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ABSTRACT: The mammalian transcription termination factor 1 (TTF1) is
an essential protein that plays diverse cellular physiological functions like
transcription regulation (both initiation and termination), replication fork
blockage, chromatin remodeling, and DNA damage repair. Hence, under-
standing the structure and mechanism conferred by its variable conformations
is important. However, so far, almost nothing is known about the structure of
either the full-length protein or any of its domains in isolation. Since the full-
length protein even after multiple attempts could not be purified in soluble
form, we have codon optimized, expressed, and purified the N-terminal 190
amino acid deleted TTF1 (ΔN190TTF1) protein. In this study, we
characterized this essential protein by studying its homogeneity, molecular
size, and secondary structure using tools like dynamic light scattering (DLS),
circular dichroism (CD) spectroscopy, Raman spectroscopy, and atomic force
microscopy (AFM). By CD spectroscopy and DLS, we confirmed that the
purified protein is homogeneous and soluble. CD spectroscopy also revealed that ΔN190TTF1 is a helical protein, which was further
established by analysis of Raman spectra and amide I region deconvolution studies. The DLS study estimated the size of a single
protein molecule to be 17.2 nm (in aqueous solution). Our structural and biophysical characterization of this essential protein will
open avenues toward solving the structure to atomic resolution and will also encourage researchers to investigate the mechanism
behind its diverse functions attributed to its various domains.

■ INTRODUCTION
Eukaryotic DNA replication and transcription are vital
processes occurring in three prime stages: initiation,
elongation, and termination. Regulation of these stages is
critically important specially during the S phase of the cell cycle
when certain regions of chromosomal DNA (like ribosomal
DNA) are often transcribed and replicated simultaneously.
Therefore, the process of termination (polar fork arrest) is
physiologically necessary to avoid collision between replication
and transcription machinery, which could lead to genomic
instability and cell transformation. Polar fork arrest in
mammalian cells takes place at certain defined regions of the
chromosomes, and among such regions are non-transcribed
spacer regions of ribosomal DNA (rDNA) flanking the area
that codes for ribosomal protein. These particular sequences,
situated 170 base pairs upstream and downstream of the rDNA
gene repeats in mammalian cells, are known as Sal box
elements (Figure 1a). In mammalian cells, these regulatory
elements are responsible for site-specific Pol1 transcription
termination and DNA replication fork arrest in a polar fashion,
which is mediated by the multifunctional protein transcription
termination factor 1 (TTF1) upon binding with Sal box
sequences.1 Orthologues of TTF1 proteins have been found in

a variety of organisms, including Rib2 of Xenopus, RNA
polymerase I enhancer binding protein (Reb1) of Saccha-
romyces cerevisiae and Schizosaccharomyces pombe, and the
mitochondrial transcription termination factor (mTERF) in
human mitochondria.2,3 Being a multifunctional protein, TTF1
is engaged in various cellular functions like chromatin
remodeling, cell cycle regulation, and DNA damage sensing.4

To execute these processes, it also interacts with numerous
regulatory proteins, including TTF1 interacting protein (TIP
5), Pol I and transcript release factor (PTRF), mouse double
minute 2 (MDM2), Cockayne syndrome B (CSB), and
alternative reading frame (ARF), and catalyzes critical cellular
functions in humans.4−9 These diverse activities make TTF1 a
truly multifunctional and essential protein for the survival of
the cell, the mis-regulation of which has been linked with
various cancers.10−12
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The domain architecture of mouse TTF1 comprises a
putative N-terminal regulatory domain, a DNA-binding trans-
activation domain (myb/SANT domain), and a C-terminal
transcription termination domain. The N-terminal region of
the protein, working as a flap in oligomeric state, represses its
DNA-binding activity (Figure 1b).13

However, to date, no research on its structural, computa-
tional, or physical characterization has been reported yet. The
very first article that reports ab initio modeling of this essential
protein has been communicated from our lab.16 Considering
the multifunctional and essential nature of TTF1, it becomes
important to elucidate the structural knowledge in order to
understand its mechanisms of action and use the same toward
its therapeutic applications. Because multiple attempts to
purify soluble full-length TTF1 had been unsuccessful, we
cloned the codon-optimized N-terminal 190 amino acid
truncated TTF1 (ΔN190TTF1; to get rid of the inhibitory
flap) mouse gene and expressed it in bacterial cells. In this
article, we present biophysical and structural characterization
of this essential protein using dynamic light scattering (DLS),
circular dichroism (CD) spectroscopy, Raman spectroscopy,
and atomic force microscopy (AFM), which will open up the
field for further structural characterization of the protein to the
atomic level and make it available for understanding its
mechanistic function in detail. This work would be the first
ever report of biophysical and structural characterization of the
essential mammalian protein TTF1.

■ MATERIALS AND METHODS
Sequence-Based Analyses. The amino acid sequence of

the mouse (Mus musculus) TTF1 protein was retrieved from
UniProtKB (UniProtKB accession number: Q62187), and the
physicochemical properties of TTF1 were analyzed using the
ProtParam computational tool.17 The Gravy index score of
proteins was measured by the Kyte−Doolittle formula.18
Expression and Purification of Recombinant TTF1.

The codon-optimized N-terminal 190 amino acid (aa)
truncated TTF1 (ΔN190TTF1) mouse gene was cloned in a
pMAL-c2X vector with a N-terminal His tag and expressed in

the BL21-λDE3 bacterial strain. The tagged protein was then
purified using a Ni-NTA column, the further details of which
are presented in the extended experimental procedures in the
Supporting Information.
Dynamic Light Scattering. DLS analysis was performed

with a Zetasizer Nano ZS (Malvern, Worcestershire, UK)
equipped with 4 mW He−Ne 633 nm laser with a detection
angle of 173° backscatter at 25 °C, in a low-volume (45 μL)
quartz cuvette. Measurements of intensity and volume in
multiple narrow mode were used to derive the size distribution.
Measurements were performed at least in triplicate with 15 μg/
μL protein in 25 mM Tris-Cl at pH 7.5. The dispersity
(polydispersity index (PDI)) and the particle size were
determined at 25 °C performing four runs (five measurements
each).
CD Spectroscopy. CD spectra were recorded using a Jasco

J-1500 spectropolarimeter equipped with a Peltier thermo-
stated cell holder (Jasco, Easton, MD, United States). Purified
ΔN190TTF1 protein was diluted to 15 ng/μL in buffer A (25
mM Tris-Cl at pH 7.5 and 100 mM KCl). Data collection and
analysis were carried in triplicate as described by Colarusso et
al.19 Secondary structure evaluation was performed using the
Jasco20 and Origin software (version 2022, Origin Lab Corp.,
Northampton, MA, United States),21 following the standard
procedure.22

Raman Spectroscopy. The Raman spectra were recorded
using an alpha300 (WITec, Germany), which has a liquid-
nitrogen-cooled charge-coupled device (CCD) detector and a
spectrograph with a 600 g/mm grating with a resolution of 1
cm−1. Backscattering geometry for spectrum collection was
applied with a notch filter to reject the elastic contribution. A
laser emitted at 532 nm with a power of 44 mW was employed
as the excitation source (as described in the extended
experimental procedures in the Supporting Information).

Raman Spectrum Recording. The procedure used here was
modification of that by Signorelli et al.,23 which is described in
the extended experimental procedures in the Supporting
Information.

Figure 1. (a) Diagram showing a mouse chromosome de-condensed rDNA region (nucleolar organizing region (NOR), red); schematic
representation of the non-transcribed spacer region of rDNA showing the rDNA genic region (47S),14 Sal box site, and fork pausing site RFP. The
TTF1 protein binds to the Sal box and arrests replication from one direction (black arrow) and RNA pol1 mediated transcription from the opposite
direction (brown arrow).1 (b) Domain architecture of mouse TTF1 protein showing the N-terminal inhibitory domain (1−184), oligomerization
domain (1−320), chromatin remodeling domain (323−445), conserved DNA-binding domain (myb/SANT-like domain 585−718), and
transcription termination domain (323−859).13,15
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Curve-Fitting Procedure. Curve fitting of the amide I band
and its assignment to the structural components were
performed essentially as described by Maiti et al.24 Curve
fitting was performed via the Origin software (version 2022).21

Principal Component Analysis. Principal component
analysis (PCA) was applied on Raman spectroscopy data
with 10 spectra, being satisfactorily described by a principal
component number of 21. The correlation matrix was analyzed
with the Origin software (version 2022),25 and the number of
components to be considered was defined as the number
required to explain at least 70% of the total variance.
Atomic Force Microscopy. For AFM studies, purified

ΔN190TTF1 protein was diluted to 11 ng/μL in 25 mM Tris-
Cl buffer at pH 7.5 (filtered) and 10 μL of this diluted protein
sample was deposited on a fresh silicon wafer and dried by
desiccation. AFM measurements were performed with the P9
SPM digital control platform (Solver Next, NT-MDT, Russia).
Images were acquired using a silicon tip (NHG-0.1 model) in
tapping mode or semi-contact mode. Image processing and
analysis were performed by NT-MDT Nova, which was
provided by the manufacturer of the machine.

■ RESULTS AND DISCUSSION
Analysis with ProtParam. Analysis with ProtParam

(amino acid based) showed that the full-length and 190 aa
deleted mouse TTF1 are hydrophilic proteins (instability
indices of 57.28 and 46.44) and have grand averages of
hydrophobicity and hydrophilicity (Gravy) of −1.009 and
−0.811, respectively. After deleting 190 aa, theoretically, we
can see the instability index decrease from 57.28 to 46.66,
which indicates that the truncated protein is much more stable
than the full-length one (Table 1).26 Proteins with hydro-

phobicity scores below 0 are more likely to be globular
(hydrophilic), while those with scores above 0 are more likely
to be membranous (hydrophobic) in nature;27 therefore,
TTF1 is supposed to be globular and hydrophilic. Various
predicted physicochemical properties of the protein are listed
in Table 1.
Purification of ΔN190TTF1. ΔN190TTF1 was cloned in

a pMAL-c2X vector with a N-terminal His tag. It was expressed

in the BL21-λDE3 bacterial strain and induced with 0.9 mM
isopropyl-β-D-thiogalactopyranoside (IPTG) (Figure 2a). The
induced TTF1 was extracted from lysed bacterial cells and
bound with the Ni-NTA column. After a 30 column volume
(CV) wash (as mentioned in the Materials and Methods
section), the protein was eluted in a elution buffer (wash buffer
plus 400 mM imidazole, Figure 2b). The protein at this stage
was 1 mg/mL and more than 95% homogeneously pure (lanes
2−4, Figure 2b).
DLS Study Reveals That ΔN190TTF1 Is Monodis-

persed. In order to make sure that the purified protein from
the Ni-NTA column is soluble and homogeneous, we next
performed DLS to know its dispersity. DLS is used for
measuring particle sizes ranging from nanometers to micro-
meters. In this procedure, by processing the time series, we
could find the diffusion coefficient of the molecule.28 For this
process, the concentrated protein was diluted to 15 μg/μL in
25 mM Tris-Cl at pH 7.5. The analysis of the results obtained
from size distribution by number (which is more reliable;
Figure 3a)29 showed that the solution contained a single
particle size with a mean hydrodynamic radius (RH) of 17.2
nm, confirming the mono-dispersive nature of the solution
with a PDI of 0.299 (Figure 3a,b and Table 2).29 This
evaluation allowed us to move ahead and do structural
characterization of the purified protein.
CD Spectroscopy Confirms That ΔN190TTF1 Is a

Soluble and Helical Protein. After confirming that the
purified protein is monodispersed and homogeneous, we
wanted to know the secondary structure of the protein by
performing CD spectroscopy (as described in the Materials
and Methods section). CD spectroscopy is a versatile tool in
structural biology, with an increasingly wide range of
applications such as rapid determination of the secondary
structure and folding properties of proteins (obtained using
recombinant techniques or purified from cells or tissues). In
the far-UV region (240−180 nm), which corresponds to
peptide bond absorption, the CD spectrum can be analyzed to
give the content of regular secondary structural features such as
α helices and β sheets. CD spectroscopy, being a faster
technique requiring less sample, plays a significant role in
structural characterization and is often used as a confirmatory
method for secondary structure determination.22,30−32 The
mean residue molar ellipticity, [θ], in degrees cm2 dmol−1, has
been calculated from

clMRW/(10 )obs[ ] = [ ] ×

where [θ]obs is the measured molar ellipticity in degrees, MRW
is the mean residue molecular weight, c is the protein
concentration in grams per milliliter, and l is the optical path
length in centimeters.19 The far-UV CD spectrum of the
ΔN190TTF1 protein (Figure 4), collected in buffer A at 20
°C, is characterized by a sharp maximum at 192 nm and two
slightly pronounced minima at 209 and 221 nm. The
secondary structure estimation after spectral deconvolution
(as mentioned in the Materials and Methods section) gave
estimated percentages of α helices (53.46%), β sheets (9.7%),
random coils (23.78%), and turns (12.88%) (average of five
runs, Table 3), confirming the predominantly helical nature of
the protein.33 The above finding is very much in agreement
with our computational ab initio study and simulation data on
human TTF1 protein.16

Raman Spectroscopy of ΔN190TTF1. Raman spectros-
copy is an important tool for studying the secondary structures

Table 1. Physicochemical Properties of Mouse TTF1, as
Determined with ProtParam

values

physicochemical
properties full-length mouse TTF1

190 aa deleted mouse
TTF1

number of residues 859 669
molecular formula C4262H6916N1256O1333S20 C3317H5323N951O1043S17
molecular weight 97,722.61 Da 75,758.52 Da
theoretical pI 9.41 7.93
instability index 57.28 46.66
aliphatic index 65.42 73.06
total number of negatively
charged residues (D +
E)

133 112

total number of positively
charged residues (R +
K)

166 114

grand average of
hydrophilicity (Gravy)

−1.009 −0.811

estimated half-life
(mammalian
reticulocyte, in vitro)

30 h 30 h
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of proteins and peptides. The Raman spectral profile of a
protein in solution is a collection of signals arising from each
conformation, thus providing an “instantaneous snapshot” of
the population.24,34 The majority of Raman spectral signals are
produced by out-of-phase vibration due to C−N stretching,
C−C−N deformation, and N−H in-plane bending. The
spectrum presents a complex set of peaks and overlapping
bands, among which the main spectra due to aromatic amino
acids and polypeptide chain can be recognized. Hence, we
performed Raman spectroscopy to characterize the secondary
structure and also to understand the population heterogeneity
of the purified TTF1. The Raman spectra of ΔN190TTF1 are
shown in red color and that of the buffer (without protein,
control) in black in Figure 5. In the spectra, the peaks
associated with the amino acid Phe are located at 1000 cm−1.
The peaks around 1341 cm−1 are related to Trp vibrations. At
about 1250 cm−1, the amide III band could be observed, which
occurs due to vibrations produced by in-phase combination of

N−H bending and C−N stretching and contributes to a
mixture of secondary structures in the protein solution. The

Figure 2. (a) Induction profile of the ΔN190TTF1 protein; “In” represents an induced expression profile of the protein (lanes 4 and 5), and “Un”
represents an un-induced expression profile of the same (lanes 2 and 3). (b) Purification profile of the ΔN190TTF1 protein: lanes 2−4 show eluted
TTF1. M represents the molecular weight marker.

Figure 3. DLS analysis plots of purified ΔN190TTF1 protein: (a) size distribution by number plot; (b) size distribution by intensity plot.

Table 2. Properties of the ΔN190TTF1 Protein in 25 mM
Tris Buffer at pH 7.5 after DLS Analysis

SN properties mean

1 polydispersity index (PDI) 0.299
2 peak one mean by intensity (nm) 17.2

Figure 4. CD spectrum of the ΔN190TTF1 protein. The X axis
represents the wavelength of the spectrum, and the Y axis represents
the molar ellipticity in degrees.
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peak around 1550 cm−1 is the amide II band. Finally, the
amide I band, which is found within the 1620−1725 cm−1

spectral region, could be observed, which is caused by
vibration produced mainly due to C1/4 O stretching with
minor contributions. The spectrum arising from amide I
modes comes from the vibrational coupling between the
motions of the peptide carbonyl groups organized in an
ordered secondary structure through hydrogen bonds. An
analysis of this band can provide detailed information on the
structural conformation of the proteins in physiological
conditions (Figure 5b). Since the amide I spectrum could
significantly characterize the secondary structure of a protein,
we described and analyzed the same in detail for ΔN190TTF1
(Table 4 and Figures 5 and 6).23,24,34,35

Curve Fitting for the Amide I Region and Deconvo-
lution. The amide I band has been used to validate the atomic
structures of several proteins and also to study intrinsically
disordered proteins and peptides. For these reasons, we too
performed a curve-fitting procedure for the amide I spectrum
of our protein.23,24 The aim of spectral curve fitting is to
observe and quantify the general trends in the measured data
by effectively removing noise. It is carried out by fitting the
measured data into an analytical equation (to extract
meaningful parameters). The data estimation is carried out
via interpolation between discrete values in order to obtain a
maximum or a minimum value, thereby deriving finite-
difference approximation.36 In particular, the band was
deconvoluted in terms of three major components separately,
which are associated with the α-helix, β-sheet, and random coil
structures. In particular, the amide I band was fitted by
considering a curve centered at 1650−1656 cm−1, which could

be assigned to an α helix; a second one at the 1664−1670
cm−1 region due to β sheets; a third one at about 1680 cm−1,
corresponding to random coils; and the fourth at 1640−1650
cm−1, attributed to the turns that connects helices. Table 4 lists

Table 3. Secondary Structure Percentage Estimated after
Deconvolution of CD Spectra20

SN sec structure percentage (%)

1 α helix 53.46
2 β sheet 9.7
3 random coil 23.78
4 turns 12.88

Figure 5. (a) Raman spectrum of the ΔN190TTF1 protein; (b) Raman spectra for the 1200−1700 cm−1 region (magnified). The TTF1 spectrum
is shown in red, while that of the control (buffer without protein) is shown in black.

Table 4. Raman Bands of ΔN190TTF1 Protein Spectra with
Their Assignments34,35

source
frequency (Raman band

position, cm−1) assignment

amide I 1650−1657 α helices
1680−1690 turn

amide II 1550 parallel/anti parallel β sheet
amide III 1243−1253 random coil

1229−1235 β sheet
tryptophan 1340−1355 relative ratio is indicative of

hydrophobicity
phenylalanine 1000 CN stretching
disulfide 500−550 S−S bond stretching

Figure 6. Raman spectra after curve fitting for the experimental amide
I data.
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a summary of the corresponding fitting parameters. The
contribution from the appropriate secondary structures was
connected with the integrated curve intensities fitting the
amide I band under the presumption that the Raman cross
section is the same for each conformation. The fitting curves of
the amide I Raman bands of the ΔN190TTF1 protein
proclaim the major area (42.44%) of the curve for α helices
(white area under the red curve), which clearly shows that
TTF1 mostly contains helices. The rest curve area is divided
into random coils (blue curve, 21.1%) and turns (green curve,
13.03%) (Figure 6). The amide I band full width at half-
maximum (FWHM) and area percentage of each curve of
secondary structures for the ΔN190TTF1 protein are listed in
Table 5. Deconvolution of spectra collected from CD and

Raman spectroscopy shows that TTF1 is a helical protein, and
this finding justifies its DNA-binding activity. The above
finding is in agreement with our computational model for the
full-length TTF1 as well.16 Previous publications reporting
protein DNA atomic structures have shown that the DNA is
stabilized between the helices of those proteins.2,37

PCA of the Amide I Region. Additionally, the amide I
region (1600−1700 cm−1) was analyzed through the PCA
technique, which is a multivariate statistical analysis method
that allows one to reduce the multi-dimensionality of the data
set by recollecting the characteristics of the original ensemble,
primarily contributing to its quantitative variance. Concisely, a
limited number of variables, known as principal components
(PCs), contain most of the spectral information and they can
be divided into patterns, scores, and loadings. Figure 7a shows
the PCA scores of the PC1 vs the PC2 component for the
amide I band of ΔN190TTF1 (experimental, black dots) and
the buffer (control, red dots). The PC1 and PC2 components

of the amide I band of ΔN190TTF1 combined shows 81% of
the total variance. The plot shown in Figure 7a represents the
distribution of the spectra for a given PC and reveals the
relationship existing among the samples. Meanwhile, the
loading plot shown in Figure 7b represents how much an
original variable, or range of variables, influences a given PC
for a particular defined region. Hence, PCA is particularly
effective for categorizing Raman spectra that are otherwise
hardly distinguishable.23,38 Along the PC1 axis, two separate
clusters can be seen. Most of the scores of ΔN190TTF1 are
located in the positive portion of the plot along PC1 with a
spread along both axes, while the control scores also display
both negative and positive PC1 values with a large variability
along PC2. The PC2 loading plot, providing complementary
information to PC1, shows a significant variation in the 1600−
1700 cm−1 region. Variation specifically corresponding to the
tyrosine peak (1613−1616 cm−1) could be observed, which
occurs mainly due to a change in the strength of the hydrogen
bond between water and tyrosine molecules. Downshifting is
observed in the band frequency in the 1670−1685 cm−1 region
when helices form coils. A high spectral variance also suggests
the presence of α helices (1646 cm−1), turns (1635 cm−1), and
random coils (1681 cm−1),35 as previously observed (Figures
5b and 7b). PCA strengthens our Raman spectral data via
introducing theoretical statistical calculation to show the
quantitative variability in buffer components and the existence
of the ΔN190TTF1 protein in the optimized buffer.
Atomic Force Microscopy. AFM imaging of single

protein molecules are used to quantitatively evaluate their
dimensions and is quite useful to determine their geometrics
per unit area of interface, which eventually facilitates the
determination of the size of the molecule.28 For this, an area of
10 μm × 10 μm was scanned and the topography of the surface
was analyzed as shown in Figure 8. After the calculations (as
shown in the micrograph of Figure 8a), the average size of the
molecule was determined to be 0.094 μm (94 nm, Figure 8c).
The difference in the size from that of DLS data could be due
to surface accumulation of protein molecules (aggregation)
during sample preparation (spreading and drying, which are
very common).39 In Figure 8b, the differences in the baselines
of the top and bottom Z axes indicate the dimension of protein

Table 5. Results from the Curve-Fitting Procedure of the
Amide I Band of ΔN190TTF1

secondary structure frequency (cm−1) area (%) FWHMa (cm−1)

α helix 1646 42.44 15.95
small segments (turns) 1635 13.03 11.75
random coil 1681 21.34 11.44

aFWHM, full width at half maximum.

Figure 7. (a) Two-dimensional score plot of PC1 vs PC2 of the Raman spectra for ΔN190TTF1 (black dots) and the control (buffer; red dots)
performed on the amide I band. The protein group is illustrated as an ellipse and the control group as a line. (b) One-dimensional loading plot
versus frequency (PC2 10.3% and PC1 71.1% of total variance).
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molecules. Hence, the AFM study confirmed the homogeneity
of the purification and revealed molecular assembly of the
protein as well.

■ CONCLUSIONS
Even though TTF1 is an essential multifunctional protein,
almost nothing is known about its biophysical character or
structure. The only study revealing its structural model
(computationally) is reported from our lab.16 Hence, it is
important to understand the biophysical characters of this
protein in order to engineer the same for structural and
mechanistic studies. Toward achieving the above objectives, we
first assayed the homogeneity of the purified protein and then
characterized the secondary structure. The purified protein
profile on gel and DLS and AFM data confirmed the
homogeneity and stability (in the optimized buffer) of the
preparation, which gave us confidence to proceed further with
structural characterization. CD and Raman spectroscopy
established that ΔN190TTF1 is a helical protein. The
deconvolution of the amide I band, remarkably sensitive to
the α-helix, β-sheet, and random coil structures, allowed us to
assess the main structural motifs of these proteins. In
particular, a careful fitting procedure of this band revealed
that about ∼50% of native ΔN190TTF1 displays α helices,
while the rest is almost equally shared between random coil
and small segment structures. Our lab is actively working to
solve the physical structure of this protein by cryo-electron
microscopy, and our current finding in this article infuses
confidence in us that we are proceeding in the right direction.
Knowing the biophysical and structural properties of this
essential protein will significantly help researchers to know the

effect of mutation and its role in diseases like Cockayne
syndrome B and various others to be discovered yet.
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