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Chapter 1 

INTRODUCTION 

Inflammation.  Acute inflammation describes the primary response of the body to 

stimuli which it deems harmful and is effected through the amplified movement of 

plasma and leukocytes (especially granulocytes), normally in the blood, into the 

wounded tissues5.  The inflammatory response is propagated and matured through a 

cascade of biochemical events involving the immune system, the local vascular system, 

and the various cells within the damaged tissue.  However, chronic or prolonged 

inflammation causes an eventual change in the types of cells present at the location of 

inflammation and is characterized by concurrent tissue destruction and restoration, 

resulting in tissue fibrosis6.  Additionally, in states of chronic inflammation, high levels of 

circulating immune complexes can accumulate in organs, resulting in additional 

inflammation and tissue damage.7, 8 

Disease-specific targets.  Because the etiology of many inflammatory disorders 

are unknown, broad, non-specific immunosuppressive agents, such as methotrexate, 

are often used to manage these diseases.9  As the mechanisms responsible for disease 

pathology are discovered, however, disease-specific targets may serve a critical role in 

treatment.  For example, the use of the anti-inflammatory drug propagermanium (3-

oxygermylpropionic acid polymer) (Figure 1.1) in the treatment of chronic inflammation 

in hepatitis B patients has illustrated the therapeutic potential of disease-specific 
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targets10,11.  The migration and activation of monocytes, a type of white blood cell and 

part of the innate immune system of vertebrates, is a key event in the development of 

chronic inflammation, and the monocyte chemoattractant protein-1 (MCP-1) is essential 

to the promotion of this state12.  Propagermanium attenuates inflammation through 

specific inhibition of the in vitro chemotactic migration of monocytes by MCP-113.  The 

clinical successes and relatively few adverse effects of propagermanium highlight the 

potential for increasing therapeutic windows with disease-specific therapeutics14.   

 

Figure 1.1.  Structure of propagermanium (3-oxygermylpropionic acid)15. 

 

Targeting human protein kinases.  Protein kinases comprise one of the most 

expansive and functionally diverse families of genes and are essential to the regulation 

of cellular functions.  Through transfer of the gamma phosphate of the cosubstrate 

adenosine triphosphate (ATP) to the hydroxyl acceptor group on the side chains of 

serine, threonine, or tyrosine residues of their protein substrates, they serve to 

coordinate nearly every cellular process by directing the activity, localization and 

general function of numerous proteins16,17, including complex operations, such as signal 

transduction and the cell cycle.  It is evident from the conservation of around 50 distinct 
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families among yeast, invertebrate, and mammalian kinomes, that protein kinases 

mediate an array of essential functions.  Among the known 518 members of the human 

kinome, a single superfamily encompasses 478 of these with similar sequences in their 

catalytic domains.  Further distinctions are then made to define groups, families, and 

sub-families by increasing sequence similarity and biochemical function.   

Although these enzymes are critical to normal physiology, several disease states, 

including cancer, diabetes, and inflammation, have been strongly associated with 

aberrant regulation of protein kinase activity, leading to an increased interest in their 

inhibition as a therapeutic strategy18-22.  In fact, the potential to control cell proliferation 

and death through specific inhibition of a target kinase suggests the prospect of 

targeted therapies in the treatment of inflammatory disorders in which mainly broad, 

non-specific immunosuppressive agents have previously employed.  Kinases have been 

clinically validated as drug targets by the successes of many small molecule kinase 

inhibitors such as Iressa and Tarceva (Figure 1.2).  Specifically, these compounds have 

been developed to inhibit the epidermal growth factor (EGFR), which is frequently 

overactive in cancerous cells16. 

a. b.  

Figure 1.2 The structures of known small molecule kinase inhibitors a. Iressa and b. 
Tarceva16. 
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Protein kinase structure and function.  The discovery of inhibitors of these 

enzymes has recently been facilitated by the availability of protein crystal structures of 

nearly 50 different protein kinase catalytic domains.  These structures have greatly 

expanded the comprehension of the catalytic and regulatory functions of this class of 

enzyme23.  While this information has confirmed the structural conservation of the 

catalytic core of the protein kinase, it has also illustrated the ways in which these 

enzymes balance the necessarily high degree of conservation required for catalytic 

function with need for unique solutions to their individual biological functions.  Although 

it generally follows that sequence conservation points to conservation of spatial 

structure and function as well, while distinctions consist only of residues, loops, or 

insertions not conserved in an entire family, exceptions to this rule have been 

identified24
.   

The typical protein kinase catalytic domain is bi-lobal, consisting of an amino-

terminal lobe and a carboxyl-terminal lobe, connected by a flexible hinge region, with 

the ATP molecule and a Mg2+ ion binding in a deep cleft between the lobes (Figure 

1.3).  The entire ATP molecule is accommodated in this narrow, hydrophobic cleft, with 

the gamma phosphate oriented toward solvent24.  These enzymes are highly flexible so 

that the binding of substrates, cofactors, auto-inhibitory domains, or interacting proteins 

during catalysis or regulation stimulates large rotations of the lobes in addition to shifts 

of flexible loops and domains25-27.    The active site contains most of the highly 

conserved residues among kinases as they all must similarly bind ATP for activation.   
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Figure 1.3.  Kinase domain of ROCKII (PDB: 2F2U) with ATP modelled into the active 
site; green: hydrophobic motif (HM), red: carboxy-terminal extension, teal: amino-
terminal lobe, blue: carboxy-terminal lobe, purple: P-loop, yellow: A-loop, orange: C-
loop.   

 

As shown in Figure 1.3, the N-terminal lobe is the smaller of the two conserved 

lobes, and its structure is dominated by a five stranded antiparallel beta-sheet as well as 

a long alpha-helix.  The first two beta-strands are connected by a turn formed by the 

central four amino acids of the highly conserved GXGXXGXV motif, known as the 

glycine-rich loop, the G-loop, or the P-loop24,27.  These conserved glycines allow the 

nucleotide to approach the peptide backbone closely.  The larger C-terminal lobe also 
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contains residues which interact with ATP. Structurally, this lobe harbors seven alpha-

helices and four short beta-strands with a central bundle composed of four antiparallel 

alpha-helices.  The beta-strands form the bottom of the cleft beneath the adenosine 

moiety and also contain the catalytic and metal binding loops.  Within the catalytic loop 

resides a conserved Asp residue, believed to abstract the proton from the hydroxyl 

group of the substrate amino acid.  Additionally, this loop contains a Lys, Arg, or Glu 

residue which serves to neutralize the negative charge of the gamma phosphate of ATP 

to stabilize its intermediate state28.    

The activation loop of the kinase experiences large structural changes as the 

enzyme transitions from the inactive conformation to the active conformation and back. 

This loop contains what is known as the DFG motif since it is comprised of a conserved 

aspartate (D), phenylalanine (F), and glycine (G) triplet29.  In many kinases, the DFG 

motif adopts the putative “out” conformation in the inactive state of the enzyme, 

exposing an allosteric site which is obstructed by phenylalanine in the active 

conformation.  The transfer of phosphate from ATP to its substrate is catalyzed by the 

aspartate residue, causing rotation of the DFG motif such that the active site is revealed 

and the allosteric site is blocked (Figures 1.4 and 1.5)30.  Substrate access is often 

allowed by stabilization of the activation loop in the active conformation through 

phosphorylation of a residue on this loop.  
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Figure 1.4.  The various active and inactive conformations of the activation loop 
(left=purple, right=blue); P= phosphorylation.  Adapted from Liu et al.30.   

 

Type I kinase inhibitors.  The initial strategy to develop kinase inhibitors was to 

mimic the binding interaction of ATP with the kinase.  This first generation of small 

molecule kinase inhibitors, described as type I inhibitors, target the ATP binding site of 

the enzyme in the active form30.  The DFG-out conformation of the DFG motif is 

therefore not required for these inhibitors to bind (Figure 1.5, left).  The common feature 

of the type I inhibitors is the mimicry of ATP in their interactions with the residues of the 

hinge region25.  When an inhibitor scaffold contains functionality that can interact with 

individual amino acids at the ATP binding site of the target of interest, specificity may be 

achieved24.  The development of inhibitors with selectivity for one kinase of the human 

kinome has been exceedingly challenging due to the high conservation of their ATP 

binding sites.  Thus, type I inhibitors are often only moderately specific for a unique 

kinase26.  Of course, an optimal inhibitor would possess potent on-target activity while 

excluding off-target kinases in order to limit the impact of the inhibitor on critical, normal 

cellular functions24,26. 
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Figure 1.5.  A depiction of the active and inactive states of protein kinases.  (left) The 
ATP binding site adopting the DFG-in activation-loop conformation (or active 
conformation) upon binding of ATP.  (right) The ATP binding site adopting the DFG-out 
activation-loop conformation (or inactive conformation) upon binding of a representative 
type II inhibitor. Adapted from Liu et al.30.   

 

Type II kinase inhibitors.  Although it was not initially designed to do so, the first 

small molecule kinase inhibitor to reach the market, imatinib or Gleevec, recognized an 

alternative conformation of a kinase30.  Eventually, crystallographic evidence indicated 

that imatinib, an inhibitor of cKIT, Abl, and PDGFR which is approved for treatment of 

chronic myeloid leukemia, bound an inactive form of its targets, simultaneously 

preventing binding of both nucleotide and protein substrates30.  The orientation of the 

DFG motif in the inactive form alters the ATP binding site by exposing the allosteric site.  

Imatinib and similar inhibitors, classified as type II kinase inhibitors, occupy this 

additional hydrophobic pocket exposed by this conformation of the activation loop as 

well as the ATP binding cleft (Figure 1.5, right)31.  Although the novel mode of binding 

of imatinib was discovered by chance, it inspired the development of a new generation 

of inhibitors.  Examples of other type II inhibitors include BIRB796, the MEK1/2 

inhibitor31, and sorafenib32, a Raf/MEK/ERK pathway inhibitor.    
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Type II inhibitors typically consist of two domains known as the head and tail30.  

The head domain mimics type I inhibitors with functional groups designed to hydrogen 

bond with the hinge region as well as hydrophobic regions to interact with the ATP 

binding cleft, while the tail domain includes hydrogen bonding groups and hydrophobic 

moieties designed to occupy the allosteric site formed by the DFG out conformation30.  

Additional selectivity is often achieved through binding in the allosteric site since the 

amino acids surrounding it are less conserved among kinases when compared to the 

amino acids in the ATP binding pocket.  However, the development of type II inhibitors 

might not be achievable for every kinase since some kinases do not seem to adopt the 

DFG-out conformation30. 

Despite the heightened interest in protein kinases as drug targets, there are 

currently only 13 ATP-competitive small molecule kinase inhibitors approved by the 

FDA (Table 1.1), which highlights the problems and limitations encountered in the 

development these compounds.  For example, as previously mentioned, due to high 

conservation of the ATP-binding domain, type I inhibitors are often plagued by poor 

selectivity among alternate members of the kinase family and thus require intensive 

optimization campaigns and modifications.  Although the potential of type II inhibitors to 

improve efficacy through selective targeting of unique allosteric sites was initially 

exciting, it has recently been demonstrated that, through kinase active site amino acid 

mutations, protein kinases can become insensitive, or resistant, to these small molecule 

inhibitors33.  One well-characterized example of this is Bcr-abl, the target of Gleevec, 

which converts a binding site cysteine to a threonine, precluding binding of the 

inhibitor34.  Hence, there remains a need to produce kinase inhibitors which further 
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explore chemical space in order to circumvent resistance and to selectively target 

individual kinases.  

Table 1.1  FDA-approved ATP-competitive kinase inhibitors35,36. 

Inhibitor 
 

Target Indication 

Imatinib BCR-ABL, PDGFR, and KIT CML and GIST* 
Dasatinib BCR-ABL CML 

 Nilotinib  BCR-ABL CML 
Gefitinib EGFR Non-small cell 

lung cancer 
Erlotinib EGFR Non-small cell 

lung cancer and 
pancreatic cancer 

Lapatinib EGFR and ERBB2 Breast cancer 
Sunitinib VEGFR2, PDGFR, and KIT Renal cell 

carcinoma, GIST, 
pancreatic cancer 

Sorafenib VEGFR2 and PDGFR Renal cell 
carcinoma and 
hepatocellular 

carcinoma 
Pazopanib VEGFR2, PDGFR, and KIT Renal cell 

carcinoma 
Crizotinib ALK/c-MET Non-small cell 

lung cancer 
Vemurafenib BRAF Melanoma 
Vandetanib VEGFR-2, EGFR, RET, and ErB-1 Medullary thyroid 

cancer 
Ruxolitinib JAK1/JAK2 Myelofibrosis 

*CML: chronic myeloid leukemia, GIST: gastrointestinal stromal tumor. 

 

ROCK identification, structure, and regulation. Various aspects of cell shape, 

motility, proliferation, and apoptosis are regulated by the small GTP-binding Rho family 

proteins, including Rho, Rac1, and Cdc4237.  ROCKs, or Rho-associated coiled-coil 

containing protein kinases, is the first known downstream effectors of Rho38.  Through 

regulation of myosin light chain (MLC) phosphorylation, ROCKs serve as mediators of 
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actin cytoskeletal changes induced by RhoA39.  ROCKs belong to the serine/threonine 

(Ser/Thr) family of protein kinases which are most homologous (45-50%) to other actin 

cytoskeletal kinases, including myotonic dystrophy kinase (DMPK), citron kinase, and 

myotonic dystrophy-related cdc42-binding kinase (MRCK)38,40.  In the mammalian 

system, two ROCK isoforms have been identified.  ROCKI (ROK or p160ROCK), 

found on chromosome 18, encodes a protein of 1354 amino acids41.  ROCKII (ROK or 

“Rho-kinase”), located on chromosome 12, encodes a 1388-amino acid protein41.  In 

1996, an overlay assay utilizing GRP-bound RhoA as a probe for expression screening 

and a glutathione S-transferase (GST)-bound affinity column first identified ROCKII as a 

Rho-binding protein38,40.  Subsequently, a ligand overlay assay successfully purified 

ROCKI39.   

Rho-kinase consists of an N-terminal extension, a protein kinase domain, a C-

terminal extension forming a central coiled-coil region encompassing the Rho binding 

domain (RBD) at its C terminus, and a C-terminal putative pleckstrin homology (PH) 

domain which includes a cysteine-rich subdomain (Figure 1.6). The coiled-coil region is 

believed to function by interacting with other alpha-helical proteins while the PH domain 

participates in protein localization42.  In the absence of Rho binding, an intramolecular 

interaction between the kinase domain and the C-terminal PH domain comprises an 

autoinhibitory mechanism43.  The two ROCK isozymes (ROCKI and ROCKII) exhibit 

92% sequence identity in their kinase domains and 64% amino acid identity overall44.  

Non-identical residues located specifically in proline-containing regions of the PH 

domains cause the tertiary structures to differ enough to allow activators to recognize 

each isoform specifically45.   
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Figure 1.6. ROCK sequence with important regions denoted.  Adapted from Yamaguchi 
et al.44.   

 

The N-terminal extension of rho-kinases is required for catalytic activity, as is 

typical of ACG kinases, and forms an intermolecular helix-bundle fold, known as the 

capped helix-bundle (CHB) domain44.  This region functions by bringing two molecules 

of ROCK together to form a tightly associated head-to-head homodimer (Figure 1.7)44.  

It has been observed that the dimerized ROCK kinase domain exists in an active state 

in the absence of phosphorylation that occurs due to the sandwiching of the C-terminal 

domain extension between the CHB domain.  This causes the “hydrophobic motif,” a 

conserved sequence of 6 residues (FXXF[T/S][F/Y]) to bind the hydrophobic groove on 

the kinase domain, thereby stabilizing the active state44, allowing the activation loop to 

adopt an open conformation, permitting nucleotide and substrate binding and 

subsequent catalysis44.  Here, X represents any amino acid residue contained within the 

C-terminal extension. 
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Figure 1.7.  The homodimeric structure of the Rho-kinase protein comprised of the 
kinase domain and the N- and C-terminal extensions.  (Top) Looking down the 2-fold 
axis of the dimer structure.  The N-terminal extension is shown in green for one 
molecule and orange for the other, the kinase domain is shown in cyan for the N-
terminal lobe and blue for the C-terminal lobe, and the C-terminal extension is shown in 
red.  Inhibitor molecules are shown as sticks. (Bottom) Looking at the dimer in an 
orthoganol direction.  The N and C termini are denoted.  Adapted from Yamaguchi et 
al.44.   

 

 As referenced above, the activation loop is crucial in catalysis and defines the 

disposition of the DFG motif.  Rho-kinase undergoes autophosphorylation and thus has 

a conserved threonine (Thr249) at the central phosphorylation position of its activation 

loop for this purpose46,47.  However, crystals of dimerized ROCK constructs have shown 

that even in the absence of Thr249 phosphorylation, the activation loop is moved away 

from the catalytic center in an open and extended conformation permissive to nucleotide 
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and substrate binding.  This observation suggests that ROCK may be incapable of 

adopting an inactive, DFG-out conformation amenable to inhibition by a type II inhibitor.  

This hypothesis is supported by the well-documented observations that the closely 

related kinases protein kinase C (PKC) and cyclin dependent kinase (CDK) are 

incapable of assuming the DFG-out conformation30.  It should be noted, however, that 

truncated mutants of ROCK, lacking the autoinhibitory carboxy-terminal region, have 

been observed to be constitutively active.  Therefore, it is not surprising that constructs 

lacking this region adopt active and open conformations, in the absence of 

phosphorylation.  Thus, the conformations observed in the crystal structures of such 

constructs may not accurately represent the conformations of full-length proteins.  To 

date, there is no crystallographic data for full length ROCK proteins.  Therefore, it is 

unknown whether the development of a type II inhibitor of ROCK may even be possible, 

but at least without the aid of crystallographic data of an inactive state, it will certainly 

prove difficult.         

As referenced previously, the amino-terminal kinase domain of ROCK is inhibited 

by the autoregulatory carboxy-terminal region which folds back onto the kinase domain 

and maintains the enzyme in an inactive state48.  Binding of the active GTP-bound form 

of Rho to the RBD of ROCK disrupts this negative regulatory interaction, resulting in an 

active kinase domain48.  This conformation might also be effected through the binding of 

arachidonic acid (AA) or sphingosylphosphorylcholine to the PH domain or by cleavage 

of the carboxyl-terminus by caspase-3, in the case of ROCKI, or by granzyme B or 

caspase-2, for ROCKII (Figure 1.8).  As mentioned, cleavage of the carboxy-terminal 

region also results in an activated enzyme49-53.  The observed closed-to-open 
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conformation of Rho kinase activation is comparable to the activation of DMPK and 

MRCK and agrees with the results of experiments in which several full-length ROCKs 

with defective kinase domains or constructs of the carboxyl-terminus of ROCK 

functioned as dominant-negative mutants of ROCK kinase activity54-58.  In addition to 

these regulators, ROCKs are also capable of activation through amino-terminal 

transphosphorylation55,59. 

 

 

Figure 1.8.  Activation mechanisms of ROCK.  Adapted from Francis60. 

 

Rho kinases may also be inhibited by small GTP-binding proteins61,62.  For 

example, RhoE inhibits ROCKI by interacting with the N-terminal region and preventing 

Rho from binding to the RBD61,63.  Gem and Rad, other small proteins which similarly 
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bind GTP, also negatively regulate ROCK activity, as well as other enzymes, including 

Rad, Raf-1, p21(Cip1/WAF1), and aurora-A/serine/threonine kinase 15 (STK15)64-66.  It 

is believed that these inhibitors are involved in actinomyosin contractility regulation, 

though these mechanisms are yet to be defined65.  This collection of ROCK regulators 

which can be activated through GTP binding, phosphorylation, or protein binding, 

comprise a localized signal-responsive mechanism for ROCK-mediated assembly and 

contraction of the actin cytoskeleton, a necessary function for cellular polarization, 

motility, contraction, and adhesion67-69.  

Downstream targets of ROCK.  Cellular responses mediated by ROCK begin 

with the activation of Rho by a signaling molecule such as lysophosphatidic acid (LPA) 

or sphingosine-1 phosphate (S1P).  These signals stimulate the Rho guanine nucleotide 

exchange factor (GEF) and promote the formation of active GTP-bound Rho.  ROCK is 

then stimulated to affect an array of cellular processes, especially those of the actin 

cytoskeleton39.  Specifically, through phosphorylation of a range of different proteins, 

such as LIM kinases, myosin light chain (MLC) phosphatase, adducin, and ezrin-radixin-

moesin (ERM) proteins, ROCKs mediate actin cytoskeleton assembly and cell 

contractility.  However, these proteins may also be phosphorylated by alternate 

serine/threonine kinases, including protein kinase C, protein kinase A, and G-

kinase70,71.  ROCK substrates contain one of two consensus sequences: R/KXS/T or 

R/KXXS/T (R: arginine; K: lysine; S: serine; T: threonine)72-75.  Additionally, the function 

of ROCKs may be modulated through auto-phosphorylation56,76.      

ROCK cellular functions.  Presently, over 20 substrates of ROCK have been 

identified (Figure 1.9)77.  By phosphorylating several downstream effectors including 



 17 

serine/threonine LIM kinases (LIMKs), ezrin, radixin, moesin, adducin, the myosin light 

chain (MLC), intermediate filament proteins such as glial fibrillary acidic protein (GFAP), 

vimentin, and neurofilaments, ROCKs serve to regulate every phase of cellular 

migration by influencing critical processes such as actin polymerization, focal adhesion 

formation, and cellular contractility.  ROCK also functions as an important mediator of 

the initiation and execution phases of apoptotic events; here, regulated by a caspase or 

granzyme B, ROCK controls both the extrinsic and intrinsic apoptotic pathways through 

manipulations of the cytoskeleton.  This is accomplished through activation of proteins 

such as MLC to drive processes including the formation of membrane blebs containing 

the nuclear disintegration of DNA.  ROCKs have also been shown to control the 

expression of cell surface markers which target apoptotic bodies for phagocytosis60.   
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Figure 1.9.  A depiction of the various substrates of ROCK phosphorylated after 
activation of ROCK by GTP-bound Rho60. 

 

 Role of ROCKI/II in inflammation.  Multiple studies have observed increases in 

ROCK activity during the initiation of the inflammatory response and attenuation of 

inflammation by ROCK inhibitors78-81.  For example, ROCK phosphorylates IκB kinase 

(IKK) resulting in the activation of NF-κB.  NF-κB then migrates to the nucleus where it 

initiates the production of cytokines such as IL-1, IL-6, and TNFα by macrophages.  The 

resultant cytokine gradient recruits leukocytes, which must transverse the endothelial 

barrier from microvessels to the site of inflammation.  ROCK has been observed to be 

activated at inflammatory arteriosclerotic lesions in human, and through inhibition of NF-

κB activation, ROCK inhibition has been shown to significantly limit early atherosclerotic 
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plaque formation in apolipoprotein E-knockout (apoE-KO) mice and low-density 

lipoprotein receptor knockout (LDLR-KO) mice82.     

Through phosphorylation of MLC, ROCK also affects the contraction of 

endothelial cells, enhancing the permeability of the endothelial barrier and allowing 

transmigration of the leukocytes78.  Y-27632, a highly selective inhibitor of ROCKs both 

in vitro and in vivo, has been observed to prevent human neutrophil migration in 

response to chemoattractants through suppression of MLC phosphorylation in vitro, 

reestablishing the integrity of the endothelial barrier79.   Furthermore, the treatment of 

rats with Y-27632 after implantation of tumor into the peritoneal cavities reduced the 

rates of dissemination in vivo79.   

Inhibitors of ROCKI/II.  Perhaps the most well-known examples of these are the 

type I inhibitors, notably Y-27632 and Fasudil, which were originally discovered in a high 

throughput, small molecule screen for inhibition of vasodilatory activity.  Neither of these 

inhibitors is capable of distinguishing between the ROCK isoforms, thus, they are both 

equipotent in terms of their inhibition.   

Fasudil, also known as HA-1077 and AT877, is based on the isoquinoline 

scaffold and inhibits both ROCK isoforms with an IC50 of 300 nM83.  Crystallographic 

data has shown that Fasudil binds ROCK at the ATP binding site in two distinct modes 

(Figure 1.10).  In each, Fasudil occupies the space normally filled by adenine with its 

isoquinoline ring which binds to the hinge region of ROCK by accepting a hydrogen 

bond from the amide nitrogen of Met156 (ROCKI) or Met172 (ROCKII), while the 

homopiperazine ring resides at the cleft entrance84-86.  The binding modes differ in that, 
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in one mode, the homopiperazine ring forms a pair or polar interactions with the side 

chains of an Asn and an Asp residue, while in the other mode, two bond rotations about 

the central sulfur atom of the sulfonyl group shift the homopiperazine such that it then 

forms hydrogen bonds with functionality of alternative residues, specifically the side 

chain carboxylate of an Asp and the main chain carboxylate of an Asp residue44.  In 

1995, Fasudil was marketed in Japan for the treatment of cerebral vasospasms.  Even 

with its use in over 125,000 patients to date, only minimal side effects have been 

reported.  These data are especially interesting since ROCK is ubiquitously 

expressed53.   

a. b.  

Figure 1.10.  The nucleotide binding pockets of Rho-kinase molecules (a) A and (b) 
B, showing the residues that interact with Fasudil. 

 

Y-27632 is an inhibitor based on an aminopyridine scaffold and is found to affect 

smooth muscle contraction through binding of ROCKI and ROCKII with a Ki of 220 

nM53,87.  While crystallographic data shows that Y-27632 adopts a similar binding mode 

to that of Fasudil, Y-27632 also experiences additional interactions including a critical 

water bridge between its amide carbonyl and the nitrogen of the main chain of Asp216 

as well as interactions between the amine of Y-27632 and the Asn203 and Asp216 side 
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chains86.  Efforts to optimize this inhibitor, by substituting the pyridine ring of Y-27632 

with a pyrrolo-pyridine moiety which forms an additional interaction with the hinge region 

of ROCK by donating a hydrogen bond to Glu154 (ROCKI) or Glu170 (ROCKII) (Figure 

1.11), lead to the development of Y-39983 (Ki= 50 nM). 

 

a.  b.  

Figure 1.11.  Molecular structures of (a) Y-27632 and (b) Y-3998390. 

 

Several aminofurazan inhibitors of the kinase domain of recombinant ROCKI 

were also identified from a high-throughput screen of the GlaxoSmithKline compound 

collection (Figure 1.12, c).  The inhibitors SB-772077 and GSK-269962-A were 

identified through optimization of this series. It has been hypothesized, by Doe et al., 

that the aminofurazan functionality resides in the adenine binding site where it interacts 

with hinge region residues, however the crystal structures of these compounds with the 

enzyme have not yet been solved87.  These inhibitors are presently being optimized as 

therapeutics in inflammatory diseases and hypertension87.    
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a. b. c. d.  

Figure 1.12.  The prototypical members of each chemical class of ROCK inhibitors60.  a. 
Isoquinoline series (Fasudil).  b. Aminopyridine/Pyrrolopyridine series (Y-27632).  c. 
Aminofurazan series (SB-772077).  d. Amide/Urea series (SR3677).   

 

Due to their drug-likenesses, amides and ureas also serve as the 

pharmacophores of several inhibitors (Figure 1.12, d)39.  Notable members of this 

series include SR3677 and RhoKinase Inhibitor II, a commercially available inhibitor91.  

Similarly to the pyrrazole functionality of Y-27632, these inhibitors harbor the critical 

hydrogen-bond donor/acceptor groups which interact with the hinge region.  

Additionally, molecular modeling studies suggest a critical hydrogen bond is formed 

between the carboxylate side chain of a nearby aspartate residue and the protonated 

primary amine of the inhibitor, although the crystal structure is not yet available.  This 

interaction is predicted by Feng et al. to be responsible for the demonstrated ten-fold 

ROCK inhibition increase when compared to an identical compound lacking this 

functionality91.   

All known inhibitors are believed to interact with the hinge region residues of the 

ROCK isoforms, indicating critical ligand-ROCK interactions that account for their 

observed affinities91.  Firstly, inhibition of ROCKI/II is primarily driven by hydrogen-donor 

and acceptor bonds between the hinge region and the ligand.  A heterocyclic ring is 

often incorporated for this hydrogen bonding functionality as well as for its ATP binding 
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site complementarity.  Alternative interactions, such as hydrogen bonding between the 

main chain amide nitrogen and the carboxylate side chain of a proximal aspartate 

residue, have been suggested to enhance ROCKI/II binding.  Taken together, these 

results combined with computational studies may be used in the optimization of new 

inhibitors of ROCK. 

Inhibitor selectivity among the human kinome.  The development of inhibitors 

selective for ROCK over other kinases has been challenging due to the ATP-binding 

site homology among kinases and the lack of an observed and reported inactive ROCK 

state for the development of a type II inhibitor.  Due to the latter, all current ROCK 

inhibitors bind at the ATP-binding site and compete with cellular ATP, making them type 

I inhibitors53.  Although the ability to develop a type II inhibitor is typically advantageous, 

since several selectivity profiles have shown that type II inhibitors are typically less 

promiscuous than type I, there have been examples of exceptionally specific type I 

inhibitors92-98.  The inhibitor of p38α mitogen-activated protein kinase (p38α), VX-745, 

and the inhibitor of epidermal growth factor (EGFR), CI-1033, are both highly selective 

type I kinase inhibitors and, in fact, both have entered into clinical development97.  

Therefore, despite the highly conserved ATP binding site, such successes demonstrate 

the feasibility of optimizing type I kinase inhibitors for selectivity.        

Recently, Huang et al. conducted a network analysis to assess the selectivity 

potential of individual kinases of the human kinome98.  Rather than determining 

similarity over the entire kinase, they compared specific residues of the ATP binding 

site.  Once the residues of this binding cleft were determined, the available literature 

referencing the development of selective type I inhibitors was used to determine 
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important residues (Figure 1.13).  A 9-bit fingerprint, based on the size of the 

gatekeeper residue and the resultant accessibility of the hydrophobic pocket, hydrogen 

bonding ability of the gatekeeper, possible covalent bonds with cysteine side chains, 

hydrogen bonding ability at specific positions, the intrinsic flexibility of the hinge loop, 

and the size of the adenine pocket, was then used to encode these residues (Figure 

1.14).  Finally, the resultant fingerprints were used to analyze the network.   

 

Figure 1.13.  A representation of a kinase ATP binding site with residues numbered 1 to 
36 according to their occurrence along the sequence.  Red circles are most conserved 
(>90%), blue circles are moderately conserved (70-90%), and cyan circles are not 
conserved (<70%).  Adapted from Huang et al.98. 
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Figure 1.14.  9-bit fingerprint selectivity features.  Each bit represents a strategy and is 
assigned an integer value.  Adapted from Huang et al.98. 

 

Figure 1.15 represents the network of kinase selectivity potential of the human 

kinome.  As shown, these kinases are divided into sets A (triangles) and B (circles), with 

set A kinases having large gatekeeper residues while the gatekeeper residues of set B 

are small.   

 

Figure 1.15.  The kinase selectivity potential network.  Set A represents kinases with 
bulky gatekeeper residues; B represents those with small gatekeeper residues.  ROCK 
is boxed in red.  Adapted from Huang et al.98. 
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With methionine as the gatekeeper of the Rho kinases, it is a member of set A.  

Other specific attributes then result in the inclusion of the ROCKs in cluster 4 of the 

network.  Kinases in small clusters with few links tend to have a greater potential for 

development of specific inhibitors, and the occurrence of the ROCKs in cluster 4, which 

contains only 25 kinases, suggests that the potential for a selective inhibitor is high.  

This result is mainly due to bit 9, which assesses the existence of a hydrophobic motif 

(HM) within the adenine binding pocket.  Specifically, a carboxy-terminal chain folds 

back into the amino-terminal lobe, across the catalytic cleft, positioning a phenylalanine 

residue (Phe368 in ROCKI; Phe384 in ROCKII) on one side of the adenine binding 

pocket (Figure 1.16)24.  This residue significantly contributes to the contact between the 

protein and the ATP molecule, and is a distinguishing characteristic of the AGC 

subfamily to which ROCKs belong.  Therefore, although only moderate selectivity has 

been achieved to date, these results suggest that the potential to develop a specific 

inhibitor is great and worth pursuit. 

 

Figure 1.16.  Fasudil bound into the ATP binding cleft of ROCKII (PDB: 2F2U).  Phe384 
is circled.   
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Y-27632 and Fasudil have been observed to inhibit additional kinases besides 

ROCK with equal potency, including protein kinase N (PKN, or PRK2).  Additionally, 

both are observed to inhibit mitogen-and stress-induced kinase 1 (MSK1), mitogen-

activated protein kinase 1b (MAPKAPK1b), and phosphorylase kinase (PHK) with 

reduced effectiveness99.  At present, SR3677 remains the most selective ROCK 

inhibitor known, acting on only five alternate kinases (Akt, Clk1, Clk2, Clk4, and Lats2) 

at over 50% inhibition in a profiling screen of 353 kinases91.  Although the clinical 

validation of Fasudil has demonstrated that its promiscuity is tolerable, the development 

of inhibitors specific for ROCK is important to avoid off-target binding and to improve 

efficacy. 

ROCK isoform distinctions.  In many cases, the biological functions of ROCKI 

and ROCKII isoforms cannot be separated, likely as a result of the high degree of 

homology within the kinase domain (92%) of the isoforms and the redundancy in their 

pathways100-103.  However, recent evidence has shown that differential expression levels 

of the ROCK isoforms (ROCKII is highly expressed in the brain and weakly expressed 

in the lung, while ROCKI is highly expressed in the heart, lung, skeletal muscle, kidney, 

and pancreas, moderately expressed in the placenta and liver, and very weakly 

expressed in the brain) and distinct interaction partners in individual tissue types point to 

a potential therapeutic benefit of  selectively inhibiting a unique isoform, thereby 

improving the efficacy of ROCK inhibitors104,105.  Furthermore isoform-specific inhibitors 

are necessary for validation and further research of cellular ROCKI/II functionality. 

Recently, insights into the biology of the ROCK isoforms have been provided by 

genetic studies, animal disease models, and short interfering RNA (siRNA)-based gene 
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silencing experiments in vitro.  Specifically, fibroblasts and vascular smooth muscle 

cells have shown that ROCKI and ROCKII perform distinct non-redundant functions103.  

In particular, while disassembly of stress fibers in fibroblasts is effected by knockdown 

of ROCKI but not ROCKII, the same phenotype is mediated by knockdown of only 

ROCKII in smooth muscle cells103,106.  Additionally, only ROCKI is regulated by RhoE or 

cleaved, and thus activated, by caspase-3 at a conserved sequence in the carboxy-

terminal region, which is absent in ROCKII107-111.  However, granzyme B specifically 

cleaves and activates ROCKII during granzyme B-induced cell death112.  Furthermore, 

inositol phospholipids, such as PtdIns3,4,5,P3 and PtdIns4,5,P2, selectively activate 

ROCKII through interaction with the PH domain, suggesting a unique role for ROCKII in 

signaling events in the phospholipid pathway39,49,113,114.   

  Aside from upstream modulators, ROCKI and ROCKII also utilize specific 

downstream effectors to perform their biological functions.  For example, the induction 

of mesoderm is regulated by the degradation of transforming growth factor β type I 

receptor, which is specifically induced by ROCKII115.  Although both isoforms modulate 

MYPT1 activity in vascular smooth muscle cells, their effects on smooth muscle cell 

morphology differ.  ROCKII alone directly binds and phosphorylates MYPT1, while UV-

induced stress stimulates ROCKI to activate c-Jun N-terminal kinase (JNK) and to bind 

and phosphorylate JNK-interacting protein 3 (JIP-3), thus inducing apoptosis106,116.  

Additionally, the ROCKI-LIMK2 interaction specifically modulates cell spreading of 

breast cancer cells during the mesenchymal-mode of 3D-migration117.   

Role of ROCK isoforms in disease.  Pathological conditions have also identified 

the significance of the ROCK isoforms in function and regulation.  For example, 
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pressure overload cardiac hypertrophy in mice, induced by aortic banding, has shown 

that after 3 weeks in a state of stable hypertrophy, levels of ROCKI expression are 

increased and ERM phosphorylation was observed.  However, no alteration of ROCKII 

expression levels were detected.  Cardiac hypertrophy was not affected by disruption of 

ROCKI, but in ROCKI-/- and ROCKI+/- mice, a significant reduction in the development 

of fibrosis in the myocardium was observed118,107.   

Distinct contributions have also been identified for the ROCK isoforms in cancer.  

ROCKII levels have been reported to be increased in colon, hepatocellular, and bladder 

cancers, and short-hairpin RNA reduces lung metastasis by silencing ROCKII108-110.  

High expression levels of ROCKI occur in human mammary tumors and are predictive 

of poor clinical outcomes and patient survival rates111.  The transformation of hormone-

refractory prostate cancer has also recently been associated with elevated levels of 

ROCKI119.  In such cases, progression of disease may either be caused by the result of 

overexpression of a ROCK isoform or it may in fact be the cause.   

In another study of the pathological distinctions between the isoforms, ROCKII 

specific substrates in the brain were probed to understand the differences in expression 

of the isoforms, and a unique phosphorylation of the collapsing response mediator 

protein-2 (CRMP2) by ROCKII was observed.  Disregulation of the phosphorylation of 

CRMP2, a neuronal protein involved in lysophosphatidic acid (LPA)-induced growth 

cone collapse in axon growth, plays a role in neural progression disorders120.  This 

observation implicates ROCKII in the abnormal neurological condition progression, and 

confirms that distinct physiological roles exist for the ROCK isozymes121.    
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The observation of a specific substrate of ROCKII in neural tissue motivated the 

use of small interfering RNA (siRNA) to reduce the expression of each of the isoforms of 

ROCK in different types of tissues.  From this, a number of isoform-specific functions 

have been identified in vitro45.  For example, Yoneda et al. reportedly observed distinct 

cellular morphologies upon selective ROCKI or ROCKII reduction88.  When ROCKI was 

reduced in embryonic fibroblast cells, long thin processes were extended from cells, 

while small disc-like extensions were induced upon reduction of ROCKII45,88.  

Additionally, ROCKII-depleted cells displayed strongly down-regulated phagocytic 

function in comparison to ROCKI-depleted cells as a result of these morphological 

changes45.  It is suspected that this is due to the lipid-binding preferences of the PH 

domains of the ROCK isoforms, specifically only ROCKII binds PtdIns3,4,5P, since 

phosphoinositol signaling initiates phagocytic function45.  Together, these results imply 

that actin dynamics are regulated by ROCKI and ROCKII through the coordination of 

distinct signaling pathways under specific cellular conditions.  

Isoform knockout mice.  To further study the role of the isoforms of ROCK in 

disease, ROCKI (ROCKI-/-) and ROCKII (ROCKII-/-) knockout mice have been 

generated122,123.  Births of the ROCKI (ROCKI-/-) knockout mice are observed in the 

expected Mendellian ratios, however, births of ROCKII (ROCKII-/-) knockout mice are 

sub-Mendellian since 90% experienced placental dysfunction and subsequently died in 

utero123,124.  Reduced blood flow caused by problems in the placental labyrinth layer as 

well as intrauterine growth retardation stemming from the formation of a thrombus in the 

labyrinth layer of the placenta resulted in this observed embryonic lethality of ROCKII-/- 

mice123.  Both ROCKI and ROCKII knockout mice experienced eyes open at birth (EOB) 
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and omphalocoele, a failure to close the wall of the ventral body during ontogenetic 

development, leading to the protrusion of intestinal organs123. Those ROCKII knockout 

mice which survive the above intrauterine and prenatal problems, however, appear to 

develop normally into healthy, fertile adults showing no bodily or functional 

abnormalities, as is seen in the ROCKI knockout mice122,123,125,126.  These results show 

that ROCKII knockout mice do not experience a compensatory up-regulation of ROCKI 

expression, implying each isoform has an independent cellular function.   

The contributions of ROCKI to pathological conditions have also been studied in 

ROCK knockout mice.  For example, it has been observed that partial or full deletion of 

ROCKI served to reduce cardiac fibrosis in models of chronic high blood pressure, while 

cardiomyocyte hypertrophy remained unaffected125,126.  Cardiomyocyte apoptosis, an 

important contributor to the progression of heart failure, has also proven to be 

dependent on ROCKI through ROCKI knockout studies125.  Together, these studies 

indicate that the pathophysiological responses to high blood pressure require ROCKI 

and support the targeting of ROCK in the development of therapeutics of specific 

cardiovascular diseases125,127.  In another example, ROCKI deletion has been shown to 

be insufficient, in preventing renal fibrosis in a uretal obstruction model128.  This result 

may suggest compensatory action by ROCKII or that, in this specific tissue, ROCKII is 

dominant128.  In further studies, altered spine length and deficits in basal synaptic 

function were observed in ROCKII knockout mice, indicating a critical role for ROCKII in 

neurological function and normal brain anatomy121. 

Isoform selectivity of ROCK inhibitors.  Even with this increasing evidence of 

distinct ROCK isoform function in normal and pathological conditions, isoform selectivity 
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is rarely addressed in recent ROCK inhibitor patents129-132.  For example, all publicly 

accessible ROCK inhibitors before 2008 were equipotent against both ROCK isoforms.  

Although SR3677 has shown some selectivity for ROCKII over ROCKI (20-fold), the 

most isoform selective inhibitor identified to date is SLx-2119 (ROCKI Ki= >10 μM, 

ROCKII Ki= 100 nM), an inhibitor in development as a therapeutic for liver fibrosis and 

steatosis60.  An isoform-selective inhibitor is expected to enhance efficacy, due to 

several factors including differing tissue expression levels of the isoforms, different 

cellular substrates of each isoform, a lack of compensation of one isoform for the other, 

and differences in the subcellular localization of the ROCKs.  In support of this 

hypothesis, in apolipoprotein-E-deficient mice, SLx-2119 has also been reported to 

attenuate arterial plaque formation while avoiding hemodynamic side effects known to 

be problematic with non-selective ROCK inhibitors133. 

Biochemical versus cell-based assays.  A primary goal in this research is to 

discover the molecular attributes of the BZD inhibitor series that confer potency as well 

as isoform selectivity.  Although many biochemical assays have been developed to 

measure the effects of compounds on ROCKI and ROCKII, they generally utilize 

constructs of the ROCK enzymes which primarily represent their kinase domains 

(residues 1-543), rather than the full length proteins (>1300 amino acids).  As detailed 

above, the domains contained in the C-termini of ROCKs serve to regulate the activity 

of the enzyme through autoinhibition and mediator recognition.  Because all known 

cellular isoform-selectivity is effected through interaction with the C-terminus of ROCK, 

the absence of these regions in the biochemical assays may result in an inaccurate 
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representation of the selectivity of an inhibitor.  These concerns highlight the need for 

cell-based ROCK assays incorporating native, full-length enzymes.   

Although the development of a ROCK inhibitor which targets the ATP-binding 

domain of a single isoform in the biochemical assay would nearly guarantee a 

translation to selectivity among the ROCK enzymes in the cellular environment, the 

cellular machinery (regulators, etc.) has clearly demonstrated that the regions of ROCK 

which possess the greatest potential for isoform-selective regulation lie far outside the 

kinase domain, in the C-terminus.  This implies that developing an inhibitor which is 

specific for the kinase domain of one ROCK isoform may be unnecessarily difficult.  It 

may in fact be advantageous to target regions of the C-terminus which are capable of 

being selectively recognized by effectors and mediators of ROCK instead.  This may be 

accomplished through either direct binding of these regions or through a conformational 

change which affects these domains, elicited by the binding of an inhibitor to the kinase 

domain.  In either case, rational design of such inhibitors is hindered by the lack of 

crystallographic data of full length proteins.   

 Preliminary studies.  BZD-29 was originally discovered by Glick et al. during lead 

optimization of a series of inhibitors of the mitochondrial F1F0-ATPase.  Instead of 

inhibiting this target, however, BZD-29 was found to be a potent and selective inhibitor 

of ROCKII in cells, and to effectively attenuate disease in the Shistosoma mansoni 

mouse model of chronic pulmonary inflammation, without evoking general toxicity.  

Furthermore, the IgG IC model of acute inflammation elucidated multiple non-redundant 

mechanisms of action by which BZD-29 reduces inflammation in the S. mansoni model, 

including inhibition of neutrophil migration, reduction of cytokine and chemokine levels 
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released from macrophages, and inhibition of the clustering of FcγRs on macrophages.  

Out of 353 kinases screened, BZD-29 inhibited only 3 enzymes, giving it a selectivity 

score of 0.008 and making it the most selective ROCK inhibitor to date.  This score also 

ranks BZD-29 among the most selective kinase inhibitors in general.    

Summary.  The work described herein includes molecular modeling, design, 

synthesis, and structure activity relationship studies of a series of 1,4-benzodiazepine-

2,5-diones.  These studies aim to characterize and optimize the structural elements 

required for potent inhibition of ROCK by these compounds and to better understand 

the requirements for specificity among the kinome and among the ROCK isoforms 

themselves.  Additionally, the approaches utilized in analog design were also assessed 

as to their abilities to predict quality analogs.
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Chapter 2 

CORRELATING MOLECULAR STRUCTURE WITH IN VITRO FUNCTION FOR 

SAR MODEL DEVELOPMENT 

Introduction 

Assessment of the possible correlations that exist between in vitro activity and 

the physicochemical properties of molecules helps to formulate models describing 

parallels between specific molecular attributes and molecular function1,2.  These models 

were vital since these inhibitors were targeting a protein where structural information 

was limited.  Specifically, the electronic, hydrophilic, and steric properties of compounds 

which demonstrated Rho-kinase inhibition were mapped to determine which properties 

were conducive to potent inhibition of ROCKII and/or ROCKII isoform selectivity.   

Chemical descriptors or parameters were used to describe these three features; 

their values have been experimentally determined for certain substituents and are 

reported in the literature.  Specifially, LogP and π values, both of which are determined 

through measurements of the partitioning of molecules between water and n-octanol 

and are used to describe hydrophilicity (lower values signify greater hydrophilicity)3,4.  

Similarly, electronic characteristics are described by σ, or the Hammett constants, and 

molecular size and steric properties are described using molecular weight (MW) and 

molar refraction (MR)2,5,6.  Polar surface area (PSA), defined as the sum of the surfaces 
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of polar atoms of a molecule, including attached hydrogens, is a property used to 

represent permeability (lower values tend to permeate more efficiently).  Table 2.1 

summarizes these descriptors7.   

Table 2.1.  Physicochemical properties and their respective descriptors7. 

Property Description 

LogP 
Describes hydrophilicity. 

Lower LogP= greater hydrophilicity 

π 
Describes hydrophobicity.  Higher π= 

more hydrophobic 

σ 
Describes electronic properties.  Lower σ= 

more electron rich 
MR Molar refraction.  Steric descriptor. 
MW Molecular weight.  Steric descriptor. 
PSA Polar surface area. 

  

Models of structure activity relationships.  The Free-Wilson analysis was one of 

the first models relating compound substitution to biological activity8.  In this approach, a 

statistical model is generated which correlates in vitro activity to compound 

substitution9.  The Free-Wilson analysis was refined by Corwin Hansch in order to 

derive a statistical model incorporating multiple substituent descriptors so that 

correlations may be identified when multiple characteristics are changed 

simultaneously2.  Additionally, in order to increase the interpretability of these analyses, 

Hansch set minimal statistical guidelines10.  The statistical Hansch analysis continues to 

be one of the most popular methods used in quantitative structure activity relationship 

(QSAR) campaigns11. 

 One significant hurdle in the analysis of compound data is the slow pace of 

synthesis relative to the rapid generation of in vitro activity.  Although QSAR is a 
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powerful tool in correlating molecular function with structure, in order to minimize 

chance correlations, this methodology requires expansive data sets12.  Therefore, when 

smaller data series are studied, alternative methods are used which qualitatively, rather 

than quantitatively, identify such associations13-15.   

One example of a qualitative approach that can be utilized without statistical 

models is the manual Hansch analysis.  First proposed by Topliss, this method 

examines only the hydrophobic and electronic properties of the substituents, π and σ15.  

This approach allows structure-function correlations with π and σ to be studied 

independently (Table 2.2, columns 2, 3, and 8) using the relationships outlined (Table 

2.2, Columns 4-7, 9, 10).  One advantage of such an analysis over QSAR methods is 

the ability to analyze data sets limited to as few as five compounds13,15.  In the manual 

Hansch analysis, molecules are ranked by each of their physicochemical relationships 

and also by potency.  When the potency ranking and a physicochemical property 

ranking match, a likely association between structure and in vitro activity is identified.  

New analogs are then based on the identified correlations.   

Table 2.2.  Relationships between π and σ used in the manual Hansch analysis7. 

X π σ π-σ 2π-σ π-2σ π-3σ -σ π+σ 2π-π2 

H 0 0 0 0 0 0 0 0 0 
4-Cl 0.71 0.23 0.48 1.19 0.25 0.02 -0.23 0.94 0.92 

4-CH3 0.56 -0.17 0.73 1.29 0.90 1.07 0.17 0.39 0.81 
4-CF3 0.88 0.54 0.34 1.22 -0.2 -0.74 -0.54 1.42 0.99 
4-Br 0.86 0.23 0.57 1.49 0.40 1.55 -0.23 1.09 0.98 

 

 The qualitative estimate of correlations in electronic or hydrophobic properties 

with in vitro activity is then used to predict new substituents that are likely to increase 
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potency.  For instance, if potency of a set of compounds increases as π increases but 

does not change with σ alterations, it is more beneficial to vary the π values of new 

analogs than to incorporate changes in σ values.   

1,4-Benzodiazepines: privileged structures.  The term “privileged structure” has 

emerged as one method of accelerating the drug discovery process, especially in cases 

in which structural information of the target is limited or even completely unknown.  

Evans first introduced the term “privileged structure” in 1988, in reference to the 1,4-

benzodiazepine-2-one heterocycle, as “a single molecular framework able to provide 

ligands for diverse receptors16.”  Recently, use of the privileged scaffold terminology has 

been expanded to include multiple molecules of the same structural nucleus having 

bioactivity, regardless of their ability to bind multiple targets.  These regularly occurring 

structural motifs are often composed of two or three heterocyclic ring systems 

connected by a single bond or fusion ring17,18.  Due to the recognition of the potential of 

privileged scaffolds as templates to be derivatized in the discovery of new protein-

binding ligands, they often function as the starting point in the development of libraries 

for the identification of novel bioactive molecules, even when the mechanisms 

responsible for the activity of these motifs are unclear19.   

Several general aspects of privileged structures combine to make them attractive 

templates for compound libraries in the discovery of new protein-binding ligands.  

Specifically, these structures are generally small heterocycles and thus often possess 

favorable solubility profiles.  Next, the non-planarity of the scaffolds tends to avoid 

promiscuous binding while their robust conformations provide stable template shapes, 

even as substitutions are varied during lead optimization20.  Relevant 3D-
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pharmacophores are also addressed by such structures due to their remarkable bond 

exit vector arrangement, and these entities often possess favorable a priori drug-like 

properties since they represent a balance of polarity as well as metabolic stability.  

Finally, privileged structures generally provide readily available libraries of compounds 

due to their facile synthesis20.    

Although simple empirical observations have led to the identification of many 

privileged structures, computational efforts have also been used to highlight the 

privileged nature of the molecular frameworks of known drugs.  These investigations 

revealed a significant proportion (24%) of drug molecules are based on a small number 

of molecular skeletons which can be classified as privileged structures, including 

pyrrolopyridine, benzodiazepine, and quinazoline6,17,18.  Specifically, the benzodiazepine 

nucleus is believed to be privileged due to its structural mimicry of a beta peptide turn 

(Figure 2.1)21.   
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(a)  

(b) (c)  

Figure 2.1.  (a) The 1,4-benzodiazepine nucleus.  (b) & (c) Views of the 1,4-
benzodiazepine nucleus (green) aligned with a β-peptide turn (grey) (PDB: 1N09)22. 

 

The central benzodiazepine receptor component of the GABAA receptor complex 

is likely the most well-known target of benzodiazepines21.  The GABAA receptor is a 

protein complex located in the synapses of neurons, controlled by the chief central 

nervous system inhibitory neurotransmitter, γ-aminobutyric acid (GABA)23.  In addition 

to two GABA binding sites, all GABAA receptors contain an ion channel which conducts 

chloride ions across neuronal cell membranes.  Benzodiazepines function through the 

promotion of binding of GABA to the GABAA receptor by locking the receptor into a 

specific conformation, resulting in more frequent opening of the associated chloride ion 

channel and an increase in the total conduction of chloride ions across the membrane of 

the neuron; this ultimately results in hyperpolarization of the membrane and a 

subsequent decrease in the excitability of neurons24,25.   
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As Evans initially acknowledged, benzodiazepines are capable of binding 

multiple receptors, and thus have been developed as inhibitors of an array of protein 

targets, including melancortin receptor, potassium channels, Src protein tyrosine kinase, 

HIV reverse transcriptase, platelet aggregation factor, endothelin receptor, 

cholecystokinin, AMPA/kainite, phosphodiesterases-4, oxytocin, cMpl, vasopressin V2, 

HIV type 1 virus TAR-RNA, bradykinin B2, and fibrinogen26-47.    

Mechanism of action studies.   When developing inhibitors of kinases, it is 

important to consider the different mechanisms of kinase regulation which exist and 

which may be exploited by such inhibitors.  Although there are a variety of possibilities 

of how an inhibitor might bind to a protein kinase, the majority act by competing either 

for the ATP binding site or for the substrate binding site.  Due to the structural 

similarities between BZD-29 and other ATP-competitive kinase inhibitors, the 

observation that all known ROCK inhibitors act by competing for ATP, and the 

knowledge that the vast majority of all protein kinase inhibitors bind at the ATP cleft, it 

was hypothesized that BZD-29 inhibited ROCK through competition for the ATP binding 

site.   

Mechanism of action studies are designed to assign a specific inhibition mode to 

a compound based on how the rate of the kinase enzymatic reaction is affected by 

changes in different parameters.  The most common types of inhibition are competitive, 

noncompetitive, and uncompetitive64.  A competitive inhibitor binds to the target at the 

same binding site as the endogenous ligand in question (ATP or substrate), preventing 

activation of the enzyme by competing for the same binding site, and thus reducing its 

ability to catalyze the transfer of phosphorous from ATP to a substrate.  A non-
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competitive inhibitor may either bind to the same site as the endogenous ligand or to an 

allosteric site, and in either case will reduce the maximum reaction velocity of the 

enzyme.  An uncompetitive inhibitor, however, is only capable of binding an enzyme 

complex between the protein and an endogenous ligand64. 

Kinase assay selection.  Although initially many biochemical assays designed to 

measure kinase inhibition may appear similar, many factors such as enzyme construct 

and concentration, substrate selection and concentration, reaction buffer, Mg2+ and 

Mn2+ concentration, and the amout of ATP present can have large effects on the 

resulting data.  With regards to ROCK, a 2011 publication cited an experiment in which 

a series of potential substrates in the presence of increasing ROCKII kinase 

concentrations were examined to determine the substrate which yielded the highest 

kinase activity (Figure 2.2)49.  Here, the S6-derived peptide was found to be 

phosphorylated most efficiently, providing the highest assay signal at low concentrations 

of kinase enzyme.  Because the lowest IC50 value which can be determined is defined 

as half of the kinase concentration in the assay (known as the “assay wall”)49, it is 

important that a biochemical assay be optimized for a low concentration of kinase50,51.  

Additionally, these experiments highlighted the linear assay region for ROCKII in the 

presence of the S6-derived peptide, found to exist between ROCK concentrations of 0.5 

and 7 nM.  Next, the authors determined the optimum composition of the reaction 

buffer, and concluded that maximum ROCKII activity was observed at 10 mM MgCl2, in 

the absence of MnCl2, and at pH of approximately 7.5.  Considering these results, the 

protocols of the biochemical assays used to analyze the current inhibitor series met all 
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of the above criteria for optimized ROCK assays (see Methods and Materials section for 

details).   

 

Figure 2.2.  Increasing concentrations of ROCKII with various potential substrates49. 
 

   Another critical factor in conducting kinase assays is the choice of ATP 

concentration.  When inhibition assays are being conducted on more than one kinase to 

determine inhibitor affinity as well as selectivity among the kinases being analyzed (as 

was the case in these studies, for ROCKI and ROCKII), the ATP concentrations of the 

individual assays should equal the Km values for each enzyme49.  The Km, or the 

Michaelis-Menten constant, approximates the affinity between ATP and the kinase, 

whereas another constant known as the inhibitor constant (Ki), directly describes the 

binding affinity of an inhibitor for a kinase; these constants relate to the IC50 of the 

inhibitor by the Cheng-Prusoff equation (Equation 2.1)52.  Since IC50 values determined 

in an assay at an ATP concentration equal to its Km value reflect 2 x Ki value, the IC50 is 

therefore a direct measurement of the affinity of an inhibitor for a kinase (Equation 2.1).  

This means that the selectivity of an inhibitor amongst multiple kinases can then be 
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ranked based on its binding affinity for those kinases.  Essentially, it allows for direct 

comparisons of binding affinity between kinases while such comparisons using standard 

ATP concentrations are arbitrary and meaningless52.  Therefore, all biochemical assays 

were conducted at the respective apparent Km values for the ROCKI and ROCKII 

kinases.       

 

Equation 2.1.  The Cheng-Prusoff equation52. 

 

Maximizing optimization campaign efficiency.  In this research, traditional 

medicinal chemistry methods of structure activity relationship (SAR) analysis were 

combined with computational models and docking predictions to thoroughly explore the 

chemical space while enhancing potency with the production of the fewest analogs 

possible.  For instance, in formulating SAR models describing the physicochemical 

properties of inhibitors associated with potent inhibition and/or selectivity, although 

incorporating random substituents of varying electronic, hydrophilic, and steric 

properties would suffice, if these modifications are instead correlated to those which 

would provide the most useful information with regards to a computational model, this 

would greatly improve the efficiency of lead optimization.  This computational model in 

turn might help in avoiding potentially problematic modifications and in rationalizing 

assay results which may not be easily explained by SAR models alone.   
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Alternatively, although it may be possible to optimize an inhibitor purely through 

computational means, however this often results in a haphazard “wreck-and-check” 

campaign in which highly specialized motifs are introduced to make specific contacts 

with the target.  With such an approach, it is often difficult to interpret the relationships 

among the biochemical data of the resultant compound library.  However, if traditional 

medicinal chemistry SAR techniques accompany such methodology, the effects of 

these specialized modifications may be assessed by their relation to the general 

electronic or steric environment of all or part of the target binding site.  This may allow 

researchers to determine whether the effects of a modification stem from a specific 

contact with the target, from general electronic or steric complementarity, or from both.   
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RESULTS AND DISCUSSION 

 Synthesis of enantiopure BZD-29 analogs.  In planning the synthesis of the BZD-

29 analogs, it was important to optimize a route for high yield, to expedite production 

and simplify purification, and for tolerance of diverse substituents.  Additionally, it was 

desirable to develop a stereoselective synthesis to produce analogs with a high degree 

of optical purity for modeling purposes and a thorough understanding of the structure 

activity relationships at play.  Although it is possible to separate benzodiazepine 

enantiomers with the use of a chiral column, this would result in pure enantiomers of 

unknown absolute configuration.  An example of the initial route utilized is shown below 

in Scheme 2.1. 
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Scheme 2.1.  Initial benzodiazepine synthetic route. 

 

 Unless the desired isatoic anhydride was readily commercially available, this 

route began with the cyclization of the necessary anthranilic acid with triphosgene in 

tetrahydrofuran (THF), resulting in nearly complete conversion.  Next, the isatoic 

anhydride was methylated with methyl iodide in N,N-dimethylformamide (DMF) at 

excellent yield.  The N-methyl isatoic anhydride was then coupled with an optically pure 

iodophenylalanine in pyridine before cyclization by refluxing in acetic acid, at excellent 

yield.  Next, an efficient Suzuki-Miyaura coupling was carried out with the desired 

borylated heterocycle, produced in a Miyaura borylation of the halogenated heterocyclic 

starting material at good yield.  Although it was possible to achieve a slight increase in 

the yield of the Suzuki step (68%) through extended reaction time, this resulted in 
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racemization of the chiral center so that the benefit of the yield increase was 

outweighed by the cost of the need for a chiral column to produce final products of 

optical purity >95% er (enantiomeric ratio) for the desired enantiomer.   

 Suzuki partner role swapping.  One limitation to the route depicted in Scheme 

2.1, however, was that not all desired heterocyclic boronic acids were commercially 

available or easily synthesized.  It was recognized, however, that in swapping the 

coupling partners of the Suzuki, it was possible to incorporate greater diversity at the 

heterocycle while also somewhat improving the yield of the borylation step and still 

maintaining a good yield of the Suzuki step (Scheme 2.2).  It has previousy been 

reported by Prieto et al. that partner role swapping from an aryl halide and a 

heterocyclic boronic acid (or boronic acid pinacol ester, etc.) to the respective 

halogenated heterocycle and an arylboronic acid can actually improve the yield of the 

Suzuki reaction56.  Additionally, it was noted by the same authors that the lack of a 

protecting group, in the cases of heterocycles with secondary amines (indazoles, 

azaindoles, etc.), produced equivalent or even improved yields in these reactions.  This 

was found this to be the case when such heterocycles were incorporated in the current 

analog series.  This was significant as it allowed the avoidance of two additional steps, 

protection and deprotection, in the production of each inhibitor. 
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Scheme 2.2.  Partner role swapping of Suzuki coupling partners. 

 

The mechanism of ROCK inhibition by BZD-29.  Mechanism of action studies 

began with experiments designed to obtain Km for ATP or substrate in the presence of 

BZD-29 (Figure 2.3).  Because no specific mode of action of the inhibitor was assumed, 

first, a 10-dose IC50 curve was generated.  The reactions were monitored every 5-15 

minutes to obtain progress curves with time course.  At each time point, radioisotope 

signal (33P) was converted into “μM phosphate transferred to substrate,” and was 

plotted against time.  The slope of the linear portion of the progress curve was obtained 

by linear regression in Excel.  The slopes (or velocity; μM/min) were then plotted against 

ATP or substrate concentrations for Michaelis-Menten plots, and subsequent 

Lineweaver-Burk plots (double-reciprocal plots), using the GraphPad Prism software.  

The results were further analyzed with global fit using GraFit software. 
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(a)  

(b)  

Figure 2.3.  Progress curves for ROCKI (a) and ROCKII (b) at 15 μM with BZD-29.  
Experiments performed by Reaction Biology Corp. 

 

The progress curves for ROCKI and ROCKII reactions were linear with time in 

the absence and presence of BZD-29 for 120 minutes (Figure 2.3), suggesting the 

inhibition by BZD-29 was not time-dependent.  The velocities (μM phosphorylated/min = 

velocity) were obtained by taking the linear portions of these progress curves for further 

analyses.  The slopes obtained from these progress curves were plotted against ATP or 

substrate concentrations for Michaelis-Menten plots (Figure 2.4) and double-reciprocal 
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plots (Figure 2.5) for BZD-29 at selected concentrations against ROCKI and ROCKII.  

Due to the redundancy of the ROCKI and ROCKII data in these experiments, only the 

results for ROCKI are shown.    

(a)       

(b)  

Figure 2.4.  Michaelis-Menten plots for ROCKI with BZD-29 and varying concentrations 
of ATP (a) or substrate (b).  Experiments performed by Reaction Biology Corp. 
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(a)  

(b)  

Figure 2.5.  Lineweaver-Burk plots for ROCKI with BZD-29 and varying concentrations 
of ATP (a) or substrate (b).  Experiments performed by Reaction Biology Corp. 

 

The apparent Km values for ATP are increased when the inhibitor concentration 

is increased in the Michaelis-Menten plot (Figure 2.4, a), and all lines are converged on 

the Y-axis in the double-reciprocal plot (Figure 2.5, a), suggesting that BZD-29 is 

competitive with respect to ATP against ROCKI and ROCKII.  However, the apparent 

Km values for the substrate are relatively unchanged when the inhibitor concentration is 

increased, as shown by the associated Michaelis-Menten plots (Figure 2.4, b).  
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Additionally, a negative Km value at 3.33 μM inhibitor concentration for ROCKI suggests 

that the curve fit is hard to perform due to low Km value.    Furthermore, the double-

reciprocal plot (Figure 2.5, b) shows all lines are nearly parallel, suggesting that the 

compound is uncompetitive with respect to substrate against ROCKI and ROCKII.    

Next, when the percentage of enzyme activity relative to DMSO control at each 

ATP concentration is plotted against compound concentration and IC50 curves are 

generated, IC50 values are shifted higher when ATP concentration is increased (Figure 

2.6, a).  This shift of IC50 curves also suggests that the compound is ATP competitive.  

When similar IC50 curves are generated for varying substrate concentrations, however, 

IC50 values are shifted lower when the substrate concentration is increased (Figure 2.6, 

b).  These shifts, although minor, also suggest that the compound is substrate 

uncompetitive.  Because an uncompetitive inhibitor can only bind the enzyme:substrate 

complex, raising the concentration of the substrate in turn increases the concentration 

of this complex, and this then allows the inhibitor to bind more efficiently.   
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(a)  

(b)  

Figure 2.6.  IC50 curves at different ATP concentrations (a) or substrate concentrations 
(b) from plotting slopes (velocities) of progress curves relative to each DMSO control for 
BZD-29 against ROCKI.  Experiments performed by Reaction Biology Corp. 

 

Although Ki values can be obtained by the traditional graphical method, global fit 

is more accurate.  The traditional graphical method puts excessive weight on higher 

concentrations of inhibitor so that low activities are inaccurate.  Global fit, however, puts 

weight on all data points equally, and is not affected to the same extent by small 

activities61.  When GraFit performs a global fit, the “Mixed Inhibition” equation (Equation 

2.2) is used to obtain Ki, so that all variations of competition, including competitive, 

uncompetitive, noncompetitive, and mixed inhibition, are considered in the analysis61.  

All possible mechanisms were fitted to the dependence of ROCK activity with respect to 

ATP or substrate.  The global fitting function then analyzed multiple data sets 
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simultaneously to generate the one (global) best-fit value of parameters for all of the 

data sets62.  Here, v is velocity, [S] is substrate (or ATP) concentration, [I] is inhibitor 

concentration, Ki is inhibitor affinity for enzyme, and Ki’ is inhibitor affinity for the 

enzyme/ATP complex.  

 

Equation 2.2.  The “Mixed Inhibition” equation for global fit61. 

   

The results of global fit are shown in Figure 2.7.  For ATP, the high number 

(infinity) of the Ki’ value (Figure 2.7, a) means almost no inhibitor affinity for the 

enzyme/ATP complex, which results in purely competitive inhibition for the ATP binding 

sites of ROCKI and ROCKII with Ki values of 1.7 μM and 1.4 μM, respectively.  In 

contrast, for substrate, the high Ki value (infinity) means almost no inhibitor affinity for 

the enzyme alone and the compound prefers to bind the enzyme/substrate complex, 

which results in uncompetitive inhibition for the substrate binding sites of ROCKI and 

ROCKII, with Ki’ values of 2 μM and 1.5 μM, respectively.   
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(a)     

 

(b)  

Figure 2.7.  Global fit of Michaelis-Menten plots for BZD-29 with ROCKI in the presence 
of varying ATP concentrations (a) or substrate concentrations (b).  Experiments 
performed by Reaction Biology. 
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Taken together, these results show that the inhibition of ROCKI and ROCKII by 

BZD-29 is not time-dependent but competitive with respect to their ATP binding sites 

and uncompetitive with respect to their substrate binding sites. 

Lead optimization.  Due to the accessibility (synthetically and commercially) of 

diverse isatoic anhydrides, or anthranilic acid precursors, for A ring modification and 

various heterocycles for C ring modifications, especially compared to substituted 

phenylalanines necessary for B ring substitution, the A and C rings were chosen for 

substitution to probe the physicochemical properties which enhance binding and/or 

specificity for one ROCK isozyme over the other (Figure 2.8).   

 

Figure 2.8.  Naming scheme of rings of BZD-29. 

 

Although some A ring modifications of BZD-29 have been studied previously 

(Tables 2.3 and 2.4), this data was limited55.  As shown in Table 2.3, the chlorine 

substituent was previously migrated successively to different positions on the A ring.  All 

compounds, with the exception of (R)-BZD-94, were similar in potency, indicating that 

the position of the chlorine does not affect activity due to a lack of close contact with 

ROCKII.  Table 2.4 represents analogs with varying A7 substituents; all compounds 

inhibit ROCKII with similar potency, confirming the hypothesis that this ring is not in 

close contact with ROCKII in the binding pocket and demonstrating the lack of a specific 
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interaction between the A7 chlorine and the enzyme.  The results shown in Table 2.4 

do, however, highlight differences in ROCKII selectivity among the molecules.  

Therefore, although the functional group at A7 did not affect ROCKII activity, it did 

appear to contribute to isoform selectivity. 

Table 2.3.  Inhibition data for BZD analogs with varying chlorine locations on the A 
ring55. 

 

R enantiomer 

BZD X  ROCKI IC50 (M)  ROCKII IC50 (M) 

94 6-Cl  >10  14.4 
29 7-Cl  >10  1.1 

87 8-Cl  >10  0.8 
92 9-Cl  >10  1.0 

S enantiomer 

BZD X  ROCKI IC50 (M)  ROCKII IC50 (M) 

94 6-Cl  >10  0.86 
29 7-Cl  >10  0.52 
87 8-Cl  >10  2.0 
92 9-Cl  >10  2.0 
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Table 2.4.  Inhibition data for BZD analogs with various substituents at position 7 of the 
A ring55. 

 

BZD X   
IC50 ROCKI 

(M) 

IC50 ROCKII 

(M) 

ROCKII 
Selectivity* 

29 Cl   >30 0.75 >40 

103 F   10 0.6 16.7 

78 H   3 0.5 6 

101 CH3   10 0.7 14.3 

107 OCH3   10 0.5 20 

*ROCKII Selectivity: ROCKI IC50/ROCKII IC50 

These data were intriguing, since few inhibitors (SLx-2119 and SR3677) to date 

exhibit selectivity for the ATP-binding site of the kinase domain of a single ROCK 

isoform due to a high degree of conservation in this region (92% sequence identity).  

This result was investigated further by analyzing two well-known, equipotent inhibitors of 

the ROCK enzymes, Fasudil (IC50: ROCKI= 300 nM, ROCKII= 286 nM) and Y-27632 

(IC50: ROCKI= 150 nM, ROCKII= 300 nM), in the same assay protocol which had 

previously reported isoform selectivity by BZD-29.  The results in Table 2.5 show levels 

of inhibition of ROCKII by both compounds which are in agreement with literature 

values; however, the inhibition of ROCKI by both inhibitors is far less than reported 

values and, as a result, both appear to be significantly selective (> 50-fold) for ROCKII.   
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Table 2.5.  Inhibition data for known ROCK inhibitors assayed by Millipore protocol. 

Compound ROCKI (nM) ROCKII (nM) 
Selectivity for 

ROCKII* 

Fasudil 14609 214 68.3 
Y-27632 6649 129 51.5 

*ROCKII Selectivity: ROCKI IC50/ROCKII IC50 

 These results prompted a closer inspection of the protocol of the assay 

(conducted by Millipore) as compared to other reported assays of ROCKI and ROCKII.  

Table 2.6 lists various parameters of a selection of several such protocols and the 

vendors which conduct each57.  Although some variability is to be expected, the 

observed Km for ATP for ROCKI is significantly higher (73 μM) in the Millipore protocol 

than that of other assays (1.9-10 μM), indicating an apparent reduction in the affinity for 

ATP by the kinase due to diminished catalytic activity. 

Table 2.6.  Protocols for kinase assays conducted by various vendors57. 

    ROCKI ROCKII 

Vendor 
Type 

of 
Assay 

Assay 
Separation 

Substrate Enzyme 
μM 
ATP 
Km 

μM 
Substrate 

Used 
Enzyme 

μM 
ATP 
Km 

μM 
Substrate 

Used 

Millipore 
33

P Filter Bind 
S6 

substrate 
h17-535 73 30 h11-552 15 30 

Carna 
Biosciences 

Caliper 
Mobility 

Shift 
LIMKtide h1-477 3.1 1 h1-553 7.4 1 

Chem 
Partners 

Caliper 
Mobility 

Shift 
ProfilerPro 

P1 
h1-477 3.6 3 h1-553 5.3 3 

Reaction 
Biology 

33
P 

Hot Spot, 
Filter 

S6 
substrate 

h1-535 10 20 h5-554 15 20 

Khandekar 
33

P Filter Bind 
Biotin 

peptide 
h3-543 1.9 1 --- --- --- 

 

One possible reason for this disparity lies in the ROCKI enzyme construct used 

by Millipore.  As Table 2.6 shows, the Millipore enzyme begins at residue 17 while all 

other constructs begin with residue 1 or 3.  The region of ROCK between residues 1 

and 17 lies proximal to the N-terminal extension and comprises an alpha helix near the 
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capped helix-bundle (CHB) referenced in Chapter 1 (Figure 2.9).  By determining the 

oligomerization states of full-length ROCKII as well as truncated constructs (lacking 

portions of the N-terminal extension) using light-scattering and analytical 

ultracentrifugation studies, Doran et al. demonstrated that the CHB is particularly 

important to the homodimerization of ROCK and that its destabilization leads to a 

predominance of monomeric ROCK and a resultant 50 to 80-fold increase in ATP Km as 

well as a 120-fold increase in the Ki of Y-2763258.  Table 2.6 indicates that a region 

contained in residues 3-17 may be important to the oligomerization state of ROCKI, 

possibly through stabilization of the CHB, and its absence results in the approximately 

24-fold increase in ATP Km for ROCKI in the Millipore assay protocol compared to the 

protocols of alternate vendors.  The ATP Km for ROCKII in the Millipore assay, however, 

is more similar to the Km values of other vendors, indicating that the enzymes adopt the 

same oligomeric state.  Due to the evidence that dimerization has a significant effect on 

ROCK kinase activity, in order to accurately compare the effect of an inhibitor against 

ROCKI to its activity against ROCKII, for a selectivity determination, both enzymes 

should exist in the same oligomeric state.  Because a main focus of this project involved 

determining the selectivity of the inhibitors for the ROCK isoforms, the Reaction Biology 

protocol was chosen for all further assays to ensure ROCKI and ROCKII both existed in 

similar oligomeric states and because this assay also meets the optimal criteria for 

assessing ROCK activity, addressed in the introduction of this chapter. 
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(a)  

(b)  

Figure 2.9.  Dimeric structure of the Rho-kinase protein consisting of the kinase domain 
and the N- and C-terminal extensions; bound ATP-competitive inhibitors are shown as 
sticks (cyan) for reference.  (a) Ribbon diagram of the dimer structure of Rho-kinase 
protein looking down the 2-fold axis.  The capped helix-bundle (CHB) is boxed in red 
and residues 1-17 are displayed as an orange α-helix below.  (b) View of the Rho-
kinase dimer in an orthogonal direction with the CHB and residues 1-17 indicated as in 
(a) (PDB: 3D9V)63. 

 

Inhibition results reported in biochemical assays that exclude the C-terminus of 

ROCK may also not accurately reflect the levels of inhibition which would be 

experienced with full-length ROCK enzymes, as in the cellular environment.   The C-

termini of related kinases have been shown to have significant effects on the activity of 

inhibitors.  For instance, in 2005, Barnett et al. reported the identification of an inhibitor 

of the Akt1 and Akt2 kinases, enzymes belonging to the same kinase family (AGC) as 
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the ROCK proteins, with an IC50 of 58 nM and 210 nM against Akt1 and Akt2, 

respectively.  However, Akt mutants lacking the pleckstrin homology (PH) domain of the 

C-terminus, were not inhibited59.   

BZD-29 has been confirmed to selectively inhibit the ROCKII isoform in cells.  

However, in the biochemical assays utilizing PH-domain lacking ROCK constructs, 

BZD-29 is equipotent against both ROCK enzymes.  The C-terminus of full-length 

ROCKI therefore appears to have a significant effect on the selectivity of this inhibitor.  

In light of this observation, the ROCK isoform selectivity profiles of BZD-29 analogues, 

as reported by the biochemical assay, were related to the ROCK enzyme selectivity of 

BZD-29 in the same assay and were not interpreted as accurate representations of the 

levels of selectivity which would be observed with these inhibitors against cellular ROCK 

kinases.  For example, if a hypothetical compound, X, were 2-fold more potent against 

ROCKII versus ROCKI in the biochemical assay, although this would generally not be 

considered a significant degree of selectivity, because BZD-29 is equipotent against 

both isoforms in these experiments, compound X would be interpreted as being 2-fold 

more selective for ROCKII than BZD-29.  Since BZD-29 has demonstrated 

physiologically relevant selectivity for ROCKII in cells, it would be expected that 

compound X should enhance this effect and therefore would be significantly selective in 

cells.  

Modification of the C-ring of BZD-29.  Production of analogs proceeded with 

incorporation of both A ring or C ring modifications.  As mentioned previously, the C ring 

was altered to determine the optimal orientation of the hydrogen bond accepting 

nitrogen, to explore whether a bi-dentate bond might be formed between the C ring and 
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the hinge region, and to avoid the cytochrome P450 inhibition noted to be problematic 

for pyridine-based inhibitors.  To this effect, the inhibition results of a selection of 

analogs incorporating various C rings is shown in Table 2.7.   

Table 2.7.  Inhibition results for a selection of BZD-29 analogs with varied C rings. 

 

Compound R Rel. IC50 (R1)a,b Rel. IC50 (R2)c R2 Select.d 

rac-BZD-29e 

 

1x 1x 1.01 

rac-1 

 

0.10x 0.10x 1.0 

rac-2 

 

0.10x 0.10x 1.0 

rac-3 

 

0.58x 0.47x 0.82 

rac-4 

 

0.24x 0.15x 0.63 

rac-5 

 

0.10x 0.10x 1.0 
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rac-6 

 

0.21x 0.18x 0.85 

(S)-7f 

 

7.57x 5.15x 0.68 

(R)-7g 13.02x 5.59x 0.43 

rac-8 

 

0.10x 0.10x 1.0 

(S)-9 

 

0.10x 0.10x 1.0 

(R)-9 0.10x 0.10x 1.0 

(S)-10 

 

3.20x 1.78x 0.56 

(R)-10 2.50x 1.93x 0.78 

(S)-11 

 

14.0x 16.59x 1.19 

(R)-11 27.94x 36.86x 1.33 
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rac-12 

 

0.10x 0.10x 1.0 

(S)-13 

 

0.10x 0.10x 1.0 

(R)-13 0.10x 0.10x 1.0 

a: rel. IC50= rac-BZD-29 IC50 (ROCKI= 3093.5 nm +/- 139.3, ROCKII= 3075.0 nm +/- 
881.1)/ analogue IC50,  b: R1= ROCKI, c: R2= ROCKII, d: R2 Select.= Selectivity for 
ROCKII (=R1/R2) e: rac= racemate, f: (S)= >95% (S)-enantiomer, g: (R)= >95% R-
enantiomer. 

 

The first modification to show improved inhibition over BZD-29 was the indazole 

(compounds (S)-7 and (R)-7).  To probe the interactions necessary for its activity, the 

indazole was then methylated to give analogue rac-8.  Tthis change completely 

abolished inhibition, suggesting either that the hydrogen of the this amine was primarily 

responsible for inhibition or that the methyl group produces as significant steric clash 

with the region of the binding pocket in which it resides.  A size restriction seems to be 

supported by the complete lack of inhibition by compounds (S)-9 and (R)-9, however, 

analogues (S)-10 and (R)-10 (indazoles methylated at C3) regained activity, albeit at a 

reduced potency compared to compounds (S)-7 and (R)-7.  Rationalization of these 

results will be presented in Chapter 3.   

Next, the azaindoles of entries (S)-11 and (R)-11 showed improved inhibition of 

both isozymes.  rac-12 was then assayed to probe the interactions necessary for 

azaindole inhibition and clearly demonstrated that the pyridine nitrogen makes a critical 
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contact with the binding pocket.  Finally, the hypothesis that a substantial size restriction 

near the hinge region of the binding pocket is supported by the lack of inhibition by (S)-

13 and (R)-13, in which C2 of azaindole is methylated.  From analysis of these assay 

results, the unsubstituted azaindole ((S)-11 and (R)-11 in Table 2.7) was chosen as the 

optimal C ring.   

Since diversity of the C ring was no longer necessary, to expedite analog 

production, the Suzuki coupling partners were swapped again to reduce the number of 

synthetic steps (Scheme 2.3).  Here, the borylated azaindole could be produced on a 

multi-gram scale so that benzodiazepines bearing diversity on the A ring could be 

synthesized rapidly and without additional concern over the lability of the substituent 

during the borylation step.   

 

Scheme 2.3.  Optimized Suzuki conditions for azaindole-substituted 1,4-
benzodiazpeine analogs. 
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Modification of the A-ring of BZD-29.  A series of azaindole-based inhibitors with 

substituted A-rings were synthesized and assayed (Table 2.8), several of which were 

primarily designed to probe aspects of computational models which will be discussed in 

Chapter 3. 

Table 2.8.  Inhibition results for azaindole-based BZD-29 analogs with varied A ring 
substitutions (X). 

 

Compound X 
Rel. IC50 
(R1)a,b 

Rel. IC50 
(R2)c 

R2 Select.d 

(S)-11 

7-Cl 

14.0x 16.59x 1.19 

(R)-11 27.94x 36.86x 1.33 

(S)-14e 

8-Cl 

16.6x 19.3x 1.17 

(R)-14f 13.3x 15.6x 1.18 

(S)-15 

8-OCH3 

5.7x 5.7x 1.19 

(R)-15 6.2x 5.7x 0.92 

(S)-16 

7-OCH3 

13.2x 12.4x 0.94 

(R)-16 2.8x 3.8x 1.34 

(S)-17 8-NO2 10.7x 16.1x 1.51 
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(R)-17 4.8x 13.4x 2.78 

(S)-18 

6-F 

19.3x 18.0x 0.94 

(R)-18 10.6x 10.0x 0.95 

(S)-19 

 

3.9x 4.1x 1.05 

(R)-19 1.9x 1.9x 1.0 

rac-20g 8,9-Cl 20.3x 23.0x 1.14 

(S)-21 

 

168.7x 110.0x 0.66 

(R)-21 3.6x 3.0x 0.84 

(S)-22 

7-OH 

31.1x 63.2x 2.04 

(R)-22 2.0x 4.8x 2.39 

(S)-23 

 

4.0x 10.1x 2.56 

(R)-23 2.8x 7.2x 2.60 

(S)-24 

8-Br 

9.9x 16.4x 1.67 

(R)-24 12.1x 15.2x 1.26 

(S)-25 

H 

43.7x 36.5x 0.84 

(R)-25 51.0x 48.5x 0.96 

(S)-26 

9-OCH3 

31.1x 32.1x 1.04 

(R)-26 8.3x 11.2x 1.36 
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(S)-28 

6-Br 

14.7x 10.7x 0.73 

(R)-28 14.7x 11.1x 0.76 

(S)-29 

9-Br 

94.7x 69.3x 0.74 

(R)-29 20.5x 15.0x 0.73 

(S)-30 

9-F 

195.2x 109.2x 0.56 

(R)-30 27.9x 19.6x 0.71 

(S)-31 

7-NO2 

6.0x 7.0x 1.17 

(R)-31 8.5x 10.2 1.21 

(S)-33 

9-NO2 

11.0x 14.4x 1.32 

(R)-33 4.6x 6.5x 1.42 

a: rel. IC50= rac-BZD-29 IC50 (ROCKI= 3093.5 nm +/- 139.3, ROCKII= 3075.0 nm +/- 
881.1)/ analogue IC50,  b: R1= ROCKI, c: R2= ROCKII, d: R2 Select.= Selectivity for 
ROCKII (=R1/R2) e: (S)= >95% (S)-enantiomer, f: (R)= >95% R-enantiomer, g: rac= 
racemate. 

 

 It was noted with the production of only a few azaindole-based analogs that the 

SAR of the A ring was different from that of the pyridine-based inhibitors (Table 2.9)55. 

This demonstrated that the local environment experienced by the A ring of the 

azaindole-based inhibitors was somewhat different than that experienced by the A ring 

of the pyridine-substituted compounds.  Essentially, these data show that the inhibitor 

has reoriented in the ATP binding cleft. 
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Table 2.9.  Comparison of relative IC50’s of a selection of pyridine-based analogs to 
BZD-29 and relative IC50’s of azaindole-based analogs to compound 11.   

 

Compound R X Rel. IC50 (R1) Rel. IC50 (R2) 

(S)-BZD-29 

 

7-Cl 1.0xa 1.0x 

(R)-BZD-29 7-Cl 1.0xb 1.0x 

(S)-11 

 

7-Cl 1.0xc 1.0x 

(R)-11 7-Cl 1.0xd 1.0x 

(S)-BZD-87 

 

8-Cl 1.0xa 0.26x 

(R)-BZD-87 8-Cl 1.0xb 1.4x 

(S)-14 

 

8-Cl 1.2xc 1.2x 

(R)-14 8-Cl 0.6xd 0.4x 
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(S)-BZD-107 

 

7-OCH3 3.0xa 1.0x 

(S)-16 

 

7-OCH3 0.9xc 0.8x 

a: (S)-BZD-29 IC50/ analogue IC50, b: (R)-BZD-29 IC50/ analogue IC50, c: (S)-11 IC50/ 
analogue IC50, d: (R)-11 IC50/ analogue IC50. 

 

To confirm that the azaindole-based inhibitors still bound to the ATP-binding cleft 

of ROCK in the same manner as did BZD-29, identical mechanism of action studies to 

those performed with BZD-29 were repeated for compound 11.  Again, the results 

showed that inhibition of ROCKI and ROCKII by analog 11 was not time-dependent, but 

competitive with respect to ATP (Ki= 134 nM for ROCKI, 85.5 nM for ROCKII) and 

uncompetitive with respect to substrate.       

Structure Activity Relationship (SAR) models.  Next, a manual Hansch analysis 

was conducted to analyze the data from the biochemical assays shown in Table 2.8.  In 

formulating structure activity relationship (SAR) models, it was considered that the 

enantiomers of the inhibitors may experience different orientations within the binding 

pocket, that may lead to different recognition patterns between the inhibitor and the 

enzyme and, subsequently, different overall effects.  For example, it has recently been 

observed that L-ATP actually inhibits mammalian DNA primase, an enzyme activated by 

D-ATP to synthesize RNA primers on the leading- and the lagging-strands of DNA, in 

the course of semi-conservative DNA replication60.  Although this implies that both L- 

and D-ATP are recognized by the active site of the enzyme, their vastly different effects 

signify that they experience different interactions.   
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Therefore, separate SAR models were formulated for each enantiomer of the 

current analog series, at each position of the A ring.  Due to the number of models 

needed to accomplish this, the manual Hansch analysis was specifically chosen for 

model preparation, due to its requirement of as few as 5 analogs.  Additionally, 

descriptors such as molecular weight (MW) and calculated molar refractivity (CMR) 

were also used to evaluate steric effects while polar surface area (PSA) was used to 

determine the effects of each substitution on permeability.  Representative charts of 

some important associations observed are depicted in Figure 2.10. The models 

developed from these associations are depicted in Figure 2.11.   

(a) (b) 

(c)  

Figure 2.10.  Representative associations between physicochemical parameters of 
substituents of the A ring and inhibitor IC50 values for ROCKII or selectivity for ROCKII 
(defined as ROCKI IC50/ROCKII IC50).  (a) Correlation of ROCKII selectivity with (S)-A8 
substituent molecular weight (MW).  (b) Correlation of ROCKII selectivity with (R)-A8 
substituent σ values in the manual Hansch analysis.  (c) Correlation of ROCKII IC50 
values with (S)-A9 substituent polar surface area (PSA). Values for R2 >0.80 were 
considered well-correlated data.   
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Figure 2.11.  Summary of associations between descriptors and enhanced potency or 
selectivity for ROCKII (defined as ROCKI IC50/ROCKII IC50) for the enantiomers of 
azaindole-based analogs.   

 

 As shown in Figure 2.11, for the S enantiomer, raising the molecular weight and 

molar refractivity at position A8, essentially increasing the size of the substituent, was 

associated with enhanced selectivity for ROCKII over ROCKI, while lowering the polar 

surface area at A9 led to an increase in inhibitor potency for ROCKII.  In the case of the 

R-enantiomer, reducing the polar surface area at A6 and A9 also effected an increase in 

potency, however an increase in the PSA at A8 was indicated to enhance ROCKII 

selectivity.  Additionally, lowering the molar refractivity of the substituent at A6 also 

enhanced potency, resulting in a total prediction that a small, less-polar substituent is 

optimal at this site.  At A8 of the R-enantiomer, the manual Hansch analysis indicated 

that an increase in selectivity for ROCKII over ROCKI was associated with an increase 

in σ.  This indicated that electron rich motifs such as 7-CF3 & 8-Cl, 7-CF3 & 8-NO2, 8-

CF3, 7,9-Cl2, 8-c-C5H9, and 8-c-C6H11 have potential to improve ROCKII selectivity, or 

they should at least be equally selective.   
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MATERIALS AND METHODS 

General Procedures (Biology) 

Millipore ROCK-I (h) inhibition assay.  In a final reaction volume of 25 μL, ROCKI 

(human, amino acids 17-535) (5-10 mU) was incubated with 8 mM MOPS pH 7.0, 0.2 

mM EDTA, 30 μM KEAKEKRQEQIAKRRRLSSLRASTSKSGGSQK, 10 mM magnesium 

acetate and [-32P-ATP] (specific activity approx. 500 cpm/pmol, concentration as 

required). The reaction was initiated by the addition of the MgATP mix.  After incubation 

for 40 minutes at room temperature, the reaction was stopped by the addition of a 3% 

phosphoric acid solution (5 μL).  The reaction (10 μL) was then spotted onto a P30 

filtermat and washed three times for 5 min in 75 mM phosphoric acid and once in 

methanol prior to drying and scintillation counting. 

Millipore ROCK-II (h) inhibition assay.  In a final reaction volume (25 μL), ROCKII 

(human, amino acids 11-552) (5-10 mU) was incubated with 50 mM Tris pH 7.5, 0.1 mM 

EGTA, 30 μM KEAKEKRQEQIAKRRRLSSLRASTSKSGGSQK, 10 mM magnesium 

acetate and [-32P-ATP]  (specific activity approx. 500 cpm/pmol, concentration as 

required). The reaction proceeded as described above. 

Reaction Biology ROCK-I (h) inhibition assay.  In vitro activities of inhibitors were 

determined at Reaction Biology Corporation using the “HotSpot” assay platform.  The 

ROCK-I kinase (0.5 nM, h1-535 expressed in insect cells with an N-terminal GST tag), 

along with the long S6 kinase substrate peptide as substrate, was prepared with 20 mM 
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Hepes pH 7.5, 10mM MgCl2, 1 mM EGTA, 0.02% Brij35, 0.02 mg/ml BSA, 0.1 mM 

Na3VO4, 2 mM DTT, and 1% DMSO.  Compounds were delivered into the reaction, 

followed ~20 minutes later by addition of a mixture of ATP (Sigma) and 33P ATP 

(PerkinElmer) to a final concentration of 10 μM.     Reactions were carried out at 25°C 

for 120 minutes, followed by spotting of the reactions onto P81 ion exchange filter paper 

(Whatman).  Unbound phosphate was removed by extensive washing of filters in 0.75% 

phosphoric acid.  After subtraction of background derived from control reactions 

containing inactive enzyme, kinase activity data was expressed as the percent 

remaining kinase activity in test samples compared to vehicle (dimethyl sulfoxide) 

reactions.  IC50 values and curve fits were obtained using Prism (GraphPad Software)54.   

Reaction Biology ROCK-II (h) inhibition assay.  ROCK-II kinase inhibition assays 

were performed as described above with ROCK-II kinase (1.0 nM, h5-554 expressed in 

baculovirus in Sf9 insect cells with an N-terminus GST-tag). 

Reaction Biology Mechanism of Action Studies.  Compounds: Powder samples 

dissolved in DMSO to make 10 mM stock DMSO.  Kinase reaction buffer: 20 mM 

HEPES-HCl, pH 7.5, 10 mM MgCl2, 1 mM EGTA, 0.02% Brij35, 0.1 mM Na3VO4, 0.02 

mg/mL BSA, 2 mM DTT, and 1% DMSO.  Enzymes: ROCKI, recombinant human 

protein, catalytic domain (amino acids 1-535; accession #NP_00397), GST-tagged, 

expressed in insect cells, Mw= 89.7 kDa; ROCKII, recombinant human protein (amino 

acids 5-554; accession #NM_004850), N-terminal GST-tagged, expressed in Sf9 cells, 

Mw= 88 kDa.  Substrate: long S6 kinase substrate peptide, 

[[KEAKEKRQEQIAKRRRLSSLRASTSKSGGSQK], Mw= 3,630 Da.  Reaction 

conditions: 0.5 nM ROCKI, 20 μM Long S6 kinase substrate peptide, and varied ATP; 1 
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nM ROCKII, 20 μM Long S6 kinase substrate peptide, and varied ATP.  Experimental 

procedures: the kinase assays were performed at room temperature.  The compounds 

were added in 10-dose IC50 mode into enzyme/substrate mixture using acoustic 

technology, and incubated for 20 min to ensure the compound was equilibrated and 

bound to the enzyme.  Then 5 concentrations of ATP were added to initiate the reaction.  

The activity was monitored every 5-15 min for time course. 

General Procedures (Chemistry) 

All solvents and substrates used in synthesis were acquired from commercial 

sources and were used without further purification.  The progress of each reaction was 

monitored by thin layer chromatography (TLC).  TLC was performed using glass plates 

obtained from EMD Chemicals Inc., which were pre-coated with a 0.25-mm-thick layer 

of Silica Gel 60 F254.  The plates were visualized by UV quenching (254 nm).  All 

compounds were routinely checked by TLC to detect decomposition.  Additionally, 

reaction progress was also determined by mass using a Micromass LCT time-of-flight 

mass spectrometer with electrospray  Column chromatography was performed by the 

Biotage Flashmaster II purification system.  Crude reaction mixtures were dissolved in 

minimal solvent and dried onto the silica gel of an appropriately sized Biotage Isolute 

pre-packed silica gel column under vacuum.  Chromatography was performed at the 

following flow rates: 12 mL/min (2 g column), 18 mL/min (5 g column), 23 mL/min (10 g 

column), 25 mL/min (20g column), 40 mL/min (50 g column).  Samples were detected 

by a Knauer UV detector at 254 nm.  Solvent removal was accomplished with the use of 

a Buchi rotary evaporator and residual solvent was removed using a high vacuum oil 
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pump (ca. 0.1 mm Hg).  Enantiomeric purity was evaluated using a Chiracel OJ-H 

column, eluting with 100% MeOH on a Waters HPLC system.    Proton and carbon 

nuclear magnetic resonance (1H and 13C NMR) spectra were recorded in DMSO-d6, on 

a Varian UnityINOVA spectrometer operating at 500 MHz.  Data are reported as follows: 

chemical shift (on the δ scale in parts per million downfield from tetramethylsilane (δ 

0.00) using the residual solvent as an internal standard), multiplicity (s= singlet, d= 

doublet, dd= doublet of doublets, ddd= doublet of doublet of doublets t= triplet, qt= 

quartet of triplets, qdt= quartet of doublet of triplets, q= quartet, qn= quintet, sx= sextet, 

ABq= quartet, m= multiplet, b= broad), integration, coupling constant (J in Hz), and 

assignment (referenced to the numbering scheme of the associated figures).  The 

internal reference peak was δ 2.50 for (CH3)2SO.  Chemical shifts for 13C NMR are 

reported relative to the internal reference solvent peak (δ 39.5 for (CD3)2SO).  

Deuterated NMR solvents were purchased from Cambridge Isotopes and used without 

further purification.  All NMR spectra were measured at ambient probe temperature.  

Mass spectra (MS) were measured on a Micromass LCT Time-of-Flight mass 

spectrometer with Electrospray.  Samples were dissolved in a mixture of methylene 

chloride/methanol and aliquoted in a methanol/water/formic acid solution.   
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Optimization of the BZD-29 synthetic route: 

(Optimization of Coupling Step):  

 

 

   

(Optimization of Cyclization Step): 
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(Optimization of Suzuki Step): 
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General Protocol 1 (GP1): Cyclization of Isatoic Anhydride.  The appropriate 

anthranilic acid (1eq) was dissolved along with triphosgene (1eq) in THF (4.3 mL/mmol 

anthranilic acid) at room temperature with stirring.  The mixture was heated to 70ºC for 

2h and then allowed to cool to room temperature.  The mixture was then poured slowly 

into stirring water, allowed to stir for 10 minutes and the solid precipitate was filtered off.  

The filter cake was washed 3x with water and allowed to dry over vacuum.   

General Protocol 2 (GP2): Methylation of Isatoic Anhydride.  Sodium hydride 

(1.32 eq) was suspended in DMF (1.5 mL/mmol isatoic anhydride) with stirring for 10 

minutes.  The appropriate isatoic anhydride (1eq) was then dissolved in DMF (1.5 

mL/mmol isatoic anhydride) and added to the sodium hydride mixture by cannula with 

stirring.  The mixture was allowed to stir at room temperature for 50 minutes before the 

dropwise addition of methyl iodide (1.2eq).  The mixture was heated to 37°C with stirring 

for 18h.  Additional methyl iodide (0.3eq) was then added and conditions were 

continued an additional 3h.  The mixture was cooled to room temperature before being 

slowly poured into 1N HCl (3 mL/mL DMF) at 5°C.  The suspension was stirred for 10 

minutes before the precipitate was filtered off, washed with excess water, and allowed 

to dry over vacuum.   

General Protocol 3 (GP3): Coupling of Isatoic Anhydride with Amino Acid.  The 

appropriate isatoic anhydride (1eq) was dissolved with the appropriate amino acid (D-

iodophenylalanine for the production of R enantiomers, L-iodophenylalanine for the 

production of S enantiomers, or DL-iodophenylalanine for the production of racemic 

mixtures) (1.15eq) in pyridine (2 mL/mmol isatoic anhydride) over molecular sieves.  
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The mixture was refluxed at 120°C for 4 hours before being filtered hot.  The molecular 

sieves were washed with excess ethyl acetate and the filtrate was evaporated to 

dryness.  Excess pyridine was azeotroped with toluene twice and the resultant material 

was taken to the next step without further process.  

General Protocol 4 (GP4): Cyclization of the Benzodiazepine Ring.  The resultant 

material from GP3 was dissolved in acetic acid (4 mL/mmol isatoic anhydride) and 

refluxed at 130°C for 18 hours.  The mixture was then allowed to cool to room 

temperature before water and ethyl acetate were added.  The aqueous layer was slowly 

and carefully neutralized with saturated sodium bicarbonate solution and extracted twice 

with ethyl acetate.  The organic layers were combined and washed with water and brine 

before drying over sodium sulfate.  The mixture was filtered and evaporated.  The 

resultant material was dissolved in minimal ethyl acetate and passed through a silica 

plug with excess ethyl acetate.  The filtrate was evaporated and taken to the next step 

without further process. 

General Protocol 5 (GP5): Miyaura Borylation.  The resultant material (1eq) from 

GP4 was dissolved along with bispinnacolatodiboron (2eq), potassium acetate (3eq), 

and [1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II)  complex with 

dichloromethane (7mol%), in degassed DMF.  The mixture was heated to 80°C for 6 

hours.  Xylenes were added to the mixture which was then evaporated in an 80°C 

rotovap bath to remove as much DMF as possible.  Another evaporation cycle with 

xylenes was performed and the resultant material was taken to the next step.   
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General Protocol 6 (GP6): Suzuki Coupling.  The resultant material from the 

previous step (1.5eq), in addition to the appropriate halogenated coupling partner (1eq), 

and potassium phosphate tribasic (2eq) was dissolved in degassed toluene and water 

(10/1, 2ml/mmol halogenated starting material total).  The catalyst solution was 

prepared freshly by dissolving SPhos (2mol%) and palladium acetate (1mol%) in 

degassed THF.  The catalyst solution was then sonicated for 1 minute before adding 0.1 

mL/mmol halogenated starting material to the reaction mixture.  The whole mixture was 

then heated at 100°C with stirring for 1.5h.  The mixture was allowed to cool before 

ethyl acetate was added.  The mixture was then passed through a silica plug with 

excess ethyl acetate.   

General Procedure 7 (GP7): TBDMS Deprotection.  The appropriate material 

(1eq) was treated with TBAF in THF (1.0 M, 1.01eq) in THF (4 mL/mmol starting 

material) at room temperature overnight.  The reaction was treated with 1N HCl and 

extracted 3 times with ethyl acetate.  The ethyl acetate was washed with water and 

brine and evaporated to dryness.  The residue was purified by flash chromatography 

(ethyl acetate/hexanes) to give pure product.   

General Procedure 8 (GP8): Acetamide-Hydroxyl Coupling.  The appropriate 

bromo-acetamido compound (1.2eq) was coupled to a hydroxyl compound (1eq) with 

potassium carbonate (3eq) in DMF (0.41 mL/mmol hydroxyl compound) at 80°C for 21h.  

The reaction was allowed to cool to room temperature before quenching with saturated, 

aqueous NH4Cl.  The resulting precipitate was dissolved in DCM, washed with water 
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and brine and dried.  The solvent was evaporated and the resulting material was 

purified by flash chromatography (ethyl acetate hexanes) to give pure product.   

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrolo[2,3-b]pyridine.  4-

bromo-7-azaindole was borylated by the protocol described in GP5.   

6-((tert-butyldimethylsilyl)oxy)-1H-benzo[d][1,3]oxazine-2,4-dione.  5-hydroxy 

isatoic anhydride (1eq) was treated with tertbutyldimethylsilyl triflate (1.7eq) in pyridine 

(3 mL/mmol isatoic anhydride) at room temperature overnight.  The solvent was then 

evaporated and azeotroped twice with toluene.  The resulting material was dissolved in 

DCM and washed with saturated bicarbonate, brine, and then dried.  The resulting 

material was purified by flash chromatography (Ethyl acetate/hexanes) to give pure 6-

((tert-butyldimethylsilyl)oxy)-1H-benzo[d][1,3]oxazine-2,4-dione.   

2-bromo-N-propylacetamide.  Propylamine (2eq) was treated with 2-bromoacetyl 

bromide (1eq) in DCM (2.1 mL/mmol 2-bromoacetyl bromide) at 0°C.  The reaction was 

warmed to room temperature and stirred 1 hour.  The precipitate was filtered and 

washed with excess DCM.  The filtrate was washed with 2N HCl twice, brine, and dried.  

The solvent was evaporated to give pure 2-bromo-N-propylacetamide without 

purification.   

*Characterizations of previously prepared BZD compounds can be found in their 

associated reference55.   
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Compound Characterizations 

 All characterizations were conducted for the racemate of each compound. 

7-chloro-1-methyl-3-(4-(pyridin-4-yl)benzyl)-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-

dione (BZD-29; LDM-2-5) 

 

BZD-29 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), 

GP3, GP4, GP5, and GP6 (reagent: 4-bromopyridine).  The resulting crude product was 

purified by flash chromatography [0-100%(10%MeOH/EA)/hex to provide 7-chloro-1-

methyl-3-(4-(pyridin-4-yl)benzyl)-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione 

(overall yield= 40.6%) as an off-white solid; Rf= 0.35 (EA); 1H NMR (500 MHz) (δ/ppm) 

3.19 (ddt, 1H, J= 12.3, J= 6.8, J= 1.0, 16), 3.25 (ddt, 1H, J= 12.4, J=6.9, J=1.1, 16’), 

3.40 (s, 3H, 13), 5.00 (t, 1H, J=6.8, 10), 7.18 (d, 1H, J=7.6, 6), 7.41 (dt, 2H, J=7.5, 

J=1.1, 18, 22), 7.50 (dd, 1H, J=7.5, J=2.0, 1), 7.64 (d, 2H, J=7.5, 19, 21), 7.90 (d, 2H, 

J=5.0, 24, 28), 8.08 (S, 1H, 9), 8.12 (d, 1H, J=2.0, 3) 8.69 (d, 2H, J=5.1, 25, 27); 13C 

NMR (500 MHz) (δ/ppm) 33.7, 37.6, 54.2, 121.4, 123.9, 125.7, 127.9, 128.3, 131.46, 

131.5, 132.2, 134.2, 138.0, 140.8, 147.4, 147.9, 168.5, 169.5; Exact Mass (ES): 

determined mass: 391.1093 u, exact mass: 391.1088 u. 



 99 

7-chloro-1-methyl-3-(4-(quinolin-7-yl)benzyl)-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-

dione (rac-1; LDM-2-29) 

 

1 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, GP4, 

GP5, and GP6 (reagent: 7-bromoquinoline).  The resulting crude product was purified 

by flash chromatography [0-100%(10%MeOH/EA)/hex to provide 7-chloro-1-methyl-3-

(4-(quinolin-7-yl)benzyl)-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione (overall yield= 

36.2%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 97.3%; 1H NMR (500 MHz) 

(δ/ppm) 3.10 (ddt, 1H, J=12.4, J=7.0, J=1.0, 15), 3.38 (s, 1H, 12), 3.51 (ddt, 1H, J=12.5, 

J=7.1, J=1.1, 15’), 4.97 (t, 1H, J=7.0, 1), 7.13 (d, 1H, J=7.5, 6), 7.48 (m, 3H, 1, 17, 21), 

7.64 (d, 2H, J=10.9, 18, 20), 7.71 (t, 1H, J=7.5, 31), 7.75 (dd, 1H, J=7.5, J=1.5, 27), 

8.04 (dd, 1H, J=7.5, J=1.5, 26), 8.08 (d, 1H, J=1.9, 3), 8.18 (d, 1H, J=1.5, 23), 8.36 (s, 

1H, 8), 8.62 (dt, 1H, J=7.7, J=1.5, 32), 9.03 (dd, 1H, J=7.5, J=1.5, 30); 13C NMR (500 

MHz) (δ/ppm) 33.7, 37.6, 54.2, 121.2, 121.8, 123.9, 125.7, 126.6, 127.8, 127.9, 128.1, 

128.5, 131.5, 131.5, 132.2, 134.5, 135.8, 137.5, 138.9, 140.8, 147.1, 150.4, 168.5, 

169.5; Exact Mass (ES): determined mass: 441.1247 u, exact mass: 441.1244 u. 
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3-(4-(1H-indol-6-yl)benzyl)-7-chloro-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-

2,5-dione (rac-2; LDM-2-31) 

 

2 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, GP4, 

GP5, and GP6 (reagent: 6-bromo-1H-indole).  The resulting crude product was purified 

by flash chromatography [0-100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-indol-6-

yl)benzyl)-7-chloro-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione (overall 

yield= 43.2%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 96.8%; 1H NMR (500 

MHz) (δ/ppm) 3.22 (ddt, 1H, J=12.4, 7.3, 1.1, 15), 3.28 (ddt, 1H, J=12.4, 7.1, 1.0, 15’), 

3.40 (s, 3H, 12), 4.89 (t, 1H, J=7.2, 9), 6.56 (dd, 1H, J=7.5, J=1.5, 31), 7.14 (d, 1H, 

J=7.6, 6), 7.35 (m, 3H, 17, 21, 30), 7.49 (dd, 1H, J=7.4, J=2.1, 1), 7.64 (d, 2H, J=10.9, 

18, 20), 7.91 (m, 2H, 23, 27), 7.99 (s, 1H, 8), 8.15 (dd, 1H, J=7.5, J=1.5, 26), 8.21 (d, 

1H, J=2.0, 3), 11.57 (s, 1H, 29); 13C NMR (500 MHz) (δ/ppm) 33.7, 37.6, 54.2, 102.7, 

112.3, 121.0, 121.9, 123.9, 124.9, 125.7, 127.8, 127.8, 128.5, 131.5, 131.5, 132.2, 

134.5, 135.6, 136.3, 137.5, 140.8, 168.5, 169.5; Exact Mass (ES): determined mass: 

429.1247 u, exact mass: 429.1244 u. 
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7-chloro-3-(4-(isoquinolin-5-yl)benzyl)-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-

2,5-dione (rac-3; LDM-2-21) 

 

3 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, GP4, 

GP5, and GP6 (reagent: 5-bromoisoquinoline).  The resulting crude product was 

purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 7-chloro-3-

(4-(isoquinolin-5-yl)benzyl)-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione 

(overall yield= 36.8%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 95.8%; 1H 

NMR (500 MHz) (δ/ppm) 3.23 (ddt, 1H, J=12.4, J=7.2, J=1.0, 15), 3.29 (ddt, 1H, J=12.3, 

J=7.1, J=1.1, 15’), 3.41 (s, 3H, 12), 4.89 (t, 1H, J=7.2, 9), 7.15 (d, 1H, J=7.5, 6), 7.38 

(dt, 2H, J=7.5, J=1.2, 17, 21), 7.49 (dd, 1H, J=7.4, J=1.9, 1), 7.69 (m, 3H, 18, 20, 24), 

7.84 (d, 1H, J=7.5, 32), 7.90 (dd, 1H, J=7.6, J=1.6, 23), 8.04 (m, 2H, 3, 25), 8.34 (s, 1H, 

8), 8.53 (d, 1H, J=7.5, 31), 9.26 (d, 1H, J-1.5); 13C NMR (500 MHz) (δ/ppm) 33.7, 37.6, 

54.2, 116.4, 123.9, 124.7, 125.7, 126.6, 127.0, 127.8, 128.3, 129.3, 131.5, 131.5, 132.2, 

135.2, 135.3, 135.6, 139.8, 140.8, 147.8, 152.3, 168.5, 169.5; Exact Mass (ES): 

determined mass: 441.1249 u, exact mass: 441.1244 u. 
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7-chloro-1-methyl-3-(4-(quinolin-5-yl)benzyl)-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-

dione (rac-4; LDM-2-23) 

 

4 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, GP4, 

GP5, and GP6 (reagent: 5-bromoquinoline).  The resulting crude product was purified 

by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 7-chloro-1-methyl-3-

(4-(quinolin-5-yl)benzyl)-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione (overall yield= 

42.9%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 96.1%; 1H NMR (500 MHz) 

(δ/ppm) 3.26 (qdt, 2H, J=12.4, J=7.1, J=1.0, 15, 15’), 3.40 (s, 3H, 12), 4.91 (t, 1H, 

J=7.2, 9), 7.15 (d, 1H, J=7.6, 6), 7.37 (dt, 2H, J=7.4, J=1.2, 17, 21), 7.49 (dd, 1H, J=7.5, 

J=1.9, 1), 7.60 (m, 2H, 18, 20), 7.66 (t, 1H, J=7.5, 31), 7.80 (m, 2H, 23, 24), 8.12 (dd, 

2H, J=6.9, J=1.9, 3, 25), 8.20 (dd, 1H, J=7.5, J=1.5, 32), 8.33 (s, 1H, 8), 8.88 (dd, 1H, 

J=7.7, J=1.5, 30); 13C NMR (500 MHz) (δ/ppm) 33.7, 37.6, 54.2, 123.3, 123.7, 123.9, 

124.3, 125.7, 127.0, 128.3, 128.8, 129.3, 131.5, 131.5, 132.2, 132.5, 135.2, 135.3, 

137.7, 140.8, 147.1, 149.6, 168.5, 169.5; Exact Mass (ES): determined mass: 441.1254 

u, exact mass: 441.1244 u. 
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7-chloro-1-methyl-3-(4-(6-oxo-1,6-dihydropyridin-3-yl)benzyl)-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (rac-5; LDM-2-27) 

 

5 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, GP4, 

GP5, and GP6 (reagent: 5-bromopyridin-2(1H)-one).  The resulting crude product was 

purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 7-chloro-1-

methyl-3-(4-(6-oxo-1,6-dihydropyridin-3-yl)benzyl)-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (overall yield= 32.4%) as an off-white solid; Purity: 

overall= 95.5%; Rf= 0.35 (EA); 1H NMR (500 MHz) (δ/ppm) 3.26 (m, 1H, 15, 15’), 3.41 

(s, 3H, 12), 4.91 (t, 1H, J=6.7, 9), 6.42 (d, 1H, J=10.9, 26), 7.15 (d, 1H, J=7.6, 6), 7.28 

(dt, 2H, J=7.3, J=1.0, 17, 21), 7.41 (m, 2H, 18, 20), 7.49 (dd, 1H, J=7.6, J=2.0, 1), 7.55 

(d, 1H, J=10.9, 27), 7.94 (s, 1H, 23), 8.18 (d, 1H, J=2.0, 3), 8.52 (s, 1H, 8), 11.24 (s, 1H, 

24); 13C NMR (500 MHz) (δ/ppm) 33.7, 37.6, 54.2, 110.6, 121.4, 123.9, 125.7, 125.9, 

129.5, 131.5, 131.5, 132.2, 133.9, 135.1, 136.8, 140.1, 140.8, 161.2, 168.5, 169.5; 

Exact Mass (ES): determined mass: 407.1042 u, exact mass: 407.1037 u. 
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7-chloro-3-(4-(imidazo[1,2-a]pyridin-6-yl)benzyl)-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (rac-6; LDM-2-19) 

 

6 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, GP4, 

GP5, and GP6 (reagent: 6-bromoimidazo[1,2-a]pyridine).  The resulting crude product 

was purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 7-

chloro-3-(4-(imidazo[1,2-a]pyridin-6-yl)benzyl)-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (overall yield= 31.5%) as an off-white solid; Rf= 0.35 

(EA); Purity: overall= 96.2%; 1H NMR (500 MHz) (δ/ppm) 3.10 (ddt, 1H, J=12.5, J=6.3, 

J=1.1, 16), 3.39 (S, 3H, 13), 3.53 (ddt, 1H, J=12.4, J=6.2, J=1.1, 16’), 5.02 (t, 1H, J=6.3, 

10), 7.19 (d, 1H, J=7.5, 6), 7.48 (dd, 1H, J=7.5, J=1.9, 1), 7.56 (dt, 2H, J=7.3, J=1.1, 18, 

22), 7.64 (d, 1H, J=7.5, 31), 7.68 (d, 2H, J=5.0, 19, 21), 7.83 (d, 1H, J=7.5, 25), 7.94 

(dd, 1H, J=7.5, J=1.5, 24), 8.06 (m, 2H, 3, 30), 8.16 (s, 1H, 9), 8.99 (d, 1H, J=1.5, 28); 

13C NMR (500 MHz) (δ/ppm) 33.7, 37.6, 54.2, 114.1, 120.3, 123.9, 125.7, 126.0, 129.8, 

131.3, 131.5, 131.5, 132.2, 133.2, 134.0, 134.6, 134.8, 140.8, 144.7, 168.5, 169.5; 

Exact Mass (ES): determined mass: 430.1202 u, exact mass: 430.1197 u. 
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3-(4-(1H-indazol-5-yl)benzyl)-7-chloro-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-

2,5-dione ((S)-7; LDM-2-17) 

 

(S)-7 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, 

GP4, GP5, and GP6 (reagent: 5-bromo-1H-indazole).  The resulting crude product was 

purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-

indazol-5-yl)benzyl)-7-chloro-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione  

(overall yield= 40.1%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 96.1%, 

chiral= 97.8%; 1H NMR (500 MHz) (δ/ppm) 3.21 (ddt, 1H, J=12.5, J=7.3, J=1.1, 16), 

3.28 (ddt, 1H, J=12.4, J=7.3, J=1.1, 16’), 3.40 (s, 3H, 13), 4.88 (t, 1H, J=7.3, 10), 7.19 

(d, 1H, J=7.6, 6), 7.39 (dt, 2H, J=7.7, J=1.1, 18, 22), 7.49 (dd, 1H, J=7.5, J=2.1, 1), 7.64 

(m, 3H, 19, 21, 26) 7.95 (dd, 1H, J=7.5, J=1.3, 24), 8.10 (d, 1H, J=2.0, 3), 8.33 (d, 2H, 

J=1.7, 28, 31), 8.37 (s, 1H, 9) ; 13C NMR (500 MHz) (δ/ppm) 33.7, 37.6, 54.2, 110.9, 

119.2, 123.5, 123.9, 125.7, 126.6, 127.8, 128.5, 131.5, 131.5, 135.7, 137.5, 139.4, 

140.8, 168.5, 169.5 ; Exact Mass (ES): determined mass: 430.1204 u, exact mass: 

430.1197 u. 
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7-chloro-1-methyl-3-(4-(1-methyl-1H-indazol-5-yl)benzyl)-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (rac-8; LDM-2-33) 

 

8 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, GP4, 

GP5, and GP6 (reagent: 5-bromo-1-methyl-1H-indazole).  The resulting crude product 

was purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 7-

chloro-1-methyl-3-(4-(1-methyl-1H-indazol-5-yl)benzyl)-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (overall yield= 46.6%) as an off-white solid; Rf= 0.35 

(EA); Purity: overall= 95.2%; 1H NMR (500 MHz) (δ/ppm) 3.16 (ddt, 1H, J=12.5, J=6.0, 

J=1.1, 15), 3.31 (ddt, 1H, J=12.4, J=5.9, J=1.0, 15’), 3.39 (s, 3H, 12), 3.81 (s, 3H, 32), 

4.97 (t, 1H, J=6.0, 9), 7.13 (d, 1H, J=7.5, 6), 7.38 (dt, 2H, J=7.6, J=1.1), 7.48 (dd, 1H, 

J=7.5, J=1.9, 1), 7.64 (d, 2H, J=10.9, 18, 20), 7.81 (d, 1H, J=7.5, 24), 7.89 (dd, 1H, 

J=7.4, J=1.4, 23), 8.10 (d, 1H, J=1.9, 3), 8.26 (dt, 2H, J=2.6, J=1.4, 27, 31), 8.29 (s, 1H, 

8); 13C NMR (500 MHz) (δ/ppm) 33.7, 35.6, 37.6, 54.2, 113.0, 120.1, 123.9, 125.7, 

126.8, 127.8, 128.5, 131.5, 131.5, 132.2, 132.7, 133.2, 134.5, 137.5, 138.3, 140.8, 

168.5, 169.5; Exact Mass (ES): determined mass: 444.1363 u, exact mass: 444.1353 u. 
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5-(4-((7-chloro-1-methyl-2,5-dioxo-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-3-

yl)methyl)phenyl)-1H-indazole-3-carbonitrile ((S)-9; LDM-2-235) 

 

(S)-9 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, 

GP4, GP5, and GP6 (reagent: 5-bromo-1H-indazole-3-carbonitrile).  The resulting crude 

product was purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 

5-(4-((7-chloro-1-methyl-2,5-dioxo-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-3-

yl)methyl)phenyl)-1H-indazole-3-carbonitrile (overall yield= 41.1%) as an off-white solid; 

Rf= 0.35 (EA); Purity: overall= 95.8%, chiral=97.1; 1H NMR (500 MHz) (δ/ppm) 3.21 

(ddt, 1H, J=12.4, J=7.1, J=1.0, 15), 3.28 (ddt, 1H, J=12.4, J=7.2, J=1.0, 15’), 3.40 (s, 

3H, 12), 4.88 (t, 1H, J=7.2, 9), 7.14 (d, 1h, J=7.5, 6), 7.36 (dt, 2H, J=7.4, J=1.1, 17, 21), 

7.49 (dd, 1H, J=7.5, J=1.9, 1), 7.64 (m, 3H, 18, 20, 24), 7.97 (dd, 1H, J=7.5, J=1.5, 23), 

8.01 (s, 1H, 8), 8.20 (d, 1H, J=1.9, 3), 8.70 (d, 1H, J=1.5, 27); 13C NMR (500 MHz) 

(δ/ppm) 33.7, 37.6, 54.2, 108.7, 112.6, 114.7, 120.6, 120.6, 123.9, 125.0, 125.7, 127.8 

128.5, 131.5, 131.5, 132.2, 134.5, 134.6, 137.5, 140.8, 141.9, 168.5, 169.5; Exact Mass 

(ES): determined mass: 455.1154 u, exact mass: 455.1149 u. 
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7-chloro-1-methyl-3-(4-(3-methyl-1H-indazol-5-yl)benzyl)-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-10; LDM-2-243) 

 

(S)-10 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, 

GP4, GP5, and GP6 (reagent: 5-bromo-3-methyl-1H-indazole).  The resulting crude 

product was purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 

7-chloro-1-methyl-3-(4-(3-methyl-1H-indazol-5-yl)benzyl)-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (overall yield= 31.0%) as an off-white solid; Rf= 0.35 

(EA); Purity: overall= 96.2%, chiral= 95.9%; 1H NMR (500 MHz) (δ/ppm) 2.58 (s, 3H, 

32), 3.25 (m, 2H, 15, 15’), 3.40 (s, 3H, 12), 4.95 (t, 1H, J=6.8), 7.14 (d, 1H, J=7.5, 6), 

7.36 (dt, 2H, J=7.4, J=1.1, 17, 21), 7.49 (dd, 1H, J=7.5, J=1.9, 1), 7.58 (d, 1H, J=7.5, 

24), 7.64 (d, 2H, J=10.9, 18, 20), 7.97 (dd, 1H, J=7.5, J=1.5, 23), 8.17 (dd, 2H, J=10.2, 

J=1.8, 3, 27), 8.28 (s, 1H, 8); 13C NMR (500 MHz) (δ/ppm) 13.4, 33.7, 37.6, 54.2, 112.2, 

121.1, 121.9, 123.9, 125.2 125.7, 127.8, 128.5, 131.5, 131.5, 132.2, 134.4, 134.5, 

137.5, 140.8, 140.9, 144.6, 168.5, 169.5; Exact Mass (ES): determined mass: 444.1350 

u, exact mass: 444.1353 u. 

 

 



 109 

3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-7-chloro-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (rac-11; LDM-2-269) 

 

11 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, 

GP4, GP5, and GP6 (reagent: 4-bromo-7-azaindole).  The resulting crude product was 

purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-

pyrrolo[2,3-b]pyridin-4-yl)benzyl)-7-chloro-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (overall yield= 35.7%) as an off-white solid; Rf= 0.35 

(EA); Purity: overall= 97.1%, chiral= 95.0%; 1H NMR (500 MHz) (δ/ppm) 3.22 (ddt. 1H, 

J=12.4, J=7.1, J=1.0, 15), 3.30 (ddt, 1H, J=12.4, J=7.2, J=1.0, 15’), 3.40 (s, 3H, 12), 

4.88 (t, 1H, J=7.2, 9), 6.74 (d, 1H, J=7.5, 31), 7.15 (d, 1H, J=7.5, 6), 7.37 (m, 3H, 17, 

21, 30), 7.49 (dd, 1H, J=7.6, J=2.0, 1), 7.75 (d, 2H, J=10.9, 18, 20), 7.90 (d, 1H, J=7.5, 

23), 8.02 (s, 1H, 8), 8.17 (d, 1H, J=2.0, 3), 8.65 (d, 1H, J=7.5, 24), 11.84 (s, 1H, 29); 13C 

NMR (500 MHz) (δ/ppm) 33.7, 37.6, 54.2, 94.5, 115.9, 122.7, 123.4, 123.9, 125.7, 

128.2, 129.6, 131.5, 131.5, 132.2, 134.7, 137.4, 138.6, 140.8, 145.1, 148.4, 168.5, 

169.5; Exact Mass (ES): determined mass: 430.1203 u, exact mass: 430.1197 u. 
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3-(4-(1H-indol-5-yl)benzyl)-7-chloro-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-

2,5-dione (rac-12; LDM-2-25) 

 

12 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, 

GP4, GP5, and GP6 (reagent: 5-bromo-1H-indole).  The resulting crude product was 

purified by flash chromatography  [0-100%(10%MeOH/EA)/hex]  to provide 3-(4-(1H-

indol-5-yl)benzyl)-7-chloro-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione 

(overall yield= 39.6%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 95.9%; 1H 

NMR (500 MHz) (δ/ppm) 3.21 (ddt, 1H, J=12.5, J=7.2, J=1.1, 15), 3.28 (ddt, 1H, J=12.4, 

J=7.2, J=1.0, 15’), 3.40 (s, 3H, 12), 4.88 (t, 1H, J=7.3, 9), 6.68 (dd, 1H, J=7.5, J=1.5, 

31), 7.14 (d, 1H, J=7.5, 17), 7.34 (ddd, 3H, J=7.5, J=2.5, J=1.2, 17, 21, 30), 7.49 (dd, 

1H, J=7.5, J=1.9, 1), 7.64 (m, 2H, 18, 20), 7.73 (d, 1H, J=7.5, 24), 7.85 (dd, 1H, J=7.5, 

J=1.5, 23), 8.00 (s, 1H, 8), 8.13 (t, 1H, J=1.5, 27), 8.20 (d, 1H, J=2.0, 3), 11.53 (s, 1H, 

29); 13C NMR (500 MHz) (δ/ppm) 33.7, 37.6, 54.2, 102.7, 112.9, 120.4, 123.8, 125.7, 

125.8, 125.9, 127.8, 128.5, 131.5, 131.5, 132.2, 134.5, 134.6, 137.4, 137.5, 140.8, 

168.5, 169.5; Exact Mass (ES): determined mass: 429.1247 u, exact mass: 429.1244 u. 
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7-chloro-1-methyl-3-(4-(2-methyl-1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-13; LDM-2-299) 

 

(S)-13 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, 

GP4, GP5, and GP6 (reagent: 4-bromo-2-methyl-7-azaindole).  The resulting crude 

product was purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 

7-chloro-1-methyl-3-(4-(2-methyl-1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (overall yield= 46.6%) as an off-white solid; Rf= 0.35 

(EA); Purity: overall= 96.6%, chiral= 97.2%; 1H NMR (500 MHz) (δ/ppm) 2.29 (s, 3H, 

32), 3.21 (ddt, 1H, J=12.4, J=6.7, J=1.0, 15), 3.29 (ddt, 1H, J=12.6, J=6.6, J=1.0, 15’), 

3.40 (s, 3H, 12), 4.94 (t, 1H, J=6.5, 9), 6.33 (s, 1H, 31), 7.14 (d, 1H, J=7.5, 6), 7.42 (dt, 

2H, J=7.2, J=1.1, 17, 21), 7.49 (dd, 1H, J=7.6, J=2.0, 1), 7.78 (d, 2H, J=10.9, 18, 20), 

7.89 (d, 1H, J=7.5, 23), 8.05 (d, 1H, J=1.9, 3), 8.43 (s, 1H, 8), 8.61 (d, 1H, J=7.5, 24), 

11.59 (s, 1H, 29); 13C NMR (500 MHz) (δ/ppm) 13.1, 33.7, 37.6, 54.2, 97.1, 115.5, 

123.9, 125.7, 127.8, 128.2, 129.6, 130.8, 131.5, 131.5, 132.2, 134.7, 135.8, 136.6, 

140.8, 144.8, 149.6, 168.5, 169.5; Exact Mass (ES): determined mass: 444.1362 u, 

exact mass: 444.1353 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-8-chloro-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-14; LDM-2-307) 

 

(S)-14 was prepared by GP2 (starting material: 4-chloroisatoic anhydride), GP3, 

GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrolo[2,3-

b]pyridine).  The resulting crude product was purified by flash chromatography  [0-

100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-8-

chloro-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione (overall yield= 38.2%) 

as an off-white solid; Rf= 0.35 (EA); Purity: overall= 95.9%, chiral= 95.8%; 1H NMR (500 

MHz) (δ/ppm) 3.23 (ddt, 1H, J=12.5, J=7.4, J=1.1, 15), 3.31 (ddt, 1H, J=12.3, J=7.1, 

15’), 3.41 (s, 3H, 12), 4.88 (t, 1H, J=7.1, 9), 6.86 (d, 1H, J=7.5, 30), 7.38 (ddd, 3H, 

J=7.3, J=2.2, J=1.2, 17, 19, 21), 7.53 (dd, 1H, J=7.5, J=1.9, 2), 7.61 (d, 1H, J=2.0, 6), 

7.77 (d, 2H, J=10.9, 18, 20), 7.91 (d, 1H, J=7.5, 23), 7.96 (d, 1H, J=7.5, 3), 8.47 (s, 1H, 

8), 8.65 (d, 1H, J=7.5, 24), 11.83 (s, 1H, 28); 13C NMR (500 MHz) (δ/ppm) 33.4, 37.6, 

54.2, 94.5, 115.9, 120.4, 122.3, 122.7, 123.4, 128.2, 128.5, 129.6, 131.0, 134.7, 137.4, 

137.5, 138.6, 142.2, 145.1, 148.4, 167.6, 168.7; Exact Mass (ES): determined mass: 

430.1206 u, exact mass: 430.1197 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-8-methoxy-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-15; LDM-3-3) 

 

(S)-15 was prepared by GP2 (starting material: 4-methoxyisatoic anhydride), 

GP3, GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrrolo[2,3-b]pyridine).  The resulting crude product was purified by flash 

chromatography  [0-100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-

b]pyridin-4-yl)benzyl)-8-methoxy-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-

dione (overall yield= 42.2%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 96.1%, 

chiral= 98.0%; 1H NMR (500 MHz) (δ/ppm) 3.22 (ddt, 1H, J=12.5, J=7.4, J=1.1, 15), 

3.29 (ddt, 1H, J=12.5, J=7.1, J=1.1, 15’), 3.40 (s, 3H, 12), 3.77 (s, 3H, 32), 4.88 (t, 1H, 

J=7.0, 9), 6.68 (d, 1H, J=7.5, 30), 6.99 (d, 2H, J=7.0, 2, 6), 7.35 (d, 1H, J=7.5, 29), 7.38 

(dt, 2H, J=7.4, J=1.1, 17, 21), 7.80 (m, 2H, 18, 20), 7.97 (t, 2H, J=7.1, 3, 23), 8.37 (s, 

1H, 8), 8.66 (d, 1H, J=7.5, 24), 11.84 (s, 1H, 28); 13C NMR (500 MHz) (δ/ppm) 33.4, 

37.6, 54.2, 55.6, 94.5, 107.5, 111.7, 115.9, 122.7, 123.4, 126.7, 128.2, 129.6, 130.9, 

134.7, 137.4, 138.6, 141.0, 145.1, 148.4, 160.3, 167.6, 168.7; Exact Mass (ES): 

determined mass: 426.1697 u, exact mass: 426.1692 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-7-methoxy-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-16; LDM-3-5) 

 

(S)-16 was prepared by GP2 (starting material: 5-chloroisatoic anhydride), GP3, 

GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrolo[2,3-

b]pyridine).  The resulting crude product was purified by flash chromatography  [0-

100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-7-

methoxy-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione (overall yield= 

49.8%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 96.0%, chiral= 95.8%; 1H 

NMR (500 MHz) (δ/ppm) 3.16 (ddt, 1H, J=12.6, J=6.3, J=1.1, 15), 3.33 (ddt, 1H, J=12.4, 

J=6.3, J=1.0, 15’), 3.40 (s, 3H, 12), 3.73 (s, 3H, 32), 5.09 (t, 1H, J=6.2, 6.67 (d, 1H, 

J=7.5, 30), 7.35 (d, 1H, J=7.5, 29), 7.41 (dt, 1H, J=7.5, J=1.2, 17, 21), 7.60 (m, 2H, 3, 

6), 7.64 (dd, 1H, J=7.5, J=1.9, 1), 7.73 (d, 2H, J=10.9, 18, 20), 7.89 (d, 1H, J=7.5, 23), 

8.23 (s, 1H, 8), 8.64 (d, 1H, J=7.5, 24), 11.74 (s, 1H, 28); 13C NMR (500 MHz) (δ/ppm) 

33.7, 37.6, 54.2, 55.8, 94.5, 115.4, 115.9, 116.8, 122.7, 123.2, 123.4, 128.2, 129.6, 

131.8, 134.7, 137.4, 138.6, 138.6, 145.1, 148.4, 158.2, 168.5, 169.5; Exact Mass (ES): 

determined mass: 426.1697 u, exact mass: 426.1692 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-1-methyl-8-nitro-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-17; LDM-3-35) 

 

(S)-17 was prepared by GP2 (starting material: 4-nitroisatoic anhydride), GP3, 

GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrolo[2,3-

b]pyridine).  The resulting crude product was purified by flash chromatography  [0-

100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-1-

methyl-8-nitro-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione (overall yield= 30.1%) 

as an off-white solid; Rf= 0.35 (EA); Purity: overall= 96.4%, chiral= 97.1%; 1H NMR (500 

MHz) (δ/ppm) 3.20 (m, 2H, 15, 15’), 3.43 (s, 3H, 12), 4.88 (t, 1H, J=6.9, 9), 6.66 (d, 1H, 

J=7.5, 30), 7.40 (m, 3H, 17, 21, 29), 7.80 (m, 2H, 18, 20), 7.98 (d, 1H, J=7.7, 23), 8.12 

(dd, 1H, J=7.6, J=2.0, 2), 8.15 (s, 1H, 8), 8.19 (d, 1H, J=2.0, 6), 8.29 (d, 1H, J=7.6, 3), 

8.67 (d, 1H, J=7.5, 24) 11.85 (s, 1H, 28); 13C NMR (500 MHz) (δ/ppm) 33.4, 37.6, 54.2, 

94.5, 113.6, 115.9, 117.0, 122.7, 123.4, 128.1, 128.2, 129.6, 130.5, 134.7, 137.4, 138.6, 

144.0, 145.1, 147.3, 148.4, 167.6, 168.7; Exact Mass (ES): determined mass: 441.1447 

u, exact mass: 441.1437 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-6-fluoro-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-18; LDM-3-39) 

 

(S)-18 was prepared by GP1 (starting material: 2-amino-6-fluorobenzoic acid), 

GP2, GP3, GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrrolo[2,3-b]pyridine).  The resulting crude product was purified by flash 

chromatography  [0-100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-

b]pyridin-4-yl)benzyl)-6-fluoro-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-

dione (overall yield= 24.3%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 96.9%, 

chiral= 97.0%; 1H NMR (500 MHz) (δ/ppm) 3.14 (ddt, 1H, J=12.6, J=6.3, J=1.2, 15), 

3.38 (s, 3H, 12), 3.45 (ddt, 1H, J=12.4, J=6.2, J=1.0, 15’), 4.99 (t, 1H, J=6.2, 9), 6.65 (d, 

1H, J=7.5, 30), 7.01 (dd, 1H, J=7.5, J=1.9, 6), 7.25 (t, 1H, J=3.1, 2), 7.33 (d, 1H, J=7.5, 

29), 7.50 (m, 3H, 1, 17, 21), 7.74 (d, 2H, J=10.9, 18, 20), 7.93 (d, 1H, J=7.5, 23), 8.24 

(s, 1H, 8), 8.68 (d, 1H, J=7.5, 24), 11.74 (s, 1H, 28); 13C NMR (500 MHz) (δ/ppm) 33.4, 

37.6, 54.3, 94.5, 110.4, 110.6, 115.9, 118.2, 118.2, 120.0, 120.2, 122.7, 123.4, 128.2, 

129.6, 130.9, 131.0, 134.7, 137.4, 138.6, 142.2, 142.2, 145.1, 148.4, 159.3, 161.3, 

167.5, 167.5, 168.7; Exact Mass (ES): determined mass: 414.1505 u, exact mass: 

414.1492 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-1-methyl-6-(1H-pyrazol-4-yl)-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-19; LDM-3-47) 

 

(S)-19 was prepared by GP2 (starting material: 6-bromoisatoic anhydride), GP3, 

GP4, GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrolo[2,3-

b]pyridine), followed by an additional GP6 step (reagent: 4-pyrazole boronic acid pinacol 

ester).  The resulting crude product was purified by flash chromatography  [0-

100%(10%MeOH/EA)/hex]  to provide 3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-1-

methyl-6-(1H-pyrazol-4-yl)-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione (overall 

yield= 16.4%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 97.9%, chiral= 

95.7%; 1H NMR (500 MHz) (δ/ppm) 3.22 (ddt, 1H, J=12.4, J=7.1, J=1.1, 15), 3.29 (ddt, 

1H, J=12.4, J=7.1, J=1.1, 15’), 3.39 (s, 1H, 12), 4.90 (t, 1H, J=7.1, 9), 6.59 (d, 1H, 

J=7.5, 30), 7.32 (dd, 2H, J=7.5, J=2.0, 6, 29), 7.42 (dt, 2H, J=7.5, J=1.1, 17, 21), 7.53 

(d, 1H, J=1.5, 35), 7.60 (t, 1H, J=7.5, 1), 7.70 (m, 3H, 2, 18, 20), 8.05 (d, 1H, J=7.5, 23), 

8.09 (d, 1H, J=1.5, 32), 8.71 (d, 1H, J=7.5, 24), 8.76 (s, 1H, 8), 11.72 (s, 1H, 28); 13C 

NMR (500 MHz) (δ/ppm) 33.4, 37.6, 54.3, 94.5, 115.9, 117.7, 119.4, 119.8, 122.7, 

123.4, 126.2, 128.2, 128.9, 129.6, 130.6, 133.6, 134.7, 136.6, 137.4, 138.6, 145.1, 

145.9, 148.4, 168.7, 170.7; Exact Mass (ES): determined mass: 462.1809 u, exact 

mass: 462.1804 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-8,9-dichloro-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (rac-20; LDM-3-49) 

 

20 was prepared by GP1 (starting material: 2-amino-3,4-dichloro benzoic acid), 

GP2, GP3, GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrrolo[2,3-b]pyridine).  The resulting crude product was purified by flash 

chromatography  [0-100%(10%MeOH/EA)/hex]  to provide 3-(4-(1H-pyrrolo[2,3-

b]pyridin-4-yl)benzyl)-8,9-dichloro-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-

dione (overall yield= 45.5%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 97.0%; 

1H NMR (500 MHz) (δ/ppm) 3.10 (ddt, 1H, J=12.5, J=6.7, J=1.0, 23), 3.36 (s, 3H, 20), 

3.52 (ddt, 1H, J=12.4, J=6.5, J=1.2, 23’), 4.99 (t, 1H, J=6.5, 17), 6.67 (d, 1H, J=7.5, 38), 

7.38 (d, 1H, J=7.5, 37), 7.55 (ddd, 3H, J=7.5, J=2.9, J=1.8, 10, 25, 29), 7.80 (m, 2H, 26, 

28), 7.84 (d, 1H, J=7.5, 11), 8.01 (d, 1H, J=7.5, 31), 8.05 (s, 1H, 16), 8.70 (d, 1H, J=7.5, 

32), 11.83 (s, 1H, 36); 13C NMR (500 MHz) (δ/ppm) 37.4, 37.6, 54.3, 94.5, 115.9, 122.7, 

123.4, 124.9, 127.6, 128.2, 129.6, 129.9, 131.6, 133.0, 134.7, 137.4, 138.6, 145.0, 

145.1, 148.4, 168.5, 168.7; Exact Mass (ES): determined mass: 464.0811 u, exact 

mass: 464.0807 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-6-(isoxazol-4-yl)-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-21; LDM-3-77) 

 

(S)-21 was prepared by GP1 (starting material: 2-amino-6-bromo benzoic acid), 

GP2, GP3, GP4, GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrrolo[2,3-b]pyridine), followed by an additional GP6 step (reagent: 4-isoxazole boronic 

acid pinacol ester).  The resulting crude product was purified by flash chromatography  

[0-100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-6-

(isoxazol-4-yl)-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione (overall yield= 

14.7%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 96.9%, chiral= 97.0%; 1H 

NMR (500 MHz) (δ/ppm) 3.26 (qdt, 2H, J=12.5, J=7.0, J=1.0, 23, 23’), 3.40 (s, 3H, 20), 

4.90 (t, 1H, J=7.0, 17), 6.62 (d, 1H, J=75, 38), 7.4 (m, 2H, 14, 37), 7.45 (dt, 2H, J=7.4, 

J=1.1, 25, 29), 7.64 (t, 1H, J=7.5, 9), 7.70 (m, 3H, 10, 26, 28), 7.94 (d, 1H, J=1.5, 43), 

8.05 (d, 1H, J=7.7, 31), 8.38 (d, 1H, J=1.5, 40), 8.70 (s, 1H, 16), 8.75 (d, 1H, J=7.5, 32), 

11.73 (s, 1H, 36); 13C NMR (500 MHz) (δ/ppm) 33.4, 37.6, 54.3, 94.5, 115.9, 117.1, 

120.6, 122.7, 123.4, 125.9, 126.8, 128.2, 129.5, 129.5, 131.9, 134.7, 137.4, 138.6, 

144.8, 145.1, 148.4, 151.2, 156.5, 168.7, 170.7 ; Exact Mass (ES): determined mass: 

463.1644 u, exact mass: 463.1644 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-7-hydroxy-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-22; LDM-3-85) 

 

(S)-22 was prepared by GP2 (starting material: 6-((tert-butyldimethylsilyl)oxy)-

1H-benzo[d][1,3]oxazine-2,4-dione), GP3, GP4, GP6 (reagent: 4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)-1H-pyrrolo[2,3-b]pyridine), and GP7.  The resulting crude 

product was purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 

3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-7-hydroxy-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (overall yield= 12.1%) as an off-white solid; Rf= 0.35 

(EA); Purity: overall= 95.1%, chiral= 97.9%; 1H NMR (500 MHz) (δ/ppm) 3.23 (ddt, 1H, 

J=12.4, J=7.3, J=1.1, 23), 3.30 (ddt, 1H, J=12.4, J=7.1, J=1.0, 23’), 4.88 (t, 1H, J=7.2, 

17), 6.90 (d, 1H, J=7.5, 38), 7.06 (dd, 1H, J=7.5, J=2.0, 9), 7.40 (m, 3H, 25, 29, 37), 

7.46 (d, 1H, J=7.5, 14), 7.49 (d, 1H, J=2.0, 11), 7.80(m, 2H, 26, 28), 7.95 (d, 1H, J=7.5, 

31), 8.50 (s, 1H, 16), 8.69 (d, 1H, J=7.5, 32), 10.61 (s, 1H, 39), 11.83 (s, 1H, 36); 13C 

NMR (500 MHz) (δ/ppm) 36.8, 36.8, 56.8, 94.9, 110.5, 116.7, 117.1, 121.9, 123.0, 

125.6, 126.9, 129.2, 129.7, 131.8, 133.7, 137.4, 139.8, 147.1, 147.3, 151.7, 167.3, 

168.4 ; Exact Mass (ES): determined mass: 463.1646 u, exact mass: 463.1644 u. 
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2-((3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-1-methyl-2,5-dioxo-2,3,4,5-tetrahydro-1H-

benzo[e][1,4]diazepin-7-yl)oxy)-N-propylacetamide ((S)-23; LDM-4-17). 

 

(S)-23 was prepared using GP2 (starting material: starting material: 6-((tert-

butyldimethylsilyl)oxy)-1H-benzo[d][1,3]oxazine-2,4-dione), GP3, GP4, GP7, GP8 

(reagent: 2-bromo-N-propylacetamide) and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-1H-pyrrolo[2,3-b]pyridine).  The resulting crude product was purified 

by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 2-((3-(4-(1H-

pyrrolo[2,3-b]pyridin-4-yl)benzyl)-1-methyl-2,5-dioxo-2,3,4,5-tetrahydro-1H-

benzo[e][1,4]diazepin-7-yl)oxy)-N-propylacetamide (overall yield= 8.2%) as an off-white 

solid; Rf= 0.35 (EA); Purity: overall= 98.4%, chiral= 96.1%; 1H NMR (500 MHz) (δ/ppm) 

0.81 (t, 3H, J=6.7, 38), 1.34 (qt, 2H, J=6.6, J=5.0, 37), 3.15 (t, 1H, J=5.0, 36), 3.20 (ddt, 

1H, J=12.4, J=6.7, J=1.1, 12), 3.31 (ddt, 1H, J=12.6, J=6.9, 12’), 3.37 (t, 1H, J=5.0, 36’), 

3.41 (s, 3H, 27), 4.45 (s, 2H, 32), 5.02 (t, 1H, J=6.6, 9), 6.61 (d, 1H, J=7.5), 7.09 (dd, 

1H, J=7.5, J=1.9, 1), 7.33 (d, 1H, J=7.5, 29), 7.41 (dt, 2H, J=7.2, J=0.9, 14), 7.55 (d, 1H, 

J=7.5, 6), 7.7 (m, 3H, 3, 15, 17), 7.88 (d, 1H, J=7.5, 20), 8.15 (s, 1H, 35), 8.19 (s, 1H, 

8), 8.63 (d, 1H, J=7.5, 21), 11.73 (s, 1H, 28);13C NMR (500 MHz) (δ/ppm) 11.9, 23.9. 

36.8, 36.8, 42.6, 56.8, 67.8, 94.9, 110.5, 116.7, 117.5, 118.7, 123.0, 124.7, 126.9, 
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129.7, 132.9, 133.7, 134.1, 137.4, 139.8, 147.1, 147.3, 158.5, 167.3, 168.4, 170.7; 

Exact Mass (ES): determined mass: 511.5726 u, exact mass: 511.5717 u. 

3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-8-bromo-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-24; LDM-4-13). 

 

(S)-24 was prepared by GP2 (starting material: 4-bromoisatoic anhydride), GP3, 

GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrolo[2,3-

b]pyridine).  The resulting crude product was purified by flash chromatography  [0-

100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-8-

bromo-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione (overall yield= 44.1%) 

as an off-white solid; Rf= 0.35 (EA); Purity: overall= 96.0%, chiral= 96.4%; 1H NMR (500 

MHz) (δ/ppm) 3.11 (ddt, 1H, J=12.5, J=6.2, J=1.1, 12), 3.39 (s, 3H, 27), 3.44 (ddt, 1H, 

J=12.4, J=6.2, J=1.0, 12’), 5.00 (t, 1H, J=6.2, 9), 6.71 (d, 1H, J=7.5, 30), 7.30 (m, 2H, 6, 

29), 7.47 (dt, 2H, J=7.3, J=1.1, 14, 18), 7.66 (dd, 1H, J=7.6, J=2.0, 2), 7.75 (d, 2H, 

J=7.4, 15, 17), 7.92 (dd, 2H, J=7.5, J=6.5, 3, 20), 8.17 (s, 1H, 8), 8.68 (d, 1H, J=7.5, 

21), 11.78 (s, 1H, 28); 13C NMR (500 MHz) (δ/ppm) 36.8, 36.8, 56.8, 94.9, 110.5, 116.7, 

122.4, 123.0, 126.9, 127.0, 129.1, 129.7, 132.6, 132.7, 133.7, 137.4, 139.8, 143.3, 

147.1, 147.3, 167.3, 168.3; Exact Mass (ES): determined mass: 474.0699 u, exact 

mass: 474.0691 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-25; LDM-4-49). 

 

(S)-25 was prepared by GP3 (N-methylisatoic anhydride), GP4, and GP6 

(reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrolo[2,3-b]pyridine).  The 

resulting crude product was purified by flash chromatography  [0-

100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-1-

methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione (overall yield= 56.8%) as an 

off-white solid; Rf= 0.35 (EA); Purity: overall= 96.1%, chiral= 97.9%; 1H NMR (δ/ppm) 

3.16 (ddt, 1H, J=12.6, J=6.9, J=1.1, 12), 3.40 (m, 4H, 12’, 27), 4.90 (t, 1H, J=6.8, 9), 

6.65 (d, 1H, J=7.5, 30), 7.20 (m, 1H, 6), 7.31 (d, 1H, J=7.5, 29), 7.35 (td, 1H, J=7.5, 

J=2.0, 2), 7.41 (dt, 2H, J=7.4, J=1.1, 14, 18), 7.70 (d, 2H, J=7.5, 15, 17), 7.77 (td, 1H, 

J=7.5, J=2.0, 1), 7.87 (d, 1H, J=7.5, 20), 7.97 (dd, 1H, J=7.5, J=1.9, 3), 8.56 (s, 1H, 8), 

8.63 (d, 1H, J=7.5, 21), 11.71 (s, 1H, 28); 13C NMR (500 MHz) (δ/ppm) 36.8, 36.8, 56.8, 

94.9, 110.5, 116.7, 120.4, 122.6, 123.0, 124.4, 126.9, 129.7, 129.8, 131.0, 133.7, 137.4, 

139.8, 140.7, 147.1, 147.3, 167.3, 168.3; Exact Mass (ES): determined mass: 396.1595 

u, exact mass: 396.1586 u. 
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(S)-3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-9-methoxy-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-26; LDM-4-57). 

 

(S)-26 was prepared by GP2 (starting material: 8-methoxy-1H-

benzo[d][1,3]oxazine-2,4-dione), GP3, GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)-1H-pyrrolo[2,3-b]pyridine).  The resulting crude product was 

purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide (S)-3-(4-(1H-

pyrrolo[2,3-b]pyridin-4-yl)benzyl)-9-methoxy-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione (overall yield= 46.6%) as an off-white solid; Rf= 0.35 

(EA); Purity: overall= 98.1%, chiral= 99.0%; 1H NMR (500 MHz) (δ/ppm) 3.24 (qdt, 2H, 

J=12.4, J=6.6, J=1.1, 20, 20’), 3.39 (s, 3H, 35), 3.86 (s, 3H, 40), 4.96 (t, 1H, J=6.5, 17), 

6.87 (d, 1H, J=7.4, 38), 7.14 (dd, 1H, J=7.5, J=1.9, 9), 7.40 (m, 2H, 10, 37), 7.51 (dt, 

2H, J=7.3, J=1.1, 22, 26), 7.65 (dd, 1H, J=7.6, J=2.0, 11), 7.79 (d, 1H, J=7.6, 23, 25), 

7.94 (d, 1H, J=7.5, 28), 8.59 (s, 1H, 16), 8.67 (d, 1H, J=7.7, 29), 11.74 (s, 1H, 36); 13C 

NMR (500 MHz) (δ/ppm) 37.7, 37.8, 56.0, 56.3, 94.9, 110.6, 112.9, 116.9, 123.9, 125.7, 

126.9, 127.1, 129.8, 130.3, 133.8, 135.2, 136.9, 139.8, 147.5, 147.6, 159.4, 165.1, 

168.4; Exact Mass (ES): determined mass: 426.1697 u, exact mass: 426.1692 u. 

 



 125 

3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-6-bromo-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-28; LDM-4-33). 

 

(S)-28 was prepared by GP1 (starting material: 2-amino-6-bromobenzoic acid), 

GP2, GP3, GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrrolo[2,3-b]pyridine).  The resulting crude product was purified by flash 

chromatography  [0-100%(10%MeOH/EA)/hex]  to provide 3-(4-(1H-pyrrolo[2,3-

b]pyridin-4-yl)benzyl)-6-bromo-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-

dione (overall yield= 32.1%) as an off-white solid; Rf= 0.33 (EA); Purity: overall= 96.1%, 

chiral= 97.9%; 1H NMR (500 MHz) (δ/ppm) 3.23 (m, 1H, 12), 3.31 (m, 1H, 12’), 3.37 (s, 

3H, 28), 4.84 (t, 1H, J=6.4, 9), 6.57 (d, 1H, J=7.5, 27), 7.17 (dd, 1H, J=7.4, J=1.9, 6), 

7.35 (m, 2H, 1, 26), 7.38 (dt, 2H, J=7.4, J=1.1, 14, 18), 7.60 (dd, 1H, J=7.5, J=2.2, 2), 

7.69 (m, 2H, 15, 17), 7.84 (d, 1H, J=7.5, 20), 8.39 (s, 1H, 8), 8.63 (d, 1H, J=7.5, 21), 

11.71 (s, 1H, 25).  13C NMR (500 MHz) (δ/ppm) 36.7, 37.7, 55.0, 94.9, 110.6, 116.9, 

121.1, 123.9, 124.0, 126.9, 129.8, 130.1, 131.2, 132.7, 133.8, 136.9, 139.8, 142,1, 

147.5, 147.6, 167.0, 168.7; Exact Mass(ES): determined mass: 474.0698 u, exact 

mass: 474.0691 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-9-bromo-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((S)-29; LDM-4-45). 

 

(S)-29 was prepared by GP1 (starting material: 2-amino-3-bromobenzoic acid), 

GP2, GP3, GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrrolo[2,3-b]pyridine).  The resulting crude product was purified by flash 

chromatography  [0-100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-

b]pyridin-4-yl)benzyl)-9-bromo-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-

dione (overall yield= 38.9%) as an off-white solid; Rf= 0.36 (EA); Purity: overall= 96.0%, 

chiral= 97.6%; 1H NMR (500 MHz) (δ/ppm) 3.22 (dt, 1H, J=6.7, J=1.0, 12), 3.23 (dt, 1H, 

J=6.6, 1.0, 12’), 3.40 (s, 3H, 28), 4.85 (t, 1H, J=6.6, 9), 6.57 (d, 1H, J=7.5, 27), 7.32 (t, 

2H, J=7.5, 2, 26), 7.35 (d, 2H, J=10.9, 14, 18), 7.67 (m, 2H, 15, 17), 7.73 (dd, 1H, J=7.7, 

J=1.9, 1), 7.83 (d, 1H, J=7.5, 20), 7.87 (dd, 1H, J=7.5, J=1.9, 3), 8.14 (s, 1H, 8), 8.62 (d, 

1H, J=7.5, 21), 11.71 (s, 1H, 25).  13C NMR (500 MHz) (δ/ppm) 37.7, 37,8, 55.0, 94.9, 

110.6, 116.9, 118.2, 123.9, 126.9, 127.7, 129.4, 129.5, 129.8, 133.8, 134.3, 136.9, 

139.8, 141.6, 147.5, 147.6, 165.1, 168.4; Exact Mass (ES): determined mass: 474.0701 

u, exact mass: 474.0691 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-9-fluoro-1-methyl-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((R)-30; LDM-4-53). 

 

(R)-30 was prepared by GP1 (starting material: 2-amino-3-fluorobenzoic acid), 

GP2, GP3, GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrrolo[2,3-b]pyridine).  The resulting crude product was purified by flash 

chromatography  [0-100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-

b]pyridin-4-yl)benzyl)-9-fluoro-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-

dione (overall yield= 41.1%) as an off-white solid; Rf= 0.35 (EA); Purity: overall= 95.9%, 

chiral= 96.8%; 1H NMR (500 MHz) (δ/ppm) 3.25 (qdt, 2H, J=12.4, J=6.9, J=1.2, 12, 12’), 

3.44 (s, 3H, 28), 4.85 (t, 1H, J=6.8, 9), 6.58 (d, 1H, J=7.5, 27), 7.32 (d, 1H, J=7.7, 26), 

7.45 (m, 4H, 1, 2, 14, 18), 7.68 (m, 2H, 15, 17), 7.71 (dd, 1H, J=6.8, J=2.6, 3), 7.84 (d, 

1H, J=7.5, 20), 8.12 (s, 1H, 8), 8.62 (d, 1H, J=7.5, 21), 11.72 (s, 1H, 25); 13C NMR (500 

MHz) (δ/ppm) 37.7, 37.8, 37.8, 55.0, 94.9, 110.6, 116.9, 117.2, 117.4, 123.9, 126.9, 

127.6, 127.6, 127.9, 128.0, 129.8, 130.7, 130.7, 133.8, 135.3, 135.5, 136.9, 139.8, 

147.5, 147.6, 158.5, 160.5, 165.0, 165.1, 168.4, 168.5; Exact Mass (ES): determined 

mass: 414.1497 u, exact mass: 414.1492 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-1-methyl-7-nitro-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((R)-31; LDM-4-55). 

 

(R)-31 was prepared by GP1 (starting material: 2-amino-5-nitrobenzoic acid), 

GP2, GP3, GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrrolo[2,3-b]pyridine).  The resulting crude product was purified by flash 

chromatography  [0-100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-

b]pyridin-4-yl)benzyl)-1-methyl-7-nitro-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione 

(overall yield= 36.0%) as an off-white solid; Rf= 0.30 (EA); Purity: overall= 96.9%, 

chiral= 97.0%; 1H NMR (500 MHz) (δ/ppm) 3.25 (qdt, 2H, J=12.5, J=6.9, J=1.0, 12, 12’), 

3.41 (s, 3H, 28), 4.85 (t, 1H, J=6.8, 9), 6.54 (d, 1H, 3=7.5, 27), 7.32 (d, 1H, J=7.5, 26), 

7.36 (dt, 2H, J=7.6, J=1.1, 14, 18), 7.41 (d, 1H, J=7.6, 6), 7.68 (m, 2H, 15, 17), 7.85 (d, 

1H, J=7.7, 20), 8.14 (s, 1H, 8), 8.38 (dd, 1H, J=7.6, J=2.0, 1), 8.63 (d, 1H, J=7.5, 21), 

8.83 (d, 1H, J=2.0, 3), 11.72 (s, 1H, 25); 13C NMR (500 MHz) (δ/ppm) 36.7, 37.7, 55.0, 

94.9, 110.6, 116.9, 122.9, 123.9, 124.2, 126.1, 126.9, 129.7, 129.8, 133.8, 136.9, 139.8, 

143.3, 147.2, 147.5, 147.6, 167.0, 168.4; Exact Mass (ES): determined mass: 441.1447 

u, exact mass: 441.1437 u. 
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3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzyl)-1-methyl-9-nitro-3,4-dihydro-1H-

benzo[e][1,4]diazepine-2,5-dione ((R)-33; LDM-4-85). 

 

(R)-33 was prepared by GP1 (starting material: 2-amino-3-nitrobenzoic acid), 

GP2, GP3, GP4, and GP6 (reagent: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrrolo[2,3-b]pyridine).  The resulting crude product was purified by flash 

chromatography  [0-100%(10%MeOH/EA)/hex] to provide 3-(4-(1H-pyrrolo[2,3-

b]pyridin-4-yl)benzyl)-1-methyl-9-nitro-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione 

(overall yield= 38.2%) as an off-white solid; Rf= 0.30 (EA); Purity: overall= 96.1%, 

chiral= 97.4%; 1H NMR (500 MHz) (δ/ppm) 3.32 (m, 5H, 12, 12’, 28), 4.88 (t, 1H, J=6.7, 

9), 6.58 (d, 1H, J=7.5, 27), 7.31 (d, 1H, J=7.5, 26), 7.38 (dt, 2H, J=7.4, J=1.0, 14, 18), 

7.58 (t, 1H, J=7.5, 2), 7.69 (m, 2H, 15, 17), 7.85 (d, 1H, J=7.5, 20), 8.16 (s, 1H, 8), 8.19 

(dd, 1H, J=7.5, J=2.1, 1), 8.23 (dd, 1H, J=7.6, J=2.0, 3), 8.63 (d, 1H, J=7.5, 21), 11.71 

(s, 1H, 25); 13C NMR (500 MHz) (δ/ppm) 37.7, 37.8, 55.0, 94.9, 110.6, 116.9, 123.9, 

126.9, 127.2, 129.3, 129.8, 132.1, 133.8, 134.7, 136.9, 139.8, 140.3, 145.5, 147.5, 

147.6, 165.1, 168.4; Exact Mass (ES): determined mass: 441.1447 u, exact mass: 

441.1437 u. 
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Chapter 3 

STRUCTURE-BASED DESIGN IN LEAD OPTIMIZATION 

 

Introduction 

The crystal structures of ROCKI and ROCKII, co-crystallized with Fasudil, were 

determined in 2006 and have significantly aided the discovery and design of new 

inhibitors1-7.   When using molecular modeling to predict successful new inhibitors, there 

are typically two basic approaches, including lead optimization of known compounds 

and fragment-based methods8,9.  Lead optimization involves manually building out from 

a previously established lead molecule, docked in its target receptor by a ligand-docking 

protocol, in order to make specific contacts or to improve non-specific contacts.  

However, fragment-based design involves the virtual screening of a library of chemical 

fragments for high binding affinity to the target, followed by the arrangement of the most 

successful fragments onto a template.  Both approaches have been utilized in the 

design of ROCK inhibitors10, however, because a lead had previously been established 

(BZD-29) in this project, its template was maintained and optimized toward potent and 

selective inhibition of the targets.  A pseudo-fragment based approach was involved 

however, in which fragments which formed desirable contacts were built onto the BZD-

29 template.  These constructs were then screened and those which maintained the 

contacts seen in the fragments alone were then considered for synthesis.  
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 The Glide-Prime algorithm.  The interaction of BZD-29 with ROCKI and ROCKII 

was modeled to aid in lead optimization using the Glide-Prime software package11.  By 

allowing side-chains to sample degrees of freedom in the receptor and by allowing 

minor movements of the backbone, the Glide-Prime algorithm accounts for flexibility of 

the ligand and the receptor11,12. Specifically, through the introduction of loop predictions 

in the protocol, protein flexibility is addressed by this algorithm11,13.  Because ROCKI 

and ROCKII experience large changes in the conformations of loops upon binding of a 

ligand, this feature was especially important1,10,11,14.  

The Glide-Prime algorithm has been shown to be more accurate than other 

modeling programs in producing simulations of ligand:protein complexes which 

accurately reproduce crystallized complexes11,15.  In one examination, Glide-Prime 

generated poses for 72 non-covalently bound, co-crystallized ligands with an average 

RMSD of 1.46 Å (Table 3.1). ROCKII selective inhibitors (such as SR3677) have also 

been designed using Glide-Prime7.  For example, a lead identified in a high-throughput 

screen was used along with this software in the design of new inhibitors with 20-fold 

selectivity for ROCKII versus ROCKI7.   

Table 3.1 Representative ligand RMSDs for Glide-Prime induced fit docking of 
ligands from the indicated PDB structure into PDB receptor structures16. 

Target 
Receptor (PDB 

name) 
Ligand 
from: 

Ligand RMSD (Å) 

Aldose reductase 2acr 1ah3 0.9 

Antibody DB3 1dba 1dbb 0.3 

CDK2a 1buh 1dm2 1.1 

CDK2b 1dm2 1aq1 0.8 
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CDK2 1aq1 1dm2 0.8 

COX-2 3pgh 1cx2 1.0 

COX-2 1cx2 3pgh 1.0 

Estrogen 
receptor 

1err 3ert 1.0 

Estrogen 
receptor 

3ert 1err 1.4 

Factor Xa 1ksn 1xja 1.5 

Factor Xa 1xka 1ksn 1.5 

HIV-RTc 1rth 1c1c 1.3 

HIV-RT 1c1c 1rth 2.5 

Neuraminidase 1nsc 1a4q 0.8 

Neuraminidase 1aq4 1nsc 1.7 

PPARd 1fm9 2prg 1.8 

PPAR 2prg 1fm9 3.0 

Thermolysin 1kr6 1kjo 1.3 

Thermolysin 1kjo 1kr6 3.2 

Thymidine kinase 1kim 1ki4 0.4 

Thymidine kinase 1ki4 1kim 1.2 

a: CDK2: cyclin dependent kinase 2, b: COX-2: cyclooxygenase-2, c: HIV-RT: HIV 

reverse transcriptase, d: PPAR: peroxisome proliferator-activated receptor-. 

 

Induced-fit docking in Glide-Prime.  A bound ligand can induce significant 

conformational changes in the geometry of the active site of a protein, however, it is 

often infeasible to determine the crystallographic structure of a complex13.  The 

Glide-Prime software allows quick prediction of the geometry of an active site by 

exhaustively considering possible binding modes and induced conformational 
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changes which occur in the receptor active site as a result of binding by an inhibitor 

(Figure 3.1)13.   

 

Figure 3.1.  The induced-fit docking (IFD) protocol utilized by the Glide-Prime 
software12.   

 

In this induced fit docking (IFD) protocol, the ligand is first docked by Glide.  

Reduced van der Waals radii and increased Coulomb-vdW (Van der Waals) cutoffs 

are then used along with temporary removal of highly flexible side chains to produce 

an array of 20 divergent ligand poses during this initial docking step.  In an effort to 

produce diverse poses, those with an RMSD of less than 0.5 Å and a maximum 

atomic displacement of less than 1.2 Å were considered to be redundant and 

therefore were eliminated.  A Prime structure prediction is then used to reorient 

nearby side chains (those within 5 Å of any of the docked poses) to accommodate 

the ligand for each pose generated, with the lowest conformational energy.  The total 

Prime energy, or molecular mechanics plus implicit solvation, was then used to rank 
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each protein structure.  The five receptor orientations with the lowest energy scores 

were then docked with the ligand structures generated.  Favorable binding 

interactions, defined as those which produced a change in free energy of < 30 

kcal/mol, were then refined.  Glide scores, based on the total energy of the ligand-

receptor interactions, were then used to rank the complexes which resulted. 

Contacts determined by Maestro.  The Maestro software suite, which 

incorporates the Glide docking suite, defines and displays contacts and hydrogen 

bonds between a ligand and its receptor.  Specifically, a hydrogen bond is defined by 

a total of four atoms: the hydrogen atom donor (H), the acceptor atom (A), the donor 

atom (D) bonded to H, and a neighboring atom (B) bonded to A; these result in the 

relationship: D-H…A-B.  The maximum distance between the acceptor atom (A) and 

the donor hydrogen atom (H) is 2.5 Å, the angle between D-H…A must exceed the 

minimum donor angle of 120°, and the angle between H…A-B must be greater than 

the minimum acceptor angle of 90°.  Contacts, however, are defined by the ratio 

given in Equation 3.1. 

 

Equation 3.1.  The ratio used to define contacts in Maestro; C: contact ratio; D1,2: the 
distance between atoms 1 and 2, R1 and R2: Van der Waals radii of atoms 1 and 2. 

 

 Based on Equation 3.1, contacts are classified as “good”, “bad”, or “ugly” by 

the ratio of the distance between the atoms versus the sum of their Van der Waals 

radii.  The ratio of a good contact, where two atoms experience attractive forces (Van 
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der Waals or London dispersion forces), ranges from 1.30 to 0.89.  The ratio of a bad 

contact, in which atoms may begin to experience repulsion due to overlap, falls 

between 0.89 and 0.75.  And finally, an ugly contact ratio, in which two atoms 

experience significant repulsion as they attempt to occupy the same space, is less 

than 0.74.  Because contacts only consider the overlap resulting from the outer 

portions of a charge distribution, they do not reflect electrostatic potential.  Therefore, 

it is possible for a contact classified as bad to be favorable if the atoms possess 

opposing partial charges.   

Enantioselective binding and inhibition.  One reason for employing the 

stereoselective benzodiazepine synthesis discussed in Chapter 2 was for modeling 

purposes as well as for the detection of enantioselective binding.  The latter 

represents an element commonly considered in molecular recognition since an 

enzyme may experience either equipotent or differential inhibition by enantiomers.  A 

two-point binding model of recognition is believed to exist in cases of equipotent 

binding of enantiomers, where two chemical entities within each binding partner 

account for most of the associated binding energy17.  If one enantiomer binds to the 

enzyme with ≥4-fold higher affinity than that of the other enantiomer, however, 

enzyme-ligand interactions are said to be enantioselective18.  For enantioselective 

binding to occur, a chiral atom must involve at least three of its four substitutents in 

the recognition even.  A multi-point attachment is described by two theories as 

requiring a chiral atom to involve at least three of its four substituents in the 

recognition event for enantioselective binding to occur19.  In the three-point binding 

model, only one of the enantiomers is capable of the orientation necessary to interact 
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with three sites: A, B, and C (Figure 3.2, a).  The three-dimensional binding surface 

is thus defined by three specific points so that only one enantiomer may contact each 

site optimally20.  Recently, it has been proposed that a fourth interaction may be 

necessary to distinguish between enantiomers (Figure 3.2, b)21.  In this model, 

enantiomers may essentially bind to opposite sides of a binding surface22.   

 

Figure 3.2.  Three and four-point binding models.  (a) Three-point interaction model.  
(b) Four-location model17. 

 

 These models have helped to explain the observed enantioselectivity of some 

enzymes.  Many enzymes are capable of distinguishing between two enantiomers in 

the active site due to their composition by enantiopure substances23.  

Enantioselectivity of the molecular target must therefore be considered when 

designing synthetic ligands for an enzyme.  This issue is complex for several 

reasons.  Firstly, there are examples of non-enantioselective enzymes, such as HIV-

1 reverse transcriptase and thymidine kinases23,24.  Also, there are two mechanisms 
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which may describe molecular recognition: lock-and-key and induced fit.  While the 

former assumes complementarity of enzyme and substrate, even when unbound, the 

latter proposes conformational changes of both enzyme and substrate which are 

mutually induced25,26.  The multiple mechanisms of recognition present a significant 

challenge when attempting to describe the precise structural features important for 

binding.  Lastly, it is possible for optically active ligands to racemize in vivo, and the 

resulting enantiomers may give dissimilar results27.   

 There are various possible effects when using racemic ligand mixtures in vivo.  

In some instances, potency may be decreased two-fold by the presence of the inert 

enantiomer of the optimal ligand.  This is known as the “inert effect,” and many 

literature examples of it exist, including ibuprofen, methadone, morphine, and 

warfarin27.  In some cases, however, one enantiomer may actually be toxic28.  The 

most notorious example of significant toxicity resulting from a single enantiomer of a 

drug is the severe birth defects which were observed among women prescribed 

Thalidomide, due to the (+)-enantiomer27,29. 
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RESULTS AND DISCUSSION 

Molecular modeling protocol validation. The validation protocol described here 

mimics that followed in previous modeling work by Dr. Francis and Dr. Ung in the 

design of the BZD analogues, to ensure concurrent results16.  Before predicting the 

binding mode of BZD-29 to ROCKI and ROCKII, it was first necessary to validate 

Glide-Prime’s ability to simulate the binding of these targets to a known ligand.  Here, 

Glide-Prime was used to dock Fasudil back into the active sites of ROCKI (PDB= 

2ESM) and ROCKII (PDB= 2F2U) after extraction1,41.  The five poses of the ligand 

with the lowest energy generated by the software were then compared to the 

structures of the crystallized ligand and to the complexes through calculations of 

RMSD values determined by comparing the relative distances between pairs of 

related heavy atoms (C, N, O)46.  In the Fasudil-ROCKI crystal structure (determined 

at 3.2 Å resolution), the isoquinoline ring occupies the same space as the adenine of 

ATP1.  The isoquinoline nitrogen accepts a hydrogen bond from the amide nitrogen 

of Met156, while the protonated homopiperazine amine donates a proton to the side 

chain of Asp160.  Glide-Prime predicted the Fasudil/ROCKI complex with RMSD 

values of ≤1.71 Å (Figure 3.3, Table 3.2). 
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(a) (b)  

Figure 3.3.  (a) A two-dimensional ligand interaction diagram of Fasudil binding to 
ROCKI.  (b) The crystallized pose of Fasudil (grey) binding to ROCKI superimposed on 
the Glide-Prime predicted poses (green).  Yellow atoms indicate sulfur, red atoms 
indicate oxygen, and blue atoms indicate nitrogen.  (PDB ID: 2ESM)1 

 

Table 3.2.  The RMSD values for Fasudil crystallized in the ROCKI complex versus 
the predicted pose of Fasudil in the ROCKI complex.  The relative distance between 
pairs of related heavy atoms in the crystallized and predicted poses are used to 
calculate the RMSD values.  

Rank Fasudil Fasudil:ROCKI 

1 
0.9317 

 
1.6224 

2 
0.9893 

 
1.6181 

3 
1.371 

 
1.6983 

4 
0.838 

 
1.7072 

5 
1.5610 

 
1.7130 

 

 

 The ROCKII-Fasudil crystal structure was determined at 2.4 Å resolution with 

a construct consisting of an N-terminal 67 residue extension (residues 18-84) and a 

kinase domain with a C-terminal extension (residues 85-417)47.  Two 
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crystallographically independent complexes are contained within the structure 

(Figure 3.4 a and b, Figure 3.5 a and b) with an RMSD of 0.65 Å between the two 

poses2,47.  Fasudil was docked into ROCKII to determine if both poses are accurately 

predicted by Glide-Prime.  Fasudil occupies the ATP binding sites of both molecules 

of ROCKII and in both poses the isoquinoline ring resides in the adenine-binding 

pocket.  In pose A of the complex, the homopiperazine ring forms polar interactions 

with the side chains of Asn219 and Asp232.  In pose B, the homopiperazine ring 

shifts as a result of two bond rotations on the central sulfur atom of the sulfonyl 

group.  Due to this conformational change, the amine of the homopiperazine ring is 

able to hydrogen bond with the side chain of Asp176 and the main chain of Asp218.   

In contrast to the interaction of Fasudil and ROCKII in pose A, the interaction of the 

phosphate binding loop (or P-loop) of pose B and Fasudil results from induced-fit, 

where the P-loop of pose B folds down to increase surface complementarity with the 

inhibitor2,47.  Specifically, the aromatic ring of Phe103 flips inside the loop to form a 

series of hydrophobic contacts with the homopiperazine ring (Figure 3.5, b)2.  This 

demonstrates a plasticity of the ROCK phosphate binding loop which is unseen in 

similar complexes of related enzymes and which has been proposed to account for 

the specificity of Fasudil for the ROCK kinases47.   
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(a) (b)  

Figure 3.4.  Two-dimensional ligand interaction diagrams of two poses of Fasudil 
binding to ROCKII. (a) Pose A (b) Pose B. 

 

(a) (b)  

Figure 3.5. Two binding poses of Fasudil in ROCKII (PDB ID: 2F2U)47.  (a) pose A; 
(b) pose B. Protein domain coloring: green: teal= amino-terminal lobe, blue= 
carboxy-terminal lobe, purple= P-loop (phosphate binding loop), orange= C-loop 
(catalytic loop).   

 



 148 

The Glide-Prime software was evaluated as to its ability to accurately predict 

these Fasudil-ROCKII complexes.  The software successfully generated two distinct 

poses, analogous to poses A and B.  The RMSD values for the top five Glide-Prime 

predicted poses for Fasudil binding to ROCKII compared to the crystallized poses 

were between 0.724-1.976 Å, while the range of RMSD values for the top five 

complex predictions was 0.611-1.725 Å (Table 3.3). Combined, these data validate 

the accuracy of Glide-Prime predictions of the Fasudil-ROCKI and -ROCKII 

complexes with low RMSD values.   

Table 3.3.  RMSD values for the top five Glide-Prime predicted poses for Fasudil 
binding to ROCKII compared to the crystallized poses. RMSD values are based on 
the relative distance between pairs of related heavy atoms in the predicted and 
crystallized poses and are calculated as previously described. 

ROCKII 

(Pose A) 

ROCKII 

(Pose B) 

Rank Fasudil Fasudil:ROCKII(A) Rank Fasudil Fasudil:ROCKII(B) 

1 0.724 0.611 1 0.725 1.599 

2 0.756 0.620 2 1.221 1.698 

3 0.801 0.626 3 1.470 1.700 

4 0.898 0.618 4 1.531 1.725 

5 0.951 0.665 5 1.976 1.722 

 

Modeling the interaction of BZD-29 with ROCKI and ROCKII.  In the manner 

outlined in the introduction of this chapter and in Figure 3.1 for the induced fit 

docking protocol, BZD-29 was docked into the binding sites of both ROCKI (PDB ID: 

2ESM) and ROCKII (PDB ID: 2F2U) (Figure 3.6 and 3.7)1,47.  As seen in Chapter 2, 



 149 

initial inhibition data for BZD-29 showed both enantiomers to be essentially 

equipotent for the ROCK isoforms.  Additionally, their predicted contacts with the 

binding sites appear to be similar.  Specifically, in ROCKI the pyridine ring of (S)-

BZD-29 accepts a hydrogen bond from the main chain amine of Met156 while N4 of 

the benzodiazepine ring donates a hydrogen bond to the side chain of Asp216 and 

the benzyl ring participates in a cation-pi stacking interaction with Lys200.  In 

ROCKII, the pyridine of (S)-BZD-29 also accepts a hydrogen bond from an 

analogous residue (Met172) N4 donates a long range hydrogen bond to the side 

chain of Asn219 while the benzyl ring participates in pi-cation stacking with Lys121.  

These interactions are mimicked by (R)-BZD-29 except that in ROCKI, no pi-cation 

stacking is predicted, and in ROCKII, there is no prediction of an interaction between 

N4 and Asn219.   
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(a) (b)  

 

(c) (d)  

Figure 3.6. Two-dimensional ligand interaction diagrams of BZD-29 in the ATP-
binding sites of ROCKI and ROCKII. (a) (S)-BZD-29 in ROCKI. (b) (R)-BZD-29 in 
ROCKI. (c) (S)-BZD-29 in ROCKII. (d) (R)-BZD-29 in ROCKII.   
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(a) (b)

(a) (b)  

Figure 3.7. Predicted binding poses of BZD-29 in ROCKI and ROCKII.  (a) (S)-BZD-
29 in ROCKI. (b) (R)-BZD-29 in ROCKI. (c) (S)-BZD-29 in ROCKII. (d) (R)-BZD-29 
in ROCKII.  Protein domain coloring: red= carboxy-terminal extension, teal= amino-
terminal lobe, blue= carboxy-terminal lobe, purple= P-loop, yellow= A-loop, orange= 
C-loop.   

 

Computational models and workflows.  Table 3.4 shows a selection of analogs of 

BZD-29 which produced remarkable assay results and which were thus modeled in the 

binding sites of ROCKI and ROCKII in an attempt to rationalize their activities.  In 
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defining binding modes and critical interactions, an energetically significant hydrogen 

bond was inferred when a probable donor and acceptor were within 3.5 Å of each 

other45.  However, any hydrogen bond greater than 3.2 Å was categorized as long-

distance and thus weak and predominantly electrostatic in nature46. 

Because substitution of the C ring was relatively facile and extensive literature 

sources exist for guidance in optimizing contact with the hinge region, this optimization 

was accomplished through the production of a series of modified analogues.  In 

contrast, the tedious nature of A ring modification and the lack of relevant literature 

without knowledge of inhibitor orientation made the design of this region more amenable 

to predictive structure activity relationship (SAR) models and computational methods.  

With regards to the latter, two general workflows were employed.  One protocol 

attempted to mimic the contacts reported to impart potency or selectivity to known 

ROCK inhibitors (Computational Workflow A) while another used fragments which made 

favorable contacts with the active site in the design of substituents to be included onto 

the template of BZD-29 (Computational Workflow B). 
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Table 3.4.  Inhibition results for BZD-29 analogs with varied A and C rings. 

 

Compound R X 
ROCKI 

rel.a 
ROCKII 

rel. 
R2 

Select.b 
R2  

E.S.c     

rac-29d 

 

7-Cl 1.0x 1.0x 1.0 N/A 

(S)-7e 

 

7-Cl 

7.6x 5.6x 0.7 

1.0 

(R)-7f 13.0x 5.6x 0.4 

(S)-11 

 

7-Cl 

14.0x 16.6x 1.2 

2.2 

(R)-11 27.9x 36.9x 1.3 

(S)-13 

 

7-Cl 

0.1x 0.1x 1.0 

1.0 

(R)-13 0.1x 0.1x 1.0 

(S)-19 

  

3.9x 4.1x 1.1 

2.1 

(R)-19 1.9x 1.9x 1.0 
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(S)-21 

  

168.7x 110.0x 0.7 

36.3 

(R)-21 3.6x 3.0x 0.8 

(S)-22 

 

7-OH 

31.1x 63.2x 2.0 

13.1 

(R)-22 2.0x 4.8x 2.4 

(S)-25 

 

H 

43.7x 36.5x 0.8 

1.3 

(R)-25 51.0x 48.5x 1.0 

(S)-26 

 

9-OMe 

31.1x 32.1x 1.0 

2.9 

(R)-26 8.3x 11.2x 1.4 

(S)-29 

 

9-Br 

94.7x 69.3x 0.7 

4.6 

(R)-29 20.5x 15.0x 0.7 

(S)-30 

 

9-F 

195.2x 109.2x 0.6 

5.6 

(R)-30 27.9x 19.6x 0.7 

a: rel. IC50= IC50 relative to rac-BZD-29 (ROCKI= 3093.5 nm +/- 139.3, ROCKII= 3075.0 nm +/- 
881.1), b: Selectivity for ROCKII (=ROCKI IC50/ ROCKII IC50), c: R2 E.S.= enantioselectivity of 
ROCKII, d: rac= racemate, e: (S)= >95% S-enantiomer, f: (R)= >95% R-enantiomer. 
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In Computational Workflow A, potent and/or selective inhibitors reported in 

literature were docked into the ROCKI and ROCKII binding sites with the induced-fit 

docking protocol previously described.  Then poses of BZD-29 docked into the same 

binding sites were superimposed onto the poses of the known inhibitors using the 

protein structure alignment function of Maestro.  Next, components were manually 

affixed to the lead which mimicked those of the known inhibitors until contacts were 

made with the residues purported to be critical to the potency or selectivity of the known 

inhibitors.  Then a virtual series of analogs with various substituents known to be 

synthetically accessible and believed to be capable of making these contacts was 

created.  This virtual series was then docked to ROCKI and/or ROCKII and those 

compounds which successfully made the desired contacts were synthesized and 

assayed.       

In Computational Workflow B, a pseudo-fragment based approach was utilized in 

which a fragment library, provided by Glide, was screened for favorable interactions with 

the local region of the ATP binding site occupied by the A ring of BZD-29.  The most 

successful fragments were overlaid with the lead compound in the active site to predict 

their optimal orientations.  Next, a virtual analog series incorporating these moieties, or 

electronically similar substitutions more amenable to stable compounds and/or facile 

synthesis, was created and then virtually screened in the same manner as in 

Computational Workflow A.  The most successful virtual compounds were then 

produced and assayed in order of their synthetic accessibility.   

As referenced in Chapter 2, a drawback of these types of computational design 

methods is the production of physicochemically unrelated analogs (such as 21 and 22), 



 156 

due to the incorporation of such highly specialized motifs for the establishment of 

specific contacts with the target.  However, the combination of this approach with the 

traditional SAR techniques outlined in Chapter 2 allowed the data resulting from 

analogues to be analyzed with regards to their predicted contacts as well as to their 

effects on the general electronic or steric environment of the active site.  

Rationalizing observed effects on potency and enantioselectivity.  Firstly, the 

similar inhibition levels of the indazole-based inhibitors ((S)-7 and (R)-7) to those of (S)-

BZD-29 and (R)-BZD-29 suggest similar binding profiles.  However, it does appear that 

the R-enantiomer of the indazole ((R)-BZD-7) inhibitor may bind more efficiently than 

did the R-enantiomer of the pyridine inhibitor ((R)-BZD-29).  The results of modeling the 

indazole inhibitors (Figure 3.8 and 3.9) seem to explain this data.  Due to the lack of 

ROCK isoform selectivity and the redundancy of the ROCK binding pockets, and in an 

effort to be concise, only the results of non-redundant docking poses for ROCKII are 

shown.  As is evident from the resultant complexes, although the long range interactions 

associated with N4 of BZD-29 are no longer predicted, interactions with the hinge 

region have increased to include a hydrogen donation to the main chain carbonyl of 

Glu170.  This prediction is substantiated by extensive literature documentation of this 

type of bi-dentate bond formation for indazole-based kinase inhibitors48.  Next, the pi-

cation stacking interaction with Lys121 seems to have shifted from the A ring of the 

inhibitor, seen for BZD-29, to the B ring of analog 7.  Additionally, (S)-7 is makes 

contact with the side chain of Lys121 by accepting a hydrogen bond with a carbonyl of 

the benzodiazepine ring; however, this additional interaction is not suggested by the 

inhibition data since there is no significant difference between enantiomers.   
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(a) (b)  

Figure 3.8.  Two-dimensional ligand interaction diagrams of (a) (S)-7 and (b) (R)-7 in 
ROCKII. 

 

(a) (b)  

Figure 3.9.  Predicted binding poses of (a) (S)-7 and (b) (R)-7 in ROCKII. 

 

 Next, the inhibition data for the azaindole-based analogs ((S)-11 and (R)-11) 

showed them to be significantly more potent (up to 15x) compared to the pyridine-based 

inhibitors ((S)-BZD-29 and (R)-BZD-29).  As the docking results in Figures 3.10 and 

3.11 show, this may be due to the maintenance of the Lys121 pi-cation stacking 

interaction and the Met172 hydrogen bond acceptance with the addition of hydrogen 
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bond donations to Glu170 and Tyr171.  Due to its potency and lack of reported 

cytochrome P inhibition concerns, azaindole was chosen as the optimal heterocycle for 

the C ring.   

 

 

Figure 3.10. Two-dimensional ligand interaction diagram of (S)-11 in ROCKII. 

 

Figure 3.11. Predicted binding pose of (S)-11 in ROCKII. 
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 It was considered that one factor which might hinder the development of 

enantioselective binding for analogs based on the benzodiazepine scaffold was the 

restriction of two of the four substituents of the chiral atom (C3), by the rigidity of the 

benzodiazepine ring (Figure 3.12).  By eliminating this constraint and allowing the chiral 

center substituents to reorient freely, it seemed conceivable that they might be better 

able to adopt the optimal orientations necessary to achieve specific interactions with the 

target.  The simplest route to such an inhibitor involved the modification of a synthetic 

intermediate of a previously prepared analog, 11 (Scheme 3.1).  This synthesis 

required coupling of L- or D-phenylalanine (to render the S- or R-enantiomer of the final 

product, respectively) with N-methyl isatoic anhydride in pyridine.  Instead of cyclizing 

the resultant product in acetic acid, as shown in Scheme 2.1, the synthetic intermediate 

was methylated to more closely mimic the electronic state of the benzodiazepine-based 

analogs.  The Suzuki coupling then proceeded in the same manner as previously 

described to produce analog 31.       

 

Figure 3.12.  The structure of 11 with the chiral center displayed and its four 
substituents highlighted. 

 

 



 160 

 

 

Scheme 3.1.  Synthesis of 31.   

 Although analog 31 was less potent than 11, it did successfully develop a 

significant degree of enantioselectivity (Table 3.5).  This indicated that introducing 

rotational flexibility to these inhibitors by elimination of the benzodiazepine ring might be 

one route to improving selectivity of future analogs by increasing the number of specific 

contacts between the inhibitors and the target.  

Table 3.5.  Comparison of the inhibition profiles of 11 and 31. 

Compound ROCKI rel.a ROCKII rel. 
R2 

E.S.b 

(S)-11c 14.0x 16.6x 
2.22 

(R)-11d 27.9x 36.9x 

(S)-31 4.8x 8.2x 
4.8 

(R)-31 0.9x 1.7x 

a: rel. IC50= IC50 relative to rac-BZD-29 (ROCKI= 3093.5 nm +/- 139.3, ROCKII= 3075.0 
nm +/- 881.1), b: R2 E.S.= enantioselectivity of ROCKII, c: (S)= >95% S-enantiomer, d: 
(R)= >95% R-enantiomer. 
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Although, as mentioned in Chapter 1, the gatekeeper of ROCK which occludes 

the back hydrophobic pocket of the ATP binding cleft, is a large, hydrophobic 

methionine residue (Met169 in ROCKII), a small, hydrophobic substituent (methyl) was 

introduced on the azaindole ring to determine the size restrictions this imposed ((S)- 

and (R)-13) (Figure 3.12).  The ability of an inhibitor to bind in this pocket often grants 

enhanced potency as well as improvements to selectivity due to a lesser degree of 

conservation of this region relative to the ATP binding site, thus any interaction with this 

region is highly desirable.  Unfortunately, these analogs were inactive and Glide even 

failed to successfully produce a docking pose for either of these inhibitors.  This 

indicates a severe restriction at this location.   

 

Figure 3.13.  The putative regions of the ATP binding site with the location of the 
gatekeeper residue highlighted.   

 

To visualize this effect, the binding poses of (S)- and (R)-11 were modified 

manually to include this methyl group at C3 of the azaindole ring.  In doing this, it was 

observed, as is shown in Figures 3.14 and 3.15, that the methyl group came into close 
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contact with the side chain of the gatekeeper residue, Met169.  Glide classified this 

steric clash as an “ugly” contact to describe the violation of the atoms’ Van der Waals 

radii as they attempted to occupy the same space.  Because Met169 lies in the hinge 

region proximal to the residues necessary for azaindole binding and inhibition (Met172, 

Tyr171, and Glu170) it seems possible that repulsion between the Met169 side chain 

and this methyl group does not allow the azaindole ring to adopt the orientation 

necessary to make these critical contacts.  

 

Figure 3.14. Two-dimensional ligand interaction diagrams of (S)-13 in ROCKII.  
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Figure 3.15. Manually amended binding pose of entry (S)-11 showing “ugly” contacts 
between C3 methyl and the Met gatekeeper residue as red hashes.   

 

 Next, the A ring was modified to probe the possible interactions between the 

inhibitor and the target which might be achieved at this location.  Due to the lack of a 

common intermediate for most analogs with A ring modifications, their synthesis was 

somewhat more tedious than that of the altered C ring analogs.  Therefore it was 

desireable to utilize methods, such as the manual Hansch analysis described in Chapter 

2 or computational methods to guide analog design and reduce the number of 

compounds necessary to gain useful information about this region of the binding pocket.   

The first examples of successes resulting from Computational Workflow A were 

the hydroxyl analogs, entries (S)- and (R)-22.  Here, Glide predicted a hydrogen bond 

should form between Lys121 and the A8-hydroxyl substitutent, mimicking the hydorgen 

bond between the same residue and the amide carbonyl of the known inhibitor SR3677 

(Figure 3.16).  Both the computational models and the inhibition data suggest this 
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contact does occur (Figures 3.17 and 3.18).  Aside from the improvement in potency 

seen for the S-enantiomer ((S)-22) a significant enantioselectivity emerges where the S-

enantiomer is 13x more potent versus the R-enantiomer.  This apsect suggests a multi-

point attachment model to describe the optimal binding orientation of the S-enantiomer.  

In fact, in the model, the S-enantiomer appears to accept hydrogen bonds from the side 

chain of Lys121 by the hydroxyl oxygen and from the side chain of Lys216 by a 

carbonyl oxygen of the benzodiazepine ring, while donating a long-distance hydrogen 

bond to Asn 219 and maintaining the same contacts previously seen with Met172 and 

Glu170.  Although the contact formerly predicted with Tyr171 by 11 is not seen in the 

prediction for (S)-22, this loss may compensated for by the newly established contacts.   

 

Figure 3.16.  Overlay of the azaindole-based inhibitor, 11 (green) and SR3677 (blue) in 
the ROCKII active site with Lys121 displayed.  The hydrogen bond formed between the 
carbonyl of SR3677 and Lys121 is shown by yellow hashes.  This contact was 
successfully mimicked by the addition of a hydroxyl substitutent on the A ring, lead to 
entries (S)- and (R)-22.   
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(a) (b)  

Figure 3.17. Two-dimensional ligand interaction diagrams of entries (a) (S)-22 and (b) 
(R)-22 in ROCKII.   

(a) (b)  

Figure 3.18. Predicted binding poses of (a) (S)-22 and (b) (R)-22 in ROCKII.  

 

 In an attempt to contact Lys216 due to its purported importance to the isozyme 

selectivity of one of the two known selective inhibitors to date, SLx-2119, the isoxazole-

substituted analogs ((S)- and (R)-21) were designed wih the same alignment protocol 

described previously for Computational Workflow A.  Although it did not exhibit isoform 

selectivity, the S-enantiomer ((S)-21) represents the most potent inhibitor to date and, in 
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fact, it is among the most potent ROCK inhibitors known.  Additionally, the isoxazole 

analogs display high enantioselectiveiy, with the S-enantiomer inhibiting ROCKII with a 

potency approximately 36x that of the R-enantiomer.  As the computational model 

below shows, in addition to maintaining the pi-cation stacking interaction with Lys121 

and the hydrogen bonding interactions with Met172 and Glu170 seen previously, (S)-21 

accepts a hydrogen bond from the side chain of Lys216 at either the nitrogen or the 

oxygen of the isoxazole ring and/or accepts a hydrogen bond from the side chain of 

Asn219 (Figures 3.19 and 3.20).  It can be inferred that Lys216, Met172, Glu170, and 

possibly Asn219 comprise a multi-point binding site which confers enantiosepcific 

binding when properly contacted by a ligand. 

(a) (b)  

Figure 3.19. Two-dimensional ligand interaction diagrams of (a) (S)-21 and (b) (R)-21 in 
ROCKII.  
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(a) (b)  

Figure 3.20. Predicted binding poses of (a) (S)-21 and (b) (R)-21 in ROCKII.  

 

 Next, fragment docking in the ATP binding pocket of ROCKII by Computational 

Workflow B highlighted possibilities of hydrogen bond formation with the backbone 

amine of Val106 or with the backbone carbonyl of Glu105.  However, the docking poses 

of BZD-29 and analog 11 showed limited space existed at this position, and the manual 

addition of even moderately sized substitutents caused the benzodiazepine ring to 

reorient so that these contacts were not made.  A series of analogs were produced in an 

attempt to make this contact while determining the extent of size restriction at this 

location.  Of these, the 9-Fl (30) was the optimal substituent, and was predicted to form 

a halogen bond with the carbonyl of Glu105, in addition to other favorable interactions, 

without causing reorientation of the benzodiazepine ring (Figure 3.21, a).  Although 9-

Br (29) should make a stronger halogen bond with this residue, the increased size led to 

the emergence of “ugly” contacts which presumably resulted in a less favorable 
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interaction (Figure 3.21, b).  Although the (S)-29 analog did improve ROCKII inhibition 

by approximately 69x times compared to that of BZD-29, the 9-Fl analog ((S)-30) 

experienced an increase in ROCKII inhibition of 109-fold.  Both compounds 29 and 30 

also experienced significant enantioselectivity, 4.6x for 29 and 5.6x for 30, supporting 

the prediction of this new contact.        

(a) (b)  

Figure 3.21.  The good (yellow hashes), bad (orange hashes), and ugly (red hashes) 
contacts between fluorine (a) and bromine (b) at position 9 of the A ring and the ROCKII 
active site.   

 

 Enantioselective binding versus benzodiazepine-ring conformations.    From the 

analog data shown in Table 3.4, it was observed that in each instance of significant 

enantioselectivity (21, 22, 29, and 30), the S-enantiomer was more potent.  It has been 

observed that 1,4-benzodiazepine-2,4-diones substituted at C3 tend to prefer a chair-

like pose (known as the M configuration) as S-enantiomers but a boat-like pose (known 

as the P configuration) is the predominant configuration of R-enantiomers (Figures 3.22 

and 3.23)49.  As shown, these configurations are preferred due to their placement of the 

C3 R group in a pseudo-equatorial orientation, the lower energy conformation compared 
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to a pseudo-axial orientation of the R group.   These preferences increase greatly when 

substitutions at position 7 of the benzene ring increase in size due to the steric clash 

between this group and the R group of C3 in the pseudo-axial orientation49.      

 

Figure 3.22.  Number scheme of 1,4-benzodiazpein-2,4-dione template. 

 

 

Figure 3.23.  The conformational equilibria of the (3R)- and (3S)-1,4-benzodiazepine-
2,5-dione nucleus.   

 

It was considered then that the preference of the ROCKII ATP binding site for the 

S-enantiomer of the analogs may have simply reflected a preference for the chair-like, 

M-conformation of the benzodiazepine scaffold which is more readily adopted by the (S) 

enantiomer due to the large substitutent at C3. due to general complementarity between 

this configuration and contours of the binding pocket.  If this were indeed the case, then 

one would expect to observe a strong correlation between the size of the substitutent at 
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A7 and the enantioselectivity of ROCKII for the inhibitor; as the size of the substitutent 

increases, the degree of enantioselectivity should increase concurrently as the M-

configuration is increasingly favored by the inhibitor.  However, as Figure 3.24 shows, 

there is no such relationship, and therefore the observed enantioselectivity is not driven 

by preference for the M-configuration alone, but likely by the establishment of specific 

contacts with the target. 

 

Figure 3.24.  Comparison of enantioselectivity for ROCKII versus Van der Waals 
surface area (calculated by Maestro) for azaindole-based analogs incorporating varying 
substituents at A7. 

 

 Rationalizing observed selectivity among the kinome.  As demonstrated in the 

network of kinase selectivity potential introduced in Chapter 1, the ROCK enzymes 

belong to a cluster of only 25 kinases (predominantly AGC kinases) which harbor a 

characteristic phenylalanine residue in a hydrophobic motif (HM).  Contact with this 

residue, then, has potential to confer selectivity to an inhibitor.  As shown in Figure 

3.25, the pyridine ring of BZD-29 makes a number of good contacts with this residue in 

400

450

500

550

600

650

0 2 4 6 8 10 12 14

V
an

 d
e

r 
W

aa
ls

 S
u

rf
ac

e
 A

re
a

 

Enantioselectivity for ROCKII 



 171 

ROCKII (Phe384); these contacts are mirrored by BZD-29 in ROCKI (Phe368) (not 

shown).  This interaction may then be responsible for the selectivity of BZD-29 for the 

ROCK enzymes over alternate members of the human kinome.  Furthermore, because 

not all AGC kinases contain this hydrophobic motif selectivity feature, these contacts 

may also impart selectivity for ROCK’s versus other members of the AGC family as well.    

 

Figure 3.25. Contacts between BZD-29 and Phe384 of ROCKII (PDB: 2F2U)47. 

  

 Induced fit docking results suggest that the azaindole-based inhibitors also 

successfully make contact with this residue (Figure 3.26), and in fact the number of 

good contacts between Phe384 and the C ring is predicted to have increase.  

Therefore, if these contacts do confer specificity among the kinome, the current inhibitor 

series is expected to maintain a similar selectivity score to that observed for BZD-29.   
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Figure 3.26. Contacts between 11 and Phe 384 of ROCKII (PDB: 2F2U)47. 

 

Additionally, it has been proposed by Yamaguchi et al. that contact with the 

conserved Leu221 residue of ROCK confers selectivity, among other AGC kinase family 

members such as PKA, to the well-known inhibitor Fasudil.  Figure 3.27 shows that this 

residue makes extensive contact with BZD-29 (a) as well as analog 11 (b).  Therefore, if 

these contacts do indeed confer selectivity among AGC kinase family members as 

predicted,  the new azaindole-based analog series are expected to maintain the level of 

selectivity observed for BZD-29.   
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(a) (b)  

Figure 3.27. Contacts between Leu221 of ROCKII and (a) BZD-29 or (b) compound 11 
(PDB: 2F2U)47.   

 

 To further investigate this prediction, BZD-29 was docked into the corresponding 

ATP binding site of the closely related kinase PKA (Figure 3.28)50.  This pose was then 

aligned to that of BZD-29 in ROCKII to allowi a direct comparison of the conformations 

of this conserved Leu residue.  As noted by the aforementioned authors, Met172, 

Leu221, and Ala231 of Rho kinase serve to form the base of the binding pocket.  In 

PKA, these residues correspond to Val123, Leu173, and Thr183, respectively.  While 

Leu221 of ROCK adopts a stable rotamer, protruding toward BZD-29 to make a number 

of good contacts, the corresponding Leu173 of PKA is observed in a rare, unstable 

configuration due to side chain packing with the nonconserved Val123 and Thr183 

residues.  It is therefore predicted that Leu173 of PKA will make fewer favorable 

contacts with BZD-29.  From the docking pose of BZD-29 in ROCK, it even appears as 

if the B ring is rotated toward Leu221 in order to increase favorable contacts; this may 

explain the enhanced selectivity, even among the AGC kinase family, of BZD-29 versus 

known ROCK inhibitors, such as Fasudil.       
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Figure 3.28. Overlay of ROCKII (blue) and PKA (green) structures from predicted 
binding poses with BZD-29; shown with good contacts (yellow hashes); (PDB: ROCKII= 
2F2U, PKA= 1Q8W)47,50. 

 

For futher analysis of this effect, BZD-29 was docked into the original structure of 

PKA and the Glide Score of the highest ranked pose was noted (-6.623).   Leu173 of 

PKA was then rotated until it was precisely overlaid with Leu221 of ROCK.  BZD-29 was 

then docked to this modified structure.  The highest ranked pose resulting from this job 

had a Glide Score of -7.194 (the more negative the Glide Score, the more favorable the 

interaction).  For reference, the Glide Score of BZD-29 in ROCKII was -10.292.  

Therefore, although an improvement in binding of BZD-29 to PKA was realized upon 

adjustment of Leu173 of PKA to mimic Leu221 of ROCKII, the difference was slight and 

did not result in the prediction of equipotenct binding of PKA and ROCKII by BZD-29.   

Rationalizing observed isoform selectivity.  It was previously determined that 

BZD-29 selectively inhibits ROCKII in cells from its ability to decrease the 

phosphorylation levels of a common ROCKI/II substrate (myosin light chain or MLC) 
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without affecting the precense of focal adhesions, known to depend solely on ROCKI for 

formation16.  However, as shown in Table 3.4, BZD-29 inhibits ROCKI and ROCKII at 

similar levels in the biochemical assays.  Perhaps the most significant difference 

between the cellular assays and these biochemical assays is the ROCK construct used.  

As referenced previously, the biochemical assays employ constructs of only residues 1-

545, of the >1300 amino acid enzyme.  This region primarily incorporates the kinase 

domain, while lacking regions of the C-terminus, including the pleckstrin homology 

domain (or PH domain).  Similar discordant results have previously been reported to 

occur in assays involving analagously truncated mutants.   

 In 2005, Barnett et al. identified a potent inhibitor of the Akt1 (IC50= 58 nM) and 

Akt2 (IC50= 210 nM) kinases (kinases of the same family, AGC, to which ROCKs 

belong) which had no inhibitory effect against mutants lacking the PH domain45,46.  To 

explain these differences, the authors proposed two models.  Firstly, they considered 

that the contacts required for inhibitor binding may in fact lie in the PH domain itself.  

Secondly, they proposed that the PH domain may induce a specific conformation of the 

kinase domain to which the inhibitors bind.  In the case of BZD-29, mechanism of action 

studies clearly demonstrated that BZD-29 is an ATP-competitive inhibitor with respect to 

both ROCK enzymes.  Furthermore, the biochemical assays have demonstrated that 

BZD-29 retains inhibitory properties toward the PH–domain lacking ROCK mutants, 

albeit without the isoform selectivity observed in cellular assays.  Although it remains 

possible that bad contact between the PH domain of ROCKI and BZD-29 serves to 

specifically dissalow binding, there is currently no direct evidence of this.  Therefore, the 

first model is presently unsupported.  The second model, however, appears to be 
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significantly bolstered by the results, in combination with current ROCK kinase 

literature.   

 Firstly, a substantial conformational shift in the kinase domain of ROCKII was 

observed upon induced fit docking with BZD-29 (Figure 3.29, a).  This was determined 

by performing a protein structural alignment with the unliganded ROCKII kinase domain 

(green) and the ROCKII kinase domain  which resulted from an induced fit docking 

protocol (IFD) with BZD-29 (red).  Aside from the separation between the two structures 

which can be visualized, a global structural aligment performed by the Maestro software 

returned an RMSD value of 1.027 Å.  This was significantly higher than the RMSD value 

(0.165 Å) returned for the global alignment of the unliganded ROCKI kinase (green) 

domain with the BZD-29 bound ROCKI kinase domain resulting from IFD (red) (Figure 

3.29, b), indicating that ROCKI does not experience a similar conformational change 

upon binding of BZD-29.  A simple visual comparison of the two sets of superimposed 

structures also supports the prediction of a large conformational shift in the ROCKII 

kinase domain which is not observed for ROCKI.   
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(a)  

(b)  

Figure 3.29.  Alignments of unliganded (green) and BZD-29-bound (red) ROCKII (a) 
and ROCKI (b) kinase domains. 

 

 The kinase domain conformations of ROCKI and ROCKII produced by IFD with 

Fasudil were also aligned to their respective unliganded kinase domain conformations.  

It was visually apparent that no large conformational shift resulted in either kinase 

domain from binding of Fasudil, and expectedly, the RMSD’s are small and 

approximately equivalent (0.009 Å and 0.012 Å for ROCKI and ROCKII, respectively).  
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These results are in agreement with the reported equipotency of Fasudil against the 

ROCK isoforms.   

 These observations support the second model proposed by Barnett et al. and 

suggest the mechanism for selectivity represented in Figure 3.30.  As shown, in this 

model, the ROCK kinase domains adopt similar conformations when uninhibited by their 

respective PH domains, allowing the kinases to recognize BZD-29 similarly, such that 

inhbition is equipotent.  However, as BZD-29 binds to ROCKII, a conformational change 

in the kinase domain is elicited which mimics that of the structure  resulting from 

autoinhibition by the PH domain.  In this manner, BZD-29 is able to effectively inhibit the 

inactive (or autoinhibited) form of the protein.  The enhanced potency for BZD-29 in 

ROCKII versus ROCKI in cells is therefore analagous to that experienced by a type II 

kinase inhibitor versus a type I inhibitor.  In the case of ROCKII, BZD-29 is capable of 

locking the enzyme in an incactive state which cannot efficiently bind ATP; therefore, 

competition is averted.  Also, by LeChatlier’s principle, as the autoinhibited form of 

ROCKII is complexed with BZD-29, the equilibrium shifts toward this state, increasing 

the amount of autoinhibited ROCKII kinase which can then be efficiently inhibited by 

BZD-29.   
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Figure 3.30. Proposed mechanism of ROCKII selectivity by BZD-29.   

 

 This model is supported by the current literature regarding ROCK as well.  The 

largest distinctions between the ROCKI and ROCKII isozymes are located in the PH 

domains.  With 65% sequence identity, these regions are the least conserved among 

the two enzymes.  Additionally, the proteins’ tertiary structures differ significantly due to 

non-identical amino acids within proline-containing regions of these domains, and these 

structural differences are what allow isoform specific activators to recognize each 

enzyme47.  It is reasonable to expect then that the structural differences in the PH 

domains may result in different recognition patterns between these regions and the 

kinase domain of each isoform; these differences might then be exploited by an 

inhibitor. 
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 In an attempt to further understand the mechanism by which BZD-29 elicits the 

observed conformational change in ROCKII, the sequences of ROCKI and ROCKII 

were aligned using the multiple sequence viewer tool in the Maestro software suite.  

The distinct residues were then highlighted (red) and the structures were overlaid to 

visualize the locations of unique amino acids (Figure 3.31).  Next, the unique residue 

closest to the ATP binding pocket was identified as Thr365 of ROCKI, which 

corresponded to Ser381 of ROCKII.  Ser381 of ROCKII was then mutated to a 

threonine residue, the protein was re-prepared, and a new induced fit docking job was 

conducted with BZD-29.  The results are shown in Figure 3.32.   

 

Figure 3.31.  Results from overlay of ROCKI and ROCKII with unique amino acids 
colored red and Thr365 of ROCKI displayed. 
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Figure 3.32.  (left) Alignment of native ROCKII without ligand (green) and native 
ROCKII bound to BZD-29 (red).  (right) Alignment of native ROCKII without ligand 
(green) and the Thr381 ROCKII mutant bound to BZD-29.   

   

 As can be observed from Figure 3.32 (right) the structure of mutated ROCKII in 

complex with BZD-29 now aligns well with the structure of unliganded ROCKII (RMSD= 

0.156 Å).  These results suggest that Ser381 of ROCKII plays a crucial role in the 

conformational change which may allow BZD-29 to selectively recognize ROCKII more 

efficiently than it recognizes ROCKI in cells.  To rationalize the conformation which 

occurs in native ROCKII upon binding of BZD-29, the favorable contacts between 

Ser381 and other residues of the protein were determined.  These residues were then 

compared to those which made favorable contacts with Thr365 of ROCKI.  

Unfortunately, all of these residues were analogous and no unique interaction was 

determined.  Several instances of conformational differences between equivalent amino 
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acids did arise however, and possibly these subtle conformational distinctions combine 

to result in the large conformational change observed.    

 The observed conformational shift determined to occur upon binding of BZD-29 

to ROCKII was also predicted for the current inhibitor series (represented by analog 11); 

the binding poses were aligned with an RMSD= 0.122 Å.  Additionally, the bindig pose 

of 11 in ROCKI also aligned well to that of BZD-29 in ROCKI (RMSD= 0.09 Å).  If the 

proposed model is correct, the current lead inhibitors are expected to retain the isoform 

selectivity achieved by BZD-29.      
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Material and Methods 

Induced Fit Docking (IFD) 

Glide Docking. The coordinates for all proteins were obtained from the 

Research Collaboration for Structural Bioinformatics (RCSB) Protein Data Bank 

(PDB).  Specifically, crystal structures of the kinase domains of ROCK-II (PDB: 

2F2U) and ROCK-I (PDB: 2ESM) were used.  

Ligands were prepared in Maestro of the Schrodinger software with the 

OPLS_2005 force field.  Possible ionization states were generated at pH 7.0 ± 2.0 by 

Epik.  The ligands were then desalted to remove molecules other than the ligand and 

tautomers were generated where appropriate.  Possible stereoisomers were 

generated and the number of ring conformations was set to 2 to mimic the well-

documented benzodiazepine ring conformations (M and P). 

Glide 5.9 was used for all docking calculations following previously described 

procedures15,20,23.  In the first stage of the induced fit protocol, minimization is 

performed on the receptor. Prime module of Schrodinger package performs flexible 

loop prediction that generates a maximum of five alternative glycine-rich loop (G99-

E105) conformations of subsequent docking. 

Softened-potential docking was then performed and 20 initial poses are 

generated for each receptor conformation. The softened-potential docking consisted 
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of scaling the van der Waals radii of non-polar atoms by 0.5 (for receptor atoms with 

partial atomic charge q ≤ 0.25e and for ligand atoms with q ≤ 0.15e).  Standard 

precision (SP) Glide scoring was used for this initial evaluation. By default, only the 

top ten scoring poses with Coulomb-vdW score and H-bond score less than 100 

kcal/mol and 0 kcal/mol, respectively, are retained.  

For each initial docking pose, receptor side-chains that are within 5.0 Å of the 

ligand are optimized to allow the side-chains to adopt optimal conformation to 

interact with the ligand. The ligand is then redocked into the induced-fit receptor and 

the final ligand pose is scored with Extra Precision (XP) Glide scoring function. The 

results are visualized with PyMOL30. 

Prime Refinement.  For each of the top 20 poses (with respect to Glide 

scores) from the initial softened-potential docking step, protein refinement was 

performed.  Prime uses the OPLS parameter set31-33 and a surface generalized Born 

implicit solvent model34,35.  First, a list is generated consisting of all residues having 

at least one atom within 5 Å of an atom in any of the 20 ligand poses.  All side chains 

in the list underwent a conformational search and minimization36.  

After convergence to a low-energy solution, an additional minimization was 

performed allowing all residues in the list (backbone and side chain) and the ligand to 

be relaxed. Specifically, side-chain refinement was performed to residues within 5.0 

Å of the defined loop segment. The complexes were ranked by Prime energy 

(molecular mechanics plus solvation), and those within 30 kcal/mol of the minimum 

energy structure were passed through for a final round of Glide docking and scoring.  
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Ligand Resampling and Final Scoring.  The minimized ligand used in the first 

docking was redocked using Glide with default settings into each of the top receptor 

poses produced in the protein refinement step.  A composite score that accounts for 

the protein/ligand interaction (Glide score) and the total energy of the system (Prime 

energy) was calculated using the following equation:  Glide score + 0.05 x Prime 

energy.   

Chemistry 

methyl-3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)phenyl)-2-(5-chloro-2-

(dimethylamino)benzamido)propanoate (31, LDM-3-45) 

 

 Synthesis of 31 began by coupling N-methyl isatoic anhydride (1 eq) with D- or 

L-iodophenylalanine (to provide the S- or R-enantiomer of the final product, 

respectively) (1.15 eq) in refluxing pyridine (2 mL/mmol) for 4 h.  After cooling to 

room temperature, the solution was neutralized and extracted with ethyl acetate.  

The organic layer was washed with brine and dried over magnesium sulfate.  After 
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filtration, the solvent was evaporated and the resulting residue was taken to the next 

step without purification. 

The final material of the previous step was then treated with 2.1 eq of potassium 

carbonate before methylation with 1.91eq of methyl iodide at room temperature in DMF 

(3 mL/mmol) at room temperature for 12 h.  The solution was then poured into stirring 

1N HCl and filtered.  The final product was then prepared by GP6 (reagent: 4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrolo[2,3-b]pyridine).  The resulting crude 

product was purified by flash chromatography  [0-100%(10%MeOH/EA)/hex] to provide 

methyl 3-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)phenyl)-2-(5-chloro-2-

(dimethylamino)benzamido)propanoate (overall yield= 16.1%) as an off-white solid; Rf= 

0.30 (EA); 1H NMR (500 MHz) (δ/ppm) 2.84 (s, 6H, 12, 33), 3.03 (ddt, 1H, J=12.4, 

J=7.4, J=1.0, 15), 3.32 (ddt, 1H, J=12.4, 7.5, 1.0, 15’), 3.66 (s, 3H, 34), 4.79 (t, 1H, 

J=7.6, 9), 6.57 (d, 1H, J=7.5, 30), 6.89 (d, 1H, J=7.5, 6), 7.34 (m, 2H, 1, 29), 7.39 (dt, 

2H, J=7.4, J=1.2, 17, 21), 7.74 (m, 2H, 18, 20), 7.81 (d, 1H, J=7.5, 23), 7.96 (d, 1H, 

J=2.0, 3), 8.62 (d, 1H, J=7.5, 24), 10.06 (s, 1H, 8), 11.71 (s, 1H, 28); 13C NMR (500 

MHz) (δ/ppm) 37.3, 43.2, 52.4, 53.3, 94.9, 110.5, 116.7, 119.7, 123.0, 124.5, 126.9, 

128.3, 129.7, 131.6, 133.0, 133.7, 137.4, 139.8, 145.2, 147.1, 147.3, 166.9, 173.0; 

Exact Mass (ES): determined mass: 476.1620 u, exact mass: 476.1615 u. 
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Chapter 4 

IMPACT OF CURRENT PROGRESS AND FUTURE DIRECTIONS 

 

Introduction 

In lead optimization, the general goals are to achieve enhanced levels of 

potency and efficacy against a specific target1,2.  Since a truly exhaustive search of 

chemical space is often impractical, this requires some method of prediction as to 

which analogs might improve binding and/or selectivity or provide the most useful 

information about the binding pocket and orientation of the inhibitor in it to guide 

future predictions. It is important, both during and after such a project, to assess the 

design of the venture itself, and to modify the approach to result in more accurate 

models if necessary.  This may be accomplished by rating the models utilized as to 

their predictability and then using these as “parent” models from which the population 

can evolve through the creation of next generation, or “daughter”, models3.  In this 

way, the quality of the population increases as the least accurate models are 

replaced by those which are newly developed.  This chapter comprises such an 

assessment. 

Lipophilic Efficiency (LipE).  One way of gauging the quality of an inhibitor is to 

define its lipophilic efficiency (LipE).  LipE refers to a parameter used in drug 
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discovery and design to evaluate research compound quality by estimating 

druglikeness4,5.  For a given compound, LipE is calculated using Equation 4.1, 

although cLogP is typically used in place of the empirical LogP values. 

LipE= pIC50 - LogP 

Equation 4.1.  Calculation of lipophilic efficiency (LipE)6. 

 

 The value of LipE lies in its ability to express both potency (IC50) and lipophlicity 

(LogP) in a single parameter.  Because proteins are largely hydrophobic, a particularly 

greasy compound (one with a high LogP) might appear to bind to its target with great 

affinity simply due to the hydrophobic effect, where nonpolar substances tend to 

aggregate in aqueous solution to exclude water6.  LipE negates this effect by penalizing 

compounds with especially high LogP values and allowing the highest quality inhibitors 

to stand out. 

 Enantioselectivity as a measure of interaction quality.  As mentioned in Chapter 

3, enantioselectivity is one way to assess the binding mode of a chiral inhibitor, although 

it does not appear to be necessary for the inhibition of every target.  For example, 

anticancer screens have shown that achiral pyrimidines possess comparable activity to 

chiral analogs in the inhibition of tubulin polymerization7.  However, when 

enantioselectivity does arise, it suggests the establishment of a high order of specific 

contacts between the inhibitor and the binding site8-10.  Therefore, relative 

enantioselectivity among members of an inhibitor library targeting an apparently 

enantioselective target can be used to determine whether the improvement or failure of 

a specific inhibitor was due to the establishment or loss of a specific contact rather than 
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a change in its general relationship to the environment of the binding site.  Due to the 

recognition that ROCKII appears to be enantioselective with regards to the current 

inhibitor series, this feature was used to assess inhibitor quality.  Essentially, a higher 

quality compound should experience a higher degree of enantioselectivity, as a greater 

number of specific contacts arranged in such a precise manner as to optimally interact 

with the target should improve selectivity over alternative targets.    

 Assessment of the computational workflows.  The computational methods were 

analyzed with respect to the biochemical effects produced by the compounds which 

they predicted.  Here, the Glide Scores of the compounds predicted by the 

computational workflows were compared to their corresponding relative IC50 values.   

GlideScore is a proprietary ligand scoring function which combines a set of terms 

describing a molecule and uses these as the basis of a binding affinity prediction.  The 

formula for GlideScore is shown below in Equation 4.211,12.   

GScore= 0.05*vdW + 0.15*Coul + Lipo + Hbond + Metal + Rewards + RotB + Site. 

Equation 4.2.  The equation of the GlideScore scoring function; vdW: Van der Waals 
energy, Coul: Coulomb energy, Lipo: lipophilic term from hydrophobic grid potential, 
Hbond: hydrogen-bonding term, Metal: metal-binding term, Rewards: rewards or 
penalties for different features (buried polar groups, hydrophobic enclosure, amide 
twists, etc.), RotB: penalty for freezing rotatable bonds, Site: polar interactions in the 
active site11,12. 
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RESULTS AND DISCUSSION 

 

Progress of the inhibitor series as represented by lipophilic efficiency.  In addition 

to being the most potent analogs, compounds (S)-21 and (S)-30 also represent the 

most lipophilically efficient and, thus, the highest quality compounds.  The chart below 

shows the lipophilic efficiency values, with respect to ROCKII, of the previously 

analyzed BZD library members, the current analog series represented in this thesis, and 

the known inhibitors Fasudil, SR3677, and Y-27632 (Figure 4.1) 13-16.  Although no 

inhibitors so far meet the suggested LipE >6 for quality drug candidates, it is clear that 

the current analog series has significantly improved LipE values versus the previous 

BZD analogs4,5,17.  The current inhibitors with LipE values > 4 for ROCKII represent (S)-

21 (4.44), (S)-22 (4.56), (R)-25 (4.12), and (S)-30 (4.12).  Additionally, these 

compounds have similar lipophilic efficiencies to an established ROCK inhibitor, Y-

27632.  The current series thus represents a significant improvement of this inhibitor 

class. 
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Figure 4.1.  Comparisons of lipophilic efficiency (LipE) values of inhibitors with respect 
to ROCKII.  Blue diamonds: the previous BZD inhibitor series, red squares: the current 
inhibitor series, green triangles: known ROCK inhibitors (Fasudil, SR3677, and Y-
27632)13-16 

  

 Enantioselectivity of the current inhibitor series.  It was noted that all compounds 

with ROCKII IC50 values > 50x, relative to BZD-29, including (S)-21, (S)-22, (S)-29, and 

(S)-30, were significantly enantioselective for ROCKII as well; this indicates a 

requirement for enantioselectivity to improve activity to this degree.  A linear relationship 

between inhibitory properties and enantioselectivity was not established however.  A 

basic review of the data did highlight a general preference for the S enantiomer, and, as 

explored in Chapter 3, this was not simply a result of inhibitor conformation preference, 

but apparently an indication of a preferred orientation for the optimal arrangement of 

contacts with the target.   
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Assessment of the prediction quality of the computational workflows.  In the 

course of the current project, two computational methods were applied (Computational 

Workflow A and B, described in Chapter 3).  To determine the predictability of the 

results of the biochemical assays for the current analog series, the Glide Score of each 

compound designed by computational methods was compared to its relative IC50 value 

(with respect to the IC50 of BZD-29) for ROCKII (Figure 4.2).   

 

Figure 4.2.  Relative IC50 values (with respect to BZD-29) for ROCKII compared to the 
GlideScores of compounds designed by Computational Workflows A and B.  R2= 
0.8469, indicating that the data is well correlated. 

 

 From the R2 value of > 0.8, it is evident that these values are well correlated and, 

thus, Glide Score accurately predicted the relative binding affinity of this series of 

analogs.  Therefore, these methods have been highly successful, especially considering 

that 14 out of the 16 compounds predicted from these approaches experienced 

significantly improved potency over BZD-29 (defined as a relative IC50 >4x).     
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 Perspective of current progress and future directions.  Currently, the most potent 

and most lipophilically efficient analogs, (S)-22, (S)-30, and (S)-21 represent a 63x, 

110x, and 109x improvement over BZD-29, respectively.  The binding poses of these 

analogs indicates their similarity in orientation and suggests an analog including the 

correct arrangement of some combination of these substitutions, or electronic 

representations thereof, may improve affinity further (Figure 4.3).   

(a) (b)  

(c)  

Figure 4.3.  Binding poses of (a) (S)-21, (b) (S)-22, and (c) (S)-30 in the ATP binding 
cleft of ROCKII. 
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 One example of an examination of the proper placement of multiple substituents 

might begin with a comparison of the binding poses of Figure 4.3.  Specifically, the 

contact between the (S)-30 9-fluorine substituent and Glu105 shifts the benzodiazepine 

ring toward the N-terminal lobe such that contacts with Asp219 and Lys216, made by 

(S)-21 and (S)-22 (Figure 4.3 (a) and (b), respectively) are no longer possible.  By 

extending the 6-isoxazole substituent of (S)-21 from the (S)-30 scaffold (possibly with 

the inclusion of a linker if necessary), contacts with Asp219 and Lys216 might be 

restored while allowing the halogen bond between 9-fluorine and Glu105 to remain 

intact.  In this manner, iterations of such substituents might be used to design future 

analogs for the improvement of potency and specific contacts.   

 The manual Hansch analysis, conducted in Chapter 2, has also provided 

fingerprints of the physicochemical properties of these inhibitors which confer potent 

inhibition and/or some degree of selectivity.  As the number of azaindole-based analogs 

increases, it will be possible to apply quantitative SAR models (QSAR models) to this 

series since such models require larger analog populations than does the manual 

Hansch analysis18,19.   

 The observation of PH-domain dependent ROCK isoform selectivity may point to 

a unique inhibitory mechanism to be exploited.  As demonstrated by type II kinase 

inhibitors, the ability to block a kinase from entering an activated state has the potential 

to vastly improve the quality of inhibitors and, thus, increase the likelihood of the 

development of a clinical therapeutic.  Firstly, the potency of such an inhibitor should be 

enhanced by the avoidance of competition with the high cellular concentration of ATP 
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(~1-10 mM)20.  Additionally, this inactive state may reveal additional binding sites, 

analogous to the allosteric site revealed during the inactive state of some kinases21.  

Essentially, no site of a kinase is more highly conserved than that of the ATP binding 

site due to its need to recognize a substrate (ATP) common to all kinases.  Therefore, 

an alternative binding site should be less conserved, increasing the potential for an 

inhibitor to gain selectivity through interaction.  Because Ser381 of ROCKII is predicted 

to be critically important to the selectivity for ROCKII by this inhibitor series, once a 

cellular isoform selectivity assay is available, it would be especially interesting to 

compare the selectivity of BZD-29 for native ROCKII versus ROCKI with that of BZD-29 

for a Thr381 ROCKII mutant versus ROCKI.  If this residue is in fact crucial to the 

optimal conformation of BZD-29, a high degree of selectivity should be observed for 

native ROCKII over ROCKI while equipotency would be expected against the ROCKII 

mutant compared to ROCKI. 

 The conformational change elicited in ROCKII, but not in ROCKI, through binding 

of BZD-29 allows for comparison with the conformational effects induced by potential 

analogs.  Unfortunately, without knowing the exact source of this transformation, the 

prediction of selective compounds must rely solely on the alignment of the conformation 

induced by BZD-29 with the conformations which result from docking prospective 

analogs.  An establishment of an RMSD cutoff will be necessary to define the limits of 

relatively good, acceptable, and poor alignments to predict the level of selectivity which 

might be experienced.  However, once a cellular based ROCK isoform selectivity assay 

is available, the compounds of the current analog series may be assayed and their 
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results could then be compared to these RMSD values.  The accuracy of this predictive 

method could then be determined.   

 In addition to binding affinity predictions, the docking results from the 

computational work, combined with existing ROCK literature, suggests that the current 

analog series should retain selectivity similar to that of BZD-29 among the kinome as 

well as among the ROCK isoforms themselves.  Due to its clinical success with minimal 

side effects reported, Fasudil has validated the Rho kinases as viable targets in the 

treatment of disease22.  The most potent current inhibitor, (S)-21 is > 10x more potent 

for ROCKII compared to Fasudil.  Considering that the most successful recent analogs 

have IC50’s near the “wall” of the currently employed biochemical assay (discussed in 

Chapter 2), the majority of future efforts will focus on enhancement of selectivity 

features of these inhibitors23.  These efforts will not only improve the quality of this 

inhibitor series, but with the current lack of quantitative information regarding isoform 

selectivity and the widespread problems of off-target binding which plague many kinase 

inhibitor projects, they will also aid in filling the gaps of current understanding of how 

different kinases are selectively modulated and how these specific differences may be 

exploited for inhibition of aberrant activation in human disease.   
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