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ABSTRACT: G-Quadruplexes (GQs) found within the promoter regions of
genes are known to mostly act as repressors of transcription. Here we report a
guanosine (G)-rich segment in the 3′-proximal promoter region of human
tyrosine hydroxylase (TH), which acts as a necessary element for transcription.
Tyrosine hydroxylase catalyzes the rate-limiting step in the catecholamine
biosynthesis and is linked to several common neurological disorders such as
Parkinson’s and schizophrenia. A 45 nucleotide (nt) sequence (wtTH49) within
the human TH promoter contains multiple G-stretches that are extremely well
conserved among the primates but deviate in rodents, which raises the
possibility of variation in the GQ structures formed in the two orders with the
potential for a distinctive functional outcome. Biochemical and biophysical
studies, including single-molecule Förster resonance energy transfer, indicate
that the wtTH49 sequence can adopt multiple GQ structures by using different
combinations of G-stretches. A functional assay performed with 2.8 kb of the 3′-proximal end of the TH promoter and a mutated
version (TH49fm; mutated wtTH49) that is unable to form any GQ structure indicates that overall the GQ-enabling wtTH49
sequence is functionally necessary and enhances human TH promoter activity by 5-fold compared to that of the mutant. Two
additional mutants, each of which was designed to form distinct GQs, differentially affected reporter gene transcription. A
cationic porphyrin TMPyP4 destabilizes the wtTH49 GQ and lowers the level of reporter gene expression, although its analogue,
TMPyP2, fails to elicit any response. The 45 nt G-rich sequence within the human TH promoter can form multiple GQ
structures, is a necessary element in transcription, and depending on the utilized combination of G-stretches affects transcription
in different ways.

G-Quadruplex structures present within the promoter of genes
have been shown to mostly repress transcription, and a majority
of the guanine-rich (G-rich) sequences reported in the
literature contain four G-stretches indicating formation of one
GQ or a very small set of GQs.1−3 The major exceptions are
bcl-2 and HIV,4,5 which can utilize various combinations of the
multiple G-stretches present within the G-rich segment to
potentially adopt many GQs. Human tyrosine hydroxylase
(TH) gene promoter contains a 45 nucleotide (nt) segment
encompassing seven G-stretches that logically can support
many GQ formations, and thus, it is important not only to
deconvolute the functional consequence of such a complex
sequence to understand their regulatory role vis-a-̀vis simpler
sequences but also to delineate its effect on regulation of
human TH transcription. Tyrosine hydroxylase is the enzyme
that catalyzes the rate-limiting step in the catecholamine
biosynthesis.6,7 It is present in all types of catecholaminergic
cells and is generally used as a marker for catecholaminergic
neurons.8−10 Dysregulation of TH expression has been linked
to various neurological disorders, including bipolar disorder11

and schizophrenia.12,13 The loss of dopaminergic neurons that
decreases the amount of TH in the substantia nigra is the

primary reason for the motor symptoms in Parkinson’s
disease.14 Therefore, a detailed analysis of human TH gene
expression regulation will be extremely helpful in understanding
these diseases and developing future strategies for treating
them. To investigate the factors that regulate TH gene
expression, a broad array of studies have been conducted in
human15,16 and rodent17−19 models.
The regulation of TH transcription is a complex process and

requires interaction of regulatory DNA elements with DNA-
binding proteins.10,20,21 The human TH promoter was
determined to be extremely GC-rich,10,11 and guanine-rich
(G-rich) regions are known to adopt G-quadruplex (GQ)
structures.22−24 Such structures have been identified in
promoter regions of many important growth-related genes
and proto-oncogenes.2−4,25−30 Almost all previous studies of
promoter GQs showed that they repress transcription. We have
identified a 45 nt GQ-forming sequence (wtTH49) within a
272 nt 3′-proximal region of the TH promoter that is known to
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have a responsive element for cyclic AMP.31 wtTH49 is located
−49 to −93 nt upstream of the transcription start site (TSS)
and has robust sequence homology among human, gorilla,
orangutan, rat, and mouse forms (Figure 1A).15,19,21,32

However, there are small but significant differences between
the common rodents and some of the primate sequences
(Figure 1A), particularly in the composition of segments with
contiguous guanosine stretches (G-stretches).32 This variance
may profoundly affect the identity and stability of the GQs
formed in the primates and rodents, which can cause potential
differences in the mechanism of regulation in the two orders.
For example, the rodent sequences can only support two-tier
GQs while the primate sequences can adopt three-tier or four-
tier GQs, and it is well established that three- or four-tier GQs
are significantly more stable than the two-tier ones.33,34

Additionally, simply because of the composition of the primary
structure, the primate sequence potentially can adopt a more
complex set of GQ structures.
The wtTH49 sequence is in the proximity of several

important transcription factor-binding sites, including cyclic
AMP response element (CRE), and also the TATA box,
suggesting that it might have a regulatory role.19,21,32 The
sequence contains seven G-stretches, each having two to five
consecutive guanosines (Gs) separated by one to seven

nucleotides, which can potentially form the loops of the GQ.
The presence of seven G-stretches makes the wtTH49
sequence very heterogeneous as it allows the sequence to
adopt more than one GQ by utilizing different combinations of
G-stretches. Therefore, the regulatory roles played by these
GQs may be more complex compared to those of most of the
GQ-forming promoter sequences characterized thus far. We
determined that the sequence adopts multiple GQs that
differentially regulate the transcription of a reporter gene, and
a subset of G-rich sections is necessary for TH expression.

■ MATERIALS AND METHODS
Preparation of Oligonucleotide Sequences. DNA

oligonucleotides were purchased from Integrated DNA
Technologies and purified using 17% denaturing polyacryla-
mide gel electrophoresis (PAGE). DNA oligonucleotides were
harvested via a crush and soak method by tumbling the gel
slices at 4 °C in a solution of 300 mM NaCl, 10 mM Tris-HCl
(pH 7.5), and 0.1 mM EDTA. Samples were concentrated with
2-butanol and ethanol precipitated with 3 volumes of ice-cold
100% ethanol. The salt was removed by washing the DNA
pellets with 70% ethanol.
The 5′-end-radiolabeled single-stranded oligonucleotides

were prepared by treating the DNA with T4 polynucleotide

Figure 1. G-Rich wtTH49 sequence with seven G-stretches adopts a parallel G-quadruplex structure. (A) G:C-rich conserved region 1 (CR1) in the
TH-proximal promoters that is located upstream of the well-characterized CRE and TATA box sequence. Orange shaded regions are highly
conserved short nucleotide motifs among mammals located within the CRI and G residues that are not conserved in rodents but among hominoids
are highlighted in green.34 (B) Sequences of the wild-type G-rich element (wtTH49) and its mutants 5′GQ-MUT, 3′GQ-MUT, and TH49fm. (C)
The seven G-stretches of wtTH49 are colored red, and their numbers are denoted with Roman numerals. (D) CD spectra of the wild type
(wtTH49) and the full mutant (TH49fm) in the presence and absence of 100 mM KCl. Spectra were recorded in 10 mM Tris (pH 7.5) and 100
mM KCl at an oligonucleotide concentration of 5 μM. (E) Electrophoretic mobilities of folded wtTH49 and TH49fm single-stranded DNA in the
presence of KCl in running buffer and nondenaturing gel.
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kinase (NEB) and [γ-32P]ATP (PerkinElmer) and incubated
for 45 min at 37 °C. The radiolabeled DNA oligonucleotides
were purified by 17% denaturing PAGE and extracted from the
gel via the crush and soak method as described above.35

Circular Dichroism (CD) Studies. All DNA samples were
prepared in a buffer containing 100 mM KCl and 10 mM Tris-
HCl (pH 7.5) at a final DNA concentration of 5 μM. For the
no KCl control, DNA samples were prepared in 10 mM Tris-
HCl (pH 7.5) buffer. DNA structures were folded by heating
the samples at 95 °C for 10 min followed by slow cooling to
room temperature over a 90 min period. A Jasco J-810
spectrophotometer and quartz cell with a 0.1 cm path length
were used to record CD spectra at a scan speed of 50 nm/min,
with a response time of 1 s over a wavelength range of 200−320
nm. All spectra shown in this work were averaged over three
scans taken at room temperature. All spectra were subjected to
baseline corrections to eliminate any signal contribution from
the buffer. After the collection of the initial spectrum, the
samples were titrated with an increasing amount of the cationic
porphyrins TMPyP4 and TMPyP2. In each step, the reaction
solution was mixed well after addition of the cationic
porphyrins and incubated for 5 min at room temperature
before a new spectrum was recorded. Dilution correction was
performed for each concentration of TMPyP4 and TMPyP2.35

Dimethyl Sulfate (DMS) Structure Mapping. Samples
for DMS structure mapping were prepared with 1 μM 75 nt
unlabeled DNA (sequences listed in Supplementary Table 1),
10 mM Tris-HCl buffer (pH 7.4), 100000 cpm 5′-end-
radiolabeled oligonucleotides, and 100 mM KCl or no KCl in a
final volume of 30 μL. DNA structures were folded as described
above. Samples were then treated with 1% DMS for 2 min at
room temperature before the methylation reactions were
stopped by adding 300 μL of stop buffer (300 mM sodium
acetate, 250 mg/mL sheared salmon sperm DNA, and 2 M
mercaptoethanol). DNA samples were ethanol precipitated
with 3 volumes of ice-cold 100% ethanol, and the DNA pellets
were washed with 70% ethanol. The pellets were then dried in a
vacuum centrifuge and then treated with 70 μL of freshly
prepared 10% piperidine for 30 min at 95 °C. The cleaved
products were resolved on a 12% denaturing polyacrylamide
gel, and the dried gel was exposed to a phosphorimager screen
and visualized on a Typhoon FLA 9500 Phosphorimager (GE
Life Sciences).
Competition between GQ and Double-Stranded DNA.

Three samples were prepared for the competition assay. For the
first sample, GQ was folded without a complementary sequence
(C). In the second sample, the 75 nt complementary sequence
(C) was added (1:1 ratio) to the reaction mixture before GQ
was folded (sample wtTH49&C) as described above. In the
case of the third sample, the complementary sequence (C) was
added to the reaction mixture after formation of the GQ
(sample TH49+C). GQs were folded, and DMS structure
mapping was performed as described above.
Electrophoretic Mobility Shift Assay (EMSA). Wild-type

and mutant samples for the EMSA were prepared using 5′-end-
radiolabeled oligonucleotides in a buffer containing 100 mM
KCl and 10 mM Tris-HCl buffer (pH 7.4). The mobility of the
folded structures was assayed on a 10% native polyacrylamide
gel in the presence or absence of 100 mM KCl in both 1× TBE
buffer and a native gel.
DNA Polymerase Stop Assay. To anneal the P20 stop

primer with the template DNA, an equal volume of 5′-end-
radiolabeled P20 stop primer (24 nM) was mixed with TH stop

template DNA (24 nM) in a Tris-HCl buffer (10 mM Tris, pH
8.0) containing various concentration of K+ ions, and the
reaction mixture was heated at 95 °C for 10 min and cooled
slowly to room temperature. Primer extension reactions were
initiated by mixing dNTP (100 μM), DNA polymerase buffer
(1×, no K+), and Taq DNA polymerase (2 units/reaction; New
England Biolab) in a reaction mixture volume of 20 μL and
incubated at 37 °C for different time periods. The reactions
were stopped by adding an equal volume of stop buffer (7 M
urea, 10 mM EDTA, 10 mM NaOH, 0.025% xylene cyanol, and
0.025% bromophenol blue). The reaction products were
resolved in a 12% denaturing polyacrylamide gel:36 TH stop
template, 5′-ACAGCAGGCAGGGGTGGGGGATGTAAGG-
AGGGGAAGGTGGGGGACCCAGAGGGGGCTTTGACG-
TCAGCTCAGCTTATAAGAGGCTG-3′; P20 stop primer,
5′-CAGCCTCTTATAAGCTGAGC-3′.

Single-Molecule Förster Resonance Energy Transfer
(smFRET) Assay. Cleaned quartz slides and glass coverslips,
coated with a mixture of 99% m-polyethylene glycol and 1%
biotinylated polyethylene glycol (m-PEG-SVA-5000 and biotin-
PEG-SVA-5000, respectively; Laysan Bio, Arab, AL), were used
to prepare the sample chamber. This chamber was then treated
with 0.05 mg/mL neutravidin. Biotinylated partial duplex DNA
(pdDNA) constructs at a concentration of 15 pM were then
incubated in the chamber, which were immobilized on the
surface via neutravidin−biotin linkers. For steady state
measurements, the DNA constructs were incubated in an
imaging buffer [50 mM Tris (pH 7.5), 0.8 mg/mL glucose, 0.1
mg/mL bovine serum albumin, 140 mM β-mercaptoethanol,
0.1 mg/mL glucose oxidase, 0.02 mg/mL catalase, a saturating
concentration of Trolox (∼2 mM), and 100 mM KCl] for 15
min before data were acquired.
A prism-type total internal reflection fluorescence setup,

which was built around an Olympus IX-71 microscope and
equipped with a 60× 1.20 N.A. water objective, was used for
the smFRET measurements. Data were collected at an
integration time of 100 ms using an Andor Ixon electron-
multiplying CCD camera (iXon DV 887-BI, Andor Technol-
ogy, South Windsor, CT). smFRET time traces for individual
molecules were analyzed to generate FRET histograms. In this
analysis, smFRET time traces are individually inspected for
anticorrelation between donor−acceptor fluorophores and
single-step photobleaching, which are required for their
qualification as a single molecule. The background subtraction
was performed in three steps. In the first step, the minimal
intensity in an image is subtracted from the intensity of each
pixel. In the second step, the image of the donor and acceptor
signals is divided into multiple subsections each, to account for
variations upon illumination of different parts of the image.
Each of these subsections has ∼10−20 molecules in it. An
average background signal is subtracted from each subsection
based on the median intensity, which should be a representative
of the remaining background because the molecule density is
kept low enough that most pixels do not have a fluorescent
molecule. The residual background for each molecule was then
determined after the donor molecule is photobleached, at
which point all the remaining intensity should by definition be
the background. This subtraction is performed independently
for the donor and acceptor signals to take into account the
variations between the two. More than 180 molecules that
satisfy these criteria and undergo these background subtraction
processes are used for each FRET histogram.
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In addition to these molecules, adequate numbers of
molecules that have a donor fluorophore but not an acceptor
fluorophore are included in the initial histogram. These
molecules form the donor-only (DO) peak, which is a measure
of the leakage from the donor emission into the acceptor
channel. The EFRET value corresponding to this peak
(EDO_FRET) is determined by fitting the histogram with multiple
Gaussian peaks. The Gaussian peak with the lowest EFRET is
identified as the DO peak. This peak is then subtracted from
the histogram. The remaining histogram, which represents the
molecules that have both donor and acceptor fluorophores, is
rescaled such that the EDO_FRET value is moved to EFRET′ = 0 by
the following scaling:

′ =
−

−
_

_
E

E E
E1FRET

FRET DO FRET

DO FRET

where EFRET is the FRET efficiency before DO correction is
made and EFRET′ is the FRET efficiency after DO correction. An
example of DO correction and scaling of the smFRET is shown
in Supplementary Figure S3 of ref 37. While the histograms
were being constructed, the contribution of each molecule is
scaled such that they equally contribute to the histogram to
avoid having a greater contribution from molecules that
fluoresce for a longer period of time compared to those that
photobleach quicker. At the final step, the histogram is
normalized to percent scale, i.e., such that the total area
under the histogram equals 100%. Finally, the rescaled and
normalized histogram is fit by multiple Gaussian peaks again to
determine the peak positions in the corrected (EFRET′ ) scale.
The following sequences were used for the smFRET assays:

TH49-Long Strand, 5′-Cy3-GGG GTG GGG GAT GTA AGG
AGG GGA AGG TGG GGG ACC CAG AGG GGG
TTTTTG GCG ACG GCA GCG AGG C-3′; pdT50-Long
Strand, 5′-Cy3-poly(dT)50 GGC GAC GGC AGC GAG GC-
3′; Short Strand, 5′-Biotin-GCC TCG CTG CCG TCG CCA
Cy5-3′.
Preparation of Plasmids for Functional Analysis of the

TH Promoter. The reporter constructs were generated using
the pGL3-Basic plasmid reporter vector (Promega) for analysis
of the active promoter region of the human TH gene. A KpnI−
BglII fragment (nucleotides −2804 to +15), containing 2819 bp
of the TH upstream promoter region, was cloned into the
pGL3-basic vector (Promega), directly upstream of the firefly
luciferase gene, to generate the 2.8TH-pGL3 plasmid. The
sequence of the construct was verified by The Ohio State
University’s Plant Microbe Genomic sequencing facility. A
plasmid expressing Renilla (pRL-TK) was used as a transfection
control.
Cell Culture. C6 cells were maintained in Dulbecco’s

modified Eagle’s medium (Corning) supplemented with 10%
fetal bovine serum and the 1% antibiotics streptomycin,
penicillin, and amphotericin B at 37 °C in 5% CO2 in a
humidified incubator. SHSY5Y cells were maintained in a 1:1
mixture of Ham’s F12 medium and Eagle’s Minimum Essential
Medium (EMEM) medium (Corning) supplemented with 10%
FBS and 1% antibiotics.
Luciferase Assay. Transfection to C6 cells was performed

with 188 ng of firefly luciferase construct 2.8TH-pGL3 and 63
ng of Renilla reporter plasmid (pRL-TK) in 96-well plates using
Lipofectamine LTX and PLUS reagent, based on the
manufacturer’s protocol. Briefly, the firefly luciferase construct
2.8TH-pGL3 and Renilla reporter plasmid (pRL-TK) were

mixed together in a 3:1 ratio in a total of 250 ng of plasmid and
incubated with Lipofectamine LTX in a 1:4 ratio for 30 min.
After transfection for 6 h, 200 μL of medium containing 10%
fetal bovine serum and 1% antibiotics were added to the cells.
At 48 h post-transfection, Renilla and firefly luciferase activities
were measured using the Dual-Glo Luciferase assay system
(Promega) by following the manufacturer’s protocol on a
Synergy 2 microplate reader (Bio-Tek Instruments). In the case
of the small molecule treatment, plates were supplemented with
a final concentration of 0, 10, 30, or 50 μM TMPyP4 or
TMPyP2 following the 6 h transfection, and luciferase
expression was measured after 48 h.
Both firefly luciferase construct 2.8TH-pGL3 and Renilla

reporter plasmid (pRL-TK) were transfected to SHSY5Y cells
using the TransIT-X2 dynamic delivery system based on the
manufacturer’s protocol. Briefly, the firefly luciferase construct
2.8TH-pGL3 and Renilla reporter plasmid (pRL-TK) were
mixed together in 3:1 ratio in a total of 250 ng of plasmid and
incubated with TransIT-X2 in a 1:2 ratio for 20 min. After
transfection for 6 h, 200 μL of medium containing 10% fetal
bovine serum and 1% antibiotics were added to the cells. At 48
h post-transfection, Renilla and firefly luciferase activities were
measured using the Dual-Glo Luciferase assay system
(Promega).

Quantitative Reverse Transcriptase Polymerase Chain
Reaction (RT-PCR) Assays. Total RNA from transfected C6
cells was extracted using the E.Z.N.A MicroElute Total RNA kit
(OMEGA Bio-Tek). Endogenous DNAs were eliminated from
each RNA sample upon treatment with RQ1 RNase-Free
DNase (Promega) prior to reverse transcription. Finally,
Renilla and firefly mRNAs were reverse transcribed using
AMV-RT (New England Biolabs), and cDNA was subjected to
quantitative real-time PCR using a SYBR Green PCR Master
Mix kit (Quanta Biosystems) on an Eppendorf Mastercycler
RealPlex2 Sequence Detection System in the presence of the
appropriate set of primers. Primers for Firefly m-RNA: FL-FP,
5′-TTCGCTAAGAGCACCCTGAT-3′; FL-RP, 5′-GCTGCA-
GCAGGATAGACTCC-3′. Primers for Renilla m-RNA: RL-
FP, 5′-GTAACGCTGCCTCCAGCTAC-3′; RL-RP, 5′-GTA-
GGCAGCGAACTCCTCAG-3′.

■ RESULTS
A G-Rich 45 nt Segment within the Human Tyrosine

Hydroxylase Promoter Adopts Multiple G-Quadruplex
Structures. wtTH49 with seven G-stretches has strong
potential to form GQ structure in the presence of K+ ions.
To search for such GQ formation, we first investigated the
wtTH49 sequence using circular dichroism (CD) ellipticity at a
physiologically relevant K+ concentration (100 mM KCl).38 CD
measurements performed on wtTH49 and its mutant
(TH49fm) are shown in Figure 1D. TH49fm is created by
mutating five of the seven G-stretches where guanines are
replaced with adenines, eliminating the possibility of GQ
formation, while keeping the purine nature of the bases intact.
The CD spectrum for wtTH49 showed a characteristic positive
ellipticity at ∼263 nm and negative ellipticity at ∼240 nm in the
presence of K+, implying that it adopts parallel GQ structure
(Figure 1D).39−41 However, CD spectra of both wtTH49 in the
absence of K+ and TH49fm do not show any characteristic
features of a GQ. This observation strongly suggests K+-
dependent GQ structure formation by the wtTH49 sequence.
To determine if the GQs adopted by wtTH49 are intra- or

intermolecular, we analyzed the electrophoretic mobility of
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wtTH49 under nondenaturing conditions in the absence
(Supplementary Figure 1) and presence (Figure 1E) of KCl
(100 mM), in the gel and running buffer. We observed that in
the presence of 100 mM K+, the secondary structure formed by
wtTH49 migrated in a 10% native polyacrylamide gel faster
than the corresponding unstructured single-stranded TH49fm,
and no slower-migrating bands were detected (Figure 1E). As
expected, there was no significant difference in mobility in the
absence of K+ in gel as well as running buffer (Supplementary
Figure 1). Given that intramolecular GQ is more compact than
unstructured DNA while intermolecular GQ is more extended,
this observation suggests that wtTH49 most likely adopts an
intramolecular GQ structure.42

These bulk studies were complemented by smFRET
measurements that were used to identify possible formation
of multiple GQs. For these studies, the DNA construct is
immobilized on a polyethylene glycol-coated quartz surface via
biotin−neutravidin binding. After incubation of the DNA with
K+ for ∼15 min, a steady state is reached and a FRET
histogram is constructed. In the case of wtTH49 at 100 mM K+,
the FRET histograms corresponding to the folded GQ
structures are several times broader than would be expected
when a single GQ conformation is present (Figure 2A).43 The

FRET histogram can be fitted by two Gaussian peaks (R2 =
0.99), which should be considered a minimal number of GQ
states given the width of the peak and the dynamics observed at
the single-molecule traces. The higher peak is at FRET
efficiency EFRET = 0.75, and the lower peak is at EFRET =
0.53. The almost perfect R2, the coefficient of determination,
for two Gaussian fit makes it difficult to justify fitting more than
two Gaussian peaks. However, the dynamics of the system and
the transitions observed between different FRET states
(Supplementary Figure 2C) suggest that more than two
FRET states exist in this system. Along these lines, we have
demonstrated that five different segments of wtTH49 are
capable of forming stable GQ folds under identical assay
conditions (data not shown), which further support a dynamic
picture in which transitions and interconversions between
different GQ states are possible.
To distinguish the lower FRET peak from a random coiled

DNA, control measurements were performed on another
partial duplex DNA construct that has the same duplex stem
and a 50 nt polythymine overhang (pdT50). The pdT50
sequence has a similar separation between the fluorophores as

the wtTH49 construct (50 nt vs 49 nt overhang) but does not
form any secondary structure. In the case of pdT50, a single
peak at EFRET = 0.17 was observed under identical experimental
conditions (Figure 2B), which represents the FRET peak of an
unstructured random coil DNA. Having a similar length, the
wtTH49 sequence is also expected to have a similar peak when
it is unstructured, in the form of a random coil. The EFRET =
0.17 peak is significantly different from the two peaks observed
for the wtTH49 construct under the same ionic and pH
conditions. These measurements suggest that the peaks
observed in the FRET histogram of the wtTH49 construct
correspond to compact DNA secondary structures. However,
significant folded GQ conformation was detected even at ∼0
mM K+ in the chamber (Supplementary Figure 2A). This is due
to the very stable nature of some of the GQ states formed by
this construct that might be trapped in the folded state, possibly
because of trace amounts of monovalent ions in the buffers.
Nevertheless, there is a clear shift in the population toward
more compact structures upon addition of K+. To demonstrate
this shift, we also performed FRET measurements at 50 mM K+

(Supplementary Figure 2B), which demonstrates an inter-
mediate between the 0 and 100 mM K+ distributions. In
combination with the CD and electrophoresis data, this assay
confirms that the wtTH49 sequence forms multiple intra-
molecular GQs.
To further test if wtTH49 forms multiple GQs, we

performed a DNA polymerase stop assay. G-Quadruplexes
arrest primer extension by DNA polymerase in a K+-dependent
manner.41,44 We rationalized that more than one stop in the
assay would potentially provide evidence of the presence of
multiple secondary structures. The template DNA-containing
wtTH49 sequence was annealed with a radiolabeled primer
(Figure 3A) and subsequently extended with Taq DNA
polymerase in the presence of increasing concentrations of
K+. Figure 3B shows the resulting primer-extended product
from the DNA polymerase stop assay at various concentrations
of K+ ions at 37 °C. The full length extension product was
synthesized in the absence of K+ (Figure 3B, lane 3) and at low
K+ concentrations with longer incubation times (Figure 3B,
lanes 6 and 9). However, upon addition of K+ to the reaction
mixture, two distinctly premature primer arrest sites were
detected (Figure 3B, lanes 4−12). The DNA polymerase arrest
sites mainly occurred after extension of the primer by 11 and 23
nt (Figure 3A,B), which are just before G45 and G33 (see the
numbering in Figure 3A) in the template strand, respectively.
This result provides further evidence that the wtTH49
sequence has the capacity to form at least two separate
intramolecular structures under physiologically relevant tem-
perature and salt conditions.
To directly identify the G residues involved in the formation

of the GQ adopted by the wtTH49 sequence, we probed the
accessibility of guanine’s N7 by dimethyl sulfate (DMS)
modification. In duplex and single-stranded DNA, the N7
position of guanine is available for methylation with DMS but
not in GQs in which it is involved in Hoogsteen base pairing.
The methylation pattern produced by wtTH49 with and
without K+ is shown in Figure 3C. It is important to note that
in the presence of 100 mM K+, almost all G-stretches within the
wtTH49 sequence were either partially or completely protected
from DMS methylation. Because intramolecular GQ formation
requires only four G-stretches,45 this observation can be argued
as evidence that wtTH49 can adopt more than one GQ
utilizing different combinations of its G-stretches.

Figure 2. wtTH49 sequence that forms multiple intramolecular GQs.
(A) FRET efficiency histogram for the wtTH49 construct at 100 mM
K+ and pH 7.5. A broad histogram suggests formation of multiple GQ
structures. (B) FRET efficiency histogram for the pdT50 construct,
which is an unstructured DNA of a length similar to that of wtTH49. A
single peak at 0.17 determines the position of the unstructured
random coiled DNA under the same ionic and pH conditions.
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To test wtTH49’s ability to adopt GQ structures in the
presence of the complementary strand, a competition assay was
performed. A 75 nt sequence from the TH promoter
encompassing wtTH49 (G-rich strand) and its complement
sequence (C-rich strand) were used in this assay. Two different
conditions were studied; in one case, DMS structure mapping
was performed on the radiolabeled G-rich strand when its
complementary sequence was introduced before GQ formation
was triggered by addition of 100 mM K+. In the second case,
DMS treatment was performed when the C-rich complemen-
tary strand was added after GQ formation had been triggered.
We observed that the methylation protection pattern of
wtTH49 embedded within the 75 nt sequence was identical
in both cases (Figure 4A), implying that the wtTH49 is capable
of forming GQ structure even in the presence of its
complementary sequence.
Results from smFRET, DMS structure mapping, and the

polymerase stop assay provide strong evidence that wtTH49
forms a mixture of GQ structures in the presence of K+.
Additionally, the competition assay indicates that the GQ
structures can form even when there is a direct competition
from the complementary C-rich strand, which alludes to the
cellular relevance of the GQ when the structures have to form
in the context of duplex DNA.
G-Quadruplex Structures Formed by the wtTH49

Sequence Enhance the Human Tyrosine Hydroxylase

Promoter Activity at the Transcriptional Level. The in
vitro studies presented have established that the conserved and
highly G-rich wtTH49 sequence located upstream of the TH
promoter TSS is capable of forming multiple intramolecular
GQ structures, which are parallel in conformation based upon
CD data. However, the key question is whether the wtTH49
sequence is critical to regulation of transcriptional activity of the
TH promoter. To address this question, a luciferase reporter
plasmid was prepared by cloning an active 2.8 kb 3′-end
fragment of the human TH promoter at a location upstream of
the firefly luciferase gene in the promoterless pGL3 basic
vector. A luciferase activity assay was performed using the
cloned TH promoter and an empty pGL3 vector. The activity
of the TH promoter was much higher than that of the empty
vector (Supplementary Figure 3), conforming that the cloned
TH promoter is significantly active in C6 cells. To assess the
role of GQ-forming sequence, TH49fm, the full mutant of
wtTH49 that does not form any GQ, was used as a control. As
shown in Figure 4B, the activity of wtTH49 was ∼5-fold higher
than that of TH49fm, implying that TH promoter function is
enhanced by wtTH49’s ability to form GQ structures. The
observation mentioned above suggests that the overall GQs
formed by wtTH49 sequence enhance TH gene expression;
however, the effect is most likely an ensemble average of
contributions from all of the GQs formed within wtTH49. To
confirm that regulation of TH gene expression occurs at the

Figure 3. wtTH49 sequence forms multiple intramolecular GQs utilizing different combinations of G-stretches. (A) DNA polymerase stop assay to
investigate the ability of wtTH49 to form multiple GQ structures. The data show two major K+-dependent DNA polymerase arrest points that are
designated by a red nucleotide in the sequence in panel A and with red arrows in the gel data in panel B. Lane designations are as follows: lane 1,
radiolabeled free primer; lane 2, full length radiolabeled template; lane 3, Taq DNA polymerase extension without KCl (a positive control); lanes 4−
6, with 25 mM KCl; lanes 7−9, with 50 mM KCl; lanes 10−12, with 100 mM KCl for different reaction times. (C) DMS structural mapping of
wtTH49 in the absence (lane 1) and presence (lane 2) of 100 mM KCl.
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transcriptional level, we performed qRT-PCR on both the
wtTH49 and TH49fm constructs. The qRT-PCR results
indicate that the wtTH49 construct produced a mRNA level
higher than that of mutant TH49fm (Figure 4C). This
observation correlates the loss of activity of the mutant
construct to an impediment at the transcriptional level.
Although wtTH49 can adopt multiple GQs and the observed
enhancement of activity by wtTH49 can be construed as an
ensemble average, this finding is contrary to the general notion
that GQs in the promoter regions act as transcription
repressors.
Diverse G-Quadruplexes Formed by wtTH49 Se-

quence Lead to Differential Regulation of the Tyrosine
Hydroxylase Promoter Activity. Next we investigated the
role of specific GQ that can be formed using particular
combinations of the G-stretches. To address this question, we
designed two more mutant sequences (Figure 1B) based upon
our DMS structure mapping results (Figure 3C) and the arrest
sites observed in the DNA polymerase stop assay (Figure 3B).
These mutants (5′GQ-MUT and 3′GQ-MUT) were designed
to allow only a subset of GQs to be formed by each so that

their roles can be deconvoluted. The 5′GQ-MUT construct
eliminates the GQ-forming sequences at the 3′-end, while
3′GQ-MUT does not allow any GQ to be formed at the 5′-end
of wtTH49. Initially, we established the ability of these two
mutants to form GQs using CD spectroscopy and DMS
structure mapping. CD studies performed on 5′GQ-MUT and
3′GQ-MUT showed spectral signatures similar to that of
wtTH49 in the presence of 100 mM KCl, suggesting that they
too most likely adopt a parallel GQ conformation (Supple-
mentary Figure 4). However, 3′GQ-MUT does not show any
characteristic feature of GQ in the absence of K+. Although
5′GQ-MUT shows characteristic features for GQ even in the
absence of K+, its molar ellipticity significantly increased with
the addition of K+ ions, further confirming its ability to form K+

ion-dependent GQ structure.
We then proceeded to identify the guanine residues involved

in GQ formation in these mutants using DMS structure
mapping. In the presence of K+ ions, strong protection from
methylation was observed in four G-stretches in both 5′GQ-
MUT [G-stretches I, II, IV, and VI (see the numbering in
Figure 1C)] and 3′GQ-MUT [G-stretches II, IV, VI, and VII

Figure 4. G-Quadruplex forming wtTH49 enhances the TH transcription by 5-fold. (A) The competition between GQ and double-stranded DNA
was assessed using the complementary sequence of wtTH49. In the wtTH49+C lanes, the complementary sequence was added after the GQ
structure had been folded. In the wtTH49&C lanes, the complementary sequence was added before the GQ structure had been folded. In the
wtTH49 lanes, the complementary sequence was not added. (B) Percent luciferase activity of wtTH49 and the full mutant, TH49fm. The activity of
the wild-type construct has been set to 100%, and the full mutant activity has been normalized accordingly (data represent mean values ± the
standard error of the mean; n = 9; *P < 0.001 from a Student’s t test). (C) Histogram representing the ratio of firefly to Renilla luciferase mRNA
levels in C6 cells. The ratio of CT values (obtained from qRT-PCR) for firefly to Renilla luciferase was determined using the Livak method.38 The
RNA level of the wild-type construct was set to 1, and the full mutant level was normalized accordingly (data represent mean values ± the standard
error of the mean; n = 9; *P < 0.001 from a Student’s t test).
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(see the numbering in Figure 1C)], indicating formation of
GQs (Figure 5A,B). Thus, DMS structure mapping and CD
spectra support GQ formation by both 5′GQ-MUT and 3′GQ-
MUT using different sets of G-stretches, presumably in
accordance with the GQs formed within the wtTH49 sequence.

Two more luciferase constructs were prepared in which the
5′GQ-MUT or 3′GQ-MUT sequences were inserted in place of
the wtTH49 sequence. 5′GQ-MUT showed ∼2-fold higher
activity than wtTH49, while 3′GQ-MUT showed ∼4-fold lower
activity than wtTH49 in C6 cells (Figure 6A). Using qRT-PCR

Figure 5. Both mutants adopt GQs using different combinations of G-stretches. (A) DMS structural mapping of 5′GQ-MUT in the absence of KCl
(lane 1) and with 100 mM KCl (lane 2). (B) DMS structural mapping of 3′GQ-MUT in the absence of KCl (lane 1) and with 100 mM KCl (lane
2).

Figure 6. Multiple GQs formed by wtTH49 (5′GQ-MUT and 3′GQ-MUT) differentially enhance TH transcription. (A) Luciferase activities of
wtTH49, 5′GQ-MUT, and 3′GQ-MUT. The 5′- and 3′-mutant activities have been normalized assuming 100% activity for wtTH49 (data represent
mean values ± the standard error of the mean; n = 9; *P < 0.001 from a Student’s t test). (B) Histogram representing the ratio of firefly to Renilla
luciferase mRNA levels in C6 cells. The ratio of CT values (obtained from qRT-PCR) for firefly to Renilla luciferase was determined by setting the
value for the wtTH49 plasmid to 1, and all other values were normalized accordingly (data represent mean values ± the standard error of the mean;
n = 9; *P < 0.001 from a Student’s t test).
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with the mutant constructs, we concluded that the modulation
of TH promoter activity indeed occurs at the transcriptional
level (Figure 6B). The data show that wtTH49 is involved in a
range of activities in terms of modulating gene expression that
depends upon the set of GQ structures that are utilized.
A luciferase assay in human neuroblastoma SHSY5Y cells was

performed to validate the GQ-mediated regulation of human
TH promoter activity observed in C6 cells. We detected ∼6-
fold higher activity for the wtTH49 promoter compared to that
of the TH49fm the full mutant, whose activity is a direct result
of complete lack of GQ formation (Figure 7A). Further, 5′GQ-

MUT showed activity ∼2-fold higher than that of wtTH49, and
the 3′GQ-MUT showed activity ∼2-fold lower than that of
wtTH49 (Figure 7B). Thus, the human TH promoter activity
in human neuroblastoma SHSY5Y cells is very similar to the
activity observed in rat glioblastoma C6 cells. Because of the
size of the plasmid, transfection in the SHSY5Y cells was
extremely difficult, and also C6 cells have been used previously
by several groups for human TH gene analysis that led us to
initially choose C6 cells as a model.19,45,46 However, our data
directly prove that the human TH promoter activity in SHSY5Y
cells is similar to that in C6 cells.

A Cationic Porphyrin Destabilizes the G-Quadruplex-
Enabling Region within the Human Tyrosine Hydrox-
ylase Promoter and Decreases the Level of Tran-
scription. On the basis of our data from the functional
assay, it was clear that the GQ-enabling sequence within the
human TH promoter is a necessary element for transcription.
We intended to interfere with the GQ structure to test its effect
on transcription. We used the cationic porphyrin molecule
TMPyP4 that is reported to act as both a stabilizer and a
destabilizer of GQ structures depending upon the target
sequence.25,35 As a control small molecule, we used another
cationic porphyrin molecule, TMPyP2, which is a positional
isomer of TMPyP4. However, it has been reported that
TMPyP2 has a low affinity for GQ structures compared to that
of TMPyP4.47 Consequently, genes that bear potential GQ-
forming sequences such as c-myc and human telomerase
reverse transcriptase are regulated by only TMPyP4 but not by
TMPyP2 via stabilizing or destabilizing GQ structures.25,35,47

Although TMPyP4 can interact with both GQ and duplex
DNA, it has a higher selectivity for the GQ structure than for
the duplex structure.48

Initially, we tested how TMPyP4 affects the GQ formed by
the wtTH49 sequence using CD spectroscopy. A progressive
decrease in the magnitude of CD signals was observed as more
TMPyP4 was added, indicating the disappearance of the GQ
(Supplementary Figure 5A). Given that the CD signals are not
the most conclusive in terms of GQ characterization, DMS
footprinting was performed, which is an independent and
reliable probe of GQ formation. DMS footprinting of wtTH49
in the presence of TMPyP4 showed a decreased level of
protection of G-tracts (Supplementary Figure 6A) indicating
the loss of the GQ structure presumably due to destabilization.
Thus, a change in the spectral intensity and the CD trace along
with the DMS footprinting pattern show that TMPyP4 indeed
destabilizes GQs in wtTH49.
Given that GQ formation by wtTH49 sequence is needed for

the optimal transcription activity of the promoter and TMPyP4
destabilizes the GQ structure formed by the wtTH49 sequence,
the small molecule should act as an inhibitor and lower the
level of transcription imitating the TH49fm. We transfected a
reporter plasmid under the control of the human TH promoter
described earlier and treated the cells with different
concentrations of TMPyP4. The results showed significant
loss of transcriptional activity, which is consistent with
destabilization of GQs formed by wtTH49 by TMPyP4 (Figure
8A). When similar experiments were performed using

Figure 7. G-Quadruplex-mediated regulation of human TH promoter
activity in human neuroblastoma cells, SHSY5y. (A) Percent luciferase
activity of wtTH49 and the full mutant, TH49fm. The activity of the
wild-type construct has been set to 100%, and the full mutant activity
has been normalized accordingly (data represent mean values ± the
standard error of the mean; n = 5; *P < 0.001 from a Student’s t test).
(B) Luciferase activities of wtTH49, 5′GQ-MUT, and 3′GQ-MUT.
The 5′- and 3′-mutant activities have been normalized assuming 100%
activity for wtTH49 (data represent mean values ± the standard error
of the mean; n = 5; *P < 0.001 from a Student’s t test; **P < 0.005).

Figure 8. Small molecule-mediated regulation of TH transcription. (A) Percent luciferase activity of wtTH49 as a function of TMPyP4
concentration. (B) Percent luciferase activity of wtTH49 as a function of TMPyP2 concentration.
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TMPyP2, which is a close analogue of TMPyP4, we did not
observe a significant decrease in CD ellipticity (Supplementary
Figure 5B) or deprotection of G-stretches in DMS measure-
ments for the wtTH49 sequence (Supplementary Figure 6B),
implying that TMPyP2 does not destabilize the GQ formed by
wtTH49. These in vitro observations were further confirmed by
performing a TH promoter-driven luciferase reporter assay in
TMPyP2-treated cells. As shown in Figure 8B, no change in
reporter activity was observed in the presence of various
concentrations of TMPyP2, suggesting that it does not affect
the stability of the GQ adopted by wtTH49. The data suggest
that TMPyP4-mediated effects are specifically related to their
influence of the GQ stability.

■ DISCUSSION
GQ-forming sequences located in promoter regions have been
typically identified as transcription repressors,25,28,49 but here
we report a GQ that in fact is required for transcription. A
majority of the G-rich sequences that are characterized so far
are considered to adopt one GQ structure, possibly with
different conformations.1,2,50 wtTH49 with a series of G-
stretches within its sequence creates an unprecedented
complexity in the variety of stable GQ structural combinations
that can form. This report provides evidence that the
redundancy of the G-stretches embedded within wtTH49
enables formation of multiple GQ structures that could act as a
tunable switch for regulating gene expression at the transcrip-
tional level perhaps in the presence of trans elements. Two of
the well-studied promoter sequences that contain more than
four G-stretches are c-myc and Bcl-2.1,4,25 Hurley and co-
workers have reported formation of multiple GQ structures in
G-rich c-myc and Bcl-2 promoters, which function as
transcription repressors.4,25 Recently, Richter and co-workers
have reported that a 58 nt HIV 1 LTR promoter region forms
multiple GQ structures. However, mutational studies of the
sequence showed that GQ structures act as a repressor of
transcription in this system.5 It is clear that among the
numerous potential combinations of G-stretches in wtTH49
that can take part in GQ formation, a subset will be
thermodynamically more favorable based upon variables such
as the loop length and the number of G-quartets.51,52 Along
these lines, the smFRET data indicate the presence of at least
two distinct GQ structures. Interestingly, mutations 3′GQ-
MUT and 5′GQ-MUT have differential impacts on promoter
activity compared to that of wtTH49 (Figure 6A,B), which is
unprecedented. 5′GQ-MUT, in which only 3′-end GQ
formation is excluded, increases the promoter activity by ∼2-
fold compared to that of wtTH49. On the other hand, 3′GQ-
MUT, in which only 5′-end GQ formation is eliminated,
decreases the level of transcription by ∼4-fold compared to that
of wtTH49. On the basis of these observations, we propose that
utilization of different combinations of G-stretches to form
specific GQs can be a potential mechanism for the regulation of
TH expression at the transcriptional level. However, further
analysis is required to confirm the switching between possible
GQ structures in the naturally occurring sequence and the
factors that may potentially regulate such a process. A detailed
study of the rat tyrosine hydroxylase promoter was recently
published.32 Although there are conserved regions in the
human and rat promoter primary sequences, a key difference is
the length of the G-stretches, which can have a significant
impact on the GQs that can be formed. The primary sequence
of the rat G-rich region can allow only two-tier GQs, while the

human sequence forms three-tier or four-tier GQs, which are
significantly more stable than the two-tier GQs.33,34 Thus, the
human G-rich region (wtTH49) and the rat promoter may
possibly differ in terms of how they control transcription. The
authors showed that heterogeneous nuclear ribonucleoprotein
(hnRNP) K acts in trans to activate rat Th transcription. It
binds to conserved G:C-rich regions of the rat Th-proximal
promoter. hnRNP K is known to have a high affinity for poly C
and binds to G-C-rich regions found in other sequences,
including those present in promoters.53 Upregulation of
hnRNP K showed an increased level of transcription of the
Th gene. The authors have also shown that cationic porphyrin
TMPyP4 leads to suppression of transcription and have
assumed that this must be due to stabilization of the GQ in
the G-rich region. However, there are no data to directly show
that TMPyP4 does stabilize the relevant GQ structures. As
cationic porphyrin TMPyP4 is known to act either as a
stabilizer or a destabilizer of GQ structures depending upon the
sequence, it is not clear how the results of the two studies can
be compared without a clarification of this critical point.25,35 If
TMPyP4 does indeed stabilize the GQ structures in the rat Th-
proximal promoter that results in a reduced transcription
product formation rate, then the findings of that study and ours
would be in direct contrast to each other. If on the other hand
TMPyP4 actually destabilizes the GQ, then it would be
interesting to reevaluate the results of Banerjee et al. from this
perspective. For example, it was shown that exposure to
TMPyP4 reduces the hnRNP K occupancy in the Th promoter
in SH-SY5Y cells. This might be explained by TMPyP4
destabilizing the GQ and promoting duplex formation between
the C-rich and G-rich strands. As the C-rich strand would no
longer be available, a decrease in the hnRNP K occupancy of
the Th promoter would be expected. This would also imply that
GQ formation in fact promotes Th transcription, as
destabilizing the GQ via TMPyP4, resulting in a reduced
level of transcription. In our studies, both CD and footprinting
data show that TMPyP4 destabilizes the GQs present in
wtTH49. In a reporter gene assay, we show that TMPyP4
reduces the level of transcription, which is in consonance with
our findings that the G-rich wtTH49 sequence is required for
optimal transcription. Assuming both studies to be accurate in
their respective interpretations of their data would imply that
TMPyP4 acts differently in rat and human Th promoter,
stabilizing the GQs in one and destabilizing them in the other.
This would not be surprising given the difference in the primary
sequence encompassing the conserved region in the rat and
human sequences.
In the promoter regions, G-rich sequences are always

accompanied by C-rich sequences in the complementary
strand. Nevertheless, formation of the i-motif in vivo is less
favorable at physiological pH.54 In addition, the higher affinity
of hnRNP K toward single-stranded C-rich DNA further
reduces the possibility of C-rich sequences folding into an i-
motif in vivo and in turn affecting TH transcription.55

There is another G:C-rich sequence adjacent to TH49 that is
located 17 nt upstream of the wtTH49 sequence.32

Theoretically, it can form a two-tier GQ structure based
upon the sequence of the bottom strand. Although two-tier GQ
formation is less probable in the presence of its complementary
sequence, further analysis will be required to determine its
ability to form GQ and its possible functional role in TH
transcription.33
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Our data on mutants that eliminate GQ formation at the 3′-
end (5′GQ-MUT) and 5′-end (3′GQ-MUT) point to the
significance of GQ formation at the 5′-end of the wild-type
sequence. When GQ formation at the 5′-end of the wild-type
sequence is prevented, as in 3′GQ-MUT, a significant decrease
in transcription activity is observed. These data also imply that
formation of GQ only at the 3′-end is not adequate to match
wild-type activity. On the other hand, eliminating GQ
formation at the 3′-end, as in 5′GQ-MUT, essentially reducing
the competition faced during GQ formation at the 5′-end of the
wild-type construct, results in enhanced activity as it facilitates
formation of an essential GQ structure at the 5′-end. However,
none of these mutants disrupt any of the functionally proven
transcription factor-binding sites close to wtTH49. Of
particular interest is the question of whether hnRNP K binding
to the C-rich strand, which satisfies the binding requirement of
three consecutive C’s for poly-C-binding proteins,56 is affected.
This should not be an issue when DNA is in duplex form as it
was shown that hnRNP K can be recruited to the promoter by
CREB when the promoter is in its duplex form.32 However,
recruitment of hnRNP K to the promoter might be inhibited
during transcription when the duplex is unwound to single-
stranded DNA. As G’s are mutated to A’s to disrupt GQ
formation in the G-rich strand, the C’s in the C-rich strand are
mutated to T’s to preserve complementarity. This would in
principle inhibit hnRNP K recruitment during transcription. In
addition, Micholetti and co-workers also have shown that
interaction between hnRNP K and TATA-binding protein
(TBP) on the basal promoter facilitates gene transcription.55

This effect would also in principle result in a reduction in the
level of transcription if hnRNP K is not recruited to the
promoter as efficiently in the mutant as it was in the wild-type
sequence. Therefore, further analysis will be required to
confirm the effect of mutants on hnRNP K binding with
single-stranded C-rich sequence that has fever C’s in the
mutant DNA constructs. However, distinct activities of 5′GQ-
MUT and 3′GQ-MUT imply that mutation on the C-rich
strand does not have a significant effect on the TH promoter.
Along these lines, because only three consecutive C’s are
adequate for recruiting hnRNP K, even the mutant DNA
constructs, except TH49fm, will have a number of sites that can
accommodate hnRNP K binding. Whether these observations
can be understood in the context of the functionally significant
segments located downstream of the wild-type structure is an
important question that needs to be studied further. On the
basis of our data, it would be tempting to propose a model in
which the enhancement of transcription can be modulated by
forming GQ in the 5′-end versus the 3′-end. Such a model
would require a switching between the two GQs or a
mechanism that selectively allows formation of one GQ over
the other. This can be a novel mechanism for regulating the
synthesis of dopamine and may have implications for diseases
that are linked to the aberrant dopamine level. Additionally, the
GQs in the TH promoter create potential sites that can be
targeted by small molecules to regulate dopamine production
via stabilization or destabilization of the structure.
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