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ABSTRACT

The prodrug strategy has been frequently usedchsmaical approach for the
enhancement of certain disadvantages of parensdhughis dissertation, | synthesized
prodrugs of two anti-infective agents, ganciclauid ciprofloxacin, and demonstrated their
potential advantages in targeting and biopharmaydrofiles over the respective parent
compounds. In the first project, it was demonsttdbat four monoester prodrugs of
ganciclovir, N-benzyloxycarbonyl-(L)-alanine-ganonr (CbzAlaGCV), N-
benzyloxycarbonyl«,L)-aminobutyric acid-ganciclovir (CbzAbuGCV), N-etgl-(L)-
phenylalanine-(L)-alanine-ganciclovir (AcPheAlaGCaf)d N-acetyl-(L)-phenylalanine-
(a,L)-aminobutyric acid-ganciclovir (AcPheAbuGCV),udd be hydrolyzed by the human
cytomegalovirus (hCMV) protease, a serine protélagepossesses intrinsic esterase activities.
CbzAlaGCV and AcPheAlaGCV were found to be actidaiea higher rate by the hCMV
protease than CbzAbuGCV and AcPheAbuGCV. Theseiganit prodrugs could
potentially be targeted to selective activatiohi@MV protease. Tissue stability and cellular
uptake of these ganciclovir prodrugs were alsoattarized. The acetylated dipeptide
prodrugs of ganciclovir were generally more stabdn Cbz-amino acid prodrugs in cell
homogenates, plasma and liver microsomes. Amonfptirgorodrug candidates,
AcPheAbuGCV was the most stable one in the uniatetissue matrices and also possessed
a superior cellular uptake profile. Since the tegdeselective activation of a ganciclovir
prodrug is governed by not only its rate of hydsidycatalyzed by hCMV protease but also its
stability in normal tissue matrices as well asaRtent of its cellular uptake, AcPheAbuGCV
was considered the best overall candidate amonfptingyanciclovir prodrugs for further
development.

In another application of the prodrug strategyriteesized ciprofloxacyl-glycine

methyl ester (Cipro-Gly-OMe), an amide prodrug ipfafloxacin, the latter classified as a

XX



Biopharmaceutical Classification System (BCS) clasdrug. Cipro-Gly-OMe displayed a
potentially much higher solubility in the physiologl pH range than ciprofloxacin does.
Furthermore, Cipro-Gly-OMe may also have a high&rstinal permeability at neutral pH
than that of the parent compound. Therefore, thidhg prodrug methodology, a BCS class
IV drug was converted to a potential class | conmabraken together, the versatility of the
prodrug approach makes it an effective and promistrategy for improving the targeting

and biopharmaceutical properties of existing amfegtive drugs.
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CHAPTERI

PREAMBLE: A BRIEF REVIEW ON ESSENTIAL CONCEPTS

Serine Proteases. Classification and Catalytic Mechanisms

Hydrolases are enzymes that catalyze the hydrobysieemical bonds. In the Enzyme
Commission (EC) number classification scheme, Hreycategorized as EC 3 [1]. Proteases
(EC 3.4), also called peptidases or proteinasedhytrolases that catalyze the hydrolysis of
peptide (amide) bonds. They comprise a large gdheohuman proteome, with at least 703
different proteases being identified by the MERQR&base as of February, 2013 [2].
Proteases with known catalytic mechanisms areduclassified by the species at their active
sites into six groups: serine proteases, thregmiokeases, cysteine proteases, aspartate

proteases, glutamic proteases and metalloprot¢zsés

A serine protease (EC 3.4.16 and 3.4.21 [3]) ibéepse with a serine (Ser) residue as
the nucleophile at the protease’s active site. Alnome third of all proteases are serine
proteases [5]. They are known for the well-defiteatalytic triad” that serves as the charge
relay system during the catalytic processes. Th&t cmmmonly observed catalytic triad is
the serine-histidine-aspartic acid (Ser-His-Asmtem, although novel catalytic triads like
Ser-His-Glu and Ser-His-His have also been idetifb, 6]. Of the serine proteases that
utilize the Ser-His-Asp triad, chymotrypsin-likeopeases (family S1 as classified by
MEROPS database) are the most abundant form pfakases; over 684 among all species
[7] and 144 in human [8] has been categorized gsotrypsin-like proteases as of February,
2013.



The catalytic mechanism of the chymotrypsin-likerseproteases has been well-
studied.Figure 1.1 demonstrates the currently accepted mechanisictiohaln the first
phase of the reaction (acylation), the hydroxylugrof the serine residue attacks the carbonyl
group of the substrate, forming a tetrahedral mestiate (Fig. 1.1a,b). The intermediate is
partially stabilized by hydrogen bonding betweem lifstidine and aspartic acid residues. The
leaving group of the substrate is then discharge the intermediate (Fig. 1.1b,c), yielding
an acyl-protease (Fig. 1.1c). The second phadeedfydrolysis reaction is deacylation of the
protease. A water molecule, activated by the histidesidue, attacks the acyl-protease (Fig.
1.1d) and another tetrahedral intermediate is fdriae serine residue is then expelled (Fig.
1.1e) and the carboxylic acid product leaves tiayme’'s pocket as the deacylation process is
completed (Fig. 1.1f).

Many serine proteases also possess catalytic esiagainst ester substrates [5]. For
example, the esterase activities of chymotrypsjraf@ trypsin [10] were published before
the catalytic mechanisms and crystal structureg Weown. It is now known that the
hydrolysis of ester bonds catalyzed by serine ps#e share a similar mechanigfiggre 1.2)
with the hydrolysis of amide bondBiQure 1.1), the only difference being the leaving group
during the formation of acyl-enzyme. Moreover,aslbeen found that esters with the same
substrate sequences are usually more reactivahibarpeptide counterparts. This has been
attributed to the greater intrinsic reactivity bétester bonds [5], as the alcohol leaving group
is more readily discharged from the intermediaig.(E.2b) than an amine group could be. In
summary, the esterase-like activity of serine @sés could thus be utilized for the design of

specific ester compounds that could be hydrolyzethtget serine proteases.
Viral Proteases. Examples and | mportance

One unique biological feature of viruses is thatythnly replicate inside the hosts. For
many viruses, during the synthesis of new viratgwmes a large, inactive precursor protein
is initially translated from the viral mMRNA. Suclpalyprotein requires cleavage by proteases
to release the mature, active forms of viral pregeiWhile many virus species utilize host cell
protease mechanisms for this maturation procesd 3],1plenty of others encode their own

protease sequences in their genomes [14]. Thealepvateases generally have the same



catalytic mechanisms as proteases expressed inyetds [14]. Due to the essential roles of
viral proteases in the life cycles of viruses, fog$unction of these proteases, either natural
or induced by xenobiotics, could lead to disrupiioriral replication and propagation.
Therefore, the proteases of viruses that causertangadiseases are generally well studied;
two examples are the human immunodeficiency vir@idH¥-1) protease and hepatitis C

virus (HCV) protease.

The HIV-1 protease hydrolyzes tkag andPol polyproteins at ten cleavage sites and
is crucial for the maturation of the virion. Itas aspartate protease with the active site amino
acid residue at Asp25 [15]. Its active form is adsoomodimer, with the substrate-binding site
at the dimer interface [15, 16]. An octapeptideusgge, ranging from P4 to P4, is
recognized by the protease [16]. It is generallgepted that during the hydrolysis of peptide
substrates, a tetrahedral intermediate existsastistrate envelope and interacts
noncovalently with the protease [15, 16]. Knowled@isuch catalytic mechanisms has led to
the rational design and development of a numberhobitor compounds. As of 2012, ten
HIV-1 protease inhibitors have been approved byuhiged States Food and Drug
Administration (US FDA): saquinavir, ritonavir, imévir, nelfinavir, amprenavir, lopinavir,
fosamprenavir, atazanavir, tipranavir, darunavthaugh amprenavir was withdrawn from
the market in 2004. These inhibitors generally hmthe protease at affinities of nanomolar
(nM) to picomolar (pM) range [14]. Use of theseibitors is generally combined with other
drugs such as reverse-transcriptase inhibitorsgR®lform a highly active antiretroviral
therapy (HAART).

The hepatitis C virus NS3/4A protease is a chynpsiry-like serine protease with
Serl39 as the amino acid residue at the activg¢lsilelt catalyzes four of the ten cleavages
within the large precursor polyprotein [14]. Thef@ase recognizes a peptide substrate
sequence with ten amino acid residues, thoughtbnde of them are conserved: Cys or Thr
at P1, Ser or Ala at P1’, and Asp or Glu at P6 18], The crystal structure of the HCV
NS3/4A protease was also well studied [19] and tstdadings of the substrate-binding cleft

have enabled the development of several inhibifors of them, telaprevir and boceprevir,



were both approved for use by the US FDA in 20X Xreatment of genotype 1 hepatitis C,

for which the traditional therapy with ribavirirpégylated interferon is less effective [20].

Other important viral proteases with known crystalictures include, but are not
restricted to, the dengue virus NS2B/NS3 protetieerhinovirus 3C protease, the severe
acute respiratory syndrome coronavirus (SARS-Ca¥)gase, the herpes simplex virus-1
(HSV-1) protease, the human cytomegalovirus (hCld\fease and the influenza A virus
PA protease (of which the proteolytic activity i8l sinder debate). The hCMV protease and
influenza A PA protein will be discussed in detailater chapters. Taken together, viral
proteases are important targets for drug developareahit is critical to understand their

structures, especially that around the active aid,substrate recognition patterns.
Biophar maceutics and the Biophar maceutics Classification System (BCS)

Biopharmaceutics is the discipline that studiesitifieences of the physiology of the
route of administration of a drug product, the fatation of the product and chemical and
physical properties of the product’s active pharesgical ingredient (API1) on the absorption,
distribution, metabolism and excretion (ADME) ofdsdrug product [21]. Orally
administered drug products have been particuladly-studied in the context of
biopharmaceutics. Upon intake into the gastroimak{Gl) system, the drug product needs to
dissolve into the fluids within the system and & must then traverse the Gl tract wall in
order to be absorbed into the blood circulationismocess is characterized by the fraction
absorbedK,psor Fy) parameter [22] and the oral bioavailability (B#,F), which is defined
as “the rate and extent to which the active ingnetlis absorbed from a drug product and
becomes available at the site of action” [23]. Galtg speaking, a high fraction absorbed and

bioavailability are desirable for all the immedia¢dease (IR) oral drug products.

Extensive research has been devoted how to thécpliiemical properties of a drug
product and their interactions with the human Gtticould influence the absorption of the
API through the gut walls. For IR solid oral dos&gens, dissolution, aqueous solubility and
intestinal permeability are the three factors #ratconsidered to govern the fraction absorbed
(F4) of the API of a drug product [24, 25]. While disigtion is affected by not only the API



but also the excipients and the manufacturing m®{25], solubility and permeability are the

two properties that are intrinsic to the drug sabsés themselves.

The Biopharmaceutical Classification System, fastiablished by Amidoset al. in
1995, is a rational and scientific framework foe tassification of drug compounds based on
their aqueous solubility and intestinal permeapil26]. According to the BCS, the drug

substances are classified as follows:

» Class I: High solubility, high permeability;
* Class II: Low solubility, high permeability;
» Class lll: High solubility, low permeability;

* Class IV: Low solubility, low permeability.

An APl is considered to have a “high solubility’ii$ highest dose strength is able to
be solubilized in 250 mL aqueous media over thegige of 1 to 7.5 [24]. It is considered
highly permeable if the fraction absorbed numbethisve 90% of the administered dose [24].
A few examples of the BCS include metoprolol, peoymiol and caffeine (BCS class 1);
carbamazepine and ketoprofen (class Il); atenoldi@metidine (class Ill); and amoxicillin
and furosemide (class IV) [27, 28].

Arguably the most significant and important infleerof BCS on the pharmaceutical
industry and regulatory agencies is its incorporatnto the biowaiver extensions for
bioavailability and / or bioequivalence (BE) stwslfer IR solid oral drug products [24, 29]. In
short, sponsors may request biowaivers for an |id soal dosage product with a BCS class |
API that exhibit rapidn vitro dissolution (i.e. >85% of API dissolved within 80n using
standard apparatuses), with a few additional i&ins [24, 29]. While the regulatory
policies and ongoing efforts regarding biowaiver8GS Il and 11l drugs are beyond the
scope of this dissertation, it is apparent thatakesolubility and low permeability for BCS
IV compounds generate significant problems for ttlguaent of effective oral delivery
strategies, since their oral absorption is limibgdoothin vivo dissolution and intestinal
permeation [26]. Therefore, during the pre-clinidasign of new chemical entities (NCES),
for compounds with class IV properties, effortsidlddoe directed to the optimization of its



solubility and / or permeability profiles, with tih@rget being classes Il / Il or, potentially,

class | drug substances.
Prodrugs

The term “pro-drug” was first introduced by Adri@ibert in 1958, as a “substance
that has to be broken down to give the true dr@@].[Currently, a prodrug is defined as a
derivative of a pharmacologically active agent (f@gli) that must undergm vivo enzymatic
and / or chemical transformation(s) to be converteithe active drug, or parent compound
[31]. If a prodrug is formed by covalently linkirsgfunctional group to the parent compound,
such a group is called a promoiety. Not all prodrbgve promoieties; such exceptions,
termed “bioprecursor prodrug”, results from molecuhodifications of the active drug [31].
For example, lovastatin and simvastatin are bahbtime prodrugs containing a lactone ring
[32] and hydrolysis of the cyclic ester within thedrug, catalyzed by enzymes like
carboxylesterase 1 (CES1) [33], yields the actw@pound. Nevertheless, the prodrugs
discussed in this dissertation are restricted és¢iformed by the chemical conjugation of
promoieties to the respective parent compounds.

A conservative estimate placed approximately 7%lldhe currently marketed drugs
as prodrugs [31, 34]. However, as the mechanisnastadn of more existing compounds
become known, this percentage would almost ceythi@lhigher. In recent years, in order to
overcome the various physicochemical and / or laoplaceutical disadvantages of the parent
compounds, the prodrug strategy has been incrdgsitiiged in rational drug designs. Three
of the major properties of the drug substancesanga by these prodrugs are aqueous

solubility, intestinal permeability and site-diredtdelivery [31, 34, 35].
Prodrugsfor Improvement of Aqueous Solubility

Drugs with poor water solubility present problerostioth parenteral and oral
delivery [35, 36]. For parenteral formulations, lowrinsic aqueous solubility limits the
concentration of APl within the dosage and alsdagcause physicochemical instability such
as spontaneous precipitation. As for oral delivémg, rate of absorption, and thus
bioavailability, of the drug product is hamperedtbg slow dissolution of the API in the gut



lumen, especially when the dose is relatively laAgthough numerous formulation
approaches such as solubilizing excipients and@attations could alleviate these problems
to a certain degree, prodrugs often offer a bettance of enhancing the innate solubility
because of the covalent nature of the chemical ficatdon [36].

Most of the prodrugs for improving the aqueous isitity involve promoieties of a
polar nature. These prodrugs are mostly ester ateaderivatives of their parent compounds
and the promoieties are usually charged at nepitta [31, 36]. Phosphate is a very
commonly used ionizable promoiety for such purpoBes example, fosphenytoin, a
phosphate ester of the poorly soluble anticonviildeug phenytoin (aqueous solubility 20-25
pg/mL), exhibits a more than 5,000-fold increassatubility at around 140 mg/mL [37]. The
prodrug is also readily convertauvivo by alkaline phosphatases to phenytoin followirgy th
parenteral administration [38]. For orally deliveénqgrodrugs, one example is fosamprenauvir,
which is the phosphate ester of amprenavif-generation HIV-1 protease inhibitor.
Fosamprenavir demonstrated a 10-fold increaselubgity and comparable or higher
intestinal permeability relative to those of thegra compound [39]. As a result, the dosing
regimen for fosamprenavir has been adjusted todfalfat of amprenavir, leading to
improved patient compliance [40]. Fosamprenavals® rapidly hydrolyzed by alkaline
phosphatases expressed in the cells of the gu{3®&lI40]. In addition to phosphate, other
promoieties that have been researched on for innpg@olubility include hemisuccinate [41]
and amino acyl [36]. These prodrugs achieve vargegyees of success in increasing the
aqueous solubility, but for some of them the retdsi slow conversion to parent compounds
may pose a problem in terms of the longer duratguired to reach their therapeutic indices
[36].

Prodrugsfor mprovement of Intestinal Permeability

The clinical use of many pharmaceutical compousddso hampered by their low
permeability across the gastrointestinal tractsTdiien results from the presence of polar
chemical groups within the compounds such as hydiraxine, carboxyl and phosphate
groups [31, 35]. In prodrug designs, promoietiesthus frequently employed to “mask”

some of these groups. Improvement of permeabifithese prodrugs could generally be



attributed to either enhanced passive absorpti@ugn the Gl tract or carrier-mediated

transport.

Achieving better passive intestinal absorption blgancing lipophilicity is a
frequently employed prodrug strategy. Successtelreamide, carbamate or phosphonate
prodrugs created by masking the respective polamnizable group within the parent drug
could greatly increase the compound’s lipophilisitiyile not appreciably sacrificing their
agueous solubility [42]. These prodrugs exhibitéased passive diffusion across the Gl tract
wall and are generally readily converted to thevadiorms by tissue hydrolases [35]. As an
example, tenofovir, a reverse transcriptase inil{RT1) for treatment of HIV-1 infections,
has oral bioavailability of less than 5%. Tenofalisoproxil, a bis-carbonate ester prodrug of
tenofovir, is able to increase the oral BA to apjraately 39% [43]. Other well-characterized
examples include famciclovir, adefovir dipivoxilcinseltamivir, all possessing increased
lipophilicity and markedly improved oral bioavailaty over their respective parent

compounds, penciclovir, adefovir and oseltamiviboaylate [31, 35, 42].

As another mechanism to enhance intestinal absorgtie carrier-mediated transport
of prodrugs has been extensively utilized and mebeda since the late 1990s when the
functions, structural characteristics and subspatéerences of transporter proteins in the
intestine started to be elucidated [44, 45]. Ofipalar importance is the human peptide
transporter 1 (PEPT1,; also known as solute cafararly 15 member 1, SLC15A1) which is
expressed on the brush border membrane of thes#ipltbells lining the intestinal wall.
While its native function is to facilitate the tsport of di- and tripeptides produced from the
digestion of dietary proteins, PEPT1 has been sg&eul to also transport a wide array of
xenobiotics such g&lactams [46] and bestatin [47]. These compounidsoaltain peptide
bonds within their structures and are considerguigg@mimetics. As a result of these
discoveries, a great number of prodrugs have besigmed with promoieties being amino
acyls or short peptidyls so that their transporboss the Gl wall could potentially be
facilitated by PEPT1.

One of the best-known examples for such PEPT 1{i@ated prodrugs is valacyclovir,

the (L)-valine ester for the anti-HSV drug acyclogtructures shown iRigure 1.3).



Acyclovir itself is poorly absorbed in the Gl traits oral bioavailability is 10% - 30% [48].

In contrast, valacyclovir is more than 10 times enpermeable than acyclovir in Caco-2 cells
settings [49] and more soluble in water as well.[#& a result, valacyclovir is more than 60%
absorbed when given orally [50]. The increased peafiity of valacylovir has been

definitively attributed to PEPT1-facilitated tramgpby transfection and kinetic inhibition
studies [49, 51]. The prodrug is rapidly hydrolyzedicyclovir by biphenyl hydrolase-like
serine hydrolase (BPHL, also known as valacyloey88ACVase) [52, 53], which is
abundantly expressed in the intestine and liveravkige first-pass metabolism of

valacyclovir is likely to occur.

In summary, for pharmaceutical substances withrgpiaups, the prodrug strategy
could be exploited to either increase its lipogiityi for passive transport, or generate a
molecule transported by intestinal carriers. Sushraegy could potentially increase the
fraction absorbedH}) and, therefore, oral bioavailability of the pgoabsorbed drug

substances.
Targeted Prodrug Strategy

The ultimate goal of drug delivery is to achieve sielectivity, that is, the delivery of
a therapeutic agent specifically to the site(s dfsease while minimizing the activity of the
drug in organs and tissues not inflicted by sastdse. Several promising strategies related to
the prodrug concept are being exploited to addtesshallenge. These strategies could
generally be categorized with respect to theirgangolecules, i.e. tissue-specific transporters,

surface antigens and disease-specific enzymes [35].

Prodrugs targeted to tissue-specific transporterslidferent from those designed for
carrier-mediated transport in that these transpoege not expressed in the Gl tract but
elsewhere in the body. One well-known examplevsdepa, a prodrug of dopamine.
Levodopa is transported across the blood-braindsg8BBB) by large neutral amino acid
transporter 1 (LAT1) at the BBB [54]. It is thencaeboxylated by amino acid decarboxylases
within the brain [55] to yield dopamine, which isable to traverse out of the brain via the
BBB because of its hydrophilic nature [54]. Thi®sequent “trapping” thus completes the
targeting process for levodopa.



A second targeted prodrug scheme takes advantageoific antigens expressed on
the surfaces of target tissues, the majority afntfseing tumor cells. The resulting prodrugs
are the so-called antibody-drug conjugates (AD{Dskhich case the “promoiety” is an
antibody that recognizes a cancer cell surfacgantand the parent compound an antitumor
agent. As of February 2013, the only marketed ABGrentuximab vedotin which has been
approved for the treatment of anasplastic largeyeaphoma (ALCL) and Hodgkin’s
lymphoma (HL) [56]. It consists of brentuximab, amoclonal antibody that recognizes and
binds to the CD30 biomarker protein on ALCL and lhd monomethyl auristatin E
(MMAE or vedotin), a potent chemotherapeutic [58] &onjugated to the antibody by a short
peptide linker [58]. After the ADC binds to the CbBositive cells, it is internalized and the
peptide linker is cleaved by endosomal proteasels asl cathepsin B, releasing MMAE into
the cytoplasm where it exerts its pharmacologitfakces [58]. In addition to brentuximab
vedotin, other well-known ADCs include gemtuzumabgamicin (FDA-approved but later

withdrawn from market) and trastuzumab emtasingf(iase Il clinical trials) [59].

Disease-specific enzymes represent another progrisiget group for site-specific
prodrug delivery and activation. In particular, {@ases have been the subject of extensive
research for their potential to specifically actevarodrugs with peptide substrate sequence as
promoieties [60, 61]. In principle, when such adotg is deliveredn vivo, the active
therapeutic will be selectively enriched at siteprotease expression and thus greater
efficacy is achieved; at the same time, relatiVigdle or no active drug substance should be
formed where the target protease is absent. leanter research, such a pro-compound is
referred to as a “tumor-activated prodrug” (TAPheTdevelopment of TAPs has centered on
certain proteases that are specifically upregulatedmor tissues, including prolidase [62-65],
legumain [66, 67], prostate-specific antigen (P§8), 69] and the matrix metalloproteinase
(MMP) family [70-72]. In a 2006 study, Wt al. showed that the peptide-coupled prodrug
LEG-3 (N-succinyl$-alanyl-(L)-alanyl-(L)-asparaginyl-(L)-leucyl-doxabicin) completely
obliterates the growth of diverse multidrug-resisi@nd legumain-expressing tumans/ivo
without systemic toxicity such as myelosuppres$&. In studies published in 2007, Mittal
et al. demonstrated that the bioconversion and cytottyxad (L)-prophalan, the (L)-proline
prodrug of mephalan, is highly correlated to thpregsion of prolidase in cancer cells and

10



that the prodrug displays reduced toxicity as @slhigher anti-tumor efficacy when
administeredn vivo to mouse models [62, 63]. Non-tumor-specific enzyiilee puromycin-
sensitive aminopeptidase (also PSA) have also messarched for their roles on targeted
prodrug activation [73]. These results demonsttzéin pre-clinical studies, prodrugs with
amino acids or peptides as promoieties could pialnachieve the goal of selective

targeting as well as decreased systemic adversgseve

Viral proteases serve as unique types of enzymdbédargeted prodrug strategy
because viruses are exogenic species and, inpenthne viral proteases are only expressed
at the infected tissues or cells. Therefore, anpevith a specifically designed peptide as
promoiety could hypothetically be activated by ihranfected locales. Three crucial factors
affect the viral protease-targeted prodrug stratéggt, a drug substance against the virus
must exist and it cannot be an inhibitor of thetpase. Second, the efficiency of the viral
protease against the peptide substrate to be ioigu as promoiety needs to be efficient, i.e.
a relatively highk.o:/ Kiy value in Michaelis-Menten kinetics. Third, the gnog must be
relatively stable in non-infected tissues; otheentscannot reach the target sites without
being largely degraded by non-specific enzymesummary, if a prodrug candidate could
meet these three prerequisites, it could be p#atigypromising forin vivo tests and

subsequent clinical development [61].
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Figure 1.1. Reaction mechanism for the hydrolysis of a peptidnd catalyzed by a typical
serine protease. This figure is created with Che@Baw Ultra 12.0, as an adaptation of Fig.
8-19 from [74].
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CHAPTERIII

CHARACTERIZATION OF THE ESTERASE ACTIVITIESOF HUMAN
CYTOMEGALOVIRUSPROTEASE A143S

SUMMARY

The human cytomegalovirus (hCMV) infects a highcpetage of the population and
could cause serious, life-threatening diseasasimunocompromised patients. The hCMV
protease, a serine protease encoded by the vinahge plays an important role in the
maturation of the virion. The crystal structuretatygtic mechanism, substrate preferences and
in vitro proteolytic reaction conditions for the hCMV prase have all been well studied.
Hypothetically, serine proteases like the hCMV pasie could also exhibit hydrolytic
activities toward ester substrates. In this chaptexpressed and purified the relatively stable
mutant of hCMV protease (A143S) and then charaxdrits esterase activities against an
array of N-terminally protected (L)-amino ageehitrophenol esters. It was discovered that
some of those ester substrates could be prefdigiyalrolyzed by hCMV protease A143S.
The preference at the Position of the ester substrate was alanine (Al@,L)-aminobutyric
acid (Abu) = glycine (Gly) > methionine (Met) > althers, and at the N-terminal protecting
group, benzyloxycarbonyl (Cbz) > butyloxycarborgb€). These results demonstrated the
esterase activity of hCMV protease against selecmall molecular esters and this
knowledge would be used in designing the prom@aifeester prodrugs for targeted

activation by the hCMV protease.
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BACKGROUND
Human Cytomegalovirus (hCMV): Relevant | nfections and Diseases

The human cytomegalovirus (hCMV; species name humegpesvirus 5, HHV-5)
belongs to thélerpesviridae family andbetaherpesvirinae subfamily of known viruses [1]. It
was first named in 1957 by Wellerral. after frequent observations of enlarged fibrablas
cells infected with this virus [2]. It has beeniestted that hCMV infects on average over 58%
of all individuals over 6 years old in the Unitethtes as determined by a study that employed
serological testing of hCMV-specific immunoglobifrom over 21,000 individuals [3]. The
same study also shows that the percentage of ihdaimn infected with hCMV steadily
increases with age, from around 36% in 6-11 yediaimans to over 90% in 80 year-olds [3].
Congenital infection is an important route for @MV infection in newborns [4]; after
childbirth the virus is primarily transmitted byxsgl contact and via other bodily fluids such

as transfused blood and breast milk [5].

In most immunocompetent individuals, hCMV causes deert symptoms following
the primary infection [6]. However, it has beenabsished that hCMV is able to achieve
latent infections of leukocytes with myeloid lineag@specially monocytes, and the bone
marrow is one of the latent reservoirs for the ¥ift, 8]. In healthy subjects, the period of
viral latency is usually asymptomatic. However, whiee infected subject becomes
immunosuppressed or immunocompromised, hCMV imigtes readily reactivated and
enters the lytic cycle, causing severe, sometiraed, finfections [6, 9]. In solid organ and
bone marrow transplant recipients, organs anddgsthat could be infected by hCMV include
lung (pneumonitis), retina (retinitis) and the emgastrointestinal tract (esophagitis, gastritis
and colitis) [9]. For high-risk recipients (hCMV-g@tive patients receiving transplants from
hCMV-positive donors) without prophylaxis, up to¥3nay develop infectious
complications caused by hCMV; hCMV has also beemshto be a probable cause for acute
graft rejections [10]. For acquired immunodeficigsgndrome (AIDS) patients, up to 90% of
them may develop hCMV-related diseases from oppdatia infections [9]. HCMV retinitis
is the most commonly observed hCMV-related infectiopatients with AIDS (up to 40%);

21



hCMV-encephalitis, pneumonitis, adrenalitis andi@tt infections are also frequently

encountered [9, 11].
Introduction to the Human Cytomegalovirus Protease

The human cytomegalovirus has a double-stranded D&wme with a size of
approximately 235 kilobase pairs (kbp) that enaggléo 232 open reading frame (ORF)
sequences that could potentially be translatedrakproteins [6]. Most of the hCMV ORFs
are typically given the standardized names of “GL™*US” followed by a designated

alphanumeric code, of which UL and US refer toltheand U domains within the genome

[6].

The human cytomegalovirus protease (hCMV protegse,known as hCMV
assemblin) exert crucial roles during the assemabhewly synthesized virion: it degrades
internal scaffolding proteins from the procapsiijg aiding the maturation of the capsid for
successful viral DNA incorporation [12]. The hCMYopease is encoded within the UL80
ORF of the viral genome. During the viral proteymthesis, the hCMV protease is translated
from ULB0 ORF first as a precursor protein, witt8#mino acid residues. The precursor
protein has proteolytic activity: it first cleaviself at the “maturational site” (M-site) of
alanine 643 near the C terminus, then undergoepianieolysis again at Ala256 (“release
site”, R-site) [13]. The N-terminal product, sonme#is called Bl is the mature hCMV
protease and cleavages at both the M- and R-sgagquired for viral infectivity [14].
Another “internal cleavage” site (“I-site”) for aproteolysis has also been discovered within
the mature protease at Alal43. It has been sughtsieautoproteolysis at the I-site may be
involved in the regulation of hCMV protease by tis [12, 15]. The resulting two
fragments from the autoproteolysis somewhat rdtarcatalytic activities of the hCMV
protease [16]. Nevertheless, for the sake of umityrand purity, it has been a general
practice in biochemical studies to mutate Alal48tteer amino acid residues like glutamine
(Q), serine (S), threonine (T) or valine (V) whée protease is to be overexpressed. As an
example, the A143S mutant of hCMV protease is digits more stable than the wild type
protease but retains similar proteolytic activitassthe wild type [16].
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The mature hCMV protease has 256 amino acid residné a molecular weight of
around 28 kilodaltons. The crystal structure of RCptotease has been determined at various
resolutions [17-21] and it was discovered that hCptbtease is a serine protease, its catalytic
triad being Ser 132, His 63 and His 157. Although ts different from the typical Ser-His-

Asp catalytic triads of most serine proteasesrelaive spatial positions of the catalytic triad
of hCMV protease are especially similar to thoséhefchymotrypsin-like proteases [17],
suggesting that hnCMV protease indeed preservessibential components for a typical serine
protease. Interestingly, commonly used covalenhsgrotease inhibitors such as
phenylmethylsulfonyl fluoride (PMSF) and tosyllemeichloromethyl ketone (TLCK) are not
good inhibitors for the hCMV protease [22], indiogtthat its active site is still distinct from
other serine proteases. The hCMV protease wadalsal to exhibit monomer-dimer
equilibrium in solution and that its dimerizatianassential for the proteolytic activities [23,
24]. Inin vitro studies with purified hCMV protease, factors Iikgh glycerol content, high
ionic strength and a temperature of 30°C (in comsparto other temperatures) could all
facilitate the dimerization of hCMV protease, tlgueatly increasing its proteolytic activity
[24-26].

The substrates and their recognition by the hCMMegase have also been well
defined. Structural insights have demonstratedtttehCMV protease has a relatively small
S, pocket, which only allowsRamino acid residues with a relatively small silain [20,

21]. Alanine is the natural and preferred amina aesidue at the;fosition. The side chains
at the B and R positions could be more variable because thejaareg away from the S
and S substrate-binding pockets [20]. The@cket of the protease is relatively more
spacious than;Sand can tolerate various sizes of side chainthR position [20]. Such
structure-activity relationship (SAR) studies hée@ to the development of several potent

experimental inhibitors, some of them havingd€of lower than 50 nM [21].
Potential Esterase Activities of the Human Cytomegalovirus Protease

In theory, the hCMV protease should only be presettte virally infected tissue and
cells. This makes the hCMV protease a potentigktagnzyme for the activation of site-

directed anti-hCMV prodrugs. As detailed in Chapteserine proteases could possess
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inherent esterase activities toward peptidyl estétts specific substrate sequences. The
hCMV protease, with its catalytic triad alignedaisimilar fashion to chymotrypsin-like
proteases, could likely harbor esterase-like d@awias well. Identification of its esterase
functions, especially substrate preferences, wilttucial for the design of hCMV-activated
ester prodrugs with said substrates as promoiétiesther reason for characterization for
hCMV protease’s esterase activity stems from theribal structures of currently used anti-
CMV medications, including ganciclovir, foscarnetofovir and acyclovir [27]. All four
drugs have one or more hydroxyl groups, thus ma#tevgelopment of ester prodrugs (as

opposed to amides or others) of these compounatgical choice.

The carboxylic esters @knitrophenol have long been used for charactedmnatf the
substrate preference of esterases and proteages[#8s chapter | planned to first
overexpress and purify a stable mutated hCMV peeatenen to test its esterase activities
toward a library op-nitrophenyl carboxylic esters. | aim to define fiveference of ester
substrates of hCMV protease at theaRd (less so)positions so that these substrate

sequences could be used as promoieties for théogenent of activatable prodrugs.
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MATERIALSAND METHODS
Materials

The plasmid pET29b-hCMVP(A143S)-Hiwas a generous gift from Dr. Hairat Sabit.
Escherichia coli strain BL21(DE3)-RIPL was purchased from Strataganta Clara, CA).
Kanamycin powder and agar were purchased from Fistientific (Pittsburgh, PA).
Isopropylp-D-1-thiogalactopyranoside (IPTG), Triton X-100 dgslozyme powder were
purchased from Sigma Aldrich (St. Louis, MO). Denlgnuclease (DNase) was purchased
from New England Biolabs (Ipswich, MA). NiNTA agarose resins were purchased from
Qiagen (Gaithersburg, MD). Terrific Broth and Tgkycine minigels used for sodium
dodecyl sulfate polyacrylamide gel electrophoréSIBS-PAGE) were purchased from
Invitrogen (Grand Island, NY). Bicinchoninic acil@8@A) assay kits and Krypton staining kits
were purchased from Pierce (Rockford, IL). PD-18adttng columns were purchased from
GE Healthcare Life Sciences (Piscataway, NJ).AdINkert-butyloxycarbonyl-amino acig-
nitrophenyl esters and-benzyloxycarbonyl-amino acigHnitrophenyl esters were purchased

from Chem-Impex (Wood Dale, IL).
Expression of hCMV Protease A143S by Escherichia coli

E. coli strain BL21(DE3)-RIPL transformed with the plasrp@ET29b-
hCMVP(A143S)-Hig was grown in Terrific Broth (TB) medium with 30 fng- kanamycin.
To induce the expression of h\CMVP A143SEircoli, a final concentration of 0.3 mM IPTG
was added and the culture is shaken at 220 rpng 86°5 hours. The culture was then
cooled down on ice and the bacterial pellets ctlgby centrifugation of the culture at
7,000xg at 4°C for 20 min.

Purification and Detection of hCMV Protease A143S

The aforementioneH. coli pellets were resuspended in wash buffer (50 mMJR&l
300 mM NacCl, 20 mM imidazole, pH 8.0) containinghgy/mL lysozyme, 0.01% DNase and
1% Triton X-100. The mixture was then sonicated eentrifuged. The cleared supernatant
was incubated with pre-equilibrated®NNTA agarose resin at 4°C for 90 min. The resins
were then washed three times with wash buffer had wash buffer containing 400 mM
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imidazole was used to elute the ¢diagged protein from the resins. The eluate wasquhs
through a desalting PD-10 column for the removaaidfs and eluted with protein storage
buffer (20 mM Tris-HCI, 0.2 mM EDTA, 100 mM NaCl,iM dithiothreitol, pH 7.9 at
25°C). The final eluate was aliquoted and frozef8@tC before use. Quantification of
protein concentrations was achieved with BCA assHys expression of hCMV protease
A143S is detected by Krypton staining of an SDS-EARIs-glycine minigel (4-20%, 1.5
mm, 10-well) loaded with eluate samples, which wiasalized on a Typhoon 9200 scanner
at excitation / emission wavelengths of 525 / 580 Band intensities were quantified using

ImageQuant version 5.0.
Hydrolysis of Substrates Catalyzed by hCMV Protease A143S

N-tert-butyloxycarbonyl-(L)-amino acig-nitrophenyl esters (Boc-XAA-ONp, XAA:
Abu, Ala, Asn, Gly, lle, Leu, Met, Phe, Pro, TrpalyandN-benzyloxycarbonyl-(L)-amino
acidp-nitrophenyl esters (Cbz-XAA-ONp, XAA: Ala, norlene (Nle)) substrates (structures
shown inFigures 2.1 and 2.2) at 50uM final concentrations were added to reaction bsffe
(50 mM Tris, pH 7.6 at 25 °C, with 0.5 M p80O, and 10% glycerol) with or without 10
ug/mL hCMV protease A143S. The reactions were intetat 30°C for one hour, during
which time absorptions at 405 nm (A405) were pecalty read and recorded by a Biotek
Synergy HT plate reader for the quantificationrasd telease gb-nitrophenol p-NP) from
their respective ester compounésgire 2.3).

Data Analysis

An A405 vs.p-nitrophenol polynomial standard curve was genedratel
concentrations gb-NP in substrate hydrolysis samples were calculfxted their respective
A405 values. To determine the amounts of hydrolyaduktrates catalyzed by the protease,
the concentrations @ENP released by a substrate in blank buffer webéraated from that of
the same substrate in hCMVP A143S-containing buffee percentage hydrolyzed for
different substrates at 10 min after the initiatadrihe reactions were compared with others
using one-way analysis of variance (ANOVA) wiibst-hoc Tukey’s multiple comparison

tests. The statistical analysis was performed GittphPad Prism (v5.0).
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RESULTS
Expression and Purification of hCMV Protease A143S

The protease was expressed relatively robustly ooli; the final yield, as quantified
by BCA assays, was approximately 13 mg from 500afacterial culture. As shown in
Figure 2.4, the prepared protease was also highly pure veastdetermined that the prepared
batch of hCMV protease A143S had a minimum purit9X96 (mass ratio).

Hydrolysis of Ester Substrates Catalyzed by hCMV Protease A143S

The hCMV protease displays differential preferertoggard thep-nitrophenyl ester
substrates tested. 8 of the 13 substrates testedmdtrated no catalytic hydrolysis by
hCMVP compared to buffer: Boc-Asn-ONp, Boc-lle-ONBmc-Leu-ONp, Boc-Phe-ONp,
Boc-Pro-ONp, Boc-Trp-ONp, Boc-Val-ONp and Cbz-NI& Of the five that did display
enzymatic hydrolysisHigure 2.5), Cbz-Ala-ONp generated the m@shitrophenol at 10 min,
almost 60% more than Boc-Ala-ONp, which releasedsicond highest amount. This clearly
showed the effects of the “protecting group” of shstrates on their affinity to the protease.
Boc-Abu-ONp, an ester containing the unnatural anaicid ¢,L)-aminobutyric acid, and
Boc-Gly-ONp, could also be hydrolyzed by hCMV pie, though the extent of hydrolysis
is approximately 27% and 33% less than Boc-Ala-Ofdppectively. This observation
reaffirmed that Ala is the preferred amino acidaposition. In addition, Boc-Met-ONp
could also be hydrolyzed by the protease, albeitrate much slower than the other four. In
summary, within a limited scope this screening gtdéntified hCMV protease’s preference
of specific components comprising the ester sutestyavith benzyloxycarbonyl (Cbz) over
butyloxy (Boc) at the N-terminus protecting groumgaat the Pposition, Ala over Abu, Gly

and all others tested.
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DISCUSSION

In this study | was able to express and purify fioewterial cultures C-terminally
Hiss-tagged hCMV protease A143S and the resulting bedalains said protease at a
relatively high purity. | also managed to discoaed quantitatively compare hCMVP
Al143S’s esterase activities toward several proteateino acids-nitrophenol substrates. This
knowledge would be directly used in subsequentyesof prodrugs that could be activated
by hCMVP.

The purity of the hCMV protease A143S in the fiahlate is relatively high (~91%),
as determined by quantification of fluorescencensities of bands in the Krypton-stained
SDS-PAGE gel. Although measures had been takenrtinme protein degradation (such as
shortening the total time spent on the purificappoocess and performing almost all
procedures at 4°C), autoproteolysis products ohtbslV protease A143S were still
observed. IrFig. 2.4, the two bands located slightly above the 15-kDk&acorrespond to
the 16- and 17-kD autoproteolytic products from phedicted internal cleavage at Alal43 of
the 33-kD hCMV(A143S)-Higprotein [12]. The total amounts of these prodaces
relatively small (4.8%). Although previous studieported that these products retain some
degrees of proteolytic activity [12, 16], they wotill be regarded to as impurities in all

subsequent studies.

Previous reports have shown that the dimerizatfdrCd1V protease is required for
its proteolytic activity and influenced by factdilee glycerol content, ionic strength and
temperature [24-26]. Therefore, 0.5 MJS&, and 10% glycerol were supplemented into the
reaction buffer and reactions were also performe02C, all these measures aiming at
enhancing the dimerization of hCMV protease A1486& thus its activity in then vitro
environment. This condition would also be useduibsequent studies of prodrug activation
by hCMV protease A143S in Chapter Ill.

Thep-nitrophenyl esters have long been used to charaetenzymes’ esterase
activities due to their high reactivity [28]. Iniostudy, it was observed that almost all phe
nitrophenyl esters tested could undergo some dedrapontaneous hydrolysis in the (blank)
buffer (50 mM Tris, pH 7.6 at 25 °C, with 0.5 M §0, and 10% glycerol). Their rates of
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chemical hydrolysis were also vastly different: lgtsome of them, such as Boc-lle-ONp and
Boc-Pro-ONp, were relatively stable in buffer (< D¥drolyzed in buffer at 1 h), a few others
like Boc-Asn-ONp were found to be very labile (394 Giydrolyzed in buffer in less than 2
min), thus making them unsuitable for screeningaAssult, at all the time points, the
amounts op-nitrophenol generated by hCMVP catalysis had tddréved from amounts of
p-Np in hCMVP plus buffer subtracted by those it jugffer. Using Boc-Abu-ONp as a
representative of substrates, its spontaneous lygtk@nd release @Np over a period of

45 min is shown irrigure 2.6.

The high reactivity op-nitrophenyl esters in both buffer and hCMVP-conitag
systems also caused an unexpected problem: tred fbiirst” of the reactions was so rapid
that it could not be captured. As a result, thégored parameter to characterize hydrolysis
kinetics, the initial ratevp), could not be accurately determined. Insteadhttaolysis
percentage at 10 min was used as a surrogate Ileegiings point sufficient amounts of
substrates have been hydrolyzed and none hadaaieaé the “plateau”. This percentage is
proportional to the average rate of hydrolysis withe first 10 min and could reflect the

protease’s efficiency in catalyzing the breakdowesiers.

Eventually, | discovered several preferences of MJibtease toward the
components of the ester substrates. At thedBition, alanine, with a methyl on the side chain
is preferred overo,L)-aminobutyric acid (ethyl side chain), glycimeo(side chain) and
methionine (methylthioethyl side chain). This findicould be explained by previous
structure-activity relationship (SAR) studies [20he S pocket of the protease was found to
be small and could only tolerate methyl and (tessér degree) ethyl groups asiéde chains
[20], or no side chain at all in the case of glgcifihat Boc-Met-ONp was slowly hydrolyzed
in buffer systems with hCMVP was surprising becatsgesize of methionine’s side chain is,
in theory, too large to fit in the;Pocket of the protease. It was also observedahaiher
substrate with structural similarity af,Zbz-Nle-ONp Fig. 2.2), could not be hydrolyzed at
all by the protease. Therefore this may suggestengially new mechanism of hCMVP-
mediated catalysis. More SAR studies could be @dwut to further probe into this

phenomenon.
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The comparison betwedert-butyloxy carbonyl (Boc) and benzyloxycarbonyl (Ebz
at the N-terminal protecting group of thaitrophenyl ester substrates was also made and
Cbz was found to be preferred over Boc by the hQiiMease. The position of the protecting
group within the substrates corresponds to th&t@f amino acid residue. Therefore, this
knowledge could be translated to the design of pieties of prodrugs: If aN-protected
amino acid is to be used as the promoiety, theeptioig group should be Cbz rather than Boc;
or, in the case of a dipeptide prodrug, thefino acid residue should have a side chain that
resembles the structure of Cbz instead of thatoaf B

30



CONCLUSIONS

The human cytomegalovirus (hCMV) protease Al43Samiypossesses inherent
vitro esterase activities toward certain substrategiditally protected (L)-amino acig-
nitrophenol esters. The preference at thpdaition of the ester substrate was found to be
alanine (Ala) > ¢,L)-aminobutyric acid (Abu) = glycine (Gly) > metnine (Met). At the N-
terminal protecting group, benzyloxycarbonyl (Clszpreferred over butyloxycarbonyl (Boc).
These findings would be utilized for the designgadmoieties of ester prodrugs that could

potentially be hydrolytically activated by the hCMWotease.
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Figure 2.1. Chemical structures &-tert-butyloxycarbonyl-(L)-amino acig-nitrophenyl
esters (Boc-XAA-ONp). (1) Boc-Abu-ONp, Abur)éaminobutyric acid; (2) Boc-Ala-ONp;
(3) Boc-Asn-ONp; (4) Boc-Gly-ONp; (5) Boc-lle-ONfB) Boc-Leu-ONp; (7) Boc-Met-ONp;
(8) Boc-Phe-ONp; (9) Boc-Pro-ONp; (10) Boc-Trp-ONpl) Boc-Val-ONp. All amino acid
residues are (L)-isomers.
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Figure 2.2. Chemical structures &§-benzyloxycarbonyl-(L)-amino acig-nitrophenyl esters
(Cbz-XAA-ONp). (1) Cbhz-Ala-ONp; (2) Cbz-Nle-ONp, &tlnorleucine.
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Figure 2.3. Hydrolysis of Boc-XAA-ONp (1) and Chz-XAA-ONp (2)n aqueous solutions
and under favorable conditions and in the presehcertain esterases and proteases, Boc-
XAA-ONp and Chz-XAA-ONp substrates could be catiabfly hydrolyzed to releage
nitrophenol and Boc-XAA-OH and Chz-XAA-OH carboxylkcids, respectively. The
concentration op-nitrophenol could be quantified from spectrophogtmy absorbance
readings at 405 nm.
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Figure 2.4. Representative Tris-glycine gel of purified §fiagged hCMV protease A143S
stained with Krypton®. The protein samples loadetb@ 4%-20% Tris-glycine (1.5mm, 10
wells) minigel and electrophoresis was performe8GamA for 120 min. Krypton staining

was performed for 1 h and the minigel was de-sthowernight. The minigel was then
scanned on a Typhoon 9200 variable mode scanrtectohg fluorescence emission at 580
nm. Lane 1 (L1): 200 ng Novex Sharp unstained lgdd® 20 pL flowthrough after second
wash of the protein-bound RiNTA resin; L3 — L8: 300, 400, 500, 600, 700 an® T final
eluate from the PD-10 column. Arrow shows the bainidiss-tagged hCMV protease A143S
(33 kD). The intensity of each band was quantibgdmageQuant software v5.0 and average
purity of the 33kD main band was calculated amoBdHrough L8.
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Figure 2.5. The percentages of 50 yihitrophenyl ester substrates hydrolyzed by hCMV
protease A143S at the 10-min time point. Enzymatactions were carried out in a 96-well
plate setting. Following periodic shaking, A405eaich well was read and recorded by a
Biotek Synergy HT plate reader. Concentrationg-nitrophenol p-Np) were calculated from
a second-degree polynomial standard curve fittedplmt of measured A405 vysNp
concentrations at 0, 10, 20, 35 and 50 uM. Conagafrs ofp-NP generated by hCMVP-
catalyzed hydrolysis are derived frggeNP concentrations in wells with hCMVP subtracting
by corresponding negative control wells with themeaubstrate but without hCMVP.
Percentages hydrolyzed were calculated fpaNp concentrations divided by 50 uM. Only
those substrates with significant hCMV-catalyzedrblysis were included in this graph. n
=3 for all substrates; error bars represent SEMe Way analysis of variance (ANOVA) with
post-hoc Tukey’s tests was employed for statistical congmars among the five substrates.
NS, not significant; ***,p < 0.001.
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Figure 2.6. The time course of A405 readings from Boc-Abu-QNpither buffer or buffer
with hCMV protease A143S. “Difference” is calculdteom subtraction of A405 in buffer
from A405 in hCMV + buffer at each time point. n f8 all time points; error bars represent
standard deviations.
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CHAPTER IlI

MONOESTER PRODRUGS OF GANCICLOVIR: TARGETED PROTEOL YTIC
ACTIVATION AND TISSUE STABILITY

SUMMARY

Ganciclovir, a nucleoside analogue compound, residi@a first line treatment as well
as prophylactic agent for diseases caused by hegitamegalovirus (hCMV). Ganciclovir
achieves its pharmacological effects by inhibitadrviral DNA synthesis; however, it could
also cause severe side effects, most notably héonatidy. Based on results from Chapter Il,
| synthesized four monoester prodrugs of gancicloncludingN-benzyloxycarbonyl-(L)-
alanine-ganciclovir (CbzAlaGCVN-benzyloxycarbonyl,L)-aminobutyric acid-ganciclovir
(CbzAbuGCV),N-acetyl-(L)-phenylalanine-(L)-alanine-ganciclovikdPheAlaGCV) andN-
acetyl-(L)-phenylalaninee(L)-aminobutyric acid-ganciclovir (AcPheAbuGCYV). e
prodrugs could be potentially targeted to activatiy the hCMV protease expressed at
hCMYV infection sites, thereby possibly reducing tlosage needed and the systemic
toxicities caused by ganciclovir. The hydrolysisaiffour prodrugs by hCMV protease
A143S, uninfected cytoplasm (represented by Caceihomogenates) and human plasma
was characterized in a time-course setting. THalgyeof AcPheAlaGCV and
AcPheAbuGCYV in pooled human liver microsomes ag asthe two prodrugs’ Michaelis-
Menten kinetic parameters for hydrolysis by botiMACprotease A143S and Caco-2
homogenates were also determined. Through stafistienparisons, it was concluded that the
differentiated characteristics displayed by AcPlz2CV and AcPheAbuGCYV rendered both
of them as better candidates for further develognmetine targeted prodrug strategy.
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AcPheAlaGCV could be activated by hCMV proteasa aglatively high rate, but it was not
as stable in normal tissue matrices as AcPheAbu@&%/ The latter was the most stable of
all four prodrugs in all normal tissues matricag, its hCMV protease-catalyzed hydrolysis
rate was slower than AcPheAlaGCV. Altogether, Iduted a systematic characterization on
the activation-stability interplay in the targef@adrug strategy for hCMV protease and
provided quantitative insights on how differentttas in both activation and tissue stability of

the prodrugs could influence their targeting effiay.
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BACKGROUND

As introduced in Chapter I, morbidity and mortaltaused by infections related to
human cytomegalovirus (hCMV) continue to pose #@ssrthreat to immunosuppressed and
immunocompromised patients. Currently, six pharraacal compounds have been approved
by the US FDA for the treatment and / or prophydaci hCMV diseases. Ganciclovir [1, 2],
valganciclovir [3], foscarnet [4], cidofovir [5] drfomivirsen [6] are used for the treatment of
CMV retinitis in transplant and / or HIV patients.addition, ganciclovir, valganciclovir and
a biologic, CMV Immune Globulin Intravenous (Humg@GMV-IGIV) [7], are indicated for
use of prophylaxis of hCMV diseases in transplatiemts.

Ganciclovir: Clinical Anti-hCMV Efficacy

Ganciclovir was the first drug approved by the US FDA forarai management of
cytomegalovirus diseases (in June 1989) [8] anchmesrthe first-line treatment and
prophylactic agent for hCMV [9]. It is currently @lable in two dosage forms, namely
Cytovene-IV® (intravenous injection) [1] and Viteag® (intravitreal implant) [2].
Ganciclovir was found to clinically reduce the Vitider by more than 100-fold in at least 80%
of patients with life- or sight-threatening hCMMegctions [1]. In clinical studies on the
treatment of CMV retinitis, ganciclovir was fourm gignificantly delay the progression of
retinitis compared to untreated controls [1, 2\idts also found in prevention studies that
ganciclovir could significantly reduce the incidesof hCMV diseases if it is given to
transplant recipients immediately after they reedigolid organ or bone marrow
engraftments [1, 10, 11]. Therefore, prophylaxip@emptive treatment with ganciclovir is
now considered a standard practice for transplatiemts at high risks of developing hCMV

infections [12].

Although treatment of CMV retinitis and preventiagainst hCMV diseases are the
only two approved clinical usages for ganciclothe drug has also demonstrated efficacy
against several other types of hCMV infections. &aavir appeared to be effective against
hCMV-related gastrointestinal tract infections, e&dplly colitis, as it was shown to both
reduce the viral counts in gut samples and impsyveptoms such as diarrhea and weight

loss [13-15]. In two other studies, ganciclovir domed with CMV-IGIV could significantly
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reduce the symptoms and increase the survivabilibone marrow transplant patients
inflicted with CMV pneumonia [16, 17]. Last but resst, the long-term benefits of treating
hCMV hepatitis with ganciclovir are still uncertaims patients displayed improved liver
functions and decreased viral load in blood dutirggtreatment but also relapses in infections

after cessation of the drug therapy [18].
Ganciclovir: Physicochemical Properties, Mechanisnof Action and Viral Resistance

Ganciclovir (9-[(1,3,-dihydroxy-2-propoxy)methyljgaine, or DHPG; structure
shown inFigure 3.18 has a molecular formula ofi§4:3NsO4 and a molecular weight (MW)
of 255.2. It is a polar compound with afoctanol / water partition coefficient of 0.022 [1]
The “free base” form has a water solubility of 21§/mL at 25°C whereas the monosodium
salt form is far more water-soluble at > 50 mg/r@b°C) [1]. At physiological pH and 37°C,

the sodium salt form has a solubility of 6 mg/ml. [1

Ganciclovir is an acyclic nucleoside with a struetmimicking that of
deoxyguanosingSigure 3.1b). It exerts its pharmacological effects by inhiit of viral
DNA synthesis[tigure 3.2). After ganciclovir translocates into the hCMV-acted cells
(mainly by passive diffusion [19]), it is first pphorylated at one of its hydroxyl groups into
ganciclovir monophosphate. This first step of plhasplation is catalyzed by a protein kinase
homologue encoded by the viral UL97 gene [20, 2t estimated to be 10-fold faster in
CMV-infected than uninfected cells [2, 22]. Ganowdl monophosphate is then further
phosphorylated by host cell kinases into gancicldiphosphate and, eventually, ganciclovir
triphosphate [23]. Ganciclovir triphosphate is anpetitive inhibitor of guanosine
triphosphate (GTP) for the viral DNA polymerase 84l.also known agol). It is then
incorporated into the viral DNA by the ULl polymerase, but its acyclic structure slows
down the elongation process of the DNA, therebyeathg the inhibitory effects on viral
replication [9, 23]. The 1§ of ganciclovir on viral DNA replication generaliglls in the
range of 0.4 to 2.4 uM [12].

Ganciclovir-resistant hCMV strains (defined byd€ 3.0 mg/L or 12.0 uM) have
been generated from laboratory-cultured strainsedsas recovered from infected patients

with or without prior treatment with ganciclovir,[12]. Subsequent studies discovered that

42



mutations or deletions in either one or both ofital UL97 and UL54 genes lead to the
resistance [24]. Deletions of 4 to 17 amino ac&idees and a large variety of single amino
acid mutations in the pUL97 kinase have been redand the impaired phosphorylation of
ganciclovir by the mutant pUL97 kinases conferaiiesistance [24]. Mutations in the UL54
pol polymerase have also been reported to causeamsisto ganciclovir; some of these
mutations may also have indications in the crosstance to cidofovir and / or foscarnet by
certain virus strains [24]. Although the exact nocollar mechanism of relationships between
UL54 mutations and ganciclovir resistances is tdsar, the decreased affinity of the mutated
pol for ganciclovir triphosphate and the enhanced eglaase activity of the mutant

polymerase have been pointed to as the two magy dulprits [24, 25].
Ganciclovir: Dosing Regimens, Pharmacokinetics an8ide Effects

The current FDA-approved routes of administrati@nganciclovir are intravenous
(IV) injection and intraocular injection [1, 2]slbral administration has now been
discontinued due to its low bioavailability and @vent of valganciclovir [12]. For IV
administration, it is typically given at doses 06 2r 5 mg/kg [26], although some studies
suggested that 10 mg/kg might be optimal for achgpantiviral effects [27]. The
pharmacokinetics of ganciclovir is largely linearridg IV administration, with plasma,ax at
4.7 mg/L for 2.5 mg/kg dosage, 10 mg/L for 5 mgékgl 20 mg/L for 10 mg/kg [1, 26, 27].
Plasma protein binding levels of ganciclovir areJat 1% to 2% [1]. Ganciclovir is mainly
eliminated in its unchanged form (> 90%) throughateexcretion (via glomerular filtration

and active tubular secretion) and has a half-lifepproximately 3.5 h after IV administration

[1].

Adverse events caused by ganciclovir have beendeelimented. Hematological
toxicities, including neutropenia, anemia and thioooytopenia, were commonly observed in
patients administered with ganciclovir [1, 12, 28bne marrow transplant (BMT) patients,
with already low absolute neutrophil counts (ANGs¥ particularly susceptible to
neutropenia (ANC < 1000 / pL) after receiving gafwrir as prophylactic or preemptive
treatment [12]. It was found that 41% to 58% ofBMT patients treated with ganciclovir

developed neutropenia, more than doubling the @maids in untreated subjects [10, 11]. In
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addition, approximately 34% of patients at advaratades of HIV infection could be
inflicted with neutropenia after ganciclovir treams [28]. These high frequencies clearly
demonstrated the prevalence of ganciclovir-induoadatological side effects in specific
patient groups.

The underlying causes of the hematological sidecedfof ganciclovir have been
attributed to its toxicity toward bone marrow ceblspecially the colony-forming
hematopoietic progenitor cells [29]. In cell culexperiments, the ¥gof ganciclovir for
bone marrow cells was 0.4 — 0.7 mg/L compared te B00 mg/L for other cell types like
fibroblast and lung cells [23, 29, 30]. A few steslhave demonstrated that the molecular
mechanism of ganciclovir’'s toxicity on bone marroglls is not dissimilar to that in virally
infected cells. Although the first step of gancigigphosphorylation is catalyzed most
efficiently by the UL97 viral kinase, it can alsoanr in uninfected cells, albeit at a slower
rate [22]. However, ganciclovir triphosphate getetdrom later phosphorylation steps is still
able to directly inhibit DNA synthesis and disragll proliferation, as shown in an uninfected
T lymphocyte model [31]. Findings from this studyutd be applied to hematopoietic
progenitors, since they generally have higher rat&NA replication and cellular
proliferation than the mature T cells. In summalng non-specific phosphorylation of
ganciclovir and the eventual inhibition of DNA egation are likely the causes for
cytotoxicity of ganciclovir in bone marrow cellss a result, hematotoxicity continues to be a

routine occurrence in specific groups of patiergated with the drug.

Ganciclovir has also been reported to cause imghageal functions, neurotoxicity
and hepatotoxicity [12, 26]. However, the occureentthese side effects is less frequent than
hematotoxicity and these symptoms usually alleveatéisappear after the ganciclovir doses
are reduced or stopped [12, 26]. The molecular mm@sims for these toxicities are still
unclear. In addition, ganciclovir was seen in anistadies to inhibit spermatogenesis and
impair fertility, although this was not observedhmmans [1]. It is also a possible teratogen
and thus listed as a Pregnancy Category C drug [1].

Other Therapeutic Agents against Human Cytomegalowvus
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Valganciclovir (trade name Valcyte®), as a separate molecul@ygistthe (L)-
valine ester prodrug for gancicloviiure 3.3g. The main advantage of valganciclovir over
the parent compound ganciclovir is its increaséesitmal permeability and oral
bioavailability. Compared to approximately only 786 ganciclovir [12], valganciclovir has
shown an absolute oral bioavailability of aroun@®%id clinical trials [3]. The

biopharmaceutical properties of valganciclovir iadl discussed in detail in Chapter IV.

Foscarnet(trade name Foscavir®; structure showikiig. 3.3b) was the second drug
approved by FDA for treatment of CMV retinitisidtan analogue of pyrophosphate and
binds to the pyrophosphate binding site of the Up6¥/merasegol) of cytomegalovirus [4,
9]. Such binding prevenfsol from cleaving the pyrophosphate group off of #entinal
nucleotide in the DNA chain undergoing synthesisreéby inhibiting viral DNA replication.
Foscarnet is a second-line treatment for hCMV digse@and is mainly used on patients with
viral resistance to ganciclovir (because of muteim the viral UL97 gene) and those who
developed dose-limiting hematotoxicity from ganaist therapies [9]. However, the use of
foscarnet is limited by substantial nephrotoxieissociated with the drug. Severe electrolyte
and mineral abnormalities are often observed anttidead to cardiac disorders, seizures and
even death [4, 9]. Therefore, patients receivirsgéonet must be properly hydrated and their

creatinine clearance constantly monitored [4].

Cidofovir (trade name Vistide@Fig. 3.39 is another FDA-approved anti-CMV
retinitis therapeutic agent. It is an acyclic agaie of cytidine monophosphate and is
phosphorylated by cellular kinases to the activenfaidofovir diphosphate [5]. Cidofovir
diphosphate, when incorporated into the elongatiraj DNA by the UL54 polymerase,
causes premature termination of the DNA synthestawbse of its lack of a 3’-hydroxyl group
[5, 9]. Cidofovir's advantage over other anti-hCM¥ugs lies in the higher stability of its
active form and, as a result, less frequent dasingquired to achieve the therapeutic efficacy
[32]. Nevertheless, severe renal toxicities causeddofovir limit its use and it must be
administered together with probenecid in orderrevent irreversible damage to the kidneys
[5, 9]. Cidofovir is also a possible carcinogen éa@togen and it remains a second-line

treatment for CMV diseases [5].
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Fomivirsen (trade name Vitravene®) was the first antisensepmund approved by
the US FDA [33]. It is a phosphorothioate oligoraatide with a 21-nucleotide sequence, 5'-
GCG TTT GCT CTT CTT CTT GCG-3', which complemerits viral mRNA transcripts of
the immediate-early region 2 (IE2) [6, 9]. Baseripai between fomivirsen and the viral IE2
MRNA thus prevents protein translation from the mRH]. The drug is administered locally
by direct intravitreal injection and indicated fmse against CMV retinitis resistant to other
therapies [6]. Fomivirsen was later withdrawn frima European market for commercial
reasons [34].

CMV Immune Globulin Intravenous (Human) (CMV-IGIV, trade name
CytoGam®) contains immunoglobulin Gs (IgGs) agathsthuman cytomegalovirus [7]. It is
purified from pooled human plasma from healthy &lwiith high titers of antibodies against
hCMV [7, 35]. The sterile liquid formulation of trentibodies is approved by the FDA for
prophylaxis against hCMV diseases in solid organdplant recipients [7]. Although CMV-
IGIV is considered to be generally well toleratagpatients, its use has been hampered by its
very high costs and fluctuating availability of slips, which result from its human origins

and the complicated purification and manufactupnocesses [36].

In addition to the aforementioned small and macremdar drugs, several other
compounds have demonstrateditro andin vivo anti-hCMYV efficacies and a few are
undergoing clinical trials. Cyclopropavir, a nudéte analog, has been found to inhibit both
viral DNA synthesis and the normal functions of Wral UL97 kinase [37, 38]. It has
demonstrated efficacy in a mouse model [38] as aglbw cytotoxicity [39]. Maribavir, an
(L)-ribosyl benzimidazole, appears to inhibit bttle viral DNA replication and egress of
nucleocapsid from the host cell nucleus [40, 41fjak been tested for treatment of patients
with ganciclovir-resistant hCMV infections, showingxed results [42]. It subsequently
failed to meet goals for the phase Il clinicahtsi for prophylaxis against hCMV infections in
stem cell transplant patients [43]. However, ifecaty in the treatment of hCMV infections
in transplant recipients is currently being evaddan another ongoing phase Il trial [44].
Leflunomide, a drug used for rheumatoid arthritmyld inhibit hCMV capsid assembly and

was found to have activity against ganciclovir-seat strains [45, 46]. Another experimental
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compound, letermovir (AIC246), interferes with VIE2NA packaging by inhibiting the viral
DNA terminase (UL56) complex [47]. It was reporteddrastically reduce symptoms of a
patient infected with an hCMV strain that was resisto all known therapies [48]. Last but
not least, acyclovir and valacyclovir share simgauctures and mechanisms of action to
those of ganciclovir and valganciclovir, respedind9], and has been studied for
prophylaxis against hCMV diseases after transplem#50]. Nevertheless, ganciclovir is
still deemed a far more superior inhibitor of vitANA replication when compared to
acyclovir, because not only is ganciclovir a muekidr substrate for the viral UL97 kinase,
but also ganciclovir triphosphate has a much longeacellular half-life than acyclovir

triphosphate does [49].
Targeting Ester Prodrugs of Ganciclovir to SpecificActivation by hCMV Protease

As explained in Chapter I, viral proteases hadpeat potentials in the targeted
prodrug strategy as the target enzymes for prodctigation. The hCMV protease is an ideal
protease for targeted activation of prodrugs ofF@MV compounds, as it has a catalytic
structure distinct from other serine proteasesekaefined substrate preference and is only
expressed in hCMV-infected tissues. If a prodrugldde relatively stable in systemic
circulation and preferably activated at the hCMYéation sites by the hCMV protease, the
prodrug dosage required to achieve equivalent pheotagical effects would be greatly
reduced compared to the original dosing regimeh thié parent compound, therefore

potentially reducing the related systemic toxiaitie

Among all the marketed or experimental drugs fernianagement of hCMV,
ganciclovir was eventually chosen as the parentpowumd, mainly for two reasons. First and
foremost, it is the first-line treatment for hCMRfections as well as the standard therapeutic
for prophylaxis against hCMV, with the largest ambaf published data for reference.
Second, among the three FDA-approved small moleantt-hCMV compounds, ganciclovir
possesses the most favorable physicochemical gregpéor analytical purposes. Its
hydrophilicity is moderate (logP 0.022 [1]) compte that of foscarnet (logP -2.1 [51]) and
cidofovir (logP -3.3 [5]). It also has an adequai@ecular weight (255.2) for mass

spectrometry and strong UV absorption at 254 nnj [B2ese profiles and properties of
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ganciclovir render it the most preferable candidatgorodrug development among all small

molecular anti-hCMV compounds.

In Chapter Il, | explored the hCMV protease’s prefiee of amino acyl ester
substrates at their,Rnd B positions. For the jposition, alanine (Ala) was the preferred
amino acid residue oveu,()-aminobutyric acid (Abu) and glycine (Gly). Wailla has long
been known to be the naturally occurringafino acid residue for hCMV protease substrates,
for Abu and Gly this was the first time that diresidence was demonstrated for them also
being acceptable;Pesidues. Ultimately, Ala and Abu were choserhash site amino acid
residues for designing promoieties. Abu is notaadard amino acid with a genetic code and
it cannot be efficiently converted to other amirada and does not take part in protein
synthesis in humans [53, 54]. Therefore, hypothd#tichere should be lower amounts of
enzymes in the body that could efficiently hydrayxbu-containing substrates than Ala- or
Gly-containing ones. As a result, Abu-containinggrugs are potentially more stable than
the Ala- or Gly-containing counterparts and coutdgibly remain in their unchanged form
for a longer duration in circulation. As for the lesidue of the substrate, which corresponds
to the N-terminus protecting group, benzyloxycagd@@bz) was found to be superiortet-
butyloxycarbonyl (Boc) in terms of hydrolytic aatiy catalyzed by hCMV protease.
Therefore, Cbz was selected as the protecting gnailnin the promoieties of the proposed
prodrugs. Nevertheless, the inherent reactivithiwithe Cbz at the oxycarbonyl part is likely
to make it labile in tissues abundantly expressistgrases. In light of this possibility, | then
designed two dipeptide promoietiésacetyl-(L)-phenylalanine-(L)-alanine (AcPheAla)dan
N-acetyl-(L)-phenylalaninee(L)-aminobutyric acid (AcPheAbu), which correspdod
modifications to CbzAla and CbzAbu, respectiveliielr structures are similar at the P
position Figure 3.4) but the acetylated dipeptide promoieties, withdeninkages between
the residues, are likely to be much more stable tha benzylcarbonyls as well as prodrugs
with unprotected N-termini in uninfected tissues aells [55].

In this chapter, | aimed to synthesize four diffénmonoester prodrugs of ganciclovir.
These prodrugs would then be characterized by #utivation by purified hCMV protease

A143S as well as stability in uninfected tissueshsas cell homogenates, plasma and liver
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microsomes. | also attempted to elucidate a quwive relationship between the amount of

hCMV protease expressed in tissues and the sedemtiwation of ganciclovir prodrugs.
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MATERIALS AND METHODS
Materials

The NH-protected amino acid compoundsbenzyloxycarbonyl-(L)-alanine (CbzAla)
andN-benzyloxycarbonyl,L)-aminobutyric acid (CbzAbu) were purchased frGimem-
Inpex (Wood Dale, IL). Th&l-acetyl dipeptide compoundisacetyl-(L)-phenylalanine-(L)-
alanine (AcPheAla) and-acetyl-(L)-phenylalaninee(L)-aminobutyric acid (AcPheAbu)
were synthesized by and purchased from Genscrigitgaway, NJ) and Chem-Inpex,
respectively. 4-dimethylamino-pyridine (DMAP) anchgdrousN,N'-
dicyclohexylcarbodiimide (DCC), caffeine and (SHéropranolol were purchased from
Sigma-Aldrich (St. Louis, MO). All organic solvenigere purchased from Fisher Scientific
(Fair Lawn, NJ). Ganciclovir was purchased from &wsScientific (New Brunswick, NJ).
Methanol-D4 (CROD) was purchased from Cambridge Isotope LaboeddAndover, MA).
For tissue culture-related work, Caco-2 cells waaguired from American Type Culture
Collection (ATCC; Rockville, MD) (catalog number BT37). Dulbecco's Modified Eagle
Medium (DMEM), Minimal Essential Medium with nonsential amino acids (MEM NEAA)
and fetal bovine serum (FBS) were purchased frobt&({Grand Island, NY). Cell culture
dishes and plates, cell scrapers and tissue honregevere purchased from Corning, Inc
(Corning, NY). Human plasma was a gift from the \wmsity of Michigan Hospital. Pooled
human liver microsomes (20 mg/mL) and RapidStar#&®IRH regenerating system were
purchased from Xenotech (Lenexa, KS). Unifilter@&VDF hydrophilic filter plates were
purchased from Whatman (Piscataway, NJ). All othaterials that had been used in the

experiments of Chapter Il were acquired from theesgources.
Synthesis and Purification of Monoester Prodrugs oGanciclovir

Chemical structures of the ganciclovir prodrugssirewn inFigure 3.5 1.1 molar
equivalent (eq.) of CbzAla, CbzAbu, AcPheAla or AeRbu carboxylic acid was reacted
with 2 eq. of ganciclovir in the presence of DMARJEL.5 eq. of DCC in dimethylformamide
(DMF) under argon gas. After 24-72 hours, solveas wemovedh vacuoand the pellets
were dissolved in ethyl acetate / water mixturdse Water content was extracted and

concentrated by aspiration to less than 10 mL, thigieted into a Shimadzu preparatory
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HPLC (Shimadzu America, Columbia, MD) with a Wat¥Bridge BEH C18 prep column
(30 mm x 250 mm; Waters Corporation, Milford, MAging water (1%o v/v TFA) and
acetonitrile (1%o v/iv TFA) as mobile phases A anddgpectively. Fractions with different

chromatographic peaks at 254 nm were eluted anected individually from the fraction

collector; possible diastereomers of the prodragsairticular were rigorously separated. The

compounds in each fraction were first identifieddbgctrospray ionization (ESI) mass
spectrometry (MS), which was performed on an LCTErgiinass time-of-flight (TOF) mass
spectrometer. Solvents of the prodrug-containiagtions were then removéatvacuo
Proton nuclear magnetic resonantt¢-lNMR) spectra of the synthesized chemicals were
obtained from a Varian INOVA 400 MHz NMR spectroeretvith methanol-D4 (CEDD) as
solvent. Purity of the compounds was evaluatedigly performace liquid chromatography
(HPLC). Prodrug powders are ultimately dissolvedimethyl sulfoxide (DMSO) to a

concentration of 20 mM and frozen at -20°C bef®e.u

N-benzyloxycarbonyl-(L)-alanine-ganciclovir (CbzAlaGCV). *H-NMR (400 MHz,
methanol-0Q): 6 1.29-1.37 (3H, m, Ala C§), 3.50 (2H, m, GCV O-(H, GCV G,-CH,-O(H)),
3.95-4.21 (4H, m, GCV £CH,-O(H), GCV G-CH,-OC=0, Ala G-H), 5.05 (2H, s, Cbz O-
CH,), 5.62 (2H, s, GCV N-CHO), 7.28 (5H, m, Phe Ph), 8.61 (1H, s, GCV N-CH=KSI-
MS: [M+H]" 461.2. Purity by HPLC: 91%.

N-benzyloxycarbonyl-(a,L)-aminobutyric acid-ganciclovir (CbzAbuGCV). *H-
NMR (400 MHz, methanol-B): 6 0.92 (3H, t, Abu Chl J = 8 Hz), 1.60-1.76 (2H, m, Abu
CHy), 3.49-3.57 (2H, m, GCV O-#i, GCV G,-CH,-O(H)), 3.95-4.23 (3H, m, GCV &CH,-
O(H), GCV G-CH,-0C=0), 4.30 (1H, m, Abu £H), 5.05 (2H, d, Cbz O-CHJ = 4 Hz),
5.62 (2H, s, GCV N-ChO), 7.26 (5H, m, Phe Ph), 8.64 (1H, s, GCV N-CH=EK$I-MS:
[M+H]" 473.2. Purity by HPLC: 93%.

N-acetyl-(L)-phenylalanine-(L)-alanine-ganciclovir (AcPheAlaGCV).
Diastereomer “A-4™H-NMR (400 MHz, methanol-E): 6 1.31 (3H, t, Ala CH, J = 5.4 Hz),
1.89 (3H, m, Ac Ch), 2.83 (1H, m, Phe CH| 3.14 (1H, d, Phe CHJ = 14 Hz), 3.58 (2H, m,
GCV O-GH, GCV G,-CHx-O(H)), 3.98 (2H, m, GCV ECH,-O(H), GCV G,-CH,-OC=0),
4.30 (2H, m, GCV ¢CH,-0OC=0, Ala G-H), 4.63 (1H, t, Phe £H, J = 8 Hz), 5.64 (2H, s,
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GCV N-CH,-0), 7.24 (5H, m, Phe Ph), 8.50 (1H, d, GCV N-CH3IN, 8 Hz). ESI-MS:
[M+H] " 516.1. Purity by HPLC: 96% for diastereomer “Aatid 95% for “A-5".

N-acetyl-(L)-phenylalanine-(a,L)-aminobutyric acid-ganciclovir
(AcPheAbuGCV). Diastereomer “B-3*"H-NMR (400 MHz, methanol-§): 6 0.72 (3H, t,
Abu CHs, J=6 Hz), 1.60 (2H, m, Abu CHl 1.90 (3H, m, Ac Ch), 2.89 (1H, m, Phe CHi
3.03 (1H, m, Phe C}), 3.52 (2H, m, GCV O-¢H, GCV G,-CH,-O(H)), 4.13-4.28 (4H, m,
GCV G,-CH,;-O(H), GCV G-CH,-OC=0, Abu G-H), 4.65 (1H, t, Phe £H, J =8 Hz), 5.63
(2H, s, GCV N-CH-0), 7.22 (5H, m, Phe Ph), 8.56 (1H, d, GCV N-CH3N, 8 Hz). ESI-
MS: [M+H]" 530.1. Purity: > 99% for diastereomer “B-2" and/®%or “B-3".

Cell Culture and Homogenization

Caco-2 cells (passage 22 — 36) were routinely rametl in DMEM supplemented
with 9.1% (v/v) FBS and 1% (v/v) NEAA in an atmosgpé of 5% CQand 90% relative
humidity at 37°C. Before being harvested for honmizgtion, cells were cultured to 14-16
days post-confluence in 250-mm dishes. They welteated with a cell scraper in cold 50
mM Tris-HCI (pH 7.6 at 25°C) and immediately homiged on ice by a tissue homogenizer.
The mixture was centrifuged at 18,000 rpm in aredda 64R centrifuge at 4°C and the clear
supernatant (S9 fraction) was removed and frozeB0AC for later use. The protein

concentrations of the Caco-2 cell homogenates determined by BCA assays.
Stability of Prodrugs in Buffers

Prodrugs were diluted to 2QM in hCMV protease reaction buffer (50 mM Tris HCI,
pH 7.6 at 25°C, 0.5 M sodium sulfate, 10% v/v ghpteand incubated at 30°C for 120 min.
Half sample volumes of acetonitrile (ACN) with 4 caffeine was then added to each
sample and all 0-min and 120-min samples were aadlpy HPLC.

Hydrolysis of Prodrugs in hCMV Protease (A143S)-cat@aining System

Time-course hydrolysis studiesA final concentration of 4Qg/mL hCMV protease
(hCMVP, A143S mutant) was added to the aforemeatddiCMV protease reaction buffer

and the mixture was pre-incubated for 5 min at 3a°€initiate prodrug hydrolysis, prodrug
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stock solutions were added to a final concentradio200uM and the reactions were
incubated at 30°C. Samples were removed from theaion pool at 15, 30, 60 and 90 min

and quenched by half sample volumes of aceton{#i&N) with 40uM caffeine as the

internal standard for HPLC analysis. The mixturesenfiltered through a 0.45 pum Whatman
PVDF filter plate by centrifugation and the filtestwere then injected into HPLC to assay the

extent of prodrug disappearance.

Hydrolysis kinetics studies (AcPheAlaGCV and AcPheBuGCV only). Similarly
to time-course studies, experiments were perfomigd50 — 100QuM prodrugs and samples
were taken out at various time points during th& fL0.5 min. Subsequent sample preparation
steps were similar to time-course experimentsialmiates o) of hydrolysis were calculated
from the linear time course of the disappearanqgaadrugs, which was assayed by HPLC.
The kinetic parameters,ax andK,, were obtained by fitting the initial rate versus
concentration data to the Michaelis-Menten equatising non-linear regression analysis
(least-squares method) in GraphPad Prism (vVEQ)was calculated fromi,ax/ [NCMVP].

Hydrolysis of Prodrugs in Caco-2 Cell Homogenates

Time-course hydrolysis experimentsA final concentration of 1 mg/mL Caco-2
homogenate was prepared in 50 mM Tris-HCI (pH 725&C) and the homogenate pre-
incubated for 5 min at 37°C. Prodrug stock soliarere then added to a final concentration
of 200uM and the reactions were incubated at 37°C. Sangllections and analysis were
similar to hCMVP-mediated hydrolysis studies.

Hydrolysis kinetics experiments (AcPheAlaGCV and APheAbuGCV only).
Reaction conditions were similar to time-coursel&s; 50 — 100QM prodrugs were used in
assays for initial rates. Sample collection, analgad curve fitting were performed in a
similar fashion to hCMVP-catalyzed kinetic hydral/studiesk.,; was calculated frongmax /
[enzyme}, of which [enzyme] is the apparent total protein concentration offtbmogenate,
1 mg/mL.

Stability of Prodrugs in Human Plasma
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Prodrugs were added to 80 final concentrations in undiluted human bloodsphe
and the reactions were incubated at 37°C. Samp#es taken out at 30, 60, 120, 180 and 240
min and quenched by adding two volumes of acei{®CN) with 40uM caffeine. The
mixtures were filtered through PVDF filter platesdahe filtrates were added with equal
volumes of water. The contents of prodrugs in sespt each time point were then analyzed
by HPLC.

Stability of Prodrugs in Pooled Human Liver Microsomes

Pooled human liver microsomes were diluted to 1Imhgih Dulbecco’s phosphate
buffered saline (DPBS, pH 7.4) supplemented withC¥PAl regenerating system (1 mM
NADP, 5 mM glucose-6-phosphate, 1 mM glucose-6-phate dehydrogenase) and the
mixture was pre-incubated at 37°C for 5 min. AcPla€¥cv or AcPheAbuGcev was added to a
concentration of 2M and samples were taken out at 15, 30, 60 andri@@nd quenched
with two volumes of ACN with 250 nM (S)-(-)-propralol as internal standard. After the
processed samples are mixed with equal volumestdmwthe disappearance of prodrugs was
analyzed by LC-MS.

HPLC Analysis

The Agilent 1100 / 1200 series HPLC system (Agileathnologies, Santa Clara, CA)
is equipped with a degasser, a quaternary pumautnsampler (temperature at 4°C) and a
diode array detector (DAD). Water (with 1% TFA) aacktonitrile (1%o. TFA) were used as
mobile phases and the flow rate was 1.0 mL/minAfitent Zorbax Eclipse XDB-C18 (3.5
pm, reversed phase) 4.6x150 mm column was usetdhfomatographic separation of
chemicals. The mobile phase B (ACN) content vetisns diagram is set up as follows: 0 min,
0.1%; 3 min, 0.1%; 5 min, 8.0%; 14 min, 84.0%. édimpounds were detected at UV 254 nm.
A standard curve containing at least five points walized to calculate concentrations from

peak area values. The accuracy of the HPLC assa@p0fs to 110%.
LC-MS Analysis

Samples from prodrug stability in liver microsonstsdies were analyzed with a
Shimadzu LC-MS system. The system consists of a @B control module, a degasser, a

54



LC-20AD binary pump, a SIL-20A HT autosampler andGMS 2010A mass spectrometer
with an ESI probe. A Waters XTerra C18 (5 um, regdrphase) 2.1x50 mm column was
used for chromatographic separation of chemicabste(1%o. formic acid) and acetonitrile (1%o
formic acid) were used as mobile phases and thertite was 0.2 mL/min. The mobile phase
B content versus time diagram is set up as foll@vsin, 0.5%; 1 min, 0.5%; 4 min, 20%;

9.5 min, 85%. Mass-to-charge ratios (m/z’s) formafeal species in addition to the prodrugs:
ganciclovir [M+H] 256.1, (S)-(-)-propranolol [M+H]260.1. A standard curve containing at
least five points was utilized to calculate concatiins from peak area values. The accuracy
of the LC-MS assay was 75% to 125%.

Statistical Analysis

All the aforementioned hydrolysis and stability ekments were performed in
triplicate and percentages remaining were expreissetan + SEM. For stability in plasma
and liver microsomes studies, elimination rate tamts k) were derived from fitting the
average percentages remaining vs. time data teteofider elimination equatiol€(t) / Co =
e*’). Half-lives were calculated &g, = 0.693 k. For time-course hydrolysis studies, at each
time point the percentage remaining of each pro#rag compared to others’ using one-way
analysis of variance (ANOVA) withost hocTukey’s multiple comparison tesgs< 0.05

was considered significant.

Quantitative Modeling for the Selective Activationof Prodrugs and Calculations of
Selective Activation Factors (SAFS)

The selective activation for a specific prodrug wharacterized by the ratio of the
initial rates of hydrolysis catalyzed by hCMV prase ¥ncmvp) Over that by Caco-2
homogenatevtaco-3. Initial rates were assumed to follow the Miclis@llenten model. For

hCMV protease- and Caco-2 non-specific enzyme-yzedl hydrolysis,

kcat,hCMVP [hCMVP] T [S]
Km,hCMVP + [S]

Vhemvp = (Equation 3.1)
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kcat caco—2[Cellular Protein]y|[S]

Veaco—2 = Ko oooos + 5] (Equation 3.2)
Therefore,

kcat,hCMVP [hCMVP]T[S]
Vhecmvp Kmncmve + [S]

= . Equation 3.
Veaco—2  Keatcaco—2[Cellular Protein]r[S] (Equation 3.3)

Km,Caco—Z + [S]

[ACMVP]r
Cellular Protein]|r

Let MFE(hCMVP) = [ , whereMFE stands for “mass fraction expressed”:

kcat,hCMVP
Vnemve  Kmnemve + [S]

= *MFE(hCMVP) (Equation 3.4)
Vcaco-2 kcatcaco—2

Km,Caco—Z + [S]

When [S] is small ([S] <&m ncmve and [S] <<Km caco-3, EQ. 3.4 becomes

Vnhemve  Keathemve * Kmcaco-2

= * MFE(hCMVP) (Equation 3.5)
Vcaco-2 Km,hCMVP ' kcat,Caco—Z

Thek.standKp, values have been determined from the hydrolysistlkds studies. The

selective activation factor(SAF) of a prodrug “X” is thus defined as

SAF( rodru X) _ kcat,hCMVP (prodrug X) ' Km,Caco—Z (prodrug X)
P 8 Km,hCMVP (prOdrug X) ! kcat,Caco—Z (prOdrug X)

(Equation 3.6)

The SAF is a dimensionless quantity and also auenadparacteristic for different prodrugs. It
serves as an indicator of how much prodrug coulddbeated by hCMV protease addition

to the prodrug hydrolyzed by cellular hydrolases.uksig the rate of non-specific
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hydrolysis is unchanged in virally infected celleem compared to normal, uninfected cells,

I.€. Vinfected cells= VhcMvp T Vcaco-2@N0Vuninfected cells= Vcaco-3 Eq. 3.5 becomes

kcat,hCMVP ' Km,Caco—Z

. MFE(hCMVP)> " Vuninfected cells

Vinfected cells = (1 + K k
mhCMVP cat,Caco—2

(Equation 3.7)

Eq. 3.7 therefore provides a quantitative relatigmbetween the ratios of prodrugs’
hydrolysis rates in infected over uninfected calisl the mass fraction of hnCMV protease

expressed in the infected cells.
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RESULTS
Diastereomers of Ganciclovir Prodrugs

During the purification process by preparatory HPH@stereomers of CbzAlaGcv
and ChzAbuGcv were observed but unable to be effity separated. Therefore, the resulting
products were likely racemic mixtures of (R)- agd-Conformations at the acquired chiral
center in the ganciclovir structure (Fig. 3.5). Thastereomers for AcPheAlaGCV and
AcPheAbuGCV, however, were separated and eachdraeias relatively pure (see Materials
and Methods). The resulting stereoisomers werengieele names of “A-4” and “A-5" for
AcPheAlaGCV Figure 3.6) and “B-2" and “B-3” for AcPheAbuGCVHKigure 3.7). Time-
course hydrolysis of these four fractions by hCMdtpase A143S were shownhkigure 3.8
It was evident that AcPheAlaGCV “A-4" could be hgtized by hCMV protease A143S
whereas “A-5" could not, and AcPheAbuGCYV “B-3” cdlle hydrolyzed by the protease
while “B-2” remained largely intact throughout tB@-min incubation period. Therefore, only
AcPheAlaGCYV fraction “A-4” and AcPheAbuGCYV fractidB-3” were used in all
subsequent experimentsl mentions of “AcPheAlaGCV” and “AcPheAbuGCV”
throughout Chapters Il and IV only refer to the “A -4” and “B-3” fractions, respectively,

unless specified otherwise
Stability of Prodrugs in Buffers

All four prodrugs (CbzAlaGCV, CbzAbuGCV, AcPheAla@@nd AcPheAbuGCV)
were relatively stable in the hCMV protease reachaffer. At 120 min, all four have greater
than 95% remaining with respect to the zero-mitinte point.

Time-course Hydrolysis of Prodrugs in hCMV proteasgA143S)-containing System

As shown inFigure 3.9, all four monoester prodrugs of ganciclovir cohél
hydrolyzed by hCMV protease A143S. They also diggddifferential rates of hydrolysis,
with CbzAlaGCV and AcPheAlaGCV being hydrolyzedaher rates than CbzAbuGCV
and AcPheAbuGCYV are. This confirmed that Ala iSgmed over Abu at the;Rite of the
ester substrate by the hCMV protease. On the b, the progress of hydrolysis of
CbzAlaGCV was not found to be significantly diffatérom that of AcPheAlaGCV, nor was
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the reaction progress of CbzAbuGCYV significantlffetient from that of AcPheAbuGCV.
This phenomenon demonstrated that the structleidiss between CbzXaa and AcPheXaa
(Xaa = Ala or Abu) promoieties could translate istmilarities in the rates of hCMV

protease-catalyzed hydrolysis of the correspondmogrugs.
Time-course Hydrolysis of Prodrugs in Caco-2 Homogeates

The four monoester prodrugs of ganciclovir possasging degrees of stability in
Caco-2 cell homogenateBigure 3.10. AcPheAbuGCYV is the most stable of all four: @f 3
60 and 90 min, significantly higher percentagesc®heAbuGCV remain in the homogenate
than CbzAlaGcv, CbzAbuGcv and AcPheAlaGCV. To offanore direct comparison of
specificity—stability interplay among the four gastavir prodrugs, data from studies of the
time-course hydrolysis of prodrugs by both hCMVP4A%$ and Caco-2 homogenates were
combined Figure 3.11). The ratio of percentage of prodrug hydrolyzediByug/mL
hCMVP over that by 1 mg/mL Caco-2 homogenate isl @sean indicator to gauge a
prodrug’s specific activation by hCMVP. The higlleis ratio is, the more likely a prodrug is
activated by hCMV protease rather than being dexggtambn-specifically in uninfected cells.
As shown in Fig. 3.11, at 30, 60 and 90 min, AcPineBCV has higher hydrolyzed by
hCMVP / hydrolyzed by Caco-2 ratios than the othege. These results demonstrated that
the undesired slower hydrolysis of AcPheAbuGCV BYWVP could be compensated by its
higher stability in normal tissues, which becomeserapparent with the passing of time.

Stability of Prodrugs in Undiluted Human Plasma

The four ganciclovir prodrugs display varying rabvéslegradation in human plasma
(Figure 3.12 elimination rate constants and half-livesTiable 3.1). The N-terminally
protected amino acyl ester prodrugs are degragedlyan plasma, with no more than 50%
remaining after 30 min. AcPheAlaGCV and AcPheAbuG&¥ more stable with half-lives
of 148 min and 210 min, respectively. Once agarRAeAbuGCV demonstrated that it has
the best stability among the four compounds in la@otissue matrix that is plasma.

Stability of Prodrugs in Pooled Human Liver Microsomes
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Due to the instability of CbzXaaGCV prodrugs in G&cell homogenates and
plasma, they were not characterized for stabifitiier microsomes because it is very likely
that they are less stable than their counterpattsagetylated dipeptide promoieties. Between
AcPheAlaGCV and AcPheAbuGCV, the latter was foumbte more resistant to hydrolysis
catalyzed by microsomal enzymésgure 3.13, with a half-life of 250 min compared to 97
min for AcPheAlaGCV Table 3.2. Therefore, AcPheAbuGCV established itself asnttost
stable prodrug among the four in normal cells asglie matrices.

Hydrolysis Kinetics Studies for Acetylated Dipeptice Prodrugs of Ganciclovir

Although the aforementioned time-course hydrolgsiglies demonstrated the
differential hydrolysis of ganciclovir prodrugs hMV protease A143S and non-specific
enzymes, they were carried out using arbitrargdiamounts of enzymes and thus could not
accurately reflect the physiological situationsvimich the concentrations of prodrugs and
enzymes are almost certain to be dynamic. To addines problem, studies based on
Michaelis-Menten kinetics were performed on thedpugs’ hydrolysis by hCMV protease
and Caco-2 homogenates. The Michaelis-Menten kipetiameters for NCMV protease
A143S- or Caco-2 homogenate-catalyzed hydrolysisostheAlaGCV or AcPheAbuGCV
were determined by non-linear regressions of inieites vs. concentrations dakgures
3.14and3.15. Thek.a, Ky as well asai/ K values derived from the curve-fitting are listed
in Table 3.3 For hydrolysis catalyzed by hCMV protease, AcPBELYV has both a higher
keatand a loweK, than AcPheAbuGCYV, resulting in an almost 60% hidg/ K, (5.08
(min- (ug/mL protein)} for AcPheAlaGCV vs. 3.19 (min- (ig/mL protein)or
AcPheAbuGCYV). This finding confirmed that, kinetigaAcPheAlaGCYV is indeed a better
substrate for the hCMV protease than AcPheAbuGCZanversely, in Caco-2 cell
homogenates, the,: for AcPheAbuGCYV is slightly higher that of AcPha@@CV, but the,
for AcPheAbuGCV is much higher than tkg for AcPheAlaGCV. Consequently,
AcPheAlaGCV has a 74% highlkeg:/ K, than AcPheAbuGCYV does in hydrolytic reactions
in Caco-2 homogenate (AcPheAlaGCV: 1.83%1fin- (Lg/mL protein)} vs. 1.05x10
(min- (ug/mL protein)} for AcPheAbuGCV). These kinetic parameters thuwided
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guantitative details on why AcPheAbuGCV is mordékdhan AcPheAlaGCYV is in Caco-2

homogenates.
Quantitative Models for the Selective Activation ofProdrugs

Selective activation factors (SAF) for AcPheAlaG@wd AcPheAbuGCV were
calculated based dfg. 3.6 using the kinetic parameters determined in tbeeafientioned
studies. As a result, AcPheAlaGCV was found to lav&AF of27.8and AcPheAbuGCV
an SAF 0f30.3 Therefore, AcPheAbuGCV has a roughly 9% higheF $#an
AcPheAlaGCV. The quantitative models for the sékecactivation of the two prodrugs were
then derived according t6q. 3.7, when assuming concentrations of both prodrugsnareh

smaller than th&,, values (see Table 3.3):
For AcPheAlaGCV:

vinfected cells

=1+ 27.8- MFE(hCMVP) (Equation 3.8)

vuninf ected cells

For AcPheAbuGCV:

vinfected cells

=1+30.3- MFE(hCMVP) (Equation 3.9)

vuninfected cells
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DISCUSSION

In this chapter, | first synthesized four monoegt®drugs of ganciclovir:
CbzAlaGCV, CbzAbuGCV, AcPheAlaGCV and AcPheAbuGQVe diastereomers of
AcPheAlaGCV and AcPheAbuGCV were rigorously seatand purified and the “A-4”
fraction of AcPheAlaGCV and “B-3” fraction of AcCPABUGCYV were found to be reactive in
hCMV protease A143S-containing buffer systems;atier two fractions were relatively
inert. The two stereomerically pure fractions of4Aand “B-3” were thus selected to be
used in later studies solely based on their reigiivthe hCMV protease-catalyzed
hydrolysis. Due to limitations in the small amouatsvailable prodrugs (< 15 mg each) as
well as in analytical instrumentation, the absoldaafigurations at the introduced chiral
carbon of the prodrugs (Fig. 3.5) were not deteeatias of this moment. However, it is
known that techniques such as X-ray powder diffoac(XRPD) and circular dichroism (CD)
have been widely used for the determination ofatityr [56]. These studies could be

performed once enough spare compounds and thesaggegjuipment become available.

| first performed characterizations of the time4s@uhydrolysis and stability of the
four ganciclovir prodrugs. It was not surprisingitad that Ala-containing prodrugs were
hydrolyzed at faster rates than Abu-containing qrés 3.9) because Ala has been
confirmed in previous publications as well as ira@ter 1l to be the preferred residue at the
substrates’ Pposition. Interestingly, the supposedly racemicAlIBGCV did not behave like
the diastereomers of AcPheAlaGCV did in hydrolysitalyzed by hCMV protease (i.e. if the
hCMV protease distinguishes between the two isomie@bzAlaGCV, its percentage
remaining value should not drop much below 50%ngttame point). Further structure-

relationship studies may be needed to explainginsomenon.

Nevertheless, the rate of activation of a prodryghie target protease is just the first
criterion for judging its “targetability”; it is &b imperative that the prodrug is stable enough
in normal, uninfected tissues in order to remaiitgroriginal form for long enough to reach
the infected locales by circulation. Thereforelsbaested the stability of the prodrugs in
various matrices. Caco-2 cells are known to higixgress esterases and they have been used

as a representative cell line to test hydrolysiestér prodrugs [57, 58]; the homogenate of
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Caco-2 was thus chosen to represent the cytoplasmrdfected cells. Human plasma was
selected to represent the main route of circulaitdms been known since as early as 1895
that the blood plasma harbors esterase activi@ls Pooled human liver microsomes were
selected as a model for liver, which contains albahdmounts of esterases [60]. In
subsequent stability experiments with these tissatices, | first discovered that

CbzAlaGCV and CbzAbuGCV were unstable in Caco-2 dgemates and plasma,
presumably because the carbonyl group within Clveiig prone to nucleophilic attack. These
two were thereby excluded from all follow-up stuglie Chapters Il and 1V. Secondly,
AcPheAbuGCV was found to be more stable than hkoprodrugs in all three tissue
matrices (Fig. 3.10, 3.12, 3.13). ParticularlyCiaco-2 homogenates the difference between
AcPheAbuGCV and others was pronounced (Fig. 31@g.reaction seemed to have slowed
down as time elapsed. | thus suspect that in acdit typical kinetic mechanisms, a feedback
regulation may be taking simultaneous actions, tighproduct(s) of AcPheAbuGCV
hydrolysis inhibiting the hydrolyzing enzyme(s) it the homogenate. Such a mechanism is
nonetheless desirable: by whatever means, the stalsée a ganciclovir prodrug is in normal
cells, the more likely it could be transported oluthat cell and back into circulation, because
once ganciclovir is generated and then phosphadlay cellular kinases, it could not

permeate through the cell membrane due to its palure.

The exact reason why the Abu residue within AcPh&aBV makes the prodrug
possess higher stability than its Ala-containingrderpart is uncleara(L)-aminobutyric acid
(also known as-aminobutyrate, 2-aminobutyric aciekaminobutanoic acid and ethylglycine)
is a non-standard amino acid that little systenratsearch has been devoted to, in stark
contrast to one of its isomers, the well-knowaminobutyric acid (GABA). Freeu(L)-
aminobutyric acid is naturally found in plasma butery low concentrations compared to
other “canonical” amino acids [61, 62] and it wdsritified as a product of metabolisms of
other amino acids [63]. Elevated levels of Abu lispa have been indicated as a possible
marker for liver dysfunction [54]. Abu is not foumal be a building block for proteins and
cannot be efficiently converted to other amino a¢i&B, 54]. Ophthalmic acid (ophthalmate),
a tripeptide analogue of glutathione, is the omlgwn naturally occurring substance to be
synthesized from Abu [64]. The physiological rofeophthalmic acid is not established either,
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but it has also been discovered to be a possibleator of oxidative stress in the body [65].
Proteases involved in the degradation of ophtharaeg currently unknown. These past
findings highlight the fact that our knowledge enlL{()-aminobutyric acid is very limited,

which may result from the fact that Abu usually slo@t participate in physiological

functions in the body under normal circumstandes. llkely that either there are no proteases
or other hydrolases with Abu as the preferredeBidue, or, if such hydrolases do exist, their
expression is regulated at a low level due to thatyls very little need for them. This might
shed a light on why AcPheAbuGCYV is more stable thidwer prodrugs in the several tissue

matrices | tested.

Despite the promising results from the time-cowtselies with hCMV protease
A143S and Caco-2 homogenates, they were all peedmmith fixed amounts of enzymes and
arbitrary concentrations of prodrugs; neither caeltect the likely dynamic nature of these
two components in physiological conditions. To mdrauch conditions, | did attempt to
create a cell system transfected with a plasmitbveontaining hCMV protease, but the
expression of the protease in the transfected welésinconsistent and, generally speaking, at
very low levels € 1% mass of cellular proteins). Therefore, | did paceed further with
such a system. Another possibievitro model, cell lines infected with live human
cytomegalovirus, have long been used to charaeténiz potency and efficacy of antiviral
compounds against hCMV [39], although no publissiedly has used them for prodrug
activation. Due to the unavailability of such ateys, | could not test the activation of
ganciclovir prodrugs with live hCMV. Nevertheleise virally infected cells should be the
penultimate system to use for the determinatioinefselectiveness of prodrug activation,

before the prodrugs are subjectedntoivo testing with infected animal models.

Eventually, I utilized Michaelis-Menten modelingdonulate a comparison of prodrug
hydrolysis rates between infected and uninfectéiceogironments. Because there have been
no published data on the amount of hCMV proteageessed in infected cells, it becomes a
crucial variable in the model. As shown in Eq. &8l 3.7, this variable is presented as a mass
fraction expressed (MFE) of the total amount ofutet protein. Naturally, the higher the
MFE of hCMV protease is, the higher the rate ofdpug hydrolysis in infected cells will be
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when compared to uninfected cells. The final equstEq. 3.8 and 3.9) assume that prodrug
concentrations are much lower than ihevalues and the hCMV protease is merely an
“additive” to the uninfected cells’ inherent hydytt machinery. These simplified models
contain only MFE(hCMVP) as the independent variabte example, if the hCMV protease
constitutes 1% of total protein in infected ceits, AcPheAlaGCV (Eq. 3.8), it would be
hydrolyzed 27.8% faster in infected cells than ralroells, whereas for AcPheAbuGCV (Eg.
3.9), its rate would be 30.3% higher in infectedties. These numbers and the related
equations, while not spectacular, do provide a tjizdive insight into the relationships
between the amount of hCMV protease expressiorstthetures of prodrug substrates and
the extent of selective activation of those sulbstrtaMoreover, this model could be used as a
surrogate for the analysis of selective activabbprodrugs when more physiologically
relevant models, such as infected cell lines, asvailable.

Overall, the studies in Chapter Il provided a grobconcept on the design of
ganciclovir monoester prodrugs and how to quantit characterize their selective
activation by the hCMV protease as well as stahititnormal, uninfected tissues. As
mentioned in Background, ganciclovir is phosphdedaon one of its hydroxyl groups by
viral UL97 kinase or unspecified cellular kinase)d then incorporated into the elongating
DNA by viral UL54 polymerase or the host cell DNAlpmerase complex. Such a
mechanism is essential for both anti-hCMV efficasywell as toxicity to normal cells such as
hematopoietic progenitors. By conjugating a prorydie one of the hydroxyl groups in
ganciclovir, thus effectively “blocking” the hydrgl the ganciclovir monoester prodrugs are
potentially less toxic than the parent compoundss would presumably be because the
spatial occupation by the bulky promoiety woulcelikmake the other (free) hydroxyl group
less accessible to cellular kinases, thereby dsicrgéhe rate of its phosphorylation.
Moreover, even if the other hydroxyl group is phospylated, the existence of the promoiety
could possibly hinder the binding of the DNA polym@ase complex to the phosphorylated
prodrug, making it less likely to be incorporatatbithe elongating DNA chain. To test this
hypothesis, dose-dependent studies on the toxitigyanciclovir prodrugs toward colony-
forming hematopoietic cells, as well as their intiim of DNA synthesis, would need to be
performed and the results compared to those ofigani itself [29, 31]. If the prodrugs are
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indeed found to be less toxic to those cells, itildoe a big step for the targeted prodrug

strategy toward testing in clinical settings.

Finally, although the four ganciclovir monoesteognugs could all be activated by
hCMV protease at varying efficiencies and displdfecential stability profiles in normal
tissue matrices, it is entirely plausible that puay$ with other promoieties could be superior
in both their activation by hCMV protease as wslimtheir tissue stability. The,Bide chain
of the hCMV protease substrate has been shown noope tolerated by the protease [66].
Therefore, if an unnatural amino acid residue tiooluced as the,Residue Figure 3.16),
hypothetically the promoiety would be less recoghle to certain tissue hydrolases and the
prodrug would thus be more stable. The protectiogg at the N-terminus could also be
modified to cater to the hCMV protease’s preferedeeshown in Fig. 3.16, this proposed
prodrug of ganciclovir contains a Residue of either Ala or Abu, & Residue of I{’,N')-
dimethylasparagine, which is theoretically the nasferred residue atBite by hCMV
protease [66]. Theert-butyloxycarbonyl protecting group at the N-ternsraorresponds to a
tert-butyl P; side chain that is, hypothetically, also the pref@ one by the hCMV protease.
The first proposed compound, Boc-Asn(@$#éla-GCV (Fig. 3.16a), could potentially be
more rapidly activated by hCMV protease and maablstin tissues than AcPheAlaGCV is.
Boc-Asn(Me)-Abu-GCV (Fig. 3.16b) is likely to possess simiéatvantages when compared
to AcPheAbuGCV. In summary, more efforts in medatichemistry could be dedicated to
modify the structure of the promoiety, so that bibidn hCMV-mediated activation as well as
tissue stability of the resulting ganciclovir mostex prodrug could be further optimized.
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CONCLUSIONS

Four synthetic monoester prodrugs of gancicld\ihenzyloxycarbonyl-(L)-alanine-
ganciclovir (CbzAlaGCV)N-benzyloxycarbonyl«,L)-aminobutyric acid-ganciclovir
(CbzAbuGCV),N-acetyl-(L)-phenylalanine-(L)-alanine-ganciclovkdPheAlaGCV) andN-
acetyl-(L)-phenylalaninee(L)-aminobutyric acid-ganciclovir (AcPheAbuGCV),udd be
hydrolytically activated by the human cytomegalagi(hCMV) protease. The two Ala-
containing prodrugs were hydrolyzed by the hCMWease at higher rates than the two Abu-
containing prodrugs. The four prodrugs of ganciclaiso displayed different stability
profiles in uninfected (“normal”) tissue matric8$1e N-acetylated dipeptide prodrugs were
discovered to be generally more stable than tlminterparts witiN-benzyloxycarbonyl-
amino acid promoieties. Moreover, among the foodpigs, AcPheAbuGCV was the most
stable one in uninfected tissue matrices. Thesknfys presented qualitative as well as
guantitativein vitro methodologies and results for the hydrolytic ation of prodrugs that
are designed to be targeted to the hCMV infectitas sFuture studies using more
physiologically relevant models should be conduatearder to characterize the potential

selective activation of these ganciclovir prodrag¢he locales of hCMV infections.
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Figure 3.1 Chemical structures of (a) ganciclovir and (b)>xdguanosine.
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Figure 3.2 Activation of ganciclovir within the nucleus o€EMV-infected cells. Figure is
adapted from Fig. 1 of [26] and created with CheoiBaw Ultra 12.0 and PowerPoint 2010.
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Figure 3.3 Chemical structures of other FDA-approved antivhCcompounds: (a)
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Figure 3.4 Comparison of promoieties: (B}benzyloxycarbonyl-(L)-alanine (CbzAla) and
(b) N-acetyl-(L)-phenylalanine-(L)-alanine.
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(2)

(b)

Figure 3.5 Chemical structures of monoester prodrugs of igbowr. (a) N-
benzyloxycarbonyl-(L)-alanine-ganciclovicbzAlaGCV); (b) N-benzyloxycarbonyl,L)-
aminobutyric acid-gancicloviiQbzAbuGCV); (c) N-acetyl-(L)-phenylalanine-(L)-alanine-
ganciclovir AcPheAlaGCV) and (d)N-acetyl-(L)-phenylalaninee(L)-aminobutyric acid-
ganciclovir AcPheAbuGCV). The acquired chiral carbons within the ganciclstructure of
the four prodrugs are denoted with asterisks (t)f@ur prodrugs are trifluoroacetic acid
(TFA) salts.
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Figure 3.6. Partial chromatogram of the water content frontewaethyl acetate extraction of
the AcPheAlaGCYV reaction mixture, as monitoredlm $himadzu preparatory HPLC
program during the purification run. TReaxis shows time of run, lejtaxis the UV
absorption at 254 nm in milli absorption units (m)P&hd righty axis the percentage of
mobile phase B (acetonitrile with 1%. TFA). Fracsorollected from 26.1 to 27.3 min were
denoted’A-4” and from 27.7 min to 29.5 min marked“as5” , respectively.
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Figure 3.7. Partial chromatogram of the water content frontewaethyl acetate extraction of
the AcPheAbuGCYV reaction mixture, as monitoredr@n$himadzu preparatory HPLC
program during the purification run. TReaxis shows time of run, lejtaxis the UV
absorption at 254 nm in milli absorption units (m)Pdhd righty axis the percentage of
mobile phase B (acetonitrile with 1%. TFA). Fractarollected from 28.0 to 29.4 min were
denoted'B-2” and from 30.8 min to 32.2 min marked“Bs3” , respectively.
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Figure 3.8 The time course of the hydrolysis of 200 uM dasbmers of acetylated
dipeptide monoester prodrugs of ganciclovir (AcPIa&*CV “A-4” and “A-5",

AcPheAbuGCV “B-2” and “B-3”) in reaction buffer (5@M Tris HCI, pH 7.6 at 25°C, 0.5 M
NaSOy, 10% v/v glycerol) with 4ug/mL hCMV protease A143S at 30°C. Thaxis shows
time elapsed since reactions were initiated ang #res denotes the percentages of prodrugs
remaining in their unchanged forms as comparetid@éro-minute time point. n = 3 for all

time points and error bars represent SEM.
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Figure 3.9 The time course of the hydrolysis of 200 uM mateeprodrugs of ganciclovir
(CbzAlaGcv, CbzAbuGcev, AcPheAlaGCV “A-4” and AcPhe#GCV “B-3") in reaction

buffer (50 mM Tris HCI, pH 7.6 at 25°C, 0.5 M }s0Oy, 10% v/v glycerol) with 4Qug/mL
hCMV protease A143S at 30°C. Thaxis shows time elapsed since reactions weraiadi
and they axis denotes the percentages of prodrugs remaimitingir unchanged forms as
compared to the zero-minute time point. At eactetpuoint, percentages remaining of the four
prodrugs were compared to each other using oneAMHVA with Tukey’s multiple
comparison tests. n = 3 for all time points andebars represent SEM.
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Figure 3.1Q The time course of the hydrolysis of 200 uM mateeprodrugs of ganciclovir
(CbzAlaGcev, CbzAbuGcev, AcPheAlaGCV “A-4” and AcPhedGCV “B-3") in 1 mg/mL
Caco-2 homogenates at 37°C. ®exis shows time elapsed since reactions weraitedi

and they axis denotes the percentages of prodrugs remaimitingir unchanged forms as
compared to the zero-minute time point. At eactetpuoint, percentages remaining of the four
prodrugs were compared to each other using oneAMHVA with Tukey’s multiple
comparisons. n = 3 for all time points and erraslbrapresent SEM. Asterisks (*) denote
percentage values different from those of all offredrugs at that time poirnp € 0.05).
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Figure 3.11 The time-course plot of the ratios of average@etages of 200 uM prodrugs
hydrolyzed by 4Qug/mL hCMV protease A143S over those hydrolyzed loygImL Caco-2
homogenates. Compiled using the data for all feadqugs from Fig. 3.9 and 3.10.
Percentages hydrolyzed are calculated from %Hydealy= 100% — %Remaining.

78



(a) 100%

90%
80%
g
' 70%
‘©
€ 60%
o —O—CbzAlaGev
o 50%
& —{}-CbzAbuGcv
£ 40%
Q 30% —/x—AcPheAlaGcv
S (1]
a 20% —O—-AcPheAbuGev
(]
10%
0% '
0 30 60 90 120 150 180 210 240 270
Time (min)
(b) Time (min)
0 30 60 90 120 150 180 210 240
0 L] 1 1 L] L]
__-0.5 -
[oT)
g 1 - ——ChzAlaGcv
£ .15 - —- CbzAbuGev
[J]
o 5 | —A—AcPheAlaGev
&
t 2.5 - =O—AcPheAbuGcv
g .
8 -3 -
£
-3.5 A
-4

Figure 3.12 Stability of 80 uM ganciclovir monoester prodr{@bzAlaGev, CbzAbuGceyv,
AcPheAlaGcv “A-4" and AcPheAbuGceyv “B-3”) in undiled human plasma over the course
of 240 min. They axis, denoting percentages of the remaining urgdiprodrugs in plasma,
is shown in(a) at normal scale ang) at log scale. n = 3 for all time points and etrars
represent SEM. The elimination constatdsapnd half-livesty,) of the four prodrugs in
plasma Table 3.1) were calculated based on a first-order elimimatreodel.
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Figure 3.13 Stability of 2 uM acetylated dipeptide monoesgterdrugs of ganciclovir
(AcPheAlaGcev “A-4" and AcPheAbuGcv “B-3”) in 1 mglopooled human liver
microsomes over the course of 120 min. Jlais, denoting percentages of the remaining
unchanged prodrugs in liver microsomes, is show@)iat normal scale an) at log scale.
n = 3 for all time points and error bars represdai. The elimination constants) @nd half-
lives (1/2) of the two prodrugs in liver microsomeRaple 3.2 were calculated based on a
first-order elimination model.
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Hydrolysis Kinetics: hCMV Protease
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Figure 3.14 The initial rate \p, in uM/min) vs. concentrations ([S], in uM) platrfthe

hCMV protease A143S-catalyzed hydrolysis of AcPl&3CV “A-4” and AcPheAbuGCV
“B-3” and curve-fitting to Michaelis-Menten modelor AcPheAlaGCV, the concentrations
were 50, 100, 200, 400, 600 and 800 uM and 40 pd@uVP A143S was used. For
AcPheAbuGCV, prodrug concentrations were 100, 200, 600, 800 and 1000 uM and 80
pg/mL hCMVP A143S was used. n = 3 for each datatmd error bars represent SEM. The
data were fit to the Michaelis-Menten model usiog4inear regressions with the least-
square (ordinary) method. Kinetic parameters datedhfrom the curve-fitting were shown

in Table 3.3
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Hydrolysis Kinetics: Caco-2 Homogenate
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Figure 3.15 The initial rate \p, in uM/min) vs. concentrations ([S], in uM) platrfthe Caco-

2 homogenate-catalyzed hydrolysis of AcPheAlaGCW4"Aand AcPheAbuGCV “B-3” and
curve-fitting of these data to Michaelis-Menten ralsd For AcPheAlaGCV, the
concentrations were 50, 100, 200, 400, 600, 800L&06 pM. For AcPheAbuGCV, prodrug
concentrations were 100, 200, 400, 600, 800 an@ u0d0. 1 mg/mL Caco-2 homogenates
were used for both prodrugs at all concentratians.3 for each data point and error bars
represent SEM. The data were fit to the Michaelesakdn model using non-linear regressions
with the least-square (ordinary) method. Kineticapaeters determined from the curve-fitting

were shown imable 3.3
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Figure 3.16 Chemical structures of two proposed monoesteatrpgs of ganciclovir: (alN-
tert-butyloxycarbonyld{’, N')-dimethyl-(L)-asparagine-(L)-alanine-ganciclogyBoc-
Asn(Me)-Ala-GCV) and (b)N-tert-butyloxycarbonylH{’, N')-dimethyl-(L)-asparaginee(L)-
aminobutyrate-ganciclovir (Boc-Asn(MeAbu-GCV).
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TABLES

Prodrug k (min™) t1» (Min)
ChzAlaGCV 0.0257 27
CbzAbuGCV 0.0248 28
AcPheAlaGCV 0.0047 148
AcPheAbuGCV 0.0033 210

Table 3.1 Elimination rate constantg)(and half-livestj,,) of CbzAlaGCV, CbzAbuGCV,
AcPheAlaGCV “A-4” and AcPheAbuGCYV “B-3” in humangdma. Elimination rate
constantsk) were derived from fitting the percentages renmgnis. time data to a first-order
elimination equationd(t) / Co = €*'). Half-lives were calculated &g, = 0.693 k.

Prodrug k (min™) t1» (Min)
AcPheAlaGCV 0.0071 97
AcPheAbuGCV 0.0028 250

Table 3.2 Elimination rate constantg)(and half-lives ;) of AcPheAlaGCV “A-4" and
AcPheAbuGCV “B-3” in pooled human liver microsom&$imination rate constantg)(were
derived from fitting the percentages remainingtwse data to a first-order elimination
equation C(t) / Co = €. Half-lives were calculated &s, = 0.693 k.
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AcPheAlaGCV AcPheAbuGCV
Keat 0.348 + 0.043 0.308 + 0.057
Zig\gpmtease Ko 685 + 164 967 = 337
keat ! Km 5.08x10" 3.19x10°
Keat 0.0251 + 0.0068 0.0281 + 0.0121
Caco-2 homogenate | Ky, 1.37x10 + 0.56x16 | 2.67x10 + 1.48x10
keat! Km 1.83x10° 1.05x10°

Table 3.3 Michaelis-Menten kinetic parameters for the hygkis of the two acetylated
dipeptide prodrugs of ganciclovir by hCMV prote#gel3S or Caco-2 homogenates. Kag
andK, values were determined from Michaelis-Menten kankydrolysis experiments (see
Materials and Methods and Fig. 3.14 and 3.15) apdessed in mean + SEM,,; has a unit
of UM / (min- (ug/mL protein))Ky, is expressed in uM andy:/ K, has a unit of (min- (ug/mL

protein)).
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CHAPTER IV

CHARACTERIZATION OF THE BIOPHARMACEUTICAL PROFILESOF THE
MONOESTER PRODRUGS OF GANCICLOVIR

SUMMARY

The main locale where the hCMV protease perforsfuinctions is inside the host
cell nucleus, which is also where ganciclovir exéit inhibitory effects on viral DNA
synthesis. Therefore, it is important that the pugd of ganciclovir for targeted activation by
the hCMV protease are efficiently taken up by tbsetttells in order to be activated in
intracellular space. A Caco-2 cell system was useatttermine the cellular uptake of
AcPheAlaGCV and AcPheAbuGCV in comparison to thaisganciclovir and valganciclovir.
| demonstrated that at the 1-h time point, the €aaptake of AcPheAbuGCV was
significantly higher than ganciclovir and sufficteamounts of AcPheAbuGCV remained
intact and thus available for potential hydrolyttivation by the hCMV protease. In addition
to cellular uptake properties, | also characteribedpermeability of AcPheAlaGCV and
AcPheAbuGCYV across the Caco-2 monolayer becausénitportant to explore whether the
two prodrugs could potentially be delivered by @dininistration, which is the preferred
route for patients. It was shown that while theaappt permeability of intact AcPheAlaGCV
and AcPheAbuGCV were potentially similar to thagahciclovir, the oral route is likely
suboptimal for the delivery of the two prodrugs d&exe of metabolic reactions inside the
gastrointestinal lumen and liver. The intravencusge is, therefore, a better option for

delivery of the ganciclovir prodrugs in vivo study settings.
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BACKGROUND
Human Peptide Transporter 1 (PEPT1)

The peptide transporter 1 (PEPT1) is a membereopthton-coupled oligopeptide
transporter (POT) superfamily which has been idiedtin a broad range of prokaryotic and
eukaryotic species [1]. The amino acid sequenc@&ESTT1 are highly conserved, especially
in mammals, as an amino acid sequence identitd%f 8 observed between human and
mouse PEPT1 [2]. The human PEPT1 (hPEPT1) is aki3@otein with 708 amino acids
[3]. Also known as solute carrier 15A1 (SLC15A1RHEPT1 is one of the four members of
the human SLC15A family, which also includes peptichnsporter 2 (PEPT2, SLC15A2),
peptide histidine transporter 1 (PHT1, SLC15A4) pagdtide histidine transporter 2 (PHT2,
SLC15A3).

In human, PEPTL1 is most abundantly expressed atgiical side of the intestinal
brush border membrane, especially in the duodemjuomum and ileum, although it has also
been found in various other tissues such as pasidoéda duct, adrenal glands and nasal
epithelium [1, 4, 5]. In the small intestine, thea€tion of PEPT1, a proton/substrate
symporter, is dependent on the inward proton gradjenerated from the acidic environment
in the gastrointestinal lumen (pH 5.9-6.8) [6] tod/éhe neutral cytoplasm (pH around 7.4).
With this proton gradient as the driving force, stwates such as di- and tripeptides from
dietary digestion are transported by PEPT1 intcetiterocytes. These nutrients are then
further hydrolyzed by intracellular hydrolases dnel resulting products are transported

through basolateral transporters [7] out of themuytes and into the systemic circulation.

The roles of PEPT1 in the facilitated transporkefobiotics have been extensively
studied. Many drugs such pdactams [8] and bestatin [9] as well as valacyrland
valganciclovir, the (L)-valyl esters of acyclovit(, 11] and ganciclovir [12], were discovered
to be substrates of PEPT1. The empirical substgaeificity and preference of hPEPT1 have
also been well characterized. A peptide bond withencompound has been deemed not
necessarily a requirement for its transport by PERP-14], as observed in the cases of
valacyclovir, valganciclovir an8-aminolevulinic acid (5-ALA). For terminal moieties

PEPT1 prefers free amino and carboxyl groups at tégpective termini. Modifications on
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these groups could decrease affinity of the sutestte PEPT1; a free N-terminal amino
group seems especially important [15, 16]. Forestenemical configurations, (L)-amino acid
derivatives, (L)-(L)-dipeptides and derivatives dhji(L)-(L)-tripeptides are preferred over
their counterparts with (D)-amino acid residueg [Ithese properties have been utilized to
tentatively predict a potential substrate’s affyrfior PEPT1 [17].

Valganciclovir

Valganciclovir (trade name Valcyte®, valganciclokiydrochloride [18]) is the (L)-
valyl ester prodrug of gancicloviF{gure 3.3a). It was developed with the specific purpose to
overcome the poor oral bioavailability of gancialo¥ndeed, clinical studies demonstrated
that while ganciclovir capsules only had an orabbailability of 6.2% — 8.5%, Valcyte
tablets at comparable dosages showed an aver&§&@br more oral bioavailability [12, 18].
Not only was the 0-24 h area-under-the-curve (Aklg for ganciclovir from 900 mg once
daily administration of Valcyte found to be compgaeato that of once-daily intravenous
injection of 5 mg/kg ganciclovir, but also signéiatly higher than the AUC of 3 times daily
oral dosing of 1 g ganciclovir. Therefore, valgathavir is currently the preferred form for the
oral delivery of ganciclovir; it has the same iration and usage as well as similar systemic

toxicities to those of IV-administered ganciclojds, 19].

Valganciclovir has been shown to be a substratedtr PEPT1 and PEPT2
transporters, as demonstrated by its inhibitorga# on glycylsarcosine uptake in cell models
expressing the two transporters as well as itshibiyato induce inward currents in PEPT1-
expressingLenopus laevis oocytes [12]. In the human small intestine, thgoaption of
valganciclovir is primarily facilitated by PEPT1 wh is predominantly and abundantly
expressed in the duodenum, jejunum and ileum. Viaigkovir is rapidly hydrolyzed to
ganciclovir through catalysis by the esterase yétatrase (VACVase), which is expressed
in the enterocytes, liver, kidneys as well as otlssues and organs [20, 21]. As an evidence
of the first-pass metabolism of valganciclovir afts oral dosing, the maximum plasma
concentrationdyay of ganciclovir converted from valganciclovir wisind to be more than
30 times that of unchanged valganciclovir [22]. fEfiere, orally administered valganciclovir
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possesses the same disposition, excretion and pbalogical properties as those of

ganciclovir.
The Caco-2 Cell System: Usefulness and Limitations

Caco-2 is an adherent epithelial cell line thatasived from human colorectal
adenocarcinoma [23]. im vitro culture, once confluence is reached, Caco-2 uelliergo
spontaneous differentiation toward a monolayer witdny unique features of a functional
intestinal epithelium, and the differentiation sually complete within 3 weeks [24]. The
differentiated monolayer has tight junction forroat between the cells as well as develops a
brush border on the apical surface. It also expgesazymes and transporter proteins that are
typically present in the microvilli [24, 25]. Due its similarity to the intestinal epithelia,
ease-of-use as a cell culture model and relatillycost, the Caco-2 monolayer has been
considered a gold standard farvitro prediction ofin vivo permeability and absorption of
drugs [25, 26]. Notably, to date no false positesults have been produced in permeability

studies using Caco-2 systems, indicating its stfeag well as stringency [27].

Despite its widespread use, the Caco-2 cell syatemhas well-documented
limitations that need to be considered when itsisdito characterize the biopharmaceutical
properties of certain types of compounds. The esgioa levels of many transporters and
drug-metabolizing enzymes in Caco-2 cells are kntwlme significantly different from those
in the human intestine. For example, PEPTL1 is esga@ on the apical membranes of Caco-2
cells and many studies have utilized Caco-2 tordetee whether the compounds of interest
were potential PEPT1 substrates. However, the leVeEPT1 expression in Caco-2 cells
could be several-fold lower than in human smakstines, as shown by comparison of both
MRNA and protein levels [28, 29]. Therefore, drtiys are transported by PEPT1 often
display lower permeability when measured in thed=2asystem than in actual perfusion
studies with human intestinal segments [28]. Cacell® also express fewer types and lower
amounts of phase | and phase Il metabolic enzyhsstliuman duodenum does [28], making
it a less reliable tool to predict and charactetieerelated metabolisms of certain compounds
during their transport across the actual brushdroithe relative levels of a number of

esterases were also found to be different betwesn-2 cells and human duodenum or
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jejunum, as demonstrated by studies comparing iflumaitactivities [30] and mRNA levels
[28] of those esterases in the two models. Dubédsd disparities, caution is thus warranted
when using Caco-2 cells to characterize the upaakiepermeability of compounds that are
potential substrates for carrier-mediated transpodt/ or intestinal metabolic enzymes.

Biophar maceutical Profiles of Targetable Prodrugs of Ganciclovir

As introduced in Chapter lll, ganciclovir exerts ftharmacological effects by
inhibition of viral DNA synthesis, which takes p&amside the host cell nucleus. The human
cytomegalovirus (hCMV) protease is responsibletierdegradation of the internal
scaffolding proteins of the viral procapsid in artie create space for incorporation of newly
synthesized viral DNA [31-33]. This proteolytic jgess also occurs inside the nuclei of
hCMV-infected cells [31]. Therefore, it is criticdat the targetable ganciclovir prodrugs are
effectively taken up or absorbed by the host cafigr which process they could be activated
by the hCMV protease and then execute their aatieiifects. In addition, it is also desirable
that the intracellular concentration of the unchexhgrodrug is similar to that of ganciclovir
when the latter is dosed separately as a contraha the pharmacological effects of the
prodrug, after its hydrolytic activation, could eguivalent to the original treatment strategy

with ganciclovir.

Oral pharmaceutical products are usually prefelsedatients over other dosage
forms (for example, parenteral and inhalationaB thuits convenience and non-invasiveness.
As shown in Chapter lll, out of the four prodrugndalates, AcPheAlaGCV and
AcPheAbuGCYV are likely to be more stable than ttieiotwo in tissue matrices and,
therefore, they are the better compounds for furdleeelopment, including a possible oral
dosing strategy. Their dipeptide promoieties méleart potential substrates for PEPT1-
mediated transports. Nevertheless, in oral dosiayg would also be exposed to the first-pass
enzymatic degradations. Therefore, if a sufficemibunt of AcPheXaaGCV survives the
first-pass metabolism and enters the systemiclaition in its unchanged form, it could
potentially have a similar bioavailability to thaitthe orally delivered ganciclovir while
ideally still retaining its selective activationpability. To determine whether the two

acetylated dipeptide prodrugs of ganciclovir possegh a quality, the intact prodrugs’
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apparent permeability across Caco-2 cell monolayerdd be compared to that of
ganciclovir. Valganciclovir would be used to verthe PEPT1-mediated transport in Caco-2

and metoprolol serves as the standard for highijmpable compounds.
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MATERIALSAND METHODS
Materials

All the chemicals, cell lines and dispensable gssulture hardware that have been
mentioned in Chapters Il and Ill were acquired fribvd same sources. In addition,Ne-(
morpholino)ethanesulfonic acid (MES) and dextr¢Bg-glucose) were purchased from
Fisher Scientific (Fair Lawn, NJ). 6-well Transv@linserts (membrane thickness 10 pum,

pore size 0.4 um) were purchased from Corning(fdorning, NY).
Cell Culture

Caco-2 cells (passage 22 — 36) were routinely rageatl in the same conditions
detailed in Chapter Ill. For direct uptake studiéaco-2 cells were seeded at a density of
3x1C cells per well into a 6-well plate and allowedgtow until 11-13 days post-confluence.
The culture media were renewed every other daypEoneability studies, Caco-2 cells were
seeded at 2xf@ells per Transwell insert into a 6-well Transwaéte (growth area 4.67
cn?). The cells were cultured until 18-20 days postft@nce and the culture media in both
apical and basolateral chambers were replaced@male days. Transepithelial electrical
resistance (TEER) was regularly measured for eaghsivell and only wells with TEER
values larger than 1,40 cnf were used for permeability experiments.

Direct Uptake of N-acetylated Dipeptide Prodrugs of Ganciclovir by Caco-2 Cells

Post-confluent Caco-2 cells were washed with warh6® uptake buffer (145 mM
NacCl, 0.5 mM MgC}, 1 mM NaHPQ,, 1 mM CaC}, 3 mM KCI, 5 mM (D)-glucose, 5 mM
MES). Ganciclovir, valganciclovir (ValGCV), AcPhe#GCV and AcPheAbuGCV were
diluted in the uptake buffer at concentrations@® 2M and added into the respective wells in
the 6-well plate. The plate was incubated at 35%,CQ for 60 min. Cells were then
repeatedly washed with cold pH 6.0 uptake buffer tuen collected in 1:1-mixed water /
acetonitrile with 250 nM (S)-(-)-propranolol asemal standard for LC-MS. After
centrifugation at 15,000 xg at 4°C for 15 min, toatents of compounds in the organic
supernatants were analyzed by LC-MS. The remaipétigts were dissolved in 0.5 M NaOH
and the respective protein concentrations weretgieghwith bicinchoninic acid (BCA)
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assays. The amounts of cellular proteins were tesadrmalize the amounts of compounds

taken up by the cells in the corresponding wells.

Apical-to-basolateral Permeability of N-acetylated Dipeptide Prodrugs of Ganciclovir
across Caco-2 Monolayers

Post-confluent Caco-2 cell monolayers were wash#dtive aforementioned pH 6.0
uptake buffer (apical chamber) and Dulbecco’s phaspbuffered saline (DPBS, pH 7.4;
basolateral chamber). 1.5 mL drug solutions inptHe5.0 uptake buffer (metoprolol and
ganciclovir at 1 mM, valganciclovir at 0.5 mM, AcBHaGCV or AcPheAbuGCV at 0.2 mM)
were then added to their respective apical chandred2.5 mL DPBS to basolateral
compartments. The cells were incubated at 37°Chaorlaital shaker with 50 rpm rotation
speed. Samples were retrieved from the basolateamhber every 15 min until 120 or 135
min after dosing and equal volumes of fresh DPB&weplenished to maintain sink
conditions. Quenching was performed with eitheP®B-A and 2QuM caffeine (for HPLC
analysis) or acetonitrile with 250 nM (S)-(-)-prapolol (for LC-MS analysis). The collected
samples were frozen at -80°C until HPLC or LC-M&lgses.

HPLC Analysis

Using the same method and equipment employed ipt€hdl, HPLC analyses were
applied to samples from the receiving chambersrah3wells dosed with ganciclovir,
valganciclovir and metoprolol in the Caco-2 permigistudy. Caffeine, ganciclovir and
valganciclovir were detected at UV 254 nm and metigh at 220 nm. The accuracy of the
assays was 90% — 110%.

LC-MS Analysis

The same LC-MS equipment and methodology emplayé&thapter Il were applied
to the analyses of all samples of Caco-2 direckestudies and, for the Caco-2 permeability
study, samples from the receiving chambers of watis dosed with AcPheAlaGCV and
AcPheAbuGCV. Mass-to-charge ratios (m/z’s): gamsitl[M+H] " 256.1, valganciclovir
[M+H]" 355.1, AcPheAlaGCV 516.1, AcPheAbuGCV 530.1, ($p(opranolol [M+HT
260.1. The accuracy of the assays was 75% — 125%.
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Data Analysis

To determine the compounds’ apparent permeabibgfficient across Caco-2
monolayers, concentration vs. time curves werdgqidior each sample well of every

compound. The apparent permeability coeffici®agp is determined by Equation 4.1:

Ve  dCgr

Pipp = IxC x— (Equation 4.1)

WhereVk is the volume of the receiving chamber (2.5)ci is the area of cell growth (4.67
cn?), Co is the initial concentration of the compound ie thonor compartment (in pMJg is
the concentration of the compound in the receigimigpartment at a given time point (also in
KM) andt is the collection time point since the initiatiohdosing in the apical chamber (in
seconds). For valganciclovitg at each time point is the sum@§(ValGCV) andCr(GCV),

the latter generated from hydrolysis of ValGCV. PaPheAlaGCV and AcPheAbuGCV,
only the unchanged forms were used as their raspdit’'s. dCg / dt was calculated by linear

regression of th€g vs.t plots for each compound.
Statistical Analysis

All experiments had sample sizes of n = 3 — 6. Resue presented as the mean *
SEM. Statistical comparisons were performed witaghiPad Prism 5.0 using one-way
ANOVA with post-hoc Tukey’s multiple comparison tes®.values less than 0.05 were

deemed significant.
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RESULTS
Direct Uptake of Ganciclovir and Prodrugs by Caco-2 Cells

The total uptake for each prodrug was determinddeasum of the amount of the
unchanged form and that of the ganciclovir that geserated from intracellular hydrolysis of
the prodrug. As shown iRigure 4.1(a), valganciclovir had the highest total uptake ofar
compounds and a large part of that (~77%) was alrbetonverted to ganciclovir. This
result suggested that the PEPT1-mediated trangartikely active in the cultured Caco-2
cells. AcPheAbuGCV had the second highest totaluarntaken up by the cells, which was
significantly higher than both AcPheAlaGCV and galavir. The total uptake of
AcPheAlaGCV was not found to be significantly dréfat from that of ganciclovir. These
results demonstrated the potential for enhancddlaelptake of AcPheAbuGCV compared
to the parent compound, ganciclovir, although A&Rh&CV clearly could not match the
superiority of valganciclovir. In addition to totaptake, the amounts of unchanged prodrug
remaining at 60 min in cells dosed with prodrugevaiso compared to the amount of
ganciclovir in cells treated with ganciclovKigure 4.1(b)). The amount of intact
AcPheAbuGCV was found to be comparable to thataoicgclovir when the latter was dosed
separately. This suggests that, for AcPheAbuGC¥ niembrane barrier and non-specific
hydrolysis by the live Caco-2 cells did not sigceintly affect the targetability of the prodrug,
since sufficient amounts of the unchanged AcPhe AIMi@&main available for selective
activation by the hCMV protease expressed in iigceells. In contrast to AcPheAbuGCV,
significantly less unchanged AcPheAlaGCV remaingCammin in cells treated with the
prodrug Fig. 4.1(b)), indicating a diminished targeting ability foigtprodrug. Finally, the
percentages hydrolyzed of the three ganciclovidprgs are compared Figure 4.1(c).
Almost 80% of valganciclovir taken up by the céditss been hydrolyzed to ganciclovir, a
percentage that is much higher than with both digegprodrugs. AcPheAbuGCV has a
lower hydrolysis percentage than AcPheAlaGCV, agaplaying a better stability profile
and corroborating the related findings in Chapiter |

Apical-to-basolateral (A to B) Per meability across Caco-2 M onolayer
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The apparent A to B permeability coefficien®,s) of tested compounds were
compared irFigure 4.2. Metoprolol, the drug often used as a high-perntiéabtandard,
showed the highest A to B permeability among akfit was more than two times more
permeable across the cell monolayer than the senmstl permeable compound,
valganciclovir. The latter is significantly morerpeeable than ganciclovir, most likely due to
the transport mediated by PEPT1 expressed on thal apembrane of Caco-2 cells.
Permeability coefficients of the unchanged form&oPheAlaGCV and AcPheAbuGCV
were both lower than that of valganciclovir andtinei of them were found to be significantly
different from theP,pp 0f ganciclovir. In addition, the apparent permégbcoefficients of
AcPheAlaGCV and AcPheAbuGCV were not statisticdifferent from each other. These
results suggested that, for AcPheAlaGCV and AcPh&XV, their effective permeability
values Pef) in human intestines and oral bioavailability ardikely to be significantly higher
than those of ganciclovir, especially when probalagradation by digestive enzymes in the
gut lumen is taken into consideration. Furthermaseshown in Chapter 11, hydrolytic
degradation inside the liver will also eliminatpation of the intact prodrugs. As a result,
when these two prodrugs are administered at eqntdloses to oral ganciclovir dosages,
they are unlikely to have similar oral bioavailétito that of ganciclovir when only the

unchanged form of the prodrugs are considered.
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DISCUSSION

In this chapter, | first compared the cellular letaf the two acetylated dipeptide
prodrugs of ganciclovir, AcPheAlaGCV and AcPheAbuG® that of ganciclovir and
valganciclovir. | found that AcPheAbuGCYV had sigraintly higher total uptake than
ganciclovir and also sufficient amounts of it reme unchanged for the sake of selective
activation. | also characterized the permeabilftthe two targetable prodrugs across the
Caco-2 monolayer and determined that oral dosirigesfe prodrug candidates would be
unlikely to yield a desirable oral bioavailabilityr the intact prodrugs. Therefore, at this
moment, intravenous injection seems to be the pexfeoute of administration for these

prodrugs.

In the cellular uptake studies, the Caco-2 celleevussed as a convenient surrogate for
the target tissues / cells for the ganciclovir pugg. As detailed in Chapter II,
cytomegalovirus infects many tissues and organis ascetina, lung, liver and
gastrointestinal tract. In the case of targeting\Cidtinitis, while human corneal and retinal
epithelium cell lines are the more physiologicgresentations of the ocular tissues, Caco-2
does share a common feature with those cell liméisa expression of peptide transporters.
Previous functional studies by Mitehal. have demonstrated the uptake of dipeptides, amino
acid ester prodrugs and dipeptide prodrugs frocutation into the vitreous humor,
indicating the presence of facilitated transporbas the blood-ocular barrier and cornea by
oligopeptide transporters [34-36]. Another studySmgithet al. also detected the mRNAs of
several proton-coupled oligopeptide transportetsovine and human retinal pigment
epithelial (RPE) cell lines as well as retinas [3Aerefore, in future studies such cell lines
could be utilized to specifically characterize gnedrugs’ uptake into ocular tissues.

In both uptake and permeability studies, valganeiclwas used as the standard
compound for the verification of PEPT1-mediateshs$gzort. Indeed, for valganciclovir, its
Caco-2 uptake and apparent permeability acros€#lge-2 monolayer were both much
higher than those of ganciclovir (Fig. 4.1 and 4i2jJicating PEPT1 was likely expressed and
functional at the times of experiments. The toddlutar uptake for AcPheAlaGCV and
AcPheAbuGCYV were both found to be significantly eawhan that of valganciclovir (Fig.
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4.1a). This phenomenon was likely due to the loafenity of AcPheAlaGCV and
AcPheAbuGCYV to PEPT1. The N-acetyl group in the timeptide prodrugs could have
contributed to this decreased affinity becausea K-terminal amino group has been shown
to be important for the substrate’s affinity to HFEH1, 15]. Indeed, studies have
demonstrated that once the N-terminal acetyl gmag removed from a peptide derivative,
the compound exhibited a 10- to 100-fold increasgermeability across the Caco-2
monolayer; however, it would be significantly lestable as well [38]. Since in our study the
intact promoieties were critical for the prodrutg’'geting capabilities, the stability of the
prodrugs was thus placed at a higher priority éwedaicetyl group, despite its probable
negative impact on the compounds’ permeability, vesained rather than removed in the

prodrug design.

The oral delivery of tissue-targeting prodrugsanghout doubt, an ambitious goal. In
order for an intact prodrug to have a similar dakvailability to that of the parent
compound, a sufficient amount of the prodrug needsirvive metabolism in the
gastrointestinal lumen, followed by degradatiothi@ gut wall and then in the liver. The
Caco-2 permeability study (Fig. 4.2) representedstiep of translocation of prodrugs across
the Gl epithelia. In the LC-MS experiments, | dmt nbserve peaks of ganciclovir in the
chromatograms of basolateral chamber samples frorh&AlaGCV and AcPheAbuGCV
dosing. These data did not suggest that no ganaiclas generated; rather, it was likely
because sample concentrations of ganciclovir iréheiving compartment were below the
lower limit of quantitation (LLOQ) for ganciclovin LC-MS detection, which was actually
much higher than the LLOQs of AcPheAlaGCV and AddhesCV. Nevertheless, the
similar apparent permeability coefficiengy) of ganciclovir, AcPheAlaGCV and
AcPheAbuGCV, the latter two in their unchanged feyalemonstrated that the two prodrug
compounds could potentially have oral bioavail#pwalues similar to ganciclovir, if
metabolism in the gut lumen or liver were not cdased. However, as shown in Chapter lll,
the two prodrugs could indeed be hydrolyzed by eres/expressed in the liver microsomes,
and they are also unlikely to be stable againstrtpead digestive enzymes secreted within

the Gl tract. Therefore, | predict that the oralteowould not be optimal for the two current
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prodrug candidates. Further optimizations in medicchemistry and formulation strategies

should be exploited to enhance the stability dugstargeting prodrugs for oral delivery.
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CONCLUSIONS

Two potential prodrug candidates for targeted atim by human cytomegalovirus
(hCMV) proteaseN-acetyl-(L)-phenylalanine-(L)-alanine-ganciclovkdqPheAlaGCV) and
N-acetyl-(L)-phenylalaninee(L)-aminobutyric acid-ganciclovir (AcPheAbuGCV) sgiayed
different biopharmaceutical properties when comgéoeganciclovir and valganciclovir.
Specifically, AcPheAbuGCV was potentially supetiorAcPheAlaGCV in cellular uptake
properties. The Caco-2 uptake of AcPheAbuGCV wasifscantly higher than ganciclovir
and AcPheAlaGCYV but less than valganciclovir. Meeg sufficient amounts of
AcPheAbuGCV remained intact and available for po&thydrolytic activations by the
hCMV protease, an advantage not observed for ACRIGBY .

In Caco-2 permeability studies, values of the dgiwdasolateral permeability for
AcPheAlaGCV and AcPheAbuGCYV in their unchanged ®wmere similar to that of
ganciclovir and significantly less than that ofgeaahciclovir. Considering probable
metabolism of the prodrugs in the gastrointestirsdt lumen as well as degradations inside
the liver, the oral route is thus suboptimal fag trelivery of the two prodrugs for the purpose
of targeted activation after the absorption proegshkin vivo studies, the intravenous route
seems to be a better option for maximizing theadability of the ganciclovir prodrugs for

hydrolytic activations by the hCMV protease expegsat the infected tissues.
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Figure 4.1. Direct uptake of ganciclovir and prodrugs of galowir by Caco-2 cells

measured at 60 mifa) Amounts of total uptake as measured by nmol comgeper mg of
cellular proteins. For each compound dosed, theuataf its unchanged form and amount of
ganciclovir converted from the prodrug were separat the same colum(b) The amounts

of unchanged acetylated dipeptide prodrugs in Gacells at 60 min, with the amount of
ganciclovir as a referencg) The percentages of prodrugs that have been hyaidlgt 60

min. In all graphs, n = 5 for ganciclovir, 3 forlganciclovir, 6 for AcPheAlaGCV and
AcPheAbuGCV. Error bars denote SEM. NS, not sigaiit; *,p < 0.05; **,p < 0.01; *** p

< 0.001.
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Apparent Caco-2 Permeability
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Figure 4.2. Apparent apical-to-basolateral (A to B) permeaabdoefficients Papp of
compounds across the Caco-2 cell monolayer.Pehés were calculated according to
Equation 4.1 and presented in®l€m/s. For wells dosed with valganciclovir, the
concentration in the receiving chamb€g) at each time point was the sum of that of
valganciclovir and the ganciclovir generated froydrolysis of valganciclovir; for
AcPheAlaGCV and AcPheAbuGCV, only the concentraioh(unchanged) prodrugs
themselves were used for calculationsl@g / dt. n = 4 for all compounds except
AcPheAbuGCV, for which n = 3. Error bars represeBM. *, p < 0.05; **,p < 0.01; *** p
< 0.001.
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CHAPTER V

ENHANCED SOLUBILITY AND INTESTINAL PERMEABILITY OF AN AMIDE
PRODRUG OF CIPROFLOXACIN

SUMMARY

Ciprofloxacin, a second-generation fluoroquinoleoenpound, is indicated for the
treatment of a wide range of bacterial infectianbuman. It is classified as a
Biopharmaceutics Classification System (BCS) clg¥ssompound according to the fact that
it has both low solubility at pH 1 — 7.5 and lowiastinal permeability. These unfavorable
biopharmaceutical properties of ciprofloxacin pahiresult from the inherent dissociation
constants of the carboxyl group and the secondamgeawithin the compound, both of which
determine the equilibria among the four solute sseof the drug. The predominance of the
zwitterionic form of ciprofloxacin at pH around isoelectric point is a major cause for the
drug’s low solubility and intestinal permeabilitiyreeutral pH. A prodrug approach was
employed to alter the equilibria among the solgiecges and to potentially enhance the
compound’s solubility and intestinal permeabiliyn amide prodrug, ciprofloxacyl-glycine-
methyl ester (Cipro-Gly-OMe), was synthesized daadolubility andn vitro Caco-2
permeability were measured along with those ofafipracin. When compared to the parent
compound, Cipro-Gly-OMe was found to display potiyt much higher solubility
throughout the physiological pH range as well &ggher Caco-2 permeability at pH 7.4.

However, Cipro-Gly-OMe could not be efficiently aarted to ciprofloxacin in Caco-2
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homogenates, plasma or liver microsomes. Our dtugs/presented a unique prodrug
approach that could potentially transform a BCS< fluoroquinolone compound to a
class | compound, although the promoiety of thelprg does require further optimization to

allow for efficient bioconversion to the parent qumand.
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BACKGROUND
Quinolones: History, Structures and Mechanisms of Ation

Quinolones are a family of broad-spectrum antibsthat share the common bicyclic
backbone of 4-quinolone or 4-oxo-1,8-naphthyriddiaaphthyridone)Rigure 5.1(a,b). It
is generally accepted that the first quinolone coamal synthesized was nalidixic ackld.
5.109, which was discovered in 1962 as a byproduchadroquine synthesis [1]. In 1967,
nalidixic acid was approved for treatment of urinaact infections (UTI) caused by most
Gram-negative bacteria, but its use was hampereis byw plasma concentrations, a high
minimum inhibitory concentration (MIC), ineffectimess against Gram-positive bacteria as
well as systemic toxicities [2]. It was not untiktlate 1970s that research and development
on quinolones started to flourish. Fluoroquinolgribe 6-fluorinated quinolones with various
additional side groups at other positions on tlegddic ring (Fig. 5.1a; alsBigure 5.2),
generally displayed improved potency against Gragative bacteria, efficacy against some
Gram-positive species, better pharmacokinetic [@®fnd decreased toxicities [2]. To date,
over 10,000 distinct quinolone compounds have lsgathesized and tested and around 30 of
them were approved by regulatory agencies aroumathld for clinical use [3]. These
guinolones were generally categorized into fouugsy or “generations”, according to their
spectra of activity [2, 3]. Currently, only II-,l{land IV-generation quinolones are available
on the market. The international nonproprietary esu@NNs) of fluoroquinolones all end

with “-floxacin”.

The general structure of fluoroquinolones is shawfig. 5.2 The hydrogen at
position 2, carboxyl group at position 3, oxo asigion 4 and fluoro at position 6 of the
guinolone ring are all critical for antibacterialti@ity and are, therefore, generally left
untouched during the structural modification foe tkesign of new compounds [3]. Extensive
research has been devoted to the functions anchiaption of the R Rs, R;, and, to a lesser
extent, the Rgroups. The rationales for the structure-actixahationships (SAR) of these
groups toward the antibiotic activities, pharmaoekics and toxicities of the compounds are
beyond the scope of this chapter; several studiee Bummarized the putative effects of
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variations at those positions and provided gergralelines on the design of new

fluoroquinolone compounds [3, 4].

Fluoroquinolones enter the bacterial cells by pasdiffusion through their membrane
porins [5, 6]. The compounds exert their bacteakteffects by inhibition of type I
topoisomerases, which include DNA gyrase and tapoease 1V, two critical enzymes
involved in the bacterial DNA replication. During\A replication, type Il topoisomerases
cleave and re-ligate the DNA ahead of the replicatork, thereby relaxing the stress caused
by supercoiling of DNA [7]. Binding of fluoroquinohes to bacterial type Il topoisomerases
inhibit the enzymes’ ligase functions and thus edugaks in the DNA strands, leading to the
fragmentation of DNA and cell death [3, 8, 9]. Iedemutations in bacterial porins and / or
the binding domains for fluoroquinolones within é&yp topoisomerases have been found to

confer clinical resistance to the drugs [6, 9, 10].
Ciprofloxacin: Indications and Dissociation Constars

Originally approved by the US FDA in 1987 [11], @filoxacin is a “second
generation” fluoroquinolone compound [3]. It hasmbastrated potent antibiotic activities
against a wide range of Gram-negative bacteriagdisas some Gram-positive species [12]. It
was approved for clinical use against 13 typesifefations caused by the aforementioned
bacteria; some examples include urinary tract tidas (UTI), lower respiratory tract
infections, skin and skin structure infections godorrhea [12]. It is currently the most
widely prescribed fluoroquinolone [2]. For oral adistration, it is available in either tablets
as a monohydrochloride salt form (ciprofloxacin- H©F oral suspensions which contains the

non-salt form and several excipients [12].

Ciprofloxacin (structure shown figure 5.3) has a cyclopropyl group at the &d a
1’-piperazinyl group at the Rpositions of the generalized fluoroquinolone dine (Fig. 5.2).
The carboxyl group on the quinolone ring and theedary amine within the piperazinyl are
both dissociable, with measured {&at 6.09-6.18 and 8.73-8.76 at 25°C, respectijs3y
16]. Therefore, four species of ciprofloxacin sitankously exist in agueous solutions at any
given pH: the neutral form, the positively chardiee. protonated) form, the negatively

charged (deprotonated) form and the zwitteriontanfoTl heir equilibria in solution are shown
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in Figure 5.4. The contents of the four species within a sotutice controlled by the intrinsic
micro-dissociation constant&,(, ka21, Ka12 andkyo) and the solution pH. For the sake of

simplicity, it is assumed that thiaf; = ka12 = Kag, andkaor = Kaz = Ko, WhereKy; andKy, are

the respective macro-dissociation constants foc#nkeoxyl and secondary amine groups. The

theoretical relationship between the percentagesdf of the four species and the solution
pH could thus be calculated using the Hendersorséllaalch equatiorEgquation. 5.1),
where HA is the neutral form of an acid and#the deprotonated ion (or “base”):

[A7]

log1o (ﬁ) = pH — pK, (Equation. 5.1)

The equilibria between the three ionic speciesmbfloxacin and the neutral form

are shown irequations 5.2 - 5.4

Negatively charged (deprotonated) form:
[Negative]

“Neutrall = 10PH-PKa1 (Equation. 5.2)

Positively charged (protonated) form:
[Positive]

Neutrall = 10PKaz—PH (Equation. 5.3)

Zwitterionic form:
[Zwitterion]

[Neutral] 10PHeamplar (Equation. 5.4)

Therefore, fractions of the four species of cipsgéicin could be derived &juations
55-5.8

Neutral form:

1

1 + 10PH-PKa1 4 1QPKaz—PH 4 1(QPKaz—PKa1 (Equation. 5.5)

%(Neutral) =
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Negatively charged (deprotonated) form:

10PH-PKa1

N Equation. 5.6
Yo(Negative) = oo rpRar 3 10PKaz—PH + 10PKarPFan (= )

Positively charged (protonated) form:

10PKaz2—pH

LN Equation. 5.7
%(POSlthe) 1 T 10pH_pKa1 + 10pKa2—pH + 1OpKa2—pKa1 ( q )

Zwitterion:

10pKa2_pKa1

0 itteri = Equation. 5.8
% (Zwitterion) 1 T 10PF—PKar T 10PKaz—pH § 107Kaz—PKar (Eq )

And the isoelectric point,lpis the midpoint of K, and Kaz:

1 -
pl =35 (pKa1 + pKq2) (Equation. 5.9)

Figure 5.5(a,b)details the relationship between the fractiontheffour species of
ciprofloxacin and the pH of the solution. Partiglyaat pH around the isoelectric point
(around 7.5 at 25°C), the zwitterion is the predwant form. The fraction of the neutral form

is very small (< 0.25% at isoelectric point).
Ciprofloxacin: A Low-Solubility Compound

Ciprofloxacin exhibits a “U”-shaped solubility vsH profile [15, 17]. It has relatively
high solubility at both low (< 4) and high pH (>)l8ut very poor solubility at pH around its
isoelectric point, which also corresponds to thespilogical pH range (6 — 8). Previous
reports placed the solubility of ciprofloxacin- H&lpH 6.8 — 7.5, 25°C at 0.070 to 0.088
mg/mL [18]. For oral dosage, the volumes of aquanadia required to solubilize a typical
ciprofloxacin-HCI tablet (250 — 750 mg) at pH 5.5 @re much larger than 250 mL [18], the
volume recommended by an FDA guideline for clasatfon of compound solubility [19].
Therefore, ciprofloxacin (along with its HCI sakt)considered a low-solubility compound.
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The low solubility of ciprofloxacin at pH aroundg itsoelectric point could also be
explained by its ionization profiles. Generally ap@g, in a saturated solution, the
concentration of the uncharged, neutral form isstamt. According to Eq. 5.4, the
concentration of the zwitterion is also a constart is often referred to as “intrinsic solubility”
(S). Therefore, the solubility of ciprofloxaci®) explained as the sum of the concentrations
of the zwitterionic, the negatively charged andpbesitively charged forms, varies with the
solution pH and follows the theoretidatjuations 5.10 and 5.1115].

S = S(zwitterion) + S(negative) + S(positive) (Equation. 5.10)

S =5, (1+ 10PH PKaz 4 1(PKar~PH) (Equation. 5.11)

The pH-dependent solubility of ciprofloxacin is shroin Figure 5.6. It is evident that
at the intestinal luminal pH (6 — 8), the solulyilif ciprofloxacin is very low, at only 1.2 to
2.5 times the intrinsic solubility; the lowest poof solubility theoretically occurs at the
isoelectric point of ~7.5. The problem of the drulg\w solubility is further complicated by
guinolones having an unpleasant, extremely bi#stet techniques such as film coating are
frequently employed for tablet manufacturing [ZDe coating prevents the drug product
from effectively dissolving in the relatively actdgastric fluid (pH 1.5 — 3.5) and the majority
of ciprofloxacin is left undissolved until it reaehthe small intestine, where the luminal pH

becomes unfavorable for its solubilization.
Ciprofloxacin: A Low-Permeability Compound

In human studies, the absolute oral bioavailabditgiprofloxacin was reported to be
approximately 70%, with no significant loss fromsfipass metabolism [12]. Therefore,
orally dosed ciprofloxacin has a fraction of dobsabed ;) of approximately 70%. This
number is lower than the FDA-designated 90% bouynsl@parating the high- and low-
permeability compounds [19] and, therefore, cigmedicin has been classified as a low-

permeability drug [18]. This was also confirmednrvitro Caco-2 assays in which
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ciprofloxacin was found to have a much lower aptoabasolateral apparent permeability
(Papp at pH 6.8 compared to that of the high-permegisliandard metoprolol [21].

Ciprofloxacin is absorbed in the gastrointestinatt primarily through passive
diffusion [22, 23]. It displays an inverted “U"-gb@ pH-dependent permeability profile with
the highestn vitro apparent permeability occurring at pH around seelectric point of 7.5
[24]. This corresponds very well to its pH-distrilmn coefficient (lodp) profile, which also
peaks at a pH of ~7.5 [14]. These phenomena couékplained by the relationship between
the pH and the fraction of the neutral form of offmxacin (Fig. 5.5b). It is generally
accepted that only the neutral, un-ionized formnamfonizable compound can enter the
lipophilic environment of biological membranesmoctanol [24]. For ciprofloxacin, the
fraction of the neutral form is at its highestla tsoelectric point, hence the peak of itddog
as well as membrane permeability. Nevertheles$, avtheoretical value of 0.23%, the
fraction of the neutral form at pH 7.5 is stillagl/ely small, resulting in low absolute values

of logD and passive diffusivity.

Ciprofloxacin is also a possible substrate foneffiransporters. The efflux ratio,
defined as the ratio of the basolateral-to-apieahpeability coefficient over that of the apical-
to-basolateral direction, was found to be 4.6 fprafloxacin in the Caco-2 system [21].
Studies with Caco-2 and rats as model systemsatedtidhat ciprofloxacin is not actively
transported by P-glycoprotein (P-gp, also knowivi@é$k1 or ABCB1) or multidrug
resistance-associated protein 2 (MRP2 / ABCC2) 253, Later reports using cells and
animal models showed that the breast cancer resestarotein (BCRP, also known as
ABCG?2) is likely the predominant efflux transporter ciprofloxacin in the small intestine
[27, 28]. Clearly, the efflux mechanism of ciproféin is another contributing factor to its

low intestinal permeability.
Pharmacokinetics of Ciprofloxacin

Oral dosages of ciprofloxacin at 250, 500 and 790yrald average maximum plasma
concentrationstay) of 1.2, 2.4 and 4.3 pg/mL, respectively [12]. fhasma protein binding

level for ciprofloxacin is 20% — 40% and is cons&teunlikely to cause interference of
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protein binding for other drugs [12]. The drug islaly distributed throughout the body and

the tissue concentrations are often higher thaplétsma concentration.

A total of approximately 15% of ciprofloxacin abbed after an oral dose is
metabolized by phase | and phase Il metabolic eezymfour metabolites:
desethyleneciprofloxacin (M1), sulfo-ciprofloxa¢iM?2), oxociprofloxacin (M3) and
formylciprofloxacin (M4) (structures shown kigure 5.7) [12, 29]. They all possess varying
degrees of antibiotic activity, albeit all weakkan ciprofloxacin. The half-life of the drug is
approximately 4 hours [12]. The majority of the d@dter oral administration (55% to 65%)
is excreted in the urine whereas 20% to 35% otit/e® could be recovered in the feces

several days after dosing, indicating biliary sgores for the drug [12].

Amide Prodrugs of Ciprofloxacin: Possible Enhancemat of Both Solubility and

Intestinal Permeability

Due to the low solubilityand low permeability of ciprofloxacin, the drug is skfied
as a BCS class IV compound. Its oral absorptiom isathus limited by both the dissolution of
the drug product and its permeability across thstrgantestinal epithelia. As detailed in the
above sections, the low solubility and permeabdity both related to the equilibria among
the four species of ciprofloxacin in aqueous sohsi Therefore, if one or both of the
ionizable groups could be masked by a promoietypfomoieties), the equilibria will be

greatly altered and result in potential changeféocompound’s biopharmaceutical properties.

During the design process of the prodrug, a “dopbdelrug” with promoieties
attached at both the secondary amine and carboaypg was not considered because of the
complication concerning the two-step activationuiegf to convert the prodrug back to
ciprofloxacin. The option of an amide with acylatiat the secondary amine was also
eliminated because the prodrug would still be posoluble at low pH. Eventually, | decided
to design a promoiety that masks the carboxyl gafupprofloxacin. A ciprofloxacyl amide
was chosen because the existence of a peptidedooitd potentially make the prodrug a
substrate for PEPT1-mediated transport. The mettgr of glycine (Gly-OMe) was selected
as the amide promoiety because glycine is the sishpimino acid and thus was a good

starting point for the initial testing for this ghaig strategy. The prototypical prodrug,
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ciprofloxacyl-glycine-methyl ester (Cipro-Gly-OMEigure 5.83), could potentially possess

both increased solubility as well as permeabilitgrathe physiological pH range.

First, for solubility it is generally accepted thhé species with no net charge, i.e. the
neutral form and zwitterion, are the least soljlbfg; their concentrations are often called the
intrinsic solubility &). Therefore, reducing the percentage of theseepeatthe saturated
solution will lead to increased total solubility@fcompound because of an increase in the
fractions of the species with net charges. The ppeddent fractions of species with net

charges follonEquations 5.12 and 5.13

For ciprofloxacin, total fractions of positively @megatively charged species:

10PH-PKar 4 1(PKaz—PH

% (Species with Net Charges) = 1 % 1077 —PKar + 10PFaz—PH T 10PKar—PFar

(Equation. 5.12)

For Cipro-Gly-OMe, the only charged species isgtaonated form:

10PKaz2—pH

% (Species with Net Charges) = T4 107Farpi (Equation. 5.13)

In Figure 5.93 the theoretical fractions of the species withaletrges are plotted
against the pH. It is evident that Cipro-Gly-OMaultbhypothetically possess higher fractions
of species with net charges than ciprofloxacin digiwut the physiological pH range. The
total solubility of the two compounds, expressecdhuitiples of their intrinsic solubilityS),
is predicted irFig. 5.9bwith respect to the varying pH. The solubilityagbrofloxacin
follows Eq. 5.11 and Cipro-Gly-OMe'’s follow Equatio5.14, wheré&, is the solubility of the

neutral form:

S(Cipro-Gly-OMe) = S, - (1 + 10PKaz=PH) (Equation. 5.14)
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The total solubility of Cipro-Gly-OMe within the ghiological pH range is therefore
potentially much higher than that of ciprofloxacassuming the two compounds have similar

intrinsic solubility &).

In addition to solubility, the prodrug Cipro-Gly-GMmay also have an enhanced
intestinal permeability compared to ciprofloxacechuse of the former’s higher fractions of
the un-ionized neutral form at the physiological igidge. The pH-dependent fractions of

neutral form of ciprofloxacin follow Eq. 5.5 andattof Cipro-Gly-OMeEquation. 5.15

For Cipro-Gly-OMe,

1

1 + 10PKaz-PH (Equation. 5.15)

%(Neutral) =

The theoretical relationship between the pH andifvas of neutral forms of
compounds is depicted Figure 5.1Q At pH 6 — 8, Cipro-Gly-OMe has much higher
fractions of neutral forms in solutions than cipoghcin does. Assuming that the two
compounds’ neutral forms have similar membrane pabiity values, the one with a higher

percentage of neutral form in solution at a givehwpould thus be more permeable.

In this chapter, | synthesized the prodrug cipeddloyl-glycine-methyl ester (Cipro-
Gly-OMe) as well as ciprofloxacyl-glycine (CiproGistructure shown ifig. 5.8b), the
latter a likely metabolite for Cipro-Gly-OMe. Thélgdependent solubility of ciprofloxacin
was then measured and compared with that of Cipye@®e. | also compared the apparent
permeability of ciprofloxacin and Cipro-Gly-OMe aess the Caco-2 monolayers at apical pH
of 6.0 and 7.4. Lastly, | characterized the bio@sion of Cipro-Gly-OMe in tissue matrices,
because the carboxyl group masked by the promoieast be “freed” in order for the parent

drug to exert antibacterial activities [3].
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MATERIALS AND METHODS
Materials

All the reagents, cell lines, tissue matrices alsgehsable tissue culture hardware that
have been mentioned in Chapters Il, Il and IV wargquired from the same sources. In
addition, ciprofloxacin and ciprofloxacin hydrochlie were purchased from AK Scientific
(Palo Alto, CA). Glycine methyl ester hydrochlorifigly-OMe-HCI) was purchased from
Chem-Impex (Wood Dale, IL). Dert-butyl dicarbonatelN,N-diisopropylethylamine (DIPEA)
and 1-[bis(dimethylamino)methyleneH11,2,3-triazolo[4,5]pyridinium 3-oxid
hexafluorophosphate (HATU) and all organic solvemese purchased from Sigma-Aldrich
(St. Louis, MO). Citric acid, tricine, 4-(2-hydroethyl)-1-piperazineethanesulfonic acid
(HEPES), 3-morpholinopropane-1-sulfonic acid (MOPS4-piperazinediethanesulfonic acid
(PIPES) and 3-[[1,3-dihydroxy-2-(hydroxymethyl)pesp2-ylJamino]propane-1-sulfonic acid
(TAPS) were purchased from Fisher Scientific (Biitgh, PA). Costar UV-transparent 96-

well plates were purchased from Corning (Corninyg).N
Cell Culture

Caco-2 cells (passage 22 — 36) were routinely rageatl in the same conditions
detailed in Chapter Ill. For permeability studi€sico-2 cells were seeded and processed

using the same procedures as described in Chapter |
Chemical Synthesis

The strategy for the synthesis of the prodrugbis inFigure 5.11 *H-NMR and
ESI MS were performed on the same equipment wélsttime respective solvents as detailed

in Chapter Il

Tert-butyloxycarbonyl-ciprofloxacin (Boc-Cipro). 504 mg (1 molar equivalent)
ciprofloxacin was dissolved in 12 mL tetrahydrofu@HF) mixed with 6 mL 1 M NaOH in
water. 450 pL (1.3 molar eq.) thrt-butyl dicarbonate was diluted in 6 mL THF and atide
dropwise to the stirring ciprofloxacin / THF / NaQhixture on ice. The reaction was kept on

ice for 12 h. Dichloromethane (DCM) was added thi® mixture and solvents were removed
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in vacuo. The pellet, yellow in color, was washed with nagtbl for three times and each time
the solvent was removed vacuo. The precipitation was then re-dissolved in DCMeT
reaction product was separated from others usliog giel chromatography with a mobile
phase of 95% DCM, 5% methanol and 1%. acetic acacttons of the eluate containing the
product were pooled and the solvent was remoneecuo. Three washes with DCM were
applied and solvent was removied/acuo. ~600 mg powder form of the product was yielded.
ESI-MS: [M+H]" 432.2.

Tert-butyloxycarbonyl-ciprofloxacyl-glycine-methyl este (Boc-Cipro-Gly-OMe).
300 mg Boc-Cipro (1 molar eq.), 430 mg glycine-nye#ster hydrochloride (5 eq.) and 3 mL
DIPEA was dissolved in 25 mL DMF mixed with 10 mICBI. 550 mg HATU (2 eq.) was
then added to the stirring mixture and the reactias carried out at room temperature for 2 h.
Solvents were removead vacuo and the pellet was dissolved in ethyl acetateveashed with
1%o (v/v) HCI. The organic phase was then conceadrander vacuum and loaded onto a
silica gel column. The product was eluted by 4%)(wiethanol in ethyl acetate and solvents
were removedin vacuo. ~150 mg powder of the product was obtained. ESINS-H]*
503.2.

Ciprofloxacyl-glycine-methyl ester (Cipro-Gly-OMe). 56 mg Boc-Cipro-Gly-OMe
was dissolved in a mixture of 5 mL 3 M HCI, 5 mLteaand 5 mL ethanol and the mixture
was stirred at room temperature for 15 min. Solvevdre then removead vacuo. The pellet
was dissolved in 10 mL 1:1 (v/v) methanol: wated arjected into preparatory HPLC with
the same accessories as those used in Chaptéfaier (1% TFA) and acetonitrile (1% TFA)
were used as mobile phases A and B, respectivelgeRtage of phase B vs. time program: 0
min, 0.2%; 5 min, 20%; 35 min, 45%; 40 min, 85%eTdhromatogram is monitored at UV
275 nm and all peak fractions with absorption gretitan 500 mAU were collected. The
compounds in all fractions were identified by ESEM5olvents were first removéavacuo
and the residual water was removed by freeze-dryiftdMR (400 MHz, methanol-E):

1.21 (2H, s, cyclopropyl 2’-CHand 3'-CH), 1.40 (2H, m, cyclopropyl 2’-CHand 3’-CH),
3.50 (4H, d, piperazinyl 3'-CHand 5’-CH, J = 8 Hz), 3.60 (4H, d, piperazinyl 2’-Gtand
6’-CH», J =4 Hz), 3.70 (1H, s, cyclopropyl 1'-CH), 3.79 (38§ COOCH), 4.24 (2H, s, Gly
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CHyp), 7.62 (1H, d, quinolone 8-CH,= 8 Hz), 7.95 (1H, m, quinolone 5-CH), 8.80 (1H, s
quinolone 2-CH). ESI-MS: [M+H]403.1. Purity by HPLC: 97%.

Ciprofloxacyl-glycine (Cipro-Gly). 30 mg Cipro-Gly-OMe was dissolved in 2:1 (v:v)
mixed methanol and water and 16 mg (10 eq.) LiOM added to the stirring mixture. The
reaction was stirred at room temperature for 4chterminated by addition of 1% HCI. The
mixture was washed sequentially with DCM, hexane ethyl acetate. The solvents were
removedn vacuo and the pellet was dissolved in 10 mL 1:1 (v/v}imaeol: water and
injected into preparatory HPLC using the same need®Cipro-Gly-OMe. All peak fractions
with absorption greater than 500 mAU were colle@ed compounds in all fractions were
identified by ESI-MS. Solvents of the fraction caiming the product were first removiad
vacuo and the residual water was then removed by freegiag. '"H-NMR (400 MHz,
methanol-Q): 1.17 (2H, s, cyclopropyl 2’-CHand 3’-CH), 1.36 (2H, m, cyclopropyl 2’-CH
and 3'-CH), 3.46 (4H, d, piperazinyl 3'-CHand 5’-CH, J = 8 Hz), 3.56 (4H, d, piperazinyl
2’-CH, and 6’-CH,, J = 4 Hz), 3.69 (1H, s, cyclopropyl 1'-CH), 4.17 (28] Gly CH), 7.59
(1H, d, quinolone 8-CH] = 8 Hz), 7.93 (1H, d, quinolone 5-CBI= 16 Hz), 8.78 (1H, s,
quinolone 2-CH). ESI-MS: [M+H]389.1. Purity by HPLC: 99%.

Buffer Solutions

Table 5.1lists the buffering agents and their concentratiosed to make buffer

solutions at different pHs.
The pH-Dependent Solubility in Buffers

Ciprofloxacin-HCI was weighed and added to thedndblutions in Table 5.1 at
concentrations above saturation at room temperé2%C). For Cipro-Gly-OMe: TFA, it was
added to 0.5 M TAPS (pH 8.78 at 25°C) for the measent of its intrinsic solubility$ =S
/ 2 at K42 = 8.75). The solutions were shaken at 60 romanrtemperature (25°C) for 4 — 6
hours and the supernatants were filtered through @m PVDF filter plates by centrifugation.
The filtrates were assayed for concentrations byadsorption analysis. The pH of saturated
solutions of ciprofloxacin-HCI were measured aneduss the real pH values in the analysis
of pH-dependent solubility. Eq. 5.11 afgd= 0.0792 mg/mL [15] were used for the
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prediction of pH-dependent solubility of ciproflain; Eq. 5.14 for the prediction of that of
Cipro-Gly-OMe.

Stability of Prodrugs in Buffer

1 - 1.2 mg Cipro-Gly-OMe- TFA powder was weighed disdolved in PBS (pH 7.4;
see Table 5.1) to 1 mg/mL solutions. The solutwase shaken at 60 rpm at room
temperature (25°C) for 8 days. They were then eilwith water by 100x and assayed with
HPLC as well as LC-MS.

Permeability across Caco-2 Monolayers

Experiments were carried out with apical chambeirtpa pH of either 6.0 or 7.4 and
basolateral chamber at pH 7.4 After washing the-posfluent Caco-2 cell layer with the
respective buffer solutions, 1.5 mL 0.5 mM cipratain, 0.5 mM Cipro-Gly-OMe or 1 mM
metoprolol solutions in either 37°C pH 6.0 uptakéfér (145 mM NacCl, 0.5 mM MgGJ 1
mM NaH,PQO,, 1 mM CaCj, 3 mM KCI, 5 mM (D)-glucose, 5 mM MES) or 37°C pt#
uptake buffer (145 mM NacCl, 0.5 mM MgClL mM NaHPQ,, 1 mM CaC}, 3 mM KCI, 5
mM (D)-glucose, 5 mM HEPES) were then overlaidi® tespective apical chambers and 2.5
mL pH 7.4 uptake buffer to basolateral chamberg Chco-2 cells were incubated at 37°C
on an orbital shaker rotating at a speed of 50 pamples were retrieved from the basolateral
chamber every 15 min until 120 or 135 min afteridgsnd equal volumes of fresh pH 7.4
uptake buffer was replenished to maintain sink d¢amd Samples collected from
ciprofloxacin and Cipro-Gly-OMe dosing were quertthath acetonitrile with 250 nM (S)-(-
)-propranolol (internal standard for LC-MS analysSamples for metoprolol permeability
were mixed with acetonitrile with 200 uM caffeinetérnal standard for HPLC). All samples
were kept on ice throughout the 120- or 135-minqokand then frozen at -80°C until
analyzed by LC-MS (for ciprofloxacin and Cipro-GBMe) or HPLC (for metoprolol).

Bioconversion of Prodrug in Biological Matrices

For prodrug bioconversion in Caco-2 homogenatéisahconcentration of 10 uM
Cipro-Gly-OMe was added to 1 mg/mL Caco-2 homogeshand the reactions were
incubated at 37°C. Samples were removed at 0,3 a8d 4 h time points and quenched. For
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metabolism of Cipro-Gly-OMe in pooled human liveicrosomes, a final concentration of 2
UM Cipro-Gly-OMe was incubated with the activateeit microsome system (see Chapter
ll) at 37°C and samples were taken out at 0, 0568 and 120 min and quenched. For
bioconversion of Cipro-Gly-OMe in human plasmainalf concentration of 10 uM Cipro-
Gly-OMe was added to undiluted human plasma andb@ied at 37°C. Samples were
collected at 0, 1, 2, 4, 8 and 24-h time points @mehched. All guenching solutions were
acetonitrile with 250 nM (S)-(-)-propranolol. Alugnched samples were centrifuged and the
supernatant were analyzed with LC-MS for contentSipro-Gly-OMe, Cipro-Gly and

ciprofloxacin.
UV Absorption Analysis

100 pL ciprofloxacin- HCI solutions diluted from sedted solutions were added to a
UV-transparent 96-well plate. Absorptions at 280ware read in a Biotek Synergy HT plate
reader with the interior sample chamber at roonpenature. Standard curves containing at
least 6 data points were used to calculate coratgoris from Ago values. The accuracy of the
assays was 95% — 105%.

HPLC Analysis

The HPLC instrument and mobile phases were iddribidiose that were used in
Chapters Ill and IV. The mobile phase B (acetdeitnith 1%, TFA) content versus time
diagram was set up as follows: 0 min, 0.2%; 4 180%6; 13 min, 57%; 15.5 min, 80%.
Ciprofloxacin, Cipro-Gly-OMe and Cipro-Gly were deted at UV 275 nm and metoprolol at
220 nm. Standard curves with at least five poirgsanused to calculate concentrations from

peak area values. The accuracy of the HPLC assap®f to 110%.
LC-MS Analysis

The LC-MS instrument and mobile phases were idahtacthose that were used in
Chapters Ill and IV. The mobile phase B (acetdeitnith 1%o formic acid) content versus
time diagram was set up as follows: 0 min, 0.5%id, 0.5%; 6.5 min, 80%. Mass-to-charge
ratios (m/z’s) for chemical species: ciprofloxafit+H]* 332.1, Cipro-Gly-OMe [M+H]
403.2, Cipro-Gly [M+H] 389.1, (S)-(-)-propranolol [M+H]260.1. Standard curves
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containing at least five points were utilized técasate concentrations from peak areas. The

accuracy of the LC-MS assay was 75% to 125%.
Data Analysis

The apparent permeability coefficiefgy) of each compound was determined using
Equation 4.1 (Chapter IV). For Cipro-Gly-OMe, thencentration in the receiving
compartment@r) at each time point was the sum@Cipro-Gly-OMe) andCr(Cipro-Gly),
the latter generated from hydrolysis of Cipro-Gle

Statistical Analysis

All experiments had sample numbers of n = 3 — 4uRe are presented as mean *
SEM. Statistical comparisons were performed in GPaa Prism 5.0 using two-way ANOVA

with post-hoc Bonferroni testsP values less than 0.05 were deemed significant.
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RESULTS
Stability of Cipro-Gly-OMe in Buffer

After 8 days in pH 7.4 buffer, 86.4% % 1.2% (mea8.D.) Cipro-Gly-OMe remained
in the system; the rest had been hydrolyzed tod3@ly as confirmed by retention times in
HPLC chromatographs as well as LC-MS chromatogrémhthe respective m/z’s of Cipro-
Gly and Cipro-Gly-OMe. No visible amount of ciprafiacin was detected. Assuming zero-
order chemical hydrolysis, the rate of Cipro-Gly-©&®ldegradation in buffer was

approximately 1.7% per day.
The pH-dependent Solubility of Ciprofloxacin and Cpro-Gly-OMe

For ciprofloxacin- HCI, the measured solubility veduat different pHs are listed in
Table 5.2 They are also plotted against the pHFigure 5.12a As observed from the
measured values, it was evident that the solulmlityiprofloxacin generally decreases as the
pH increases from 5 to ~7.8. For Cipro-Gly-OMawds extremely difficult to make a
saturated solution even at it&gbecause of its high solubility and the small antain
available compound powder. The highest soluble eotnation achieved was 17.3 mg/mL
(2.6 mg Cipro-Gly-OMe- TFA dissolved in 150 pL 0.5TAPS buffer) 010.0336 M
Therefore, its intrinsic solubility is actually giter than 0.0336 M/ 2 = 0.0168 M; as a
convenience this number was taken as3fer prediction of its pH-dependent solubilityig.
5.12b). Despite not being able to obtain an accuratesareanent of the solubility of Cipro-
Gly-OMe, it was obvious (as shown in Fig. 5.12[@ttthe prodrug possesses much higher
solubility than ciprofloxacin at pH 6 — 8, with ottially increased solubility of over 17,500x
at pH 6 to over 433x at pH 8.

The pH-dependent Permeability across Caco-2 Monolays

The apical-to-basolateral (A-to-B) permeability ffmgents for ciprofloxacin, Cipro-
Gly-OMe and metoprolol are listed Trable 5.3and compared iRigure 5.13 At pH 6.0, the
prodrug had a similar A-to-B permeability to thatlee parent compound and both were
lower than that of metoprolol. At pH 7.4, tRg,, values of all three compounds were
significantly higher than those at pH 6.0, altho@jpro-Gly-OMe increased than
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ciprofloxacin; as a result, at pH 7.4 Cipro-Gly-OMas significantly more permeable than
the parent drug. Both remained less permeablerttedaprolol, however. Overall, the pH-
dependent permeability profiles of ciprofloxacirdd@ipro-Gly-OMe corresponded relatively
well to the trends of fractions of neutral formp&t 6.0 and 7.4 (Fig. 5.10).

Bioconversion of Cipro-Gly-OMe

In all tissue matrices with Cipro-Gly-OMe added amclibated at 37°C, no
ciprofloxacin was detected at the end of the expenital period (4 h for Caco-2 homogenates,
120 min for liver microsomes and 24 h for plasmdinost all ( > 95%) of the Cipro-Gly-

OMe was converted to Cipro-Gly by 1 h in Caco-2 bgenates, 30 min in liver microsomes
and 8 h in plasma, and in all three tissue matritesconcentrations of Cipro-Gly remained
relatively unchanged until the conclusion of expennts. These phenomena demonstrated the
relatively high stability of Cipro-Gly in tissueshwere typical metabolism of xenobiotics takes
place. Therefore, it is unlikely that Cipro-Gly-OMeuld be rapidly transformed into

ciprofloxacin when administered orally in futurevivo studies.

In conclusion, the prodrug Cipro-Gly-OMe possesgs®sntially much higher
solubility at the physiological pH range than tlagnt compound ciprofloxacin does, as well
as an improved Caco-2 permeability over that ofpdwent drug at neutral pH. However, the
lack of an efficient biotransformation of the progdrto ciprofloxacin may delay or even
abolish the onset of its antibacterial pharmacalalgeffects. Therefore, in future prodrug
designs, other promoiety structures should be densd for masking the carboxyl group of

ciprofloxacin.
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DISCUSSION

In this chapter, | proposed and tested a prodmagesty for improvements in the
solubility as well as intestinal permeability opodfloxacin based on the physicochemical
properties, in particular the dissociation constaot the drug. The preliminary results
demonstrated that the prodrug, ciprofloxacyl-glgemethyl ester (Cipro-Gly-OMe), could
potentially have a much enhanced solubility thraughhe physiological pH range as well as
an increased Caco-2 permeability around the nepittall herefore, this prodrug strategy
might convert a BCS class IV compound to a probB8i@& class Il or even a class |

compound.

For the determination of the pH-dependent solybdftciprofloxacin, a UV
absorption assay was used for the calculation n¢eatrations based on Aggo Vs.
concentration standard curve. This methodologymware time- and resource-saving than
other analytical methods such as HPLC and its acguat 95% to 105%, was also acceptable.
Combined with the buffer systems (Table 5.1), tleasured pH-solubility relationship could
reflect the theoretical curve relatively well (Figl12a). For Cipro-Gly-OMe, in theory it
would be ideal to also generate a set of measwletibty values at different pHs.
Nevertheless, even at it&p(~8.75), where its solubilit$ = 2 S, saturation could not be
reached after numerous attempts. Since | only sgithd barely enough Cipro-Gly-OMe (~
25 mg), further attempts at generating saturatedisns were not carried out. The highest
observed concentration at pH 8.75 was 0.0336 M@ thg/mL Cipro-Gly-OMe- TFA. Such
a solubility value enables a (theoretical) higlteste of 1 g Cipro-Gly-OMe to completely
dissolve in 250 mL water at pH 8.75. Since soltypif Cipro-Gly-OMe at lower pH would
almost certainly be higher than at pH 8.75, iei@sonable to suggest that Cipro-Gly-OMe is
highly soluble in aqueous media over the pH rarfde-07.5. Therefore, it fits the “high
solubility” classification according to the FDA gigline on BCS [19].

In studies to characterize the compounds’ A-to-Brgability across the Caco-2
monolayer, the prodrug Cipro-Gly-OMe was found &véra similar permeability to the
parent compound’s at an apical pH of 6.0 but aisogmtly higher one than that of
ciprofloxacin at pH 7.4 (Fig. 5.13 and Table 53)e increase in permeability of both
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compounds from pH 6.0 to 7.4 was predicted by thaelppendent fractions of neutral forms
(Fig. 5.10); Cipro-Gly-OMe would also have a higfraction of neutral form than
ciprofloxacin does at pH 7.4. Nevertheless, at pH the apparent permeability of Cipro-Gly-
OMe was still lower than that of metoprolol. Thized not necessarily suggest that Cipro-
Gly-OMe is a low-permeability compound, and thesmrang behind this statement is two-
fold. First, ciprofloxacin has a fraction of dodesarbed It,) of greater than 70% (because its
absolute bioavailability is 70% with no significditst-pass metabolism [12]). With an
apparent permeability coefficient at more than tinees that of ciprofloxacin at pH 7.4,
Cipro-Gly-OMe could very possibly have a much highgcompared to ciprofloxacin’s 70%;
anF, greater than 90% would be sufficient for a commbtmbe classified as highly
permeable. Second, metoprolol has been consideredsarvative high-permeability
standard because it is almost 100% absorbed whamistered orally [30]. It has been
suggested that a compound with a lowgsuch as labetaloF§ = 90%) be used as the
threshold for high- and low- permeability classafion [30]. Additional Caco-2 and / or
intestinal perfusion studies should thus be peréatto compare the permeability of Cipro-
Gly-OMe to those of other reference compoundsumrary, the prodrug Cipro-Gly-OMe
displayed enhanced apparent Caco-2 permeabiliheapical pH of 7.4 compared to
ciprofloxacin, and when solubility is also consielérit is possibly a BCS class | compound

pending further verification.

Despite Cipro-Gly-OMe’s advantages in its biopharendical properties, a few issues
have yet to be addressed. One concern is its biecsion to the parent compound: the
metabolite of Cipro-Gly-OMe, Cipro-Gly, was fourmllie very stable in tissue matrices and
not readily converted to ciprofloxacin. A betteoproiety to use may be (L)-proline because
prolidase, a carboxypeptidase, is known to hydebBuabstrates with (L)-proline at the
carboxyl terminus [31]. Previous studies have z#ii prolidase as the activating enzyme for
proline prodrugs [32-35]. Prolidase is ubiquitouskpressed in the body [36] and could thus
potentially hydrolyze the orally administered cifpoaacyl-(L)-proline amide prodrugs
(Figure 5.14) to yield the active parent compound. Anotherasguaddress concerns the type
of prodrug for the design. Initially, one reason ¢boosing the amide prodrugs of
ciprofloxacin was that the existence of a peptidedomight make the prodrug a substrate for
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PEPT1-mediated transport. However, as observedrmgability studies (Fig. 5.13), tiRg,,

of Cipro-Gly-OMe at an apical pH of 7.4 was foundde much larger than that at pH 6.0. A
pH of 6.0 was presumably a more favorable situdtortransport by PEPT1 because of the
pH gradient from the apical (6.0) to the basolatgéta, DPBS) chamber. Therefore, it is
obvious that PEPT1 did not play a major role intia@sport of Cipro-Gly-OMe and amide
prodrugs of ciprofloxacin likely do not possessthresumed advantage. In light of this, other
types of chemical linkages between ciprofloxacid Hre promoiety, such as estdfgylre

5.15), should also be considered in future designshi@prodrug.

132



CONCLUSIONS

Ciprofloxacyl-glycine-methyl ester (Cipro-Gly-OMegn amide prodrug of
ciprofloxacin, possessed potentially much highereaqis solubility throughout the
physiological pH range when compared to the paremtpound. Cipro-Gly-OMe also
demonstrated a significantly higher Caco-2 pernigwlait pH 7.4 compared to ciprofloxacin.
Therefore, this study presented a unique prodrpgoagh that potentially transformed a BCS
class IV compound into a class | compound. Howether jnefficient bioconversion of Cipro-
Gly-OMe to ciprofloxacin in tissue matrices may @@spotential problem for the
compound’s pharmacological activity, and furthetimpzation of the promoiety is thus
required to confer more rapid vitro andin vivo biotransformation of the prodrug to the
parent compound. Nevertheless, the prodrug appno@sented in this chapter could
potentially be applied to increase the solubilgyeell as intestinal permeability of other BCS
class IV compounds that predominantly exist astewans within the physiological pH range.
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FIGURES
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Figure 5.1 Chemical structures ¢&) 4-quinolone, with position numbers on the bicyclic
ring; (b) 4-oxo-1,8-naphthyridine (4-naphthyridone), withsgimn numbers on the bicyclic
ring; (c) nalidixic acid.
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OH

Figure 5.2 A general structure for the approved fluoroquama compounds. The carboxyl
group at position 2 on the ring and fluorine atipos 6 are fixed. At position 8, when X =N
(nitrogen), R could only be H (hydrogen); when X = C (carborg,cBuld be any side group.

OH

Figure 5.3 Chemical structure of ciprofloxacin. With respexFig. 5.2 R; = cyclopropyl
and R = 1'-piperazyl.
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(\N N
Figure 5.4 The equilibria between the four species of cijgpbacin in agueous solutions. The
micro-dissociation constants are denotel,akaz1, ka12 andksy. In this chapter, it was

assumed thaty; = Ka12 = Kag, andkaz: = ka2 = Kap, WhereKy; andK;; are the respective macro-
dissociation constants for the carboxyl and secgnai@aine groups.
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Figure 5.5 Theoretical relationship between the solutiongmid the distribution dfa) the
three ionized species afln) the neutral form of ciprofloxacin. Parameters usedenerate
this graph: a1 = 6.18 and K2 = 8.75 at 25°C.
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Figure 5.6 Theoretical relationship between the solutiongmd the aqueous solubility of
ciprofloxacin, expressed in multiples of intrinswlubility (x &). They axis is shown in log
scale. Parameters used to generate this gréph=(5.18 and K42 = 8.75 at 25°C.
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Figure 5.7. In vivo metabolites of ciprofloxacin(a) desethyleneciprofloxacin (M1),
molecular weight (MW) 305.3}) sulfo-ciprofloxacin (M2), MW 411.4(c) oxociprofloxacin
(M3), MW 345.3 andd) formylciprofloxacin (M4), MW 359.3.
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Figure 5.8 Amide prodrugs of ciprofloxacirfa) Ciprofloxacyl-glycine-methyl ester (Cipro-
Gly-OMe) and(b) Ciprofloxacyl-glycine (Cipro-Gly).
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(a) Theoretical Fractions of Species with Net Charges
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Figure 5.9 (a) The fractions of species with net charges (padiiand negatively charged
form of ciprofloxacin and positively charged forh@ipro-Gly-OMe) vs. pH(b) Predicted
pH-dependent solubility of ciprofloxacin and Cipgiady-OMe expressed in the multiples of
their respective intrinsic solubilitysf). They axis is shown in log scale. Note that th®) of

the two compounds are likely different from eacdhent The figures were generated based on
pKa values at 25°C: K, = 6.18 and K42 = 8.75.
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Theoretical Fractions of Neutral Form
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Figure 5.1Q Theoretical relationship between the solutiongptd the fractions of neutral
forms of ciprofloxacin and Cipro-Gly-OMe. Tlyeaxis is presented in lggscale. The figure
was generated based df;values at 25°C: kK, = 6.18 and K4 = 8.75.
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Figure 5.11 Steps for the synthesis of ciprofloxacyl-glycimethyl ester (Cipro-Gly-OMe)
and ciprofloxacyl-glycine (Cipro-Gly).
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Figure 5.12 The pH-dependent solubility of ciprofloxacin a@gbro-Gly-OMe.(a) Solubility
of ciprofloxacin (in M) measured at different ptbag) with the predicted solubility vs. pH
curve.(b) Solubility of Cipro-Gly-OMe (measured and prediteompared to that of
ciprofloxacin. In both plots, thgaxis was shown in lggscale. n = 3 for all ciprofloxacin

samples. Error bars represent SD.
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Apparent Caco-2 Permeability
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Figure 5.13 Apparent apical-to-basolateral (A to B) permdgbgoefficients Papp) of
compounds across the Caco-2 cell monolayer.Pehés were calculated according to
Equation 4.1 and presented in®i@m/s. n = 3 — 4 for all columns and error barsoteiSEM.
NS, not significant; **p < 0.01; ***, p < 0.001. TheP,,, values were also presentedrliable
5.3
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Figure 5.14 Proposed amide prodrugs of ciprofloxadan): Ciprofloxacyl-(L)-proline-methyl
ester (Cipro-Pro-OMe) an) ciprofloxacyl-(L)-proline (Cipro-Pro).

Figure 5.15 Proposed ester prodrug of ciprofloxacin (ciprefloyl ester) with X as the
promoiety.
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TABLES

pH Buffer solution

5.00 100 mM NgHPQ,, 50 mM citric acid

6.05 25 mM MES

6.85 25 mM PIPES

7.22 25 mM MOPS

7.43 100 mM HEPES

7 45 PBS: 137 mM NacCl, 2.7 mM KCI, 8
mM NaHPGQ,, 1.5 mM KHPO,

7.81 100 mM tricine

Table 5.1 Buffer solutions used for making saturated sohsiof ciprofloxacin-HCI. All pH
values were measured at 25°C with a Corning pH m32e.

Original buffer solution Final pH Solubility (M)

100 mM NaHPQy, 50 mM citric acid  5.05 2.93x10° + 0.34x10°
25 mM MES 5.95 5.07x10" + 0.80x10"
25 mM PIPES 6.68 2.55x10" + 0.05%x10"
PBS (see Table 5.1) 6.89 2.22x10" + 0.32x10°
25 mM MOPS 7.02 1.53x10" + 0.01x10°
100 mM HEPES 7.40 1.70x10" + 0.06x10°
100 mM tricine 7.80 1.46x10" + 0.02x10°

Table 5.2 Solubility of ciprofloxacin-HCI (in M) at differg pHs. The pH values of the
saturated solutions were measured again aftensiodubles were precipitated by
centrifugation. Each solubility is presented as me&D; n = 3 for all groups.
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Apparent Apical-to-Basolateral Permeability Coeéitt (10° cm/s)

Compound

pH 6.0 pH 7.4
Ciprofloxacin 0.788 +0.058 1.85 + 0.06
Cipro-Gly-OMe 0.875 £ 0.026 3.94+0.31
Metoprolol 2.71£0.20 12.3+04

Table 5.3 The apparent apical-to-basolateral permeabitigfficients (in 1 cm/s) across
Caco-2 monolayers for ciprofloxacin, Cipro-Gly-OMed metoprolol at pH 6.0 and 7.4. Data
presented as mean £ SEM; n = 3 for ciprofloxacith @ipro-Gly-OMe at pH 7.4 and 4 for all

others.
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CHAPTER VI

CONCLUSIONS, SIGNIFICANCE AND FUTURE DIRECTIONS

The prodrug strategy has been considered an e#ectiemical approach for the
improvement of certain inherent disadvantages @prent drugs. In this dissertation, | have
demonstrated the prodrug strategy’s potentialyifat protease-targeted activation or
enhancement of biopharmaceutical properties oéttieinfective compounds. The first
research project concerns the utilization of humydomegalovirus protease’s esterase
activity for potential selective activation of master prodrugs of ganciclovir. Four
monoester prodrugs of ganciclovir, i.e. CbzAlaGQ@WzAbuGCV, AcPheAlaGCV and
AcPheAbuGCV, were designed and synthesized acaptdithe order of preference of ester
substrates by the hCMV protease. It was foundAkatcontaining prodrugs had higher rates
of hCMV protease-catalyzed activation than Abu-aonihg ones. In terms of tissue stability,
N-acetylated dipeptide prodrugs were generally nstable than their Cbz-amino acid
counterparts and the latter were thus not furtivesyeed. Moreover, AcPheAbuGCV was
shown to be the most stable among the four prodrugarious tissue matrices. The kinetic
selective activation factor (SAF) for AcPheAlaGChdaAcPheAbuGCV were found to be
similar to each other. Nevertheless, when comprdaetPheAlaGCV, AcPheAbuGCV was
more stable in plasma and liver microsomes anddifgayed higher amounts of cellular
uptake. Therefore, out of the four ganciclovir pragicandidates, AcPheAbuGCV possesses

the best overall potential to achieve theivo selective activation at hCMV infection sites.

For the second research project, Ciprofloxacyldgiganethyl ester (Cipro-Gly-OMe),
a synthetic amide prodrug of ciprofloxacin, was destrated to possess both improved

solubility as well as enhanced intestinal permdéghiht neutral pH) over those of the parent

151



compound. Therefore, a BCS class IV fluoroquinoloompound could potentially be

converted to a class | compound through a uniqadrpg approach.

Altogether, | demonstrated that the prodrug stsategrains a versatile and promising
method for improving the tissue targeting as welbepharmaceutical properties of the
existing drug compounds. The strategies deriveah fitte projects of this dissertation could
also serve as guidelines in future prodrug desigosthe targeted delivery of prodrugs, it is
necessary that the design of promoieties facilibaté the activation of the prodrug at the
target site(s) and stability of the prodrug throogthout the non-target tissues. As for the
enhancement of the biopharmaceutical propertiesviterionic BCS class IV compounds, it
is paramount to locate the ionizable groups thatresponsible for the compounds’ poor
solubility and / or intestinal permeability. Followg rigorous model-based simulations, such
groups may be masked by promoieties in order & #ie pH-dependent solubility and / or
permeability profile(s) of the drug.

In future studies regarding the ganciclovir prodrugpbmpounds with different
promoieties should be explored for the sake of maped hydrolysis by the hCMV protease
as well as better tissue stability compared tactiveent prodrug candidates. In addition, a
validated cell system infected with live cytomegalos should be used to characterize the
selective activation of ganciclovir prodrugs. ignificantly higher rate of prodrug
hydrolysis is observed in infected cells compacedrtinfected cells, the prodrug could

potentially be a good candidate for testing indtdéel animal models.

For the ciprofloxacin prodrug project, more effam=ed to be dedicated to the testing
of more ciprofloxacyl amides with different amincidipromoieties or ciprofloxacyl ester
prodrugs, so that one or more candidates couldegedsgher solubility, higher intestinal
permeability along with rapid bioconversion to ffeent drug after oral absorption. If such
prodrugs could be successfully identified, thefeetive intestinal permeabilityPs) as well

as absolute oral bioavailabilit{Y will then be determined in animal models.

152



APPENDIX

EXPLORING THE PROTEOLYTIC ACTIVITIESOF THE INFLUENZA A PA
PROTEIN

SUMMARY

Influenza remains a serious threat to the worldvpidielic health. Although the
genome of the influenza A virus does not appeanttnde a dedicated protease, the PA
protein has been reported to exhihititro proteolytic activities. Nevertheless, the protease
like functions of the influenza A PA protein remsipoorly understood. In this chapter, we
expressed and purified the full-length, N-termipddiss-tagged PA protein from influenza
strain A/WSN/33 with &podoptera frugiperda cell system using optimized experimental
procedures and conditions. We then tested the lygismf the only known putative peptide
substrate for PA, Suc-Leu-Leu-Val-Tyr-AMC, in a RAntaining buffered system. We found
that the substrate was unable to be hydrolyzedh&ypurified Hig-tagged PA protein.
Therefore, we concluded that PA is likely ndiama fide protease and its previously reported

proteolytic activities require further verification
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BACKGROUND

Influenza (flu) has been and remains one of thet ma@kespread respiratory diseases
around the world. The pandemic of “Spanish flu'vien 1918 and 1919 was estimated to
cause the deaths of 30 to 50 million people wordidand two other major influenza
outbreaks in 1957 and 1968 also inflicted signiftcaorbidities and mortalities [1-3].
Currently, the seasonal epidemic of influenza spomsible for annual deaths of 250,000 to
500,000 [1, 4]. Most recently, the 2009 H1N1 inflaa pandemic was estimated to have
killed over 294,000 people globally [5]. Of all #& types of influenza viruses (A, B and C),
type A is the most virulent and also the most esitexly researched [4].

The genome of influenza A virus consists of eighgle-stranded negative-sense
RNA molecules. A total of 11 proteins are encodenagglutinin (HA), neuraminidase
(NA), PA, PB1, PB1-F2, PB2, nucleoprotein (NP), N¥12, NS1 and NS2 [6]. Among them
HA and NA are large glycoproteins that play cruc@eés in the entry of viral genome into the
host cells and release of progeny virions fromitiiected cells, respectively [7, 8]. The
adsorption of viral particles onto the host cedlsnediated by the interaction of HA with
surface receptors bearing N-acetylneuraminic a¢&INA), whereas NA cleaves NANA
from the glycoprotein receptor at the host celfaze, enabling the “escape” and spread of the
influenza virion. The nomenclature of serotypesfiienza A viruses, klNy, are based on
the antibody response to different subtypes of IHA A proteins. The PA, PB1 and PB2
proteins form a large RNA-dependent RNA polymei@&sRp) complex. The complex is
responsible for the transcription and replicatibthe viral genome segments [9], with PB1
harboring the active polymerase site [10, 11] aBa@ Pvolved in binding of 5’-cap of pre-
mRNA [12].

The influenza PA protein (“PA”: polymerase acidgpf particular interest to us. It
contains 716 amino acid residues and its sequertughly conserved among different strains.
Recombinant PA protein purified froSpodoptera frugiperda could be hydrolyzed by trypsin
into two fragments: an N-terminal domain (PA(N), KI3a) and a larger C-terminal domain
(PA(C), ~55 kDa) [13, 14]. Crystal structures foparate C- and N- terminal domains have
been published (PA(C): [15, 16]; PA(N): [17, 18flowever, the structure for the intact PA is
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still unavailable, presumably due to difficultiesexpressing the full-length protein at a large

scale in a prokaryotic system [18].

Activities of influenza PA protein have been indazhin VRNA synthesis, virus
assembly and proteolysis and these mechanismeqalire further clarification [19]. Research
on PA has been primarily focused on its roles ilARNwnscription and replication [13, 17-
23]. The function of the PA protein that we weriemested in is its putative proteolytic
activity, as it has been shown to induce the pigsgoof various proteins im vitro and cell
culture assays [24-27]. Currently, two conflictithgories attempt to explain this activity. In
one series of studies by Niedbal., the proteolytic activity is attributed to the Bininal
segment of PA and the proteolysis induced by PA@NId affect the replication of the virus
[24, 26, 28, 29]. The authors further claim thatiRéduces the degradation of RNA
polymerase Il of the host cell and that threoni&@ i the most crucial amino acid residue for
proteolysis [27]. This model has been challengeéuhgtional studies that refutes the causal
relationship between PA-induced proteolysis andl v&plication [30] as well as structural
insights into the environment of the T157 residl@] [ The other theory proposed by Toyoda
et al. specifically states that PA is a serine proteasie tlve active site at Ser 624, which
resides within the C-terminal domain [25]. Moreds&és imply that the protease activity is
inhibited by binding of PA to influenza M1 protdigil] and that mutation at Ser 624 hampers
viral growth [32]. The study has its limitationtime fact that only one tetrapeptidé- (
succinyl-(L)-leucine-(L)-leucine-(L)-valine-(L)-tysine-(7-amino-4-methyl)-coumarin, Suc-
Leu-Leu-Val-Tyr-AMC) was identified (of only fiveubstrates tested) as a substrate for PA
and no further results have been published to ctextae the protease activity, even after the
crystal structure of PA(C) has been published 08[15, 16].

The contradictory reports on the function of PAagsotease clearly demonstrated the
current limitations of our understanding on thigaortant protein. Its function as a protease
remained very much in doubt and its preferred satessequences poorly characterized.
Nevertheless, like viral proteases from other vepecies, PA does possess the unique

advantage that it is only expressed in influenZaeted locales. If the proteolytic profile of
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PA could be further characterized and more sulestfair PA identified, it could potentially

serve as a target protease for the activation tpir#ftuenza prodrugs.

Therefore, we intended to express and purify thiddagth influenza PA protein
using apodoptera frugiperda cell expression system [25, 31]. If the protealgctivity of
PA against the only known putative substrate, Sex-Leu-Val-Tyr-AMC, could be verified,
substrate profiling of PA at the P1 position wobklcarried out using a library of fluorogenic

compounds.

156



MATERIALSAND METHODS
Materials

The plasmid pcDNA-HisPA (A/WSN/33) was a generous gift from Tristranrdhaw
and Yuying Liang at Emory University (Atlanta, GAlasmid pFastBacl, competent
Escherichia coli strains Mach 1 and DH10Bac, gentamicin, tetraogchiydrochloride,
halogenated indolyf-galactoside (Bluo-Gal), insect cell ligpodoptera frugiperda 9 (Sf9),
SF900-111 SFM media, penicillin / streptomycin @ige culture grade) and Cellfectin® Il
transfection reagent were purchased from Invitrq@mand Island, NY). DNA primers were
synthesized by Integrated DNA Technologies (CollalviA). Restriction enzymes and T4
DNA ligase were purchased from New England Biol@dpswich, MA). Gel purification kits
for DNA and miniprep kits for plasmid DNA were pteased from Qiagen (Gaithersburg,
MD). Anti-influenza PA polyclonal antibody was phased from GenScript (Piscataway, NJ).
N-succinyl-(L)-leucine-(L)-leucine-(L)-valine-(L)-tpsine-(7-amino-4-methyl)coumarin
(Suc-Leu-Leu-Val-Tyr-AMC) was purchased from Bach@rarrance, CA). In addition, all
other materials that have been mentioned in Chaitéirough V were acquired from the

same respective sources.
Cdl Culture

The insect cell lin€&podoptera frugiperda 9 (Sf9) (generation number 5-20) was
regularly maintained as a suspension culture inrD8HB SFM media supplemented with 0.5%
(v/v) penicillin / streptomycin. The culture is iantly shaken at 180 rpm at 25°C. A typical
culture started at a density of 0.4 — 0.6X%délls per milliliter (mL) and would be allowed to
grow for approximately 3 days to 1.8 — 2.5%t6lls / mL with > 98% viability, at which
point they would be diluted (i.e. “split”) into fs SF900-11l SFM media for a new generation.

Molecular Subcloning

The plasmid pcDNA-HisPA was digested with EcoRI / Kpnl and the PA-caritey
DNA fragment was purified from agarose gels. It Wgated to the EcoRI / Kpnl-digested
pFastBacl vector and the resulting pFastBac}-Pifs plasmid was confirmed by DNA
sequencing. ThE. coli DH10Bac strain was transformed with pFastBacl-Ri& and plated
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on agar plates with 50 pg/mL kanamycin, 7 pg/mLtgericin, 10 pug/mL tetracycline-HCI,

40 ng/mL IPTG and 100 pg/mL Bluo-Gal. The plate wasibated at 37°C for 48 h and the
largest white colony was picked and re-streaked tresh plate containing the same
antibiotics and reagents. The confirmed white c@®mvere then inoculated into a Terrific
Broth miniculture. The recombinant bacmid contagnine N-terminally Histagged PA gene
was purified from the miniculture using a Qiageagohid miniprep kit, with extra care being
taken to avoid shearing the large bacmid DNA dutirgpipetting processes. The amounts of
the prepared bacmid were quantifiedAy, in a Biotek Synergy HT plate reader.

Gener ation of Recombinant Baculovirus

12 pL Bacmid prep containing the N-terminally Hiagged PA gene was mixed 1:1
(v:v) with Cellfectin Il in SF900-111 SFM and oveid on Sf9 cells that had been seeded in 6-
well tissue culture plates. The transfection migtwas incubated at 27°C for 5 h and then
replaced with fresh SF900-I11l SFM. After 72 h, cué supernatants containing the first-
generation (P1) recombinant baculovirus were ctdi:cThe P1 baculovirus was then used to
infect Sf9 cells at an approximate multiplicityiofection (MOI) of 0.1, assuming the titer of
the P1 baculovirus was approximately 8XxP&U / mL. The second-generation (P2)
recombinant baculovirus was acquired from the calsupernatant of Sf9 cells infected with
P1 baculovirus and was assumed to have a titgggrbaimately 1x1®PFU / mL. This
supernatant was then used to infect Sf9 cells at MQ@1 for the generation of third-
generation (P3) recombinant baculovirus containetie SF900-IIl SFM media. P3
baculovirus generally would possess a large entitegh(> 5x16 PFU / mL), and the volume
of the supernatant containing the P3 baculovirusyer 40 mL, would be large enough for
use in subsequent infections of relatively largates&f9 cultures for the production of
recombinant PA protein. The supernatants contaitiiad®1, P2 and P3 recombinant
baculoviruses were stored at 4°C and kept for upree months after their respective

collections.
Expression and Purification of Recombinant PA Protein

One liter of Sf9 cells was grown to a density of #@xcells / mL. Third-passage (P3)
recombinant baculovirus containing the N-termin#ligs-tagged PA gene was added to the
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culture at an approximate MOI of 1. After 72 houh® cells were collected by centrifugation
and immediately lysed by sonication in lysis buff@l M NaBPO,, 10 mM imidazole, 0.1%
Triton X-100, 1 mM freshly-added dithiothreitol (D); pH 7.6). After centrifugation at
10,000x%g for 15 min at 4°C, the pellets were didedrand the cleared supernatants were
removed and incubated with RHNTA resins for binding of Histagged proteins. Subsequent
steps of purification, storage and detection ofRAeprotein were very similar to those used
for the hCMV protease A143S in Chapter Il.

Protease Activity Assays

The assay was carried out in a 96-well plate forAdinal concentration of 100M
Suc-Leu-Leu-Val-Tyr-AMC was added to either blarketion buffer (50 mM HEPES, 10
mM CaC}, 1 mM DTT, pH 7.8) or reaction buffer containing Protein at concentrations
from 10 to 10Qug/mL. Reactions were incubated at 37°C and peradigishaken. The
generation of free AMC compound was monitored &icdek Synergy HT plate reader with

an excitation wavelength of 430 nm and emissionri@dor a period of up to 4 hours.
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RESULTS
Expression and Purification of PA Protein of Influenza Strain A/WSN/33

N-terminally Hig-tagged PA protein was purified from baculovirugested Sf9
lysates with an approximate yield of 0.5 mg perlaf culture. Such an amount was
consistent with literature reports [25]. The recamabt PA protein was visualized in Western
blots Fig. A1.1) and SDS-PAGE gel$-(g. A1.2) at an apparent molecular weight of ~90 kD.
Purity of the batch with the optimized procedur@3/25/2011 batch) was approximately 52%.

Proteolytic Activity of Influenza PA Protein against the Putative Substrate Suc-L eu-
Leu-Val-Tyr-AMC

The tetrapeptide substrate was very stable inldngklreaction buffer. For the wells
with blank buffer and the substrate, no significactease in fluorescence was observed
throughout the 4-hour period. Fluorescence readihgfse wells supplemented with various
concentrations of PA did not display significarffeliences compared to those with only
buffer blanks, indicating a lack of PA-catalyzeditolysis of Suc-Leu-Leu-Val-Tyr-AMC in
the previously published reaction conditions [Z8jerefore, it was obvious that the
recombinant N-terminally Hgstagged PA protein did not possess the proteodiwity
toward the only known putative substrate.
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DISCUSSION

The ultimate goal of this project was to utilize ghutative proteolytic activities of the
influenza PA protein for the rational design of ¢gmags that could be specifically activated by
PA, thereby potentially targeting the prodrug te thfluenza infection sites. Eventually, we
were able to generate a few crudely purified bagafd’A protein of influenza A/IWSN/33
from lysates of Sf9 cells infected with recombinbatulovirus. Nevertheless, we failed to
demonstrate PA’s catalytic activity in the hydragysf the only published putative substrate,
Suc-Leu-Leu-Val-Tyr-AMC, despite numerous attentptenhance protein stability and
assay conditions. Due to this result, we deemeitilesbatches of PA protein that we
produced did not possess the inherent proteasatpets reported [25] and did not proceed

further with this project.

Significant efforts were devoted to protecting itegrity and the possible enzymatic
activities of PA during its purification processchese protease / esterase inhibitors were not
allowed to be used in this case. For the finallbafcpurified PA, for which the procedures
were considered optimized, the total time of poafion was shortened to less than 5 hours
and all steps were performed either on ice or @t (#dld room) in order to reduce the
possibility of protein degradation. In addition, piecipitation or aggregation was observed
throughout the process. The purity of the finaltfioypzed batch”, at approximately 52%, was
lower than expected. This likely resulted from line amount of His-tagged protein
expression in the baculovirus-infected Sf9 systadhldagh non-specific binding of the
cellular proteins to the Ki-NTA resin. No high-intensity band was detecteavastern
blotting with either anti-Hismonoclonal antibody or anti-PA polyclonal antibeslishowing
that the recombinant PA protein was kept largelgahthroughout the purification process.
Despite our best efforts, the PA protein still dat display proteolytic activity toward the
putative substrates. We suspect that two possiloters may be the culprit. First, it was
possible that the N-terminal Hitag could inhibit the protein’s activity; indeed,the original
article on PA’s protease activity, no klisg was attached onto the PA protein. Secondast w

also possible that the PA protein underwent madaliibms within the Sf9 cells that forfeited
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its proteolytic function. If this was the actuakeaa different insect cell line such as Sf21 may

be used as an alternative system for protein egiomes

Nevertheless, it remains entirely plausible thatitifluenza PA protein is nott®na
fide protease. First, the existence of the proteobgievity of intact PA has only been claimed
by one research group in two publications [25, Blj.other independent study has since
verified their findings, let alone further clarifiehe roles of PA’s proteolytic activity in the
viral life cycle or the substrate preference of FAerefore, the authenticity of the results
from the initial studies could be in doubt. Secand perhaps as a more compelling case
against PA being a protease, crystal structuréiseo€C-terminal part of PA found no structure
remotely resembling a catalytic triad around tlenockd active site, Ser 624 [15], in contrast
to statements in the original report on PA’s pregetunction [25]. This finding casts serious
doubt on the claimed mechanism of PA’s catalyttevég on peptide hydrolysis and PA is
thus unlikely a protease with Ser624 as the acéselue. In summary, one possible
explanation on why we were unable to characterix's Proteolytic activities was that PA
was not, in fact, a “real” protease. Thereforduiture studies utilizing a protease’s activity
for targeting purposes, it would be wise to seteptotease with well-studied functions and
substrate preferences in order to avoid potentiatlye amounts of time and resources spent

on the characterization of the protease itself.
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FIGURES

M1 M2 M3 P3 P2 P1
: 110

85

Figure A1.1. Western blotting of different batches of purified proteinsM 1-3, blotting

done with mouse anti-Hjgsnonoclonal antibody. M1, 12/19/2010 batch of padfPA; M2,
12/30/2010 batch; M3, 03/25/2011 batBti-3, blotting done with rabbit anti-PA polyclonal
antibodies. P1, 12/19/2010 batch of purified PA, PZ30/2010 batch; P3, 03/25/2011 batch.
Numbers on the right denote the locations of thekera with the respective molecular
weights. Only the 03/25/2011 batch of purified Patpin was used for subsequent substrate
hydrolysis assays.
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Figure A1.2. Krypton staining of an SDS-PAGE gel loaded with ©3/25/2011 batch of
purified N-terminally Hig-tagged PA protein. Lanes 1, 2 and 3, total loadimgunt of 1 ug,

2 ug and 3 ug PA protein aliquots; lane L, Benclnpae-stained protein ladder with
molecular weights of protein ladder bands. Arroww$ the ~90-kD N-terminally His

tagged PA protein.
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