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Abstract Molecular motion and dynamics play an

essential role in the biological function of many RNAs. An

important source of information on biomolecular motion

can be found in residual dipolar couplings which contain

dynamics information over the entire ms-ps timescale.

However, these methods are not fully applicable to RNA

because nucleic acid molecules tend to align in a highly

collinear manner in different alignment media. As a con-

sequence, information on dynamics that can be obtained

with this method is limited. In order to overcome this

limitation, we have generated a chimeric RNA containing

both the wild type TAR RNA, the target of our investiga-

tion of dynamics, as well as the binding site for U1A

protein. When U1A protein was bound to the portion of the

chimeric RNA containing its binding site, we obtained

independent alignment of TAR by exploiting the physical

chemical characteristics of this protein. This technique can

allow the extraction of new information on RNA dynamics,

which is particularly important for time scales not covered

by relaxation methods where important RNA motions

occur.
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Introduction

The HIV-1 TAR RNA is a paradigmatic example of bio-

logical function requiring a conformational change in RNA

(Al-Hashimi 2005; Zhang et al. 2006; Leulliot and Varani

2001; Bardaro et al. 2011). Specifically, binding of HIV-1

Tat protein and the subsequent recruitment of human

cyclin T1 for transcriptional activation of the HIV pro-

moter depend on the ability of TAR to alter its structure in

response to ligand binding (Karn 1999). TAR binds to

a variety of ligands resulting in a large ensemble of

known structures (Bardaro et al. 2009; Zhang et al. 2006).

Although ligand binding induces a considerable confor-

mational change in TAR, traditional NMR relaxation and

T1q power dependence experiments (Hansen and Al-

Hashimi 2007; Dayie et al. 2002; Bardaro et al. 2009) have

been unable to sample the timescales where relevant

dynamics occur (Olsen et al. 2010; Zhang et al. 2007).

Residual dipolar couplings, however, indicate there are

large scale global motions occurring between the two

helices with the bulge region acting as a hinge, which occur

at a rate too slow to be observed by relaxation methods

(Al-Hashimi et al. 2002; Zhang et al. 2006, 2007 ) yet too

fast for relaxation dispersion studies.

Consistent with those RDC studies and in contrast to

solution state relaxation experiments, solid state NMR

(ssNMR) studies of TAR dynamics discovered a plethora

of motions occurring in the ls-ns timescale and described

their characteristics at both the domain and residue level

(Olsen et al. 2008; Olsen et al. 2010; Olsen et al. 2009).

The ssNMR deuterium techniques generate robust results

after motional modeling of the data, but they require con-

siderable acquisition time in addition to cumbersome

deuterium labeling; progress is slow because single site

labeling is required at the present time to extract detailed
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motional information. Furthermore, an independent method

of validation of the solid state data under solution condi-

tions would be of great value. For proteins, it has been

possible to attain accurate as well as detailed information

regarding amplitudes of motion (although not rates) in the

time scale where solution relaxation methods are essen-

tially blind by using residual dipolar couplings (Meiler

et al. 2001; Blackledge 2005; Lange et al. 2008). Thus,

performing a motional analysis using RDCs may address

the fundamental question of how TAR RNA moves as it

performs its function by allowing for the observation of

local (atomic site) dynamics over the entire ps-ms time-

scale, a much wider timescale than is probed by relaxation

experiments. Although exact rates of motion would remain

unknown, this would undoubtedly be a considerable advance-

ment over current knowledge.

In order to account for the orientational dependence of

RDCs, data analysis requires a high quality structure

(establishing the bond vector orientation relative to a local

axis of motion) and the measurement of RDCs in multiple

independent media which induce the molecule to assume a

particular orientation determined by its interaction with the

alignment media. The use of multiple independent media

effectively allows for the separation of the orientational

effects on the residual dipolar couplings. Because this

technique relies on the exploitation of orientational aver-

aging properties of RDCs to characterize the dynamic

modes of RNA bases and riboses, the accuracy of this

analysis depends on each medium inducing a sufficiently

different orientation for TAR. Therefore, the success of the

technique relies on the different dependence of RDCs on

internal anisotropic motion in the presence of differently

oriented tensors.

Thus far, with one exception, it has not been possible to

attain multiple data sets of aligned RDCs for RNA with

sufficient orthogonality (Latham et al. 2008; Higman et al.

2011). In the only exception, independent alignment was

achieved between two data sets by elongating the lower

stem of TAR until it became the dominant factor in

aligning the RNA (Dethoff et al. 2010). Since nucleic acids

have a fairly uniform negative electrostatic distribution on

a mesoscopic scale, they interact with each alignment

media in a similar fashion. Indeed when samples of TAR

were subjected by us to a number of different alignment

media, three of these media (Pf1, Peg/Hexanol and

Glucopone/Hexanol) produced RDC data sets that were

highly correlated with each other, indicating TAR assumes

highly similar orientations in each of these alignment media.

In order to overcome RNA’s inherent reluctance to align

with any sort of independence, we reasoned that perhaps

binding the RNA to a protein would generate a molecular

complex with sufficient electrostatic anisotropy to obtain

alignments with varying levels of orthogonality. For this

approach to work, however, the protein must bind tightly

so as to form a complex that does not readily dissociate or,

more importantly, lead to resonance broadening, and the

protein itself cannot perturb the RNA being investigated.

Thus, we created a chimeric RNA containing both TAR

and the binding site for human U1A protein in a chimeric

dumbbell construct. The protein binds to its cognate site

which is separated from TAR, and forms a sub-nM com-

plex with extremely slow off rates. The RDC data set

collected on this sample is minimally correlated with the

same data set collected on the original TAR RNA in the

same media, thereby demonstrating independent alignment.

Materials and methods

RNA sample preparation

All RNAs used in this study were prepared enzymatically

via the phage T7 RNA polymerase in vitro transcription

method (Milligan et al. 1987; Milligan and Uhlenbeck

1989) using 13C–15N-labeled nucleotides purchased from

Isotec and in house purified polymerase. DNA templates

were purchased from IDT and included 20-O-methyl groups

in the last two residues at the 50 end of the template in order

to reduce further addition of nucleotides past the template

end (Varani et al. 1996). The RNAs were purified by

denaturing gel electrophoresis followed by electro-elution

and ethanol precipitation. Finally, microdialysis was per-

formed in a 10 mM potassium phosphate buffer (pH 6.6)

with 0.01 mM EDTA.

In addition to preparing TAR fully labeled samples, the

chimeric TAR-U1A construct (referred to as TAR1A)

samples were also made with a partial labeling scheme

containing either GU or AC-labeled nucleotides to reduce

spectral overlap. All samples were dialyzed into 10 mM

potassium phosphate and 10 mM KCl buffer (pH 6.2) with

0.01 mM EDTA. The TAR1A sequence, Fig. 1, combines

Fig. 1 a Sequence and secondary structure of the TAR construct

studied here; b chimeric TAR1A sequence with the U1A binding site

shown in red. The maroon line shows the connection point between

the two RNAs
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the wt-TAR sequence (without G17 and C45) with the U1

snRNA hairpin II sequence (A62-U79) in a dumbbell

construct.

U1A preparation

The wt-U1A 1:98 double mutant (Tyr31-His and Gln36-

Arg) plasmid (Allain et al. 1996) was cloned into the Pet28

kanamycin expression vector and transformed into Rosetta

cells with a 45 s heat shock. The batch of 15N labeled U1A

(prepared to observe proper binding to the RNA) was made

and purified the same way, except that minimal M9 med-

ium (containing 15N labeled NH4Cl) was used instead of

2XYT broth.

Complex formation

The complex of unlabeled TAR1A with 15N labeled U1A

was prepared by slowly titrating the desired amount of

protein (110 % the molar amount of RNA) into a TAR1A

sample and running a 15N-HSQC after each addition to

observe the progression in complex formation. The final

U1A HSQC in the titration series was compared to spectra

of U1A bound to the 30-UTR of its mRNA which contains

the same seven nucleotide that U1A protein recognizes

(Gubser and Varani 1996; Allain et al. 1996) and found to

be nearly identical. The initial spectrum of the unbound

U1A protein was also found to be identical with spectra

from previous studies (Avis et al. 1996; Howe et al. 1994).

The complex of 13C/15N labeled TAR1A with unlabeled

U1A was prepared by slowly titrating the desired amount

of protein (110 % the molar amount of RNA) into a

TAR1A sample and running a 13C-HSQC after each

addition to observe the progression of complex formation.

A final molar ratio of 1.1:1 of U1A to 13C/15N TAR1A was

used for all RDC experiments on TAR1A.

Sample alignment

Four different media were used to align TAR, and one of

the media was also used to align the TAR1A-U1A com-

plex. Alignment with filamentous Pf1 bacteriophage was

accomplished by adding phage to a final concentration

of *17 mg/mL (Getz et al. 2007; Bardaro et al. 2011;

Latham et al. 2008). Pf1 was the only medium to be used

on both wt-TAR and the chimeric variant, all other media

were applied thus far only to TAR. Alignment was also

achieved using a n-alkyl-poly(ethylene glycol)/n-hexanol

mixture as well as a glucopone/n-hexanol mixture (Ruckert

and Otting 2000). Specifically, C12E6 (where 12 is the

number of carbons in the n-alkyl group and 6 is the number

of glycol units in poly(ethylene glycol)) was added to the

TAR sample to a final concentration of 5 %. Hexanol was

then added until a final molar ratio of C12E6:hexanol of

0.64 was reached. The process for glucopone was similar.

First, glucopone was added to the RNA sample until a final

concentration of 4 % was achieved. Then hexanol was

added to a final concentration of 0.57 %. In the case of both

alcohol mixtures, samples were biphasic at low hexanol

concentrations. However, once the desired concentration

was reached, the samples became monophasic as well as

transparent.

The final media used for the induction of RNA align-

ment was a negatively charged 6.0 % acrylamide gel (Chou

et al. 2001; Ishii et al. 2001). In order to introduce the

negative charge, a 5 % molar amount of acrylamide was

replaced by an equimolar amount of 2-acryloylamino-2-

methylpropane-1-sulfonic acid (AMPS). The gel was then

added to a special NMR tube (with a typical 5 mm diam-

eter) by previously published means (Chou et al. 2001).

The alignment of the TAR samples was verified by

measuring deuterium splitting (Ottiger and Bax 1998) on a

different 499 MHz Avance instrument at 25 �C. The deu-

terium splitting of TAR1A bound to U1A protein was

measured on the same instrument at both 25 and 32 �C

(Ottiger and Bax 1998).

NMR experiments

All TAR data collection was performed on a Bruker

Avance-500 instrument in the aforementioned buffers with

99.9 % D2O and at 25 �C. For TAR1A samples bound to

the U1A protein, a temperature of 32 �C was used due to

the enhancement in sensitivity and the potential for the use

of additional alignment media. The data for all samples

was collected using a cryoprobe at a sample concentration

of *0.8 mM.

The In-Phase Anti-Phase (IPAP) CT-HSQC pulse

sequence (Ottiger et al. 1998), HaCaCb (Fiala and Sklenar

2007), and 3D MQ-HCN-QJ (or its TROSY-HCN-QJ

version) experiments (Jaroniec et al. 2005) were used to

measure RDCs on the uniformly 13C/15N labeled HIV-1

TAR samples. Only the IPAP HSQC experiment was used

on the 13C/15N TAR1A-U1A complex as the other exper-

iments were too insensitive to obtain usable spectra. Only

single bond couplings were used for the purpose of this

study.

The IPAP data for the bases (1DC6H6, 1DC8H8) were

collected with the 13C frequency set at 144.5 ppm using

172 points, while the data for the sugars (1DC10H10,
1DC20H20,

1DC30H30,
1DC40H40,

1DC50H50, and 1DC50 0H50 0) were collected

with the 13C frequency set at 73.5 ppm using 300 points;

the spectral width was set at 24 ppm for both datasets. The

carrier in the 1H dimension was set to the resonance
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frequency of H2O (* 4.67 ppm) with a spectral width of

12 ppm. Figures 2 and 3 show IPAP data of TAR collected

in two different alignment media for the base and sugar

regions, respectively. The acquisition times for the IPAP

experiments on the bases were 113 ms (1H) and 28 ms

(13C) and 205 ms (1H) and 49 ms (13C) for the sugars.

Fig. 2 [1H,13C] HSQC IPAP

spectrum collected on wt-TAR

in a negatively charged

acrylamide gel showing the data

used to extract the 1DC6H6 and
1DC8H8 RNA base couplings.

The singlets of both the

‘‘In-Phase’’ and ‘‘Anti-Phase’’

experiments have been

overlapped to show the doublets

resulting from both J-coupling

and dipolar coupling

Fig. 3 [1H,13C] IPAP spectrum

collected on wt-TAR in the Pf1

medium showing data used to

extract 1DC10H10,
1DC20H20,

1DC30H30,
1DC40H40,

1DC50H50, and
1DC50 0H50 0 ribose couplings. The

singlets of both the ‘‘In-Phase’’

and ‘‘Anti-Phase’’ experiments

have been overlapped to show

the doublets resulting from both

J-coupling and dipolar coupling
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The data for the HaCaCb (pyrimidine 1DC5C6) were

collected with the 13C frequency set at 142 ppm. The

spectral width in this dimension was 30 ppm. The carrier in

the 1H dimension was set to a frequency of *7.80 ppm

with a spectral width of 5 ppm. 412 points were collected

in this dimension. The resulting acquisition times were

272 ms (13C) 9 82 ms (1H). Figure 4 shows a represen-

tative HaCaCb spectrum of unaligned TAR.

The data for the 3D MQ-HCN-QJ (from which purine
1DN9C10 and pyrimidine 1DN1C10 couplings were extracted)

were collected with the 13C frequency set at 90 ppm, 72

points and a spectral width of 28 ppm. The carrier in the 1H

dimension was set to a frequency of *4.70 ppm with a

spectral width of 6.0 ppm and 648 points were collected.

Lastly, the 15N dimension had a carrier set to 156 ppm, 200

points and a sweep width of 37 ppm. These parameters

lead to acquisition times of 107 ms (1H), 53 ms (15N) and

10 ms (13C).

The analysis of these NMR experiments, resulting in the

reported RDC values, was performed as stated in previous

work (Bardaro et al. 2011; Jaroniec et al. 2005; Fiala and

Sklenar 2007).

Results

TAR is not independently aligned in four different

media

In order to analyze intermediate time scale motion in TAR,

we aligned this RNA in four media and collected four

extensive sets of RDC’s comprising 1DC6H6, 1DC8H8,
1DC10H10,

1DC40H40,
1DC50H50, and 1DC50 0H50 0, pyrimidine

1DC5C6, purine 1DN9C10 and pyrimidine 1DN1C10 couplings.

However, an accurate motional analysis requires the col-

lection of multiple set of RDC’s from sufficiently inde-

pendently aligned media (Bouvignies et al. 2005). Despite

the collection of such a large amount of data, Fig. 5

(illustrating the 1DC6H6, 1DC8H8 and 1DC10H10couplings),

intuitively indicates the data sets are highly correlated with

each other. The noticeable correlation of these data sets

suggests that TAR align in a collinear manner in all media

evaluated, and that all alignment tensors are highly similar

to the alignment tensor for Pf1 phage medium.

To confirm this intuitive conclusion, a Pearson’s corre-

lation analysis (Eq. 1) was performed (Latham et al. 2008)

in order to quantitate the level of correlation between

the RDC data sets collected in different alignment media.

The results of these analyses are shown in Table 1. If all

possible sites in TAR have corresponding RDC value

measurements, there are 29 degrees of freedom (for example

in the bases, there are 29 nucleotides for which there

are measured RDCs in Pf1 and 26 in the PEG/Hexanol

mixture, meaning there are only 26 degrees of freedom in

these media). In this case, any R value greater than 0.46

would indicate a very high probability (at a 99 % confi-

dence level) of correlation between the nominally inde-

pendent data sets. The lowest correlation observed between

data sets on TAR is between Pf1 and the negatively

charged acrylamide gel, showing a correlation of 0.61.

Thus, all RDC datasets (except perhaps the RDCs observed

when wt-TAR is aligned in the acrylamide gel and in Pf1

phages) appear too highly correlated with each other to

allow for the determination of atomic level motions.

R ¼ rxy

rxry
¼

P
xi � �xð Þ yi � �yð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
xi � �xð Þ2

P
yi � �yð Þ2

q ð1Þ

Other studies have reported similar conclusions when

attempting to obtain independent alignments of RNA

(Latham et al. 2008; Higman et al. 2011). Clearly, a

different approach is needed if RNA is to be aligned

independently, leading to sufficiently different alignment

tensors to perform a complete analysis of dynamic

amplitudes.

Formation of the TAR1A-U1A complex

We reasoned that, since many proteins align independently

in different media (Bax 2003), RNA may align differently

if it is bound to a protein. In order to bind TAR to a protein

in such a way that RNA secondary structure and dynamics

are not perturbed, we generated the TAR1A construct

(Fig. 1). This chimeric RNA forms a dumbbell structure

which contains the wt-TAR sequence (without G17 and

C45) spliced to the U1 snRNA hairpin II (A62-U79)

(Oubridge et al. 1994; Howe et al. 1994). The addition of

the U1 snRNA hairpin II sequence allows for binding of

the U1A protein to this RNA. We used the 1:98 double

mutant (Tyr31-His and Gln36-Arg) version of the protein

with full binding activity and better NMR behavior

(Oubridge et al. 1994; Avis et al. 1996; Allain et al. 1996,

1997). By creating a new RNA binding site for the protein

away from the TAR structure, we assumed structural and

motional properties for this RNA would be preserved.

In order to verify formation of the desired secondary

structure, several HSQCs experiments were recorded. First

[1H, 15N]-HSQCs of unbound and TAR1A-bound 15N

labeled protein were collected, as shown in Fig. 6. The 15N

HSQCs on the free protein showed the protein structure to be

exactly the same as in previous studies (Avis et al. 1996).

Furthermore, HSQCs on the complex indicated that the U1A

protein bound to the RNA in a highly similar fashion to what

has been reported before (Howe et al. 1994).

We then recorded [1H, 13C]-HSQC experiments on the

unbound and U1A-bound 13C/15N labeled TAR1A, as
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shown in Fig. 7a. The 13C HSQCs show that the secondary

structure of the RNA remains the same in the presence of

the protein, with only a few chemical shift perturbations

to resonances belonging to the TAR part of the variant

sequence, aside from terminal residues. Figure 7a shows

that the only wt-TAR residue significantly perturbed in the

presence of U1A is the extra-helical A35 H2 resonance,

with smaller effects for the H8 of the same residue. We

believe that these changes are most likely to arise from

changes in solvent conditions upon addition of U1A,

because the changes are small and limited to this flexible

and solvent exposed residue.

Another set of HSQC experiments were performed on

the bound TAR1A at 32 �C and were found to have con-

siderably increased sensitivity (due to the decreased sol-

vent viscosity) without affecting chemical shifts in any

significant way. As a result of this increased sensitivity, all

RDC experiments on TAR1A were performed at 32 �C. A

fortunate side effect of the change in temperature is that

more alignment media become available at this higher

temperature.

RDCs for the TAR1A-U1A complex

A full set of RDCs (as collected for the TAR construct) was

extremely difficult to collect on the 13C/15N TAR1A-U1A

for a multitude of reasons. First, spectral overlap became

a significant problem as most RDC experiments require

the measurement of doublets rather than single peaks. To

reduce these problems, two samples were prepared. The

first consisted of TAR1A having 13C/15N uniform labels on

A and C, while the second consisted of uniformly labeled G

Fig. 4 A HaCaCb spectrum on

wt-TAR in the absence of

alignment media showing data

used to extract the pyrimidine
1DC5C6 couplings. Peak

assignments are also indicated

on the figure
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and U sites. Figure 7b shows an unaligned IPAP spectrum

for the base region taken on the variant TAR RNA bound

to the U1A protein with only A’s and C’s being uniformly
13C labeled (‘AC’ labeled sample). Since the RDCs were

collected for two separate RNA–protein complexes

(‘AC’ and ‘GU’ 13C/15N labeled samples), the degree of

alignment was slightly different, because the volume of Pf1

in each sample cannot be perfectly reproduced. In order to

overcome this problem, the 2H splittings were measured for

both samples and used to normalize the data sets.

In addition to the spectral overlap, the sensitivity loss

due to the considerable increase in complex size (from

a 9 kDa RNA to a 28 k Da complex) had a detrimental

effect on the quality of the data. The data recorded for the

TAR1A-U1A complex in Pf1 phages had peak widths that

were on average *4.0 Hz larger in the proton dimension

compared to the wt-TAR RNA aligned in the same med-

ium. In order to partially offset the effects of increased line

width on sensitivity, the temperature was increased to

32 �C. The effects of temperature on RDC values were

established to be negligible by using 1D-2H splitting

experiments on aligned samples at 25 and 32 �C.

Due to the reduced sensitivity, only IPAP experiments

could be recorded with sufficient signal/noise to measure

RDC’s accurately. Using this approach, 1DC6H6, 1DC8H8,
1DC10H10,

1DC40H40,
1DC50H50, and 1DC50 0H50 0 couplings were

collected, but only 1DC6H6, 1DC8H8, and 1DC10H10 were

analyzed because the other measurements were too over-

lapped to provide accurate RDC values. Figure 7c shows

an unaligned spectrum of TAR1A bound to U1A and a Pf1-

aligned spectrum of TAR1A bound to U1A, overlapped

onto each another, highlighting the C8–H8 resonances in

the ‘GU’-labeled sample.

The RDCs collected for the TAR region of the 13C/15N

TAR1A-U1A complex were then compared to data

obtained in the previous alignment on TAR in the same

media (Pf1). The scatter plot shown in Fig. 8 indicates

that these data sets are highly uncorrelated with each other,

suggesting that the U1A protein induces substantially

independent alignment of RNA in the Pf1 medium.

A Pearson’s correlation analysis was performed in order

to quantitate the level of any possible correlation. The

determined Pearson’s correlation coefficient in Table 1 for

these two data sets is 0.50. In this case there are only 18

data points (nucleotides with an accurate RDC measure-

ment), meaning that an R-value of 0.56 is necessary to state

that there is a correlation at the 99 % confidence level.

Clearly, 0.50 falls below this value, strongly suggesting

Fig. 5 Scatter plots of C6-H6, C8-H8 (blue diamonds) and C10-H10

(green triangles) RDCs (Hz) collected for wt-TAR aligned in Pf1

phage plotted versus the same couplings collected in a Peg/Hexanol,

b Glucopone/Hexanol c stretched negatively charged acrylamide gel.

The lines are the best linear fit for each plot and are colored to match

their corresponding data set

Table 1 Pearson’s correlation coefficients calculated for each data

set when compared to the same set of RDC’s when collected for

wt-TAR in the Pf1 phage alignment medium

Alignment media Correlation

value (C6/C8)

Correlation

value (C10)

Peg:Hexanol 0.82 0.85

Glucopone:Hexanol 0.77 0.82

Neg. acrylamide gel 0.65 0.61

Pf1 (TAR1A) 0.50 NA
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that these two data sets are likely to be independent of each

other, suggesting that at least partially independent align-

ment was achieved.

In order to validate the results of the Pearson’s analysis

of the raw RDC data, alignment tensor parameters were

determined for each of TAR’s two helical stems in all four

different alignment media using the deposited TAR struc-

ture (PDB 1ANR model 1) to perform a singular value

decomposition analysis through the PALES program

(Zweckstetter 2008; Zweckstetter and Bax 2000; Zweck-

stetter et al. 2004). The tensors for the two helical stems

of TAR were calculated separately, as done in the past

(Al-Hashimi et al. 2002), because a single alignment tensor

cannot accurately reproduce experimental RDCs due to the

inter-helical motions. The accuracy of the calculated ten-

sors was then tested by using them to back-calculate the

RDCs, as predicted from the TAR structure. The results of

this analysis are shown in Table 2, where it is immediately

possible to observe the high degree of correlation between

the experimental RDCs and those back calculated using the

alignment tensors calculated with PALES.

Thus, the analysis of the rhombicity values leads to the

same conclusion derived from the Pearson’s correlation

analysis of the experimental data. Only in one case do the

rhombicity values for wt-TAR show a significant deviation

from what is calculated for the Pf1 dataset, namely this

occurs for the analysis of RDC’s for the lower stem of TAR

in the negatively charged acrylamide gel. This result is

consistent with the Pearson analysis of the raw data

reported earlier. All other alignment media lead to very

similar alignment tensors. In contrast, the TAR1A tensor

parameters are dissimilar from the tensors determined for

wt-TAR in the same Pf1 alignment medium. Namely, the

alignment of TAR1A in Pf1 leads to a significantly dif-

ferent rhombicity, over three times greater, than deter-

mined for wt-TAR in the same media. These differences

indicate that TAR1A adopts a different preferential orien-

tation, thus achieving at least partial orthogonality. This

desired feature was not observed for any pairs of wt-TAR

data sets aligned in different media.

In order to quantitate the differences in tensor orienta-

tion further, normalized scalar products between the fitted

alignment tensors for wt-TAR and the TAR1A in the

presence of each alignment media were determined and

are shown in Table 3 (Sass et al. 1999). Values close to 1

indicate a high degree of collinearity between tensors,

while values close to 0 indicate orthogonal alignment

tensors. The scalar products can be used to obtain an

‘‘angle’’ between different tensors by taking the inverse

cosine of the normalized scalar product value. The scalar

products in Table 3 indicate that the negatively charged

acrylamide gel used on wt-TAR and the TAR1A-U1A

complex in the presence of Pf1 yield orientation tensors

that are largely orthogonal with respect to each other and

to all other media. The analysis of the tensors extracted

for the remaining three media used on wt-TAR indicate a

largely collinear alignment, supporting the more qualitative

analysis performed using Pearson’s coefficients.

Fig. 6 [1H, 15N]-HSQC spectra

of U1A free in solution (red)

and bound to TAR1A (1:1)

(green). Spectral changes

observed upon RNA addition

demonstrate that the protein

binds to the U1A portion of the

construct as previously reported
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Discussion

Independent alignment of RNA

Despite the physical–chemical variety of the media used to

align RNA, all RDC data sets collected by us were

determined to be highly correlated with each other using a

Pearson’s analysis or when explicitly determining

alignment tensors using Pales. Unfortunately, this phe-

nomenon is common to other RNAs as well, indicating that

this is probably a universal concern when aligning RNA in

different media (Latham et al. 2008; Higman et al. 2011).

The inability to align RNA with sufficient independence

multiple times using different external media can be

explained by its physical properties. RNA (and DNA as

well) has a highly uniform and negatively charged

Fig. 7 a Overlapped [1H,13C]-HSQC spectra of the C2-H2 region of

wt-TAR (blue), TAR1A (red) and TAR1A bound to U1A protein

(green). b Unaligned [1H,13C]-IPAP spectra (both components were

overlapped to show the splittings) of the base region of TAR1A bound

to U1A. c [1H,13C]-IPAP spectra of the base region of an unaligned

GC labeled TAR1A sample bound to U1A protein with a Pf1-aligned

and GC-labeled TAR1A also bound to U1A protein. Only the in-phase

peaks of each spectrum are shown in order to reduce overlap
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electrostatic distribution (Higman et al. 2011; Latham et al.

2008). Furthermore, many of the RNAs currently subjected

to multiple alignment media have elongated rod-like

structures. Since molecular alignment tensors in liquid

crystal media can be accurately predicted through the use

of either a steric obstruction model (Zweckstetter and Bax

2000) or a mixed steric obstruction and electrostatic

repulsion model (Zweckstetter et al. 2004), it is unlikely

that a molecule with the properties mentioned above can

align differently when exposed to negatively charged or

neutral media. In principle, alignment mechanisms that do

not rely solely on steric or electrostatic repulsion could

generate independent alignment. However, even magnetic

alignment of RNA failed to generate a sufficiently inde-

pendent alignment tensor (Latham et al. 2008). Moreover,

positively charged media have a high probability of inter-

acting with the negatively charged RNA, leading to

aggregation.

We reasoned that the alignment properties of proteins

could be used to independently align RNA molecules. In

order to test this hypothesis, a chimeric RNA was designed

containing a binding site for the U1A protein spliced onto

the TAR element. The construct was used to test whether

the RNA would take on the alignment properties of the

bound protein and align independently in different external

media.

The results indicate that the U1A protein has a direct

effect on the physical alignment of the RNA. U1A is

similar to other proteins, such as GB3, GB1 and ubiquitin

which have all been independently aligned using different

media, due to their small size and similar steric and elec-

trostatic properties. Proteins resistant to independent

alignment tend to be larger protein complexes with more

uniform electrostatics and elongated shapes (Higman et al.

2011).

Our strategy was therefore successful, but several words

of caution are warranted. Using the method presented here,

we can successfully measure several RDCs per nucleotide

by using IPAP experiments. However, the sensitivity of the

HaCaCb experiment is too low to measure the pyrimidine
1DC5C6 accurately enough, unless partial deuteration is

used to reduce the line widths, yet these couplings provide

Fig. 8 Scatter plots of C6–H6 and C8–H8 RDCs (Hz) collected on

wt-TAR aligned in Pf1 medium versus the same coupling collected

for TAR1A bound to U1A protein and aligned in the same Pf1

medium. The line is the best linear fit for the plotted data

Table 2 Calculated alignment tensor parameters, Da and R, deter-

mined from analysis of the experimental RDCs are shown alongside

linear correlation coefficient, Rcorr, rmsd and Q, between observed

RDCs and those predicted from the TAR three dimensional structure

using the Best-Fit module in the program PALES

RNA and stem Media Da (Hz)a Rb RMSDc Rcorrd Qe 1DCH
f

wt-TAR lower stem Pf1 10.7 0.08 0.65 0.972 0.163 10

wt-TAR upper stem Pf1 30.0 0.13 0.58 0.996 0.060 10

wt-TAR lower stem PegHex 24.4 0.06 0.86 0.984 0.114 7

wt-TAR upper stem PegHex 51.0 0.15 1.53 0.994 0.097 8

wt-TAR lower stem GluHex 5.8 0.21 0.33 0.981 0.149 9

wt-TAR upper stem GluHex 15.5 0.20 0.22 0.998 0.050 7

wt-TAR lower stem NegGel 24.4 0.31 1.30 0.987 0.159 8

wt-TAR upper stem NegGel 50.1 0.15 1.82 0.995 0.098 8

TAR1A upper stem Pf1 15.1 0.38 0.11 0.999 0.026 6

a The axial component of the alignment tensor normalized to the dipolar interaction constant of the one-bond CH internuclear vector

(1Dmax
CH * Da)

b The rhombicity of the alignment tensor (Dr/Da)
c The root-mean-square deviation between predicted and experimental RDCs
d Pearson’s linear correlation coefficient between predicted and experimental RDCs
e The average rmsd normalized by the average magnitude of experimental RDCs
f The number of CH couplings available for use in tensor determination
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the ‘‘motionless’’ or ‘‘rigid’’ couplings used to calculate the

initial alignment tensor. The minimization of dynamics is

important when calculating initial alignment tensors, since

motion is obviously a source of systematic error when

determining an experimental alignment tensor using a

steric model (Bernado and Blackledge 2004). The 1DC40H40

couplings from the IPAP experiment are also lost due to

poor sensitivity, and experiments used to measure the

valuable purine 1DN9C10 and pyrimidine 1DN1C10 couplings

are also too insensitive. However, it is possible to increase

the sensitivity of NMR experiments on RNA considerably

by using perdeuterated NTPs. Based on our experience in

other projects, we are confident that the use of partially

deuterated and 13C/15N NTPs will result in the enhanced

sensitivity needed to measure additional RDCs.

Conclusions

Like other RNAs, TAR does not align with a sufficient

level of independence in multiple alignment media used to

generate partial alignment, limiting the dynamic informa-

tion that can be extracted from RDC studies. However,

by constructing a chimeric molecule containing the U1

snRNA hairpin II sequence (A62-U79) spliced to TAR and

by binding U1A protein to this construct, we generated a

sample that is independently aligned when compared to the

TAR sequence placed in the same alignment medium.

Despite drawbacks due to the increased size of the RNA

and the resulting decreased sensitivity of NMR experi-

ments, this design has the potential to solve a major

obstacle in using RDCs for interpreting RNA dynamics.
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