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ABSTRACT

Ras converting enzyme (Rce1p) has been the focus of research due to the prevalence of 

Ras mutants in cancerous tissues.  In vivo studies have shown inactivation of Rce1p causes the 

mislocalization of Ras; therefore inhibition of Rce1p might have applications in cancer 

treatment.  Several inhibitors of Rce1p have been identified, including 4-((8-hydroxyquinolin-7-

yl)(phenyl)methylamino)benzoic acid.  The 8-hydroxyquinoline motif found in this molecule has 

been used extensively for its metal binding properties.  The mechanism of Rce1p has been the 

subject of some debate, although, it is likely a zinc metalloprotease.  Described here are several 

analogous molecules that display stronger Rce1p inhibition and looser zinc binding.
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CHAPTER 1

INTRODUCTION

RCE1P AND RAS: INHIBITION OF THE MATURATION OF RAS

Many proteins are translated from RNA in an inactive form which requires further 

modification to become biologically active.   This post-translational modification enables spatio-

temporal control within the cell.   In some cases, the post-translation modification is necessary to 

remove a portion of the protein that prevents activity.   In other cases, the protein modification 

allows for proper cellular localization.   The processes by which inactive protein precursors are 

modified have become interesting targets for drug development.1-2 

Cancer therapeutics and cancer drug targets are in high demand.  One target is the Ras 

GTPase, a membrane bound signaling protein, found on the cytosolic side of the plasma 

membrane.3-4  The high frequency with which Ras mutations are found in cancerous cells can be 

attributed to its structure and function.3  As an integral part of intercellular signaling, Ras helps 

mediate the cell cycle, and the loss of this control can lead to oncogenesis.   Specifically, Ras 

binds and activates the Raf kinase which turns on gene expression through the action of MAP 

kinase cascade.5   The MAP kinase cascade involves the sequential phosphorylation of proteins, 

including nucleus localized transcription factors.   Once activated these transcription factors 

induce the expression of their respective genes. 

Ras proteins belong to a superfamily of small GTPases known as G proteins.6  G proteins 

mediate the amplification of signal in response to extracellular stimuli.  G proteins exist in two 
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states; a GDP-bound inactive form, and a GTP-bound active form.5, 7   In its GDP-bound state 

Ras is associated with Grb and Sos proteins that bridge it to a transmembrane receptor tyrosine 

kinase (RTK) protein (Figure 1).5   Upon binding of a stimulus to the extracellular portion of a 

receptor tyrosine kinase (RTK), the GDP-bound Ras is converted to a GTP-bound Ras, and thus 

activated.5   The mechanism by which Ras exchanges GDP for GTP is analogous with other G 

proteins and is well understood.7  Once in its GTP bound active form, Ras activates several 

downstream proteins that regulate the cell cycle.5 

R
TK

R
TK

P Grb Sos

Ras
(inactive)

GDP

Ras
(active)

GTP

Sos

GAP

Other
Ef fectors

Extracellular

Cytosol

Figure 1.  Ras activation pathway.  Ras is activated by the action of Sos, which exchanges the 
bound GDP for GTP.  Sos and Grb bridge Ras to a receptor tyrosine kinase (RTK) which 
receives extracellular signals.

The naturally occurring hydrolysis of GTP to GDP in Ras is approximately fifty times 

slower than other G proteins.8  The slower rate of GTP hydrolysis by Ras gives the effect of a 

constitutively active state.  Mutagenesis of Ras has revealed essentially two residues that can be 

linked to the constitutively active state, Gly12 and Gln61.8-9  Gly12, when mutated to alanine, 

causes enough steric repulsion that Ras GTPase activating protein binding is not favorable.  With 

the mutation of Ras Gly12 to alanine, the constitutively active state of Ras can lead to 

2



oncogenesis.8  Given these findings, the prevalence of Ras in human cancers is unsurprising.8  To 

effectively target Ras both its structure and function must be better understood.

Ras also belongs to a large family of proteins known as CaaX proteins.  CaaX proteins 

are named for their characteristic “CaaX box” at the C-terminus.3-4, 10-11  The CaaX box is 

comprised of a cysteine residue “C,” typically followed by two aliphatic residues “aa,” and one 

of several amino acid residue “X.”3-4, 10-11   In the case of H-Ras the CaaX sequence is CVLS.12  In 

N-Ras (CVVM) and both K-Ras variants (CIIM or CVIM) “X” is methionine.12  The CaaX box 

is modified post-translationally in three sequential steps that enable the proper localization of 

Ras (Figure 2).13-17  Ras is first isoprenylated by one of two enzymes farnesyl transferase (FTase) 

or geranylgeranyl transferase (GGTase), which attach either farnesyl or geranylgeranyl to the 

sulfur of the cysteine residue of the CaaX box, respectively.13  In an ER-localized process Ras 

converting enzyme (Rce1p) cleaves the aaX portion of CaaX proteins.14-15  In a final step 

isoprenylcysteine methyltransferase (ICMT) methylates the isoprenylated cysteine carboxylate 

residue.16-17  Ras is then transported to the cytosolic side of the plasma membrane by an unknown 

mechanism.18-20

Ras
CaaX

Ras
CaaX

Ras
C

Ras

Farnesyl
Transferase

Rce1p ICMT

Transport
to Plasma
Membrane

S S S

C

O

O

O

O

or

Geranylgeranyl
Transf erase

Figure 2. The post-translation modification of Ras is necessary for the proper localiztion of Ras. 
The mechanism by which Ras is transported to the plasma membrane is not well understood.
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The reliance of Ras proteins on isoprenylation has led to the development of farnesyl 

transferase inhibitors (FTI).21  However, in the absence of farnesyl transferase, K-Ras and N-Ras 

are geranylgeranylated by GGTase and remain active.12  In response to this discovery, dual 

prenylation inhibitors (DPI) that inhibit both FTase and GGTase have been developed.21 

However, there are other CaaX proteins that require isoprenylation for full activity and complete 

inhibition of isoprenylation can lead to unwelcome side effects.22-24  For instance, FTI's also 

inhibit prelamin A processing, and loss of lamin A expression has been linked to muscular 

dystrophy.22-24  Nonetheless, FTI's and DPI's have proven value as potential therapeutics as 

demonstrated by some phase two and three clinical trials.2, 21, 25  The use of FTI's and DPI's will 

be limited due to the inhibition of other proteins such as prelamin A.

ICMT is the only known isoprenyl carboxymethyl transferase and its inhibition would be 

expected to produce similar side effects to FTI's due to its lack of substrate specificity.11, 16-17, 26  In 

yeast, the activity of ICMT is not necessary for cell viability.27  Genetic manipulation studies 

have shown that the lack of ICMT function prevents the localization of a number of essential 

CaaX proteins such as Rac, Rho, and lamin B.3-4, 28  Studies of ICMT inhibition have been limited 

to substrate mimetics, making it difficult to differentiate between ICMT inhibition and upstream 

inhibition, or a combination of the two.3-4 

Rce1p is an  interesting target for inhibition.  Although Ste24p and Rce1p have some 

overlapping substrate specificity mammalian Ras maturation is likely due to Rce1p.10, 14, 29-33  In 

Rce1p-deficient cells, Ras is partially mislocalized to the cytosplasm.30, 34  Rce1p deficient cells 

have also been shown to be more sensitized to FTI's.34  This observation has implications for the 

viability of mixed cancer therapies.
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The development of Rce1p inhibitors has been complicated by several properties of 

Rce1p itself.  First, as a transmembrane protein, it is a strenuous task to purify an active form of 

Rce1p.35   Without a pure crystalline form of Rce1p it is difficult to solve the three-dimensional 

structure of Rce1p.  Also, the mechanism for Rce1p is still uncertain, which complicates attempts 

at target oriented drug development.36-38  As a result of these limitations progress in the 

development of Rce1p inhibitors has been slow.

Crystal structures can provide substantial insight into both the structure and mechanism 

of a protein and are often used as aids in the development of inhibitors.39-40  Docking programs 

build off of the crystal structure and can enable screening of libraries of compounds in silico as 

well as the targeted refinement of lead compounds.  In the case of Rce1p, a three-dimensional 

structure has yet to be obtained.  This is partly due to the nature of Rce1p, which is a 

transmembrane protein with an active site presumably located on the cytosolic side of the ER of 

the cell.35  Bioinformatics hydropathy plot based predictions suggest that Rce1p contains seven 

transmembrane helices.35  The inclusion of several transmembrane spans is unusual for a 

protease.35  Also, the proposed active site residues reside in proposed transmembrane spans, 

which is also atypical for a protease.35  The uncertainty in the exact structure of Rce1p makes it 

difficult to determine the mechanism of action.35-38, 41

Rce1p was first hypothesized to function as a cysteine protease, and studies showing a 

highly conserved Cys251 residue in a proposed transmembrane helix supported this hypothesis.36-38 

The inhibition of Rce1p by classic cysteine protease inhibitors, discussed below, also supported 

this hypothesis.37-38, 42  The lack of inhibition of Rce1p by metal chelators provided evidence that 
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Rce1p was not a metalloprotease.38  So, for several years cysteine protease type inhibitors were 

developed for the inhibition of Rce1p.37, 42-43

Cysteine proteases have a well determined mechanism (Figure 3).9  The classic type of 

cysteine protease inhibitors are substrate mimetics containing a halomethylketone.9  These 

inhibitors take advantage of the nucleophilic nature of the active cysteine residue in order to 

form a covalent bond that results in irreversible inhibition (Figure 4).  The halogen present is 

typically a chlorine, although some fluoromethylketones have been used.  Such inhibitors have 

seen wide spread success as tools for studying cysteine proteases and other mechanistically 

related proteases.

More recent mutational studies have shown that the only conserved Cys251 is not 

necessary for the function of Rce1p.35  Instead, it is proposed that a glutamate and two histidine 

residues (Glu156, His194, and His248) are part of the active site.35  The related metalloprotease 
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Figure 3.  The known mechanism of cysteine proteases.  The free thiol of the essential active site 
cysteine residue acts as a nucleophile and attacks the carbonyl carbon of the peptide substrate. 
Histidine and aspargine help to delocalize charge and stabilize the transition states.



Ste24p also contains highly conserved histidine and glutamate residues, which are part of a 

putative HExxH zinc-coordinating motif.14  Other residues thought to be necessary for optimal 

activity of Rce1p include Glu157, Tyr160, Phe190, and Asn252.35  If the loss of activity from these 

mutations is due to a structural or conformational change and not the loss of a critical active site 

residue, could be determined by a crystal structure of the active enzyme.

The accepted mechanism of zinc metallo-proteases differs from that of cysteine proteases, 

mainly in that there is never a covalent bond formed between the enzyme and the substrate 

(Figure 5).44  This lack of a covalently linked intermediate makes it unlikely that irreversible 

inhibition would be observed with a substrate mimetic.  The covalently linked intermediate is 

essential for the inhibition of cysteine proteases by halomethylketones (Figure 4).  Instead of a 

cysteine side chain acting as a nucleophile, a nucleophilic water molecule is present in the active 

site.

Inhibitors of zinc metallo-proteases have used substrate mimetics as inhibitors much like 

cysteine protease inhibitors.1, 44-45  A typical substrate mimetic for a zinc metalloprotease contains 
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a strong metal binding moiety such as a phosphonamidate (Figure 4).40, 44  Cysteine protease 

inhibitors take advantage of the nucleophilic cysteine to irreversibly inhibit the protease, whereas 

zinc metalloproteases cannot utilize this mechanism due to the lack of a covalently linked 

intermediate (Figure 4). 44  Instead, the substrate mimetics exploit the stability of a 

phosphonamidate oxygen to zinc bond.44  This ionic interaction is strong enough for the 

phosphonamidate to be retained in the crystal structure of the zinc metalloprotease thermolysin 

from Bacillus thermoproteolyticus.44

Aside from substrate mimetics, small molecule inhibitors for zinc metalloproteases have 

been developed.1, 46  Many metallo-protease inhibitors utilize a strong metal chelator.1, 46  The 

design of many inhibitors is based on the hypothesis that the metal chelating moiety in the 

inhibitor will block the active site metal ion and prevent activity.38  The non-chelating portions of 

the molecule bind to specific parts of the enzyme to increase inhibitor specificity.1, 40, 44  Several 

metal chelators such as ethylenediaminetetraacetic acid (EDTA), ethylene glycol tetraacetic acid 

(EGTA), and tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) have been shown to inhibit 

metalloproteases in vitro.38  Rce1p is not inhibited by EDTA, EGTA, or TPEN; however, Rce1p 
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is inhibited by zinc and copper at micromolar concentrations.38  As a metalloprotease, inhibition 

of Rce1p by known metal chelators was expected, but was not observed.38  Previously identified 

inhibitors of Rce1p fall into two basic categories of small molecule inhibitors and 

peptidomimetic inhibitors (Figure 6).36-38, 42-43, 47-50  Peptidomimetic inhibitors can be further 

divided into peptido (acyloxy)methyl ketones (AOMKs), farnesylated peptides, unnatural 

peptides, or a combination of the three.36-38, 42-43, 48  TPCK, BFCCMK and UM96001 represent 

chloromethyl ketone inhibitors of Rce1p.  Inhibition of Rce1p by TPCK is substrate dependent 

and when the substrate in the assay is altered there is no inhibition.51  The inhibitors RPI and 

BFCCMK are farnesylated peptides.  Barangcadoic acid A and rhopaloic acid A  are natural 

product inhibitors of Rce1p which contain a farnesyl group.  The other inhibitors (MSA, pHMB, 

pHMS, NPPI-A, NPPI-B, and NPPI-C) all contain metal binding motifs that may be responsible 

for their inhibition.  Consistent reporting of inhibition constants for the listed inhibitors is not 

available, and IC50 values or single point inhibition data are available (Table 1).  The specificity 

of the inhibitors also ranges.
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Table 1. Inhibition data of previously described inhibitors.
Molecule IC50 % Activity, Inhibitior Conc.

TPCK - 6 %, 300 μM

PHMB, pHMS - 1 %, 22 μM

MSA - 1%, 22 μM

AOMKs - 10 – 100 %, 100 μM

RPI 103 nM -

BFCCMK, UM96001 (5 μM), (5 μM) -

Peptides 1-5 3.3 – 17.6 μM -

Barangcadoic acid A ~ 25 μM -

Rhopaloic acid A ~ 25 μM -

NPPI-A, NPPI-B, NPPI-C 14 μM, 7 μM, 7, μM -
 



To enhance specificity, the development of small molecule inhibitors is more favorable 

than peptidomimetics.47  A recent assay of the National Cancer Institutes (NCI) Developmental 

Therapeutics Program (DTP) diversity set library revealed nine small molecule inhibitors (Figure 

7).47  An initial fluorescence assay, the details of which will be discussed later, identified forty-

six potential inhibitors; these compounds were then screened against an alternative substrate in 

an orthogonal assay revealing nine compounds to inhibit Rce1p.47  The a-factor assay was used to 

limit the possibility that the inhibitors found were assay specific inhibitors as has been shown for 
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TPCK.51  As would be expected for metalloprotease inhibitors, all but one (NSC 67485) of the 

nine compounds contained a metal binding motif.47
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Figure 7.  The structures of the nine inhibitors of Rce1p determined by the fluorescence and a-
factor assays.

Of the nine inhibitors, four compounds (NSC 321239, NSC 294526, NSC321237, and 

NSC 295642) were deemed undesirable for further investigation for two primary reasons: first, 

the transition metals present in the molecules are likely toxic, and second, the same molecules 

have appeared in other unrelated high throughput screens.47  This suggests that the molecules 

would be non-specific in vivo inhibitors and are thus poor candidates for the basis of drug 

design.47
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Of the remaining five compounds, NSC 67485 was commercially available and was 

purchased in order to verify the assay hit.  The remaining four molecules were to be re-

synthesized in order to produce high purity samples to verify the hits from the initial assay. 

Another of the compounds, NSC 609974, was the target of “Synthesis of L-651582.”52  NSC 

609974 has been the subject of several clinical trials for the treatment of tumors;  however, 

adverse side effects have limited its use.53-54  The anti-oncogenic mechanism of NSC 609974 is 

not clear; however, its activity in this assay suggests Rce1p might be involved.  Inhibition of 

receptor-operated calcium channel-mediated calcium influx by NSC 609974 is known.54-58    Two 

similar compounds, NSC 73101 and NSC 270718, were outside the scope of this research.  NSC 

73101 was also identified in a screen for inhibitors of poxvirus type I topoisomerase.59  Thus the 

primary focus of this research was the synthesis of 4-((8-hydroxyquinolin-7-yl)

(phenyl)methylamino)benzoic acid (NSC 1011) and analogous molecules (Figure 7).

In summary, the use of NSC 1011 for Rce1p inhibition can be improved in three ways. 

New NSC 1011 analogous molecules with better metal binding might lead to better inhibition of 

Rce1p.  Protecting the free carboxylic acid of NSC 1011 will likely increase its cell permeability. 

The lengthy synthesis of NSC 1011 may be improved to enable the production of other 

analogous molecules for testing.
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CHAPTER 2

RESULTS AND DISCUSSIONS

PART 1: SYNTHESIS OF INHIBITORS

Despite over sixty years since the original synthesis of NSC 1011 (1) by the Betti reaction 

(Figure 8), no alternate synthetic routes have been published.60-63  The original synthesis requires 

thirty-five days in room temperature ethanol, an undesirable length of time.60  Ethyl 3-(((8-

hydroxyquinolin-7-yl)(phenyl)methyl)amino)benzoate was also synthesized at the same time as 

NSC 1011.60  The analogous synthesis suggests that a less protic reactant and a higher pH 

solution could provide a faster reaction time.60  Of the other known analogs of NSC 1011, the A-

ring and C,D-ring analogs are among the most explored, with few modifications of the B-ring 

(Figure 8).47

NSC 1011 and a number of analogous structures can be synthesized by similar conditions 

to the original Betti reaction (Figure 9).  Although initially low yielding, adding a large excess of 

8-hydroxyquinoline to the reaction mixture improves yield and helps drive the reaction to 

completion.  Nicotinaldehyde and picolinaldehyde react as much as seven times faster than other 

aromatic aldehydes.  It is thus proposed that pyridinyl and other basic aldehydes should also 

yield faster reaction rates.

Based upon the original synthesis (Phillips, 1956) six analogs of NSC 1011 have been 

produced (Figure 10).  These analogs include: 4-((8-hydroxyquinolin-7-yl)(pyridin-2-

yl)methylamino)benzoic acid (2), 4-((4-cyanophenyl)(8-hydroxyquinolin-7-
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yl)methylamino)benzoic acid (3), 4-((8-hydroxyquinolin-7-yl)(p-tolyl)methylamino)benzoic acid 

(4), 4-((4-bromophenyl)(8-hydroxyquinolin-7-yl)methylamino)benzoic acid (5), 4-((8-

hydroxyquinolin-7-yl)(pyridin-3-yl)methylamino)benzoic acid (6), and 4-((4-fluorophenyl)(8-

hydroxyquinolin-7-yl)methylamino)benzoic acid (7) (Figure 10).  The first of these analogs 

isolated was 2 followed by 3.  The initial purification of 3 from other undesirable by-products 

required HPLC followed by recrystallization from ethanol.  Reverse phase HPLC was used 

instead of the more common normal phase column chromatography because it was shown that 3 

may decompose over TLC conditions.  It is not clear why recrystallization was necessary and 

HPLC was unable to separate 3 from other compounds in the mixture.

The next two compounds were isolated from the filtrate of the reaction mixture several 

months after the filtering of the mixture.  The filtrate contained excess unreacted 8-
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hydroxyquinoline and fewer equivalents of p-aminobenzoic acid and the corresponding aromatic 

aldehyde.  The precipitate in these solutions was the desired compound and of high purity.  To 

test the hypothesis that excess 8-hydroxyquinoline drives the Betti reaction to completion, 

several reactions were started with a large excess of 8-hydroxyquinoline.  Three of the reactions 

showed products (3, 6, and 7) that required little or no purification beyond filtering and washing 

with ethanol.  This supports the hypothesis that an excess of 8-hydroxyquinoline in a Betti 

reaction will drive the reaction further to completion.  It has been shown that the excess reactant 

increases the reaction rate.  The three products synthesized by this method include 3, 6, and 7.  In 

the case of both 3 and 7 recrystallization from acetonitrile was necessary to remove excess 8-

hydroxyquinoline.

Although the Betti reaction was accomplished with nicotinaldehyde and picolinaldehyde 

to form 6 and 2 respectively, the reaction with isonicotinaldehyde has not been completed.  The 

15

O OH

HN
N

OH

O OH

HN

N

N
OH

O OH

HN
N

OH

O OH

HN
N

OH

O OH

HN
N

OH

O OH

HN

N

N
OH

N
OH

CN

Br F

1 2 3 4

5 6 7

HN

O OH

Figure 10.  The structures of the analogs of NSC 1011 that were synthesized.



Schiff base, trans-4-(pyridin-3-ylmethyleneamino)benzoic acid (14), and the NSC 1011 analogs 

2 and 6 are all soluble in both methanol and dimethylsulfoxide (DMSO).  However, the product 

from the reaction of  isonicotinaldehyde and p-aminobenzoic acid is insoluble in both solvents. 

The product, trans-4-(pyridin-4-ylmethyleneamino)benzoic acid (15), is soluble in acidic 

DMSO, and an NMR obtained in deuterated DMSO with minimal hydrochloric acid shows 

resonances that are consistent with 15.  Based upon the solubility of 15, the Betti reaction using 

isonicotinaldehyde may be incompatible with an ethanol solvent.

N

N

O OH

N

N

O OH

N

O OH

1614 15
Figure 11. Structures of the Schiff Bases 14, 15, and 16.

Other attempts to synthesize NSC 1011 or NSC 1008 via other synthetic pathways for a 

proof of concept have been attempted but not completed.  Thus far there are two proposed 

methods (Figure 12) by which NSC 1011 and analogs could potentially be synthesized.  The first 

uses the Schiff base intermediate, which can be readily formed, and is presumably present in the 

Betti reaction.  The second pathway attempts to substitute 8-hydroxyquinoline at the seven 

position.

The formation of the Schiff base (16) of any of the aromatic aldehydes and p-

aminobenzoic acid occurs readily and precipitates out of ethanol at room temperature.  The 

problem with the synthetic pathway arises when trying to react the Schiff base with 8-

hydroxyquinoline.  Several attempts have been made using different conditions to form NSC 
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1011 and NSC 1008 by this method, with no success.  Deprotonation of the oxygen of 8-

hydroxyquinoline with sodium hydride followed by treatment with the corresponding Schiff base 

resulted in no reaction.  Also, protected 8-hydroxyquinoline treated with excess strong base (n-

butyl lithium or t-butyl lithium) followed by Schiff base yielded no desired product.

Attempts to substitute the seven position with a B-ring benzyl ketone have not yielded the 

desired products.  Two methods to achieve the substitution include the Fries rearrangement and 

the photo-Fries rearrangement.64-65  Both reactions require the quinolin-8-yl benzoate (17), which 

is formed in a reaction of benzoyl chloride and 8-hydroxyquinoline.  Trouble arises when trying 

to complete either of the Fries reactions as neither reaction yielded the desired product.

PART 2:  NSC 1011 AND ANALOGS AS METAL BINDING LIGANDS

Coordination chemistry is a branch of inorganic chemistry that deals with the interaction 

of transition metals and ligands.  Ligands are molecules that “bind” metals via donation of 
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electrons into the d-orbitals of the metal atoms.  The ability of a ligand to coordinate with a 

specific metal depends on several factors; including the geometry of the metal and the size of the 

ligand.  NSC 1011 contains the well studied metal binding motif of 8-hydroxyquinoline.66-69 

Increasing the metal binding affinity in NSC 1011 analogs might also lead to increased inhibition 

of Rce1p provided that the inhibitor binds to the active site.

The metal binding properties of several molecules have been determined via titrations 

monitored by different means of spectroscopy.70-72  The basis for this sort of analysis is that 

binding of a metal to a molecule significantly alters the electronic properties of that portion of 

the molecule.70-72  If the metal coordinating portion of the molecule absorbs light in the UV-Vis 

region, then the changes in the electronic state of the molecule can be observed by UV-Vis 

spectroscopy.70  It should also be possible to observe changes in a molecule by other 

spectroscopic methods given the structural and electrostatic changes that occur during metal 

binding.  For instance, it has also been observed that metal chelation properties can be elucidated 

from changes in the 1H-NMR spectra of organic molecules; however, this method would be 

significantly more expensive and time consuming.71-72   Therefore, for the analysis of aromatic 

molecules, UV-Vis absorbance and fluorescence spectroscopy remain the methods of choice for 

measuring metal to ligand binding.

To minimize error in the concentration of the metal, it is common to use a competing 

metal ligand.  The competing ligand, with a known metal binding dissociation constant, is used 

in excess of the ligand being measured to produce a more accurate measurement of the free metal 

concentration.  Using this method, the exact binding dissociation constants for several 

compounds with a variety of different metals have been determined.73
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Another important consideration for the study of metal binding via any method is the 

existence of only two states for the ligand.74  The ligand must exist in only a metal-bound and a 

metal-free state, and with only one stoichiometric ratio.74   The presence of an isosbestic point 

suggests that the measurements are dependent upon only two states.  It is unlikely that more than 

two states would produce an isosbestic point.74   Thus, the lack of an isosbestic point suggests 

either there are more than two binding states of the ligand, or something other than metal binding 

is being measured.74

Based upon the initial hypothesis that increased metal binding would increase the 

inhibition of Rce1p, the metal binding properties of NSC 1011 (1) and compounds 2 – 7 were 

determined.  Using a UV-Vis spectrometer to monitor the changes in absorption during the 

19

240 245 250 255 260 265 270
0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

Wavelength (nm)

Ab
so

rb
an

ce

Figure 13.  Example isosbestic point exhibited by three spectra.  If no isosbestic point is 
observed and a spectral change is observed then a reaction occurred but either the stoichiometry 
of the reaction is not constant, or more than one reaction may have occurred.



titration, several metals (zinc, calcium, magnesium, and manganese) were studied.  As was 

expected the binding affinity of the analogs differed from analog to analog.

Plots of the percent change in absorbance (Equation 1) versus log of the concentration of 

free zinc were prepared for each sample from the UV-Vis absorbance data obtained.

Percent Change Absorbance=A−Ao/ A'−Ao Eq.1

For the calculation of the percent change in absorbance at a chosen wavelength: A is the 

absorbance of the solution, Ao is the absorbance for the lowest absorbing solution, and A' is the 

absorbance for the highest absorbing solution.  Zinc concentration was varied by combining a 

zinc containing solution and a metal free solution.  Both working solutions contained identical 

concentrations of buffer solution, the competing ligand iminodiacetic acid (IDA), and the analog 

being studied.  The concentration of free zinc in the solution could be determined based upon the 

total free zinc and the competing ligand concentration (Equation 2).

M f=M t−[ K dM tLt−K dM tLt 
2−4Mt L t

2 ] Eq.2

Where Mf is the free metal in solution, Mt is the total metal in solution, Kd is the apparent binding 

dissociation constant for the competing ligand, Lt and is the total competing ligand concentration. 

The apparent binding dissociation constant for IDA could be determined given the pKas of IDA 

and the binding dissociation constant (Equation 3).

pK d app=−log [110 logK1− pH0.1110logK 1logK 2−2pH0.22⋅10−logK M ] Eq.3

Where pKd(app) is the apparent binding dissociation constant at the desired pH, KM is the binding 

dissociation constant of the competing ligand, K1 is the first Ka of the competing ligand, and K2 is 

the second Ka of the competing ligand.  The pKd(app) of IDA is 4.79 (Equation 3).  From the plot of 
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the percent change in absorbance versus the log of the concentration of free zinc the Kd(app) of the 

compounds can be found (Figure 14).

The zinc binding data revealed a wide range in the metal binding affinities of the analogs 

studied (Table 2).  As was expected, B-ring analogs 2 and 6 were better metal binders than NSC 

1011.  The pyridinyl B-ring is probablly involved in helping the ligand bind zinc.  Analogs 4 and 

7 exhibited similar binding dissociation constants of 2.64 mM and 1.08 mM respectively.  The 

zinc binding could not be determined for the cyano derivative 3 because there was not enough 

material.  Binding data for four compounds from the DTP library (NSC 1008, NSC 1013, NSC 

84093, and NSC 84097 (Figure 15)) were also determined.  The binding dissociation constant for 

the p-pyridinyl B-ring analog (NSC 84097) was tighter (2.70 μM) than the other DTP library 

analogs that displayed millimolar range binding dissociation constants.

Figure 14. Zinc binding dissociation constant determination for NSC 1011 (1).

The metal binding properties of NSC 1011 and analogs were also explored for other 

biologically relevant metals using a similar method.  Neither calcium nor magnesium gave 
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proper isosbestic points for any of the compounds tested (1, 2, 4, and 5).  The lack of observable 

binding is possibly due to the inaccessible d-orbitals of calcium and magnesium.  Addition of 

calcium to 1, 2, or 5 resulted in no change in the absorption spectra but methyl derivative 4 did 

bind calcium, though it is unclear why it does and the others do not.

The binding spectra of magnesium are complicated by the change in the spectra of the 

blank when titrated with magnesium.  To correct for the change in the baseline spectra, two 

baseline solutions were made, one containing magnesium and one without metal.  New baseline 

spectra of the appropriate magnesium concentration were obtained before the acquisition of a 

spectrum.  Using this method, no isosbestic point was found for any of the analogs when titrated 

with magnesium.  This indicates that although magnesium is interacting with the compounds 

being studied, the stoichiometry and geometry of the reactions are non-specific.

Manganese binding dissociation constants were determined using a similar method to that 

used for zinc.  Binding dissociation constants indicate twenty to thirty times looser binding for 

manganese than for zinc.  The Kd for 1 and 2 were determined to be 531 μM and 289 μM 

respectively.

The study of how NSC 1011 and analogous molecules interact with other biologically 

relevant metals has yet to be completed.  Other metals of interest include, cobalt(III), multiple 

oxidation states of iron, and copper(II).  The data collected for the metals studied is summarized 

in Table 1.

The metal-binding data collected so far suggests that steric bulk at the para-position of 

the B-ring weakens the ligand-metal interaction.  Also, electron withdrawing groups likely 

produce weaker metal binders.  More studies will aid in the determination of trends based upon 
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the substitution of the B-ring.  The effect of ortho- or meta-substituted B-ring analogs on the 

metal binding properties might also be investigated.

PART 3: INHIBITION OF RCE1P

Three main assays have been used for the determination of inhibition of Rce1p by small 

molecules.47  Of these, the in vitro fluorescence assay and the fluorescence in vivo study in yeast 

culture cells were used in the present work.  The a-factor assay was used as a secondary screen in 

identifying the nine inhibitors from the DTS library.47  There are a number of reasons for the use 
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Table 2.  The binding dissociation constants of the analogs of NSC 1011 that were synthesized. 
Where NA means that a value could not be obtained from the experiment performed; and NB 
means that there was no spectral change observed when the molecule was titrated. 
Measurements for zinc(II), calcium(II), magnesium(II), and manganese(II) were taken at pH 7.0.

Molecule IC50 (μM) Zn2+ Kd (μM) Ca2+ Kd (μM) Mg2+ Kd (μM) Mn2+ Kd (μM)

NSC 1011 (1) 20.12 7.77 NB NA 531

o-pyridinyl (2) 66.85 0.86 NB NA 289

p-cyano (3) 26.83 NA

p-methyl (4) 7.8 2640 2490 NA

p-bromo (5) 10.4 NA NB NA

m-pyridinyl (6) 34.24 1.3

p-fluoro (7) 11.21 1080

NSC 1008 8.54 2160

NSC 1013 4.91 3190

NSC 84093 9.73 2880

NSC 84097 16.34 2.78
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Figure 15. Structures of NCI samples NSC 1008, NSC 1013, NSC 84093, and NSC 84097.



of the fluorescence assay over the a-factor assay for the studies, but the primary one is that it is a 

direct assay, whereas the a-factor assay is an indirect assay.

The fluorescence assay functions by providing Rce1p with a synthetic farnesylated 

peptide substrate (ABZ-KSKTKC(farnesyl)K(DNP)IM-OH) (Figure 16).  Within the substrate, 

there is an ABZ fluorphore on the N-terminus and a DNP on a lysine in the CaaX box.  The 

membrane bound active Rce1p is first incubated with the inhibitor to be studied before addition 

of the substrate.  Upon initial addition of the substrate, little fluorescence is observed.  After 

cleavage of the substrate, the fluorophore and the quencher are separated and increased 

fluorescence can be observed.  By incubating Rce1p with differing concentrations of inhibitor, a 

dose response curve can be obtained (Figure 17).  From the dose response curves, the IC50's of 

the inhibitors can be determined.

The  IC50 for synthetic 1 was found to be lower than the NSC 1011 sample provided by 

NCI.  For 1 the lower IC50 might be due in part to the purity of the sample.  MS data for the 

original NSC 1011 sample received from the NCI did not display a molecular ion peak indicating 

that NSC 1011 might not have been present.  Conversely, resynthesized 1 has been fully 

characterized, and both low-resolution MS and high-resolution MS have identified the molecular 

ion.  Also, the purity of synthetic 1 has been determined via 1H-NMR.  The  IC50 of each analog 

was determined using the fluorescence based assay (Table 2) and compared with the various 

metal Kd's.

The hypothesis that better metal-binders would be better Rce1p inhibitors can be tested 

from comparison of the data in Table 2.  It is interesting that both p-methyl analog 4 and p-bromo 

analog 5 show near double or greater inhibition of Rce1p by the fluorescence assay relative to 1. 
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Also, the tighter zinc binding observed for pyridinyl derivative 2 correlates to an IC50 that was 

close to double the value measured for 1.  p-Cyano analog 3 and the p-fluoro analog 7 had 

similar IC50 values to NSC 1011 with 3 being slightly less potent and 7 derivative being slightly 

more potent.  This trend is the inverse of what was expected for a correlation between metal 

binding and Rce1p inhibition.

PART 4: CELL PERMEABILITY OF NSC 1011 ANALOGS

Yeast cells with over expressed green fluorescent protein (GFP) labeled Ras have been 

used to observe the mislocalization of Ras due to the inhibition of certain post-translation 
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Figure 16. The fluorescence assay functions by providing Rce1p with a small synthetic peptide 
substrate.  Upon removal of the CaaX box by Rce1p, the fluorophore is no longer quenched, and 
a change in fluorescence is observed.

Figure 17. Dose response curve for 1 determined using the fluorescence assay (assay performed 
by Dr. Surya Manandhar).
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processes, including Rce1p inhibition.47  Inhibitors of Rce1p that are also cell permeable display 

mislocalization of GFP labeled Ras to the cytoplasm.  It was determined that NSC 1011 (1) was 

not completely cell permeable due to the low frequency of the mislocalization phenotype 

displayed.47  Based upon this observation more cell permeable analogs of NSC 1011 are needed.

All of the synthesized analogs (1-7) were incubated with the yeast cells to test their cell 

permeability.  For analogs 1-4, 6, and 7 to achieve Rce1p inhibition in yeast cells a non-toxic 

amount of detergent sodium dodecyl sulfate (SDS) was required.47  However, approximately 

twenty percent of the cells from the in vivo assay with 5 showed a mislocalization of GFP 

labeled Ras to the cytoplasm without the addition of SDS.  This supports the conclusion that 5 is 

more cell permeable than the other analogs.  Also, upon addition of SDS to cells treated with 5 

during the in vivo test, almost 100% of the cells displayed the mislocalized Ras phenotype. 

Improvements to the cell permeability of NSC 1011 are required.

A known method to increase cell permeability is to attach an acetoxymethyl (AM) 

protecting group to any free carboxylic acids, to form the AM-ester (Figure 18).75  The AM-ester 

is later cleaved in the cytosol by non-specific esterases.75  Thus, the active non-protected 

molecule is released inside the cell.  It has also been shown that the de-protection of carboxylic 

acids in the cytosol prevents diffusion of the molecule to the extracellular space.75  By protecting 

the carboxylic acid of the A-ring, the cell permeability issues observed in NSC 1011 and 

analogous compounds might be addressed.

The AM-ester of NSC 1011 was synthesized yielding the carboxylate protected AM-ester 

(Figure 19), acetoxymethyl 4-((8-hydroxyquinolin-7-yl)(phenyl)methylamino)benzoate (19). 

The carboxylate protected AM-ester, 19, and not the phenolate or amine protected AM-ester was 
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found to be the product of the reaction based upon analysis of the 1H-NMR spectra of 19, 1, and 

8-hydroxyquinoline (10).  Specifically the absence of the carboxylic acid proton peak of 1 at 12 

ppm, the presence of the phenol proton of 10 at 10 ppm, and the presence of the amine proton 

suggest that the carboxylate protected AM-ester is the isolated product.  In addition to the 1H-

NMR, the mass spectrum of 19 contains a fragment peak for the loss of the AM-ester protected 

A-ring, and no fragment for the loss of the A-ring without the AM-ester.  
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1) triethylamine
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Figure 19. The AM-ester protection of NSC 1011 to form the AM-ester protected 19.

AM-ester 19 was tested in the in vivo Ras localization assay.  Unfortunately, no 

mislocalization of GFP labeled Ras was observed in the yeast cells (Figure 20).  The lack of 

phenotype expression with the addition of detergent SDS suggests that the AM-ester protection 

of 1 might be inactivating, and the AM-ester might not be cleaved in vivo.  Testing of AM-ester 

19 in different cell lines might display the desired phenotype and thus confirm that the reason for 

no phenotype expression in yeast is due to a lack of AM-ester cleavage.
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CONCLUSIONS

Several analogs of NSC 1011 were synthesized to explore the effect of B-ring 

substituents on the metal binding and Rce1p inhibition properties.  The hypothesis that increased 

metal-binding would result in increased Rce1p inhibition was incorrect.  Conversely, the weaker 

the metal-binding properties of the NSC 1011 analog, the lower the IC50 value.  The cell 

permeability of NSC 1011 may still be improved by protection of the A-ring carboxylate; 

however, further testing is required.  Testing of AM-esters of NSC 1011 and other analogs in 

other cell lines might determine that the AM-esters are more cell permeable.  The development 

of other analogs of the B-ring is still needed to fully explore the effect of steric bulk, electron 

withdrawing groups, and ortho- and meta-substitution.
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Figure 20.  In vivo assay results for non-protected 1, p-bromo analog 5, and AM-ester protected 
NSC 1011 19 (Assay performed by Dr. Surya Manandhar).
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CHAPTER 3

MATERIALS AND METHODS

1H-NMR and 13C-NMR spectrometry: All NMR spectra were obtained using a Varian Mercury 

Plus 400 MHz NMR spectrometer except where denoted that a Varian Unity Inova 500 MHz 

NMR spectrometer was used.

Mass spectrometry:  All low-resolution mass spectra were obtained using a Perkin Elmer Sciex 

API I plus quadrupole mass spectrometer.  All high-resolution mass spectra were obtained using 

a Fourier transform ion cyclotron resonance mass spectrometer with a 4.7 T magnet.

High-pressure liquid chromatography (HPLC): All HPLC methods used a Varian ProStar 

Chromatography Workstation with either a 25 cm x 4.6 mm column and analytical size flow cell 

for analytical methods, or a 25 cm x 21.4 mm column and preparatory size flow cell for 

preparatory methods.

Determination of pH:  The pH of aqueous solutions was determined using a Accumet BASIC 

pH probe.

Flourescence based bioassay:  The fluorescence of the bioassay samples was measured using a 

BioTek Synergy HT microplate fluorometer and 340/420 excitation/emission filter set.

UV/Vis Spectroscopy:  A Cary 300 Bio UV-Vis spectrometer was used to gather all UV-Vis 

absorbance spectra.

Materials used: Normal phase (standard grade), C18 capped silica gel, TLC plates (with UV 

254), and C18 capped TLC plates (with UV) were purchased from Sorbent Technologies 
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(Atlanta, GA).  NSC 1008, NSC 1011, NSC 1013, NSC 84093, and NSC 84097 samples were 

provided by the NCI-DTP program.  All reagents were of reagent grade, and purchased from 

Acros Chemicals, Alfa Aesar, J.T. Baker, Sigma-Aldrich, Fisher Scientific, or OmniSolv and 

used without further purification.  All dry solvents were obtained by passing the solvent through 

an activated alumina column and stored under a nitrogen atmosphere.  Membrane-bound Rce1p 

was isolated as previously described.51  Internally quenched fluorgenic peptide substrate was 

purchased from AnaSpec.
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4-((8-hydroxyquinolin-7-yl)(phenyl)methylamino)benzoic acid (NSC 1011) (1): 

O OH

HN
N

OH

O OH

N H2

O

N
OH

+ +

In enough ethanol for complete solvation, 8-hydroxyquinoline (0.750 g, 5.17 mmol), p-

aminobenzoic acid (0.709 g, 5.17 mmol), and benzaldehyde (0.548 g, 5.17 mmol) were 

dissolved.  The solution was stirred for 59 d at room temperature.  NSC 1011 (1) was isolated as 

an off white precipitate (0.535 g, 1.44 mmol, 27.9%) via vacuum filtration.  No further 

purification was necessary. 1H NMR (400 MHz DMSO-d6, δ): 8.87 (dd, 1H, J = 1.3 Hz, 3.3 Hz), 

8.29 (dd, 1H, J = 1.3 Hz, 3.3 Hz), 7.63 (d, 2H, J = 8.8 Hz), 7.55 (m, 2H), 7.41, (d, 3H J = 6.8 

Hz), 7.3 (m, 4H), 6.68 (d, 2H, J = 8.8 Hz), 6.26 (d, 1H, J = 7 Hz); 13C NMR (DMSO-d6, δ): 

185.3, 168.1, 152.3, 150.6, 149.0, 142.6, 138.7, 136.7, 131.6, 129.1, 128.3, 128.1, 127.7, 126.8, 

125.2, 122.5, 118.3, 112.4, 54.6; HRMS-ESI (m/z): [M + H]+ calcd for C23H18N2O3 371.1390; 

found, 371.1392. COSY-NMR and gHSQC-NMR are shown.

NSC 1011 (1) could be synthesized in a shorter period of time using the following protocol:

In enough ethanol for complete solvation, 8-hydroxyquinoline (1.365 g, 9.4 mmol), p-

aminobenzoic acid (0.129 g, 0.94 mmol), and benzaldehyde (0.100 g, 0.94 mmol) were 

dissolved.  Pyridine (0.2 mL, 2.5 mmol) was added to the solution, which was subsequently 

stirred for 10 d.  NSC 1011 (1) was isolated as a white precipitate (57 mg, 0.15 mmol, 16.4%) 

via vacuum filtration.
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4-((8-hydroxyquinolin-7-yl)(pyridin-2-yl)methylamino)benzoic acid (2): 

O OH

NH2

N

O

N
OH

HN

N

N
OH

O OH

2-Pyridine-carboxyaldehyde (0.250 g, 2.33 mmol), 8-hydroxyquinoline (0.339 g, 2.33 mmol), 

and p-aminobenzoic acid (0.320 g, 2.33 mmol) were stirred in a minimal volume of ethanol at 

room temperature for 42 d.  A miniature workup (~2 mL) of the reaction mixture was performed 

by filtering the mixture through a pipette filter.  The filtrate was collected, and the filtrant placed 

in an NMR tube.  The remainder of the precipitate was isolated via gravity filtration to afford 

0.5615 g (1.513 mmol, 64.9%).  1H NMR (400 MHz DMSO-d6, δ): 12.04 (br s, 1H), 10.25 (br s, 

1H), 8.87 (d, 1H), 8.57 (d, 1H), 8.27 (d, 1H), 7.78 (dt, 1H), 7.62 (d, 2H), 7.52, (m, 3H), 7.33 (m, 

3H), 6.72 (d, 2H), 6.34 (d, 1H);  13C NMR (DMSO-d6, δ): 194.1, 168.1, 160.6, 151.9, 150.8, 

149.6, 138.8, 137.8, 136.7, 131.6, 131.4, 128.4, 126.9, 124.7, 123.2, 122.8, 122.5, 118.4, 118.3, 

55.5;  HRMS-ESI (m/z): [M + H]+ calcd for C22H17N3O3 372.1343; found, 372.1349.
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4-((4-cyanophenyl)(8-hydroxyquinolin-7-yl)methylamino)benzoic acid (3): 

O OH

NH2

O

N
OH

HN
N

OH

O OH

CN

CN

p-Cyanobenzaldehyde (0.250 g, 1.91 mmol), 8-hydroxyquinoline (0.277 g, 1.91 mmol), and p-

aminobenzoic acid (0.261 g, 1.91 mmol) were stirred in a minimal volume of ethanol at room 

temperature.  A miniature workup (~2 mL) of the reaction mixture was performed by filtering the 

mixture through a pipette filter after 43 d.  The filtrate was collected, and the filtrant placed in an 

NMR tube.  After 84 d a small portion of the reaction mixture was removed, vacuum filtered, and 

washed with small portions of fresh ethanol.  Analyzing the solid via TLC shows decomposition 

of the crude solid.  Reverse phase TLC analysis was performed with 3:2 acetonitrile:water.  An 

analytical HPLC method was developed empirically.  The final method used for purification 

consisted of: 3:7 acetonitrile:water with 0.1% TFA isocratic for 16.5 min, 6.5 min ramp to 100% 

acetonitrile, and 4 min flush with 100% acetonitrile.  Three visible peaks at 3.8 min, 12.5 min, 

and 14 min.  The peak at 14 min contained the desired product, recrystallization from ethanol 

and vacuum filtration using 2 micron filter paper yielded 7.0 mg (0.02 mmol, 0.9%) desired 

product.  1H NMR (400 MHz DMSO-d6, δ): 8.87 (d, 1H), 8.31 (d, 1H), 7.82 (d, 2H), 7.60 (m, 

5H), 7.48, (d, 1H), 7.41 (d, 1H), 7.35 (d, 1H), 6.67 (d, 2H), 6.32 (d, 1H);  13C NMR (DMSO-d6, 

δ): 194.1, 168.0, 152.0, 150.8, 149.2, 148.4, 138.8, 136.8, 133.1, 131.7, 129.0, 128.5, 124.2, 

122.7, 118.8, 118.6, 112.6, 110.5, 102.4, 54.6;  HRMS-ESI (m/z): [M + H]+ calcd for C24H17N3O3 

396.1343; found, 396.1365.
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Compound 3 could be synthesized in a shorter period of time using the following protocol:

p-Cyanobenzaldehyde (0.100 g, 0.73 mmol), 8-hydroxyquinoline (1.060 g, 7.3 mmol), and p-

aminobenzoic acid (0.096 g, 0.73 mmol) were stirred in a minimal volume (~25 mL) of ethanol 

at R.T for 15 d.  The precipitate was removed via vacuum filtration and recrystallized from 

acetonitrile to afford the desired product (1.7 mg, 0.004 mmol, 0.59 %).
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4-((8-hydroxyquinolin-7-yl)(p-tolyl)methylamino)benzoic acid (4): 

O OH

NH2

O

N
OH

HN
N

OH

O OH

p-Tolualdehyde (0.250 g, 2.08 mmol), 8-hydroxyquinoline (0.339 g, 2.08 mmol), and p-

aminobenzoic acid (0.320 g, 2.08 mmol) were stirred in a minimal volume of ethanol at room 

temperature.  After 69 d a small portion of the reaction mixture was removed and analyzed by 

HPLC.  After 88 d the reaction mixture was vacuum filtered and the filtrant was dissolved in 

DMSO for HPLC purification.  103 d after filtering there was visible precipitate in the filtrate 

which upon inspection was the desired product (49.1 mg, 0.10 mmol, 4.8 %).  1H NMR (400 

MHz DMSO-d6, δ): 8.84 (d, 1H), 8.26 (d, 1H), 7.58 (d, 2H), 7.50 (m, 2H), 7.36, (d, 1H), 7.25 (m, 

3H), 7.11 (d, 2H), 6.63 (d, 2H), 6.17 (d, 1H), 2.23 (s, 3H);  13C NMR (DMSO-d6, δ): 194.2, 

168.1, 152.4, 150.6, 149.0, 139.7, 138.8, 136.8, 131.6, 129.6, 128.3, 128.0, 126.9, 125.4, 122.5, 

118.2, 112.4, 54.2, 21.3;  HRMS-ESI (m/z): [M + K]+ calcd for C24H20N2O3 423.1106; found, 

423.1003.
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4-((4-bromophenyl)(8-hydroxyquinolin-7-yl)methylamino)benzoic acid (5): 

O OH

NH2

O

N
OH

HN
N

OH

O OH

Br

Br

p-Bromobenzaldehyde (0.250 g, 1.91 mmol), 8-hydroxyquinoline (0.277 g, 1.91 mmol), and p-

aminobenzoic acid (0.261 g, 1.91 mmol) were stirred in a minimal volume of ethanol at room 

temperature.  A miniature workup (~2 mL) of the reaction mixture was performed by filtering the 

mixture through a pipette filter after 43 d.  The filtrate was collected, and the filtrant placed in an 

NMR tube.  At 113 d a small portion of the reaction mixture was removed and vacuum filtered. 

The filtrant was used to develop an HPLC method for separation.  At 136 d the reaction mixture 

was filtered and the filtrant was dissolved in 2.5 mL of DMSO, filtered with a 2.2 micron filter, 

and separated using the developed HPLC method.  From the filtrate obtained on day 136, a 

precipitate was visible, and was separated via vacuum filtration to afford 5 as a white solid (10.0 

mg, 0.02 mmol, 1.6%).  1H NMR (400 MHz DMSO-d6, δ): 8.84 (d, 1H), 8.27 (d, 1H), 7.60 (d, 

2H), 7.50 (m, 4H), 7.38, (d, 1H), 7.28 (m, 3H), 6.63 (d, 2H), 6.19 (d, 1H);  13C NMR (DMSO-d6, 

δ): 194.2, 168.0, 152.2, 150.7, 149.1, 142.2, 138.8, 136.8, 132.0, 131.6, 130.3, 128.4, 126.7, 

124.7, 122.6, 120.8, 118.5, 118.4, 112.5, 54.2;  HRMS-ESI (m/z): [M - C7H6NO2]+ calcd for 

C23H17BrN2O3 312.0024 and 314.0004; found, 312.0019 and 314.0017.
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4-((8-hydroxyquinolin-7-yl)(pyridin-3-yl)methylamino)benzoic acid (6): 

O OH

NH2

N

O

N
OH

HN

N

N
OH

O OH

3-Pyridine-carboxaldehyde (0.100 g, 0.93 mmol), 8-hydroxyquinoline (1.35 g, 9.30 mmol), and 

p-aminobenzoic acid (0.128 g, 0.93 mmol) were stirred in sufficient ethanol to completely 

dissolve 8-hydroxyquinoline.  The reactants were allowed to stir for 8 d with monitoring the 

reaction by 1H-NMR.  The precipitate was removed via vacuum filtration, washed with fresh 

ethanol, and dried under reduced pressure to afford 84.2 mg (0.227 mmol, 24%) of a pink-white 

solid.  1H NMR (400 MHz DMSO-d6, δ): 8.83 (d, 1H), 8.61 (s, 1H), 8.44 (d, 1H), 8.26 (d, 1H), 

7.72 (d, 1H), 7.62 (d, 2H), 7.53 (m, 2H), 7.38, (m, 3H) 6.66 (d, 2H), 6.26 (d, 1H);  13C NMR 

(DMSO-d6, δ): 194.2, 168.0, 152.1, 150.8, 149.7, 149.1, 138.8, 138.1, 136.8, 135.7, 131.7, 128.5, 

126.4, 124.3, 124.2, 122.6, 118.8, 118.5, 112.6, 53.0;  HRMS-ESI (m/z): [M + H]+ calcd for 

C22H17N3O3 372.1343; found, 372.1341.
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4-((4-fluorophenyl)(8-hydroxyquinolin-7-yl)methylamino)benzoic acid (7): 

O OH

NH2

O

N
OH

HN
N

OH

O OH

F

F

p-Fluorobenzaldehyde (0.250 g, 2.01 mmol), 8-hydroxyquinoline (2.95 g, 20.01 mmol), and p-

aminobenzoic acid (0.276 g, 2.01 mmol) were stirred in sufficient ethanol to completely dissolve 

8-hydroxyquinoline.  The solution was allowed to stir for 26 d.  The precipitate was removed via 

vacuum filtration and recrystallized from acetonitrile to afford 144.6 mg ( 0.37 mmol, 18.4 %) of 

a white powder.  1H NMR (400 MHz DMSO-d6, δ): 8.85 (d, 1H), 8.27 (d, 1H), 7.60 (d, 2H), 7.50 

(m, 2H), 7.39, (m, 3H), 7.27 (d, 1H), 7.15 (t, 2H), 6.64 (d, 2H), 6.21 (d, 1H);  13C NMR (DMSO-

d6, δ): 194.2, 168.0, 152.2, 150.6, 149.1, 138.8, 136.8, 131.6, 130.1, 130.0, 128.4, 126.7, 125.0, 

122.5, 118.5, 118.4, 115.9, 115.7, 112.5, 54.1;  HRMS-ESI (m/z): [M – C7H6NO2]+ calcd for 

C23H17FN2O3 252.0819; found, 252.0822.
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trans-4-(pyridin-3-ylmethyleneamino)benzoic acid (14): 

O OH

NH2

N

O

N

N

O OH

p-Aminobenzoic acid (0.32 g, 2.3 mmol) and 3-pyridine-carboxaldehyde (0.250 g, 2.3 mmol) 

were combined in enough ethanol to completely solvate both reactants.  A precipitate is visible 

immediately after the addition of both reactants.  The light yellow solid (0.430 g, 82.6%) was 

isolated via vacuum filtration.  1H NMR (400 MHz DMSO-d6, δ): 9.06 (s, 1H), 8.7 (s, 2H), 8.31 

(d, 1H), 7.98 (d, 2H), 7.56 (dd, 1H), 7.34 (d, 2H).
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trans-4-(benzylideneamino)benzoic acid (16): 

O OH

N H2

O

O OH

N

4-Aminobenzoic acid (4.061 g, 29.6 mmol) and benzaldehyde (3.141 g, 29.6 mmol) were 

dissolved in a minimal amount of ethanol and stirred for 4h at room temperature.  The reaction 

mixture was cooled to 0 °C, and the resulting white precipitate was collected via vacuum 

filtration yielding 2.9664 g of a white solid (13.2 mmol, 44.5%).  No further purification was 

necessary. 1H NMR (400 MHz DMSO-d6, δ): 12.73 (br s, 1H, -CO2H), 8.65 (s, 1H, -NCH-), 8.00 

(m, 4H, CH), 7.56 (m, 3H, CH),  7.31 (d, 2H, J = 8.4 Hz, CH)
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quinolin-8-yl benzoate (17): 

N
OH

ClO

+

N
OO

Freshly distilled benzoyl chloride (0.230 mL, 2.0 mmol) and 8-hydroxyquinoline (0.290 g, 2.0 

mmol) were combined in enough methylene chloride to achieve solvation.  The solution was 

stirred and refluxed for 24 h.  The solution was concentrated under reduced  pressure and the 

solution reconstituted in fresh ethanol.  The mixture was gravity filtered to afford 52.2 mg of 

solid.  The filtrate was concentrated under reduced pressure and reconstituted in ethanol again. 

The recrystallization procedure was repeated three more times to afford another 309.4 mg of 

white solid, a total of 361.6 mg (1.45 mmol, 62.1%) were isolated. 1H NMR (400 MHz DMSO-

d6, δ): 8.87 (d, 1H), 8.49 (d, 1H), 8.23 (d, 2H), 7.99, (dd, 1H), 7.80 (t, 1H), 7.66 (m, 4H).
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acetoxymethyl 4-((8-hydroxyquinolin-7-yl)(phenyl)methylamino)benzoate (19): 

O OH

HN
N

OH

Br O

O

O O

HN
N

OH

O

O

A solution of 4-((8-hydroxyquinolin-7-yl)(phenyl)methylamino)benzoic acid (0.100 g, 0.27 

mmol) in dry THF and TEA (0.075 mL, 0.54 mmol) was stirred vigorously under a nitrogen 

atmosphere for 30 min.  To the solution bromomethyl acetate was added drop-wise, and the 

solution allowed to stir for 36 h.  The precipitate was removed via vacuum filtration and solvent 

removed from the filtrate under reduced pressure.  TLC analysis of the crude product was 

performed, and the product was purified via flash column chromatography with 1:1 ethyl 

acetate:hexanes eluent.  The top spot (Rf = 0.38) was isolated affording 27.3 mg (0.06 mmol, 

22.9% yield) of a clear-white oily residue.  1H NMR (400 MHz DMSO-d6, δ): 8.85 (d, 1H), 8.27 

(d, 1H), 7.63 (d, 2H), 7.53 (m, 3H), 7.36 (m, 5H), 7.23, (t, 1H) 6.69 (d, 2H), 6.24 (d, 1H), 5.78 

(s, 2H), 2.02 (s, 3H);  13C NMR (DMSO-d6, δ): 170.1, 165.1, 153.3, 150.7, 149.1, 142.4, 138.8, 

136.8, 132.0, 129.2, 128.4, 128.1, 127.8, 126.8, 124.9, 122.6, 118.3, 115.6, 79.8, 54.6, 21.2; 

HRMS-ESI (m/z): [M – C10H10NO4]+ calcd for C26H22N2O5
+ 234.0913; found, 234.0912.
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General procedure for fluorescence-based in vitro proteolysis assay:

The fluorescence-based in vitro assay was performed as previously described.47, 51, 76  Yeast 

membrane fractions containing Rce1p were incubated with a range of inhibitor concentrations 

for 10 m at 30 oC in a black, flat, clear bottom, 96-well microtiter plate with two replicates. 

Synthetic internally quenched fluorescent peptide substrate was then added to the wells to form a 

final substrate concentration of 50 μM.  The fluorescence of the samples was then monitored 

every 30 s for 1 h at 30 oC.  The assay for compounds 1-6 was performed by Dr. Surya 

Manandhar.  This procedure was repeated once with 7 for a total of 4 trials.

Assay performed by Dr. Surya Manandhar Assay performed by Dr. Surya Manandhar

Assay performed by Dr. Surya Manandhar Assay performed by Dr. Surya Manandhar
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Assay performed by Dr. Surya Manandhar Assay performed by Dr. Surya Manandhar

Assay performed by Robert Kutlik
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Method for determing zinc binding dissociation constants (Kd): The free concentration of zinc 

dication in solution was determined (Equation 2). The total concentration of zinc in a measured 

solution was varied by combining different ratios of zinc-containing solution and those without 

zinc.  The UV-Vis absorption spectrum from 350 – 200 nm was obatined for each solution.  The 

wavelength displaying the largest absorbance change was converted to percent change in 

absorbance and plotted versus the log of the concentration of free zinc.  The Kd of the analog was 

then determined from the inflection point of the curve.

Solutions used for determination of zinc binding dissociation constant (Kd):

Stock solutions of zinc: A stock solution of freshly purified zinc chloride (1.363 g, 10.0 mmol) 

was made in 7.0 pH HEPES buffer ( 250.0 mL) to form a zinc chloride concentration of 0.04 M. 

A concentrated zinc chloride stock solution was made from freshly purified zinc chloride (6.58 g, 

48.3 mmol) with IDA (0.644 g, 4.83 mmol) in 250 mL HEPES buffer and 25 mL methanol to 

form a 0.176 M zinc chloride 0.0176 M IDA solution.

7.0 pH HEPES buffer solution: The 7.0 pH HEPES buffer was made from enzyme grade 

HEPES ( 23.83 g, 0.1 mol) in nano-pure water (1.0 L).  The pH of the HEPES buffer was 

adjusted with sodium hydroxide (5.0 M) to 7.0 pH.  The pH was measured using a  probe, 

calibrated with 4.0 pH stock buffer solutions and 6.88 pH stock buffer solutions.

Iminodiacetic acid solution: A solution of iminodiacetic acid (IDA, 133.3 mg, 1.00 mmol) was 

made in 7.0 pH HEPES buffer (100.0 mL) solution to form a IDA concentration of  10.0 mM.

Solutions of 4-((8-hydroxyquinolin-7-yl)(phenyl)methylamino)benzoic acid (1): A stock 

solution of 1 (9.3 mg, 25 μmol) was made in methanol (25.0 mL) to form a 1.0 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 
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the 10.0 μM 1, 1.0 mM IDA, and 10.0 mM ZnCl2 solution, 1.0 mL of stock 1 solution, 10.0 mL 

of stock IDA solution, 25.0 mL of stock 0.04 M ZnCl2 solution, and 9.0 mL of methanol were 

combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer 

to fill.  The working solution containing 10.0 μM NSC 1 and 1.0 mM IDA was made in the same 

fashion excluding the addition of any  ZnCl2 solution.  For both working solutions a 1:9 ratio of 

methanol: HEPES aqueous solution was maintained.

Solutions of 4-((8-hydroxyquinolin-7-yl)(pyridin-2-yl)methylamino)benzoic acid (2): A stock 

solution of 2 (9.3 mg, 25 μmol) was made in methanol (25.0 mL) to form a 1.0 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 

the 10.0 μM 2, 1.0 mM IDA, and 10.0 mM ZnCl2 solution, 1.0 mL of stock 2 solution, 10.0 mL 

of stock IDA solution, 25.0 mL of stock 0.04 M ZnCl2 solution, and 9.0 mL of methanol were 

combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer 

to fill.  The working solution containing 10.0 μM 2 and 1.0 mM IDA was made in the same 

fashion excluding the addition of any  ZnCl2 solution.  For both working solutions a 1:9 ratio of 

methanol: HEPES aqueous solution was maintained.

Solutions of 4-((8-hydroxyquinolin-7-yl)(p-tolyl)methylamino)benzoic acid (4): A stock 

solution of 4 (9.6 mg, 25 μmol) was made in methanol (25 mL) to form a 1.0 mM concentration. 

From this stock solution two working solutions were prepared via dilutions.  For the 10.0 μM 4, 

1.0 mM IDA, and 10.0 mM ZnCl2 solution, 1.0 mL of stock 4 solution, 10.0 mL of stock IDA 

solution, 25.0 mL of stock 0.04 M ZnCl2 solution, and 9.0 mL of methanol were combined in a 

100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer to fill.  The 

working solution containing 10.0 μM 4 and 1.0 mM IDA was made in the same fashion 
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excluding the addition of any  ZnCl2 solution.  For both working solutions a 1:9 ratio of 

methanol: HEPES aqueous solution was maintained.

Solutions of 4-((4-bromophenyl)(8-hydroxyquinolin-7-yl)methylamino)benzoic acid (5): A 

stock solution of 5 (8.2 mg, 18 μmol) was made in methanol (25.0 mL) to form a 0.73 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 

the 7.3 μM 5, 1.0 mM IDA, and 10.0 mM ZnCl2 solution, 1.0 mL of stock 5 solution, 10.0 mL of 

stock IDA solution, 25.0 mL of stock 0.04 M ZnCl2 solution, and 9.0 mL of methanol were 

combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer 

to fill.  The working solution containing 7.3 μM 5 and 1.0 mM IDA was made in the same 

fashion excluding the addition of any  ZnCl2 solution.  For both working solutions a 1:9 ratio of 

methanol: HEPES aqueous solution was maintained.

Solutions of 4-((8-hydroxyquinolin-7-yl)(pyridin-3-yl)methylamino)benzoic acid (6): A stock 

solution of 6 (9.3 mg, 25 μmol) was made in methanol (25 mL) to form a 1.0 mM concentration. 

From this stock solution two working solutions were prepared via dilutions.  For the 10.0 μM 6, 

1.0 mM IDA, and 10.0 mM ZnCl2 solution, 1.0 mL of stock 6 solution, 5.68 mL of stock 0.176 

M ZnCl2, 0.0176 M IDA solution, and 8.9 mL of methanol were combined in a 100 mL 

volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer to fill.  The working 

solution containing 10.0 μM 6 and 1.0 mM IDA was made from 1.0 mL of stock 6 solution, 10.0 

mL of stock IDA solution, 25.0 mL of stock 0.04 M ZnCl2 solution, and 9.0 mL of methanol in a 

100 mL volumetric flask and diluted to fill with7.0 pH HEPES buffer.  For both working 

solutions a 1:9 ratio of methanol: HEPES aqueous solution was maintained.
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Solutions of 4-((4-fluorophenyl)(8-hydroxyquinolin-7-yl)methylamino)benzoic acid (7): A 

stock solution of 7 (9.7 mg, 25 μmol) was made in methanol (25 mL) to form a 1.0 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 

the 10.0 μM 7, 1.0 mM IDA, and 10.0 mM ZnCl2 solution, 1.0 mL of stock 7 solution, 5.68 mL 

of stock 0.176 M ZnCl2, 0.0176 M IDA solution, and 8.9 mL of methanol were combined in a 

100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer to fill.  The 

working solution containing 10.0 μM 7 and 1.0 mM IDA was made from 1.0 mL of stock 7 

solution, 10.0 mL of stock IDA solution, 25.0 mL of stock 0.04 M ZnCl2 solution, and 9.0 mL of 

methanol in a 100 mL volumetric flask and diluted to fill with 7.0 pH HEPES buffer.  For both 

working solutions a 1:9 ratio of methanol: HEPES aqueous solution was maintained.

Solutions of NSC 1008: From 25 μL of a stock solution of NSC 1008 (10 mM), 1.42 mL of 

stock 0.176 M ZnCl2, 0.0176 M IDA solution, and 2.4 mL of methanol a 10.0 μM NSC 1008, 1.0 

mM IDA, and 10.0 mM ZnCl2 solution was made in a 25 mL volumetric flask.  The solution was 

dilute with 7.0 pH HEPES buffer to fill.  The working solution containing 10.0 μM NSC 1008 

and 1.0 mM IDA was made from 25 μL of a stock solution of NSC 1008, 2.5 mL of stock IDA 

solution, and 2.5 mL of methanol in a 25 mL volumetric flask and diluted to fill with7.0 pH 

HEPES buffer.  For both working solutions a 1:9 ratio of methanol: HEPES aqueous solution 

was maintained.

Solutions of NSC 1013: From 25 μL of a stock solution of NSC 1013 (10 mM), 1.42 mL of 

stock 0.176 M ZnCl2, 0.0176 M IDA solution, and 2.4 mL of methanol a 10.0 μM NSC 1013, 1.0 

mM IDA, and 10.0 mM ZnCl2 solution was made in a 25 mL volumetric flask.  The solution was 

dilute with 7.0 pH HEPES buffer to fill.  The working solution containing 10.0 μM NSC 1013 
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and 1.0 mM IDA was made from 25 μL of a stock solution of NSC 1013, 2.5 mL of stock IDA 

solution, and 2.5 mL of methanol in a 25 mL volumetric flask and diluted to fill with7.0 pH 

HEPES buffer.  For both working solutions a 1:9 ratio of methanol: HEPES aqueous solution 

was maintained.

Solutions of NSC 84093: From 25 μL of a stock solution of NSC 84093 (10 mM), 1.42 mL of 

stock 0.176 M ZnCl2, 0.0176 M IDA solution, and 2.4 mL of methanol a 10.0 μM NSC 84093, 

1.0 mM IDA, and 10.0 mM ZnCl2 solution was made in a 25 mL volumetric flask.  The solution 

was dilute with 7.0 pH HEPES buffer to fill.  The working solution containing 10.0 μM NSC 

84093 and 1.0 mM IDA was made from 25 μL of a stock solution of NSC 84093, 2.5 mL of 

stock IDA solution, and 2.5 mL of methanol in a 25 mL volumetric flask and diluted to fill 

with7.0 pH HEPES buffer.  For both working solutions a 1:9 ratio of methanol: HEPES aqueous 

solution was maintained.

Solutions of NSC 84097: From 25 μL of a stock solution of NSC 84097 (10 mM), 1.42 mL of 

stock 0.176 M ZnCl2, 0.0176 M IDA solution, and 2.4 mL of methanol a 10.0 μM NSC 84097, 

1.0 mM IDA, and 10.0 mM ZnCl2 solution was made in a 25 mL volumetric flask.  The solution 

was dilute with 7.0 pH HEPES buffer to fill.  The working solution containing 10.0 μM NSC 

84097 and 1.0 mM IDA was made from 25 μL of a stock solution of NSC 84097, 2.5 mL of 

stock IDA solution, and 2.5 mL of methanol in a 25 mL volumetric flask and diluted to fill 

with7.0 pH HEPES buffer.  For both working solutions a 1:9 ratio of methanol: HEPES aqueous 

solution was maintained.
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Method for determining calcium binding dissociation constants (Kd): The free concentration 

of calcium dication in solution was determined (Equation 2). The total concentration of calcium 

in a measured solution was varied by combining different ratios of calcium-containing solution 

and those without calcium.  The UV-Vis absorption spectrum from 350 – 200 nm was obatined 

for each solution.  The wavelength displaying the largest absorbance change was converted to 

percent change in absorbance and plotted versus the log of the concentration of free zinc.  The Kd 

of the analog was then determined from the inflection point of the curve.

Solutions used for determination of calcium binding dissociation constants (Kd):

Stock solution of calcium: A stock solution of calcium chloride dihydrate (1.470 g, 10.0 mmol) 

was made in 7.0 pH HEPES buffer ( 250.0 mL) to form a calcium chloride concentration of 0.04 

M.

7.0 pH HEPES buffer solution:  The 7.0 pH HEPES buffer was made from enzyme grade 

HEPES ( 23.83 g, 0.1 mol) in nano-pure water (1.0 L).  The pH of the HEPES buffer was 

adjusted with sodium hydroxide (5.0 M) to 7.0 pH.  The pH was measured using a  probe, 

calibrated with 4.0 pH stock buffer solutions and 6.88 pH stock buffer solutions.

Solution of nitriloacetic acid:  A solution of nitrilotriacetic acid (NTA, 181.1 mg, 1.00 mmol) 

was made in 7.0 pH HEPES buffer (100.0 mL) solution to form a NTA concentration of  10.0 

mM.

Solutions of 4-((8-hydroxyquinolin-7-yl)(phenyl)methylamino)benzoic acid (1): A stock 

solution of NSC 1011 (9.3 mg, 25 μmol) was made in methanol (25.0 mL) to form a 1.0 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 

the 10.0 μM 1, 1.0 mM NTA, and 10.0 mM CaCl2 solution, 1.0 mL of stock 1 solution, 10.0 mL 
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of stock NTA solution, 25.0 mL of stock 0.04 M CaCl2 solution, and 9.0 mL of methanol were 

combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer 

to fill.  The working solution containing 10.0 μM 1 and 1.0 mM NTA was made in the same 

fashion excluding the addition of any  CaCl2 solution.  For both working solutions a 1:9 ratio of 

methanol: HEPES aqueous solution was maintained.

Solutions of 4-((8-hydroxyquinolin-7-yl)(pyridin-2-yl)methylamino)benzoic acid (2): A stock 

solution of 2 (9.3 mg, 25 μmol) was made in methanol (25.0 mL) to form a 1.0 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 

the 10.0 μM 2, 1.0 mM NTA, and 10.0 mM CaCl2 solution, 1.0 mL of stock 2 solution, 10.0 mL 

of stock NTA solution, 25.0 mL of stock 0.04 M CaCl2 solution, and 9.0 mL of methanol were 

combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer 

to fill.  The working solution containing 10.0 μM 2 and 1.0 mM NTA was made in the same 

fashion excluding the addition of any  CaCl2 solution.  For both working solutions a 1:9 ratio of 

methanol: HEPES aqueous solution was maintained.

Solutions of 4-((8-hydroxyquinolin-7-yl)(p-tolyl)methylamino)benzoic acid (4): A stock 

solution of 4 (9.6 mg, 25 μmol) was made in methanol (25mL) to form a 1.0 mM concentration. 

From this stock solution two working solutions were prepared via dilutions.  For the 10.0 μM 4, 

1.0 mM NTA, and 10.0 mM CaCl2 solution, 1.0 mL of stock 4 solution, 10.0 mL of stock NTA 

solution, 25.0 mL of stock 0.04 M CaCl2 solution, and 9.0 mL of methanol were combined in a 

100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer to fill.  The 

working solution containing 10.0 μM 4 and 1.0 mM NTA was made in the same fashion 
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excluding the addition of any  CaCl2 solution.  For both working solutions a 1:9 ratio of 

methanol: HEPES aqueous solution was maintained.

Solutions of 4-((4-bromophenyl)(8-hydroxyquinolin-7-yl)methylamino)benzoic acid (5): A 

stock solution of 5 (8.2 mg, 18 μmol) was made in methanol (25.0 mL) to form a 0.73 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 

the 14.6 μM 5, 1.0 mM NTA, and 10.0 mM CaCl2 solution, 1.0 mL of stock 5 solution, 10.0 mL 

of stock NTA solution, 25.0 mL of stock 0.04 M CaCl2 solution, and 9.0 mL of methanol were 

combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer 

to fill.  The working solution containing 14.6 μM 5 and 1.0 mM NTA was made in the same 

fashion excluding the addition of any  CaCl2 solution.  For both working solutions a 1:9 ratio of 

methanol: HEPES aqueous solution was maintained.
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Method for determining magnesium binding dissociation constants (Kd): The free 

concentration of magnesium dication in solution was determined (equation 2). The total 

concentration of magensium in a measured solution was varied by combining different ratios of 

magnesium-containing solution and those without magnesium.  The wavelength displaying the 

largest absorbance change was converted to percent change in absorbance and plotted versus the 

log of the concentration of free zinc.  The Kd of the analog was then determined from the 

inflection point of the curve.

Solutions used for determination of magnesium binding dissociation constant (Kd):

Stock solution of magnesium: A stock solution of magnesium chloride hexahydrate (2.033 g, 

10.0 mmol) was made in 7.0 pH HEPES buffer ( 250.0 mL) to form a magnesium chloride 

concentration of 0.04 M.

7.0 pH HEPES buffer solution:  The 7.0 pH HEPES buffer was made from enzyme grade 

HEPES ( 23.83 g, 0.1 mol) in nano-pure water (1.0 L).  The pH of the HEPES buffer was 

adjusted with sodium hydroxide (5.0 M) to 7.0 pH.  The pH was measured using a  probe, 

calibrated with 4.0 pH stock buffer solutions and 6.88 pH stock buffer solutions.

Stock solution of N-(hydroxyethyl)-ethylenediaminetriacetic acid: A solution of N-

(hydroxyethyl)-ethylenediaminetriacetic acid (HEDTA, 181.1 mg, 1.00 mmol) was made in 7.0 

pH HEPES buffer (100.0 mL) solution to form a HEDTA concentration of  10.0 mM.

Solutions of 4-((8-hydroxyquinolin-7-yl)(phenyl)methylamino)benzoic acid (1): A stock 

solution of NSC 1011 (9.3 mg, 25 μmol) was made in methanol (25.0 mL) to form a 1.0 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 

the 10.0 μM 1, 1.0 mM HEDTA, and 10.0 mM MgCl2 solution, 1.0 mL of stock 1 solution, 10.0 
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mL of stock HEDTA solution, 25.0 mL of stock 0.04 M MgCl2 solution, and 9.0 mL of methanol 

were combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES 

buffer to fill.  The working solution containing 10.0 μM 1 and 1.0 mM HEDTA was made in the 

same fashion excluding the addition of any  MgCl2 solution.  For both working solutions a 1:9 

ratio of methanol: HEPES aqueous solution was maintained.

Solutions of 4-((8-hydroxyquinolin-7-yl)(pyridin-2-yl)methylamino)benzoic acid (2): A stock 

solution of 2 (9.3 mg, 25 μmol) was made in methanol (25.0 mL) to form a 1.0 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 

the 10.0 μM 2, 1.0 mM HEDTA, and 10.0 mM MgCl2 solution, 1.0 mL of stock 2 solution, 10.0 

mL of stock HEDTA solution, 25.0 mL of stock 0.04 M MgCl2 solution, and 9.0 mL of methanol 

were combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES 

buffer to fill.  The working solution containing 10.0 μM 2 and 1.0 mM HEDTA was made in the 

same fashion excluding the addition of any  MgCl2 solution.  For both working solutions a 1:9 

ratio of methanol: HEPES aqueous solution was maintained.

Solutions of 4-((8-hydroxyquinolin-7-yl)(p-tolyl)methylamino)benzoic acid (4): A stock 

solution of 4 (9.6 mg, 25 μmol) was made in methanol (25mL) to form a 1.0 mM concentration. 

From this stock solution two working solutions were prepared via dilutions.  For the 10.0 μM 4, 

1.0 mM HEDTA, and 10.0 mM MgCl2 solution, 1.0 mL of stock 4 solution, 10.0 mL of stock 

HEDTA solution, 25.0 mL of stock 0.04 M MgCl2 solution, and 9.0 mL of methanol were 

combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer 

to fill.  The working solution containing 10.0 μM 4 and 1.0 mM HEDTA was made in the same 
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fashion excluding the addition of any  MgCl2 solution.  For both working solutions a 1:9 ratio of 

methanol: HEPES aqueous solution was maintained.

Solutions of 4-((4-bromophenyl)(8-hydroxyquinolin-7-yl)methylamino)benzoic acid (5): A 

stock solution of 5 (8.2 mg, 18 μmol) was made in methanol (25.0 mL) to form a 0.73 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 

the 14.6 μM 5, 1.0 mM HEDTA, and 10.0 mM MgCl2 solution, 1.0 mL of stock 5 solution, 10.0 

mL of stock HEDTA solution, 25.0 mL of stock 0.04 M MgCl2 solution, and 9.0 mL of methanol 

were combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES 

buffer to fill.  The working solution containing 14.6 μM 5 and 1.0 mM HEDTA was made in the 

same fashion excluding the addition of any  MgCl2 solution.  For both working solutions a 1:9 

ratio of methanol: HEPES aqueous solution was maintained.
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Method for determining manganese binding dissociation constants (Kd): The free 

concentration of manganese dication in solution was determined (Equation 2). The total 

concentration of manganese in a measured solution was varied by combining different ratios of 

manganese-containing solution and those without manganese.  The UV-Vis absorption spectrum 

from 350 – 200 nm was obatined for each solution.  The wavelength displaying the largest 

absorbance change was converted to percent change in absorbance and plotted versus the log of 

the concentration of free zinc.  The Kd of the analog was then determined from the inflection 

point of the curve.

Solutions used for determination of manganese binding dissociation constant (Kd):

Stock solution of manganese: A stock solution of manganese chloride tetrahydrate (1.979 g, 

10.0 mmol) was made in 7.0 pH HEPES buffer ( 250.0 mL) to form a manganese chloride 

concentration of 0.04 M.

7.0 pH HEPES buffer solution:  The 7.0 pH HEPES buffer was made from enzyme grade 

HEPES ( 23.83 g, 0.1 mol) in nano-pure water (1.0 L).  The pH of the HEPES buffer was 

adjusted with sodium hydroxide (5.0 M) to 7.0 pH.  The pH was measured using a  probe, 

calibrated with 4.0 pH stock buffer solutions and 6.88 pH stock buffer solutions.

Stock solution of nitriloacetic acid:  A solution of nitrilotriacetic acid (NTA, 181.1 mg, 1.00 

mmol) was made in 7.0 pH HEPES buffer (100.0 mL) solution to form a NTA concentration of 

10.0 mM.

Solutions of 4-((8-hydroxyquinolin-7-yl)(phenyl)methylamino)benzoic acid (1): A stock 

solution of 1 (9.3 mg, 25 μmol) was made in methanol (25.0 mL) to form a 1.0 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 
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the 10.0 μM 1, 1.0 mM NTA, and 10.0 mM MnCl2 solution, 1.0 mL of stock NSC 1011 solution, 

10.0 mL of stock NTA solution, 25.0 mL of stock 0.04 M MnCl2 solution, and 9.0 mL of 

methanol were combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 

pH HEPES buffer to fill.  The working solution containing 10.0 μM 1 and 1.0 mM NTA was 

made in the same fashion excluding the addition of any  MnCl2 solution.  For both working 

solutions a 1:9 ratio of methanol: HEPES aqueous solution was maintained.

Solutions of 4-((8-hydroxyquinolin-7-yl)(pyridin-2-yl)methylamino)benzoic acid (2): A stock 

solution of 2 (9.3 mg, 25 μmol) was made in methanol (25.0 mL) to form a 1.0 mM 

concentration.  From this stock solution two working solutions were prepared via dilutions.  For 

the 10.0 μM 2, 1.0 mM NTA, and 10.0 mM MnCl2 solution, 1.0 mL of stock 2 solution, 10.0 mL 

of stock NTA solution, 25.0 mL of stock 0.04 M MnCl2 solution, and 9.0 mL of methanol were 

combined in a 100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer 

to fill.  The working solution containing 10.0 μM 2 and 1.0 mM NTA was made in the same 

fashion excluding the addition of any  MnCl2 solution.  For both working solutions a 1:9 ratio of 

methanol: HEPES aqueous solution was maintained.

Solutions of 4-((8-hydroxyquinolin-7-yl)(p-tolyl)methylamino)benzoic acid (4): A stock 

solution of 4 (9.6 mg, 25 μmol) was made in methanol (25mL) to form a 1.0 mM concentration. 

From this stock solution two working solutions were prepared via dilutions.  For the 10.0 μM 4, 

1.0 mM NTA, and 10.0 mM MnCl2 solution, 1.0 mL of stock 4 solution, 10.0 mL of stock NTA 

solution, 25.0 mL of stock 0.04 M MnCl2 solution, and 9.0 mL of methanol were combined in a 

100 mL volumetric flask.  The solution was then dilute with 7.0 pH HEPES buffer to fill.  The 

working solution containing 10.0 μM 4 and 1.0 mM NTA was made in the same fashion 
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excluding the addition of any  MnCl2 solution.  For both working solutions a 1:9 ratio of 

methanol: HEPES aqueous solution was maintained.
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