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Peptide-Based Magnetic Resonance Imaging Probes for Detection of Enzyme
Activity

Bradley Douglas Ulrich

Magnetic Resonance Imaging is a non-invasive modality that allows for deep-tissue
imaging. Contrast agents decrease image acquisition time and increase the intrinsic contrast
between different types of tissue. A new family of enzyme-activated contrast agentsis emerging
that has the ability to report on enzymatic processesin vivo. Towards this goal, five distinct
approaches to modulate the relaxivity of gadolinium(l11) chelates with peptides were
investigated. The agents are proposed to undergo structural changes upon cleavage of a substrate
peptide by a protease, ultimately resulting in achange in relaxivity.

Contrast agents attached to the N-terminus of a peptide were used to study the effect of
the N-terminal amino acid on the coordination geometry of a gadolinium(l11) chelate. It was
determined that the coordination geometry is independent of the identity of the N-terminal amino
acid.

A novel protection strategy was used to synthesize peptide-bridged macrobicyclic
structures where a contrast agent is covalently attached to the side-chains of a peptide. The
linker length of the macrobicyclic agents was varied in a systematic manner to study the effects
of proximity of the peptide to the macrocycle in blocking inner-sphere water access.

A self-immolative linkage was used between a DEVD peptide and a gadolinium(l11)
chelate to produce a contrast agent for the detection of caspase-3. The agent displays a decrease
in relaxivity upon cleavage by caspase-3 due to a decreased water exchange rate for the cleaved

chelate. The self-immolative agent displays high uptake with MDA-MB-231 cells.



A coordinatively saturated gadolinium(l11) complex, consisting of an amide-based
chelate attached to the C-terminus of a peptide, provides a novel mechanism to restrict inner-
sphere water access to gadolinium(l11) chelates.

The attachment of a small-molecule T, contrast agent to a nanoparticle T, contrast agent
with avariable PEG spacer and a substrate peptide has the potential to provide anovel
mechanism of relaxivity enhancement.

The family of peptide-based contrast agents in the present work has the potential to
enable MRI to detect proteases responsible for avariety of diseases. Each approach to modulate
the relaxivity of gadolinium(l11) chelates represents a paradigm for future studies of enzyme-

activated MRI contrast agents.

Thomas J. Meade
Dissertation Advisor
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displace carbonate, leadingtoag=21compleX...........ccoceveiiiiiiiiiiin i 200

Figure4.2 Transverserelaxation rate (‘'O Ry,) asa function of temperature for 6 (red
circles) and 8 (black squares). Thelack of a*’O R2p temper atur e dependence for 6
indicatesa g = 0 complex. In contrast, 8 displays marked 'O R, temper ature dependence
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of the substrate peptide by MM P-7 (at the cleavage site denoted with ared dashed line),
separ atesthe T; agent from the T, agent, leading to a hypothesized changein
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Figure5.2 Characterization of nanoparticle synthesis

(A) TEM image of cobalt ferrite core formation

(B) confirmation of cobalt ferrite phase for mation using XRD

(C) TEM image of silica-coated cor e-shell nanoparticles

(D) XPS spectrum showing N 1s peak at binding ener gy of ~400 eV indicating adsor ption of
APTES onto nanoparticle
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M agnetic Resonance | maging

Magnetic Resonance Imaging (MRI) is a non-invasive imaging modality that allows
three-dimensional imaging of opaque organisms. This chapter will start with an explanation of
the underlying physical principles of MRI followed by a brief review of contrast agents. The
intention of this chapter is to provide the background necessary for understanding the ideas and
principles contained in the remainder of thisthesis, but isin no way intended to be an exhaustive

review of the subject.

PRINCIPLES OF MAGNETIC RESONANCE

Nuclei containing an odd number of protons or neutrons possess the quantum mechanical
property of spin. Although many nuclei (including *H, *3C, *°F, 'O, **N, *'P, and 'B) are
commonly utilized for Nuclear Magnetic Resonance (NMR) spectroscopy, of particular interest
in this discussion will be *H (proton) nuclei. Due to the high natural abundance of this isotope as
well as the ubiquitious nature of water protons in the human body, current MRI technology is
based upon *H nuclei. Since protons are spin quantum number | = % nuclei, their spin will exist
in either of the | = + %2 state (spin up) or the | = — Y% state (spin down). The energies of spin up
and spin down nuclei are degenerate, therefore the two states will be approximately equally
populated. However, when the protons are placed in a magnetic field, the interaction of the
nuclear spin with the external magnetic field results in the spin up nuclei being slightly lower in

energy than the spin down nuclei. Thisresultsin Zeeman splitting (Figure 1.1)
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Figure 1.1 Zeeman splitting of spin %2 nuclel with applied magnetic field.

with the energy difference between spin up and spin down nuclei given by Equation 1.1:

Equation 1.1 AE =hyB,

whereh is Dirac’s constant, y is the proton gyromagnetic ratio, and B, is the applied magnetic
field. The population of the two states, spin up (Nyp) and spin down (Ngown), depends upon B,

and temperature (T) and is given by Equation 1.2:

Equation 1.2 Nyy/Ngown = exp[hyBo/(KsT)]

where kg is the Boltzmann constant. At room temperature (300 K) and 1.5 Tesla (a common
clinical magnetic field strength), the thermal distribution of proton nuclei between the two states,
given by Equation 1.2, results in the spin up state being populated by approximately 0.001 %
more nuclel than the spin down state. This miniscule difference in the relative amounts of spin
up/spin down nuclei isthe fundamental basis for developing a detectable signal in MRI yet leads

to limitations in sensitivity because the scanner is essentially detecting only one out of every one
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hundred thousand available nuclei. It isthissmall subset of the total nuclei which are

manipulated during atypical MR experiment.

The slight excess of nuclel in the spin up configuration results in a net magnetization
about the axis of the applied field. In the laboratory frame of reference, these spins process at the
Larmor frequency (equal to the frequency of the magnet). For ssmplicity, the following
explanation will use the rotating frame of reference in which the rotation frequency isthe Larmor

frequency (Figure 1.2).

Figure 1.2 Magnetization in the laboratory frame of reference (left) and the rotating frame
of reference (right)

The application of electromagnetic radiation of an appropriate frequency, as dictated by Equation
1.4 (derived by rearranging Equation 1.1 and substituting Equation 1.3), causes the net

magnetization to be flipped into the x-y plane.

Equation 1.3 E=hv



Equation 1.4 v = AE/h =yBy/2n

The frequencies (v) used by MRI correspond to the radio frequency (RF) range of the

el ectromagnetic spectrum, thereby avoiding harmful ionizing radiation utilized by other imaging
modalities such as X-ray. By varying the length of the RF pulse, the degree to which the
magnetization (M) isflipped into the x’-y’ plane can be varied (known as the flip angle) (Figure

1.3).

flip angle

Figure 1.3 Net magnetization (M) isflipped into the x’ -y’ plane by application of radio
frequency field (B,)

In atypical MR scanner, the RF coils (used to induce as well as detect changes in net
magnetization) are located in the x-y plane, perpendicular to the applied magnetic field, therefore
the net magnetization of the nuclear spins about the z-axis results in zero magnetization in the x-
y plane. Application of apulse of RF energy from the coils resultsin the net magnetization
being flipped into the x-y plane, which can be detected by the receiver coils. The net

magnetization does not remain in the x-y plane, however, as the nuclear spins undergo relaxation
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causing the net magnetization to return to the previously established thermal equilibrium value

(Figure 1.4).

Relaxation

Figure 1.4 Relaxation of the net magnetization to the thermal equilibrium value

RELAXATION THEORY

Relaxation can occur through two distinct processes. spin-lattice (T1) and spin-spin (T>)
relaxation. Spin-lattice relaxation occurs due to the nuclear spin interacting with the surrounding
molecular medium (the lattice). Asthe molecules of the lattice move about in random fashion,
their associated nuclear magnetic moments create a magnetic noise which generates a fluctuation
in the local magnetic field experienced by the nuclei in study. Thisfluctuation in local magnetic
field stimulates a transition in the nuclear spin back to the lower energy state. The spinissaid to
be ‘relaxed’ from a high energy state (induced by the RF pulse) to alow energy state
(corresponding to the thermal equilibrium value given by Equation 1.2). Spin-spin relaxation
occurs due to aloss of phase coherence of the nuclear spins. After the application of an RF
pulse, the spins rotate coherently about the z axis and are said to be ‘in phase’. The random

motion of the molecules (of the nuclei in study) produces fluctuations in the angular velocity of
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the nuclear spins, resulting in phase dispersion. The phases will disperse until ultimately there

istotal phase decoherence; at this point, the spins are said to be ‘ dephased’ and the
magnetization in the x-y plane returns to zero.

A barrage of pulse sequences have been developed as a means to accurately measure T
or T».2® The choice of pulse sequence dictates whether the experiment is termed “ T1-weighted”
or “To-weighted”. In biological samples, T; and T, relaxation processes occur simultaneously
and on the order of seconds®”.

The miniscule difference (0.001%, Equation 1.2, vida supra) in the relative amounts of
spin up/spin down nucle isthe culprit for the low sensitivity of MRI. In order to overcome the
problem of signal-to-noise (SN), the number of scans can be increased. The SN will grow asthe
sguare root of the number of scans. Therefore, in order to obtain aten-fold increase in image
intensity, the number of scans must be increased by one hundred-fold. Due to motion artifacts
(from patient movement), there is afinite limit to the amount of scans that can be performed in a
clinical setting. Thisis compounded by extraneous factors such as the high cost of magnet time
and patient discomfort. Alternatively, the SN problem can be overcome through the use of
contrast agents. Contrast agents shorten both T, and T, relaxation times into the millisecond

time range to increase SN.
T1 CONTRAST AGENTS: THEORY
T1 contrast agents shorten T4, thus decreasing the time required to achieve a satisfactory

SN. MR image intensity (l) is proportional to 1/Tq,s (Equation 1.5).

Equation 1.5 | o U/T10ps
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Equation 1.6 1/Tiops= UT1gia+ UT1paa

Equation 1.6 shows that the observed signal (T10ss) in MRI isequal to the sum of two
components:. the diamagnetic contribution (T 14ia, intrinsic to the tissue) and the paramagnetic
contribution (T 1para, due to the presence of exogenous contrast agents). The paramagnetic term
can be broken down into an inner sphere component (T,'®) and an outer sphere component

(T,°9), as given by Equation 1.7.

Equation 1.7 UTipaa= UT,'° + 1UT,°®

The inner sphere relaxation time is due to water molecules directly bound to the paramagnetic
metal while the outer sphere relaxation timeis due to water molecules in close proximity (but not
directly bound) to the paramagnetic metal. In the case of dilute aqueous solutions (such as those
commonly employed for MRI contrast), the inner sphere term can be described by Equation 1.8
where g is the number of inner sphere water molecules, [CA] is the concentration of the contrast
agent (CA), T1n isthelongitudinal water proton relaxation time, and tr, is the mean residence

lifetime of the inner sphere water molecule.

Equation 1.8 1/T,'® = q[CA]/55.5(T1m + Tm)

As can be seen in Equation 1.8, T,'® is dependent on the concentration of the contrast agent,

therefore a new descriptor, relaxivity (r1, Equation 1.9), is warranted which takes into account

the concentration of the agent.
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Equation 1.9 UTigps =r[CA] + UT1gia

Relaxivity includes both inner sphere and outer sphere effects and is experimentally determined
by the slope of 1/T1q5s vS. [CA] (Equation 1.9). Relaxivity provides a convenient metric to
compare the relative efficacies of contrast agents. When comparing relaxivitiy valuesin the
literature, it isimportant to denote the magnetic field strength and temperature as these

parameters influence nuclear spins as given by Equation 1.2.

Therelaxivitiy of acontrast agent isinfluenced by several physical parameters: g, tm, and
T1m (Equation 1.8). Furthermore, T1, can be expressed as the sum of the dipole-dipole
relaxation (T;°P) and the scalar relaxation (T:) as given by the Solomon-Bloembergen
equations (Equations 1.10-1.12) where vy, is the nuclear gyromagnetic ratio, g isthe electron g-
factor, pg is the Bohr magneton, regy is the distance between the Gd®* electron spin and the inner
sphere water protons, w, isthe nuclear Larmor frequency, os isthe electron Larmor frequency,
A/l isthe scalar coupling constant between the electrons of Gd** and the protons of the inner

sphere water, and 1¢1, 12, T2 are correlation times given by Equations 1.13-1.15.
Equation 1.10 1Ty, = UT,°° + YT~
Equation 1.11

UT:°P = (2/15)(1°G e /r°ean) S(S+1) (o/ A1) [ 7rcal 1+ 1e2")]+ Btea/ (1+or’ea )]}
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Equation 1.12 1T, = [28(S+1)/3](A/h) [ teol (1+ 0 Te27)]

Equation 1.13 V1 = Utr + VUt + UTse
Equation 1.14 VUt = VUtg + Ut + LT

Equation 1.15 Vte = Uty + LTy

In Equations 1.13-1.15 1R is the rotational correlation time and T, and T are the longitudinal
and transverse electron spin relaxation times of Gd®*, respectively. Since Gd** forms
predominantly ionic bonds and the water protons are relatively far from the paramagnetic Gd**,
the scalar coupling isweak and represents only a small contribution to the overall relaxation.?*
The relationships of the variables in Equations 1.8-1.14 and how they influence relaxivity will be

discussed in context with current T, contrast agents.

T1 CONTRAST AGENTS: EXAMPLES

Clinical T; contrast agents are primarily based upon small-molecule Gd** chelates.
While other paramagnetic metal ions (such as Mn®") may be used, Gd** is the paramagnetic ion
of choice dueto its highly symmetrical spherical ground state and its large magnetic moment of
63 Bohr magnetons. While it may be tempting to use the aquo ion of Gd** due to its maximum
number of inner sphere water molecules (thus maximizing g, Equation 1.8), the toxicity of Gd®*
prohibits its usein biological samples. Being similar in size to Ca?* (Gd** ionic radiusis 1.07 A

while Ca?* ionic radiusis 1.12 A),> Gd*" is speculated to interfere with physiological Ca?*
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through transmetallation.® In order to lower the toxicity of Gd** to an acceptable level that

can betolerated by humans, it must be chelated. The chelate acts to sequester the ion, thereby
reducing the amount of free Gd®* that is available to interact with abiological system. In
addition to reducing toxicity, chelates can be used to alter the pharmacokinetics of a contrast
agent.”” Two chelation moieties, 1,4,7,10-tetraazacyclododecane N, N', N'*, N'**-tetraacetic
acid (DOTA) and diethylenetriaminepentaacetic acid (DTPA), have emerged as common motifs
upon which a great number of derivatives have been developed. Figure 1.5 shows the structures

of the Gd** complexes of DOTA and DTPA with commercia names Dotarem and Magnevist,

respectively.
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Figure 1.5 Structuresof Gd-DOTA (Dotarem) and Gd-DTPA (M agnevist)

Key features of DOTA and DTPA include extremely high Gd®* thermodynamic
formation constants, log KsqL= 25.3 and 22.46 respectively, as well as an open coordination site

for an inner sphere water molecule.?®?° In order to confer additional pharmacokinetic properties,



41
there have been amyriad of contrast agents developed with structures consisting of variations

of DOTA and DTPA. Among these, Gd-HP-DO3A (ProHance) and Gd-DTPA-BMA

(Omniscan) are the most clinically relevant due to their FDA approval (Figure 1.6).
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Figure 1.6 Structuresof Gd-HP-DO3A (ProHance) and Gd-DTPA-BMA (Omniscan)

ProHance and Omniscan were developed to be charge neutral to alleviate patient discomfort
experienced when injecting solutions with high osmolality. Many other contrast agents have

been synthesized for which the reader is directed to an excellent review of this subject.”’

The relaxivities of clinical contrast agents (4.2 mM™s* for Gd-DOTA, 4.3 mM™s? for
Gd-DTPA, measured at 20 MHz, 25 °C, pH 7.4)® are far from the theoretical maximum of ~100
mMs?. Thedifficulty of designing a high relaxivity contrast agent lies in the simultaneous

optimization of the relaxation parameters g, tm, and r.

According to equation 1.8, an elementary assessment of contrast agent design would be
to increase q in order to increase relaxivity. In practice, however, one must take into

consideration the del eterious effects associated with an increase in g, namely the reduction in the
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coordination number of the ligand and the concomitant effect of reduced complex stability.

Increasing q to 2, asin Gd-DO3A (Figure 1.7), resulted in a decrease in the thermodynamic
formation constant by 4 orders of magnitude (Gd-DO3A logK gg.= 21.1 compared to Gd-DOTA
logK gqL= 25.3) 2. Further increasing q to 3, asin Gd-NOTA (Figure 1.7), resulted in a dramatic
decrease in the thermodynamic formation constant by almost 12 orders of magnitude (logK ggL.=
13.7) and rendered agents of this type unsuitable for human imaging due to the possibility of

Gd** dissociation from the ligand.**
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Figure 1.7 Structuresof Gd-DO3A and Gd-NOTA

The 1/r® dependence of the dipolar relaxation (Equation 1.11) suggests that a small
decrease in the distance between the protons of the inner sphere water and the paramagnetic Gd**
(rean) Would have a profound increase in the observed relaxivity. Unfortunately, r is difficult to

control and varies little (2.41-2.50 A) among a wide range of chelates.?’
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In the case of very slow water exchange (T1m << 1), Equation 1.8 shows that the

relaxivity islimited by tr. Substituting the ubiquitous acetate pendant coordinating groups
(found in most clinically used contrast agents) with amide-based pendant coordinating groups
Calses Ty, to slow from 244 ns (for Gd-DOTA) to 19 us (for Gd-DTMA, the tetra-substituted N-
methyl amide version of DOTA).3** Sherry and coworkers have extensively studied the factors
influencing t,, and discovered a dependence of 1, on the overall complex geometry.’

In the case of fast water exchange (T1m >> 1), Equation 1.8 can no longer be used to
easily predict the factors influencing relaxivity, and a more thorough approach involving
Equations 1.10-1.14 iswarranted. Since most gadolinium-based contrast agents are small
molecule chelates with fast water exchange, the limiting factor in . (Equations 1.13-1.14 ) is 1R,
the rotational correlation time. Increasing tr resultsin increased relaxivities and has been the
subject of investigation by many research groups.®* An increased tr can be afforded by
associating the contrast agent with a macromolecule such that the tr of the small molecule
contrast agent approaches that of the macromolecule. Examples of efforts to optimize the t of
gadolinium-based contrast agents include association with proteins;* covalent attachment to

polymers® and dendrimers;*” and encapsulation within liposomes,® virus capsids,* and Cgo.*

Enzyme-Activated T, Contrast Agents

While many research groups aim to increase the relaxivity of contrast agents through the
optimization of g, tm, and/or tr, others have been concerned with the development of enzyme-
activated contrast agents. Termed “smart” agents, these complexes are able to report on

physiological processes due to a changein relaxivity.
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A paradigm of this class of agents, EGad, was developed in the Meade laboratory.*

The agent features a DO3A-based Gd** chelate with a gal actopyranose sugar appended as a
pendant arm of the macrocycle. The sugar acts to block water access to Gd**, resultingin aq =
0.7 complex. Upon enzymatic cleavage of the sugar by p-galactosidase, the blocking sugar is
removed, resulting in aqg = 1.2 complex and a concomitant 20% increase in relaxivity (Figure
1.8). Through this novel approach, the agent is able to be “turned on” by the enzyme. A

modified version of this agent, EGadMe (Figure 1.8), was used to track [3-galactosidase activity

in vivo.?
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Lauffer and coworkers developed a contrast agent activated by alkaline phosphatase.
Upon the cleavage of a phosphate group by the enzyme, the aryl group becomes more
hydrophobic, binds to human serum albumin, and results in a 70% increase in relaxivity due to

anincreasein tr (Figure 1.9).
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Duimstra and co-workers involved the use of a self-immolative linker to create an agent

which is activated by p-glucuronidase.* Upon enzymatic cleavage of the f-glucuronic acid, the

linker undergoes an electron cascade which changes the relaxivity of the contrast agent (Figure

1.10). The agent was hypothesized to increase in relaxivity upon cleavage due to the binding of

carbonate, however in vitro enzyme studies displayed an increase in T, (decrease in relaxivity)

upon enzymatic cleavage.
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PARACEST MR Imaging

Paramagnetic chemical exchange saturation transfer (PARACEST) MR imaging is an

alternative method of introducing contrast based on modulation of the overall intensity of the

water proton signal. PARACEST imaging utilizes a presaturation pulse to selectively saturate

46

inner-sphere water protons.** As the inner-sphere water exchanges with bulk water, the saturated

magnetization is effectively transferred to bulk water. Asaresult, PARACEST agents produce

negative contrast (resulting in adarker image) by decreasing the intensity of the bulk water

signal. For most DOTA or DTPA-based MRI contrast agents, fast inner-sphere water exchange
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resultsin areduction of water proton hyperfine shifts to near zero (making them unsuitable for

use as PARACEST imaging agents). Therefore, the mean residence lifetime of the inner-sphere
water must be sufficiently long (tm > ustime scale) to observe a PARACEST effect from inner-
sphere water. The long (us) mean water residence lifetimes observed for amide-derivatives of
DOTA satisfy this requirement.** In addition to the PARACEST effect due to slowly
exchanging inner-sphere water, the presence of exchangeable NH or OH protonsin close
proximity to the lanthanide(l11) allows PARACEST imaging based on this second pool of
protons which are able to exchange with bulk water.

Commonly, europium(I11), dysprosium(l11), and terbium(l11) are used in place of the
gadolinium(l11) used in T, contrast agents due to the ability of the former metals to induce
considerable NMR hyperfine shiftsin nearby nuclei.** For both pools of exchangeable protons
(inner-sphere water and/or NH/OH protons), the substitution of various lanthanide(l11) ionsinto
the same ligand results in different chemical shifts for the exchangeable protons due to the
unique Lanthanide Induced Shift (L1S) of each metal (see Chapter 11, Table 2.2 for alist of LIS).
The tuning of the saturation frequency to the chemical shift of the exchangeable protons within
each PARACEST agent alows the imaging of the individual components of a mixture of
PARACEST agents containing different lanthanide(l11) ions. In thisregard, Aime and coworkers
imaged a mixture of europium(l11) and terbium(l11) complexes of a DotamGly ligand, thus

exploiting the different PARACEST saturation frequencies of each metal .
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SCOPE OF THESIS

This thesis concerns the design, synthesis, and characterization of novel peptide-based,
enzyme-activated MRI contrast agents. Agents of this type have the potential to monitor enzyme
activity invivo. Specifically, these agents have been designed to monitor two very important
classes of enzymes, caspases and matrix metalloprotei nases, which are instrumental in the
biological processes of apoptosis and tumor metastasis, respectively. Thein vivo imaging of
these key biological processes has the potential to revolutionalize the detection of diseased
tissue. The agents are proposed to undergo structural changes upon cleavage of a substrate
peptide, ultimately resulting in achangein relaxivity. Five approachesto modulate the relaxivity
of gadolinium(l11) chelates through enzymatic activation are described. Chapter | provides an
introduction to MRI and explains the theory required to understand the design and development
of novel contrast agents. Chapter Il starts with an early design of an agent in which a peptide is
proposed to block inner-sphere water access to gadolinium(l11). The cleavage site of the peptide
was varied to determine the effect of distance of the cleavage site to the gadolinium(l11) chelate
(detailsin Appendix I). Theresultsof thisinitial study lead to the devel opment of the peptide-
bridged macrobicyclic MRI contrast agents. The linker length of the peptide-bridged
macrobicyclic agents was varied in a systematic manner in order to study the effects of proximity
of the peptide to the macrocycle in blocking inner-sphere water access. Chapter 111 takes a
different approach to modulate relaxivity by employing a self-immolative linker between a
peptide and a gadolinium(111) chelate. In comparison to previous self-immolative MRI contrast
agents, the substrate was changed in order to target caspase-3 and the chelate structure was
altered to enhance the binding affinity of the carbonate anion. Chapter IV investigates a

simplified version of the contrast agent presented in Chapter |11 and displays a novel mechanism



49
of coordination which has great potential for use in restricting inner-sphere water access to

gadolinium(l11). Chapter IV explores new methods of modulating T and T, relaxation through
the covalent attachment of a gadolinium(l11) chelate (T, contrast agent) to a cobalt ferrite
nanoparticle (T, contrast agent). The use of two different linker lengths sets the stage for
determining the effect of distance between the T, and T, contrast agents on the overall observed
relaxivity of the conjugate. Theinclusion of an enzyme-cleavable linker between the T; and T
contrast agents gives this conjugate the potential to track enzyme activity. Each of the agentsin
Chaptersll, 111, 1V, and V and Appendix | share acommon thread of peptide-based enzyme
substrates covalently attached to a gadolinium(l11) chelate. The results contained in this work
open doorsto new classes of MRI contrast agents which have the potential to track enzymatic

activity in vivo.



CHAPTERIII

PEPTIDE-BRIDGED MACROBICYCLESFOR THE DETECTION OF

PROTEASES
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INTRODUCTION

In 1997, the Meade group pioneered enzyme-activated MRI contrast agents.” Termed
“smart” agents, they are able to report on physiological processes due to achange in relaxivity.
The premier agent features a DO3A-based, Gd** chelate with a gal actopyranose sugar appended
as a pendant arm of the macrocycle. The sugar partially blocks inner-sphere water access to
Gd*, resulting in aq = 0.7 complex. Upon enzymatic cleavage of the sugar by B-galactosidase,
the blocking sugar is removed, resulting in ag = 1.2 complex and a concomitant 20% increase in
relaxivity (Figure 2.1). A modified version of this agent, EGadMe (Figure 2.1), was reported in

2000 to track B-galactosidase activity in vivo.”
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Figure 2.1 B-Galactosidase-activated contrast agents, EGad* and EGadM €?

The present work started with the goal of extending the limited collection of enzyme-
activated agents to include agents sensitive to proteases. Proteases are ubiquitous in biological
systems; currently there are 460 known human proteases.®> The cleavage of specific peptide
sequences by proteasesis crucial for numerous processes including ovulation, fertilization,

embryonic devel opment, tissue remodeling, cell-cycle regulation, immune cell activation, and
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apoptosis.* The misregulation of proteasesin humans has been linked to cancer, arthritis,

osteoporosis, neurodegenerative disorders, and cardiovascular diseases.® Therefore, the ability to
non-invasively monitor protease activity in vivo is of paramount importance in advancing the
detection of numerous diseases. Towards this end, a protease-cleavable MRI contrast agent was
designed based on previous enzyme-activated agents. Replacing the sugar blocking moiety used
in the B-gal actosidase agents with an enzyme-cleavable substrate peptide has the potential to
create agents that can track protease activity in vivo using MRI.>*° The substrate peptide was
used to modulate inner sphere water access to Gd** in amanner analogous to that achieved by
earlier reported B-gal actosidase agents."*° The substrate consisted of a consensus sequence for
Matrix Metalloproteinase-7 (Described in detail in Appendix 1).

A series of agents was synthesized in which the distance of cleavage site to the Gd®*
chelator was systematically varied. In order to ssmulate the effect of enzymatic cleavage and
serve as authentic standards for comparison, the corresponding “ cleaved” agents were

synthesized (Figure 2.2).
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Cleaved Agents
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Figure2.2 Contrast agentsfor the detection of MM P-7 (detailsin Appendix I)

Analysis of the uncleaved and cleaved agents reveal ed that the number of inner-sphere

water molecules was unchanged between the uncleaved and cleaved agents (Figure 2.3, detailsin

Appendix 1). These results lead to the development of the peptide-bridged agents discussed in

detail in this chapter.
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Design of Peptide-Bridged Macrobicycles

Due to the lack of water blocking by the initial peptide-based agent (q = 1, Figure 2.3), it
was determined that the peptide exists in a conformation in which the N-terminal amide oxygen
coordinates to the lanthanide, leaving the ninth coordination site open to water exchange. Thisis
supported by literature precedence of macrocyclic pendant amide carbonyl oxygens coordinating
to lanthanides.®” Therefore, a new methodology was designed in which the peptide would to
occupy the space covering the ninth coordination site for a DOTA-based macrocylic chelate. By
bridging the peptide across the macrocyclic chelator, it was hypothesized that the peptide would
act to sterically block inner-sphere water access to Gd®* (Figure 2.4). Such an effect would
decrease water relaxation by the agent. Placing the enzyme cleavage site of the substrate
between the amino acid residues attached to the chelate allows the structure to open upon
enzymatic cleavage of the substrate peptide. This opening of the bridge is hypothesized to allow

inner-sphere water access to Gd** resulting in an increase in relaxivity of the agent.
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Figure 2.4 General structure of peptide-bridged macrobicycles and proposed mechanism
of g-modulation (enzyme cleavage siteis denoted with red dashed line)
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Through CPK modeling, it was estimated that an “n + 2" approach should be used where

the macrocycle is covalently attached to the side chains of a peptide with a single amino acid
spanning the gap. This arrangement accommodates the stereochemistry of naturally occurring L-
amino acids, thereby allowing the peptide to adopt a stable, unstrained conformation. An“n + 2”
approach allows recognition of the amino acid side-chains adjacent to the cleavage site (P, or Py’
amino acid side-chains; see Figure 2.5 for protease substrate nomenclature®), which are often

necessary for enzymeatic cleavage of the substrate.

Ol
'UIIIlu

SCISSIIe
bond

Figure 2.5 Protease Substrate Nonmenclature®

After several approaches to form a bridge between the peptide and a macrocyclic chelate were
investigated (detailsin Appendix 1), the design eventually evolved into the amide linkage shown
in Figure 2.4. This general methodology was used as a blueprint in the synthetic schemes of

Parts| and II.
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PART |. Peptide-Bridged MRI Contrast Agentsfor the Detection of
Caspase-3

Part |. Introduction: Caspases

Apoptosisisthe process of programmed cell death and is paramount to a number of
biological processes including normal cell turnover, embryonic development, and
metamorphosis.”’ Increased apoptosis has been linked to autoimmune disorders and
neurodegenerative diseases such as Alzheimer’s and Huntington’ s diseases.? Inhibition of
apoptosis has been attributed to several forms of cancer.® Due to the severity of the
aforementioned afflictions, it is evident that apoptosis plays a crucia role in multiple human
pathologies.

Caspases have long been heralded as the executioners of apoptosis.” The ten known
caspases can be divided into three groups based on their respective substrate specificities.'”
Within this family of proteases, caspase-3 is responsible either wholly or in part for the
proteolysis of alarge number of substrates during the execution phase of apoptosis.’

The imaging of caspase-3 activity in vivo would provide valuable information regarding
apoptotic processes and the role of caspasesin life-threatening diseases. Current methods of
assessing caspase-3 activity include colorimetric and fluorescent assays in which a chromophore
is covalently attached to the C-terminus of a substrate peptide. Cleavage of a substrate peptide
from a chromophore results in a change of the UV/visible or fluorescence spectrum of the
chromophore, thereby monitoring caspase-3 activity in vitro. The practical applications of
visible and fluorescence techniques are restricted to the observation of cells and small animals

due to the limited penetration of light (<10 mm).** MRI provides an alternative to optical
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microscopy, alowing the imaging of opagque organisms in three dimensions at cellular

resolution.?

Design of a Peptide-Bridged Contrast Agent for Caspase-3

Caspase-3 cleaves substrates containing the DEXD”X motif, where X denotes a variety of
amino acids and ” denotes the cleavage site.'® Placement of the bridge linking the lanthanide
chelate to the peptide at the variable residues of the substrate peptide was hypothesized to not
interfere with substrate recognition and cleavage by caspase-3. The incorporation of atryptophan
residue on the N-terminus of the peptide provides a chromophore for HPLC purification of
synthetic intermediates. It was hypothesized that the substrate peptide could act to sterically
block inner-sphere water access to Gd** (Figure 2.4), resulting in decreased water relaxation by
the agent. Upon enzymatic cleavage of DEXD"X by caspase-3, the bridge was hypothesized to
open, allowing inner-sphere water access to Gd*>* and resulting in an increase in relaxivity of the
agent.

It should be noted that the near similar sequence specificity’® of caspases 3 and 7 would
most likely make the agents described in Part | of this chapter substrates for both enzymes.

However, for ssimplicity, only caspase-3 cleavage will be addressed in the following discussion.
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Part . A. (LysineLinker) Results and Discussion

Svynthesis of a Peptide-Bridged Contrast Agent for Detection of Caspase-3

The overall method used to synthesize the target compound, 5, can be broken down into
two segments: the synthesis of the macrocyclic ligand used to chelate Gd** and the 7-mer
peptide which acts as a substrate for caspase-3. Besides serving as a substrate, the peptide
includes two lysine residues which serve as points of attachment for the lanthanide chelate.
Through the use of convergent synthesis, appreciable quantities of 5 were synthesized, despite a
lengthy, 24-step route.

The synthesis of 2 was accomplished in 5 steps with 41% overall yield (Schemes 2.1 and
2.2). The selective functionalization of cyclen, developed by Kovacs and coworkers, provided a
convenient method of stereochemical control which was carried through the remainder of the
steps to produce 2.% Of particular interest are the NMR spectra of 1 and 2. The bulky benzyl
protecting groups of 1 cause it to be locked in two different conformations. At room
temperature, the interconversion of the isomersis slow on the NMR timescale, resulting in twice
the number of expected resonances in the *H and *C NMR spectra. Removal of the benzyl
protecting groups from 1 by hydrogenation to produce 2 results in solvent-dependent fluxionality.
In CDCl3 and CD50D, the *H NMR resonances for 2 show the broadening characteristics of
fluxional behavior. However, in D,O, the *H NMR resonances of 2 are sharper, presumably due
to hydrogen bonding of the pendant carboxylic acid functionalities. Due to the limited solubility

of 2in CDCl; and D,0, **C NMR analysis was only performed in CDsOD.
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The peptide was synthesized using Solid-Phase Peptide Synthesis (SPPS) (Scheme 2.3).
The use of a4-way orthogonal protecting strategy allowed precise control over the reactivities of
the multiple functional groups present on the peptide. Each deprotection and coupling reaction
via SPPS occurred in near quantitative yield (> 99% as determined by the Kaiser test™).
Reactions were driven towards completion by the use of excess reagents, which can be easily
washed away from the resin after each step. The use of three distinct amine protecting groups, 9-
fluorenylmethoxycarbonyl (fmoc), methyltrityl (Mtt), and N-[1-(4,4-dimethyl-2,6-dioxocyclohex-
1-ylidene)ethyl] (Dde), allowed stepwise coupling of the pendant carboxylic acids of 2 with the
lysine side-chain amines (Scheme 2.4). To confirm the stepwise addition of 2 to the peptide, a
portion of resin was removed, and the intermediate product, [3], was cleaved from the resin to

produce 3, which was characterized by ESI-MS (Scheme 2.5).
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The selectivity of the protecting group strategy and the high-yielding capabilities of SPPS

afforded the macrobicyclic structuresin high yield. In contrast, solution-based syntheses of ring
closing steps are notoriously difficult and often result in low yields and mixed products.***°
After successful closure of the macrobicycle, the remaining N-terminal amino acid residues were
added to the peptide (Scheme 2.6). Cleavage of the peptide from the resin with TFA
concomitantly removed the Boc protecting group on the tryptophan side-chain as well asthe t-Bu
protecting groups located on the aspartic acid side-chains, the glutamic acid side-chain, and the
pendant carboxylic acids of the chelate (Scheme 2.7). This global Boc and tBu deprotection
allowed the removal of six protecting groupsin asingle step. The free ligand was purified by

HPLC and characterized by anaytical HPLC, ESI-MS, and 2D-NMR. Metalation was

accomplished using the appropriate lanthanide hydroxide (lanthanide = Gd**, Eu**, Dy*",
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compounds 5, 6, 7, respectively) followed by HPLC purification with overal yields of 3%, 1%,

and 1%, respectively, after 24 steps.
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Scheme 2.6 Addition of N-terminal amino acidsto the peptide
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2D-NMR of 4

To verify the structure of 4, a series of 2-dimensional NMR (2D-NMR) experiments were
performed at 600 MHz. Upon initial inspection of the 1-D *H-NMR of 4, the spectrum was
complex and displayed non-first order coupling. The overlapping of resonances was complicated
by the fluxionality of the chelate (vidainfra, compound 2). An intensive investigation using
several 2-D NMR techniques confirmed the expected structure of 4.

Total correlation spectroscopy (TOCSY) was a good starting point for assigning the *H-
NMR spectrum of 4. TOCSY uses long mixing times such that all protons within a spin system
show coupling. A spin system can be defined as a continuous chain of alkyl groups. With
peptides, the use of TOCSY is particularly advantageous because the backbone nitrogen atom of
each amino acid residue is a heteroatom which acts to disrupt coupling. This translates into each
amino acid residue being a unigue spin system. Therefore each residue can be expected to
exhibit cross peaks among all its protons and none with protons of other residues.® TOCSY was
useful in establishing connectivity between o protons (which are easily distinguished by their
unique chemical shifts) and protons found on the side-chain of each amino acid. Lysine side-
chain CH, resonances were easily identified due to their extensive number of coupled resonances
inthe TOCSY experiment. Further assignment of Hg, H,, Hs, and H; of the lysine side chain
were accomplished using proton-proton correlation spectroscopy (COSY') and nuclear
Overhauser and exchange spectroscopy (NOESY) (Figure 2.6 and Table 2.1). Identification of
the tryptophan protons proved facile due to the downfield shift of the aromatic protons, aswell as

strong COSY and NOESY interactions within the aromatic spin system. The lack of TOCSY,
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COSY, or NOESY interactions with the protons at 3.96 ppm supports the assignment of this

resonance as the a protons of glycine.

NOESY alowed severa through-space interactions to be identified, which givesinsight
into the 3-dimensional conformation of 4 in agueous solutions. Of particular interest isthe
observed coupling between E, and K,. Nuclear Overhauser effects are observed only when the
proton-proton distanceis lessthan 5 A.*® Therefore the observed NOESY correlation between
E, and K, suggests that these two sets of protons are in close proximity. The use of high-field
magnetic frequencies (600 MHz) allowed resolution of two sets of K protons. These two
resonances could be due to one of two scenarios. either the geminal protons are experiencing
dightly different environments despite being chemically equivaent or the two lysine side-chains
arein dightly different environments despite being related through symmetry. Because neither a
COSY nor aNOESY interaction between K;1 and Ks,, was observed, it can be concluded that
these two sets of protons represent the latter of the two scenarios. The NOESY interaction
between the K. protons and the acetate protons |ocated on the pendant arms of the chelate
corroborates the general capping structure shown in Figure 2.4 and dispels notions of the
structure being inverted (in which the peptide would reside on the hydrophobic side of the
chelate, opposite the water exchange site).

Due to the similar chemical shifts of the Dg protons and the cyclen backbone protons,
unambiguous assignments could not be made for these resonances. The a protons of the aspartic
acid residues and the tryptophan residue proved difficult to differentiate. This difficulty was
exacerbated by the resonance at 4.8 ppm due to residual water. Efforts to reduce the residual

water peak included repeated cycles of dissolving 4 in D,O followed by lyophilization. Water
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suppression through NMR pul se sequences was not pursued due to the potential |oss of

information from a protons which may reside within the same region of the NMR spectrum. A

complete list of assigned 2-D coupling interactions can be found in Table 2.1.

Figure 2.6. Proton nomenclaturefor 2-D NMR assignmentsof 4 (asused in Table 2.1)
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Proton | Chemical Observed Coupling Interactions (ppm)
| dentity® Shift
(ppm) TOCSY COSsY NOESY
W, 4.68%
W 3.42 7.29 7.29, 7.60
W, 7.29 3.42 3.42
W, 7.60 7.15, 7.25, 7.50 3.42,7.15,7.25
Ws 7.15 7.25, 7.50, 7.60 7.25, 7.60
Ws 7.25 7.15, 7.50, 7.60 7.15, 7.50, 7.60
W, 7.50 7.15, 7.25, 7.60 7.25
D, 4,68
Dg 2.3-2.9°
E, 4.19 1.92, 2.10, 2.39 1.92, 2.10 1.92, 2.10
= 2.06° 1.92',2.10',2.39,4.19 | 2.39, 4.19 1.92',2.10/, 2.39, 4.19
1.92° 2.10°
E, 2.39 1.92, 2.10, 4.19 1.92, 2.10 1.92, 2.10
K 4.33¢ 1.35, 1.38
Kp 147,150 |297 1.35,1.38 1.35, 1.38, 1.70
K, 1.35,1.38 |297,4.33 1.47, 1.50, 1.70, 1.75 | 1.47, 1.50, 1.70, 4.19
Ks1 1.70 2.97 1.35, 1.38, 2.97 1.35, 1.38, 1.47, 1.50
Ks2 1.75 2.97 1.35,1.38 4.19
K 2.97 1.35, 1.38, 1.47, 1.50, | 1.70 3.75
1.70, 1.75
G, 3.96
cyclen | 2.3-2.9°
acetate | 3.30, 3.75 2.97,3.30,3.75

spectra

Table2.1. 2-D *H-NMR coupling interactions observed for 4

%one-letter amino acid abbreviations used with subscripts denoting proton position, see Figure 2.6
for nomenclature; Poverlapping resonances and overlap with water residual resonance at 4.80
ppm prevents unambiguous assignments, ‘overlapping resonances preclude unambiguous
assignments; %geminal protons not resolved in 1-D spectrum (500 MHz); geminal protons
resolved in 2-D spectrum (600 MHz); ‘geminal coupling; ®resonances not resolved in 1-D or 2-D
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Number of inner-sphere water molecules, g

The determination of g for 5 was performed through the measurement of the
luminescence lifetime decay of the Europium analog, 6, in water and deuterium oxide.
Excitation of the Europium ‘Fy — °Dy transition at 580 nm results in luminescence due to °Dg —
’F, emission. The °Dg stateislong-lived (millisecond timescale), however, vibrational energy
transfer can occur with solvent molecules bound to the Europium, resulting in quenching of the
luminescence. The quenching effect of OH oscillators is approximately 200 times faster than the
guenching of OD oscillators. This difference in luminescence quenching by OH oscillators and
OD oscillators has been exploited as a method to determine the number of inner-sphere water
molecules of Europium chelates.” Measurement of the Europium luminescence lifetime decays
in water (ty20) and deuterium oxide (tp20) can be used to calculate g through the use of Equation
2.1, where A has been empirically derived to be 1.05 water molecules* ms and kxy is a correction
factor to account for amine NH and a coholic OH oscillators (from the ligand) in the first

coordination sphere of Europium.

Equation 2.117 q= A[’L'Hzo_l - ’CDzo_l - kXH]

Because Europium and Gadolinium differ in ionic radii by only 0.9%, the substitution of the
former for the latter has minimal perturbation on the overall structure of the chelate. *2

The determination of g for 6 was attempted using a Hitachi F-4500 fluorescence
spectrometer. The luminescence decay constant of 6 in D20 (tp2o) was determined to be 1.90 ms

after fitting (R* = 0.996) (Figure 2.7). The luminescence decay constant of 6 in HO (tr20),
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however, was too fast (< 0.5 ms) to be accurately determined using the Hitachi F-4500. Dueto

the limited capabilities of the Hitachi F-4500, an alternate method of determining g was pursued.
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Figure 2.7. Luminescence decay of 6 in D,O (50 replicates; black squares = experimental
data; red line = fit to monoexponential decay with decay constant 1.90 ms, (R = 0.996)

The next approach for determining q invoked the use of NMR and required the synthesis
of 7, the Dysprosium (111) analog of 5. Lanthanides produce characteristic paramagnetic shiftsin
NMR spectra; this phenomenon is known as the Lanthanide Induced Shift (L1S).*® Table 2.2
shows the relative shifts observed for various lanthanides. Dysprosium has been employed as a

shift reagent due to its large paramagnetic shift in *H-NMR.** The method of Alpoim and
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coworkers was used to determine q by measuring the Dysprosium Induced Shift (DIS) of ’O-

enriched water as a function of the concentration of 7.%° Assuming fast water exchange, the DIS
is linear with Dysprosium concentration. As q increases, the observed DIS of the bulk water *’O-
NMR resonance will increase. The slope of the DIS vs. 7 concentration (Figure 2.8) was

compared to that of a solution of DyCl3, with the ratio being equal to g.

Lanthanide | LIS of Ln**-bound water
S (ppm)
Pre* -60
Nd** -32
Sm*>* -4
Eu** 50
Tb* -600
Dy** -720
Ho™ -360
Erst 200
Tm>* 500
Yb** 200

Table2.2 LanthanideInduced Shifts of Ln**-bound water for DOTA-tetra(amide)
chelates™
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Figure2.8. Dysprosium Induced Shift of water *’O-NMR resonance by 7

The DIS experiment resulted in g = 1.73 (assuming the lanthanide ion is 9-coordinate) or
q = 1.44 (assuming the lanthanide ion is 8-coordinate).?>** Conflicting literature reports of the
exact coordination number for the Dysprosium aquo ion (the standard of comparison for this
experiment) prompted further investigation of the coordination geometry of 5.

The DIS results suggest that 5 could potentially have two inner sphere water molecules.
To test this hypothesis, arelaxivity profile of 5 as afunction of pH was obtained (Figure 2.9).
Lanthanide chelates with two inner sphere waters show a characteristic decrease in relaxivity at
high pH due to the binding of carbonate anion (which increases in concentration at higher pH) in
abidentate fashion.?” Figure 2.9 shows that 5 exhibits an increase in relaxivity at high pH, which
argues against ag = 2 complex. Theincreased relaxivities observed for 5 at extreme pH values
(2> pH > 11) can be explained by prototropic exchange. Prototropic exchange occurs when the

protons on the lanthanide-bound water molecule are exchanging with bulk water protons faster
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than the inner-sphere water is exchanging with the bulk water.?® Prototropic exchangeis

observed at extreme pH values due to acid or base assisted proton exchange with bulk water.?%*
The result of prototropic exchangeis an increase in relaxivity because more protons are
effectively being relaxed by the paramagnetic Gd®" in a given period of time.

An interesting feature of the pH dependent relaxivity of 5istheincreasein relaxivity at
pH 3.5 and pH 10. Theselocal maximain relaxivity correspond to the expected pK, values for
the carboxylic acids and amides, respectively, of 5. Similar phenomena are reported in the
literature for compounds with exchangeable protons in the vicinity of the paramagnetic center.?®
At pH values near the pK, of the exchangeable protons, an increase in relaxivity is observed due

to increased proton exchange. Since the protons are close to the paramagnetic center, they are

effectively relaxed in amanner akin to that of a second sphere water molecule.
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Figure 2.9. Relaxivity vs. pH of compound 5

The results of the pH dependent relaxivity study helped eliminate the possibility of 5
having two inner-sphere waters, but did not ease the ambiguity of g being either 1.44 or 1.73 (as
determined by the DIS experiment). Therefore, the luminescence decay measurements were re-
visited with improved instrumentation. Time resolved laser luminescence of 6 measurements
were acquired using aNd: YAG pump laser. The use of the laser resulted in precise
measurements of the luminescence decay lifetimes of 6 in water and deuterium oxide (Figure
2.10). Fitting the laser luminescence data to a monoexponential decay resulted in decay
constants of 0.5496 + 0.0003 ms (R? = 0.9994) and 1.752 + 0.002 ms (R? = 0.998) for water and

deuteriuim oxide, respectively. Application of Equation 2.1 resulted ing=1.2 + 0.1 for 6.
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Figure 2.10 Luminescence lifetime decays of 6 in H,O (top) and D,O (bottom).
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Mean Water Residence Lifetime, T,

The mean water residence lifetime, T, of 5 was determined using literature methods.”>?

These methods were originally developed by Swift and Connick for paramagnetic metal ions and
|ater applied to the determination of 1, of MRI contrast agents by Micskei and coworkers.?>%
The effect of the paramagnetic complex, 5, on the transverse relaxation time of 'O in
water was studied. Due to the low natural abundance of *’O in water, the samples were doped
with Y’O-enriched water. The difference of the linewidth of the water *’O resonance in the
presence and absence of 5 was measured as afunction of temperature. The experimental results
were compared to the theoretical equations previously developed by Swift and Connick.”® A fit
to the established theory for asingle species (only one isomer of 5 present in solution) could not
be obtained. The unique features of the low temperature portion of the *’O-NMR data led to the
hypothesisthat 5 could exist as two isomers. Reworking the Swift and Connick equationsto
incorporate terms for two distinct isomers (Equation 2.2 in Experimental Section), allowed the
experimental datato be fit to the theoretical model, resulting in T, values of 1159 nsand 70 ns
(Figure 2.11). Similar phenomena have been reported in the literature by Zhang and coworkers
where a closely related bis-amide complex, Gd-DOTA-2DMA (Figure 2.12), was shown to exist
as two isomers with drastically different t, values of 1350 ns and 14.2 ns.>’ Zhang and
coworkers attributed the faster 1, value to the minor twisted square anti-prismatic (TSAP)
isomer, while the slower t, value belonged to the more prevalent square anti-prismatic (SAP)
isomer (Figure 2.13 shows the TSAP and SAP isomers of Gd-DOTA). In order to disseminate
the contribution of each of the TSAP and SAP isomers to the overall observed T, Zhang and

coworkers determined the ratio of the isomers as afunction of temperature by variable
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temperature (VT) *H-NMR of Eu-DOTA-2DMA. In astudy akin to that of Zhang and

coworkers, VT *H-NMR of 6 (the Eu** analog of 5) was acquired, however the separate
resonances due to the TSAP and SAP isomers could not be discerned. Therefore 6 was
determined to be in the intermediate fluxional regime throughout the entire temperature range
studied (1 °C to 85 °C), and the determination of the TSAP/SAP isomer ratio was proscribed by
thismethod. Due to the solution being agueous, analysis of the compound outside of this

temperature range was not admissible.

200 -
u n
160 -
2 190 4
o
O
80 -
40 T U T L T
300 330 360

Temperature (K

Figure2.11 Fit (red line, R? = 0.997) of experimental data (black squares) to a two isomer
theor etical model in the determination of T, for 5by VT O-NMR
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5 Gd-DOTA-2DMA

Figure2.12. Comparison of compound 5 chelate structure (highlighted red) with related
literature compound, Gd-DOTA-2DMA?’

e T/iKTO
! 4 PN

Figure2.13 TOP: Structuresof thetwisted square anti-prismatic (T SAP) and square
antiprismatic (SAP) isomers of Gd-DOTA
BOTTOM: Geometry of the TSAP and SAP isomers, showing the difference
in twist angle between the plane of nitrogen atoms of the cyclen
backbone and the plane of oxygen atoms of the pendant acetate groups
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Relaxivity

The independent determination of the relaxometric parameters q and t,, were critical in
understanding the factors influencing the relaxivity of 5. When measured in the caspase-3
enzyme buffer (50 mM HEPES, 100 mM NaCl, 10 mM DTT, 1 mM EDTA, 10% sucrose, 0.1%
CHAPS, 1 mg/mL BSA, pH 7.4), 5 displayed arelaxivity of 10.8 mM™s™. Thisvalueis much
higher than the relaxivities of ~4 mM™s™ reported for clinical contrast agents.?® Contrast agents
have been reported which attribute high relaxivity to increased molecular reorientation time (tr)
due to interaction with serum albumin proteins.?*** In order to exclude the possibility of the
high relaxivity of 5 being attributed to an increase in tr due to interaction with bovine serum
abumin (BSA), the relaxivity measurements were repeated using the same buffer system without
BSA. Therelaxivity of 5 in the presence and absence of BSA were within experimental error,
therefore it was concluded that the high relaxivity of 5is not due to interaction with BSA. The
high relaxivity of 5 is purported to be due to two factors. high molecular mass and the presence
of second-sphere water molecules which are H-bonded within the macrobicycle.

With a molecular mass of 1402 g/mole, 5 has ailmost triple the molecular mass of Gd-
DOTA (561 g/mole). The molecular reorientation time, tr, of molecules increases linearly with
overall size, and the relaxivity of small molecule Gd**-based contrast agentsis limited by tr
(explained in Chapter |, see Equations 1.13-1.14). Resultantly, the relaxivity of small molecule
Gd**-based agents increases linearly with molecular mass.** The high molecular mass of 5,
however, isonly partially responsible for the observed high relaxivity.

The other factor responsible for the high relaxivity of 5 is a putative second-sphere water

molecule. Second-sphere water molecules are defined as solvent molecules that are not directly
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bound in the first coordination sphere, yet remain in proximity of the paramagnetic metal for a

relatively long time.** Second-sphere water molecules can be due to hydrogen bridges to the
ligand and/or to the bound water.** The contribution of second-sphere water can be described
using the same theory as used for the inner-sphere water.** Second-sphere relaxation was
reported to be responsible for the unexpectedly high relaxivity observed for a contrast agent
which lacked an inner-sphere water molecule®® The absence of an inner-sphere water molecule
would lead to an expected relaxivity of ~2 mM™s™, because approximately half of the relaxivity
observed for small molecule Gd**-based agentsis due to inner-sphere relaxation (the other half
being due to outer-sphere effects of closely diffusing water molecules).** The q = 0 agent
displayed arelaxivity of 4.2 mM™s? due to the presence of a second-sphere water molecule
tightly interacting with a negatively charged functional group on the contrast agent.”® Another
example of acontrast agent with high relaxivity attributed to second-sphere water was reported
by Anelli and coworkers for a contrast agent which was designed for imaging of the hepatobiliary
system.®* The agent displayed arelaxivity of 8.5 mM™s™, despite having a molecular mass of
only 1100 g/mole. The high relaxivity was attributed to the presence of an H-bonded second-
sphere water in addition to an inner-sphere water. Aime and coworkers, reporting on H-bonded
second-sphere water, stated, “ This additional contribution to the relaxivity when a negative
chargeislocated in close proximity of the coordination cage appears to be arather genera
phenomenon”.?®* As such, it seems plausible that the multiple negative charges located in close
proximity of the coordination cage of 5 could result in an H-bonded second-sphere water
molecule. This second-sphere water molecule, coupled with the high molecular mass of 5,

explains the observed high relaxivities.
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Part 1. A. (LysineLinker) Conclusions

The synthesis of target compound 5 was accomplished in 24 steps with an overal yield of
3%. A thorough 2-D NMR structural analysis of the free ligand, 4, confirmed the overall
structure of the macrobicycle. The number of inner-sphere water molecules, g, of the lanthanide
complexes was studied using the NMR lanthanide induced shift and laser luminescence methods
and determined to be 1.2 + 0.1. A relaxivity vs. pH profile of 5 confirmed aqg =1 complex and
revealed interesting features. The mean water residence lifetime, tr,, of 5 was determined by VT
YO-NMR. The 1y, study revealed that 5 exists as a mixture of the TSAP and SAP isomers with
mValues of 70 nsand 1159 ns, respectively. These values of 1, for 5 agree with literature 1,
values of closely related compounds. The high relaxivity of 10.8 mM™s™ for 5isdueto its high
molecular mass and a purported H-bonded second-sphere water molecule. The presence of an
inner-sphere water for 5 prompted a redesign of the linker between the chelate and the peptide

(Part 1. B) in an effort to limit inner-sphere water access to the paramagnetic lanthanide.

Part |. B. (Diaminopropionic Acid Linker) Results and Discussion

Due to the presence of inner-sphere water for 5, the linker length between the chelate and
the peptide was shortened. During the time of this study, a macrobicyclic lanthanide chelate
which lacked an inner-sphere water was published by Vipond and coworkers.* The literature
complex, 80,-bridged DOTAM, featured a 21-membered macrobicycle with a chelate structure
very similar to the peptide-bridged macrocycles in the present work (Figure 2.14). Thelack of an
inner-sphere water for 80,-bridged DOTAM provided the impetus to redesign the peptide-

bridged macrocycle to consist of a 22-membered macrobicycle (Figure 2.15).
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Synthesis

By substituting commercially available diaminopropionic acid for lysine, target
compounds 12 and 13 were synthesized in 24 steps (with overall yields of 6% and 9%,
respectively) using the methods and protecting strategy developed in Part |. A (Schemes 2.8,
2.10, 2.13, 2.14). To confirm the stepwise formation of the bridge between 2 and the protected
peptide during SPPS, key intermediates were cleaved from the resin and characterized by ESI-

MS (Schemes 2.9, 2.11, 2.12).
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2. fmoc-Dap(Mtt)-OH
HATU, DIPEA, DMF
0 U .Q 3. piperidine/DMF
N 0] >
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0
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6. Dde-Dap(fmoc)-OH
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Scheme 2.8 Synthesis of resin-bound peptide intermediate [8]
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Scheme 2.9 Cleavage of resin-bound intermediate [8] to yield 8 for characterization by
ESI-MS
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Scheme 2.12 Cleavage of resin-bound intermediate [10] to yield 10 for characterization by
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Relaxometric Properties (Q, tm, relaxivity)

The determination of g for 13 and of relaxivity and 1, for 12 were accomplished using
methods described in Part I. A. The luminescence decay constants for 13 in water and deuterium
oxide were 0.4744 + 0.0003 ms (R* = 0.9994) and 1.6412 + 0.0006 ms (R? = 0.9998),
respectively, resulting in acalculated g = 1.4 + 0.1. Dueto the error of + 0.1 inner sphere water
molecules, the g value for 13 iswithin experimenta error of the g value of 1.2 determined for the
related lysine-bridged agent, 6 (Part . A). These results obviate the possibility of water blockage
by the peptide for 12. The relaxivity of 9.6 mM™s™ for 12 is similar to the value of 10.8 mM™s*
determined for 6 (Part I. A). The’O-NMR data displayed an overall shape similar to that of 6

and was thus fit to atwo isomer model, resulting in tr, values of 839 ns and 32 ns (Figure 2.16).
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Figure2.16 Fit (red line, R? = 0.996) of experimental data (black squares) to a two isomer
theoretical model in the determination of t,, for 12 by VT O-NMR
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Part |. B (Diaminopropionic Acid Linker) Conclusions

The synthesis of 12 was accomplished in 24 steps with an overall yield of 6%. The
synthesis and the determination of the relaxometric properties of 12 paralleled that of the
previously discussed 5. The shortening of the lysine linker found in 5 to the diaminopropionic
acid linker found in 12 had aminimal effect on the relaxometric properties. Proximity of the
peptide to the chelate was not sufficient to block inner-sphere water access.

It was hypothesized that the shortening of the 28-membered macrobicyclic structure of 5
to the 22-membered macrobicyclic structure of 12 would lead to adecreasein g. This hypothesis
was supported by the literature complex, 80,-bridged DOTAM (Figure 2.14), which consists of a
21-membered macrobicyclic structure and lacks inner-sphere water.** The authors attributed the
lack of an inner-sphere water to distortions of the coordination sphere induced by steric
constraints imposed by the bridging unit. Crystallographic analysis of the ytterbium(I11) complex
of 80,-bridged DOTAM confirmed a constrained system which existed only asthe TSAP
isomer. In the present work, the peptide did not induce sufficient strain on the macrocyclic
chelate to exclude water access to the lanthanide. The VT ’O-NMR studies of 5 and 12 revealed
that both of these complexes display fluxionality between the TSAP and SAP isomers. The
overall implications of the peptide-bridged contrast agents and future directions are discussed at

the end of this chapter.
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PART II. Peptide-Bridged MRI Contrast Agentsfor the Detection of Matrix

M etalloproteinase-7

(*Note: Part Il isaderivative of the efforts and ideas presented in Part | and many of the
experimentsin Part I were run in parallel with the analogous experiments of Part I. For brevity,
the maority of theinformation in Part 11 will be presented in Schemes and Figures. For details,

the reader is directed to the analogous section in Part 1.)

Part 1. Introduction: Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are afamily of zinc containing enzymes that mediate
the breakdown of connective tissues.*®* MM Ps are important in many physiological processes
including wound healing, bone resorption, and uterine and breast involution.*” The enzymes are
generally expressed at low levels, but these levels rise rapidly during inflammation, wound

healing, and cancer.®® Overexpression of MM Ps has been linked to several degenerative diseases

39-42

such as multiple sclerosis,*** corneal ulceration,* periodontal disease,™ gastrointestinal

47,48

ulceration,* abdominal aortic aneurysm,* rheumatoid arthritis,*” osteoarthritis,*’** cancer

49-52 51,53-57

invasion, and tumor metastasis.
As early as 1949, MM Ps were recognized as depolymerizing enzymes that were believed
to facilitate tumor growth by degrading connective tissues.”® Recently, the mechanistic role of

MMPsin tumor metastasis and invasion has been shown to be much more complex. However,

the positive correlation between MMP expression levels and the invasive potential of atumor
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remains.’ Of the twenty-four known MMPs, MM P-7 has been closely linked to events

occurring during tumor metastasis and invasion, 349525657

Cancer is one of the leading causes of death in the United States, accounting for
approximately 25% of all deaths.®® Patients with metastatic cancer have significantly lower odds
of survival; approximately 50% of cancer patients die when the primary tumor becomes
metastatic.""*® Asaresult, thereis agrowing need for areliable MMP activity marker.*

The detection of MMP activity is critical for identifying metastatic cancer and could be
used to monitor the efficacy of MMP inhibitors, leading to the optimization of anti-cancer
therapeutic protocols.**®*%! The current method of monitoring MMP activity consists of ex vivo
assays on excised tissues or fluid samples. In order to detect MMP activity in vitro, fluorescent
probes have been developed.®*®® The practical applications of fluorescence techniques are
restricted to the observation of cells, small animals, and tumors near the surface of the skin due
to the limited penetration of light (<10 mm).** MRI provides an alternative to optical

microscopy, alowing the imaging of opagque organisms in three dimensions at cellular

resolution.?

Design of a Peptide-Bridged Contrast Agent for MMP-7

MMP-7 cleaves substrates containing the PLXALXAX motif, where X denotes a variety
of amino acids and ”* denotes the cleavage site.** Placement of the bridge linking the lanthanide
chelate to the peptide at the variable (X) residues of the substrate peptide was hypothesized to not
interfere with substrate recognition and cleavage by MMP-7. The incorporation of atryptophan

residue on the C-terminus of the peptide provides a chromophore for HPLC purification of
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intermediates. It was hypothesized that the substrate peptide could act to sterically block inner-

sphere water access to Gd®* (Figure 2.4), resulting in ineffective water relaxation by the agent.
Upon enzymatic cleavage of PLKLKAW by MMP-7, the bridge was hypothesized to open,

alowing inner-sphere water access to Gd** and resulting in an increase in relaxivity of the agent.

Part I1. A. (LysineLinker) Results and Discussion
Synthesis

Target compounds 18 and 19 were synthesized in 24 steps (with overall yields of 1%)
using the methods and protecting strategy developed in Part I. A (Schemes 2.15, 2.17, 2.20,
2.21). To confirm the stepwise formation of the bridge between 2 and the peptide to form the
macrobicyclic structure, key intermediates were cleaved from the resin and characterized by ESI-

MS (Schemes 2.16, 2.18, 2.19).
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Scheme 2.15 Synthesis of resin-bound peptide intermediate [14]
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Relaxometric Properties (Q, tm, relaxivity)

The determination of g for 19 and relaxivity and 1, for 18 were accomplished using
methods described in Part I. A. The luminescence decay constants for 19 in water and deuterium
oxide were 0.4963 + 0.0003 ms (R? = 0.9992) and 1.422 + 0.002 ms (R? = 0.997), respectively,
resultinginacalculated = 1.2 + 0.1. Thisvalue of q isthe same as that determined for the
structurally similar lysine-based caspase-3 agent, 5. The relaxivity of 12.5 mM™s™ for 18is
slightly higher than the value of 10.8 mM™s* determined for 5 (Part I. A). The minor differences
in relaxivity between the two lysine-based contrast agents could be due to slight structural
variations resulting from the different amino acid sequences and/or the different buffer
constituents used (18 and 5 were measured in MM P-7 and caspase-3 assay buffer solutions,
respectively; details of buffer constituents listed in Experimental). The *’O-NMR linewidth
analysis of 18 wasfit to atwo isomer model, resulting in t, values of 1073 ns and 68 ns (Figure

2.17).
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Figure 2.17 Fit (red line, R? = 0.9991) of experimental data (black squares) to a two isomer
theoretical model in the determination of t, for 18 by VT O-NMR

Part 11. A. (LysineLinker) Conclusions

The synthesis of compound 18 was accomplished in 24 steps with an overall yield of 1%.
The relaxometric properties of the lysine-based MMP-7 agent, 18, are consistent with the
structurally similar lysine-based caspase-3 agent, 5 (Part 1. A). The dlight differences between 18
and 5 are likely due to the differing amino acid sequences used to construct each agent.

The presence of an inner-sphere water for 18 prompted a redesign of the linker between

the chelate and the peptide (Part 11. B) in an effort to prohibit inner-sphere water access to the

paramagnetic lanthanide.
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Part I1. B. (Diaminopriopionic Acid Linker) Results and Discussion

Due to the presence of an inner-sphere water for 18, the linker length between the chelate

and the peptide was shortened using the methodol ogy described in Part |. B.

Synthesis

By substituting commercially available diaminopropionic acid for lysine, target
compounds 24 and 25 were synthesized in 24 steps (with overall yields of 1% and 0.3%,
respectively) using schemes similar to those in Part 11.A (Schemes 2.22, 2.24, 2.27, 2.28). In
order to confirm the stepwise formation of the bridge between 2 and the peptide to form the
macrobicyclic structure, key intermediates were cleaved from the resin and characterized by ESI-

MS (Schemes 2.23, 2.25, 2.26).
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Relaxometric Properties (Q, tm, relaxivity)

The determination of g for 25 and of 1, and relaxivity for 24 were accomplished using
methods described in Part I. A.

The luminescence decay constants for 25 in water and deuterium oxide were 0.6112 +
0.0004 ms (R? = 0.9991) and 1.564 + 0.002 ms (R* = 0.998), respectively, resultingin a
calculated g =0.9 + 0.1. Thisvalue of g isdlightly lower than the value of 1.2 obtained for the
lysine-based agent, 18 (Part 1. A). The ’O-NMR linewidth analysis of 24 was fit to atwo
isomer model which includes contributions from both the SAP and TSAP isomers, resulting in Ty,
values of 1323 ns and 635 ns, respectively (Figure 2.18). The t, value for the TSAP isomer of
24 isan order of magnitude longer than the TSAP 1, value of 68 ns reported for 18, and the 1,
value for the SAP isomer of 24 is considerably greater than the SAP t,, value of 1073 ns reported
for 18 (Part 1. A). These drastic differencesin tr, help explain the differencesin relaxivity
between 24 and 18. The relaxivity of 24 was 5.9 mM™s*, which is considerably lower than the
value of 12.5 mM™s? determined for 18 (Part I1. A). The differences in relaxivity between 24
and 18 is best explained by a combination of the slightly lower g values and the significantly

longer 1, values of 24.
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Figure 2.18 Fit (red line, R? = 0.9997) of experimental data (black squares) to a two isomer
theoretical model in the determination of T, for 24 by VT O-NMR

Enzyme Studies

Therelatively low relaxivity of 24 prompted an investigation of the relaxivity of the agent
in the presence of MMP-7. The T, of asolution of 24 in the presence of active MMP-7 was
measured as a function of time. A control solution consisting of 24 without added MMP-7 was
subjected to the same conditions and the T, of the solution was monitored over time. After
repeating the experiments several times, it was determined that there was not a significant
difference between the experimental and control solutions. These results suggest that either the
enzyme is unable to cleave the substrate peptide of 24 or thereis alack of change in relaxivity of
24 before and after enzymatic cleavage. Further investigation of these two possible scenarios

was examined using mass spectrometry. The enzymatic hydrolysis of 24 by MMP-7 should
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result in an increase in mass by 18 am.u. due to the addition of water into the scissile amide

bond. Thisincrease in mass should be detectable by mass spectrometry. Despite repeated
efforts, neither 24 nor the enzymatic cleavage product of 24 could be detected by ESI-M S or

MALDI-TOF MS.

Part I1. B (Diaminopropionic Acid Linker) Conclusions

The synthesis of 24 was accomplished in 24 steps with an overall yield of 1%. The
relaxometric properties of 24 differ significantly from those of the related lysine-based 18 from
Part II.LA. Thedlightly lower g value of 0.9 and significantly longer 1, values of 1323 nsfor the
SAP isomer and 635 nsfor the TSAP isomer (as compared to g = 1.2 and tr, = 1073 nsfor the
SAP isomer and 68 for the TSAP isomer of 18) help explain why the relaxivity of 24 (5.9 mM™s
') is approximately half that of 18 (12.5 mM™s™). The steric constraint due to proximity of the
peptide to the gadolinium(l11) chelate is alikely culprit for the longer T, values of 24 as
compared to the larger 28-membered macrobicyclic structure of 18.

Therelatively low relaxivity of 24 prompted enzyme studies with MMP-7. It was
hypothesized that the relaxivity of 24 would increase upon cleavage by MMP-7 due to increased
water access to the paramagnetic gadolinium(l11) (proposed mechanism, Figure 2.4). An
investigation of the relaxivity of 24 after incubation with MMP-7 was not significantly different
from the control solutions which lacked enzyme. Mass spectrometry failed to detect either 24 or
the enzymatically cleaved product in the complex milieu of the MMP-7 assay buffer. Due to the
prohibitively high cost of synthesis and low overall yield (1% after 24 steps), further studies of

24 where not attempted.
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OVERALL SUMMARY AND FUTURE DIRECTIONS

The macrobicyclic chelates presented in this chapter are a systematic approach towards
controlling the coordination environment of lanthanide chelates. The first generation
(compounds 5 and 18) featured chelates attached via amide bonds to the side chain amine of
lysine. These agents incorporated a 28-membered macrobicyclic structure. The relaxometric
properties of the agents were thoroughly evaluated, and it was determined that the peptide did not
effectively block inner-sphere water access to the lanthanide chelate. The results of these studies
led to the second generation of agents where diaminopropionic acid was used in place of lysinein
the bridging amino acid residues. Using the synthetic methodology developed for the first
generation, the second generation of agents (compounds 12 and 24) consisted of a 22-membered
macrobicyclic structure. For both 12 and 24, the peptide did not completely block inner-sphere
water access, however, for 24, the water exchange rate (ke = /1) was slowed by an order of
magnitude. The slower water exchange rate for 24 resulted in the overall relaxivity being half
that of the analogous first generation agent, 18. Interestingly, 12 did not show a decrease in
water exchange rate as compared to 5. It is hypothesized that the functionality and conformation
of the individual amino acids of the peptide have a great influence on the water exchange rate of
the chelate. Further investigation of this hypothesis involves synthesizing a variety
macrobicyclic complexes with systematic changes of the amino acids. The influence of charged
vs. hydrophobic amino acid side-chains leaves an interesting topic for future studies of peptide-
based macrobicyclic lanthanide chel ates.

The novel chelates developed both in this chapter and in Appendix 11 will serve as

valuable synthons for future projects. The controlled functionalization of cyclen resultingin 2
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has potential applicationsin the development of novel MRI contrast agent conjugates. For

instance, the pseudo-trans carboxylic acids of 2 could be used to synthesize molecules which
feature MRI contrast agents incorporated into alinear chain of amino acids, polymers, or other
relevant structures. Incorporation of the lanthanide chelate within the backbone of alinear
macromolecule (as opposed to current designs which feature MRI contrast agents appended to
the periphery of the macromolecule) would help fully take advantage of the increased molecular
tumbling of the macromolecule, resulting in agreat increase in relaxivity of the contrast agent.

The methodology developed during the synthesis of the macrobicyclic structures involved
multi-step synthesis with 4-way orthogonal protecting strategy. This protecting strategy will be
useful for future projectsinvolving the covaent attachment of multiple unique moietiesto a
peptide. For instance, a peptide could be functionalized with a fluorophore and an MRI contrast
agent to allow multimodal imaging of biological systems.

The use of solid-phase peptide synthesis was instrumental in maintaining high yields
throughout the lengthy, 24-step syntheses. With the general synthetic strategy developed in the
present work, multiple permutations of the structure are possible with minimal changes to the
overall synthetic steps. This chapter represents only two examples of the potential target
enzymes (Part |., Caspase-3 and Part I1., MMP-7) out of the plethora of known enzymes. By
simply changing the amino acid sequence of the substrate peptide, this methodol ogy can be used
to synthesize countless potential imaging agents. Since subtle changes in the amino acid
structure can have a drastic influence on the relaxometric properties of the resultant contrast
agent, the investigation of peptide-based macrobicyclic MRI contrast agents leaves much to be

explored.
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EXPERIMENTAL (Partsl.and I1.)

General

Abbreviations

DMF = N,N-dimethylformamide, TFA = trifluoroacetic acid, MeCN = acetonitrile, TIS=
triisopropylsilane, fmoc = 9-fluorenylmethoxycarbonyl, Boc = tert-butoxycarbonyl, Mtt =
methyltrityl, HATU = o-(7-azabenzotriazol-1-yl)-N,N,N’,N’ -tetramethyluronium
hexafluorophosphate, DIPEA = N,N-diisopropylethylamine, DOTA = 1,4,7,10-
tetraazacyclododecane N,N',N",N"'-tetraacetic acid, NMR = nuclear magnetic resonance, HPLC =
high performance liquid chromatography, RP-HPLC = reverse phase high performance liquid
chromatography, PDA = photodiode array, ESI-MS = electrospray ionization mass spectrometry,
MALDI-TOF MS = matrix assisted laser desorption ionization time of flight mass spectrometry,
CHCA = a-cyano-4-hydroxycinnamic acid, Dde = (4,4-dimethyl-2,6-dioxocyclohex-1-
ylidene)ethyl, tris = 2-amino-2-hydroxymethylpropane-1,3-diol, BSA = bovine serum albumin,
APMA = 4-aminophenylmercuric acetate, HEPES = 4-(2-hydroxyethyl)-1-

pi perazineethanesulfonic acid, DTT = dithiothreitol, EDTA = ethylenediaminetetraacetic acid,
CHAPS = 3-[(3-chloramidopropyl) dimethylammonio]-1-propane sulfonate, Dap =

diaminopropionic acid

Chemicals
Fmoc-L-amino acids and fmoc-L-amino acids with side chain protecting groups were

purchased (NovaBiochem, San Diego, California) and used as received. Diaminopropionic acid
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derivatives and Diaminobutanoic acid derivatives were purchased (IRIS Biotech GmbH,

Germany) and used asreceived. All other chemicals and solvents were purchased (Sigma

Aldrich, St. Louis, Missouri) and used as received.

Instrumentation

UV/visible spectrafor the Kaiser test were performed on an Agilent 8453 UV /vis
spectrophotometer. ESI-MS was performed on a Varian Quadrupole 1200L or a Thermo
Finnigan LCQ Advantage. Sampleswere dissolved in MeOH and 0.22 um filtered prior to
injection. MALDI-TOF MS was performed on a PerkinElmer Voyager DE Pro operating in
reflector mode using CHCA as matrix. Aqueous samples (1 uL) were spotted on a stainless steel
plate along with matrix solution (1 pL of saturated CHCA solutionin 1:1 MeCN : 0.1% TFA).
Samples were dried under ambient conditions before acquiring spectra. Anaytical HPLC-MS
was performed on areverse-phase C;g Atlantis T3 column (Waters, T3 5um, 4.6 X 250mm) with
aVarian Prostar 363 fluorescence detector, a Varian Prostar PDA 330 UV/vis detector, and a
Varian Quadrupole 1200L M S to determine the appropriate gradients to be used for preparative
HPLC. Preparative HPLC was performed on areverse-phase Cyg Atlantis T3 column (Waters,
T3 10um, 19 X 250mm with 19 X 10mm guard) with a Hewlett-Packard 1046A fluorescence
detector and a Varian Prostar UV /vis dua wavelength detector.

1-D NMR spectrawere acquired on either aVarian Mercury 400 MHz or Varian Inova 500 MHz
instrument. 2-D NMR were acquired on aVarian 600 MHz instrument. Fluorescence
measurements were recorded on a Hitachi F-4500 using quartz cuvettes. T; measurements were

determined using a Bruker mg60 Minispec operating at 60 MHz and 37 °C. Lanthanide
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concentrations were determined using Inductively Coupled Plasma Mass Spectrometry (ICP-MYS)

on a Thermo Electron Corporation XSeries' ICP-MS with Thermo Plasmal_ab software. ICP-
MS samples were performed in triplicate using a standard calibration for each Lanthanide with an

internal standard consisting of 50 ppb In®".

Other

Pt stain for TLC consists of 150 mg K,PtClg in 90 mL H,O, 10 mL 1 N HCI, 3 g KI. CAM stain
for TLC consists of 900 mL water, 100 mL concentrated H,SO,4, 100 g ammonium molybdate,
and 4 g ceric (IV) sulfate. The Kaiser test for free amines was used to determine reaction
progress during solid-phase peptide synthesis.** All water used was purified using a Milli-Q
(Millipore Billerica, Massachusetts) purification system. Millipore Millex-GN 0.22 um Nylon
filters were used for agueous solutions and Millipore Millex-FG 0.22 um hydrophobic PTFE

filters were used for non-aqueous solutions.

Part | .A.

1,7-bis(tert-butoxycar bonylmethyl)-4,10-bis(benzyloxycar bonylmethyl)-1,4,7,10-
tetraazacyclododecane (1)

1,7-bis(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacycl ododecane (synthesized according to
literature methods'?) (5.00537 g, 12.4959 mmol) was dissolved in 12 mL MeCN and placed in a

100 mL roundbottom flask with magnetic stirbar. Cs,COs (3.4 eq., 14.03217 g, 43.0672 mmol)
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and benzyl 2-bromoacetate (2.1 eg., 4.120 mL, 26.26 mmol) were added and the flask was

attached to a water-cooled reflux condenser equipped with a Drierite drying tube. The flask was
placed in a 60 °C oilbath and stirred overnight. The reaction was determined complete by TLC
(silicagdl, 1:9:90 saturated KNO3:H,0O:MeCN, Pt stain, product R = 0.53). The solution was
cooled to room temperature and paper filtered to remove Cs,CO3. MeCN was removed by rotary
evaporation under reduced pressure to afford the crude product as ayellow oil. The crude
product was dissolved in CH,Cl, and loaded onto a silicagel column (8 cm diameter X 10 cm
height). Excess benzyl 2-bromoacetate was eluted with CH,Cl,, followed by a gradient up to
10% MeOH in CH.CI, to elute the desired product. Solvents were removed by rotary
evaporation under reduced pressure followed by pumping vacuum overnight to afford 1 asa
yellow oil (6.9290 g, 80% yield).

ESI-MS: Calc. 696.41; Found positive mode 719.4 (M + Na’)

'H NMR (CDCls): & = 1.4 (s, 18H, t-Bu), 2.3-2.9 (br, 16H, cyclen), 3.1-3.7 (8H, CH,COO-tBu
and CH,COO-Bz), 5.1 (s, 4H, Bz CHy), 7.3 (br, Bz aromatic, Note: integration of aromatics not
available due to solvent residual peak at 7.26 ppm)

“C NMR (CDCl3): & = 28.1, 28.3, 48.5, 52.0, 55.7, 55.9, 56.6, 56.8, 66.2, 66.6, 67.1, 81.9, 82.2,

128.4, 128.5, 128.6, 128.7, 135.2, 135.9, 170.1, 171.4, 173.3, 173.7

1,7-bis(tert-butoxycar bonylmethyl)-4,10-bis(car boxymethyl)-1,4,7,10-
tetraazacyclododecane (2)
1 (6.9290 g, 9.9430 mmol) was dissolved in 125 mL absolute ethanol and transferred to a glass

hydrogenation vessel with Pd/C catalyst (10% catalyst loading, 5.8000 g). The vessel was
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purged four times with Ha/vacuum then charged with H; (40 psi) and reacted for 48 hours with

mechanical shaking. The mixture was paper filtered and 0.22um filtered to remove the catalyst.
Solvent was removed by rotary evaporation under reduced pressure, forming an off-white solid.
The product was placed under vacuum to dry, resulting in 2 as a white powder (4.4444 g, 87%
yield).

ESI-MS: Calc. 516.32; Found positive mode 517.3 (M + H*), 539.3 (M + Na"), negative mode
515.4 (M), 537.4[(M + Na")]

'H NMR (CDCl3): & = 1.4 (s, 18H, t-Bu), 2.2-3.8 (br, 24H, cyclen, CH,COO-tBu, and
CH,COOH)

'H NMR (D-0): & = 1.4 (s, 18H, t-Bu); 3.0 (br, 4H), 3.1 (br, 4H), 3.4-3.6 (br, 12H), 4.0 (s, 4H)
[cyclen, CH,COO-tBu, and CH,COOH]

'H NMR (CD30D): & = 1.4 (s, 18H, t-Bu), 2.0-3.9 (br, 24H, cyclen, CH,COO-tBu, and
CH,COOH)

3C NMR (CD50D): 6 = 28.4, 28.5, 28.6, 52.5, 52.9(br), 55.1(br), 55.6, 56.2, 57.6(br), 58.2, 58.4,
61.6, 83.3(br), 83.9, 86.5, 165.7, 169.7(br), 170.1, 170.4, 170.6, 171.2, 171.8, 171.9, 172.2(br),

172.8,173.6, 174.1

Dde-Lys(2*)-Asp-Lys-Gly (3)
[Note: 2* denotes site of attachment for 2 to the peptide side-chain; please see appropriate

schemefor structure]
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The protected peptide was synthesized according standard solid-phase peptide synthesis methods

using manual batch-type synthesis and fmoc protected amino acids.®®

A Wang resin consisting of 100-200 mesh 1% cross-linked polystyrene beads functionalized with
p-benzyloxybenzyl alcohol handle was used as a solid support for the stepwise addition of amino
acids. The Wang resin was purchased (NovaBiochem, San Diego, California) with the N-
terminal amino acid, fmoc-glycine, preloaded onto the resin. Theresin (2.50498 g, 0.78 mmol/g
resin loading, 1.95 mmol glycine) was added to afritted glass reactor vessel fitted with a 3-way
valve for switching between N, (used to mix during al reactions and rinses) and vacuum (used to
drain rinses and excess reactants). The dry Wang resin was pre-swelled with CH,Cl, (1 X 10
minute rinse) followed by DMF (4 X 10 minute rinses). The N-terminal fmoc protecting group
was removed using 20% piperidine in DMF (until determined >99% complete by the Kaiser test;
typicaly 4 X 10 minutes). Theresin wasrinsed with DMF (4 X 10 minutes). The next amino
acid (2.5 equivalentsrelative to the N-terminal glycine on the Wang resin) to be added to the
peptide was dissolved in aminimal amount of DMF. To this solution, HATU (2.0 equivaents)
and DIPEA (5.0 equivaents) were added to form ayellow solution of the preactivated fmoc-
amino acid. This solution was added to the resin and reacted while gently bubbling N, to mix the
reactants until determined >99% complete (typically 2-12 hours) by the Kaiser test. Upon
completion, the resin was rinsed with DMF (4 X 10 minutes). This process of fmoc removal and
addition of the next amino acid was repeated for each amino acid until the desired sequence,
Dde-Lys(fmoc)-Asp(OtBu)-Lys(Mtt)-Gly-Wang resin, was obtained. The lysine side-chain fmoc

protecting group was removed using 20% piperidinein DMF. 2 was coupled to the lysine side-
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chain amine using the same conditions as used for the amino acid couplings and monitored by

the Kaiser test. Upon reaction completion, the resin was rinsed with DMF (4 X 10 minutes).

At this point, asmall amount (typically ~10 mg) of resin-bound intermediate Dde-Lys(2)-
Asp(OtBu)-Lys(Mtt)-Gly-Wang resin, [3], was removed for cleavage to produce 3 (see
“Cleavage of the peptide from the resin”) while the remainder was carried through to the next
step of the synthesis. Intermediate compound 3 was characterized by mass spectrometry.
ESI-MS: Calc. 996.51; Found positive mode 997.5 (M + H"), 1019.5 (M + Na"), negative mode

995.5 (M), 1017.5[(M + Na')]

Trp-Asp-Glu-Lys(2*)-Asp-Lys(2*)-Gly (4)

[Note: 2* denotes sites of attachment for 2 to the peptide side-chains; please see
appropriate schemefor structure]

Starting with [3], the resin was swelled in CH.Cl, (4 X 10 minutes) and the Mtt protecting group
was removed from the side chain of the lysine using 94% CH,Cl5, 5% TIS, 1% TFA until
determined >99% complete (typically 6 X 2 minutes) by the Kaiser™ test. The resin was rinsed
with DMF (4 X 10 minutes). The remaining unprotected pendant carboxylate arm of 2 was
reacted with the lysine side chain amine under coupling conditions[HATU (2.0 equivalents) and
DIPEA (5.0 equivalents) were dissolved in a minimum amount of DMF to form a yellow
solution which was added to the resin and reacted overnight while gently bubbling N to mix]
and was monitored using the Kaiser™® test. Thisintramolecular coupling resulted in the closing
of the bridge to form a 28-membered macrocycle. Upon reaction completion, the resin was
rinsed with DMF (4 X 10 minutes). The Dde protecting group was removed from the N-terminus

using 2% hydrazine in DMF until determined >99% complete (typically 3 X 3 minutes) by the



126
Kaiser' test. Theresin was rinsed with DMF (4 X 10 minutes) and the remaining amino acids

(glu, asp, trp) were added as fmoc-glu(OtBu), fmoc-asp(OtBu), fmoc-trp(Boc) sequentialy in a
manner as described above. After the desired sequence was obtained, the peptide was cleaved
from the resin (see “ Cleavage of peptide from resin™) to yield (1.78250 g) of crude product. The
crude product was purified using preparative RP-HPLC (Solvent A = 0.05% TFA in H;0,
Solvent B = MeCN; flow rate = 15 mL/min; gradient starting at 0% B and ramping to 10% B
over 5 minutes, hold isocratic 10% B for 30 minutes, ramp to 100% B over 5 minutes, hold
isocratic 100% B for 5 minutes, ramp to 0% B over 5 minutes, hold isocratic 0% B for 5 minutes,
fluorescence detection of tryptophan A = 250 nm, A = 350 Nm; UV/vis detection at 205 nm
and 270 nm) by injecting sample (typically ~150 mg per injection) dissolved in water (3 mL, 0.22
pm filtered) with the desired product eluting at ~40 minutes. MeCN was removed by rotary
evaporation under reduced pressure. The remaining agueous solution was frozen in liquid N2
and lyophilized (typically ~90 mg isolated product per injection) to yield 644.63 mg (27% overall
yield for SPPS reactions, 11% overall yield including the 5 steps required to synthesize 2) of 4 as
awhite powder.

ESI-MS: Calc. 1244.56; Found positive mode 1245.5 (M + H*), 1267.5 (M + Na"), negative
mode 1243.4 (M"), 1265.4 [(M + Na')]

'H NMR (D,0): Non-first order spectra; assignments made using 2-D TOCSY, COSY, NOESY
(Table 2.1, Part I., Results and Discussion) 6 = 1.35, 1.38 (K,); 1.47, 1.50 (Kg); 1.70, 1.75 (K5);
2.06 (Ep); 2.3-2.9 (cyclen, Dg); 2.39 (E)); 2.97 (K¢); 3.30 (CH,COOH); 3.42 (Wp); 3.75
(CH,COOH); 3.96 (G,); 4.19 (E,); 4.33 (K,); 4.68 (W,, D,); 7.15, 7.25, 7.29, 7.50, 7.60 (W

aromatic)
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Cleavage of peptide from resin:

Resin was placed in afritted reactor column and (where appropriate) remaining fmoc groups
were removed with piperidine as described above. Theresin was rinsed with DMF (4 X 10
minutes), CH,Cl, (4 X 10 minutes), methanol (4 X 10 minutes); and dried under vacuum
overnight. To the dried resin was added a cleavage cocktail (35 mL) consisting of 95% TFA,
2.5% TIS, 2.5% H,0. Theresin was reacted in the cleavage cocktail for one hour, after which
the solution was drained into avial. Fresh cleavage cocktall (10 mL) was added to the resin and
reacted for 10 minutes, followed by draining into avial. Fresh cleavage cocktail (5 mL) was
added to the resin and immediately drained into avial. The TFA filtrates were combined and
stored in capped vials overnight to fully remove all tBu and Boc protecting groups. TFA was
evaporated by passing N, over the vial. The volume was reduced to ~7.5 mL followed by
addition of cold (-20 °C) diethyl ether to precipitate the crude product as an off-white solid. The
suspension was centrifuged and decanted. The diethyl ether extraction was repeated 4 times
followed by evaporation of residual diethyl ether by passing N, over the vial. The solid cake was

dissolved in water (20 mL), frozen in liquid N, and lyophilized.

Gadolinium(I11)-Trp-Asp-Glu-Lys(2*)-Asp-Lys(2*)-Gly (5)

4 (97.0 mg, 0.0782 mmol) was placed in a 100 mL round bottom flask with magnetic stirbar and
dissolved in 40 mL H,O. The pH was adjusted to 5.5 using 5% NaOH followed by addition of
Gd(OH)36H20 (18.85 mg, 0.05960 mmoal, 0.8 equivalents). The flask was capped with a rubber

septum and sonicated briefly to reduce the size of the Gd(OH)3 particul ates before placing in a 80
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°C ailbath with stirring. Over the course of the reaction, the pH gradually increased due to the

release of OH" and there was a visible decrease in the amount of Gd(OH)3 solids. The pH was
periodically monitored and adjusted to 5.5 using HCI vapor. The reaction was determined to be
complete when the pH ceased to change (typically 48-72 hours). The pH was raised to 10 using
20% NaOH [typically 2 L, to precipitate any excess Gd** as Gd(OH)3] and 0.22 pm filtered.
Thefiltrate was then frozen in liquid nitrogen and lyophilized. The crude product was purified
using preparative RP-HPLC (Solvent A = H,0, Solvent B = MeCN; flow rate = 15 mL/min;
gradient starting at 0% B and ramping to 1% B over 15 seconds, hold isocratic 1% B for 29
minutes 45 seconds, ramp to 100% B over 5 minutes, hold isocratic 100% B for 5 minutes, ramp
to 0% B over 5 minutes, hold isocratic 0% B for 15 minutes; fluorescence detection of
tryptophan A = 250 nm, Ay = 350 nm; UV/vis detection at 205 nm and 270 nm) by injecting
sample (typically ~90 mg per injection) dissolved in water (3 mL, 0.22 um filtered) with the
desired product eluting at ~35 minutes 45 seconds. MeCN was removed by rotary evaporation
under reduced pressure. The remaining agqueous solution was frozen in liquid nitrogen and
lyophilized (typically ~12 mg isolated product per injection) to yield 28.50 mg (26% yield) of 5

asawhite powder. Metaation was confirmed by ICP-MS.

Europium(l11)-Trp-Asp-Glu-Lys(2*)-Asp-Lys(2*)-Gly (6)
EuCl36H,0 (1.07676 g, 2.93868 mmol) was dissolved in 5SmL water and precipitated by addition
of 2mL 2M NaOH. The white precipitate was vacuum filtered, washed with water, and

lyophilized to give Eu(OH); as a white powder (577.55 mg, 96.8% yield).
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4 (87.89 mg, 0.07086 mmol) was metalated with Eu(OH)3 (17.06 mg, 0.08404 mmol, 1.2

equivalents) and purified using the same method as described for 5 to produce 12.07 mg (12%

yield) of 6 asawhite powder. Metalation was confirmed by ICP-MS.

Dysprosium(I11)-Trp-Asp-Glu-Lys(2*)-Asp-L ys(2*)-Gly (7)

Dy(OH)3 was prepared from DyCl36H,0 using the same method as described for Eu(OH)s.

4 (99.63 mg, 0.08033 mmol) was metalated with Dy(OH)3 (19.53 mg, 0.09147 mmol, 1.1
equivalents) and purified using the same method as described for 5 to produce 13.90 mg (12%

yield) of 7 asawhite powder. Metalation was confirmed by ICP-MS.

Part |.B.

The diaminopropionic acid (Dap) -based contrast agent was synthesized using the same methods
as the lysine-based agent (above), starting with tryptophan(Boc)-Wang resin (706.90 mg, 0.78
mmol/g resin loading, 0.55 mmol glycine) and substituting fmoc-Dap(Mtt)-OH and Dde-
Dap(fmoc)-OH residues for fmoc-Lys(Mtt)-OH and Dde-Lys(fmoc)-OH residues, respectively.

Key intermediates were characterized using ESI-MS.

Dde-Dap-Asp-Dap-Gly (8)
ESI-MS: Calc. 526.23; Found positive mode 527.20 (M + H"), 549.17 (M + Na"), negative mode

525.23 (M), 547.24 (M + Na')]
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Dde-Dap(2*)-Asp-Dap-Gly (9)

ESI-MS: Calc. 912.41; Found positive mode 913.39 (M + H"), 935.36 (M + Na"), negative mode

911.42 (M"), 933.32[(M + Na')]

Dde-Dap(2*)-Asp-Dap(2*)-Gly (10)
ESI-MS: Calc. 894.40; Found positive mode 895.34 (M + H"), 917.34 (M + Na"), negative mode

893.32 (M), 915.36 [(M + Na)]

Trp-Asp-Glu-Dap(2*)-Asp-Dap(2*)-Gly (11)

Crude 11 (488.88 mg) was purified using preparative RP-HPLC (Solvent A = 0.05%TFA in
H,0, Solvent B = MeCN; flow rate = 15 mL/min; gradient starting at 0% B and ramping to 10%
B over 5 minutes, hold isocratic 10% B for 30 minutes, ramp to 100% B over 5 minutes, hold
isocratic 100% B for 5 minutes, ramp to 0% B over 5 minutes, hold isocratic 0% B for 5 minutes;
fluorescence detection of tryptophan Aex = 250 nm, A = 350 Nm; UV/vis detection at 205 nm
and 270 nm) by injecting sample (typically ~100 mg per injection) dissolved in water (3 mL, 0.22
pum filtered) with the desired product eluting at ~40 minutes. MeCN was removed by rotary
evaporation under reduced pressure. The remaining agueous solution was frozen in liquid N2
and lyophilized (typically ~75 mg isolated product per injection) to yield 345.66 mg (54% overall
yield SPPS reactions, 22% overal yield including the 5 steps required to synthesize 2) 11 asa
white powder.

ESI-MS: Calc. 1160.48; Found positive mode 1161.49 (M + H"), 1183.37 (M + Na"), negative

mode 1159.28 (M"), 1181.76 [(M + Na')]
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Gadolinium(l11)-Trp-Asp-Glu-Dap(2*)-Asp-Dap(2*)-Gly (12)

11 (65.05 mg, 0.05627 mmol) was metalated with Gd(OH)36H,0 (19.54 mg, 0.06184 mmol, 1.1
equivalents) using the same method as described for 5. The crude product (72.74 mg) was
purified using preparative RP-HPLC (Solvent A = H,0, Solvent B = MeCN; flow rate = 15
mL/min; gradient starting at 0% B and ramping to 1% B over 15 seconds, hold isocratic 1% B for
29 minutes 45 seconds, ramp to 100% B over 5 minutes, hold isocratic 100% B for 5 minutes,
ramp to 0% B over 5 minutes, hold isocratic 0% B for 15 minutes; fluorescence detection of
tryptophan A = 250 nm, Ay = 350 nm; UV/vis detection at 205 nm and 270 nm) by injecting
crude product dissolved in water (3 mL, 0.22 um filtered) with the desired product eluting at ~35
minutes 45 seconds. MeCN was removed by rotary evaporation under reduced pressure. The
remaining aqueous solution was frozen in liquid N and lyophilized to yield 20.06 mg (27%

yield) of 12 as an off-white powder. Metalation was confirmed by ICP-MS.

Europium(l11)-Trp-Asp-Glu-Dap(2*)-Asp-Dap(2*)-Gly (13)

11 (80.37 mg, 0.06952 mmol) was metallated with Eu(OH)3 (16.02 mg, 0.07892 mmal, 1.1
equivalents) using the same method as described for 5 to yield 116.97 mg crude 13. The crude
product was purified using RP-HPL C using the same method as described for 12 to yield 37.69

mg (41% yield) of 13 as an off-white solid. Metalation was confirmed by ICP-MS.
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Part I1.A.

Dde-Lys-Leu-Lys-Ala-Trp (14)

The protected peptide was synthesized according standard solid-phase peptide synthesis methods
using manual batch-type synthesis and fmoc protected amino acids.®®

A Wang resin consisting of 100-200 mesh 1% cross-linked polystyrene beads functionalized with
p-benzyloxybenzyl alcohol handle was used as a solid support for the stepwise addition of amino
acids. The Wang resin was purchased (NovaBiochem, San Diego, California) with the N-
terminal amino acid, fmoc-tryptophan(Boc), preloaded onto theresin. Theresin (2.51022 g, 0.59
mmol/g resin loading, 1.5 mmol tryptophan) was added to afritted glass reactor vessd fitted with
a 3-way valve for switching between N, (used to mix during al reactions and rinses) and vacuum
(used to drain rinses and excess reactants). The dry Wang resin was pre-swelled with CH,Cl, (1
X 10 minute rinse) followed by DMF (4 X 10 minute rinses). The N-terminal fmoc protecting
group was removed using 20% piperidine in DMF (until determined >99% complete by the
Kaiser™ test; typically 4 X 10 minutes). The resin was rinsed with DMF (4 X 10 minutes). The
next amino acid (2.5 equivalents relative to the N-terminal tryptophan on the Wang resin) to be
added to the peptide was dissolved in aminimal amount of DMF. To this solution, HATU (2.0
equivalents) and DIPEA (5.0 equivalents) were added to form ayellow solution of the pre-
activated fmoc-amino acid. This solution was added to the resin and reacted while gently
bubbling N2 to mix the reactants until determined >99% complete (typically 2-12 hours) by the
Kaiser test. Upon reaction completion, the resin was rinsed with DMF (4 X 10 minutes). This
process of fmoc removal and addition of the next amino acid was repeated for each amino acid

until the desired intermediate sequence, Dde-Lys(fmoc)-Leu-Lys(Mtt)-Ala-Trp(Boc)-Wang resin,
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[14], was obtained. At this point, asmall amount (typically ~10 mg) of resin was removed for

cleavage (see “Cleavage of the peptide from the resin”) while the remainder was carried through
to the next step of the synthesis.
ESI-MS: Calc. 808.48; Found positive mode 809.50 (M™), 831.50 (M + Na’), negative mode

807.59 (M")

Dde-Lys(2*)-Leu-Lys-Ala-Trp (15)

The fmoc protecting group was removed from the lysine side chain of [14] using 20% piperidine
(as described above), followed by overnight coupling to 2 (using same conditions as amino acid
couplings described above) and monitored by the Kaiser'® test. Upon reaction completion, the
resin was rinsed with DMF (4 X 10 minutes).

At this point, asmall amount (typically ~10 mg) of resin-bound intermediate [15] was removed
for cleavage to produce 15 (see “ Cleavage of the peptide from the resin”) while the remainder of
[15] was carried through to the next step of the synthesis.

ESI-MS: Calc. 1194.66; Found positive mode 1195.55 (M + H*), 1217.55 (M + Na"), negative

mode 1193.48 (M")

Dde-Lys(2*)-Leu-Lys(2*)-Ala-Trp (16)

[15] was swelled in CH,Cl, (4 X 10 minutes) and the Mtt protecting group was removed from
the side chain of the lysine using 94% CH,Cl,, 5% TIS, 1% TFA until determined >99%
complete (typically 6 X 2 minutes) by the Kaiser™ test. The resin was rinsed with DMF (4 X 10

minutes). The remaining unprotected pendant carboxylate arm of 2 was reacted with the lysine
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side chain amine under coupling conditions [HATU (2.0 equivalents) and DIPEA (5.0

equivalents) were dissolved in a minimum amount of DMF to form a yellow solution which was
added to the resin and reacted overnight while gently bubbling N, to mix] and was monitored
using the Kaiser test. Thisintramolecular coupling resulted in the closing of the bridge to form a
28-membered macrocycle. Upon reaction completion, the resin was rinsed with DMF (4 X 10
minutes).

At this point, a small amount (typically ~10 mg) of resin-bound intermediate [16] was removed
for cleavage to produce 16 (see “ Cleavage of the peptide from the resin”) while the remainder of
[16] was carried through to the next step of the synthesis.

ESI-MS: Calc. 1176.65, Found negative mode 1175.44 (M")

Pro-Leu-Lys(2*)-Leu-Lys(2*)-Ala-Trp (17)

The Dde protecting group was removed from the N-terminus of [16] using 2% hydrazinein DMF
until determined >99% complete (typically 3 X 3 minutes) by the Kaiser' test. Theresin was
rinsed with DMF (4 X 10 minutes) and the remaining amino acids (leu, pro) were added as their
respective fmoc protected amino acid derivatives sequentially in a manner as described above.
After the desired sequence was obtained, the peptide was cleaved from the resin (see “ Cleavage
of peptide from resin” below) to yield (985.89 mg) of crude product. The crude product was
purified using preparative RP-HPLC: (Solvent A = 0.05% TFA in H,O, Solvent B = MeCN; flow
rate = 15 mL/min; gradient starting at 0% B and ramping to 30% B over 5 minutes, hold isocratic
30% B for 15 minutes, ramp to 100% B over 3 minutes, hold isocratic 100% B for 5 minutes,

ramp to 0% B over 5 minutes, hold isocratic 0% B for 7 minutes; fluorescence detection of
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tryptophan A = 250 nm, Aem = 350 nm; UV/vis detection at 205 nm and 270 nm) by injecting

crude product (typically ~100 mg per injection) dissolved in water (3 mL, 0.22 um filtered) with
the desired product eluting at ~24-25 minutes. MeCN was removed by rotary evaporation under
reduced pressure. The remaining agueous solution was frozen in liquid N, and lyophilized
(typically ~22 mg isolated product per injection) to yield 177.15 mg (10% yield overall yield
SPPS reactions, 4% overall yield including the 5 steps required to synthesize 2) of 17 asawhite
solid.

ESI-MS: Calc. 1222.71; Found positive mode 1245.71 (M + Na’)

Gadolinium(I11)-Pro-Leu-Lys(2*)-Leu-Lys(2*)-Ala-Trp (18)

17 (15.91 mg, 0.01301 mmol) was metallated using Gd(OH)36H,0 (3.20 mg, 0.01536 mmol, 1.2
equivalents) using the same method as described for 5. The crude product was purified using
preparative RP-HPLC (Solvent A = H,0, Solvent B = MeCN; flow rate = 15 mL/min; gradient
starting at 0% B and ramping to 1% B over 15 seconds, hold isocratic 1% B for 29 minutes 45
seconds, ramp to 100% B over 5 minutes, hold isocratic 100% B for 5 minutes, ramp to 0% B
over 5 minutes, hold isocratic 0% B for 15 minutes; fluorescence detection of Gd®* Ae = 275 nm,
Aem = 314 nm; UV /vis detection at 205 nm and 270 nm) by injecting sample (11.44 mg)
dissolved in water (3 mL, 0.22 um filtered) with the desired product eluting at ~35 minutes 45
seconds. MeCN was removed by rotary evaporation under reduced pressure. The remaining
agueous solution was frozen in liquid N2 and lyophilized to yield 4.39 mg (24% yield) of 18 asa

white powder. Metalation was confirmed by ICP-MS.
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Europium(l11)-Pro-L eu-Lys(2*)-L eu-Lys(2*)-Ala-Trp (19)

17 (10.41 mg, 0.008512 mmol) was metallated with Eu(OH)3 (2.98 mg, 0.01468, 1.7
equivalents) using the same method as described for 5 to yield 5.4 mg crude 19 which was
purified using the same method as described for 18 to yield 2.70 mg (23% yield) of 19 asawhite

powder. Metalation was confirmed by ICP-MS.

Part 11.B.

The diaminopropionic acid (Dap) -based contrast agent was synthesized using the same methods
as the lysine-based agent (above), starting with tryptophan(Boc)-Wang resin (758.09 g, 0.59
mmol/g resin loading, 0.45 mmol tryptophan) and substituting fmoc-Dap(Mtt)-OH and Dde-
Dap(fmoc)-OH residues for fmoc-Lys(Mtt)-OH and Dde-Lys(fmoc)-OH residues, respectively.

As above, key intermediates were characterized using ESI-MS.

Dde-Dap-L eu-Dap-Ala-Trp (20)

ESI-MS: Calc. 724.39; Found negative mode 725.45 (M")

Dde-Dap(2*)-Leu-Dap-Ala-Trp (21)

ESI-MS: Calc. 1110.57; Found positive mode 1113.36 (M + H*), 1135.82 (M + Na)

Dde-Dap(2*)-Leu-Dap(2*)-Ala-Trp (22)

ESI-MS: Calc. 1092.56; Found negative mode 362.86 (M/3)
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Pro-L eu-Dap(2*)-L eu-Dap(2*)-Ala-Trp (23)

The crude product (275.42 mg) was purified using preparative RP-HPLC: Solvent A = H,0,
Solvent B = MeCN; flow rate = 15 mL/min; gradient starting at 0 % B and ramping to 10% B
over 5 minutes, hold isocratic 10% B for 10 minutes, ramp to 20% B over 5 minutes, hold
isocratic 20% B for 5 minutes, ramp to 30% B over 5 minutes, hold isocratic 30% B for 5
minutes, ramp to 100% B over 5 minutes, hold isocratic 100% B for 5 minutes, ramp to 0%B
over 5 minutes, hold isocratic 0% B for 5 minutes; fluorescence detection of tryptophan Ae =
250 nm, Agm = 350 nm; UV/vis detection at 205 nm and 270 nm) by injecting sample (typically
~131 mg per injection) dissolved in water (3 mL, 0.22 um filtered) with the desired product
eluting at ~24-26 minutes. MeCN was removed by rotary evaporation under reduced pressure.
The remaining aqueous solution was frozen in liquid N> and lyophilized (typically ~21.40 mg
isolated product per injection) to yield 38.60 mg (8% overall yield SPPS reactions, 3% overall
yield including the 5 steps required to synthesize 2) of 23 as awhite solid.

ESI-MS: Calc. 1138.61, Found negative mode 1137.63 (M), positive mode 1159.54 (M + Na’)

Gadolinium(l11)-Pro-Leu-Dap(2*)-L eu-Dap(2*)-Ala-Trp (24)

23 (11.54 mg, 0.01016 mmol) was metallated with Gd(OH)36H,0 (3.54 mg, 0.0112 mmol, 1.1
equivalents) using the same method as described for 5. The crude product (12.24 mg) was
purified using preparative RP-HPLC (Solvent A = H,0, Solvent B = MeCN; flow rate = 15
mL/min; gradient starting at 0% B and ramping to 1% B over 15 seconds, hold isocratic 1% B for
29 minutes 45 seconds, ramp to 100% B over 5 minutes, hold isocratic 100% B for 5 minutes,

ramp to 0% B over 5 minutes, hold isocratic 0% B for 15 minutes; fluorescence detection of Gd**
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ex = 275 NM, Ay, = 314 nm; UV /vis detection at 205 nm and 270 nm) by injecting sample (11.44

mg dissolved in 3 mL water; 0.22 um filtered) with the desired product eluting at ~35 minutes
45 seconds.) MeCN was removed by rotary evaporation under reduced pressure. The remaining
agueous solution was frozen in liquid N, and lyophilized to yield 4.39 mg (33% yield) of 24 asa
white powder. Metalation was confirmed by ICP-MS.

ESI-MS: Calc. 1294.52, Found positive mode 1409.86 (M + TFA™)

Europium(l11)-Pro-Leu-Dap(2*)-L eu-Dap(2*)-Ala-Trp (25)

23 (7.30 mg, 0.00641 mmol) was metallated with Eu(OH)3 (2.36 mg, 0.007589 mmal, 1.2
equivalents) using the same method as described for 5 to yield 9.36 mg crude 25 of which 8.73
mg was purified using the same method as described for 24 to yield 0.78 mg (9%) of 25 asa

white powder. Metalation was confirmed by ICP-MS.

Deter mination of q:

Luminescence Decay method:

1 mg of 6 or 18 was dissolved in 500uL of H,O. Time-resolved luminescence spectrawere
acquired with the following parameters: 395 nm excitation wavelength, 614 nm emission
wavelength, 10nm excitation dlit width, 10nm emission dlit width, 950V PMT, 50 replicates.
Datawerefit to asingle exponential decay using Origin version 7.0. The equation from
Supkowski and coworkers (Equation 2.1, Results and Discussion), with corrections applied for 2

amide functionalities, was used to determine g.*’
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Dysprosium Induced Shift method:

The number of inner-sphere water molecules of 7 was determined using the method of Alpoim
and coworkers.® 40 pL of 'O enriched water (10% *’O enrichment; Medical Isotopes, Inc.,
Pelham, New Hampshire) was added to 760 pL of 80% H,0O/ 20% D,0O solution and split into
two 400 uL aliquots. One aliquot was used to dissolve 56.0 mg of 7 to form a100 mM stock
solution. The other aliquot was used to dilute the stock solution to final solutions consisting of O,
10, 20, 40, 60, 80, 100 mM 7. 50 puL of each solution was placed in an NMR tube insert while 25
uL of the remaining sample was used for determining Dy** concentration in each sample by ICP-
MS. The O NMR chemical shift of bulk water was measured for each concentration at 25.0 °C
on a Varian Inova 400 (tuned to 54.310 MHz *’O frequency) and compared to similarly prepared

solutions of DyCls.

Laser Luminescence Decay method:

Laser luminescence was performed in collaboration with the research group of Professor Janet
Morrow at the University at Buffalo, SUNY. Samplesin water were prepared consisting of 0.5
mM 6, 13, 19, or 25; 100 mM NaNO; (to control ionic strength); and 20 mM HEPES buffer.
D,0 samples were prepared by three successive lyophilizations/reconstitutions of 6, 13, 19, or 25
with D20 (to fully substitute deuterium for exchangeabl e protons) followed by preparation in
D0 as described for the H,O samples. Spectrawere acquired on a Spectra-Physics Quanta Ray
PRO-270-10 Q-switched Nd: YAG pump laser (10 Hz, 60-70 mJ pulse™®) with aMOPO SL.
Excitation spectra of the Eu** 'F, — °D, transition were recorded at 0.01 nm increments between

578-581 nm for each complex to determine the excitation frequency to be used for lifetime
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decays. The®D, - ’F, emission was passed through a 628 nm band-pass filter (Semrock, model

FF01-628/27-25) and focused onto atime-grated photomultiplier tube module (Hamamatsu,
model H 7680-01 MOD). Time resolved luminescence measurements were collected using a
digital Tektronix TDS 3034B oscilloscope. An average of three trialswas used for 6 and 19. An
average of fivetrialswas used for 13 and 25. Data were fit to a single exponential decay (with
R? > 0.99 for each fit) using Origin version 7.0. The equation from Supkowski and coworkers
(Equation 2.1, Results and Discussion), with corrections applied for 2 amide functionalities, was

used to determine .’

Relaxivity

Stock solutions consisting of 0.200 mM of 5 or 12 in Caspase-3 assay buffer (50 mM HEPES,
100 mM NaCl, 10 mM DTT, 1 mM EDTA, 10% sucrose, 0.1% CHAPS, 1 mg/mL BSA, pH 7.4)
or 18 or 24 in MMP-7 assay buffer (50 mM trisHCI, 150 mM NaCl, 10 mM CaCl,, 1 mg/mL
BSA, pH 7.5) were prepared. Serial dilutions of the stock solutions produced concentrations of
0.100 mM, 0.050 mM, 0.025 mM. Twenty five microliters of each sample were used for
determining Gd®* concentration using ICP-MS. Samples were equilibrated to 37 °C in awater
bath for 10 minutes prior to T, measurement. The T, of each solution was determined using an
inversion recovery pulse sequence with appropriate recycle delays (>5* T1). The resulting curves
were fit to a monoexponential function to obtain T;. A plot of 1/T; vs. concentration wasfit to a

straight line yielding the relaxivity as the slope.
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Relaxivity vs. pH

A 1 mM solution of 5 was prepared in 2 mL water. The solution was split into two 800 pL
aliquots: one was used for the acidic range and the other for the basic range. The pH was
adjusted into either the acidic range using HCI vapor (as to not change the concentration of the
solution) or the basic range using NaOH (using 0.5 pL additions of 5 mM, 50 mM, or 500 mM
NaOH; more concentrated NaOH solutions were used as the solution became increasingly basic).
For the basic range, the volume of NaOH added was recorded and used to correct the final
concentrations (the correction proved negligible as atotal of 47.5 uL of NaOH was added to 800
uL initial solution; a5.9% increase in volume). Gd** concentration was determined using | CP-
MS. The samples were allowed to equilibrate at 37 °C for 5 minutes before each T
measurement. The T, of each solution was determined using an inversion recovery pulse
sequence with appropriate recycle delays (>5*T;). Theresulting curves werefitto a
monoexponential function to obtain T;. The differencein T, values vs. water were used to

determine the relative relaxivity at each pH.

Mean Water Residence Lifetime

The method of Micskel and coworkers was used to determine the mean water residence
lifetime.® Samples were prepared as 225 microliters of 20 mM 5, 12, 18, or 24 in water with 25
microliters of *’O enriched water (10% 'O enrichment; Medical Isotopes, Inc., Pelham, New
Hampshire) added, resulting in 1% *’O enrichment in the final sample. This solution was placed
in an NMR tube with an insert containing D,O (for lock reference). A water standard was

prepared consisting of 1% *’O enriched water with DO insert. VT-NMR was acquired on a
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Varian Inova 400 (tuned to 54.310 MHz *’O frequency) at 5 °C intervals between 1 °C and 90 °C.

Temperatures were corrected using a calibration plot. The samples were equilibrated for 10
minutes at each temperature, followed by lock and shim. The *’O linewidth of the bulk water
was measured at each temperature. The pH of the samples was recorded and Gd®* concentrations

were determined by ICP-MS. Data were fit using equation 2.2 in Origin version 7.0.

Equation 2.2 (adapted from literature®>%

to incorporate 2-isomer model):
F=400;s=3.5;univ=8.31;wi=6.28e6* F* 0.13557;ws=6.28e6* F* 658.21; tmB=((tmO0B"\(-
1)*x/298.15)* exp((HmMB/univ)* (0.003354-(1/x))))"-1; tmA=((tmOA"(-

1)*x/298.15)* exp((HMA/univ)* (0.003354-(1/x))))"-1; trB=((trOB"(-

1)*x/298.15)* exp((HrB/univ)* (0.003354-(1/x))))"-1; trA=((trOA"(-

1)*x/298.15)* exp((HrA/univ)* (0.003354-(1/x))))"-1; tvB=((tvOB"(-

1)*x/298.15)* exp((HvB/univ)* (0.003354-(1/x))))"-1; tvA=((tvOA"(-

1)*x/298.15)* exp((HVA/univ)* (0.003354-(1/x))))"-1; T1leB=((1/25)* deltaB* tvB* (4* s"2+4* s-
3)* ((V/(1+wsh2*tvB12))+(4/(1+4* wsh2* tvB/2)))M-1; T1leA=((1/25)* deltaA* tvA* (4* S\2+4* s-
3)* (M (1+ws 2*tvAN2))+(4/(1+4* ws 2 tvAN2))))N-1; T2eB=((0.02* (4* " 2+4* s

3)*tvB* deltaB* (3+(5/(1+(ws'2* tvB"2)))+(2/(1+(4* ws 2* tvB"2))))))(-1);

T2eA=((0.02* (4*"2+4* s

3)*tvA*deltaA* (3+(5/(1+(ws 2* tvAn2)))+(2/(1+(4* ws 2* tvA~2)))))N(-1); tc1B=(T1eB"(-
1)+trBM(-1)+HmBA(-1))(-1); tclA=(T1eAN(-1)+HrAN(-1)+mAN(-1))(-1); tc2B=(T2eB"(-
1)+trBM(-1)+HmBA(-1))M(-1); tc2A=(T2eAN-1)+HrAN(-1)+tmAN(-1))(-1); telB=(T1eB"-
1+tmBA-1)(-1); telA=(T1eAN-1+HmAN-1)\(-1); te2B=(T2eB"(-1)+tmB~(-1))(-1);
te2A=(T2eAN(-1)+tmAN(-1))(-1);

contB=(1/3)* s* (st+1)* accB"2* (te1B+(te2B/(1+ws*2* te2B"2)));

contA=(1/3)* s* (s+1)* acCAN2* (telA+(te2A/(1+ws2* te2A"2))); diplB=((1/15)*4.535671e-
33*s*(st1))/(rB"6); diplA=((1/15)*4.535671e-33* s*(st+1))/(rA”6); dip2B=4*tc1B;
dip2A=4*tc1A; dip3B=(13*tc2B)/(1+ws*2*tc2B"2); dip3A=(13*tc2A)/(1+ws 2* tc2A"2);
dip4B=(3*tc1B)/(1+wi"2*tc1B"2); dipdA=(3*tclA)/(1+wi*2*tc1A"2); dip9=1.6995e14* 0.32;
dip5B=(0.2*trB)/(1+wi"2*trB"2); dipSA=(0.2*trA)/(1+wi 2*trA"2);
dip6B=(0.8*trB)/(1+4*wi"2*trB"2); dip6A=(0.8*trA)/(1+4* wi"2*trA"2);

dip7B=(2/5)* (wi"2* 1.1890597e-79* " 2* (s+1)"2)/(9* 1.9063324e-32* X\ 2* rB"6);
dip7A=(2/5)* (wi"2* 1.1890597e-79* s"2* (s+1)"2)/(9* 1.9063324e-32* X" 2* TA6);
dip8B=(3*tc1B)/(1+wi"2*tc1B"2); dip8A=(3*tc1A)/(1+wi"2*tc1AN2);

dipB=dip1B* (dip2B+dip3B+dip4B); dipA=diplA* (dip2A+dip3A+dipdA);

quadB=dip9* (dip5B+dip6B); quadA=dip9* (dipSA+dip6A); curB=dip7B*dip8B;
curA=dip7A*dip8A; diptotB=dipB+curB+quadB; diptotA=dipA+curA+quadA;
T2mB=(contB+diptotB)"-1; T2mA=(contA+diptotA)"-1; gauss=F* 1e6/4255.319;
dwmB=(1.856953e-20* s* (s+1)* accB* gauss)/(3* 1.3807e-16* x); dwmA=(1.856953e-

20* s*(st1)* accA* gauss)/(3* 1.3807e-16* x); numB=(T2mB"-2)+(T2mB* tmB)"-1+dwmB”"2;



NUMA=(T2mMA"-2)+(T2mA*tmA)"*-1+dwmA”2; denomB=(tmB"-1+T2mB"-1)"2+dwmB”"2; w
denomA=(tmA"-1+T2mA"-1)"2+dwmA”2; ScamB=numB/denomB; ScamA=numA/denomA ;
pmB=n*(1-XA)* conc/55.56; pmA=n* X A* conc/55.56;

y=(pmA* scamA/tmA)+(pmB* scamB/tmB)

Note: A and B refer to each of the two isomers; because the relative ratios of isomers A and B as
afunction of temperature could not be determined experimentally (see Results and Discussion,
Part 1. A.), the mole fraction of A and B was allowed to vary during the fitting.

Definitions of fitting parameters.

deltaA, deltaB = the trace of the zero-field-splitting tensor for isomers A and B; tmOA, tmOB =
the mean water residence lifetime of isomers A and B; HmA, HmB = enthalpy of water exchange
for isomers A and B; trOA, trOB = the rotational correlation time of isomers A and B (set 50 psto
agree with literature values™ of small molecule Gd®" contrast agents); HrA, HrB = enthalpy of
rotation for isomers A and B; tvOA, tvOB = the correlation time for the modulation of the zero-
field-splitting tensor for isomers A and B; HVA, HvB is the enthal py of the tvO correlation time
for isomers A and B; accA, accB = A/l = the scalar coupling constant between the el ectrons of
Gd** and the protons of the inner sphere water for isomers A and B (set to -3800000 rad/s); rA,
rB = the distance between the paramagnetic ion and the oxygen of the inner-sphere water for
isomers A and B (set to literature value?® for DOTA, 2.5 A); n = the number of inner sphere
waters (set to 1; determined experimentally — see Results and Discussion, Part I. A.); conc =

concentration of the paramagnetic ion (determined experimentally by ICP-MYS); XA =the

fraction of isomer A present in solution
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MM P-7 Enzyme Study

Enzyme activity

Human recombinant MM P-7 was purchased from Anaspec (San Jose, CA). MMP-7 was divided
into either 2 uL aliquots (used for fluorescence) or 20 pL aliquots (used for T, measurements).
Each aliquot contained 10 pg/mL units each [ > 600 units/ug; one unit hydrolyzes 1 pmol of
Mca-Pro-Leu-Gly-Leu-Dap(Dnp)-Ala-Arg-NH, per minute at pH 7.5 at 25 °C] and was stored at
-80 °C. The MMP-7 assay buffer consisted of 50 mM trisHCI, 150 mM NaCl, 10 mM CaCl,, 1
mg/mL BSA, pH 7.5. MMP-7 was activated by incubation in 1mM APMA in assay buffer for 1
hour at 37 °C prior to use. Enzyme activity was confirmed using a SensoLyte 490 MMP-7
fluorescence assay kit (purchased from Anaspec; used according to manufacturer instructions).
The enzyme was active for up to 50 hours (indicated by periodic addition of fresh substrate and

monitoring the fluorescence intensity), however the activity decreased slowly with time.

T1 Enzyme Study

0.49 mg of 24 was added to 17.5uL H,0O to form a20 mM solution (exact concentration later
determined using ICP-MS) and used in place of the fluorescent substrate in the MMP-7 assay kit.
T, measurements of MM P-7 assay buffer with and without 1 mM APMA and 24 in buffer with
and without 1 mM APMA were recorded. 3.5uL of the 20 mM solution of 24 was added to the
activated enzyme and T, measurements were immediately taken at periodic timeintervals for 48
hours. 3.5uL of the fluorescent peptide substrate from the MMP-7 assay kit was placed in a
separate 350 pL vial of activated MMP-7 and fluorescence measurements were taken in parallel

to T; measurements to confirm enzyme activity throughout the experiment. Asacontrol, T,
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measurements were taken of 24 in buffer solution (with 1 mM APMA) lacking active MMP-7.

Gd* concentrations of all solutions were determined by ICP-MS.



CHAPTER 111

A SELF-IMMOLATIVE MAGNETIC RESONANCE IMAGING

CONTRAST AGENT FOR THE DETECTION OF CASPASE-3

Thetext in this chapter is taken in part from:

Ulrich, B. D.; Harney, A. S.; MacRenaris, K. W.; Meade, T. J. “A Bioactivated Magnetic
Resonance Agent for the Detection of Caspase-3”, Bioconjugate Chemistry, submitted
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INTRODUCTION

Caspase-3

An introduction to caspase-3 can be found in Chapter I1, Part I.

Design of a Self-lmmolative Agent Activated by Caspase-3

Caspase-3 cleaves substrates containing the DEV DX motif, where X denotes a variety
of amino acids and * denotes the cleavage site.' The variability in the Py’ residue (the amino
acid on the C-terminal side of the cleavage site; see Figure 2.5, Chapter |1 for nomenclature) that
istolerated by caspase-3 allows non-natural substrates to be cleaved by the enzyme. This has
allowed the development of colorimetric assays. The commercially available caspase-3
colorimetric assay used in the present work consists of a para-nitroaniline (pNA) moiety on the
C-terminus of Ac-DEVD (Figure 3.1). Upon cleavage by caspase-3, the liberated pNA givesa
distinct yellow color, which can be quantified by measuring the absorbance of the assay solution
at 405 nm. By exchanging the pNA chromophore with a structurally similar linkage to aMRI

contrast agent, an MR version of this reporter system has been developed.
NO»
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Figure 3.1 Commercially available colorimetric assay for caspase-3 consisting of Ac-
DEVD-pNA, which releases the chromophor e pNA upon enzymatic cleavage (enzymatic
cleavage site denoted with red dashed line)
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The linkage chosen for the MRI contrast agent is based on previous reports of self-

immolative linkers. Originally developed as an integral part of a prodrug, the self-immolative
linker features a substituted benzyl alcohol which rearranges to a reactive quinone intermediate.
Nucleophilic attack by water (which is ubiquitous in biological systems) causes a rearrangement
which releases the active drug.? Since this seminal report, severa variations of self-immolative
linkers have surfaced in the literature. With publication dates differing by only one week, de
Groot and coworkers and Amir and coworkers independently developed an interesting series of
dendrimers with self-immolative linkages.>* A single cleavage event initiates a propagation of
self-immolation throughout the dendrimer core, ultimately releasing an active drug. Jones and
coworkers devel oped a fluorescence assay based on a self-immolative linkage between a peptide
sequence cleaved by prostate specific antigen and Rhodamine 110.°> De Graaf and coworkers
used a self-immolative linkage to create a prodrug in order to improve the therapeutic index of
the potent cytotoxic anti-cancer drug doxorubicin.® Alaoui and coworkers shortly thereafter
developed a similar prodrug system for paclitaxel.”® Abraham and coworkers recently enhanced
the capabilities of prodrug therapy by adding atargeting antibody to a self-immolative
doxorubicin prodrug.’

Recent effortsin the Meade laboratory involve the use of a self-immolative linker
between B-glucuronic acid and an MRI contrast agent.’® Upon cleavage of the substrate by p-
glucuronidase, the linker rearranges and rel eases a contrast agent, resulting in up to a15%
changein T;. Thisrelaxivity of this prototype agent was dependent on the buffer system
employed. The addition of carbonate and/or phosphate had an influence on the relaxivity of the
agent, due to the ability of these anions to coordinate to the paramagnetic metal. The binding of

carbonate to the gadolinium(I11) complex was determined to be weak due to the lack of



149
saturation upon titration of up to 36 mM carbonate. The weak carbonate binding was

attributed to the overall neutral charge of the complex.

Work described in the present chapter aimed to build upon the information obtained by
Duimstra and coworkers to develop a self-immolative MRI contrast agent for the detection of
caspase-3. Exchanging the B-glucuronic acid used by Duimstra and coworkers with the caspase-
3 substrate, DEVD, allowed the detection of a different class of enzymes. Dueto the restriction
that caspase-3 only cleaves amide bonds, the self-immolative linker used by Duimstra and
coworkers™ (which featured a glycosidic linkage) had to be substituted with a version similar to
that used by Alaoui and coworkers’ (which featured an aniline-based linkage). The resulting
cleavage by-product, 4-aminobenzyl alcohol, has been shown to be non-toxic.® Exchanging the
lanthanide chelate pendant arms from negatively charged acetate groups to neutral amides
resulted in a greater affinity for carbonate anion.

The anion-binding of lanthanide complexes containing amides was extensively studied by
Bruce and coworkers.™ In particular, lanthanide complexes of the tris-amide ligand (RRR)-
1,4,7-trig 1-(1-phenyl)ethyl carbomoylmethyl]-(1,4,7,10-tetraazacyclododecane) displayed a high
affinity for carbonate and other biologically relevant anions such as citrate, lactate, and acetate.™
Using europium(111) luminescence, Bruce and coworkers showed that carbonate can bind to tris-
amide complexes and displace inner-sphere water molecules, resulting in q = 0 complexes.™ It
was hypothesized that a variation of thisligand could be used with the present system in an effort
to effectively block inner-sphere water access through the binding of endogenous carbonate to
the lanthanide. Cleavage of the DEVD substrate by caspase-3 and subsequent degradation of the
self-immolative linker would result in the formation of a primary amine pendant arm (Figure

3.2). It was hypothesized that this newly formed primary amine would coordinate to the
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lanthanide, displacing the carbonate, resulting in a complex with one inner-sphere water

molecule (g = 1). The hypothesized change in g from O (carbonate bound) to 1 would result in a
dramatic increase in the relaxivity of the contrast agent. This changein relaxivity could be used
as amethod to monitor caspase-3 activity in vivo.

It should be noted that the near similar sequence specificity® of caspase-3 and caspase-7
would most likely make 5 a substrate for both enzymes. However, for simplicity, only caspase-3

cleavage will be addressed in the following discussion.

proposed g =0
Caspase-3

NH, proposed g = 1

OH

Figure 3.2. Proposed mechanism of relaxivity change upon cleavage by caspase-3.
Carbonate is proposed to bind to 5 resulting in a g = 0 complex. Enzymatic cleavage (at
red dashed line) initiates an electron cascade (red arrows), producing 9 in which the amine
isproposed to bind to gadolinium(l11), displacing car bonate, and allowing inner-sphere
water access.
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RESULTSAND DISCUSSION

Synthesis

The synthesis of 5 was accomplished in 15 steps with an overall yield of 2% (Schemes
3.1-3.4). The convergent synthesis of 5 involved two facets. synthesis of the substrate peptide
with aself-immolative linker and synthesis of the lanthanide chelate.

The protected peptide, 1, was synthesized by Solid-Phase Peptide Synthesis (SPPS) using
standard fmoc protecting strategy, with tert-butyl protection of the aspartic and glutamic acid
side-chains (Scheme 3.1). The extremely acid-labile NovaSyn TGT resin allowed 1 to be
cleaved from the resin without removal of the side-chain tert-butyl protecting groups. The use of
excess reagents and repeated SPPS reactions allowed the synthesis of 1 in gram quantitiesin
exceptionally high yield (87% after 9 steps).

Coupling of 4-aminobenzyl alcohol to the C-terminus of 1 followed by reaction with
bromoethylisocyanate resulted in the formation of the self-immolative linker. The alkyl bromide
of 3 proved to be an efficient leaving group for nucleophilic substitution by the secondary amine
of the chelate.

The chelate was synthesized from commercially available cyclen in one step according to
published procedures™ (Scheme 3.3). The separation of the mono-, di-, tri-, and tetra-substituted
products proved to be non-trivial. After several attempts of the published procedures™*? to
separate the byproducts using alumina chromatography, the use of RP-HPL C was warranted to
obtain the chelate in acceptable purity. Within the present work, the yield of the desired tris-
alkylated product was reproducibly 27-29%: the reported literature'? yield of 78% is

disproportionately high for reactions of this type and warrants suspicion.
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The Sy, reaction between the chelate and 3 combined the salf-immolative linker with

the chelate, producing 4 (Scheme 3.3). Initia attempts at removal of the tert-butyl groups from 4
using strong acid (TFA or formic acid) resulted in unwanted hydrolysis of the carbamate of the
self-immolative linkage. Seeking to avoid harsh acidic treatment, an inspection of the literature
revealed reports of the use of ZnBr, in the removal of tert-butyl groups from carboxylic acidsin
the presence of acid-labile groups.’*'* The use of ZnBr, was effective in removing the tert-butyl
groups from 4, however, the resulting product had appreciable amounts of Zn** (as evidenced by
ICP-MS and the distinctive Zn** isotope pattern in ESI-M'S), which was presumably bound in the
macrocyclic chelate. The affinity of tetraazacyclododecanes for Zn®* iswell documented.®®
Subsequent metalation with Gd(OH)3 resulted in low yields due to the considerable amount of
undesired Zn**-adduct (64% zinc, 33 % gadolinium by ICP-MS; ESI-MS showed Zn**-adduct as
major peak and Gd**-adduct as minor peak). The problem of undesired zinc metalation was
circumvented by ssmple reversal of the final two synthetic steps (Scheme 3.4). The insolubility
of 4 in the agueous solutions normally employed for metalation with gadolinium(l11) warranted
the use of the triflate salt such that the metalation could be carried out in organic solvents. After
4 was metallated with Gd(CF3S03)3, the tert-butyl groups were removed using ZnBr, followed
by a phase transfer into agueous conditions. After purification by preparative RP-HPLC, 5
showed no signs of Zn** metalation (as evidenced by ICP-MS and ESI-MS). Using an analogous

method, 6 was synthesized for luminescence studies.
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Scheme 3.4 Metalation of 4 with gadolinium(I11) or europium(l11) followed by tert-butyl
deprotection using ZnBr; resultsin target compounds 5 and 6, respectively.
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In order to simulate the effects of enzymatic cleavage and to provide authentic

standards for comparison, the “cleaved” components, 9-11, were synthesized (Schemes 3.5 and
3.6). Since 9-11 do not contain the acid-sensitive self-immolative linker, the synthesis was

markedly straightforward and the use of TFA to remove tert-butyl groups proved effective.
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Scheme 3.5 Synthesisof 9 and 10, the chelate portion of the expected enzymatic cleavage
products of 5 and 6, respectively.
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Scheme 3.6 Synthesis of peptide 11, the peptide portion of the expected enzymatic cleavage
product of 5and 6.

Relaxometric Properties (relaxivity, g, Tm)

The determination of relaxivity and 1, for 5 and 9 and the determination of g for 6 and 10
were performed using methods described in Chapter 11, Part [.A.

The relaxivity of 5 in caspase-3 assay buffer (20 MM HEPES, 2 mM EDTA, 5 mM DTT,
0.1% CHAPS, 1 mg/mL BSA, pH 7.4) is5.31 mM™s™ while the relaxivity of the expected
enzymatic cleavage product, 9, is4.13mM™s?. Since MRI contrast agents have been reported to

16-18 these values were measured in the same buffer

associate with serum abumin proteins,
without the addition of bovine serum albumin (BSA) and resulted in relaxivities of 4.65 mM™'s*
for 5and 3.76 mM™s™ for 9. The slight increases in relaxivity for 5 and 9 in the presence of
BSA can be attributed to the increased viscosity of the solution and are far from the ~10 fold
increase in relaxivity experienced by contrast agents which are known to associate with serum
albumin proteins.***®

To determine whether carbonate bindsto 5 and 9, the relaxivity of each agent was

determined as afunction of pH. Lanthanide chelates which bind carbonate show a characteristic
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decrease in relaxivity at high pH due to displacement of inner-sphere water by carbonate

(carbonate concentrations increase at high pH).*® Consequently, the relaxivity vs. pH profile of 5
shows a significant decrease in relaxivity at pH > 8 which can be attributed to carbonate binding
and displacing the inner-sphere water (Figure 3.3). In contrast, 9 does not display a dramatic
decrease in relaxivity at pH > 8, and it can therefore be concluded that 9 does not bind carbonate
to asignificant degree (Figure 3.3). Thelack of carbonate binding by 9 is attributed to the
primary amine pendant functionality which is able to coordinate to gadolinium(l1l), thus
preventing carbonate from binding in a bidentate fashion.

Further analysis of the relaxivity vs. pH profile reveas interesting insight into the
relaxometric behavior of 9. At low pH values, the increase in relaxivity for 9 islikely dueto
increased prototropic exchange. Related amide complexes display an increase in relaxivity at
low pH due to increased prototropic exchange.™ Dissociation of gadolinium(l11) from the
chelate is not expected given that closely related DOTA-tetraamides are reported to be
kinetically inert toward acid-catal yzed dissociation (half-lifein 2.5 M HNOz at 298 K = 0.2 —
639 hours).'® The 25-30 fold higher stability of DOTA-tetraamides (as compared to DOTA)
towards acid-catalyzed dissociation is attributed to the difficulty of protonating an amide pendant
arm (as compared to the relative ease of protonating the carboxylic acid pendant arms of
DOTA).?®

A close inspection of the relaxivity vs. pH profile of 5 and 9 reveasthat at physiological
pH (7.4), the relaxivity of 5in water is higher than that of 9 (Figure 3.3). Thistrendisin
agreement with the observed differencesin relaxivity between 5 and 9 in caspase-3 assay buffer.
At pH 7.4, the magjority of carbonate species in solution exists as hydrogencarbonate (carbonate

accounts for <0.2% of carbonated species at pH 7.4 while hydrogencarbonate accounts for
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45%)." Carbonate binds to 7-coordinate lanthanide chelates in a bidentate fashion while

hydrogencarbonate binds in a monodentate fashion.* Since the amount of carbonate is
extremely low at physiological conditions, the relaxivity change between 5 and 9 does not
operate under the proposed carbonate mechanism depicted in Figure 3.2. The relaxivity vs. pH
profile shows that carbonate binds to 5 and not to 9, however, this mechanism of relaxivity
modulation can only function when carbonate is present in substantial concentrations (pH > 8)
(Figure 3.3). Therefore, at the physiologically relevant pH 7.4, the conversion of 5to 9 by

caspase-3 will result in a change in resultant MR image intensity from bright to dark.

12

10 &

Relaxivity (1/mM*s)

Figure 3.3 Relaxivity vs. pH profilesfor 5 (blue diamonds) and 9 (pink squares). The
binding of carbonate to 5 displacesinner-sphere water, resulting in a marked decreasein
relaxivity at pH > 8 (carbonate concentrationsincrease dramatically at pH = 8).** In
contrast, 9 does not exhibit behavior indicative of car bonate binding.
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To discern the mechanism by which 5 and 9 differ in relaxivity, the number of inner-

sphere waters (g) and the mean water residence lifetime (tn,) were measured for each complex.
The q values obtained using the method of Supkowski and coworkers® resulted in g = 1.8 + 0.1
andq=1.7+ 0.1 for 6 and 10, respectively [the europium(l11) analogs of 5 and 9, respectively].
Since the g values measured for 5 and 9 are within experimental error, this parameter cannot
account for the relaxivity difference observed between these two complexes. The t, valuesfor 5
and 9 were determined by measuring the transverse relaxation rate of *’O as a function of
temperature (Figure 3.4) using the method developed by Micskei and coworkers.? The tp,
valuesof 1.3+ 0.3 usand 5.3 + 0.5 usfor 5 and 9, respectively, are responsible for the relaxivity
difference observed between 5 and 9. These 1, values are in accord with published values for
related DOTA-trisamide complexes (1.5 us).** It should be noted that t,, values are strongly
influenced by the functionality present on the pendant arms of the chelate: the tr,, values of
trisamide-based chelates and tetraamide-based chelates differ by one and two orders of
magnitude, respectively, from the 1, values of acetate-based chelates (tr, = 1.5 usfor Gd-DOTA-
trisamide, 1, = 19 usfor Gd-DOTA -tetraamide, and tr, = 244 nsfor the acetate-based Gd-
DOTA)."%? Consequently, while acetate-based derivatives of Gd-DOTA have short 1, values
(fast water exchange; tm = 1/ke) and are thus limited in relaxivity by their rotational correlation
time (tg), the amide-based derivatives of Gd-DOTA are limited in relaxivity by their long trm.2*
According to Equation 1.8 (Chapter 1), when tr, is> 0.5 us, the relaxivity of the complex is
limited by t,. Therefore, the relaxivity of Gd-DOTA-trisamide complexesis limited by their
slow . In the present work, the tris-amides 5 and 9 are limited in relaxivity by their slow T,
and the difference in relaxivity observed between 5 and 9 can be attributed to their differencesin

Tm.
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Further support for the relaxivity of 9 being dominated by a slow 1, can be found in a

simple experiment involving the addition of phosphate anion to a buffered solution of 9. An
interesting phenomenon reported by Bruce and coworkers is the dramatic decrease in 1, from 1.5
usto 175 ns upon addition of excess Na,;HPO, to a Gd-DOTA-trisamide at pH 7.45.** Since the
relaxivity of Gd-DOTA-trisamide complexesis limited by 1, the addition of NaoHPO, to a Gd-
DOTA-trisamide chelate should result in adramatic increase in relaxivity. Accordingly, in the
present work, the addition of 10-fold excess Na,HPO, to 9 resulted in arelaxivity increase from
413mM7s* to 628 mM's™.

In conclusion, the mechanism of relaxivity change between 5 and 9 at physiological pH
does not follow the originally proposed g-modulated carbonate mechanism depicted in Figure
3.2. Instead, the relaxivity difference between 5 and 9 is attributed to differing tr, values and
thus 5 can be considered a t,-modulated MRI contrast agent. Despite the actual mechanism of
action differing from the originally proposed mechanism, 5 still holds much promise to be used

as a caspase-3 responsive MRI contrast agent.
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Figure 3.4 O transverserelaxation rate asa function of temperaturefor 5 (top) and 9
(bottom). Black squaresare experimental data, red linesarefit (R? = 0.9997 and 0.994 for
5and 9, respectively) to the Swift and Connick equation® in the deter mination of t,,. The
valuesof T, for 5and 9are 1.3+ 0.3 nsand 5.3 + 0.5 us, respectively, and account for the

observed relaxivity differences between 5 and 9.
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Enzymatic Cleavage of 5 by Caspase-3

The difference in relaxivity between 5 and 9 was sufficient to warrant an investigation of
the change in relaxivity of 5 upon cleavage by caspase-3. Upon exposure to active human
caspase-3, a solution of 5 exhibited up to a50 % increasein T1. The changein T; was monitored
as afunction of time with varying amounts of 5 (Figure 3.5). The T, of a solution containing 5
in enzyme buffer without caspase-3 (negative control) did not change. The addition of a
competitive inhibitor (Ac-DEVD-CHO) slowed the rate of enzymatic cleavage of 5.

A closer inspection of the T; changes observed upon enzymatic cleavage of 5 revealed
features which are unique to the measurement of enzymatic processes by changesin T;. Since
the T, observed (T10ps) IS abulk property of a solution which contains diamagnetic and
paramagnetic contributions (Equation 1.6, Chapter 1), the data must be interpreted with caution.
The presence of multiple paramagnetic species in solution (5 and, after enzymatic cleavage, 9),
each with differing effects on T, (equimolar solutions of 5 and 9 will produce different T,
values), adds complexity to the factorsinfluencing Tigps. Since Tiops IS dependent on the
concentration of 5 (even before enzymatic cleavage), the datain Figure 3.5 is presented as
percent changein T;. The percent change in Tigps UPON enzymatic cleavage of 5 increased with
increasing initial concentrations of 5 due to the lower initial value of Tqs fOr higher
concentrations of 5 [% change = (final —initial)/initia] (Figure 3.5). Therefore, the greater the
amount of 5, the greater the amount of change in T1q,s UpoN enzymatic cleavage. Another unique
feature which deserves clarification is the trial involving the addition of the competitive
inhibitor. The changein Tips for thistrial is confounded by the increase in viscosity of the
enzyme cleavage solution upon addition of the inhibitor solution (the inhibitor was dissolved in

DM SO and added to the enzyme assay buffer). The increased viscosity of DM SO causes a
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significant decrease in T1qps due to Slower molecular rotation. Therefore the change in Tigps

for thistrial is amplified due to the lower initial value of T4, and the percentage change in Tiops
appears greater than expected. It isimportant to note that the rate of change in Tiops VS. time
(represented by the slope) is less than the rate of change for a solution containing the same
concentration of 5 without inhibitor (Figure 3.5). Since Ac-DEVD-CHO is acompetitive

inhibitor of caspase-3, it is expected to decrease the effective cleavage rate of the enzyme.
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Figure 3.5 Change in T; vs. time for the cleavage of 5 by caspase-3 using various
concentrations of 5: 400 uM (orange circles), 600 uM (yellow triangles), and 800 uM (green
sguares); see explanation of concentration dependence in text. Addition of a competitive
inhibitor slowed the rate of enzymatic cleavage (dark blue diamonds). A solution of 800 uM 5
lacking enzyme did not change significantly over time (negative control, pink squares).
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Enzyme Kinetics

In order to experimentally determine the kinetic parameters for the cleavage of 5 by
caspase-3, several criteriamust be met. The Briggs-Haldane steady-state approximation of the
Michaelis-Menten model for enzyme kinetics assumes a steady-state concentration of the
enzyme-substrate complex [ES].?**" In order to meet the [ES] steady state requirement, the
substrate must be present in excess such that the enzyme is saturated with substrate.*” Within the
present system, an excess of 5 would lead to the T10ps being dominated by the effects of 5, and
therefore the small amounts of 9 present during the initial cleavage by caspase-3 would not
significantly change Tiops (because Tions IS composed of the intrinsic diamagnetic component and
the paramagnetic components dueto 5 and 9, vida supra). This caveat makes the detection of 9
in the presence of excess 5 very difficult because the T,qsiS dominated by the contributions from
5. Thissituation isin stark contrast to fluorescent or UV/visible substrates (often used to
determine enzymatic rate constants), which have little or no fluorescence or absorbance
attributed to the uncleaved substrate. In conclusion, the determination of the Michaelis-Menten
kinetics for the cleavage of 5 by caspase-3 cannot be performed using T, measurements because
of the intrinsic background of the uncleaved substrate (5 has a pronounced effect on T1). In
contrast, UV/visible and fluorescence spectroscopy have the potential to be convenient methods
for the determination of enzyme kinetic parameters.

The cleavage of 5 by caspase-3 resultsin the liberation of 4-aminobenzyl alcohol (Figure
3.2). It was hypothesized that the UV absorbance of 4-aminobenzyl alcohol could be used to
measure the kinetics of the cleavage of 5 by caspase-3. The UV absorbance spectrum of 4-
aminobenzyl alcohol in water contains maximaat 198 nm, 238 nm, and 285 nm. In order to

determine the limit of detection (LOD) of 4-aminobenzyl acohol by UV spectroscopy, the
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absorbance of increasingly dilute solutions was measured. It was empirically determined that

the LOD of an agueous solution of 4-aminobenzyl acohol on our instrument is approximately 5
uM. The LOD of 4-aminobenzyl alcohol was attempted in caspase-3 assay buffer, however the
strong absorbance of the buffer constituents prohibited detection of the analyte. Caspase-3 assay
buffer contains very strong (3 AU) UV absorbances at 205 nm and 280 nm. Fluorescence
detection of 4-aminobenzyl acohol in caspase-3 assay buffer produced similar results.
Therefore, the cleavage of 5 by caspase-3 cannot be monitored using UV/visible or fluorescence
spectroscopy.

In afurther attempt to determine the enzyme kinetics of caspase-3 cleavage of 5, high
performance liquid chromatography-mass spectrometry (LC-MS) was performed on the enzyme
solution. It was reasoned that the separation of the buffer components from 4-aminobenzyl
alcohol using chromatography would allow the detection of each analyte without interference
from the overlapping UV absorbances. Using an Atlantis T3 reverse-phase column with water
(solvent A) and acetonitrile (solvent B) as the mobile phases, a concentrated solution (500 uM)
of 4-aminobenzyl alcohol in caspase-3 assay buffer was analyzed by LC-MS. Using a gradient
of solvents (starting at 0% B then ramp to 5% B over 30 min, ramp to 100% B over 15 min, hold
100% B 5 min, ramp 0% B over 5 min, hold 0% B 5 min), the UV detection of 4-aminobenzyl
alcohol in caspase-3 assay buffer was accomplished (retention time = 26 minutes). Even though
the mass spectrometer failed to detect 4-aminobenzyl alcohol (probably due to ionization
suppression from buffer salts), the UV absorbance spectrum matched previous results with
maximaat 198 nm, 238 nm, and 285 nm. In addition, using the current gradient conditions, two
of the buffer components were identified by MS (HEPES, retention time = 5 minutes; CHAPS,

retention time = 40 minutes).
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At the low concentrations of 4-aminobenzyl alcohol expected during caspase-3

cleavage of 5, however, the peak at 26 minutes (due to 4-aminobenzyl acohol) could not be
detected in the LC chromatogram. Assuming 100% cleavage of 5, there would be 400 uM of 4-
aminobenzyl alcohol in the caspase-3 assay buffer. Since the caspase-3 cleavage reactions were
performed at small volumes (50 uL) due to the high cost of enzyme, the sample must be diluted
(to aninjection volume of 200 L) prior to LC-MS (resulting in an injection concentration of 100
uM). Therefore a solution of 4-aminobenzyl alcohol mimicking these concentrations was
prepared and analyzed by LC-MS. The LC-MS chromatogram of the concentration mimic
solution failed to detect 4-aminobenzyl alcohol and only reveal ed peaks due to the buffer
components, HEPES and CHAPS. Furthermore, solutions containing 5 and 9 at the
concentrations used in the caspase-3 cleavage reaction were prepared. The LC-MS
chromatogram of these solutions failed to detect either 5 or 9 and, once again, only exhibited
peaks due to the HEPES and CHAPS buffer components. Larger scale studies of the enzymatic

cleavage reaction were prohibited due to the excessive cost of human recombinant caspase-3.

MR Imaging and Analysis of T; and T, (Acquired by Keith MacRenaris, Meade Research

Group)

MR images confirm the specific cleavage of 5 by caspase-3 (Figure 3.6). The MRI
samples were prepared to have equal amounts of gadolinium(l11) (confirmed by ICP-MS) such
that the differences observed are not due to variations in concentration. The cleavage of 5 by
caspase-3 produces a significant change in the T;-weighted MR image intensity (Figure 3.6,
compare sample 1 to 5). The image intensity of the enzymatically cleaved solution is similar to

that of the independently synthesized cleaved agent 9 (Figure 3.6, compare sample5to 3). Asa
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negative control, 5 was incubated with heat denatured, inactive caspase-3, which produced an

image intensity similar to that of 5 without enzyme (Figure 3.6, compare sample 2 to 1).

The T, and T, values associated with the MR image in Figure 3.6 are givenin Table 3.1
and help quantify the results of the image. An inspection of the T, and T, values for each sample
confirms the conclusions made from the MR images and reveals subtle features which are less
prevalent in the MR images. A comparison of the intensity of the enzymatically cleaved solution
(sample 5) and the buffer blank (sample 4) look similar in the MR image, however the associated
T1 values of 1840 + 70 ms and 3500 + 100 ms, respectively, are significantly different. The
dight difference in the MR image intensity between the enzymatically cleaved product (sample
5) and the independently synthesized cleaved agent, 9 (sample 3) can be attributed to the
decrease in T, which occurs upon addition of enzyme. This phenomenon is evident when
comparing samples 1, 2, and 5 which contain O units/uL, 0.1 units/uL, and 0.2 units/uL of
caspase-3, respectively, and have T, values of 110 + 20 ms, 69 + 8 ms, and 28 + 3 ms,

respectively.
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Figure 3.6 Ti;-weighted MR image of in vitro caspase-3 cleavage of 5.

(14.1 Tesla, 25 °C, dlice thickness = 1.0 mm, FOV = 1.5 cm, scalebar on right = 8 mm).

(Legend located in upper left corner of image): sample 1 = 5 in buffer; sample 2 = 5 in buffer
after incubation with 0.1units/uL inactive caspase-3 (negative control); sample 3 = 9 in buffer;
sample 4 = buffer blank; sample 5 =5 in buffer after incubation with 0.2units/uL active caspase-
3. Buffer consists of caspase-3 assay buffer (20 mM HEPES, 2 mM EDTA, 5mM DTT, 0.1%
CHAPS, 1 mg/mL BSA, pH 7.4). Samples 1-3,5 contain 105 uM gadolinium(l11) (by ICP-MS).
T, and T, valuesfor each sample arelisted in Table 3.1
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T, Values

sample 1 sample 2 sample 3 sample 4 sample5
Slicel | 1310+50ms | 1290+50ms | 1950+ 70 ms | 3500+ 100 ms | 1840 + 70 ms
Slice2 | 1320+50ms | 1300+50ms | 1980+ 70ms | 3500+ 100 ms | 1840+ 70 ms

T Values

sample 1 sample 2 sample 3 sample 4 sample 5
Slicel |110+20ms | 70+ 10ms 110+20ms |80+ 10ms 28+3ms
Slice2 |110+20ms |69+ 8ms 110+10ms | 73+5ms 28+3ms

Table3.1 T, values(top) and T, values (bottom) for MR imagesin Figure 3.6 Datais given
for two distinct regions (slices) within the sample. Sample 1 =5 in buffer; sample 2 = 5 in buffer
after incubation with 0.1units/uL inactive caspase-3 (negative control); sample 3 = 9 in buffer;
sample 4 = buffer blank; sample 5 = 5 in buffer after incubation with 0.2units/uL active caspase-
3. Buffer consists of caspase-3 assay buffer (20 mM HEPES, 2 mM EDTA, 5mM DTT, 0.1%
CHAPS, 1 mg/mL BSA, pH 7.4). Samples 1-3,5 contain 105 uM gadolinium(l11) (by ICP-MS).

Cell Uptake and Viahility (performed by Allison Harney, Meade Research Group)

Cellular uptake of 5and 9 in MDA-MB-231 cells was performed in triplicate at both high
and low incubation concentrations. The high incubation concentrations consisted of 190 uM and
546 uM of 5 and 9, respectively. The low incubation concentrations were performed at 10-fold
lower concentrations: 19 um and 55 uM of 5 and 9, respectively. At both high and low
incubation concentrations, the amount of 9 associated with the cells was not significant
compared to untreated cells based on a one-way ANOVA t-test (P < 0.05) (Figure 3.7). In
contrast, the amount of 5 associated with the cells increases significantly with time at both the

high and low incubation concentrations (Figure 3.7). The amount of gadolinium(l11) associated
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with cellsincubated with 5 did not reach a plateau after 48 hours. Cells exposed to the high

incubation concentrations accumulated 1000-fold more 5 than 9 after 48 h. After 48 hours at the
low incubation concentrations, cells treated with 5 retain significantly more gadolinium(l11) per
cell than cells treated with 9. The mechanism of cellular uptake of 5 is currently under
investigation.

1.0x10014

o *

1.0x10024
1.0%10°03+
1.0x1004

10x10054 = L .

% of total Gd(ll) (cell")

1.0x107064

1.0x10074 T T 1
0 20 40 60

Time (h)

0.0003-

#
0.0002+ }'

0.0001-I I }
L [ E

0.0000; T T 1
0 20 40 60

Time (h)

% of total Gd(lll) (cell")

Figure 3.7 Uptake of 5 (circles) and 9 (squares) in MDA-MB-231 cells.
TOP: high incubation concentrations (190 uM and 546 uM of 5 and 9, respectively)
BOTTOM: low incubation concentrations (19 uM and 55 uM of 5 and 9, respectively)

"Denotes statistically significant difference within series. *Denotes statistically significant
difference between series. The amount of 5 associated with the cells increases significantly with
time at both high and low incubation concentrations. For cells incubated with both high and low
incubation concentrations of 9, the amount of gadolinium(l11) associated with the cellsis not
significantly different from untreated cells. (Note: the ordinate of the top graph is alogarithmic
scale while the ordinate of the bottom graph isalinear scale.)
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The viability of cells exposed to 5 or 9 was performed at high and low incubation

concentrations (same concentrations as used in uptake studies) to determine an appropriate
concentration range for cell labeling and physiological applications. At the high incubation
concentrations, 5 was highly toxic to the cells after 2 hours of incubation, with only 23% of cells
surviving treatment (Figure 3.8). The low incubation concentrations of 5 proved less toxic, with
viabilities which were comparable to the untreated control cells. To test whether the toxicity of
the high incubation concentrations of 5 was due to the substrate peptide or the chelate, 11 and 9
were administered to cells at ahigh (50 uM and 550 uM, respectively) and low (5 uM and 55
uM) concentrations. Neither 11 nor 9 proved to be toxic at either high or low incubation
concentrations. It is hypothesized that the toxicity of the high incubation concentrations of 5is
due to intracellular concentrations that are sufficiently high to produce cytotoxicity. Further cell

viability studies are currently underway.
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Figure 3.8 Viahility of cellsincubated with 5 (circles), 9 (triangles), and 11 (squares).

TOP: high incubation concentrations (190 uM, 546 pM, and 50 uM of 5, 9, and 11,
respectively)

BOTTOM: low incubation concentrations (19 uM, 55 uM, and 5 uM of 5, 9, and 11,
respectively) At the high incubation concentration, 5 istoxic to cells. At the low incubation
concentrations, both 5 and 9 did not hinder cellular viability.

Note: viability is presented as the fold change in the number of cells as compared to untreated
control cells (where 1.0 = 100% viability)
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SUMMARY AND FUTURE DIRECTIONS

A self-immolative MRI contrast agent, 5, has been synthesized for the detection of
caspase-3. The agent was synthesized in 15 steps with an overall yield of 2%. The products
(chelate 9 and peptide 11) corresponding to enzymatic cleavage of 5 were synthesized for use as
authentic standards for comparison.

Through study of the pH dependence of relaxivity, 5 displays adecreasein relaxivity at
pH > 8 due to the displacement of inner-sphere water by carbonate. In contrast, the primary
amine functionality of 9 coordinates to gadolinium(l11) and prohibits carbonate binding. At
physiological pH, the amount of carbonate islow, and therefore the observed relaxivity
difference between 5 and 9 is not governed by the initially proposed carbonate mechanism. The
differencein relaxivity observed between 5 and 9 (5.31 mMs* and 4.13 mM™s™, respectively)
at physiological pH is attributed to their differing tr, values (1.3 us and 5.3 us, respectively).
The 22% difference in relaxivity between 5 and 9 was sufficient to warrant in vitro testing of 5.

The cleavage of 5 by human caspase-3 was demonstrated using a time-dependent study
of the spin-lattice relaxation time (T,1). Cleavage of 5 by caspase-3 resulted in the expected
increase in T;. Control samples lacking active enzyme failed to show achangein T; over time,
and the presence of a caspase-3 competitive inhibitor slowed the rate of cleavage of 5. MR
images verified asignificant change in the T, of a solution containing 5 upon cleavage by
caspase-3.

The uptake of 5 by MDA-MB-231 cells was measured using gadolinium(l11) ICP-MS.
Incubation with 5 shows cellular uptake which is both time-dependent and concentration

dependent. In contrast, the amount of gadolinium(l11) in cellsincubated with 9 is not
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significantly different from untreated control cells. At 190 uM incubation concentration, 5is

toxic to cells, however at 19 UM, the cellsremained viable. Thetoxicity of 5at 190 uM is
speculated to be due to the high amount of cell uptake. Cells treated with 546 uM or 55 pM 9
wereviable. Cellstreated with 50 uM or 5 uM 11 were viable.

The mechanism of the uptake of 5 is currently unknown. Comparison of the cellular
uptake of 5 with the coordinatively saturated agent from Chapter IV (whichissimilar in
structure, but lacks the self-immolative linker) is currently being investigated. Future work
includes tritium labeling the N-terminal acetate group located on 11 such that the cellular uptake
of the peptide can be quantified. These studies will help deduce whether the self-immolative
linker or the peptide (or an additive effect of each) isresponsible for the cellular uptake of 5.
The mechanism of cell uptake will be thoroughly investigated to determine whether 5 operates
under a passive or active mechanism. Results from these studies will be beneficial in designing

future cell-permeable MRI contrast agents.

Induction of Apoptosisand MR Imaging

Caspase-3 is responsible for the proteolysis of alarge number of substrates during the
execution phase of apoptosis.®® The induction of apoptosisin cells leads to increased caspase-3
activity. Theinduction of apoptosisin MDA-MB-231 cells using tamoxifen is currently
underway. Upon treatment with tamoxifen, the MDA-MB-231 cells will be lysed and caspase-3
activity will be confirmed using a colorimetric caspase-3 assay kit. Upon confirmation of
caspase-3 activity, 5 will be added to the lysate and the T of the solution will be monitored over
time. A control cell line, consisting of MCF-7 cells (which are currently cultured in our

laboratory) will be used, as this ovarian cancer cell line does not express caspase-3. These
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experiments will serve as validation of the ability of the self-immolative contrast agent to

detect caspase-3 activity in acomplex mixture (cell lysate). Further studies include incubation of

cellswith 5 prior to apoptosis induction and MR imaging of apoptosisin acellular environment.

Variations of structure

The self-immolative agent presented in the current work is amenable to many variations
in structure. Currently underway is the synthesis of a tris(acetate)-based chelate which is
hypothesized to change relaxivity in amechanism similar to that reported by Duimstra and
coworkers.™® A comparison of the relative mechanisms of relaxivity modulation for these agents
will be valuable in the design of future self-immolative agents. Other variations of structure
include changing the peptide, such that other proteases can be imaged using this self-immolative

approach.

Two-Photon Microscopy

Two-photon confocal microscopy of the europium(l11) analog, 6, has the potential to
provide useful information about the subcellular localization of the self-immolative agent in
MDA-MB-231 cells. Two photon confocal microscopy of europium(l11) analogs of MRI
contrast agents has been previously used in our laboratory to image intracellular localization.?
The imaging of the intracellular localization of 6 has the potential to reveal much information
concerning the mechanism of cellular uptake as well asthe fate of the agent once it isinside the

cell.
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PARACEST MR Imaging

In addition to T; MR imaging, the long 1, of 5 and 9 (1.3 us and 5.3 us, respectively)
make lanthanide(l11) chelates of these agents [such as the europium(l11) analog, 6] candidates for
use as paramagnetic chemical exchange saturation transfer (PARACEST) agents (see Chapter |
for adescription of PARACEST). Furthermore, the exchangeable amide protons located on the
pendant arms of the chelate make 6 amenable to PARACEST imaging.

The cleavage of 6 by caspase-3 could be potentially detected through PARACEST effects
from both the inner-sphere water protons and the exchangeable amide protons. The inner-sphere
water protons could be probed using PARACEST by exploiting the change in 1, observed upon
enzymatic cleavage of the self-immolative agent by caspase-3. Recently, Ratnakar and
coworkers reported tetraamide PARACEST agents which are responsive to the modulation of the
water exchange rate (ke = 1/tm) of the complex.®® Second, the cleavage of the self-immolative
agent by caspase-3 is associated with the change of a chelate pendant arm from an amideto a
primary amine. This changein functionality resultsin a change in chemical shift of the
presaturation pulse required to produce a PARACEST effect as well as the intensity of the
PARACEST effect (which is proportional to the number of exchangeable protons).* Yoo and
coworkers exploited these principles with a PARACEST agent consisting of aDEVD peptide
attached to DOTA.* Caspase-3 cleavage of the amide bond between the C-terminus of the
peptide and the pendant arm of DOTA liberates a primary amine, resulting in achangein the
PARACEST spectrum.® The potential for the self-immolative agent described in the present
work to be used as a PARACEST agent provides another mechanism by which caspase-3 activity

may be monitored.
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Multimodal Imaging

An interesting potential application of the self-immolative agent presented in this work
involves the mixing of 5 and 6 [as well as other lanthanide(l11) chelates thereof for PARACEST
imaging] into asingle solution. While counter-intuitive from a chemists’ perspective (aswe
strive to make pure compounds), the mixing of 5 and 6 would effectively produce a multimodal
agent. Theligand of 5 and 6 is exactly the same, which translates into similar in vivo
pharmacokinetics such that the mixture of agents should behave in asimilar manner as either of
its pure constituents, as has been reported by Aime and coworkers for solutions of mixed
PARACEST agents.® A similar approach could be used with the self-immolative agent
presented in this chapter. A mixture of 5 and 6 has the potential to monitor caspase-3 activity in
vivo using T, and/or PARACEST [using different saturation frequencies for each lanthanide(l11)]
MRI followed by co-validation of the intracellular localization of the agent using two-photon
microscopy of excited tissues. The deep-tissue capabilities of in vivo MR imaging coupled with
the resolution of confocal microscopy has the potential to revolutionize the imaging of enzymatic

processes in a research setting.
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EXPERIMENTAL

General experimental details can be found in Chapter 11.

Abbreviations

THF = tetrahydrofuran, DMF = dimethylformamide, TFA = trifluoroacetic acid, MeCN =
acetonitrile, TIS = triisopropylsilane, fmoc = 9-fluorenylmethoxycarbonyl, Boc = tert-
butoxycarbonyl, HATU = o-(7-azabenzotriazol-1-yl)-N,N,N’,N’ -tetramethyl uronium
hexafluorophosphate, DIPEA = N,N-diisopropylethylamine, DCC = dicyclohexylcarbodiimide,
DMAP = dimethylamino pyridine, DOTA = 1,4,7,10-tetraazacyclododecane N,N',N",N""-
tetraacetic acid, HPLC = high performance liquid chromatography, RP-HPL C = reverse phase
high performance liquid chromatography, PDA = photodiode array, ESI-M S = electrospray
ionization mass spectrometry, cyclen = 1,4,7,10-tetraazacyclododecane, Ac = acetyl, pNA =
para-nitroaniline, BSA = bovine serum albumin, EDTA = ethylenediamine pentaacetic acid,
HEPES = 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid, DTT = dithiothreitol, CHAPS =
3-[(3-cholamidopropyl)dimethylammonio] - 1-propanesul fonate, MEM = modified Eagle’ s media,

DPBS = Dulbecco’ s phosphate buffered saline

Chemicals

Fmoc-L-amino acids and fmoc-L-amino acids with side chain protecting groups were purchased
(NovaBiochem, San Diego, California) and used asreceived. (R)-N-(2-chloroethanoyl)-2-
phenylethylamine was purchased (ASDI, Newark, Delaware) and used as received. All other

chemicals and solvents were purchased (Sigma Aldrich, St. Louis, Missouri) and used as
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received. Anhydrous THF, MeCN, and CH,Cl, were obtained from a Glass Contour (San

Diego, CA) solvent system.

I nstrumentation

UV /visible spectrafor the Kaiser test were performed on an Agilent 8453 UV/vis
spectrophotometer. ESI-MS was performed on a Varian Quadrupole 1200L or a Thermo
Finnigan LCQ Advantage. ESI-MS samples were dissolved in MeOH and 0.22 um filtered.
Analytical HPLC-M S was performed on areverse-phase C18 Atlantis T3 column (Waters, T3
5um, 4.6 X 250mm) with a Varian Prostar 363 fluorescence detector, aVarian Prostar PDA 330
UV /vis detector, and a Varian Quadrupole 1200L MS. Preparative HPLC was performed on a
reverse-phase C18 Atlantis T3 column (Waters, T3 10um, 19 X 250mm with 19 X 10mm guard)
with a Hewlett-Packard 1046A fluorescence detector and a Varian Prostar UV /vis dual
wavelength detector. NMR spectra were recorded on either aVarian Mercury 400 MHz or
Varian Inova 500 MHz instrument. Fluorescence measurements were recorded on a Hitachi F-
4500 using quartz cuvettes. T; measurements were determined using a Bruker mg60 Minispec
operating at 60 MHz and 37 °C. Lanthanide concentrations were determined using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) on a Thermo Electron Corporation X Series'' |CP-
MS with Thermo Plasmalab software. ICP-MS samples were performed in triplicate using a

standard calibration with an internal standard consisting of 50 ppb In®".

Solid-Phase Extraction
Solid-phase extraction was performed using Oasis HLB 6 cc, 500 mg solid-phase extraction

cartridges (Waters Corp, Milford, MA). The cartridges were conditioned using MeCN (3 mL)
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and 0.1% TFA inwater (3 mL). Samples (typically 50 mg crude product was |oaded per

cartridge) were dissolved in 5 mL of 0.1% TFA in water and loaded onto the cartridge. The
cartridge was washed with 0.1% TFA in water (4 X 4 mL) and water (4 mL). Product was eluted

using 70% MeCN in water, frozen in liquid N2, and lyophilized.

Ac-Asp(OBu-t)-Glu(OBu-t)-Val-Asp(OBu-t) (1)

The protected peptide was synthesized according standard solid-phase peptide synthesis
methods* using manual batch-type synthesis and fmoc protected amino acids.

NovaSyn TGT resin consisting of 90um 1% cross-linked polystyrene beads functionalized with
extremely acid-sensitive 4-carboxytrityl linker was used as a solid support for the stepwise
addition of amino acids. NovaSyn TGT resin was purchased (NovaBiochem, San Diego,
California) with the N-terminal amino acid, fmoc-asp(OtBu), preloaded onto theresin. Theresin
(10.4924 g, 0.23 mmol/g resin loading, 2.4 mmol) was added to a fritted glass reactor vessel
fitted with a 3-way valve for switching between N, (used to mix during all reactions and rinses)
and vacuum (used to drain rinses and excess reactants). The dry NovaSyn TGT resin was pre-
swelled with CH,Cl, (1 X 10 minute rinse) followed by DMF (4 X 10 minute rinses). The N-
terminal fmoc protecting group was removed using 20% piperidinein DMF (until determined
>99% complete by the Kaiser test; typically 4 X 10 minutes). The resin was rinsed with DMF (4
X 10 minutes). The next amino acid (2.5 equivalents relative to the N-terminal amino acid on
the resin) to be added to the peptide was dissolved in aminimal amount of DMF. To this
solution, HATU (2.0 equivalents) and DIPEA (5.0 equivalents) were added to form a yellow
solution of the preactivated fmoc-amino acid. This solution was added to the resin and allowed

to react while gently bubbling N, to mix the reactants until determined >99% complete (typically
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2-12 hours) by the Kaiser test®™. Upon completion, the resin was rinsed with DMF (4 X 10

minutes). This process of fmoc removal and addition of the next amino acid was repeated for
each amino acid until the desired sequence, Ac-Asp(OBu-t)-Glu(OBu-t)-Val-Asp(OBu-t)-
Novasyn TGT resin, was obtained. The N-terminal amino functionality was capped using glacia
acetic acid in amanner similar to the addition of amino acids described above. Theresin was
then rinsed with DMF (4 X 10 minutes), CH,Cl, (4 X 10 minutes), methanol (4 X 10 minutes);
and dried under vacuum overnight. The dried resin was swelled with anhydrous CH,Cl, for 10
minutes. Excess CH,Cl, was drained from the resin, followed by reaction with 1% TFA in
anhydrous CH,Cl, (10 X 2 minutes, 10 mL each). The solution was drained and collected. The
resin was rinsed with CH,Cl; (3 X 30 seconds, 30 mL each), methanol (3 X 30 seconds, 30 mL
each), CH.Cl, (3 X 30 seconds, 30 mL each), and methanol (3 X 30 seconds, 30 mL each). The
rinses were collected in separate vials and tested for presence of product using TLC (CAM
stain). Rinses containing product were combined with the original cleavage solutions, then the
volume was reduced to 5 mL using rotary evaporation under reduced pressure. Cold water (40
mL) was added to the solution, resulting in a colorless precipitate. The flask was placed in an
icebath to increase precipitation. The precipitate was vacuum filtered using a glass frit, washed
with cold water, transferred to avial. The vial was placed under vacuum for one hour, then
placed in a KOH desiccator under vacuum for 3 days resulting in awhite powder. Yield (1.4289
0, 87%) R;=0.58 (silicagel, 12:4:1 CHCl; : methanol : conc NH,OH, CAM stain)

ESI-MS: Calc. 686.37; Found negative mode 685.40 (M")

'H NMR (CDCl5): Note: non-first order coupling & = 0.9 (br, 6H, V,); 14 (s, 27H, t-Bu CHy);
2.0-2.2 (m, 6H, acetyl CHg, Eg, V;); 2.4 (br, 2H, Ey); 2.7-2.8 (br, 4H, Dp); 4.3, 4.4, 4.7, 4.8 (br,

4H, Dy, Eq, V,); 5.7 (br, C-terminal OH); 7.5 (br, 1H, NH), 7.6 (br, 1H, NH), 7.9 (br, 1H, NH)
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'H NMR (CD3OD): Note: non-first order coupling & = 0.9 (br, 6H, Vy); 1.4 (s, 27H, t-Bu

CHs); 1.8-3.0 (br, 12H, acetyl CHs, Ep, V5, E,, Dy); 4.2 (br, 1H, V,), 4.4 (br, 1H, E,); 4.7 (br, 2H,
D.); 8.0, 8.1, 8.3 (br, NH)

3C NMR (CD30D): 6 = 18.8, 19.9 (V,, acetyl CH3); 22.7 (Vp); 28.5 (t-Bu CH3); 32.2, 32.7 (Ej,
E,); 38.3, 38.5 (Dy); 50.4, 51.5, 54.1, 60.1 (D, E,, V.,); 81.9, 82.5, 82.6 (t-Bu); 171.3, 171.4,

173.2,173.3, 173.4, 173.5, 173.7, 174.2 (carbonyl)

N-[Ac-Asp(OBu-t)-Glu(OBu-t)-Val-Asp(OBu-t)]-4-aminobenzylalcohol (2)

1(1.4289 g, 2.0849 mmol) was dissolved in 100 mL anhydrous THF followed by addition of 4-
aminobenzyl alcohol (256.91 mg, 2.0860 mmol) and DCC (862.42 mg, 4.1798 mmol). The
reaction was stirred at room temperature under N, atmosphere for two days and monitored using
TLC (100% ethyl acetate eluent, UV detection, Ac-Asp(OBu-t)-Glu(OBu-t)-Val-Asp(OBu-t) Ry
= 0.00, 4-aminobenzyl acohol Rs = 0.55, product R = 0.27). The reaction mixture was diluted
with 150 mL ethyl acetate and filtered to remove the urea byproduct. The solvent was removed
by rotary evaporation under reduced pressure then the solid was dried under vacuum. The crude
product was dissolved in 1:1 CH,ClI, : methanol and absorbed onto 18 g silicagel and dried
using rotary evaporation under reduced pressure. The silica gel was loaded onto a column (silica
gel column slurry packed using 100% ethyl acetate; 7.5 cm diameter, 8.5 cm height) and eluted
using 100% ethyl acetate followed by 10% methanol in ethyl acetate. Solvent was removed by
rotary evaporation under reduced pressure followed by drying under vacuum to afford a yellow
solid. Yield: 862.9 mg, 52%

ESI-MS: Calc. 791.43; Found positive mode 814.46 (M + Na"), negative mode 826.43 (M + CI")
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'H NMR (CD3OD): Note: non-first order coupling & = 0.9 (d, 6H, V,); L4 (s, 27H, t-Bu

CHa); 2.0 (s, 3H, acetyl CH3); 2.1, 2.3, 2.6, 2.8, 2.9 (m, 9H, Ep, V;, Ey, Dp); 4.4, 4.7, 4.8, 4.9
(4H, Dy, Eq, V4); 4.6 (s, 2H, PhCH,0OH); 7.3 (m, 2H, aromatic); 7.6 (d, 1H, aromatic, J = 8.5
Hz); 7.7 (d, 1H, aromatic, J = 8.5 Hz)

3C NMR (CD30OD): 6 = 19.2, 19.8 (V,, acetyl CHa); 22.7 (Vj); 28.5 (t-Bu CH3); 31.8, 32.0,
32.2, 32.6, 34.9, 38.3 (Eg, E,, Dp); 50.4, 50.5, 51.5, 51.6, 52.1, 52.3, 53.0, 53.1, 54.0, 54.1, 54.5,
60.1, 61.0, 61.6 (D, E,, V,); 64.9 (PhCH,OH); 81.8, 82.5, 82.6 (t-Bu); 121.4, 128.7 (aromatic);

138.7, 138.9 (aromatic ipso C); 170.8, 171.3, 171.5, 173.2, 173.4, 173.5, 174.0, 174.1 (carbonyl)

N-[Ac-Asp(OBu-t)-Glu(OBu-t)-Val-Asp(OBu-t)]-4-(2-br omo-ethylcar bamoyloxymethyl)-
aniline (3)

2 (162.34 mg, 0.20499 mmol) was dissolved in 10 mL anhydrous CHCl, followed by addition
of DMAP (24.89 mg, 0.2037 mmol) and 2-bromoethylisocyanate (0.0278 mL, 0.308 mmol).
The solution was capped and stirred at room temperature overnight. The reaction was monitored
using ESI-MS. After 17 hours, an additional 0.308 mmol of 2-bromoethylisocyanate was added
and the reaction was stirred for 4 hours. The reaction was determined complete after
disappearance of N-[Ac-Asp(OBu-t)-Glu(OBu-t)-Va-Asp(OBu-t)]-4-aminobenzylal cohol as
observed by ESI-MS. Solvent was removed using rotary evaporation under reduced pressure
followed by drying under vacuum. The yellow oil was dissolved in 1:1 CH,ClI, : ethyl acetate
and placed on asilicagel column (4.25 cm diameter, 14 cm height, eluent = 100% ethyl acetate).
TLC Rs=0.37 (silicagel, 100 % ethyl acetate, UV detection). Solvent was removed by rotary
evaporation under reduced pressure followed by drying under vacuum to afford a white solid.

Yield: 176.0 mg, 91%
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ESI-MS: Calc. 940.38; Found positive mode 963.34 (M + Na"), negative mode 977.41 (M +

Cl)

'H NMR (CDCl5): Note: non-first order coupling 8 = 1.0-1.4 (33H, V,, t-Bu CH3); 2.0-2.9 (12H,
acetyl CHs, Eg, V;, Ey, Dp); 3.4-3.8 (4H, NHCH,CH,Br); 4.2-4.9 (4H, Dy, E,, V,); 5.4 (s, 2H,
PhCH,OCO); 7.3 (aromatic, integration unavailable due to solvent residual); 7.6 (d, 1H,
aromatic, J=8.4 Hz); 7.8 (d, 1H, aromatic, J = 8.4 Hz)

3C NMR (CDCl3): & = 18.7, 19.4 (V,, acetyl CHs); 23.2 (V); 28.5 (t-Bu CHs); 32.4 (br), 32.5,
33.9, 34.1 (E;, E,, Dg, NHCH,CH,Br); 42.9, 43.4, 46.3, 47.6, 48.0, 49.2, 50.2 (br), 51.5 (br) (D,
Es Vo, NHCH,CH2Br); 64.5 (PhCH,0OCO); 81.4, 81.7, 81.9, 82.0 (t-Bu); 120.2, 120.5, 129.0,
131.9 (aromatic); 138.3, 138.5 (aromatic ipso C); 156.4, 157.1 (PhCH,OCO); 169.0, 170.5,

170.7,171.0. 171.2, 171.4, 171.8, 172.6 (carbonyl)

(RRR)-1,4,7-trig 1-(1-phenyl)ethylcar bomoylmethyl]-(1,4,7,10-tetr aazacyclododecane)
(RRR)-1,4,7-trig[ 1-(1-phenyl)ethyl carbomoylmethyl]-1,4,7,10-tetraazacycl ododecane

was prepared from cyclen according to literature™ and purified using preparative RP-HPLC:
(Solvent A = H,0, Solvent B = MeCN; flow rate = 15 mL/min; gradient starting at 20% B and
ramping to 100% B over 30 minutes, hold isocratic 100 % B for 5 minutes, ramp to 20% B over
5 minutes, hold isocratic 20% B for 5 minutes, UV /vis detection at 220 nm and 280 nm) by
injecting sample (typically 262 mg per injection) dissolved in 40% MeCN/ 60% H,0 (4.5 mL,
0.22 um filtered) with the desired product eluting at 8:30-9:45 (minutes:seconds). MeCN was
removed by rotary evaporation under reduced pressure. The remaining agueous solution was
frozen in liquid N, and lyophilized (typically ~50 mg isolated product per injection). 28% yield

after HPLC. ESI-MS, 'H NMR, and **C NMR agreed with literature values.
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N-[Ac-Asp(OBu-t)-Glu(OBu-t)-Val-Asp(OBu-t)]-4-(2-(1-(RRR)-4,7,10-tris[ 1-(1-

phenyl)ethylcar bomoylmethyl])-(1,4,7,10-

tetraazacyclododecyl)))ethylcar bamoyloxymethyl)-aniline (4)

3 (348.21 mg, 0.36969 mmol) and (RRR)-1,4,7-trig 1-(1-phenyl)ethyl carbomoyl methyl]-
(1,4,7,10-tetraazacyclododecane) (192.05 mg, 0.29282 mmol, 0.8 equivalents) were dissolved in
8 mL anhydrous MeCN. Cs,COs (362.53 mg, 1.1127 mmol, 3.0 equivalents) was added and the
flask was placed in a 60 °C oilbath with stirring overnight. The reaction was monitored with
ESI-M S for the disappearance of (RRR)-1,4,7-trig[ 1-(1-phenyl)ethyl carbomoylmethyl]-
(1,4,7,10-tetraazacyclododecane). Cs,CO3; was removed by vacuum filtration through paper;
solvent was removed using rotary evaporation under reduced pressure followed by drying under
vacuum. The crude product was purified using silica gel chromatography (3.75 cm diameter, 4
cm height, eluent 10% methanol in CH,Cl,). Solvent was removed by rotary evaporation under
reduced pressure followed by drying under vacuum to afford abeige solid. Yield: 242.9 mg,
55%

ESI-MS: Calc. 1516.86; Found positive mode 1517.99 (M + H"), 1539.91 (M + Na)

'H NMR (CDCl5): Note: non-first order coupling 8 = 0.5-1.6 (42H, V,, t-Bu CHg,
CH,CONHCHPNhCHj3); 2.0-4.4 (38H, acetyl CHs, Eg, Vg, Ey, Dg, NHCH,CHo,
CH,CONHCHPhCHj3, cyclen); 4.4-5.4 (9H, D, E,, V,, CH,CONHCHPhCH3;, PhCH,OCO); 7.0-
7.4 (br, aromatic, integration unavailable due to solvent residual)

3C NMR (CDCly): § = 18.2, 19.4 (V,, acetyl CHa); 22.1, 22.8, 23.1 (V3, CH;CONHCHPhCH,);
28.2 (t-Bu CHa); 32.0, 32.8, 37.4 (E;, E,, Dp); 49.3-57.2 (br, D, E,, V., cyclen, NHCH,CHb,

CH>CONHCHPhCHS3); 70.6 (PhCH,0CO); 81.3 (br, t-Bu C(CHs)a); 120.4, 126.0, 126.3, 126.4,
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127.2, 127.8, 128.2, 128.6 (aromatic); 144.2 (br, aromatic ipso); 156.4, 156.9 (PhCH,OCO);

169.9-173.3 (br, carbonyl)

Gadolinium(l11)- N-(Ac-Asp-Glu-Val-Asp)-4-(2-(1-((RRR)-4,7,10-trig 1-(1-

phenyl)ethylcar bomoylmethyl])-(1,4,7,10-

tetraazacyclododecyl)))ethylcar bamoyloxymethyl)-aniline (H,0) (5)

4 (100.59 mg, 0.066315 mmol) and Gd(CF3;S0O3)3 (44.95 mg, 0.07436 mmol, 1.1 equivalents)
were placed in a100 mL flask with magnetic stirbar and purged with N,.  The reagents were
dissolved in 10 mL anhydrous MeCN and placed in a 80 °C oilbath overnight. Solvent was
removed by rotary evaporation under reduced pressure followed by drying under high vacuum.
ESI-MS of the intermediate confirmed metalation: calc for Gadolinium(l11)-N-[Ac-Asp(OBu-t)-
Glu(OBu-t)-Va-Asp(OBu-t)]-4-(2-(1-((RRR)-4,7,10-tri§[ 1-(1-phenyl)ethyl carbomoylmethyl])-
(1,4,7,10-tetraazacyclododecyl)))ethyl carbamoyl oxymethyl)-aniline (H,O) 1691.81; found
positive mode Gd** isotope pattern centered at 1691.78 (M™)

ZnBr, (233.87 mg, 1.0385, 15 equivalents) was added and the flask was purged with N followed
by addition of 10 mL anhydrous CH,Cl,. (Note: ZnBr, forms a suspension in CH,Cl,.) The
reaction was stirred at room temperature for 24 hours during which an insoluble white ppt
formed. After 24 hours, 60 mL water was added and the reaction was stirred for 2 hours. The
crude product was lyophilized and purified by preparative RP-HPLC by dissolving in 40%
MeCN in water followed by 0.2 um filtering [typically ~150 mg crude product dissolved in 4.5
mL 40% MeCN per injection (contains considerable amount of ZnBr,)]; (Solvent A = H,0,
Solvent B = MeCN; flow rate = 15 mL/min; starting at 20% B for 5 minutes, ramp to 100% B

over 15 minutes, hold isocratic 100% B for 5 minutes, ramp to 0% B over 5 minutes, hold
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isocratic 0% B for 5 minutes; UV/vis detection at 220 nm and 280 nm) with the desired

product eluting at 4.3 minutes. MeCN was removed by rotary evaporation under reduced
pressure. The remaining aqueous solution was frozen in liquid N2 and lyophilized to yield a
white solid. Yield: 37.36 mg, 37 %. 38% metalated by mass as determined by Gd** ICP-MS,

ESI-MS: Calc (m/2) 761.31; Found positive mode Gd** isotope pattern centered at 762.10 (m/2)

Europium(l11)- N-(Ac-Asp-Glu-Val-Asp)-4-(2-(1-(RRR)-4,7,10-trig 1-(1-

phenyl)ethylcar bomoylmethyl])-(1,4,7,10-

tetraazacyclododecyl)))ethylcar bamoyloxymethyl)-aniline (H,0) (6)

4 (21.27 mg, 0.01402 mmol) was metallated with Eu(CF3;S0O3)3 (10.65 mg, 0.01777 mmol, 1.3
equivalents) then deproteced with ZnBr, (52.74 mg, 0.2342 mmol, 16.7 equivalents) and purified
using RP-HPLC (product elutes at 4.4 minutes) using the same method as used for 5.

ESI-MS of the intermediate confirmed metalation: calc for Europium(l11)-N-[Ac-Asp(OBu-t)-
Glu(OBu-t)-Va-Asp(OBu-t)]-4-(2-(1-((RRR)-4,7,10-tri§[ 1-(1-phenyl)ethyl carbomoylmethyl])-
(1,4,7,10-

tetraazacyclododecyl)))ethyl carbamoyloxymethyl)-aniline (H,O) 1686.80; found positive mode
Eu®* isotope pattern centered at 1686.79 (M*)

6 wasisolated as awhite solid. Yield: 8.55 mg, 41 %.

ESI-MS: Calc (m/2) 758.81; Found positive mode Eu** isotope pattern centered at 759.99 (m/2)
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1-(2-'Boc-aminoethyl)-(RRR)-4,7,10-tris[1-(1-phenyl)ethylcar bomoylmethyl]-(1,4,7,10-

tetraazacyclododecane) (7)

(RRR)-1,4,7-trig[ 1-(1-phenyl)ethyl carbomoylmethyl]-(1,4,7,10-tetraazacyclododecane) (388.87
mg, 0.59291 mmol) and 2-(Boc-amino)ethyl bromide (201.40 mg, 0.89871 mmol, 1.5
equivaents) were dissolved in 5 mL anhydrous MeCN. Cs,CO3 (580.25 mg, 1.7809 mmol, 3.0
equivalents) was added and the reaction was stirred at 60 °C for 8 days. Additional 2-(Boc-
amino)ethyl bromide (1.5 equivalents each 24 hour period) was added and the reaction was
stirred at 60 °C until disappearance of (RRR)-1,4,7-trig 1-(1-phenyl)ethylcarbomoyl methyl]-
(1,4,7,10-tetraazacyclododecane) as evidenced by TLC (1:9:90 sat KNO3:H,O:MeCN, Pt stain;
Rf = 0.29, product Rs = 0.39) and ESI-MS. Cs,CO3; was removed by vacuum filtration through
paper. Solvent was removed using rotary evaporation under reduced pressure followed by
drying under vacuum. The crude product was dissolved in 10% MeOH/CH,Cl, and placed on a
silicagel column (4.5 cm diameter, 5.5 cm height, eluent = 10% MeOH/CH,CI,). Solvent was
removed by rotary evaporation under reduced pressure followed by drying under vacuum to
afford 326.0 mg (69% yield) white solid.

ESI-MS: Calc. 798.52; Found positive mode 799.61 (M + H"), 821.56 (M + Na)

'H NMR (CDCl5): Note: fluxional on NMR timescale resulting in broad resonances and making
some integrations unavailable due to non-first order coupling 6 = 0.8-1.2 (CH,CONHCHPhCH3),
1.4 (s, t-Bu CHg), 1.5-3.4 (br, cyclen, CH,CH,NH-Boc, and CH,CONHCHPhCHg), 4.9 (br, 3H,
CH,CONHCHPhCHS), 7.1-7.6 (br, 15H, aromatics)

B3C NMR (CDClg): & = 22.3, 23.0 (CH,CONHCHPhCHS,); 28.6 (t-Bu CHa); 49.6-53.1 (br cyclen,

CH2CH,;NH-Boc, and CH,CONHCHPhCH?3); 79.1 (t-Bu C(CHs)4); 126.2, 126.5, 126.7, 127.2,



189
128.7 (aromatic); 144.3, 144.8, 145.4 (aromatic ipso C); 156.5 (NHCOO-tBu); 170.2, 171.2

(CH,CONHCHPhCH3)

1-(2-aminoethyl)-(RRR)-4,7,10-trig[1-(1-phenyl)ethylcar bomoylmethyl]-(1,4,7,10-
tetraazacyclododecane) (8)

7 (326.0 mg, 0.4080 mmol) was dissolved in 10 mL of 95% TFA, 2.5% TIS, 2.5% H,0 and
reacted overnight. TFA was evaporated by passing N, over the reaction solution, resulting in a
yellow oil. Cold diethyl ether (30 mL) was used to precipitate the crude product as a white solid.
The suspension was centrifuged and decanted. The diethyl ether extraction was repeated 4 times
followed by evaporation of residual diethyl ether by passing N, over the solid cake. The crude
product was dissolved in water (25 mL), frozen in liquid N, lyophilized, then purified using
Solid-Phase Extraction to yield 281.06 mg white powder (98% yield).

ESI-MS: Calc. 698.46; Found positive mode 699.53 (M + H"), 721.54 (M + Na)

'H NMR (D,O): Note: fluxional on NMR timescale resulting in broad resonances and non-first
order coupling 6 = 1.2-1.6 (br, 9H, CH,CONHCHPhCH3), 2.4-3.7 (br, 26H, cyclen,
CH,CH,NH, and CH,CONHCHPhCH3), 4.4-5.2 (br, CH,CONHCHPhCHg, integration not
available due to solvent residual peak), 7.0-7.4 (br, 15H, aromatics)

3C NMR (D,O with acetone reference): § = 22.0 (br, CH,CONHCHPhCHS3); 49.0-53.0 (br
cyclen, CH,CH,;NH,, and CH,CONHCHPhCH3); 126.3, 126.4, 128.1, 128.3, 129.3, 129.6 (br,

aromatic); 144.5, 144.0, 144.2 (aromatic ipso C); 171.0 (br, CH,CONHCHPhCH?3)
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Gadolinium(l11)-1-(2-aminoethyl)-(RRR)-4,7,10-trig[ 1-(1-

phenyl)ethylcar bomoylmethyl]-(1,4,7,10-tetr aazacyclododecane) (9)

8 (30.93 mg, 0.04419 mmol) was dissolved in 10 mL water and the pH was adjusted to 5.5 using
5% NaOH followed by addition of Gd(OH)36H,0 (15.75 mg, 0.04979 mmoal, 1.1 equivalents).
The flask was capped with a rubber septum and placed in a 80 °C oilbath with stirring. The pH
was periodically monitored and adjusted to 5.5 using HCI vapor. The reaction was determined to
be complete when the pH stabilized (typically 48-72 hours). The crude reaction mixture was
0.22 um filtered, frozen in liquid nitrogen, and lyophilized. The crude product was purified
using preparative RP-HPLC (Solvent A = H,0O, Solvent B = MeCN; flow rate = 15 mL/min;
gradient starting at 0% B and ramping to 100% B over 30 minutes, hold isocratic 100% B for 5
minutes, ramp to 0% B over 5 minutes, hold isocratic 0% B for 5 minutes; fluorescence detection
of GA®* Aex = 274 Nm, Aem = 314 nm; UV/vis detection at 205 nm and 270 nm) by injecting crude
product dissolved in water (3 mL, 0.22 um filtered) with the desired product eluting at 12
minutes. MeCN was removed by rotary evaporation under reduced pressure. The remaining
agueous solution was frozen in liquid nitrogen and lyophilized to yield 19.56 mg white powder
(52 % yield). 56% metalated by mass as determined by Gd** ICP-MS.

ESI-MS: Calc. 853.39; Found positive mode Gd** isotope pattern centered at 854.38 (M + H*)

Europium(l11)-1-(2-aminoethyl)-(RRR)-4,7,10-trig 1-(1-phenyl)ethylcar bomoylmethyl]-
(1,4,7,10-tetr aazacyclododecane) (10)

8 (13.16 mg, 0.01880 mmol) was metallated using Eu(OH)3 (6.89 mg, 0.02215 mmol, 1.2
equivalents) and purified by RP-HPLC (product elutes at 12 minutes) using the same method as

used for 9 to yield 8.67 mg white powder (54 % yield).
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ESI-MS: Calc. 848.38; Found positive mode Eu®* isotope pattern centered at 848.83 (M™)

Ac-Asp-Glu-Val-Asp (11)

1 (42.92 mg, 0.06262 mmol) was dissolved in 5 mL of 95% TFA, 2.5% TIS, 2.5% H,0 and
reacted overnight. TFA was evaporated by passing N, over the reaction solution, resulting in a
yellow oil. Cold diethyl ether (30 mL) was used to precipitate the crude product as a white solid.
The suspension was centrifuged and decanted. The diethyl ether extraction was repeated 4 times
followed by evaporation of residual diethyl ether by passing N, over the solid cake. The crude
product was dissolved in water (5 mL), frozen in liquid N2, lyophilized, then purified using
Solid-Phase Extraction to yield 31.76 mg white solid (99% yield).

ESI-MS: Calc. 518.19; Found negative mode 517.22 (M), positive mode 541.22 (M + Na)

'H NMR (D-O): Note: non-first order coupling & = 0.9 (d, 6H, V,), 1.9-2.1 (m, 6H, acetyl CH3,
Es, V), 2.4 (t, 2H, Ey), 2.7-2.9 (m, 4H, Dg), 4.0 (d, 1H, V,, J= 7.6 Hz), 4.4 (t, 1H, E,, J= 7.4
Hz), 4.6 (t, 1H, Dy, J = 6.4 Hz), 4.7 (t, 1H, Dy, J = 6.0 Hz)

3C NMR (D0 with acetone reference): & = 18.3, 18.9 (V,, acetyl CHa); 22.4 (Vp); 26.5 (Ep);
30.4 (E,); 35.9, 36.0 (Dp); 49.7, 50.7, 53.5, 60.1 (Dy, E,, Vo); 173.2, 173.5, 174.3, 174.5, 174.8,

177.7 (carbonyl)

L uminescence Decay

3 mM solutions of 6 or 10 were prepared in 500uL of H,O or D,O. Time-resolved luminescence
spectrawere acquired with the following parameters: 395 nm excitation wavelength, 614 nm
emission wavelength, 10 nm excitation dlit width, 10 nm emission dlit width, 950V PMT, 20

replicates. Datawere fit to asingle exponential decay using Origin version 7.0. Dueto the fast
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luminescence decay of 6 and 10 in pure water, solutions consisting of 6 or 10 in 0, 40, 60,

and 80% H,0 in D,O were prepared. Plotting the decay constants obtained from each solution
resulted in alinear fit. The y-intercept of the linear fit allowed extrapolation to determine the
decay constant of 6 and 10 in pure water. The equation from Supkowski and coworkers?* was

used to determine g with corrections for 4 amide/amines.

Relaxivity

Stock solutions consisting of 0.200 mM of 5 or 9 in Caspase-3 assay buffer (20 mM HEPES, 2
mM EDTA, 5mM DTT, 0.1% CHAPS, 1 mg/mL BSA, pH 7.4) were prepared. Serial dilutions
of the stock solutions produced concentrations of 0.100 mM, 0.050 mM, 0.025 mM. Twenty
five microliters of each sample were used for determining Gd** concentration using ICP-MS,
Samples were equilibrated to 37 °C in awater bath for 10 minutes prior to T; measurement. The
T, of each solution was determined using an inversion recovery pulse sequence with appropriate
recycle delays (>5*T1). The resulting curves were fit to a monoexponential function to obtain

T1. A plot of 1/T; vs. concentration was fit to a straight line yielding the relaxivity as the slope.

Relaxivity vs. pH

A 1 mM solution of 5 or 9 was prepared in 2 mL water. The solution was split into two 950 uL
aliquots: one was used for the acidic range and the other for the basic range. The pH was
adjusted into either the acidic range using HCI vapor (as to not change the concentration of the
solution) or the basic range using NaOH (using 0.5 pL additions of 5 mM, 50 mM, or 500 mM
NaOH; more concentrated NaOH solutions were used as the solution became increasingly basic).

For the basic range, the volume of NaOH added was recorded and used to correct the final
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concentrations (the correction proved minimal as atotal of only 22.5 uL of NaOH for 5 and

21.5 uL of NaOH for 9 was added to a 950 pL initial solution; corresponding to a 2.4% and 2.3%
increase in volume, respectively). Gd* concentration was determined using ICP-MS. The
samples were allowed to equilibrate at 37 °C for 5 minutes before each T; measurement. The T
of each solution was determined using an inversion recovery pulse sequence with appropriate
recycle delays (>5*T;). Thedifferencein T, valuesvs. water were used to determine the

relaxivity at each pH.

Mean Water Residence Lifetime

The method of Micskei and coworkers® was used to determine the mean water residence
lifetime. Samples were prepared as 225 microliters of 20 mM 5 or 9 in water with 25 microliters
of YO enriched water (10% 'O enrichment; Medical Isotopes, Inc., Pelham, New Hampshire)
added, resulting in 1% *’O enrichment in the final sample. This solution was placed in an NMR
tube with an insert containing D,O (for lock reference). A water standard was prepared
consisting of 1% 'O enriched water with D,O insert. VT-NMR was acquired on a Varian Inova
400 (tuned to 54.310 MHz 'O frequency) at 5 °C intervals between 1 °C and 90 °C.
Temperatures were corrected using a calibration plot. The samples were equilibrated for 10
minutes at each temperature, followed by lock and shim. The *’O linewidth of the bulk water
was measured at each temperature. The pH of the samples was recorded and Gd**
concentrations were determined by ICP-MS. Datawerefit to theory developed by Swift and

Connick (Equation 3.1)% in Origin version 7.0.
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Equation 3.1%

F=400;5=3.5;univ=8.31;wi=6.28e6* F* 0.13557;ws=6.28e6* F* 658.21;tm=((tm0"(-

1)*x/298.15)* exp((HM/univ)* (0.003354-(1/x))))"- L;tr=((trO"(-

1)*x/298.15)* exp((Hr/univ)* (0.003354-(1/x))))"- L;tv=((tvO™(-

1)*x/298.15)* exp((Hv/univ)* (0.003354-(1/x))))"-1; T1e=((1/25)* delta* tv* (4* s"2+4* s-

3)* (M (1+ws 2*tv2))+(4/ (1+4* ws 2* tv/2))))N-1;T2e=((0.02* (4* " 2+4* s-

3)*tv*deltar (3+(5/(1+(ws 2* tv2)))+(2/(1+(4* ws 2* tv"2)))))) N (-1);tcl=(T 1eMN(- 1) +tr\(-
1)+m(-1))M(-1);tc2=(T2eMN(-1)+tr (-1)+tm™N(-1))™(-1);tel=(T 1eM-1+mA- 1) (- 1) te2=(T 2e/(-
DHMA(-1)(-

1);cont=(1/3)* s* (s+1)* acc"2* (tel+(te2/(1+ws 2* te2/2)));dipl=((1/15)* 4.535671e-
33*s*(st1))/(r"6);dip2=4*tc1;dip3=(13*tc2)/(1+ws 2* tc2"2);dip4=(3* tcl)/ (1 +wi 2* tc1"2);dip9
=1.6995e14* 0.32;dip5=(0.2* tr)/(1+wi 2* tr"2);dip6=(0.8* tr)/(1+4* wi”2* tr"2);dip7=(2/5)* (Wi"2
*1.1890597e-79* \2* (s+1)"2)/(9* 1.9063324¢-

32* x"2* r"6);dip8=(3*tcl)/(1+wi”2* tc172);dip=dipl* (dip2+dip3+dip4);quad=dip9* (di p5+dip6);
cur=dip7* dip8;diptot=dip+cur+quad; T 2m=(cont+diptot)"-

1;gauss=F* 1e6/4255.319;dwm=(1.856953e-20* s* (s+1)* acc* gauss)/(3* 1.3807e-
16*x);num=(T2m"-2)+(T2m* tm)"-1+dwm”"2;denom=(tm"-1+T2m"-
1)"2+dwm*2;scam=num/denom;pm=n* conc/55.56;y=pm* scam/tm;

Definitions of parameters in Equation 3.1:

delta= thetrace of the zero-field-splitting tensor; tm0 = the mean water residence lifetime; Hm
= enthalpy of water exchange; trO = the rotational correlation time (set 50 psto agree with
literature values® of small molecule Gd®* contrast agents); Hr = enthalpy of rotation; tv0 = the
correlation time for the modulation of the zero-field-splitting tensor; Hv = the enthalpy of the tvO
correlation time; acc = A/h = the scalar coupling constant between the electrons of Gd** and the
protons of the inner sphere water (set to -3800000 rad/s); r = the distance between the
paramagnetic ion and the oxygen of the inner-sphere water (set to literature value® for DOTA,
2.5 A); n = the number of inner sphere waters (set to 1.8 for 5 and 1.7 for 9; determined
experimentally — vida supra); conc = concentration of the paramagnetic ion (determined

experimentally by ICP-MYS)
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Cagpase-3 Activity

Active recombinant human caspase-3 was purchased from Biovision (Mountain View, CA) asa
lyophilized powder, reconstituted in PBS with 15% glycerol, divided into 10 uL aliquots (each
containing 1 unit per uL), and stored at -80 °C.

Unit definition: one unit cleaves 1 nmol DEVD-pNA per hour at 37 °C in 50 mM HEPES, 50
mM NaCl, 10 mM EDTA, 10 mM DTT, 5% glycerol, 0.1% CHAPS, pH 7.2.

Caspase-3 assay buffer (20 mM HEPES, 2 mM EDTA, 5mM DTT, 0.1% CHAPS, 1 mg/mL
BSA, pH 7.4) was prepared fresh daily.

Enzyme activity was confirmed using a caspase-3 colorimetric assay kit purchased from Aldrich
(St. Louis, MO). Thekit is based upon caspase-3 cleavage of Ac-DEVD-pNA, which produces a

characteristic absorbance at 405 nm due to liberated pNA.

Casgpase-3 T, Study

A 10 uL aliquot (containing 1 unit per uL) of frozen caspase-3 solution was thawed on ice and
transferred to avial using 39 uL assay buffer followed by addition of 1 uL. 20 mM 5 in assay
buffer, resulting in 50 puL solution containing 400 uM 5 (other concentrations of 5 were prepared
in asimilar manner, with adjustment of the amount of assay buffer such that the final solution
was 50 pL). The solution was immediately placed in a glass tube (which was preheated to 37
°C), sealed with parafilm, and placed in the bore of a Bruker mg60 Minispec operating at 60
MHz and 37 °C. The T; was measured over a 15 hour time period using a saturation recovery
pulse sequence with 4 srecycle delay, 10 msinitia pulse separation, 4000 msfinal pulse
separation, 0.05 ms delay sampling window, 0.02 ms sampling window, 2 scans per data point, 8

data points per T, measurement, 20 dB pulse attenuation, 65 dB gain. Repetitive measurements
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were taken with a4 second delay between measurements such that each T, measurement

took atotal of 101.3 s.

MR Imaging and Analysisof Ty and T,

Samples containing 5 and caspase-3 were prepared as described above for the T, time study and
incubated at 37 °C for 15 hours prior to imaging. The T of the solution containing 5 and active
caspase-3 was monitored using the Bruker mg60 (60 MHz) minispec during the 15 hour
incubation to ensure that the T, changed in the sample prior to imaging at 14.1 T. A solution of
active caspase-3 enzyme was heat-denatured to produce inactive caspase-3 (for use as a negative
control); lack of enzyme activity was confirmed using the colorimetric enzyme assay kit
described above. The solution containing 5 and inactive caspase-3 was prepared in an identical
manner as the active enzyme solution described above and incubated at 37 °C. The T of the
solution containing inactive caspase-3 and 5 was measured at the start and end of the 15 hour
incubation, with no significant change in T;. Samples containing 5 or 9 were prepared in assay
buffer. ICP-MS was used to determine the exact gadolinium(l11) content of each sample. The
concentrations of the samples were adjusted by addition of assay buffer such that each solution
contained equivalent amounts of gadolinium(l11) (as confirmed by ICP-MS after concentration
adjustment). Samples (40 pL of each solution) were prepared for imaging in glass capillary
tubes and sealed with parafilm. MR measurements were performed on a General Electric/Bruker
Omega 600WB 14.1 T imaging spectrometer fitted with Accustar shielded gradient coils at
ambient temperature (~25 °C). Images were acquired using a T1-weighted, spin-echo pulse
sequence (Te = 10.2 ms, Tg = 500.0 ms). Spin-lattice relaxation times (T,) were acquired using a

saturation recovery pulse sequence with static echo times (Tg = 10.18 ms) and variable repetition
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times (Tr = 111.970, 200, 300, 400, 500, 750, 1000, 2000, 5000, 10000 ms). Spin-spin

relaxation times (T,) were acquired using a saturation recovery pulse sequence with static Tr
(111.970 ms) and variable Tg (10.18, 20.36, 30.54, 40.72, 50.90 ms). Two independent trials
were performed per 1 mm slice and 2 dlices of each sample were measured. Intensities of
selected regions of interest were fit to a monoexponential curve using Paravision version 3.02 to

obtain T; and T».

Cdll Studies

MDA-MB-231 breast cancer cells were seeded in triplicate in 48-well plates at a density
of 2 x 10° cells/mL to reach 100% confluence after 48 hours. MDA-MB-231 cells were
maintained in Alpha-MEM supplemented with 10% fetal bovine serum, 2 mM glutamine, non-
essential amino acids, sodium pyruvate, 50 mM HEPES, and gentamicin. Cellswere cultured at
37°Cin5% CO;,. 5,9, and 11 were dissolved in cell culture medium and sterilized with a0.2
UM filter. Stock solutions of 5 and 9 were prepared at concentrations of 948 uM and 2.75 mM
respectively (concentrations determined by Gd** ICP-MS). The final concentration of 11, based
on mass, was 500 uM. For high dose experiments, culture media was removed and fresh media
was added to 40 pL of 5, 40 pL of 9, or 20 yL of 11 to afina volume of 200 ul per well. For
low dose experiments, the same stock solutions were used, and 4 pL of 5, 4 L of 9, or 2 pL of
11 were added to fresh mediato afinal volume of 200 pL per well. After incubation for O, 2, 8,
24 or 48 h, cells were washed twice with cold 1 X DPBS and trypsinized. The trypsin reaction
was stopped with the addition of mediato adjust the volume of the cell suspension to 100 pL.
The total viable cell population for each sample was counted using a Guava Easycite mini

personal cell analyzer. Viability was assessed using ViaCount reagent per manufacturers
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instructions. Of the remaining cell suspension, 65 pL was digested in 90 uL of HNO;3 at 60

°C for aminimum of 3 hours. Gd*" content was determined by ICP-MS and Gd** content of

cells was calcul ated.
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CHAPTER IV

A COORDINATIVELY SATURATED GADOLINIUM(I11) CHELATE FOR

THE DETECTION OF CASPASE-3

Thetext in this chapter is taken in part from:

Ulrich, B. D.; Harney, A. S.; MacRenaris, K. W.; Meade, T. J. “A Bioactivated Magnetic
Resonance Agent for the Detection of Caspase-3”, Bioconjugate Chemistry, submitted
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INTRODUCTION

Caspase-3

An introduction to caspase-3 can be found in Chapter I1, Part I.

Design of aSimplified MRI Contrast Agent for the Detection of Caspase-3

This chapter details the investigation of a contrast agent for the detection of caspase-3
activity. The agent isaderivative of the synthetic efforts found in Chapter 111. The contrast
agent consists of atris-amide derivative of DOTA, while the peptide consists of a caspase-3
substrate, DEV D (details of both in Chapter I11). The difference between the contrast agent in
the present work and that of Chapter 111 liesin the linkage between the chelate and the peptide.

In the present work, the chelate was attached directly to the C-terminus of the peptide. The
direct attachment of the chelate to the peptide ssimplified the overall structure and synthesis of the
target molecule, as compared to the self-immolative agent of Chapter 111.

It was hypothesized that 6 would change relaxivity upon enzymatic cleavage viaa

carbonate mechanism similar to that initially proposed for the self-immolative agent in Chapter

[l (Figure 4.1).
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Figure4.1 Proposed mechanism to describe relaxivity change upon enzymatic cleavage

Carbonate is expected to displace inner-sphere water of 6, resulting in agq =0 complex.
Enzymatic cleavage of 6 produces 10 and 8. The pendant amine of 8 isproposed to

displace carbonate, leading to a g = 1 complex.
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RESULTSAND DISCUSSION

Synthesis

The synthesis of the target compound, 6, was accomplished in 15 steps with an overall
yield of 3% (Schemes 4.1-4.3). The convergent synthesis of 6 involved two parts. synthesis of
the substrate peptide, 1, and synthesis of the lanthanide chelate, 3. Both syntheses are described
in detail in Chapter 3 (Schemes 4.1 and 4.2, respectively). Coupling of 1 and 3 to produce 4
followed by deprotection with TFA yielded 5. Metalation of 5 with either gadolinium(I11) or
europium(l11) yielded 6 and 7, respectively (Scheme 4.3). The synthesis of 6 was more
straightforward than the synthesis of the self-immolative agent described in Chapter 111, despite
having the same number of overall synthetic steps and only adlight increasein overall yield (3%
vs. 2%). Thelack of an acid-sensitive self-immolative linker allowed the t-butyl deprotection of
4 to be conducted in TFA, resulting in easier workup and purification as compared to the ZnBr»
mediated t-butyl deprotection of the self-immolative agent which required HPLC purification
(detailsin Chapter 111).

The enzymatic cleavage products, 8-10, were independently synthesized for use as
authentic standards during relaxometric measurements and enzyme studies (Schemes 4.4 and

4.5; discussed in Chapter 3).
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Relaxometric Properties (q, tm, relaxivity)

The determination of q for 7 and of 1, and relaxivity for 6 were accomplished using
methods described in Chapter |1, Part I.A. The determination of g for 9 and of 1, and relaxivity
for 8 are described in Chapter 111.

The number of inner-sphere water molecules for 7 was determined to be 0.2 + 0.1. This
value of q corresponds to essentially no inner-sphere water (with a small contribution due to
outer-sphere water effects?). Using the same luminescence decay method as the present work,
Vipond and coworkers recently reported a tetra-amide complex with g = 0.15 + 0.1 despite alack
of inner-sphere water as evidenced by single crystal X-ray analysis and variable temperature
transverse relaxation rate measurements.® The transverse relaxation rate of 6 was independent of
temperature over the range 275-359 K (Figure 4.2). The lack of atemperature dependence of the
transverse relaxation rate isindicative of aq = 0 complex.* Therefore the q dataand the variable
temperature transverse relaxation data both suggest that 6 exists with virtually no inner-sphere
water molecules.

The relaxivity of 6 in caspase assay buffer at pH 7.4is3.16 mM™s™. Thisvalueis
significantly lower than that of the structurally similar self-immolative agent (5.31 mMs?)
described in Chapter 111. Dueto the lack of inner-sphere water, the relaxivity of 6 is amost
entirely due to outer-sphere relaxivity (relaxation of closely diffusing water). For small molecule
gadolinium(l11)-based contrast agents, outer-sphere relaxivity accounts for approximately half of
the overall observed relaxivity.>” Therefore the observed relaxivity of 3.16 mM™s? is
appropriate given that it is approximately half of the relaxivity of the structurally similar self-

immolative agent from Chapter I11.
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Figure 4.2 Transverserelaxation rate ('O Ry) asa function of temperature for 6 (red
circles) and 8 (black squares). Thelack of a*’O Rop temper atur e dependence for 6
indicatesa g = 0 complex. In contrast, 8 displays marked 'O R, temper ature dependence
duetoinner-spherewater (q = 1.7, described in Chapter [11)

It was originally hypothesized that 6 would bind carbonate, leading to a displacement of
inner-sphere water in amanner similar to that observed by Bruce and coworkers for related tris-
amide complexes.* Therefore, an initial inspection of the data suggested that the lack of inner-
sphere water and resultant low relaxivity of 6 was due to the binding of carbonate to the
complex. However, a search of the literature reveals that the amount of carbonate present in the
relaxivity samples at pH 7.4 is extrememly low (carbonate accounts for less than 0.2% of

carbonated species at pH 7.4 while hydrogencarbonate accounts for 45%).* This discrepancy
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prompted additional studies of the coordination environment of 6, as this raised doubts about

carbonate being the species responsible for the lack of inner-sphere water.

In order to further investigate the lanthanide coordination environment of 6, the relaxivity
was measured as a function of pH (Figure 4.3). The variation of relaxivity with pH can revea
much information about a contrast agent, including both the binding of carbonate as well as the
pK 5 of exchangeable protonsin close proximity to the paramagnetic gadolinium(111).2°
Lanthanide chelates which bind carbonate show a characteristic decrease in relaxivity at high pH.
Thisis due to displacement of inner-sphere water by carbonate, as carbonate concentrations
increase at high pH.2 The relaxivity of 6 does not decrease at high pH, further ruling out the
possibility of carbonate binding to 6. At pH values less than 4, the relaxivity of 6 increases
dramatically. This phenomenon was pivotal in understanding the lanthanide coordination
environment of 6. The change in relaxivity starting at pH 4 corresponds to protonation of the
carboxylic acid of the C-terminal aspartic acid (the pK, of the side-chain of aspartic acid is
approximately 3.90).° This observation led to the conclusion that the side-chain of the C-
terminal aspartic acid is coordinating to the lanthanide(l11) center (Figure 4.4). AtpH >4, itis
hypothesized that both the amide carbonyl and the aspartic acid side-chain coordinate to the
metal, resulting in all 9 of the available lanthanide(l11) coordination sites being occupied by the
ligand (the metal is*“coordinatively saturated”). Asthe pH islowered below 4, the aspartic acid
side-chain becomes protonated and no longer coordinates to the metal. The loss of coordination
by the aspartic acid side-chain at low pH allows water to coordinate to gadolinium(lil), thus
explaining the observed increase in relaxivity. At low pH values, afurther increase in relaxivity
for 6 islikely dueto increased prototropic exchange, as has been reported for structurally similar

tetraamide complexes.® Dissociation of gadolinium(l11) from the chelate is not expected because
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closely related tetraamide derivatives of DOTA are kinetically inert toward acid-catalyzed

dissociation (half-lifein 2.5 M HNOj3 at 298 K = 0.2 — 639 hours).2 This stability at low pH is

attributed to the difficulty of protonating an amide pendant arm.™
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Figure 4.3 Relaxivity asa function of pH for 6
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Figure 4.4 Hypothesized mechanism of pH dependent coordination geometry of 6. At pH
> 4, the aspartic acid side-chain is deprotonated and coor dinatesto gadolinium(l11), thus
blocking inner-spherewater access. At pH < 4, the aspartic acid side-chain is protonated
and dissociates from gadolinium(l11), thus opening coordination sitesfor inner-sphere
water.

Emission Spectra

Further support for 6 existing as a coordinatively saturated complex can be found in the
luminescence emission spectra of the europium(l11) analog, 7. Upon excitation of europium(l11)
at 394 nm, theratio of the intensity of the° Dy — F, emission (AJ= 2 band) to the intensity of
the®Dy — 'F; emission (AJ= 1 band) reveals valuable information about the coordination
geometry of the complex.* For coordinatively saturated complexes (termed “fully bound” in the

literature), the AJ= 2 band at 614 nmis~ 5 times asintense as the AJ = 1 band at 594 nm.* For
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7, theratio of theintensities of the AJ=2to AJ=1 bandsis~3.5 (Figure 4.5). In contrast, if

inner-sphere water is present, the AJ= 2 and AJ = 1 bands are approximately equal in intensity,*
asisobserved for 9 (Figure 4.6). Furthermore, a comparison of the relative intensities of the
overall emission spectraof 7 and 9 in H,O and D,0O reveals less efficient quenching of the

europium luminescence of 7 due to alack of inner-sphere water (Figures 4.5 and 4.6).
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Figure 4.5 Emission spectra (Aex = 394 nm) of 7 in H,O (blue) and D,O (pink). The
increased intensity of the AJ = 2 band (at 614 nm) relativeto the AJ = 1 band (at 594 nm) is
indicative of a coordinatively saturated complex.



212

1200

1000

800

600

400

Fluorescence Intensity (a.u.)

200

550 570 590 610 630 650 670 690 710 730 750

Wavelength (nm)

Figure 4.6 Emission spectra (Aex = 394 nm) of 9in H,0 (blue) and D,O (pink). The similar

intensity of the AJ = 2 band (at 614 nm) relativeto the AJ = 1 band (at 594 nm) isindicative

of the presence of inner-spherewater. The overall differencein fluorescenceintensity of 9
in H,O and D,0 isduetoinner-sphere water.

Caspase-3 Assay

The lack of inner-sphere water for 6 (q = 0.2) and the presence of inner-sphere water for
the expected enzymatic cleavage product, 8 (q = 1.7, Chapter 111) suggests that 6 could be used
as ag-modulated MRI contrast agent for the detection of caspase-3. Upon enzymatic cleavage of
the Ac-DEVD peptide from the chelate, a change in the number of inner-sphere water molecules

would result in asignificant change in the observed T;, and hence, the MR image intensity
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(Equation 1.8, Chapter 1). Such a change would allow the monitoring of caspase-3 activity

by MRI.

In order to test the ability of 6 to monitor caspase-3 activity by MRI, the T, of asolution
of 6 with active caspase-3 was monitored as a function of time (using the procedure developed in
Chapter 111). Despite numerous attempts, the T, of the solution did not change over time.
Longer reaction times (overnight) produced similar results. It was concluded that under the
conditions of the experiment, caspase-3 does not cleave 6.

It is hypothesized that intramolecular coordination of the C-terminal aspartic acid side-
chain to gadolinium(111) (Figure 4.4) prevents caspase-3 from recognizing and cleaving the
peptide from the chelate. A combinatorial study of the substrate specificity profile of caspase-3
revealed that recognition of the substrate C-terminal aspartic acid is absolutely required for
substrate cleavage by caspase-3." Since the aspartic acid side-chain of 6 is hypothesized to be
coordinated to gadolinium(l11), this key residue is not available for recognition by caspase-3,

and, therefore, 6 is not cleaved by caspase-3.

SUMMARY AND FUTURE DIRECTIONS

The synthesis of 6 was accomplished in 15 steps with an overall yield of 3%.
Luminescence lifetime measurements of the europium(l11) analog, 7, revealed 0.2 + 0.1 inner-
sphere water molecules. The lack of atemperature dependence for the transverse relaxation rate
of 6 indicates ag = 0 complex. The absence of inner-sphere water was corroborated by a
detailed analysis of the relative intensity of the AJ= 2 to AJ= 1 band found in the europium(l11)

emission spectrum of 7.
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The lack of inner-sphere water for 6 can be explained by intramolecular backbinding

of the peptide to the lanthanide(l11) complex. The C-terminal aspartic acid side-chain of 6is
hypothesized to coordinate to gadolinium(l11), thus forming a coordinatively saturated complex.
Aninvestigation of the relaxivity of 6 as afunction of pH supports the hypothesis and excludes
the possibility of carbonate binding to 6 in a bidentate fashion. Effortsto grow single crystals of
6 for X-ray analysis are underway and such studies will help reveal further details concerning the
coordination environment of gadolinium(l11) in 6.

The differencein g (0.2 vs. 1.7, respectively) between 6 and the corresponding enzymatic
cleavage product, 8, suggests that 6 could be utilized as a g-modulated MRI contrast agent for
the detection of caspase-3. Incubation of 6 with active human caspase-3 did not yield a change
in T1. Since aC-terminal aspartic acid residueis required for recognition and cleavage by
caspase-3, the inability of the enzyme to cleave 6 isin accord with the hypothesized
intramolecular binding of the C-terminal aspartic acid side-chain to gadolinium(l11). The
coordination of the aspartic acid side-chain to gadolinium(l11) prevents the recognition and
cleavage of the DEVD substrate by caspase-3.

Previous studies of contrast agents appended to the N-terminus of peptide substrates
revealed coordination to gadolinium(l11) from the carbonyl oxygen located on the amide linkage
between the peptide and the chelate (detailsin Appendix I). Further studies of contrast agents
attached to the N-terminus of peptides revealed that the coordination geometry of the
lanthanide(111) chelate was independent of the identity of the N-terminal amino acid.® In the
present work, a contrast agent was attached to the C-terminus of a peptide. The coordination of
the C-terminal aspartic acid side-chain to gadolinium(l11) suggests a novel mechanism to control

the relaxivity of MRI contrast agents. A study involving the variation of the C-terminal amino
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acid of such systemswould yield valuable information concerning the scope of this approach.

For instance, a simple substitution from aspartic acid to glutamic acid would lengthen the side-
chain by one methylene group, thus providing a simple method to study the distance dependence
of side-chain coordination to gadolinium(I11) chelates.

The synthesis of a coordinatively saturated gadolinium(l11) chelate is a promising step
towards highly effective g-modulated MRI contrast agents. In order to attain maximum change
in signal intensity and avoid background artifacts, it isimportant to have a contrast agent with a
very low initial relaxivity. The coordinatively saturated complex, 6, is an example of a contrast
agent which has achieved this goal and serves as a paradigm towards realizing the potential of g-

modulated MRI contrast agents.

EXPERIMENTAL

General experimental details can be found in Chapter 11.

Abbreviations:

THF = tetrahydrofuran, DMF = dimethylformamide, TEA = triethylamine, TFA = trifluoroacetic
acid, MeCN = acetonitrile, TIS = triisopropylsilane, fmoc = 9-fluorenylmethoxycarbonyl, Boc =
tert-butoxycarbonyl, HATU = o-(7-azabenzotriazol-1-yl)-N,N,N’,N’ -tetramethyluronium
hexafluorophosphate, TSTU = N,N,N’,N’ -tetramethyl-o-(N-succinimidyl)uronium
tetrafluoroborate, DIPEA = N,N-diisopropylethylamine, DCC = dicyclohexylcarbodiimide,

DMAP = 4-(dimethylamino)pyridine, DOTA = 1,4,7,10-tetraazacyclododecane N,N',N",N"-
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tetraacetic acid, HPLC = high performance liquid chromatography, RP-HPLC = reverse

phase high performance liquid chromatography, PDA = photodiode array, ESI-MS =

el ectrospray ionization mass spectrometry, cyclen = 1,4,7,10-tetraazacyclododecane

Ac-Asp(OBu-t)-Glu(OBu-t)-Val-Asp(OBu-t) (1)

Detailsin Chapter I11.

(RRR)-1,4,7-trig 1-(1-phenyl)ethylcar bomoylmethyl]-(1,4,7,10-tetr aazacyclododecane)

Detailsin Chapter I11.

1-(2-'Boc-aminoethyl)-(RRR)-4,7,10-tris[1-(1-phenyl)ethylcar bomoylmethyl]-(1,4,7,10-
tetraazacyclododecane) (2)

Detailsin Chapter I11.

1-(2-aminoethyl)-(RRR)-4,7,10-trig[1-(1-phenyl)ethylcar bomoylmethyl]-(1,4,7,10-
tetraazacyclododecane) (3)

Detailsin Chapter I11.

N-[Ac-Asp(OBu-t)-Glu(OBu-t)-Val-Asp(OBu-t)]-2-(1-((RRR)-4,7,10-tris 1-(1-
phenyl)ethylcar bomoylmethyl])-(1,4,7,10-

tetraazacyclododecyl)))ethylamine (4)

3 (150.47 mg, 0.21497 mmol, 1.0 equivaents), 1 (161.55 mg, 0.23571 mmol, 1.1 equivalents),

TSTU (98.84 mg, 0.3283 mmol, 1.5 equivalents), and TEA (60.0 uL, 0.430 mmol, 2.0
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equivalents) were dissolved in 2 mL anhydrous DMF and reacted under nitrogen overnight.

The reaction was determined compl ete after disappearance of 3 by TLC (10% MeOH/CH,Cl»,
UV, Pt stain, product R; = 0.14) and ESI-MS. Solvent was removed by rotary evaporation under
reduced pressure. The crude reaction mixture was dissolved in CH,Cl, and extracted with 5%
HCI (3 X 20 mL) and water (3 X 20 mL) followed by drying over N&,SO,. The crude product
was dissolved in 10% MeOH/CH,Cl, and purified on asilicagel column (4.5 cm diameter, 6 cm
height, eluent = 10% MeOH/CH,Cl,). Solvent was removed by rotary evaporation under
reduced pressure followed by drying under vacuum to afford 98.4 mg white solid (34% yield).
ESI-MS: Calc. 1366.83; Found positive mode 1366.60 (M), 1390.03 (M + Na'); negative mode
1401.04 (M + CI")

'H NMR (CD3OD): Note: fluxional on NMR timescale resulting in broad resonances and non-
first order coupling & = 0.9 (br, 6H, V,); 1.4 (s, 36H, t-Bu CH3z and CH,CONHCHPhCH3); 2.0-
3.7 [br, 39H (Note — calculated integration is 38H; actual integration is higher due to solvent
residual peak), acetyl CHs, Eg, Vi, E,, Dg, cyclen, CH,CH,NH,, and CH,CONHCHPhCHG3]; 4.2-
4.4 (br, 2H, E,, V,); 4.7 (br, 2H, D,); 4.7-5.2 (br, CH,CONHCHPhCHg, integration not available
due to residual water peak); 7.2-7.4 (br, 15H, aromatics); 7.8, 7.9, 8.0, 8.1, 8.4 (br, NH)

C NMR (CD30D) : & = 19.8, 19.9 (V, and acetyl CH3); 22.0-22.8 (br, V}; and
CH,CONHCHPNhCHj3); 26.5; 28.5 (t-Bu CHa); 32.7, 35.4, 37.8 (Ep, E,,Dg); 50.2-52.6, 54.2, 55.4
(br, Dy, E,, V4, cyclen, CH,CH,NH,, and CH,CONHCHPhCH3); 62.1; 71.3; 82.0, 82.6, 82.8 (t-
Bu); 127.3, 127.6, 127.8, 128.3, 128.5, 128.7, 129.8, 129.9, 130.1 (br, aromatic); 144.7, 144.8,
145.0 (aromatic ipso C); 171.4-171.7, 173.4-174.3 (br, peptide and CH,CONHCHPhCHj

carbonyl)
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N-(Ac-Asp-Glu-Val-Asp)-2-(1-((RRR)-4,7,10-trig 1-(1-phenyl)ethylcar bomoylmethyl])-

(1,4,7,10-

tetraazacyclododecyl)))ethylamine (5)

4 (90.4 mg, 0.0661 mmol) was dissolved in 10 mL of 95% TFA, 2.5% TIS, 2.5% H,0 and
reacted overnight. TFA was evaporated by passing N, over the reaction solution. Cold diethyl
ether (30 mL) was used to precipitate the crude product as awhite solid. The suspension was
centrifuged and decanted. The diethyl ether extraction was repeated 4 times followed by
evaporation of residual diethyl ether by passing N, over the solid cake. The crude product was
dissolved in water (5 mL), frozen in liquid N, lyophilized, then purified using Solid-Phase
Extraction (detailsin Chapter 3) to yield 66.90 mg white powder (84% yield).

ESI-MS: Calc. 1198.64; Found positive mode 1198.73 (M™), 1220.94 (M + Na'); negative mode
1196.36 (M - H)

'H NMR (CD3OD): Note: fluxional on NMR timescale resulting in broad resonances and non-
first order coupling 6 = 0.9 (br, 6H, V,); 1.4 (s, 9H, CH,CONHCHPhCHy); 1.9-3.8 [br, 44H
(Note — calculated integration is 38H; actual integration is higher due to solvent residual peak),
acetyl CHs, Eg, V3, E,, Dg, cyclen, CH,CH,NH,, and CH,CONHCHPhCHj3|; 4.1-4.3 (br, 2H, E,,
V.); 4.6 (br, 2H, D,); 4.7-5.0 (br, CH,CONHCHPhCH3, integration not available due to residual
water peak); 7.1-7.2 (br, 15H, aromatics); 7.8, 7.9, 8.0, 8.3, 8.5 (br, NH)

3C NMR (CD30D) : § = 19.7, 19.9 (V, and acetyl CH3); 22.8 (br, Vs and
CH,CONHCHPNhCHj3); 31.0, 31.3, 36.6, 37.0 (Eg, E,,Dp); 50.4-52.3, 53.5, 56.0 (br, Dy, Eq, V.,
cyclen, CH,CH,NH,, and CH,CONHCHPhCH3); 62.6; 71.6; 127.3, 128.4, 129.8 (br, aromatic);
144.9, 145.3 (aromatic ipso); 171.3 (br), 173.6, 173..7, 173.8, 174.1, 174.2, 174.3, 174.4, 174.5,

174.6, 174.7, 175.0, 176.8, 176.9 (carbonyl)
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Gadolinium(l11)-N-(Ac-Asp-Glu-Val-Asp)-2-(1-(RRR)-4,7,10-trig 1-(1-

phenyl)ethylcar bomoylmethyl])-(1,4,7,10-

tetraazacyclododecyl)))ethylamine (6)

5 (42.56 mg, 0.03548 mmol) was dissolved in 10 mL water and the pH was adjusted to 5.5 using
5% NaOH followed by addition of Gd(OH)3 (12.70 mg, 0.04014 mmol, 1.1 equivaents). The
flask was capped with a rubber septum and placed in an 80 °C oilbath with stirring. The pH was
periodically monitored and adjusted to 5.5 using HCI vapor. The reaction was determined to be
complete when the pH ceased to change (typically 48-72 hours). The crude reaction mixture was
0.22 um filtered, frozen in liquid nitrogen, and lyophilized. The crude product was purified
using preparative RP-HPLC (Solvent A = H,0O, Solvent B = MeCN; flow rate = 15 mL/min;
gradient starting at 0% B and ramping to 100% B over 30 minutes, hold isocratic 100% B for 5
minutes, ramp to 0% B over 5 minutes, hold isocratic 0% B for 5 minutes; fluorescence detection
of Gd®* Aex = 274 Nm, Aem = 314 nm; UV/vis detection at 205 nm and 270 nm) by injecting crude
product dissolved in water (3 mL, 0.22 um filtered) with the desired product eluting at 14
minutes. MeCN was removed by rotary evaporation under reduced pressure. The remaining
agueous solution was frozen in liquid nitrogen and lyophilized to yield 25.90 mg white powder
(54 % yield). 86% metalated by mass as determined by Gd** ICP-MS.

ESI-MS: Calc. 1353.54; Found positive mode Gd** isotope pattern centered at 1355.26 (M +

H™), negative mode Gd*" isotope pattern centered at 1353.38 (M)
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Europium(l11)-N-(Ac-Asp-Glu-Val-Asp)-2-(1-((RRR)-4,7,10-trig[1-(1-

phenyl)ethylcar bomoylmethyl])-(1,4,7,10-tetr aazacyclododecyl)))ethylamine (7)

5 (10.83 mg, 0.009030 mmol) was metallated using Eu(OH)3 (3.23 mg, 0.0104 mmol, 1.1
equivalents) and purified by RP-HPLC (product elutes at 14 minutes) using the same method as
used for 6 to yield 7.28 mg white powder (61 % yield).

ESI-MS: Calc. 1348.54; Found positive mode Eu** isotope pattern centered at 1350.28 (M + H*),

negative mode Eu®" isotope pattern centered at 1345.97 (M - H)

Gadolinium(l11)-1-(2-aminoethyl)-(RRR)-4,7,10-tris[1-(1-phenyl)ethylcar bomoyl methyl]-
(1,4,7,10-tetr aazacyclododecane) (8)

Detailsin Chapter I11.

Europium(l11)-1-(2-aminoethyl)-(RRR)-4,7,10-trig 1-(1-phenyl)ethylcar bomoylmethyl]-
(1,4,7,10-tetr aazacyclododecane) (9)

Detailsin Chapter I11.

Ac-Asp-Glu-Val-Asp (10)

Detailsin Chapter I11.

L uminescence Emission Spectra and Decay L ifetimes:
1 mM solutions of 7 or 9 were prepared in either H,O or D,O. Emission spectra were recorded
using excitation at 395 nm and plotted with Microsoft Excel. Time-resolved luminescence

spectrawere acquired with the following parameters: 395 nm excitation wavelength, 614 nm
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emission wavelength, 10nm excitation slit width, 10nm emission dlit width, 950 V PMT, 50

replicates. Datawere fit to asingle exponential decay using Origin version 7.0. The equation

from Supkowski and coworkers was used to determine g.**

Relaxivity

A stock solution consisting of 0.2 mM 6 in Caspase-3 assay buffer (50 mM HEPES, 100 mM
NaCl, 10mM DTT, 1 mM EDTA, 10% sucrose, 0.1% CHAPS, 1 mg/mL BSA, pH 7.4) was
prepared. Serial dilutions of the stock solution produced concentrations of 0.100 mM, 0.050
mM, 0.025 mM. Twenty five microliters of each sample were used for determining Gd**
concentration using ICP-MS. Samples were equilibrated to 37 °C in awater bath for 10 minutes
prior to T; measurement. The T, of each solution was determined using an inversion recovery
pulse sequence with appropriate recycle delays (>5*T;). A plot of 1/T; vs. concentration was fit

to astraight line yielding the relaxivity as the slope.

Relaxivity vs. pH

A 1 mM solution of 6 was prepared in 2 mL water. The solution was split into two 950 uL
aliquots: one was used for the acidic range and the other for the basic range. The pH was
adjusted into either the acidic range using HCI vapor (as to not change the concentration of the
solution) or the basic range using NaOH (using 0.5 pL additions of 5 mM, 50 mM, or 500 mM
NaOH; more concentrated NaOH solutions were used as the solution became increasingly basic).
For the basic range, the volume of NaOH added was recorded and used to correct the final
concentrations (the correction proved minimal as atotal of only 38 uL of NaOH was added to

950 pL initial solution to effect apH change from 5.00 to 12.46, a 4% increase in volume). Gd**
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concentration was determined using ICP-MS. The samples were allowed to equilibrate at 37

°C for 5 minutes before each T; measurement. The T; of each solution was determined using an
inversion recovery pulse sequence with appropriate recycle delays (>5*T;1). Thedifferencein T,

values vs. water were used to determine the relative relaxivity at each pH.

Mean Water Residence Lifetime
The transverse relaxation rate of 6 was measured as a function of temperature using the same
methods as described in Chapter I11. The lack of temperature dependence for the transverse

relaxation rate of 6 precluded fitting of the data to determine the mean water residence lifetime.

Cagpase-3 Enzyme activity

Detailsin Chapter I11.

Caspase-3 T, Study
A time-dependent study of the T, of 6 in the presence of caspase-3 was performed using the

same methods as described in Chapter I11.



223

CHAPTER YV

TOWARDSMMP-7 CLEAVABLE T4/T, MRl CONTRAST AGENTS

Thetext in this chapter is taken in part from:

Schultz-Sikma, E.; Ulrich, B. D.; Meade, T. J. “Contrast Agent Compositions and Methods”
United States Provisiona Patent Application Serial Number 60/972,386 filed September 14,
2007. Patent Pending.
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INTRODUCTION

T./T, Contrast Agents

T41/T, contrast agents, consisting of gadolinium(l11)-diethylenetriaminepentaacetic acid
(Gd-DTPA) T contrast agents covalently attached to a cobalt ferrite nanoparticle T, contrast
agent, have recently been developed in the Meade laboratory (in collaboration with the research
group of Professor Vinayek Dravid, Northwestern University).! Since multiple T, contrast
agents are attached to each T, nanoparticle contrast agent, these agents deliver high local
concentrations of gadolinium(l11) to enhance T, while exploiting the sensitivity of T, contrast
agents. Therefore, T1/T, agents have the potential to optimize MR imaging of both T, and T,
processes. Preliminary investigations of T1/T, agents show that covalent attachment of Gd-
DTPA to cobalt ferrite nanoparticles has a substantial effect on the magnetic properties which
differs from the magnetic properties of the constituent contrast agents. Furthermore, the
magnetic properties of the T1/T, agent are significantly different from a solution consisting of a
mixture in which the T, agents are not cova ently bound to the T, agents. The incorporation of
an enzymatically cleavable linker between the T; contrast agent and the nanoparticle gives T1/T»

contrast agents the potential to monitor enzyme activity in vivo.

Matrix Metalloprotei nase-7

An introduction to matrix metalloproteinase-7 (MMP-7) can be found in Chapter 2, Part I1.
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Design of aMMP-7 Cleavable T,/T, MRI Contrast Agent

The integration of aMMP-7 substrate into a T1/T, contrast agent is hypothesized to
extend the utility of MRI to include in vivo detection of MMP-7 activity. The proposed change
in relaxivity of the T,/T, agent upon cleavage by MMP-7 presents a novel mechanism to detect
enzyme activity. Such an agent would be useful in the detection and monitoring of cancer
metastasis. The T,/T, contrast agent consists of four parts: a T, contrast agent, a T, contrast
agent, a pol yethylene glycol (PEG) linker, and a peptidic substrate.

Gd-DTPA was chosen as the T, contrast agent due to cost and availability of starting
reagents. Gd-DTPA isan F.D.A. approved clinical MRI contrast agent, therefore in vivo
efficacy, pharmacokinetics, and stability have been well documented.? Moreover, Gd-DTPA
was used by Schultz-Sikma and coworkers during the preliminary studies of T1/T, agents and
therefore the relaxivities obtained within the current work can be compared with previous
results.’

The T, contrast agent consists of core-shell cobalt ferrite silica nanoparticles. The 7 nm
cobalt ferrite core is uniformly isolated within a 10 nm silicashell. Further derivatization of the
nanoparticles with 3-aminopropyl triethoxysilane (APTES) creates amine functionalities on the
surface of the nanoparticle, which are amenable to coupling with the C-terminal carboxylic acid
of the peptide.

A PEG linker was included in the target molecule for three reasons. First, the
functionalized PEG linker used in the present work is commercially available in avariety of
lengths from three to twenty eight glycol units, thus providing a facile method to study the
effects of the relaxivity of the overall molecule as afunction of distance betweenthe T, and T»

contrast agents. Second, the PEG linker aids water solubility of the peptide prior to conjugation
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to the nanoparticle and is proposed to increase the aqueous stability of the peptide-

nanoparticle conjugate. Third, the PEG linker between the peptide and the nanoparticle allows
increased space for the enzyme to interact with the substrate. It is hypothesized that placement
of the enzymatic cleavage site in close proximity to the nanoparticle could introduce unfavorable
steric and/or electrostatic interactions between the enzyme and the nanoparticle, thus hindering
recognition and cleavage of the substrate.

The peptidic substrate was designed to be cleaved by MMP-7. (Note: The overlapping
substrate specificities within the family of MMP enzymes adds the potential for a substrate to be
cleaved by multiple enzymes within this family.®) The ability of MMP-7 to cleave a broad range
of substrates allowed for variation in the amino acid sequence of the specific peptidic substrate
and provided some flexibility in the design of the target molecule. The substrate peptide
sequence consists of PLANLWA, where ~ denotes the expected MMP-7 cleavage site. To
simplify the synthesis of the target molecule, amino acids with reactive side-chain functional
groups (cysteine, aspartic acid, glutamic acid, lysine, arginine) were avoided. This reduced the
need for amino acid side-chain protection strategy, leading to simplified starting materials and
fewer reaction steps. The only amino acid side-chain protecting group required for the synthesis
of the target molecule is the Boc protection of the tryptophan side-chain, which can be
simultaneously removed during cleavage of the peptide from the resin. The addition of a
tryptophan to the peptide provided a convenient chromophore for detection of the intermediate
peptide by fluorescence during reverse-phase high performance liquid chromatography (RP-
HPLC) purification. The remainder of the amino acids for the substrate were chosen based on
the sequence specificities of MMP-7 as determined by Netzel-Arnett and coworkers.* An

alanine residue was incorporated onto the N-terminus of the peptide (after the proline residue)
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such that the coupling of DTPA-bis(anhydride) to the peptide could be monitored using the

Kaiser test for free amines.® (Note: Alanineis a primary amine whereas proline is a secondary
amine. The Kaiser test is based on the detection of primary amines; secondary aminesresultin a
false negative Kaiser test.) An alanine reside was included on the C-terminal end of the PEG
linker due to the commercia availability of starting materials. (Wang resin with prel oaded
alanine is commercially available, while Wang resin with preloaded PEG unitsis not
commercialy available. The Wang resin was purchased with the C-terminal aanine residue
preloaded onto the resin because the addition of the first amino acid to the resin is notoriously
laborious, low yielding, and can lead to enantiomerization of the amino acid residue.®”)

It is hypothesized that the relaxation properties of the T1/T, conjugate will be sufficiently
different than the relaxation properties of the individual T, or T, contrast agent components. The
two different PEG linkers are hypothesized to have different relaxation properties due to the
differing distance between the T, and T, contrast agents. It is hypothesized that cleavage of the

substrate peptide by MMP-7 will result in areturn of the overall relaxivity to that of a mixture of

its components (Figure 5.1).
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Figure5.1 T1/T, MRI contrast agents, 8 and 9, for the detection of MM P-7. The proposed
cleavage of the substrate peptide by MM P-7 (at the cleavage site denoted with a red dashed
line), separatesthe T1 agent from the T, agent, leading to a hypothesized changein
relaxivity.
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RESULTSAND DISCUSSION

Synthesis of T; Contrast Agent with a Substrate Peptide and PEG Linker

Solid-phase peptide synthesis (SPPS) was used to synthesize the MMP-7 substrate
peptide. The PEG linkers were added to the C-terminus of the peptide during SPPS through the
use of commercially available PEG amino acids. The PEG amino acid consists of a 9-
fluorenylmethoxycarbonyl (fmoc) protected amine with varying lengths of PEG units (3 and 6
used in the present study) and a carboxylic acid functionality. The use of fmoc protecting
strategy allowed the PEG amino acids to be incorporated into SPPS in quantitative yields. After
16 SPPS steps, the substrate peptide with the PEG linker was completed (Scheme 5.1). Removal
of the N-terminal fmoc group, coupling of DTPA-bis(anhydride), and hydrolysis of the
remaining anhydride provided afacile means to covalently attach the T, chelate to the peptide
(Scheme 5.2). Trifluoroacetic acid (TFA) was used to cleave the peptide from the solid support
aswell as remove the butyoxycarbonyl (Boc) protecting group from the tryptophan side-chain to
afford 1 and 2 in an overall yield of 10% after 19 steps and purification by RP-HPLC (Scheme
5.3). Metalation with gadolinium(l11) followed by RP-HPLC purification resulted in 3and 4 in

86% yield (Scheme 5.4).
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Scheme 5.1 Solid-phase peptide synthesis of the MM P-7 substrate peptide with PEG
linker. Two different lengths of PEG linkerswere synthesized.
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Scheme 5.2 Addition of DTPA (ligand for T, contrast agent) to the N-ter minus of the
substrate peptide containing a PEG linker.
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Scheme 5.3 Cleavage from theresin and deprotection to yield 1 and 2.
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Scheme 5.4 Metalation of 1 and 2 with gadolinium(l11) to afford 3 and 4, respectively.
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Synthesis of Cleaved Agent

In order to simulate the effects of enzymatic cleavage of 8 and 9 and to provide an
authentic standard for comparison, the cleaved contrast agent, 6, was independently synthesized
in 10 steps (Scheme 5.5). The synthesis of the cleaved ligand, 5, was accomplished using SPPS
and purified by RP-HPL C in a manner analogous to that used during the synthesis of 1 and 2.

Metalation of 5 with gadolinium(l11), followed by RP-HPLC purification afforded 6.

1. piperidine/DMF 0
2. fmoc-leu-OH H\)j\ /‘\H/O_
HATU, DIPEA, DMF oL N Y N
O 3. piperidine/DMF e} : H 0
0 4. fmoc-pro-OH 3 \(
H / HATU, DIPEA, DMF HNT
@ o N\”/O 0 0
5 5. piperidine/DMF o O j

6. fmoc-ala-OH OT N
HATU, DIPEA, DMF "
7. piperidine/DMF ;\\\/N o
) 8. DTPA-dianhydride \/<
®) = Wang resin DIPEA, DMF o o

9. TFA/TIS/H,0

-0 0
Gd(OH)s OTo- o j
S ————~ N

H,O N

Scheme 5.5 Synthesisof 6, the contrast agent corresponding to enzymatic cleavage of 3, 4,
8,0r 9by MMP-7
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Enzymatic Cleavage

Asaproof of concept for the cleavage of the substrate peptide (prior to adding the
nanoparticle), 3 was subjected to in vitro hydrolysis by human MMP-7 (Scheme 5.6). The
enzymatic cleavage reaction was monitored by electrospray ionization mass spectrometry (ESI-
MS). After 24 hour incubation with MMP-7, 3 was completely hydrolyzed at the expected
cleavage site, resulting in 6 and 7. ESI-MS of the enzymatic cleavage solution revealed the
MMP-7 cleavage fragment 7 as the major peak in the spectrum. Uncleaved 3 could not be
detected by ESI-MS after 24 hour exposure to active MMP-7. ESI-MS analysis of a control
solution lacking MMP-7 revealed only the expected parent molecule, 3.

Interestingly, the other cleavage fragment, 6, could not be detected by ESI-MS. Itis
speculated that 6 is either associated with proteins or lacks sufficient solubility for detection by
ESI-MS. The proteinsin the enzymatic cleavage solution include MM P-7 and bovine serum
albumin (BSA). MRI contrast agents have been reported to nonspecifically associate with serum
albumin proteins.®>® The potential association of 6 with proteins would decrease the amount of
6 available in solution for detection by ESI-MS. Furthermore, the cleavage of 3 by MMP-7 to
produce 6 may result in a change in solubility due to the removal of the PEG linker, which was
originally used to help aid solubility of the peptide (which contains mostly hydrophobic side-
chains). Asaresult, removal of the PEG linker by enzymatic cleavage can be expected to reduce
aqueous solubility. The decreased solubility of 6 could hinder ionization and detection during

ESI-MS, thus explaining the difficulty in observing 6 by ESI-MS.
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Scheme 5.6 Cleavage of 3 by MMP-7 produces 6 and 7. ESI-M S detected the
disappearance of 3 and the appearance of 7 during in vitro cleavage by human MM P-7.
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Synthesis of Amine-functionalized Core-shell CoFe,0,@Si O« Nanoparticles

(performed by Mohammed Aslam, research group of Professor Vinayek Dravid)

Cobalt ferrite (CoFe,O,) nanoparticles were synthesized using modified literature
procedures.® Transmission electron microscopy (TEM) analysis of the CoFe,O, nanoparticles
showed uniformity in shape and size (7 nm, Std. deviation < 10%) (Figure 5.2 A). X-ray
diffraction (XRD) confirmed the cobalt ferrite phase formation (Figure 5.2 B). The Debye-
Scherer equation was used to calculate particle size, which was in good agreement with TEM
results.

The CoFe,O,4 nanoparticles were coated with SIO, by base-catalyzed silicaformation
from tetraethylorthosilicate in a water-in-oil microemulsion, using modified literature
procedures.®'® CoFe,0,@Si Oy nanoparticles were characterized by transmission electron
microscopy (TEM), energy-dispersive spectroscopy, €lemental mapping, FTIR, and x-ray
photoel ectron spectroscopy (XPS). TEM of the CoFe,O,@Si O« nanoparticles suggests that the 7
nm core isuniformly isolated in an individua shell with 10 nm thickness (Figure 5.2 C). FTIR
of CoFe,O,@Si O« nanoparticles shows the presence of hydroxyl groups on the silica shell (peak
at 940 cm™).

Surface modification of CoFe,O,@Si O« nanoparticles with amines was performed using
3-aminopropyl triethoxysilane (APTES). The presence of amines was confirmed by XPS (N 1s

peak Binding Energy ~400 eV) (Figure 5.2 D).
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Figure5.2 Characterization of nanoparticle synthesis

(A) TEM image of cobalt ferrite core formation

(B) confirmation of cobalt ferrite phase formation using XRD

(C) TEM image of silica-coated cor e-shell nanoparticles

(D) XPS spectrum showing N 1s peak at binding ener gy of ~400 eV indicating adsor ption of
APTES onto nanoparticle surface.

Coupling of T;1 Contrast Agent with Peptide and PEG Linker to the Amine-functionalized Core-

shell T, Nanoparticle (performed by Elise Schultz-Skma)

The coupling of 3 to the amine-functionalized CoFe;O4@Si O, nanoparticles was
performed on a small-scale test reaction using standard peptide coupling techniques with 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride and N-hydroxysulfosuccinimide.

Dialysis was used to remove unconjugated 3. ICP-MS of the nanoparticle solution revealed the
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presence of gadolinium(l11), albeit in low amounts. The conjugation conditions are currently

being optimized prior to scaleup.

SUMMARY AND FUTURE DIRECTIONS

The synthesis of two Gd-DTPA T, contrast agents, each with a MMP-7 substrate peptide
and a PEG linker, was accomplished in 20 steps with an overal yield of 9%. The two versions
differ by the number of PEG groups incorporated into the linker (three PEG units for 3 and six
PEG unitsfor 4). The different length PEG linkersfor 3 and 4 will allow an investigation of the
influence of distance between the T, and T, contrast agent components on the overall relaxivity
of the conjugate.

The synthesis of 6, which corresponds to the enzymatic cleavage product of 8 and 9, was
accomplished in 10 steps. This product will prove useful as abasis for comparison during the
study of 8 and 9 as well as serve as a control molecule during relaxivity measurements.

Prior to coupling 3 and 4 to the core-shell nanoparticles, thein vitro cleavage of 3 by
human MMP-7 was performed. The complete cleavage of 3 by MMP-7 at the expected cleavage
site was confirmed by ESI-MS. These results proved feasibility of MMP-7 cleavage prior to the
added complexity of being attached to a nanoparticle.

The amine-functionalized core-shell CoFe,O,@Si O« nanoparticles have been synthesized
and characterized. Conjugation of 3 to the nanoparticlesis currently underway. Future work
involves optimizing the coupling conditions followed by scaleup. The optimized reaction

conditions will be used astheinitial conditions during the test reactions involving the
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conjugation of 4 to the nanoparticles. A study of the T; and T, relaxivity of 8 and 9 both

prior to and after cleavage by MMP-7 will follow.

The MMP-7 cleavable T1/T, contrast agents presented in the present work will serve asa
paradigm for future T1/T» MRI contrast agents. The plethora of permutations to this system
includes varying peptide length and composition, varying the length of the PEG spacer, varying
the chelate for the T, contrast agent, and varying the size and composition of the T, nanoparticle.
The optimization of each of these variables can then be applied to novel systemsin which the
substrate peptide sequence is changed such that other proteases can be detected using this novel

method of MR contrast enhancement.

EXPERIMENTAL

General experimental details can be found in Chapter 2.

Abbreviations

DMF = dimethylformamide, TFA = trifluoroacetic acid, TIS = triisopropylsilane, fmoc = 9-
fluorenylmethoxycarbonyl, Boc = tert-butoxycarbonyl, HATU = o-(7-azabenzotriazol-1-yl)-
N,N,N’,N’ -tetramethyluronium hexafluorophosphate, DIPEA = N,N-diisopropylethylamine,
DTPA = diethylenetriaminepentaacetic acid, HPL C = high performance liquid chromatography,
RP-HPLC = reverse phase high performance liquid chromatography, ESI-MS = electrospray
ionization mass spectrometry, MALDI-TOF MS = matrix assisted laser desorption ionization
time of flight mass spectrometry, PEG = polyethylene glycol, BSA = bovine serum albumin,

APMA = 4-aminophenylmercuric acetate, tris = 2-amino-2-hydroxymethyl propane-1,3-diol
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MMP-7

Human recombinant MM P-7 was purchased from Anaspec (San Jose, CA). The enzyme
solution was divided into 2 uL aliquots containing 10 ug/mL each [ > 600 units/pg; one unit
hydrolyzes 1 pmol of Mca-Pro-Leu-Gly-Leu-Dap(Dnp)-Ala-Arg-NH, per minute at pH 7.5 at 25
°C] and stored at -80 °C. MMP-7 assay buffer consists of 50 mM tris HCI, 150 mM NaCl, 10
mM CaCl,, 1 mg/mL BSA, pH 7.5. MMP-7 was activated by incubation in 1mM APMA in
assay buffer for 1 hour at 37 °C prior to use. Enzyme activity was confirmed using a Sensol yte
490 MM P-7 fluorescence assay kit (purchased from Anaspec; used according to manufacturer

instructions).

N-[N-car bonylmethyl-ala-pro-leu-ala-leu-tr p-ala-poly(ethylene glycol);-ala]-
diethylenetriaminetetraacetic acid (1)

The peptide was synthesi zed according standard solid-phase peptide synthesis methods® using
manual batch-type synthesis and fmoc protected amino acids.

A Wang resin consisting of 100-200 mesh 1% cross-linked polystyrene beads functionalized
with p-benzyloxybenzyl alcohol handle was used as a solid support for the stepwise addition of
amino acids. The Wang resin was purchased (NovaBiochem, San Diego, California) with the N-
terminal amino acid, fmoc-alanine, preloaded onto the resin. The resin (1.09347 g, 0.68 mmol/g
resin loading) was added to afritted glass reactor vessel fitted with a 3-way valve for switching
between N (used to mix during al reactions and rinses) and vacuum (used to drain rinses and
excess reactants). The dry Wang resin was pre-swelled with CH,Cl, (1 X 10 minute rinse)
followed by DMF (4 X 10 minuterinses). The N-terminal fmoc protecting group was removed

using 20% piperidine in DMF (until determined >99% complete by the Kaiser test;® typically 4



242
X 10 minutes). The resin was rinsed with DMF (4 X 10 minutes). The next amino acid (2.5

equivaents relative to the N-terminal amine on the amino acid attached to the Wang resin) to be
added to the peptide was dissolved in a minimal amount of DMF. To this solution, HATU (2
equivaents) and DIPEA (5 equivalents) were added to form a yellow solution of the preactivated
fmoc-amino acid. This solution was added to the resin and allowed to react while gently
bubbling N, to mix the reactants until determined >99% complete (typically 2-12 hours) by the
Kaiser test. Upon completion, the resin was rinsed with DMF (4 X 10 minutes). Fmoc removal
and addition of the next amino acid was repeated for each amino acid until the desired sequence
was obtained. After fmoc removal, diethylenetriaminepentaacetic acid dianhydride (669.72 mg,
2.5 equivaents) was dissolved in aminimal amount of DMF using afew drops of anhydrous
DM SO to aid solubility followed by addition of DIPEA (650 uL, 5 equivalents). This solution
was added to the Wang resin and allowed to react until determined >99% complete (typicaly 2-4
hours) by the Kaiser test. After completion, the resin was rinsed with 1:1 DMF:H,0O (2 X 10
minutes) to hydrolyze the remaining anhydride of DTPA. Theresin was rinsed with DMF (4 X
10 minutes), CH,Cl, (4 X 10 minutes), methanol (4 X 10 minutes), then dried under vacuum
overnight. To thedried resin was added a cleavage cocktail (15 mL) consisting of 95% TFA,
25% TIS, 2.5% H,0O. Theresin was allowed to react in the cleavage cocktail for one hour, after
which the solution was drained into avial. Fresh cleavage cocktail (15 mL) was added to the
resin and allowed to react for 10 minutes, followed by draining into avial. Fresh cleavage
cocktail (10 mL) was added to theresin and immediately drained into avia. The cleavage
cocktail solutions were combined and TFA was evaporated by passing N, over thevial. The
volume was reduced to <1 mL followed by addition of cold (-20 °C) diethyl ether to precipitate

the crude product as awhite solid. The suspension was centrifuged and decanted. The diethyl
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ether extraction was repeated 4 times followed by evaporation of residua diethyl ether by

passing N, over thevial. The white solid cake was dissolved in water (25 mL), frozen in liquid
N>, and lyophilized. Crude product was purified using preparative RP-HPL C (Solvent A =
0.05% TFA in H,O, Solvent B = MeCN; flow rate = 15 mL/min; gradient starting at 0% B and
ramping to 30% B over 5 minutes, hold isocratic 30% B for 15 minutes, ramp to 100% B over 3
minutes, hold isocratic 100% B for 5 minutes, ramp to 0% B over 5 minutes, hold isocratic 0% B
for 7 minutes; fluorescence detection of tryptophan Ae = 250 nm, Aegmn = 350 nm; UV/vis
detection at 205 nm and 270 nm) by injecting sample (typically ~60 mg per injection) dissolved
inwater (3 mL, 0.22 um filtered) with the desired product eluting at 13 minutes 45 seconds.
MeCN was removed by rotary evaporation under reduced pressure. The remaining agueous
solution was frozen in liquid N, and lyophilized. Yield: 107.87 mg, 10% overall yield after 19
steps.

ESI-MS: calc. 1389.71; found positive mode 1390.68 (M + H), 1412.67 (M + Na'"); negative

mode 1388.76 (M").

N-[N-car bonylmethyl-ala-pro-leu-ala-leu-tr p-ala-poly(ethylene glycol)s-ala]-
diethylenetriaminetetraacetic acid (2)

2 was synthesized starting from 1.0001 g fmoc-alasWang resin (0.68 mmol/g resin loading) and
purified (RP-HPLC retention time = 14 minutes 30 seconds) using the same methods as
described for 1 by substituting the commercially available fmoc-PEGs-COOH for fmoc-PEGs-
COOH. Yield: 106.54 mg, 10% overall yield after 19 steps.

ESI-MS: calc. 1521.78; found positive mode 773.09 (M + Na)?*, 784.83 (M + 2Na)*".
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Gadolinium(l11)-N-[N-car bonylmethyl-ala-pr o-leu-ala-leu-tr p-ala-poly(ethylene

glycol)s-ala]-diethylenetriaminetetr aacetic acid (3)

1 (54.20 mg, 0.03912 mmol) was placed in a 50 mL round bottom flask with magnetic stirbar
and dissolved in 25 mL H,O. The pH was adjusted to 5.5 using 5% NaOH followed by addition
of Gd(OH)3 (9.31 mg, 0.0295 mmol, 0.8 equivalents). The flask was capped with a rubber
septum and sonicated briefly to reduce the size of the Gd(OH); particul ates before placing in a
80 °C oilbath with stirring. Over the course of the reaction, the pH gradually increased due to the
release of OH" and there was a visible decrease in the amount of Gd(OH)3 solids. The pH was
periodically monitored and adjusted to 5.5 using HCI vapor. The reaction was determined to be
complete when the pH stabilized (usually 48-72 hours). The pH was raised to 10 using 20%
NaOH (typically 2 pL) to precipitate any excess Gd** as Gd(OH)z and 0.22 pum filtered. The
filtrate was then frozen in liquid nitrogen and lyophilized. The crude product was purified using
preparative RP-HPLC (Solvent A = H,0, Solvent B = MeCN; flow rate = 15 mL/min; same
gradient as used above for 1; fluorescence detection of tryptophan Aex = 250 nm, Agm = 350 Nm;
UV /vis detection at 205 nm and 270 nm) by injecting sample dissolved in water (0.22 um
filtered) with the desired product eluting at 9 minutes 45 seconds (unreacted 1 elutes at 11
minutes under these conditions). MeCN was removed by rotary evaporation under reduced
pressure. The remaining aqueous solution was frozen in liquid N2 and lyophilized. Yield: 39.01
mg, 86%.

ESI-MS: calc. 1542.75, found positive mode 784.43 (M + Na)**

MALDI-TOF MS: found positive mode 1544.8 (M + H"), 1566.7 (M + Na’), 1588.6 (M + 2Na)",

1610.5 (M + 3Na)”". MS showed characteristic Gd isotope ratios.
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Gadolinium(l11)-N-[N-car bonylmethyl-ala-pr o-leu-ala-leu-tr p-ala-poly(ethylene

glycol)s-ala]-diethylenetriaminetetr aacetic acid (4)

2 (52.76 mg, 0.03476 mmol) was metallated using Gd(OH)3 (12.69 mg, 0.04011 mmol, 1.2
equivalents) and purified using the same methods as described for 3.

ESI-MS: calc. 1676.67; found positive mode 1743.65 (M + 3Na)*, 885.99 (M + 4Na)**; negative

mode 837.52 (m/2). MS showed characteristic Gd isotope ratios.

N-(N-car bonylmethyl-ala-pro-leu-ala)-diethylenetriaminetetr aacetic acid (5)

5 was synthesized starting from 1.365 g fmoc-ala-Wang resin (0.68 mmol/g resin loading) and
purified (RP-HPLC retention time = 9 minutes) using the same methods as described for 1.
ESI-MS: calc. 745.35; found positive mode 746.80 (M + H)

'H NMR (D,0O): & = 0.8, 0.9 (two sets of doublets, 6H, L, J = 5.6 Hz); 1.4 (two sets of doublets,
6H, Ag, J= 7.2 Hz); 1.5-1.6 (M, 3H, Ly and L,); 1.8-2.3 (m, 4H, Ps and P,); 3.1-3.8 (m, 12H,
DTPA CH,CH,, DTPA CH,CONH, and Ps); 4.0, 4.1 (s, 8H, DTPA CH,COOH); 4.2 (t, 1H, P, or

Ly, J=6.4), 43 (g, 1H, Ay, J=7.2), 4.4 (t, 1H, Py or Ly, J=7.2), 4.6 (g, 1H, Ay, J = 7.2 Hz)

Gadolinium(l11)-N-(N-carbonylmethyl-ala-pr o-leu-ala)-diethylenetriaminetetr aacetic acid
(6)

5 (51.9 mg, 0.0696 mmol) was metallated using Gd(OH)3 (24.2 mg, 0.766 mmoal, 1.1
equivalents) and purified using the same methods as described for 3.

ESI-MS: calc. 898.24; found positive mode Gd** isotope pattern centered at 896.66 (M), 918.69

(M + Na).
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Enzymatic Cleavage

A 2 uL aliquot of human recombinant MMP-7 was thawed on ice, diluted to 50 puL with assay
buffer containing 1 mM APMA, and incubated for 1 hour at 37 °C to activate the enzyme. To
the activated enzyme solution was added 1 puL of a20 mM solution of 3. The solution was
incubated at 37 °C for 24 hours after which 10 pL was dissolved in 50 L. MeOH for analysis by
ESI-MS. The mass spectrum revealed a peak corresponding to the MMP-7 cleavage fragment
Leu-Trp-Ala-PEGs-Ala, 7, [calc.:662.35, found: positive mode 685.89 (M + Na)].

ESI-MS of acontrol solution (prepared as above; 1 uL of 20 mM 3in 50 pL assay buffer with
1ImM APMA) lacking MMP-7 revealed only the expected uncleaved 3 [calc. 1542.75; found

negative mode 771.60, (m/2)]

CoFe,O4 Nanoparticles

CoFe,O, core particles were synthesized using modified literature methods.® A quantity of 40
mL of benzyl ether solution containing 2 mmol concentrated iron (111) tris(acetyl acetonate) and
2 mmol concentrated cobalt (111) tris(acetyl acetonate) was reduced by 10 mM hexadecanediol
under N, atmosphere and heated at 275 °C to yield cobalt ferrite (CoFe,O,) nanoparticles. The
solution was heated in presence of 6 mmol lauric acid and lauryl amine at 100 °C for 30 min.
The solution was heated at 200 °C for 1 hour followed by heating at reflux (265-285 °C). The
cobalt ferrite nanoparticle solution was subjected to magnetic separation by ethanol precipitation,
and the resulting aggregate was washed with copious amounts of ethanol and acetone. The

aggregate was dispersed in hexane for storage.
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Core-shell CoFe,04,@SO, Nanoparticles

CoFe,O4 nanoparticles were coated with SiO, using modified literature methods.>*° 1gepal CO-
520 [branched polyoxyethylene (5) nonylphenylether] (1 mL) was mixed with 20 ml of
anhydrous cyclohexane and stirred for 10 minutes. Cobalt ferrite nanoparticles were dispersed in
cyclohexane at a concentration of 1 mg/mL and poured slowly into the cyclohexane/lgepal
solution. Aqueous 30% NH4OH (120 ul) was added dropwise and stirred for 15 minutes,
followed by the addition of tetraethylorthosilicate (190 pl). The mixture was stirred for 48 h
before adding ethanol to precipitate the particles. The precipitate was collected by centrifugation
at 10,000 rpm and particles were washed by redispersing in ethanol. CoFe,O,@Si Oy
nanoparticles were washed using this procedure at least three times to remove excess surfactant
and stored as a toluene dispersion.

CoFe,O,@Si O, nanoparticles were characterized by transmission electron microscopy (TEM),
energy-dispersive spectroscopy, elemental mapping, FTIR, and x-ray photoel ectron spectroscopy

(XPS).

Amine-functionalized Core-shell CoFe,0,@SiO, Nanoparticles

Surface modification of CoFe,O,@Si O« nanoparticles with 3-aminopropy! triethoxysilane
(APTES) was carried out at room temperature by injecting 100 ul of APTESinal mg/mL
dispersion of CoFe,O,@SiO, nanoparticles in toluene followed by rigorous stirring for 2-4 days.
The precipitated mixture was rinsed copiously with absolute alcohol and dispersed in water or
DMSO for storage.

The presence of amines after reaction with APTES was confirmed by XPS (N 1s peak BE ~400

eV).
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INTRODUCTION

This appendix details peptides with N-terminal MRI contrast agents as mentioned in the
Introduction of Chapter 11. These agents served as early examples of the covalent attachment of
peptidesto MRI contrast agents. The results of this study lead to insight into the coordination
geometry of peptides with N-terminal contrast agents and prompted the evolution of peptide-

based contrast agents into the bridged agents found in Chapter 11.

Matrix Metalloprotei nase-7

Matrix metalloproteinases (MMPs) are a family of zinc containing enzymes that mediate
the breakdown of connective tissues.” The enzymes are generally expressed at low levels, but
these levels rise rapidly during inflammation, wound healing, and cancer.? Overexpression of
MM Psislinked to tumor invasion and metastasis.>®

The detection of MMP activity is critical for identifying metastatic cancer and could be
used to monitor the efficacy of MMPIs, leading to the optimization of anti-cancer therapeutic
protocols.>™ The current method of monitoring MM P activity consists of ex vivo assays on
excised tissues or fluid samples. In order to detect MMP activity in vitro, fluorescent probes
have been developed.'**® The practical applications of fluorescence techniques are restricted to
the observation of cells, small animals, and tumors near the surface of the skin due to the limited
penetration of light (<10 mm).° MRI provides an alternative to light microscopy, alowing the
imaging of opague organismsin three dimensions at cellular resolution.*

Of the twenty-four known MMPs, MMP-7 has been closely linked to events occurring
during tumor metastasis and invasion.?*"#*>*" Through the use of combinatorial peptide

libraries, a heptapeptide consensus sequence consisting of pro-met-ala-leu-trp-met-arg was
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designed to be cleaved by MM P-7 between the alanine and leucine residues.'®**° This

consensus sequence served as the basis for the peptide-based MRI contrast agents described in

this Appendix.

RESULTSAND DISCUSSION

A series of peptides was synthesized using Solid-Phase Peptide Synthesis (SPPS)
(Scheme Al.1). The peptides feature varying lengths of the consensus sequence pro-met-ala-leu-
trp-met-arg. The number of amino acid residues on the N-terminus of the peptide was
systematically shortened to effectively bring the enzymatic cleavage site closer to the N-terminal

contrast agent.

il
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Scheme Al.1 General schemefor Solid-Phase Peptide Synthesis (SPPS)

After synthesizing the desired peptide sequences, 1,4,7-tris(tert-butoxycarbonylmethyl)-10-

(carboxymethyl)-1,4,7,10-tetraazacyclododecane was covalently attached to the N-terminus of
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each peptide via an amide bond (Scheme A1.2). Cleavage of the peptide from the resin and

deprotection of the amino acid side-chains as well as the pendant acetate groups of DOTA
afforded ligands 1-3 (Figure A1.1). Metalation of 1-3 was performed using Gd(OH)3 (Scheme
A1.2) toyield 7-9 which were hypothesized to be cleaved by MMP-7 between the alanine and

leucine residues (Figure A1.2).
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Scheme A1.2 General schemefor synthesis of peptideswith N-terminal MRI contrast
agents
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Figure A1.2 Proposed enzymatic cleavage of 7-9to form 10-12

It was hypothesized that the peptide would block water in a method analogous to
previous “smart” MRI contrast agents.” Subsequent cleavage by MMP-7 was hypothesized to

lead to a change in the number of inner-sphere water molecules (q), thus leading to achangein
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the relaxivity of the agent. The variation of the cleavage site distance to the N-terminal

contrast agent allowed an investigation of the influence of peptide length vs. g. Asthe peptideis
cleaved by the enzyme, it was hypothesized that the shorter peptides would be less efficient at
blocking inner-sphere water access to Gd*".

In order to determine the influence of peptide length vs. g, the corresponding “ cleaved
peptide” ligands 4-6 (Figure A1.3) and Gd*" complexes 10-12 (Figure A1.2) were synthesized
according to Scheme A1.2. The comparison of 7-9 with 10-12 alows the effect of enzymatic
cleavage to be investigated before embarking on a complex study of enzyme activity with these

agents.

(j\”/ Jﬁ( H\:)O]\N > 0 ﬁo
A vt o
' 3} 3O K2
3/0 DOTA-PMA >\/ Q/\\L DOTA-MA 3/0_ DOTA-A

(6] O
2 4 ° 5 4 6
Figure A1.3 DOTA-peptides 4-6 synthesized - “ cleaved” ligands
Therelaxivities of 7-12 were measured in pH 7.41 buffer (10 mM MOPS, 100 mM NaCl,

20 mM NaHCOs3, 4 mM NaH,PO,). Unfortunately, 7-12 were not fully soluble when prepared

as 10 mM solutionsin the buffer. The solutions were 0.2 um filtered, however thislead to
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uncertainties in the composition and concentration of the final solutions. The relaxivity

results obtained were not consistent between multiple trials. Due to the uncertainty of the final
composition of the solutions and inconsistencies of the measured values, the relaxivities of 7-12
cannot be reported with confidence. Further investigations involving the use of different buffer
systems was not attempted due to the concurrent results obtained concerning the g values of the
Eu** analogs of 7-12, vidainfra

The number of inner-sphere water molecules, g, was determined using the method of
Horrocks and coworkers.? The fluorescence lifetime decay of the Eu** analogs of 7-12 in water
and deuterium oxide was measured by fellow graduate student Matthew Allen.?? The results of
the g studies indicate that the number of inner sphere water molecules of 7-12 will not change
upon cleavage by MMP-7 (Figure A1.4). The Eu** analogs of 7-12 each exhibited one inner-
sphere water molecule.? It is postulated that the N-terminal amide carbonyl oxygen coordinates
to the lanthanide, creating a ligand with an overall coordination number of 8. The presence of
one inner-sphere water molecule fills the 9" coordination site of the lanthanide ion. This
coordination motif is supported by additional studies®® with a series of model DOTA-peptide
complexes as well as by literature examples® of amide carbonyl oxygen coordination.
Therefore, the identity of the N-terminal amino acid does not have an effect on the number of

inner-sphere water molecules for agents of this type.
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CONCLUSIONS

A series of peptides with N-terminal contrast agents were synthesized and characterized.
The number of N-terminal amino acid residues was systematically varied to determine the effect
of distance from the cleavage site to the N-terminal contrast agent. The appendage of a contrast
agent to the N-terminus of a substrate peptide resulted in coordination of the amide carbonyl to
the lanthanide. Asaresult, all of the complexes studied, 7-12, exhibited eight coordinate ligands
with one inner-sphere water. This coordination motif is independent of the individual amino
acid side-chains and thus precludes a change in coordination geometry upon enzymatic cleavage
of the substrate peptide.

The results of this study prompted the redesign of the peptide-based contrast agents.
Instead of covalently attaching the MRI contrast agent on the N-terminus of the peptide, the new
designs sought to bridge the peptide across a macrocyclic chelate in an attempt to modulate .

Agents of this type are the subject matter of Chapter I1.

EXPERIMENTAL

Genera experimental details and abbreviations can be found in Chapter 11.

General synthesis of peptideswith N-terminal DOTA

Peptides were synthesized according standard solid-phase peptide synthesis methods™ using

manual batch-type synthesis and fmoc protected amino acids. Fmoc amino acids were purchased

(NovaBiochem, San Diego, California) and used asreceived. Tryptophan was purchased with
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Boc protection on the side-chain. Arginine was purchased with the guanidinium side-chain

functionality protected by 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf). A Wang
resin consisting of 100-200 mesh 1% cross-linked polystyrene beads functionalized with p-
benzyloxybenzyl alcohol handle was used as a solid support for the stepwise addition of amino
acids. The Wang resin was purchased (NovaBiochem, San Diego, California) with the N-
terminal amino acid pre-loaded onto the resin with the N-terminus protected by fmoc. Theresin
was added to a fritted glass reactor vessel fitted with a 3-way valve for switching between N,
(used to mix during all reactions and rinses) and vacuum (used to drain rinses and excess
reactants). The dry Wang resin was pre-swelled with CH,Cl, (1 X 10 minute rinse) followed by
DMF (4 X 10 minuterinses). The N-terminal fmoc protecting group was removed using 20%
piperidinein DMF (until determined >99% complete by the Kaiser test®; typically 4 X 10
minutes), followed by rinsing with DMF (4 X 10 minutes). The next amino acid (2.5 equivalents
relative to the N-terminal amino acid on the Wang resin) to be added to the peptide was
dissolved in aminimal amount of DMF. To this solution, HATU (2.0 equivaents) and DIPEA
(5.0 equivalents) were added to form a yellow solution of the pre-activated fmoc-amino acid.
This solution was added to the resin and reacted while gently bubbling N, to mix the reactants
until determined >99% complete (typically 2-12 hours) by the Kaiser test®®. Upon completion,
the resin was rinsed with DMF (4 X 10 minutes). This process of fmoc removal and addition of
the next amino acid was repeated for each amino acid until the desired peptide sequence was
obtained. Incorporation of the chelate, 1,4,7-tris(tert-butoxycarbonylmethyl)-10-
(carbonylmethyl)-1,4,7,10-tetraazacyclododecane (purchased from Macrocyclics, Dallas, TX),
onto the N-terminus of the peptide was accomplished in a manner analogous to the addition of

amino acids.
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General Cleavage of peptideswith N-terminal DOTA from resin:

Resin was placed in a fritted reactor column and the N-terminal fmoc was removed with
piperidine as described above. The resin was rinsed with DMF (4 X 10 minutes), CH,Cl, (4 X
10 minutes), methanol (4 X 10 minutes); and dried under vacuum overnight. To the dried resin
was added 35 mL of cleavage cocktail (specific for each amino acid sequence; see details for
compounds 1-6). The resin was reacted in the cleavage cocktail for one hour, after which the
solution was drained into avial. Fresh cleavage cocktail (10 mL) was added to the resin and
reacted for 10 minutes, followed by draining into avial. Fresh cleavage cocktail (5 mL) was
added to the resin and immediately drained into avial. The TFA filtrates were combined and
stored in capped vials overnight to fully remove all tBu, Boc, and Pbf protecting groups. TFA
was evaporated by passing N, over thevial. The volume was reduced to ~7.5 mL followed by
addition of cold (-20 °C) diethyl ether to precipitate the crude product as an off-white solid. The
suspension was centrifuged and decanted. The diethyl ether extraction was repeated 4 times
followed by evaporation of residual diethyl ether by passing N, over thevial. The solid cake was

dissolved in water (20 mL), frozen in liquid N, and lyophilized.

1-(N-car bonylmethyl-proline-methionine-alanine-leucine-tryptophan-methionine-
arginine)-4,7,10-tris(car boxymethyl)-1,4,7,10-tetr aazacyclododecane (1)

Cleavage cocktail: 81.5% TFA, 5% thioanisole, 5% phenol, 5% water, 2.5% 1,2-ethanedithiol,
1% TIS

Yield = 429.4 mg (55%)

'H NMR (D,0): & = 0.8 (d, 6H, leucine 8H, J = 16.4 Hz), 1.1-2.1 (br, 19H), 2.1-2.3 (m, 2H,

proline), 2.4 (m, 4H, methionine yH), 2.8-4.0 (br, 34H), 4.2 (t, 1H, proline aH, J = 8.0 HZ), 4.3
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(g, 1H, danine aH), 4.6 (t, 1H, methionine oH), 6.8 (t, 1H, arginine aH), 7.1-7.7 (M, 5H,

tryptophan aromatic)

MALDI-TOF MS: Calc. 1289.63; Found positive mode 1290.92 (M + H™), 1313.06 (M + Na’)

1-(N-car bonylmethyl-methionine-alanine-leucine-tr yptophan-methionine-ar ginine)-4,7,10-
tris(carboxymethyl)-1,4,7,10-tetr aazacyclododecane (2)

Cleavage cocktail: 81.5% TFA, 5% thioanisole, 5% phenol, 5% water, 2.5% 1,2-ethanedithiol,
1% TIS

Yield = 751.32 mg (86%)

'H NMR (D,0): & = 0.8 (d, 6H, leucine H, J = 16.4 Hz), 1.1-2.1 (br, 17H), 2.4 (m, 4H,
methionine yH), 2.8-4.0 (br, 32H), 4.3 (g, 1H, aanine aH), 4.6 (t, 1H, methionine aH), 6.8 (t,
1H, arginine aH), 7.1-7.7 (m, 5H, tryptophan aromatic)

MALDI-TOF MS: Calc. 1192.57; Found positive mode 1193.90 (M + H")

1-(N-car bonylmethyl-alanine-leucine-tryptophan-methionine-ar ginine)-4,7,10-
tris(carboxymethyl)-1,4,7,10-tetr aazacyclododecane (3)

Cleavage cocktail: 81.5% TFA, 5% thioanisole, 5% phenol, 5% water, 2.5% 1,2-ethanedithiol,
1% TIS

Yield = 25.2 mg (61%)

'H NMR (D;0): & = 0.8 (d, 6H, leucine 8H, J = 16.4 Hz), 1.1-2.1 (br, 12H), 2.3 (t, 2H,
methionine yH, J = 7.2 Hz), 2.8-4.0 (br, 31H), 4.3 (g, 1H, aanine aH), 4.6 (t, 1H, methionine
aH), 6.8 (t, 1H, arginine aH), 7.1-7.7 (m, 5H, tryptophan aromatic)

MALDI-TOF MS: Calc. 1061.53; Found positive mode 1062.57 (M + H")
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1-(N-car bonylmethyl-proline-methionine-alanine)-4,7,10-tris(car boxymethyl)-1,4,7,10-

tetraazacyclododecane (4)

Cleavage cocktail: 94% TFA, 2.5% water, 2.5% 1,2-ethanedithiol, 1% TIS

Yield = 248.4 mg (93%)

'H NMR (D,0): & = 1.4 (d, 3H, aanine BH, J = 7.2 Hz), 1.8-2.4 (br, 9H, methionine BH,
methionine SCH3, proline Hs, proline Hy), 2.6 (t, 2H, methionine yH, J = 7.2 Hz), 2.8-4.0 (br,
26H, cyclen, CH,COOH, proline Hs), 4.2 (t, 1H, proline aH J = 8.0 Hz), 4.3 (g, 1H, aanine aH),
4.5 (t, 1H, methionine aH)

MALDI-TOF MS: Calc. 703.32; Found positive mode 704.39 (M + H")

1-(N-car bonylmethyl-methionine-alanine)-4,7,10-tris(car boxymethyl)-1,4,7,10-
tetraazacyclododecane (5)

Cleavage cocktail: 94% TFA, 2.5% water, 2.5% 1,2-ethanedithiol, 1% TIS

Yield = 316.8 mg (89%)

'H NMR (D,0): & = 1.4 (d, 3H, aanine BH, J = 7.2 Hz), 2.0 (m, 2H, methionine fH), 2.1 (s, 3H,
methionine SCH3), 2.6 (t, 2H, methionine yH, J = 7.2 Hz), 3.2-4.2 (br, 24H, cyclen and
CH,COOH), 4.4 (q, 1H, adanine aH), 4.5 (t, 1H, methionine aH)

MALDI-TOF MS: Calc. 606.27; Found positive mode 606.71 (M™), 628.66 (M + Na)

1-(N-car bonylmethyl-alanine)-4,7,10-tris(car boxymethyl)-1,4,7,10-tetr aazacyclododecane
(6)
Cleavage cocktail: 95% TFA, 2.5% water, 2.5% TIS

Yield = 379.6 mg (94%)
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'H NMR (D,0): & = 1.4 (d, 3H, aanine pH, J = 7.2 Hz), 3.0-4.1 (br, 24H, cyclen and

CH,COOH), 4.4 (g, 1H, aanine aH)

MALDI-TOF MS: Calc. 475.23; Found positive mode 476.39 (M + H"), 498.40 (M + Na')

General synthesis of peptideswith N-terminal Gadolinium(l11)-DOTA

Ligands (1-6) were dissolved in water (as 5-15 mM solutions) to which Gd(OH)3; was added.
The pH was adjusted to 5.5, and the solution was stirred overnight at 80 °C then cooled to room
temperature. Concentrated NH,OH was added (usually 8-12 drops) until the pH was raised to
10. The solution was 0.2 um filtered and lyophilized. The crude product was purified using a
Sephadex G-25 (20-80 um) gd filtration column with water as eluent. Product elution was
identified using TLC with Pt stain. Fractions containing the desired product were combined and
lyophilized. Purity of the Gd*" complexes (7-12) was verified using analytical HPLC:
Ultrahydrogel column (Waters Corp, Milford, MA; DP 1024, 7.8 mm X 300 mm) with guard
column (DP, 6 mm X 40 mm), isocratic water, flow rate = 0.6 mL/min, fluorescence detection of
GAd* Aex = 271 NM, Aem = 314 Nm. Metalation with Gd* was confirmed using ICP-MS.
MALDI-TOF MS of 7-12 was performed using CHCA matrix (as described in general

experimental section of Chapter 11) and showed distinctive Gd** isotope patterns.

Gadolinium(I11)-1-(N-carbonylmethyl-proline-methionine-alanine-leucine-tryptophan-
methionine-ar ginine)-4,7,10-tris(car boxymethyl)-1,4,7,10-tetr aazacyclododecane (7)
Yield = 57.0 mg (47%)

HPLC: retention time = 23.7 min

MALDI-TOF MS: Calc. 1444.53; Found positive mode 1446.05 (M + H"), 1468.08 (M + Na&")
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Gadolinium(l11)-1-(N-car bonylmethyl-methionine-alanine-leucine-tryptophan-

methionine-ar ginine)-4,7,10-tris(car boxymethyl)-1,4,7,10-tetr aazacyclododecane (8)
Yield = 39.0 mg (45%)
HPLC: retention time = 26.0 min

MALDI-TOF MS: Calc. 1347.47; Found positive mode 1348.50 (M + H™), 1370.55 (M + Na’)

Gadolinium(l11)-1-(N-car bonylmethyl-alanine-leucine-tryptophan-methionine-ar ginine)-
4,7,10-tris(car boxymethyl)-1,4,7,10-tetr aazacyclododecane (9)

Yield = 92.8 mg (54%)

HPLC: retentiontime=23.1 min

MALDI-TOF MS: Calc. 1216.43; Found positive mode 1217.92 (M + H), 1239.68 (M + Na')

Gadolinium(l11)-1-(N-car bonylmethyl-pr oline-methionine-alanine)-4,7,10-
tris(carboxymethyl)-1,4,7,10-tetr aazacyclododecane (10)

Yield = 96.3 mg (64%)

HPLC: retention time = 10.4 min

MALDI-TOF MS: Calc. 858.22; Found positive mode 859.37 (M + H"), 881.31 (M + Na')

Gadolinium(l11)-1-(N-car bonylmethyl-methionine-alanine)-4,7,10-tris(car boxymethyl)-
1,4,7,10-tetr aazacyclododecane (11)
Yield = 99.2 mg (64%)

HPLC: retention time=10.3 min
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MALDI-TOF MS: Calc. 761.17; Found positive mode 762.49 (M + H), 784.50 (M + Na'),

806.38 (M + 2Na)*

Gadolinium(l11)-1-(N-car bonylmethyl-alanine)-4,7,10-tris(car boxymethyl)-1,4,7,10-
tetraazacyclododecane (12)

Yield = 165.5 mg (89%)

HPLC: retention time = 10.0 min

MALDI-TOF MS: Calc. 630.13; Found positive mode 630.06 (M™), 652.03 (M + Na"), 673.98

(M + 2Na)"*
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APPENDI X [1

DEVELOPMENT OF PEPTIDE-BRIDGED MACROBICYCLES
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INTRODUCTION

This appendix details the development of peptide-bridged macrobicycles contained in
Chapter 11. These details provide insight into the design of such agents and present approaches
which resulted in unexpected byproducts. In addition, this appendix is provided such that the
novel compounds contained herein may be of use as ligands or synthons for future MRI contrast

agents, positron emission (PET) agents, and/or |anthanide luminescence agents.

RETROSYNTHETIC ANALYSIS

The synthetic schemes described in this Appendix are the result of an iterative process.
At the conception of this project there were very few polyaza macrobicyclic chelatesin the
literature, most of which were used as “proton sponges’ and to chelate Li*, Cu®*, or Zn** (Figure

A2.1).%*

/S
H;C

n=1,2
D =0, S, NH, NCH;

Figure A2.1 Literature examplesof polyaza macrobicyclic chelates™

In order to form highly stable lanthanide chelates, the structuresin Figure A2.1 must be
augmented to incorporate additional donor atomsin order to effectively increase the coordination

number of theligand. A seminal paper by Kovacs and coworkers created novel lanthanide
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chelates with extraordinary command over the functionalization of 1,4,7,10-

tetraazacyclododecane (cyclen).” Through precise pH control, cyclen was selectively substituted
at the 1 and 7 positions (pseudo-trans) with a number of functional groups. With the current
work, it was envisioned that the use of protecting groups would allow this methodology to be
extended to form a variety of chelates featuring functional groups which are orthogonal, both
gpatialy and chemically. These bi-functional chelates could then be coupled to the side-chain
residues of a peptide to form novel polyaza macrobicyclic lanthanide chelates. Figure A2.2

shows aretrosynthetic analysis of the target compound.
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Figure A2.2 Retrosynthetic Analysis of Peptide-Bridged Macrobicycles
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While examining the possibilities of covalent attachment between the bi-functional

chelator and the peptide, a number of functional groups come to mind. Within in the realm of
the 20 amino acids commonly used by nature, the available side chain functionalities include
thiols, carboxylic acids, amines, amides, and alcohols. Of these, amino acids containing thiols,
carboxylic acids, and amines were chosen for synthetic utility as well as commercia availability
of suitably protected starting materials. In order to synthesize gram quantities of peptidesin

overall good yields and purity, the method of Solid-Phase Peptide Synthesis (SPPS) was utilized.

SOLID-PHASE PEPTIDE SYNTHESIS: General Considerations

Solid-phase peptide synthesis (SPPS) is routinely used for building short peptidesin a
stepwise manner.® Fmoc protecting strategy is based on orthogonal protecting groups, using 9-
fluorenylmethoxycarbonyl (fmoc) to protect the N-terminal amine while acid-labile groups are
used to protect amino acid side-chains as well asto link the C-terminus to the solid support
(resin).” While SPPS is a convenient method for preparing peptides, there are limitations to the
scope of reactions which can be performed on the solid support. These limitations include
choice of solvent; chemical compatibility with commonly employed protecting groups such as
fmoc, Boc, and tBu; and the necessity of very high-yielding reactions.

The use of solventsin SPPSis limited to those in which the resin has suitable swelling
properties. For instance, the polystyrene-based Wang resin used in this study swellsin DMF,
THF, DM SO, CHCl,, whereas methanol and ethanol are known to shrink the resin. Swelling of
theresin is preferred such that the functional groups on the resin are fully solvated and available

for reaction with the reagents in solution.



278
Chemica compatibility is aconcern when protecting amino acid side-chain

functionalities. It isimperative for the protecting groups to have orthogonal reactivities such that
premature deprotection does not occur. Orthogonal protecting groups allow precise control of
functional group reactivity on various amino acid side-chains; thisis the fundamental strategy
utilized for the formation of the peptide-bridged macrobicycles described in this Appendix and
Chapter 11.

Finally, the use of SPPS requires very high yielding reactions. Due to the step-wise
nature of building peptides by SPPS, any by-products arising from incomplete reactions or
undesired side-reactions will accumulate on the resin and result in low yields and impure
product. The impurities accumulated by incomplete reactions will be very similar to the desired
product and thus very hard to remove. A simple calculation shows that ayield of 95% per
reaction, while considered excellent by most standards, will result in only 60% overall yield of
the desired product after a 10-step reaction scheme. Kinetic studies show that the reaction rate of
afunctional group bound to a copolymer bead is about half of the reaction rate of that functional
group in solution.® Therefore, many reactions in SPPS use excess reagents and increased
reaction times to drive the reaction towards quantitative yields. Another method to increase
yieldsisto repeat coupling reactions until the yield for each step is >99%. A great advantage of
SPPS over solution-based synthesisis that excess reagents can easily be washed away from the

solid-supported peptide by rinsing the resin with solvent.
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RESULTSAND DISCUSSION

APPROACH #1

The first approach for bridge formation involved the Sy2 reaction between athiol and an
alkyl bromide (orange colored R groupsin Figure A2.2). Thethiol functionality can be easily
introduced into a substrate peptide by substituting cysteine into the peptide sequence. The alkyl
bromide functionality was envisioned to be incorporated as pendant arms of the macrocyclic
chelator, forming a bi-functional chelate. Due to the number of steps and associated cost of
synthesizing significant quantities of the peptide, the synthesis of the bi-functional chelate was
investigated prior to peptide synthesis.

The incorporation of an alkyl bromide onto cyclen using bromoacetyl bromide was based
on literature examples involving the addition of cyclen to an N-terminal amine during SPPS’ and
the addition of bromoacetamidobenzyl-DOTA to a cysteine thiol within a peptide/protein.’
Starting from commercially available cyclen, 1,7-bis(tert-butoxycarbonylmethyl)-1,4,7,10-
tetraazacyclododecane was synthesized according to literature methods® (Scheme A2.1) and
reacted with bromoacetyl bromide. This reaction resulted in an unexpected by-product (Scheme
A2.2) [obtained as awhite solid in 38% yield, purified by silicagel chromatography: 16:4:1
CHCI3:MeOH:NH4OH eluent; Ry = 0.25; ESI-MS calc 562.52, found 563.2 (M + H™)]. Variation
of reaction temperature, reaction time, amount of bromoacetyl bromide, amount of base, and

type of base al resulted in formation of the undesired by-product.
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Scheme A2.1 Synthesisof 1,7-bis(tert-butoxycar bonylmethyl)-1,4,7,10-
tetraazacyclododecane®
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Scheme A2.2 Attempted synthesis of 1,7-bis(tert-butoxycar bonylmethyl)-4,10-
bis(bromomethylcarbonyl)-1,4,7,10-tetr aazacyclododecane and resultant by-product
(*Note- the depicted isomer of the byproduct isnot the only possibleisomer)
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Wangler and coworkers observed a similar side-reaction during the attempted

monoalkylation of cyclen at moderate temperatures (Figure A2.2). A search of the literature
revealed related complexes (“ cross-bridged” tetraazamacrocycles) in which atwo carbon

moiety™ and a three carbon moiety™ bridges across a cyclen based macrocycle (Figure A2.3).

0 /_\N/\\(OJv

[ ] CH,Cl, > [ j T > 40 Oc [ {]

NH  HN NH HN
 / /

Figure A2.2 Sidereaction observed by Wangler and coworkers.*

—_— /CH3 — /CH3
) W)
N N N N
H3C/ — H3C/
a b

Figure A2.3 Cross-bridged macrocycles from (a) Hubin and coworkers™ and (b)
Springborg and cowor kers'

Due to the instability/undesired reactivity of 1,7-bis(tert-butoxycarbonylmethyl)-4,10-
bis(bromomethylcarbonyl)-1,4,7,10-tetraazacyclododecane (Scheme A2.2), Approach #1 was

abandoned in favor of an alternate route (Approach #2).
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APPROACH #2

The second approach was to employ amide bond formation between a carboxylic acid on
the peptide side-chains and an amine on the macrocyclic chelate (green colored R groupsin
Figure A2.2). The carboxylic acid functionality can be easily introduced into a substrate peptide
by substituting aspartic acid or glutamic acid into the peptide sequence. This choice of amino
acids differing by a single methylene group in the side-chain allows precise control over the
distance between the peptide backbone and the chelate. The amine functionality was envisioned
to be incorporated as pendant arms of the macrocyclic chelator, forming a bi-functional chelate.
Two versions of the chelate, differing by two methylene groups, allowed further control over the
distance between the peptide backbone and the chelate.

Two versions of the bi-functional chelate, Compounds 2 and 4, were synthesized

according to Schemes A2.3 and A2.4, respectively. (See Appendix 1V for arelated

intermediate.)
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Scheme A2.3 Synthesisof bi-functional chelate 2
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Scheme A2.4 Synthesisof bi-functional chelate 4

The protected peptide was prepared using SPPS according to Scheme A2.5. The peptide
sequence of WDEXDXG was chosen based upon the Caspase-3 substrate DEXD/ X (where X
denotes amino acid variability and  denotes the cleavage site; described in further detail in

Chapter 11, Part 1). Due to tolerance of substitution in the P, and Py’ sites™ (for nomenclature,
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see Figure 2.5, Chapter 11), these amino acids were chosen as the positions of attachment to

the chelate. The C-terminal glycine was added for synthetic ease/cost of starting materials and
the N-terminal tryptophan was added for fluorescence detection during HPL C purification.

The peptide required a 3-way orthogonal protecting strategy. Acid-labile protecting
groups include the t-Bu groups found on the side chains of aspartic acids at P, and P, and
glutamic acid at P; as well as the Boc group on tryptophan at Ps. The C-terminus was effectively
protected through attachment to the solid support through the acid-labile Wang resin linker. All
of these acid-labile groups prevent unwanted side reactions from occurring with these
functionalities, yet are easily removed during the cleavage of the peptide from the resin using
95% trifluoroacetic acid. The N-terminus was protected with fmoc, which is easily removed
using a solution of 20% piperidinein DMF. Thethird level of orthogonality comes from the use
of the phenylisopropyl (Phipr) protecting group on the aspartic acidsat P, and P;,’. Phipr is
removed using weakly acidic conditions (2% trifluoroacetic acid in CH,Cl,). Thisalows
selective removal of Phipr without disturbing the other acid-labile groups.”® Using this
approach, the Phipr groups were used such that they can be selectively removed while the
protected peptide is anchored to the solid support.

Unfortunately, during the synthesis of the protected peptide [5], the desired product 6 was
achieved in very low yields, and the major product could not be identified. Upon cleavage of [5]
from the resin (Scheme A2.5), the major product was insoluble in water or other polar solvents
which isinconsistent with the highly charged nature of 6. The desired product 6 was detected by
mass spectrometry but could not be isolated in appreciable quantities. Consequently, addition of
chelate 2 or 4 after Phipr removal resulted in low yields of the desired macrobicycle (Scheme

A2.6).
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A possible explanation for the low yields experienced in Schemes A2.5 and A2.6is

the competing side-reaction involving intramolecular cyclization of [5] at the aspartic acid
residues to form an aspartimide (Scheme A2.7). Aspartimide formation is the side—reaction
mostly likely to be encountered in routine SPPS’ and occurs most frequently with peptides
containing an asp(OtBu)-X motif, where X = gly, asn(Trt), ser, thr (Scheme A2.8).*° Analysis of
the ESI-MS of the crude product obtained from Scheme A2.6 shows evidence of the aspartimide
by-product depicted in Scheme A2.7 [by-product m/z calc: 814.24, found: negative mode 813.2
(M —H), positive mode 815.1 (M + HY)].

In order to further study the potential for aspartimide formation, a model system of
reactions was devised (Scheme A2.9). The model system consists of atruncated version of [5]
(less synthetic steps and simpler products for characterization) and was subjected to the same
conditions asin Scheme A2.6. After the attempted coupling of 4 to the aspartic acid side-chain
(Scheme A2.9), the Kaiser test™” failed to detect primary amines. This result isinconsistent with
successful coupling of 4 because the coupling of 4 to the aspartic acid side-chain should yield a
positive Kaiser test for the pendant primary amine of 4. To confirm the efficacy of the Kaiser
test in detecting a pendant primary amine, 4 was subjected to the Kaiser test and resulted in the
expected purple color observed for primary amines. This simple experiment confirmed the
ability of the Kaiser test to detect the pendant primary amine of 4. After cleavage of the model
peptide from the resin (Scheme A2.10), aspartimide formation was detected by ESI-MS [m/z
calc: 172.05, found: positive mode 172.9 (M + H")]. The reactions of the model system (Scheme
A2.10) were repeated in triplicate, with each trial yielding asimilar conclusion. Therefore, the
results of the model system corroborate the formation of the aspartimide by-product observed in

Scheme A2.7.
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Another possibility of the low yields observed in Scheme A2.6 could be due to
incomplete removal of the Phipr protecting groups from the side-chains of the aspartic acid
residues. In order to test Phipr removal under ssimilar conditions, the protected amino acid
starting material, fmoc-asp(Phipr)-OH, was dissolved in CH,Cl, and subjected to conditions
mimicking those performed during SPPS (2% trifluoroacetic acid for 10 minutes, Scheme
A2.11). Thisafforded the expected complete removal of Phipr (as evidenced by *H-NMR and
ESI-MYS), therefore it was confirmed that Phipr is effectively removed under mild acidic

conditions.
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Dueto low yields and aspartimide by-product formation, Approach #2 was abandoned in

favor of an aternate route (Approach #3).

APPROACH #3

The third approach, similar to approach #2, employs amide bonds to form the linkage
between the peptide and the chelate. However, the distinct difference is the reversed position of
the functional groups. In approach #3, the acid functionality is located on the chelate, while the
amine functionality is located on the peptide (pink colored R groupsin Figure A2.2). Thiswas
performed in an attempt to avoid aspartimide formation as well as alleviate the difficultiesin
characterizing intermediates during the formation of the bridge. The incorporation of amine
side-chain functionalities was easily accomplished through the inclusion of lysine residuesin the

P, and P’ sites.
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The protected peptide [7] was synthesized according to Scheme A2.12 and cleaved

from the resin to afford 8 for characterization. The methyltrityl (Mtt) protecting group chosen
for the side-chain amine of the lysine residues can be removed under mild acidic conditions (1%
trifluoroacetic acid in CH,Cl,). Thisalowsa3-way orthogonal protection strategy (similar to
the protecting strategy described for Approach #2).

The bi-functional chelate, 10, was synthesized according to Scheme A2.13. During the
addition of 10 to the lysine side-chains of the peptide (Scheme A2.14), severa by-products were
detected by ESI-MS (Figure A2.4). These products arise from incomplete coupling between the
amines on the lysine side-chains of the peptide and the carboxylic acids of 10. Since the peptide
is attached to the resin, any unreacted 10 is washed away during the rinses following the
reaction. A potential by-product isthe bridging of 10 between two distinct peptides. This
reaction, however, was not detected and is not likely to occur due to the pseudodilution effect®
of SPPS when using low resin loading. The pseudodilution effect occurs due to the lack of
proximity of the peptides when bound to the resin. Another potential by-product is the coupling
of two molecules of 10 onto a single peptide, however this by-product was not observed by ESI-
MS. The RP-HPLC chromatogram of the crude product displayed five distinct peaks which
further supports the formation of multiple products. The reactionsin Scheme A2.14 were
repeated with varying rate of addition of 10 to the peptide, relative amount of 10, and overall
reaction time. Each time, the reaction resulted in asimilar ratio of products as detected by RP-

HPLC.
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Due to the low yields resulting from multiple by-products, Approach #3 was abandoned in

favor of an aternate route (Approach #4).

APPROACH #4

The fourth approach to form a peptide-bridged macrobicycle involved step-wise
formation of the bridge using anovel 4-way orthogonal protecting strategy (details in Chapter
I1). Thisapproach circumvented the problems of Approach #3 (low bridge yield formation due
to multiple coupling products) and was ultimately scaled and used for the synthesis of the

macrobicyclic agents described in Chapter 11.

CONCLUSIONS

After several approaches were investigated, a robust and reproducible method was
developed for the synthesis of peptide-bridged macrobicycles. The efforts contained in this
appendix ultimately led to the novel 4-way orthogonal protection strategy presented in Chapter
I1. Through the course of the present work, several protecting strategies were utilized and a
number of new macrocyclic chelates were synthesized. Several synthetic pathways resulted in
unexpected byproducts; from these, much was learned about the unique chemistry of cyclen-
based macrocycles. In addition, the aspartimide formation observed during Approach # 2
provides an example of potential side-reactions which must be considered when working with
peptides containing aspartic acid residues. The novel macrocyclic chelates contained in this
appendix have potential to be useful synthonsin a myriad of applicationsincluding MRI contrast

agents, positron emission tomography (PET) agents, and lanthanide-based |uminescence agents.
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EXPERIMENTAL

General details can be found in Chapter I1.

1,7-bis(tert-butoxycar bonylmethyl)-4,10-bis(N-benzyloxycar bonylaminoethyl)-1,4,7,10-
tetraazacyclododecane (1)

1,7-bis(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacycl ododecane (synthesized according to
literature methods®) (1.5881 g, 3.9647 mmol) was dissolved in 10 mL MeCN and placed in 2’500
mL 3-neck roundbottom flask with magnetic stirbar and Cs,CO3 (3.0 equivalents, 3.8621 g,
11.853 mmol). N-benzyloxycarbonyl-2-bromo-1-ethylamine (synthesized according to literature
methods™) (2.1 equivalents, 2.1588 g, 8.3639 mmol) was dissolved in 5 mL MeCN and added
dropwise over 5 min while stirring. The flask was attached to a water-cooled reflux condenser
equipped with a drying tube (Drierite) and placed in a 60 °C oilbath overnight. The reaction was
determined complete by TLC (silicagel, 1:9:90 saturated KNO3:H,O:MeCN, Pt stain, product Ry
=0.57). The solution was cooled to room temperature and paper filtered to remove Cs,CO:s.
MeCN was removed by rotary evaporation under reduced pressure to afford the crude product as
ayellow oil. The crude product was dissolved in CH,Cl, and loaded onto a silicagel column.
Excess N-benzyl oxycarbonyl-2-bromo- 1-ethylamine was eluted with CH,Cl,, followed by a
gradient up to 10% MeOH in CH,Cl, to elute the desired product. Solvents were removed by
rotary evaporation under reduced pressure followed by pumping vacuum overnight to afford 1 as
awhite crystalline solid (2.7776 g, 93% yield). Recrystalization from MeOH was performed
using seed crystals, however the crystals obtained were too small for X-ray diffraction.

ESI-MS: Calc. 754.46; Found positive mode 755.7 (M + H), 777.7 (M + Na’)
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'H NMR (CDCly): & = 1.4 (s, 18H, t-Buj, 2.3-2.8 (br, 20H, cyclen and CH,CH,NHCBZ), 3.1-

3.3 (br, 8H, CH,COO-tBu and CH,CH,NH-CBz), 5.1 (s, 4H, CBz CH,), 7.3-7.4 (br, CBz
aromatic, Note: integration not available due to solvent residual peak at 7.26 ppm)
3C NMR (CDCl3): = 28.3, 39.0, 51.0, 52.4(br), 53.4(br), 56.1, 66.5, 81.1, 128.1, 128.4, 128.5,

137.0, 156.7, 170.7

1,7-bis(tert-butoxycar bonylmethyl)-4,10-bis(aminoethyl)-1,4,7,10-tetr aazacyclododecane (2)
1 (67.7 mg, 0.0887 mmol) was dissolved in 5 mL absolute ethanol and transferred to a glass
hydrogenation vessel with Pd/C catalyst (10% catalyst loading, 53.59 mg). The vessel was
purged four times with Ho/vacuum then charged with Hy (30 psi) and reacted for 48 hours with
mechanical shaking. The mixture was 0.22um filtered to remove the catalyst. Solvent was
removed by rotary evaporation under reduced pressure, followed by high vacuum to afford 2 asa
clear and colorless oil (36.5 mg, 83% yield).

ESI-MS: Calc. 486.39; Found positive mode 487.4 (M + H*), 509.4 (M + Na’)

'H NMR (CDCl5): 8 = 1.5 (s, 18H, t-Bu), 2.4-2.9 (br, 24H, cyclen, CH,CH,NH,, and
CH,CH;,NH,), 3.2-3.3 (br, 4H, CH,COO-tBU)

3C NMR (CDCls): 6 = 28.3, 37.6, 40.8, 50.1, 50.6(br), 51.0(br), 56.5, 57.0, 65.1, 82.2, 171.0

1,7-bis(tert-butoxycar bonylmethyl)-4,10-bis(N-benzyloxycar bonylaminobutyl)-1,4,7,10-
tetr aazacyclododecane (3)
1,7-bis(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane (synthesized according to
literature methods®) (255.65 mg, 0.63823 mmol) was dissolved in 1 mL MeCN and placed in a

10 mL roundbottom flask with magnetic stirbar and Cs,COj3 (3.0 equivalents, 637.10 mg, 1.9554
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mmol). N-benzyloxycarbonyl-4-bromo-1-butylamine (synthesized according to literature

methods™) (2.1 eq., 394.9 mg, 1.380 mmol) was dissolved in 1 mL MeCN and added dropwise
while stirring. The flask was attached to awater-cooled reflux condenser equipped with adrying
tube (Drierite) and placed in a60 °C oilbath overnight. The reaction was determined complete
by TLC (silicagel, 1:9:90 saturated KNO3:H,O:MeCN, Pt stain, product R; = 0.23). The
solution was cooled to room temperature and paper filtered to remove Cs,CO3. MeCN was
removed by rotary evaporation under reduced pressure to afford the crude product as a yellow
oil. The crude product was dissolved in CH,Cl, and loaded onto a silica gel column. Excess N-
benzyl oxycarbonyl-4-bromo-1-butylamine was eluted with CH,Cl,, followed by a gradient up to
10% MeOH in CH,ClI, to elute the desired product. Solvents were removed by rotary
evaporation under reduced pressure followed by pumping vacuum overnight to afford 3 as a
yellow solid (445.4 mg, 86% yield).

ESI-MS: Calc. 810.53; Found positive mode 811.6 (M + H"), 833.6 (M + Na')

H NMR (CDCls): 6 = 1.2 (m, 4H, CH,CH,CH,CH,NHCBZ) 1.4 (s, 18H, t-Bu), 1.5 (m, 4H,
CH,CH,CH,CH,NHCBz), 2.3-3.3 (br, 28H, cyclen, CH,COO-tBu, and
CH,CH,CH,CH,NHCBZ2), 5.0 (s, 4H, CBz CHy,), 7.3 (br, CBz aromatic, Note: integration not
available due to solvent residual peak at 7.26 ppm)

B3C NMR (CDCly): § = 28.0, 28.3, 41.0, 52.5(br), 52.8(br), 56.6, 66.5, 81.5, 128.0, 128.2, 128.5,

136.9, 156.7, 171.0
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1,7-bis(tert-butoxycar bonylmethyl)-4,10-bis(aminobutyl)-1,4,7,10-

tetraazacyclododecane (4)

3 (676.5 mg, 0.8341 mmol) was dissolved in 75 mL absolute ethanol and transferred to a glass
hydrogenation vessel with Pd/C catalyst (10% catalyst loading, 562.75 mg). The vessel was
purged four times with Hy/vacuum then charged with H, (35 psi) and to reacted for 65 hours with
mechanical shaking. The mixture was paper filtered and 0.22um filtered to remove the catalyst.
Solvent was removed by rotary evaporation under reduced pressure, followed by high vacuum to
afford 4 as aclear and colorless oil which crystallized upon storage at -20 °C (504.5 mg,
quantitative yield).

ESI-MS: Calc. 542.45; Found positive mode 543.6 (M + H"), 565.5 (M + Na’)

'H NMR (CDCl5): 8 = 1.2 (q, 4H, CH,CH,CH,CH,NH,, J = 4.5 Hz), 1.5 (s, 18H, t-Bu), 1.8 (m,
4H, CH,CH,CH,CH,NH,), 2.4-3.0 (br, 24H, cyclen and CH,CH,CH,CH,NH,), 3.2-3.4 (br, 4H,
CH,COO-tBu), 7.1 (br, NHy)

3C NMR (CDCls): § = 28.2, 39.8, 45.0, 50.0(br), 51.2(br), 54.1, 57.9(multiple), 81.9, 82.2,

171.1,171.4

Trp-Asp-Glu-Asp-Asp-Asp-Gly (6)

The protected peptide [5] was synthesized according standard solid-phase peptide synthesis
methods® using manual batch-type synthesis and fmoc protected amino acids.

A Wang resin consisting of 100-200 mesh 1% cross-linked polystyrene beads functionalized
with p-benzyloxybenzyl alcohol handle was used as a solid support for the stepwise addition of
amino acids. The Wang resin was purchased (NovaBiochem, San Diego, California) with the N-

terminal amino acid, fmoc-glycine, preloaded onto theresin. Theresin (4.9805 g, 0.63 mmol/g
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resin loading, 3.1 mmol glycine) was added to afritted glass reactor vessel fitted with a 3-

way valve for switching between N, (used to mix during all reactions and rinses) and vacuum
(used to drain rinses and excess reactants). The dry Wang resin was pre-swelled with CH,Cl, (1
X 10 minute rinse) followed by DMF (4 X 10 minute rinses). The N-terminal fmoc protecting
group was removed using 20% piperidinein DMF (until determined >99% complete by the
Kaiser test'”; typically 4 X 10 minutes). The resin was rinsed with DMF (4 X 10 minutes). The
next amino acid (2.5 equivalents relative to the N-terminal glycine on the Wang resin) to be
added to the peptide was dissolved in aminimal amount of DMF. To this solution, HATU (2.0
equivalents) and DIPEA (5.0 equivaents) were added to form a yellow solution of the
preactivated fmoc-amino acid. This solution was added to the resin and reacted while gently
bubbling N, to mix the reactants until determined >99% complete (typically 2-12 hours) by the
Kaiser test'’. Upon completion, the resin was rinsed with DMF (4 X 10 minutes). This process
of fmoc removal and addition of the next amino acid was repeated for each amino acid until the
desired sequence, Trp(Boc)-Asp(OtBu)-Glu(OtBu)-Asp(Phipr)-Asp(OtBu)-Asp(Phipr)-Gly-
Wang resin [5], was obtained. At this point, asmall amount (10 mg) of resin was removed for
cleavage (see “Cleavage of peptide from resin” below) to afford 6 (used for characterization)
while the remainder of [5] was carried through to the next step of the synthesis.

ESI-MS: Calc. 850.25; Found positive mode 873.1 (M + Na") negative mode 849.2 (M")

Trp-Asp-Glu-Lys-Asp-Lys-Gly (8)
The protected peptide [7] was synthesized according standard solid-phase peptide synthesis

methods® using manual batch-type synthesis and fmoc protected amino acids.
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A Wang resin consisting of 100-200 mesh 1% cross-linked polystyrene beads functionalized

with p-benzyloxybenzyl alcohol handle was used as a solid support for the stepwise addition of
amino acids. The Wang resin was purchased (NovaBiochem, San Diego, California) with the N-
terminal amino acid, fmoc-glycine, preloaded onto theresin. Theresin (1.00371 g, 0.66 mmol/g
resin loading, 0.66 mmol glycine) was added to a fritted glass reactor vessel fitted with a 3-way
valve for switching between N, (used to mix during all reactions and rinses) and vacuum (used to
drain rinses and excess reactants). The dry Wang resin was pre-swelled with CH,Cl, (1 X 10
minute rinse) followed by DMF (4 X 10 minute rinses). The N-terminal fmoc protecting group
was removed using 20% piperidinein DMF (until determined >99% complete by the Kaiser
test”; typically 4 X 10 minutes). The resin was rinsed with DMF (4 X 10 minutes). The next
amino acid (2.5 equivalents relative to the N-terminal glycine on the Wang resin) to be added to
the peptide was dissolved in aminimal amount of DMF. To this solution, HATU (2.0
equivaents) and DIPEA (5.0 equivalents) were added to form a yellow solution of the
preactivated fmoc-amino acid. This solution was added to the resin and reacted while gently
bubbling N, to mix the reactants until determined >99% complete (typically 2-12 hours) by the
Kaiser test'’. Upon completion, the resin was rinsed with DMF (4 X 10 minutes). This process
of fmoc removal and addition of the next amino acid was repeated for each amino acid until the
desired sequence, Trp(Boc)-Asp(OtBu)-Glu(OtBu)-Lys(Mtt)-Asp(OtBu)-Lys(Mtt)-Gly-Wang
resin [7], was obtained. At this point, asmall amount (10 mg) of resin was removed for cleavage
(see “Cleavage of peptide from resin” below) to afford 8 (used for characterization) while the
remainder of [7] was carried through to the next step of the synthesis.

ESI-MS: Calc. 876.39; Found positive mode 877.4 (M + H"), 899.4 (M + Na'), 439.4 (M*"),

negative mode 875.4 (M), 897.4[(M + Na)], 919.4[(M + 2Na)]
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Note: *H NMR (D,0) spectrum displays non-first order coupling, thus making unambiguous

assignments difficult without the aid of a complete 2D NMR analysis.

3C NMR (DO, with acetone added for reference): 5 = 22.4, 22.6, 26.7, 27.3, 30.4, 30.7, 35.9,
36.3, 39.6, 39.7, 41.8, 50.4, 50.8, 54.1, 54.2, 54.4, 59.9, 106.7, 112.6, 115.8, 118.1, 118.6, 120.1,
1204, 122.7, 125.7, 127.2, 136.8, 163.3, 163.6, 169.8, 171.9, 172.6, 173.7, 173.8, 174.2, 174.5,

174.6,174.7,177.4

1,7-bis(tert-butoxycar bonylmethyl)-4,10-bis(benzyloxycar bonylmethyl)-1,4,7,10-
tetraazacyclododecane (9)

Experimental details for the synthesis and characterization of 9 are included in Chapter I1.

1,7-bis(tert-butoxycar bonylmethyl)-4,10-bis(car boxymethyl)-1,4,7,10-
tetraazacyclododecane (10)

Experimental details for the synthesis and characterization of 10 are included in Chapter 11.
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APPENDI X I11

LUMINESCENCE AND NMR STUDIES OF a-EGadMe and p-EGadMe
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INTRODUCTION

EGadMe

An introduction to EGad" and EGadMe” can be found in Chapter .

o-EGadM e and B-EGadMe

The two MRI contrast agents discussed in the present work, a-EGadMe and B-EGadMe,
differ in chemical structure by the location of a single methyl group. Despite this seemingly
trivial difference, the two agents display differing relaxivitiy, g, and t, values.> An investigation
of the relaxometric properties of these agentsisin agreement with carbonate binding to strictly
the a-isomer and not the B-isomer.® Urbanczyk-Pearson and coworkers proposed an explanation
of these phenomena based on the purported positions of the galactopyranose sugar and the
macrocyclic chelate (Figure A3.1). The present work extends the structural investigations of
Urbanczyk-Pearson and coworkers® to include laser luminescence spectroscopy and nuclear
magnetic resonance (NMR) spectroscopy of the europium(l11) and yttrium(l11) analogs of a-

EGadMe and B-EGadMe (Figure A3.1).
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Figure A3.1 Hypothesized conformations of a-EGadMe (left) and B-EGadMe (right) in the
presence of exogenous carbonate.® The numbering schemes for the europium(l11) and
yttrium(l11) complexes refer to the current work.

L uminescence

The luminescence excitation spectra of europium(l11) complexes is extremely sensitive to
the coordination environment of the metal.* Therefore, an investigation of the excitation spectra
of 1 and 2 upon titration of carbonate was hypothesized to yield valuable information concerning

the potential for these complexes to bind carbonate.

Nuclear M agnetic Resonance

Nuclear magnetic resonance (NMR) is a powerful method commonly used to determine
the structures of moleculesin solution.> However, in the case of MRI contrast agents, the severe
line broadening produced by gadolinium(l11) limits the utility of NMR. Therefore, the
substitution of diamagnetic yttrium(l11) or paramagnetic europium(l11) for gadolinium(l11) in
MRI contrast agents has been used to study these complexes by *H-NMR.® The substitution of

europium(l11) into the chelate causes the *H-NMR spectra to be dispersed over 70 ppm due to the
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lanthanide induced shift (LIS). While an initial inspection of such a spectrum may lead one

to render it useless, a closer look reveals awealth of information. The distance dependence (1/r°)
of the LIS dictates that protons closest to the paramagnetic europium(l11) experience the greatest
amount of LIS.” For DOTA-based chelates, this phenomenon makes the identification of the
protons located on the ethylene bridges of macrocyclic chelate (cyclen) straightforward due to
their large chemical shifts. The axia protons of DOTA-based chelates are shifted downfield to
approximately 10 to 40 ppm while the equatorial protons are shifted upfield to approximately -5
to -30 ppm.2 Furthermore, the protons due to the square anti-prismatic (SAP) and twisted square
anti-prismatic (TSAP) isomers of achelate can be distinguished by their characteristic chemical
shifts (see Figure 2.13, Chapter Il for adiagram of the SAP and TSAP geometries). The axia
protons of the SAP isomer are closer to the paramagnetic center and are thus shifted further

downfield than the axial protons of the TSAP isomer.?

RESULTSAND DISCUSSION

Synthesis

The synthesis of 1, 2, 3, and 4 was performed by Lauren Urbanczyk-Pearson and Dave Ballweg.

Laser Luminescence

The laser system developed by the laboratory of Professor Janet Morrow (University at
Buffalo, SUNY) provided high resolution (0.01 nm) spectroscopy to probe the excitation spectra

of 1 and 2. Thetitration of 2 with carbonate resulted in ared shift of the excitation maximum
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from 579.5 nm to 580.0 nm (Figure A3.2). The change in the excitation spectrum indicates a

change in the coordination environment of europium(li1). In contrast, the titration of 1 with
carbonate did not result in a shift in the excitation maximum (Figure A3.3). Interestingly, the
intensity of the europium(l11) excitation of 1 increased upon titration with carbonate. It is
hypothesized that carbonate is somehow interacting with the second coordination sphere of

europium(I11), yet not binding directly to europium(lI1).

— 20000
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36.4mM

20.0mM

NaHCOs3
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Figure A3.2 Excitation spectrum of 0.5 mM B-EGadMe (2) upon titration of NaHCO3;. With
increasing concentrations of NaHCOg, the excitation maximum at 579.5 nm decreases with a
concomitant increase in two new maximaat 580.0 nm and 580.3 nm.
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Figure A3.3 Excitation spectrum of 0.5 mM a-EGadMe (1) upon titration with NaHCO3;. The
excitation intensity increases with increasing NaHCOg3, however there is no shift in the excitation
maximum.
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The *H-NMR spectra of the diamagnetic Y (I11) complexes show an increased line
broadening for the cyclen and sugar protons (at 2.5-3.5 ppm) for 4 relative to 3 (Figure A3.4). It
is hypothesized that the broad *H-NMR spectrum of 4 is due to conformational fluxionality of
the sugar and the macrocycle on the NMR timescale. This hypothesisis supported by the *H-
NMR spectra of the europium(l11) complexes, 1 and 2 (Figure A3.5). The presence of both the
SAP and the TSAP isomers of the macrocycle can be detected for 1. In contrast, the fluxionality
of 2 precludes the resolution of the SAP and TSAP isomers.

In an effort to try to resolve the *H-NMR spectrum of 2 for future 2-dimensional (2D)
NMR structural analysis, spectrawere acquired at various temperatures between 0 °C and 80 °C.
The variable temperature (VT) NMR studies indicated that 2 isin the intermediate fluxional
regime throughout the entire temperature range studied. At low temperature (0 °C), the
resolution improved sightly (Figure A3.6, top). At high temperature (80 °C), the resonances
began to coalesce, further supporting the hypothesized fluxionality of 2 (Figure A3.6, bottom).

The binding of carbonate to 2, as proposed by Urbanczyk-Pearson and coworkers,® lead
to anew hypothesis that carbonate binding could be used to help resolve the *H-NMR spectra of
2. The addition of 0.1 equivalents of Na,COs relative to 2 was insufficient to change the
broadening of the *H-NMR spectrum. Once again, VT NMR showed slight improvementsin
resolution at low temperature (0 °C, Figure A3.7, top) and coalescence at high temperature (80
°C, Figure A3.7, bottom).

Higher concentrations of carbonate were used to successfully resolve the 'H-NMR
spectrum of 2. The addition of a slight excess of Na,COj; relative to 2 resulted in awell resolved

'H-NMR spectum at ambient temperature (Figure A3.8). Interesting to note is the presence of
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only the TSAPisomer. The lack of resonances for the SAP isomer suggests that the binding

of carbonate to 2 constrains the macrocycle to adopt only the TSAP structure. VT NMR of this
sample revealed insignificant changes upon cooling to 0 °C and coalescence of the resonances at

80 °C (Figure A3.9).
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Figure A3.4 *H-NMR spectra of the diamagnetic Y (I11) complexes of a-EGadMe (3, top) and B-

EGadMe (4, bottom) in D,O. The broad resonances of the cyclen and sugar protons of 4 (at 2.5-
3.5 ppm) are indicative of conformational fluxionality.
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Figure A3.5 *H-NMR spectra of the paramagnetic Eu(l11) complexes of a-EGadMe (1, top) and
B-EGadMe (2, bottom) in D,O. The cyclen axial protons due to the SAP isomer (at 32-43 ppm)

and the TSAP isomer (at 15-27 ppm) are well-resolved for 1. In contrast, the fluxionality of 2
results in broad proton resonances.
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Figure A3.6 Low (0 °C, top) and high (80 °C, bottom) temperature *H-NMR spectra of Eu(l11)-
B-EGadMe (2) in D,O. The paramagnetically shifted cyclen protons begin to coalesce at high
temperature.
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Figure A3.7 Low (0 °C, top) and high (80 °C, bottom) temperature *H-NMR spectra of 240 mM
2 in DO with 24 mM NaCO3 added. The presence of 0.1 equivaents of carbonate has little
effect on the *H-NMR spectra (compare to spectrain Figure A3.6).
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Figure A3.8 Ambient temperature(20 °C) *H-NMR spectrum of 240 mM 2 in D,O with 250
mM NaCOs. The addition of a slight stoichiometric excess of carbonateto 2 resultsin a
sharpening of the proton resonances. The absence of resonances at 30-45 ppm and the presence
of sharp resonances at 14-22 ppm suggest that only the TSAP isomer is present under these

conditions.
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Figure A3.9 Low (0 °C, top) and high (80 °C, bottom) temperature *H-NMR spectra of 240 mM

21n DO with 250 mM Na,COs. The sharp resonances observed at |ow temperature coal esce at
high temperature.
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SUMMARY AND FUTURE DIRECTIONS

The hypothesis originally proposed by Urbanczyk-Pearson and coworkers® concerning
the binding of carbonate to -EGadMe and not to a-EGadM e has been supported by laser
luminescence spectroscopy and *H-NMR spectroscopy. A titration of 2 with carbonate exhibited
adistinctive red shift of the excitation maximum, which isindicative of a changein the
coordination environment of europium(lI1). A similar titration of 1 did not result in a shift of the
excitation maximum.

The *H-NMR spectra of the diamagnetic Y (I11) complexes 3 and 4 show that 4 has
greater fluxionality. The *H-NMR spectra of the paramagnetic europium(l11) chelates shows a
similar trend: 1 was well resolved at room temperature while 2 exhibited broad resonances due to
conformational fluxionality on the NMR timescale. Variable temperature NMR revealed the
coal escence of the paramagnetically shifted cyclen axial and equatorial protons at high
temperature. Addition of a dlight stoichiometric excess of carbonate to 2 resulted in a sharpening
of the resonances in the *H-NMR spectrum. These effects support the hypothesis of carbonate
binding to 2. Interestingly, the addition of carbonate causes the macrocycle of 2 to be present
only asthe TSAP isomer. These results are particularly intriguing as the TSAP isomer is most
often found to be present in lesser amounts than the SAP isomer.? Additionally, the TSAP
isomer has been reported to exhibit a faster water exchange rate than the SAP isomer (discussed
in Chapter 1), leading to an increased relaxivity contribution from the TSAP isomer to the
overall observed relaxivity of the contrast agent (discussed in Chapter 1).°

Current efforts include a complete 2D NMR investigation of the structures of 1, 2, 3, and
4, both with and without the addition of carbonate. Analysisof the 2D NMR spectrawill

provide insight into the overall geometry of these chelates.
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It is both astounding and intriguing that the position of a single methyl group can

have such a profound impact on the overall conformation of EGadMe. Furthermore, the addition
of carbonate had a dramatic influence on the conformational fluxionality of B-EGadMe. Clearly,
similar studies are warranted for other chelates in order to understand the delicate mechanisms
which can so greatly influence the relaxivity, and overal utility, of MRI contrast agents. A
thorough investigation of the structures of individual chelates and the influence of exogenous
coordinating anions (carbonate, lactate, citrate, acetate) is necessary for the progression of

activatable MRI contrast agents towards clinically useful products.

EXPERIMENTAL

Synthesis

(R)-(+)-(2-(4,7,10-trismethyl carboxymethyl-(1,4,7,10-tetraazacycl ododecyl)) propan)-1-3-D-
galactose tetraacetate and R-(+)-1-(4,7,10-trismethyl carboxymethyl-(1,4,7,10-
tetraazacyclododecyl))propan-2-3-D-gal actose tetraacetate and their Eu(l11) complexes were
prepared as described by Meade and coworkers.® Y (111) complexes were prepared in an

analogous manner.

Laser Luminescence
Laser luminescence was performed in collaboration with the research group of Professor Janet
Morrow at the University at Buffalo, SUNY. Aqueous sampleswere prepared consisting of 0.5

mM of Eu-complex; 100 mM NaNOs (to control ionic strength); and 20 mM HEPES buffer.
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Titration solutions consisted of 0.5 mM Eu-complex with 1, 5, 10, or 100 uL additions of 200

mM NaHCOs. Spectrawere acquired on a Spectra-Physics Quanta Ray PRO-270-10 Q-switched
Nd: YAG pump laser (10 Hz, 60-70 mJ pulse™) with aMOPO SL. Excitation spectra of the Eu**
’F, — °D, transition were recorded at 0.01 nm increments between 578-581 nm for each
complex. The®Dy — 'F» emission was passed through a 628 nm band-pass filter (Semrock,
model FF01-628/27-25) and focused onto a time-grated photomultiplier tube (Hamamatsu,

model H 7680-01 MQOD).

NMR
NMR spectrawere acquired on a Varian Inova 500 MHz spectrometer using samples dissolved

in D-O.
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APPENDIX |V

SINGLE CRYSTAL X-RAY DIFFRACTION STRUCTURE

OF AMACROCYCLIC SYNTHON
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RESULTSAND DISCUSSION

Crystal Structure of 1,7-bis(tert-butoxycar bonylmethyl)-4,10-big[N-(ter t-
butoxycar bonyl)aminoethyl]-1,4,7,10-tetr aazacyclododecane

The compound presented in the current work is an intermediate synthesized during the
development of the peptide-bridged macrobicyclic structures presented in Appendix I,
Approach #2. The compound was intended to yield a bifunctional chelate (compound 2,
Appendix I1) after selective removal of the Boc protecting groups from the pendant amines
(Scheme A4.1). The selective removal of the Boc groups under acidic conditions could not be
accomplished in appreciable yields due to concomitant removal of the tert-butyl protecting
groups on the pendant acetates. Nevertheless, in an effort to purify the title compound by
recrystallization, crystals of appreciable size were formed. Single crystal X-ray diffraction data
supported formation of the expected product (Figure A4.1 and Table A4.1) and fulfilled the

unofficial Meade laboratory rule which states, “you must have a crystal structure to graduate’.

Ay

X X
N/H_\N/\<o >LOJ2N’\/Br zN,_\N ’ Z m °
0 [ ] ° ! > 0 [ ] e > o [N Nj\g

Vad p—) ﬁségg ’ Vg N‘—’Ni 0 )\\/N\_/Ni

O O

>< 60°C ><

1,7-bis(tert-butoxycarbonylmethyl)-
4,10-bis[N-(tert-butoxycarbonyl)aminoethyl|-
1,4,7,10-tetraazacyclododecane

Scheme A4.1 Synthesis of 1,7-bis(tert-butoxycar bonylmethyl)-4,10-bis[N-(tert-
butoxycar bonyl)aminoethyl]-1,4,7,10-tetr aazacyclododecane
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Figure A4.1 Crystal Structure of 1,7-bis(tert-butoxycar bonylmethyl)-4,10-big[N-(tert-

butoxycar bonyl)aminoethyl]-1,4,7,10-tetr aazacyclododecane (Structure solved by Danielle L.
Gray)
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Enmpirical fornula C34 H66 N6 C8

For mul a wei ght 686. 93

Tenper ature 153(2) K

Wavel engt h 0.71073 A

Crystal system space group Ot horhombic, P

Unit cell dinmensions a = 17.7941(16) A al pha = 90 deg.
b = 9.8056(9) A beta = 90 deg.
c = 22.791(2) A gamma = 90 deg.

Vol ure 3976.6(6) A3

Z, Calcul ated density 4, 1.147 Mg/ m3

Absor ption coefficient 0.081 mMmt-1

F(000) 1504

Crystal size 0.402 x 0.280 x 0.254 mm

Theta range for data collection 1.79 to 28.86 deg.
Limting indices - 24<=h<=23, -12<=k<=13, -29<=|<=31

Refl ections collected / unique 34942 |/ 4979 [R(int) = 0.0421]

Conpl eteness to theta = 28. 86 95.3 %

Absorption correction Nuneri ca

Max. and min. transm ssion 0. 98366 and 0.97116

Ref i nenment net hod Full -matrix | east-squares on F*2

Data / restraints / paraneters 4979 | 0/ 217

Goodness-of -fit on F*2 1. 206

Final R indices [I>2sigma(l)] R1 = 0.0432, wR2 = 0.1072
R indices (all data) R1 = 0.0691, wR2 = 0.1202
Largest diff. peak and hol e 0.269 and -0.230 e. A*-3

Table A4.1 Crystallographic data and structurerefinement for 1,7-bis(tert-
butoxycar bonylmethyl)-4,10-bigN-(tert-butoxycar bonyl)aminoethyl]-1,4,7,10-
tetr aazacyclododecane (Structure solved by Danielle L. Gray)
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EXPERIMENTAL

General experimental details can be found in Chapter 11.
Synthesis

1,7-bis(tert-butoxycar bonylmethyl)-4,10-big N-(ter t-butoxycar bonyl)aminoethyl]-1,4,7,10-
tetr aazacyclododecane

1,7-bis(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane (synthesized according to
literature methods') (1.0250 g, 2.5589 mmol) was dissolved in 15 mL MeCN and placed in a 500
mL 3-neck roundbottom flask with magnetic stirbar and Cs,CO3 (2.5104 g, 7.7049mmol, 3.0
equivalents). N-(tert-butoxycarbonyl)-2-bromo-1-ethylamine (1.2196 g, 5.4424 mmal, 2.1
equivalents) was dissolved in 10 mL MeCN and added dropwise over 5 min while stirring. The
flask was attached to a water-cooled reflux condenser equipped with adrying tube (Drierite) and
placed in a60 °C oilbath. After each 24 hour period of the reaction, N-(tert-butoxycarbonyl)-2-
bromo-1-ethylamine (0.2 equivalents) was added until the reaction was determined complete by
TLC (sllicagel, 1:9:90 saturated KNO3:H,O:MeCN, Pt stain, product Rs = 0.47). The solution
was cooled to room temperature and paper filtered to remove Cs,CO3;. MeCN was removed by
rotary evaporation under reduced pressure to afford the crude product as ayellow oil. The crude
product was dissolved in CH,Cl, and loaded onto asilicagel column. Excess N-(tert-
butoxycarbonyl)-2-bromo-1-ethylamine was el uted with CH,Cl,, followed by a gradient up to
10% MeOH in CH.CI to elute the desired product. Solvents were removed by rotary
evaporation under reduced pressure followed by pumping vacuum overnight to afford the title
compound as awhite crystalline solid which was further purified by recrystallization from
CH.Cl, (1.3071 g, 74% yield). Crystalsfor X-ray diffraction were grown by vapor diffusion

from CDCls.
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ESI-MS: Calc. 686.92; Found positive mode 687.6 (M + H"), 709.6 (M + Na’)

'H NMR (CDCl3): & = 1.4 (s, 36H, t-Bu and N-Boc), 2.4 (t, 4H, CH,CH,NHBoc), 2.6 (br, 8H,
cyclen), 2.8 (br, 8H, cyclen), 3.1 (br, 4H, CH,CH,NHBoc), 3.2 (s, 4H, CH,COOtBu), 6.3 (br,
NH)

3C NMR (CDCly): 5 = 28.4, 28.7, 38.8, 52.5, 53.8, 54.0, 56.2, 78.7, 81.0, 156.3, 170.8
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