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DNA sequence translates to significant differences in the conformation of the NF-xB

heterodimer bound to it.

Figure 2.6: Small changes in a kB sequence affect the conformation of DNA-bound NF-kB.
p50/p65 homodimer bound to IgkB (red, PDB: 1VKX) and IFN-f (blue, PDB:1LES5).

This illustrates how the protein-DNA complex can vary greatly between individual genes
regulated by the same NF-kB dimer®’. The structural conformation of a protein-DNA complex is
important for the recruitment of transcription co-factors, such as Pirin, creating the diverse co-
factor requirements observed between genes that are regulated by the same NF-xB dimer

combination.
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Figure 4.1: Sequence and structural alignment of RHD of p50 and p65. p50 represented with orange
structure, p65 represented with blue structure. p50 insertions in sequence indicated in red, negatively charged loop that is
proposed to block direct interaction between Pirin and p50 circled.

contact Pirin would have with p50 would be at the C-terminal end of the RHD. If the enhanced
DNA binding of p65 also results from interaction at the C-terminal domain of the RHD, the
Pirin-p65 interface is likely to include amino acids 210-220 on p65. In p50, this is where the
elongated charged loop is, which could cause either steric hindrance, electrostatic repulsion, or a
combination of the two that would prevent Pirin from binding at that location. An electrostatic
surface map of Pirin (Figure 4.2) shows that the metal-binding N-terminal domain is negatively
charged, supporting the hypothesis that electrostatic repulsion prevents Pirin from binding to p50

directly.
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Metal binding

Figure 4.2: Electrostatic map of Pirin. obtained using the PDB2PQR server® (v.1.8) and visualized in PyMol
using the Adaptive Poisson-Boltzmann Solver (APBS)®". Protein is rotated 180° between the two panels.

This negatively charged loop on p50 is the most distinct structural feature on the C-
terminal domain of the RHD that is not present on p65 and is used by at least one other protein to
discriminate between p50 and p65. A binding site of NRF (NF-kappa B repressing factor), which
interacts with the RHD of p65 but not p50, has been mapped to this region of p65°.

If we assume that this region of NF-kB proteins that contains this negatively charged loop
on p50 is a crucial factor determining whether Pirin directly interacts with a given NF-xB
member, we can predict that Pirin would also directly interact with c-rel, which is structurally
similar to p65 and also lacks the negatively charged loop. p52, which is structurally more similar
to p50, has the negatively charged loop. Interestingly, p52 is the only other NF-kB member other
than p50 that interacts with Bcl-3, which makes it possible that Pirin could interact with this

protein through Bcl-3 in a way similar to p50.
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4.3 Bcl-3: more than just a bridging molecule

Every aspect of NF-«xB signaling suggests that each part of this elaborate machine is fine-
tuned to only activate a subset of the hundreds of genes containing kB sites, and it is likely that
Pirin is not an exception. Even though Pirin is capable of enhancing the binding of both p50 and
p65 homodimers and can interact with a broad range of sequences, that does not necessarily
mean that the induction of Pirin would result in an enhanced amount of p50 and p65 binding to
all possible kB sites simultaneously. Other coregulator proteins, such as Bcl-3, may confer
specificity to Pirin’s effect on NF-kB proteins. Previous studies have demonstrated that Bcl-3
allows Pirin to interact with p50’. Here, we demonstrate that this interaction with Bcl-3 that
enables Pirin-p50 complex formation also interferes with Pirin forming a productive DNA-
binding complex with p65 homodimers. This observation suggests a new way in which Bcl-3
could regulate Pirin activity and, by extension, transcription of kB genes. The simultaneous
induction of Pirin and Bcl-3 would result in Pirin favoring interaction with p50 homodimers and
prevent it from enhancing the binding of p65 homodimers. Conversely, reduced levels of Bcl-3
during Pirin activation would result in unhindered interaction with p65 homodimers and produce
a different transcription profile. Evidence supporting Pirin’s dual effect as both an activator and
inhibitor can be seen in Pirin knockout/inhibition studies where differences in gene expression
are monitored. Pirin inhibition in melanoma cells reduces the expression of IL-8 and CXCL1,
two genes that are directly regulated by p65°*° and are important mediators of inflammation”*.
While this effect could be due to indirect upstream effects of Pirin inhibition, our observation
that Pirin is capable of influencing the binding behavior of p65 homodimers allows for the

intriguing possibility that Pirin is directly inhibiting these medically relevant genes.
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4.4  Structural role of Q115A and W117A

Q115 and W117 are conserved across all Pirin homologs found in both prokaryotes and
eukaryotes. These two residues are even found in the truncated Pirin homolog YhhW"8, which
does not have Pirin’s C-terminal a-helix and has many other structural features that differ from
Pirin. Since NF-kB is not present in prokaryotes or many other eukaryotic species that express at
least one Pirin homolog, these residues are more likely to be needed to maintain the structure of
the metal-binding cavity and the overall fold of the protein rather than having a function
specifically related to NF-xB. Here, we showed that the structural changes induced by the
QI115A and W117A mutations affected Pirin’s interaction with p50 and p65 in different ways.
The W117A mutation had a greater effect on the structure of the protein than Q115A, based on
QCM results showing noticeable changes in DNA binding with p50 and p65 and viscoelastic
modeling showing a greater deviation from the values obtained with wild-type Pirin. CD
measurements also support a significant deviation from the wild-type structure, showing that
conformation changes seen in both protein-protein and protein-DNA interactions are altered or
not present with the W117A mutant. W117’s location near the protein surface, as well as its large
contribution to the architecture of the metal-binding cavity, makes its large effect on Pirin’s
structure and protein-protein interactions unsurprising. However, it’s different effects upon the
DNA binding of p50 and p65 is more difficult to explain without some speculation.

We have shown that the W117A mutation nearly doubles the DNA binding of p65 but
reduces the DNA binding of p50 and Bcl-3 by almost half, further supporting the hypothesis that
Pirin has different protein-protein interfaces with p50/Bcl-3 and p65 that result in a mutation
having different conformational consequences for each complex. The dissipation vs. frequency

plots for Pirin-p65 complexes in Figure 3.9 showed that the W117A-p65 complex did not
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saturate the sensor surface at high frequency shifts as the wild-type and Q115A complexes did,
resulting in the bend in their plot around -10 Hz.

A possibility for this could be that the W117A-p65 complex binds DNA differently than
the other complexes, relying more on nonspecific interactions with the DNA backbone than the
wild-type protein or Q115A and thus giving it more freedom in where it can bind along the DNA
strand. Figure 4.3A shows the crystal structure of p65 bound to DNA and the bulk of the protein
compared to the DNA. If the DNA immobilized onto the sensor is densely packed, the binding of
a Pirin-p65 complex to a specific site on the DNA will discourage other protein complexes from
binding to the DNA immediately next to it due to crowding, eventually forming an organized
layer of protein-bound DNA and free DNA (Figure 4.3B). However, if the protein complex isn’t
constrained to a single binding site, as we are proposing for W117A-p65, and can occupy
multiple positions on the DNA the bulky protein molecules are less likely to compete for the
same space, allowing more to be adsorbed to the sensor without it becoming saturated (Figure
4.3B). This model of interaction explains the lower shear and viscosity produced from modeling
the W117A-p65-DNA layer, since those values are indicative of a less organized layer such as
the one that would be formed by more random protein-DNA interactions, as well as the increased
modeled thickness of the layer. The lack of features in the difference CD spectrum of W117A-
p65-DNA further suggests that the interaction between the protein and DNA is primarily non-
specific and no conformation change is taking place upon DNA binding. The reduction in
binding of p50 from the W117A mutation could mean that the structural changes caused by the
W117A mutation affect a part of the protein that is important for p50 or Bcl-3 interaction, thus
causing the reduced levels of DNA binding, or that the complex forms but is less capable of

binding to DNA.
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Figure 4.3: Model of wild-type and W117A Pirin interactions with immobilized DNA

(A) Crystal structure of p65 bound to DNA (PDB: 1RAM). (B) Model of wild-type (top) and W117A (bottom) Pirin-p65
complexes interacting with DNA. Wild-type Pirin-p65 interacts with DNA at a specific sequence, excluding binding to
neighboring DNA due to crowding. W117A-p65 interacts non-specifically with DNA backbone, allowing the proteins to bind in
multiple places and allowing binding on neighboring strands

The Q115A mutation is somewhat different in nature to the W117A mutation. While
W117 is likely to have a structural role, mutating Q115 does not appear to have a significant
effect on the structure of the Pirin-p65 complex. Unlike W117A, the modeled viscoelastic
parameters of NF-kB complexes containing Q115A are very similar, in some cases practically
identical, to their wild-type counterpart for both p50 and p65-containing complexes. The features
of the Q115A + p65 CD difference spectra are also similar to the interaction of wild-type Pirin

with p65. Based on the bent shape of the dissipation vs. frequency plot of Q115A and p65, the
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Q115A-p65 complex appears to saturate the sensor surface in a way resembling the wild-type
complex, implying that a specific DNA site is being bound and the overall architecture of the
protein-DNA layer is similar to that of the wild-type. However, CD detected subtle differences in
the conformation of the Q115A-p65-DNA complex from the wild-type complex which suggests
that, while the Q115A-p65 complex is able to recognize the specific IgkB sequence, it does not
alter the secondary structure of the DNA the same way. While the Q115A mutation does not
appear to have significant effects on the overall interaction between Pirin and NF-«B, the
residue, or perhaps the metal it is indirectly connected to through the water ligand they share an

interaction with, influences how it interacts in a complex containing DNA.

4.5 Concluding Remarks

This study demonstrates the functional importance of non-ligand residues forming the
metal-binding environment of Pirin. Very little work outside our group has been done on
studying the relationship between Pirin’s metal and metal-binding environment and its function.
In metalloproteins, there is often a complex relationship between the chemistry of the metal and
the structure of the protein. The second-sphere residues of metal-binding sites often have
important roles in regulating the binding specificity and reactivity of a metal cofactor’>"®. Thus,
it makes sense that altering Pirin’s metal-binding environment would result in the conformational
differences we observed here.

It is interesting that, in spite of being completely conserved across all species, neither the
Q115A nor W117A mutation had a negative effect upon the binding of the Pirin-p65 complex to
IgkB DNA. The W117A-p65 complex appeared to bind more effectively to DNA, but the
techniques used to characterize the interaction with DNA revealed that the W117A mutation had

an effect on the conformation of the protein-DNA supercomplex, giving the deleterious effect
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APPENDIX A: MATERIALS AND METHODS

Expression and purification of Pirin: The full length human Pirin plasmid was transformed
into Escherichia coli strain BL21(DE3) (Invitrogen). Cells were grown at 37°C in Luria-Bertoli
(LB) media containing 100 pg/ml kanamycin until an absorbance of 0.6-0.8 was achieved.
Overexpression of Pirin was induced with 0.4 mM isopropyl-B-D-thiogalactopyranoside (IPTG)
and further grown for 12-16 hours at 28°C before harvesting by centrifugation at 8000 g for 20
minutes. The supernatant was discarded and the cell pellet was resuspended in 10 ml of lysis
buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.2 mM phenylmethylsulfonyl
fluoride (PMSF) and 10 mM B-mercaptoethanol (B-ME) with 5% glycerol) per gram of pellet.
The fully dissolved cell pellet was then disrupted using a cell press and harvested by
centrifugation at 27000 g for 30 minutes with the supernatant being kept. Pirin was precipitated
from the supernatant by adding 55% (w/v) ammonium sulfate. The pellet was harvested by
centrifugation at 27000 g for 30 minutes and dissolved in 30 ml of buffer A (20 mM Mops, pH
6.5, with 5% glycerol) and loaded onto a HiLoad 26/40 G-25 desalting column (Amersham
Pharmacia Biotech) which was pre-equilibrated with buffer A. The protein peak fraction was
collected and loaded onto SP-Sepharose (Amersham Pharmacia Biotech) cation exchange
column. The protein was eluted by a linear NaCl gradient from 0 to 200 mM. Peak fractions
were concentrated with an Amicon concentrator and further polished using Superdex 200 resin
equilibrated with 20 mM Tris, pH 7.2, 50 mM NaCl with 5% glycerol. The peak fractions were

once again concentrated and the purity was assessed using SDS-PAGE.

Expression and purification of p65: The plasmid for the RHD of p65 (amino acids x-xx)

were transformed into Escherichia coli BL21[DHS5a] cells. Cells were grown in LB media at
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37°C until an absorbance of 0.6-0.8 was reached. p65 overexpression was induced with 0.5 mM
IPTG followed by overnight incubation at 28°C. Cells were harvested by centrifugation in 8000
g and 4°C for 15 min. The pellet was resuspended in a lysis buffer of 20 mM Tris—HCI pH 7.4,
100 mM NaCl, 20 mM B-ME, and 0.1 mM PMSF. The cells were lysed using a cell press and the
cell debris was removed by centrifugation at 27000 g at 4°C for 30 minutes. The cleared lysate
was passed through a HiPrep IMAC FF 16/10 Column. The protein was eluted with a linear
gradient of 50—400 mM imidazole in lysis buffer at 4°C. After further polishing using Superdex
75 resin, peak fractions were determined by SDS—PAGE and concentrated using an Amicon

concentrator.

Expression and purification of p50: The plasmid for the RHD of p50 (amino acids X-xx)
were transformed into BL21[DHS5a] cells. Cells were grown in LB media at 37°C and induced
with 0.5 mM IPTG upon reaching an OD600 of 0.6. Induced cells were shaken overnight at 28°C
and harvested by centrifugation in 8000 g and 4°C for 15 min. The pellet was resuspended in 150
ml lysis buffer (20 mM Tris—HCI pH 6.5, 20 mM B-ME, and 0.1 mM PMSF) and lysed using a
cell press. Debris was removed by centrifugation at 27 000 g and 4°C for 30 min. The
supernatant was then passed through a SP-Sepharose Fast Flow cation exchange column
(Pharmacia). The protein was eluted with a linear gradient of 0-200 mM NaCl in lysis buffer at
4°C. Peak fractions were identified by SDS-PAGE and concentrated using an Amicon
concentrator. The peak protein fractions were further polished using a Superdex 75 column

equilibrated in 20 mM Tris—HCI pH 7.4, 50 mM NaCl and 1 mM DTT.

Expression and purification of Bcl-3: The plasmid encoding the ankyrin repeat domains of

Bcl3 (amino acids 119-359) was expressed from a pET11a vector in E. coli stain BL21 (DE3).
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Cells were grown at 37°C in LB medium containing 100 mg/L ampicillin. Upon an OD600 of
0.6, protein expression was induced with 0.4 mM IPTG and grown overnight at 25°C before
harvesting by centrifugation. Cells were resuspended in lysis buffer (20 mM HEPES pH 7.0, 30
mM NaCl, 5% Glycerol,10 mM dithiothreitol (DTT), 2 mM EDTA,0.2 mM PMSF) and lysed
using a cell press. Cell debris was removed by centrifugation at 27000 g at 4°C for 30 minutes.
The protein was precipitated and concentrated by adding 38% (w/v) ammonium sulfate and
redissolving the salt pellet it in 20 mM Mops pH 6.5, 150 mM NaCl, 3 mM DTT. The dissolved
salt pellet was then loaded onto a SP-Sepharose column pre-equilibrated in the previously
mentioned buffer. The protein was eluted using a 0.15-1.0 M gradient of NaCl. The peak
fractions were pooled, concentrated with an Amicon concentrator and reloaded onto a Superdex-
75 gel filtration column pre-equilibrated in 25 mM Mops pH 6.5, 50 mM NaCl, and 5 mM DTT.

The peak fraction was pooled and concentrated using an Amicon concentrator.

Site-directed mutagenesis: Site-directed mutagenesis was performed using the
QuikChange Site-Directed Mutagenesis Kit according to the manufacturer’s instructions with the
plasmid for full-length untagged human Pirin used as the template. For the Q115A mutation, the
primer sequence 5’GCCCATGGCCTAGCACTGTGGGTTAA -3° and was used. For W117A,
the primer sequence 5’-GCCCATGGCCTACAACTGGCGGTTAA -3’ was used. Underlined
bases indicate the location of the mutation. Pirin mutants were purified using the same procedure

as the wild-type mutant.

Sequence alignment: Sequence alignment between two sequences was performed using the

LALIGN server (http://www.ch.embnet.org/software/LALIGN_form.html) using the default

settings. For multiple sequences, ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) was
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used. For the ClustalW?2 alignment, representative Pirin homologs of comparable length (close to
290 amino acids) were taken from plants, amphibians, fungi, and prokaryotes to ensure a
diversity of sequences that identified the select few residues that are conserved across all species.
NCBI numbers of selected sequences are as follows: XePirin (NP_001011440), CapPirin
(EFW40776), AraPirin (NP_191481), ZeaPirin (NP_001137098). The two prokaryotic
sequences chosen, “CCPirin” and “P1205Pirin”, have Swiss-prot numbers of P58112 and
Q914D3, respectively. Shorter length Pirin homologs (around 230 amino acids) seen in
prokaryotes, represented by the E. Coli protein YhhW, have a similar overall fold as Pirin but
have fundamental differences from the longer length homologs and were not included in the

alignment.

Determination of electrostatic maps: Electrostatic maps were created by first generating a

PQR file using the PDB2PQR server®® (http:/kryptonite.nbcr.net/pdb2par/) using the PARSE

forcefield. The results were then processed by the APBS web server which generated the

appropriate files for visualization using PyMol 1.41 and the APBS plugin.

QCM-D measurements: QCM-D measurements were taken using the Q-Sense E4 system
with biotin-functionalized sensors (Q-Sense). Biotinylated IgkB DNA (Integrated DNA
Technologies) was immobilized to the sensor via streptavidin-biotin linkage. For each
measurement, 500 uL of sample in 50 mM Tris (pH 7.4) with 50 mM NaCl was injected at a
flow rate of 0.1 mL/min followed by rinsing with buffer. For frequency measurements, the
frequency shift of the 5™ harmonic after buffer rinsing was used. For viscoelastic modeling,
frequency and dissipation measurements from the 5, 7, and 9™ harmonics were used with an

assumed fluid density of 1020 kg/m? that reflects that the buffer used is slightly denser than
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water. Surface regeneration was carried out using 0.05% SDS followed by rinsing in buffer until

the signal stabilized and returned to the baseline.

Circular dichroism measurements: A buffer of 10 mM sodium phosphate (pH 7.4) and 50
mM sodium fluoride was used rather than Tris/NaCl buffer since both of those components have
poor transparency at far-UV wavelengths. For all protein and DNA components used in each
measurement, 10 uM was used. Samples were scanned five times at 50 nm/min in a 0.1 cm
cuvette at room temperature with an average of the five scans being used for analysis. All 200-
260 nm spectra shown have had the DNA only spectra subtracted from it while all 240-320

spectra have the appropriate protein only spectra subtracted.

APPENDIX B: QCM-D: BACKGROUND AND THEORY

Quartz crystal microbalance with dissipation (QCM-D) is a relatively new technique that
has been used to study biological interactions, but the theory of piezoelectricity that it is based on
has existed for over a hundred years. Piezoelectricity describes the relationship between
mechanical stress and electric charge where applying an electric current to piezoelectric
materials, such as quartz crystals, will induce oscillations. The frequency of these oscillations is
dependent on the thickness of the material. Thus, with all other factors held constant, even a very
slight change in the thickness of the material resulting from a thin layer being deposited on the
surface will result in a specific change in the oscillation frequency that can be measured. The
change in frequency (Af) can be converted to the mass deposited on the surface using various
models, creating an ultrasensitive balance capable of accurately measuring in the nanogram

range that we know today as QCM.
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QCM has seen increased use over the past decade as its applications have expanded to
disease diagnosis’*, study of the interaction of biological molecules’, materials science’®, and
detection of dangerous or illegal substances’’. Generally, in the case of disease diagnosis or the
study of biological molecules, a layer of biomolecules (often antibodies, but can also be other
proteins or DNA) is immobilized onto the sensor surface that can capture the analyte of interest,
ideally in a highly specific manner that allows accurate quantification of the analyte of interest
even when it is in a sample containing many other substances. QCM sensor surfaces are often
coated in gold to take advantage of the high affinity of thiol groups (-SH) with gold, allowing the
formation of a self-assembled monolayer (SAM) and relatively simple immobilization of
anything that can be attached to a linker molecule.

As a mass attaches itself to the sensor surface a layer is formed, and the properties of this
layer affect the frequency of a QCM-D sensor in a quantifiable way. The simplest way to
quantify this relationship between Af and mass is Sauerbrey’s equation:

C-Af
n

Am =

where C is equal to 17.7 ng/lcm? Hz and n is overtone being measured which allows the change
in mass on the sensor (Am) to be obtained from a measured value of Af’®. Sauerbrey’s equation
is only applicable when the following assumptions are valid:

1) The mass binding to the sensor must be negligible when compared to the mass of the

quartz crystal

2) The binding is evenly distributed across the sensor surface

3) The mass binding to the sensor must form a thin, rigid layer

In most experimental conditions using a properly prepared sensor that has a consistent

SAM covering its surface, it is safe to assume that the first two conditions are valid. However,
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for measurements of biomolecules in a liquid phase, the third assumption is no longer valid since
biomolecules (particularly proteins) form a soft, floppy layer on the surface and the liquid phase
gets trapped within this layer. At this point, the viscoelastic properties of the layer begin to make
non-negligible contributions to the frequency, making Sauerbrey’s equation unable to accurately
describe the relationship between Af and Am. A soft, floppy layer adsorbed to a sensor will result
in a loss of energy during each period of oscillation due to dissipation (D), which can be
described with the following equation:

1
- nfr

D
where 7 is the length of time it takes for an oscillation to decay. Floppier layers that do not move
uniformly with the sensor as a thin, rigid layer would results in a higher amount of friction and
energy dissipation and therefore a faster rate of decay for an oscillation. Unlike traditional QCM
which only measures Af, QCM-D simultaneously monitors both AD and Af by switching off the
power driving the oscillation and measuring the decay time (t) of the signal. By taking into
account both these parameters, QCM-D allows data obtained from measurements using
biomolecules to be interpreted more accurately. In cases where biomolecules in a liquid phase
are being measured and the Sauerbrey model is no longer valid, we turn to the VVoigt model

which accounts for the viscoelastic properties of less rigid layers and can be described as

follows"®:

1
Af ~ {Ubulk
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where p is density, 7 is viscosity,  is shear elasticity, 6 is thickness, m is mass, and o is the

angular frequency of the oscillation. Subscript “q” indicates the quartz crystal, “bulk” indicates

parameters for the bulk phase, and “layer” indicates parameters for the adsorbed layer on the
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sensor surface. As you can see, this model is much more complex than the Sauerbrey model and
accounts for how the bulk solution and the viscoelastic properties of an adsorbed layer (viscosity
and shear elasticity) influence the frequency.

While QCM-D has not yet reached the maturity of other biosensing methods such as
surface plasmon resonance (SPR), its measurement of D offers more insight into the structural
characteristics of the adsorbed molecules than SPR rather than just quantifying the amount
adsorbed to the surface. Since D is a reflection of the thickness and rigidity of an adsorbed layer,
changes in D have been used to monitor the conformation of biomolecules attached to the
surface in response to changes in solvent or binding a ligand”. Plotting the AD against Af can
give a visual representation of how the molecule of interest is attaching to the sensor surface. A
loose attachment or extended conformation that results in a thicker, more solvated layer will
have a higher AD per unit of Af and be represented by a steeper slope in the AD vs Af plot. On
the other hand, a tighter, more rigid layer would have a lower AD per unit of Af and be
represented by a slope that is nearly flat. Since AD/Af represents the conformation of an
adsorbed molecule to the sensor surface, it has been used as a “fingerprint” to identify specific
kinds of substances and interactions.

By measuring Af and AD and by providing the estimated density of the bulk solution and
adsorbed protein layer, the shear elasticity and viscosity of the adsorbed layer can be obtained
using Q-Tools, the data analysis program provided by Q-Sense. These two parameters describe
the stiffness of the layer and how resistant it is to deformation by shear stress, which occurs as
the liquid phase flows over the layer attached to the sensor surface. This capability of QCM-D

has broad applications and is used in this study as a way of further characterizing protein-DNA
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interactions and using their viscoelastic parameters as an additional way to fingerprint them and

identify changes in their conformation in response to mutations.



