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CHAPTER | INTRODUCTION

Peptide/Protein Aggregation

The rapid advances in peptide synthesis and rec@mbDNA technology have
provided an increasing number of peptide and protleerapeutic agents. Proteins and
peptides are biopolymers composed of amino acidues interlinked by amide bonds.
They have heterogeneous, complicated, and high-stdectures. The three-dimensional
structure of peptide proteins are susceptible tarenmental factors, such as medium
conditions (temperature, pH, concentration, ionrerggth), and stresses from freezing,
exposing to air, and shear-stress, which may ctwsdoss of the functional activity.
Peptide and protein conformational and aggregatiftanges may occur in purification,
formulation, shipping, and storage processes. Tdgregation of peptide/proteins is
associated with degradation, stability, immunogépniand therapeutic activity. Thus, the
physical instability of peptides and proteins imthg conformational changes,
aggregation, and adsorption is an essential comdide in developing stable and
efficacious formulations or delivery systems. Pépfprotein aggregation is regarded as
one of major degradation pathways along with deatrod and oxidation.

Aggregates of proteins may arise from several nsh@ and may be classified
in numerous ways including soluble/insoluble, cemadlnoncovalent,

reversible/irreversible.

Daptomycin

Daptomycin is an acidic lipopeptide antibiotic ded from the fermentation of
Sreptomyces roseosporus.?? It is the first cyclic anionic lipopeptide antiliio approved
for the treatment of complicated skin (soft tissud¢ctions, bacteraemia, and right-side
endocarditis caused by multi-resistant Gram-pasitdacteria, including vancomycin-

resistantenterococci, vancomycin-resistarf®taphylococcus aureus, methicillin-resistant



Saphylococcus aureus, penicillin-resistant Streptococci, and coagulase-negative
Saphylococci.*®

Daptomycin is a cyclic lipopeptide composed of h8re acid residues (Figure I-
1). The 10-membered ring in daptomycin is linked an ester bond between threonine
(Thr-4) hydroxyl group and the C-terminal carbogybups of kynurenine (Kyn-13). The
N-terminal residue tryptophan (Trp-1) is acylateithwa decanoyl aliphatic chain.
Without terminal amine and carboxyl groups, daptoimycontains six side-chain
ionizable groups: four carboxyl residues (threeaasp acids, Asp-3, Asp-7, and Asp-9,
one methyl-glutamic acid, mGlu-12) and two amiragbatic amine in ornithine Orn-6
and aromatic amine in Kyn-13).

Most currently available antibiotics target enzymesponsible for formation and
maintenance of cell wall structure or inhibition pfotein synthesis, nucleic acid
synthesis, or metabolic pathw&Hypothetical mechanism of action of daptomycin is
proposed in Figure I-2. The mechanism of actioroives in direct binding to the Gram-
positive cell membrane by its lipid tail, followdny calcium-dependent insertion and
oligomerization. Daptomycin oligomers form ion chats, disrupting the functional
integrity of the membrane, and trigger a releaseintfacellular ions. Daptomycin
aggregation induced by calcium ions is an essestigl for therapeutic activity to disrupt
the bacterial membrane through the formation ofssmembrane channel’ Details of
daptomycin’s mechanism of action have not beerfulist elucidated, i.e., how the rapid
bactericidal activity of daptomycin is related t® dynamic nature and its interaction with
the cytoplasmic membrane and whether oligomerirdtiche membrane is cruciai?

Daptomycin’s  three-dimensional structure and its oldgically-active
conformation have been investigated in a numbereoént NMR studies, but with the
different findingst*™*°

The aqueous conformation of daptomycin has beesrtegp by Rotondi et &P to

be qualitatively similar to the Gabound structure reported by Jung et‘ah preferred
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aqueous conformation for daptomycin proposed by Rktral** and Ball et af? differs
from that from Rotondi et &P primarily by the presence or absence of a clustehe
hydrophobic side chains of a decanoyl lipoidal, taip-1, and Kyn-13 (Figure 1-3).

Jung et at* in Figure I-4 showed that daptomycin undergoesii@ant calcium-
dependent conformational changes upon associatitn model lipid membranes. In
contrast, Ball et d° in Figure I-5 demonstrated that the binding otitah ions does not
result in major conformational changes, but doekice aggregation. The subsequent
studies results from Scott et 'alsuggested that daptomycin undergoes only a minor
conformational rearrangement wupon binding with difiexanoyl-sn-glycero-3-
phosphocholine (DHPC) in the presence of calciums.io

Investigations of daptomycin aggregation at différgH values in aqueous
solution would be helpful for reconciling the difémt findings regarding daptomycin
conformation and understanding the effects of conétion and aggregation on its
pharmaceutical properties.

The objective of this research is to evaluate thefamation and aggregation of
daptomycin in aqueous solutions and effects of @wonétion and aggregation on
pharmaceutical and chemistry properties with themmementary techniques,

fluorescence, static and dynamic light scatteramgl NMR spectroscopy.

Research Objectives

The primary research objectives are to evaluatednéormational transition and
aggregation behavior of daptomycin in different aglieous solutions, and to elucidate
the effects of conformation and aggregation onpharmaceutical chemistry properties
of daptomycin.

The specific objectives of this project are thédwing:

» Assign and estimate the sequence-specific ionzatmnstants (pKvalues) of

daptomycin



Develop daptomycin aggregation detection method$ @raluate the external
factors on daptomycin aggregation

Explicate the different findings of daptomycin comrhational structures of NMR
study

Elucidate the interaction mechanism of daptomyciith wpolyamidoamine

(PAMAM) dendrimers
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Figure 1-2. Proposed mechanism of action of daptomycin. Hygtothl steps: step 1,
daptomycin binds to the cytoplasmic membrane inak&ieum-dependent
manner; step 2, daptomycin oligomerizes, disrupthrey membrane; step 3,
the release of intracellular ions and rapid ceéithé
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CHAPTER Il DETERMINATION OF COMPLEX IONIZATION BEHA/IOR
OF DAPTOMYCIN

Introduction

The ionizable peptide side-chains frequently plapartant roles in establishing
peptide conformations, stability, and function. ditestatic interactions between charged
groups may help stabilize the native conformatiéra grotein, as well as define the
specificity and affinity of ligand or substrate Hing. The ionization constants (pK
values) are key fundamental physicochemical pragsedf daptomycin. Compared with
smaller molecules, the pKdetermination is more complicated because of pialti
overlapping ionizable groups and conformationalraggtional dependenci&$While
the pk; values of small molecules can be accurately medswith potentiometric and
spectroscopic methods, the ionization constantsiafromolecules due to the multiple
dependent factors such as concentration and los@lomments, may only be estimated
to be close to the “true” values. The p¥alues are influenced by neighboring peptide
bonds, charge-charge interactions, and/or the lbofithe ionizable group®:*’ Hence,
pK, perturbations from their normal values for ionileafroups in a peptide/protein serve
as a sensitive probe of local environments.

Daptomycin has six residues with ionizable sideirghancluding three aspartic
acids (Asp-3, Asp-7, and Asp-9), one methyl-glu@mracid (mGlu-12), one aliphatic
amine ornithine (Orn-6), and one aromatic amineukgnine (Kyn-13). The pKvalues
of these four carboxylic groups in daptomycin haween estimated previously by
potentiometric titration using non-linear curveifig.!® One carboxylic acid group is
reported to dissociate around pH 3.0, while theothree groups have overlappingpK
values around 5.3. From the previous study using Bpectrophotometry and
potentiometric metholf, the pk, values of the primary aromatic amine of Kyn-13 and

primary aliphatic amine of Orn-6 were reported ¢o0b8 and 10.7, respectively.

10
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NMR chemical shifts are sensitive to the electroaivironment around the
nucleus of an atom. The sequence-specific assigisnoérdaptomycin for théH NMR
resonances have been reported previolisfiThe effort has been made previously to
determine the pKvalues of the acidic residues by performing NMR firation of
daptomycin over the pH range of 8 td=2Small changes in chemical shifts of the
resonances for these residues were observed oeadewy the solution pH from 8 to 4.
However, further decrease in pH resulted in comalde line broadening of these
resonances due to intermolecular aggregation, phegenting pk estimation. Up to
now, the individual ionization constants of theseid@ residues have not been
determined.

NMR relies on the excitation of magnetic nuclei dl@ar spins) in a static
external magnetic field by radiofrequency (RF) pslsafter which the excited nuclei
return to the ground state re-emitting at resorfeequencies. The emitted resonant
frequencies depend on the type of nucleus telgroton) and local atomic environment.
The nucleus is surrounded by electrons which mayiba/ed as moving electrical
charges with associated magnetic fields. Theseretex act as a source of magnetic
shielding for the nucleus. The resonant frequescshifted by the effect of neighboring
atoms and in particular the extent of magnetic ldimg from local electrons. The
variation in precise resonant frequency is refenedas the “chemical shify”, the
resonant frequency of a nucleus relative to a stahdlhe intensity of these resonance
peaks corresponds to the number of atoms or nutléhe compound with identical
chemical shifts. The width of these peaks corredpda the speed of the local and global
tumbling motions of the molecule, with faster mayiatoms or molecules having
narrower peaks. Many peaks also have a fine smdgplitting), which represents a
coupling or direct linkage between two or more pnst This splitting is called spin-spin
coupling, scalar coupling, or J-coupling. The spiA coupling interactions between the

protons are mediated through the intervening coxddends.
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The excited nuclei return to the ground state viee @f several relaxation
mechanisms. The spin-lattice relaxation timerdflects return to the ground state by
exchange of energy with the surroundings (longrabirelaxation), while spin-spin
relaxation time 7 is a measure of the efficiency of exchange enevgly other nuclei
(transverse relaxation). For large molecules, trarse relaxation is predominant. And
since T is proportional to the reciprocal to the line widtf a resonance signal, the peaks
in NMR spectra become broader with increasing muéesize.

Conventional (one-dimensional) NMR spectra arespidtintensity vs. frequency.
In one-dimensional pulsed Fourier Transform NMRg $iignal is recorded as a function
of a single time variable and then transformedive @ spectrum which is a function of a
single frequency variable. In two-dimensional NM# tsignal is recorded as a function
of two time variables, evolution eind detectionyt and the resulting data is transformed
twice to yield a spectrum which is a function obtivequency variabled.

The general sequence for two-dimensional NMR ctsisiEthe preparation and
mixing periods. Each period may be as simple asglespulse, or a much more complex
arrangement of pulses and delays. In the preparatiee, the sample is excited by one or
more pulses. The coherence generated evolvesiertti but there is no detection during
this time. Then the mixing time period follows, whiconsists of a further pulse or
pulses. After the mixing period, the signal is melsal as a function of the second time
variable, $. This sequence of events is called a pulse sequamnd the exact nature of
the preparation and mixing periods determinesnf@mation found in the spectruff.

The general pulse sequence for Total CorrelatiorcBpscopy (TOCSY) is
shown in Figure II-#! The pulse sequence of a TOCSY consists of ‘aeX@itation
pulse, followed by an incremented delgythen a mixing sequence known as a spin-lock
(SL) or isotropic mixing for timeg,. The coherence transfer period of the TOCSY
sequence occurs during a multiple-pulse spin-logkod. The length of the spin-lock

period determines how far the spin coupling netwaitkbe probed. In practice, isotropic
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mixing is achieved by the use of a specially destgmultiple pulse sequence (Figure II-
2).20,21

TOCSY not only provides homonuclear proton corretaspectra based on scalar
couplings, but it can also establish correlatioesveen protons that are within the same
spin system, regardless of whether they are themseloupled to one another. In other
words, there is a continuous chain of spin-spinptedi protons. In TOCSY the cross-
peaks between spins are also observed which amectwd by an unbroken chain of
couplings. So, for example, if spin A is coupledsfmn B, and spin B is coupled to spin
C, then in a TOCSY spectrum a cross-peak betweeamd\ C can be observed even
though there is no direct coupling between thesespins?® Thus, 2D NMR TOCS¥ is
a powerful NMR technique for identifying proton gbmg networks and molecular
connectivity through bond correlations via spinesgioupling. It not only yields
homonuclear proton correlations between geminali@nal protons but also is able to
establish correlations between distant protonsoag ks there are couplings between
intervening protons.

The objective of this chapter is to present variapproaches to determining the
pK, values of daptomycin and the perturbations of p&lues of daptomycin due to the
intermolecular aggregation.

The sequence-specific pKalues of daptomycin residues were determined in a
monomeric state at low concentrations. In addititim effects of concentration-
dependent aggregation on ionization were obsermddnall be discussed. These studies
were conducted by pH titration with potentiomettitd spectroscopic methods including

2D 'H TOCSY NMR, UV, and fluorescence spectroscopy.
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Figure 11-1. The pulse sequence for TOCSY. Therth, and & are the evolution time,
spin-lock mixing time, and detection time, respesiiy.>*
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Figure I1-2. The multiple pulse sequence in spin-lock periodisTcan be viewed as a
contlnuous sequence of 180° pulses closely bragkbte infinitely small
periods 3.2
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Materials and Methods

Materials
Daptomycin obtained from Eli Lilly Research Labaras (Indianapolis, IN) was
used as received. Sodium chloride, 0.01 or 0.1 &ndsird sodium hydroxide solutions,
0.1 or 1 M standard hydrochloric acid solutions evpurchased from Fisher Scientific
(Fair Lawn, NJ). Deuterium oxide (100%@®) was purchased from Cambridge Isotope
Laboratories (Cambridge, MA). Standardized pH lnsfief 2, 4, 7, and 10 were obtained
from Fisher Scientific (Fair Lawn, NJ). All othehemicals used were reagent grade from

Fisher Scientific (Pittsburgh, PA).

Methods

Analytical Methods

Daptomycin solutions were prepared in the pH raoig@ 35 to 8.0. All solutions
of daptomycin measured by spectroscopic methods wepared at or below 0.12 mM
in the non-aggregation states.

The pH measurements were made at room temperagung an Accumet Model
25 pH/lon Meter and an Accumet 3 mm Ingold combaratelectrode with a AgCl
reference electrode (Fisher Scientific, Fair LalNd). The pH meter was calibrated with
three certified standards: pH 2, pH 4, and pH BHK&i Scientific, Fair Lawn, NJ). No
changes in sample pH values were observed befork ater spectroscopic
measurements. For the samples in 10% Bor NMR measurement, the reported pH
values were not corrected for the deuterium iso&ffect. The average ionic strength of
the solutions of the daptomycin samples in NaQltswhs was about 150 mM. The ionic
strength contribution from daptomycin is negligisiace only 0.12 mM daptomycin was

used.
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Potentiometric titrations were carried out usinNlettler Toledo DL 50 Graphic
Autotitrator (Mettler, Hightstown, NJ). The titratis were performed with constant
stirring in a sealed, jacketed titration vesseljnt@ned under nitrogen atmosphere at
25+0.5°C. The initial pH values of daptomycin smos at 2.95 and 5.88 mM
concentrations and blank solutions were adjustgaHt@round 7.0 by adding an accurate
volume of standard 0.01 M standard sodium hydrosgalation, and then titrated with 1.0
M standard hydrochloric acid to pH 2.5. Bjerrumtplovere used to estimate the jpK
value$®#* although the sequence-specificpialues could not be assigned solely based
on potentiometric titration.

UV absorbance spectra of 0.12 mM daptomycin satstim the pH range from
0.35 to 4.19 were collected on a Hewlett-Packard384liode-array UV-Visible
spectrophotometer (Agilent, Palo Alto, CA).

Fluorescence spectra of 0.12 mM daptomycin solstinrthe pH range from 0.35
to 4.19 were acquired using a LS55 luminescencectispreter (Perkin Elmer
Instruments, Norwalk, CT) at room temperature. Atacitation wavelength of 285 nm,
emission spectra were collected from 300 to 550with a 3 mm path length cuvette.
The excitation and emission slit widths were set tamd 3 nm, respectively, and the scan
rate was 250 nm/minute.

'H 2D TOCSY homonuclear NMR spectra were collectecadruker Avance ||
800 MHz NMR spectrometer equipped with a cryopréde0.12 mM daptomycin at
various pH values in 90%/10% 0. Daptomycin exists in a monomeric state at this
concentration. All NMR experiments were performeé@%°C. The spectra were acquired
using TOPSPIN software. The water signal was suppressed by eimgloa
WATERGATE pulse sequence. All NMR spectra were pssed with the NMRPife

prograni® and analyzed using NMRVié?®
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Determination of Apparent pValues

Potentiometric pH titration data analysis (Bjerrpiuat)

Due to the overlapping pialues of daptomycin, the individual pkalues could
not be directly extracted from the titration curvéberefore, Bjerrum plots were used to
obtain the individual pKvalues, though the specific pKalues cannot be assigned. The
Bjerrum curve is a plot of the average number ofifab hydrogen atoms (h per
molecule versus pH. All pKvalues were determined at the pH values at hedfjnal ny
in the Bjerrum plof? Briefly, the total hydrogen ion (free and boundncentrations
were obtained from the dissociable protons of dagtin in titrated solutions. The free
hydrogen ion concentrations were measured from g@noe. The bound hydrogen ion
concentrations were calculated from the differertoetween the total and free
concentrations. The detailed operational procedtodsansform the titration curves to
Bjerrum plot are described in the literatdfé; and the equations used to construct
Bjerrum plots are derived in Appendix A. A correctifor a blank solution titration has
been made by performing an identical titration withter in the absence of daptomycin.
The average number {nhof bound hydrogen atoms per molecule of daptomyeas
plotted as a function of pBf. The apparent pKvalues of the carboxylic acid groups in

daptomycin were estimated from the Bjerrum plots.

UV and fluorescence pH titration data analysis

The apparent pKvalues of spectroscopic titration methods weraneded by
non-linear regression using the absorbance or emisstensity as a function of pH to
the modified Henderson-Hasselbach equation asiisff

PKa = pH — 109 [(Aucid —Aobg/Aobs — Apasd]

where Aypsis the observed absorbance or emission intensgaeh pH, and Aig
and Ayse are absorbances or emission intensities of théopated and unprotonated

forms, respectively.
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NMR pH titration data analysis

A modified Hill equatior®?® was used to estimate the p&nd Hill coefficient
value by nonlinear least squares analysis (Kaleagdy Synergy Software, Essex
Junction, VT):

Bobs = (Bacia + Bbase 10" PHA/(1+ 10PHH2)

Wheredqps is the observed chemical shift at a given phktig and dpase are the

chemical shifts of the protonated and fully unpratied species, respectively; and n is

the Hill coefficient, a measure of cooperativity.

Results and Discussion

Potentiometric Titration

The potentiometric titration curves of daptomycinn @&vo representative
concentrations of 2.95 and 5.88 mM are shown FigeBA. The choice of concentration
for the titration in potentiometric titration methds recommended at 0.01 ¥1.As
daptomycin in the non-aggregation state at 0.12 imhhe titration pH ranges from 7 to
2.5 would not be suitable for being titrated. Eaittation curve reflects the overlapping
ionization due to the four carboxylic acid groupgsig-3, Asp-7, Asp-9, and mGlu-12)
and the aromatic amine (Kyn-13). Moreover the tira curves were daptomycin
concentration-dependent. The apparent dissociatimstants were estimated from the
values at half integral npositions of the Bjerrum plots as shown in Figlir8B as
described previousR#?* The dissociation constants of daptomycin at thecentration
of 5.88 mM thus were estimated to be 4.3, 5.2, &@, one value was less than 3 (Figure
[I-3B); the dissociation constants of daptomycir2&5 mM were 4.1, 5.1, and 5.6, and
also one less than 3. However, with this method, K, values cannot be assigned to
individual ionizable groups. Moreover, the p¥alues determined by this potentiometric
method are shown to be daptomycin concentratiorerdgnt. We found that the pK

values generally increase with increasing daptomyncentration as the side-chain
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acidic residues are exposed to a hydrophobic emviemt due to the aggregation
formation. The higher apparent ptalues resulted from self-associatfon’

The critical aggregation concentrations of daptamyas a function of pH has
been determined by complementary techniques inoudiynamic light scattering,
fluorescence, and NMR spectroscdpy’ lllustrative NMR data are presented in Figure
lI-4 where daptomycin exists in the monomeric state< 0.15 mM at pH 4.2 as
evidenced by the presence of sharp NMR lines inNMR spectrum (Figure 11-4A).
However, significant line broadening was observédhigher concentrations due to
daptomycin aggregation (Figure 1l1-4B-D). The regsdluTrp-1 and Kyn-13 had the
biggest increase in linewidth. An increase in tlesonance linewidths results in a
decrease in the proton spin-spin relaxation timgsamd indicates an increase in
“molecular weight” due to aggregate formation. Tpé&l range for meaningful
potentiometric titrations is dependent on the galbstconcentration, therefore the pK
values for monomeric daptomycin cannot be deterchifwathout solvent modifiers) at
the low concentrations required to avoid aggregatidbherefore, pH titrations with
spectroscopic techniques such as NMR, UV, and ékmence spectroscopy were used to
determine pK values for daptomycin under non-aggregation steted to assign the

estimated values to specific amino acid residues.
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Figure 11-3. (A) Daptomycin potentiometric titration curves. Tip¢d values of the
daptomycin solutions at 2.95 and 5.88 mM are plotte a function of titrant
(M HCI) volume. (B) Bjerrum plot of daptomycin mottiometric titration
curves. The molar equivalent number of hydrogerosina (ny) in these
titrations is plotted as a function of pH for daptgecin at 2.95 and 5.88 mM.
The estimated pkvalues obtained for daptomycin at 5.88 mM aredattd.
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Figure 11-4. Aromatic region of théH 1D NMR spectra illustrating the concentration-

dependent aggregation of the aqueous solutionsliat.p for daptomycin at
0.15 mM (A), 0.18 mM (B), 0.21 mM (C), and 0.25 m(@). The spectra
were acquired on the Bruker Avance 1l 500 MHz NMfe&rometer.
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NMR pH Titration

The 'H resonances of daptomycin have been assigned opsy** and
confirmed in the present study. 2Bl TOCSY spectra were recorded for daptomycin
solutions under non-aggregation state at 0.12 mpHavalues ranging from 1 to 8. The
side chain resonances of the ionizable groupsjcpéatly the ones close to ionizing
residues, are severely overlapped with other peakise one-dimensionaH spectrum.
Thus, we have taken the advantage of the high utsoldispersion of the backbone
amides and collected 2BH TOCSY spectra for these samples in order to lglezrd
unambiguously trace the NHiB, cross peaks for Asp residues and Nt cross
peaks for the mGlu-12 residue as shown in FiguAlfor their pK, determination’H
TOCSY spectra for the aromatic resonances of TapdlKyn-13 are shown in Figure II-
5B. As expected, the Trp-1 aromatic resonances athawo shift at these pH values
because the protonated form of the indole grouprml has an apparent lower p&f -
3.53° However, the Kyn-13 aromatic resonances experietarger changes in chemical
shift at these pH values as indicated in FigureBI-

Following the pH-dependent chemical shifts of tmess peaks between amide
protons andp-protons of Asp-3, Asp-7, and Asp-9, ameprotons of mGlu-12, the
sequence-specific piralues for these residues of daptomycin in themtes of salt were
estimated by nonlinear regression using a modifthderson-Hasselbalch equation
(Figure 11-6).

Large chemical shift changes were observed for sfisp-9, and mGlu-12 over
the pH titration range. The apparentpkalues for Asp-3, Asp-9, and mGlu-12 were
determined to be 4.15, 3.85, and 4.55, respectivatih no added NacCl. In contrast, very
small changes in chemical shifts were observed\fp-7. Although attempts were made
to obtain additional data for daptomycin below pHtRe backbone amide protons
exhibited fast exchange with water under these macidic conditions, preventing the

acquisition of useful data below pH 2.0. The obsdrghemical shift change for the Asp-
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7 B-proton was only 0.04 ppm above pH 2. Since theeetqal change in Asfp-proton
chemical shifts over the course of pH titration Vaoloe about 0.20 ppm, the pMalue of
Asp-7 could be as low as 1.0 and is reported herasilow as 1.0 (Table 1I-1). This
extremely acidic pK for Asp-7 could be caused by the nearby positiveiarged
environment of Orn-6 which was reported to haveka palue of 10.7° Thus, the
formation of a salt bridge between a negativelyrgbd Asp-7 and positively charged
Orn-6 could account the unusually low pKalue of Aps-7°°" Asp-7 residues appear to
more stabilized in the ionized state.

In order to corroborate this inference, a NMR titna experiment was performed
in 150 mM NaCl. Under this condition, 2If NMR TOCSY spectra were obtained for
samples at pH values down to 1.2. These additipoialts at lower pH values help better
define the titration curve for Asp-7 (Figure lI-7)he pkK, values of Asp-3, Asp-9, and
mGlu-12 in 150 mM NaCl were determined to be 48B3, and 4.39, respectively,
which are similar to those obtained without addedCN (Table II-1). The activity
coefficients in 150 mM NaCl were not applied to thi€, calculations. Moreover, the
estimated fitted Hill coefficients for these restduvere less than 1.0 in the presence and
absence of added NaCl (Table 1I-1). The estimategdvalue for Asp-7 was 1.27 in 150
mM NacCl. The estimated Hill coefficient was 0.72without NaCl and 1.31 in 150 mM
NacCl.

The following is a typical Hill equation:

a0 = [H]"/ (Kg +[H']") = [H']"/ (Ka" +[H]")

where op is the fraction of protonated speciesq End K, are apparent or
macroscopic dissociation constant and microscofgsodiation constant, respectively,
[H] is hydrogen ion concentration, and n is the Hibefficient, describing the

cooperativity of the hydrogen ion binding to titlalesidues.
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The Hill coefficient (n) describes the cooperativaff the hydrogen ion binding to
ionizable residues: n=1, indicating completely ipeledent A binding; n<1, negative
cooperative binding where once oné id bound, the affinity for the subsequent id
decreased; n>1, for positive cooperative bindingenehone H binding facilitates the
binding of subsequent™at other sites. The higher Hill coefficient (n=1)3uggests that
the salt effect is positive cooperativity for thending processj.e. addition of salt
promotes the binding of Ho the Asp-7 and as a result leads to an increage pKs
values. In other words, addition of salt reducesdlectrostatic interaction between Asp-
7 and Orn-6 and raises the p&f Asp-7. Thus, the increase in the Hill coeffrdiend
pKa value in 150 mM NaCl for Asp-7 is consistent wahsalt bridge between the
negatively charged Asp-7 and the positively chaiQea-6.

The Hill coefficient less than unity may be expknby the presence of one or
more residues with overlapping pKralues. Significant deviation of the fitted Hill
coefficinet from unity suggests that the titratiowolves more than one dissociating
group. The Hill coefficient of mGlu-12 residues wady about 0.5 (0.48), indicating that
the mGlu-12 protonated was perturbed or inhibitedhe neighbouring titrable Asp-9 or
Asp-3 residues.

The pkK, value of the aromatic amine of Kyn-13 was detesdiio be ~1.3

(Figure 11-8). The Hill coefficients of Kyn-13 wereot affected by added salt.
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Figurel1-5. 'H TOCSY NMR spectra of daptomycin at 0.12 mM in @ous solutions at
different pH values. (A) Spectral region showing {pH-dependence for the
acidic residues. For Asp-3, Asp-7, and Asp-9, ttaekied cross-peaks are
derived from the backbone amide proton ghgrotons. For mGlu-12, the
tracked cross-peaks are from the backbone amiderp@ndy-proton, and
these cross-peaks are clearly presented at loweowolevel. (B) Spectral
region showing the pH-dependence for the aromatgidues. The pH-
dependence for one of the aromatic resonances flRyis indicated. No salt
was added to the samples. The arrows indicate iteetions of cross-peak
movement with increasing pH.
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Figure 11-6. 'H TOCSY chemical shifts from pH titration of teprotons of Asp-3,
Asp-7, and Asp-9 and theprotons ofy-mGlu-12 of daptomycin without
NaCl. The fitted modified Henderson-Hasselbalctatibn curves are shown
by the continuous curves.
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Figure I1-7. 'H TOCSY chemical shifts from pH titration of tHeprotons of Asp-3,
Asp-7, and Asp-9 and theprotons ofy-mGlu-12 of daptomycin in 150 mM
NaCl. The fitted modified Henderson-Hasselbalctatibn curves are shown
by the continuous curves.
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Table II-1.Estimated pK Values and Hill Coefficients of Daptomycin frof
TOCSY NMR pH Titration Data.

NacCl 150 mM NacCl
Residues pKa Hill Coefficient (n) pKa Hill Coefficient (n)
Asp-3 4.15 + 0.03 0.73+0.03 4.07 +0.02 0.97 +0.04
Asp-7 | ~1.0i+1.72 0.72+0.16/ 1.27 + 0.15 1.31+0.16
Asp-9 3.85 + 0.03 0.71+0.04 3.83+0.03 0.87 +0.05
mGlu-12| 4.55+0.15 0.48 +0.10, 4.39+0.12 0.73+0.14
Kyn-13 | 1.36+0.19 0.88 +0.11| 1.30 + 0.24 0.89 +0.07

%K, value was estimated from changes in chemical, shifih a maximum of 0.2
ppm for the Asp-PB-protons over a complete titration.

PpK, values were estimated from incomplete pH titratianves.
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Figure 11-8. 'H TOCSY chemical shifts from pH titration of Kyn-E8omatic protons of
daptomycin with no NaCl added. The solid curve espnts the best fitted
modified Henderson-Hasselbalch to single ionizaéquilibrium by nonlinear
regression.
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UV and Fluorescence Spectroscopy

The aromatic amine of Kyn-13 has distinct UV angbfescence spectroscopic
properties. The spectral intensity changes of U4 #unorescence spectra due to the
protonation of the amine of Kyn-13 were employedétermine the ionization constant.

The UV absorption spectra of daptomycin in aquesalstions at different pH
values are shown in Figure 1I-9A. The multiple isestic points were observed at 240
nm, 258 nm, 270 nm, and 295 nm. The, pKlue of Kyn-13 was determined to be 1.19 +
0.02 by plotting the absorbance changes measurgbatm as a function of pH (Figure
11-10).

The ionization of the aromatic amine in Kyn-13 vegecifically observed using
pH-dependent fluorescence emission changes (FidugB). As pH values of
daptomycin solutions decreased from pH 4.19 to,&35 emission intensity from Kyn-
13 at 460 nm also decreased, while that from Tgb-355 nm increased. The protonation
of the amine group of Kyn-13 by acid titration redd the efficiency of fluorescence
resonance energy transfer between donor Trp-1 aceptor Kyn-13. By plotting the
emission intensity at 460 nm from Kyn-13 as a fiorcpH, the pK value of Kyn-13 was
determined to be 1.29 + 0.03 (Figure 1I-10). The, pialues measured by UV and
fluorescence spectroscopy are expected to be Iglidiffierent, since fluorescence relates
to the first excited state of the molecule, whilg¢ bheasurement is related to the ground
state. The lowest excited singlet state has artretec distribution which is generally
different from the ground electronic state of thelecule, thus the excited state may be
more or less acidic than the ground state. Generthié excited state pKvalues of the
molecules containing an electron-withdrawing grewe typically greater than those for
the ground stat&

Understanding the intramolecular interactions imptdmycin is important for
understanding its activity and solution propertidsp-3 and Asp-7 are considered as

essential groups for the bioactivity of daptomyCitwe have found here that Asp-7 has
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unique ionization properties. Based on the sequepeeific pk, values and Hill
coefficients reported in this study, the pH-dependgaptomycin species distribution
varied from di-cation (§AZ?"), cation (HA™"), zwitterion (HAY), monoanion (HAY),
dianion (HA?), and trianion (HA) can be calculated as shown in Figure 1-11
(Appendix B). This species distribution plot canused to understand the interactions of
molecular mechanism between daptomycin with othagillsand macromolecules under

the different pH conditions.

Conclusions

The sequence-specific pKletermination of daptomycin has not been reported
previously. In this study, the chemical shifts gfHz of Asp residues and,8, of the
mGlu-12 residue were measured by using the higbdplved NH:@H> and NH:GH,
cross-peaks detected in the 2 NMR TOCSY spectra to obtain the pKalues of the
four carboxyl groups in daptomycin. The p¥alue of Kyn-13 has also been determined
over this pH range using its aromatic proton chahsaifts.

The acidity of the side-chain ionizable group i®sgly influenced by structural
and electrostatic interactions in their local sundings. The average pkalues of
aspartic acid and glutamic acid in folded proteires3.5+1.2 and 4.2+0.9, respectivély.
The pkK, values of daptomycin provide valuable informatadout the local environment.
The apparent pKvalues of 4.07, 1.27, and 3.83 for the three dspacid residues, Asp-
3, Asp-7, and Asp-9, respectively, of daptomycinlB0 mM NaCl, are different than
with added NaCl, suggesting that they are locatealdifferent electrostatic environment.
Asp-7 likely forms a salt bridge with Orn-6 leagito an abnormally low pi®®’ The
slightly higher pK, of Asp-3 than Asp-9 could be attributed to thet fd@at Asp-3 is
located close to hydrophobic residue Trp-1 andpliplic decanoyl taif® The pk, value
determined for Kyn-13 by NMR spectroscopy agreei wigh the values obtained by

UV and fluorescence spectroscopy.
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FigureI1-9. The UV and fluorescence spectra of daptomycin @M in the different
pH solutions with no NaCl added. (A) Representaipt-dependent UV
absorbance spectra of daptomycin solutions. (By&semtative pH-dependent
fluorescence emission spectra of daptomycin solatioThe excitation
wavelength was 285 nm. Trp-1 fluorescent emissiaa at 355 nm, and Kyn-
13 fluorescent emission was at 460 nm.
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Figure 11-10. UV and fluorescence pH titration of Kyn-13 of daptycin with no NacCl
added. The plots are UV absorbance (at 365 nm)flandescent emission
intensity (at 460 nm) for Kyn-13 at 0.12 mM daptanmyas a function of pH.
The solid curves represent the best fit Hendersasskelbalch equation to
single ionization equilibrium by nonlinear regressi
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Figure I1-11. pH-dependent species distribution for daptomyiina non-
aggregation state. The pKalues and Hill coefficients used in this calcidatare pki =
1.01 (Asp-7), n=0.72; pky = 1.30 (Kyn-13), p= 0.88; pkz = 3.85 (Asp-9), n= 0.71;
pKas = 4.15 (Asp-3), n=0.73; pks = 4.55 (MGlu-12), = 0.48; pke = 10.7 (Orn-6), &
= 1.00; The calculations of pH-dependent speciestribution for daptomycin are

described in Appendix B.
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CHAPTER Il EVALUATION OF METHODS TO DETERMINE
DAPTOMYCIN AGGREGATION

Introduction

This chapter describes the development of methadssttdy daptomycin
aggregation. Daptomycin is a lipopeptide that costahirteen amino acid residues
including hydrophobic aromatic residues, such ap-I'rand Kyn-13, a lipophilic
decanoyl tail, and hydrophilic ionizable side-clsafAsp-3, Asp-7, Asp-9, and mGlu-12).

Various methods have been used to investigate dehamism and stoichiometry
of peptide/protein aggregation. Broadly, these i@l methods can be classified as size
determination methods and molecular spectroscomtection. Size determination
methods include size exclusion chromatography ($EGatic and dynamic light
scattering. Molecular spectroscopic detection ideicircular dichronism (CD), Fourier
transform infrared (FTIR), fluorescence spectrogcand nuclear magnetic resonance
(NMR).4O’41

According to the literature, daptomycin aggregatisnnduced by calcium ion,
pH variation, or substrate concentratiori’**® Below the critical aggregation
concentration (CAC), daptomycin molecules are imaroeric form, while aggregation
occurs at and above the CAC. However a systematermination of CAC values of
daptomycin has not been made. Lakey and“Pttkserved that the ratio of fluorescence
yield Kyn-13/Trp-1 increased at daptomycin concatndns of 5 mM, possibly due to
aggregation effects increasing the fluorescenceggniansfer from Trp-1 to Kyn-13;
moreover'H NMR results from aqueous solutions were reporteshow significant line
broadening consistent with aggregation althoughressmtative spectra were not
published. Calcium-induced daptomycin aggregatias wbserved using NME&** The
pronounced broadening of resonances in NMR pHibimaof daptomycin were observed

as decreasing pH up to'2The CAC value of daptomycin in borate buffer siolt(pH
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10) was determined to be 2 mM by surface tensiomsmement® An observed
deviation in hydrolytic reaction order at higherbstrate concentration in alkaline
solutions was attributed to daptomycin aggregation.

Aggregates are defined as protein assembles oéhigblecular order formed by
unfolded (denatured) and/or partially unfolded moees. By contrast, protein associates
are built up of native monomers and can be re-diaged to yield native monomefs.
Strictly speaking, daptomycin “aggregation” is alsssociation”. Thus, the analytical
techniques involving dilution such as size exclaschromatography and flow field
fractionation (FFF) may not be suitable for CACeattetination.

Daptomycin (Figure 1I-1) contains two aromatic flescent residues, Trp-1 and
Kyn-13. The C-terminal carboxyl group of Kyn-13asnnected with the hydroxyl group
of Thr-4 via an ester bond, forming a 10-membeneg. The N-terminal Trp-1 residue is
acylated with a decanoyl aliphatic chain and se@dabetween the lipid chain and the
Kyn-13 residue. The proximity of these two fluoropés arises from a lactone bond,
which connects threonine (Thr-4) side chain with @terminal Kyn-13 residue. Due to
the proximity of the two fluorophores and the oagrlof the donor Trp-1 emission
spectrum (maximum emission wavelength at 355 nnd) &sceptor Kyn-13 excitation
spectrum (excitation wavelength about 355 nm),rlsoence resonance energy transfer
(FRET) occurs between the two fluorophot€® FRET is a distance-dependent
interaction between the electronic excited stateswo functional groups in which
excitation is transferred from a donor (e.g. Trpid )an acceptor (e.g. Kyn-13) without
emission of a photon.

The extent of energy transfer is determined bydikance between the donor and
acceptor and the extent of spectral overlap. Thtadce at which FRET is 50% efficient
is called the “Forster distancé® The spectral overlap is described in terms ofRthester
distance (R). The rate of energy transfef(K) is given by

ke(r) = 1hp (Roln)°
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wherertp is the decay time of the donor in the absencenefgy transfer, Ris the
Forster distance, and r is the distance betweeddher (D) and the acceptor (A). When
the D-A distance (r) is equal to the Forster dista(R), the rate of transfer is equal to
the decay rate (i4) of the donor. Hence, the rate of energy transfetrongly distance-
dependent (1F).*°

The efficiency of FRET is dependent on the invesis¢h power of the distance
between the donor and the acceptor, the relatiemtation of the donor emission dipole
moment and the acceptor absorption dipole momaedtitee spectral overlap of the donor
emission spectrum and the acceptor absorption rspett Therefore, the fluorescence
emission patterns are expected to be useful tocdetnformational transitions and
aggregation of daptomycin. The emission fluoreseeinom Kyn-13 in daptomycin at
460 nm was shown to be a sensitive probe for daptomphospholipid membrane
interactions:* FRET as a probe of peptide cyclization was ex@tbib detect the cyclic
ring opening during alkaline hydrolysis and thefeténces of Kyn-13 fluorescence
between the linear and cyclized peptité’

Besides utilizing the fluorescence properties ttectedaptomycin aggregation,
dynamic light scattering (DLS) is also potentialligeful for measuring CAC and
hydrodynamic radius of daptomycin aggregates, @artisize distribution of the
aggregates. DLS is a sensitive, noninvasive, amdlestructive technique to detect the
presence of small aggregates (< 1 um). DLS meageraporal fluctuation in the
intensity of scattered light as a result of Brownmotion.Smaller particles move faster,
and the larger ones move slower. The dynamic ptiegeof the scattering solute
molecules are derived from the autocorrelation fionc G@) calculated from the
fluctuations of the scattered light. The autocatieh function Gf) can be expressed as

following:
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G(1) = j )t +1)dt =B+ Ag~ 29Dt
o

Wherel () is the intensity of the scattered light at initiahet, z is the delay time,
B is the baselineA is the amplitudeD is diffusion coefficient, and is the scattering
vector:

g = (4nno/ho)sin(®/2)

where,

N - the refractive index of the solvent

Ao = the wavelength of laser light

0 = the scattering angle

The relationship between hydrodynamic radius anffiusion coefficient is
expressed by the Stokes-Einstein equation:

Rn = kT/6nmo D

where,

Rn = apparent hydrodynamic radius

T = absolute temperature

k = Boltzmann constant

Mo = solvent viscosity

G(r) decays exponentially as a function of the timeaglet. The rate of the
intensity fluctuation is directly related to tharslational diffusion coefficient (D).

At low t values, the positions of the solute molecules thedintensities of the
scattered light are highly correlated, and)Gg large. At highet values, the positions of
the solute molecules become less correlated, amdp&fgressively decreases. When a
large number of monodisperse solute moleculesfbp@stiare moving randomly, ©(
decays exponentially as a function of the time yleta Analysis of these intensity
fluctuations also enables the determination of ze glistribution of particles using

established modefé.
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Compared with the hydrodynamic radius,\Ralues and molecular weights of
proteins (e.g., lysozyme, 14 kDa at 1.9 nm; insul84 kDa at 2.7 nm; and
immunoglobulin G, 160 kDa at 7.2 nm), daptomyciraieelative small lipopeptide with
molecular weight 1.6 kDa. The expected hydrodynamiius of aggregated daptomycin
is expected to bec 10 nm depending on the aggregation number. A sendight
scattering instrument with a non-invasive-backista(NIBS) detection angle at 173°
was selected to directly measure the hydrodynaadius and size distribution because it
can measure a minimum particle size < 1 nm. Thé&duadter detection can extend the
range of sizes and concentrations of samples, wepdetection sensitivity, reduce the
multiple scattering and measure higher concentraamples.

With multiple ionizable side-chain residues, ioti@a states and net charge of
daptomycin varying with pH, daptomycin aggregati®predicted to be sensitive to both
pH and substrate concentration. The sequence-gp@&f values for the four acidic
residues and one aromatic amine (Kyn-13) in daptomwvere determined by 2D
TOCSY NMR pH titration as reported in Chapter IheTestimated pKvalues for Asp-3,
Asp-7, Asp-9, mGlu-12, and Kyn-13 were determinede 4.3, 1.0, 3.8, 4.6, and 1.3 in
aqueous solution. The gkalue of the primary aliphatic amine (Orn-6) wasiraated by
potentiometric titration to be 10'7 The aromatic amine (Kyn-13) is a much weaker base
due to resonance delocalization of the nonbondgfrens in the free amine.

The objective of the work presented in this chaptas to evaluate methods for
determining the CAC of daptomycin using fluores@eapectroscopy, DLS, and NMR. A
method for estimating CAC based on FRET was deeelofupporting evidence for the
estimated CAC values was obtained using the intensorrelation function and
hydrodynamic radius distribution from DLS measuratnand from the changes of

proton resonance intensities and linewidths usiMRN\spectroscopy.
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Materials and Methods

Materials

Daptomycin obtained from Eli Lilly Research Labar@s (Indianapolis, IN) was
used as received. L-kynurenine was purchased frétrBMmedicals, LLC (Solon, OH).
Sodium chloride, sodium hydroxide solutions, hydiodc acid solutions were
purchased from Fisher Scientific (Fair Lawn, NJeuBerium oxide (100% D) was
purchased from Cambridge Isotope Laboratories (Ciaody, MA). Standardized pH
buffers of 2, 4, 7, and 10 were obtained from Risbaentific (Fair Lawn, NJ). All other
chemicals used were reagent grade or higher quedity Sigma-Aldrich (St. Louis, MO)
and Fisher Scientific (Pittsburgh, PA).

Methods

Preparation of daptomycin solutions

To compare the fluorescence properties of kynueeaimd Kyn-13 in daptomycin,
daptomycin and kynurenine aqueous solutions at PHvére separately prepared at 0.23
and 0.24 mM, respectively.

Based on the estimated pKalues of daptomycin, the four side chain acids ar
completely ionized at pH 6.5, and the net chargeaptomycin is negative 3. At pH 4.0,
the side-chain acidic residues are partially iothizEhus, these two pH conditions (pH 4.0
and 6.5) were used to investigate the utility aiaas analytical methods.

Aqueous solutions of daptomycin were prepared endbncentration range from
0.05 to 21.21 mM. The solution pH values were admisvith diluted sodium hydroxide
or hydrochloric acid solution and diluted to thegted concentrations with the same pH
values of deionized water at pH 4.0 or 6.5. Therpéhsurements were made at room
temperature using an Accumet Model 25 pH/lon Meted an Accumet 3 mm Ingold

combination electrode with an AgCI reference eta#r (Fisher Scientific, Fair Lawn,
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NJ). The pH meter was calibrated with three cedifstandards pH 2, pH 4, and pH 7
(Fisher Scientific, Fair Lawn, NJ). Sample pH wasasured before and after

spectroscopic measurements.

Fluorescence spectroscopy

Fluorescence spectra were recorded using a PehkiarBL.S55 luminescence
spectrometer (Perkin Elmer Inc., Norwalk, CT) abrmmotemperature. To measure the
emission intensities from both Trp-1 and Kyn-13ptdaycin solutions were excited at
285 nm. The emission spectra were collected fromt83%50 nm. The scan rate was set
at 250 nm/minute. The excitation and emission sidths were set to 4 and 3 nm,
respectively. Initially a cuvette with a 10 mm pa¢imgth was used. But to expand the
measured concentration range in the presencefedueehching, 3 and 1 mm path length

cuvettes (Starna Cells, Inc., Atascadero, CA) wise.

Dynamic light scattering

Dynamic light scattering (DLS) experiments were cweted at 298 K with an
ALV-NIBS High Performance Particle Sizer (Model M&.V-NIBS/HPPS, S/D: NIBS-
20034, ALV-Laser Vertriebsgesellschaft m.b.H Langé€permany). Scattered light
intensity (He-Ne laser 632.8 nm) was detected aragie of 173 with an ALV-5000/E
multiple tau digital correlator. Prior to perforngirmeasurements, samples were filtered
through a 0.2um filter membrane (Anotop Inorganic Membrane Fjltdthatman). The
ALV correlator setup was 3 runs each of 10 secamattbn. The CONTIIN algorithm

was used to estimate hydrodynamic radius and padize distribution.

NMR spectroscopy

1D proton NMR spectra were collected with a Bruksance Il 500 MHz US2
spectrometer in 90% 4@/10% B0 at daptomycin concentrations from 0.11 to 21 mM i

pH 4.0 and 6.5.
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Results

Fluorescence Spectroscopy

Fluorescence spectra of daptomycin and kynurenine

The emission spectra of daptomycin and kynurening.23 and 0.24 mM
concentration and pH 4.0 are shown in Figure lIKynurenine showed only weak
fluorescence around 420 nm (excitation at 285 Arhg emission peaks of daptomycin
were 355 nm from Trp-1 and 460 nm from Kyn-13 (&toon at 285 nm). The
fluorescent emission intensity from Kyn-13 of daptain was much stronger than that
from kynurenine, and the emission wavelength alsiftesl due to the fluorescence

resonance energy transfer (FRET) between Trp-1Kgnell 3.

Aggregation detection by fluorescence spectroscopy

Shown in Figures IlI-2 and 3 are the fluorescenmExsa of daptomycin solutions
at pH 4.0 (llI-2) and 6.5 (11I-3). In pH 4.0 solatis, the emission intensities from both
Trp-1 at 355 nm and Kyn-13 at 460 nm increasechaglaptomycin concentration was
increased from 0.06 to 0.11 mM. At higher concdirs, e.g. at 0.23 mM and 0.57 mM,
the magnitudes of the concentration-dependent emigstensities at 460 nm from Kyn-
13 increased dramatically, while the emission isitggs of Trp-1 at 355 nm decreased.
The fluorescence emission intensities from Trp-d Kgn-13 changed differently with an
increase in daptomycin concentration, which indidata occurrence of either a
conformational transition or aggregation. At pH ,6d®th the fluorescence emission
intensities at 460 nm (Kyn-13) and at 355 nm (Typficreased in the concentration
ranges 0.05 to 0.50 mM. The concentration emissitensities at 460 nm at both pH
values are compared in Figure IlI-4. The intensiae460 nm abruptly increase at pH 4.0
(> 0.12 mM) whereas a gradual increase at pH Gmbbeaobserved. The fluorescence

intensity changes as a function of daptomycin cotreéon at pH 4.0 (llI-5A and 6A)
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and 6.5 (llI-5B and 6B) with 3 mm and 10 mm pathgh cuvettes are plotted. AH
6.5, no upward inflection point of the emissioreimgities at 460 nm was observed, and
the fluorescent emission patterns from Trp-1 andn-K$ changed similarly as
daptomycin concentration increased.

Since the emission patterns at 355 nm and 460 arasmociated with daptomycin
concentration, the plot of fluorescent responseutaled by the ratio of fluorescent
intensity to daptomycin concentration is also atidator of CAC. In Figure l1lI-7, the
normalized fluorescent responses are plotted dgdires concentration. The abrupt
change of fluorescent response was detected at.@KII47A), but not at pH 6.5 (llI-
7B).

In Figure 111-8, the fluorescent intensity at 46 fleft Y-axis) and the maximum
emission wavelength from Trp-1 between 300 to 3ib (nght Y-axis) are displayed
together. Corresponding to the fluorescent intgnisitrease at 460 nm, the maximum
emission wavelength shifted to short wavelength4(36 338 nm). The emission
wavelength of Kyn-13 at 460 nm did not change.

Taken together these results suggest that the @AGafptomycin at pH 4.0 was
0.12 mM, while no observable CAC was detected at@%bl Confirmation that the

observed fluorescent changes are due to aggregasismbtained using DLS and NMR.

Dynamic Light Scattering
The normalized autocorrelation function plots optenycin at pH 4.0 and 6.5
are shown in Figure 11I-9. The correlation functisnexpected to drop rapidly for small
particles and more slowly for larger particles. pil 6.5, the normalized intensity
correlation function of both 0.25 and 3.65 mM dapyoin solutions rapidly decreased.
The hydrodynamic radii were extracted from nornelizntensity correlation functions
based on number weighting. The normalized distioimst of hydrodynamic radii

(logarithmic scale) of daptomycin at pH 6.5 and 4ré shown in Figures IlI-10. The
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hydrodynamic radius of daptomycin at pH 6.5 remaireonstant at the smallest
measurable size (0.6 nm) up to 7.32 mM (Figurel@A), suggesting the absence of
aggregation in solutions.

In contrast, at pH 4.0, the normalized intensityrelation function of daptomycin
solutions drastically decreased from solutions.&fi <M, but dropped off more slowly
at 0.21 mM and 3.30 mM. The hydrodynamic radiudagtomycin at pH 4.0 above 0.20
mM increased to 2 — 3 nm (Figure 111-10B), whicldicated that daptomycin aggregates
were formed at higher concentrations.

The count rate plots of daptomycin solutions at4Bl and pH 6.5 are shown in
Figure IlI-11. The CAC value of daptomycin at pH) 4vas observed at 0.12 mM from
the inflection point of the plot of count rate vessdaptomycin concentration. The count
rate plot of daptomycin solutions at pH 6.5 wadaa line. Daptomycin aggregated at

higher concentrations at pH 4.0, but not at pH 6.5.

44



45

350

300 -

0.23 mM Daptomycin
— — 0.24 mM Kynurenine

250 A

200 -

150 -

100 -

Relative fluorescence intensity

50 A

300 350 400 450 500 550
Wavelength (nm)

FigureIl1-1. Emission spectra of daptomycin and kynureninegimeaus solutions at pH
4.0. (cuvette path length 10 mm; excitation wavgierat 285 nm).
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Figure 111-2. Emission spectra of daptomycin aqueous solutiondHa4.0 (cuvette path
length 3 mm; excitation wavelength at 285 nm).
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Figure 111-3. Emission spectra of daptomycin aqueous solutiondHa6.5 (cuvette path
length 3 mm; excitation wavelength at 285 nm).
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Figure Il1-4. Changes in the fluorescence intensities of thdemiht daptomycin
concentrations at pH 4.0 and 6.5. (cuvette patlgtler8 mm; excitation
wavelength at 285 nm).
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Figures 111-5. Changes in the fluorescence intensities of théemiht daptomycin
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Figures 111-6. Changes in the fluorescence intensities of théemiht daptomycin
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Figures 111-7. Plots of fluorescence responses (the ratio offitteescence intensity to

daptomycin concentration) at pH 4.0 (A) and pH @% (cuvette path length
3 mm; excitation wavelength at 285 nm).
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FigureI11-8. Plots of emission intensities at 460 nm and marmamission wavelength
(300 — 375 nm) as a function of daptomycin conedian at pH 4.0. (cuvette
path length 10 mm; excitation wavelength at 285.nm)
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NMR Spectroscopy

The aggregation of daptomycin was further confirnbgdanalyzing the changes
of the resonance linewidth and intensity of NMRdpe as a function of concentration.
lllustrative NMR data at 21.21 mM are presentedrigure 111-12 where daptomycin
exists in the monomeric non-aggregated state af.pHas evidenced by the presence of
sharp lines in the NMR spectrum. In 1D proton NM#eara of daptomycin solutions at
pH 4.0 (Figure 1lI-13), the resonance linewidth datened as the concentration of
daptomycin solutions at pH 4.0 increased from Gd.D.17 mM. The aromatic proton
resonances of the residues Trp-1 and Kyn-13 betvée®® to 7.70 ppm showed an
increase in linewidth and a decrease in resonantendities. The distinct proton
resonance at 10.18 ppm of the N-H in the indoléhefTrp-1 residue almost completely

disappeared due to molecular aggregation.

Conclusions

The fluorescence approach for aggregation detetramaitilizes the fluorescent
properties of either intrinsic or extrinsic profésyhich are affected by the polarity of
their environmentsd’>! Below the CAC, fluorescent probes are mainly iragoeous-like
medium, where as above the CAC, they are exposkddgoolar environment. Based on
FRET from donor Trp-1 to acceptor Kyn-13, the aggt®n and conformation of
daptomycin was studied. The abrupt upward emissiamsity inflection at 460 nm from
Kyn-13 is due to the increase of the efficiencyF®ET from Trp-1 to Kyn-13. The CAC
of daptomycin at pH 4.0 was determined to be 0.M lny the upward inflection of the
fluorescence emission at 460 nm as a function pfasaycin concentration. Above the
CAC, a significant enhancement of fluorescencensitg at 460 nm from Kyn-13

occurred, while the emission intensity at 355 namfrTrp-1 decreased (Figure 11I-5A).
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The emission spectrum of Trp-1 residue is highlysitere to solvent polaritf?
As daptomycin aggregates, the emission wavelengte-ghifted from Trp-1 was also
observed due to its less polar environment.

The concentration-dependent aggregation of daptonsaution at pH 4.0 was
also observed from DLS data manifested as condemtrdependent correlation function
changes (Figure 111-9). The hydrodynamic radiusnmalized distribution of daptomycin
at pH 4.0 (Figure IlI-10B) shows daptomycin aggtegawere observed at higher
concentrations. At pH 6.5, no aggregates were thgtan the daptomycin concentration
ranges from 0.06 to 7.32 mM (Figure 11I-10A).

While the correlation function data are not suigatdr complicated mathematical
regression calculations at the lower concentraborsmaller particles, the count rate
values that measure the number of photons detgeedecond can be used for CAC
measurement. Both the patrticle sizes and concemtsadf species in samples affect the
count rate values. The intensity of scattered liglgroportional to the sixth power of the
particle radius, so the effect of particle sizdigh as aggregation occurs. The inflection
point of the count rate plot at pH 4.0 correlatethwhat observed for concentration-
dependent fluorescence intensity. The plots of tousme versus daptomycin
concentration (Figure 1lI-11) demonstrated the pnes and absence of aggregation at
pH 4.0 and 6.5, respectively. The count rate iemssly a turbidity measurement, but
the conventional UV/Vis/NIR spectrometers do naiedethe subtle scattering intensity
changes of daptomycin solutions.

A similar CAC value at pH 4.0 was also identifia@rh NMR spectra. The
considerable resonance intensity decrease of dgptoIMR spectra from 0.11 to 0.17
mM at pH 4.0 is shown in Figure IlI-12. Daptomycaggregation causes the peak
intensity decrease and line broadening due to rapitsverse spin relaxation (i.e., rapid

return from excited to ground staté)Combined with DLS and NMR techniques, the
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CAC value at pH 4.0 has been successfully detecldce CAC obtained with
fluorescence spectroscopy conforms to that usimguaiyc light scattering and NMR.
lonization differences of daptomycin between pH 4@l 6.5 are expected to
result in significant differences in aggregatiorh&g@or wherein the increased negative
charge at higher pH results in electrostatic repaland no aggregation. CAC detection
of daptomycin by an upward inflection of fluorest@mission at 460 nm, a broader
NMR resonance linewidth, and DLS methods are ineggnagreement. The effects of
factors such as concentration, pH, temperature, eadium ion on daptomycin

aggregation will be further discussed in Chapter IV
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Figurelll-12. 1D proton NMR spectrum of daptomycin solution Et§5 at 21.21 mM.
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Figure I11-13. 1D proton NMR spectra in aromatic region of dapyoin at pH 4.0 at
two concentrations (0.11 and 0.17 mM).
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CHAPTER IV EFFECTS SOLUTION COMPOSITION ON
DAPTOMYCIN AGGREGATION

Introduction

In the previous chapter, an effective method faimesting CAC of daptomycin
using FRET was presented. In this chapter, thewsfief concentration, pH, temperature,
and calcium ions on daptomycin aggregation will fresented using FRET, NMR
spectroscopy, dynamic light scattering (DLS), atadislight scattering (SLS).

In contrast to DLS which depends on fluctuationstleé scattered light as a
function of time, SLS measures the time-averagectdhtions of scattered light intensity
and provides a direct measure of absolute moleowsdght and the 2 virial coefficient
(B2y). The 29 viral coefficient (B,) is related to the interaction strength betweem th
particles and the solvent or appropriate dispensaaium.

The intensity of scattered light of macromolecutedependent on concentration,
size and shape of the molecule, and experimentadlitons. When the particles in
solution are much smaller than the wavelength ofdent light (hydrodynamic radius
less thari/20), the intensity of the scattered light is umfioin all directions (Rayleigh
scattering). To characterize the normalized intgnsi the scattered light, the Rayleigh
ratio (R) is defined as:

Ry = Iy /lo = KcM

Where §} is the intensity of the incident lighty Is the total intensity of the
scattered light (per unit scattering volume) meeguat an anglé at a distance r from the
scattering volume by the detector, c is the comaéinh, and M is the molecular weight
of the solute, K is the optical constant explairnedow. To obtain ¢ the scattering
intensity of the solvent has to be measured anttatbd from the scattering intensity of
the solution to know the contribution of the pdd&macromolecules. The intensity of

scattered light is proportional to the productlod tveight-average molecular weight and

61



62

the concentration of the particle. Thus by measgutire scattered intensity of a sample
one can determine the average molecular weight.edery the concentration and the
refractive index increment must be known with aacyrto measure the molecular
weight accurately.

In the non-ideal polymer solutions, Rayleigh rdfRg) is expressed as following
equation:

Kc/Ry = 1/My, + 2By,C

where,

K = 4n°ne?(dn/dcf/Nar*

C = the concentration of the scattering species

dn/dc = the differential refractive index incremétie specific refractive index,

dn/dc), which is the change in refractive indexadsnction of the change
in concentration.

Na = Avogadro’s number

A = the wavelength of the incident laser light

no = the refractive index of the solvent

Ry = Rayleigh ratio ab scattering angle

B,, = the second osmotic virial coefficient of thetseang solutes

By measuring the intensity of scattered light (Rg) of various concentrations of
sample at one angle and comparing with the scaftgsroduced from a standard (i.e.
toluene), a Debye plot of scattered light inten@ig/Ry) versus concentration (c) can be
obtained. The intercept will give the molecular g¥di(intercept = 1/\), and the slope
will give the second viral coefficient (slope = 2B>%**

The purpose of this research is to investigate fdetors on daptomycin

aggregation using the developed method.
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Materials and Methods

Material

Daptomycin obtained from Eli Lilly Research Labaras (Indianapolis, IN) was
used as received. Sodium chloride, calcium chlor@@l or 0.1 M sodium hydroxide
solutions, 0.1 or 1 M hydrochloric acid solutiorteluene (HPLC grade), phosphate
buffered saline (PBS) were purchased from Fisheer@iic (Fair Lawn, NJ). Deuterium
oxide (100% [RO) was purchased from Cambridge Isotope Laboraqi@zambridge,
MA). Standardized pH buffers of 2, 4, 7, and 10 avebtained from Fisher Scientific
(Fair Lawn, NJ). All other chemicals used were srdggrade from Fisher Scientific

(Pittsburgh, PA).

Methods

Preparation of daptomycin solutions

Daptomycin aggregation behavior was studied in aagsiesolutions in the pH
range 2.5 to 6.5. The daptomycin concentrationedrfgom 0.00 to 21.21 mM. The pH
values of daptomycin solutions were carefully coltd and measured before and after
analytical measurements. The pH measurements wamle at room temperature by using
an Accumet Model 25 pH/lon Meter and an Accumetr8 Ingold combination electrode
with an AgCl reference (Fisher Scientific, Fair LawNJ). The pH meter was calibrated
with three certified standards pH 2, pH 4, and pffigher Scientific, Fair Lawn, NJ).

The temperature effect on daptomycin aggregatiors warformed in the
concentration range from 0.06 to 3.11 mM at pH a&gbeous solution. The samples in
fluorescence quarts cuvette were thermostatted an#@l 40°C using circulating water
with a Thermo Hakke C10-B3 Heating Circulator Bdithermo Hakke, Newington,
NH).
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The calcium ion effect on daptomycin aggregations warried out in the
daptomycin concentration range from 0.0026 to Or\@ at pH 7.4 and 6.5 in presence

of calcium ion concentrations at 1.0 and 10 mMpeesively.

Dynamic light scattering

Dynamic light scattering experiments were conduae®98 K with an ALV-
NIBS High Performance Particle Sizer (Model No ADNIBS/HPPS, S/D: NIBS-20034,
ALV-Laser Vertriebsgesellschaft m.b.H Langen, Gamg)aScattered light intensity (He-
Ne laser 632.8 nm) was detected at an angle ot @itB an ALV-5000/E multiple tau
digital correlator. Prior to performing measurensestimples were filtered with a Quéh
filler membrane (Anotop Inorganic Membrane Filtéfhatman). The ALV Correlator
setup was 3 runs each of 10 second duration. ThRTOQ algorithm was used to

extract hydrodynamic radius and patrticle size itistion.

Static light scattering

Static light scattering experiments were conductedh the same ALV-
NIBS/HPPS High Performance Particle Sizer as desdrin dynamic light scattering
measurement. The scattering intensity of toluenth vai known Rayleigh ratio and
refraction index was first measured as a standard.

The differential refractive index increments (thpegsific refractive index, dn/dc)
of daptomycin solutions at pH 4.0 and 6.5 were mesb by using an ABBE
refractometer (Bellingham & Stanley, Ltd.) at &5 circulated with a water bath (Fisher
Scientific). A laser light source with the same wef@ngth (632.8 nm) as the light

scattering instrument was used.

Fluorescence spectroscopy

Fluorescence spectra were recorded using a PehkiarBH.S55 luminescence

spectrometer (Perkin Elmer Inc., Norwalk, CT) abrmotemperature. To measure the
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emission intensities from both Trp-1 and Kyn-13ptdaycin solutions were excited at
285 nm, and the emission spectra were collected #60 to 550 nm. The scan rate was
set at 250 nm/minute. The excitation and emissibnvidths were set to 4 and 3 nm,
respectively. To reduce self-absorbing quenchimgces in high concentration solutions,
besides a 10 mm quartz cuvette, a 3 mm, or 1 mim leagth quartz cuvette (Starna

Cells, Inc. Atascadero, CA) was used based ondhgien concentration.

NMR spectroscopy

1D homonuclear proton NMR spectra were collectetth either a Bruker Avance
I 500 MHz or 800 MHz US2 spectrometer in 90%CG#AL0% DBO at daptomycin

concentrations from 0.11 to 21 mM in the pH ranb2.6 to 6.5.

Results

Solvent pH Effects

With multiple ionizable groups, daptomycin aggregatis expected to be pH-
dependent. The CAC values of daptomycin aqueouwsisos$ in the range from 2.5 to 6.5
were first identified using fluorescence spectreycby the upward inflection points of
fluorescence emission at 460 nm with increasingtaiapcin concentration; then
confirmed by dynamic light scattering, measuring tipward inflection points of count
rate versus concentration and hydrodynamic radarsg by NMR spectroscopy,
analyzing the changes of the resonance linewidthratensity of NMR spectra.

The emission intensities at 355 and 460 nm of daptm solutions in pH 2.5 are
shown in Figure IV-1. Below 0.20 mM, both emissiamensities increased with
daptomycin. Above 0.20 mM, the upward inflectionm@f emission intensity at 460 nm
was observed, and the emission intensities at 385dacreased. There were linear
relationships between daptomycin emission integsiit 460 nm and its concentrations

below and above the inflection point CAC whereas ¢bncentration quenching did not
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occur. The inflection point of emission intensity 460 nm was estimated by the
intersection of the two lines drawn using data irdrage above and below the apparent
inflection. The linear regression equations witlyghhiR values between fluorescence
intensity at 460 nm and daptomycin concentratian displayed in Figure IV-1, Y=
2.6127 + 228.9449X, and R = 0.9998; ¥ -121.3470 + 834.9690X, and R = 0.9997;
where, X is daptomycin concentration in mM, andand Y, are the emission intensities
at 460 nm below and above the inflection pointpeesively. The upper inflection point
or CAC value of daptomycin at pH 2.5 was estimatedbe 0.20 mM from the
intersection point of the two linear lines. ShowrFigure 1V-2 are the count rate plot and
the emission intensity at 460 nm versus daptomgoimcentration in pH 2.50 aqueous
solutions. The inflection point of the count ratersus daptomycin concentration also
appeared at 0.20 mM. In Figure IV-3 displayed aeedromatic proton NMR spectra of
daptomycin in pH 2.5 aqueous solutions at the aunagons of 0.20, 0.25, and 0.50
mM. As daptomycin concentration increased from 0t@00.25 mM, the resonance
intensity decreased, and linewidth became broddey, the chemical shift of proton at
N-H in indole at 10.07 ppm).

The emission intensities at 355 and 460 nm of daptmn in pH 3.0 agueous
solutions are shown in Figure 1V-4. The upwardenfion point of the emission intensity
at 460 nm was identified to be > 0.12 mM. Similady described the estimation of
daptomycin CAC value at pH 2.5, the CAC value optdanycin at pH 3.0 shown in
Figure IV-4 was estimated to be 0.14 mM from theersection point of the two lines,
where Y, = -0.3249 + 229.1160X, and R = 0.9984;-Y-127.3552 + 1107.2745X, and R
= 0.9990; X is daptomycin concentration in mM, avig and Y, are the emission
intensities at 460 nm below and above the inflecfoint, respectively. The variations of
the normalized intensity of the correlation funosoat the concentration < 0.31 mM are
displayed in Figure IV-5. The mean hydrodynamiciir&xtracted based on number

weight calculation from the correlation functiossshown in Figure 1V-6. Daptomycin
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hydrodynamic radius started increased with coneéiotr above 0.18 mM. The
hydrodynamic radius of daptomycin aggregates washated to be about 2 nm in pH 3.0
aqueous solutions. Shown in Figure 1V-7 are thergcence intensity at 460 nm and the
count rate as a function of daptomycin concentmatiopH 3.0 aqueous solutions. The
inflection point of fluorescence intensity at 460 matched that of the count rate plot.

Similarly, the emission intensity changes at 3589 460 nm, the normalized
intensity of the correlation functions, and the mbrates and emission intensities at 460
nm as a function of daptomycin concentrations indp®laqueous solutions are shown in
Figure IV-8, IV-9, and IV-10, respectively. In FigulV-8, the CAC value of daptomycin
at pH 4.0 was estimated to be 0.12 mM from thesetetion point of the two lines, where
Y1 = -0.5455 + 223.3124X, and R = 0.9953; % -109.0445 + 1120.8506X, and R =
0.9989; X is daptomycin concentration in mM, andand Y, are the emission intensities
at 460 nm below and above the inflection pointpeesively. The hydrodynamic radius
of daptomycin aggregation based on number weightulzion from correlation
functions in pH 4.0 solutions is about 2 — 3 nme Tihflection points from fluorescence
intensity at 460 nm and count rate of daptomycinevgmilar.

Shown in Figure IV-11 are the emission intensita&s355 and 460 nm of
daptomycin in pH 5.0 aqueous solutions. The CAQieaf daptomycin at pH 5.0 was
estimated to be 0.20 mM from the intersection poirthe two lines, where (Y= 3.5684
+ 225.0065X, and R = 0.9995;,¥ -75.4243 + 620.8618X, and R = 0.9999; X is
daptomycin concentration in mM, and #nd Y, are the emission intensities at 460 nm
below and above the inflection point, respectivelshe normalized intensity of
correlation functions of daptomycin solutions in @0 are shown in IV-12. The
intensities and patterns of the correlations fumgiwere observed to be quite different
above and below the critical concentration at Gv#@ concentrations. In Figure IV-13,
1D aromatic protons NMR spectra of daptomycin in pl® aqueous solutions also

demonstrated that the resonance linewidths becamadér as the daptomycin
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concentration above 0.25 and 0.50 mM. The hydrogynaradius of daptomycin
aggregation in pH 5.0 solutions is also about 2s4which were calculated based on the
number weight from the normalized intensity of etation functions DLS data.

Daptomycin behaves differently in aqueous solutwhsrein the pH value was >
5.0. At pH 5.5, the upward inflection point of temission intensity at 460 nm shown in
Figure 1V-14 was not apparent. Up to 2.5 mM, 1D NMPectra (Figure IV-15) of
daptomycin in pH 5.5 solutions still showed shagponance peaks and the resonance
intensities increased with daptomycin concentratidaptomycin did not form detectable
aggregates in solutions prepared at pH 5.5 andrstdsoncentration up to 2.5 mM.

Since the workable concentration range of the seadluorescence spectroscopy
is very low, to lessen the effects of concentratyuenching, the smallest path length
cuvette (1.5 mm) was used. Shown in Figure IV-¥5the emission intensities at 460 nm
from Kyn-13 of daptomycin in both pH 4.0 and 6.%usions. The concentration induced
guench was significantly reduced, and the emissitensities at 460 nm of daptomycin
solutions were not drastically reduced up to 10 odvicentration.

To minimize the concentration-quenching effect, sherter path length cuvettes
(3 and 1.5 mm) were used to collect the fluoreseespectra of daptomycin in higher
concentrations in pH 6.0 and 6.5 aqueous solutions.

The fluorescence intensities at 355 and 460 nm &setion of daptomycin
concentration in pH 6.0 and 6.5 solutions usinght®and 1.5 mm path length cuvettes
are shown in Figure IV-17 and IV-18, respectivdtya 3 mm path length cuvette, both
emission intensities from Trp-1 and Kyn-13 startéddcreasing as daptomycin
concentration at 2 mM. In a 1.5 mm path length teyeup to 20 mM, the emission
intensity from Kyn-13 increase with the decreasoighat from Trp-1. As the shortest
path length cuvettes was used, the upward inflegimints of the emission intensities at
460 nm were observed. The similar results were daas daptomycin in pH 6.0 and 6.5

solutions. The 1D NMR spectra of daptomycin in pa @igure 1V-19) and 6.5 (Figure
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IV-20) solutions also exhibited sharp proton resmea peaks. However, as the
concentration increased from 10.6 to 21.2 mM inuFeglV-20, the chemical shifts in
Trp-1 residue changed from 10.02 to 9.95 (N-H ohole ring) and from 7.9 to 7.7 (amide
proton). The chemical shifts of the aliphatic pr@way from the two aromatic residues
remained unchanged over the same concentratior r@hgure 1V-20). The normalized
intensities of the correlation functions of daptamyin pH 6.50 aqueous solutions up to
10 mM are displayed in Figure IV-21. There was mmificant lag time observed from
the normalized intensity of correlation functiontie range of daptomycin concentration
between 0.53 to 10.56 mM in pH 6.5 solutions. Tldrbdynamic radius based on the
correlation functions (Figure IV-21) measured by®vas below 1 nm or not detectable.
In Figure 1V-22, the count rates as a function afptdmycin concentration in pH 6.5 was
almost a straight line, and the inflection pointtieé count rate plot was not found up to
10 mM.

In summary, the fluorescence intensities at 460asm function of concentration
in various pH aqueous solutions from pH 2.5 to&@éshown in Figure IV-23. The CAC
values of daptomycin the different pH solutions evénvestigated. Below pH 5.5, the
upward inflection points of fluorescence intensited 460 nm were identified. The CAC
values of daptomycin were estimated to be 0.14 hpHa3.0, 0.12 mM at pH 4.0, and at
0.20 mM at pH 2.5 and 5.0. Above pH 5.5, the samsitipward inflection points of
emission intensity changes as a function of comagah at 460 nm from Kyn-13 were

not distinctly found.

Static Light Scattering
The aggregation status of daptomycin in pH 4.0 @&ifdaqueous solutions was
also characterized by SLS. In Figure IV-24, the snead specific refractive index
(dn/dC) values of daptomycin aqueous solutionsHn4p0 and pH 6.5 are 0.1842 and

0.1906, respectively. Listed in Table V-1 are theasured average molecular weights
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and the calculated aggregation numbers of daptamyased on the molecular weight
1620.67 at the concentrations 1.50, 3.75, 6.30,12060 mM in pH 4.0 and 6.5 solutions.
The aggregation numbers of daptomycin were estonia¢ééween 16 to 20 in pH 4.0 and
around 1 in pH 6.5 from 1.50 to 12.7 mM concenbratiange, respectively. These SLS
results confirmed the aggregation of daptomycin feased in pH 4.0 solutions, but not
detected in higher pH solutions, e.g. pH 6.5. k& ¢bncentration range between 1.50 to
12.70 mM shown in Table 1V-1, daptomycin was in moeric state in pH 6.5, but in

multimeric state in pH 4.0.

Effect of Temperature

The temperature effect on daptomycin aggregatiors \wevestigated using
fluorescence spectroscopy. Figure IV-25 shows bés of fluorescence intensities of
daptomycin in pH 4.0 aqueous solutions &@%and 40C. From the inflection points of
the emission intensity at 460 nm, the CAC valuedagftomycin aqueous solutions in pH
4.0 at 28C and 40C were identified to be 0.12 mM and 0.27 mM, resipety. The
emission intensities at 460 nm from Kyn-13 aboveGCa&t 25C were much stronger
than those at 4C, while there were no differences of the emissndensities at 355 nm

from Trp-1.

Effect of Calcium lons

Calcium ions are known to neutralize the negatiwarges of daptomycin and
induce daptomycin aggregatioh™* Due to the fluorescence energy transfer between th
Trp-1 and Kyn-13, the fluorescence emission pastefndaptomycin at 355 and 460 nm
are closely related with pH, daptomycin concerntragtiand calcium ion concentrations.
The fluorescence properties of daptomycin inducgddicium ions were investigated in
pH 7.4 and 6.5 solutions. In the absence of caleams, the CAC values of daptomycin
in pH 6.5 solutions were not observed using anyhef methods described including

fluorescence, dynamic light scattering, and NMR.1I@ mM calcium ions phosphate
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buffer (pH 7.4) solutions, the fluorescence spectrdaptomycin are shown in Figure IV-

26. As daptomycin concentrations increased froml D@ 0.026 mM, the fluorescence
spectral patterns were not changed, and both emigsiensities at 355 nm and 460 nm
increased with daptomycin concentration. Howeviee, fluorescence spectral patterns
were noticeably changed at the very low concemtnatange between 0.065 to 0.157
mM, the enhancement of the emission intensity fikbm-13 along with the decrease of
the emission from Trp-1. The emission intensitiebah 355 and 460 nm are plotted in
Figure IV-27. The upward inflection point of the ission at 460 was not observed.
However, the increase of the emission intensit4@ nm from Kyn-13 corresponded

with the decrease in the emission intensity atf8&® Trp-1.

In 10.0 mM calcium ion pH 6.5 solutions, the fluezence spectra of daptomycin
are displayed in Figure IV-28. Similarly, at loweoncentration ranges (e.g., 0.25 and
0.50 mM), the spectral pattern were not changedidtier concentrations (e.g., 1.01 and
2.02 mM), the spectral patterns were manifestigratt, and the emission intensity at 460
nm increased greatly. Shown in Figure 1V-29 are thmrescence intensities of
daptomycin in pH 6.5 solutions in the absence aatdons and in 10.0 mM calcium ions
solutions. In 10.0 mM calcium ions pH 6.5 solutipasd at daptomycin concentration >
0.50 mM, the emission intensities from Kyn-13 gheatcreased as those from Trp-1

decreased. These changes were not observed ibsbece of calcium ions.
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Figure 1V-1. Plots of fluorescence intensities at 355 and 460 as a function of
daptomycin concentration in pH 2.5 aqueous solstigcuvette path length 3
mm; excitation wavelength at 285 nm). The estima@dC value of
daptomycin in pH 2.5 aqueous solution was 0.20 mM.
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Figure IV-2. Plots of fluorescence intensity at 460 nm and toate as a function of

daptomycin concentration in pH 2.5 aqueous solstion

73



74

[rel]

25

40.50 mM

T T T T T T T T T T T T T T T
10 9 g 7 [ppm]

Figure 1V-3. 1D proton NMR spectra in aromatic region of daptom in pH 2.5
solutions at three concentrations (0.20, 0.25,Ga6@ mM).
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Figure IV-4. Plots of fluorescence intensity at 355 and 460 asna function of
daptomycin concentration in pH 3.0 aqueous solstigcuvette path length 3
mm; excitation wavelength at 285 nm). The estima@&C value of
daptomycin in pH 3.0 aqueous solution was 0.14 mM.
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Figure 1V-5. Dynamic light scattering correlation functions adptomycin in pH 3.0
aqueous solutions.
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Figure IV-6. Mean hydrodynamic radius (number weight) of daptom in pH 3.0
aqueous solutions.
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Figure IV-7. Plots of fluorescence intensity at 460 nm and toate as a function of
daptomycin concentration in pH 3.0 aqueous solstion
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Figure 1V-8. Plots of fluorescence intensities at 355 and 460 as a function of
daptomycin concentration in pH 4.0 aqueous solstigcuvette path length 3
mm; excitation wavelength at 285 nm). The estima@&C value of
daptomycin in pH 4.0 aqueous solution was 0.12 mM.
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Figure 1V-10. Plots of fluorescence intensity and count rata &sction of daptomycin

concentration in pH 4.0 aqueous solutions.
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Figure 1V-11. Plots of fluorescence intensities at 355 and 460 as a function of
daptomycin concentration in pH 5.0 aqueous solstigcuvette path length 3
mm; excitation wavelength at 285 nm). The estima@&C value of
daptomycin in pH 5.0 aqueous solution was 0.20 mM.
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Figure 1V-12. Dynamic light scattering correlation functions adptomycin in pH 5.0
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Figure 1V-13. 1D proton NMR spectra in aromatic region of daptom in pH 5.0 at
two concentrations (0.25 and 0.50 mM).
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Figure 1V-14. Plots of fluorescence intensities at 355 and 460 as a function of
daptomycin concentration in pH 5.5 aqueous solstigcuvette path length 3
mm; excitation wavelength at 285 nm).
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Figure IV-15. 1D proton NMR spectra of daptomycin in pH 5.5wab tconcentrations
(0.25 and 2.53 mM).
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Figure IV-16. Plots of fluorescence intensities at 460 nm in4o®and pH 6.5 solutions
as a function of daptomycin concentration. (cuveitgh length 1.5 mm;
excitation wavelength at 285 nm).
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FigurelV-19. 1D proton NMR spectrum of daptomycin in pH 6.2ai57 mM.
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Figures IV-20. 1D proton NMR spectra of daptomycin in pH 6.5wab tconcentrations
(10.62 and 21.21 mM). (Top: amide and aromaticqmet Bottom: aliphatic
protons).
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Figure 1V-21. Dynamic light scattering correlation functions adptomycin in pH 6.5
agueous solutions.
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Figure IV-22. Dynamic light scattering count rate of daptomyoinpH 6.5 aqueous
solutions as a function of concentration.
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Figure 1V-23. Plots of fluorescence intensities at 460 nm agnatfon of daptomycin
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Figure IV-24. The specific refractive index (dn/dC) of daptonmysolutions at pH 4.0
(solid line) and 6.5 (short dash).
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Table IV-1. The Measured Molecular Weights and Glaled Aggregation
Numbers of Daptomycin at Different ConcentratiompH 4.0 and 6.5 Aqueous
Solutions using Static Light Scattering

Daptomycin Conc. | Average molecular weight Aggregation number
(mM) (Dalton)
pH 4.0 pH 6.5 pH 4.0 pH 6.5
1.50 32,15p 1,087 20 1
3.75 28,38D 949 18 1
6.30 27,60D 1,089 17 1
12.70 26,580 1,630 | 6 1

*The aggregation numbers were calculated and raitmlenteger based on the
daptomycin molecular weight 1620.67.
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Figure 1V-25. Plots of fluorescence intensities at 355 and 460 as a function of
daptomycin concentration in pH 4.0 aqueous solgtiah 28C and 40C.
(cuvette path length 3 mm; excitation wavelengtA8s nm).
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Figure IV-26. The fluorescence spectra of daptomycin at theeidifft concentration in
1.0 mM calcium ions pH 7.4 solutions (cuvette p&hgth 10.0 mm;
excitation wavelength at 285 nm).
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Figure 1V-27. Plots of fluorescence intensities at 355 and 460 as a function of
daptomycin concentration in 1.0 mM calcium ions pH solutions (cuvette
path length 10.0 mm; excitation wavelength at 286.n
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Figure IV-28. The fluorescence spectra of daptomycin at theeidifft concentration in
10.0 mM calcium ions pH 6.5 solutions (cuvette p#&hgth 1.5 mm;
excitation wavelength at 285 nm).
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Figure 1V-29. The fluorescence intensities at 355 and 460 naptomycin in pH 6.5
solutions without calcium added and in 10.0 mM icait (cuvette path length
1.5 mm; excitation wavelength at 285 nm).
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Discussion

The CAC values of daptomycin can be detected byathreipt increase of the
emission intensity at 460 nm and inflection poimis the count rate plots versus
daptomycin concentration by DLS measurement. Th&€ @Alues of daptomycin were
0.14 mM at pH 3.0, 0.12 mM at 4.0, and 0.20 mM Kt5 and 5.0. The CAC values
obtained with fluorescence spectroscopy in thesequitbns agreed to those estimated
using dynamic light scattering and were consisteith the changes in the resonance
linewidth and intensity of proton NMR measurements.

Based on the estimated sequence-specific appakenighues of daptomycin in
monomeric state in Chapter Il, the comparison a€tion of daptomycin ionization and
pH-dependent CAC values of daptomycin is showniguie 1V-30. There is always a
positive charge in Orn-6 residue below pH 10. Theoamally low pk, of Asp-7 (pka
1.0) could be caused by the formation of a salideibetween the negatively charged
Asp-7 and positively charged neighboring Orn-6tha pH from 2 to 6, the main species
of daptomycin exhibit the transitions through zeitbn (HA*), monoanion (KA,
dianion (HA?), and trianion (HA) as the gradual ionization from Asp-9 (pR.85),
Asp-3 (pKy 4.15), and mGlu-12 (pk4.55). The estimated CAC values of daptomycin in
pH 2.5 and 5.0 were 0.20 mM greater than thosédi3.p (0.14 mM) and 4.0 (0.12 mM)
aqueous solutions. In pH 2.5 daptomycin solutitims,main species is zwitterion /),
and the net charge of daptomycin molecules is ctoseero. In the pH 3.0 and 4.0
daptomycin solutions, monoanion &) is gradually dominant species due to the
deprotonation of Asp-9, and the net charge of daptin molecule is one negative
charge. As shown in Figure 1V-31, daptomycin is posed of a 10-membered cyclic
ring and a 3-member exocyclic tail. The anionic Asgesidues are on the one end, while
the hydrophobic moieties (Trp-1 and decanoyl aliigh#ail via DAsn-2 and Asp-3
connected with Thr-4) are clustered on the othet, deading to amphipathicity in

daptomycin molecules. The behavior of monoaniogA(Hdaptomycin is similar to ionic
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surfactant and more favorable to form self-assmriagggregation than in zwitterions
(H4A%). As shown in Figure 1V-32, the pH-dependent daptoin CAC values are
closely correlated with the reciprocal of monoamsdiorm (HsA’) fraction with high R
value 0.9944 (Y = -9.6296 + 104.1662X, where Y afdlenote the reciprocal of
monoanionic (HA") form fraction and the pH-dependent daptomycin Ca&ues,
respectively). This suggests that the primary aggieg daptomycin species is the
monoanion and that the critical aggregation conmeéinn for this species were 0.019 mM
at pH 2.5, 0.027 mM at pH 3.0, 0.040 mM at pH 4a@d 0.016 mM at pH 5.0,
respectively.

Increased fraction of dianion §&%), and trianion (HA) occurs due to the
deprotonation of Asp-3 and mGlu-12. The formerdesiis situated near the N-terminal
lipid tail and the latter is next to the aromatsidue Kyn-13 which is also in the vicinity
of the N-terminus. Increased ionization of thesedwes would be expected to destabilize
aggregates formed by hydrophobic interactions ef Miterminal lipoidal tails. Thus
aggregation was associated with the presence ofntbroanionic species but not
observed in the presence of di- and tri-anionicEse

As the pH values of daptomycin aqueous solutionsewe 5.5, the sensitive
upward inflection points of emission intensity cgaa at 460 nm from Kyn-13 as a
function of daptomycin concentration were not fowatdall. The noticeable daptomycin
aggregates were not detected using dynamic anid 8titt scattering, and NMR. The
high quality NMR spectra were obtained at a higeggtomycin concentration up to 21
mM in pH 6.5 aqueous solution. However, as the eotration increased from 10.6 to
21.2 mM in pH 6.5 (Figure IV-20), the chemical shifn Trp-1 residue changed from
10.02 to 9.95 ppm (N-H in indole ring) and from T®7.7 ppm (amide proton). The
aliphatic proton chemical shifts remained constawgr the same concentration range.
Only aromatic protons of Trp-1 and Kyn-13 were aled to exhibit concentration

dependent up-field chemical shifts, which are ladtied to the influence of the aromatic
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ring current. It is a typical phenomenon of aromatit interaction. The variations of
aromatic proton chemical shifts as a function aficentration are also reported in the
literature>>’

In pH 6.0 and 6.5 solutions from 10 to 21 mM (Fgu¥-17 and 1V-18), the
emission intensity at 460 nm continually increasdth the increase of daptomycin
concentration, while the fluorescence intensity3® nm from Trp-1 went down. The
fluorescent emission spectral patterns of daptomyaie affected by daptomycin
concentration. Both concentration-dependent flumgese quenching and self-association
aggregation could occur with increasing daptomyaamcentration. The concentration
guenching would reduce the fluorescence emissi@mgities from both Trp-1 and Kyn-
13, while the self-association aggregation woulctease the emission intensities from
Kyn-13 at 460 nm due to FRET efficiency enhancentettveen Trp-1 and Kyn-13.
Typically, the fluorescence intensity from Trp-1 cdeases corresponding to the
increasing intensities from Kyn-13 reflects morcegnt FRET between the two groups.
Hence, the changes of fluorescent emission spepatierns disclose the interaction
between the two aromatic residues, Trp-1 and KynAk3daptomycin concentration at
pH 6.5 aqueous solutions increased from 10.62 t212tM, the proton chemical shifts
related to the aromatic residues Trp-1 and Kyn-b¥ed to low chemical shift ppm. The
changes of the fluorescent emission patterns amdrthide and aromatic proton chemical
shifts reflected the interaction between the araenwasidues Trp-1 and Kyn-13.

As the temperature increased from°@5to 40°C, the CAC values of daptomycin
in pH 4.0 solutions changed from 0.12 mM to 0.27 mMAs expected, the higher
temperature favors to the dissociation of daptomwgggregates.

In the pH 6.5 and 7.4 solutions, the effects ofcicah ions on daptomycin
aggregation were observed from the transitionshef fluorescence spectral patterns
shown in Figure 1V-26 and IV-28, the emission irgiéy from Kyn-13 increase with the

decreasing of that from Trp-1. In 10 mM calciumsopH 6.5 solutions, the CAC of
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daptomycin in Figure IV-29 was noticeably identfiat 0.50 mM from the steep increase
of the fluorescence intensity at 460 nm. The ingeeia resonance line-widths observed
in '"H NMR spectra of 2 mM daptomycin in 2 mM Ca@H 6.70 solution was reportéd.
Daptomycin three-dimensional structure and itsdgadally active conformation
have been investigated with a number of recent NétiRlies:*™*°> As to the aqueous
conformation of daptomycin, different findings wea¢éso observed by Rotondi and
Gierasch® compared to previous investigators (Figure 123}.The present research may
clarify the reported differences in daptomycin stawes as determined by NMR studies
in the absence of calcium ion. The three proposatttsres of daptomycti®® was
regarded as the very high flexibility of daptomytirBased on our studies, daptomycin
aggregation is dependent on pH and concentratioe.dlfferent findings of daptomycin
conformation and calcium-conjugated daptomycin congtion are possibly due to the
slightly different experimental conditions, espdgiadaptomycin concentration and
sensitive pH regions. Jung et'alused a 2 mM daptomycin solution at pH 6.60; as we
demonstrated that daptomycin was probably in n@reggtion state at 2 mM in pH
6.60. Ball et al® conducted studies using 0.8 mM solution of dapiimyat pH 5.0;
Rotondi et al® prepared the samples consisting of 1.9 mM daptomgtepH 5.3. In both
cases, solutions were prepared in the close pHesadti pH 5.0 and 5.3, but with quite
different daptomycin concentrations at 0.8 mM arfal M. Probably, daptomycin was
in the aggregation state at 1.9 mM in pH 5.3. Tlaugteferred aqueous conformation for
daptomycin proposed by Jung et al and Ramesh gt thle non-aggregation state or less
interaction between the two aromatic residues Tgnd Kyn-13, differs from that from
Rotonidi et a® primarily by the presence or absence of clustedghydrophobic side
chains between Trp-1 and Kyn-13 (Figure I-3). A tdapycin structure in aqueous
solution proposed by Rotondi etais qualitatively similar to the G&bound structure

reported by Jung et &, which also validates the explanation.
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The evaluation of daptomycin’s therapeutic actiigs been complicated by the
influence of factors such as concentration, pH, aothl or ionized calcium
concentration® A pH-dependent daptomycin activity was also dertraresd>® All these
factors could affect daptomycin conformation, agaten, and further therapeutic
activity. It is understandable that the calcium iooncentration induced daptomycin
conformation and aggregation is essential for dagtin function in the physiological
pH value. Many approaches have investigated the¥aation between calcium ions and
daptomycin:***

The factors of pH, calcium ion, and daptomycin @rications were designed to
simulate the interaction of daptomycin with calciuon in the physiological conditions.

According to daptomycin plasma concentrations rdnfyfem 0 to 150 pg/mi®®® i

n
pharmacokinetics studies and calcium ion conceatrain plasm&', daptomycin

aggregation and conformation was investigated eénpitesence of 1.0 mM calcium ion in
phosphate buffered saline solutions. As shown gufé IV-26, the typical change of
fluorescence emission patterns due to daptomyciioomation and aggregation was
observed at 0.06 mM (100 pg/mL) daptomycin conegiain in 1.0 mM calcium ion

solution. The increased daptomycin concentratiarsed aggregation and conformation

changes matches with its therapeutic plasma coratimts®>®’
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Figure IV-30. Comparison of the distribution of ionic forms adptomycin and
the estimated CAC values. Fraction of daptomycinization varied from zwitterion
(HsAY), monoanion (HA), dianion (HA?), and trianion (HA), respectively. Each solid
circle point represented CAC value obtained in pHitsons from 2.5 to 5.0. The pK
values and Hill coefficients used in this calcudatiare pK; = 1.01 (Asp-7), n= 0.72;
pKaz = 1.30 (Kyn-13), p= 0.88; pKys = 3.85 (Asp-9), n= 0.71; pKa = 4.15 (Asp-3), n
= 0.73; pks = 4.55 (mGlu-12), n = 0.48; pKe = 10.7 (Orn-6), g = 1.00; The
calculations of pH-dependent species distribution daptomycin are described in

Appendix B.
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Figure1V-31. Daptomycin pK values and molecular structure.
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CHAPTER V EFFECTS OF IONIZATION ON INTERMOLECULAR
INTERACTION

Introduction

Daptomycin is a cyclic lipopeptide antibiotic widttivity against multi-resistant
Gram-positive organisms, such as vancomycin-registaterococci and methicillin-
resistanstaphylococci.®® " Initial clinical trials resulted in some treatmdatiure due, in
part, to protein binding, rapid renal clearancel mmadequate biophase concentrations.
" Daptomycin is an acidic lipopeptide with six siclein ionizable groups (four
carboxylic acids and two amines). PolyamidoamineAMRM) dendrimers are
monodisperse branched globular macromoleculescdray a multiplicity of functional
groups at their periphery:"® The number of surface functional groups, molecwiaight
and size of dendrimers are defined by the generationber which describes the number
of layers of sub-units that have been attachedndusynthesi$’”® For example,
polyamidoamine dendrimers (PAMAM) in Figure V-1 aa&ionic polymers synthesized
by a two-step iterative reaction that results imaamtric generations of units around a
central initiator core, having specifically contseal size, molecular mass and electrical
charge®® This PAMAM core-shell architecture grows lineaitydiameter as a function
of added shells (generations), and the surfacepgramplify exponentially at each
generatiorl” PAMAM dendrimers have primary amine end groupsttum surface and
tertiary amine groups situated at the branchingtgowithin the core. Negatively charged
drug molecules can be entrapped in the interioe esrwell as electrostatically attached
to the positive amine groups on the surfdcBendritic formulations were reported to
prolong blood/plasma retention owing to their hyalriticity, surface characteristics, and
molecular siz&® This type of drug-carrier system could provide lemnacokinetic

enhancement of daptomycin biophase concentraffons.
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The interaction of the lipopeptide antibiotic dapiwin and PAMAM dendrimer
has been investigated by fluorescence spectro$éopeveral factors, such as pH,
molecular size, and surface structure have beewrsho influence the formation of
dendrimeric comple&®’

In this chapter, the interaction mechanism of degytwn binding to PAMAM
dendrimers is investigated based on our recenmastn of the individual ionization
constants for the amino acid side chains (Chaptethke understanding of the individual
pH-dependent species distributions of daptomycime €xperimental data and binding

parameter calculations were conducted by Dr. Botkat&hanovrachote.

Materials and Methods

Materials
Daptomycin obtained from Eli Lilly Research Labar@s (Indianapolis, IN) was
used as received. Sodium chloride, standard sodhydroxide, and standard
hydrochloric acid solutions were purchased fromhé&isScientific (Fair Lawn, NJ). 1,4-
diaminobutane core PAMAM generation 5 (PAMAM 5) agjgheration 6 (PAMAM 6) in

10% methanol solutions were purchased from Signaaié (St. Louis, MO).

Methods

Preparation of PAMAM-daptomycin complex

The methanolic solutions of PAMAM dendrimers wesed to prepare aqueous
stock solutions. The methanol was evaporated bgipgmitrogen gas. The dendrimers
were re-dissolved in double-distilled water. Dapyom and PAMAM solutions were
separately prepared at the same target pH valyestad using 0.1 M sodium hydroxide
or hydrochloric acid solutions. PAMAM 5 (0.18 puMhddaptomycin (3 M) aqueous
solutions at pH 4.0 were prepared to evaluate limdscence properties of PAMAM-

daptomycin complex.
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Fluorescence spectroscopy

Fluorescence spectra were recorded using a PehkiarBL.S55 luminescence
spectrometer (Perkin Elmer Inc., Norwalk, CT). Exeitation wavelength was 285 nm,
and the emission spectra were scanned from 32C1@ondn to observe the emission

responses from both Trp-1 and Kyn-13.

Binding isotherm constructioffs

Daptomycin-PAMAM complex binding isotherms were grmated by the addition
of agueous daptomycin to PAMAM solutions using was size dendrimers (PAMAM 5
and 6). Daptomycin and PAMAM solutions were prepaseparately by adjusting each
solution to a target pH value using 0.1 M sodiundroyide and/or hydrochloric acid
solutions in the range of pH 3 to 9 for PAMAM 5 goid 3.5 to 7.0 for PAMAM 6. A 3
mL aliquot of PAMAM 5 or 6 solutions was placedarfluorescence quartz cell (10 mm
path length) equipped with a magnetic stirrer. Tgy 15 aliquots (5 pL) of aqueous
daptomycin solutions were added incrementally usitdggmilton microliter syringe to a
final daptomycin maximum concentrations in the &g 5.80 to 74.07 uM. After the
addition of each aliquot, the mixtures were stirrest 3 minutes, and then the
fluorescence spectra were collected. As abovecdnérol titrations were performed by
adding 5 pL aliquots of daptomycin to the same pHue aqueous solutions in the
absence of dendrimers. All solutions were pH adpisb the desire value prior to the
addition, and the pH values of the titration migsirwere constant<(0.1 ApH)
throughout each titration experiment.

The binding isotherms were constructed by plotting fluorescence intensity
differences AF) at 460 nm in the presence and absence of deedriagainst the total

daptomycin concentrations.
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Estimation of the binding parameters

Briefly, a quadratic equation was derived for orne-binding model that relates
in the total daptomycin concentration to fluoreseemifferences as described in the

following equatiort

AF = SX{({daptomycid, + K , + R) y/([daptomyan, + K , + RY -4x R x[daptomych]. }

where [daptomycin] AE, K4, and R represent the total daptomycin concentratio
the difference in molar extinction coefficient been the free and bound fluorophores,
the equilibrium dissociation constant, and theltotanber of independent binding sites,
respectively.

For a two-site binding model, the following equatiovas derived to describe
fluorescence difference titration curves in terrhshe molar extinction parameters, total

daptomycin concentration, and binding parameters.

AF = AE, x R, X[daptomycidF +AE, x R, X[daptomycidF
K, + [daptomycir). K,,+ [daptomycir).

where [daptomycirg a, b, ¢ and are given by the following relationships and

are defined in terms of binding parameters anddtad daptomycin concentration.

[daptomycn]. = -% + %J‘az —3b)cosg

b =KuKgp+KupR +KyR, - (K at Kd2)[daptomyCh]T
¢ = - KK y,[daptomyen];
-2a®+9ab -27c

@ = arccos
24/ (a2-3b)3

The utility of the model equation to distinguishiveeen the binding mechanism

(0<o<n)

and estimate the binding parameters including tiféerdnce in molar extinction

coefficient AE) between the free and bound fluorophores, diatoai constant (K), and
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the total number of independent binding sites (B heen previously describ&dThe
nonlinear regression analysis was used to estimating parameters (WinNonlin Softer

Version 5.0.1, Pharsight Corporation).
Results

Fluorescence Properties of PAMAM-daptomycin Complex

Shown in Figure V-2 are the fluorescence spectralagtomycin at 3.0 UM,
PAMAM 5 at 0.18 pM, and PAMAM-daptomycin complex ig@xture of daptomycin
and PAMAM 5) at pH 4.0 aqueous solutions. Daptomyeas intrinsic fluorescence
emissions at 355 nm from Trp-1 and 460 nm from Hgn-but PAMAM dendrimer
shows no fluorescence emission maxima over the leagth range between 320 to 540
nm. The PAMAM-daptomycin complex formed by adding\NPAM to daptomycin had a
fourteen-fold increase in emission intensity at 460 from Kyn-13 and a 50% decrease
at 355 nm from Trp-1. The significant fluorescemrission enhancement at 460 nm
could be the self-association aggregation of dapbomor the interaction of daptomycin
with dendrimers. The existing daptomycin concerdgmathere was only 3.0 uM. As
discussed in Chapter Il and 1V, the CAC valueslaptomycin in the pH range of 3 to 7
were always more than 100 puM. Therefore, the flecgace enhancements observed
herein could be unequivocally attributed to daptomydendrimer interactions. The
similar fluorescence enhancements at 460 nm fromX3/have also been reported in the
interaction of daptomycin and phospholipfds.

The fluorescence changes observed were associatid daptomycin and
dendrimer interactions. Typical fluorescence initgn€hanges in the absence and
presence of dendrimers (PAMAM 5) as a function gptdmycin concentrations in pH
5.0 aqueous solutions are depicted in Figure \ft3hé absence of dendrimer (PAMAM
5), the fluorescence intensities at 460 nm increééisearly over the range of daptomycin

concentrations. Moreover, these increases wereeerlin all pH value solutions. In the
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presence of PAMAM 5, the fluorescence emissiomisitees at 460 nm displayed a steep
increase at low daptomycin concentrations and augidalinear increase at higher

concentrations.
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Figure V-1. Synthesis of tetra-functional polyamidoamine dendrs PAMAM.”’
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Figure V-2. The fluorescence spectra of daptomycin (3.0 uMMRM 5 (0.18 puM),
and a mixture of daptomycin (3.0 uM) and PAMAM 51@® pM) at pH 4.0
(cuvette path length 10 mm; excitation wavelengtB8 nm).
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Figure V-3. The fluorescence intensities of daptomycin at A460in the absence (solid
square) and in the presence (solid circle) of PAMAIst pH 5.0 (cuvette path
length 10 mm; excitation wavelength at 285 nm).
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Effects of pH and Dendrimer Size on the Binding
Characteristics of Daptomycin Dendrimer Complex

The interaction between daptomycin and dendrimeanscipated to be ionic
interaction. The factors affecting the ionic stabédoth compounds were investigated
using various size dendrimers PAMAM 5 and 6 in gt¢ range from 3 to 9. The
generation number of dendrimers determines the aweamount of surface functional
groups. The magnitude of the maximum fluorescemtensities varied with pH and
necessitated using different concentrations of PAMANnd daptomycin. The binding
isotherms in the different pH solutions were noired by the substrate (PAMAM)
concentrations.

In the presence of PAMAM 5 (Figure V-4), the typibending isotherms of the
normalized fluorescence differencesH] from pH 3.5 to 8 showed a steep increase at
low concentration and a plateau at higher conceotrs of daptomycin, which were
consistent with one-site binding mod&ln addition, the magnitude of the normalizsf
values in the ranges of pH 3.5 to 4.5 were 4 tol& §reater than those in the ranges of
pH 5 to 8.

In the presence of PAMAM 6 (Figure V-5), the normmedl fluorescence
differences AF) in the ranges of pH 3.5 to 5 steeply increasetlatained plateau with
increasing daptomycin concentrations as describhedAMAM 5, which conformed to
the one-site binding model . In the pH range af &,tthe isotherms were different in that
the normalizedAF values increased at low daptomycin concentrat@igined a
maximum value, and then gradually decreased witltreasing daptomycin
concentrations. This isotherm shape suggested ebang binding at higher
concentrations either due to a loss in binding ciypa&r a second binding site that was
associated with a loss in fluorescence intensitye Binding isotherms shapes varied with

the pH values of the titration solutions.
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Figure V-4. The binding isotherms of the interaction betweeAMAM 5 and
daptomycin in the range of pH 3.0 to 9.0. The ndized AF values were the
ratio of AF value to PAMAM 5 concentration.

120



1.8e+7
1.6e+7 A o © ) [ ) L
°
f o%e® o}
1.4e+7 - o o o)
o) o)
® QQQV vV v YV v v
—~ 1.2e+7
-
E A A A
A
E 1.0e+7 - v VY ® pH4.0
— A
S ® o O pH45
< 8.0e+6 - AN v pH5.0
<§E A A pH35
O 6.0e+6 { o Mgy B pH6.0
= g, O PpH7.0
% “Eam =g E =
4.0e+6 - uf u ]
TDog o0 g
2.0e+6 —% O g O - 5
OO T T T T
0.000 0.002 0.004 0.006 0.008

[Daptomycin],,,., (MM)

121

Figure V-5. The binding isotherms of the interaction betweeAMRM 6 and
daptomycin in the range of pH 3.5 to 7.0. The ndized AF values were the

ratio of AF value to PAMAM 6 concentration.
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Binding Parameters

The shapes of the isotherms were used to dedugsaathee of the binding process
and then to estimate the binding parameters. Thdirklg parameter, molar extinction
coefficient AE), dissociation constant K and the total number independent binding
sites (R), were estimated by simultaneously fittthg model equation to the binding
isotherm by nonlinear regression analysis.

The molar extinction coefficientAg) obtained from the fitting of the binding
isotherms of PAMAM 5 titration in the pH rangesmd.5 to 8 were not significantly
different. The constant value AE indicated that the interaction between daptomgaich
PAMAM 5 was identical throughout the pH range 0b 30 8. Consequently, th&E
value was fixed for all binding isotherms at a ¢ans mean value of 240.1. Then, the
one-site model was re-fitted to all binding isotherwith just two adjustable parameters
in an attempt to attribute pH differences to thadbmg parameters, Kand R. The
capacity constant (n, molecules of bound daptomyan one molecule of PAMAM
dendrimer) of each individual pH range was therctudated based on the ratio of the
estimated R value to the total concentration of PA\M dendrimer. The capacity
constants (n) in Figure V-6 appeared to change aliaailly as function of pH, whereas
the dissociation constants were not notably pH-ddeet.

From the titration of PAMAM 6 experimental datatire pH ranges from 3.5 to 5,
the binding interactions were consistent with ome-binding model. Two-site model
were used to describe the data obtained at pH 67afthe binding parameters were
estimated by simultaneously fitting the model egumto the binding isotherm data using
nonlinear regression analysis. The molar extincooefficient AE), the dissociation
constant (K), and the capacity constant (n) to the one-sitetau-site types of binding
interactions were estimated at each pH value.

The major ionic species of daptomycin and dendsnpday an important role in

the binding interactions. To understand the bindimechanism between daptomycin and
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dendrimers, the comparisons of the ionization prsfof daptomycin and the capacity

constants (n) of dendrimers in different pH rangesshown in Figure V-6.

Discussion

As discussed in Chapter II, daptomycin containsi@mzable groups, four side-
chain carboxylic groups (three aspartic acids, Bspsp-7, and Asp-9, and one methyl-
glutamic acid, mGlu-12) and two primary amines &omatic amine in Kyn-13 and an
aliphatic amine in Orn-6). Based on the #DTOCSY NMR pH titration, the sequence
specific pk, values for Asp-7, Kyn-13, Asp-9, Asp-3, and mGRivtere estimated to be
1.01, 1.30, 3.85, 4.15, and 4.55, respectively. dlighatic amine Orn-6 in daptomycin
has a pl value of 10.7. The Orn-6 residue is always protesat pH values below 18.
In the pH range of 0.8 to 3.5, major ionic spedkdaptomycin is a zwitterionic ¢A%)
form due to the deprotonation of Asp-7 (Figure V-B)onoanion (HA") and dianion
(H,A%) forms dominate in the pH range of 3.5 to 4.7 tluthe further deprotonation of
Asp-9 and Asp-3 (Figure V-6). Above pH 4.7, thanion (HA) is the main ionic form
as mGlu-12 residue is gradually deprotonated.

PAMAM dendrimers have an outer shell of primary a@si with a pK values in
the range of 7-9 and internal, tertiary amines ik, values between 3 and’8%*°
PMAMA 5 has 128 primary amines and 126 tertiaryraaai The numbers of primary and
tertiary nitrogens in PAMAM 6 are 256 and 254, extjvely/®%! The protonation of
PAMAM dendrimers first involves protonation of pramy amine groups at the outer rim
of the dendrimer at high pH, while the tertiary aeigroups in the dendrimer core are
protonated at lower pH. The last groups to proteratlow pH are a central tertiary
amines?®

Comparisons of daptomycin ionization profiles ahe pH-dependent binding
capacity parameters obtained using PAMAM 5 and igufié V-6) suggest that the

primary determinants in the magnitude of the bigdiapacity appear to be the presence
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of the monoanionic (kA") and dianionic (WA?) forms. In the pH range from 3.7 to 5.2,
all primary amine groups are protonated, and trtemino groups situated in the
dendrimer interior are partially protonat®drhus, the major binding sites may be due to
electrostatic interaction between Asp-9 and Asm® @ationic moieties on the dendrimer
surface. The dominant species of daptomycin in EHs8in zwitterionic (HA®) form, so
the capacity constants for PAMAM 5 and 6 in pH ®ére less than those in pH 4.0 and
5.0.

The capacity constants greatly decreased as pMA fodPAMAM 5 and pH > 5.2
for PAMAM 6. This could be explained by the unigpeoperty of polyelectrolyte
dendrimers, the pH dependence of size, chargesstarziure of dendrimer&.Increasing
the solutions from low pH (~4, primary amines prated and tertiary amines also
protonated), neutral (~7, only primary amines pmated), to high pH (~10, no
protonation), the gyration radius of PAMAM 5 chasgiom 25 to 22 to 21 A,
respectively’® The numbers of total positive charges and dianwt&AMAM 6 (Figure
V-7) are reported to be 405 and 7.1 nm at pH 5.5, 256 and 6.28 nm at pH 7.0, and
160 € and 6.08 nm at pH 8.5, respectivélyEnhancing the solution pH from 5.5 to 8.5
results in a 2.7-fold decrease of dendrimer (PAMAMvalence” As a consequence of
interior electrostatic repulsions at low pH, denwkr branches are further extended
leading to an increase in dendrimer radius andasarfirea. Thus, the decrease in the
estimated capacity constants observed for PAMANI $4.7) and 6 (pH>5.2) could be
explained based on the combination of reduced dweedrsize, surface area, and
effective positive charges due to the deprotonatbmterior amines and the loss of
internal electrostatic repulsion.

The interaction between negative charges in Asm@ Asp-9 residues with
positive primary amines on the surface of PAMAM s5cdonsistent with the one-site

binding model via throughout the pH range of 3.58toThus, the capacity constant
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decrease as a function of pH is likely due to pideshelent changes in dendrimer
properties rather than changes in daptomycin idioiza

The mono- and di-anionic forms are contributed #sptdmycin binding to
PAMAM 6 in the pH range of 3.5 to 5. This obserwatiis consistent with the
relationship observed for PAMAM 5. Since large démeérs have a greater number of
amines that can bind daptomycin, the overall bigdionstant on a per dendrimer basis
increases with dendrimer generations from PAMAM 056> The decrease in the
estimated capacity constant observed in the pHer&ntp 7 appears to correlate to the
deprotonation of the dendrimer tertiary amines ({FegV-6). This observation is more
distinct for capacity constants estimated for daptwin interactions with PAMAM 6
than PAMAM 5. The larger pH-dependent capacity tamschange observed for the
larger dendrimer PAMAM 6 over the range of pH value associated with tertiary
amine deprotonation. In the pH range of 6 to 7,itieraction between daptomycin with
PAMAM 6 conforms to the two-site model.

For both PAMAM 5 and 6, the optimal binding occurghe pH region 3.5 to 4.5
wherein both the external and internal dendrimeminamare protonated and daptomycin
is in its monoanionic and dianionic forms. The imelecular interaction is based on
electrostatic attraction, wherein the deprotonafep-9 and Asp-3 of daptomycin

primarily interacts with surface amine on the demers.

Conclusions
The fluorescence changes of the enhanced FRET &etWp-1 and Kyn-13 were
observed upon PAMAM solutions titrated with daptamy which are due to the
alteration of daptomycin conformation. The shapéshe binding isotherms and the
dependence of the estimated capacity constantemaricher size and solvent pH values
provide meaningful insight into the interaction rmagism of daptomycin and

dendrimers. By comparing the ionization profilesdafptomycin based on the estimated
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individual pK; values and Hill coefficients with the pH-dependbimding capacity, the

ionized Asp-3 and Asp-9 residues of daptomycin prilp interact with PAMAM

cationic surface amines.
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at various pH solutions.
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APPENDIX A. DAPTOMYCIN BJERRUM PLOT

Daptomycin contains six ionizable groups (aliphamine in Orn-6, aromatic
amine in Kyn-13, and four carboxylic groups, AspA3p-7, Asp-9, mGlu-12). In the pH
range from 3 to 7, an aliphatic amine in Orn-6 liwags protonated in one positive
charge. Daptomycin can be considered to be didslecwith its 4 side-chain carboxylic
groups. When the four carboxylic acid side chains eompletely protonated, the
daptomycin is in its Dk form. There are only four titrable protons in PHorm in the
potentiometric titration pH range from 3 to 7.

Note: Sodium ions (Na are introduced by the deliberated addition sodium
hydroxide (NaOH) to adjust pH to 7 to ensure congpldissociation prior to titration.
Chloride ions (C) originate from the titrant (HCI).

Derivation of dissociation of daptomycin (¥

Charge balance:

[H'] + [Na'] + [DHs'] = [OH] + [CI] + [DH3] + 2[DH2] + 3[DH*] (1)

Total daptomycin [DH]totar

[DHs"] + [DH4"] + [DH3] + [DH,"] + [DH’] = [DHs Trota ~ (2)

Rearranging Equation (1) gives

[DHs'] - [DH3] - 2[DH,*] - 3[DH*] = [OH] + [CI]- [H'] - [Na]  (3)

Multiplying equation (2) by 3 and adding it to E¢joa (3) gives

4[DHs'] + 3[DH4Y] + 2[DH3] + [DH2?] = 3[DHs' 1ot + [OH] + [CI] - [H'] - [Na]  (4)
Total bound hydrogen ions {MHis:

4[DHs'] + 3[DH4Y] + 2[DH3] + [DH22] = 3[DHs' 1ot + [OH] + [CI] - [H'] - [Na]  (5)
Dividing Equation (4) by [Di] o (Equation (2)) gives

ny = (Total moles of bound hydrogen ions)kTotal moles of weak acid daptomycin)
=4[DHs'"] + 3[DH3] + 2[DHs] + [DH2?] / {[DH 5'] + [DH4] + [DH5] + [DH2?] +[DH>]}
=3[DHs " 1ota + [OH] + [CI] - [H'] - [Na']4[DH 57 + [DH4Y] +[DH3] +[DH»*] +[DH31}
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=3 +{[OH] +[CIT-[H"] - [Na']} / [DH 5 ]7otal

=3-{[H]-[OH] + [Na'] - [CIT}/ [DH 5 Trorar  (6)

Titrant: Gy HCI (Ca = 1.0 M)

Initial Volume:

Added Volume: V

Total Volume: \§ +V

ny = (moles of bound H/(total moles of daptomycin)

={4[DH5'] + 3[DHg] + 2[DHs] + [DH2"TY{[DH 5] + [DH3] + [DH3] + [DH,*] +[DH"]}
M =3 = {[H] - [OH] + [Na'] - [CITY [[DH 5o

=3 - {10 10°" P+ [Na] - [CI T}/ [DH 5] rotal

[H]=10""

[OH] = 10°" P

[Na'] = CyV/(Vo+ V) (calculated by accurately adding NaOH moleadjust pH before
acidic titration)

[CI] = Ca*VI(V o+ V) (calculated by accurately adding the volumé ¢¥/standard titrant
HCI concentration, &)

[DH5Trotar (Cm) = Accurate weight of daptomycin added (mg)/16Z0(BIW)/(V+V )
(mL)
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APPENDIX B. CALCULATIONS OF pH-DEPENDENT SPECIES
DISTRIBUTION FOR DAPTOMYCIN

pKa values and Hill coefficients (n) of the ionizalgi®ups of daptomycin:

pKa1 = 1.01 (Asp-7); K = 10%% n =0.72;
pKaz = 1.30 (Kyn-13); ko= 101 n, = 0.88;
pKas = 3.85 (Asp-9); Ks=10%% ne=0.71;
PKas = 4.15 (Asp-3); Ks= 10%% n,=0.73
pKas = 4.55 (MGlu-12); Ks = 10%° ns = 0.48
pKas = 10.7 (Orn-6); Ks = 10%°" ne = 1.00*

* The Hill coefficients value of Orn-6 ghwas not obtained using TOCSY NMR and is
assumed to be 1.00.

The six ionizable residues in daptomycin are carsd to be in the completely
protonated and deprotonated states.

Species: BAZY, HsA™, HiAY, HaA", Ho A%, HAY, A

Polyprotic (polybasic) acids dissociate in multipteps which are characterized
by the consecutive dissociation constaniskg, ... K, ( Ky > Ky, ... Kp).

Fractions of ionic species):

Ciion = [HoA™] + [HsA] + [HAA"] + [HoAT + [HA®] + [HA®] + [A"]

a0 = [HeA*] / Crgn

a1 = [HsA"] / Crea

a2 = [HsA*] / Cren

03 = [H3A]/ Chea

a4 = [H2A*]/ Cren

a5 = [HA®]/ Crea

o = [A*]/ Crea

Denominator:
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D = [H° + Ki[H']® + KiK[H]* + KiKoKa[HT? + KiK KK [H]? +
K 1KoK 3K 4K s[H'] + K1KoK3K 4 KsKeg
aop = [H']°/ D;
a1 = Kq[H']°/ D;
o = KiKo[H']* 1 D;
03 = KiKoKo[H*]®/ D;
o4 = KiKoKaK4[H™? / D;
a5 = KiKoKsKsKs[H'] / D;
as = K1KoK3K4 KsKg / D;
Fractions of ionic species calculated with the meas Hill coefficients:
Denominator:
D= [H+] (n1+n2+n3+n4+n5+n6), Klnl[H +] (n2+n3+n4+n5+n6) | Klanznz[H +] (N3+n4+n5+n6)
K1n1K2n2K3n3[H+] (n4+n5+n6) K1”1K2n2K3n3K4n4[H+] (n5+n6) Klan2n2K3n3K4n4K5n5[H+]n6 +

K 1n1K2n2K3n3K4n4K 5n5K 6”6

0o = [H+] (n1+n2+n3+n4+n5+n6)/ D;

01 = Klnl[H +] (n2+n3+n4+n5+n6)/ D;

0y = Ky M H 184S +n6) /.
05 = KyMK MK MH ] (04405409)) .

ag = K"K KK MHT 0 D;
as = KKK KK H 1"/ D;
ae = KiMK2"K 3K MK s"Ke" D;
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