊥ = 0.827 ± 0.015, θ = 0.705 ± 0.055, and φ = 5.632 ± 0.057. These data
suggested that the axially symmetric diffusion tensor better described the rotational behavior
of Rv1739c STAS, which adopts an oblate ellipsoid shape in solution. Diffusion tensor
parameters obtained from both actual and jackknife modes were in agreement
(Supplementary Table S2).

(b) Model-free analysis—Using a trimmed data set of R1, R2, {1H}-15N NOE, structural
coordinates, estimated τm, and diffusion tensor parameters, model-free formalism was
applied to characterize the motional properties of 97 STAS residues. From these 97 residues,
86 were successfully fit to all five standard models. The models provided estimated
parameters of the generalized order parameter (S2), fast S2 (S2

f), slow S2 (S2
s), internal

effective correlation times (τe), and conformational exchange terms (Rex) (Supplementary
Table S3). All appropriately fit models are plotted on a per residue basis in Supplementary
Figure S2. 56 residues utilized model 1 (S2), 9 residues model 2 (S2, τe), 5 residues model 3
(S2, Rex), 8 residues model 4 (S2, τe, Rex), and 8 residues used model 5 (S2, S2

f,τe) for
appropriate data fit. The eleven residues Q9, Y19, R35, G46, W50, F51, R78, G80, A86,
S100, and R124 did not fit well to any of the 5 models.

Residue-specific values of S2 (S2 f X S2
s), τe, and Rex are plotted in Figure 2. S2 a measure of

N-H bond vector amplitude of internal motions within the psec-nsec timescale, ranges
between 0 (high amplitude, least ordered motion) and 1 (low amplitude, highly ordered
motion) [25]. Overall average S2 of 0.89 ± 0.02 (Figure 2A) supports that Rv1739c STAS
behaves as a rigid, structured molecule, as expected for a protein comprising well ordered
secondary structured regions (S2 ~ 0.86) [26, 27]. Among secondary structured segments, α-
helices and β-strands exhibit similar S2 values of 0.92 and 0.90, respectively, slightly higher
than the average loop region S2 value of 0.85. Among individual secondary structured
segments, the portion of the domain experiencing the greatest mobility is the N-terminus
loop L1, that is characterized by an S2 of 0.50, a value consistent with its high R1, low R2
and {1H}-15N NOE. Importantly, these motional properties are highly congruent with our
structural finding of Rv1739c STAS [15]. Exclusion of the loop L1 increased the overall
average S2 value to 0.91. All other structured regions exhibit S2 values between 0.85 – 0.97
(Figures 2A and 3A, Supplementary Table S3).

Twenty five residues contribute to Rv1739c STAS internal motions (τe), of which the 11
residues G15 (L1), 23 (L2), L38 and V41 (α1), Q43 and D44 (L3), 54 (β2), A55 (L4), S57
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(L4), D70 (α2), and I105 (α4) show faster internal motions (τe ≤ 100 psec), while the 14
residues including I4, D5, D6, Y7, A10, R12, and V13 (L1), D22 (L2), E60, V61, and D62
(L4), D67 (α2), L92 (α3), and R123 (L10) account for slower internal motions (τe > 100
psec). Among these latter, D5, D6, Y7, A10, R12, E60, D67, and R123 show the slowest
motions, on the sub-nanosecond time scale (Figures 2B and 3B).

The 13 Rv1739c STAS residues accounting for the chemical and/or conformational
exchange contribution (Rex) to the relaxation data [I4 and V13 (L1), D22 (L2), A37 and V41
(α1), D44 (L3), E56, S57, and T64 (L4), L66 (α2), V88 (L6), L92 (α3), and I105 (α4)]
reflected slowed internal motions on the μsec-msec time scale, and were fit with model 3 or
4. This residue pool comprises 5 and 8 residues from helical and loop segments,
respectively; no β-strand residue required a Rex term to fit the data. Five residues (A37, E56,
T64, L66, and V88) were fit with model 3. The remaining eight residues (I4, V13, D22,
V41, D44, S57, L92, and I105) required the additional parameter, τe, to fit the data (Figures
2C and 3C).

15N backbone dynamics of liganded vs. unliganded STAS
(a)relaxation NMR data—The effect of guanine nucleotide binding on Rv1739c STAS
domain dynamics was studied by performing backbone 1H-15N relaxation measurements;
T1, T2, and {1H}-15N NOE in the absence and presence of GTP or GDP. R1, R2, and
{1H}-15N NOE data for STAS in the presence of GTP were obtained for 108, 107, and 107
residues, respectively (Supplementary Table S1 and Figure 4). Spectral overlap and poor
resolution prevented measurement of R1 for the four residues L25, D62, T64, and Q119, of
R2 for the five residues V61, L63, T64, L101, and L102, and {1H}-15N NOE for the three
residues L102, Q119, and F121, respectively. {1H}-15N NOE values for residues Q47 and
G106 were resolved in GTP-bound Rv1739c STAS but not in the unliganded protein.
Average overall values of these 15N-relaxation parameters for 104 residues of Rv1739c
STAS in presence of GTP were: < R1 > = 1.29 ± 0.05 s−1; < R2 > = 15.45 ± 0.60 s−1; < NOE
> = 0.78 ± 0.04; and < R2/R1 > = 12.14 ± 0.57. GTP decreased R1 by 5.15 %, increased R2
by 5.68 %, decreased {1H}-15N NOE by 1.27%, and increased overall R2/ R1 by 11.48 %
(Figure 4). Excluding residues in highly flexible loop L1, the loop residues A23 (L2), D44,
G46, Q47, and V48 (L3), V61 and T64 (L4), and helix residues R34 and A37 (α1), L66,
D70, and L76 (α2), L92 and R93 (α3) showed the lowest NOE values (≤ 0.65) (Figure 4C).
Among these, loop residues A23, D44, G46, Q47, and V48 and helix residues R34 and D70
exhibit lower than overall average R2 values (Supplementary Table S1), suggesting the
increased mobility of these residues is due to internal motions occurring on a faster (psec-
nsec) time scale.

R1, R2, and {1H}-15N NOE data for STAS in the presence of GDP were obtained for 110,
108, and 110 residues, respectively (Supplementary Table S1 and Figure 4). Spectral overlap
and poor resolution prevented measurement of R1 for the two residues A28 and F121, of R2
for the four residues V61, L63, A65, and L101, and of {1H}-15N NOE for residues L102
and Q119. {1H}-15N NOE values for residues D3, I4, Q47 and G106 were resolved in GDP-
bound Rv1739c STAS but not in the unliganded protein. Average overall values of
these 15N-relaxation parameters for Rv1739c STAS in presence of GDP were: < R1 > = 1.08
± 0.04 s−1; < R2 > = 17.66 ± 0.86 s−1; < NOE > = 0.77 ± 0.05; and < R2/R1 > = 16.86 ±
0.84. GDP decreased R1 by 20.59 %, increased R2 by 20.79%, decreased {1H}-15N NOE by
2.53%, and increased overall R2/ R1 by 54.82 % (Figure 4). Excluding residues in highly
flexible loop L1, the loop residues A23 and C26 (L2), G46, Q47, and V48 (L3), E56, V59,
E60, V61, and D62 (L4), helix residues R34 and A37 (α1), A65 (α2), L96 (α3), and K104
(α4) and strand residues V18 (β1) and A86 (β3) showed lowest NOE values (≤ 0.65) (Figure
4C). Among these, loop residues A23, G46, Q47, V48, V59, and E60, helix residues R34,
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A37, and L96, and β-strand residue V18 exhibit lower than overall average R2 values
(Supplementary Table S1), suggesting the increased mobility of these residues is due to
internal motions occurring at faster (psec-nsec) time scales. Determination of R2 values for
STAS residues V61 and L63 in the ligand-bound conformational state was precluded by
line-broadening of these resonances. These spectral features likely reflect additional slow/
intermediate exchange processes that are sampled by these residues. Interestingly, the
relaxation parameters of residues immediately adjacent to these residues suggest that these
residues do experience high R2 values.

Despite the overall increase in R2 elicited by GTP binding, individual residue and local
segmental R2 values varied along the protein sequence, whereas the increase in R2 by GDP
binding was uniform (Figure 4 and Supplementary Table S1). Both ligands decreased R1
across most of the structured segments of the protein. However, the nucleotide-induced
changes in R1 and R2 values differed in the L6-α3-L7 region, perhaps reflecting the
enhanced inherent mobility experienced locally by this region. These ligand-induced
changes in the measured relaxation parameters suggest distinct effects of GTP and GDP on
internal dynamics. The increased R2/R1 ratios of ligand-bound STAS suggest slower
tumbling of the liganded protein, and may reflect increased ligand-induced anisotropy of the
STAS domain. Further implications of the increased R2/R1 ratio with respect to estimated
relaxation parameters are discussed below.

These R1 and R2 results were used to further estimate the overall rotational correlation times
(τm) of Rv1739c STAS alone and in the presence of these nucleotides. Coarse-filter criteria
applied to the R1, R2, and {1H}-15N NOE data sets of liganded STAS were as described
above for unliganded STAS. In the presence of GTP, 71 filter-qualified STAS residues
exhibited a τm of 10.48 ± 0.25 ns, an increase of ~10% over that of unliganded STAS. In the
presence of GDP, 73 filter-qualified STAS residues permitted calculation of τm = 13.25 ±
0.34 ns, a value ~39% longer than that of unliganded STAS (Supplementary Figure S1).
These estimated (τm) values for free, GTP-bound, and GDP-bound STAS agree with the
values determined from spectral density functions within ~6% [28]. Thus, nucleotide
binding substantially altered 15N backbone relaxation parameters of Rv1739c STAS. GDP-
induced changes in STAS dynamic parameters exceeded those induced by GTP, consistent
with the higher STAS binding affinity for GDP [15].

(b) reduced spectral density function analysis—The above guanine nucleotide
binding effects on Rv1739c STAS relaxation parameters encouraged us to estimate
additional dynamic parameters. However, model-free formalism requirements for rotational
diffusion tensor information unavailable for nucleotide-Rv1739c STAS supported our
reduced spectral density mapping studies of STAS backbone dynamics [22, 23, 28, 29].
Reduced spectral density mapping analysis yielded motional information of N-H bond
vectors at three different frequencies; J(0), J(ωN), and J(0.87ωH) (Figure 5). For 103
residues of unliganded STAS these values were: < J(0) > = 5.13 (nsec); < J(ωN) > = 0.33
(nsec); and < J(0.87ωH) > = 4.57 (psec). For 89 residues of GTP-liganded STAS the values
were: < J(0) > = 5.76 (nsec); < J(ωN) > = 0.32 (nsec); and < J(0.87ωH) > = 5.43 (psec). For
90 residues of GDP-liganded STAS, the values were: < J(0) > = 6.19 (nsec); < J(ωN) > =
0.26 (nsec); and < J(0.87ωH) > = 4.59 (psec) (Supplementary Table S4). Figure 6 shows
reduced spectral density functions plotted as the difference between liganded and unliganded
Rv1739c STAS.

Overall J(0) was increased ~12 % in the presence of GTP and ~21 % in the presence of GDP
as compared to values for unliganded STAS. In contrast, overall J(ωN) was modestly
decreased by ~3 % following GTP binding, but significantly decreased by ~21 % in the
presence of GDP. Overall J(0.87ωH) was increased ~19% in the presence of GTP, but
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decreased by ~0.5 % by GDP. These changes likely reflect localized individual residues
within secondary structured segments (Supplementary Table 4 and Figure 5).

J(0) is sensitive to internal motions of the N-H bond vectors on fast (psec-nsec) as well as
slow (μsec-msec) time scales; A value of J(0) < 2/5τm reflects the presence of faster internal
motions, whereas, high J(0) values indicate slower internal motions often observed in the
presence of chemical or conformational exchange. J(ωN) and J(0.87ωH) are sensitive to
faster (sub-nanosecond) internal motions but insensitive to the slower (μsec-msec) internal
motions of N-H bond vectors [30].

Filter criteria for higher and lower residue-specific J(0) were chosen as one standard
deviation (S.D.) above and below the average J(0) value, as determined by residues within
structured regions of the core characterized by uniform J(0) distribution along the sequence
[31]. Average J(0) of core region residues was 5.30 ns/rad for STAS, 6.03 for STAS+GTP,
and 6.46 for STAS+GDP. Higher J(0) values were those satisfying the inequality J(0) >
J(0)cutoff ; where J(0)cutoff = {J(0)avg + one S.D.}. The {2/5τm} values of STAS, STAS
+GTP, and STAS+GDP were 8% below those characterized by lower values {J(0)avg - one
S.D.}. Therefore, residues with lower J(0) were identified by the criterion of J(0) < 2/5τm
[29, 30].

Residue-specific J(0) values determined by the above criteria in the absence and presence of
nucleotides are mapped onto the Rv1739c STAS solution structure in Figure 7. Residues
with J(0) < 2/5τm and J(0.87ωH) > 7.5 ps/rad exhibited internal flexibility on a faster (sub-
nanosecond) time scale. They include (in blue) for STAS, D5, D6, Y7, A10, R12, and E60;
for STAS+GTP, D5, D6, Y7, A10, R12, V13, R34, Q47, and D70; and for STAS+GDP, D3,
I4, D5, D6, Y7, Q9, A10, R12, R34, A37, Q47, E60, and L96. Residues with J(0) < 2/5τm
and J(0.87ωH) < 7.5 ps/rad also demonstrated internal flexibility on a fast (sub-nanosecond)
time scale, including (in cyan); Q9, R20, and G46 for STAS alone; Q9, V18, E60, and A65
for STAS+GTP; and V18, G46, D70, F83, and R93 for STAS+GDP. Residues with J(0) >
J(0)cutoff revealed internal flexibility on a slow time scale (μsec-msec) that may represent
chemical or conformational exchange. These residues (in red) include Y21, S57, E75, R87,
L92, R97, A98, L101, L102, D103, L114, and Q119 for STAS alone; Y21, D22, N29, A30,
S57, K89, L92, R93, and L96 for STAS+GTP; and Y21, L25, N29, T64, Q71, T74, R78,
V88, A99, D103, and E107 for STAS+GDP. These residues also exhibited low J(0.87ωH)
values supporting the absence of faster time scale internal motions. Residues with 2/5τm <
J(0) < J(0)cutoff (in yellow) exhibit nsec time scale internal motions which may be relatively
slower than those identified with J(0) < 2/5τm. Among these residues, V13, G15, D22,V61,
D62, L76, and K89 of STAS, and A23, D44, G46, and L76 of STAS+GTP exhibit
J(0.87ωH) > 7.5 ps/rad (Supplementary Table S4) that may reflect their relatively increased
motion as compared to residues with J(0.87ωH) < 7.5 ps/rad.

In earlier studies, our 1H-15N HSQC data identified chemical shift (CSP) perturbations for 9
and 16 Rv1739c STAS residues following the binding of GTP and GDP [15]. These residues
are denoted by shading under the bars in Figures 4 through 6 and are mapped onto the STAS
structure (Supplementary Figure S3). Several of the GTP-perturbed residues V48, R79, and
R124 and A10, as well as the GDP-perturbed residues R12, V48, R79, D108, I110, R122,
and R124 exhibit increased R2 and J(0) values and decreased NOE and J(ωN) values (in red,
Supplementary Figure S3). GDP-perturbed residues V13, G15, D44, and H109 exhibited
increased R2 and J(0) values and decreased J(ωN) values (in yellow, Supplementary Figure
S3). GTP- perturbed residues A10, R12, V13, G15, and H109 (in yellow, Supplementary
Figure S3) were characterized by different patterns of R2, J(0), NOE, and J(ωN) values.
GTP-perturbed residue V61 and GDP-perturbed residues V41, Q47, G106, and E107 (in
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blue, Supplementary Figure S3) lack data for at least two parameters among R2, J(0), NOE,
and J(ωN), and so could not be further analyzed.

Nucleotide binding increased overall J(0) value uniformly across the STAS domain,
suggesting both slowed internal motions and a possible contribution from increased
molecular anisotropy (Supplementary Tables S4-S7). The low J(0) values of structured
regions L1-β1, L3, L5-β3, L7-α4, and β4 in the GTP-STAS complex (Supplementary Table
S6), and L1-β1, L3, L4, β3, and α3 in the GDP-STAS complex (Supplementary Table S7)
support increased flexibility on faster time scale and lower τm than for other structured
regions. J(0.87ωH), was non-uniform across the protein sequence, consistent with {1H}-15N
NOE. Nucleotide-specific responses of J(0.87ωH) and {1H}-15N NOE parameters for
secondary structured segments are summarized in Supplementary Tables S5–S7. The
combined effect of these two parameters on individual secondary-structured segments is
discussed below.

C-terminal aa 114–124 are significantly ordered by presence of the 8 aa α-helix, α5. The
ligand-independent lack of internal flexibility in this region is reflected in the above-average
NOE values (Supplementary Table S1), 2/5τm < J(0) ≪ J(0)cutoff, and low values of
J(0.87ωH), with exceptions of residues L114 and Q119 in the absence of ligand. In contrast,
many residues of N-terminal loop region L1 (aa 1–15) are characterized by NOE values
below average and by lowest J(0) values and highest values of J(0.87ωH) (Table S1 and
Supplementary Tables S5–S7). These properties indicate both internal flexibility on a faster
time scale and ligand-independent lack of motional rigidity of this highly flexible segment.

J(ωN) was nearly invariant along the polypeptide sequence in the absence or presence of
ligand (Figure 5 and Supplementary Table S4), consistent with the unchanging R1 values
(Supplementary Table S1). However, J(ωN) values were reduced by nucleotide binding,
suggesting increased psec-nsec internal motions. Ligand binding decreased J(0.87ωH) in
structured C-terminal segments suggesting limited faster motions in this region.

Taken together, these data show that Rv1739c STAS dynamic properties are dominated by
ligand binding-induced increases of τm. Modulation by GDP was greater than by GTP, again
reflecting the higher binding affinity of GDP [15].

Discussion
STAS domain structures reported to date include those of internally deleted rat prestin [14],
M. tuberculosis Rv1739c [15], and E. coli ychM in complex with acyl carrier protein [9].
Backbone dynamics were previously reported for the unliganded state of structurally related
bacterial response regulators, Spo0F and SpoIIAA. While the SpoIIAA backbone dynamics
were nearly invariant throughout the protein [32], significant local variations in the
backbone dynamics were observed within Spo0F regions involved in protein-protein
interactions. These regions were characterized by slow mobility on the msec time scale even
in the absence of ligand [33]. However, investigation of backbone dynamics for STAS
domains of SulP/SLC26 anion transporter proteins has not been reported. In this report we
have explored the 1H-15N backbone dynamics of Rv1739c STAS in the absence and
presence of the two nucleotide ligands GTP and GDP.

Protein backbone flexibility is normally greater at the N- and C-termini of a protein than
within the protein core. The measured relaxation parameters R1, R2, and {1H}-15N NOE),
and the estimated reduced spectral density parameters J(0), J(ωN), and J(0.87ωH) revealed
that the Rv1739c STAS N-terminal L1 loop is more flexible than the protein core and,
unlike the rest of the protein, was unaltered following nucleotide binding. In contrast, the
Rv1739c STAS C-terminal helix α5 is well-ordered and rigid, in agreement with our
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previous structural studies [15]. Beyond the L1 loop, relaxation parameter values were
homogeneously distributed among secondary structured elements of helices and strands.
Heterogeneity of measured and estimated relaxation parameters was largely restricted to
loop regions L2, L4, and L6. R2 and J(0) values were heterogeneously distributed
additionally in the L7-L8 regions near helix α4.

The slight increase in overall rotational correlation time of Rv1739c suggests a degree of
anisotropic molecular tumbling. This anisotropy is consistent with modest (< 8 %)
aggregation that was occasionally observed in low ionic strength buffers for STAS
concentrations of 0.7–1.0 mM [15], necessitating increased salt concentrations [275 mM]
used during extended periods of protein NMR data acquisition. The increased R2/R1 ratio
paralleled the increased τm and the slower tumbling of GDP-STAS and (to a lesser degree)
of GTP-STAS (see above). This slowed tumbling behavior dominated the observed and
calculated relaxation properties.

For ωHτm ≫ 1, and with consideration of 15N CSA and 1H-15N dipolar interaction, overall
NOE for a rigidly spherical tumbling molecule should have a value of 0.82 [34]. Thus, the
overall NOE value of 0.79 suggested Rv1739c STAS to be a relatively rigid protein. The
marginally reduced NOE values of the guanine nucleotide-bound states (Table 1) may
reflect slight decreases in overall STAS rigidity. SpoIIAA backbone dynamics data
suggested an average NOE of 0.77; these data were not analyzed further for estimation of
either model-free or spectral density parameters. Based on limited conformational
fluctuation and flexibility of terminal residues, the SpoIIAA structure was interpreted as a
rigid isotropic fold, despite the anisotropy (and possible prolate ellipsoid shape) reflected in
the inertia tensor components of 1:1.2:1.4 [32]. The S2 parameter measures faster time scale
motions, and the distribution of (1-S2) values pattern is proportional to J(0.87ωH) values
when ωHτm ≫ 1 [28]. Since this condition holds for Rv1739c STAS in both unliganded and
liganded states, J(0.87ωH) of the liganded complexes may correlate with similar patterns of
(1- S2) and provide an estimate of S2 of the complexes as discussed below.

Rv1739c STAS exhibited differences between its binding of GTP and GDP. GTP binding
increased R1 value of residue S57 and immediately adjacent residues, as well as of K89.
GDP binding increased R1 values of E60 and its adjacent region, as well as of L76, E94,
L96, and R97. GTP binding lowered R2 values of L53, R97, and A98, and increased R2
values of R93 and L96. In contrast, GDP binding lowered R2 values only for R93 and L96.
However, Rv1739c STAS binding of either GTP or GDP lowered R2 values of Q47 and E60
and increased R2 of Y21. The NOE mirrors the J(0.87ωH) distribution. In the absence or
presence of nucleotide, all secondary-structured segments exhibited NOE values > 0.7 and
J(0.87ωH) values < 7.5 ps/rad, except for the loop regions L1, L3 and L4, for which values
of these parameters exhibited specific nucleotide-sensitivity (Table 1 and Supplementary
Tables S5–S7). The majority of these segments exhibited similar responses of NOE and
J(0.87ωH) values to both nucleotide ligands. However, segments β1, L2, β2, L4, and α4
exhibited nucleotide-specific changes in motional rigidity, which was marginally increased
by GTP and marginally lowered by GDP, whereas helix α2 exhibited opposite effects. These
nucleotide-specific responses likely reflect differences in packing and orientation of the
bound ligands.

In both unliganded and liganded forms of Rv1739c STAS the spectral density term
J(0.87ωH) is lower than J(ωN), and both, in turn, are lower than J(0) globally and for
individual residues. These relationships, characteristic of structured, well-folded proteins,
support the predominant contribution of faster internal motions (psec-nsec time scale) to the
high frequency terms J(0.87ωH) and J(ωN), and the additional contribution to J(0) of slower
internal motions (μsec-msec time scale) reflecting Rex. This key feature of different time
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scale motions in J(0.87ωH) and J(ωN) vs. J(0) increases the utility of reduced spectral
density analysis in the study of motions across a wide range of time scales encompassing
those of enzymatic catalysis and protein-ligand interactions. As described by Lefevre et al.,
Rv1739c STAS spectral density parameters in both the absence and presence of nucleotide
ligands exhibit linear dependence of J(0) with J(ωN) and with J(0.87ωH) across most of the
protein [35] except for residues of the N-terminal region including loop L1 (Supplementary
Figure S4). The core region plot of J(0.87ωH) vs. J(0) shows select off-set residues (red in
Supplementary Figure S4) which are those with J(0) > J(0)cutoff (red in Figure 7). The high
J(0) values of these residues indicate slower internal motions of μsec-msec time scale,
probably reflecting chemical and/or conformational exchange processes.

Most N-terminal L1 region residues and some core residues of J(0) < 2/5τm follow a linear
fit deviating from the protein core fit (Supplementary Figure S4). These residues (blue and
cyan in Supplementary Figure S4) follow J(0.87ωH) value criteria set for similar residues in
Figure 7, and experienced high amplitude motions on a faster NMR time scale. Within the
L1 region, in both free and bound states, motion increases towards the N-terminus, as
reflected in decreasing J(0) and J(ωN) and increasing J(0.87ωH). Loop regions experienced
fast internal motions compared to helical and strand regions, as reflected by J(0.87ωH) > 7.5
psec/rad [29, 36] for nearly all L1 residues of unliganded and liganded STAS. In loop L3,
J(0.87ωH) exceeded 7.5 psec/rad for D44, G46, and Q47 in the GTP-bound state, but for
Q47 only in the GDP-bound state. In loop L4, adjacent to the apparently unphosphorylated
residue S58 [15] corresponding to the SpoIIAA phosphorylation site [37], J(0.87ωH)
exceeded 7.5 psec/rad for V61 and D62 of both unliganded and liganded STAS, in contrast
to nearby E60, for which J(0.87ωH) exceeded 7.5 psec/rad only for unliganded and GDP-
bound STAS, but not for GTP-bound STAS. J(0.87ωH) also exceeded 7.5 psec/rad for most
residues of region L6-α3, but for R93 exceeded 7.5 psec/rad in the presence of GTP and fell
to 3.77 psec/rad with GDP. The locally restricted variation in backbone motions evident in
Rv1739c might indicate interaction surfaces, as has been observed for SpoII0F [33] and
Cdc42Hs [38].

Relaxation data and spectral density parameters for some residues of Rv1739c STAS could
not be obtained in the presence of nucleotide, possibly due to spectral overlap. Most of these
residues also failed filter criteria and exhibited very high R2 values, perhaps reflecting
increased linewidths correlating with increased τm. Among residues that exhibited
nucleotide-induced CSP [15], (Supplementary Figure S3) some showed increased R2 and
J(0) and decreased NOE and J(ωN) values, in agreement with most core residues of the
STAS domain, suggesting decreased rigidity, slowed internal motions, and larger tumbling
times (τm). The 9 GTP-perturbed residues exhibited average R2/R1 ratio of 12.14 and
average τm of 9.42 ns, a tumbling time lower than the 10.48 ns overall average of GTP-
bound STAS. The 16 GDP-perturbed residues exhibited average R2/R1 ratio of 16.84 and
average τm of 12.65 ns, a tumbling time lower than the 13.25 ns overall average of GDP-
bound STAS. These analyses suggest that the observed increases in R2 and J(0) values for
residues that experience CSP partially contribute to the overall increase in τm as well as to
the ligand-induced increase in molecular anisotropy of the STAS domain. However, we
cannot rule out additional factors governing intermediate-to-slow time scale motions
associated with these residues.

In conclusion, the above relaxation parameters and the higher J(0) and R2 values of both
unliganded and liganded Rv1739c STAS suggest that certain residues, in addition to
contributing to increased molecular anisotropy of the STAS domain, may undergo slow
internal motions accompanied by chemical/conformational exchange. These residues
include, for STAS, Y21 and C26 (L2), S57 and L63 (L4), E75 (α2), R87 (L6), L92, R93,
R97, and A98 (α3), L101 (L7), L102 and D103 (α4), E107 (L8), L114 and Q119 (α5); for
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STAS+GTP, Y21, D22, and N29 (L2), A30 (α1), S57 (L4), K89 (L6), L92, R93, and L96
(α3); and for STAS+GDP, Y21, L25, and N29 (L2), D62 and T64 (L4), Q71, T74, and L76
(α2), R78 (L5), V88 (L6), R92 and A99 (α3), D103 (α4), and E107 (L8). Several of these
residues belong to segments L2, L4, and L6-α3, which constitute a single surface in the J(0)
map of Rv1739c STAS; in L2 both GTP and GDP increased from 1 to 3 the number of
residues with J(0) > J(0)cutoff (Figure 7). Additional regions of elevated J(0) in the absence
of GTP include α2, α4 and L8; in α2 GDP increased from 1 to 3 the number of residues with
J(0) > J(0)cutoff. α5 residues L114 and Q119 exhibited J(0) > J(0)cutoff only in the absence
of nucleotide. With the single exceptions of V61 in GTP-bound STAS and E107 in GDP-
bound STAS, these residues do not include those that underwent nucleotide-induced CSP.

Analysis of these data suggested that STAS binding by either GTP or GDP increased the
number of residues undergoing slower motions in the region of loop L2. The residues of
STAS domain helix α5 exhibiting slower motions were undetectable in the ligand-bound
states. Residues undergoing slower motions in and near region of helix α4 were detected in
ligand-free and in GDP-bound STAS, but undetected in GTP-bound STAS. GDP binding
increased the number of residues undergoing slower motions in the region of helix α2, but
these residues were undetected in GTP-bound STAS. The data together suggest that ligand-
induced slower internal motions are confined to a molecular surface including loops L2, L4,
and L6 and helix α3. Ligand binding also resulted in faster internal motions of residues
within the same molecular surface, as well as in select aa residues from the region of helix
α1. Binding of GDP (but not GTP) promoted slower internal motions in the region of helices
α2 and α4, including the region near α4 identified by CSP and docking calculations to
contribute to GDP binding [15]. The nucleotide-specific differences in internal motions may
reflect the absence, presence, or hydrolysis of the γ-phosphate.

The Rv1739c STAS dynamics parameters studied here have identified residues that
exhibited guanine nucleotide-sensitive internal motions on psec-nsec and μsec-msec time
scales. We speculate that these nucleotide binding-induced internal motions are linked to
localized conformational changes in a contiguous molecular surface of Rv1739c STAS.
Although a few STAS residues exhibit both CSP and motional parameter changes in
response to nucleotide, additional residues may be influenced allosterically by nucleotide
binding. Allosteric regulation is a common phenomena in both enzymatic catalysis and
signal transduction [39–41], as shown for the guanine nucleotide binding G proteins and
transglutaminase 2 [42, 43].

Taken together, the elevated J(0) and R2 values of ligand-bound Rv1739c STAS suggest that
nucleotide binding increased slow (μsec-msec) internal motions contributing to Rex terms,
and decreased faster (psec-nsec) internal motions resulting in slower tumbling (increased
τm) of the liganded protein. The increased R2/R1 ratio of liganded STAS is consistent with
the increased τm, and these effects are more prominent for GDP than for GTP. The ligand-
induced increase in overall rotational correlation time of Rv1739c STAS could reflect a
modestly increased molecular anisotropy of liganded vs. unliganded STAS domain, and/or a
modest shift in equilibrium between monomer and still hypothetical dimer.

Rat and zebrafish prestin, human SLC26A3, and P. aeruginosa putative SulP anion
transporter PA1647 have been characterized as holoprotein dimers [44], Prestin dimers may
be disulfide-linked [45] (but see [46]). Evidence for higher order oligomers has been
presented for gerbil and mouse prestin holoprotein [45]. However, isolated STAS domain
from SLC26A3 [47], isolated internal loop-deleted STAS domain from rat prestin [14], and
isolated Rv1739c STAS [15] behaved as monomers, or at least lacked evident characteristics
of oligomers. In contrast, the STAS domain of E. coli putative bicarbonate transporter ychM
was isolated as a 1:1 heterodimer with acyl carrier protein [9]. The class of G proteins
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known as GADs are activated by (usually but not uniformly) ligand-induced
homodimerization, proceeding through their exchange cycles independent of GAPs, GEFs,
and GDIs [48]. GADs resemble Rv1739c STAS in their generally low guanine nucleotide
affinities and low (as for hGBP1) or absent (as for some septins) GTPase activities.
However, the canonical G protein switch regions present in GADs remain unidentified in
Rv1739c or other STAS domains.

Future NMR experiments designed to detect slower motions on the μsec-sec time scale,
including CPMG [49, 50], R1ρ [51, 52] relaxation dispersion, and ZZ exchange [53], may
provide further insight into nucleotide-STAS interactions dominated by slower internal
motions, and clues to their roles in SulP/SLC26 holoprotein functions. Comparison in these
experiments of wildtype Rv1739c STAS with missense mutants in the conserved candidate
phosphorylation site or in conformationally sensitive Trp and Tyr residues may address
more directly the links between backbone motional properties and protein conformation and
function.

Experimental Procedures
Protein sample preparation and NMR data acquisition

15N-labeled Rv1739c STAS domain (aa 437–560) with a C-terminal his6-tag was
overexpressed and purified as previously reported [15, 16], including a final step of size
exclusion chromatography [15] in 50 mM Na phosphate, 275 mM NaCl, pH 7.2 [15]. The
NMR sample was prepared in a 92% H2O/8%D2O solvent system that contained 2–3 mM
DTT-d10, 0.05% (w/v) NaN3, and 0.25 mM DSS (2,2-dimethyl-2-silapentanesulfonic acid)
as an internal standard. STAS concentration was ~ 0.4 – 0.5 mM in both unliganded and
liganded forms [16].

Longitudinal relaxation times (T1), transverse relaxation times (T2), and {1H}-15N
heteronuclear NOE were measured from 2D 1H-15N HSQC spectra recorded at 298 K on a
Bruker Avance 600.13 MHz spectrometer equipped with a 5 mm triple resonance PFG (z-
axis) probe, using pulse programs as described [54]. All NMR experiments were executed in
the gradient-selected sensitivity-enhanced mode using a matrix of 2048 (F2) x 128 (F1) data-
points and spectral widths of 13 ppm and 36 ppm in the 1H (F2) and 15N (F1) dimensions,
respectively. Frequency discrimination in the indirect dimensions of all multidimensional
spectra was achieved using the States-TPPI mode of quadrature detection [55]. 1H and 15N
carrier frequencies were set to 4.70 ppm and 119 ppm, respectively. Similar data sets of T1,
T2, and {1H}-15N NOE were acquired for three different 15N labeled samples of nucleotide-
free STAS, STAS in the presence of 20 mM GTP, and STAS in the presence of 20 mM
GDP. T1 relaxation experiments were acquired with 5 s recycle delays and relaxation delays
of 10, 50, 100, 200*, 500, 800, 1000, 1200*, and 1500 ms. T2 data were acquired with 5 s
recycle delays and relaxation delays of 16, 32, 48, 64*, 96, 112, 144, 160*, 176, and 192 ms,
where * indicates duplicate data set acquisition. Acquisition of relaxation delays was
interleaved to avoid time-dependent sample degradation and/or field drift [56, 57]. {1H}-15N
heteronuclear NOEs were determined as the ratio of spectral peak height recorded with 1H
saturation (NOE, with 3 s recycle delay and 3 s proton saturation) to that recorded
without 1H saturation (NONOE, using a 5 s recycle delay). After each NMR data set
acquisition, protein stability was assessed by 2D 1H-15N HSQC spectrum.

NMR data processing and measurement of 15N backbone relaxation parameters
NMR data were processed and visualized by NMRPipe/NMRDraw [58] on an Intel PC
workstation running RedHat Linux versions 7.1 or enterprise5. The directly and indirectly
detected time domain data were processed by applying a 90° phase-shifted squared sinebell
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or a Gaussian filter with a line-broadening parameter of 10 Hz as weighting functions. Data
sets were zero-filled once in each dimension prior to Fourier transformation. All chemical
shifts were referenced to a DSS internal standard [59].

Relaxation times T1 and T2 were determined by fitting peak heights of respective
experimental data sets to a single exponential decay using the nonlinear least-squares
(NlinLS) routine in NMRPipe/NMRDraw distribution [58]. Errors in data fit were estimated
from duplicate measurements of relaxation data points in both experiments.

15N backbone dynamics of unliganded and liganded STAS
Relaxation data were analyzed using the model-free formalism-based programs [19, 20]
FastModelfree [60] interfaced with Modelfree v4.01 [27] and Tensor2 [61]. The overall
rotational correlation time (τm) of the Rv1739c STAS domain polypeptide was estimated
from a trimmed R2/R1 data set including values from residues obeying the filter criteria of
heteronuclear NOE ≥ 0.65 and R1 and R2 values within one standard deviation (S. D.) from
the average value (Ri < {Ri} − σRi), where i=1 and/or 2. Residues with R2 values greater
than one S.D. (R2 ≥ {R2} + σR2) were considered only when their corresponding R1 values
were lower by one S. D. (R1 ≤ {R1} −σR1) [39, 56, 62]. The coordinate system of the
average Rv1739c STAS structure (PDB 2KLN) was moved to the molecule’s center of mass
using PDBINERTIA [63], and principal components of moments of inertia were determined.
The rotational diffusion tensor of the molecule was estimated for isotropic, axially
symmetric, and fully anisotropic models by QUADRIC_DIFFUSION [63], and Tensor2
programs, using a filtered data set that excluded flexible residues according to described
criteria [62]. Based on χ2 goodness-of-fit and F-test statistical parameters, an axially
symmetric model was found appropriate to fit the relaxation data. This analysis yielded
values for D||/D⊥, θ, and φ that, along with rNH = 1.02 Å, and a CSA tensor of −172 ppm,
were used as input parameters in model-free analysis to obtain motional amplitudes and
timescales of N-H bond vectors. The analysis yielded values for generalized order parameter
(S2), internal correlation times of local internal motions (τe), and conformational exchange
terms (Rex).

The relaxation input parameters of T1, T2, and {1H}-15N heteronuclear NOE for the
Rv1739c STAS domain in the presence of GTP and GDP, for which crystal structures are
not available, were analyzed using reduced spectral density mapping that does not require
knowledge of the molecular rotational diffusion tensor [22, 23]. The reduced spectral
density mapping assumes a single frequency term, J(0.87ωH) incorporating the three highest
frequency terms J(ωH+ωN), J(ωH), and J(ωH-ωN) from the five spectral density terms [22,
35]. Reduced spectral density functions of J(0), J(ωN), and J(0.87ωH) were deduced for
STAS, STAS+20 mM GTP, and STAS+20 mM GDP using the program “15N spectral
density analysis” in Mathematica Notebook [64]. Estimation of parameters and the
associated error in parameter measurement was from a series of 500 Monte Carlo
simulations implemented to estimate reduced spectral density functions and the associated
errors propagated from measured relaxation parameters T1, T2, and {1H}-15N heteronuclear
NOE. To verify consistency between measured data and estimated spectral density
functions, τm of Rv1739c STAS was also estimated in the absence and presence of guanine
nucleotides from spectral density functions [28] by the following equation:

Figures were generated using GNUPLOT (linux version 3.5; http://www.gnuplot.info/) and
PyMOL (Warren L. DeLano “The PyMOL Molecular Graphics System.” DeLano Scientific
LLC, San Carlos, CA, USA. http://www.pymol.org).
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Abbreviations

STAS sulfate transporter and anti-sigma factor antagonist

HSQC heteronuclear single quantum coherence

R1 longitudinal relaxation rate

R2 transverse relaxation rate

τm rotational correlation time

S2 generalized order parameter

τe internal effective correlation times

Rex conformational exchange terms

J(ω) spectral density function at frequency ω
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Fig. 1.
15N-relaxation data of Rv1739c STAS domain (~0.5 mM in 50 mM Na phosphate, pH 7.2,
275 mM NaCl) recorded at 600.13 MHz, 300 K. (A) longitudinal relaxation rates (R1), (B)
transverse relaxation rates (R2), (C) steady-state heteronuclear NOEs, and (D) R2/R1 ratios
are plotted as a function of Rv1739c STAS domain amino acid sequence. STAS secondary
structure deduced from the NMR solution tertiary structure is shown at top.
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Fig. 2.
Model-free parameters of Rv1739c STAS as determined considering axially symmetric
tumbling of the molecule. The values of (A) generalized order parameter (S2), (B) effective
correlation time for internal motions (τe), and (C) exchange terms (Rex) with their error
values were deduced by fitting the relaxation data to the five models of the model-free
formalism, and plotted as a function of amino acid sequence. STAS secondary structure is
shown at top.
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Fig. 3.
Model-free parameters mapped onto the ribbon representation of Rv1739c STAS. (A)
Values of generalized order parameters (S2) are highlighted for each residue as follows:
blue, S2 ≤ 0.7; magenta, 0.71 ≤ S2 > 0.8; yellow, 0.81 ≤ S2 > 0.9; red, 0.91 ≤ S2 > 1.0; gray,
data unavailable (ND). (B) Values of effective correlation times (τe) for each residue: light
magenta, residues experiencing faster motions (τe ≤ 100 ps); blue, residues experiencing
slower motions (τe > 100 ps). (C) Residues with exchange terms (Rex) that account for
conformational and/or chemical exchange are dark red. In (B) and (C), STAS ribbon
structure is light gray (“hydrogen” in the PyMOL carbon pseudocolor scheme).

Sharma et al. Page 20

FEBS J. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
15N-relaxation data for unliganded Rv1739c STAS, (~0.5 mM in 50 mM Na phosphate, pH
7.2, 275 mM NaCl) and for Rv1739c STAS in the presence of 20 mM GTP and 20 mM
GDP recorded at 600.13 MHz, 300 K. (A) Superposed sequence-specific longitudinal
relaxation rates (R1). (B) Superposed sequence-specific transverse relaxation rates (R2). (C)
Superposed sequence-specific {1H}-15N heteronuclear NOEs. (D) Superposed sequence-
specific R2/R1 ratios. Shaded bars highlight residues experiencing chemical shift
perturbation (CSP) upon nucleotide binding; bars marked by ‘*’ indicate residues perturbed
by both GTP and GDP {15}. CSP residues that exhibit increased R2 and J(0) and decreased
NOE and J(ωN) values are aquamarine for GTP and yellow for GDP; see text for details.
STAS secondary structure is shown at top.
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Fig. 5.
Reduced spectral density functions deduced from 15N relaxation data for free, GTP-bound,
and GDP-bound STAS. (A) Superposed sequence-specific J(0) functions. (B) Superposed
sequence-specific J(ωN) functions. (C) Superposed sequence-specific J(0.87ωH) functions.
Shaded bars highlight residues experiencing chemical shift perturbation (CSP) upon
nucleotide binding; bars marked by ‘*’ indicate residues perturbed by both GTP and GDP
{ 15}. CSP residues that exhibit increased R2 and J(0) and decreased NOE and J(ωN) values
are aquamarine for GTP and yellow for GDP; see text for details. STAS secondary structure
is shown at top.
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Fig. 6.
Sequence-specific reduced spectral density function value differences (ΔJ) between
nucleotide-bound and free STAS. Left panels, (A–C),ΔJ between GTP-bound STAS and
free STAS; Right panels, (D-F), ΔJ between GDP-bound STAS and free STAS. (A & D)
ΔJ(0), (B & E) ΔJ(ωN), and (C & F) ΔJ (0.87ωH). Shaded bars highlight residues
experiencing chemical shift perturbation (CSP) upon nucleotide binding; bars marked by ‘*’
indicate residues perturbed by both GTP and GDP {15}. CSP residues that exhibit increased
R2 and J(0) and decreased NOE and J(ωN) values are aquamarine for GTP and yellow for
GDP. STAS secondary structure is at top of each column of panels.
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Fig. 7.
J(0) values mapped onto the Rv1739c STAS average structure. (A) J(0) values of STAS
domain; (B) J(0) values of STAS+GTP; (C) J(0) values of STAS+GDP. On the light gray
ribbon structure, blue residues have J(0) < 2/5τm and J(0.87ωH) > 7.5 ps/rad; cyan residues
have J(0) < 2/5τm and J(0.87ωH) < 7.5 ps/rad; yellow residues have 2/5τm < J(0) > J(0)cutoff
rendered; red residues have J(0) > J(0)cutoff rendered red and are labeled by residue number.
J(0)cutoff = J(0) + one RMSD.

Sharma et al. Page 24

FEBS J. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sharma et al. Page 25

Table 1
15N relaxation rates R1 (sec−1), R2 (sec−1), τm (nsec),{1H}-15N heteronuclear NOEs recorded at 600.13 MHz,
300 K, and reduced spectral density function parameters {J(0) (ns/rad), J(ωN) (ns/rad), and J(0.87ωH) (ps/
rad)} of secondary structural elements of Rv1739c STAS in the absence or presence of 20 mM GTP or GDP.

parameter structural segment STAS STAS+GTP STAS+GDP

R1

α-helices 1.34 ± 0.05 1.27 ± 0.06 1.06 ± 0.04

β-strands 1.33 ± 0.05 1.29 ± 0.06 1.03 ± 0.04

loops 1.36 ± 0.05 1.30 ± 0.05 1.06 ± 0.04

R2

α-helices 16.13 ± 0.80 16.52 ± 0.69 18.63 ± 1.00

β-strands 12.65 ± 0.49 14.46 ± 0.45 17.23 ± 0.63

loops 15.02 ± 0.74 15.55 ± 0.61 17.88 ± 0.91

τm overall 9.55 ± 0.21 10.48 ± 0.25 13.25 ± 0.34

NOE

α-helices 0.81 ± 0.04 0.80 ± 0.04 0.83 ± 0.05

β-strands 0.88 ± 0.03 0.94 ± 0.04 0.80 ± 0.05

loops 0.77 ± 0.03 0.76 ± 0.04 0.79 ± 0.06

J(0)

α-helices 5.79 ± 0.30 6.23 ± 0.14 6.65 ± 0.31

β-strands 4.57 ± 0.19 5.35 ± 0.10 6.32 ± 0.24

loops 5.16 ± 0.24 5.83 ± 0.16 6.59 ± 0.30

J(ωN)

α-helices 0.33 ± 0.01 0.31 ± 0.01 0.26 ± 0.01

β-strands 0.33 ± 0.01 0.33 ± 0.01 0.25 ± 0.10

loops 0.34 ± 0.01 0.32 ± 0.01 0.26 ± 0.01

J(0.87ωH)

α-helices 3.93 ± 0.80 4.46 ± 0.76 3.03 ± 0.83

β-strands 2.42 ± 0.65 2.56 ± 0.77 3.33 ± 0.77

loops 5.02 ± 0.68 5.64 ± 0.72 4.40 ± 0.72
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