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ABSTRACT 

 

 

The prodrug strategy has been frequently used as a chemical approach for the 

enhancement of certain disadvantages of parent drugs. In this dissertation, I synthesized 

prodrugs of two anti-infective agents, ganciclovir and ciprofloxacin, and demonstrated their 

potential advantages in targeting and biopharmaceutical profiles over the respective parent 

compounds. In the first project, it was demonstrated that four monoester prodrugs of 

ganciclovir, N-benzyloxycarbonyl-(L)-alanine-ganciclovir (CbzAlaGCV), N-

benzyloxycarbonyl-(α,L)-aminobutyric acid-ganciclovir (CbzAbuGCV), N-acetyl-(L)-

phenylalanine-(L)-alanine-ganciclovir (AcPheAlaGCV) and N-acetyl-(L)-phenylalanine-

(α,L)-aminobutyric acid-ganciclovir (AcPheAbuGCV), could be hydrolyzed by the human 

cytomegalovirus (hCMV) protease, a serine protease that possesses intrinsic esterase activities. 

CbzAlaGCV and AcPheAlaGCV were found to be activated at a higher rate by the hCMV 

protease than CbzAbuGCV and AcPheAbuGCV. These ganciclovir prodrugs could 

potentially be targeted to selective activation by hCMV protease. Tissue stability and cellular 

uptake of these ganciclovir prodrugs were also characterized. The acetylated dipeptide 

prodrugs of ganciclovir were generally more stable than Cbz-amino acid prodrugs in cell 

homogenates, plasma and liver microsomes. Among the four prodrug candidates, 

AcPheAbuGCV was the most stable one in the uninfected tissue matrices and also possessed 

a superior cellular uptake profile. Since the targeted selective activation of a ganciclovir 

prodrug is governed by not only its rate of hydrolysis catalyzed by hCMV protease but also its 

stability in normal tissue matrices as well as the extent of its cellular uptake, AcPheAbuGCV 

was considered the best overall candidate among the four ganciclovir prodrugs for further 

development. 

In another application of the prodrug strategy, I synthesized ciprofloxacyl-glycine 

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



xxi 
 

Biopharmaceutical Classification System (BCS) class IV drug. Cipro-Gly-OMe displayed a 

potentially much higher solubility in the physiological pH range than ciprofloxacin does. 

Furthermore, Cipro-Gly-OMe may also have a higher intestinal permeability at neutral pH 

than that of the parent compound. Therefore, through the prodrug methodology, a BCS class 

IV drug was converted to a potential class I compound. Taken together, the versatility of the 

prodrug approach makes it an effective and promising strategy for improving the targeting 

and biopharmaceutical properties of existing anti-infective drugs. 
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CHAPTER I 

 

PREAMBLE: A BRIEF REVIEW ON ESSENTIAL CONCEPTS 

 

 

Serine Proteases: Classification and Catalytic Mechanisms 

Hydrolases are enzymes that catalyze the hydrolysis of chemical bonds. In the Enzyme 

Commission (EC) number classification scheme, they are categorized as EC 3 [1]. Proteases 

(EC 3.4), also called peptidases or proteinases, are hydrolases that catalyze the hydrolysis of 

peptide (amide) bonds. They comprise a large part of the human proteome, with at least 703 

different proteases being identified by the MEROPS database as of February, 2013 [2]. 

Proteases with known catalytic mechanisms are further classified by the species at their active 

sites into six groups: serine proteases, threonine proteases, cysteine proteases, aspartate 

proteases, glutamic proteases and metalloproteases [3, 4].  

A serine protease (EC 3.4.16 and 3.4.21 [3]) is a protease with a serine (Ser) residue as 

the nucleophile at the protease’s active site. Almost one third of all proteases are serine 

proteases [5]. They are known for the well-defined “catalytic triad” that serves as the charge 

relay system during the catalytic processes. The most commonly observed catalytic triad is 

the serine-histidine-aspartic acid (Ser-His-Asp) system, although novel catalytic triads like 

Ser-His-Glu and Ser-His-His have also been identified [5, 6]. Of the serine proteases that 

utilize the Ser-His-Asp triad, chymotrypsin-like proteases (family S1 as classified by 

MEROPS database) are the most abundant form of all proteases; over 684 among all species 

[7] and 144 in human [8] has been categorized as chymotrypsin-like proteases as of February, 

2013. 
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The catalytic mechanism of the chymotrypsin-like serine proteases has been well-

studied. Figure 1.1 demonstrates the currently accepted mechanism of action. In the first 

phase of the reaction (acylation), the hydroxyl group of the serine residue attacks the carbonyl 

group of the substrate, forming a tetrahedral intermediate (Fig. 1.1a,b). The intermediate is 

partially stabilized by hydrogen bonding between the histidine and aspartic acid residues. The 

leaving group of the substrate is then discharged from the intermediate (Fig. 1.1b,c), yielding 

an acyl-protease (Fig. 1.1c). The second phase of the hydrolysis reaction is deacylation of the 

protease. A water molecule, activated by the histidine residue, attacks the acyl-protease (Fig. 

1.1d) and another tetrahedral intermediate is formed. The serine residue is then expelled (Fig. 

1.1e) and the carboxylic acid product leaves the enzyme’s pocket as the deacylation process is 

completed (Fig. 1.1f).  

Many serine proteases also possess catalytic activities against ester substrates [5]. For 

example, the esterase activities of chymotrypsin [9] and trypsin [10] were published before 

the catalytic mechanisms and crystal structures were known. It is now known that the 

hydrolysis of ester bonds catalyzed by serine proteases share a similar mechanism (Figure 1.2) 

with the hydrolysis of amide bonds (Figure 1.1), the only difference being the leaving group 

during the formation of acyl-enzyme. Moreover, it has been found that esters with the same 

substrate sequences are usually more reactive than their peptide counterparts. This has been 

attributed to the greater intrinsic reactivity of the ester bonds [5], as the alcohol leaving group 

is more readily discharged from the intermediate (Fig. 1.2b) than an amine group could be. In 

summary, the esterase-like activity of serine proteases could thus be utilized for the design of 

specific ester compounds that could be hydrolyzed by target serine proteases. 

Viral Proteases: Examples and Importance 

One unique biological feature of viruses is that they only replicate inside the hosts. For 

many viruses, during the synthesis of new viral proteomes a large, inactive precursor protein 

is initially translated from the viral mRNA. Such a polyprotein requires cleavage by proteases 

to release the mature, active forms of viral proteins. While many virus species utilize host cell 

protease mechanisms for this maturation process [11-13], plenty of others encode their own 

protease sequences in their genomes [14]. These viral proteases generally have the same 
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catalytic mechanisms as proteases expressed in eukaryotes [14]. Due to the essential roles of 

viral proteases in the life cycles of viruses, loss-of-function of these proteases, either natural 

or induced by xenobiotics, could lead to disruption in viral replication and propagation. 

Therefore, the proteases of viruses that cause important diseases are generally well studied; 

two examples are the human immunodeficiency virus-1 (HIV-1) protease and hepatitis C 

virus (HCV) protease. 

The HIV-1 protease hydrolyzes the Gag and Pol polyproteins at ten cleavage sites and 

is crucial for the maturation of the virion. It is an aspartate protease with the active site amino 

acid residue at Asp25 [15]. Its active form is also a homodimer, with the substrate-binding site 

at the dimer interface [15, 16]. An octapeptide sequence, ranging from P4 to P4’, is 

recognized by the protease [16]. It is generally accepted that during the hydrolysis of peptide 

substrates, a tetrahedral intermediate exists in the substrate envelope and interacts 

noncovalently with the protease [15, 16]. Knowledge of such catalytic mechanisms has led to 

the rational design and development of a number of inhibitor compounds. As of 2012, ten 

HIV-1 protease inhibitors have been approved by the United States Food and Drug 

Administration (US FDA): saquinavir, ritonavir, indinavir, nelfinavir, amprenavir, lopinavir, 

fosamprenavir, atazanavir, tipranavir, darunavir, although amprenavir was withdrawn from 

the market in 2004. These inhibitors generally bind to the protease at affinities of nanomolar 

(nM) to picomolar (pM) range [14]. Use of these inhibitors is generally combined with other 

drugs such as reverse-transcriptase inhibitors (RTIs) to form a highly active antiretroviral 

therapy (HAART). 

The hepatitis C virus NS3/4A protease is a chymotrypsin-like serine protease with 

Ser139 as the amino acid residue at the active site [17]. It catalyzes four of the ten cleavages 

within the large precursor polyprotein [14]. The protease recognizes a peptide substrate 

sequence with ten amino acid residues, though only three of them are conserved: Cys or Thr 

at P1, Ser or Ala at P1’, and Asp or Glu at P6 [17, 18]. The crystal structure of the HCV 

NS3/4A protease was also well studied [19] and understandings of the substrate-binding cleft 

have enabled the development of several inhibitors. Two of them, telaprevir and boceprevir, 
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were both approved for use by the US FDA in 2011 for treatment of genotype 1 hepatitis C, 

for which the traditional therapy with ribavirin / pegylated interferon is less effective [20].  

Other important viral proteases with known crystal structures include, but are not 

restricted to, the dengue virus NS2B/NS3 protease, the rhinovirus 3C protease, the severe 

acute respiratory syndrome coronavirus (SARS-CoV) protease, the herpes simplex virus-1 

(HSV-1) protease, the human cytomegalovirus (hCMV) protease and the influenza A virus 

PA protease (of which the proteolytic activity is still under debate). The hCMV protease and 

influenza A PA protein will be discussed in detail in later chapters. Taken together, viral 

proteases are important targets for drug development and it is critical to understand their 

structures, especially that around the active site, and substrate recognition patterns. 

Biopharmaceutics and the Biopharmaceutics Classification System (BCS) 

Biopharmaceutics is the discipline that studies the influences of the physiology of the 

route of administration of a drug product, the formulation of the product and chemical and 

physical properties of the product’s active pharmaceutical ingredient (API) on the absorption, 

distribution, metabolism and excretion (ADME) of said drug product [21]. Orally 

administered drug products have been particularly well-studied in the context of 

biopharmaceutics. Upon intake into the gastrointestinal (GI) system, the drug product needs to 

dissolve into the fluids within the system and the API must then traverse the GI tract wall in 

order to be absorbed into the blood circulation. This process is characterized by the fraction 

absorbed (Fabs or Fa) parameter [22] and the oral bioavailability (BA, or F), which is defined 

as “the rate and extent to which the active ingredient is absorbed from a drug product and 

becomes available at the site of action” [23]. Generally speaking, a high fraction absorbed and 

bioavailability are desirable for all the immediate release (IR) oral drug products. 

Extensive research has been devoted how to the physicochemical properties of a drug 

product and their interactions with the human GI tract could influence the absorption of the 

API through the gut walls. For IR solid oral dosage forms, dissolution, aqueous solubility and 

intestinal permeability are the three factors that are considered to govern the fraction absorbed 

(Fa) of the API of a drug product [24, 25]. While dissolution is affected by not only the API 
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but also the excipients and the manufacturing process [25], solubility and permeability are the 

two properties that are intrinsic to the drug substances themselves.  

The Biopharmaceutical Classification System, first established by Amidon et al. in 

1995, is a rational and scientific framework for the classification of drug compounds based on 

their aqueous solubility and intestinal permeability [26]. According to the BCS, the drug 

substances are classified as follows: 

• Class I: High solubility, high permeability; 

• Class II: Low solubility, high permeability; 

• Class III: High solubility, low permeability; 

• Class IV: Low solubility, low permeability. 

An API is considered to have a “high solubility” if its highest dose strength is able to 

be solubilized in 250 mL aqueous media over the pH range of 1 to 7.5 [24]. It is considered 

highly permeable if the fraction absorbed number is above 90% of the administered dose [24]. 

A few examples of the BCS include metoprolol, propranolol and caffeine (BCS class I); 

carbamazepine and ketoprofen (class II); atenolol and cimetidine (class III); and amoxicillin 

and furosemide (class IV) [27, 28].  

Arguably the most significant and important influence of BCS on the pharmaceutical 

industry and regulatory agencies is its incorporation into the biowaiver extensions for 

bioavailability and / or bioequivalence (BE) studies for IR solid oral drug products [24, 29]. In 

short, sponsors may request biowaivers for an IR solid oral dosage product with a BCS class I 

API that exhibit rapid in vitro dissolution (i.e. >85% of API dissolved within 30 min using 

standard apparatuses), with a few additional restrictions [24, 29]. While the regulatory 

policies and ongoing efforts regarding biowaivers of BCS II and III drugs are beyond the 

scope of this dissertation, it is apparent that the low solubility and low permeability for BCS 

IV compounds generate significant problems for development of effective oral delivery 

strategies, since their oral absorption is limited by both in vivo dissolution and intestinal 

permeation [26]. Therefore, during the pre-clinical design of new chemical entities (NCEs), 

for compounds with class IV properties, efforts should be directed to the optimization of its 
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solubility and / or permeability profiles, with the target being classes III / II or, potentially, 

class I drug substances.  

Prodrugs 

The term “pro-drug” was first introduced by Adrien Albert in 1958, as a “substance 

that has to be broken down to give the true drug” [30]. Currently, a prodrug is defined as a 

derivative of a pharmacologically active agent (“drug”) that must undergo in vivo enzymatic 

and / or chemical transformation(s) to be converted to the active drug, or parent compound 

[31]. If a prodrug is formed by covalently linking a functional group to the parent compound, 

such a group is called a promoiety. Not all prodrugs have promoieties; such exceptions, 

termed “bioprecursor prodrug”, results from molecular modifications of the active drug [31]. 

For example, lovastatin and simvastatin are both inactive prodrugs containing a lactone ring 

[32] and hydrolysis of the cyclic ester within the prodrug, catalyzed by enzymes like 

carboxylesterase 1 (CES1) [33], yields the active compound. Nevertheless, the prodrugs 

discussed in this dissertation are restricted to those formed by the chemical conjugation of 

promoieties to the respective parent compounds. 

A conservative estimate placed approximately 7% of all the currently marketed drugs 

as prodrugs [31, 34]. However, as the mechanisms of action of more existing compounds 

become known, this percentage would almost certainly be higher. In recent years, in order to 

overcome the various physicochemical and / or biopharmaceutical disadvantages of the parent 

compounds, the prodrug strategy has been increasingly utilized in rational drug designs. Three 

of the major properties of the drug substances improved by these prodrugs are aqueous 

solubility, intestinal permeability and site-directed delivery [31, 34, 35]. 

Prodrugs for Improvement of Aqueous Solubility 

Drugs with poor water solubility present problems for both parenteral and oral 

delivery [35, 36]. For parenteral formulations, low intrinsic aqueous solubility limits the 

concentration of API within the dosage and also could cause physicochemical instability such 

as spontaneous precipitation. As for oral delivery, the rate of absorption, and thus 

bioavailability, of the drug product is hampered by the slow dissolution of the API in the gut 
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lumen, especially when the dose is relatively large. Although numerous formulation 

approaches such as solubilizing excipients and salt formations could alleviate these problems 

to a certain degree, prodrugs often offer a better chance of enhancing the innate solubility 

because of the covalent nature of the chemical modification [36]. 

Most of the prodrugs for improving the aqueous solubility involve promoieties of a 

polar nature. These prodrugs are mostly ester or amide derivatives of their parent compounds 

and the promoieties are usually charged at neutral pH’s [31, 36]. Phosphate is a very 

commonly used ionizable promoiety for such purposes. For example, fosphenytoin, a 

phosphate ester of the poorly soluble anticonvulsant drug phenytoin (aqueous solubility 20-25 

µg/mL), exhibits a more than 5,000-fold increase in solubility at around 140 mg/mL [37]. The 

prodrug is also readily converted in vivo by alkaline phosphatases to phenytoin following the 

parenteral administration [38]. For orally delivered prodrugs, one example is fosamprenavir, 

which is the phosphate ester of amprenavir, a 1st-generation HIV-1 protease inhibitor. 

Fosamprenavir demonstrated a 10-fold increase in solubility and comparable or higher 

intestinal permeability relative to those of the parent compound [39]. As a result, the dosing 

regimen for fosamprenavir has been adjusted to half of that of amprenavir, leading to 

improved patient compliance [40]. Fosamprenavir is also rapidly hydrolyzed by alkaline 

phosphatases expressed in the cells of the gut wall [39, 40]. In addition to phosphate, other 

promoieties that have been researched on for improving solubility include hemisuccinate [41] 

and amino acyl [36]. These prodrugs achieve varying degrees of success in increasing the 

aqueous solubility, but for some of them the relatively slow conversion to parent compounds 

may pose a problem in terms of the longer duration required to reach their therapeutic indices 

[36]. 

Prodrugs for Improvement of Intestinal Permeability 

The clinical use of many pharmaceutical compounds is also hampered by their low 

permeability across the gastrointestinal tract. This often results from the presence of polar 

chemical groups within the compounds such as hydroxyl, amine, carboxyl and phosphate 

groups [31, 35]. In prodrug designs, promoieties are thus frequently employed to “mask” 

some of these groups. Improvement of permeability of these prodrugs could generally be 
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attributed to either enhanced passive absorption through the GI tract or carrier-mediated 

transport. 

Achieving better passive intestinal absorption by enhancing lipophilicity is a 

frequently employed prodrug strategy. Successful ester, amide, carbamate or phosphonate 

prodrugs created by masking the respective polar or ionizable group within the parent drug 

could greatly increase the compound’s lipophilicity while not appreciably sacrificing their 

aqueous solubility [42]. These prodrugs exhibit increased passive diffusion across the GI tract 

wall and are generally readily converted to the active forms by tissue hydrolases [35]. As an 

example, tenofovir, a reverse transcriptase inhibitor (RTI) for treatment of HIV-1 infections, 

has oral bioavailability of less than 5%. Tenofovir disoproxil, a bis-carbonate ester prodrug of 

tenofovir, is able to increase the oral BA to approximately 39% [43]. Other well-characterized 

examples include famciclovir, adefovir dipivoxil and oseltamivir, all possessing increased 

lipophilicity and markedly improved oral bioavailability over their respective parent 

compounds, penciclovir, adefovir and oseltamivir carboxylate [31, 35, 42].  

As another mechanism to enhance intestinal absorption, the carrier-mediated transport 

of prodrugs has been extensively utilized and researched since the late 1990s when the 

functions, structural characteristics and substrate preferences of transporter proteins in the 

intestine started to be elucidated [44, 45]. Of particular importance is the human peptide 

transporter 1 (PEPT1; also known as solute carrier family 15 member 1, SLC15A1) which is 

expressed on the brush border membrane of the epithelial cells lining the intestinal wall. 

While its native function is to facilitate the transport of di- and tripeptides produced from the 

digestion of dietary proteins, PEPT1 has been discovered to also transport a wide array of 

xenobiotics such as β-lactams [46] and bestatin [47]. These compounds all contain peptide 

bonds within their structures and are considered peptidomimetics. As a result of these 

discoveries, a great number of prodrugs have been designed with promoieties being amino 

acyls or short peptidyls so that their transport across the GI wall could potentially be 

facilitated by PEPT1.  

One of the best-known examples for such PEPT1-transported prodrugs is valacyclovir, 

the (L)-valine ester for the anti-HSV drug acyclovir (structures shown in Figure 1.3). 
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Acyclovir itself is poorly absorbed in the GI tract; its oral bioavailability is 10% - 30% [48]. 

In contrast, valacyclovir is more than 10 times more permeable than acyclovir in Caco-2 cells 

settings [49] and more soluble in water as well [42]. As a result, valacyclovir is more than 60% 

absorbed when given orally [50]. The increased permeability of valacylovir has been 

definitively attributed to PEPT1-facilitated transport by transfection and kinetic inhibition 

studies [49, 51]. The prodrug is rapidly hydrolyzed to acyclovir by biphenyl hydrolase-like 

serine hydrolase (BPHL, also known as valacylovirase, VACVase) [52, 53], which is 

abundantly expressed in the intestine and liver where the first-pass metabolism of 

valacyclovir is likely to occur. 

In summary, for pharmaceutical substances with polar groups, the prodrug strategy 

could be exploited to either increase its lipophilicity for passive transport, or generate a 

molecule transported by intestinal carriers. Such a strategy could potentially increase the 

fraction absorbed (Fa) and, therefore, oral bioavailability of the poorly absorbed drug 

substances.  

Targeted Prodrug Strategy 

The ultimate goal of drug delivery is to achieve site selectivity, that is, the delivery of 

a therapeutic agent specifically to the site(s) of a disease while minimizing the activity of the 

drug in organs and tissues not inflicted by said disease. Several promising strategies related to 

the prodrug concept are being exploited to address this challenge. These strategies could 

generally be categorized with respect to their target molecules, i.e. tissue-specific transporters, 

surface antigens and disease-specific enzymes [35]. 

Prodrugs targeted to tissue-specific transporters are different from those designed for 

carrier-mediated transport in that these transporters are not expressed in the GI tract but 

elsewhere in the body. One well-known example is levodopa, a prodrug of dopamine. 

Levodopa is transported across the blood-brain barrier (BBB) by large neutral amino acid 

transporter 1 (LAT1) at the BBB [54]. It is then decarboxylated by amino acid decarboxylases 

within the brain [55] to yield dopamine, which is unable to traverse out of the brain via the 

BBB because of its hydrophilic nature [54]. This subsequent “trapping” thus completes the 

targeting process for levodopa. 
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A second targeted prodrug scheme takes advantage of specific antigens expressed on 

the surfaces of target tissues, the majority of them being tumor cells. The resulting prodrugs 

are the so-called antibody-drug conjugates (ADCs), in which case the “promoiety” is an 

antibody that recognizes a cancer cell surface antigen and the parent compound an antitumor 

agent. As of February 2013, the only marketed ADC is brentuximab vedotin which has been 

approved for the treatment of anasplastic large cell lymphoma (ALCL) and Hodgkin’s 

lymphoma (HL) [56]. It consists of brentuximab, a monoclonal antibody that recognizes and 

binds to the CD30 biomarker protein on ALCL and HL, and monomethyl auristatin E 

(MMAE or vedotin), a potent chemotherapeutic [57, 58] conjugated to the antibody by a short 

peptide linker [58]. After the ADC binds to the CD30-positive cells, it is internalized and the 

peptide linker is cleaved by endosomal proteases such as cathepsin B, releasing MMAE into 

the cytoplasm where it exerts its pharmacological effects [58]. In addition to brentuximab 

vedotin, other well-known ADCs include gemtuzumab ozogamicin (FDA-approved but later 

withdrawn from market) and trastuzumab emtasine (in phase III clinical trials) [59]. 

Disease-specific enzymes represent another promising target group for site-specific 

prodrug delivery and activation. In particular, proteases have been the subject of extensive 

research for their potential to specifically activate prodrugs with peptide substrate sequence as 

promoieties [60, 61]. In principle, when such a prodrug is delivered in vivo, the active 

therapeutic will be selectively enriched at sites of protease expression and thus greater 

efficacy is achieved; at the same time, relatively little or no active drug substance should be 

formed where the target protease is absent. In anticancer research, such a pro-compound is 

referred to as a “tumor-activated prodrug” (TAP). The development of TAPs has centered on 

certain proteases that are specifically upregulated in tumor tissues, including prolidase [62-65], 

legumain [66, 67], prostate-specific antigen (PSA) [68, 69] and the matrix metalloproteinase 

(MMP) family [70-72]. In a 2006 study, Wu et al. showed that the peptide-coupled prodrug 

LEG-3 (N-succinyl-β-alanyl-(L)-alanyl-(L)-asparaginyl-(L)-leucyl-doxorubicin) completely 

obliterates the growth of diverse multidrug-resistant and legumain-expressing tumors in vivo 

without systemic toxicity such as myelosuppression [67]. In studies published in 2007, Mittal 

et al. demonstrated that the bioconversion and cytotoxicity of (L)-prophalan, the (L)-proline 

prodrug of mephalan, is highly correlated to the expression of prolidase in cancer cells and 
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that the prodrug displays reduced toxicity as well as higher anti-tumor efficacy when 

administered in vivo to mouse models [62, 63]. Non-tumor-specific enzymes like puromycin-

sensitive aminopeptidase (also PSA) have also been researched for their roles on targeted 

prodrug activation [73]. These results demonstrate that in pre-clinical studies, prodrugs with 

amino acids or peptides as promoieties could potentially achieve the goal of selective 

targeting as well as decreased systemic adverse events. 

Viral proteases serve as unique types of enzymes for the targeted prodrug strategy 

because viruses are exogenic species and, in principle, the viral proteases are only expressed 

at the infected tissues or cells. Therefore, a prodrug with a specifically designed peptide as 

promoiety could hypothetically be activated by virally infected locales. Three crucial factors 

affect the viral protease-targeted prodrug strategy. First, a drug substance against the virus 

must exist and it cannot be an inhibitor of the protease. Second, the efficiency of the viral 

protease against the peptide substrate to be incorporated as promoiety needs to be efficient, i.e. 

a relatively high kcat / Km value in Michaelis-Menten kinetics. Third, the prodrug must be 

relatively stable in non-infected tissues; otherwise it cannot reach the target sites without 

being largely degraded by non-specific enzymes. In summary, if a prodrug candidate could 

meet these three prerequisites, it could be particularly promising for in vivo tests and 

subsequent clinical development [61]. 
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FIGURES 

 

 

 

Figure 1.1. Reaction mechanism for the hydrolysis of a peptide bond catalyzed by a typical 
serine protease. This figure is created with ChemBioDraw Ultra 12.0, as an adaptation of Fig. 
8-19 from [74]. 
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Figure 1.2. Reaction mechanism for the hydrolysis of an ester bond catalyzed by a typical 
serine protease. This figure is created with ChemBioDraw Ultra 12.0. 
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Figure 1.3. Chemical structures of (a) acyclovir and (b) valacyclovir.  
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CHAPTER II 

 

CHARACTERIZATION OF THE ESTERASE ACTIVITIES OF HUMAN 

CYTOMEGALOVIRUS PROTEASE A143S 

 

 

SUMMARY 

The human cytomegalovirus (hCMV) infects a high percentage of the population and 

could cause serious, life-threatening diseases in immunocompromised patients. The hCMV 

protease, a serine protease encoded by the viral genome, plays an important role in the 

maturation of the virion. The crystal structure, catalytic mechanism, substrate preferences and 

in vitro proteolytic reaction conditions for the hCMV protease have all been well studied. 

Hypothetically, serine proteases like the hCMV protease could also exhibit hydrolytic 

activities toward ester substrates. In this chapter, I expressed and purified the relatively stable 

mutant of hCMV protease (A143S) and then characterized its esterase activities against an 

array of N-terminally protected (L)-amino acid-p-nitrophenol esters. It was discovered that 

some of those ester substrates could be preferentially hydrolyzed by hCMV protease A143S. 

The preference at the P1 position of the ester substrate was alanine (Ala) > (α,L)-aminobutyric 

acid (Abu) = glycine (Gly) > methionine (Met) > all others, and at the N-terminal protecting 

group, benzyloxycarbonyl (Cbz) > butyloxycarbonyl (Boc). These results demonstrated the 

esterase activity of hCMV protease against selective small molecular esters and this 

knowledge would be used in designing the promoieties of ester prodrugs for targeted 

activation by the hCMV protease.  
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BACKGROUND 

Human Cytomegalovirus (hCMV): Relevant Infections and Diseases 

The human cytomegalovirus (hCMV; species name human herpesvirus 5, HHV-5) 

belongs to the Herpesviridae family and betaherpesvirinae subfamily of known viruses [1]. It 

was first named in 1957 by Weller et al. after frequent observations of enlarged fibroblast 

cells infected with this virus [2]. It has been estimated that hCMV infects on average over 58% 

of all individuals over 6 years old in the United States as determined by a study that employed 

serological testing of hCMV-specific immunoglobulins from over 21,000 individuals [3]. The 

same study also shows that the percentage of the population infected with hCMV steadily 

increases with age, from around 36% in 6-11 year-old humans to over 90% in 80 year-olds [3]. 

Congenital infection is an important route for the hCMV infection in newborns [4]; after 

childbirth the virus is primarily transmitted by sexual contact and via other bodily fluids such 

as transfused blood and breast milk [5].  

In most immunocompetent individuals, hCMV causes few overt symptoms following 

the primary infection [6]. However, it has been established that hCMV is able to achieve 

latent infections of leukocytes with myeloid lineage, especially monocytes, and the bone 

marrow is one of the latent reservoirs for the virus [7, 8]. In healthy subjects, the period of 

viral latency is usually asymptomatic. However, when the infected subject becomes 

immunosuppressed or immunocompromised, hCMV in latency is readily reactivated and 

enters the lytic cycle, causing severe, sometimes fatal, infections [6, 9]. In solid organ and 

bone marrow transplant recipients, organs and tissues that could be infected by hCMV include 

lung (pneumonitis), retina (retinitis) and the entire gastrointestinal tract (esophagitis, gastritis 

and colitis) [9]. For high-risk recipients (hCMV-negative patients receiving transplants from 

hCMV-positive donors) without prophylaxis, up to 73% may develop infectious 

complications caused by hCMV; hCMV has also been shown to be a probable cause for acute 

graft rejections [10]. For acquired immunodeficiency syndrome (AIDS) patients, up to 90% of 

them may develop hCMV-related diseases from opportunistic infections [9]. HCMV retinitis 

is the most commonly observed hCMV-related infection in patients with AIDS (up to 40%); 
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hCMV-encephalitis, pneumonitis, adrenalitis and GI tract infections are also frequently 

encountered [9, 11]. 

Introduction to the Human Cytomegalovirus Protease 

The human cytomegalovirus has a double-stranded DNA genome with a size of 

approximately 235 kilobase pairs (kbp) that encode up to 232 open reading frame (ORF) 

sequences that could potentially be translated as viral proteins [6]. Most of the hCMV ORFs 

are typically given the standardized names of “UL” or “US” followed by a designated 

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

[6]. 

The human cytomegalovirus protease (hCMV protease, also known as hCMV 

assemblin) exert crucial roles during the assembly of newly synthesized virion: it degrades 

internal scaffolding proteins from the procapsid, thus aiding the maturation of the capsid for 

successful viral DNA incorporation [12]. The hCMV protease is encoded within the UL80 

ORF of the viral genome. During the viral protein synthesis, the hCMV protease is translated 

from UL80 ORF first as a precursor protein, with 708 amino acid residues. The precursor 

protein has proteolytic activity: it first cleaves itself at the “maturational site” (M-site) of 

alanine 643 near the C terminus, then undergoes autoproteolysis again at Ala256 (“release 

site”, R-site) [13]. The N-terminal product, sometimes called N0, is the mature hCMV 

protease and cleavages at both the M- and R-sites are required for viral infectivity [14]. 

Another “internal cleavage” site (“I-site”) for autoproteolysis has also been discovered within 

the mature protease at Ala143. It has been suggested that autoproteolysis at the I-site may be 

involved in the regulation of hCMV protease by the virus [12, 15]. The resulting two 

fragments from the autoproteolysis somewhat retain the catalytic activities of the hCMV 

protease [16]. Nevertheless, for the sake of uniformity and purity, it has been a general 

practice in biochemical studies to mutate Ala143 to other amino acid residues like glutamine 

(Q), serine (S), threonine (T) or valine (V) when the protease is to be overexpressed. As an 

example, the A143S mutant of hCMV protease is eight times more stable than the wild type 

protease but retains similar proteolytic activities as the wild type [16]. 
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The mature hCMV protease has 256 amino acid residues and a molecular weight of 

around 28 kilodaltons. The crystal structure of hCMV protease has been determined at various 

resolutions [17-21] and it was discovered that hCMV protease is a serine protease, its catalytic 

triad being Ser 132, His 63 and His 157. Although this is different from the typical Ser-His-

Asp catalytic triads of most serine proteases, the relative spatial positions of the catalytic triad 

of hCMV protease are especially similar to those of the chymotrypsin-like proteases [17], 

suggesting that hCMV protease indeed preserves the essential components for a typical serine 

protease. Interestingly, commonly used covalent serine protease inhibitors such as 

phenylmethylsulfonyl fluoride (PMSF) and tosylleucine chloromethyl ketone (TLCK) are not 

good inhibitors for the hCMV protease [22], indicating that its active site is still distinct from 

other serine proteases. The hCMV protease was also found to exhibit monomer-dimer 

equilibrium in solution and that its dimerization is essential for the proteolytic activities [23, 

24]. In in vitro studies with purified hCMV protease, factors like high glycerol content, high 

ionic strength and a temperature of 30°C (in comparison to other temperatures) could all 

facilitate the dimerization of hCMV protease, thus greatly increasing its proteolytic activity 

[24-26].  

The substrates and their recognition by the hCMV protease have also been well 

defined. Structural insights have demonstrated that the hCMV protease has a relatively small 

S1 pocket, which only allows P1 amino acid residues with a relatively small side chain [20, 

21]. Alanine is the natural and preferred amino acid residue at the P1 position. The side chains 

at the P2 and P4 positions could be more variable because they are facing away from the S2 

and S4 substrate-binding pockets [20]. The S3 pocket of the protease is relatively more 

spacious than S1 and can tolerate various sizes of side chains for the P3 position [20]. Such 

structure-activity relationship (SAR) studies have led to the development of several potent 

experimental inhibitors, some of them having IC50’s of lower than 50 nM [21]. 

Potential Esterase Activities of the Human Cytomegalovirus Protease 

In theory, the hCMV protease should only be present in the virally infected tissue and 

cells. This makes the hCMV protease a potential target enzyme for the activation of site-

directed anti-hCMV prodrugs. As detailed in Chapter I, serine proteases could possess 
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inherent esterase activities toward peptidyl esters with specific substrate sequences. The 

hCMV protease, with its catalytic triad aligned in a similar fashion to chymotrypsin-like 

proteases, could likely harbor esterase-like activities as well. Identification of its esterase 

functions, especially substrate preferences, will be crucial for the design of hCMV-activated 

ester prodrugs with said substrates as promoieties. Another reason for characterization for 

hCMV protease’s esterase activity stems from the chemical structures of currently used anti-

CMV medications, including ganciclovir, foscarnet, cidofovir and acyclovir [27]. All four 

drugs have one or more hydroxyl groups, thus making development of ester prodrugs (as 

opposed to amides or others) of these compounds a logical choice. 

The carboxylic esters of p-nitrophenol have long been used for characterization of the 

substrate preference of esterases and proteases [28]. In this chapter I planned to first 

overexpress and purify a stable mutated hCMV protease, then to test its esterase activities 

toward a library of p-nitrophenyl carboxylic esters. I aim to define the preference of ester 

substrates of hCMV protease at the P1 and (less so) P2 positions so that these substrate 

sequences could be used as promoieties for the development of activatable prodrugs. 
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MATERIALS AND METHODS 

Materials 

The plasmid pET29b-hCMVP(A143S)-His6 was a generous gift from Dr. Hairat Sabit. 

Escherichia coli strain BL21(DE3)-RIPL was purchased from Stratagene (Santa Clara, CA). 

Kanamycin powder and agar were purchased from Fisher Scientific (Pittsburgh, PA). 

Isopropyl β-D-1-thiogalactopyranoside (IPTG), Triton X-100 and lysozyme powder were 

purchased from Sigma Aldrich (St. Louis, MO). Deoxyribonuclease (DNase) was purchased 

from New England Biolabs (Ipswich, MA). Ni2+-NTA agarose resins were purchased from 

Qiagen (Gaithersburg, MD). Terrific Broth and Tris-glycine minigels used for sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) were purchased from 

Invitrogen (Grand Island, NY). Bicinchoninic acid (BCA) assay kits and Krypton staining kits 

were purchased from Pierce (Rockford, IL). PD-10 desalting columns were purchased from 

GE Healthcare Life Sciences (Piscataway, NJ).All the N-tert-butyloxycarbonyl-amino acid-p-

nitrophenyl esters and N-benzyloxycarbonyl-amino acid-p-nitrophenyl 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 plasmid pET29b-

hCMVP(A143S)-His6 was grown in Terrific Broth (TB) medium with 30 µg/mL kanamycin. 

To induce the expression of hCMVP A143S in E. coli, a final concentration of 0.3 mM IPTG 

was added and the culture is shaken at 220 rpm, 30°C for 5 hours. The culture was then 

cooled down on ice and the bacterial pellets collected by centrifugation of the culture at 

7,000×g at 4°C for 20 min.  

Purification and Detection of hCMV Protease A143S 

The aforementioned E. coli pellets were resuspended in wash buffer (50 mM NaH2PO4, 

300 mM NaCl, 20 mM imidazole, pH 8.0) containing 1 mg/mL lysozyme, 0.01% DNase and 

1% Triton X-100. The mixture was then sonicated and centrifuged. The cleared supernatant 

was incubated with pre-equilibrated Ni2+-NTA agarose resin at 4°C for 90 min. The resins 

were then washed three times with wash buffer and then wash buffer containing 400 mM 
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imidazole was used to elute the His6-tagged protein from the resins. The eluate was passed 

through a desalting PD-10 column for the removal of salts and eluted with protein storage 

buffer (20 mM Tris·HCl, 0.2 mM EDTA, 100 mM NaCl, 1 mM dithiothreitol, pH 7.9 at 

25°C). The final eluate was aliquoted and frozen at -80°C before use. Quantification of 

protein concentrations was achieved with BCA assays. The expression of hCMV protease 

A143S is detected by Krypton staining of an SDS-PAGE Tris-glycine minigel (4-20%, 1.5 

mm, 10-well) loaded with eluate samples, which was visualized on a Typhoon 9200 scanner 

at excitation / emission wavelengths of 525 / 580 nm. Band intensities were quantified using 

ImageQuant version 5.0. 

Hydrolysis of Substrates Catalyzed by hCMV Protease A143S 

N-tert-butyloxycarbonyl-(L)-amino acid-p-nitrophenyl esters (Boc-XAA-ONp, XAA: 

Abu, Ala, Asn, Gly, Ile, Leu, Met, Phe, Pro, Trp, Val) and N-benzyloxycarbonyl-(L)-amino 

acid-p-nitrophenyl esters (Cbz-XAA-ONp, XAA: Ala, norleucine (Nle)) substrates (structures 

shown in Figures 2.1 and 2.2) at 50 µM final concentrations were added to reaction buffers 

(50 mM Tris, pH 7.6 at 25 °C, with 0.5 M Na2SO4 and 10% glycerol) with or without 10 

µg/mL hCMV protease A143S. The reactions were incubated at 30°C for one hour, during 

which time absorptions at 405 nm (A405) were periodically read and recorded by a Biotek 

Synergy HT plate reader for the quantification of the release of p-nitrophenol (p-NP) from 

their respective ester compounds (Figure 2.3).  

Data Analysis 

An A405 vs. p-nitrophenol polynomial standard curve was generated and 

concentrations of p-NP in substrate hydrolysis samples were calculated from their respective 

A405 values. To determine the amounts of hydrolyzed substrates catalyzed by the protease, 

the concentrations of p-NP released by a substrate in blank buffer were subtracted from that of 

the same substrate in hCMVP A143S-containing buffer. The percentage hydrolyzed for 

different substrates at 10 min after the initiation of the reactions were compared with others 

using one-way analysis of variance (ANOVA) with post-hoc Tukey’s multiple comparison 

tests. The statistical analysis was performed with GraphPad Prism (v5.0).  
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RESULTS 

Expression and Purification of hCMV Protease A143S 

The protease was expressed relatively robustly in E. coli; the final yield, as quantified 

by BCA assays, was approximately 13 mg from 500 mL of bacterial culture. As shown in 

Figure 2.4, the prepared protease was also highly pure, as it was determined that the prepared 

batch of hCMV protease A143S had a minimum purity of 91% (mass ratio). 

Hydrolysis of Ester Substrates Catalyzed by hCMV Protease A143S 

The hCMV protease displays differential preferences toward the p-nitrophenyl ester 

substrates tested. 8 of the 13 substrates tested demonstrated no catalytic hydrolysis by 

hCMVP compared to buffer: Boc-Asn-ONp, Boc-Ile-ONp, Boc-Leu-ONp, Boc-Phe-ONp, 

Boc-Pro-ONp, Boc-Trp-ONp, Boc-Val-ONp and Cbz-Nle-ONp. Of the five that did display 

enzymatic hydrolysis (Figure 2.5), Cbz-Ala-ONp generated the most p-nitrophenol at 10 min, 

almost 60% more than Boc-Ala-ONp, which released the second highest amount. This clearly 

showed the effects of the “protecting group” of the substrates on their affinity to the protease. 

Boc-Abu-ONp, an ester containing the unnatural amino acid (α,L)-aminobutyric acid, and 

Boc-Gly-ONp, could also be hydrolyzed by hCMV protease, though the extent of hydrolysis 

is approximately 27% and 33% less than Boc-Ala-ONp, respectively. This observation 

reaffirmed that Ala is the preferred amino acid at P1 position. In addition, Boc-Met-ONp 

could also be hydrolyzed by the protease, albeit at a rate much slower than the other four. In 

summary, within a limited scope this screening study identified hCMV protease’s preference 

of specific components comprising the ester substrates, with benzyloxycarbonyl (Cbz) over 

butyloxy (Boc) at the N-terminus protecting group and, at the P1 position, Ala over Abu, Gly 

and all others tested. 
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DISCUSSION 

In this study I was able to express and purify from bacterial cultures C-terminally 

His6-tagged hCMV protease A143S and the resulting batch contains said protease at a 

relatively high purity. I also managed to discover and quantitatively compare hCMVP 

A143S’s esterase activities toward several protected amino acid-p-nitrophenol substrates. This 

knowledge would be directly used in subsequent designs of prodrugs that could be activated 

by hCMVP. 

The purity of the hCMV protease A143S in the final eluate is relatively high (~91%), 

as determined by quantification of fluorescence intensities of bands in the Krypton-stained 

SDS-PAGE gel. Although measures had been taken to minimize protein degradation (such as 

shortening the total time spent on the purification process and performing almost all 

procedures at 4°C), autoproteolysis products of the hCMV protease A143S were still 

observed. In Fig. 2.4, the two bands located slightly above the 15-kD marker correspond to 

the 16- and 17-kD autoproteolytic products from the predicted internal cleavage at Ala143 of 

the 33-kD hCMV(A143S)-His6 protein [12]. The total amounts of these products are 

relatively small (4.8%). Although previous studies reported that these products retain some 

degrees of proteolytic activity [12, 16], they would still be regarded to as impurities in all 

subsequent studies. 

Previous reports have shown that the dimerization of hCMV protease is required for 

its proteolytic activity and influenced by factors like glycerol content, ionic strength and 

temperature [24-26]. Therefore, 0.5 M Na2SO4 and 10% glycerol were supplemented into the 

reaction buffer and reactions were also performed at 30°C, all these measures aiming at 

enhancing the dimerization of hCMV protease A143S and thus its activity in the in vitro 

environment. This condition would also be used in subsequent studies of prodrug activation 

by hCMV protease A143S in Chapter III. 

The p-nitrophenyl esters have long been used to characterize enzymes’ esterase 

activities due to their high reactivity [28]. In our study, it was observed that almost all the p-

nitrophenyl esters tested could undergo some degree of  spontaneous hydrolysis in the (blank) 

buffer (50 mM Tris, pH 7.6 at 25 °C, with 0.5 M Na2SO4 and 10% glycerol). Their rates of 
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chemical hydrolysis were also vastly different: while some of them, such as Boc-Ile-ONp and 

Boc-Pro-ONp, were relatively stable in buffer (< 1% hydrolyzed in buffer at 1 h), a few others 

like Boc-Asn-ONp were found to be very labile (> 70% hydrolyzed in buffer in less than 2 

min), thus making them unsuitable for screening. As a result, at all the time points, the 

amounts of p-nitrophenol generated by hCMVP catalysis had to be derived from amounts of 

p-Np in hCMVP plus buffer subtracted by those in just buffer. Using Boc-Abu-ONp as a 

representative of substrates, its spontaneous hydrolysis and release of p-Np over a period of 

45 min is shown in Figure 2.6. 

The high reactivity of p-nitrophenyl esters in both buffer and hCMVP-containing 

systems also caused an unexpected problem: the initial “burst” of the reactions was so rapid 

that it could not be captured. As a result, the preferred parameter to characterize hydrolysis 

kinetics, the initial rate (v0), could not be accurately determined. Instead, the hydrolysis 

percentage at 10 min was used as a surrogate because at this point sufficient amounts of 

substrates have been hydrolyzed and none had yet reached the “plateau”. This percentage is 

proportional to the average rate of hydrolysis within the first 10 min and could reflect the 

protease’s efficiency in catalyzing the breakdown of esters. 

Eventually, I discovered several preferences of hCMV protease toward the 

components of the ester substrates. At the P1 position, alanine, with a methyl on the side chain, 

is preferred over (α,L)-aminobutyric acid (ethyl side chain), glycine (no side chain) and 

methionine (methylthioethyl side chain). This finding could be explained by previous 

structure-activity relationship (SAR) studies [20]. The S1 pocket of the protease was found to 

be small and could only tolerate methyl and (to a lesser degree) ethyl groups as P1 side chains 

[20], or no side chain at all in the case of glycine. That Boc-Met-ONp was slowly hydrolyzed 

in buffer systems with hCMVP was surprising because the size of methionine’s side chain is, 

in theory, too large to fit in the S1 pocket of the protease. It was also observed that another 

substrate with structural similarity at P1, Cbz-Nle-ONp (Fig. 2.2), could not be hydrolyzed at 

all by the protease. Therefore this may suggest a potentially new mechanism of hCMVP-

mediated catalysis. More SAR studies could be carried out to further probe into this 

phenomenon. 
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The comparison between tert-butyloxy carbonyl (Boc) and benzyloxycarbonyl (Cbz) 

at the N-terminal protecting group of the p-nitrophenyl ester substrates was also made and 

Cbz was found to be preferred over Boc by the hCMV protease. The position of the protecting 

group within the substrates corresponds to that of the P2 amino acid residue. Therefore, this 

knowledge could be translated to the design of promoieties of prodrugs: If an N-protected 

amino acid is to be used as the promoiety, the protecting group should be Cbz rather than Boc; 

or, in the case of a dipeptide prodrug, the P2 amino acid residue should have a side chain that 

resembles the structure of Cbz instead of that of Boc. 
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CONCLUSIONS 

The human cytomegalovirus (hCMV) protease A143S mutant possesses inherent in 

vitro esterase activities toward certain substrates N-terminally protected (L)-amino acid-p-

nitrophenol esters. The preference at the P1 position of the ester substrate was found to be 

alanine (Ala) > (α,L)-aminobutyric acid (Abu) = glycine (Gly) > methionine (Met). At the N-

terminal protecting group, benzyloxycarbonyl (Cbz) is preferred over butyloxycarbonyl (Boc). 

These findings would be utilized for the designs of promoieties of ester prodrugs that could 

potentially be hydrolytically activated by the hCMV protease. 
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FIGURES 

 

 

Figure 2.1. Chemical structures of N-tert-butyloxycarbonyl-(L)-amino acid-p-nitrophenyl 
esters (Boc-XAA-ONp). (1) Boc-Abu-ONp, Abu: (α)-aminobutyric acid; (2) Boc-Ala-ONp; 
(3) Boc-Asn-ONp; (4) Boc-Gly-ONp; (5) Boc-Ile-ONp; (6) Boc-Leu-ONp; (7) Boc-Met-ONp; 
(8) Boc-Phe-ONp; (9) Boc-Pro-ONp; (10) Boc-Trp-ONp; (11) Boc-Val-ONp. All amino acid 
residues are (L)-isomers. 
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Figure 2.2. Chemical structures of N-benzyloxycarbonyl-(L)-amino acid-p-nitrophenyl esters 
(Cbz-XAA-ONp). (1) Cbz-Ala-ONp; (2) Cbz-Nle-ONp, Nle: norleucine.  

 

 

 

 

Figure 2.3. Hydrolysis of Boc-XAA-ONp (1) and Cbz-XAA-ONp (2). In aqueous solutions 
and under favorable conditions and in the presence of certain esterases and proteases, Boc-
XAA-ONp and Cbz-XAA-ONp substrates could be catalytically hydrolyzed to release p-
nitrophenol and Boc-XAA-OH and Cbz-XAA-OH carboxylic acids, respectively. The 
concentration of p-nitrophenol could be quantified from spectrophotometry absorbance 
readings at 405 nm.  
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Figure 2.4. Representative Tris-glycine gel of purified His6-tagged hCMV protease A143S 
stained with Krypton®. The protein samples loaded onto a 4%-20% Tris-glycine (1.5mm, 10 
wells) minigel and electrophoresis was performed at 30 mA for 120 min. Krypton staining 
was performed for 1 h and the minigel was de-stained overnight. The minigel was then 
scanned on a Typhoon 9200 variable mode scanner, detecting fluorescence emission at 580 
nm. Lane 1 (L1): 200 ng Novex Sharp unstained ladder; L2: 20 µL flowthrough after second 
wash of the protein-bound Ni2+-NTA resin; L3 – L8: 300, 400, 500, 600, 700 and 750 ng final 
eluate from the PD-10 column. Arrow shows the band of His6-tagged hCMV protease A143S 
(33 kD). The intensity of each band was quantified by ImageQuant software v5.0 and average 
purity of the 33kD main band was calculated among L3 through L8. 
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Figure 2.5. The percentages of 50 µM p-nitrophenyl ester substrates hydrolyzed by hCMV 
protease A143S at the 10-min time point. Enzymatic reactions were carried out in a 96-well 
plate setting. Following periodic shaking, A405 of each well was read and recorded by a 
Biotek Synergy HT plate reader. Concentrations of p-nitrophenol (p-Np) were calculated from 
a second-degree polynomial standard curve fitted to a plot of measured A405 vs. p-Np 
concentrations at 0, 10, 20, 35 and 50 µM. Concentrations of p-NP generated by hCMVP-
catalyzed hydrolysis are derived from p-NP concentrations in wells with hCMVP subtracting 
by corresponding negative control wells with the same substrate but without hCMVP. 
Percentages hydrolyzed were calculated from p-Np concentrations divided by 50 µM. Only 
those substrates with significant hCMV-catalyzed hydrolysis were included in this graph. n 
=3 for all substrates; error bars represent SEM. One way analysis of variance (ANOVA) with 
post-hoc Tukey’s tests was employed for statistical comparisons 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-ONp in either buffer or buffer 
with hCMV protease A143S. “Difference” is calculated from subtraction of A405 in buffer 
from A405 in hCMV + buffer at each time point. n =3 for all time points; error bars represent 
standard deviations. 
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CHAPTER III 

 

MONOESTER PRODRUGS OF GANCICLOVIR: TARGETED PROTEOL YTIC 

ACTIVATION AND TISSUE STABILITY 

 

 

SUMMARY 

Ganciclovir, a nucleoside analogue compound, remains the first line treatment as well 

as prophylactic agent for diseases caused by human cytomegalovirus (hCMV). Ganciclovir 

achieves its pharmacological effects by inhibition of viral DNA synthesis; however, it could 

also cause severe side effects, most notably hematotoxicity. Based on results from Chapter II, 

I synthesized four monoester prodrugs of ganciclovir, including N-benzyloxycarbonyl-(L)-

alanine-ganciclovir (CbzAlaGCV), N-benzyloxycarbonyl-(α,L)-aminobutyric acid-ganciclovir 

(CbzAbuGCV), N-acetyl-(L)-phenylalanine-(L)-alanine-ganciclovir (AcPheAlaGCV) and N-

acetyl-(L)-phenylalanine-(α,L)-aminobutyric acid-ganciclovir (AcPheAbuGCV). These 

prodrugs could be potentially targeted to activation by the hCMV protease expressed at 

hCMV infection sites, thereby possibly reducing the dosage needed and the systemic 

toxicities caused by ganciclovir. The hydrolysis of all four prodrugs by hCMV protease 

A143S, uninfected cytoplasm (represented by Caco-2 cell homogenates) and human plasma 

was characterized in a time-course setting. The stability of AcPheAlaGCV and 

AcPheAbuGCV in pooled human liver microsomes as well as the two prodrugs’ Michaelis-

Menten kinetic parameters for hydrolysis by both hCMV protease A143S and Caco-2 

homogenates were also determined. Through statistical comparisons, it was concluded that the 

differentiated characteristics displayed by AcPheAlaGCV and AcPheAbuGCV rendered both 

of them as better candidates for further development in the targeted prodrug strategy. 
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AcPheAlaGCV could be activated by hCMV protease at a relatively high rate, but it was not 

as stable in normal tissue matrices as AcPheAbuGCV was. The latter was the most stable of 

all four prodrugs in all normal tissues matrices, but its hCMV protease-catalyzed hydrolysis 

rate was slower than AcPheAlaGCV. Altogether, I conducted a systematic characterization on 

the activation-stability interplay in the targeted prodrug strategy for hCMV protease and 

provided quantitative insights on how different factors in both activation and tissue stability of 

the prodrugs could influence their targeting efficiency.  
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BACKGROUND 

As introduced in Chapter II, morbidity and mortality caused by infections related to 

human cytomegalovirus (hCMV) continue to pose a serious threat to immunosuppressed and 

immunocompromised patients. Currently, six pharmaceutical compounds have been approved 

by the US FDA for the treatment and / or prophylaxis of hCMV diseases. Ganciclovir [1, 2], 

valganciclovir [3], foscarnet [4], cidofovir [5] and fomivirsen [6] are used for the treatment of 

CMV retinitis in transplant and / or HIV patients. In addition, ganciclovir, valganciclovir and 

a biologic, CMV Immune Globulin Intravenous (Human) (CMV-IGIV) [7], are indicated for 

use of prophylaxis of hCMV diseases in transplant patients. 

Ganciclovir: Clinical Anti-hCMV Efficacy 

Ganciclovir was the first drug approved by the US FDA for antiviral management of 

cytomegalovirus diseases (in June 1989) [8] and remains the first-line treatment and 

prophylactic agent for hCMV [9]. It is currently available in two dosage forms, namely 

Cytovene-IV® (intravenous injection) [1] and Vitrasert® (intravitreal implant) [2]. 

Ganciclovir was found to clinically reduce the viral titer by more than 100-fold in at least 80% 

of patients with life- or sight-threatening hCMV infections [1]. In clinical studies on the 

treatment of CMV retinitis, ganciclovir was found to significantly delay the progression of 

retinitis compared to untreated controls [1, 2]. It was also found in prevention studies that 

ganciclovir could significantly reduce the incidences of hCMV diseases if it is given to 

transplant recipients immediately after they received solid organ or bone marrow 

engraftments [1, 10, 11]. Therefore, prophylaxis or preemptive treatment with ganciclovir is 

now considered a standard practice for transplant patients at high risks of developing hCMV 

infections [12]. 

Although treatment of CMV retinitis and prevention against hCMV diseases are the 

only two approved clinical usages for ganciclovir, the drug has also demonstrated efficacy 

against several other types of hCMV infections. Ganciclovir appeared to be effective against 

hCMV-related gastrointestinal tract infections, especially colitis, as it was shown to both 

reduce the viral counts in gut samples and improve symptoms such as diarrhea and weight 

loss [13-15]. In two other studies, ganciclovir combined with CMV-IGIV could significantly 
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reduce the symptoms and increase the survivability of bone marrow transplant patients 

inflicted with CMV pneumonia [16, 17]. Last but not least, the long-term benefits of treating 

hCMV hepatitis with ganciclovir are still uncertain, as patients displayed improved liver 

functions and decreased viral load in blood during the treatment but also relapses in infections 

after cessation of the drug therapy [18].  

Ganciclovir: Physicochemical Properties, Mechanism of Action and Viral Resistance 

Ganciclovir (9-[(1,3,-dihydroxy-2-propoxy)methyl]guanine, or DHPG; structure 

shown in Figure 3.1a) has a molecular formula of C10H13N5O4 and a molecular weight (MW) 

of 255.2. It is a polar compound with an n-octanol / water partition coefficient of 0.022 [1]. 

The “free base” form has a water solubility of 2.6 mg/mL at 25°C whereas the monosodium 

salt form is far more water-soluble at > 50 mg/mL (25°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 structure mimicking that of 

deoxyguanosine (Figure 3.1b). It exerts its pharmacological effects by inhibition of viral 

DNA synthesis (Figure 3.2). After ganciclovir translocates into the hCMV-infected cells 

(mainly by passive diffusion [19]), it is first phosphorylated at one of its hydroxyl groups into 

ganciclovir monophosphate. This first step of phosphorylation is catalyzed by a protein kinase 

homologue encoded by the viral UL97 gene [20, 21] and estimated to be 10-fold faster in 

CMV-infected than uninfected cells [2, 22]. Ganciclovir monophosphate is then further 

phosphorylated by host cell kinases into ganciclovir diphosphate and, eventually, ganciclovir 

triphosphate [23]. Ganciclovir triphosphate is a competitive inhibitor of guanosine 

triphosphate (GTP) for the viral DNA polymerase (UL54, also known as pol). It is then 

incorporated into the viral DNA by the UL54 pol polymerase, but its acyclic structure slows 

down the elongation process of the DNA, thereby achieving the inhibitory effects on viral 

replication [9, 23]. The IC50 of ganciclovir on viral DNA replication generally falls in the 

range of 0.4 to 2.4 µM [12]. 

Ganciclovir-resistant hCMV strains (defined by IC50 > 3.0 mg/L or 12.0 µM) have 

been generated from laboratory-cultured strains as well as recovered from infected patients 

with or without prior treatment with ganciclovir [1, 12]. Subsequent studies discovered that 
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mutations or deletions in either one or both of the viral UL97 and UL54 genes lead to the 

resistance [24]. Deletions of 4 to 17 amino acid residues and a large variety of single amino 

acid mutations in the pUL97 kinase have been reported and the impaired phosphorylation of 

ganciclovir by the mutant pUL97 kinases confers viral resistance [24]. Mutations in the UL54 

pol polymerase have also been reported to cause resistance to ganciclovir; some of these 

mutations may also have indications in the cross-resistance to cidofovir and / or foscarnet by 

certain virus strains [24]. Although the exact molecular mechanism of relationships between 

UL54 mutations and ganciclovir resistances is less clear, the decreased affinity of the mutated 

pol for ganciclovir triphosphate and the enhanced exonuclease activity of the mutant 

polymerase have been pointed to as the two most likely culprits [24, 25]. 

Ganciclovir: Dosing Regimens, Pharmacokinetics and Side Effects 

The current FDA-approved routes of administration for ganciclovir are intravenous 

(IV) injection and intraocular injection [1, 2]. Its oral administration has now been 

discontinued due to its low bioavailability and the advent of valganciclovir [12]. For IV 

administration, it is typically given at doses of 2.5 or 5 mg/kg [26], although some studies 

suggested that 10 mg/kg might be optimal for achieving antiviral effects [27]. The 

pharmacokinetics of ganciclovir is largely linear during IV administration, with plasma cmax at 

4.7 mg/L for 2.5 mg/kg dosage, 10 mg/L for 5 mg/kg and 20 mg/L for 10 mg/kg [1, 26, 27]. 

Plasma protein binding levels of ganciclovir are low, at 1% to 2% [1]. Ganciclovir is mainly 

eliminated in its unchanged form (> 90%) through renal excretion (via glomerular filtration 

and active tubular secretion) and has a half-life of approximately 3.5 h after IV administration 

[1]. 

Adverse events caused by ganciclovir have been well documented. Hematological 

toxicities, including neutropenia, anemia and thrombocytopenia, were commonly observed in 

patients administered with ganciclovir [1, 12, 26]. Bone marrow transplant (BMT) patients, 

with already low absolute neutrophil counts (ANCs), are particularly susceptible to 

neutropenia (ANC < 1000 / µL) after receiving ganciclovir as prophylactic or preemptive 

treatment [12]. It was found that 41% to 58% of all BMT patients treated with ganciclovir 

developed neutropenia, more than doubling the incidences in untreated subjects [10, 11]. In 
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addition, approximately 34% of patients at advanced stages of HIV infection could be 

inflicted with neutropenia after ganciclovir treatments [28]. These high frequencies clearly 

demonstrated the prevalence of ganciclovir-induced hematological side effects in specific 

patient groups. 

The underlying causes of the hematological side effects of ganciclovir have been 

attributed to its toxicity toward bone marrow cells, especially the colony-forming 

hematopoietic progenitor cells [29]. In cell culture experiments, the IC50 of ganciclovir for 

bone marrow cells was 0.4 – 0.7 mg/L compared to 50 – 400 mg/L for other cell types like 

fibroblast and lung cells [23, 29, 30]. A few studies have demonstrated that the molecular 

mechanism of ganciclovir’s toxicity on bone marrow cells is not dissimilar to that in virally 

infected cells. Although the first step of ganciclovir phosphorylation is catalyzed most 

efficiently by the UL97 viral kinase, it can also occur in uninfected cells, albeit at a slower 

rate [22]. However, ganciclovir triphosphate generated from later phosphorylation steps is still 

able to directly inhibit DNA synthesis and disrupt cell proliferation, as shown in an uninfected 

T lymphocyte model [31]. Findings from this study could be applied to hematopoietic 

progenitors, since they generally have higher rates of DNA replication and cellular 

proliferation than the mature T cells. In summary, the non-specific phosphorylation of 

ganciclovir and the eventual inhibition of DNA elongation are likely the causes for 

cytotoxicity of ganciclovir in bone marrow cells; as a result, hematotoxicity continues to be a 

routine occurrence in specific groups of patients treated with the drug. 

Ganciclovir has also been reported to cause impaired renal functions, neurotoxicity 

and hepatotoxicity [12, 26]. However, the occurrence of these side effects is less frequent than 

hematotoxicity and these symptoms usually alleviate or disappear after the ganciclovir doses 

are reduced or stopped [12, 26]. The molecular mechanisms for these toxicities are still 

unclear. In addition, ganciclovir was seen in animal studies to inhibit spermatogenesis and 

impair fertility, although this was not observed in humans [1]. It is also a possible teratogen 

and thus listed as a Pregnancy Category C drug [1]. 

Other Therapeutic Agents against Human Cytomegalovirus 
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Valganciclovir (trade name Valcyte®), as a separate molecular entity, is the (L)-

valine ester prodrug for ganciclovir (Figure 3.3a). The main advantage of valganciclovir over 

the parent compound ganciclovir is its increased intestinal permeability and oral 

bioavailability. Compared to approximately only 7% for ganciclovir [12], valganciclovir has 

shown an absolute oral bioavailability of around 60% in clinical trials [3]. The 

biopharmaceutical properties of valganciclovir will be discussed in detail in Chapter IV. 

Foscarnet (trade name Foscavir®; structure shown in Fig. 3.3b) was the second drug 

approved by FDA for treatment of CMV retinitis. It is an analogue of pyrophosphate and 

binds to the pyrophosphate binding site of the UL54 polymerase (pol) of cytomegalovirus [4, 

9]. Such binding prevents pol from cleaving the pyrophosphate group off of the terminal 

nucleotide in the DNA chain undergoing synthesis, thereby inhibiting viral DNA replication. 

Foscarnet is a second-line treatment for hCMV diseases and is mainly used on patients with 

viral resistance to ganciclovir (because of mutations in the viral UL97 gene) and those who 

developed dose-limiting hematotoxicity from ganciclovir therapies [9]. However, the use of 

foscarnet is limited by substantial nephrotoxicity associated with the drug. Severe electrolyte 

and mineral abnormalities are often observed and could lead to cardiac disorders, seizures and 

even death [4, 9]. Therefore, patients receiving foscarnet must be properly hydrated and their 

creatinine clearance constantly monitored [4]. 

Cidofovir  (trade name Vistide®; Fig. 3.3c) is another FDA-approved anti-CMV 

retinitis therapeutic agent. It is an acyclic analogue of cytidine monophosphate and is 

phosphorylated by cellular kinases to the active form, cidofovir diphosphate [5]. Cidofovir 

diphosphate, when incorporated into the elongating viral DNA by the UL54 polymerase, 

causes premature termination of the DNA synthesis because of its lack of a 3’-hydroxyl group 

[5, 9]. Cidofovir’s advantage over other anti-hCMV drugs lies in the higher stability of its 

active form and, as a result, less frequent dosing is required to achieve the therapeutic efficacy 

[32]. Nevertheless, severe renal toxicities caused by cidofovir limit its use and it must be 

administered together with probenecid in order to prevent irreversible damage to the kidneys 

[5, 9]. Cidofovir is also a possible carcinogen and teratogen and it remains a second-line 

treatment for CMV diseases [5]. 
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Fomivirsen (trade name Vitravene®) was the first antisense compound approved by 

the US FDA [33]. It is a phosphorothioate oligonucleotide with a 21-nucleotide sequence, 5'-

GCG TTT GCT CTT CTT CTT GCG-3', which complements the viral mRNA transcripts of 

the immediate-early region 2 (IE2) [6, 9]. Base-pairing between fomivirsen and the viral IE2 

mRNA thus prevents protein translation from the mRNA [6]. The drug is administered locally 

by direct intravitreal injection and indicated for use against CMV retinitis resistant to other 

therapies [6]. Fomivirsen was later withdrawn from the European market for commercial 

reasons [34].  

CMV Immune Globulin Intravenous (Human)  (CMV-IGIV, trade name 

CytoGam®) contains immunoglobulin Gs (IgGs) against the human cytomegalovirus [7]. It is 

purified from pooled human plasma from healthy adults with high titers of antibodies against 

hCMV [7, 35]. The sterile liquid formulation of the antibodies is approved by the FDA for 

prophylaxis against hCMV diseases in solid organ transplant recipients [7]. Although CMV-

IGIV is considered to be generally well tolerated in patients, its use has been hampered by its 

very high costs and fluctuating availability of supplies, which result from its human origins 

and the complicated purification and manufacturing processes [36]. 

In addition to the aforementioned small and macromolecular drugs, several other 

compounds have demonstrated in vitro and in vivo anti-hCMV efficacies and a few are 

undergoing clinical trials. Cyclopropavir, a nucleoside analog, has been found to inhibit both 

viral DNA synthesis and the normal functions of the viral UL97 kinase [37, 38]. It has 

demonstrated efficacy in a mouse model [38] as well as low cytotoxicity [39]. Maribavir, an 

(L)-ribosyl benzimidazole, appears to inhibit both the viral DNA replication and egress of 

nucleocapsid from the host cell nucleus [40, 41]. It has been tested for treatment of patients 

with ganciclovir-resistant hCMV infections, showing mixed results [42]. It subsequently 

failed to meet goals for the phase III clinical trials for prophylaxis against hCMV infections in 

stem cell transplant patients [43]. However, its efficacy in the treatment of hCMV infections 

in transplant recipients is currently being evaluated in another ongoing phase II trial [44]. 

Leflunomide, a drug used for rheumatoid arthritis, could inhibit hCMV capsid assembly and 

was found to have activity against ganciclovir-resistant strains [45, 46]. Another experimental 
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compound, letermovir (AIC246), interferes with viral DNA packaging by inhibiting the viral 

DNA terminase (UL56) complex [47]. It was reported to drastically reduce symptoms of a 

patient infected with an hCMV strain that was resistant to all known therapies [48]. Last but 

not least, acyclovir and valacyclovir share similar structures and mechanisms of action to 

those of ganciclovir and valganciclovir, respectively [49], and has been studied for 

prophylaxis against hCMV diseases after transplantation [50]. Nevertheless, ganciclovir is 

still deemed a far more superior inhibitor of viral DNA replication when compared to 

acyclovir, because not only is ganciclovir a much better substrate for the viral UL97 kinase, 

but also ganciclovir triphosphate has a much longer intracellular half-life than acyclovir 

triphosphate does [49].  

Targeting Ester Prodrugs of Ganciclovir to Specific Activation by hCMV Protease 

As explained in Chapter II, viral proteases harbor great potentials in the targeted 

prodrug strategy as the target enzymes for prodrug activation. The hCMV protease is an ideal 

protease for targeted activation of prodrugs of anti-hCMV compounds, as it has a catalytic 

structure distinct from other serine proteases, a well-defined substrate preference and is only 

expressed in hCMV-infected tissues. If a prodrug could be relatively stable in systemic 

circulation and preferably activated at the hCMV infection sites by the hCMV protease, the 

prodrug dosage required to achieve equivalent pharmacological effects would be greatly 

reduced compared to the original dosing regimen with the parent compound, therefore 

potentially reducing the related systemic toxicities. 

Among all the marketed or experimental drugs for the management of hCMV, 

ganciclovir was eventually chosen as the parent compound, mainly for two reasons. First and 

foremost, it is the first-line treatment for hCMV infections as well as the standard therapeutic 

for prophylaxis against hCMV, with the largest amount of published data for reference. 

Second, among the three FDA-approved small molecular anti-hCMV compounds, ganciclovir 

possesses the most favorable physicochemical properties for analytical purposes. Its 

hydrophilicity is moderate (logP 0.022 [1]) compared to that of foscarnet (logP -2.1 [51]) and 

cidofovir (logP -3.3 [5]). It also has an adequate molecular weight (255.2) for mass 

spectrometry and strong UV absorption at 254 nm [52]. These profiles and properties of 
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ganciclovir render it the most preferable candidate for prodrug development among all small 

molecular anti-hCMV compounds. 

In Chapter II, I explored the hCMV protease’s preference of amino acyl ester 

substrates at their P1 and P2 positions. For the P1 position, alanine (Ala) was the preferred 

amino acid residue over (α,L)-aminobutyric acid (Abu) and glycine (Gly). While Ala has long 

been known to be the naturally occurring P1 amino acid residue for hCMV protease substrates, 

for Abu and Gly this was the first time that direct evidence was demonstrated for them also 

being acceptable P1 residues. Ultimately, Ala and Abu were chosen as the P1 site amino acid 

residues for designing promoieties. Abu is not a standard amino acid with a genetic code and 

it cannot be efficiently converted to other amino acids and does not take part in protein 

synthesis in humans [53, 54]. Therefore, hypothetically there should be lower amounts of 

enzymes in the body that could efficiently hydrolyze Abu-containing substrates than Ala- or 

Gly-containing ones. As a result, Abu-containing prodrugs are potentially more stable than 

the Ala- or Gly-containing counterparts and could possibly remain in their unchanged form 

for a longer duration in circulation. As for the P2 residue of the substrate, which corresponds 

to the N-terminus protecting group, benzyloxycarbonyl (Cbz) was found to be superior to tert-

butyloxycarbonyl (Boc) in terms of hydrolytic activity catalyzed by hCMV protease. 

Therefore, Cbz was selected as the protecting group within the promoieties of the proposed 

prodrugs. Nevertheless, the inherent reactivity within the Cbz at the oxycarbonyl part is likely 

to make it labile in tissues abundantly expressing esterases. In light of this possibility, I then 

designed two dipeptide promoieties, N-acetyl-(L)-phenylalanine-(L)-alanine (AcPheAla) and 

N-acetyl-(L)-phenylalanine-(α,L)-aminobutyric acid (AcPheAbu), which correspond to 

modifications to CbzAla and CbzAbu, respectively. Their structures are similar at the P2 

position (Figure 3.4) but the acetylated dipeptide promoieties, with amide linkages between 

the residues, are likely to be much more stable than the benzylcarbonyls as well as prodrugs 

with unprotected N-termini in uninfected tissues and cells [55].  

In this chapter, I aimed to synthesize four different monoester prodrugs of ganciclovir. 

These prodrugs would then be characterized by their activation by purified hCMV protease 

A143S as well as stability in uninfected tissues such as cell homogenates, plasma and liver 
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microsomes. I also attempted to elucidate a quantitative relationship between the amount of 

hCMV protease expressed in tissues and the selective activation of ganciclovir prodrugs. 
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MATERIALS AND METHODS 

Materials 

The NH2-protected amino acid compounds N-benzyloxycarbonyl-(L)-alanine (CbzAla) 

and N-benzyloxycarbonyl-(α,L)-aminobutyric acid (CbzAbu) were purchased from Chem-

Inpex (Wood Dale, IL). The N-acetyl dipeptide compounds N-acetyl-(L)-phenylalanine-(L)-

alanine (AcPheAla) and N-acetyl-(L)-phenylalanine-(α,L)-aminobutyric acid (AcPheAbu) 

were synthesized by and purchased from Genscript (Piscataway, NJ) and Chem-Inpex, 

respectively. 4-dimethylamino-pyridine (DMAP) and anhydrous N,N'-

dicyclohexylcarbodiimide (DCC), caffeine and (S)-(-)-propranolol were purchased from 

Sigma-Aldrich (St. Louis, MO). All organic solvents were purchased from Fisher Scientific 

(Fair Lawn, NJ). Ganciclovir was purchased from Bosche Scientific (New Brunswick, NJ). 

Methanol-D4 (CD3OD) was purchased from Cambridge Isotope Laboratories (Andover, MA). 

For tissue culture-related work, Caco-2 cells were acquired from American Type Culture 

Collection (ATCC; Rockville, MD) (catalog number HTB-37). Dulbecco's Modified Eagle 

Medium (DMEM), Minimal Essential Medium with non-essential amino acids (MEM NEAA) 

and fetal bovine serum (FBS) were purchased from Gibco (Grand Island, NY). Cell culture 

dishes and plates, cell scrapers and tissue homogenizer were purchased from Corning, Inc 

(Corning, NY). Human plasma was a gift from the University of Michigan Hospital. Pooled 

human liver microsomes (20 mg/mL) and RapidStart® NADPH regenerating system were 

purchased from Xenotech (Lenexa, KS). Unifilter® 800 PVDF hydrophilic filter plates were 

purchased from Whatman (Piscataway, NJ). All other materials that had been used in the 

experiments of Chapter II were acquired from the same sources. 

Synthesis and Purification of Monoester Prodrugs of Ganciclovir 

Chemical structures of the ganciclovir prodrugs are shown in Figure 3.5. 1.1 molar 

equivalent (eq.) of CbzAla, CbzAbu, AcPheAla or AcPheAbu carboxylic acid was reacted 

with 2 eq. of ganciclovir in the presence of DMAP and 1.5 eq. of DCC in dimethylformamide 

(DMF) under argon gas. After 24-72 hours, solvent was removed in vacuo and the pellets 

were dissolved in ethyl acetate / water mixtures. The water content was extracted and 

concentrated by aspiration to less than 10 mL, then injected into a Shimadzu preparatory 
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HPLC (Shimadzu America, Columbia, MD) with a Waters XBridge BEH C18 prep column 

(30 mm × 250 mm; Waters Corporation, Milford, MA) using water (1‰ v/v TFA) and 

acetonitrile (1‰ v/v TFA) as mobile phases A and B, respectively. Fractions with different 

chromatographic peaks at 254 nm were eluted and collected individually from the fraction 

collector; possible diastereomers of the prodrugs in particular were rigorously separated. The 

compounds in each fraction were first identified by electrospray ionization (ESI) mass 

spectrometry (MS), which was performed on an LCT Micromass time-of-flight (TOF) mass 

spectrometer. Solvents of the prodrug-containing fractions were then removed in vacuo. 

Proton nuclear magnetic resonance (1H-NMR) spectra of the synthesized chemicals were 

obtained from a Varian INOVA 400 MHz NMR spectrometer with methanol-D4 (CD3OD) as 

solvent. Purity of the compounds was evaluated by high performace liquid chromatography 

(HPLC). Prodrug powders are ultimately dissolved in dimethyl sulfoxide (DMSO) to a 

concentration of 20 mM and frozen at -20°C before use.  

N-benzyloxycarbonyl-(L)-alanine-ganciclovir (CbzAlaGCV). 1H-NMR (400 MHz, 

methanol-D4): δ 1.29-1.37 (3H, m, Ala CH3), 3.50 (2H, m, GCV O-CαH, GCV Cα-CH2-O(H)), 

3.95-4.21 (4H, m, GCV Cα-CH2-O(H), GCV Cα-CH2-OC=O, Ala Cα-H), 5.05 (2H, s, Cbz O-

CH2), 5.62 (2H, s, GCV N-CH2-O), 7.28 (5H, m, Phe Ph), 8.61 (1H, s, GCV N-CH=N). ESI-

MS: [M+H]+ 461.2. Purity by HPLC: 91%. 

N-benzyloxycarbonyl-(α,L)-aminobutyric acid-ganciclovir  (CbzAbuGCV). 1H-

NMR (400 MHz, methanol-D4): δ 0.92 (3H, t, Abu CH3, J = 8 Hz), 1.60-1.76 (2H, m, Abu 

CH2), 3.49-3.57 (2H, m, GCV O-CαH, GCV Cα-CH2-O(H)), 3.95-4.23 (3H, m, GCV Cα-CH2-

O(H), GCV Cα-CH2-OC=O), 4.30 (1H, m, Abu Cα-H), 5.05 (2H, d, Cbz O-CH2, J = 4 Hz), 

5.62 (2H, s, GCV N-CH2-O), 7.26 (5H, m, Phe Ph), 8.64 (1H, s, GCV N-CH=N). ESI-MS: 

[M+H] + 473.2. Purity by HPLC: 93%. 

N-acetyl-(L)-phenylalanine-(L)-alanine-ganciclovir (AcPheAlaGCV). 

Diastereomer “A-4” 1H-NMR (400 MHz, methanol-D4): δ 1.31 (3H, t, Ala CH3, J = 5.4 Hz), 

1.89 (3H, m, Ac CH3), 2.83 (1H, m, Phe CH2), 3.14 (1H, d, Phe CH2, J = 14 Hz), 3.58 (2H, m, 

GCV O-CαH, GCV Cα-CH2-O(H)), 3.98 (2H, m, GCV Cα-CH2-O(H), GCV Cα-CH2-OC=O), 

4.30 (2H, m, GCV Cα-CH2-OC=O, Ala Cα-H), 4.63 (1H, t, Phe Cα-H, J = 8 Hz), 5.64 (2H, s, 
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GCV N-CH2-O), 7.24 (5H, m, Phe Ph), 8.50 (1H, d, GCV N-CH=N, J = 8 Hz). ESI-MS: 

[M+H] + 516.1. Purity by HPLC: 96% for diastereomer “A-4” and 95% for “A-5”.  

N-acetyl-(L)-phenylalanine-(α,L)-aminobutyric acid-ganciclovir  

(AcPheAbuGCV). Diastereomer “B-3” 1H-NMR (400 MHz, methanol-D4): δ 0.72 (3H, t, 

Abu CH3, J = 6 Hz), 1.60 (2H, m, Abu CH2), 1.90 (3H, m, Ac CH3), 2.89 (1H, m, Phe CH2), 

3.03 (1H, m, Phe CH2), 3.52 (2H, m, GCV O-CαH, GCV Cα-CH2-O(H)), 4.13-4.28 (4H, m, 

GCV Cα-CH2-O(H), GCV Cα-CH2-OC=O, Abu Cα-H), 4.65 (1H, t, Phe Cα-H, J = 8 Hz), 5.63 

(2H, s, GCV N-CH2-O), 7.22 (5H, m, Phe Ph), 8.56 (1H, d, GCV N-CH=N, J = 8 Hz). ESI-

MS: [M+H]+ 530.1. Purity: > 99% for diastereomer “B-2” and 97% for “B-3”. 

Cell Culture and Homogenization 

Caco-2 cells (passage 22 – 36) were routinely maintained in DMEM supplemented 

with 9.1% (v/v) FBS and 1% (v/v) NEAA in an atmosphere of 5% CO2 and 90% relative 

humidity at 37°C. Before being harvested for homogenization, cells were cultured to 14-16 

days post-confluence in 250-mm dishes. They were collected with a cell scraper in cold 50 

mM Tris·HCl (pH 7.6 at 25°C) and immediately homogenized on ice by a tissue homogenizer. 

The mixture was centrifuged at 18,000 rpm in an Allegra 64R centrifuge at 4°C and the clear 

supernatant (S9 fraction) was removed and frozen at -80°C for later use. The protein 

concentrations of the Caco-2 cell homogenates were determined by BCA assays. 

Stability of Prodrugs in Buffers 

Prodrugs were diluted to 200 µM in hCMV protease reaction buffer (50 mM Tris HCl, 

pH 7.6 at 25°C, 0.5 M sodium sulfate, 10% v/v glycerol) and incubated at 30°C for 120 min. 

Half sample volumes of acetonitrile (ACN) with 40 µM caffeine was then added to each 

sample and all 0-min and 120-min samples were analyzed by HPLC. 

Hydrolysis of Prodrugs in hCMV Protease (A143S)-containing System 

Time-course hydrolysis studies. A final concentration of 40 µg/mL hCMV protease 

(hCMVP, A143S mutant) was added to the aforementioned hCMV protease reaction buffer 

and the mixture was pre-incubated for 5 min at 30°C. To initiate prodrug hydrolysis, prodrug 
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stock solutions were added to a final concentration of 200 µM and the reactions were 

incubated at 30°C. Samples were removed from the reaction pool at 15, 30, 60 and 90 min 

and quenched by half sample volumes of acetonitrile (ACN) with 40 µM caffeine as the 

internal standard for HPLC analysis. The mixtures were filtered through a 0.45 µm Whatman 

PVDF filter plate by centrifugation and the filtrates were then injected into HPLC to assay the 

extent of prodrug disappearance.  

Hydrolysis kinetics studies (AcPheAlaGCV and AcPheAbuGCV only). Similarly 

to time-course studies, experiments were performed with 50 – 1000 µM prodrugs and samples 

were taken out at various time points during the first 10.5 min. Subsequent sample preparation 

steps were similar to time-course experiments. Initial rates (v0) of hydrolysis were calculated 

from the linear time course of the disappearance of prodrugs, which was assayed by HPLC. 

The kinetic parameters vmax and Km were obtained by fitting the initial rate versus 

concentration data to the Michaelis-Menten equation, using non-linear regression analysis 

(least-squares method) in GraphPad Prism (v5.0). kcat was calculated from vmax / [hCMVP].  

Hydrolysis of Prodrugs in Caco-2 Cell Homogenates 

Time-course hydrolysis experiments. A final concentration of 1 mg/mL Caco-2 

homogenate was prepared in 50 mM Tris·HCl (pH 7.6 at 25°C) and the homogenate pre-

incubated for 5 min at 37°C. Prodrug stock solutions were then added to a final concentration 

of 200 µM and the reactions were incubated at 37°C. Sample collections and analysis were 

similar to hCMVP-mediated hydrolysis studies.  

Hydrolysis kinetics experiments (AcPheAlaGCV and AcPheAbuGCV only). 

Reaction conditions were similar to time-course studies; 50 – 1000 µM prodrugs were used in 

assays for initial rates. Sample collection, analysis and curve fitting were performed in a 

similar fashion to hCMVP-catalyzed kinetic hydrolysis studies. kcat was calculated from vmax / 

[enzyme]T, of which [enzyme]T is the apparent total protein concentration of the homogenate, 

1 mg/mL. 

Stability of Prodrugs in Human Plasma 
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Prodrugs were added to 80 µM final concentrations in undiluted human blood plasma 

and the reactions were incubated at 37°C. Samples were taken out at 30, 60, 120, 180 and 240 

min and quenched by adding two volumes of acetonitrile (ACN) with 40 µM caffeine. The 

mixtures were filtered through PVDF filter plates and the filtrates were added with equal 

volumes of water. The contents of prodrugs in samples at each time point were then analyzed 

by HPLC. 

Stability of Prodrugs in Pooled Human Liver Microsomes 

Pooled human liver microsomes were diluted to 1 mg/mL in Dulbecco’s phosphate 

buffered saline (DPBS, pH 7.4) supplemented with NADPH regenerating system (1 mM 

NADP, 5 mM glucose-6-phosphate, 1 mM glucose-6-phosphate dehydrogenase) and the 

mixture was pre-incubated at 37°C for 5 min. AcPheAlaGcv or AcPheAbuGcv was added to a 

concentration of 2 µM and samples were taken out at 15, 30, 60 and 120 min and quenched 

with two volumes of ACN with 250 nM (S)-(-)-propranolol as internal standard. After the 

processed samples are mixed with equal volumes of water, the disappearance of prodrugs was 

analyzed by LC-MS. 

HPLC Analysis 

The Agilent 1100 / 1200 series HPLC system (Agilent Technologies, Santa Clara, CA) 

is equipped with a degasser, a quaternary pump, an autosampler (temperature at 4°C) and a 

diode array detector (DAD). Water (with 1‰ TFA) and acetonitrile (1‰ TFA) were used as 

mobile phases and the flow rate was 1.0 mL/min. An Agilent Zorbax Eclipse XDB-C18 (3.5 

µm, reversed phase) 4.6×150 mm column was used for chromatographic separation of 

chemicals. The mobile phase B (ACN) content versus time diagram is set up as follows: 0 min, 

0.1%; 3 min, 0.1%; 5 min, 8.0%; 14 min, 84.0%. All compounds were detected at UV 254 nm. 

A standard curve containing at least five points was utilized to calculate concentrations from 

peak area values. The accuracy of the HPLC assay was 90% to 110%. 

LC-MS Analysis 

Samples from prodrug stability in liver microsomes studies were analyzed with a 

Shimadzu LC-MS system. The system consists of a CBM-20A control module, a degasser, a 
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LC-20AD binary pump, a SIL-20A HT autosampler and a LCMS 2010A mass spectrometer 

with an ESI probe. A Waters XTerra C18 (5 µm, reversed phase) 2.1×50 mm column was 

used for chromatographic separation of chemicals. Water (1‰ formic acid) and acetonitrile (1‰ 

formic acid) were used as mobile phases and the flow rate was 0.2 mL/min. The mobile phase 

B content versus time diagram is set up as follows: 0 min, 0.5%; 1 min, 0.5%; 4 min, 20%; 

9.5 min, 85%. Mass-to-charge ratios (m/z’s) for chemical 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 concentrations from peak area values. The accuracy 

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

Statistical Analysis 

All the aforementioned hydrolysis and stability experiments were performed in 

triplicate and percentages remaining were expressed in mean ± SEM. For stability in plasma 

and liver microsomes studies, elimination rate constants (k) were derived from fitting the 

average percentages remaining vs. time data to a first-order elimination equation (C(t) / C0 = 

e-kt). Half-lives were calculated as t1/2 = 0.693 / k. For time-course hydrolysis studies, at each 

time point the percentage remaining of each prodrug was compared to others’ using one-way 

analysis of variance (ANOVA) with post hoc Tukey’s multiple comparison tests; p < 0.05 

was considered significant. 

Quantitative Modeling for the Selective Activation of Prodrugs and Calculations of 

Selective Activation Factors (SAFs) 

The selective activation for a specific prodrug was characterized by the ratio of the 

initial rates of hydrolysis catalyzed by hCMV protease (vhCMVP) over that by Caco-2 

homogenate (vCaco-2). Initial rates were assumed to follow the Michaelis-Menten model. For 

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

������ = �	
�,�����[ℎ����]�[�]��,����� + [�]  (Equation 3.1) 
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Let �&'(ℎ����) = [�����]*
[�+,,-,
.	�.��+/0]*, where MFE stands for “mass fraction expressed”: 
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∙ �&'(ℎ����) (Equation 3.4) 

 

When [S] is small ([S] << Km,hCMVP and [S] << Km,Caco-2), Eq. 3.4 becomes 

��������
	��� = �	
�,����� ∙ ��,�
	�����,����� ∙ �	
�,�
	��� ∙ �&'(ℎ����) (Equation 3.5) 

 

The kcat and Km values have been determined from the hydrolysis kinetics studies. The 

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

234(prodrug	X) = �	
�,�����(prodrug	X) ∙ ��,�
	���(prodrug	X)��,�����(prodrug	X) ∙ �	
�,�
	���(prodrug	X) (Equation 3.6) 

 

The SAF is a dimensionless quantity and also a unique characteristic for different prodrugs. It 

serves as an indicator of how much prodrug could be activated by hCMV protease in addition 

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

i.e. vinfected cells = vhCMVP + vCaco-2 and vuninfected cells = vCaco-2, Eq. 3.5 becomes 

<=>?@AB@C	A@DDE = FG + HAIB,JKLMN ∙ OP,KIAQ�ROP,JKLMN ∙ HAIB,KIAQ�R ∙ L4S(JKLMN)T ∙ <U>=>?@AB@C	A@DDE 

 (Equation 3.7) 

 

Eq. 3.7 therefore provides a quantitative relationship between the ratios of prodrugs’ 

hydrolysis rates in infected over uninfected cells and the mass fraction of hCMV protease 

expressed in the infected cells. 
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RESULTS 

Diastereomers of Ganciclovir Prodrugs 

During the purification process by preparatory HPLC, diastereomers of CbzAlaGcv 

and CbzAbuGcv were observed but unable to be efficiently separated. Therefore, the resulting 

products were likely racemic mixtures of (R)- and (S)-conformations at the acquired chiral 

center in the ganciclovir structure (Fig. 3.5). The diastereomers for AcPheAlaGCV and 

AcPheAbuGCV, however, were separated and each fraction was relatively pure (see Materials 

and Methods). The resulting stereoisomers were given code names of “A-4” and “A-5” for 

AcPheAlaGCV (Figure 3.6) and “B-2” and “B-3” for AcPheAbuGCV (Figure 3.7). Time-

course hydrolysis of these four fractions by hCMV protease A143S were shown in Figure 3.8. 

It was evident that AcPheAlaGCV “A-4” could be hydrolyzed by hCMV protease A143S 

whereas “A-5” could not, and AcPheAbuGCV “B-3” could be hydrolyzed by the protease 

while “B-2” remained largely intact throughout the 90-min incubation period. Therefore, only 

AcPheAlaGCV fraction “A-4” and AcPheAbuGCV fraction “B-3” were used in all 

subsequent experiments. All mentions of “AcPheAlaGCV” and “AcPheAbuGCV” 

throughout Chapters III 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, AcPheAlaGCV and AcPheAbuGCV) 

were relatively stable in the hCMV protease reaction buffer. At 120 min, all four have greater 

than 95% remaining with respect to the zero-minute time point. 

Time-course Hydrolysis of Prodrugs in hCMV protease (A143S)-containing System 

As shown in Figure 3.9, all four monoester prodrugs of ganciclovir could be 

hydrolyzed by hCMV protease A143S. They also displayed differential rates of hydrolysis, 

with CbzAlaGCV and AcPheAlaGCV being hydrolyzed at higher rates than CbzAbuGCV 

and AcPheAbuGCV are. This confirmed that Ala is preferred over Abu at the P1 site of the 

ester substrate by the hCMV protease. On the other hand, the progress of hydrolysis of 

CbzAlaGCV was not found to be significantly different from that of AcPheAlaGCV, nor was 
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the reaction progress of CbzAbuGCV significantly different from that of AcPheAbuGCV. 

This phenomenon demonstrated that the structural likeness between CbzXaa and AcPheXaa 

(Xaa = Ala or Abu) promoieties could translate into similarities in the rates of hCMV 

protease-catalyzed hydrolysis of the corresponding prodrugs. 

Time-course Hydrolysis of Prodrugs in Caco-2 Homogenates 

The four monoester prodrugs of ganciclovir possess varying degrees of stability in 

Caco-2 cell homogenates (Figure 3.10). AcPheAbuGCV is the most stable of all four: at 30, 

60 and 90 min, significantly higher percentages of AcPheAbuGCV remain in the homogenate 

than CbzAlaGcv, CbzAbuGcv and AcPheAlaGCV. To offer a more direct comparison of 

specificity–stability interplay among the four ganciclovir prodrugs, data from studies of the 

time-course hydrolysis of prodrugs by both hCMVP A143S and Caco-2 homogenates were 

combined (Figure 3.11). The ratio of percentage of prodrug hydrolyzed by 40 µg/mL 

hCMVP over that by 1 mg/mL Caco-2 homogenate is used as an indicator to gauge a 

prodrug’s specific activation by hCMVP. The higher this ratio is, the more likely a prodrug is 

activated by hCMV protease rather than being degraded non-specifically in uninfected cells. 

As shown in Fig. 3.11, at 30, 60 and 90 min, AcPheAbuGCV has higher hydrolyzed by 

hCMVP / hydrolyzed by Caco-2 ratios than the other three. These results demonstrated that 

the undesired slower hydrolysis of AcPheAbuGCV by hCMVP could be compensated by its 

higher stability in normal tissues, which becomes more apparent with the passing of time. 

Stability of Prodrugs in Undiluted Human Plasma 

The four ganciclovir prodrugs display varying rates of degradation in human plasma 

(Figure 3.12; elimination rate constants and half-lives in Table 3.1). The N-terminally 

protected amino acyl ester prodrugs are degraded rapidly in plasma, with no more than 50% 

remaining after 30 min. AcPheAlaGCV and AcPheAbuGCV are more stable with half-lives 

of 148 min and 210 min, respectively. Once again, AcPheAbuGCV demonstrated that it has 

the best stability among the four compounds in another tissue matrix that is plasma. 

Stability of Prodrugs in Pooled Human Liver Microsomes 
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Due to the instability of CbzXaaGCV prodrugs in Caco-2 cell homogenates and 

plasma, they were not characterized for stability in liver microsomes because it is very likely 

that they are less stable than their counterparts with acetylated dipeptide promoieties. Between 

AcPheAlaGCV and AcPheAbuGCV, the latter was found to be more resistant to hydrolysis 

catalyzed by microsomal enzymes (Figure 3.13), with a half-life of 250 min compared to 97 

min for AcPheAlaGCV (Table 3.2). Therefore, AcPheAbuGCV established itself as the most 

stable prodrug among the four in normal cells and tissue matrices. 

Hydrolysis Kinetics Studies for Acetylated Dipeptide Prodrugs of Ganciclovir 

Although the aforementioned time-course hydrolysis studies demonstrated the 

differential hydrolysis of ganciclovir prodrugs by hCMV protease A143S and non-specific 

enzymes, they were carried out using arbitrary, fixed amounts of enzymes and thus could not 

accurately reflect the physiological situations in which the concentrations of prodrugs and 

enzymes are almost certain to be dynamic. To address this problem, studies based on 

Michaelis-Menten kinetics were performed on the prodrugs’ hydrolysis by hCMV protease 

and Caco-2 homogenates. The Michaelis-Menten kinetic parameters for hCMV protease 

A143S- or Caco-2 homogenate-catalyzed hydrolysis of AcPheAlaGCV or AcPheAbuGCV 

were determined by non-linear regressions of initial rates vs. concentrations data (Figures 

3.14 and 3.15). The kcat, Km as well as kcat / Km values derived from the curve-fitting are listed 

in Table 3.3. For hydrolysis catalyzed by hCMV protease, AcPheAlaGCV has both a higher 

kcat and a lower Km than AcPheAbuGCV, resulting in an almost 60% higher kcat / Km (5.08 

(min·(µg/mL protein))-1 for AcPheAlaGCV vs. 3.19 (min·(µg/mL protein))-1 for 

AcPheAbuGCV). This finding confirmed that, kinetically, AcPheAlaGCV is indeed a better 

substrate for the hCMV protease than AcPheAbuGCV is. Conversely, in Caco-2 cell 

homogenates, the kcat for AcPheAbuGCV is slightly higher that of AcPheAlaGCV, but the Km 

for AcPheAbuGCV is much higher than the Km for AcPheAlaGCV. Consequently, 

AcPheAlaGCV has a 74% higher kcat / Km than AcPheAbuGCV does in hydrolytic reactions 

in Caco-2 homogenate (AcPheAlaGCV: 1.83×10-5 (min·(µg/mL protein))-1 vs. 1.05×10-5 

(min·(µg/mL protein))-1 for AcPheAbuGCV). These kinetic parameters thus provided 
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quantitative details on why AcPheAbuGCV is more stable than AcPheAlaGCV is in Caco-2 

homogenates. 

Quantitative Models for the Selective Activation of Prodrugs 

Selective activation factors (SAF) for AcPheAlaGCV and AcPheAbuGCV were 

calculated based on Eq. 3.6, using the kinetic parameters determined in the aforementioned 

studies. As a result, AcPheAlaGCV was found to have an SAF of 27.8 and AcPheAbuGCV 

an SAF of 30.3. Therefore, AcPheAbuGCV has a roughly 9% higher SAF than 

AcPheAlaGCV. The quantitative models for the selective activation of the two prodrugs were 

then derived according to Eq. 3.7, when assuming concentrations of both prodrugs are much 

smaller than the Km values (see Table 3.3): 

For AcPheAlaGCV: 

<=>?@AB@C	A@DDE
<U>=>?@AB@C	A@DDE = G + RV. X ∙ L4S(JKLMN) (Equation 3.8) 

 

For AcPheAbuGCV: 

<=>?@AB@C	A@DDE
<U>=>?@AB@C	A@DDE = G + YZ. Y ∙ L4S(JKLMN) (Equation 3.9) 
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DISCUSSION 

In this chapter, I first synthesized four monoester prodrugs of ganciclovir: 

CbzAlaGCV, CbzAbuGCV, AcPheAlaGCV and AcPheAbuGCV. The diastereomers of 

AcPheAlaGCV and AcPheAbuGCV were rigorously separated and purified and the “A-4” 

fraction of AcPheAlaGCV and “B-3” fraction of AcPheAbuGCV were found to be reactive in 

hCMV protease A143S-containing buffer systems; the other two fractions were relatively 

inert. The two stereomerically pure fractions of “A-4” and “B-3” were thus selected to be 

used in later studies solely based on their reactivity in the hCMV protease-catalyzed 

hydrolysis. Due to limitations in the small amounts of available prodrugs (< 15 mg each) as 

well as in analytical instrumentation, the absolute configurations at the introduced chiral 

carbon of the prodrugs (Fig. 3.5) were not determined as of this moment. However, it is 

known that techniques such as X-ray powder diffraction (XRPD) and circular dichroism (CD) 

have been widely used for the determination of chirality [56]. These studies could be 

performed once enough spare compounds and the necessary equipment become available. 

I first performed characterizations of the time-course hydrolysis and stability of the 

four ganciclovir prodrugs. It was not surprising to find that Ala-containing prodrugs were 

hydrolyzed at faster rates than Abu-containing ones (Fig. 3.9) because Ala has been 

confirmed in previous publications as well as in Chapter II to be the preferred residue at the 

substrates’ P1 position. Interestingly, the supposedly racemic CbzAlaGCV did not behave like 

the diastereomers of AcPheAlaGCV did in hydrolysis catalyzed by hCMV protease (i.e. if the 

hCMV protease distinguishes between the two isomers of CbzAlaGCV, its percentage 

remaining value should not drop much below 50% at any time point). Further structure-

relationship studies may be needed to explain this phenomenon. 

Nevertheless, the rate of activation of a prodrug by the target protease is just the first 

criterion for judging its “targetability”; it is also imperative that the prodrug is stable enough 

in normal, uninfected tissues in order to remain in its original form for long enough to reach 

the infected locales by circulation. Therefore, I also tested the stability of the prodrugs in 

various matrices. Caco-2 cells are known to highly express esterases and they have been used 

as a representative cell line to test hydrolysis of ester prodrugs [57, 58]; the homogenate of 
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Caco-2 was thus chosen to represent the cytoplasm of uninfected cells. Human plasma was 

selected to represent the main route of circulation; it has been known since as early as 1895 

that the blood plasma harbors esterase activities [59]. Pooled human liver microsomes were 

selected as a model for liver, which contains abundant amounts of esterases [60]. In 

subsequent stability experiments with these tissue matrices, I first discovered that 

CbzAlaGCV and CbzAbuGCV were unstable in Caco-2 homogenates and plasma, 

presumably because the carbonyl group within Cbz is very prone to nucleophilic attack. These 

two were thereby excluded from all follow-up studies in Chapters III and IV. Secondly, 

AcPheAbuGCV was found to be more stable than all other prodrugs in all three tissue 

matrices (Fig. 3.10, 3.12, 3.13). Particularly, in Caco-2 homogenates the difference between 

AcPheAbuGCV and others was pronounced (Fig. 3.10). The reaction seemed to have slowed 

down as time elapsed. I thus suspect that in addition to typical kinetic mechanisms, a feedback 

regulation may be taking simultaneous actions, with the product(s) of AcPheAbuGCV 

hydrolysis inhibiting the hydrolyzing enzyme(s) within the homogenate. Such a mechanism is 

nonetheless desirable: by whatever means, the more stable a ganciclovir prodrug is in normal 

cells, the more likely it could be transported out of that cell and back into circulation, because 

once ganciclovir is generated and then phosphorylated by cellular kinases, it could not 

permeate through the cell membrane due to its polar nature. 

The exact reason why the Abu residue within AcPheAbuGCV makes the prodrug 

possess higher stability than its Ala-containing counterpart is unclear. (α,L)-aminobutyric acid 

(also known as α-aminobutyrate, 2-aminobutyric acid, α-aminobutanoic acid and ethylglycine) 

is a non-standard amino acid that little systematic research has been devoted to, in stark 

contrast to one of its isomers, the well-known γ-aminobutyric acid (GABA). Free (α,L)-

aminobutyric acid is naturally found in plasma but at very low concentrations compared to 

other “canonical” amino acids [61, 62] and it was identified as a product of metabolisms of 

other amino acids [63]. Elevated levels of Abu in plasma have been indicated as a possible 

marker for liver dysfunction [54]. Abu is not found to be a building block for proteins and 

cannot be efficiently converted to other amino acids [53, 54]. Ophthalmic acid (ophthalmate), 

a tripeptide analogue of glutathione, is the only known naturally occurring substance to be 

synthesized from Abu [64]. The physiological role of ophthalmic acid is not established either, 
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but it has also been discovered to be a possible indicator of oxidative stress in the body [65]. 

Proteases involved in the degradation of ophthalmate are currently unknown. These past 

findings highlight the fact that our knowledge on (α,L)-aminobutyric acid is very limited, 

which may result from the fact that Abu usually does not participate in physiological 

functions in the body under normal circumstances. It is likely that either there are no proteases 

or other hydrolases with Abu as the preferred P1 residue, or, if such hydrolases do exist, their 

expression is regulated at a low level due to the body’s very little need for them. This might 

shed a light on why AcPheAbuGCV is more stable than other prodrugs in the several tissue 

matrices I tested. 

Despite the promising results from the time-course studies with hCMV protease 

A143S and Caco-2 homogenates, they were all performed with fixed amounts of enzymes and 

arbitrary concentrations of prodrugs; neither could reflect the likely dynamic nature of these 

two components in physiological conditions. To mimic such conditions, I did attempt to 

create a cell system transfected with a plasmid vector containing hCMV protease, but the 

expression of the protease in the transfected cells was inconsistent and, generally speaking, at 

very low levels (≤ 1‰ mass of cellular proteins). Therefore, I did not proceed further with 

such a system. Another possible in vitro model, cell lines infected with live human 

cytomegalovirus, have long been used to characterize the potency and efficacy of antiviral 

compounds against hCMV [39], although no published study has used them for prodrug 

activation. Due to the unavailability of such a system, I could not test the activation of 

ganciclovir prodrugs with live hCMV. Nevertheless, the virally infected cells should be the 

penultimate system to use for the determination of the selectiveness of prodrug activation, 

before the prodrugs are subjected to in vivo testing with infected animal models. 

Eventually, I utilized Michaelis-Menten modeling to simulate a comparison of prodrug 

hydrolysis rates between infected and uninfected cell environments. Because there have been 

no published data on the amount of hCMV protease expressed in infected cells, it becomes a 

crucial variable in the model. As shown in Eq. 3.5 and 3.7, this variable is presented as a mass 

fraction expressed (MFE) of the total amount of cellular protein. Naturally, the higher the 

MFE of hCMV protease is, the higher the rate of prodrug hydrolysis in infected cells will be 
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when compared to uninfected cells. The final equations (Eq. 3.8 and 3.9) assume that prodrug 

concentrations are much lower than the Km values and the hCMV protease is merely an 

“additive” to the uninfected cells’ inherent hydrolytic machinery. These simplified models 

contain only MFE(hCMVP) as the independent variable. For example, if the hCMV protease 

constitutes 1% of total protein in infected cells, for AcPheAlaGCV (Eq. 3.8), it would be 

hydrolyzed 27.8% faster in infected cells than normal cells, whereas for AcPheAbuGCV (Eq. 

3.9), its rate would be 30.3% higher in infected tissues. These numbers and the related 

equations, while not spectacular, do provide a quantitative insight into the relationships 

between the amount of hCMV protease expression, the structures of prodrug substrates and 

the extent of selective activation of those substrates. Moreover, this model could be used as a 

surrogate for the analysis of selective activation of prodrugs when more physiologically 

relevant models, such as infected cell lines, are unavailable. 

Overall, the studies in Chapter III provided a proof-of-concept on the design of 

ganciclovir monoester prodrugs and how to quantitatively characterize their selective 

activation by the hCMV protease as well as stability in normal, uninfected tissues. As 

mentioned in Background, ganciclovir is phosphorylated on one of its hydroxyl groups by 

viral UL97 kinase or unspecified cellular kinase(s), and then incorporated into the elongating 

DNA by viral UL54 polymerase or the host cell DNA polymerase complex. Such a 

mechanism is essential for both anti-hCMV efficacy as well as toxicity to normal cells such as 

hematopoietic progenitors. By conjugating a promoiety to one of the hydroxyl groups in 

ganciclovir, thus effectively “blocking” the hydroxyl, the ganciclovir monoester prodrugs are 

potentially less toxic than the parent compound is. This would presumably be because the 

spatial occupation by the bulky promoiety would likely make the other (free) hydroxyl group 

less accessible to cellular kinases, thereby decreasing the rate of its phosphorylation. 

Moreover, even if the other hydroxyl group is phosphorylated, the existence of the promoiety 

could possibly hinder the binding of the DNA polymerase complex to the phosphorylated 

prodrug, making it less likely to be incorporated into the elongating DNA chain. To test this 

hypothesis, dose-dependent studies on the toxicity of ganciclovir prodrugs toward colony-

forming hematopoietic cells, as well as their inhibition of DNA synthesis, would need to be 

performed and the results compared to those of ganciclovir itself [29, 31]. If the prodrugs are 
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indeed found to be less toxic to those cells, it would be a big step for the targeted prodrug 

strategy toward testing in clinical settings.  

Finally, although the four ganciclovir monoester prodrugs could all be activated by 

hCMV protease at varying efficiencies and display differential stability profiles in normal 

tissue matrices, it is entirely plausible that prodrugs with other promoieties could be superior 

in both their activation by hCMV protease as well as in their tissue stability. The P2 side chain 

of the hCMV protease substrate has been shown to be more tolerated by the protease [66]. 

Therefore, if an unnatural amino acid residue is introduced as the P2 residue (Figure 3.16), 

hypothetically the promoiety would be less recognizable to certain tissue hydrolases and the 

prodrug would thus be more stable. The protecting group at the N-terminus could also be 

modified to cater to the hCMV protease’s preference. As shown in Fig. 3.16, this proposed 

prodrug of ganciclovir contains a P1 residue of either Ala or Abu, a P2 residue of (N’,N’)-

dimethylasparagine, which is theoretically the most preferred residue at P2 site by hCMV 

protease [66]. The tert-butyloxycarbonyl protecting group at the N-terminus corresponds to a 

tert-butyl P3 side chain that is, hypothetically, also the preferred one by the hCMV protease. 

The first proposed compound, Boc-Asn(Me2)-Ala-GCV (Fig. 3.16a), could potentially be 

more rapidly activated by hCMV protease and more stable in tissues than AcPheAlaGCV is. 

Boc-Asn(Me2)-Abu-GCV (Fig. 3.16b) is likely to possess similar advantages when compared 

to AcPheAbuGCV. In summary, more efforts in medicinal chemistry could be dedicated to 

modify the structure of the promoiety, so that both the hCMV-mediated activation as well as 

tissue stability of the resulting ganciclovir monoester prodrug could be further optimized. 
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CONCLUSIONS 

Four synthetic monoester prodrugs of ganciclovir, N-benzyloxycarbonyl-(L)-alanine-

ganciclovir (CbzAlaGCV), N-benzyloxycarbonyl-(α,L)-aminobutyric acid-ganciclovir 

(CbzAbuGCV), N-acetyl-(L)-phenylalanine-(L)-alanine-ganciclovir (AcPheAlaGCV) and N-

acetyl-(L)-phenylalanine-(α,L)-aminobutyric acid-ganciclovir (AcPheAbuGCV), could be 

hydrolytically activated by the human cytomegalovirus (hCMV) protease. The two Ala-

containing prodrugs were hydrolyzed by the hCMV protease at higher rates than the two Abu-

containing prodrugs. The four prodrugs of ganciclovir also displayed different stability 

profiles in uninfected (“normal”) tissue matrices. The N-acetylated dipeptide prodrugs were 

discovered to be generally more stable than their counterparts with N-benzyloxycarbonyl-

amino acid promoieties. Moreover, among the four prodrugs, AcPheAbuGCV was the most 

stable one in uninfected tissue matrices. These findings presented qualitative as well as 

quantitative in vitro methodologies and results for the hydrolytic activation of prodrugs that 

are designed to be targeted to the hCMV infection sites. Future studies using more 

physiologically relevant models should be conducted in order to characterize the potential 

selective activation of these ganciclovir prodrugs at the locales of hCMV infections. 
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FIGURES 

 

 

Figure 3.1. Chemical structures of (a) ganciclovir and (b) deoxyguanosine. 
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Figure 3.2. Activation of ganciclovir within the nucleus of hCMV-infected cells. Figure is 
adapted from Fig. 1 of [26] and created with ChemBioDraw Ultra 12.0 and PowerPoint 2010.  
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Figure 3.3. Chemical structures of other FDA-approved anti-hCMV compounds: (a) 
valganciclovir, (b) foscarnet and (c) cidofovir. 
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Figure 3.4. Comparison of promoieties: (a) N-benzyloxycarbonyl-(L)-alanine (CbzAla) and 
(b) N-acetyl-(L)-phenylalanine-(L)-alanine.  
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Figure 3.5. Chemical structures of monoester prodrugs of ganciclovir. (a) N-
benzyloxycarbonyl-(L)-alanine-ganciclovir (CbzAlaGCV); (b) N-benzyloxycarbonyl-(α,L)-
aminobutyric acid-ganciclovir (CbzAbuGCV); (c) N-acetyl-(L)-phenylalanine-(L)-alanine-
ganciclovir (AcPheAlaGCV) and (d) N-acetyl-(L)-phenylalanine-(α,L)-aminobutyric acid-
ganciclovir (AcPheAbuGCV). The acquired chiral carbons within the ganciclovir structure of 
the four prodrugs are denoted with asterisks (*). All four prodrugs are trifluoroacetic acid 
(TFA) salts.  
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Figure 3.6. Partial chromatogram of the water content from water / ethyl acetate extraction of 
the AcPheAlaGCV reaction mixture, as monitored on the Shimadzu preparatory HPLC 
program during the purification run. The x axis shows time of run, left y axis the UV 
absorption at 254 nm in milli absorption units (mAU) and right y axis the percentage of 
mobile phase B (acetonitrile with 1‰ TFA). Fractions collected from 26.1 to 27.3 min were 
denoted “A-4”  and from 27.7 min to 29.5 min marked as “A-5” , respectively.  
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Figure 3.7. Partial chromatogram of the water content from water / ethyl acetate extraction of 
the AcPheAbuGCV reaction mixture, as monitored on the Shimadzu preparatory HPLC 
program during the purification run. The x axis shows time of run, left y axis the UV 
absorption at 254 nm in milli absorption units (mAU) and right y axis the percentage of 
mobile phase B (acetonitrile with 1‰ TFA). Fractions collected from 28.0 to 29.4 min were 
denoted “B-2”  and from 30.8 min to 32.2 min marked as “B-3” , respectively.  
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Figure 3.8. The time course of the hydrolysis of 200 µM diastereomers of acetylated 
dipeptide monoester prodrugs of ganciclovir (AcPheAlaGCV “A-4” and “A-5”, 
AcPheAbuGCV “B-2” and “B-3”) in reaction buffer (50 mM Tris HCl, pH 7.6 at 25°C, 0.5 M 
Na2SO4, 10% v/v glycerol) with 40 µg/mL hCMV protease A143S at 30°C. The x axis shows 
time elapsed since reactions were initiated and the y axis denotes the percentages of prodrugs 
remaining in their unchanged forms as compared to the zero-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 µM monoester prodrugs of ganciclovir 
(CbzAlaGcv, CbzAbuGcv, AcPheAlaGCV “A-4” and AcPheAbuGCV “B-3”) in reaction 
buffer (50 mM Tris HCl, pH 7.6 at 25°C, 0.5 M Na2SO4, 10% v/v glycerol) with 40 µg/mL 
hCMV protease A143S at 30°C. The x axis shows time elapsed since reactions were initiated 
and the y axis denotes the percentages of prodrugs remaining in their unchanged forms as 
compared to the zero-minute time point. At each time point, percentages remaining of the four 
prodrugs were compared to each other using one-way ANOVA with Tukey’s multiple 
comparison tests. n = 3 for all time points and error bars represent SEM.  
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Figure 3.10. The time course of the hydrolysis of 200 µM monoester prodrugs of ganciclovir 
(CbzAlaGcv, CbzAbuGcv, AcPheAlaGCV “A-4” and AcPheAbuGCV “B-3”) in 1 mg/mL 
Caco-2 homogenates at 37°C. The x axis shows time elapsed since reactions were initiated 
and the y axis denotes the percentages of prodrugs remaining in their unchanged forms as 
compared to the zero-minute time point. At each time point, percentages remaining of the four 
prodrugs were compared to each other using one-way ANOVA with Tukey’s multiple 
comparisons. n = 3 for all time points and error bars represent SEM. Asterisks (*) denote 
percentage values different from those of all other prodrugs at that time point (p < 0.05). 
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Figure 3.11. The time-course plot of the ratios of average percentages of 200 µM prodrugs 
hydrolyzed by 40 µg/mL hCMV protease A143S over those hydrolyzed by 1 mg/mL Caco-2 
homogenates. Compiled using the data for all four prodrugs from Fig. 3.9 and 3.10. 
Percentages hydrolyzed are calculated from %Hydrolyzed = 100% – %Remaining.  

  

0.00

0.50

1.00

1.50

2.00

2.50

0 15 30 45 60 75 90

R
a

ti
o

 o
f 

p
e

rc
e

n
ta

g
e

 h
y

d
ro

ly
ze

d

Time (min)

CbzAlaGcv

CbzAbuGcv

AcPheAlaGcv

AcPheAbuGcv



79 
 

 

 

Figure 3.12. Stability of 80 µM ganciclovir monoester prodrugs (CbzAlaGcv, CbzAbuGcv, 
AcPheAlaGcv “A-4” and AcPheAbuGcv “B-3”) in undiluted human plasma over the course 
of 240 min. The y axis, denoting percentages of the remaining unchanged prodrugs in plasma, 
is shown in (a) at normal scale and (b) at log scale. n = 3 for all time points and error bars 
represent SEM. The elimination constants (k) and half-lives (t1/2) of the four prodrugs in 
plasma (Table 3.1) were calculated based on a first-order elimination model.  
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Figure 3.13. Stability of 2 µM acetylated dipeptide monoester prodrugs of ganciclovir 
(AcPheAlaGcv “A-4” and AcPheAbuGcv “B-3”) in 1 mg/mL pooled human liver 
microsomes over the course of 120 min. The y axis, denoting percentages of the remaining 
unchanged prodrugs in liver microsomes, is shown in (a) at normal scale and (b) at log scale. 
n = 3 for all time points and error bars represent SEM. The elimination constants (k) and half-
lives (t1/2) of the two prodrugs in liver microsomes (Table 3.2) were calculated based on a 
first-order elimination model.  
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Figure 3.14. The initial rate (v0, in µM/min) vs. concentrations ([S], in µM) plot for the 
hCMV protease A143S-catalyzed hydrolysis of AcPheAlaGCV “A-4” and AcPheAbuGCV 
“B-3” and curve-fitting to Michaelis-Menten models. For AcPheAlaGCV, the concentrations 
were 50, 100, 200, 400, 600 and 800 µM and 40 µg/mL hCMVP A143S was used. For 
AcPheAbuGCV, prodrug concentrations were 100, 200, 400, 600, 800 and 1000 µM and 80 
µg/mL hCMVP A143S was used. n = 3 for each data point and error bars represent SEM. The 
data were fit to the Michaelis-Menten model using non-linear regressions with the least-
square (ordinary) method. Kinetic parameters determined from the curve-fitting were shown 
in Table 3.3. 
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Figure 3.15. The initial rate (v0, in µM/min) vs. concentrations ([S], in µM) plot for the Caco-
2 homogenate-catalyzed hydrolysis of AcPheAlaGCV “A-4” and AcPheAbuGCV “B-3” and 
curve-fitting of these data to Michaelis-Menten models. For AcPheAlaGCV, the 
concentrations were 50, 100, 200, 400, 600, 800 and 1000 µM. For AcPheAbuGCV, prodrug 
concentrations were 100, 200, 400, 600, 800 and 1000 µM. 1 mg/mL Caco-2 homogenates 
were used for both prodrugs at all concentrations. n = 3 for each data point and error bars 
represent SEM. The data were fit to the Michaelis-Menten model using non-linear regressions 
with the least-square (ordinary) method. Kinetic parameters determined from the curve-fitting 
were shown in Table 3.3. 
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Figure 3.16. Chemical structures of two proposed monoester prodrugs of ganciclovir: (a) N-
tert-butyloxycarbonyl-(N’,N’)-dimethyl-(L)-asparagine-(L)-alanine-ganciclovir (Boc-
Asn(Me)2-Ala-GCV) and (b) N-tert-butyloxycarbonyl-(N’,N’)-dimethyl-(L)-asparagine-(α,L)-
aminobutyrate-ganciclovir (Boc-Asn(Me)2-Abu-GCV). 
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TABLES 

 

 

Prodrug k (min-1) t1/2 (min) 
CbzAlaGCV 0.0257 27 
CbzAbuGCV 0.0248 28 
AcPheAlaGCV 0.0047 148 
AcPheAbuGCV 0.0033 210 

 

Table 3.1. Elimination rate constants (k) and half-lives (t1/2) of CbzAlaGCV, CbzAbuGCV, 
AcPheAlaGCV “A-4” and AcPheAbuGCV “B-3” in human plasma. Elimination rate 
constants (k) were derived from fitting the percentages remaining vs. time data to a first-order 
elimination equation (C(t) / C0 = e-kt). Half-lives were calculated as t1/2 = 0.693 / k. 

 

 

 

 

Prodrug k (min-1) t1/2 (min) 
AcPheAlaGCV 0.0071 97 
AcPheAbuGCV 0.0028 250 

 

Table 3.2. Elimination rate constants (k) and half-lives (t1/2) of AcPheAlaGCV “A-4” and 
AcPheAbuGCV “B-3” in pooled human liver microsomes. Elimination rate constants (k) were 
derived from fitting the percentages remaining vs. time data to a first-order elimination 
equation (C(t) / C0 = e-kt). Half-lives were calculated as t1/2 = 0.693 / k. 
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  AcPheAlaGCV AcPheAbuGCV 

hCMV protease 
A143S 

kcat 0.348 ± 0.043 0.308 ± 0.057 
Km 685 ± 164 967 ± 337 
kcat / Km 5.08×10-4 3.19×10-4 

Caco-2 homogenate 
kcat 0.0251 ± 0.0068 0.0281 ± 0.0121 
Km 1.37×103 ± 0.56×103 2.67×103 ± 1.48×103 
kcat / Km 1.83×10-5  1.05×10-5  

 

Table 3.3. Michaelis-Menten kinetic parameters for the hydrolysis of the two acetylated 
dipeptide prodrugs of ganciclovir by hCMV protease A143S or Caco-2 homogenates. The kcat 
and Km values were determined from Michaelis-Menten kinetic hydrolysis experiments (see 
Materials and Methods and Fig. 3.14 and 3.15) and expressed in mean ± SEM. kcat has a unit 
of µM / (min·(µg/mL protein)), Km is expressed in µM and kcat / Km has a unit of (min·(µg/mL 
protein))-1.  
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CHAPTER IV 

 

CHARACTERIZATION OF THE BIOPHARMACEUTICAL PROFILES OF THE 

MONOESTER PRODRUGS OF GANCICLOVIR 

 

 

SUMMARY 

The main locale where the hCMV protease performs its functions is inside the host 

cell nucleus, which is also where ganciclovir exerts its inhibitory effects on viral DNA 

synthesis. Therefore, it is important that the prodrugs of ganciclovir for targeted activation by 

the hCMV protease are efficiently taken up by the host cells in order to be activated in 

intracellular space. A Caco-2 cell system was used to determine the cellular uptake of 

AcPheAlaGCV and AcPheAbuGCV in comparison to those of ganciclovir and valganciclovir. 

I demonstrated that at the 1-h time point, the Caco-2 uptake of AcPheAbuGCV was 

significantly higher than ganciclovir and sufficient amounts of AcPheAbuGCV remained 

intact and thus available for potential hydrolytic activation by the hCMV protease. In addition 

to cellular uptake properties, I also characterized the permeability of AcPheAlaGCV and 

AcPheAbuGCV across the Caco-2 monolayer because it is important to explore whether the 

two prodrugs could potentially be delivered by oral administration, which is the preferred 

route for patients. It was shown that while the apparent permeability of intact AcPheAlaGCV 

and AcPheAbuGCV were potentially similar to that of ganciclovir, the oral route is likely 

suboptimal for the delivery of the two prodrugs because of metabolic reactions inside the 

gastrointestinal lumen and liver. The intravenous route is, therefore, a better option for 

delivery of the ganciclovir prodrugs in in vivo study settings.  
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BACKGROUND 

Human Peptide Transporter 1 (PEPT1) 

The peptide transporter 1 (PEPT1) is a member of the proton-coupled oligopeptide 

transporter (POT) superfamily which has been identified in a broad range of prokaryotic and 

eukaryotic species [1]. The amino acid sequences of PEPT1 are highly conserved, especially 

in mammals, as an amino acid sequence identity of 83% is observed between human and 

mouse PEPT1 [2]. The human PEPT1 (hPEPT1) is a 78.8-kD protein with 708 amino acids 

[3]. Also known as solute carrier 15A1 (SLC15A1), hPEPT1 is one of the four members of 

the human SLC15A family, which also includes peptide transporter 2 (PEPT2, SLC15A2), 

peptide histidine transporter 1 (PHT1, SLC15A4) and peptide histidine transporter 2 (PHT2, 

SLC15A3).  

In human, PEPT1 is most abundantly expressed at the apical side of the intestinal 

brush border membrane, especially in the duodenum, jejunum and ileum, although it has also 

been found in various other tissues such as pancreas, bile duct, adrenal glands and nasal 

epithelium [1, 4, 5]. In the small intestine, the function of PEPT1, a proton/substrate 

symporter, is dependent on the inward proton gradient generated from the acidic environment 

in the gastrointestinal lumen (pH 5.9-6.8) [6] toward the neutral cytoplasm (pH around 7.4). 

With this proton gradient as the driving force, substrates such as di- and tripeptides from 

dietary digestion are transported by PEPT1 into the enterocytes. These nutrients are then 

further hydrolyzed by intracellular hydrolases and the resulting products are transported 

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

The roles of PEPT1 in the facilitated transport of xenobiotics have been extensively 

studied. Many drugs such as β-lactams [8] and bestatin [9] as well as valacyclovir and 

valganciclovir, the (L)-valyl esters of acyclovir [10, 11] and ganciclovir [12], were discovered 

to be substrates of PEPT1. The empirical substrate specificity and preference of hPEPT1 have 

also been well characterized. A peptide bond within the compound has been deemed not 

necessarily a requirement for its transport by PEPT1 [12-14], as observed in the cases of 

valacyclovir, valganciclovir and δ-aminolevulinic acid (5-ALA). For terminal moieties, 

PEPT1 prefers free amino and carboxyl groups at their respective termini. Modifications on 
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these groups could decrease affinity of the substrates to PEPT1; a free N-terminal amino 

group seems especially important [15, 16]. For stereochemical configurations, (L)-amino acid 

derivatives, (L)-(L)-dipeptides and derivatives and (L)-(L)-(L)-tripeptides are preferred over 

their counterparts with (D)-amino acid residues [15]. These properties have been utilized to 

tentatively predict a potential substrate’s affinity for PEPT1 [17]. 

Valganciclovir 

Valganciclovir (trade name Valcyte®, valganciclovir hydrochloride [18]) is the (L)-

valyl ester prodrug of ganciclovir (Figure 3.3a). It was developed with the specific purpose to 

overcome the poor oral bioavailability of ganciclovir. Indeed, clinical studies demonstrated 

that while ganciclovir capsules only had an oral bioavailability of 6.2% – 8.5%, Valcyte 

tablets at comparable dosages showed an average of 60% or more oral bioavailability [12, 18]. 

Not only was the 0-24 h area-under-the-curve (AUC0-24h) for ganciclovir from 900 mg once 

daily administration of Valcyte found to be comparable to that of once-daily intravenous 

injection of 5 mg/kg ganciclovir, but also significantly higher than the AUC of 3 times daily 

oral dosing of 1 g ganciclovir. Therefore, valganciclovir is currently the preferred form for the 

oral delivery of ganciclovir; it has the same indication and usage as well as similar systemic 

toxicities to those of IV-administered ganciclovir [18, 19].  

Valganciclovir has been shown to be a substrate for both PEPT1 and PEPT2 

transporters, as demonstrated by its inhibitory effects on glycylsarcosine uptake in cell models 

expressing the two transporters as well as its capability to induce inward currents in PEPT1-

expressing Xenopus laevis oocytes [12]. In the human small intestine, the absorption of 

valganciclovir is primarily facilitated by PEPT1 which is predominantly and abundantly 

expressed in the duodenum, jejunum and ileum. Valganciclovir is rapidly hydrolyzed to 

ganciclovir through catalysis by the esterase valacylovirase (VACVase), which is expressed 

in the enterocytes, liver, kidneys as well as other tissues and organs [20, 21]. As an evidence 

of the first-pass metabolism of valganciclovir after its oral dosing, the maximum plasma 

concentration (cmax) of ganciclovir converted from valganciclovir was found to be more than 

30 times that of unchanged valganciclovir [22]. Therefore, orally administered valganciclovir 
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possesses the same disposition, excretion and pharmacological properties as those of 

ganciclovir. 

The Caco-2 Cell System: Usefulness and Limitations 

Caco-2 is an adherent epithelial cell line that is derived from human colorectal 

adenocarcinoma [23]. In in vitro culture, once confluence is reached, Caco-2 cells undergo 

spontaneous differentiation toward a monolayer with many unique features of a functional 

intestinal epithelium, and the differentiation is usually complete within 3 weeks [24]. The 

differentiated monolayer has tight junction formations between the cells as well as develops a 

brush border on the apical surface. It also expresses enzymes and transporter proteins that are 

typically present in the microvilli [24, 25]. Due to its similarity to the intestinal epithelia, 

ease-of-use as a cell culture model and relatively low cost, the Caco-2 monolayer has been 

considered a gold standard for in vitro prediction of in vivo permeability and absorption of 

drugs [25, 26]. Notably, to date no false positive results have been produced in permeability 

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

Despite its widespread use, the Caco-2 cell system also has well-documented 

limitations that need to be considered when it is used to characterize the biopharmaceutical 

properties of certain types of compounds. The expression levels of many transporters and 

drug-metabolizing enzymes in Caco-2 cells are known to be significantly different from those 

in the human intestine. For example, PEPT1 is expressed on the apical membranes of Caco-2 

cells and many studies have utilized Caco-2 to determine whether the compounds of interest 

were potential PEPT1 substrates. However, the level of PEPT1 expression in Caco-2 cells 

could be several-fold lower than in human small intestines, as shown by comparison of both 

mRNA and protein levels [28, 29]. Therefore, drugs that are transported by PEPT1 often 

display lower permeability when measured in the Caco-2 system than in actual perfusion 

studies with human intestinal segments [28]. Caco-2 cells also express fewer types and lower 

amounts of phase I and phase II metabolic enzymes than human duodenum does [28], making 

it a less reliable tool to predict and characterize the related metabolisms of certain compounds 

during their transport across the actual brush border. The relative levels of a number of 

esterases were also found to be different between Caco-2 cells and human duodenum or 



94 
 

jejunum, as demonstrated by studies comparing functional activities [30] and mRNA levels 

[28] of those esterases in the two models. Due to these disparities, caution is thus warranted 

when using Caco-2 cells to characterize the uptake and permeability of compounds that are 

potential substrates for carrier-mediated transport and / or intestinal metabolic enzymes.  

Biopharmaceutical Profiles of Targetable Prodrugs of Ganciclovir 

As introduced in Chapter III, ganciclovir exerts its pharmacological effects by 

inhibition of viral DNA synthesis, which takes place inside the host cell nucleus. The human 

cytomegalovirus (hCMV) protease is responsible for the degradation of the internal 

scaffolding proteins of the viral procapsid in order to create space for incorporation of newly 

synthesized viral DNA [31-33]. This proteolytic process also occurs inside the nuclei of 

hCMV-infected cells [31]. Therefore, it is critical that the targetable ganciclovir prodrugs are 

effectively taken up or absorbed by the host cells, after which process they could be activated 

by the hCMV protease and then execute their antiviral effects. In addition, it is also desirable 

that the intracellular concentration of the unchanged prodrug is similar to that of ganciclovir 

when the latter is dosed separately as a control, so that the pharmacological effects of the 

prodrug, after its hydrolytic activation, could be equivalent to the original treatment strategy 

with ganciclovir.  

Oral pharmaceutical products are usually preferred by patients over other dosage 

forms (for example, parenteral and inhalational) due to its convenience and non-invasiveness. 

As shown in Chapter III, out of the four prodrug candidates, AcPheAlaGCV and 

AcPheAbuGCV are likely to be more stable than the other two in tissue matrices and, 

therefore, they are the better compounds for further development, including a possible oral 

dosing strategy. Their dipeptide promoieties make them potential substrates for PEPT1-

mediated transports. Nevertheless, in oral dosing they would also be exposed to the first-pass 

enzymatic degradations. Therefore, if a sufficient amount of AcPheXaaGCV survives the 

first-pass metabolism and enters the systemic circulation in its unchanged form, it could 

potentially have a similar bioavailability to that of the orally delivered ganciclovir while 

ideally still retaining its selective activation capability. To determine whether the two 

acetylated dipeptide prodrugs of ganciclovir possess such a quality, the intact prodrugs’ 
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apparent permeability across Caco-2 cell monolayers would be compared to that of 

ganciclovir. Valganciclovir would be used to verify the PEPT1-mediated transport in Caco-2 

and metoprolol serves as the standard for highly permeable compounds. 
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MATERIALS AND METHODS 

Materials 

All the chemicals, cell lines and dispensable tissue culture hardware that have been 

mentioned in Chapters II and III were acquired from the same sources. In addition, 2-(N-

morpholino)ethanesulfonic acid (MES) and dextrose ((D)-glucose) were purchased from 

Fisher Scientific (Fair Lawn, NJ). 6-well Transwell® inserts (membrane thickness 10 µm, 

pore size 0.4 µm) were purchased from Corning Inc. (Corning, NY). 

Cell Culture 

Caco-2 cells (passage 22 – 36) were routinely maintained in the same conditions 

detailed in Chapter III. For direct uptake studies, Caco-2 cells were seeded at a density of 

3×105 cells per well into a 6-well plate and allowed to grow until 11-13 days post-confluence. 

The culture media were renewed every other day. For permeability studies, Caco-2 cells were 

seeded at 2×105 cells per Transwell insert into a 6-well Transwell plate (growth area 4.67 

cm2). The cells were cultured until 18-20 days post-confluence and the culture media in both 

apical and basolateral chambers were replaced on alternate days. Transepithelial electrical 

resistance (TEER) was regularly measured for each Transwell and only wells with TEER 

values larger than 1,400 Ω·cm2 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 warm pH 6.0 uptake buffer (145 mM 

NaCl, 0.5 mM MgCl2, 1 mM NaH2PO4, 1 mM CaCl2, 3 mM KCl, 5 mM (D)-glucose, 5 mM 

MES). Ganciclovir, valganciclovir (ValGCV), AcPheAlaGCV and AcPheAbuGCV were 

diluted in the uptake buffer at concentrations of 200 µM and added into the respective wells in 

the 6-well plate. The plate was incubated at 37°C, 5% CO2 for 60 min. Cells were then 

repeatedly washed with cold pH 6.0 uptake buffer and then collected in 1:1-mixed water / 

acetonitrile with 250 nM (S)-(-)-propranolol as internal standard for LC-MS. After 

centrifugation at 15,000 ×g at 4°C for 15 min, the contents of compounds in the organic 

supernatants were analyzed by LC-MS. The remaining pellets were dissolved in 0.5 M NaOH 

and the respective protein concentrations were quantified with bicinchoninic acid (BCA) 
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assays. The amounts of cellular proteins were used to normalize 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 washed with the aforementioned pH 6.0 

uptake buffer (apical chamber) and Dulbecco’s phosphate buffered saline (DPBS, pH 7.4; 

basolateral chamber). 1.5 mL drug solutions in the pH 6.0 uptake buffer (metoprolol and 

ganciclovir at 1 mM, valganciclovir at 0.5 mM, AcPheAlaGCV or AcPheAbuGCV at 0.2 mM) 

were then added to their respective apical chambers and 2.5 mL DPBS to basolateral 

compartments. The cells were incubated at 37°C on an orbital shaker with 50 rpm rotation 

speed. Samples were retrieved from the basolateral chamber every 15 min until 120 or 135 

min after dosing and equal volumes of fresh DPBS were replenished to maintain sink 

conditions. Quenching was performed with either 0.5% TFA and 20 µM caffeine (for HPLC 

analysis) or acetonitrile with 250 nM (S)-(-)-propranolol (for LC-MS analysis). The collected 

samples were frozen at -80°C until HPLC or LC-MS analyses. 

HPLC Analysis 

Using the same method and equipment employed in Chapter III, HPLC analyses were 

applied to samples from the receiving chambers of Transwells dosed with ganciclovir, 

valganciclovir and metoprolol in the Caco-2 permeability study. Caffeine, ganciclovir and 

valganciclovir were detected at UV 254 nm and metoprolol at 220 nm. The accuracy of the 

assays was 90% – 110%.  

LC-MS Analysis 

The same LC-MS equipment and methodology employed in Chapter III were applied 

to the analyses of all samples of Caco-2 direct uptake studies and, for the Caco-2 permeability 

study, samples from the receiving chambers of Transwells dosed with AcPheAlaGCV and 

AcPheAbuGCV. Mass-to-charge ratios (m/z’s): ganciclovir [M+H] + 256.1, valganciclovir 

[M+H] + 355.1, AcPheAlaGCV 516.1, AcPheAbuGCV 530.1, (S)-(-)-propranolol [M+H]+ 

260.1. The accuracy of the assays was 75% – 125%. 
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Data Analysis 

To determine the compounds’ apparent permeability coefficient across Caco-2 

monolayers, concentration vs. time curves were plotted for each sample well of every 

compound. The apparent permeability coefficient, Papp, is determined by Equation 4.1:  

���� =
��

� × 	

×
�	�

��
 (Equation 4.1) 

 

Where VR is the volume of the receiving chamber (2.5 cm3), A is the area of cell growth (4.67 

cm2), C0 is the initial concentration of the compound in the donor compartment (in µM), CR is 

the concentration of the compound in the receiving compartment at a given time point (also in 

µM) and t is the collection time point since the initiation of dosing in the apical chamber (in 

seconds). For valganciclovir, CR at each time point is the sum of CR(ValGCV) and CR(GCV), 

the latter generated from hydrolysis of ValGCV. For AcPheAlaGCV and AcPheAbuGCV, 

only the unchanged forms were used as their respective CR’s. dCR / dt was calculated by linear 

regression of the CR vs. t plots for each compound. 

Statistical Analysis 

All experiments had sample sizes of n = 3 – 6. Results are presented as the mean ± 

SEM. Statistical comparisons were performed with GraphPad Prism 5.0 using one-way 

ANOVA with post-hoc Tukey’s multiple comparison tests. P 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 determined as the sum of the amount of the 

unchanged form and that of the ganciclovir that was generated from intracellular hydrolysis of 

the prodrug. As shown in Figure 4.1(a), valganciclovir had the highest total uptake of all four 

compounds and a large part of that (~77%) was already bioconverted to ganciclovir. This 

result suggested that the PEPT1-mediated transport was likely active in the cultured Caco-2 

cells. AcPheAbuGCV had the second highest total amount taken up by the cells, which was 

significantly higher than both AcPheAlaGCV and ganciclovir. The total uptake of 

AcPheAlaGCV was not found to be significantly different from that of ganciclovir. These 

results demonstrated the potential for enhanced cellular uptake of AcPheAbuGCV compared 

to the parent compound, ganciclovir, although AcPheAbuGCV clearly could not match the 

superiority of valganciclovir. In addition to total uptake, the amounts of unchanged prodrug 

remaining at 60 min in cells dosed with prodrug were also compared to the amount of 

ganciclovir in cells treated with ganciclovir (Figure 4.1(b)). The amount of intact 

AcPheAbuGCV was found to be comparable to that of ganciclovir when the latter was dosed 

separately. This suggests that, for AcPheAbuGCV, the membrane barrier and non-specific 

hydrolysis by the live Caco-2 cells did not significantly affect the targetability of the prodrug, 

since sufficient amounts of the unchanged AcPheAbuGCV remain available for selective 

activation by the hCMV protease expressed in infected cells. In contrast to AcPheAbuGCV, 

significantly less unchanged AcPheAlaGCV remains at 60 min in cells treated with the 

prodrug (Fig. 4.1(b)), indicating a diminished targeting ability for this prodrug. Finally, the 

percentages hydrolyzed of the three ganciclovir prodrugs are compared in Figure 4.1(c). 

Almost 80% of valganciclovir taken up by the cells has been hydrolyzed to ganciclovir, a 

percentage that is much higher than with both dipeptide prodrugs. AcPheAbuGCV has a 

lower hydrolysis percentage than AcPheAlaGCV, again displaying a better stability profile 

and corroborating the related findings in Chapter III.  

Apical-to-basolateral (A to B) Permeability across Caco-2 Monolayer 
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The apparent A to B permeability coefficients (Papp’s) of tested compounds were 

compared in Figure 4.2. Metoprolol, the drug often used as a high-permeability standard, 

showed the highest A to B permeability among all five; it was more than two times more 

permeable across the cell monolayer than the second most permeable compound, 

valganciclovir. The latter is significantly more permeable than ganciclovir, most likely due to 

the transport mediated by PEPT1 expressed on the apical membrane of Caco-2 cells. 

Permeability coefficients of the unchanged forms of AcPheAlaGCV and AcPheAbuGCV 

were both lower than that of valganciclovir and neither of them were found to be significantly 

different from the Papp of ganciclovir. In addition, the apparent permeability coefficients of 

AcPheAlaGCV and AcPheAbuGCV were not statistically different from each other. These 

results suggested that, for AcPheAlaGCV and AcPheAbuGCV, their effective permeability 

values (Peff) in human intestines and oral bioavailability are unlikely to be significantly higher 

than those of ganciclovir, especially when probable degradation by digestive enzymes in the 

gut lumen is taken into consideration. Furthermore, as shown in Chapter III, hydrolytic 

degradation inside the liver will also eliminate a portion of the intact prodrugs. As a result, 

when these two prodrugs are administered at equivalent doses to oral ganciclovir dosages, 

they are unlikely to have similar oral bioavailability to that of ganciclovir when only the 

unchanged form of the prodrugs are considered. 
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DISCUSSION 

In this chapter, I first compared the cellular uptake of the two acetylated dipeptide 

prodrugs of ganciclovir, AcPheAlaGCV and AcPheAbuGCV, to that of ganciclovir and 

valganciclovir. I found that AcPheAbuGCV had significantly higher total uptake than 

ganciclovir and also sufficient amounts of it remained unchanged for the sake of selective 

activation. I also characterized the permeability of the two targetable prodrugs across the 

Caco-2 monolayer and determined that oral dosing of these prodrug candidates would be 

unlikely to yield a desirable oral bioavailability for the intact prodrugs. Therefore, at this 

moment, intravenous injection seems to be the preferred route of administration for these 

prodrugs.  

In the cellular uptake studies, the Caco-2 cells were used as a convenient surrogate for 

the target tissues / cells for the ganciclovir prodrugs. As detailed in Chapter II, 

cytomegalovirus infects many tissues and organs such as retina, lung, liver and 

gastrointestinal tract. In the case of targeting CMV retinitis, while human corneal and retinal 

epithelium cell lines are the more physiological representations of the ocular tissues, Caco-2 

does share a common feature with those cell lines in the expression of peptide transporters. 

Previous functional studies by Mitra et al. have demonstrated the uptake of dipeptides, amino 

acid ester prodrugs and dipeptide prodrugs from circulation into the vitreous humor, 

indicating the presence of facilitated transport across the blood-ocular barrier and cornea by 

oligopeptide transporters [34-36]. Another study by Smith et al. also detected the mRNAs of 

several proton-coupled oligopeptide transporters in bovine and human retinal pigment 

epithelial (RPE) cell lines as well as retinas [37]. Therefore, in future studies such cell lines 

could be utilized to specifically characterize the prodrugs’ uptake into ocular tissues. 

In both uptake and permeability studies, valganciclovir was used as the standard 

compound for the verification of PEPT1-mediated transport. Indeed, for valganciclovir, its 

Caco-2 uptake and apparent permeability across the Caco-2 monolayer were both much 

higher than those of ganciclovir (Fig. 4.1 and 4.2), indicating PEPT1 was likely expressed and 

functional at the times of experiments. The total cellular uptake for AcPheAlaGCV and 

AcPheAbuGCV were both found to be significantly lower than that of valganciclovir (Fig. 
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4.1a). This phenomenon was likely due to the lower affinity of AcPheAlaGCV and 

AcPheAbuGCV to PEPT1. The N-acetyl group in the two dipeptide prodrugs could have 

contributed to this decreased affinity because a free N-terminal amino group has been shown 

to be important for the substrate’s affinity to PEPT1 [1, 15]. Indeed, studies have 

demonstrated that once the N-terminal acetyl group was removed from a peptide derivative, 

the compound exhibited a 10- to 100-fold increase in permeability across the Caco-2 

monolayer; however, it would be significantly less stable as well [38]. Since in our study the 

intact promoieties were critical for the prodrugs’ targeting capabilities, the stability of the 

prodrugs was thus placed at a higher priority and the acetyl group, despite its probable 

negative impact on the compounds’ permeability, was retained rather than removed in the 

prodrug design. 

The oral delivery of tissue-targeting prodrugs is, without doubt, an ambitious goal. In 

order for an intact prodrug to have a similar oral bioavailability to that of the parent 

compound, a sufficient amount of the prodrug needs to survive metabolism in the 

gastrointestinal lumen, followed by degradation in the gut wall and then in the liver. The 

Caco-2 permeability study (Fig. 4.2) represented the step of translocation of prodrugs across 

the GI epithelia. In the LC-MS experiments, I did not observe peaks of ganciclovir in the 

chromatograms of basolateral chamber samples from AcPheAlaGCV and AcPheAbuGCV 

dosing. These data did not suggest that no ganciclovir was generated; rather, it was likely 

because sample concentrations of ganciclovir in the receiving compartment were below the 

lower limit of quantitation (LLOQ) for ganciclovir in LC-MS detection, which was actually 

much higher than the LLOQs of AcPheAlaGCV and AcPheAbuGCV. Nevertheless, the 

similar apparent permeability coefficients (Papp) of ganciclovir, AcPheAlaGCV and 

AcPheAbuGCV, the latter two in their unchanged forms, demonstrated that the two prodrug 

compounds could potentially have oral bioavailability values similar to ganciclovir, if 

metabolism in the gut lumen or liver were not considered. However, as shown in Chapter III, 

the two prodrugs could indeed be hydrolyzed by enzymes expressed in the liver microsomes, 

and they are also unlikely to be stable against the myriad digestive enzymes secreted within 

the GI tract. Therefore, I predict that the oral route would not be optimal for the two current 
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prodrug candidates. Further optimizations in medicinal chemistry and formulation strategies 

should be exploited to enhance the stability of tissue-targeting prodrugs for oral delivery. 
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CONCLUSIONS 

Two potential prodrug candidates for targeted activation by human cytomegalovirus 

(hCMV) protease, N-acetyl-(L)-phenylalanine-(L)-alanine-ganciclovir (AcPheAlaGCV) and 

N-acetyl-(L)-phenylalanine-(α,L)-aminobutyric acid-ganciclovir (AcPheAbuGCV), displayed 

different biopharmaceutical properties when compared to ganciclovir and valganciclovir. 

Specifically, AcPheAbuGCV was potentially superior to AcPheAlaGCV in cellular uptake 

properties. The Caco-2 uptake of AcPheAbuGCV was significantly higher than ganciclovir 

and AcPheAlaGCV but less than valganciclovir. Moreover, sufficient amounts of 

AcPheAbuGCV remained intact and available for potential hydrolytic activations by the 

hCMV protease, an advantage not observed for AcPheAlaGCV.  

In Caco-2 permeability studies, values of the apical-to-basolateral permeability for 

AcPheAlaGCV and AcPheAbuGCV in their unchanged forms were similar to that of 

ganciclovir and significantly less than that of valganciclovir. Considering probable 

metabolism of the prodrugs in the gastrointestinal tract lumen as well as degradations inside 

the liver, the oral route is thus suboptimal for the delivery of the two prodrugs for the purpose 

of targeted activation after the absorption processes. In in vivo studies, the intravenous route 

seems to be a better option for maximizing the bioavailability of the ganciclovir prodrugs for 

hydrolytic activations by the hCMV protease expressed at the infected tissues. 
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Figure 4.1. Direct uptake of ganciclovir and prodrugs of ganciclovir by Caco-2 cells 
measured at 60 min. (a) Amounts of total uptake as measured by nmol compounds per mg of 
cellular proteins. For each compound dosed, the amount of its unchanged form and amount of 
ganciclovir converted from the prodrug were separated in the same column. (b) The amounts 
of unchanged acetylated dipeptide prodrugs in Caco-2 cells at 60 min, with the amount of 
ganciclovir as a reference. (c) The percentages of prodrugs that have been hydrolyzed at 60 
min. In all graphs, n = 5 for ganciclovir, 3 for valganciclovir, 6 for AcPheAlaGCV and 
AcPheAbuGCV. Error bars denote SEM. NS, not significant; *, p < 0.05; **, p < 0.01; ***, p 
< 0.001. 
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Figure 4.2. Apparent apical-to-basolateral (A to B) permeability coefficients (Papp) of 
compounds across the Caco-2 cell monolayer. The Papp’s were calculated according to 
Equation 4.1 and presented in 10-6 cm/s. For wells dosed with valganciclovir, the 
concentration in the receiving chamber (CR) at each time point was the sum of that of 
valganciclovir and the ganciclovir generated from hydrolysis of valganciclovir; for 
AcPheAlaGCV and AcPheAbuGCV, only the concentrations of (unchanged) prodrugs 
themselves were used for calculations of dCR / dt. n = 4 for all compounds except 
AcPheAbuGCV, for which n = 3. Error bars represent SEM. *, 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 fluoroquinolone compound, is indicated for the 

treatment of a wide range of bacterial infections in human. It is classified as a 

Biopharmaceutics Classification System (BCS) class IV compound according to the fact that 

it has both low solubility at pH 1 – 7.5 and low intestinal permeability. These unfavorable 

biopharmaceutical properties of ciprofloxacin partially result from the inherent dissociation 

constants of the carboxyl group and the secondary amine within the compound, both of which 

determine the equilibria among the four solute species of the drug. The predominance of the 

zwitterionic form of ciprofloxacin at pH around its isoelectric point is a major cause for the 

drug’s low solubility and intestinal permeability at neutral pH. A prodrug approach was 

employed to alter the equilibria among the solute species and to potentially enhance the 

compound’s solubility and intestinal permeability. An amide prodrug, ciprofloxacyl-glycine-

methyl ester (Cipro-Gly-OMe), was synthesized and its solubility and in vitro Caco-2 

permeability were measured along with those of ciprofloxacin. When compared to the parent 

compound, Cipro-Gly-OMe was found to display potentially much higher solubility 

throughout the physiological pH range as well as a higher Caco-2 permeability at pH 7.4. 

However, Cipro-Gly-OMe could not be efficiently converted to ciprofloxacin in Caco-2 
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homogenates, plasma or liver microsomes. Our study thus presented a unique prodrug 

approach that could potentially transform a BCS class IV fluoroquinolone compound to a 

class I compound, although the promoiety of the prodrug does require further optimization to 

allow for efficient bioconversion to the parent compound.  
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BACKGROUND 

Quinolones: History, Structures and Mechanisms of Action 

Quinolones are a family of broad-spectrum antibiotics that share the common bicyclic 

backbone of 4-quinolone or 4-oxo-1,8-naphthyridine (4-naphthyridone) (Figure 5.1(a,b)). It 

is generally accepted that the first quinolone compound synthesized was nalidixic acid (Fig. 

5.1c), which was discovered in 1962 as a byproduct of chloroquine synthesis [1]. In 1967, 

nalidixic acid was approved for treatment of urinary tract infections (UTI) caused by most 

Gram-negative bacteria, but its use was hampered by its low plasma concentrations, a high 

minimum inhibitory concentration (MIC), ineffectiveness against Gram-positive bacteria as 

well as systemic toxicities [2]. It was not until the late 1970s that research and development 

on quinolones started to flourish. Fluoroquinolones, the 6-fluorinated quinolones with various 

additional side groups at other positions on the bicyclic ring (Fig. 5.1a; also Figure 5.2), 

generally displayed improved potency against Gram-negative bacteria, efficacy against some 

Gram-positive species, better pharmacokinetic profiles and decreased toxicities [2]. To date, 

over 10,000 distinct quinolone compounds have been synthesized and tested and around 30 of 

them were approved by regulatory agencies around the world for clinical use [3]. These 

quinolones were generally categorized into four groups, or “generations”, according to their 

spectra of activity [2, 3]. Currently, only II-, III- and IV-generation quinolones are available 

on the market. The international nonproprietary names (INNs) of fluoroquinolones all end 

with “-floxacin”. 

The general structure of fluoroquinolones is shown in Fig. 5.2. The hydrogen at 

position 2, carboxyl group at position 3, oxo at position 4 and fluoro at position 6 of the 

quinolone ring are all critical for antibacterial activity and are, therefore, generally left 

untouched during the structural modification for the design of new compounds [3]. Extensive 

research has been devoted to the functions and optimization of the R1, R5, R7, and, to a lesser 

extent, the R8 groups. The rationales for the structure-activity relationships (SAR) of these 

groups toward the antibiotic activities, pharmacokinetics and toxicities of the compounds are 

beyond the scope of this chapter; several studies have summarized the putative effects of 
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variations at those positions and provided general guidelines on the design of new 

fluoroquinolone compounds [3, 4].  

Fluoroquinolones enter the bacterial cells by passive diffusion through their membrane 

porins [5, 6]. The compounds exert their bactericidal effects by inhibition of type II 

topoisomerases, which include DNA gyrase and topoisomerase IV, two critical enzymes 

involved in the bacterial DNA replication. During DNA replication, type II topoisomerases 

cleave and re-ligate the DNA ahead of the replication fork, thereby relaxing the stress caused 

by supercoiling of DNA [7]. Binding of fluoroquinolones to bacterial type II topoisomerases 

inhibit the enzymes’ ligase functions and thus cause breaks in the DNA strands, leading to the 

fragmentation of DNA and cell death [3, 8, 9]. Indeed, mutations in bacterial porins and / or 

the binding domains for fluoroquinolones within type II topoisomerases have been found to 

confer clinical resistance to the drugs [6, 9, 10]. 

Ciprofloxacin: Indications and Dissociation Constants 

Originally approved by the US FDA in 1987 [11], ciprofloxacin is a “second 

generation” fluoroquinolone compound [3]. It has demonstrated potent antibiotic activities 

against a wide range of Gram-negative bacteria as well as some Gram-positive species [12]. It 

was approved for clinical use against 13 types of infections caused by the aforementioned 

bacteria; some examples include urinary tract infections (UTI), lower respiratory tract 

infections, skin and skin structure infections and gonorrhea [12]. It is currently the most 

widely prescribed fluoroquinolone [2]. For oral administration, it is available in either tablets 

as a monohydrochloride salt form (ciprofloxacin·HCl), or oral suspensions which contains the 

non-salt form and several excipients [12]. 

Ciprofloxacin (structure shown in Figure 5.3) has a cyclopropyl group at the R1 and a 

1’-piperazinyl group at the R7 positions of the generalized fluoroquinolone structure (Fig. 5.2). 

The carboxyl group on the quinolone ring and the secondary amine within the piperazinyl are 

both dissociable, with measured pKa’s at 6.09-6.18 and 8.73-8.76 at 25°C, respectively [13-

16]. Therefore, four species of ciprofloxacin simultaneously exist in aqueous solutions at any 

given pH: the neutral form, the positively charged (i.e. protonated) form, the negatively 

charged (deprotonated) form and the zwitterionic form. Their equilibria in solution are shown 



115 
 

in Figure 5.4. The contents of the four species within a solution are controlled by the intrinsic 

micro-dissociation constants (ka1, ka21, ka12 and ka2) and the solution pH. For the sake of 

simplicity, it is assumed that that ka1 = ka12 = Ka1, and ka21 = ka2 = Ka2, where Ka1 and Ka2 are 

the respective macro-dissociation constants for the carboxyl and secondary amine groups. The 

theoretical relationship between the percentages of each of the four species and the solution 

pH could thus be calculated using the Henderson-Hasselbalch equation (Equation. 5.1), 

where HA is the neutral form of an acid and A- is the deprotonated ion (or “base”):  

log�� ���
	


���
� = �� − ��� (Equation. 5.1) 

  

The equilibria between the three ionic species of ciprofloxacin and the neutral form 

are shown in Equations 5.2 – 5.4: 

Negatively charged (deprotonated) form:  

�Negative

�Neutral
 = 10��	���  (Equation. 5.2) 

  

Positively charged (protonated) form:  

�Positive

�Neutral
 = 10���#	�� (Equation. 5.3) 

  

Zwitterionic form:  

�Zwitterion

�Neutral
 = 10���#	���  (Equation. 5.4) 

  

Therefore, fractions of the four species of ciprofloxacin could be derived as Equations 

5.5 – 5.8: 

Neutral form:  

%(Neutral) = 1
1 + 10��	��� + 10���#	�� + 10���#	���  (Equation. 5.5) 
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Negatively charged (deprotonated) form:  

%(Negative) = 10��	��� 
1 + 10��	��� + 10���#	�� + 10���#	���  (Equation. 5.6) 

  

Positively charged (protonated) form:  

%(Positive) = 10���#	��
1 + 10��	��� + 10���#	�� + 10���#	���  (Equation. 5.7) 

  

Zwitterion:  

%(Zwitterion) = 10���#	��� 
1 + 10��	��� + 10���#	�� + 10���#	���  (Equation. 5.8) 

  

And the isoelectric point, pI, is the midpoint of pKa1 and pKa2:  

�+ = 1
2 (���� + ���-) (Equation. 5.9) 

 

Figure 5.5(a,b) details the relationship between the fractions of the four species of 

ciprofloxacin and the pH of the solution. Particularly, at pH around the isoelectric point 

(around 7.5 at 25°C), the zwitterion is the predominant 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 vs. pH profile [15, 17]. It has relatively 

high solubility at both low (< 4) and high pH (> 10) but very poor solubility at pH around its 

isoelectric point, which also corresponds to the physiological pH range (6 – 8). Previous 

reports placed the solubility of ciprofloxacin·HCl at pH 6.8 – 7.5, 25°C at 0.070 to 0.088 

mg/mL [18]. For oral dosage, the volumes of aqueous media required to solubilize a typical 

ciprofloxacin·HCl tablet (250 – 750 mg) at pH 5 – 7.5 are much larger than 250 mL [18], the 

volume recommended by an FDA guideline for classification of compound solubility [19]. 

Therefore, ciprofloxacin (along with its HCl salt) is considered a low-solubility compound. 
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The low solubility of ciprofloxacin at pH around its isoelectric point could also be 

explained by its ionization profiles. Generally speaking, in a saturated solution, the 

concentration of the uncharged, neutral form is constant. According to Eq. 5.4, the 

concentration of the zwitterion is also a constant and is often referred to as “intrinsic solubility” 

(S0). Therefore, the solubility of ciprofloxacin (S), explained as the sum of the concentrations 

of the zwitterionic, the negatively charged and the positively charged forms, varies with the 

solution pH and follows the theoretical Equations 5.10 and 5.11 [15]. 

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

  

. = .� ∙ (1 + 10��	���# + 10��� 	��) (Equation. 5.11) 

 

The pH-dependent solubility of ciprofloxacin is shown in Figure 5.6. It is evident that 

at the intestinal luminal pH (6 – 8), the solubility of ciprofloxacin is very low, at only 1.2 to 

2.5 times the intrinsic solubility; the lowest point of solubility theoretically occurs at the 

isoelectric point of ~7.5. The problem of the drug’s low solubility is further complicated by 

quinolones having an unpleasant, extremely bitter taste; techniques such as film coating are 

frequently employed for tablet manufacturing [20]. The coating prevents the drug product 

from effectively dissolving in the relatively acidic gastric fluid (pH 1.5 – 3.5) and the majority 

of ciprofloxacin is left undissolved until it reaches the small intestine, where the luminal pH 

becomes unfavorable for its solubilization.  

Ciprofloxacin: A Low-Permeability Compound 

In human studies, the absolute oral bioavailability of ciprofloxacin was reported to be 

approximately 70%, with no significant loss from first-pass metabolism [12]. Therefore, 

orally dosed ciprofloxacin has a fraction of dose absorbed (Fa) of approximately 70%. This 

number is lower than the FDA-designated 90% boundary separating the high- and low-

permeability compounds [19] and, therefore, ciprofloxacin has been classified as a low-

permeability drug [18]. This was also confirmed in in vitro Caco-2 assays in which 
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ciprofloxacin was found to have a much lower apical-to-basolateral apparent permeability 

(Papp) at pH 6.8 compared to that of the high-permeability standard metoprolol [21]. 

Ciprofloxacin is absorbed in the gastrointestinal tract primarily through passive 

diffusion [22, 23]. It displays an inverted “U”-shape pH-dependent permeability profile with 

the highest in vitro apparent permeability occurring at pH around the isoelectric point of 7.5 

[24]. This corresponds very well to its pH-distribution coefficient (logD) profile, which also 

peaks at a pH of ~7.5 [14]. These phenomena could be explained by the relationship between 

the pH and the fraction of the neutral form of ciprofloxacin (Fig. 5.5b). It is generally 

accepted that only the neutral, un-ionized form of an ionizable compound can enter the 

lipophilic environment of biological membranes or n-octanol [24]. For ciprofloxacin, the 

fraction of the neutral form is at its highest at the isoelectric point, hence the peak of its logD 

as well as membrane permeability. Nevertheless, with a theoretical value of 0.23%, the 

fraction of the neutral form at pH 7.5 is still relatively small, resulting in low absolute values 

of logD and passive diffusivity.  

Ciprofloxacin is also a possible substrate for efflux transporters. The efflux ratio, 

defined as the ratio of the basolateral-to-apical permeability coefficient over that of the apical-

to-basolateral direction, was found to be 4.6 for ciprofloxacin in the Caco-2 system [21]. 

Studies with Caco-2 and rats as model systems indicated that ciprofloxacin is not actively 

transported by P-glycoprotein (P-gp, also known as MDR1 or ABCB1) or multidrug 

resistance-associated protein 2 (MRP2 / ABCC2) [25, 26]. Later reports using cells and 

animal models showed that the breast cancer resistance protein (BCRP, also known as 

ABCG2) is likely the predominant efflux transporter for ciprofloxacin in the small intestine 

[27, 28]. Clearly, the efflux mechanism of ciprofloxacin is another contributing factor to its 

low intestinal permeability.  

Pharmacokinetics of Ciprofloxacin 

Oral dosages of ciprofloxacin at 250, 500 and 750 mg yield average maximum plasma 

concentrations (cmax) of 1.2, 2.4 and 4.3 µg/mL, respectively [12]. The plasma protein binding 

level for ciprofloxacin is 20% – 40% and is considered unlikely to cause interference of 
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protein binding for other drugs [12]. The drug is widely distributed throughout the body and 

the tissue concentrations are often higher than its plasma concentration. 

A total of approximately 15% of ciprofloxacin absorbed after an oral dose is 

metabolized by phase I and phase II metabolic enzymes to four metabolites: 

desethyleneciprofloxacin (M1), sulfo-ciprofloxacin (M2), oxociprofloxacin (M3) and 

formylciprofloxacin (M4) (structures shown in Figure 5.7) [12, 29]. They all possess varying 

degrees of antibiotic activity, albeit all weaker than ciprofloxacin. The half-life of the drug is 

approximately 4 hours [12]. The majority of the dose after oral administration (55% to 65%) 

is excreted in the urine whereas 20% to 35% of the dose could be recovered in the feces 

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

Amide Prodrugs of Ciprofloxacin: Possible Enhancement of Both Solubility and 

Intestinal Permeability 

Due to the low solubility and low permeability of ciprofloxacin, the drug is classified 

as a BCS class IV compound. Its oral absorption rate is thus limited by both the dissolution of 

the drug product and its permeability across the gastrointestinal epithelia. As detailed in the 

above sections, the low solubility and permeability are both related to the equilibria among 

the four species of ciprofloxacin in aqueous solutions. Therefore, if one or both of the 

ionizable groups could be masked by a promoiety (or promoieties), the equilibria will be 

greatly altered and result in potential changes to the compound’s biopharmaceutical properties.  

During the design process of the prodrug, a “double prodrug” with promoieties 

attached at both the secondary amine and carboxyl groups was not considered because of the 

complication concerning the two-step activation required to convert the prodrug back to 

ciprofloxacin. The option of an amide with acylation at the secondary amine was also 

eliminated because the prodrug would still be poorly soluble at low pH. Eventually, I decided 

to design a promoiety that masks the carboxyl group of ciprofloxacin. A ciprofloxacyl amide 

was chosen because the existence of a peptide bond could potentially make the prodrug a 

substrate for PEPT1-mediated transport. The methyl ester of glycine (Gly-OMe) was selected 

as the amide promoiety because glycine is the simplest amino acid and thus was a good 

starting point for the initial testing for this prodrug strategy. The prototypical prodrug, 
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ciprofloxacyl-glycine-methyl ester (Cipro-Gly-OMe, Figure 5.8a), could potentially possess 

both increased solubility as well as permeability over the physiological pH range.  

First, for solubility it is generally accepted that the species with no net charge, i.e. the 

neutral form and zwitterion, are the least soluble [15]; their concentrations are often called the 

intrinsic solubility (S0). Therefore, reducing the percentage of these species in the saturated 

solution will lead to increased total solubility of a compound because of an increase in the 

fractions of the species with net charges. The pH-dependent fractions of species with net 

charges follow Equations 5.12 and 5.13.  

For ciprofloxacin, total fractions of positively and negatively charged species: 

  

%(Species	with	Net	Charges) = 10��	��� + 10���#	��
1 + 10��	��� + 10���#	�� + 10���#	���  

 (Equation. 5.12) 

  

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

  

%(Species	with	Net	Charges) = 10���#	��
1 + 10���#	�� (Equation. 5.13) 

 

In Figure 5.9a, the theoretical fractions of the species with net charges are plotted 

against the pH. It is evident that Cipro-Gly-OMe could hypothetically possess higher fractions 

of species with net charges than ciprofloxacin throughout the physiological pH range. The 

total solubility of the two compounds, expressed in multiples of their intrinsic solubility (S0), 

is predicted in Fig. 5.9b with respect to the varying pH. The solubility of ciprofloxacin 

follows Eq. 5.11 and Cipro-Gly-OMe’s follow Equation. 5.14, where S0 is the solubility of the 

neutral form: 

.(Cipro-Gly-OMe) = .� ∙ (1 + 10���#	��) (Equation. 5.14) 
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The total solubility of Cipro-Gly-OMe within the physiological pH range is therefore 

potentially much higher than that of ciprofloxacin, assuming the two compounds have similar 

intrinsic solubility (S0).  

In addition to solubility, the prodrug Cipro-Gly-OMe may also have an enhanced 

intestinal permeability compared to ciprofloxacin because of the former’s higher fractions of 

the un-ionized neutral form at the physiological pH range. The pH-dependent fractions of 

neutral form of ciprofloxacin follow Eq. 5.5 and that of Cipro-Gly-OMe Equation. 5.15: 

For Cipro-Gly-OMe,  

  

%(Neutral) = 1
1 + 10���#	�� (Equation. 5.15) 

 

The theoretical relationship between the pH and fractions of neutral forms of 

compounds is depicted in Figure 5.10. At pH 6 – 8, Cipro-Gly-OMe has much higher 

fractions of neutral forms in solutions than ciprofloxacin does. Assuming that the two 

compounds’ neutral forms have similar membrane permeability values, the one with a higher 

percentage of neutral form in solution at a given pH would thus be more permeable.  

In this chapter, I synthesized the prodrug ciprofloxacyl-glycine-methyl ester (Cipro-

Gly-OMe) as well as ciprofloxacyl-glycine (Cipro-Gly; structure shown in Fig. 5.8b), the 

latter a likely metabolite for Cipro-Gly-OMe. The pH-dependent solubility of ciprofloxacin 

was then measured and compared with that of Cipro-Gly-OMe. I also compared the apparent 

permeability of ciprofloxacin and Cipro-Gly-OMe across the Caco-2 monolayers at apical pH 

of 6.0 and 7.4. Lastly, I characterized the bioconversion of Cipro-Gly-OMe in tissue matrices, 

because the carboxyl group masked by the promoiety must 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 and dispensable tissue culture hardware that 

have been mentioned in Chapters II, III and IV were acquired from the same sources. In 

addition, ciprofloxacin and ciprofloxacin hydrochloride were purchased from AK Scientific 

(Palo Alto, CA). Glycine methyl ester hydrochloride (Gly-OMe·HCl) was purchased from 

Chem-Impex (Wood Dale, IL). Di-tert-butyl dicarbonate, N,N-diisopropylethylamine (DIPEA) 

and 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU) and all organic solvents were purchased from Sigma-Aldrich 

(St. Louis, MO). Citric acid, tricine, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), 3-morpholinopropane-1-sulfonic acid (MOPS), 1,4-piperazinediethanesulfonic acid 

(PIPES) and 3-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl]amino]propane-1-sulfonic acid 

(TAPS) were purchased from Fisher Scientific (Pittsburgh, PA). Costar UV-transparent 96-

well plates were purchased from Corning (Corning, NY). 

Cell Culture  

Caco-2 cells (passage 22 – 36) were routinely maintained in the same conditions 

detailed in Chapter III. For permeability studies, Caco-2 cells were seeded and processed 

using the same procedures as described in Chapter IV. 

Chemical Synthesis 

The strategy for the synthesis of the prodrugs is shown in Figure 5.11. 1H-NMR and 

ESI MS were performed on the same equipment with the same respective solvents as detailed 

in Chapter III. 

Tert-butyloxycarbonyl-ciprofloxacin (Boc-Cipro). 504 mg (1 molar equivalent) 

ciprofloxacin was dissolved in 12 mL tetrahydrofuran (THF) mixed with 6 mL 1 M NaOH in 

water. 450 µL (1.3 molar eq.) di-tert-butyl dicarbonate was diluted in 6 mL THF and added 

dropwise to the stirring ciprofloxacin / THF / NaOH mixture on ice. The reaction was kept on 

ice for 12 h. Dichloromethane (DCM) was added into the mixture and solvents were removed 
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in vacuo. The pellet, yellow in color, was washed with methanol for three times and each time 

the solvent was removed in vacuo. The precipitation was then re-dissolved in DCM. The 

reaction product was separated from others using silica gel chromatography with a mobile 

phase of 95% DCM, 5% methanol and 1‰ acetic acid. Fractions of the eluate containing the 

product were pooled and the solvent was removed in vacuo. Three washes with DCM were 

applied and solvent was removed in vacuo. ~600 mg powder form of the product was yielded. 

ESI-MS: [M+H]+ 432.2. 

Tert-butyloxycarbonyl-ciprofloxacyl-glycine-methyl ester (Boc-Cipro-Gly-OMe).  

300 mg Boc-Cipro (1 molar eq.), 430 mg glycine-methyl ester hydrochloride (5 eq.) and 3 mL 

DIPEA was dissolved in 25 mL DMF mixed with 10 mL DCM. 550 mg HATU (2 eq.) was 

then added to the stirring mixture and the reaction was carried out at room temperature for 2 h. 

Solvents were removed in vacuo and the pellet was dissolved in ethyl acetate and washed with 

1‰ (v/v) HCl. The organic phase was then concentrated under vacuum and loaded onto a 

silica gel column. The product was eluted by 4% (v/v) methanol in ethyl acetate and solvents 

were removed in vacuo. ~150 mg powder of the product was obtained. ESI-MS: [M+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 HCl, 5 mL water and 5 mL ethanol and the mixture 

was stirred at room temperature for 15 min. Solvents were then removed in vacuo. The pellet 

was dissolved in 10 mL 1:1 (v/v) methanol: water and injected into preparatory HPLC with 

the same accessories as those used in Chapter III. Water (1‰ TFA) and acetonitrile (1‰ TFA) 

were used as mobile phases A and B, respectively. Percentage of phase B vs. time program: 0 

min, 0.2%; 5 min, 20%; 35 min, 45%; 40 min, 85%. The chromatogram is monitored at UV 

275 nm and all peak fractions with absorption greater than 500 mAU were collected. The 

compounds in all fractions were identified by ESI-MS. Solvents were first removed in vacuo 

and the residual water was removed by freeze-drying. 1H-NMR (400 MHz, methanol-D4): 

1.21 (2H, s, cyclopropyl 2’-CH2 and 3’-CH2), 1.40 (2H, m, cyclopropyl 2’-CH2 and 3’-CH2), 

3.50 (4H, d, piperazinyl 3’-CH2 and 5’-CH2, J = 8 Hz), 3.60 (4H, d, piperazinyl 2’-CH2 and 

6’-CH2, J = 4 Hz), 3.70 (1H, s, cyclopropyl 1’-CH), 3.79 (3H, s, COOCH3), 4.24 (2H, s, Gly 
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CH2), 7.62 (1H, d, quinolone 8-CH, J = 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.) LiOH was added to the stirring mixture. The 

reaction was stirred at room temperature for 4 h and terminated by addition of 1% HCl. The 

mixture was washed sequentially with DCM, hexane and ethyl acetate. The solvents were 

removed in vacuo and the pellet was dissolved in 10 mL 1:1 (v/v) methanol: water and 

injected into preparatory HPLC using the same method as Cipro-Gly-OMe. All peak fractions 

with absorption greater than 500 mAU were collected and compounds in all fractions were 

identified by ESI-MS. Solvents of the fraction containing the product were first removed in 

vacuo and the residual water was then removed by freeze-drying. 1H-NMR (400 MHz, 

methanol-D4): 1.17 (2H, s, cyclopropyl 2’-CH2 and 3’-CH2), 1.36 (2H, m, cyclopropyl 2’-CH2 

and 3’-CH2), 3.46 (4H, d, piperazinyl 3’-CH2 and 5’-CH2, J = 8 Hz), 3.56 (4H, d, piperazinyl 

2’-CH2 and 6’-CH2, J = 4 Hz), 3.69 (1H, s, cyclopropyl 1’-CH), 4.17 (2H, s, Gly CH2), 7.59 

(1H, d, quinolone 8-CH, J = 8 Hz), 7.93 (1H, d, quinolone 5-CH, J = 16 Hz), 8.78 (1H, s, 

quinolone 2-CH). ESI-MS: [M+H]+ 389.1. Purity by HPLC: 99%. 

Buffer Solutions 

Table 5.1 lists the buffering agents and their concentrations used to make buffer 

solutions at different pHs. 

The pH-Dependent Solubility in Buffers 

Ciprofloxacin·HCl was weighed and added to the buffer solutions in Table 5.1 at 

concentrations above saturation at room temperature (25°C). For Cipro-Gly-OMe·TFA, it was 

added to 0.5 M TAPS (pH 8.78 at 25°C) for the measurement of its intrinsic solubility (S0 = S 

/ 2 at pKa2 = 8.75). The solutions were shaken at 60 rpm at room temperature (25°C) for 4 – 6 

hours and the supernatants were filtered through 0.45 µm PVDF filter plates by centrifugation. 

The filtrates were assayed for concentrations by UV absorption analysis. The pH of saturated 

solutions of ciprofloxacin·HCl were measured and used as the real pH values in the analysis 

of pH-dependent solubility. Eq. 5.11 and S0 = 0.0792 mg/mL [15] were used for the 
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prediction of pH-dependent solubility of ciprofloxacin; 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 and dissolved in PBS (pH 7.4; 

see Table 5.1) to 1 mg/mL solutions. The solutions were shaken at 60 rpm at room 

temperature (25°C) for 8 days. They were then diluted with water by 100× and assayed with 

HPLC as well as LC-MS. 

Permeability across Caco-2 Monolayers 

Experiments were carried out with apical chamber having a pH of either 6.0 or 7.4 and 

basolateral chamber at pH 7.4 After washing the post-confluent Caco-2 cell layer with the 

respective buffer solutions, 1.5 mL 0.5 mM ciprofloxacin, 0.5 mM Cipro-Gly-OMe or 1 mM 

metoprolol solutions in either 37°C pH 6.0 uptake buffer (145 mM NaCl, 0.5 mM MgCl2, 1 

mM NaH2PO4, 1 mM CaCl2, 3 mM KCl, 5 mM (D)-glucose, 5 mM MES) or 37°C pH 7.4 

uptake buffer (145 mM NaCl, 0.5 mM MgCl2, 1 mM NaH2PO4, 1 mM CaCl2, 3 mM KCl, 5 

mM (D)-glucose, 5 mM HEPES) were then overlaid to the respective apical chambers and 2.5 

mL pH 7.4 uptake buffer to basolateral chambers. The Caco-2 cells were incubated at 37°C 

on an orbital shaker rotating at a speed of 50 rpm. Samples were retrieved from the basolateral 

chamber every 15 min until 120 or 135 min after dosing and equal volumes of fresh pH 7.4 

uptake buffer was replenished to maintain sink condition. Samples collected from 

ciprofloxacin and Cipro-Gly-OMe dosing were quenched with acetonitrile with 250 nM (S)-(-

)-propranolol (internal standard for LC-MS analysis). Samples for metoprolol permeability 

were mixed with acetonitrile with 200 µM caffeine (internal standard for HPLC). All samples 

were kept on ice throughout the 120- or 135-min period and then frozen at -80°C until 

analyzed by LC-MS (for ciprofloxacin and Cipro-Gly-OMe) or HPLC (for metoprolol). 

Bioconversion of Prodrug in Biological Matrices 

For prodrug bioconversion in Caco-2 homogenates, a final concentration of 10 µM 

Cipro-Gly-OMe was added to 1 mg/mL Caco-2 homogenates and the reactions were 

incubated at 37°C. Samples were removed at 0, 1, 2, 3 and 4 h time points and quenched. For 
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metabolism of Cipro-Gly-OMe in pooled human liver microsomes, a final concentration of 2 

µM Cipro-Gly-OMe was incubated with the activated liver microsome system (see Chapter 

III) at 37°C and samples were taken out at 0, 15, 30, 60 and 120 min and quenched. For 

bioconversion of Cipro-Gly-OMe in human plasma, a final concentration of 10 µM Cipro-

Gly-OMe was added to undiluted human plasma and incubated at 37°C. Samples were 

collected at 0, 1, 2, 4, 8 and 24-h time points and quenched. All quenching solutions were 

acetonitrile with 250 nM (S)-(-)-propranolol. All quenched samples were centrifuged and the 

supernatant were analyzed with LC-MS for contents of Cipro-Gly-OMe, Cipro-Gly and 

ciprofloxacin. 

UV Absorption Analysis 

100 µL ciprofloxacin·HCl solutions diluted from saturated solutions were added to a 

UV-transparent 96-well plate. Absorptions at 280 nm were read in a Biotek Synergy HT plate 

reader with the interior sample chamber at room temperature. Standard curves containing at 

least 6 data points were used to calculate concentrations from A280 values. The accuracy of the 

assays was 95% – 105%.  

HPLC Analysis 

The HPLC instrument and mobile phases were identical to those that were used in 

Chapters III and IV. The mobile phase B (acetonitrile with 1‰ TFA) content versus time 

diagram was set up as follows: 0 min, 0.2%; 4 min, 30%; 13 min, 57%; 15.5 min, 80%. 

Ciprofloxacin, Cipro-Gly-OMe and Cipro-Gly were detected at UV 275 nm and metoprolol at 

220 nm. Standard curves with at least five points were used to calculate concentrations from 

peak area values. The accuracy of the HPLC assay was 90% to 110%. 

LC-MS Analysis 

The LC-MS instrument and mobile phases were identical to those that were used in 

Chapters III and IV. The mobile phase B (acetonitrile with 1‰ formic acid) content versus 

time diagram was set up as follows: 0 min, 0.5%; 1 min, 0.5%; 6.5 min, 80%. Mass-to-charge 

ratios (m/z’s) for chemical species: ciprofloxacin [M+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 to calculate concentrations from peak areas. The 

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

Data Analysis 

The apparent permeability coefficient (Papp) of each compound was determined using 

Equation 4.1 (Chapter IV). For Cipro-Gly-OMe, the concentration in the receiving 

compartment (CR) at each time point was the sum of CR(Cipro-Gly-OMe) and CR(Cipro-Gly), 

the latter generated from hydrolysis of Cipro-Gly-OMe.  

Statistical Analysis 

All experiments had sample numbers of n = 3 – 4. Results are presented as mean ± 

SEM. Statistical comparisons were performed in GraphPad Prism 5.0 using two-way ANOVA 

with post-hoc Bonferroni tests. P 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% (mean ± S.D.) Cipro-Gly-OMe remained 

in the system; the rest had been hydrolyzed to Cipro-Gly as confirmed by retention times in 

HPLC chromatographs as well as LC-MS chromatographs for the respective m/z’s of Cipro-

Gly and Cipro-Gly-OMe. No visible amount of ciprofloxacin was detected. Assuming zero-

order chemical hydrolysis, the rate of Cipro-Gly-OMe’s degradation in buffer was 

approximately 1.7% per day. 

The pH-dependent Solubility of Ciprofloxacin and Cipro-Gly-OMe  

For ciprofloxacin·HCl, the measured solubility values at different pHs are listed in 

Table 5.2. They are also plotted against the pH in Figure 5.12a. As observed from the 

measured values, it was evident that the solubility of ciprofloxacin generally decreases as the 

pH increases from 5 to ~7.8. For Cipro-Gly-OMe, it was extremely difficult to make a 

saturated solution even at its pKa because of its high solubility and the small amount of 

available compound powder. The highest soluble concentration achieved was 17.3 mg/mL 

(2.6 mg Cipro-Gly-OMe·TFA dissolved in 150 µL 0.5 M TAPS buffer) or 0.0336 M. 

Therefore, its intrinsic solubility is actually greater than 0.0336 M / 2 = 0.0168 M; as a 

convenience this number was taken as the S0 for prediction of its pH-dependent solubility (Fig. 

5.12b). Despite not being able to obtain an accurate measurement of the solubility of Cipro-

Gly-OMe, it was obvious (as shown in Fig. 5.12b) that the prodrug possesses much higher 

solubility than ciprofloxacin at pH 6 – 8, with potentially increased solubility of over 17,500× 

at pH 6 to over 433× at pH 8. 

The pH-dependent Permeability across Caco-2 Monolayers 

The apical-to-basolateral (A-to-B) permeability coefficients for ciprofloxacin, Cipro-

Gly-OMe and metoprolol are listed in Table 5.3 and compared in Figure 5.13. At pH 6.0, the 

prodrug had a similar A-to-B permeability to that of the parent compound and both were 

lower than that of metoprolol. At pH 7.4, the Papp values of all three compounds were 

significantly higher than those at pH 6.0, although Cipro-Gly-OMe increased than 
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ciprofloxacin; as a result, at pH 7.4 Cipro-Gly-OMe was significantly more permeable than 

the parent drug. Both remained less permeable than metoprolol, however. Overall, the pH-

dependent permeability profiles of ciprofloxacin and Cipro-Gly-OMe corresponded relatively 

well to the trends of fractions of neutral form at pH 6.0 and 7.4 (Fig. 5.10). 

Bioconversion of Cipro-Gly-OMe 

In all tissue matrices with Cipro-Gly-OMe added and incubated at 37°C, no 

ciprofloxacin was detected at the end of the experimental period (4 h for Caco-2 homogenates, 

120 min for liver microsomes and 24 h for plasma). Almost all ( > 95%) of the Cipro-Gly-

OMe was converted to Cipro-Gly by 1 h in Caco-2 homogenates, 30 min in liver microsomes 

and 8 h in plasma, and in all three tissue matrices, the concentrations of Cipro-Gly remained 

relatively unchanged until the conclusion of experiments. These phenomena demonstrated the 

relatively high stability of Cipro-Gly in tissues where typical metabolism of xenobiotics takes 

place. Therefore, it is unlikely that Cipro-Gly-OMe could be rapidly transformed into 

ciprofloxacin when administered orally in future in vivo studies. 

In conclusion, the prodrug Cipro-Gly-OMe possesses potentially much higher 

solubility at the physiological pH range than the parent compound ciprofloxacin does, as well 

as an improved Caco-2 permeability over that of the parent drug at neutral pH. However, the 

lack of an efficient biotransformation of the prodrug to ciprofloxacin may delay or even 

abolish the onset of its antibacterial pharmacological effects. Therefore, in future prodrug 

designs, other promoiety structures should be considered for masking the carboxyl group of 

ciprofloxacin. 
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DISCUSSION 

In this chapter, I proposed and tested a prodrug strategy for improvements in the 

solubility as well as intestinal permeability of ciprofloxacin based on the physicochemical 

properties, in particular the dissociation constants, of the drug. The preliminary results 

demonstrated that the prodrug, ciprofloxacyl-glycine-methyl ester (Cipro-Gly-OMe), could 

potentially have a much enhanced solubility throughout the physiological pH range as well as 

an increased Caco-2 permeability around the neutral pH. Therefore, this prodrug strategy 

might convert a BCS class IV compound to a probable BCS class III or even a class I 

compound. 

For the determination of the pH-dependent solubility of ciprofloxacin, a UV 

absorption assay was used for the calculation of concentrations based on an A280 vs. 

concentration standard curve. This methodology was more time- and resource-saving than 

other analytical methods such as HPLC and its accuracy, at 95% to 105%, was also acceptable. 

Combined with the buffer systems (Table 5.1), the measured pH-solubility relationship could 

reflect the theoretical curve relatively well (Fig. 5.12a). For Cipro-Gly-OMe, in theory it 

would be ideal to also generate a set of measured solubility values at different pHs. 

Nevertheless, even at its pKa (~8.75), where its solubility S = 2 S0, saturation could not be 

reached after numerous attempts. Since I only synthesized barely enough Cipro-Gly-OMe (~ 

25 mg), further attempts at generating saturated solutions were not carried out. The highest 

observed concentration at pH 8.75 was 0.0336 M or 17.3 mg/mL Cipro-Gly-OMe·TFA. Such 

a solubility value enables a (theoretical) highest dose of 1 g Cipro-Gly-OMe to completely 

dissolve in 250 mL water at pH 8.75. Since solubility of Cipro-Gly-OMe at lower pH would 

almost certainly be higher than at pH 8.75, it is reasonable to suggest that Cipro-Gly-OMe is 

highly soluble in aqueous media over the pH range of 1 – 7.5. Therefore, it fits the “high 

solubility” classification according to the FDA guideline on BCS [19]. 

In studies to characterize the compounds’ A-to-B permeability across the Caco-2 

monolayer, the prodrug Cipro-Gly-OMe was found to have a similar permeability to the 

parent compound’s at an apical pH of 6.0 but a significantly higher one than that of 

ciprofloxacin at pH 7.4 (Fig. 5.13 and Table 5.3). The increase in permeability of both 
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compounds from pH 6.0 to 7.4 was predicted by the pH-dependent fractions of neutral forms 

(Fig. 5.10); Cipro-Gly-OMe would also have a higher fraction of neutral form than 

ciprofloxacin does at pH 7.4. Nevertheless, at pH 7.4, the apparent permeability of Cipro-Gly-

OMe was still lower than that of metoprolol. This does not necessarily suggest that Cipro-

Gly-OMe is a low-permeability compound, and the reasoning behind this statement is two-

fold. First, ciprofloxacin has a fraction of dose absorbed (Fa) of greater than 70% (because its 

absolute bioavailability is 70% with no significant first-pass metabolism [12]). With an 

apparent permeability coefficient at more than two times that of ciprofloxacin at pH 7.4, 

Cipro-Gly-OMe could very possibly have a much higher Fa compared to ciprofloxacin’s 70%; 

an Fa greater than 90% would be sufficient for a compound to be classified as highly 

permeable. Second, metoprolol has been considered a conservative high-permeability 

standard because it is almost 100% absorbed when administered orally [30]. It has been 

suggested that a compound with a lower Fa such as labetalol (Fa = 90%) be used as the 

threshold for high- and low- permeability classification [30]. Additional Caco-2 and / or 

intestinal perfusion studies should thus be performed to compare the permeability of Cipro-

Gly-OMe to those of other reference compounds. In summary, the prodrug Cipro-Gly-OMe 

displayed enhanced apparent Caco-2 permeability at the apical pH of 7.4 compared to 

ciprofloxacin, and when solubility is also considered, it is possibly a BCS class I compound 

pending further verification. 

Despite Cipro-Gly-OMe’s advantages in its biopharmaceutical properties, a few issues 

have yet to be addressed. One concern is its bioconversion to the parent compound: the 

metabolite of Cipro-Gly-OMe, Cipro-Gly, was found to be very stable in tissue matrices and 

not readily converted to ciprofloxacin. A better promoiety to use may be (L)-proline because 

prolidase, a carboxypeptidase, is known to hydrolyze substrates with (L)-proline at the 

carboxyl terminus [31]. Previous studies have utilized prolidase as the activating enzyme for 

proline prodrugs [32-35]. Prolidase is ubiquitously expressed in the body [36] and could thus 

potentially hydrolyze the orally administered ciprofloxacyl-(L)-proline amide prodrugs 

(Figure 5.14) to yield the active parent compound. Another issue to address concerns the type 

of prodrug for the design. Initially, one reason for choosing the amide prodrugs of 

ciprofloxacin was that the existence of a peptide bond might make the prodrug a substrate for 
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PEPT1-mediated transport. However, as observed in permeability studies (Fig. 5.13), the Papp 

of Cipro-Gly-OMe at an apical pH of 7.4 was found to be much larger than that at pH 6.0. A 

pH of 6.0 was presumably a more favorable situation for transport by PEPT1 because of the 

pH gradient from the apical (6.0) to the basolateral (7.4, DPBS) chamber. Therefore, it is 

obvious that PEPT1 did not play a major role in the transport of Cipro-Gly-OMe and amide 

prodrugs of ciprofloxacin likely do not possess this presumed advantage. In light of this, other 

types of chemical linkages between ciprofloxacin and the promoiety, such as esters (Figure 

5.15), should also be considered in future designs for the prodrug. 
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CONCLUSIONS 

Ciprofloxacyl-glycine-methyl ester (Cipro-Gly-OMe), an amide prodrug of 

ciprofloxacin, possessed potentially much higher aqueous solubility throughout the 

physiological pH range when compared to the parent compound. Cipro-Gly-OMe also 

demonstrated a significantly higher Caco-2 permeability at pH 7.4 compared to ciprofloxacin. 

Therefore, this study presented a unique prodrug approach that potentially transformed a BCS 

class IV compound into a class I compound. However, the inefficient bioconversion of Cipro-

Gly-OMe to ciprofloxacin in tissue matrices may pose a potential problem for the 

compound’s pharmacological activity, and further optimization of the promoiety is thus 

required to confer more rapid in vitro and in vivo biotransformation of the prodrug to the 

parent compound. Nevertheless, the prodrug approach presented in this chapter could 

potentially be applied to increase the solubility as well as intestinal permeability of other BCS 

class IV compounds that predominantly exist as zwitterions within the physiological pH range.  
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FIGURES 

 

 

 

Figure 5.1. Chemical structures of (a) 4-quinolone, with position numbers on the bicyclic 
ring; (b) 4-oxo-1,8-naphthyridine (4-naphthyridone), with position numbers on the bicyclic 
ring; (c) nalidixic acid. 
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Figure 5.2. A general structure for the approved fluoroquinolone compounds. The carboxyl 
group at position 2 on the ring and fluorine at position 6 are fixed. At position 8, when X = N 
(nitrogen), R8 could only be H (hydrogen); when X = C (carbon), R8 could be any side group. 

 

 

 

 

Figure 5.3. Chemical structure of ciprofloxacin. With respect to Fig. 5.2, R1 = cyclopropyl 
and R7 = 1’-piperazyl. 
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Figure 5.4. The equilibria between the four species of ciprofloxacin in aqueous solutions. The 
micro-dissociation constants are denoted as ka1, ka21, ka12 and ka2. In this chapter, it was 
assumed that ka1 = ka12 = Ka1, and ka21 = ka2 = Ka2, where Ka1 and Ka2 are the respective macro-
dissociation constants for the carboxyl and secondary amine groups. 
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Figure 5.5. Theoretical relationship between the solution pH and the distribution of (a) the 
three ionized species and (b) the neutral form of ciprofloxacin. Parameters used to generate 
this graph: pKa1 = 6.18 and pKa2 = 8.75 at 25°C.  
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Figure 5.6. Theoretical relationship between the solution pH and the aqueous solubility of 
ciprofloxacin, expressed in multiples of intrinsic solubility (× S0). The y axis is shown in log10 
scale. Parameters used to generate this graph: pKa1 = 6.18 and pKa2 = 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; (b) sulfo-ciprofloxacin (M2), MW 411.4; (c) oxociprofloxacin 
(M3), MW 345.3 and (d) formylciprofloxacin (M4), MW 359.3. 
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Figure 5.8. Amide prodrugs of ciprofloxacin: (a) Ciprofloxacyl-glycine-methyl ester (Cipro-
Gly-OMe) and (b) Ciprofloxacyl-glycine (Cipro-Gly). 

  

(b) 

(a) 
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Figure 5.9. (a) The fractions of species with net charges (positively and negatively charged 
form of ciprofloxacin and positively charged form of Cipro-Gly-OMe) vs. pH. (b) Predicted 
pH-dependent solubility of ciprofloxacin and Cipro-Gly-OMe expressed in the multiples of 
their respective intrinsic solubility (S0). The y axis is shown in log10 scale. Note that the S0 of 
the two compounds are likely different from each other. The figures were generated based on 
pKa values at 25°C: pKa1 = 6.18 and pKa2 = 8.75.  
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Figure 5.10. Theoretical relationship between the solution pH and the fractions of neutral 
forms of ciprofloxacin and Cipro-Gly-OMe. The y axis is presented in log10 scale. The figure 
was generated based on pKa values at 25°C: pKa1 = 6.18 and pKa2 = 8.75. 
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Figure 5.11. Steps for the synthesis of ciprofloxacyl-glycine-methyl ester (Cipro-Gly-OMe) 
and ciprofloxacyl-glycine (Cipro-Gly).  
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Figure 5.12. The pH-dependent solubility of ciprofloxacin and Cipro-Gly-OMe. (a) Solubility 
of ciprofloxacin (in M) measured at different pH along with the predicted solubility vs. pH 
curve. (b) Solubility of Cipro-Gly-OMe (measured and predicted) compared to that of 
ciprofloxacin. In both plots, the y axis was shown in log10 scale. n = 3 for all ciprofloxacin 
samples. Error bars represent SD.  
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Figure 5.13. Apparent apical-to-basolateral (A to B) permeability coefficients (Papp) of 
compounds across the Caco-2 cell monolayer. The Papp’s were calculated according to 
Equation 4.1 and presented in 10-6 cm/s. n = 3 – 4 for all columns and error bars denote SEM. 
NS, not significant; **, p < 0.01; ***, p < 0.001. The Papp values were also presented in Table 
5.3. 
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Figure 5.14. Proposed amide prodrugs of ciprofloxacin: (a) Ciprofloxacyl-(L)-proline-methyl 
ester (Cipro-Pro-OMe) and (b) ciprofloxacyl-(L)-proline (Cipro-Pro). 

 

 

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

 

pH Buffer solution 
5.00 100 mM Na2HPO4, 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 NaCl, 2.7 mM KCl, 8 
mM Na2HPO4, 1.5 mM KH2PO4  

7.81 100 mM tricine 

 

Table 5.1. Buffer solutions used for making saturated solutions of ciprofloxacin·HCl. All pH 
values were measured at 25°C with a Corning pH meter 320.  

 

 

Original buffer solution Final pH Solubility (M) 
100 mM Na2HPO4, 50 mM citric acid 5.05 2.93×10-3 ± 0.34×10-3 
25 mM MES 5.95 5.07×10-4 ± 0.80×10-4 
25 mM PIPES 6.68 2.55×10-4 ± 0.05×10-4 
PBS (see Table 5.1) 6.89 2.22×10-4 ± 0.32×10-4 
25 mM MOPS 7.02 1.53×10-4 ± 0.01×10-4 
100 mM HEPES 7.40 1.70×10-4 ± 0.06×10-4 
100 mM tricine 7.80 1.46×10-4 ± 0.02×10-4 

 

Table 5.2. Solubility of ciprofloxacin·HCl (in M) at different pHs. The pH values of the 
saturated solutions were measured again after the insolubles were precipitated by 
centrifugation. Each solubility is presented as mean ± SD; n = 3 for all groups. 
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Compound 
Apparent Apical-to-Basolateral Permeability Coefficient (10-6 cm/s) 

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 ± 0.4 

 

Table 5.3. The apparent apical-to-basolateral permeability coefficients (in 10-6 cm/s) across 
Caco-2 monolayers for ciprofloxacin, Cipro-Gly-OMe and metoprolol at pH 6.0 and 7.4. Data 
presented as mean ± SEM; n = 3 for ciprofloxacin and Cipro-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 effective chemical approach for the 

improvement of certain inherent disadvantages of the parent drugs. In this dissertation, I have 

demonstrated the prodrug strategy’s potentials for viral protease-targeted activation or 

enhancement of biopharmaceutical properties of the anti-infective compounds. The first 

research project concerns the utilization of human cytomegalovirus protease’s esterase 

activity for potential selective activation of monoester prodrugs of ganciclovir. Four 

monoester prodrugs of ganciclovir, i.e. CbzAlaGCV, CbzAbuGCV, AcPheAlaGCV and 

AcPheAbuGCV, were designed and synthesized according to the order of preference of ester 

substrates by the hCMV protease. It was found that Ala-containing prodrugs had higher rates 

of hCMV protease-catalyzed activation than Abu-containing ones. In terms of tissue stability, 

N-acetylated dipeptide prodrugs were generally more stable than their Cbz-amino acid 

counterparts and the latter were thus not further pursued. Moreover, AcPheAbuGCV was 

shown to be the most stable among the four prodrugs in various tissue matrices. The kinetic 

selective activation factor (SAF) for AcPheAlaGCV and AcPheAbuGCV were found to be 

similar to each other. Nevertheless, when compared to AcPheAlaGCV, AcPheAbuGCV was 

more stable in plasma and liver microsomes and also displayed higher amounts of cellular 

uptake. Therefore, out of the four ganciclovir prodrug candidates, AcPheAbuGCV possesses 

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

For the second research project, Ciprofloxacyl-glycine-methyl ester (Cipro-Gly-OMe), 

a synthetic amide prodrug of ciprofloxacin, was demonstrated to possess both improved 

solubility as well as enhanced intestinal permeability (at neutral pH) over those of the parent 
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compound. Therefore, a BCS class IV fluoroquinolone compound could potentially be 

converted to a class I compound through a unique prodrug approach.  

Altogether, I demonstrated that the prodrug strategy remains a versatile and promising 

method for improving the tissue targeting as well as biopharmaceutical properties of the 

existing drug compounds. The strategies derived from the projects of this dissertation could 

also serve as guidelines in future prodrug designs. For the targeted delivery of prodrugs, it is 

necessary that the design of promoieties facilitate both the activation of the prodrug at the 

target site(s) and stability of the prodrug throughout out the non-target tissues. As for the 

enhancement of the biopharmaceutical properties of zwitterionic BCS class IV compounds, it 

is paramount to locate the ionizable groups that are responsible for the compounds’ poor 

solubility and / or intestinal permeability. Following rigorous model-based simulations, such 

groups may be masked by promoieties in order to alter the pH-dependent solubility and / or 

permeability profile(s) of the drug. 

In future studies regarding the ganciclovir prodrugs, compounds with different 

promoieties should be explored for the sake of more rapid hydrolysis by the hCMV protease 

as well as better tissue stability compared to the current prodrug candidates. In addition, a 

validated cell system infected with live cytomegalovirus should be used to characterize the 

selective activation of ganciclovir prodrugs. If a significantly higher rate of prodrug 

hydrolysis is observed in infected cells compared to uninfected cells, the prodrug could 

potentially be a good candidate for testing in infected animal models. 

For the ciprofloxacin prodrug project, more efforts need to be dedicated to the testing 

of more ciprofloxacyl amides with different amino acid promoieties or ciprofloxacyl ester 

prodrugs, so that one or more candidates could possess higher solubility, higher intestinal 

permeability along with rapid bioconversion to the parent drug after oral absorption. If such 

prodrugs could be successfully identified, their effective intestinal permeability (Peff) as well 

as absolute oral bioavailability (F) will then be determined in animal models.  
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APPENDIX 

 

EXPLORING THE PROTEOLYTIC ACTIVITIES OF THE INFLUENZA A PA 

PROTEIN 

 

 

SUMMARY 

Influenza remains a serious threat to the worldwide public health. Although the 

genome of the influenza A virus does not appear to encode a dedicated protease, the PA 

protein has been reported to exhibit in vitro proteolytic activities. Nevertheless, the protease-

like functions of the influenza A PA protein remains poorly understood. In this chapter, we 

expressed and purified the full-length, N-terminally His6-tagged PA protein from influenza 

strain A/WSN/33 with a Spodoptera frugiperda cell system using optimized experimental 

procedures and conditions. We then tested the hydrolysis of the only known putative peptide 

substrate for PA, Suc-Leu-Leu-Val-Tyr-AMC, in a PA-containing buffered system. We found 

that the substrate was unable to be hydrolyzed by the purified His6-tagged PA protein. 

Therefore, we concluded that PA is likely not a bona fide protease and its previously reported 

proteolytic activities require further verification.  
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BACKGROUND 

Influenza (flu) has been and remains one of the most widespread respiratory diseases 

around the world. The pandemic of “Spanish flu” between 1918 and 1919 was estimated to 

cause the deaths of 30 to 50 million people worldwide and two other major influenza 

outbreaks in 1957 and 1968 also inflicted significant morbidities and mortalities [1-3]. 

Currently, the seasonal epidemic of influenza is responsible for annual deaths of 250,000 to 

500,000 [1, 4]. Most recently, the 2009 H1N1 influenza pandemic was estimated to have 

killed over 294,000 people globally [5]. Of all three types of influenza viruses (A, B and C), 

type A is the most virulent and also the most extensively researched [4]. 

The genome of influenza A virus consists of eight single-stranded negative-sense 

RNA molecules. A total of 11 proteins are encoded: hemagglutinin (HA), neuraminidase 

(NA), PA, PB1, PB1-F2, PB2, nucleoprotein (NP), M1, M2, NS1 and NS2 [6]. Among them 

HA and NA are large glycoproteins that play crucial roles in the entry of viral genome into the 

host cells and release of progeny virions from the infected cells, respectively [7, 8]. The 

adsorption of viral particles onto the host cells is mediated by the interaction of HA with 

surface receptors bearing N-acetylneuraminic acid (NANA), whereas NA cleaves NANA 

from the glycoprotein receptor at the host cell surface, enabling the “escape” and spread of the 

influenza virion. The nomenclature of serotypes of influenza A viruses, HxNy, are based on 

the antibody response to different subtypes of HA and NA proteins. The PA, PB1 and PB2 

proteins form a large RNA-dependent RNA polymerase (RdRp) complex. The complex is 

responsible for the transcription and replication of the viral genome segments [9], with PB1 

harboring the active polymerase site [10, 11] and PB2 involved in binding of 5’-cap of pre-

mRNA [12]. 

The influenza PA protein (“PA”: polymerase acidic) is of particular interest to us. It 

contains 716 amino acid residues and its sequence is highly conserved among different strains. 

Recombinant PA protein purified from Spodoptera frugiperda could be hydrolyzed by trypsin 

into two fragments: an N-terminal domain (PA(N), ~25 kDa) and a larger C-terminal domain 

(PA(C), ~55 kDa) [13, 14]. Crystal structures for separate C- and N- terminal domains have 

been published (PA(C): [15, 16]; PA(N): [17, 18]). However, the structure for the intact PA is 
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still unavailable, presumably due to difficulties in expressing the full-length protein at a large 

scale in a prokaryotic system [18].  

Activities of influenza PA protein have been indicated in vRNA synthesis, virus 

assembly and proteolysis and these mechanisms all require further clarification [19]. Research 

on PA has been primarily focused on its roles in RNA transcription and replication [13, 17-

23]. The function of the PA protein that we were interested in is its putative proteolytic 

activity, as it has been shown to induce the proteolysis of various proteins in in vitro and cell 

culture assays [24-27]. Currently, two conflicting theories attempt to explain this activity. In 

one series of studies by Nieto et al., the proteolytic activity is attributed to the N-terminal 

segment of PA and the proteolysis induced by PA(N) could affect the replication of the virus 

[24, 26, 28, 29]. The authors further claim that PA induces the degradation of RNA 

polymerase II of the host cell and that threonine 157 is the most crucial amino acid residue for 

proteolysis [27]. This model has been challenged by functional studies that refutes the causal 

relationship between PA-induced proteolysis and viral replication [30] as well as structural 

insights into the environment of the T157 residue [18]. The other theory proposed by Toyoda 

et al. specifically states that PA is a serine protease with the active site at Ser 624, which 

resides within the C-terminal domain [25]. More studies imply that the protease activity is 

inhibited by binding of PA to influenza M1 protein [31] and that mutation at Ser 624 hampers 

viral growth [32]. The study has its limitation in the fact that only one tetrapeptide (N-

succinyl-(L)-leucine-(L)-leucine-(L)-valine-(L)-tyrosine-(7-amino-4-methyl)-coumarin, Suc-

Leu-Leu-Val-Tyr-AMC) was identified (of only five substrates tested) as a substrate for PA 

and no further results have been published to characterize the protease activity, even after the 

crystal structure of PA(C) has been published in 2008 [15, 16]. 

The contradictory reports on the function of PA as a protease clearly demonstrated the 

current limitations of our understanding on this important protein. Its function as a protease 

remained very much in doubt and its preferred substrate sequences poorly characterized. 

Nevertheless, like viral proteases from other virus species, PA does possess the unique 

advantage that it is only expressed in influenza-infected locales. If the proteolytic profile of 
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PA could be further characterized and more substrates for PA identified, it could potentially 

serve as a target protease for the activation of anti-influenza prodrugs. 

Therefore, we intended to express and purify the full-length influenza PA protein 

using a Spodoptera frugiperda cell expression system [25, 31]. If the proteolytic activity of 

PA against the only known putative substrate, Suc-Leu-Leu-Val-Tyr-AMC, could be verified, 

substrate profiling of PA at the P1 position would be carried out using a library of fluorogenic 

compounds. 
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MATERIALS AND METHODS 

Materials 

The plasmid pcDNA-His6-PA (A/WSN/33) was a generous gift from Tristram Parslow 

and Yuying Liang at Emory University (Atlanta, GA). Plasmid pFastBac1, competent 

Escherichia coli strains Mach 1 and DH10Bac, gentamicin, tetracycline hydrochloride, 

halogenated indolyl-β-galactoside (Bluo-Gal), insect cell line Spodoptera frugiperda 9 (Sf9), 

SF900-III SFM media, penicillin / streptomycin (tissue culture grade) and Cellfectin® II 

transfection reagent were purchased from Invitrogen (Grand Island, NY). DNA primers were 

synthesized by Integrated DNA Technologies (Coralville, IA). Restriction enzymes and T4 

DNA ligase were purchased from New England Biolabs (Ipswich, MA). Gel purification kits 

for DNA and miniprep kits for plasmid DNA were purchased from Qiagen (Gaithersburg, 

MD). Anti-influenza PA polyclonal antibody was purchased from GenScript (Piscataway, NJ). 

N-succinyl-(L)-leucine-(L)-leucine-(L)-valine-(L)-tyrosine-(7-amino-4-methyl)coumarin 

(Suc-Leu-Leu-Val-Tyr-AMC) was purchased from Bachem (Torrance, CA). In addition, all 

other materials that have been mentioned in Chapters II through V were acquired from the 

same respective sources. 

Cell Culture 

The insect cell line Spodoptera frugiperda 9 (Sf9) (generation number 5-20) was 

regularly maintained as a suspension culture in SF900-III SFM media supplemented with 0.5% 

(v/v) penicillin / streptomycin. The culture is constantly shaken at 180 rpm at 25°C. A typical 

culture started at a density of 0.4 – 0.6×106 cells per milliliter (mL) and would be allowed to 

grow for approximately 3 days to 1.8 – 2.5×106 cells / mL with > 98% viability, at which 

point they would be diluted (i.e. “split”) into fresh SF900-III SFM media for a new generation. 

Molecular Subcloning 

The plasmid pcDNA-His6-PA was digested with EcoRI / KpnI and the PA-containing 

DNA fragment was purified from agarose gels. It was ligated to the EcoRI / KpnI-digested 

pFastBac1 vector and the resulting pFastBac1-His6-PA plasmid was confirmed by DNA 

sequencing. The E. coli DH10Bac strain was transformed with pFastBac1-His6-PA and plated 
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on agar plates with 50 µg/mL kanamycin, 7 µg/mL gentamicin, 10 µg/mL tetracycline·HCl, 

40 µg/mL IPTG and 100 µg/mL Bluo-Gal. The plate was incubated at 37°C for 48 h and the 

largest white colony was picked and re-streaked on a fresh plate containing the same 

antibiotics and reagents. The confirmed white colonies were then inoculated into a Terrific 

Broth miniculture. The recombinant bacmid containing the N-terminally His6-tagged PA gene 

was purified from the miniculture using a Qiagen plasmid miniprep kit, with extra care being 

taken to avoid shearing the large bacmid DNA during the pipetting processes. The amounts of 

the prepared bacmid were quantified by A260 in a Biotek Synergy HT plate reader. 

Generation of Recombinant Baculovirus 

12 µL Bacmid prep containing the N-terminally His6-tagged PA gene was mixed 1:1 

(v:v) with Cellfectin II in SF900-III SFM and overlaid on Sf9 cells that had been seeded in 6-

well tissue culture plates. The transfection mixture was incubated at 27°C for 5 h and then 

replaced with fresh SF900-III SFM. After 72 h, culture supernatants containing the first-

generation (P1) recombinant baculovirus were collected. The P1 baculovirus was then used to 

infect Sf9 cells at an approximate multiplicity of infection (MOI) of 0.1, assuming the titer of 

the P1 baculovirus was approximately 8×106 PFU / mL. The second-generation (P2) 

recombinant baculovirus was acquired from the culture supernatant of Sf9 cells infected with 

P1 baculovirus and was assumed to have a titer of approximately 1×108 PFU / mL. This 

supernatant was then used to infect Sf9 cells at MOI = 0.1 for the generation of third-

generation (P3) recombinant baculovirus contained in the SF900-III SFM media. P3 

baculovirus generally would possess a large enough titer (> 5×108 PFU / mL), and the volume 

of the supernatant containing the P3 baculovirus, at over 40 mL, would be large enough for 

use in subsequent infections of relatively large-scale Sf9 cultures for the production of 

recombinant PA protein. The supernatants containing the P1, P2 and P3 recombinant 

baculoviruses were stored at 4°C and kept for up to three months after their respective 

collections. 

Expression and Purification of Recombinant PA Protein 

One liter of Sf9 cells was grown to a density of ~3x106 cells / mL. Third-passage (P3) 

recombinant baculovirus containing the N-terminally His6-tagged PA gene was added to the 
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culture at an approximate MOI of 1. After 72 hours, the cells were collected by centrifugation 

and immediately lysed by sonication in lysis buffer (0.1 M NaH2PO4, 10 mM imidazole, 0.1% 

Triton X-100, 1 mM freshly-added dithiothreitol (DTT); pH 7.6). After centrifugation at 

10,000×g for 15 min at 4°C, the pellets were discarded and the cleared supernatants were 

removed and incubated with Ni2+-NTA resins for binding of His6-tagged proteins. Subsequent 

steps of purification, storage and detection of the PA protein were very similar to those used 

for the hCMV protease A143S in Chapter II. 

Protease Activity Assays 

The assay was carried out in a 96-well plate format. A final concentration of 100 µM 

Suc-Leu-Leu-Val-Tyr-AMC was added to either blank reaction buffer (50 mM HEPES, 10 

mM CaCl2, 1 mM DTT, pH 7.8) or reaction buffer containing PA protein at concentrations 

from 10 to 100 µg/mL. Reactions were incubated at 37°C and periodically shaken. The 

generation of free AMC compound was monitored on a Biotek Synergy HT plate reader with 

an excitation wavelength of 430 nm and emission 508 nm for 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 His6-tagged PA protein was purified from baculovirus-infected Sf9 

lysates with an approximate yield of 0.5 mg per liter of culture. Such an amount was 

consistent with literature reports [25]. The recombinant PA protein was visualized in Western 

blots (Fig. A1.1) and SDS-PAGE gels (Fig. A1.2) at an apparent molecular weight of ~90 kD. 

Purity of the batch with the optimized procedures (03/25/2011 batch) was approximately 52%. 

Proteolytic Activity of Influenza PA Protein against the Putative Substrate Suc-Leu-

Leu-Val-Tyr-AMC 

The tetrapeptide substrate was very stable in the blank reaction buffer. For the wells 

with blank buffer and the substrate, no significant increase in fluorescence was observed 

throughout the 4-hour period. Fluorescence readings of the wells supplemented with various 

concentrations of PA did not display significant differences compared to those with only 

buffer blanks, indicating a lack of PA-catalyzed hydrolysis of Suc-Leu-Leu-Val-Tyr-AMC in 

the previously published reaction conditions [25]. Therefore, it was obvious that the 

recombinant N-terminally His6-tagged PA protein did not possess the proteolytic activity 

toward the only known putative substrate. 
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DISCUSSION 

The ultimate goal of this project was to utilize the putative proteolytic activities of the 

influenza PA protein for the rational design of prodrugs that could be specifically activated by 

PA, thereby potentially targeting the prodrug to the influenza infection sites. Eventually, we 

were able to generate a few crudely purified batches of PA protein of influenza A/WSN/33 

from lysates of Sf9 cells infected with recombinant baculovirus. Nevertheless, we failed to 

demonstrate PA’s catalytic activity in the hydrolysis of the only published putative substrate, 

Suc-Leu-Leu-Val-Tyr-AMC, despite numerous attempts to enhance protein stability and 

assay conditions. Due to this result, we deemed that the batches of PA protein that we 

produced did not possess the inherent protease activity as reported [25] and did not proceed 

further with this project.   

Significant efforts were devoted to protecting the integrity and the possible enzymatic 

activities of PA during its purification process because protease / esterase inhibitors were not 

allowed to be used in this case. For the final batch of purified PA, for which the procedures 

were considered optimized, the total time of purification was shortened to less than 5 hours 

and all steps were performed either on ice or at 4°C (cold room) in order to reduce the 

possibility of protein degradation. In addition, no precipitation or aggregation was observed 

throughout the process. The purity of the final “optimized batch”, at approximately 52%, was 

lower than expected. This likely resulted from the low amount of His6-tagged protein 

expression in the baculovirus-infected Sf9 system and high non-specific binding of the 

cellular proteins to the Ni2+-NTA resin. No high-intensity band was detected in western 

blotting with either anti-His6 monoclonal antibody or anti-PA polyclonal antibodies, showing 

that the recombinant PA protein was kept largely intact throughout the purification process. 

Despite our best efforts, the PA protein still did not display proteolytic activity toward the 

putative substrates. We suspect that two possible factors may be the culprit. First, it was 

possible that the N-terminal His6 tag could inhibit the protein’s activity; indeed, in the original 

article on PA’s protease activity, no His6 tag was attached onto the PA protein. Second, it was 

also possible that the PA protein underwent modifications within the Sf9 cells that forfeited 
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its proteolytic function. If this was the actual case, a different insect cell line such as Sf21 may 

be used as an alternative system for protein expression. 

Nevertheless, it remains entirely plausible that the influenza PA protein is not a bona 

fide protease. First, the existence of the proteolytic activity of intact PA has only been claimed 

by one research group in two publications [25, 31]. No other independent study has since 

verified their findings, let alone further clarified the roles of PA’s proteolytic activity in the 

viral life cycle or the substrate preference of PA. Therefore, the authenticity of the results 

from the initial studies could be in doubt. Second and perhaps as a more compelling case 

against PA being a protease, crystal structures of the C-terminal part of PA found no structure 

remotely resembling a catalytic triad around the claimed active site, Ser 624 [15], in contrast 

to statements in the original report on PA’s protease function [25]. This finding casts serious 

doubt on the claimed mechanism of PA’s catalytic activity on peptide hydrolysis and PA is 

thus unlikely a protease with Ser624 as the active residue. In summary, one possible 

explanation on why we were unable to characterize PA’s proteolytic activities was that PA 

was not, in fact, a “real” protease. Therefore, in future studies utilizing a protease’s activity 

for targeting purposes, it would be wise to select a protease with well-studied functions and 

substrate preferences in order to avoid potentially large amounts of time and resources spent 

on the characterization of the protease itself.  
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FIGURES 

 

 

 

 

 

Figure A1.1. Western blotting of different batches of purified PA proteins. M1-3, blotting 
done with mouse anti-His6 monoclonal antibody. M1, 12/19/2010 batch of purified PA; M2, 
12/30/2010 batch; M3, 03/25/2011 batch. P1-3, blotting done with rabbit anti-PA polyclonal 
antibodies. P1, 12/19/2010 batch of purified PA; P2, 12/30/2010 batch; P3, 03/25/2011 batch. 
Numbers on the right denote the locations of the markers with the respective molecular 
weights. Only the 03/25/2011 batch of purified PA protein was used for subsequent substrate 
hydrolysis assays. 
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Figure A1.2. Krypton staining of an SDS-PAGE gel loaded with the 03/25/2011 batch of 
purified N-terminally His6-tagged PA protein. Lanes 1, 2 and 3, total loading amount of 1 µg, 
2 µg and 3 µg PA protein aliquots; lane L, Benchmark pre-stained protein ladder with 
molecular weights of protein ladder bands. Arrow shows the ~90-kD N-terminally His6-
tagged PA protein. 
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