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Abstract

Interactions between nucleic acids and proteins are critical for many cellular processes, and their
study is of utmost importance to many areas of biochemistry, cellular biology, and virology. Here,
we introduce a new analytical method based on sedimentation velocity (SV) analytical
ultracentrifugation, in combination with a novel multiwavelength detector to characterize such
interactions. We identified the stoichiometry and molar mass of a complex formed during the
interaction of a West Nile virus RNA stem loop structure with the human T cell-restricted
intracellular antigen-1 related protein. SV has long been proven as a powerful technique for
studying dynamic assembly processes under physiological conditions in solution. Here, we
demonstrate, for the first time, how the new multiwavelength technology can be exploited to study
protein—RNA interactions, and show how the spectral information derived from the new detector
complements the traditional hydrodynamic information from analytical ultracentrifugation. Our
method allows the protein and nucleic acid signals to be separated by spectral decomposition such
that sedimentation information from each individual species, including any complexes, can be
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clearly identified based on their spectral signatures. The method presented here extends to any
interacting system where the interaction partners are spectrally separable.

Graphical Abstract

Interactions between proteins and nucleic acids are at the core of many cellular processes.
For example, more than 10% of cell proteins are RNA binding proteins,! and nuclear DNA
interacts with histones, regulatory proteins, and the replication machinery. Numerous
methods have been devised to study these interactions. X-ray crystallography and nuclear
magnetic resonance (NMR) spectroscopy may provide atomistic models of an entire
complex,” and help identify binding interfaces, but these methods are time and resource
intensive and require well-behaved systems. Consequently, relatively few structures of
protein—RNA complexes have been solved to date. Other methods, such as surface plasmon
resonance, isothermal titration calorimetry, and fluorescence anisotropy, can be used to study
the thermodynamics of interactions. However, each method brings its own limitations, be it
resolution, size restrictions on the analyte, sample requirements, or absence of physiological
conditions during the measurement. Here, we introduce a new approach for studying protein
—mnucleic acid interactions, which promises to provide new details in the characterization of
assembly processes, helps to identify the stoichiometry of the interaction, and characterize
the thermodynamic properties of reversible complexes. The approach employs analytical
ultracentrifugation (AUC) and sedimentation velocity (SV), and uses a novel
multiwavelength analytical ultracentrifugation (MWL-AUC) detector,%’ in combination
with high-performance computing (HPC), to evaluate the data. AUC has long been regarded
as the gold standard for studying macromolecular assemblies and complexes in solution,
because the physiological conditions found in the cytosol can be approximated during the
experiment. Factors, such as ionic strength, pH, reduction potential, presence of nucleotides,
small molecules and drugs, can easily be manipulated. During AUC experiments, solutes are
separated in a centrifugal force field based on their hydrodynamic properties, which provides
access to each solute’s partial concentration, anisotropy, and mass. The experimental data
represent the evolution of each solute’s concentration gradient over radius and time. These
data are typically fitted to finite element solutions of the Lamm equation, 19 which describe
the sedimentation and diffusional flow in the ultracentrifuge cell. A series of optimization
approaches, developed in the Demeler laboratory, are used together with HPC programs to
find models that describe the experimental data.11~1?

In traditional AUC instruments, data are collected by either observing the ultraviolet (UV) or
visible (Vis) absorbance at a single wavelength, or by measuring Rayleigh interference, or
fluorescence emission intensity. The UV absorbance optics in the Beckman Optima XL-I
allows collection of up to three wavelengths, with simultaneous Rayleigh interference data
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collection, but the reproducibility of wavelength measurements is so unreliable that, for all
practical purposes, it is hardly useful. Nevertheless, a considerable body of work exists for
studying nucleic acid—protein interactions in solution using analytical ultracentrifugation
with multiple signals (for representative examples, the reader is referred to refs 20-22).
Because of the lack of precision in the wavelength reproducibility in the Beckman
instrument, most applications focusing on multisignal analysis employ sedimentation
equilibrium experiments, which can more easily be corrected for wavelength variation.2?
Previously, multisignal analysis of SV experiments combined Rayleigh interference data
with UV absorbance to study protein—RNA interactions,?* or focused on protein
mixtures;2® however, because of hardware limitations, spectral resolution is rather low. In
the case of protein—nucleic acid interactions, little is gained when interference signal is
added. First, the concentrations required for interference experiments are rather high and are
not necessarily compatible with the dynamic range of the UV detector at the peak
wavelengths; second, the refractive indices of proteins and nucleic acids are impossible to
deconvolute from a single measurement at a single wavelength. However, single-wavelength
studies have been successfully used to study protein—RNA associations by analyzing
different titrations in the analytical ultracentrifuge, using SV aloneZ® or combined with
sedimentation equilibrium methods;2” however, the signals from protein and nucleic acids
cannot be separated. In this work, we combined protein—RNA titrations with our
multiwavelength analysis approach, where an entire wavelength range of interest can be
monitored. Previously, we have demonstrated the significant improvement in resolution
obtained with this approach when it is applied to heterogeneous, noninteracting protein and
nucleic acid mixtures (see Figure 7 in ref 28, which contrasts the results obtained by using 2
wavelengths in the XL-A versus 60 wavelengths in the MWL-AUC). By introducing a
second dimension of observation—the spectral absormptivity of all components in a mixture
— it is now possible to detect different solutes that are not only based on their hydrodynamic
differences, but also are based on their UV-Vis absorbance spectra. MWL-AUC data can be
decomposed into separate datasets based on the spectral signals of individual components,
which can then be analyzed individually.2® If different chemical substances present in a
mixture possess unique chromophores, giving rise to separable spectral signals, then the
identity and molar amount of these substances can be resolved based on their known molar
extinction profiles. In such a case, the absorbance spectrum from each substance adds
important new and complementary information to the traditionally obtained hydrodynamic
information on an AUC experiment. As was demonstrated previously,?8 the spectral profiles
of proteins and nucleic acids are sufficiently different to allow quantifying mixtures by
deconvolution of the overlapping spectra. In the previous study, a spectral range of 240-300
nm was sufficient to completely resolve a plasmid DNA digest mixed with bovine serum
albumin, even though the sedimentation signal of the two analytes overlapped significantly.

Given the advances in methodology, we investigated the interaction of human T cell-
restricted intracellular antigen-1-related protein (WTIAR) and a West Nile virus (WNV) RNA
37 stem loop structure, (WNV-RNA) (Figure 1). WNV is a flavivirus and a human pathogen
that causes significant human morbidity and mortality in ever-expanding regions of the
world. Currently, no effective antiviral atherapies exist. hTIAR possesses three RNA
recognition motifs (RRMs) and a C-terminal prion domain.?*>2 hTIAR and the closely
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related protein TIA-1 are involved in regulating alternative pre-mRNA splicing, nucleating
stress granule assembly, and regulating cell translation. In the latter role, hTIAR binds to
AU-rich sequences in long single-stranded regions of the 3 “untranslated regions (UTRs) of
some mRNAs and to CU-rich regions in the 5 "UTRs of others.333> Although the structures
of individual RRM domains of hTIAR have been reported, no highresolution structure of
hTIAR in complex with an oligonucleotide has been reported and the precise structural basis
for single-stranded RNA binding is not known. Our previous work has shown that hTTAR
binds to the central loop region of the 3 “terminal stem loop structure of the negative strand
of WNV 3 “(—) SL3¢ (Figure 1). This interaction is novel, involves multiple assembly steps,
and facilitates the synthesis of the WNV genome (the positive strand) RNA 378 This
essential cellular protein-viral RNA interaction therefore adds a target for future design of
broad spectrum antiflavivirus therapies. Here, we investigate the nature of the cell protein—
viral RNA interactions using MWL-AUC to gain insights into the molecular mechanisms by
which the recruiting of hTIAR regulates WNV plus strand RNA synthesis. In this study,
hTIAR with a molar mass of 31.9 kDa and a 75-nucleotide RNA structure from the 3~
terminal of the WNV minus strand RNA, WNV 3 “(—) SL (WNV-RNA), with a molar mass
of 23.8 kDa, were selected as inferaction partners.

MATERIALS AND METHODS

Protein and RNA Preparation

hTIAR was expressed as a recombinant protein fused to an N-terminal Glutathione-S-
transferase tag (GST) in Escherichia coli strain Rosetta 2(DE3) pLysS cells (Novagen). Cells
were incubated until an optical density of 0.6-0.7 at 600 nm was reached. After overnight
post-induction at 20 °C, cells were harvested by centrifugation. Cell pellets were lysed with
protease inhibitor cocktail tablets (Roche). The lysate was centrifuged at 12 000¢ for 30 min
at 4 °C. Proteins remaining in the lysate supernatant were salted out with ammonium sulfate
to a final concentration of 70% (w/v) and pelleted with centrifugation, and resuspended in
PBS buffer. The GST tag was removed by addition of the site-specific protease PreScission
Protease (GE Healthcare) and further purified by gel filtration. WNV-RNA was produced by
transcription from a PCR amplified dSDNA template. The RNA transcript was isolated by
anion exchange column and desalted. Further details are available in the Supporting
Information.

Isothermal Titration Calorimetry

Reaction heats of dialyzed hTIAR and WNV-RNA samples were recorded using a VP-ITC
Microcalorimeter (GE Healthcare, Inc.) with a stirring rate of 310 rpm and a reference
power of 18 ucal/s at 25 °C. The isotherms were corrected for the heats ofprotein or RNA
dilution by subtracting the average of 3—5 data points from the saturated tail of the titration.
The titration was made by injections of 8 #L of protein solution (78 xM) over a period of 16
s into the RNA solution (initial concentration = 3.5 #M) with a 5 min interval between
subsequent injections. Further details are available in the Supporting Information.
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Multiwavelength Analytical Ultracentifugation (MWL-AUC)

Purified hTIAR and WNV-RNA were measured separately as controls and were mixed in
molar ratios of 3:1, 6:1, and 10:1 with a constant concentration of 1.2 zM RNA and
sedimented in a MWL-AUC equipped analytical ultra-centrifuge at the University of
Konstanz (Germany), as described in refs 7, and 3°. This detector is installed into a
preparative Beckman Model XL-80K ultracentrifuge equipped with a XL-I heatsink. The
detector itself is based on a Model USB 2000 CCD array spectrometer (Ocean Optics),
which allows the acquisition of full UV-vis spectra in the range of 230-700 nm on a 2048
pixel array within 1 ms for a single spectrum. The white light from a xenon flash lamp is
guided into the rotor chamber via optical fibers and a vacuum feedthrough. The entire
detector is mounted on a detector arm. The complete multiwavelength hardware design is
shown in Figure SI4 in the Supporting Information (available for free download as part of
the Open AUC project at: http://wiki.bef2. uthscsa.edu/openAUC). The buffer contained 10
mM sodium phosphate, 50 mM NaCl, and 1 mM TCEP. Samples were spun at 20 °C in
standard 12 mm titanium two-channel centerpieces (Nanolytics, Potsdam, Germany) at 60
000 rpm. Spectra in the range from 236 nm to 294 nm were recorded in 1 nm increments (59
individual datasets for each titration point). All data were analyzed with UltraScan-III,
release 2021,*%41 and all figures were prepared with UltraScan. Movies of the four-
dimensional MWL-AUC data (intensity converted to pseudo-absorbance, as a function of
time, radius, and wavelength) are provided in the Supporting Information.

Data Analysis

All MWL-AUC data were analyzed by the two-dimensional spectrum analysis (2DSA),!1:12
which provides an unbiased hydrodynamic model for the datasets obtained at each
wavelength. The 2DSA allows floating the anisotropy (£4) and sedimentation coefficient
independently, and it provides for the removal of time-invariant and radially invariant noise
components, as well as fitting of the meniscus position. For selected datasets, genetic
algorithm analysis was used to further refine the 2DSA result. In this approach, solutes
found in the 2DSA are parsimoniously regularized to satisfy Occam’s razor, and to optimize
their positions in the two-dimensional parameter space of anisotropy and size as described in
ref 13. The partial specific volume for hTIAR was predicted based on the amino acid
composition using UltraScan; buffer density and viscosity were predicted based on the
buffer composition using UltraScan. Absorbance spectra for pure hTIAR, WNV-RNA, and
buffer were obtained by measuring a dilution series of each pure component using a Genesys
10s benchtop spectrophotometer (Thermo Scientific). Spectral profiles generated with the
benchtop spectrophotometer were compared to those observed in the MWL-AUC and found
to be identical in shape and peak position, although having less noise (see Figure SI5 in the
Supporting Information). The dilution series were fitted to intrinsic extinction profiles as
described in ref 28. The resulting profiles were scaled to molar concentration using an
extinction coefficient of 33 720 M~! cm™ at 280 nm for hTIAR, as predicted by UltraScan
from the amino acid sequence. For WNV-RNA, an extinction coefficient of 732 400 M™!
cm ! at 260 nm was determined by the nearest-neighbor method.*%*3 The scaled profiles
were then used to decompose the noise-corrected MWL-AUC data into three separate three-
dimensional (3D) datasets (molar concentration as a function of radius and time), using the
non-negatively constrained least-squares (NNLS) algorithm;** further details on this
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procedure can be found in ref 28. Briefly, for each radius position and for each time point,
the MWL-AUC instrument provides an entire wavelength scan that can be decomposed into
a sum of absorbance spectra, resulting in an amplitude scalar for each component. This can
be written in matrix form as

Ax:bf'.!

where A is the matrix containing the spectral contributions from each component, x the
vector of amplitudes for each component, and b the wavelength scan at radius point rand
scan £ By fitting this equation for each rand #, one new synthetic, 3D MWL-AUC dataset
was created for each component contained in A, where the number of new datasets
corresponds to the number of columns in A. By using the NNLS algorithm for this fit, the
result is constrained to values greater than zero, avoiding the risk of negative contributions
possible in the decomposition algorithm used by Walter et al.*® This process is illustrated in
Figure 2. Here, it is important that the columns of A are linearly independent; in other
words, the absorbance spectrum for each component must be sufficiently different to
guarantee linear separation. A convenient metric for the linear dependence is the vector
angle a between two spectra v and v, given by

1 U v
=CO08 _—
i ||!'|

where an angle of 0° reflects linear dependence, or perfect overlap of two basis spectra, and
an angle of 90° indicates perfect orthogonality, or no spectral overlap at all.*> For the spectra
of hTIAR and WNV RNA, a was found to be 46.4°, whereas for buffer and hTIAR, a was
found to be 34.4°, and for buffer and WNV-RNA, a was found to be 72.2°. In theory, any
angle larger than 0° offers linear independence between the spectra, and guarantees spectral
separability, but the greater the angle, and the greater the wavelength range, the more
reliably different spectra can be separated. For nucleic acid and protein spectra, separability
is helped by the inclusion of a large number of wavelengths, where the spectral profiles
differ, despite some overlap of the chromophores. Individual datasets resulting from the
NNLS decomposition were analyzed by conventional means available through UltraScan, as
described in ref 46. Next, the hTIAR and RNA datasets obtained above for different mixing
ratios were fitted globally to a 2DSA-Monte Carlo solution.1® The highest h\TTAR:RNA
titration ratio (10:1) was also fitted to a global genetic algorithm solution. By globally fitting
both the protein and RNA datasets simultaneously, a solution is found that fits all
hydrodynamically distinct components present in both hTIAR and WINV-RNA datasets to a
common distribution of sedimentation and diffusion coefficients, corresponding to the size
and anisotropy of any solutes present in either sample. The global model will then contain
the same solute species in models describing both datasets, but the amplitudes for each
solute in the model may be different for each dataset. When a solute is not found in one of
the datasets, its amplitude is set to zero. A solute found in more than one dataset indicates
that this solute represents a complex with all other species that share the same hydrodynamic
parameters. Since extinction coefficients can be quite different for RNA and protein,

Anal Chem. Author manuscript; available in PMC 2018 January 03.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Zhang etal

RESULTS

Page 7

amplitudes must allow for variable ratios between different hydrodynamic species in each
dataset.*! The TCEP dataset was not further analyzed because it only contributes to a
nonsedimenting baseline offset; however, by including the TCEP absorbance in the
wavelength decomposition, the UV contributions from TCEP were taken into account and
did not distort the UV signals attributed to hTIAR and WNV-RNA.. Since the
multiwavelength detector records intensity measurements, buffer absorbance is not
subtracted and must be considered in the wavelength decomposition process. Once the
absorption signal is converted to molar concentration, the amplitudes of species involved in
complexes allow calculation of molar ratios between species and directly provide the molar
stoichiometry of the complex. Sedimentation coefficient distributions obtained from globally
fitted 2DSA-Monte Carlo analyses, scaled for molar concentration, are shown in Figure 3.

Separated signals for protein and nucleic acid were obtained from MWL-AUC experiments
of hTTAR-WNV-RNA mixtures at different molar ratios. Figure 3 shows the sedimentation
coefficient distributions for 2DSA-Monte Carlo analyses from pure hTIAR and WNV-RNA
controls, as well as protein—RNA mixtures with loading ratios of 3:1, 6:1, and 10:1. The
protein control was measured at the highest concentration used in the titration experiment
(11.6 uM) and showed no signs of self-association when sedimented by itself. This
observation is further supported by size exclusion chromatography experiments which show
a single monomeric species (see Figure SI6 in the Supporting Information). When hTIAR
and WNV-RNA are mixed, results clearly show a co-migration of the protein and RNA
signals, which demonstrates complex formation. Integration of the co-migrating peaks
provides direct access to the stoichiometry and hydrodynamic properties of the solutes that
correspond to the complex formed. Detailed results are listed in Table 1.

We found that the size of the complex changes as a function of protein concentration,
suggesting subsaturation at the 3:1 and 6:1 molar mixing ratios. At the 10:1 mixing ratio, the
complex no longer increases in size, but the distribution is considerably more narrow,
suggesting that a stable complex is formed. Integration of the peaks in the co-migrating
regions for each loading ratio suggested a series of assembly steps starting with a mostly 2:1
molar ratio hTTAR:WNV-RNA complex at a 3:1 loading, forming a broad reaction boundary
reflecting multiple species, with a peak centered at ~6.43 S. Upon increasing protein
concentration to a 6:1 loading ratio of protein:RNA, this peak shape remains broad, but
shifts to a higher sedimentation coefficient of 7.69 S. Integration of this peak suggests a 4:1
hTIAR:WNV-RNA complex. Increasing the protein concentration further to a 10:1 loading
ratio, the 4:1 hTIAR:WNV-RNA ratio does not change, although the sedimentation
coefficient increases and the peak becomes narrow and well-defined at 8.78 S. Also, in the
protein dataset, a new peak appears that is congruent with the free protein control,
suggesting the presence of excess unbound protein. The increased broadness and slightly
lower sedimentation coefficient of the 7.69 S species in the 6:1 loading ratio system is
indicative of the reaction boundary of complex formation still at subsaturation, where
multiple intermediates may be present due to mass action effects, while the narrow 8.78 S
peak suggests a stable end point of the titration complex. This is further supported by the
appearance of the free protein species, which indicates that excess protein is present, and no
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free RNA remains to be complexed. The emergence of a pattern that points to discrete
species (a stable complex and free protein) suggests that the 10:1 titration is suitable for
global genetic algorithm analysis. The results of the genetic algorithm analysis for the 10:1
titration are shown in Figure 4, and numerical results are shown in Table 1. Because the
shapes of the s-value distributions from protein and RNA closely track across the reaction
boundary, estimated stoichiometries in the reaction boundary strongly suggest complex
formation. This effect gives rise to multiple, dynamic oligomerization states, which can
result in noninteger peak integration ratios (Table 1). Since multiple species are possible in
the broad reaction boundary, the integration ratios represent averages of all species in the
boundary. Hydrodynamic integration is consistent with a tetramer of hTIAR bound to one
WNV-RNA molecule, and is in excellent agreement with the 4:1 molar ratio of the 8.78 S
species. A partial specific volume consistent with this 4:1 ratio permits calculation of the
absolute molar mass of the complex from the hydrodynamic data (Table 1), revealing a
molar mass of 152.7 kDa. In addition, in the 10:1 titration, we observed a second protein
peak that does not exhibit any co-migrating RNA signal. Furthermore, this peak is at the
same position as free hTIAR, suggesting that this peak is, in fact, free protein, and the
hTIAR:WNV-RNA complex is saturated at this point and remains a stable 4:1 protein:RNA
species. We could not find evidence of significant amounts of free RNA, indicating tight
binding. To further validate the binding event, we performed isothermal titration calorimetry
(ITC). Here, the sequential assembly of the complex was also evident in the ITC isotherm of
hTIAR:WNV-RNA, where the heat of the binding reaction was monitored when hTIAR was
titrated into the sample cell containing WNV-RNA (Figure SI7 in the Supporting
Information). The shape of the reaction enthalpy curve indicates a complex, multistage
binding reaction, never reaching a plateau (up to 5.5:1 molar ratio tested). This is fully
consistent with the MWL-AUC data, which show a broad reaction boundary with a gradual
shift of the sedimentation coefficient to a stable 8.78 S species only when protein
concentration is increased to a 10:1 protein:RNA ratio.

DISCUSSION

We demonstrated that MWL-AUC offers a powerful new tool for the analysis of interacting
systems, where the individual components have distinct chromophores. We showed that the
additional spectral dimension measured here offered critical information about the molar
ratios of the complex-forming constituents that is complementary to the hydrodynamic
information obtained from the separation of the species by AUC, and aids greatly in the
characterization of the species identified by SV analysis. We show that the separation of the
protein and nucleic acid signal allowed us not only to determine the ratio of RNA to protein
in various species sedimenting with different sedimentation coefficients, but also
simultaneously demonstrate that, when the spectrally determined molar ratio is unchanged,
that the hydrodynamic data clearly can differentiate between a 4:1 and 8:2 species. In cases
where multiple assembly products are possible, MWL-AUC data are now able to provide
more-detailed insights into the assembly process and allow the investigator to distinguish
between multiple possibilities that would otherwise be consistent with the same
hydrodynamic data. We note a limited ability to interpret the broad reaction boundaries
observed under subsaturating conditions. A true reaction boundary implies the presence of
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free RNA. Yet, we cannot observe the presence of free RNA, suggesting that the
concentration of free RNA is very low, or nonexistent. This leaves the true composition of
reaction boundaries open for interpretation. Clearly, a reaction is occurring, because
significant shifts in S are observed, and a co-migration of protein and RNA are clear from
the spectral results. For that reason, we suspect that the K; for binding between RNA and
protein is quite low and is beyond the detection capability of the new instrument, which
would suggest that the broad boundaries observed under nonsaturating conditions are caused
by the presence of different species with varying ratios of RNA and protein, and all free
RNA is always sequestered by the protein present in solution.

For the interaction partner hTIAR and WNV-RNA, MWL-AUC analysis revealed the
dependence of the complex formation on the relative concentration of the protein and RNA
molecules. In addition, the multistep assembly process elucidated from MWL-AUC analysis
suggested that the lower-order complex may be necessary and critical for the formation of
the higher-order complex. Given that recent preliminary data showed that stable
overexpression of hTIAR enhanced the ratio of WNV positive strand to negative strand
levels, our result suggests that the virus may take advantage of the ability of this cellular
protein to form a stable complex with the WNV-RNA. The new results on the binding of
hTIAR to the WNV-RNA provide mechanistic insights that can be further tested.

Note that the possibility for chromatic shifts upon complex formation exists, especially in
the case of nucleic acids that may exhibit base stacking rearrangements upon binding and
may present heterogeneity in conformation, leading to uncertainty in the extinction
coefficient. Any changes in the spectral profile upon binding would cause systematic errors
during deconvolution detectable in the residuals. However, such effects were not observed in
the study presented here; hence, we expect negligible conformational changes of the RNA
upon interaction with protein. This expectation is further supported through structural
observations with NMR. Nevertheless, the reader should be cautioned that any errors in the
estimation of the extinction coefficients will distort the molar ratios of any species observed,
and may lead to incorrect conclusions about the stoichiometry of associations. In addition to
protein—nucleic acid systems, we propose that this technique can be applied to a great
variety of systems, where distinct absorption properties can be exploited. Molecules
amenable for the analysis described herein may contain hemes, flavins, fluorescent tags,
fluorescent protein fusions, proteins with different ratios between peptide bond, and
aromatic amino acid side chain absorbance, and other unique chromophores, such as those
that may be found in small molecules and drugs. This will be of great value when drug—
protein or drug—nucleic acid interactions are investigated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Predicted secondary structure of the 75 nucleotide WNV-RNA. The sequence of the 20

nucleotide long central loop region of the WNV fragment is marked in red.
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Only Baseline Contribution

Molar Cone.

Molar Cone.

NNLS decomposition of MWL-AUC data into their spectral constituents. Primary four-
dimensional MWL-AUC data (left, only one time point is shown, the meniscus is visible at
the left edge of the radial range) are decomposed into their spectral constituents (center),
resulting in spectrally separated three-dimensional (3D) datasets (right). Each dataset only
reflects the hydrodynamic contributions of one of the constituents, hTTAR and WNV-RNA,
which have different chromophores in this case. The TCEP absorbance contribution must be
considered in the spectral decomposition; however, since it does not sediment, it only
contributes to the baseline, and a hydrodynamic analysis is not necessary.
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Figure 3.

Global 2DSA-Monte Carlo models obtained from decomposed RNA and hTIAR datasets at
different molar mixing ratios. Separate hTIAR and RNA controls (upper left), hTTAR:RNA
3:1 (upper right), hTIAR:RNA 6:1 (lower left), and hTIAR:RNA 10:1 (lower right). All
plots show the protein data in red and the RNA data in blue. A clear shift to higher-
molecular-weight complex formation is observed as the protein concentration is increased.
At the highest ratio (10:1, lower right), the excess unbound protein appears as a peak at the
same position as the free hTIAR control (upper left). Broad peaks indicate the presence of a
reaction boundary, and absence of a free hTIAR peak, except when added in excess,
indicates tight binding between hTIAR and WNV RNA. The control experiments and the
10:1 mixtures were performed at hTIAR and RNA loading concentrations of 11.6 #M and
1.16 uM, respectively. All plots are shown as g(s) distributions with d (Jds plotted on the ¥~
axis in the indicated units.
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Figure 4.

Glgobal genetic algorithm—Monte Carlo analysis of the 10:1 protein:RNA mixture. This plot
shows the distribution of solutes determined in a global genetic algorithm—Monte Carlo
analysis, as a function of the sedimentation coefficient and frictional ratio (red = hTIAR,
blue =RNA). (A) hTIAR signal alone, (C) RNA signal alone, and (D) hTIAR and RNA
models merged. Each dot represents the amplitude of a fitted solute resolved by anisotropy
(frictional ratio, £1;) and size (sedimentation coefficient, 5,5, W). Purple solute points
represent the complex. Integration limits for the 8.78 S complex are shown in the black box.
The confidence limits for the frictional ratio are fairly broad, reflecting limits in radial
resolution and limited difiusion signal available at the selected rotor speed, especially for the
larger components. The anisotropy for free hTIAR is unreliable, since a partial specific
volume consistent with 4:1 hTIAR:RNA was assumed for all species in this analysis.
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Intermediate species appear purple and are found at S= 4 and S = 6, but a detailed analysis
is unreliable since their partial concentrations are too low. (B) 2DSA-Monte Carlo analysis
for comparison, showing hTIAR and RNA signals overlaid.
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