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Abstract

Understanding how proteins interact with DNA, and particularly the stoichiometry of a protein-DNA complex, is key
information needed to elucidate the biological role of the interaction, e.g. transcriptional regulation. Here, we present an
emerging analytical ultracentrifugation method that features multi-wavelength detection to characterise complex mixtures
by deconvoluting the spectral signals of the interaction partners into separate sedimentation profiles. The spectral informa-
tion obtained in this experiment provides direct access to the molar stoichiometry of the interacting system to complement
traditional hydrodynamic information. We demonstrate this approach by characterising a multimeric assembly process
between the transcriptional repressor of bacterial sialic acid metabolism, NanR and its DNA-binding sequence. The method
introduced in this study can be extended to quantitatively analyse any complex interaction in solution, providing the interac-
tion partners have different optical properties.

Keywords Multi-wavelength analytical ultracentrifugation - Protein—-DNA interaction - Sedimentation velocity - NanR -
Sialic acid

Introduction machinery in response to environmental cues, for example,
the presence or absence in the environment of particular sug-

Regulating gene expression is a fundamental process that  ars (Bervoets and Charlier 2019; Gerosa et al. 2013). To aid

enables bacteria to adapt to environmental stresses, such as
changes in nutrient availability (de Lorenzo and Cases 2005;
Deutscher 2008; Gorke and Stulke 2008). On a molecular
level, this process is orchestrated by transcriptional regula-
tors, which induce expression of the appropriate metabolic
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a functional understanding of how transcriptional regulators
mediate this biological process, validation of the stoichiom-
etry involved in protein-DNA binding and insight towards
the thermodynamics of the respective interaction is essential.

Analytical ultracentrifugation (AUC) is the gold-standard
technique to quantitively characterise molecules or molecu-
lar interactions in the solution environment. Notably, AUC
combines the power of a centrifuge and an optical system to
analyse the sedimentation and diffusion behaviour of mol-
ecules under biologically-relevant buffer conditions (e.g. pH,
reducing potential and ionic strength) (Cole et al. 2008) and
recent work has begun to address hydrodynamic properties
in complex solutions, such as cell lysates (Kroe and Laue
2009). Based on first principles, the experiment provides
access to the size distribution, shape and molecular weight
of the molecules in solution, along with the dynamics of
the system, such as a good estimation of binding constants
within a self-associating system or ligand binding (Demeler
2010).

AUC data can be collected in real time using the UV/Vis
absorbance, Rayleigh interference, or fluorescence emission
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optical systems (Cole et al. 2008; Demeler 2010). Each
method has been successfully employed to characterise pro-
tein—DNA interactions in solution [for representative studies,
we refer the reader to Laue et al. (1993), Lee et al. (2001),
Witte et al. (2005) and Yang et al. (2015)], although there
are some shortcomings/limitations. For example, because
single-wavelength studies (e.g. measuring at 280 nm) can-
not separate the signals from protein and DNA, up to three
different wavelengths can be selected using the Beckman-
Coulter XL-A/I absorbance system, and the XL-I also ena-
bles Rayleigh interference data to be collected at the same
time (Berke and Modis 2012). However, this multi-signal
approach is impractical as the XLA/I instruments do not
reproducibly return to the same wavelength after each scan
and spectral resolution is poor due to hardware limitations.
In contrast, the fluorescence optical system offers superb
sensitivity and selectivity, enabling reliable measurements
down to picomolar concentrations within complex solutions
(MacGregor et al. 2004; Zhao et al. 2014), but one of the
interacting partners must be extrinsically labelled with a
fluorescent probe that is compatible with the excitation laser
(488 nm), which may introduce confounding factors to the
experiment. Furthermore, care must be taken when operat-
ing at very low concentrations to avoid sample sticking to
the surface of the ultracentrifuge cell, and the addition of a
non-labelled ‘carrier’ protein (e.g. bovine serum albumin, or
kappa casein) to the sample buffer helps prevent this (Deme-
ler 2010). Collectively, these limitations restrict our ability
to accurately characterise the interactions between dissimilar
molecules within a complex mixture.

The new Beckman-Coulter Optima AUC instrument
features multi-wavelength detection (Pearson et al. 2015),
which is ideal for studying protein—-DNA interactions in
solution. The ability to collect data over multiple wave-
lengths during the same run introduces an addition spectral
dimension, which substantially increases the data density
and leads to a significant improvement in resolution over
single-wavelength methods (Gorbet et al. 2015). While the
increased data density presents an additional challenge, data
analysis is manageable with the UltraScan software pack-
age, which utilises parallel distributed computing to tackle
the computational load (Demeler et al. 2009; Demeler and
Gorbet 2016). Notably, this analysis allows the overlapping
signals of protein and DNA to be deconvoluted into separate
profiles, based on their spectral differences, providing direct
access to the molar stoichiometry of interacting complexes,
along with complementary hydrodynamic information for
each component.

To illustrate the potential of this next-generation
approach, we investigate the interaction between the tran-
scriptional repressor of bacterial sialic acid metabolism,
NanR and its cognate DNA-binding sequence. Sialic acids
are a family of negatively-charged, amino sugars that
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decorate the surface of mammalian cells, where they medi-
ate a variety of recognition and adhesion processes (Baos
et al. 2012; North et al. 2018a; Vimr et al. 2004). Patho-
genic and commensal bacteria that colonise sialic acid-rich
environments have evolved elaborate mechanisms to utilise
host-derived sialic acids as a source of nutrition for a com-
petitive advantage (Almagro-Moreno and Boyd 2009; Vimr
2013). We have been engaged in series of studies that exam-
ine how sialic acid is metabolised by bacteria, focusing on
the mechanism of sialic acid import (North et al. 2018a, b;
Wahlgren et al. 2018) and its subsequent enzymatic degrada-
tion (Coombes et al. 2020; Davies et al. 2019; Horne et al.
2019; North et al. 2016). Here, we shift focus to examine
the mechanism of pathway regulation. The gene expression
of the sialic acid metabolic machinery is regulated by the
transcriptional repressor, NanR (Horne et al. 2020; Kalivoda
et al. 2003). Our previous work has shown that NanR from
Escherichia coli achieves gene repression by cooperatively
binding a (GGTATA);-repeat operator with high affinity.
This interaction involves three NanR dimers in an elabo-
rate, multimeric assembly process (Horne et al. 2020). As a
case study for multi-wavelength AUC, we characterise the
interaction between NanR and an oligonucleotide with two
repeats, i.e. (GGTATA),-repeat.

Materials and methods
Protein expression and purification

DNA encoding wild-type NanR from E. coli (synthesised by
GenScript) (UniProt accession-POASWO0) was cloned into
a pET28a expression vector and then transformed into E.
coli BL21(DE3) cells. Cells were cultured in Luria—Bertani
growth medium supplemented with kanamycin (30 ug mL™)
and ZnCl, (100 uM) at 37 °C with shaking at 220 rpm to an
ODyg of ~0.6. Protein expression was induced by the addi-
tion of isopropyl -p-1-thiogalactopyranoside to 1 mM and
the temperature was lowered to 26 °C for incubation over-
night. Cell pellets were resuspended in lysis buffer (20 mM
Tris—HCI (pH 8.0), 150 mM NaCl, 100 uM ZnCl,), supple-
mented with Complete protease cocktail inhibitor (Roche),
and lysed by sonication. Cell debris was separated from
soluble protein by centrifugation at 18,000 rpm. NanR was
purified using a four-step procedure: ammonium sulphate
precipitation, anion-exchange, heparin-affinity and size-
exclusion chromatographies using the AKTApure chroma-
tography system (Cytiva), as described previously in Horne
et al. (2020). Proteins that eluted from the size-exclusion
column were assessed for purity by SDS-PAGE. Protein that
was not immediately used in experiments was flash-frozen
in liquid nitrogen and stored at — 80 °C.
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Double-stranded DNA formation

Complementary DNA oligonucleotides (Integrated DNA
Technologies) were resuspended in a buffer consisting of
20 mM Tris—HCI (pH 8.0), and 150 mM NaCl, mixed at
equimolar concentrations, and then hybridized by heating
to 95 °C for 5 min, followed by cooling slowly to room tem-
perature. For electrophoretic mobility shift assays, DNA
oligonucleotides were FAM-5'-labelled on both strands to
improve sensitivity, while DNA for AUC experiments were
unlabelled. Double-stranded DNA oligonucleotides were
stored at —20 °C until use.

Electrophoretic mobility shift assays

FAM-5'-labelled (GGTATA),-repeat DNAs were diluted to
10 nM in gel shift buffer (10 mM MOPS (pH 7.5), 50 mM
KCl, 5 mM MgCl,, and 10% (v/v) glycerol). Twelve-well
Novex 6% Tris—glycine gels (Invitrogen) were pre-run in
0.5 X Tris—Borate-EDTA (TBE) buffer (40 mM Tris—HC1
(pH 8.3), 45 mM boric acid, and 1 mM EDTA) at 200 V
for 30 min at 4 °C. NanR was titrated against the (GGT
ATA),-repeat DNA and incubated at room temperature for
at least 30 min to allow samples to reach equilibrium. Elec-
trophoresis was performed immediately on the pre-run gels
in 0.5 X TBE buffer at 200 V for 20 min at 4 °C. Gels were
imaged using a Typhoon FLA 9500 Biomolecular Imager
(GE Healthcare) with a 473 nm excitation source and a long-
pass emission filter.

Multi-wavelength analytical ultracentrifugation:
data collection

Multi-wavelength sedimentation velocity experiments were
performed in a Beckman Coulter Optima analytical ultra-
centrifuge using double-sector epon-charcoal centre-pieces
fitted with quartz windows in an An-60 Ti four-hole rotor at
20 °C. Initially, purified NanR and double-stranded (GGT
ATA),-repeat DNA were extensively dialyzed against a
buffer containing 50 mM sodium phosphate (pH 7.4), and
150 mM NaCl. Phosphate was chosen to minimize back-
ground absorbance and, therefore, maximize signal from the
protein and DNA. Individual control experiments were per-
formed by measuring separately NanR (12 uM) and (GGT
ATA),-repeat DNA (1.2 uM) at 280 and 260 nm, respec-
tively. Samples were then prepared with increasing loading
concentrations of NanR (1.2, 2.4, 4.8, 7.2 and 12 uM) with
respect to (GGTATA),-repeat DNA (1.2 uM). Data were
collected at either 50,000 or 60,000 rpm and sedimentation
was monitored using the UV absorption system in inten-
sity mode, scanning only a single double-sector cell with
two samples, one in each sector. Sedimentation velocity
scans were recorded in the range of 220-300 nm with 2 nm

increments, providing 41 individual datasets for each load-
ing concentration. All data were analysed using UltraScan
4.0 (Demeler and Gorbet 2016).

Multi-wavelength analytical ultracentrifugation:
data analysis workflow

The multi-wavelength sedimentation velocity datasets
from each wavelength were analysed using 2DSA (Brookes
et al. 2010) to remove systematic noise components, and
to determine boundary conditions of the sample column as
reported above. Iteratively refined 2DSA models from each
wavelength were used to generate a sedimentation profile for
each wavelength mapped to a common time grid. Spectral
deconvolution of the multiwavelength data using the molar
extinction coefficient profiles of each spectral contributor
generates spectrally separated hydrodynamic results for
each contributor. The partial specific volume for NanR was
predicted based on the amino acid sequence of NanR using
UltraScan, and by assuming a partial specific volume of
0.55 mL g~! for DNA and using the determined stoichiom-
etry to calculate a weight-average partial specific volume
(see below). Buffer density and viscosity were determined
based on the buffer composition using UltraScan.

Molar extinction profiles were determined by performing
separate dilution series for both NanR and DNA, collecting
an absorbance spectrum across the spectral range of interest
(220-300 nm) using a Genesys 10 s benchtop spectrophotom-
eter (Thermo Fisher Scientific). The dilution series of each
absorbance spectrum was fitted to intrinsic extinction profiles
as described previously (Fig. 1) (Gorbet et al. 2015; Zhang
et al. 2017). The resulting intrinsic extinction profiles were
scaled to molar concentration using an extinction coefficient
of 13,980 M~! cm™! at 280 nm for wild-type NanR as calcu-
lated by ExXPASy ProtParam from the amino acid sequence.
For the (GGTATA),-repeat oligonucleotide, an extinction
coefficient of 276,816 M~! cm™! at 260 nm was determined
by the nearest-neighbour method (Fasman 1975). The vec-
tor angle between these spectral profiles was 60.2°, which
represents good orthogonality between spectra and therefore
ensures separability. An angle of 0° reflects linear depend-
ence or perfect overlap, while an angle of 90° indicates perfect
orthogonality—no spectral overlap. Next, the spectral profiles,
scaled to molar concentration, were used to deconvolute the
noise-corrected multiwavelength data into separate datasets
for the NanR and DNA components using the non-negatively
constrained least squares algorithm (Lawson and Hanson
1974) as previously described (Gorbet et al. 2015; Zhang
et al. 2017). This spectral decomposition is illustrated in Fig. 1.
These deconvoluted datasets were individually analysed by
the iterative 2DSA method using UltraScan (Brookes et al.
2010). The resulting amplitudes of the deconvoluted species
involved in hetero-complex formation were then integrated to
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Fig. 1 Multi-wavelength analytical ultracentrifugation analysis work-
flow. The four-dimensional multi-wavelength AUC data (left panel,
only one time point is shown) is spectrally deconvoluted with the

directly provide the molar stoichiometry of the NanR—-DNA
hetero-complexes. A summary of these integration results is
shown in Table 1. All figures were prepared using UltraScan
and Prism 8 (GraphPad Software Inc.).

Determination of weight-averaged partial specific
volume

To determine the molar mass of each species in solution, a
weight-averaged partial specific volume was estimated for each
complex using the following equation:

— My, + My,
Ve ——————
M, + M,

Here, the molar mass, measured in Daltons, is required for
the NanR (M) and DNA (M,) components, along with the
partial specific volume of NanR (v) and DNA (v,). Molar
masses of 59 kDa, 118 kDa and 177 kDa were used for the
NanR-dimer; NanR-dimer, and NanR-dimer; protein compo-
nents, respectively. A molar mass of 11.5 kDa was used for the
(GGTATA),-repeat oligonucleotide. The partial specific vol-
ume used for NanR (v,) was 0.7295 mL g_l, while the partial
specific volume used for DNA (v,) was 0.55 mL gl

Results
We first conducted control experiments by measuring puri-

fied NanR and DNA separately using sedimentation velocity
(Fig. 2a, which demonstrates that NanR is dimeric (blue

@ Springer

Intrinsic extinction profiles

: 3
240 260 280 300 320 58 6.0 6.2 6.4 6.6 6.8 7.0 72

Wavelength (nm) Radius (cm)

Spectral decomposition

intrinsic extinction profile of each interaction partner (center panel)
to generate datasets for the NanR and DNA components (right panel)
using the non-negatively constrained least squares algorithm

trace, peak at 3.7 S; see also Table 1, below) with no evi-
dence of self-association, an assertion further supported by
the single monodisperse peak evident during size-exclusion
chromatography (Supplementary Figure S1). The double-
stranded DNA was largely monodisperse (orange trace,
peak at 2.2 S), although a minor component at 1.9 S was
observed, which is likely a small amount of single-stranded
DNA that we often observe and results from incomplete
annealing.

When NanR was titrated (1.2—12 uM) against the (GGT
ATA),-repeat DNA (1.2 uM), the deconvoluted sedimenta-
tion profiles for the titration series demonstrated that the
NanR and DNA signals co-migrated (Fig. 2b—f), consist-
ent with the formation of hetero-complexes. Integrating the
co-migrating peaks between 4 and 5 S from the 1.2, 2.4
and 4.8 pM titration data (Fig. 2b—d) gave molar ratios of
2.1:1, 2.84:1 and 2.58:1, respectively. These molar ratios
provide direct access to the stoichiometry and suggested that
a single dimer of NanR was bound to DNA, consistent with
the formation of a NanR-dimer;/DNA hetero-complex. At a
NanR concentration of 4.8 uM (Fig. 2d), we also observed
the formation of a broad reaction boundary and two new
peaks centred at 6.51 S and 8.25 S. This feature indicates
sub-saturation of the hetero-complex, representing multi-
ple and dynamic intermediate species that are mediated by
mass action effects, much like the observations shown by us
(Horne et al. 2020; Zhang et al. 2017). Consequently, peak
integration at these regions serves as an average of the spe-
cies present and, therefore, gives rise to non-integral molar
ratios. Integration of the first co-migrating peak resulted in
a molar ratio of 4.02:1, while integration across the second
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Fig.2 The stoichiometry of the NanR-DNA hetero-complex. The
deconvoluted sedimentation coefficient distributions for the NanR
titration series are presented with (GGTATA),-repeat DNA concen-
tration held at 1.2 uM. a Separate controls of NanR (12 puM, blue)
and (GGTATA),-repeat DNA (1.2 pM, orange). b 1.2 uM NanR. ¢
2.4 uM NanR. d 4.8 uM NanR. e 7.2 uM NanR. f 12 yM NanR. Upon
increasing protein concentration, a clear shift in the sedimentation
coefficient is observed, consistent with the formation of higher-order
hetero-complexes. The molar ratio of the integrated peaks (shaded in
grey) is shown, while the oligomeric state of each hetero-complex is

peak resulted in a molar ratio of 6.33:1, consistent with a
NanR-dimer,/DNA and NanR-dimers/DNA hetero-complex,
respectively. As the concentration of NanR was increased to
7.2 uM (Fig. 2e), the molar ratio of both NanR-dimer,/DNA
and NanR-dimer;/DNA hetero-complex did not change,
however, the sedimentation distribution of the reaction
boundary considerably narrowed towards the peak centred
at 8.61 S. Upon increasing the concentration of NanR further
to 12 uM (Fig. 2f), this trend for increasing NanR-dimer,/
DNA hetero-complex remained, and the appearance of a
peak corresponding to free protein at~3.9 S was observed,
indicating that the system had reached saturation.

Through transformation of the hydrodynamic data and
an associated weight-averaged partial specific volume, we

@ Springer

depicted by schematic. The presence of excess protein, free of any
co-migrating DNA in f indicates that hetero-complex formation has
reached saturation. The broad reaction boundary is indicative of tight
binding and represents multiple, dynamic intermediate species that
are mediated by mass action. The presence of excess protein, free of
any co-migrating DNA indicates that hetero-complex formation has
reached saturation. All plots are presented as g(s) distributions with
the molar concentration for each interacting partner (protein and
DNA) plotted on the y-axis. Spectral information and hydrodynamic
parameters are detailed in Table 1

also measured molar mass values for the NanR-dimer;/DNA
and NanR-dimer;/DNA hetero-complex that were in excel-
lent agreement with their theoretical molar mass (Table 1),
which therefore corroborate the molar stoichiometry above.
As the peak centred at~ 6.4 S lies within the reaction bound-
ary, an accurate molecular weight for the NanR-dimer,/DNA
hetero-complex could not be determined. Detailed results of
the stoichiometry and hydrodynamic properties are listed
in Table 1.

To corroborate the multi-wavelength AUC experi-
ments, we performed an electrophoretic mobility shift
assay (EMSA) using fluorescently labelled (GGTATA
),-repeat DNA. Titrating NanR against this FAM-5'-
labelled oligonucleotide resulted in the formation of two
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Fig.3 EMSA of NanR titrated against fluorescently labelled (GGT
ATA),-repeat DNA. Two concentration-dependent hetero-complexes
are observed when two GGTATA repeats are present

concentration-dependent hetero-complexes (Fig. 3). This is
largely consistent with the multi-wavelength AUC experi-
ment; however, we do not specifically observe the forma-
tion of the highest-order hetero-complex (NanR-dimers/
DNA hetero-complex). Instead, at the highest concentration
of NanR (794 nM), we see an extended smear on the gel.
This absence in the EMSA suggests that the label-free oli-
gonucleotide used in the AUC experiment may be sterically
unhindered and hence NanR could form protein-mediated
bridges between oligonucleotides via each NanR monomer.
Alternatively, it may reflect altered binding conditions of the
AUC experiment vs. the EMSA, in which there is a signifi-
cantly decreased salt concentration.

Discussion

We investigated the nature of the NanR-DNA interaction,
label-free and in solution by multi-wavelength sedimenta-
tion velocity experiments. Through spectral decomposition
of the NanR and DNA signals, we determined that dimers of
NanR sequentially bind each GGTATA repeat and found that
hetero-complex formation is concentration-dependent. This
analysis was complemented by traditional hydrodynamic
information. Furthermore, the observation of a multimeric
assembly process suggests that the NanR-dimer;/DNA het-
ero-complex plays an integral role in the formation of the
higher-order hetero-complexes, which proceeds through a
broad reaction boundary before reaching saturation.

The presence of multiple species at low protein concen-
tration indicates sub-saturation of the hetero-complex, rep-
resenting multiple and dynamic intermediate species that are
mediated by mass action effects, much like the observations

shown by us (Horne et al. 2020; Zhang et al. 2017); . We
note that DNA was always present in sub-stoichiometric
amounts, and therefore was always consumed by NanR
binding as dimers to the DNA; hence, free DNA was never
observed within this reaction boundary. The absence of free
DNA suggests that the K, for this assembly process is very
low, which is consistent with the nanomolar affinity defined
in our previous study for the (GGTATA );-repeat operator
sequence (Horne et al. 2020). Consequently, the dissociation
constant for this system is well below the detection capacity
of the Optima AUC.

Lastly, this work provides a good example of the utility
of multi-wavelength AUC and we are very happy to make
this data available to the community as an example dataset
for training others in this new technique.

Conclusion

In addition to protein—~DNA interactions, multi-wavelength
AUC can be used to characterize any interacting system
within a complex mixture, providing the interaction part-
ners can be spectrally decomposed based on their unique
optical properties. This provides both hydrodynamic and
spectral characterization of an interacting system to define
the stoichiometry of association. The additional spectral
dimension featured in these experiments opens the door for
many new applications where interactions between dissimi-
lar molecules can be measured with high resolution—such
as peptides, nanoparticles, antibody—drug conjugates, heme
groups, or fluorescently-tagged molecules [for representative
studies, we refer the reader to Johnson et al. (2018), Mitra
and Demeler (2020), Schneidewind et al. (2019) and Wawra
et al. (2018)]. To that end, this next-generation approach
promises to be the method of choice for analysing complex
interactions that comprise different types of biomolecules
to unlock a wealth of new research that previously was
inaccessible.
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