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The prion protein (PrP) is a naturally occurring protein found at leigéls in central nervous
system (CNS). The misfolding of the PrP is responsible for neurndeggere diseases called
transmissible spongioform encephalopathies (TSE) that include ovaddisease, scrapie in
sheep and goats, kuru and Creutzfelt-Jakob disease (CJD) in humamarinal function of the
PrP is still unknown but demonstrates high selectivity for coppef)Crhe mature form of PrP
consists of a highly unstructured N-terminal region (23-124). The cdppeéing region spans
from residues 60 to 96 and contains four octarepeat segments, PHGGGNGEQ GGGTH

segment. When fully copper loaded, each octarepeat binds to a @ppehe fifth copper

binding involves the GGGTH site. Although the molecular detailsfofiyaCu*?loaded state are
well understood, very little is known about the low copper binding staterBf At low

Cu"%occupancy there is a possibility of PrP cross-linking. This prajeos at obtaining the
thermodynamic profile of the prion copper complex at low copperngastate to determine the

forces that drive the complex formation. The model peptides warergted using solid phase



peptide synthesis; the thermodynamic studies were done usingrmsathgration calorimetry

(ITC) and supporting spectroscopic studies by circular dichr@&n). Examination of the ITC
titration data suggests an initial binding event where two Pn@'sciss-linked by a single
copper ion. ITC titrations were performed in both forward and rewdirsetions in order to
examine the reversibility of the copper binding process. FittingTedata with the existing
models, i.e one sets of sites, two sets of sites or sequemithdpi lead to unsatisfactory fits
suggesting a more complex binding process. The hypothesized binding model willllgdpat

to good fits for the ITC data and will support the hypothesis thaf Bucross- linking PrP

molecules at low equivalents of added €u
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Figure representing the PrP cross linking at low copper loadings
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Chapter 1: Introduction

1.1Overview of Prion Protein and Prion Disease

In the late 20 century, certain infectious particles were found to be responfsible
unique class of diseases. These infectious particles wete idiestified to cause fatal
neurodegenerative diseases characterized by loss of motor cdetr@ntia and paralysis in
sheep and godts>These particles were named Prions, by Stanley B. Prusirerimgf to
“proteineous infectious particles”. They are caused by depositsisfolded aggregates of a
protein which has novel properties of transmitting the diseagaitan &f the absence of nucleic
acids. The prion diseases include mad cow disease in bovine specigse sarsheep and goat,
and chronic wasting disease in deer and elk. All the diseasesdclayshe prion protein were
collectively called transmissible spongioform encephalopathieE)l Statistically, TSE’s are
rare in humans. Some cases of kuru, Creutzfeldt- Jakob’s diseH3g (@w variant CJD were
seen in humans. Mainly due to their mode of transmission prion®aselered as a threat and
might lead to a widespread outbreak. This nature of the Prion PrBtéingtill holds interest in
this field of research. The normal cellular functional PrRejsesented as Pr®hich undergoes
a conformational change to form PfPThis could be spontaneous, sporadic or inherited.
Sporadic TSEs are most common where®Peformed spontaneously. PfPthe scrapie form is
the misfolded protein with3 sheet formation. Due to its amyloidogenic nature, it forms
aggregates destroying neighboring neurons. The unique feature dbrtimisis its mode of
replication. A Pr° once formed acts as a template and converts all the nearllyyheaimal

PrP into misfolded forms (P though it is devoid of nucleic acids. This ultimately results in



neurodegeneration. Research into the function and mechanism of attmisfolding will
provide insight into treatment of these diseases.

PrP is an endogenous protein commonly found in many body tissuegrdsent at high
levels in the Central Nervous System. The C-terminal regioheoPtP is tethered to the outer
surface of the cells through a Glycosylphosphatidylinositol (@Rthor. The mature form of
the human PrP consists of 208 amino acids. NMR studies conducted avéaled that the C-
terminal region of PrP (125-230) has globular structure compriseelyaof alpha helices and
two stranded antiparall@l sheet. The N-terminal of the protein was found to be unstructured (23

-124Y". So, PrP is categorized as natively unfolded protéin

Figure 1.1: Structure of full length PrP obtained by NMR stddies



Despite the tremendous research on PrP, its normal function reomalesr. Several
experiments were done on PrP knockout mice to determine its functorenharkable change
was observed in the knockout mice making it evident that PrP halsiadant functioh It was
also observed that the brain extracts of the knockout mice showed lower copper ogpiieng)i
that PrP could probably influence the copper tissue cdfitéftie identification of PrP as a
copper binding protein led to a majority of the hypotheses on its hoathalar functions. Also,
PrP undergoes endocytosis in the presence tfabd Zri%. Upon exposure to these metals, the
PrP anchored to the cell surface is drawn into an endosome intaeheriof the cell and then
cycled back to the surface of the E&lf This led to the speculation that PrP might be involved
in transporting and storing Clions thus participating in copper homeostasis. Alternatively, it is
also argued that PrP is involved in antioxidant activity due tocdfgacity to dismutase

superoxide and detoxify O,



1.2 Structural Details of the Prion Protein and Copper Binding

As mentioned earlier in the chapter, NMR studies on the teicamt form of PrP
revealed that the mature form of human PrP (23-230) consists of & glghllar C-terminus
(125-230) with three alpha helices and two antiparfligtheets. The N-terminus (23-124) lacks
any detectable secondary structure. The flexible N- termioniginis four repeats of octapeptide

sequence PHGGGWGQ (60-4jollowed by GGGTH (92-96) as shown below.

WGQPHGGGWGQ)sGGGTHNQ

The number of octarepeats may vary between species buthié iBighly conserved
portion of PrP sequentelt was observed that peptide constructs devoid of the octarepeat region
do not undergo endocytosis that is stimulated bi? €uPrP binding to copper in vivo provides
good evidence that it is a copper binding protein. Thus, PrP has beefiedesdi a copper
binding protein” 8

The metal binding region of PrP resides in the flexible Nyt@®l domain as most of the
copper dependent responses measured are clearly linked to tis''re§i Hence, the N-
terminal region is of great interest. The N-terminal oagis highly selective to Ctwith Kg's
ranging from low micromolar to nanomolar rafigé® Thus, PrP has a lot of competition for
Cu*?under physiological conditions.

Mass spectrometry and several other studies using differ&émidqees have revealed that
at a pH of 7.4 PrP is capable of binding up to five copper idriGigure 1.3 represents a PrP
loaded with five coppers. Ctbinding to PrP is pH dependent. At a pH of 6, it binds to only two

Coppers”.



Dctarepeat

H—A'—\
23 28 60 91 96

(PHGGGWGQ), L oss |

Figure 1.2 Location of the five main copper binding sites of PrP. Spheres refeS&ons.

When the octarepeat domain is fully ‘Gdoaded each octarepeat binds a singl&® Cu
ion?, Studies involving electron paramagnetic resonance spectroscoRyofEEPR) and X-ray

crystallography show that the pentapeptide segment HGGGW corsstiigeminimum CIf

binding unit as shown in Figure 1%%4%®

0
Gl
g
Gly fﬁ// Sely
| |
0s N---Cu=—-0 Tp
i GIIy
His N GIn
)
Pro NH

Figure 1.3 Bond line model of the HGGGW-Geomplex*

The ligands involved in the coordination complex are the nitrogen fh@rhistidine

imidazole ring, deprotonated amides from the following two Glycesdues and carbonyl



oxygen from the second Glycine in square planar arrangement. Adiee structure was

proposed based on EPR and X-ray crystallography-data

Figure 1.4 Crystal Structure Model of HGGGW-‘€aomplex®.

The crystal structure represented in the figure 1.4 alssal®\axial coordination to a
water molecule which participates in hydrogen bond with the indole ring of theghgp.

As discussed earlier mass spectrometry data revealed thly loaded PrP binds five
coppers. If four octarepeats binds to a copper each that accourasrfopppers, further studies
were done on full PrP to reveal another copper binding siteedBas studies on recombinant

PrP the fifth binding site composed of residues GTH (94-96) was prdpdsed



Figure 1.5: Line-bond model for the fifth binding site iff PrP

As indicated in the above figure the imidazole ring from the histidind deprotonated amides
from histidine, threonine and glycine contribute the nitrogen ligdnds

Although PrP is capable of binding up to five coppers, the copper natad
environment at low C# loadings is different from that at high Guoadings. Later research
focused on the determining the identity of multiple coordinating coteplgossible at sub
loaded states. EPR signals were monitored during the titraticariatis concentrations of Cu

to determine the various binding modes that exist during titratiéh

Figure 1.6: Line-bond structure of component 1 of Millhauser’s proposed binding?fhodel



The first binding mode, component 1 as shown above in Figure 1.6, occutslynleaded state

of the protein as discussed earlier.

Component 2 I

GIn

Figure 1.7: Line-bond structure of component 2 of Millhauser’s proposed binding?fhodel

The binding mode, component 2, requires two adjacent octarepeats andaooconcs 1
to 2 equivalents. The ligands involved in this component are N-termindeaoh histidine,

amine of the imidazole ring, and two water molecules.

X

HN™ N §2+ /==NH
L\/ AN
\ A

\
\ ) \ Component 3

Figure 1.8: Line-bond structure of component 3 of Millhauser’s proposed binding?fhodel



The other binding component, called component 3, appears at 1 or lesdeedgiiva
where the amines of the imidazole ring of histidines and a foigdimnd coordinates a single
copper.

All these studies were done on peptide models without the fifth birsitegFigure 1.8
below shows how the proposed modes of?@inding influence the overall structure of the
octarepeat region. Component 1 allows the most dynamic struct@a@&chsoctarepeat binds a
single copper. Component 2 allows a semi linear state as tamepeats bind to a single Bu

and component 3 shows a more globular structure as three octarepeats birel@Eing|

N
,Hj&(? N
-, _\_)/\
& J \
]
g ) ) ) e
o \ﬁ / A%,Q\
}F}:ﬁ;\? 5
NN
W
L Component 3
~ N
D N
[}
0
Component 1 Component 2

Figure 1.9: Proposed models of different binding mtles



1.3 PrP Self-Recognition at Low Cif Loadings

One more interesting area is the PrP self recognition atépper loadings. Work done
on full length bovine PrP (BoPrP) indicated that the solutions of pr@eaduced increased
turbidity upon addition of copper. Inspection of the insoluble material toynia force
microscopy (AFM) revealed an amorphous mass of Pr®%cGmplex. Based on these results it
was concluded that PrP molecules were oriented in a pafaslelon with C{ cross linking
thent®. Further research using Xray absorption spectroscopy on numerapsiiie models,
found that a fully Ctfloaded BoPrP behaves differently from the half loade €uAt half site
occupancy, that is 3 equivalents of copper (as bovine species lnatar&peats), two histidine

residues were coordinating a single'€as shown the figure 1.9.

Figure 1.10: Half site occupancy in BoPrP showing the coordinafiansingle Cif by two
octarepeafs.
Increasing the Ct /peptide ratio led to rearrangement of the copper coordinationespher

where a single histidine bound each copper ion as shown in the figure 2.0.

10



Figure 1.11: Fullyoaded Bo PrP representing coordination of By a single octarepéat

Finally, it was proposed that the coordination of a singl€& Byitwo histidine residues
from different PrP molecules provides a mechanism for PrP dnokimg at low copper
occupancy (see figure 1.9). These studies were done on peptide mbadidacked the fifth
binding site but the fifth binding site plays an important role in coppeding. The following

macroscopic mechanism was proposed based on these results.

11



Total Occupancy

/V\NV\

Intramolec ulqr g ﬁ

Intermolecular

Ligand Free

Figure 1.12: Proposed macroscopic process of copper binding’h PrP

At very low copper concentration, there are high chances ofirfgrimtermolecular
bonds which rearrange to form intramolecular bonds when the Rilisaturated with copper.
This could be a possible mechanism for PrP- PrP interactions through metdin&iogs

So far a lot of information regarding binding sites and coordinatomplexes of copper
has been obtained and most of the research done didn’t involve the fiftmgoisite. It is
believed that the last binding site plays an important rolehén cooperativity of the entire
molecule. Research done in our lab indicates that the fifth bindieglsiys a very important
role in the early stages of copper uptake. Circular Dichroism) éperiments were done on the
PrP (57-98). CD Spectra of the titration were analyzed usmgeti-modeling curve resolution

method multivariate curve resolution—alternating least squares {M(CH. The CD data is

12



discussed in detail in Chapter 4. If the normalized CD intenspipitted against the equivalents

(eq.) of copper added a titration plot is obtained as shown in Figure 1.13.

124

0.8 q

0.6

intensity

0.4 1

Noramlized signal

0.2 4

0 1 > 3 " 5 6 7 6
Eq. of Cu(ll) Added

Figure 1.13: Integrated CD signal as a function of'@itrated in PrP peptide in 10 mM NEM at
pH 7.4°

The titration is sigmoidal with only small gain in the sigoatil 1.5 eq. representing a
CD inactive mode. At low Cii occupancy (<1 eq. of &0, coordination is by multiple
histidines as shown in Figure 1.7. At intermediateé’*Caccupancy, there is a competition
between the multiple histidines and tH& lnding site for C& and the later saturates first and
by 5 eq. of C&" all the individual octarepeats are loaded. Thus, theisding site is involved
early on in the binding process and is saturated before all the individual octarepeats

Some more research done in our lab also indicates tRam@d Zi" increase the level
of PrP- PrP interactiofis Studies were done on PrP models incorporated on the outer surface of
liposomes through fluorescent lipophilic anchors. On addition of metahaage in the
fluorescence signal was observed due to close proximity ofubiphore in the lipid bilayer as

13



shown in the figure 2.3. When close proximity to each other the anglyoesie molecules, form

excimers which have a distinct florescent signal compared to the monomers.

Figure 1.14: lllustration of influence of metal on PrP- PrP interattion

Thus, self recognition of PrP molecules is influenced by the added Metals

14



1.4 Project Design

The ultimate goal in the field of research involving PrP is to wstded the PrP — metal
binding at a molecular level that might lead to determination offuhetion of the cellular
protein and the mechanism of the formation of the aggregates for teuhtypatment of the
diseases caused by them.

In the present project, we are interested in the thermodynaspectaof the copper
binding to the PrP. The objective of this research is to obtain th@ddgnamic profile of the
copper- PrP binding; especially at low copper loadings. Further,ajt shed light on the
advantages of having an unfolded metal binding region.

In the direction of the research goal we used Isothermalidiir&alorimetry (ITC) to
obtain the thermodynamic profile of the binding process. ITC can aetyrquantify all the
thermodynamic properties stoichiometry of the interaction (n), the lequiti constant (&), the
free energyAG), enthalpy AH) and entropy of the binding\§).

Once the thermodynamic contributions of the copper to the Priketgemined from the
ITC experiments, an understanding of the mechanism and function ofnttiagoat molecular
level is better understood. Each of the thermodynamic parametiebe explained starting with
Gibbs free energyAG), which gives information about the favorability of the reaction. A
negativeAG value termed as exergonic corresponds to a favorable readtane wo work is
required for the reaction to occur. But in the case of postfvevork must be performed from
the surroundings for the reaction to proceed. It is termed as endeagontorresponds to a non-
favorable chemical reaction. TmeG depends on the enthalpy, entropy and the equilibrium

constant as shown in the equation below.

15



AG=AH-TAS
AG=-RTInK

Enthalpy AH) is a measure of the total heat involved in a reaction. An exoither
reaction results in a negative value foH. A positive value ofAH is indicative of an
endothermic reaction. Enthalpy will contribute to the spontaneity efréaction if it is an
exothermic reaction. It depends on hydrogen bonding, van der Waaks,f@lectrostatic
interactions anet/n interactions.

Entropy AS) is a measure of energy dispersion at given temperatuns éral function
of disorder. Increase in disorder of a system is representaithgase im\S. The equilibrium
constant indicates the strength of the binding of the metahegptotein. A larger K value
corresponds to a more negati& indicating a stronger binding event and a smaller K value
indicates a weaker binding event. A binding constant greater thanidates a favorable
reaction. Thus, the thermodynamic data reveal the forces (entlalpittropic) that drive the
complex formation and the mechanism of action. They even provide irifforman
conformational changes of proteins, hydrogen bonding, hydrophobic inbeigceind charge-
charge interactions.

One important aspect of the research goal is determininthénenodynamic profile of
the PrP copper binding at low copper loadings. Experiments were ddiee @a PrP binding,
but not much information is available on the low copper loading ever@sbéing a highly
sensitive instrument helps us focus on the earlier events or thmfper loading events. Under
physiological conditions very little copper is available and thecentration is approximated at
10 pM and during neuronal depolarization around 10G%uMence, PrP needs to compete for

copper with other biological species some of which have higher e$iniin the competitive
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environment, copper — prion complex might exist in low copper loaditages. To simulate the
physiological conditions we chose a highly competing buffer N-24gkoilo)-2-aminoethane
sulfonic acid(ACES). ACES, at the concentration used in the experiments, Keepopper

prion complex at low occupancy as discussed in chapter 4.
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Chapter 2: Synthesis of Peptide Models

2.1 Solid Phase Peptide Synthesis

Solid-phase peptide synthesis (SPPS) with 9-fluorenylmethoxycdr@dnoc) protected
amino acids was used to synthesize all the peptide models. A diyr@haesis strategy was used
where each amino acid was added one by one until the target peptigele. It is the most
straight forward way to perform SPPS. Peptides are syn#uesiz an insoluble polymeric resin.
The resin acts as the solid support on which the entire peptidelts Tmuistart the peptide
synthesis, the resin is deprotected by a secondary amine as ishibwerfirst step of the Figure
2.1. The deprotecting agent used was 20% piperdin8l, ilN-dimethylformamide (DMF).
Removal of the protecting group creates a free amine on the resin whichaadtreergroup and
serves as an anchoring site for the addition of the first amido Huoe free carboxyl group of the
first amino acid reacts with the free amine of the resifotm an amide bond (second step in
Figure 2.1). The resin has the first amino acid attached wleamine of the amino acid is
Fmoc protected. It is then deprotected so it can form an amide btnthesifree carboxyl group
of the second amino acid. All the coupling steps are aided by theofuse reagent
diisopropylethylamine (DIEA). The removal of the Fmoc group andtiaddof another amino
acid is repeated until the target peptide is obtained. Thus, in 8RPPeptide chain is
synthesized from C-terminus to N-terminus.

Coupling reagents were used to activate the carboxylic grougttemhment to the free
amine of the growing peptide chain and allow amide bond formation at room temgeratur
O-(benzotriazol-1-yl)-1, 1, 3, 3-tetramethyluronium hexafluorophosphatd (hiBvas used as

the coupling agent and another reagent 1-hydroxybenzotriazole (h2Btused as a catalyst



and to prevent any unwanted side reactions. After the last amahsattached its free amine is
acetylated. Once the target peptide is synthesized, itleiavexd from the resin using
trifluoroacetic acid (TFA), water and triisopropylsilane (TI9)he peptide obtained after

cleaving has an acetylated N-terminus and amidated C-terminus.

D
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Figure 2.1: Deprotection of the Rink Amide MBHA resin and coupling of amino acids.
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2.2 Synthesis of Peptide Models

In the direction of the research goal the first step wasnstruct the peptide models and
then, using these models determine the thermodynamic profiles obthaing interaction with
copper by ITC titrations and complement this data by subsequent CD titrations.

Several peptide fragments were synthesized using the prindgesssed in chapter
2.1.The small pentapeptide fragment, HGGGW, was used in the ifi@abhd CD studies to
optimize the experimental parameters though the main peptideedshtvas the copper binding

region restricted to residues 57-98.

WAERNGGGWGQ).GGGTHNQ

In the synthesis of this peptide for the copper binding studies arsno acid stretch,
KKRPKP (23-28), derived from the N-terminus of PrP was added@weased solubility of the
overall peptide. It was previously shown to have no effect on the bindi6g™. The peptides
were acetylated at N-terminus and amidated at C-termmtisas these areas will not coordinate

with copper.

Ac-KKRPKPWGQPHGGGWGQ),GGGTHNQ-NH,

This peptide model of PrP (23-28, 57-98) consists of 48 amino acids erpested to

serve as a good model for the copper binding region of PrP.
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Another peptide that was synthesized was the fragment involvingtthbifding site of
the PrP. It is a 10 mer peptide and had the GGGTH site whidbeleaisshown to be involved in

copper binding.

Ac-WGGQGTHNQ-NH;

All the peptides synthesized had tryptophan(s) whose side chain absorbs at\Z@o am
known extinction coefficient. This aids in determination of the aceucahcentration of the
synthesized peptides spectrophotometrically.

The peptides mentioned above were prepared on a 0.1 mmol scale. dimatadt
synthesis started with swelling 0.1 mmoles of Rink Amide MBHZSIR with the solvent DMF
for 30 minutes. The resin was then deprotected with 20% piperdDilintwice for 5 minutes.
The first amino acid was then coupled using DIEA, HBTU and HOBthEcoupling step was
given an hour. After several washings with DMF, the N-terminutheffirst amino acid was
deprotected and thus the coupling and deprotecting steps were repeateddesired amino
acids were attached to the growing peptide chain. Once thentasd acid was coupled and
deprotected, it was acetylated with approximately 2 mL of acetic aadleyfdni about 30 minutes.
All the amino acids and reagents used were 4 equivalents extessgard to the amount of the
resin used. The Fmoc protected amino acids with the side-chaintprgtgoups, if applicable,

used for the synthesis are listed in the table in next page.
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Table 2.1: List oFmoc protected amino acids with the side-chain protecting groups.

Protected amino acid used Protected amino acid used

K | Fmoc-Lysine (Boc)-OH Q Fmoc-Glutamine(Boc)-OH

R | Fmoc-Arginine (Pbf)-OH H Fmoc-Histidine (trt)-OH

P | Fmoc-Proline-OH N Fmoc-Aspartic acid (trt)-OH

W | Fmoc-Tryptophan (Boc)-OHT | Fmoc-Threonine (tBu)-OH

G | Fmoc-Glycine-OH

At the end of the automated synthesis, the peptide obtained attsithed to the resin.
The peptide is rinsed with methanol and dichloromethane several diteenatively to get rid of
any DMF from the synthesis process. It is treated with appairign8 mL of TFA and 250 uL
each of water and TIS which act as scavengers to prevent aalimme. This treatment cleaves
the peptide from the resin and removes all the side chain protgetings. The entire solution is
kept aside with intermittent shaking for about 2 hours. The cleaved péptigated with ethyl

ether. The insoluble peptide precipitates out and is separated by centrifugation.
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2.3 Peptide Purification

The peptide obtained after the cleaving was purified using rBevBhase High
Performance Liquid Chromatography (RP-HPLC). A standard non-pglacdimn was used
and the mobile phases used were acetonitrile and @8&M water, both containing 0.1% v/v
trifluoroacetic acid (TFA). TFA or any acid added helps to muprthe chromatographic peak
shape and also provides a source of protons in LC/MS used to chaeattterpeptide. At a flow
rate of 10 mL /minute gradient elution is used to separate thedpgpti the crude mixture. A
gradient of 100% water and 0% ACN to 0% water and 100% ACN wdsrsatperiod of 40
minutes. As seen in the HPLC run below, the peptide peak hastdathea different species
eluting as shown by the shoulder on the initial part of the peak. Dilméngpllection process the
peptide is collected in two different fractions, one before and aftearthe shoulder in this case.
Usually, the fractions collected at a later retention tareepurer and are used for experiments.

At the end of the HPLC runs peptides of high purity are obtained.
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Figure 2.2: RP-HPLC chromatogram on a preparative column of PrP (23-28, 57-98)
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2.4 Peptide Characterization

The purified peptides thus obtained were characterized using dsSleety lonization
(ESI) Quadrapole Time of Flight Mass Spectrometry (MS). ESlallows one to determine if
the product obtained from a given synthesis has the correct molegitgint. Moreover, this
method of MS typically does not fragment molecules during the ioarzgtiocess, so it called a
‘soft’ ionization technique. Hence, this is a good technique for sisaby peptides and proteins.
The samples were injected to the ESI with a KD Scientificnge pump at 250 uL/hr and a
MCP detector voltage of 2700 V. All conditions were optimized to olgawd signal to noise
ratio and least amount of fragmentation. The peptides were adalyzgositive ion mode to
interpret the various charged peaks as shown in figure 2.3. Calouéthe deconvoluted mass
from the m/z peaks using the formula given below, gives us thervedblsenass which is
comparable to the target mass.

m/z = (M+nH)/n

Thus, ESI-MS is an excellent characterization technique for {ht@pe in positive mode. The
table indicates the target masses of the peptides synthesiz#usf project. Sample ESI-MS
spectrum is shown in Figure 2.3.

Table 2.2: Target and observed masses of the peptides synthesized.

Model peptides Target mass  Observed mass

PrP (23-28, 57-98) 4921.3020 Da 4920.8625 Da

PrP (89-98) 1081.4689 Dal081.7261Da
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Figure 2.3: An ESI-MS spectrum of PrP (23-28, 57-98) from RP-HPLC.

In the above MS, two peaks of +3 and +4 charge state were obsHmeeaverage mass
of the two peaks is 4920.8625 Daltons which is very close to the taagst calculated for the

PrP peptide (4921.3020). Hence, we know that the peptide synthesized was PrP (23-28,

57-98).
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Chapter 3: Thermodynamics Studies: Prion Protein Binding at Low Coppr Loadings

3.1: Isothermal Titration Calorimetry

Biological macromolecular interactions, either protein-protein otepn-ligand, are very
complex. Understanding the nature of forces that drive or stabiéze tinteractions is of great
interest as a combination of structural information with the enesget binding can provide a
complete picture of the binding process. A measure of the thermodymaids in identifying
the energetic contributions. The thermodynamics of association araciiezed by the
stoichiometry of the interaction (n), the equilibrium constan{j)(Kthe free energyAG),
enthalpy AH) and entropy of the binding\§). Here, isothermal titration calorimetry (ITC) is
used to obtain the thermodynamics for protein-ligand interactions.i$T& technique that
directly measures the heat evolved or absorbed during a biomoleaudargoevent. ITC is the
most powerful tool that simultaneously determines all the tbéymamic parameters (n,e&
AH) in a single experiment. The free energy and the entroplyeobinding can be calculated

once the equilibrium constant and enthalpy are known.

General description of an ITC instrument:

An ITC instrument consists of two identical cells made of thermally coimdumaterial.
The sample cell is filled with the macromolecule and the referenceitelbuffer or water
minus the macromolecule. The ligand is in a syringe and is titrated into theesaethph precise

aliquots.



The two cells are surrounded by an adiabatic jacket which idlysweled by a circulating
water bath as shown in the figure 3.1. All through the titration exgeet, the components are
maintained at identical temperatures. Any temperature diferéoetween the two cells is
detected by means of a thermoelectric device, a sensitivedbeupie or thermopile circuit. A
second thermoelectric device measures the temperatureeddéeibetween the cell and the
jacket. Heaters located on both the cells and the jacket axatadtior deactivated when a
temperature difference is detected.

After the entire setup for the experiment is ready, goothe addition of the ligand, a
constant power of less than 1 mV is applied to the refereic@lois signal directs the feedback

circuit to activate the heater located on the sample cell. This represebéséhee signal.

Reference

Cell Cell
Jacket
L ATq4 ™ Feedback
» Sample Cell
Feedback

Figure 3.1: Schematic diagram of an ITC instrument.
During the injection of the ligand from the syringe into the sarople with the
macromolecule, heat is evolved or absorbed depending on whether ti@nresaexothermic or

endothermic. For an exothermic reaction as heat is releasenperature of the sample cell



increases and so the sample cell feedback is deactivated ¢ptbhentwo cells to the same
temperature. In the case of endothermic reaction, the sample dkeddbactivated as the
temperature of the sample cell is decreased.

The power that is required to maintain the reference and samiplatddentical
temperatures is measured as the raw ITC data. This rawd#Cobtained during the titration, a
plot of power in pcal/sec as a function of time in seconds, isiessef spikes of heat flow
depending on the number of injections of the ligand. An endothermic ewssd gse to a
positive peak and an exothermic event gives rise to a negatikelpesggration of the heat flow
peaks with respect to time gives the total heat in kca#/fawleach injectant which when plotted
against the molar ratio (ligand/macromolecule) gives us the bimgttigerm, as shown in figure
3.2. Fitting the binding isotherm with an appropriate model gives usthdenodynamic

parameters of the interaction under study.
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Figure 3.2: Example of an ITC final figure for an exothermic binding event
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3. 2: Choice of Buffer for the ITC Experiments

One of the important steps in ITC experiments is the choice obtlffer used for
preparation of the samples. Both the macromolecule and the ligandanbedn an identical
buffer to minimize the large heats of dilution produced. Large dilutezis could possibly mask
the desired observation especially if the binding of the molecules ividvereak. Use of a
good buffer is very critical in ITC experiments as the ligapdds to be highly soluble and no
precipitation of either ligand or the macromolecule should takes pfathe sample cell as this
may interfere in the heat of the reaction being measured. hEaxjperiments designed in the
direction of the research goal, a pH of 7.4 is maintained to be pbysially relevant and also
because copper binding to the protein is pH dependent. Most buffers gratitdenwith ITC
and among the buffers available in the pH range, we chose N-a(Aid®)-2-aminoethane
sulfonic acid(ACES).

ACES is a zwitter-ionic buffer with a molecular formula @H&N2O.S and molecular

weight 182.2 g/mol (Figure 3.3).

OH

O=—=S——0 NH,
H
\/N
@)

Figure 3.3 Structure of N-2-(Acetamido)-2-aminoethane sulfoni¢/CES)

ACES was developed in 1960's to provide buffers in the pH range of 6.15 — 8.35 for

wide applicability to biochemical studies. The useful range of 3®GEffer in aqueous solutions
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is 6.1 - 7.5 which is very apt for the experimental setup in thdystACES is known to form
several stable complexes with Buthe metal used in these studies. Formation of any ternary
complexes has not been repoftedhe complex formed depends on the pH of the solution.
Although ACES can bind Céin a variety of different ways, this should not interfere with ou
ITC measurements because we will be measuring the totgbtoshtced by the reaction and we
are not interested in describing all equilibria taking place. Saintiee complexes of ACES are

represented below.
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Figure 3.5: 2:1complexes of uto ACES with different ligating aton’s

Since ACES can coordinate Bt should also prevent precipitation of the metal. Two
separate 7.5 mM solutions of copper chloride and copper sulfate vepaagal in ACES and no
precipitation of the metal was found for a period of 48 hours. Thenopt concentration of
ACES used for the ITC experiments was determined by a setpafriments discussed in the

later sections.
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3.3 Initial Considerations and Sample Preparation Methodology

All the ITC experiments were performed on a VPP-ITC aaeter manufactured by
microcal. Every step involved in these experiments starting fample preparation to the data
analysis is very crucial and needs to be handled with extreraegoeen the sensitivity of the
technique. A typical ITC experiment involves sample preparation, saamd reference cell

loading, injection cell loading, experimental and injection parameters andnaddjais.

Sample preparation:

The initial concentration of the macromolecule and the ligandesecritical and need
to be determined with high degree of accuracy to get true quanetitita. Ultraviolet-visible
absorbance measurements were used for concentration determinatienpeptides. All metal
solutions were prepared from a concentrated stock solution. All thel@epbdels tested had
trypophan(s) in them and the side chain of this residue has an extinction coefficient of 5690
M™cm™. Hence, an estimation of the concentration of the peptide stock waklg@dssusing

Beer-Lambert’s law.

A=E&bc

In the above equation A- absorbanEemolar absorptivity, b- path length, c- concentration

For the initial experiments, Cuwas titrated into a solution containing the small
pentapeptide fragment (HGGGW), the fundamental binding unit of thanPtie octarepeat
region. These initial experiments helped us to optimize the panaretd also estimate the
concentration of ACES buffer to be used.

As HGGGW binding to copper is a simple 1:1 binding event, the exgetrinvas

designed to deliver the copper solution in 32 injections where the madlarof copper to
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HGGGW was 2:1by the end. So, if a 1. 1 binding event occurs, it would @rediitcation curve
with an inflection point at around f8njection or data point. With this in mind, solutions of the
peptide and copper were prepared. Initially 0.259 mM of copper solutiopmepared in 100
mM ACES from a 15.65 mM stock solution of copper sulfate in nitnd and 0.02 mM of the
HGGGW peptide was prepared in 100 mM ACES at a pH of 7.4. Subsequbathgspective
concentrations were increased to 0.648 mM copper and 0.05 mM peptide teaentredeat
evolved in the titration for better data collection. Both the macrecuté (HGGGW peptide)
and the titrant (copper) solutions were prepared in the same buffeinimize heat from the
dilution effect upon titration. The solutions prepared were adjuste@hkbd 7.4 before making
up the full volume so no dilution occurs. All the solutions were prepaiad U8 MQ cm water.
18 MQ cm water is deionized water obtained by using ultrapure migeth deionization
columns and is devoid of particles greater than 0.2 um. This confiahad metals, organics or

impurities are contributed from the water.

Loading the Sample cell, Reference Cell and Injection Syringe:

The prepared copper and peptide solutions were filtered using 0.45unsadibelis to
remove any precipitated material and were degassed to remove duoylrasi bubbles. About
1.8 mL’s of solution was required to fill the sample cell. Excess was removed hith aeedle
glass syringe. The working volume of the cell (not including tests 1.460 mL. Any excess
solution in the reservoir was removed from the lip of the sampleQmate the cell is completely
filled, several rapid additions of solution help dislodge any residu&iudbles on the sides of
the cells. The reference cell is usually filled with 18 Mm water and changed on a weekly

basis. Utmost care is required to fill the cells without intragigicair bubbles. This is very
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important because even the smallest air bubbles in the cek siytinge can interfere with the
feedback current. Moreover, air bubbles give rise to poor bas€lines

The injection syringe was filled with around 600 pL of the degd copper solution.
Filling the injection syringe with titrant solution also requigrgeat care. Once the syringe is
filled, it needs to be loaded into sample cell. Care was takawoid bending the needle during
this process as some of the titrant may expel into the peptidthasidnake the first injection
unusable. This is the reason why the volume of the first injectidess (2 pL) than the
subsequent injections and this data point is usually discarded. Minonbefdhe syringe also
leads to poor baselines when the injection apparatus is stirringydbertitration. The stirring
ensures uniform distribution of the injected titrant into the peptidetisnl At the end of the

titration typically 258 uL of the copper will have been added to 1.460 mL of the peptide solution.

Experimental Parameters:

The parameters of the titration are input into the software program dogtadka acquisition.

Experimental Parameters:

Cell temperature: 25°C

Jacket temperature | 25°C

Number of injectionsg 32

Reference power 25ucal/sec
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Injection Parameters:

Initial Delay 60 sec

1% aliquot volume 2 uL

Volume of remaining aliquots8 pL

Stirring speed 307 rpm

Spacing 250 seq

The stirring speed of 307 rpm ensures good mixing and the spaci?dg0o$econds
between injections ensures that the system reaches equilibrium beforettimgectgn.
Each titration is done in triplicate to check reproducibility.eksive cleaning is done

between the titrations to ensure integrity of the data obtained from theregperi

ITC Cleaning Procedure:

An extensive cleaning procedure for the peptide models used masdségned after
several trial and error methods. The peptides used don't preci@takg thus avoiding the need
for harsh cleaning reagents. Firstly, at the end of thaittr, solutions from the cell and syringe
are discarded. The sample cell is soaked in methanol for about l&nchiinsed several times
with methanol using a glass syringe to remove any peptide stubk tvalls of the reservoir. To
remove any traces of the copper metal in the cell and thegsymranual soaking and rinsing is
done with 0.25 M Ethylenediaminetetraacetic acid (EDTA). Atiés, a cleaning system is set
up with vacuum connecting the syringe and the sample cell tsi@ Wattle. The vacuum flask
is attached to the vacuum line through a Thermovac. 50 mL of 2% Caeti@xgent solution is

run through this system to ensure complete cleaning of the symthe cell. Next, 100 mL of
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18 MQ cm water is run to wash away the detergent. The cell alareased with 400 mL of the
detergent and 1 L of 18 ® cm water. This cleaning procedure is used at the end of every
triplicate run of the same kind of samples.

In between the triplicate runs only manual washing with methamd) EDTA is done
followed by 18 M2 cm water. Detergent is not used. Sometimes, thorough cleanitige of
reaction cell and syringe is done by soaking it with 10% Conwhdien at 65C for about an
hour and cleaned with large amounts of 1 Mm water. A water-water run is performed to

make sure that the instrument is ready for use.

Blank Titrations:

The observed binding isotherm is usually plotted as kilocalories pé& of ligand
injected and against the molar ratio. The observed heats areemppaats as they include
contributions from dilution of the titrant, dilution of the peptide solutand stirring of the
syringe. Blank titrations are performed to correct for heatslilafion®. Blank titrations are
performed by titrating the titrant or the metal into the 1@ bdmn water without the peptide in it
as 18 M2 cm is used as a reference in all the experiments perfoffoedorward ITC titration
experiments Cf in ACES was titrated into ACES and for reverse titration iRrRCES was
titrated into ACES. These titrations are for precise detetromaf the heats of dilution which
will be subtracted from the binding isotherm before data analydike blank was subtracted

only in the case of reverse titration for the data analysis shown in chapter 5.
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3.4 Initial ITC Experiments
To start, the ITC titration experiments were performed on al gmentapeptide
(macromolecule) and Cti(ligand). This system has been studied in depth and it is known that a

simple 1: 1 complex is formed as shown below in figure 3.6.

0
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0 N---=-C-===-0 Trp
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Figure 3.6: Diagram representing the 1:1 complex of HGGGW aifd Cu

Titrating Cu? into a sample of the HGGGW peptide solution produced the following

titration binding isotherms. All the samples were prepared asss$ied in section 3.3 in 100 mM

ACES and the pH was adjusted to 7.4.
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Figure 3.7: ITC titration of 0.259 mM Cuinto 0.02 mM HGGGW peptide (100 mM ACES

pH7.4 at 2&c).

As seen in the binding isotherm the heat released is clagga@nd similar to a buffer
run and the triplicate runs that were done for checking the replokitycivere not identical. So,
in order to improve the heats involved in the reaction the concentraticthe @U? and the

peptide were increased and the isotherm in figure 3.8 was obtained.
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Figure 3.8: ITC titration of 0.648 mM Cuinto 0.05 mM HGGGW peptide (100 mM ACES

pH7.4 at 2&c).

Improving the concentrations did not give an improved binding isotherngrépé from
these titrations indicated that the expected simple 1:1 cornple pentapeptide with Cuwas
probably not forming due to the fact that it is a very weak hm@vent and unable to compete

with the complexing buffer. To investigate this, some experiments were done by CD.
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3.5 CD Experiments on the Pentapeptide

Due to the unexpected results from the very simple binding mrafethe pentapetide
with Cu™, this was studied by CD. This system was earlier studi€2lbysing non-complexing
buffers and the signals are well characterized. CD experimamtsperformed using the sample
preparation indicated in section 4.3. All the CD studies discusseuisirséction were done
before optimization of the parameters and so there is significase in the spectrunAll the

CD data shown are smoothed using Kaleidagraph.
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Figure 3.9: CD spectrum of for HGGGW in €100 mM ACES, pH 7.4 at 20)

According to the previous CD studies indicated in section 4.2 thepepitde should
give characteristic positive bands at 330 nm and 588 nm. Figure 3.9tésdioa such band

whereas a baseline is observed which indicates that no binding teek plas clearly explains
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why the ITC binding isotherms showed no significant changes indmehthus no apparent
binding.

Speculating that this behavior of the peptide is due to high compating of the ACES
buffer, the CD spectrum for the pentapeptide was obtained in non-competieg used in our

lab before, N-ethylmaleimide (NEM).The results are shown in figure 3.10.
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Figure 3.10: CD spectrum for 0.1 mM HGGGW peptide ifi’@u10 mM NEM, pH 7.4 at 2T

In 10 mM NEM buffer, the pentapeptide showed its charactessfials at 330 nm and
588 nm indicating the 1:1 complex was formed.To the solution of the corfgol®ed in the
experiment in figure 3.10, 100 mM ACES was added. Figure 3.11 showspéoéras of

HGGGW- Cu? before and after addition of 100 mM ACES.
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Figure 3.11: CD spectrum of indicating HGGGW-*€before and after addition of 100 mM
ACES.

From the spectra it is very clear that, upon addition of the AQE& the signal for the

1:1 complex formed between the HGGGW peptide and th& €ampletely diminishes to

baseline meaning that the ACES snatche¥ @am the complex proving the high competition

offered by ACES.
Unfortunately, NEM couldn’t be used for the ITC titrations asajrtbe main criteria

was that the copper solutions shouldn’t precipitate. So, the concentration of the At Svas
reduced to lower concentrations. First 1 mM ACES was used an@idhecteristic signal at 588

nm wasn'’t still apparent. Despite this, the optimal concentratiohGHES was chosen to be 10
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mM as the metal binding region of PrP binds with a higher affthin the pentapeptide. Due to
the high competing nature of ACES in the concentration used we cqullsrexhe low copper

occupancy. All the subsequent CD and ITC experiments used 10 mM ACES buffer solutions.
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3.6 ITC Studies on the N- Terminal Region of PrP (23- 28, 57-98)

After optimization of the buffer concentration (10 mM), experimeste carried out on
the N- terminal region of the PrP (23- 28, 57-98) which is reptedeas PrP in this chapter. The
sample preparation methodology for the™€u4 PrP ITC runs is similar to that discussed in
Section 3.3. Changes in the concentration of the peptide affdo€experimental parameters

will be mentioned wherever applicable.
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Figure 3.12 ITC titration of 0.909 mM Clinto 0.035 mM PrP (10 mM ACES) at pH 7.4 and

25°C
After synthesizing the PrP using SPPS, a concentration of 0.03Sattion was

prepared in the 10 mM buffer and titrated with a 0.909 mNF €olution. As Cif-PrP was done

44



for the first time on the ITC instrument, an estimate of the me@lved in titration was not
available. So, for the first experiment, a reference power otadBgec was set. Upon titration of
Cu" (in the syringe) into the PrP (in the cell), the ITC graph shawirigure 3.13 was
obtained.The experiment was conducted &C2at a pH above 7. By the end of the 32 injection
titration, the molar ratio of Cé /PrP was 5.0. From the graph, it is evident that the binding
process is purely exothermic. Since the initial data points wetereproducible and the

inflection point is not clear, the concentration of protein was increased.
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Figure 3.13: ITC titration of 0.909 mM Cuinto 0.07 mM PrP (10 mM ACES) pH 7.4 and
25°C.

For the next set of experiments, the PrP concentration was daaliléd’ mM to obtain
better heats of reaction and to focus on the earlier events. Inrediee the noise, the reference

power was reduced to20 pcal/sec. The Figure 3.14 above represeri€ ttieeation of 0.909
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mM Cu"? into 0.07 mM PrP in 10 mM ACEShis titration experiment was so designed so that

more data points define the initial part of the titration. By it @ the 32 injection titration the

system reaches only 2.5 molar ratio. By increasing the coatientiof the PrP better data was

obtained. A slight inflection was observed in the initial part oftitihation. Since reproducibility

was an issue with these experiments the concentration of Prirareassed to 0.1 mM and Cu

was increased to 1.2 mM.
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Figure 3.14: ITC titration of 1.2 mM Ctiinto 0.1 mM PrP (10 mM ACES) at pH 7.4 and@5

In the ITC titration for the data shown above CHELEX-ed watas used instead of
nanopure water all through the experiment. It was performed °& a6 a pH of 7.5. An
interesting observation in this plot was the inflection point at ar@undnolar ratio. Initially for
the first few injections the concentration of PrP is high and iiely copper is available for
binding. So, based on the binding at 0.5 molar ratio we hypothesized tt®mrrebelow
occurring initially. Also binding at 0.5 molar may indicate a proligbibr PrP cross linking at
low copper levels.

2PrP + 1Ca» PpCu

As seen in the above figures reproducibility of the initial pathe titration is difficult to

achieve AH is indicative of the total heat involved in the reaction which is the differencets hea

between the initial and completion points of the binding eventAFhealue obtained for these
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three graphs is different. In order to obtainka for these titrations single injection experiments

were designed. To measukel by a single injection, requires a c value (defined in theaton

below) large enough so the experimental intercept on the isotiencapts the Y axis very

close to the truaH. Since there will be excess macromolecule in the cell, therarental heat

Q will be determined by the amount of ligand injected.

¢ = KMoth

where K is the binding constantJMs the total macromolecule concentration and n is the

number of binding sites.
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Figure 3.15: Single injection run of 0.2 mM @into 0.1 mM PrP (10 mM ACES) at pH 7.4 and

25°C.

48



0.2 mM CUi? was titrated into 0.1 mM PrP for the single injection run expamm It
was carried out till 6 injections at 45 at pH of 7.4. Two runs of the several runs performed are
shown in figure 3.15. Since the data points were scattered we dodéde‘mine the\H from
these runs.

Later, concatenated runs were done at the peptide concentratiomdd @rid copper
concentration of 1.2 mM. It is evident from the previous set of expetsnthe PrP is not
saturated. A concatenated run was planned to reach 5 molar r&id?déPrP also retaining the
initial part of the titration as it is very crucial. Aftebtaining the data it was found that PrP
wasn’t saturated even at 5 molar ratio. This is due to the cdiapetffered by the ACES buffer

to the peptide.

Time (min)

0 60 120 180 240 300
0l 17—

o] | ’U’W”’!”]”'!'!“”!””’”'””"[”"'

-0.3 -

pcal/sec

-0.44 .

-0.54 -

-0.6 -

24 u -
u
]

kcal/mole of injectant
| |

LA LA L LA L I R L DL B R |
-05 0.0 05 1.0 1.5 2.0 25 3.0 35 40 45 50
Molar Ratio

49



Time (min) Time (min)

0 60 120 180 240 300 0 60 120 180 240 300
01 T T T T T T T T T T ] 0.1 T T T T T T T T T T
0.0 T YTy Ty ro i \ i
] [ { ,’” T “ [H”W”“M“""V W" i 0.0- WIEEERrerO [VI‘HH[‘[‘ ]
B e [ or| TN
0.2 ] |
8 _0.3_: : 8 —0.2—- -
5 04 ] 3 %7 ]
(8] 1 1 (8]
=3 -054 - = -0.44 ]
064 i 05 ]
074 ] 1
| | 0.6 -
_08 T T T T T T T T T T T O T T T T T T T T T T T
g .ﬂn"'"_—. e .ﬂ"‘"‘_-—.-
Q Q
€ . €
ks -l' ks xr
3 24 ¥ - 524 X -
E [ £E ]
T " T
o ] o
4 X
L2 L A A AL NN ENNL N N B B B L L L L AL L B LA B
0.5 0.0 05 1.0 1.5 2.0 2.5 3.0 35 4.0 45 50 55 0.5 0.0 05 1.0 1.5 2.0 2.5 3.0 35 4.0 45 50 55
Molar Ratio Molar Ratio

Figure 3.16: Concatenated runs of 1.2 mM%ato 0.1 mM PrP (10mM ACES) at pH 7.4 and

25°C.

These 64 injection titration runs were done atC2and pH of 7.4. In this case 32
injections were delivered by the first syringe full of'‘€solution into the cell containing PrP, at
the end of which the syringe was filled again with"o deliver the next 32 injections which
makes a total of 64 injections. These titrations were performed in trigliftateesproducibility as
shown below.

In the concatenated runs shown above the first injection point ofi? gitcarded. These
concatenated runs were reproducible and were used for ITC dateg fitt obtain the

thermodynamic parameters.
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3.7 Reverse Titration of PrP (23- 28, 57-98) into Ct

After successfully obtaining reproducible ITC titration grdphshe forward titration of
Cu"(in syringe) into PrP (in the cell), reverse titrations d? Fin syringe) into Cif (in the cell)
runs were executed. These reverse titration data interpretegl &lth the forward titration data
will help find an appropriate model for fitting the data.

Initial reverse titration data was obtained by titrating 0.75 Bi# into 0.05 mM C{ at

25°C at pH of 7.45. The sample methodology is similar to the procedure discussed in section 3.3.
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Figure 3.17: Reverse ITC titration of 0.75 PrP if 0 mM ACES) at pH 7.4 and 5.
The ITC data obtained from this titration did not evolve sufficieeat. Hence the

concentrations were increased and concatenation runs were executed.
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Figure 3.18: Concatenated ITC (reverse) titration of 1.5 mM PrP into 0.1 nifl Cu
(10 mM ACES) at pH 7.4 and %5.

As seen in the figure 3.18, the reverse titration is exotheamdt reproducible. The
binding isotherm shown above does not include the first injection dath pbese two sets of
data were used for data fitting for an appropriate model. Tharmatio in reverse titration
indicates the moles of PrP/Gu Overlay of the forward titration over the reverse titration
showed that the process of PrP-"€hinding is a perfectly reversible process as shown in Figure

3.19
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3.8 ITC Titrations on WGQGGGTHNQ (10 mer Peptide)

ITC titrations were done on the fifth binding site ( WGQGGGTHNQ). The 10psetide
was prepared by SPPS and a solution of concentration of 0.1mM isqutepadl0 mM ACES.
1.5mM Cu? was titrated into 0.1mM WGQGGGTHNQ in 10 mM ACES as showhénRigure

3. 20.
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Figure 3.20: ITC titration of 1.5mM Ctiinto 0.1 mM WGQGGGTHNQ (10mM ACES) at pH

7.4 and 28C.
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Experimental parameters:

Total # of injections| 32

Cell temperature 25°C

Reference power 15pucal/seq

Stir speed 307

Volume of 1sin;j 2 UL

Volume from 2nd inj| 8 pL

Injection spacing 250 sec

Initial delay 60 sec

The titration data obtained showed some amount of heat in the beginnireytzfation
but quickly reached heat of dilution. The amount of heat evolved duringtitiigon was not

sufficient enough. The results from this data are inconclusive.
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Chapter 4: Circular Dichroism Studies on Copper Binding to PrP(23-28, 57-98)

4.1 Circular Dichroism
The differential absorption of a circularly polarized light hyoatically active molecule

is referred to as Circular Dichroism (CD).

AE :ER - EL

In the above equatiokk is absorbance of right circularly polarized light &nds absorbance of

right circularly polarized light in the above equation.

In a CD experiment, the chiral sample is subjected to equal anoburgkt and left-
handed circularly polarized light of a selected wavelength naitely. One of the two
polarizations is absorbed more than the other because of the asyrofrtéi chiral molecule,
and this wavelength-dependent difference of absorption is meagigigihg the CD spectrum
of the sample. CD is a very valuable tool with several afgpmits like detection of secondary
structure of proteins or conformational changes or measuremégaid binding. Far UV CD
studies help in identification of the secondary structures of psoteihereas; visible CD
spectrometry is a powerful tool in investigation of the metalgmmanteractions. This sensitivity
of CD spectra to different ligand interactions in a way is usedeasure ligand binding in this
project. The metal of interest is Gua transition metal. Ctiis a d species that absorbs in
visible region due to d-d transitions. These transitions give intavmabout the coordinating
ligands and the geometry of the molecule. Any changes in the paboti ligand sphere
involving Cu™ can be observed as changes in d-d transitions and thus reflected CD

spectrum. CD spectroscopy is very sensitive to changes in thes#ions even for molecules



with low extinction coefficients. Use of CD spectroscopy fos ttiudy has proved to be very

useful in terms of estimating the different coordination complexes involved dbdrigration.
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4.2 Previous Circular Dichroism Studies on PrP(23-28, 57-89)

As mentioned in chapter 4.1, CD is used to measure the d-d transiti@é? in the
visible region. Any changes in the coordination ligand of’@ads to changes in the absorbed
wavelength respectively. Based on these principles of CD,aexgveriments were performed
earlier in our lab where signature absorption bands were adsigneertain coordination
complexes of Clf with the different binding units of PrP. These signature absorption lsands
be used to characterize the extent and mode of copper PrP binding in the present studies.

The PrP peptide (23-28, 57-98) contains 5 binding sites to bind copper as shown below.

KKKRPKPWGQRHGGGWGQPHGGGWGQPHGGGWGQPHGGGWG QGGG THNQ

Out of the 5 binding sites, typically there are 2 different tygelinding sites, the
octarepeat region (PHGGGWGQ) which repeats 4 times and @@TE residues, the fifth
binding site. The fundamental unit of the octarepeat region is HGG@WVthat of the fifth
binding site is GTH.

Figure 4. 1 below represents the CD spectra of the fundamaitslof Cd? binding in the PrP

peptide when fully loaded with Ct
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Figure 4.1: CD spectra of GTH binding site and dioctarepeat fully loaded witi%Cu

The two complexes differ greatly in terms of the coordinatgantls, for which a great
difference in the\ax associated with these coordination complexes is observed. In thikiepec
solutions of WGQGGGTHNQ and WGQPHGGGWGQPHGGGWGQ were pedparl0 mM
NEM separately and saturated with ‘€wand the CD signal for the complex formed was
obtained. The maximum absorption peaks in the visible region of theamplexes differ by
about 100 nm. Thus, if the fifth binding site is loaded with?Gucan be identified by CD
spectrum withhyax of 496 nm and a minimum absorption at 588 nm. Similarly, an octarepeat-
Cu*? complex gives a maximum absorption at 588 nm. This data is refevamdividual Cu?
loaded binding units.

Another set of interesting data obtained was the titratioresuwof the full length C

binding region of PrP (residues 57-98). Figure 4.2 is the specaaCaf titration performed on
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PrP. Various equivalents of Euwere titrated into a 100 pM PrP (23-28, 57-98) solution in 10

mM NEM at pH 7.3.

—0 Eq Cu(ll)
=—0.5 Eq Cu(ll)
1.0 Eq Cu(ll)
1.5 Eq Cu(ll)
—2.0 Eq Cu(ll)
—3.0 Eq Cu(ll)
—4.0 Eq Cu(ll)
—4.5 Eq Cu(ll)
5.0 Eq Cu(ll)
6.0 Eq Cu(ll)
—6.5 Eq Cu(ll)
—7.0 Eq Cu(ll)

mDeg.

Wavelength (nm)

Figure 4.2: Titration of PrP (23-28, 57-98) with €im NEM buffer®.

At 0 eq. of Ctf, where only PrP is present in the solution, no characteristic pesks
observed. On addition of Cipeaks appear whose intensity anglax change consistently with
consecutive titration points until a saturation point is reached.nhafiton about the secondary
structure of the PrP peptide was not interpreted from thedgotisaThe peaks in the UV region
are due to ligand to metal charge transfer (LMCT) and the peaksilble region are due to d-d
transitions in the C4. In this titration some of the evident peaks in the UV regioraaregative
peak at 290 nm and a positive band at 345 nm. These peaks can béecotwedmount of Ca

bound. For the present studies of my project, the area of the ingeths visible region which
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gives the idea about the environment of the coordination sphere of thdt@ppears from the
figure 4.2 that in the visible region a positive band with,& of 500 nm appears at 1 eq. of‘€u
whose intensity increases as more*Cis added. After 1.5 eq. of Cua shift to longer
wavelength appears. Upon saturation at around 5 Eq'6f &positive band centered at around
530 nm is seen. From this titration experiment, a conclusion was dnaivthe dominant mode
of Cu?binding was different at low Croncentration than at higher concentrations. The shift in
the wavelength at higher concentration indicates that theseawehange in the coordination
sphere of Cif. Multivariate Curve Resolution-Alternating Least Squares Arglysis done the
titration data. Three pure component spectra were identified iitridgon data. Comparing the
pure components to the CD data of fragments (as shown in Figureedeh)ed specific Ct
binding structure®.

From the characteristic signals seen in figure 4.2, itesasiated that the positive band
at around 500 nm is comparable to the 498 nm peak of'thin8ling site (figure 4.1). After this
binding site is completely saturated on addition of’Cthe individual octarepeats start to fill.
This is the reason for the shift of thgax to higher wavelengths as the octarepeats have higher
Amax than the B binding site when loaded with Gu

To summarize the binding events occurring wheff i€uitrated into PrP, in each of the
5 binding sites (four octarepeats and fifth binding site) histidats as the anchoring site for the
copper. Initially, copper coordinates to all or few of the histidofesctarepeats which makes it
CD inactive as shown in Figure 1.8 in chapter 1. At intermediafd @cupancy, there is a
competition between the multiple histidines and tfebinding site for C& and the later

saturates first followed by the octarepeats.
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4.3 Sample Preparation Methodology

The CD titration of Ctf was done by two different methods which are described in detail
in the later part of the section. All the data collected forGh# titrations were on 100 pM of
the PrP (23-28, 57-98) in 10 mM ACES. The copper titrated into peptidegrepared from a
stock of CuS@solution in 10 mM ACES. All solutions were first adjusted to pH of 7iAgus
small amounts of known molarity of sodium hydroxide (NaOH) and thetermapto the required

volume using volumetric flask.

Blank Preparation:

A blank solution of 10 mM ACES was prepared in 1@ &n water from a pre-prepared

stock solution of 0.2 M ACES solution.

Peptide Preparation:

The PrP peptide (23-28, 57-98) was synthesized by SPPS, purifiégbpinidized. A
stock solution of this peptide was prepared in 1@ bn water. The concentration of the stock
solution was determined by using ultra-violet visible spectrom@tky-Vis) in a 1cm quartz
cuvette. In the peptide used, 5 tryptophans are present all of which ab28® nm. Trytophan
has an extinction coefficient of 5690"Mni’. The exact concentration of the stock solution was

determined using Beer-Lambert’'s Law.

Copper Solution Preparation:

A stock solution of CuSQOof 15.65 mM concentration was prepared. Various

concentrations of the copper solutions required for the titration preygared from the stock
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solution in 10 mM ACES. The pH was adjusted to about 7.4 using 1M Na@HH@&l and the

final volume was made up using a volumetric flask.

Optimization of Parameters:

CD experiments were performed on a JASCO J-810 spectophotofmetematched
quartz cuvettes of 0.1 cm path length were used for blank and samplensoldithe CD
instrument is calibrated at regular intervals with a solutiowashphor sulfonic acid (CSA).
Blank runs are performed at the beginning and end of the titrationn@igta good blank signal
is very crucial in these titrations as the signal obtaineeeak. Blank subtraction is done by the
software used in the spectrometer. All the titrations were dor@m temperature (20). The
sample cuvette used was thoroughly rinsed between runs using methan@ d& Mater and
10 mM ACES to ensure that there were no traces of the copper piidepieom the previous
sample. The cuvettes are completely dried before use to prevdhtosinsignificant dilution
effects from the buffer used for rinsing.

CD experiments were performed as discussed in chapter Btmaee the concentration
of the ACES to be used for ITC titrations to keep the peptidenatbpper loading state. These
experiments were performed from 280 to 800 nm, 4 scans and a bandwidtmp&zcan speed
of 200 nm/min, a data pitch of 0.1 nm and response speed of 1 sec.

As indicated above, the CD titrations were performed using etloods. In the first
method, separate solutions of the 100 pM peptide with 1, 2, 5, 10 equivalentd®afiete
prepared in 10 Mm ACES. Each solution made for the titration was Rib molume. The

solutions were incubated between 4 and 5 hours to ensure maxifilda@iing. For the tiration
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involving preparation of these individual complexes of copper PrP, tiaepitah was 1 nm to
collect fewer data points and number of scans was increased to 8 to get better data.

In the second method, a continuous titration of @wo the 1.4062 mL of 100 pM
peptide was performed to reach 5 eq. of“@ti the end of the titration. This method of titration
was performed to replicate the exact same conditions used FCatitdation experiment. The
table 4.3 below lists the steps, quantities of addition &f &ud the molar ratioreached during
the titration.

Table 4.1: Calculations for CD titrations

Eq. of Cd*|Vol of Cu" | Total vol added Vol in Cuvette| [PrP] | [Cu*] | Molar
added added (mL) (mL) (mL) (mM) | (mM) | ratio

0 0 0 1.4062 0.1 0 0

1 0.122 0.122 1.5822 0.092 0.09 1.0
2 0.122 0.244 1.7042 0.086 0.17 2.0
3 0.122 0.366 1.8262 0.079 0.24 3.0
4 0.122 0.488 1.9482 0.075 0.3( 4.0
5 0.122 0.610 2.0702 0.070 0.3% 5.0

All the calculations shown in table 4.3 are accounted for volume tonsecThe dilution
of the PrP in the cell due to addition of ‘€us accounted for in the calculation of the
concentration of PrP and Gwshown in the table. A 1.2 mM solution CuS@as prepared from
which 0.122 mL aliquots of Ctwere added to reach a specific molar ratio o?Cpeptide. The

waiting time for each addition of Ctiadded is around half an hour with vigorous shaking on a
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vortex. For these titrations the number ofns was increased to 16 and band width parar
was optimized to 4 nm based on experimental datavishn figure 4.3. The other paramet

were the same as the previous titration me

2
15
—prp cu 1:5 bw-2

1 \ prp cu 1:5 bw-4

0.5 \ MM\ ——prp cu 1:5 bw-8
0 \ /'/\\WM ‘ ‘ ‘
283%\//335 385 435 485 ;\!A'L\ 585

mDeg.
=
a1

Wavelength (nm)

Figure 4.3: CD signal of PrP(-28, 5798) as a function of bandwid

Another important component of the CD spectrum ighHrension (HT) voltag
which is a measure of the applied voltage to thedaler. In case of low intensity signals in C
the detector increases the vge to increase the sensitivity. Ifvalue of 400 volts on tF
detector has been reached or if the voltage regaslly, the CD signal becomes unreliable as

signal might not accurately represent the lighoatsd by the samp
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Figure 4.4: HT signal for the 5:1 complex of PrP in 10 mM ACES

The figure given above is the example of the HT signal datan®of the runs on CD
and the HT signal for all the CD runs are quite similar tootle shown here. From the graph it
is clear that the HT is stable between 400 nm to 680 nm and dataeobtaitside this range is

unreliable.
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4.4 Titration of Copper into Native PrP (23-28, 57-98)
As discussed earlier native PrP (57-98) is the main copper ginelgion of the protein
and has 4 repeats of the octarepeat region PHGGGWGQ andGBd K site for copper
coordination. It binds up to 5 coppers at a pH of 7.4 involving the histidintktha amide bonds
of the nearby peptide backbone.
In the first method of titration as described in earl@apter, individual solutions of
various eq. of Ctf were prepared. The absorption of these solutions was monitored by using CD.

Figure 4.5 shows the spectrum obtained.

1.5
——1EqCu
——2EqCu
1 ——5EqCu
——10Eq Cu
0.5 /\
8 0 - A ~
% 29 340 390 440 490
-0.5
-1
-1.5

Wavelength (nm)

Figure 4.5: CD spectrum of titration of 100 pM PrP(23-28,57-98) wiff (ld0 mM ACES).
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In the CD spectrum collected, the signal obtained is very veeakise of the different
buffer (ACES) used when compare to previous studies done in NEM bu@&SAs a highly
competing buffer when compared to NEM. So, the population of copper bound PrP is
comparatively less and so the intensity of the signal is leggerinents done to determine this
have already been discussed in chapter 3.The negative band at 290 nm sititreeband at
340 nm are due to LMCT and were exactly same in the CDiditrabserved before expect for
the intensity difference. At 1 eq. of Ca baseline is seen as the first mode of binding in PrP is
CD inactive. As the eq. of copper increase to 5 eq. a positive band appears in theagsiol at
500 nm which indicates Cticoordinating to the histidine of thé" ®inding site. At 10 Eq. of
Cu"?the intensity seems to have been decreased. This could possiblybegitiéng of loading
of the individual octarepeats with €uln the visible region, until 5 Eq of Ciall the positive
bands are centered at 500 nm. As the data becomes very noisy after, 5@0aomclusions were

derived from this part of the graph.
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4.5 Native PrP Titration Data

To complement the data from the ITC titrations CD experimermrse designed for
titrating 1, 2, 3, 4, 5 equivalents of copper into PrP peptide. The titaiwaitions were exactly
same as the ITC. This was done to have an estimate of the nuniferaff Ci? bound to PrP
by the end of the titration and also compare the type f @wordination that occurs in this
system when compared to the earlier titrations discussed in cHapt&o, through this titration
we could confirm the low copper loading state of the peptide Eadtlze stoichiometry of the
copper PrP binding. This information will aid in for ITC data analyBl these experiments we

focused only on the d-d transitions of the' & the visible region.

PrP copper tiration

15 —prp:icu 111 ——
——prp:cu 1:2
—prp:cu 1:3

prp:cu 1:4

—prp:cu 1:5

0.5 A .0 [l
W i f
AW P AR ’l L uh“

07 R Vo ‘.’ N U
360 410 460 510 560 gfo \7 660

Wavelength (nm)

mDegrees
|

w
o

-0.5

Figure 4.6: Tiration of the native PrP peptide witi €10 mM ACES).
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As the parameters were optimized the noise was reduced whearedrto CD data in
figure 4.5. The unsmoothed CD spectrum obtained from titration &f iBio the native PrP is
shown in figure 4.6. Previous CD data showég,& of 590 nm for HGGGW C coordination
sphere and &naxof 500 nm and a minima of 590 nm for GGGTH &oordination sphere when
the peptide is fully copper loaded. Based on this information some ciomdwould be made. It
is evident from the CD data that at 1, 2, 3 eq. of@itration into the native PrP there is very
little signal and they overlap over each other. Initially, a pasiband roughly appears at 500
nm. As more Cifis titrated into the solution an increase in intensity of sigmé&bund but no
shift in wavelength is observed as expected. At 5 eq. &ftBa system appears to be saturated.
We hypothesize that only 2:1 molar ratio of copper: prion comglettained by the end of the
titration. The 1:1 complex of copper prion is CD inactive and hence sileviin the titration
and the 2:1 complex produces a CD spectrum with a positive band at apgiedxis00 nm.
This wavelength is characteristic for th& Binding site, GGGTH. Further, individual octrapeat
binding doesn’t occur as no shift of thgax occurs which is characteristic for the HGGGGW-
Cu*? complex. Based on all these observations it appears that evelqadf5CU? only a 2: 1
complex is formed. Thus, confirming that the ITC studies are ddogvatopper loading state as

per the research goal.
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Chapter 5: Data Analysis and Conclusions

5.1 ITC Data Analysis

ITC data analysis is done by fitting the titration data witrappropriate model to obtain
the thermodynamic parameters. Several software forma@var@ble to fit the ITC data. The
software used for the purpose of fitting the data was GMgifihe three common fitting models
used are ‘one set of sites’, ‘two set of sites’ and ‘sequdnitiding sites’. In the first case, the
system is assumed to have n binding sites of equal affinity athe isecond case the system is
assumed to have; ibinding sites of a particular affinity and binding sites with a different

affinity. Lastly, the sequential binding sites model assumes n sites @hdchndifferent affinity.

Binding models used for ‘two sets of sites’ and ‘sequential binding sites’:

Forward Titration:

Cell : PrP

Syringe: Cu

K
PIP + Cu =—= PrP-Cu

K
PrP-Cu + Cie—2= PrP-Cy

K, = [PrP-Cu]

1= — -
[PrP][Cu]

Kz [PI'P-CU2]

[PrP-Cu][Cu]



Reverse titration:

Cell : Cu
Syringe: PrP

Kyt

PrP + 2Cu PrP-Cy

Kot
PrP-Cy+ PrP =—— 2PrP-Cu

1. [PrP-Cu,]
L=

[PrP] [Cuf

KA = [PrP-Cuf

[PrP-Cu)][PrP]

B=KyxKy=Kjz
K]_’:leKz

AH; =AH; +AH;

All the fitting models evaluate the change in teat contentAQg from completion of
the f" — 1 injection to completion of th& injection for a solution contained in the volumg.V

Different models have differeniQ; values based on the binding in consideration.

AQ(i) = Q(i) + C\j/V' {Q(i) _ZQ(il) } _Q(i—l)

AQ() - heat content for thd'iinjection

AQ(1 - heat content for th&'ilinjection
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V( - standard active cell volume which is uniqueh® brand of calorimeter

The second term in the above equation ishferdisplaced volume upon injection of the
titration.

While fitting a model to the ITC data, an ialtguess for all the values of n, K anH is
made. Calculation oAQg; is done for each injection and compared to thecemental fit
values. The fit parameters are then improved bpgusi standard Marquadt algorithm. This
procedure is iterated until Chio longer minimizes. Once the final values of nakdAH are
obtained the\S value is calculated.

Fitting of the ITC data was done on the coeated forward and reverse titrations. In
the case of the reverse titration since the ligand the cell and not in the syringe, this is take
into consideration during the fitting. Hence, fitli the data with a correct model should return
the same thermodynamic parameters for both fonaardreverse titration. All the fitting was
done after removing the first data point and ary d@ta points due to concatenation of the runs.

We started the data fitting with the simplesbdel, the ‘one set of sites’ model.
Analyzing the data with this model gave unrealisticalue of less than 0.01and Tbouldn't be
reduced.

Using the ‘two set of sites’ model gaveedtdr fit when compared to the one set of sites
model but the values of the thermodynamic paramédterthe two sites were not reproducible
for the three runs especially the n values ancther values from the Origin software were very
high.

Since,AH is indicative of the total heat involved in treaction which is the difference in

heats between the initial and completion pointshefbinding event, an averagél value was
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calculated from 3 most reproducible runs (initiahs with 0.09 mM Ctfinto 0.07 mM PrP) as
the single injection runs were not successful. AHgapparent) value for the initial event is

-2.4x 10 kcal/mole with standard error of 0.1 kcal/mole.

The appareniH value includes the following equilibria:

Cu ACES Cu + ACES
PrPH PrP +H'
Cu + PrP —= CuPrP

H"+ ACES ACESH

This value was considered all; and fixed in the data fitting process to aid ia fiting of the
parameters but didn’t reduce the errors.

Finally, the sequential model with n = 2 wadopted. As the CD titration data that

complemented the ITC data showed the binding ofdempers, we hypothesize that by the end

of the ITC titration in 10 mM ACES only 2 bindingents occur. Fitting the sequential binding
model to the forward and reverse titration didroyade a good fit to the data. The forward
titration was not buffer subtracted as the valudedt of dilution is very close to zero but the

reverse titration was buffer subtracted.
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Table 5.1: Thermodynamic parameters obtained frorwdrd titration by fitting a sequential

binding model.

Thermodynamic

Parameters Run 1 Run2 Run 3

Ky 1.84 (£ 0.22) x 10 1.48 (£ 0.19) x 16 1.82 (+ 0.31) x 16
K 202 (£ 33) 139 (+ 16) 121 (£ 21)

AH; (cal/mol) -3509 (+ 162) -4074 (+ 218) -3192 (+ 204)

AH> (cal/mol)

-1.654 (+ 0.37) x 10

-4.276 (+ 0.62) x 10

-5.242 (+ 0.10) x 10

AS; (cal/mol K)

7.75

5.42

8.79

AS; (cal/mol K)

-44.9

-134

-166

Table 5.2: Thermodynamic parameters obtained frewerse titration by fitting a sequential

binding model.

Thermodynamic

Parameters Run 1 Run2

K, 1.25 (+ 0.11) x 10 1.31 (+ 0.11) x 16
K> 1.07 (£ 0.09) x 16 1.54 (£ 0.13) x 19
AH; (cal/mol) -4509 (+ 1040) -6771 (= 120)
AH; (cal/mol) -4.053 (+ 0.397) x 10| -4894 (+ 191)
AS,(cal/mol K) -0.948 -3.87
ASy(cal/mol K) -177 -1.84
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From the above tables, it can be observed hieemiodynamic parameters are not
reproducible in both forward and reverse titratiBrom the (forward titration) thermodynamic
parameter values it is evident that i greater than Kindicating stronger binding for the first
event. It also tells us that the second bindingneis more exothermic than the first one. For the
first event sinceAH; is negative and\S; is positive the reaction is favorable. In the cafe
second binding event, negatix&, probably indicates more order in the system iatne to the
first event. A trend can be hypothesized from terrhodynamic data for the forward titration.
The first binding event is both entropically andhexpically favored whereas the second binding
event is only enthalpically favored. On the contrdhe first run of the reverse titration shows
that K, is greater than Kwhich is not consistent with the results from tloewlard titration.
Moreover, the K values in the reverse titratiorfestiby an order of magnitude between the two
runs.

It was observed the initial part of the titratiourve didn’t have the appropriate fitting as

the later part of the curve as shown in the diagsain
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Figure 5.1: Representative ITC data for the forwtitrdtion of Cu? into PrP (23-28, 57-98)
fitted using the sequential binding sites modehwit= 2. The best fit parameters are shown at

the bottom right.
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Figure 5.2: Representative ITC data for the revénsgion of CU? into PrP (23-28, 57-98) fitted
using the sequential binding sites model with n.TRe best fit parameters are shown at the
bottom right.
In order to improve the fitting parameters we hjaesiszed a new binding model which

may account for the subtle inflection observechatrnolar ratio of 0.5 Cé& PrP. Before the 1:1
complex is formed there is a probable existencanother early event at around 0.5:1 of copper
to PrP. This involves the cross linking of two RrBy a single copper. This idea has been
suggested before through experiments done on BdiBdRssed in the introduction chapter as

shown in the figure 5.3.
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Figure 5.3: PrP cross- linking by a single coppe i

New hypothesized binding model:

Cu: PrP
2PrP + 1Cu----- > R1C®u 05:1
PrP,-Cu + 1Cu----> 2 PrP-Cu 1:1

2PrP-Cu +2Cu----> 2 Prp-Cu 2:1

The ITC fitting program needs to be nfiedi in order to fit this binding model and this
work is currently in progress.

In conclusionfrom the CD data we conclude that the PrP pep&ded8) binds only 2
coppers in 10 mM ACES buffer. Fitting the ITC datdh the existing models, i.e one sets of
sites, two sets of sites or sequential bindingd l&a unsatisfactory fits suggesting a more

complex binding process. The hypothesized modeleboll hopefully lead to good fits of the
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ITC data and will support the hypothesis that'Cis cross- linking PrP molecules at low

equivalents of added Cu.
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