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THESIS ABSTRACT 

Detection of the Time-course of Thiamin-bound Intermediates on Enzymatic Pathways 

Using Steady State and Time-resolved Spectroscopy 

 By 

Hetalben Patel 

Thesis Advisor: Professor Frank Jordan 

 

Since the discovery of thiamine diphosphate (ThDP, active form of vitamin B1) 

as active cofactor in 1937 by Lohmann and Schuster, its catalytic mechanism has become 

an interest of many enzymologist. The ThDP-dependent enzymes catalyze a variety of 

enzymatic reactions including decarboxylation, condensation, ligation etc.  

  Here is reported a mechanistic study carried out with multiple ThDP enzymes: 

Escherichia coli 1-deoxy- D-xylulose-5-phosphate (DXP) synthase, E. coli E1 component 

(E1o) of the 2-oxoglutarate dehydrogenase complex (OGDHc), yeast pyruvate 

decarboxylase (YPDC) and benzaldehyde lyase (BAL) by using state-of-the art 

instruments: the circular dichroism (CD) method can monitor events on the enzyme itself 

followed by pre-steady state rate determination by stopped-flow (SF) CD, the NMR 

method monitors ThDP-bound intermediates after release from the enzyme (fortuitously 

all the major ones are stable in acid), and is also useful to provide positive identification 

of the species seen in the CD spectrum. Several of these enzymes have in common initial 

pyruvate decarboxylation to form aldehyde or carboligation products.  Steady state and 

pre-steady state analysis with the enzyme DXP synthase, enabled observation of 

remarkable stabilization of ThDP-bound pre-decarboxylation intermediate C2α-
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lactylThDP (LThDP) on the enzyme with pyruvate, and subsequent LThDP 

decarboxylation greatly accelerated  by the second substrate D-glyceraldehyde-3-

phosphate (GAP) by at least 600-fold. Further stabilization of LThDP was observed on 

DXP synthase variants Y392F, R478A and R420A which are shown to be essential for 

binding of D-GAP, without affecting the LThDP decarboxylation rates in the presence of 

GAP.  

While DXP synthase stabilizes pre-decarboxylation intermediate LThDP, the 

enzyme E1o from E. coli on decarboxlation of 2-oxoglutarate stabilizes the resulting 

enamine intermediate followed by hydroxy-carboxypropylidene-ThDP radical formation 

(with both substrates 2-oxoglutarate and 2-oxoadipate), characterized by CD, SFCD, 

NMR and electron paramagnetic resonance (EPR) spectroscopy.  

The E. coli E1o was also used in the chiral synthesis of α-hydroxy ketones with 

good yield and high enantiomeric excess, by varying both the 2-oxoacid substrates and 

exogenous aldehydes. 

Next, The conjugated 2-oxoacid substrates acetyl pyruvate, its methyl ester and 

(E)-4-(4 chlorophenyl)-2-oxo-3-butenoic acid (CPB) with thiamin enzymes YPDC, BAL 

and E1o led to formation of charge transfer bands on the enzymes which are attributed to 

transitions between the thiazolium ring of thiamin and a C2-β, γ double bond. 
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CHAPTER 1 

Introduction and overview of thiamin diphosphate-dependent enzyme 

mechanisms and potential intermediates on the pathways 

  

Thiamin (vitamin B1) is a water soluble vitamin with chemical formula C12H17N4OS. Its 

diphosphate derivative or active form, thiamin diphosphate (ThDP) is a coenzyme 

involved in sugar and amino acid catabolism. The ThDP-dependent enzymes are 

multifunctional biocatalysts, involved in metabolic pathways and catalyze a variety of 

enzymatic reactions including C-C bond formation to form chiral α-hydroxy ketones 

(Chapter 4). The chemistry and enzymology of ThDP is intimately dependent on three 

chemical moieties comprising the coenzyme: a thiazolium ring, a 4-aminopyrimidine ring 

and the diphosphate side chain (Scheme 1.1, Left). From the large number of high-

resolution X-ray structures available for the past 20 years (starting with transketolase 

(TK)
(1)

, pyruvate oxidase (POX)
(2)

 from Lactobacillus plantarum and pyruvate decarboxylase 

(YPDC)
(3, 4)

 from the yeast Saccharomyces cerevisae, it has become clear that the diphosphate 

serves to bind the cofactor to the protein.  

Chemically, the thiazolium ring is central to catalysis as reported in seminal 

studies by Breslow
(5)

, due to its ability to form a key nucleophilic center, the C2-

carbanion/ylide/carbene resonance forms. The 4’-aminopyrimidine moiety has gained 

more recognition as an important contributor to catalysis since the appearance of the X-

ray structures showing its conserved proximity to the C2 thiazolium atom and the 

possibility for its participation in acid-base catalysis.
(6)

 This makes ThDP a truly unique 

and bi-functional coenzyme.  
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Scheme 1.1 Mechanism of yeast pyruvate decarboxylase YPDC.    

  

 

1. Detection of ThDP-related intermediates and their kinetic fates.  

The presentation of thiamin-related and thiamin-bound intermediates represent pre-, or 

post-substrate (or substrate analogue) binding states, an important distinction needed with 

the recent identification of several forms of ThDP on the enzymes.  

 

1.1 ThDP-related intermediates prior to substrate addition.  During the past decade, 

our laboratory with collaborators (whose enzymes enable generalization of the findings) 

established the presence of various tautomeric and ionization states of ThDP (Scheme 

1.1). A need arose to identify spectral signatures for various tautomeric and ionization 

states of the 4’-aminopyrimidine ring of ThDP (Table 1.1).  
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1.1.1 The canonical 4’-aminopyrimidine (AP) form of ThDP. The signature for this 

species is a negative circular dichroism (CD) band centered near 320-330 nm as 

illustrated with the enzyme benzaldehyde lyase (BAL).  A number of studies on YPDC 

and E1ec and their variants, as well as chemical model studies in our laboratory suggest 

that this UV/CD band is due to a charge transfer transition between the 4’-

aminopyrimidine ring as donor and the thiazolium ring as acceptor. The band has been 

observed on 10 ThDP enzymes, and its observation depends both on the pH and also on 

the specific enzyme environment.   

 

1.1.2 The 1’,4’-iminopyrimidine (IP) form of ThDP. The notion that the 4’-

aminopyrimidine could exist in its 1’,4’-iminopyrimidine tautomeric form was suggested 

by models attempting to mimic the reactivity of such a tautomer. The N1’-methyl 

analogue of both the 4-aminopyrimidine ring and of thiamin was synthesized and gave 

evidence of two relevant points: (i) in this N1’-methylpyrimidinium the pKa of the 

exocyclic amine was reduced to ca. 12-12.5
(7, 8)

, offering a rationale for the presence of a 

conserved glutamate as a catalyst for the aminoimino tautomerization, and (ii) with the 

positive charge on the ring, the amino protons undergo differential exchange rates and the 

exchange is buffer catalyzed.
(9)

 A spectroscopic signature for the 1’,4’-

iminopyrimidylThDP tautomer was first identified on the slow E477Q variant of YPDC.  

The CD bands corresponding to the AP and IP forms have different phases, enabling 

observation of both bands simultaneously, making the CD method useful. The electronic 

absorption characteristics of the APH
+ 

and the ylide (Yl) forms are yet to be established.  
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1.1.3 The 1’H, 4’-aminopyrimidinium (APH
+
)
 
form. The existence of the protonated 4’-

aminopyrimidinium ion APH
+ 

received positive confirmation by solid state NMR 

measurements on three enzymes: YPDC, and the E1 components of both the pyruvate 

dehydrogenase and 2-oxoglutarate dehydrogenase complexes from E. coli, on the basis of 

the characteristic 
13

C and 
15

N chemical shifts. The need for solid state NMR is due to the 

large molecular mass of all ThDP enzymes (at least 120 kDa).
(10)

 

  

Table 1.1 Detection of ThDP-related intermediates.  

Prior to substrate addition With substrate present 

-AP form of ThDP (-CD at 320-330 nm) 

-IP form of ThDP (+CD at 300-314 nm) 

-APH
+
 form of ThDP (no CD signature) 

-C2-carbanion/ylide/carbene (no CD 

signal) 

-Michaelis complex (- CD at 325-335 nm) 

-Pre-decarboxylation  intermediate 

(CD+300-314nm)
a
 

-Enamine/C2α carbanion (290-295 nm for 

aliphatic &  ~380 nm for aromatic substrate) 

-HEThDP 

-2-acetylThDP 

-C2α-HEThDP radical 

a
with chromophoric substrate ~400 nm.  

 

1.1.4 Determination of the pKa for the enzyme-bound APH
+ 

form. By lowering the pH, 

the amplitude of the band for the AP or IP form diminishes with an apparent pKa value 

for the ([AP]+[IP])/[APH
+
] equilibrium. This pKa in water for ThDP is 4.85

(11)
, while on 

the enzymes it ranges from 5.6 to 7.5 (Table 1.2).  It was concluded from data in Table 
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1.2, that the pKa for the APH
+
 coincides with the pH of optimum activity for each 

enzyme, indicating that all three forms IP, AP and APH
+
 must be readily accessible 

during the catalytic cycle.  The pKa elevation on the enzymes could be rationalized by the 

presence of the highly conserved glutamate near the N1’ position of ThDP that would 

tend to make the 4’-aminopyrimidine ring more basic.  

 

Table 1.2 The pKa of enzyme-bound APH
+
 on ThDP enzymes.

(12)
 

Enzyme pKa for the 

([AP]+[IP])/(APH
+
)  

BAL 7.42 ± 0.02 

BFDC 7.54 ± 0.11 

POX 5.56 ± 0.03 

E1h 7.07 ± 0.07 

E1o 7.2 ± 0.01 

GCL V51D 6.1 ± 0.02 

DXP synthase 7.5 ± 0.09 

  

1.1.5 The C2-carbanion/ylide/carbene. According to Breslow’s findings, proton loss at 

the thiazolium C2 position is required to initiate the catalytic cycle. In 1997 there were 

two reports with significant implications regarding this issue: (i) A 
1
H NMR-based 

method was presented for measuring the rate of H/D exchange at the C2 position of 

bound ThDP, providing the rate constant for the dissociation of the C2H to the ylide.
(13)

 

(ii) Arduengo and colleagues showed that the conjugate bases of imidazolium and indeed 
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of thiazolium salts could be generated and their structure evaluated by NMR methods.
(14)

 

The 
13

C chemical shift of the C2 resonance shifted from 157 to 253 ppm on conversion of 

their model thiazolium compound to its conjugate base ylide.
(14)

 

 

1.2 Thiamin-bound intermediates with substrate or substrate analogue present.  

What makes detailed mechanistic studies of ThDP enzymes feasible is a powerful array 

of methods to monitor the kinetic fate of each intermediate along the catalytic cycle of all 

ThDP enzymes. An important method was developed for determination of the rate 

constants for individual steps by Tittmann and Hübner (‘TH method’).
(15)

 The TH method 

takes advantage of the known acid stability of the intermediates in Schemes 1.1, so that 

using either rapid quench or manual quench methods one can ‘freeze’ the intermediates 

under acidic conditions while also precipitating the enzyme. The chemical shifts of the 

C6’H resonances of each intermediate are sufficiently distinct from each other and from 

that of the unsubstituted ThDP, making 
1
H NMR an efficient method for evaluation of 

the relative concentrations of the intermediates under steady state conditions, which in 

turn enable calculation of rate constants for individual reaction steps.  

 

1.2.1 The Michaelis-Menten complex (MC).  The earliest detection of an MC was on 

addition of a substrate analogue methyl acetylphosphonate (MAP) and acetylphosphinate 

to several ThDP enzymes. An example is shown with acetylphosphinate added to YPDC 

leading to a negative CD band at ca. 325-335 nm, reminiscent of the band observed for 

the AP form. In this example, addition of ThDP alone did not display the AP form, the 
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negative CD band only appeared after addition of substrate analogue, and hence the band 

must pertain to a MC.
(16)

  

 

1.2.2 The covalent substrate-ThDP pre-decarboxylation complex (LThDP and 

analogues).  

Observation of the intermediate analogues derived from substrate analogue 

phosphonates and phosphinates. The IP form (positive CD band, 300-314 nm) on ThDP 

enzymes, resulted from formation of a stable pre-decarboxylation adduct not a MC of 

ThDP with (a) MAP or acetylphosphinate(CH3C(C=O)P(H)O2Na) and (b) the aromatic 

2-oxoacid analogue methyl benzoylphosphonate (MBP). With 10 enzymes tested so far, 

the IP form appeared on the stopped-flow time scale (either absorption or CD mode): the 

reaction is efficiently catalyzed by all of the enzymes.   

In some favorable cases, the CD band for the true pre-decarboxylation 

intermediate (via the IP form) could be observed from the slow substrates. More recently, 

formation of surprisingly stable LThDP was observed on the enzyme 1-deoxy-D-xylulose 

5-phosphate synthase (DXP synthase, condenses the enamine derived from pyruvate with 

the acceptor D-glyceraldehyde-3-phosphate, GAP) in the absence of GAP (Chapter 2).
(17)

  

 

1.2.3 Observation of LThDP analogues from chromophoric substrate analogues. On 

three enzymes, YPDC, E1o and BAL, formation of the pre-decarboxylation adduct 

formed with ThDP from a chromophoric substrate analogue was observed on CD at 

unexpected longer wavelength (Chapter 5).         
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1.2.4 The first post-decarboxylation intermediate: the enamine/C2-carbanion. 

According to Scheme 1.1 the enamine is the only conjugated covalent ThDP-bound 

intermediate. UV-VIS observation of enzyme-bound enamine derived from aliphatic 

substrates is difficult due to the expected max near 290-295 nm, according to thiazolium-

based models and ~380 nm with aromatic substrates. The enamine is chiral on the 

enzyme, even though it is planar and conjugated; hence all intermediates here discussed 

are chiral on the enzymes, both pre- and post-substrate addition.  The CD measurements 

nicely confirm this expectation for all intermediates, both covalently bound and even 

non-covalent ones such as the MC.  

 

1.2.5 The second post-decarboxylation intermediate, the product-ThDP complex 

(HEThDP, HBThDP).  

Evidence for formation of this intermediate can be confirmed by using the TH method.  

As mentioned above that C6’-H has different chemical shift for all the intermediates. The 

HEThDP was observed on E1o-ec with its substrate 2-OG at 7.35 ppm (Chapter 3).   

While HEThDP is not usually considered to be on the reaction pathway of ThDP-

dependent oxidative decarboxylases, groups working with POX and the PDHc’s have 

long used HEThDP as an alternate substrate. Based on previous studies at Rutgers, 

HEThDP cannot be oxidized directly by either FAD or lipoic acid as oxidizing partners. 

Instead, oxidation must be preceded by ionization at the C2 position to generate the 

enamine, which is then prone to oxidation by even molecular dioxygen from air. 

However, the pKa at the C2 position is very high, estimated at ca. 17-18 for HEThDP 

derived from pyruvic acid.  
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1.2.6 2-Acetylthiamin diphosphate, the 2-electron oxidation product of the enamine. 

This compound is the product of oxidation of the enamine by any one of the following 

oxidizing agents on enzymes: the dithiolane ring of lipoic acid covalently amidated to a 

lysine side chain in the 2-oxoacid dehydrogenase multienzyme complexes; less 

frequently by FAD in the pyruvate oxidases; finally by NAD
+
. The POX reaction has 

been studied for many years and evidence suggests that the oxidation takes place via 

single electron transfers with the likely intermediacy of the radical cation species 

delocalized onto the thiazolium ring. Our group published evidence indicating that in the 

presence of an artificial oxidizing agent 2,6-dichlorophenoindophenol the enamine 

produced by E1p is converted to 2-acetylThDP, while in the presence of the E2p 

component, there is no apparent 2-acetylThDP on the way to reductive acetylation. This 

could signal that both pathways may be available to the enzymes.
 
 

 

1.2.7 The C2-hydroxyethylideneThDP radical, the 1-electron oxidation product of the 

enamine. Early and clear evidence for a free-radical mechanism on ThDP enzymes was 

obtained on pyruvate-ferredoxin oxidoreductase, an enzyme that converts pyruvate to 

acetylCoA in anaerobes. In addition to ThDP, the enzyme has three Fe4S4 clusters 

forming a 40-50Å long electron transfer chain. The stability of the free radical was 

manifested by the fact that the crystal structure also displayed an electron paramagnetic 

resonance signal. A chemical model was generated for the electrochemical oxidation of 

the enamine leading to dimerization at the C2 atom, suggesting significant electron spin 

density at this atom. Subsequent detailed work on pyruvate-ferredoxin oxidoreductase 

clearly showed that the spin density is delocalized into the thiazolium ring, but there 
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indeed is a significant fraction at the C2 atom.  The enzyme pyruvate oxidase using 

both ThDP and FAD as cofactors also uses a free radical mechanism. Recently, the ThDP 

radical was reproduced on E1o-ec with substrates 2-oxoglutarate and 2-oxoadipate 

(Chapter 3). At the same time, there are ThDP enzymes with no known redox role for the 

bound FAD, such as glyoxylate carboligase (GCL). This enzyme carries out 

decarboxylative carboligation, similar to DXP synthase. Perhaps the most striking feature 

of glyoxylate carboligase is the replacement of the virtually universally conserved Glu 

residue opposite the N1’ atom of ThDP by a hydrophobic residue. GCL and BAL are of 

particular interest since on neither enzyme is there an acid-base residue within hydrogen 

bonding distance of the ThDP to assist with proton transfers. There is perhaps no 

alternative to water carrying out the proton transfers on these two enzymes. Of course, 

these enzymes also provide strong support for an obligatory catalytic role of the 4’-

aminopyrimidine ring of the ThDP. 

 

1.3 Determination of rate-limiting steps and microscopic rate constants on ThDP 

enzymes.      

 Starting with the 1970s, both solvent and heavy-atom kinetic isotope effects (KIE) were 

employed to probe the rate-limiting steps in ThDP enzymes, especially on YPDC. 
13

C/
12

C 

KIEs used natural abundance 
13

C label at the pyruvate C1 atom by measuring the mass 

ratio of 
45

CO2/
44

CO2 using an isotope ratio mass spectrometer. Supported by a model 

study in which the decarboxylation step could be isolated, the results of such studies 

could inform about the partitioning of the LThDP intermediate reverting to pyruvate and 

free coenzyme or going forward to decarboxylation to the enamine (Scheme 1.1). The 
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earlier quoted TH method is based on the observations of covalent ThDP-bound 

intermediates (Schemes 1.1) after their release from the enzyme by acid-quench of a 

reaction mixture resulting from rapid mixing of enzyme and substrate on a chemical 

quench instrument. Fortuitously, HEThDP, LThDP and 2-acetylThDP all (a) are stable 

under these conditions, and (b) have distinct 
1
H chemical shifts for their C6’-H 

resonances. Integration of these resonances provides the relative steady-state distribution 

of intermediates, and, with the turnover number of the enzyme, the forward rate constants 

could be calculated for the pathway (rate constants for formation of LThDP, its 

decarboxylation and acetaldehyde release.
(15)

 The method has been applied to a number 

of ThDP enzymes.  

The method has some limitations: (a) It measures intermediate distribution once 

those are released from the enzyme; (b) It cannot differentiate the level of enamine and 

HEThDP, since under acid quench the former is converted to the latter. Therefore, the 

HEThDP measured in the quench corresponds to the sum of the relative concentration of 

enamine and HEThDP; and (c) Given that the method depends on the observation of the 

aromatic C6’-H resonances, many aromatic cofactors would interfere with the 

observations. 

Balakrishnan and Chakraborty from our laboratory addressed the NMR issue and 

extended the power of the TH method by synthesizing ThDP specifically labeled at both 

the C2 and C6’ positions with 
13

C ([C2, C6’-
13

C2] ThDP). Using 1D-gradient HSQC 

NMR methods only protons attached to these two 
13

C-labeled atoms were detected. This 

enabled detection of C2H and C6’H in the aromatic region of the 
1
H NMR spectrum even 

in the presence of other cofactors with aromatic resonances. 



12 
 

 
 

To observe directly the time-course of enzyme-bound intermediates, a method was 

developed which is a combination of CD methods and the TH method: the time-course of 

intermediate formation/depletion is assessed by stopped-flow CD, by looking at the 

intermediates with signatures identified as above. If there is ‘degeneracy’ in the CD 

assignments (an important case in point is that all ThDP-bound intermediates with 

tetrahedral substitution at C2 appear to exist in their IP tautomeric forms at pH values 

above the pKa of the APH
+
 form), we rely on the TH method to identify the intermediate 

after acid quench under identical reaction conditions.  

This combined approach is applied in this thesis research to DXP synthase, which 

catalyzes condensation of pyruvate and D-glyceraldehyde-3-phosphate (GAP) to form 

DXP. It was found that DXP synthase and its Y392F, R478A, R420A variants stabilize 

the ThDP-bound pre-decarboxylation intermediate C2α-lactylThDP (LThDP) upon 

addition of pyruvate in the absence of D-GAP, while addition of D-GAP enhanced the rate 

of LThDP decarboxylation. This appears to be the first study of a ThDP enzyme where 

the individual rate constants could be evaluated by time-resolved CD spectroscopy, and 

the results have relevance to other ThDP enzymes in which decarboxylation is coupled to 

a ligation reaction. Also, the observed pre-steady state rates suggests that formation of 

LThDP is the rate-limiting step in DXP synthase catalytic cycle (Chapter 2). On the other 

hand, the E1 component of OGDHc from E. coli stabilizes the enamine intermediate 

followed by ThDP radical formation with its real substrate 2-OG and the longer analogue 

2-OA. The rate of its formation and disappearance were measured in the absence and 

presence of various enamine acceptors. Further, formation of the radical on E. coli E1o 

was observed using EPR spectroscopy (Chapter 3). Reaction of the enamine with an 
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acceptor substrate, such as an aldehyde can lead to a carboligase (C-C bond formation) 

reaction. We have synthesized chiral -hydroxy ketones with good yield and 60-95 % ee 

by varying donor and acceptor substrates, making E1o an utmost candidate for protein 

engineering. The chiral -hyroxy ketones can be used in natural product and fine 

chemical synthesis (Chapter 4).  

By using CD and stopped-flow photo diode array experiments, we assigned new 

spectral signatures related to ThDP-bound intermediates on enzymes with conjugated 

substrates, at longer wavelength than expected, which was never explained before even 

with model studies. Our experimental evidence suggests that the interaction between the 

positive charge on the thiazolium ring and π bond of substrates covalently attached to the 

thiazolium C2 position could be responsible for the long wavelength of the charge 

transfer transitions (Chapter 5).  

A major conclusion from these studies is that the rate of individual steps can be 

assessed directly from detailed time course studies, providing a virtually unprecedented 

opportunity to gain insight into ThDP-dependent reactions, including interrogation of 

individual enzyme residues regarding their catalytic roles.  
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CHAPTER 2 

Observation of thiamin-bound intermediates and determination of 

microscopic rate constants on 1-deoxy- D-xylulose 5-phosphate synthase 

  

2.1 INTRODUCTION 

The enzyme 1-deoxy- D-xylulose-5-phosphate (DXP) synthase generates the first crucial 

intermediate in the biosynthesis of both thiamin (vitamin B1) and pyridoxal (vitamin B6), 

as well as in isoprenoid biosynthesis essential in human pathogens. 
(18-20)

 DXP synthase 

uses thiamin diphosphate (ThDP) as coenzyme and pyruvate and D-glyceraldehyde-3-

phosphate (GAP) as substrates. Mechanistically, the initial reaction can be anticipated to 

parallel typical ThDP-dependent pyruvate and other 2-oxoacid decarboxylase enzymes, 

the pyruvate molecule forming a pre-decarboxylation covalent intermediate with ThDP 

(C2-lactylThDP or LThDP) followed by decarboxylation to an enamine/C2-

carbanion/C2-hydroxyethylidene-ThDP, followed by carboligation of the enamine with 

the aldehyde functional group of GAP, and finally release of DXP (Scheme 2.1). The 

results reveal not only the rate-limiting step for the enzyme, but perhaps more 

surprisingly, the dramatic effect that addition of second substrate GAP has on the 

decarboxylation step.  

 

We first explored the substrate specificity of the reaction regarding the 2-oxoacid, 

by using 2-oxophosphonates and a 2-oxophosphinate that form dead-end but stable 

LThDP analogs readily recognizable by the positive CD band centered near the 300-310 

nm region and attributed to the 1’,4’-iminopyrimidine tautomer (IP form) of ThDP.   
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Previous mechanistic studies of DXP synthase were performed under steady-state 

conditions. 
(21-24)

 We initiated the first study of DXP synthase using tools capable of 

observing and determining the time-resolved behavior of ThDP-bound covalent 

intermediates (Scheme 2.1, right): stopped-flow circular dichroism (CD) and chemical 

quench followed by NMR detection. The CD studies can be used for (a) identification of 

an electronic absorption for the 1’,4’-iminopyrimidine (IP form, Scheme 2.1 left) of 

ThDP at 300-310  nm
(25)

 and (b) demonstration on ten ThDP enzymes so far, that at pH 

values at or above the pKa of the 4’-aminopyrimidinium form (APH
+
) of ThDP, the IP 

tautomer predominates in ThDP-bound covalent intermediates where the C2-carbon 

carries four substituents.
(26)

  

 

Scheme 2.1 The catalytic cycle of DXP synthase. 

 

k1 formation of S~ThDP.DXP synthase,  the Pre-decarboxylation intermediate ; k2 is decarboxylation to 

enamine; k3 is carboligation to provide the Post-decarboxylation intermediate P~ThDP.DXP synthase; k4 is 

release of DXP product from ThDP.DXP 
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Indeed, as expected, LThDP analogues are readily formed from the substrate 

analogues (Scheme 2.2) creating a positive CD band at ~300-310 nm. While carrying out 

preliminary CD experiments on the mutual effects of the two substrates on binding and 

catalysis, the following surprising and very useful observation was made: on addition of 

pyruvate to DXP synthase in the absence of GAP at 5 
o
C, a positive CD band centered at 

313 nm developed and persisted with as much as 1 mM pyruvate, indicating that the 

alternative conversions, such as protonation followed by acetaldehyde release, or 

carboligation with a second molecule of pyruvate yielding acetolactate take place very 

slowly (see Scheme 4.1 for the alternative fates of the enamine). Next, we needed to 

establish the nature of the intermediate with the positive CD band at 313 nm. It turned out 

to be the pre-decarboxylation LThDP thiamin-bound intermediate in the IP tautomeric 

form. Apparently, decarboxylation in the absence of GAP is sufficiently slow to allow 

determination of all microscopic rate constants for this enzyme using time-resolved CD 

experiments.  In the presence of GAP the LThDP decarboxylation rate was accelerated by 

at least 600-fold.  

We next investigated other factors important for substrate binding. Based on the 

previous structural studies on DXP synthase and in comparison with other ThDP 

enzymes, a few active site DXP synthase variants R478A, R420A and Y392F were 

created at JHU. The evidence from protein fluorescence experiments at JHU revealed the 

roles of active site residues to be critical for substrate binding. Further CD and time-

resolved studies were carried out at Rutgers with the all three variants. The CD (RU) and 

fluorescence (JHU) results demonstrate that Arg-420 and Arg-478 are critical active site 

residues for binding of the acceptor substrate D-GAP, but are not essential for catalysis of 
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LThDP formation or D-GAP promoted decarboxylation. In addition, we have investigated 

the importance of Tyr-392, analogous to Tyr-599 of the PDHc E1 component
(27)

, which is 

known to interact via hydrogen bonding to a phosphono-LThDP mimic of the enzyme-

bound LThDP intermediate. 
(28)

 Contrary to our expectations, the results of protein 

fluorescence, CD and kinetic analyses suggest Tyr-392 contributes to D-GAP binding, but 

is not required for formation of LThDP on DXP synthase, or for D-GAP-promoted 

decarboxylation of LThDP. We note stabilizing effects of R420A and Y392F on LThDP 

in the absence of acceptor substrate, which suggest that Arg-420 and Tyr-392 could play 

a role to create a barrier to decarboxylation in the absence of D-GAP, a barrier that is 

even larger on R420A and Y392F. The implications of the findings to ThDP-dependent 

enzymes carrying out decarboxylation coupled to carboligation are substantial to inhibitor 

design.  

 

Scheme 2.2 Formation of covalent adduct of ThDP with pyruvate and analogues MAP, 

BAP and AcPhi. 
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2.2 MATERIALS and METHODS 

2.2.1 Materials 

Thiamin diphosphate (ThDP), pyruvate, dithiothreitol, yeast alcohol dehydrogenase, 

nicotinamide adenine dinucleotide, 2,6-dichlorophenolindophenol (DCPIP), 1-deoxy- D-

xylulose 5-phosphate (DXP), D, L-GAP (L-GAP would not affect DXP synthase 

activity
(18, 22, 23)

were from Sigma-Aldrich (St. Louis, MO). The concentration of D-GAP 

was calculated as one-half of the D, L-GAP concentration. The enzymes DXP synthase wt 

and all variants, AcPhi and BAP were from Dr. Meyers lab at Johns Hopkins University.  

Methyl acetylphosphonate (MAP) was synthesized according to Kluger et al. 
(29)

 

 

2.2.2 General methods 

1. To adjust the pH, a sympHony pH electrode (VWR) was used. UV spectra were 

acquired on a Varian DMS 300 spectrophotometer.  

2. CD spectra were recorded on an Applied Photophysics Chirascan CD Spectrometer 

(Leatherhead, U.K.) in 2.4 ml volume with 1 cm path length cell. Buffer A is defined as 

50 mM Tris pH 8.0, 100 mM NaCl, 0.5 mM ThDP, 2 mM MgCl2, 1 mM DTT, 1% 

glycerol. The titration experiments with substrates and analogues were carried out in 100 

mM HEPES (pH 8.0) containing 100 mM NaCl, 1 mM MgCl2 and 0.2 mM ThDP (buffer 

B).  

3. Kinetic traces were recorded on a Pi*-180 stopped-flow CD spectrometer (Applied 

Photophysics, U.K.) using 10 mm path length. The ThDP-bound intermediates were 

detected by dissolving enzyme or substrates in buffer A at 313 nm, product DXP at 297 

nm, as dictated by the high sensitivity of the lamp at those wavelengths. Data from ten 
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repetitive shots were averaged and fit to the appropriate equation using Sigma Plot 

v.10.0.  

4. NMR spectra were acquired on a Varian INOVA 500 or 600 MHz instruments. The 

water signal was suppressed by pre-saturation. 

 

2.2.3 Enzyme activity measurements   

DXP forming activity measurement by CD spectroscopy. The assay was carried out by 

direct detection of DXP formation at 290 nm at 37 
o
C. The assay medium (2.4 ml) 

contained in 100 mM HEPES (pH 8.0), 100 mM NaCl, 0.1 mM ThDP, 2 mM MgCl2, 1 

mM DTT, D-GAP (0.0075 – 1.25 mM, 0.25-2 mM, 0.15-2 mM, 0.025-1.25 mM for wt, 

R420A,R478A and Y392F respectively) and 1 mM pyruvate. The reaction was initiated 

by adding DXP synthase (20 µg). The rate of DXP formation was calculated from the 

slope of mdeg vs time plot. The Km value for D, L-GAP was calculated by fitting the 

data to a Hill function (Eq 1).   

CDλ = CD
max

λ. [Ligand]
n

H / (Kd, app)
n

H + [Ligand]
n
H                  (1) 

where CDλ is the observed CD signal at a particular wavelength, CD
max

λ the maximum 

CD signal at saturation with ligand, [Ligand] is the concentration of substrate, and nH is 

the Hill coefficient.  

Molar ellipticity of DXP was determined by recording CD spectrum of commercial DXP 

in water at 25 
o
C and calculated using Eq 2: 

[] = 100 . obsd / c . l           (2)  
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where [] is the molar ellipticity in deg cm
2
 dmol

-1
, obsd is the observed ellipticity at a 

given wavelength in deg, c is the concentration of an optically active compound in M, 

and l is the cuvette path length in cm.  

Acetaldehyde forming activity measurement. The acetaldehyde-forming activity of wild 

type DXP synthase was measured in a coupled assay using yeast alcohol dehydrogenase 

(YADH) by monitoring the depletion of NADH at 340 nm using a Varian DMS 300 

spectrophotometer. The assay medium contained in buffer A (see General methods), 1 

mg/ml BSA, YADH (0.08 mg/ml), NADH (0.2 mg/ml), D, L-GAP (0.1-0.4 mM) and 0.5 

mM pyruvate at 37 °C. The reaction was initiated by adding the DXP synthase (100 µg). 

One unit of activity is defined as the amount of NADH depleted per minute per mg DXP 

synthase (µmol/min/mg of DXP synthase).  

Evidence for decarboxylation from DCPIP reduction. The rate for DCPIP-induced 

oxidation of the enamine (resulting from decarboxylation of LThDP) was carried out by 

monitoring the reduction of DCPIP at 600 nm. The reaction medium contained in buffer 

A (see General methods), 0.1 mM DCPIP, 0.4 mM D, L-GAP and 2 mM pyruvate at 37 

o
C. The reaction was initiated by adding DXP synthase (30 µg). One unit of activity is 

defined as the amount of DCPIP reduced per minute per mg DXP synthase 

(µmol/min/mg of DXP synthase). 

Acetolactate formation by DXP synthase monitored by CD. The assay medium (2.4 ml) 

contained in 100 mM HEPES buffer (pH 8.0), 100 mM NaCl, 0.1 mM ThDP, 2 mM 

MgCl2, 1 mM DTT and DXP synthase (33.33 µM active sites concentration). The 

reaction was initiated by adding pyruvate (1-90 mM) and acetolactate formation was 

monitored at 300 nm. The slope was calculated using the Pro-Data Viewer program 
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supplied by the manufacturer which was used to calculate the rate of formation of 

acetolactate using molar ellipticity of 3600 deg cm
2
 dmol

-1
. 

(30)
 In parallel, the rate of 

formation of (R)-acetolactate was also measured by CD at 300 nm. The Kd
app

 was 

calculated by fitting the data to a Hill function (Eq 1).    

2.2.4 Steady-state CD measurements 

pH titration of the AP form of ThDP on DXP synthase. DXP synthase (36.3 µM active 

sites concentration) in 100 mM HEPES buffer containing 100 mM NaCl, 0.5 mM ThDP 

and 2 mM MgCl2 was titrated in the pH range of 7.98–7.07 at 37 
o
C. Near UV CD spectra 

were recorded after each pH adjustment. Log CD at 320 nm was plotted against pH and 

pKa was determined using Eq 3. 

 log (CD) = log (CDmax) – log (1 + 10 
(pK1-x)

 )                                              (3) 

where x is pH.             

pH dependence of the rate of DXP synthase-catalyzed DXP formation. The reaction was 

measured in 50 mM KH2PO4, 50 mM Tris containing 0.1 mM ThDP, 2 mM MgCl2, 1 

mM DTT, 0.5 mM D, L-GAP and 1 mM pyruvate in the pH range of 6.65 – 8.08 at 37 
o
C. 

The reaction was started by addition of DXP synthase (20 µg) and monitored the slope at 

290 nm for 200 s.  

DXP synthase titration experiments with substrates and analogues. 

CD titration of DXP synthase with pyruvate analogues MAP, BAP, AcPhi. These 

titrations were carried out in buffer B (see General methods) in the near–UV (280-450 

nm) wavelength region at 37 
0
C. All the analogues revealed a positive band with max at 

~300 nm on DXP synthase. The concentration range for MAP was 1-100 µM, for BAP 1-

40 µM. A similar titration with MAP was also carried out in the presence of D, L-GAP 
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(1.5 mM). Apparent dissociation constants (Kd
app

) were calculated by fitting the data to a 

quadratic equation (Eq 4) using Sigmaplot v.10.0.  

CD = ((E + x + Kd) - ((E + x + Kd)
2
 - (4Ex)))/((2E)/(CD

max
))                 (4) 

where CD is the observed CD signal at the given wavelength, CD
max

  the maximum CD 

signal at saturation with MAP, E the concentration of enzyme, x the concentration of 

substrate analogue.  

The titration with AcPhi was performed in the concentration range of 1-700 µM and data 

were fitted to a Hill function (Eq 1),  

Titration of DXP synthase (55.9 µM active sites concentration) with pyruvate (0.05-1 

mM) was carried out in buffer B (see General methods) at 4 
0
C. After apparent saturation 

with 1 mM pyruvate, 500 µM D, L-GAP was added.  

Titration of DXP synthase variants with pyruvate. R420A, R478A, Y392F DXP synthase 

variants (30 µM active sites concentration) was titrated with pyruvate (10-200 µM, 10-

500 µM, 30-500 µM respectively) in buffer B (see General methods) at 5 
o
C. The 

apparent Kd
pyruvate

 was calculated by using Eq 1. 

2.2.5 Stopped-flow CD measurements 

Kinetic traces were fit to the appropriate equations by using Sigma Plot v 10.0.  

CDλ
(t)

 = CD1 . e
-k1t + c                                                                                  (5) 

CDλ 
(t)

 = CD1. e
-k1t 

+ CD2. e
-k2t 

+ c                                                                 (6) 

CDλ 
(t)

 = CD1. e
-k1t 

+ CD2. e
-k2t 

– CD3. e
-k3t

 + c                                                (7) 

CDλ 
(t)

 = CD1. e
-k1t 

- CD2. e
-k2t 

+ c                                                                  (8)  

where k1, k2, and k3 are the apparent rate constants, c is CD
max

λ in the exponential rise to 

maximum model or CD
min

λ in the exponential decay model.  
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Pre-steady state formation of 1’,4’-iminoLThDP. A solution of DXP synthase (4.6 

mg/ml, 68.1 µM active centers) in buffer A (see General methods) was placed in one 

syringe and an equal volume of pyruvate (2 mM) in the same buffer was placed in the 

second syringe. Spectra were recorded over a period of 7 s. Data were fit to a single-

exponential model as in Eq (5). 

Single turnover experiments of DXP synthase and variants with pyruvate in the absence 

of D-GAP. DXP synthase, R420A, R478A, Y392F (81.4 μM, 60 μM, 60 μM, 70 μM 

active centers respectively) in one syringe was mixed with equal volume of pyruvate (50 

μM for wt and 30-35 μM for variants) in the second syringe, both in buffer A (see 

General methods) at 6 °C. The reaction was monitored at 313 nm for 50 s, and data were 

fit to a triple exponential model as in Eq (7) and Eq (6) for R420A.  

Pre-steady state rate of decarboxylation of 1’,4’-iminoLThDP in the presence of GAP. In 

one syringe LThDP was pre-formed at 6 
o
C using the above method, then was rapidly 

mixed with 200 µM D, L-GAP in the second syringe. Spectra was recorded over a period 

of 5 s. Data were fitted to Eq (5). Similar experiments were carried out using different 

concentrations of D-GAP for wt DXP synthase. For R420A (59.3 µM active sites 

concentration), 300 µM pyruvate and 2 mM D-GAP. For R478A (47.5 µM active sites 

concentration), 300 µM pyruvate, and 2 mM D-GAP was used. For Y392F (54.8 µM 

active sites concentration), 411 µM pyruvate and 200 µM D-GAP (or 500 µM D-GAP) 

was used.  

Pre-steady state production of 1-deoxy- D-xylulose-5-phosphate. DXP synthase (0.070 

mg/ml, 1.04 µM active centers) in buffer A was mixed with an equal volume of 4 mM 

pyruvate and 2 mM D-GAP in the same buffer placed in the second syringe. The R478A, 
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R420A or Y392F DXP synthase variant (1.04 µM active sites concentration) in buffer A  

placed in one syringe was mixed with an equal volume of 2 mM pyruvate (1 mM for 

R420A) and 2 mM D-GAP (1 mM for R420A) in the same buffer placed in the second 

syringe.  Spectra were recorded over a period of 100 s and data were fit to a double-

exponential model as in Eq (6).   

 

2.2.6 NMR measurements 

Detection of ThDP-bound intermediates by 
1
H NMR spectroscopy. 

1
H NMR spectra were 

recorded with suppression of the water resonance by pre-saturation and 16384 scans were 

collected with a recycle delay of 2.0 s. The reaction mixture containing wt DXP synthase 

(31 mg/ml, 459.3 µM active centers) in 20 mM Tris (pH 8.0), 100 mM NaCl, 0.1 mM 

ThDP and 0.5 mM MgCl2 was mixed with 1 mM pyruvate in the same buffer. The 

reaction was incubated at 5 
0
C for 5 s (and an identical sample for 20 s) and quenched 

with 12.5% TCA in 1M DCl/D2O. The mixture was centrifuged at 15,700 g for 20 min 

and the 
1
H NMR spectrum of the supernatant was recorded. 

The reaction mixture containing Y392F (28 mg/ml, 415 µM active centers) in 20 

mM Tris (pH 8.0), 100 mM NaCl, 0.2 mM ThDP and 1 mM MgCl2 (buffer prepared in 

D2O to reduce the intensity of buffer peak in the region 7 – 8 ppm)  was mixed with 1 

mM pyruvate in the same buffer. The reaction was incubated on ice for 50 s and 

quenched with 12.5% TCA in 1M DCl/D2O.  

Similar reaction conditions were used to measure 
1
H NMR of the variants R478A, 

R420A and Y392F in the presence of D-GAP where 250-300 µM enzyme was incubated 

with 500 µM pyruvate on ice for 30 second to form LThDP. The reaction mixture was 
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then incubated on ice for an additional 30 sec with D-GAP (2 mM for R478A and R420A, 

5 sec with 500 µM for Y392F), then quenched with acid.  

Detection of DXP product by 
1
H NMR spectroscopy. A reaction mixture containing 1.5 

mg/ml (22.22 µM active centers) DXP synthase in 20 mM KH2PO4 (pH 7.5) containing 

100 mM NaCl, 0.1 mM ThDP, 0.5 mM MgCl2 and 1 mM DTT was mixed with 15 mM 

D-GAP and 10 mM pyruvate in the same buffer. After overnight incubation at 4 
o
C, the 

1
H NMR spectrum of the supernatant was recorded. 

Detection of [1-
13

C]-DXP by gradient 
13

C Heteronuclear Single Quantum Coherence 

NMR spectroscopy. NMR spectra were acquired on a Varian 600 or 500 MHz instrument. 

A reaction mixture containing R478A (18 mg/ml) in 20 mM KH2PO4 (pH 7.5), 100 mM 

NaCl, 150 µM ThDP, 0.5 mM MgCl2 was mixed with 500 µM [3-
13

C] pyruvate and 

incubated on ice for 30 s to pre-form [C2-
13

C]-LThDP (200 µl reaction volume). The 

reaction mixture was then incubated on ice with 2 mM D-GAP for 5 s and then quenched 

with 12.5% TCA in 1M DCl/D2O. The mixture was centrifuged at 15,700 g for 20 min, 

and the 
1
H NMR spectrum of the supernatant was recorded. The water signal was 

suppressed by pre-saturation. A total of 4096 scans were collected with a recycle delay of 

2.0 s. The data indicate that only LThDP is bound to the enzyme (Figure 2.13a). This 

same mixture was subjected to 1D gradient 
13

C heteronuclear single quantum coherence 

(gCHSQC) NMR analysis to determine the extent of [1-
13

C]-DXP product formation 

during this time period. The 
13

CH3 region was integrated (Figure 2.13b) to determine the 

extent of [1-
13

C]-DXP formation. The coupled spectra (not shown) indicate JCH = 127 Hz 

for each of the species present.  
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2.3 RESULTS and DISCUSSION 

2.3.1 CD spectroscopy gives evidence of an elevated pKa of the APH
+
 form of ThDP on 

DXP synthase. The CD spectrum of DXP synthase displays a negative signal at 320 nm 

on complexation with ThDP (Figure 2.1), which can be assigned to the AP tautomer of 

ThDP bound to the enzyme on the bases of numerous other examples from Rutgers. Next, 

the CD spectrum was recorded at different pH values to convert the AP form of ThDP to 

the APH
+
 form (Scheme 2.1). On titration from pH 7.98 to 7.07 the amplitude of the CD 

signal at 320 nm gradually diminished (Figure 2.1), indicating that the AP form of ThDP 

is dominant at pH 7.98 and the APH
+
 form is dominant at pH 7.07 (while the APH

+
 form 

has no CD signature identified so far, its existence on three enzymes was recently 

demonstrated by solid state NMR).  Plotting the CD amplitude at 320 nm against pH gave 

a pKa of 7.5 (Figure 2.1, inset) for the protonic equilibrium [(AP) + (IP)] / [APH
+
].  

 

Figure 2.1 pH titration of the AP form of ThDP on DXP synthase at 320 nm. (Inset) Log 

CD at 320 nm was plotted against pH and pKa was determined using Eq 3. 
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2.3.2 Pyruvate analogues on DXP synthase form stable ThDP-bound pre-

decarboxylation intermediates. As reported earlier by the Johns Hopkins group
(31)

 

pyruvate analogues act as inhibitors of DXP synthase, hence we carried out CD titration 

of DXP synthase with several pyruvate analogues (MAP, BAP, AcPhi) at 37 
o
C (Scheme 

2.2). The CD titration results are summarized in Table 2.1. 

Methyl acetylphosphonate (MAP) is an inhibitor of many ThDP enzymes, which 

utilize pyruvate as substrate.
(28)

 It was reported that MAP and butyl acetylphosphonate 

(BAP) exhibit competitive inhibition with respect to pyruvate in DXP synthase.
(24, 32)

 The 

titration experiment shows formation of a positive CD band at 300 nm (Figure 2.2a) on 

addition of MAP (1-100 µM), which can be assigned to the 1’,4’-iminophosphono-

LThDP formed on DXP synthase.
(33)

 After saturation with MAP, D, L-GAP was added 

incrementally (25-200 µM) showing no changes in the spectra. The sample was then 

dialyzed overnight against buffer B (see General methods), the CD spectrum was 

recorded for the dialyzed protein showing that the protein-bound MAP wasn’t removed 

under both conditions. A plot of CD amplitude at 300 nm against [MAP] / [active 

centers] shows saturation at 0.5 (Figure 2.2b, inset) suggesting that MAP is binding to 

half of the active sites with Kd = 3.35 µM (Figure 2.2b). Similar results were obtained 

even in the presence of GAP with Kd = 1.82 µM (not shown).      
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Figure 2.2 (a) CD titration of DXP synthase with MAP at 37
0
C. (Inset) The 1’,4’– 

iminopyrimidinyl tautomer is seen at 300 nm after subtraction of the spectrum from that 

of the DXP synthase. (b) CD amplitude of IP form at 300 nm plotted against 

concentration of MAP using Eq 4. (Inset) CD amplitude at 300 nm plotted against ratio of 

[MAP] / [active centers].  

 

A similar experiment with BAP (1-40 µM) led to the formation of CD signal at 

300 nm (Figure 2.3a) with comparable Kd value of 4.6 µM (Figure 2.3b); however, 

apparently all sites could be filled, unlike with MAP (Figure 2.3b, inset). After dialysis 

the CD spectrum indicated that BAP had been removed.  
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Figure 2.3 (a) CD titration of DXP synthase with BAP at 37 
0
C forms 1’,4’–imino-

pyrimidinylThDP tautomer seen at 300 nm. (b) CD amplitude of the IP form at 300 nm 

plotted against concentration of BAP using Eq 4. (Inset) CD amplitude at 300 nm plotted 

against ratio of [BAP] / [active centers].       

 

It was reported earlier from Rutgers that acetylphosphinate AcPhi  

[CH3C(=O)P(H)(=O)O
-
] is the most potent pyruvate mimic inhibitor of several ThDP-

dependent enzymes.
(34)

 It was found that increasing concentration of AcPhi developed a 

positive CD band at 305 nm, which was assigned to 1’,4’-iminophosphinoLThDP,  a 

stable analogue of the pre-decarboxylation intermediate C2-lactylThDP.
(25)

 We carried 

out a CD titration of DXP synthase with AcPhi (1-700 µM) and observed formation of a 

positive CD signal at 310 nm (Figure 2.4) which could be assigned to the 1’,4’–

iminophosphinoLThDP with Kd 16 µM. The CD spectrum of a sample dialyzed for 

overnight indicated that AcPhi was also released from the enzyme.  



30 
 

 
 

 

Figure 2.4 (a) CD titration of DXP synthase with AcPhi at 37 
0
C. The 1’,4’-imino-

pyrimidinylThDP tautomer is seen at 310 nm. (b) CD amplitude of IP form at 310 nm 

plotted against concentration of AcPhi using Eq 1. (Inset) CD amplitude at 310 nm 

plotted against ratio of [AcPhi] / [active centers].  

 

2.3.3 Direct observation of the pre-decarboxylation LThDP intermediate formed from 

pyruvate on DXP synthase. According to the above results, DXP synthase stabilizes pre-

decarboxylation intermediate analogues of pyruvate. These results suggested that an 

attempt be made to carry out such studies with pyruvate itself. Indeed, in a CD titration of 

DXP synthase with pyruvate at 4 
o
C, there developed a positive CD signal at 313 nm 

(Figure 2.5a), gradually replacing the original negative AP signal at 320 nm. The signal 

at 313 nm revealed apparent saturation (i.e., reached steady state concentration) with 1 

mM pyruvate with Kd,app ~90µM, and was assigned to the 1’,4’-iminoLThDP. Addition of 

500 µM D, L-GAP (250 µM D-GAP) to the same sample immediately quenched the CD 

band at 313 nm and formed a new positive CD band at 288 nm (Figure 2.5a, inset), 

assigned to the condensation product DXP. To confirm the identity of the compound 
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produced, protein was separated and the CD spectrum of the supernatant again displayed 

a positive signal at 288 nm, indicating that the signal corresponds to product and is no 

longer protein bound.  

 

 

Figure 2.5  (a) CD titration of DXP synthase (55.9 µM active centers) with pyruvate (1) 

50 µM, (2) 100 µM, (3) 150 µM, (4) 1 mM in at 4 
0
C. The formation of 1’,4’– 

iminoLThDP is seen at 313 nm. (Inset) Addition of 250 µM D-GAP quenched the signal 

at 313 nm and formed DXP product according to the positive band centered at 288 nm. 

(b) Determination of Kd,app for pyruvate on DXP synthase by monitoring formation of 

LThDP at 313 nm. 

The formation of 1’,4’-iminoLThDP was observed even with high concentration 

of pyruvate at 4 
o
C, indicating that LThDP is stable at 4 

o
C. Raising the temperature to 37 

o
C formed acetolactate product according to a negative CD band at 300 nm similar to that 

seen in Figure 2.6. Again, the protein was separated and the supernatant confirmed that 

the (R)-acetolactate was not protein bound. Acetolactate formation at different [pyruvate] 

led to Km(app) 
pyruvate

 51 mM (Figure 2.6). 
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Figure 2.6 Dependence of (R)-acetolactate production on pyruvate concentration at 37 

o
C. (Inset) CD amplitude of (R)-acetolactate at 300 nm plotted against pyruvate 

concentration using Eq 1.  

 

2.3.4 pH dependence of steady state formation of DXP by DXP synthase. The rate of 

formation of DXP product by DXP synthase at pH values of 6.65-8.08 was directly 

measured at 37 
o
C using CD290.  The data plotted for log (slope) vs pH revealed a pKapp of 

7.6 (Figure 2.7) which correlates well with the pKa of 7.5 for the protonic equilibrium 

([(AP) + (IP)] / [APH
+
]) (Figure 2.1). That is, the pKa of the enzyme-bound APH

+
 form is 

very near the pH of optimal activity of the enzyme signaling the need for all forms APH
+
, 

AP and IP in the mechanism. 
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Figure 2.7 pH dependence of DXP product formation using CD spectroscopy. 

 

2.3.5 Time-resolved spectroscopic studies leading to key microscopic rate constants for 

DXP synthase mechanism. 

Pre-steady state rate of formation of the pre-decarboxylation intermediate 1’,4’-imino-

LThDP on DXP synthase.  A stopped-flow CD experiment was carried out to determine 

the rate of interconversion of the ThDP-bound covalent intermediates on DXP synthase. 

The experimental condition selected was as used in the steady state experiment of DXP 

synthase with pyruvate, which enabled observation of an intermediate at 313 nm, 

assigned to the pre-decarboxylation intermediate. In the pre-steady state experiment DXP 

synthase in one syringe was rapidly mixed with saturating concentration of pyruvate in 

the second syringe, giving rise to an increase at 313 nm, and reaching a steady state in 2 s 

with a rate constant of 1.1 s
-1

 (Figure 2.8a).          
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Characterizations of 1’,4’-iminoLThDP by NMR using a chemical quench 

method. The above study showed that addition of pyruvate to DXP synthase generates a 

positive CD band at 313 nm with a rate constant equal to 1.1 s
-1 

under pre-steady state 

conditions. According to several studies on the subject at Rutgers, this behavior signifies 

the presence of the rare IP tautomeric form of ThDP. However, this would be appropriate 

for both a pre-decarboxylation intermediate (LThDP) and a post-decarboxylation ThDP-

bound DXP intermediate (Scheme 2.1), since both carry tetrahedral substitution at C2, a 

condition that demands the IP form at pH values > pKa of the APH
+
. To resolve the 

ambiguity, an NMR method developed by Tittmann
(15)

 was used, a method that 

recognized that the chemical shift of the C6’-H resonance is different for LThDP and 

HEThDP, and indeed for carboligated product-ThDP adducts as well. Accordingly, an 

NMR sample of DXP synthase with pyruvate was prepared under pre-steady state 

conditions (quenched in 5 s and 20 s) confirming that the 313 nm intermediate 

corresponds to LThDP (Figure 2.8b).  

Integration of the C2-H and C6’-H resonances showed that approximately the 

same % of ThDP was converted to LThDP in 5 s (~50%) and in 20 s (~55%). We 

conclude from these NMR experiments that: (1) The 313 nm species in the CD spectrum 

represents formation of LThDP and (2) The NMR sample prepared by quenching the 

DXP synthase and pyruvate reaction mixture in 20 s showed the presence of LThDP and 

ThDP, indicating the stability of LThDP. 
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Figure 2.8 (a) Rates of 1’,4’–iminoLThDP formation at 6 
o
C by DXP synthase with 

pyruvate under pre-steady state conditions at 6
o
C. The reaction was monitored at 313 nm 

for 7s. The data were fitted using a single exponential Eq 4 (see Material and Methods). 

(b) Detection of 1’,4’ –iminoLThDP by 
1
H NMR at 7.26 ppm.  

 

Detection of the rate constant for decarboxylation of LThDP in the presence of D,L-GAP. 

As mentioned before, the CD signal at 313 nm formed from pyruvate was rapidly 

quenched by addition of D-GAP suggesting that the decarboxylation of LThDP is 

accelerated in the presence of D-GAP. To obtain quantitative support for this hypothesis, 

LThDP was pre-formed in one syringe by mixing DXP synthase and pyruvate at 6 
o
C 

then rapidly mixed with D-GAP placed in the second syringe on the stopped-flow CD 

instrument. Time dependent depletion of the 313 nm band (decarboxylation of LThDP, 

Figure 2.9a) was observed with a rate constant of 29.5 s
-1

 (Figure 2.9a, inset). An 

interpretation of the total behavior at 313 nm (Figure 2.9a) is that decarboxylation 

proceeds until all of the D-GAP is consumed (the drop in the curve; the concentration of 

D-GAP reacting is only 50 µM), after which time the remaining pyruvate forms more 

(a) (b) 

k1 = 1.11 ± 0.03 s-1 
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LThDP (the rise in the curve).  This experiment repeated with different D-GAP 

concentrations gave a value of 42 s
-1

for DXP synthase saturated with D-GAP (Figure 

2.9b). 

 

Figure 2.9 (a) Rate constant of 1’,4’ –iminoLThDP decarboxylation by DXP synthase 

with pyruvate in the presence of D-GAP at 6 
o
C. (Inset) The LThDP decomposition data 

from (a) were treated using Eq 5. (b) Dependence of the rates of 1’,4’–iminoLThDP 

decarboxylation by DXP synthase on concentration of D-GAP. 

 

Determination of the rate constant for DXP product release. Earlier it was shown that 

DXP, the product of pyruvate + D-GAP is characterized by a positive CD band centered 

at 288 nm (Figure 2.5a, inset).  The stopped-flow CD instrument has optimum lamp 

sensitivity at specific wavelengths to form the signal, 297 nm being the one nearest to the 

288 nm suggested for DXP detection. To determine the rate of product release by CD, 

much less DXP synthase (1.04 µM active centers) was mixed with high concentration of 

pyruvate (4 mM) and D-GAP (2 mM) in the second syringe, providing a rate constant of 
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1.2 s
-1

 at 297 nm (Figure 2.10). The small concentration of DXP synthase assured that the 

CD observations pertain to formation of free, rather than enzyme-bound DXP.  

 

Figure 2.10 DXP product formation by DXP synthase at 6 
o
C and fitted using Eq 6.  

 

2.3.6 NMR confirmation of DXP formation by DXP synthase from pyruvate and D-

GAP. To confirm the identity of the product formed by DXP synthase from pyruvate and 

D-GAP with a positive CD band at 288 nm, an NMR sample was prepared using lower 

concentration of DXP synthase (22.22 µM active centers) and high concentration of 

pyruvate (10 mM) and D-GAP (15 mM). After removal of protein, the 
1
H NMR spectrum 

identified the DXP product in the supernatant in comparison with the spectrum of an 

‘authentic’, commercially available DXP sample.
(18)

  

 

  

k4 = 1.2 ± 0.03 s-1 

k4' = 0.3 ± 0.01 s-1 
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2.3.7 The rate of enzyme-bound enamine reacting with alternative acceptors.  

As shown in Scheme 2.3, one could envision alternative trapping of the enamine resulting 

from LThDP decarboxylation and the rates of these reactions needed to be established 

under the reaction conditions. Protonation of the enamine would lead to HEThDP then 

release acetaldehyde whose rate of formation with the YADH/NADH coupled assay was 

0.01 s
-1

. The DCPIP reduction assay was carried out to obtain evidence of 

decarboxylation in the presence and in the absence of D,L-GAP, giving the rate constants 

of 0.07 s
-1 

and 0.15 s
-1

, respectively.  The rate of carboligation of the enamine with a 

second pyruvate molecule leading to acetolactate (identified by the negative CD band at 

300 nm) was estimated to be 0.21 s
-1

 using the molar ellipticity reported earlier.
(30)

 The 

rate of DXP formation (4.21 s
-1

) at 37 
o
C was calculated from the maximum slope of the 

change in CD with time at 290 nm. To calculate the rate constant, the molar ellipticity of 

DXP had to be established using CD and NMR spectroscopy. Eq (2) was used to 

calculate the molar ellipticity (13,200 deg cm
2
 dmol

-1
) of DXP. A summary of the rate of 

enamine reaction with the alternative acceptors is given in Scheme 2.3. Clearly, reaction 

with D-GAP (4.21 s
-1

) is the preferred outcome by a significant factor, but DXP synthase 

could produce significant acetolactate at very high pyruvate, or low GAP concentrations.  
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Scheme 2.3 Alternative acceptors for the enamine reactions under steady state conditions 

at 37 
o
C. 

 

2.3.8 Arg-478 is essential for D-GAP binding. Previous molecular docking and structural 

analysis
(24, 27)

 suggested the phosphoryl group of D-GAP is anchored in the active site 

through interactions with two arginine residues, Arg-420 and Arg-478 (Figure 2.11) and 

may be important for D-GAP binding. Thus, R478A DXP synthase was created from JHU 

group and kinetically characterized. In agreement with values obtained from JHU, a 

higher Km
D-GAP

 for the R478A variant was measured by CD analysis (Km
D-GAP 

= 0.53 ± 

0.10 mM, Figure 2.12a) where DXP formation is monitored at 290 nm.
(17)

 These data 

suggest Arg-478 is involved in D-GAP binding and recognition.
(27)

 The importance of 

Arg-478 to D-GAP affinity was also confirmed by using protein fluorescence at JHU.  
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Figure 2.11 Active site residues of interest highlighted on D. radiodurans DXP 

synthase.
(27)

 R480, R423 and Y395 correspond to R478, R420 and Y392, respectively, on 

E. coli DXP synthase.  

              

            The critical role of D-GAP to promote decarboxylation on DXP synthase 
(17)

 

raises questions about contributions of D-GAP-binding residues in this event. Thus, the 

individual steps of LThDP formation and decarboxylation were investigated on R478A 

DXP synthase using stopped-flow CD under pre-steady state conditions at 6 
o
C, using 

enzyme in excess of pyruvate (single turnover conditions). Upon titration with pyruvate 

LThDP forms on R478A DXP synthase (positive CD band centered at 315 nm, Figure 

2.12b). The rates of LThDP formation (k1 = 0.85 ± 0.03 s
-1

) and decarboxylation in the 

absence of D-GAP (k2 = 0.04 ± 0.004 s
-1

) on R478A DXP synthase (Figure 2.12c), 

determined by measuring the accumulation and disappearance of LThDP at 315 nm, are 

within two-fold of the rates observed on wild type DXP synthase.
(17)

 In an experiment to 

measure D-GAP promoted decarboxylation of LThDP, LThDP was pre-formed in one 

syringe by mixing R478A DXP synthase and pyruvate at 6 
o
C and was then rapidly 
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mixed with D-GAP under saturating concentrations for this variant as determined by CD 

analysis placed in the second syringe. The rate of D-GAP promoted LThDP 

decarboxylation on R478A DXP synthase is comparable to wild type (Figure 2.12d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 a) Determination of Km, D-GAP by monitoring DXP formation by variant 

R478A at 290 nm by CD; b) Formation of 1’,4’– iminopyrimidylLThDP (315 nm) from 

pyruvate by R478A DXP synthase; c) Pre-steady state analysis of LThDP formation and 

decarboxylation on R478A, in the absence of D-GAP; d) Pre-steady state analysis of 

LThDP decarboxylation and re-synthesis on R478A in the presence of D-GAP (inset) 

fitting the expansion of early behavior, see Section 2.3.14. 

 

 

a) 

b) 

c) 

d) 

Km,D-GAP = 0.528 ± 0.098 mM 
nH = 1.1 ± 0.1 
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Although product formation is likely occurring during this time, as determined by 

gCHSQC NMR spectroscopy (Figure 2.13), there is negligible contribution of the DXP 

signal (288 nm) at 313 nm (< 0.1 mdeg), and the rate of LThDP depletion can be 

confidently determined. Overall, the results indicate that while Arg-478 is important for 

D-GAP binding, the enzyme can still achieve a comparable rate of D-GAP-promoted 

LThDP decarboxylation in its absence, at high D-GAP concentration.  

            

 

Figure 2.13 NMR detection of [1-
13

C]-DXP formation by R478A DXP synthase during 

pre-steady state, D-GAP promoted decarboxylation of pre-formed [C2-
13

C]-LThDP. a) 
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Only LThDP is present on R478A DXP synthase 5 s after addition of D-GAP; b) 

Detection of 
13

CH3 labeled groups: [1-
13

C]-DXP (28.5 %), [C2-
13

C]-LThDP (35.5 %) 

and [3-
13

C]-pyruvate (23.3 %) by 1D gCHSQC spectroscopy (decoupled) of the same 

sample as in a). 

 

 2.3.9 The R420A substitution reduces affinity for D-GAP and stabilizes LThDP in the 

absence of D-GAP. Molecular docking analysis 
(24)

 and crystallography studies have 

suggested Arg-420 as a possible anchoring point for the phosphoryl group of D-GAP 

(Figure 2.11). Thus, R420A DXP synthase was created by JHU group. The enzyme assay 

with and without coupled assay suggested that saturation with D-GAP could not be 

achieved which was further confirmed by CD (Figure 2.14a). Further, quenching of 

fluorescence was not observed upon titration of D-GAP to R420A DXP synthase up to 

concentrations of 15 mM, supporting a role of R420 in D-GAP binding. 

 

2.3.10 The R420A substitution stabilizes LThDP in the absence of D-GAP but does not 

reduce the rate of D-GAP promoted decarboxylation. The rate of LThDP formation (k1 = 

1.24 ± 0.01 s
-1

) on R420A, determined by monitoring LThDP formation at 313 nm as 

described above (Figure 2.14b,c), is also comparable to wild type DXP synthase (Table 

2.2), suggesting Arg-420 is not critical for catalysis in LThDP formation. However, 

decarboxylation of LThDP in the absence of D-GAP on this variant is not measurable 

over 50 s, demonstrating a remarkable stabilizing effect of R420A on LThDP compared 

to wild type DXP synthase (Figure 2.14c). The rate of D-GAP promoted decarboxylation 

of LThDP on R420A DXP synthase was measured as described above for the R478A 
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variant and is comparable to wild type DXP synthase (Table 2.2, Figure2.14d), indicating 

it is not essential for catalysis in D-GAP promoted decarboxylation of LThDP. The 

observation that R420A DXP synthase catalyzes the rate limiting step at a comparable 

rate to wild type DXP synthase under pre-steady state conditions suggests the near 4000-

fold decrease in turnover efficiency measured for this variant under steady-state 

conditions is likely caused by a substantial increase in Km
D-GAP

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14 a) Determination of Km, D-GAP by monitoring DXP formation by variant 

R420A at 290 nm by CD; b) Formation of 1’,4’– iminopyrimidylLThDP (318 nm) from 

pyruvate by R420A DXP synthase; c) Pre-steady state analysis of LThDP formation and 

 

 

a) 
c) 

b) 
d) 
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decarboxylation on R420A, in the absence of D-GAP; d) Pre-steady state analysis of 

LThDP decarboxylation and re-synthesis on R420A in the presence of D-GAP (inset) 

fitting the expansion of early behavior, see Section 2.3.14.  

  

2.3.11 Tyr-392 contributes to D-GAP affinity. The observation that Kd
pyruvate

 > Km
pyruvate

 

suggests the E-LThDP complex exhibits lower affinity compared to the E-LThDP-GAP 

ternary complex and prompted an investigation of residues that might be involved in 

binding pyruvate and stabilization of ThDP-bound intermediates along the reaction 

coordinate. The crystal structure of PDHc E1 component in complex with phosphono-

LThDP indicates Tyr-599 stabilizes phosphono-LThDP via hydrogen bonding with one 

of the phosphonyl oxygen atoms.
(28)

 On the basis of this observation, it was reasoned that 

Tyr-599 plays a similar role to stabilize the carbonyl oxygen of LThDP and position this 

intermediate for decarboxylation.
(28)

 Sequence homology predicts Tyr-599 in PDHc E1 to 

be analogous to Tyr-392 in E. coli DXP synthase (Figure 2.11). Xiang et al. hypothesized 

on the basis of structure that Tyr-392 may interact with D-GAP
(27)

 but reported a Y392F 

variant to exhibit turnover efficiency similar to wild type DXP synthase. We 

hypothesized that in a manner similar to Tyr-599 of PDHc E1, Tyr-392 may move into 

position to stabilize LThDP either upon binding of pyruvate in a manner that does not 

promote decarboxylation, or upon binding of D-GAP to facilitate decarboxylation. To 

investigate the role of Tyr-392 in DXP synthase substrate binding and catalysis, Y392F 

DXP synthase was constructed at JHU. The variant Y392F DXP synthase exhibits a 

change in affinity for D-GAP (Km
D-GAP

 = 210  20 µM) which is supported by steady-

state kinetic analysis using CD (Km
D-GAP

 = 280 ± 30 µM, Figure 2.15a). Contrary to our 
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expectations, nearly a 1.5-fold increase in Km
pyruvate

 is observed for Y392F suggesting the 

hydroxyl group of Tyr-392 may contribute to, but is not essential for, binding of pyruvate 

or ThDP-bound intermediates along the reaction coordinate.  

Interestingly, consistent with fluorescence binding experiments carried out on 

Y392F DXP synthase at JHU, CD analysis at 5 °C confirms the formation of 1’,4’- 

iminopyrimidinyl LThDP, characterized by the appearance of a CD signal at 313 nm 

(Figure 2.15b), upon titration of Y392F DXP synthase with pyruvate. An apparent 

Kd
pyruvate

 on Y392F of 113 µM is comparable to that measured on wild type DXP 

synthase 90 µM using CD spectroscopy.
(17)

   

 

2.3.12 Y392F stabilizes LThDP in the absence of D-GAP but does not affect D-GAP 

promoted decarboxylation. To determine the rate of formation and subsequent 

decarboxylation of LThDP (313 nm) on Y392F in the absence of D-GAP, stopped-flow 

CD experiments were performed under pre-steady state conditions at 6 
o
C, using Y392F 

DXP synthase in excess of pyruvate as described above. While the rate constant for 

formation of LThDP on Y392F is comparable to wild type (k1 = 1.06 ± 0.03 s
-1

, Figure 

2.15c), LThDP appears to undergo decarboxylation in the absence of D-GAP at a lower 

rate (k2 = 0.01 ± 0.003 s
-1

), indicating that this substitution stabilizes LThDP on DXP 

synthase (Figure 2.15c). Further evidence for LThDP stability on Y392F was obtained by 

NMR analysis
(15)

 of a mixture of Y392F DXP synthase and pyruvate which was 

incubated on ice for 50 s and then quenched with TCA. The proton NMR spectrum shows 

the presence solely of LThDP with a C6’-proton chemical shift of 7.26 ppm,
(17)

 

confirming its stability on Y392F.  
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The rate constant for D-GAP-dependent decarboxylation of LThDP on Y392F was 

measured using stopped-flow CD spectroscopy. In this experiment, LThDP was pre-

formed in one syringe by mixing Y392F and pyruvate at 6 
o
C and was then rapidly mixed 

with D-GAP placed in the second syringe. The rate constant for decarboxylation of 

LThDP on Y392F (k2 = 39.5 ± 1.4 s
-1

, Figure 2.15d) was measured by monitoring 

depletion of the CD band at 313 nm. A similar experiment carried out using 500 µM D-

GAP in the second syringe afforded the same rate of LThDP decarboxylation, confirming 

saturation with D-GAP. 

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15 a) Determination of Km, D-GAP by monitoring DXP formation by variant 

Y392F at 290 nm by CD; b) Formation of 1’,4’– iminopyrimidylLThDP (313 nm) from 

 

 

a) 

c) 

b) d) 

Km,D-GAP = 0.284 ± 0.033 mM 
nH = 1.2 ± 0.1 
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pyruvate by Y392F DXP synthase; c) Pre-steady state analysis of LThDP formation and 

decarboxylation on Y392F (superimposable of wt and Y392F), in the absence of D-GAP; 

d) Pre-steady state analysis of LThDP decarboxylation and re-synthesis on Y392F in the 

presence of D-GAP (inset) fitting the expansion of early behavior, see Section 2.3.14.  

 

2.3.13 DXP product formation by R420A, R478A and Y392F DXP synthase. Time-

resolved CD spectroscopy was used to determine the rates for the formation of DXP at 

290 nm
(17)

 from pyruvate and D-GAP on R420A, R478A and Y392F (Figure 2.16, Table 

2.2). In each case, the DXP synthase variant (1.04 µM active centers) in one syringe was 

mixed with pyruvate and D-GAP placed in the second syringe at 6 
o
C. Despite significant 

increases in Km
D-GAP

 for these variants, the rates of DXP formation are within two-fold of 

wild type DXP synthase in each case (Table 2.2) 
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Figure 2.16 Pre-steady state rate of DXP formation by the DXP synthase variants 

R478A, R420A and Y392F at 6 
o
C. 

 

R478A 

R420A 

Y392F 
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2.3.14 Behavior of CD313 in stopped-flow CD experiments of LThDP decarboxylation 

in the presence of GAP. Based on our CD analysis of D-GAP-promoted decarboxylation 

of LThDP, we reported that re-synthesis of LThDP in the presence of excess pyruvate 

could account for the subsequent increase in the signal at 313 nm upon LThDP 

decarboxylation and depletion of D-GAP. Similarly, apparent LThDP re-synthesis 

following a rapid LThDP decarboxylation phase is observed here with all three variants. 

Despite having D-GAP in excess for R478A and R420A, the signal at 313 nm is shown to 

increase, albeit at a lower rate than LThDP formation in the absence of D-GAP (Table 

2.2). Further, LThDP is observed by proton NMR after 30 s for R variants and 5 s for 

Y392F in the presence of pyruvate and excess D-GAP, suggesting LThDP can 

accumulate even in the presence of D-GAP which is known to promote decarboxylation 

at a higher rate than LThDP formation. In addition, closer inspection of the behavior of 

the signal at 313 nm on wild type DXP synthase and all three variants reveals two distinct 

“pauses”, time periods during which the signal at 313 nm does not change. The first 

pause (20-30 ms) occurs immediately upon addition of D-GAP, prior to the rapid 

decrease in signal at 313 nm, and a second, longer pause occurs for a period of ~200 ms 

immediately following LThDP depletion and prior to apparent LThDP re-synthesis 

(Figures 2.12d, 2.14d, 2.15d). The cause of this peculiar behavior in unknown and raises 

questions about the conformational dynamics and reactivity of active sites on DXP 

synthase as reported on ThDP enzymes BFDC and YPDC. 
(35, 36)
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2.4 CONCLUSIONS 

The CD assignments of the 1’,4’-iminopyrimidine form of  ThDP-bound pre-

decarboxylation intermediates formed upon binding of pyruvate and analogues are 

summarized in Table 2.1. A combination of steady state and time-resolved CD 

spectroscopy was used to study the individual rate constants with wt and R478A, R420A 

and Y392F variants in the DXP synthase-catalyzed reaction (Table 2.2). On the basis of 

this information, LThDP formation appears to be the rate limiting step and LThDP has 

remarkable stability on DXP synthase, particularly on the Y392F and R420A variants. 

Apparently, the acceptor substrate D-GAP accelerates decarboxylation of LThDP 

significantly, while in the absence of D-GAP, decarboxylation is very slow on wt DXP 

synthase and variants, making DXP synthase unique among ThDP enzymes. These 

studies suggest a new approach for inhibitor design to develop new anti-infective agents 

targeting early stage isoprenoid biosynthesis.  
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Table 2.1 Assignment of the 1’,4’-iminopyrimidine tautomeric form of ThDP- bound 

pre-decarboxylation intermediates from substrate and analogues on DXP synthase using 

CD spectroscopy. 

 

DXP synthase wt 

& variants 

Substrate & 

analogues 

IP positive CD 

band (nm) 
Kd  (M) 

 

wt MAP 300  3.35 + 0.6 

wt AcPhi 310  16 ± 1.1 

wt BAP 300  4.6 + 1.3 

wt MAP + GAP 299  1.82 + 0.5 

E370A  MAP 300  6.2 + 0.18
a)

  

Y392F ACPi 310 90.5 ± 25 

wt pyruvate 313  89.4 ± 0.01 

Y392F pyruvate 313 113 ± 1 

R478A pyruvate 315 80 ± 28 

R420A pyruvate 318 37 ± 8 

E370A  Pyruvate 299  not saturated 

      
a)

Kd is in mM. 
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Table 2.2 Microscopic rate constants for LThDP formation and decarboxylation and 

DXP formation on R478A, R420A and Y392F at 6
o
C.  

Enzymes k1 (s
-1

) k2 (s
-1

) k4 (s
-1

) 

- D-GAP + D-GAP - D-GAP + D-GAP 

   Wild-   

   type
a
 

1.39 + 0.05 

(0.16 + 0.02)
b 

0.68 + 0.01 0.07 + 0.006 42.0 + 1.0 1.24 + 0.03 

 
(0.29 + 0.01)

b
 

R478A 0.85 + 0.03 

(0.29 + 0.02)
b
 

0.84 + 0.004 0.04 + 0.004 36.5 + 1.1 0.78 + 0.08 

  
(0.26 + 0.02)

b
 

R420A 1.24 + 0.01
 

(0.28 +0.01)
b
 

0.67 + 0.003 No 

decomposition 

38.8 + 0.9 0.71 + 0.02  

Y392F 1.06 + 0.03 

(0.28 + 0.01)
b
 

0.82 + 0.01 0.01 + 0.003 39.5 + 1.4 1.34 + 0.12 

(0.34 + 0.01)
b
 

a
Analysis reported in Patel et al.

(17)
 k1 is the forward rate constants for LThDP formation, 

k2 is the rate of decarboxylation of LThDP, k4 is the rate of DXP product formation. 
b
fitting to a biphasic equation producing two rate constants, the slower in parentheses. 

(two consecutive exponentials).  
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CHAPTER 3 

Detection of an enamine intermediate and C2-hydroxy-

carboxypropylidene-ThDP radical on E1 component of 2-oxoglutarate 

dehydrogenase complex from Escherichia coli 

 

3.1 INTRODUCTION 

The 2-oxo glutarate dehydrogenase multienzyme complex (OGDHc) is known for its role 

in the citric acid cycle. It catalyzes the formation of succinyl-Coenzyme A (succinyl-

CoA), the rate-limiting step in the citric acid cycle. 

2-oxoglutarate + CoA + NAD
+
 → succinyl CoA + CO2 + NADH             

The OGDHc is composed of multiple copies of three enzyme components: 

1. A thiamin diphosphate (ThDP) dependent 2-oxoglutarate dehydrogenase (E1o, 105 

kDa, EC 1.2.4.2). 2. A dihydrolipoylsuccinyl transferase (E2o, 45 kDa, EC 2.3.1.6)  

3. A dihydrolipoyl dehydrogenase (E3, 55 kDa, EC 1.8.1.4).  

The three components act sequentially in the catalytic cycle of OGDHc (Scheme 3.1A) 

The first two components carry out the formation of succinyl CoA while the third one 

reoxidizes dihydrolipoylE2o to lipoylE2o. The mechanism is similar to other 2-oxo acid 

dehydrogenase complexes, such as pyruvate dehydrogenases (PDHc) and branched-chain 

dehydrogenases (BCDHc). The E1o catalyzes the decarboxylation of the substrate 2-

oxoglutarate (2-OG) using ThDP as a cofactor, then reductively succinylates a lipoyl 

group bound to a lysine residue in E2o. The E2o is known as a succinyl transferase 

responsible for transferring the succinyl group from the succinyldihydrolipoyl group of 
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E2o to CoA, and the dihydrolipoyl group so generated on E2o is finally reoxidized to the 

dithiolane ring by the flavoprotein E3, with NAD
+
 as the ultimate electron acceptor. Our 

group reported that E. coli E1o has a broad substrate specificity making it an excellent 

candidate for protein engineering. 
(37, 38)

 Taking this into consideration, we focused on the 

reaction mechanism catalyzed by E. coli E1o. 

Scheme 3.1 A. Mechanism of pyruvate and 2-oxoglutarate dehydrogenase complexes. 

 

B. Formation of one electron oxidation product ThDP radical. 
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Circular dichroism of E1o with its substrates 2-OG and 2-oxoadipate (2-OA) 

revealed two positive CD bands, ~300 nm and 350 nm. The 300 nm signal was found to 

be the post-decarboxylation product based on TH method
(15)

 where multiple reaction 

samples were prepared by mixing E1o with substrate 2-OG and acid quenched within 

millisec to min time points. The gradient carbon HSQC NMR confirmed the HEThDP-

like intermediate with C6’-H chemical shift at 7.37 ppm. While in the presence of the 

alternate enamine acceptor DCPIP, we observed HEThDP as well as succinylThDP at 

7.45 ppm.
(15, 39)

Evidence from stopped-flow CD and continuous wave electron 

paramagnetic resonance (cw-EPR) spectroscopy with 2-OG and 2-OA suggests that the 

CD signal at 350 nm could be the enamine and/or one electron oxidation product 

hydroxy-carboxypropylidene-ThDP radical (Scheme 3.1B) as seen with E1o-ec and some 

other ThDP enzymes.
(40-43)

  The significant stability of an enamine and/or radical allowed 

us to characterize the intermediate by EPR spectroscopy and to determine the pre-steady 

state rates of its formation and depletion with both the substrates 2-OG and 2-OA. Also, 

with 2-OG, we may be able to observe the effect of various enamine acceptors on the CD 

signal at 350 nm. A combination of CD, stopped-flow CD, NMR and EPR spectroscopic 

tools were used to provide spectroscopic assignments of the ThDP-bound intermediates 

on E1o-ec and formation of hydroxy-carboxypropylidene-ThDP radical with its real 

substrate 2-OG as well as with the longer analogue 2-OA. This study helps to understand 

the mechanism of this enzyme catalyzing the rate-limiting step in the citric acid cycle.  
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3.2 MATERIALS and METHODS 

3.2.1 Materials 

Thiamin diphosphate (ThDP), dithiothreitol, and isopropyl-β-D-thiogalactopyranoside 

(IPTG) were from U.S. Biochemical Corp. 2-oxo glutaric acid, 2-oxo adipic acid, 

glyoxylic acid, NAD
+
, coenzyme A (CoA), and 2,6-dichlorophenolindophenol (DCPIP) 

were from Sigma-Aldrich.  

Purification of E1o-ec and E2o-ec
1-176

 didomain is described under Appendix Chapter 3. 

 

Methods 

3.2.2 Activity Measurements 

DCPIP activity measurement 

The E1-specific activity of wild type E1o was measured by monitoring the reduction of 

DCPIP at 600 nm using a Varian DMS 300 spectrophotometer. The assay medium (1 ml) 

contained in 20 mM KH2PO4 (pH 7.0), 2 mM MgCl2, 0.2 mM ThDP, 0.1 mM DCPIP and 

2 mM 2-OG at 30 °C. The reaction was initiated by adding the enzyme (10 µg). One unit 

of activity is defined as the amount of DCPIP reduced (μmol/min/mg of E1o). For Km 

measurement, similar conditions were used in the presence of substrates [2-OG (0.001-4 

mM) or 2-OA (0.005-3.5 mM)]. The observed slope was plotted against [substrate] and 

Km values were calculated by using Eq 9 in Chapter 2 (Table 3.1A). 

v = (Vm* x^n) / (x^n + (S0.5^n *(1+x/Ki)))                                           (9) 

Where Vm is the maximum slope observed, x is the ligand concentration, n is the Hill 

coefficient (S0.5 = Km if n =1) and Ki is the inhibition constant.   
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Overall activity measurement  

The overall activity of E1o was determined from the substrate-dependent reduction of 

NAD
+
 at 340 nm after reconstitution of E1o:E2o: E3 at a mass ratio of 1:1:1 (mg/mg/mg) 

for 20 min at 25 
o
C in 20 mM KH2PO4 (pH 7.2) containing 150 mM NaCl. The assay 

medium (1 ml) contained 0.1 M Tris-HCl (pH 8.0), 0.2 mM ThDP, 1 mM MgCl2, 2.6 

mM dithiothreitol, 2.5 mM NAD+ and substrates [2-OG (0.01-2 mM) or 2-OA (0.08-3 

mM)]. The reaction was initiated by addition of CoA (0.13 mM) and E1o (5 µg) at 30 
o
C. 

The initial steady state velocities were determined from the progress curves recorded at 

340 nm. One unit of activity is defined as the amount of NADH produced (µmol/min/mg 

of E1o). The slope was plotted against [substrate] and Km was calculated by using Hill Eq 

1 in Chapter 2 (Table 3.1B). 

Table 3.1 A. DCPIP activity measurement of E1o with substrates at 30
o
C. 

substrates DCPIP  

(µmol min
-1

mg
-1

) 

kcat (s
-1

) Km (mM) kcat/Km (s
-1

 mM
-1

) 

2-oxoglutarate    0.64   2.24  0.0010 + 0.0001    2240 

2-oxoadipate    0.58   2.03  0.0075 + 0.001    270.7 

 

B. Overall NADH activity measurement of E1o with substrates at 30
o
C. 

substrates Activity  

(µmol min
-1

mg
-1

) 

kcat (s
-1

) Km (mM) kcat/Km (s
-1

 mM
-1

) 

2-oxoglutarate     10.9 

    (0.1)
a
 

  38.17 

   (0.35) 

0.066 + 0.007 

(0.139 + 0.05) 

    578.3 

     (2.52) 

2-oxoadipate      0.2     0.7 0.132 + 0.028      5.30 

 
a
 HLADH activity with 2-OG 
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Formation of succinic semialdehyde by E1o with 2-OG. The activity was measured 

using a horse liver alcohol dehydrogenase (HLADH) coupled assay by monitoring the 

depletion of NADH at 340 nm on a Varian DMS 300 spectrophotometer. The assay 

medium (1 ml) contained in 20 mM KH2PO4 (pH 7.0), 0.2 mM ThDP, 2 mM MgCl2, 

HLADH (0.25 unit/ml), NADH (0.35 mM) and 2-OG (0.1-6 mM) at 30 °C. The reaction 

was initiated by adding the enzyme (10 µg). One unit of activity is defined as the amount 

of NADH depleted (µmol/min/mg of E1o). Km was determined using Eq 1 in Chapter 2.  

 

3.2.3 Circular dichroism experiments with substrates 

CD spectra were recorded on an Applied Photophysics Chirascan CD Spectrometer 

(Leatherhead, U.K.) in 2.4 ml volume with 1 cm path length cell.  

The titrations were carried out in 20 mM KH2PO4 (pH 7.0) containing 150 mM NaCl, 0.2 

mM ThDP and 1 mM MgCl2 at 20 
o
C. CD spectra were recorded in the near–UV (290-

450 nm) wavelength region. The concentration used for E1o was 20 µM (active sites 

concentration) and substrates 2-OG (0.05-5 mM) or 2-OA (0.2-5 mM). 

 

3.2.4 Stopped-flow CD 

Kinetic traces were recorded on a Pi*-180 stopped-flow CD spectrometer (Applied 

Photophysics, U.K.) using 10 mm path length. The intermediates seen on CD at ~298 and 

~352 nm were detected at 297 nm and 365 nm respectively, as dictated by the high 

sensitivity of the lamp at those wavelengths. Data from six to seven repetitive shots were 

averaged and fit to the appropriate Eq 5-7 (see Chapter 2). All stopped-flow CD 
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experiments were performed in 20 mM KH2PO4 (pH 7.0) containing 0.5 mM ThDP and 2 

mM MgCl2 at 20 
o
C.  

Pre-steady state rate determination of ThDP-bound intermediates on E1o. E1o (38 µM 

active centers) was placed in one syringe and substrates 2-OG (4 mM) or 2-OA (2 mM) 

in the second syringe. The reactions were monitored for 50 s at 297 nm and 365 nm. 

Pre-steady state behavior of CD at 365 nm on 2-OG concentration. E1o (38 µM active 

centers) from one syringe was mixed with 2-OG (120, 200, 240, 600 µM) placed in the 

second syringe and the reaction was monitored for 50 s at 20 
o
C. Similar experiments 

were carried out in the presence of alternative enamine acceptors lipoyl domain (LDo, 

310 µM) and E2o-
1-176

didomain (DDo, 60 µM) from E2o-ec, DCPIP (50 µM) and 

glyoxylate (GA, 2 mM) combined with 2-OG in the second syringe. 

 

3.2.5 Rapid chemical quench and NMR experiments 

The rapid reaction mixing was performed using a Kintek RQF-3 model (Kintek Corp) 

and NMR spectra were acquired on a Varian INOVA 600 MHz instrument. The water 

signal was suppressed by pre-saturation. 

Reconstitution of apo enzyme with [C2, C6’-
13

C2] ThDP. A solution of purified apo E1o 

(0.12 mM) was incubated in ice with 1 equivalent of [C2, C6’-
13

C2] ThDP (0.12 mM) and 

5 mM MgCl2 for 30 min.  

Sample preparation. The individual reactions were done at different time points in 20 

mM KH2PO4 (pH 7.4). Syringe A contained in [C2, C6’-
13

C2]ThDP labeled E1o (120 µM 

active centers), syringe B contained in substrate 2-OG (20 mM) or 2-OG (20 mM) and 

DCPIP (8 mM) or succinic semi aldehyde (20 mM) and syringe C contained in acid 
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quench solution of 12.5% TCA in 1M DCl/D2O. The reaction with substrate 2-OG was 

performed at time period of 10 to 2000 ms and the same reaction in the presence of 

DCPIP for 10 to 200 ms. For longer time scales the reactions with 2-OG (30 s, 3 min), in 

the presence of DCPIP (20 s) and with succinic semi aldehyde (30 s) were mixed 

manually by following the same protocol. First, 200 µl of labeled E1o was mixed with 

200 µl of substrates and quenched with 200 µl of acid solution. The quenched reaction 

was centrifuged at 15700g for 20 min and the supernatant was separated and filtered 

through Gelman 0.45 µM discs. The filtrate was analyzed by gCHSQC NMR 

spectroscopy at 25 
o
C. 

 

3.2.6 Sample preparation for EPR spectroscopy 

The reaction mixture (200 µl) containing 50 mM Tris-HCl (pH 7.4), 2 mM ThDP, 2 mM 

MgCl2, 150 µM E1o-ec, 10% glycerol was mixed with 10 mM substrates 2-OG or 2-OA 

at room temperature in an Eppendorf tube and transferred into an EPR tube. After ~30 s, 

the samples with 2-OG or 2-OA were frozen in liquid nitrogen and the sample was 

inserted into the ESR probe.  

 

3.3 RESULTS and DISCUSSION 

3.3.1 ThDP on E1o. It was reported from CD studies at Rutgers that ThDP enzymes can 

exist in the AP or the IP tautomeric forms. 
(25)

 Increasing the concentration of E1o, led to 

the appearance of a positive CD band at 304 nm and a negative one at 328 nm, attributed 

to the IP and AP tautomeric forms of ThDP, respectively (Figure 3.1). 
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Figure 3.1 Observation of IP and AP form of ThDP on E1o without substrate. E1o (23.80 

µm, 28.57µm, 33.33µm active centers) in 20 mM KH2PO4 (pH 7.0) containing 0.2 mM 

ThDP and 2 mM MgCl2 and CD spectra were recorded in range of 290-450 nm. 

 

3.3.2 Formation of post decarboxylation intermediate on E1o with substrates 2-OG and 

2-OA. 

The enzyme E1o-ec with its natural substrate 2-OG and also with 2-OA formed two 

positive CD signal ~300 nm and ~350 nm (Figure 3.2) upon titration. Based on 

information available for CD assignments, the positive band at 300 nm could pertain to 

either pre- or post-decarboxylation intermediates. To solve this ambiguity gradient 

carbon HSQC NMR experiment was performed by using [C2, C6’-
13

C2]ThDP labeled 

E1o, prepared by incubation of apo E1o with [C2, C6’-
13

C2]ThDP which was then mixed 

with substrate 2-OG and quenched in acid at different time points to precipitate the 

enzyme and the supernatant was used for NMR measurement. 
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The NMR spectrum revealed chemical shift of C6’H at 7.36 ppm (Figure 3.3A, 

left) corresponding to a HEThDP-like compound (hydroxy-carboxypropylidene-ThDP) 

according to the TH method. This in the presence of the alternate enamine acceptor 

DCPIP undergoes oxidation to AcThDP which has chemical shift of 7.37 next to the 

HEThDP at 7.33 ppm (chemical shift reported with pyruvate). 
(15, 39)

Indeed the NMR 

spectrum in the presence of DCPIP resulted in two NMR peaks 7.37 ppm and 7.47 ppm 

(Figure 3.3A, right). Since the chemical shift difference for HEThDP and AcThDP is 

very little, 7.37 ppm was assigned to hydroxy-carboxypropylidene-ThDP (HEThDP-like) 

and 7.47 the succinylThDP (AcThDP-like). At later times, there is a depletion of both 

resonances corresponding to hydroxy-carboxypropylidene-ThDP (HEThDP-like) and 

succinylThDP (Figure 3.3B). Depletion of the 7.47 ppm resonance could be due to 

hydrolysis of succinylThDP as reported for hydrolysis of acetylThDP. 
(39)

  

 

The chemical shift of C6’-H for hydroxy-carboxypropylidene-ThDP was further 

confirmed by an acid quench NMR experiment of E1o-ec with succinic semialdehyde 

(7.37 ppm, Figure 3.3C). The presence of hydroxy-carboxypropylidene-ThDP in the 

NMR spectrum even after a 3 min incubation of E1o with 2-OG suggests the stability of 

post-decarboxylation intermediate correlates well with our CD results (stability of 300 

nm CD band), the band which is even stronger with the 2-OA substrate. 
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Figure 3.2 (Top) Formation of post-decarboxylation intermediate on E1o-ec with 2-OG 

(left) and 2-OA (right) ~298 nm and an enamine and/or hydroxy-carboxypropylidene-

ThDP radical ~ 351 nm (left). (Bottom) CD changes at 298 and 351 nm were plotted 

against concentration of substrate. 
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Figure 3.3 A. NMR spectrum of acid quench reaction after 50 msec incubation of [C2, 

C6’-
13

C2] ThDP labeled E1o with 2-OG in the absence (left) and presence (right) of 

DCPIP. The C6’H chemical shift of 8.01, 7.36 and 7.46 corresponds to ThDP, hydroxy-

carboxypropylidene-ThDP and succinylThDP, respectively.  

A. 

  

 B. Time-dependent behavior of hydroxy-carboxypropylidene-ThDP (HEThDP-like) at 

7.36 and succinylThDP at 7.46 ppm in A.  

 

  

E1o + 2-OG 

 

 
50 msec 

 

 

50 msec 

 

 

E1o + 2-OG+ DCPIP 
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C. Formation of hydroxy-carboxypropylidene-ThDP by reacting E1o with succinic 

semialdehyde.  

 

 

3.3.3 Pre-steady state rates of formation of ThDP-bound intermediates on E1o with 

substrates 2-OG and 2-OA. 

To determine the pre-steady state rates of formation of the CD species seen at 300 nm 

and 350 nm, E1o (38 µM active centers) placed in one syringe was mixed with substrates 

2-OG (4 mM) or 2-OA (2 mM) placed in the second syringe and the reaction was 

monitored for 50 s at 297 nm and at 365 nm (two different experiments). The observed 

rates of the formation of post-decarboxylation intermediate at 297 nm are: 0.78 ± 0.02 s
-1

 

(with 2-OG) and 0.55 ± 0.02 s
-1

 (with 2-OA) (Figure 3.4 A), while at 365 nm the rates 

are: k1 = 2.8 ± 0.1 s
-1

, k1’ = 0.3 ± 0.01 s
-1

, k2 = 0.011 ± 0.008 s
-1

 (with 2-OG) and with 2-

OA, k1 = 1.5 ± 0.1 s
-1

, k2 = 0.02 ± 0.004 s
-1

 (Figure 3.4 B). The rates of formation of post- 

decarboxylation intermediate with 2-OG and 2-OA are comparable.  
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Figure 3.4 Pre-steady state rate determination of A. post-decarboxylation intermediate, 

data were fitted to Eq 5 in Chapter 2; B. an enamine and/or radical, on E1o with 

substrates 2-OG and 2-OA, data were fitted using Eq 7 & 8 (Chapter 2), respectively. 

 

The stopped-flow CD results suggests that the formation of the 350 nm species is faster 

than that of the post-decarboxylation intermediate at 300 nm; this suggest that the species 

at 350 nm precedes formation of the post-decarboxylation intermediate, consistent with 

the assignment of the newly-observed band at 350 nm (never observed before with either 

E1o or any other ThDP enzyme) to the enamine.    
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3.3.4 What is the origin of the positive CD signal ~350 nm? 

As mentioned above that E1o component upon addition of substrates 2-OG and 2-OA 

generates a new CD band at 350 nm which we have not seen before.   

There are three possible assignments for this transient species:  

1. The enamine product of decarboxylation  

2. The one-electron oxidation product of the enamine, hydroxy-carboxypropylidene-

ThDP radical or 

3. The two-electron oxidation product 2-succinylThDP.  

Very recently, we have ruled out the 3
rd

 possibility of 2-succinylThDP as a 

product since it could be generated from the reaction of fluoropyruvate with E1p, which 

gives rise to a new CD band at 40-45 nm longer wavelength i.e., around 390-395 nm 

(performed by Dr. Natalia Nemeria).  Also, the Cambridge group has observed hydroxy-

carboxypropylidene-ThDP radical on the E. coli E1o with 2-OG and elucidated the 

radical formation mechanism.
(40)

 On the other hand, the evidence from the NMR 

experiment with 2-OG suggests that enamine is being formed, which after protonation 

forms hydroxy-carboxypropylidene-ThDP at 7.36 ppm.  

We tried to obtain additional evidence to be able to discern between the enamine 

and the radical, by trying different potential acceptors for the enamine at 365 nm.  As 

control, we carried out stopped-flow CD experiments mixing E1o with increasing 

concentrations of 2-OG, and could observe relatively good stability of the 365 nm signal 

with high concentration of substrate (Figure 3.5). At low concentration of substrate we 

could see formation and depletion of the signal, which was thought to be an ideal 

condition for comparing the CD behavior at 365 nm in the presence of possible enamine 
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acceptors/interceptor.  This behavior was also observed in steady state CD experiments 

where the 350 nm band was depleted after a certain amount of time (Figure 3.2, Right). 

 

Figure 3.5 Stopped-flow CD behavior at 365 nm with different concentrations of 2-OG 

mixed with E1o-ec a. 60 µM, b. 100 µM, c. 120 µM, d. 300 µM after mixing (in the 

syringe was placed double the concentration of the amount mentioned here). 

 

Indeed, stopped-flow CD experiments were carried out with enamine acceptors 

E2o-lipoyldomain and E2o
1-176

didomain, DCPIP and glyoxylate (Figure 3.6). According 

to the stopped-flow results, DCPIP and glyoxylate act similarly as acceptors, while the 

E2o
1-176 

didomain appears to be the best acceptor compared to others. The presence of 

these three acceptors (DCPIP, glyoxylate, E2o
1-176

didomain) shortened the lifetime of the 

365 nm CD band supporting the possibility of an enamine (Figure 3.6 b-d). In contrast 
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and surprisingly, the lipoyl domain in fact stabilizes the CD signal at 365 nm which is 

consistent with the radical, 2
nd

 possibility. It is also possible that the CD signal seen at 

350 nm represents an overlap of two species, an enamine and hydroxy-

carboxypropylidene-ThDP radical. To obtain evidence for radical formation, we 

performed EPR spectroscopy with the help of Prof. Gary Gerfen at Albert Einstein  

College of Medicine where E1o-ec was incubated with 2-OG or 2-OA for ~30 s and 

reactions were stopped by freezing in liquid nitrogen.  

 

 

Figure 3.6 Effect of different enamine acceptors on the CD at 365 nm. Typically, E1o 

(38 µM active sites concentration) from one syringe was mixed with the acceptors 
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(concentration mentioned in figure) premixed with 2-OG in the second syringe a. E2o-ec 

lipoyl domain (LDo), b. DCPIP, c. E20-ec
1-176

 didomain (DDo), d. glyoxylate. 

  

 The sample prepared with excess substrates (10 mM) revealed a cw-EPR spectrum 

attesting to radical formation with both the substrates 2-OG and 2-OA (Figure 3.7). Not 

only could we reproduce the radical on E1o-ec with 2-OG
(40)

 but also produced the same 

radical with the longer substrate 2-OA. This result further supports our second possibility 

of radical formation from an enamine, but does not rule out the idea that the positive CD 

band at 350 nm pertains to the enamine.  
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 Figure 3.7 Radical detection on E1o-ec with 2-OG and 2-OA by EPR spectroscopy.  

  

2-OG 

2-OA 
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3.3.5 Identification of hydroxy-carboxypropylideneThDP radical with 2-OG and 2-OA 

The experimental and simulated X-band EPR spectrum with 2-OG and 2-OA showed an 

identical pattern to that reported by the Cambridge group,
(40)

 but not exactly identical to 

that reported for pyruvate: ferredoxin oxidoreductase (PFOR). Also, in PFOR a single 

electron from ThDP-bound intermediate is transferred to an Fe-S cluster which does not 

exist in E1o as confirmed by the X-ray structure,
(44)

 suggesting that in the case of E1o the 

single electron from the enamine is transferred to molecular oxygen. 

 

Table 3.2 Pre-steady state CD rate determination on E1o with 2-OG in the presence of 

enamine acceptors.  

19 µM E1o, 100 µM 2-OG 

together with acceptors 

Formation (k, s
-1

) Depletion (k, s
-1

) 

only 2-OG (no acceptor) Very little 0.049 ± 0.001 

155 µM lipoyl domain
a
 0.9 ± 0.05;  

0.06 + 0.002 

No depletion 

60 µM E2o
1-176

didomain 1.38 ± 0.2 0.15 ± 0.01 

50 µM DCPIP 0.27 ± 0.03  0.21 ± 0.02 

1 mM glyoxylate  0.3 ± 0.1 0.26 ± 0.1  

 
a
120 µM 2-OG was used 
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3.4 CONCLUSIONS 

Evidence from stopped-flow CD and NMR experiments suggests the formation of 

the enamine intermediate on E1o-ec with its true substrate 2-OG, and the longer 2-OA 

substrate with a positive CD band at 350 nm. EPR spectroscopy provides strong evidence 

for the formation of an enamine derived radical, as observed by others, which allowed us 

to assign the CD at 350 nm to either the enamine and/or hydroxy-carboxypropylidene-

ThDP radical. The pre-steady state rates in the presence of various acceptors are 

summarized in Table 3.2 and lead to the following conclusions from the stopped-flow CD 

results: 1. The lifetime of the enamine and/or radical at 350 nm is shorter with 2-OA than 

with 2-OG (Figure 3.4B) 2. Formation of the enamine and/or ThDP radical is faster than 

the formation of post-decarboxylation intermediate (Figure 3.4) 3. The 350 nm CD signal 

is stable if high concentrations of substrates are used (Figure 3.5) 4. The known enamine 

acceptors DCPIP, glyoxylate and more surprisingly the E2o-ec
1-176

 didomain, reduced the 

lifetime of 350 nm, unlike the lipoyl domain from E2o-ec (Figure 3.6). This study 

provides experimental observation of a ThDP-bound intermediate, almost certainly of the 

enamine, followed by thiamin-derived radical on E1o-ec with its true substrate 2-OG and 

also with the longer substrate 2-OA, further confirming the substrate specificity of this 

enzyme, making it valuable for protein engineering.  
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CHAPTER 4 

Investigation of the donor and acceptor range for chiral carboligation 

catalyzed by the E1 component of the 2-oxoglutarate dehydrogenase 

complex 

 

4.1 INTRODUCTION 

A number of important ThDP enzymes including transketolases, glyoxylate carboligase, 

1-deoxy- D-xylulose-5-phosphate synthase, benzaldehyde lyase (benzoin condensation) 

catalyze the carboligation (C-C bond formation); it is a side reaction for nearly all ThDP-

dependent 2-oxoacid decarboxylases.
(1, 31, 45-47) 

This property of ThDP-dependent 

enzymes has been exploited for purposes of chiral synthesis for a number of years.
(45, 48)

 

We have explored for such purposes the E1 component (E1o) of the Escherichia coli 2-

oxoglutarate dehydrogenase multienzyme complex (OGDHc): the 2-oxoglutarate 

undergoes E1o-catalyzed decarboxylation to the nucleophilic enamine, which then adds 

to an aldehyde acceptor, analogously to the pathway of a number of ThDP enzymes. Our 

synthetic program was initiated by making substitutions of the enzyme at the putative 

binding site of the γ-carboxyl group of the substrate so that the enzyme would accept 

substrate analogues lacking the charged γ-carboxyl group.
(37) 

The Rutgers group has 

previously constructed several active site variants in yeast pyruvate decarboxylase 

(YPDC) from Saccharomyces cerevisiae and in the E1 component of the Escherichia coli 

pyruvate dehydrogenase complex (E1p) which were capable of catalyzing such 

reactions.
(49) 

The E477Q YPDC variant was an effective acetoin synthase, while the 

D28A or D28N YPDC variants catalyze acetolactate formation.
(50) 

The E636Q and 
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E636A E1p active site variants also became acetolactate synthases.
(51) 

Note, YPDC and 

E1p produced the opposite enantiomers of acetoin in excess.       

    The E1o component of OGDHc also catalyzes carboligation reactions. The 

central ThDP-bound enamine intermediate reacts with the electrophilic acceptor 

substrate, typically an aldehyde, which results in the formation of acetoin-like or 

acetolactate-like ligated products (Scheme 4.1).  

Scheme 4.1 E1o catalyzed reaction mechanism of carboligase product formation.  

 

 

In our initial report on this topic, we observed that E1o has a broad substrate range, 

making it an excellent candidate for protein engineering. This allowed us to investigate 

extensions of the carboligation studies with E1o, where both the 2-oxoacid and the 

acceptor aldehyde could be varied over a wide range of reactivity, greatly adding to the 

versatility of E1o for carboligase reactions (Figure 4.1).  The products and enantiomeric 

excess (ee) were confirmed by circular dichroism (CD), 
1
H nuclear magnetic resonance 

(NMR) and chiral gas chromatography (GC). This work adds to the power of E1o as a 

chiral synthetic tool by demonstrating that (a) this enzyme can also accept 2-oxovalerate 
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(2-OV) and 2-oxoisovalerate (2-OiV) as substrates, in addition to its natural substrate 2-

OG, and (b) that ethyl glyoxylate and surprisingly methylglyoxal can also serve as 

aldehyde acceptors, in addition to glyoxylate and other straight chain aldehydes.  

 

Figure 4.1 Substrates and acceptors for carboligase reaction by E1o.  

 

4.2 MATERIALS and METHODS 

4.2.1 Materials 

2-Oxoglutarate, 2-oxovalerate, 2-oxoisovalerate, glyoxylate, ethyl glyoxylate, and 

methylglyoxal were from Sigma-Aldrich. E. coli strain JW0715 containing the plasmid 

pCA24N encoding the OGDHc-E1 (E1o) component [ASKA clone (-)] was obtained 

from National Bio Resource Project (NIG, Japan). Amicon® Ultra-4 Centrifugal Filter 

Units are purchased from EMD Millipore.  

Protein purification and activity measurements of E. coli E1o are described in Appendix 

Chapter 3. 
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4.2.2 CD spectroscopy to monitor the carboligase product formation 

CD spectra were recorded on Applied Photophysics Chirascan CD Spectrometer 

(Leatherhead, U.K.) in 2.4 ml volume with 1 cm path length cell. 

Carboligase reaction. E1o (2 mg/ml, 19 M active centers) in 20 mM KH2PO4 (pH 7.0) 

containing 0.2 mM ThDP and 2 mM MgCl2 was incubated overnight with 2-OG (2 mM) 

in the presence of the acceptors [glyoxylate (1 mM), ethyl glyoxylate (1 mM), or methyl 

glyoxal (1 mM)] and CD spectra were recorded in the wavelength range of 260-400 nm 

at 30 
o
C. Similar reactions were performed using the other substrates 2-OV (5 mM) or 2-

OiV (5 mM) with the above acceptors (10 mM). This was necessitated by the Km for 2-

OV and 2-OiV being greater than for 2-OG. The protein was separated from the 

carboligase product using an Amicon® Ultra-4 Centrifugal Filter Unit. The filtrate was 

collected and the CD spectra were recorded between 260 and 400 nm.    

 

4.2.3 NMR spectroscopy to characterize the carboligase product   

The 
1
H NMR was recorded on a Varian 500 MHz INOVA spectrometer at 25 

o
C. The 

reactions were carried out at room temperature in 1 ml of 20 mM KH2PO4 (pH 7.0) 

buffer containing 0.5 mM ThDP and 2 mM MgCl2, reacting for overnight 2 mg/ml E1o 

(19 µM active centers), 10 mM donor substrates and 15 mM acceptors. After separation 

of protein from reaction mixture by using a centrifugal unit (Millipore), the pH of the 

supernatant was adjusted to ~3 and the product(s) was extracted into CDCl3 to record the 

1
H NMR spectrum.  
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4.2.4 Chiral GC analysis for ee measurement 

GC analysis was carried out on a Varian CP-3800 gas chromatograph equipped with a 

Chiraldex B-DM chiral column (Astec, Advanced Separation Technologies, Inc.) and a 

flame ionization detector at a flow rate of 1.5 ml/min. Acetoin was extracted from the 

reaction mixture (after adjustment of pH to ~4) with chloroform and injected onto the 

Chiraldex B-DM chiral column. The enantiomers were assigned according to their 

relative retention time.  It is known that the (S)-enantiomer interacts more favorably with 

the matrix than the (R)-enantiomer. Hence, the (S)-enantiomer has a longer retention 

time.
(49)

 By using the same method racemic benzoin and (R)-benzoin were used as 

standards.  

 

4.3 RESULTS and DISCUSSION 

As with all ThDP-dependent decarboxylations, E1o catalyzes the initial formation 

of a pre-decarboxylation covalent ThDP-bound intermediate by reaction at the C2 

thiazolium atom of the enzyme-bound ThDP with the substrate’s keto carbon. 

Decarboxylation of this intermediate leads to a strongly nucleophilic enamine, which, in 

the absence of the other components of the complex (the E2o-E3 sub-complex), may 

react with electrophilic compounds leading to the so-called carboligase products (Scheme 

4.1). The carboligase products with a chiral α-hydroxyketone are valuable building 

blocks for organic synthesis. Since the plasmid for the Escherichia coli E1o is available 

from Japan, the methods are ideal for design and synthesis of such chiral products even 

on an industrial scale.    
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4.3.1 The ThDP-dependent enzyme E1o can catalyze carboligase reactions not only 

with acid but also with ester as acceptor substrate.  

The first studies of the carboligase activity of the E1o using as substrate 2-OV and the 

acceptors acetaldehyde and glyoxylate using rat and beef heart particulate fractions were 

already published in 1970 by the Westerfeld group; however, no ee was reported for the 

products.
(52)

 Just recently, Müller et al. reported the use of E1o from the same source in 

carboligase reactions with 2-OG and several aliphatic and aromatic aldehyde acceptors 

with no additional functional groups. 
(53)

 

We have carried out carboligase reactions with E1o from Ecoli using three 

different 2-oxoacids with three aldehyde acceptors, with very different chemical 

properties [two of which had not been reported before to lead to carboligase products], 

which lead to products in good yield with up to 60-95% ee (Figures 4.1 & 4.2). While the 

natural substrate 2-OG has a negatively charged carboxylate group, the E1o was found to 

also catalyze the decarboxylation of 2-OV and 2-OiV with no second charge in the 2-

oxoacid, one with a straight chain, the other a branched one (Figure 4.1).   

 

Figure 4.2 E1o catalyzed formation of acetoin-like chiral product using different 

substrates and acceptors.  
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Remarkably, all three substrates 2-OG, 2-OV and 2-OiV could utilize glyoxylate 

as acceptor for carboligation, and could also utilize its ethyl ester and methylglyoxal as 

acceptors, producing compounds with good enantioselectivity. The novel products 

formed by the carboligase reaction include chiral 2-hydroxy-1,3-diketones and 2-

hydroxy-β-ketoesters. The 2-OV and 2-OiV when reacted with the acceptors glyoxylate 

and ethyl glyoxylate produce the (S)-enantiomer; whereas, 2-OG forms the (R)- 

enantiomer.  This may be the result of 2-OV and 2-OiV having hydrophobic tails, while 

that of 2-OG is hydrophilic.  There is no clear enantiomeric preference observed with the 

methylglyoxal acceptor reacting with the three 2-oxoacids.  

 

4.3.2 Characterization of chiral product and ee calculation by using CD spectroscopy 

and chiral GC.        

             The ee of the product was determined using chiral GC and circular dichroism 

(CD) spectroscopy and 
1
H NMR was used to confirm the product (Figure 4.3, 4.4 and 

4.5). After recording the CD spectrum of the product, protein was separated and the 

supernatant pH was adjusted to ~3, conditions under which the product could be 

extracted into chloroform. This enabled us to record the product’s NMR spectrum, and to 

perform chiral GC separations. Since all products have in common the CH-OH functional 

group, they all exhibit a 
1
H NMR resonance with a proton chemical shift near 5 ppm. CD 

spectroscopy enabled assessment of the enantiomer being formed: the (R)-enantiomer 

displays a negative CD band, and the (S)-enantiomer a positive one, very near 278 nm, 

reminiscent of the CD spectrum of acetoin enantiomers. All of the products here 

discussed with incorporation of the C(=O)CH-OH  functional group have a very useful 
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spectral property: all exhibit the same CD band, a band that is also very useful for kinetic 

measurements.
(17)

It was earlier shown at Rutgers that the chiral column used for GC 

analysis interacts more favorably with (S)-enantiomers, increasing their retention time. 

This observation was used to identify the enantiomers and to calculate their ee value 

(Figure 4.3, Table 4.1). Before carrying out ee measurements of the new compounds, 

racemic benzoin and (R)-benzoin were used as standards for the chiral GC column, 

further confirming the (R) or (S) enantioselectivity, while also providing an approximate 

retention time expected of the new products on the chiral column.  

 

Figure 4.3 Structure and nomenclature of the chiral products produced from the E1o 

catalyzed reaction by using variety of acceptors and substrates. 

 

This is the first example of the use of an ester and 2-oxoaldehyde as acceptors in a 

ThDP enzyme catalyzed carboligase reaction. This is important since some of the 

carboligase reactions produce β-ketoacids, which are prone to thermal decarboxylation.  
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Figures 4.4 (Left) CD spectra of compounds 1-9 where negative CD signal corresponds 

to (R) and positive one to (S)-enantiomers. (Right) Chiral GC analysis of compounds 1-9.      
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              Compound 9 

 

  

 

  

 

 

 

Figure 4.5 Characterization of compounds 1-9 by 
1
H NMR.  

Compound 1: δ 2.77 (s, 1H), 3.49 (q, 2H, J = 7 Hz), 3.74 (q, 2H, J = 7 Hz), 5.01 (s, 1H).  

Compound 2: δ 0.80 (t, 3H, J = 7 Hz), 1.51 (m, 2H, J = 7 Hz), 2.65 (t, 2H, J = 7 Hz), 5.0 

(s, 1H).  

Compound 3: δ 1.2 (dd, 6H, J = 7 Hz), 2.65, 3.50 (m, 0.5H, J = 7 Hz), 3.14 (s, 1H), 4.33 

(s, 1H).  

Compound 4: δ 1.40 (t, 3H, J = 7 Hz), 3.00 (s, 1H), 3.74 (q, 2H, J = 7 Hz), 4.14 (q, 2H, J 

= 7 Hz), 4.40 (q, 2H, J = 7 Hz) and 5.01 (s, 1H).   

Compound 5: δ 0.96 (t, 3H, J = 7.3 Hz), 1.24 (t, 3H, J = 7 Hz), 1.69 (m, 2H, J = 7.3 Hz), 

2.84 (t, 2H, J = 7.3 Hz), 3.0 (s, 1H), 3.73 (q, 2H, J = 7 Hz), 5.0 (s, 1H).  

Compound 6: δ 1.19 (d, 6H, J = 7 Hz), 1.25 (t, 3H, J = 7 Hz), 3.36 (m, 1H, J = 7 Hz), 

3.73 (q, 2H, J = 7 Hz), 4.33 (s, 1H).  

Compound 7: δ 2.03 (s, 3H), 2.33 (dd, 2H, J = 6.4 Hz), 2.57 (s, 1H), 2.67 (s, 1H), 5.01 (s, 

1H).  
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Compound 8: δ 0.93 (t, 3H, J = 7.5 Hz), 1.65 (m, 2H, J = 7.5 Hz), 1.99 (s, 3H), 2.78 (t, 

2H, J = 7.5 Hz), 5.13 (s, 1H).  

Compound 9: δ 1.19 (d, 6H, J = 7 Hz), 2.1 (s, 3H), 3.34 (m, 1H, J = 7 Hz), 4.81 (s, 1H).  

 

4.4 CONCLUSIONS  

The E1o component of OGDHc catalyzes the formation of acetoin-like products 

for all the reactions tested, in high enantiomeric excess, as determined with chiral GC 

(Table 4.1). In addition, E1o displays different enantioselectivities in product formation, 

depending on both substrate and acceptor being used.  For example, E1o yields the (R)-

enantiomer with 2-OG as the substrate and glyoxylate acceptor.  On the other hand, the 

(S)-enantiomer is produced with 2-OV as the substrate and glyoxylate as acceptor.  

Table 4.1 Enantiomeric excess of acetoin-like product formation by E1o using chiral GC.  

    Substrates    Acceptors         Product ee%
a
 

2-OG 

2-OV 

2-OiV 

 

  Glyoxylate 

               1 

               2 

               3 

90 % (R)  

96 % (S)  

67 % (S) 

2-OG 

2-OV 

2-OiV 

    Ethyl-   

  glyoxylate 

               4 

               5 

               6 

81 % (R) 

52 % (S)  

81 % (S) 

2-OG 

2-OV 

2-OiV 

   Methyl- 

   glyoxal 

               7 

               8 

               9 

83 % (S) 

81 % (R) 

>90 % (S)  

a
A yield  of ~ 95-100% for all the acetoin products was determined by 

1
H NMR as no 

starting material (substrate) was detected at the end of overnight incubation.  
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Two other issues impact the significance of the work: (1) The E1o plasmid from 

E. coli is available to all from the source mentioned in the Experimental Section and can 

provide active enzyme in good yield, and (2) the work is readily extended to the synthesis 

of longer chain 2-oxoacids, since preliminary results suggest that 2-oxoadipic acid and 

glyoxylate form the corresponding carboligase product (S)-2-hydroxy-3-oxoheptanedioic 

acid. The results suggest that E1o from E. coli offers a good starting point for protein 

engineering and optimization to synthesize stable chiral intermediates for fine chemical 

synthesis.  This contribution expands the scope of both the 2-oxo acid donor and the 

aldehyde acceptor significantly for their use in carboligase condensation reactions by this 

enzyme.    
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CHAPTER 5 

Identification of charge transfer transitions related to thiamin-bound 

intermediates on enzymes provides a plethora of signatures useful in 

mechanistic studies 

 

5.1 INTRODUCTION 

Thiamin diphosphate (ThDP, the vitamin B1 coenzyme) is a cofactor used for biological 

decarboxylations of 2-oxoacids, as well as in C-C bond formations resembling a benzoin 

condensation. A common theme of these reactions is formation of a covalent adduct 

between the C2 atom of the thiazolium ring of ThDP with the carbonyl group of the 

substrate. A typical example is the decarboxylation (Scheme 1.1, Chapter 1) carried out 

by yeast pyruvate decarboxylase
 
(YPDC, EC 4.1.1.1).

(54)
 Such reactions proceed by a 

series of ThDP-bound covalent complexes, including the pre-decarboxylation tetrahedral 

intermediate C2-lactylThDP (LThDP), the enamine, a C2-trigonal post-

decarboxylation intermediate, followed by the tetrahedral (second) post-decarboxylation 

intermediate C2-hydroyethylThDP (HEThDP). The spectral signatures are best seen in 

circular dichroism (CD) spectra, where proximal bands are often fortuitously resolvable 

due to having opposite phases (a property absent in absorption spectra). So far the 

following assignments have been made on more than 10 ThDP enzymes: (1) A positive 

CD band centered near 300-315 nm pertaining to the 1’,4’-iminopyrimidineThDP 

tautomer (IP form) in either enzyme-bound ThDP
(25) 

or in intermediates related to the 

tetrahedral adducts LThDP and HEThDP at pH values near or above the pKa of the 4’-

aminopyrimidinium (APH
+
) conjugate acid;

(55, 56)
 (2) A negative CD band centered at 320 
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nm pertaining to the canonical 4’-aminopyrimidine form (AP form)
(26, 55, 56)

 (3) electronic 

transitions corresponding to the enamine, the only obvious conjugated ThDP-bound 

intermediate where max depends on the group attached to the C2 atom (ranging from 

295 nm for CH3 
(33, 54, 57) 

to ~ 380  nm
(58-61)

 for a phenyl ring, to 430-440 nm for a 

cinnamyl substituent;
(62, 63)

 and (4) the Michaelis complex reported by a negative CD 

band centered around 330-340 nm.
(16, 25)

  While the max of the IP form in ref
(54)

 and the 

enamines in ref 
(55)

 could be well reproduced in chemical models, those of the AP form 

(25)
and the Michaelis complex

(56)
 could not, and the band pertinent to the AP form almost 

certainly originates from a charge transfer (CT) transition between the 4’-

aminopyrimidine as donor and the thiazolium ring as acceptor.
(55, 56)

 In view of the 

accumulated information at Rutgers, we were intrigued by Merski and Townsend’s report 

of an intermediate with max of 430 nm on the first enzyme in clavulanic acid 

biosynthesis. This was attributed to 2-acryloylthiamin diphosphate, a max that could not 

be achieved by any of the conjugated synthetic models created.
(64)

 Having available a 

battery of ThDP enzymes, we undertook a study of four alternate 2-oxoacid substrates, 

acetyl pyruvate (ACP), its methyl ester (MACP), fluoropyruvate and (E)-4-(4 

chlorophenyl)-2-oxo-3-butenoic acid (CPB) (Scheme 5.1) in a search for CT bands that 

could serve as reporters of ThDP-bound covalent intermediates on enzymes, while also 

attempting to understand the origin of the Merski-Townsend observation. The compound 

MACP could form only an LThDP-like pre-decarboxylation complex, a model for the 

pre-and post-decarboxylation tetrahedral intermediates produced by ACP. On 

decarboxylation of fluoropyruvate to the enamine, subsequent fluoride ion elimination is 

a source of 2-acetylThDP.
(65, 66)
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Scheme 5.1 Mechanism of CT band formation on ThDP enzymes using A. ACP, A'. 

MACP, B. fluoropyruvate, C. CPB. 
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ACP, MACP and fluoropyruvate create ThDP-bound intermediates with very 

short conjugation in the C2 side chain, assuring that all observations above 320-330 nm 

reflect CT transitions/bands, while CPB gives rise to both cinnamyl-type conjugation and 

CT transitions.  

In addition to YPDC, we used the E1 components of the E. coli pyruvate (E1p) 

and 2-oxoglutarate (E1o) dehydrogenase complexes (Scheme 3.1, Chapter 3), and 

benzaldehyde lyase (BAL) an enzyme carrying out reversible benzoin condensation from 

(R)-benzoin (Scheme 5.2). 

Scheme 5.2 Mechanism of benzaldehyde lyase, BAL with benzoylformate decarboxylase 

side reaction 

  

    The results not only provide new spectroscopic signatures for ThDP intermediates, 

including the very important 2-acetylThDP (in general 2-acylThDP), a likely 

intermediate on the 2-oxoacid dehydrogenase complexes (Scheme 3.1, Chapter 3), but 

also suggest a plausible explanation for the Merski-Townsend observation.  
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5.2 MATERIALS and METHODS 

5.2.1 Materials.  Alcohol dehydrogenase from yeast (ADH), horse liver alcohol 

dehydrogenase (HLADH), reduced nicotinamide adenosine dinucleotide (NADH), 

methyl 4-hydroxy-2-oxopent-3-enoate (MACP) and morpholinoethanesulfonic acid 

(MES) were purchased from Sigma Aldrich (St. Louis, MO). The potassium salt of (E)-

4(4-chlorophenyl)-2-oxo-3-butenoic acid (CPB) was synthesized as previously 

reported.
(62)

 ThDP was purchased from USB (Cleveland, Ohio).  

 

5.2.2 Synthesis of 4-hydroxy-2-oxopent-3-enoic acid.
(67)

 Methyl 4-hydroxy-2-oxopent-

3-enoate (MACP, 0.500g, 0.0034mole) was dissolved in a mixture of acetonitrile (20 ml) 

and 6N HCl (7.5 ml) and stirred at room temperature overnight.  Acetonitrile was then 

removed by rotary evaporation while keeping the temperature of the water bath below 30 

0
C. An orange solid of 4-hydroxy-2-oxopent-3-enoic acid was formed and filtered out. 

1
H 

NMR (500 MHz, CDCl3) δ 6.47 (s, 1H), δ 2.29 (s, 3H).  

 

5.2.3 Enzyme purification and activity assays 

YPDC and E477Q variant were over expressed in E.coli BL21 (DE3) strain. Both have a 

C-terminal His6-tag and were purified using a Ni-NTA column.
(68, 69)

 

For long-term storage, glycerol was added to the preparation to a final concentration of 

50% (v/v), and the enzyme was stored at -20 °C. Protein concentration was determined 

with the Bio-Rad protein assay dye reagent (Bradford method). The purity was checked 

using SDS-PAGE. 
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Activity Measurements. The activity of wild type YPDC and its variants was measured 

using the ADH coupled assay by monitoring the depletion of NADH at 340 nm using a 

Varian DMS 300 spectrophotometer. The assay medium (1 ml) contained in 50 mM MES 

(pH 6.0), 2 mM MgCl2, 1 mM ThDP, ADH (0.08 mg/ml), NADH (0.2 mg/ml) and 20 

mM pyruvate at 25 °C. The reaction was initiated by adding the enzyme (3 µg). One unit 

of activity is defined as the amount of NADH depleted (µmol/min.mg of YPDC). By 

using the same reaction conditions enzyme E477Q (50 µg) was incubated for 5 min with 

ACP or MACP with all the component present except NADH. The reaction was initiated 

by addition of NADH at 30 
o
C. The aldehyde product formation (activity) was observed 

only with ACP not with its ester MACP.  

Purification and activity measurement of E1o is described under Appendix Chapter 2.      

BAL enzyme was obtained from Prof. McLiesh at IUPUI.
(60, 70, 71)

 

Activity measurement of BAL with CPB using HLADH. The reaction (1 ml) of 50 

mM Tris (pH 8.0) containing 0.2 mM ThDP, 1 mM MgCl2, 1 mg/ml BSA, 0.25 units 

HLADH, 0.35 mM NADH and 0.5 mM CPB. The reaction was initiated by addition of 

BAL (2.5 µg) at 30 
o
C.  

 

5.2.4 Circular Dichroism Experiments 

CD spectra were recorded on Applied Photophysics Chirascan CD Spectrometer 

(Leatherhead, U.K.) in 2.4 ml volume with 1 cm path length cell 

pH titration experiment of variant E477Q with pyruvate. E477Q (33.33 µM active 

centers) in triple pH buffer system containing 50 mM acetic acid, 50 mM MES, 100 mM 

Tris, 0.5 mM ThDP, 5 mM MgCl2 and 10 mM pyruvate was titrated in the pH range of 
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6.2–5.3 at 5 
o
C. To adjust the pH a sympHony pH electrode (VWR), was used and CD 

spectra were recorded after each adjustment. Log CD at 305 nm was plotted against pH 

and pKa was determined using Eq 3 in Chapter2.  

E477Q with ACP. Variant E477Q YPDC (83.33 µM active centers) was titrated with 

ACP (0.05-10 mM) in 50 mM MES (pH 6.0) containing 0.5 mM ThDP and 2 mM MgCl2 

at 5 
0
C.  

E477Q with MACP. Variant E477Q YPDC (33.33 µM active centers) was titrated with 

ACP (0.05-10 mM) in 50 mM MES (pH 6.0) containing 0.5 mM ThDP and 2 mM MgCl2 

at 5 
0
C.  

E1o with ACP: E1o (33.33 µm active centers) was titrated with ACP (0.05-2 mM) in 20 

mM KH2PO4 (pH 7.0) containing 0.2 mM ThDP and 2 mM MgCl2 at 5 
0
C.   

YPDC with CPB. YPDC (33.33 µM active centers) was titrated with CPB (0.03-4 mM) in 

50 mM MES (pH 6.0) containing 0.5 mM ThDP and 2 mM MgCl2 at 5 
0
C.  

BAL with CPB. BAL (25.45 µM active centers) was titrated with CPB (0.08-10 mM) in 

50 mM Tris (pH 8.0) containing 0.2 mM ThDP and 1 mM MgCl2 at 30 
0
C. The Kd value 

was calculated by fitting the data to a Hill function (Eq 1 in Chapter 2).   

 

5.2.5 Rapid-Scan Stopped-Flow Photodiode Array (PDA) Experiments of BAL with 

CPB. Experiments were carried out on an SX.18MV stopped-flow spectrophotometer 

from Applied Photophysics (Leatherhead, United Kingdom). Experiments were 

performed by mixing an equal volume of BAL (33.95 µM) and CPB (10 mM). A slit 

width of 2 mm and a path length of 2 mm were used. Sigma plot 10.0 was used to fit the 

data using exponential model as in Eq 5 & 8 in Chapter 2. 



97 
 

 
 

5.3 RESULTS and DISCUSSION 

5.3.1 ThDP on YPDC. Earlier it was shown that titrating slow E477Q YPDC variant with 

increasing concentrations of pyruvate forms LThDP, the pre-decarboxylation 

intermediate, present in its 1’,4’-iminoLThDP form (positive CD band ~300 nm), and as a 

Michaelis complex (negative band at 330 nm).
(72)

Raising the pH from 5.3-6.2 and 

recording the positive CD band at 305 nm formed from pyruvate with E477Q YPDC 

(1’,4’-iminoLThDP),  showed an increase in amplitude (Figure 5.1), suggesting formation 

of the IP form from the N1-protonated 4’-aminopyridinium (APH
+
), and implying a pKa 

near 6.1 for the APH
+ 

form.
(73)

 

 

Figure 5.1 pH dependence of IP form of ThDP at 305 nm formed by titration of the 

E477Q YPDC variant with 10mM pyruvate at 5
o
C  
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5.3.2 Studies with ACP and MACP 

In contrast to result with pyruvate, CD titration of E477Q YPDC with ACP did 

not give evidence for formation of either the IP form or of the Michaelis complex, 

instead, it revealed formation of a negative band at 400 nm that exhibited saturation, a 

band that increased in amplitude after overnight incubation at 4 
o
C, thus suggesting a 

slow reaction. The CD spectrum of the protein after separation of the supernatant 

confirmed that the species represented by the 400 nm CD band is protein bound. The 

negative CD band at 400 nm was assigned to a CT transition based on the following: The 

400 nm could not be the enamine since the enamine derived from pyruvic acid has λmax 

295 nm
(57)

, and even an additional double bond could not shift the max beyond 330 nm. 

The CT band (Scheme 5.1A) is believed to correspond to the pre-decarboxylation 

intermediate on ThDP with Kd = 1.64 mM (Figure 5.2).  A similar experiment carried out 

with E1o also revealed formation of CD band at 408 nm, but in this case with a positive 

phase (Figure 5.2). Next, a CD titration of E477Q YPDC was also carried out at 5 
o
C 

with MACP, the methyl ester of the acetopyruvate, which after overnight incubation also 

formed a negative CD band at 399 nm (Figure 5.2), at the same wavelength as with ACP. 

The weak signal at 399 nm was confirmed to be protein bound, as it persisted in a 

spectrum after the protein was separated from supernatant, and re-dissolved in fresh 

buffer.  
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Figure 5.2 a) Formation of charge transfer band on the enzyme observed by CD at 5 
o
C. 

1. E1o enzyme, 2. E1o with ACP, 3. E477Q YPDC enzyme, 4. E477Q with ACP, 5. 

E477Q YPDC with MACP. b) Data from the experiment of E477Q YPDC with ACP 

were fitted using Eq 1 in Chapter 2. 

  

Formation of the intermediate appears to be very slow with MACP (ester), while 

ACP undergoes slow turnover forming a steady state level of intermediate and saturating 

the available active centers. The results suggest that the similar CD band observed with 

both ACP and MACP pertains to the same pre-decarboxylation intermediate since the 

ThDP-MACP adduct could not be decarboxylated (Scheme 5.1A'). Irrespective of 

whether the CD band with ACP pertains to the pre- or post-decarboxylation tetrahedral 

intermediate (these could be differentiated according to their C6’-H 
1
H chemical 

shifts),
(15)

 its wavelength excludes the enamine and clearly demonstrates the possibility of 

forming ThDP intermediates with max  at 400 nm even in the absence of significant 

conjugation, likely CT transitions in origin.  
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5.3.3 Reaction of fluoropyruvate with E1p (performed by Dr. Natalia Nemeria). It had 

been reported by Frey and coworkers that fluoropyruvate is a good source of 2-

acetylThDP on E1p (Scheme 5.1C), where on decarboxylation to the enamine, 

subsequent fluoride ion elimination leads to the enol form of 2-acetylThDP, which then 

tautomerizes to the keto form.
(65, 66)

 CD spectra of E1p and some of its low activity active 

center variants revealed formation of a very broad new positive band near 390-395 nm, 

assigned to the enzyme-bound 2-acetylThDP. It is amply demonstrated in the literature 

that this intermediate can undergo rapid hydrolysis to acetate ion in model reactions, 

hence its short lifetime is not surprising. In fact the rate of decomposition appears similar 

in E1p and slow variants H407A and E571A. This acetyl group is the shortest side chain 

at the ThDP C2 position in our list in Table 5.1, again with a long max (390 nm) CT 

transition. This is our closest model for the Merski-Townsend observation attributed to 2-

acryloyl-ThDP, and replacement of the methyl group by a vinyl group (extension of the  

system by a C=C double bond according to the Woodward-Fieser rules),
(74, 75)

 would in 

essence account for the observed 430 nm max (390+30 nm).  

 

5.3.4 Studies with a longer conjugated system CPB.  CPB was the first conjugated 2-

oxoacid giving evidence for an YPDC-bound enamine intermediate (max at 440 nm)
(62)

 

and is also a suicide substrate with YPDC.
(76)

 We here observed formation of the enamine 

by CD on YPDC from CPB as a negative band at 440 nm (Figure 5.3, a), confirming that 

the ThDP-bound enamine is chiral.  
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Figure 5.3 a) Formation of enamine by reacting YPDC with CPB at 5 
0
C.  b) Formation 

of CT band by CD titration of BAL with CPB at 30 
o
C. c) Data were fitted to the Hill 

function (Eq 1 in Chapter 2).  

             

Both VIS spectroscopy and CD confirm that the enamine derived from ThDP-

CPB on YPDC has a λmax 440 nm. Unlike with YPDC, reaction of CPB with BAL at 30 

o
C formed a negative CT band at 488 nm and a positive one at 434 nm (kd = 1.1 mM, 

Figure 5.3 b,c). These results are similar to those obtained by our group with (E)-2-oxo-

4(pyridin-3-yl)-3-butenoic acid (3-PKB) and the band near 480 nm was assigned to the 

LThDP-type pre-decarboxylation intermediate (Scheme 5.1C).
(61)

  

 

 

a) 

b) c) 
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A stopped-flow photodiode array (PDA) experiment was carried out by mixing 

BAL (33.95 µM active centers) in one syringe with an equal volume of 10 mM CPB 

placed in the second syringe at 30 
o
C.  Time dependent changes were observed at 480 nm 

and 430 nm (same as with CD) with rate constants of 0.0098 ± 0.0007 s
-1

 (formation of 

LThDP-like intermediate), 0.0031 ± 0.0007 s
-1

 (formation of an HEThDP-like 

intermediate from the enamine) and 0.0090 ± 0.0002 s
-1

 (formation of the enamine), 

respectively (Figure 5.4).  

 

Figure 5.4 a. Time-dependent formation of a CT band on BAL with CPB detected by 

stopped-flow PDA at 30
o
C. b. Data were fitted using Eq 5 & 8 in Chapter 2. 

           

The rates indicate that conversion of the LThDP-like intermediate (488 nm) to the 

enamine (434 nm) is very fast compared to depletion of the enamine to the HEThDP-like 

intermediate. Both the CD and stopped-flow PDA analysis confirmed that CPB on BAL 

forms a tetrahedral covalent adduct with ThDP leading to the appearance of a CT band. 

An X-ray structure of 3-PKB with benzoylformate decarboxylase revealed stability of the 

post-decarboxylation HEThDP-like intermediate, also confirming fast 

decarboxylation.
(61) 

Quantitative analysis of the kinetic data in Figure 5.4 is made 
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difficult since the LThDP- and HEThDP-like tetrahedral intermediates derived from 3-

PKB or CPB have very similar max values (477 and 473 nm in PDA spectra, 

respectively).
(61)

                  

 

5.4 CONCLUSIONS                

          A summary of the steady state formation of ThDP related intermediates reflected 

by formation of CT bands is given in Table 5.1 and Scheme 5.1. CD spectroscopy was 

used to identify the CT signal corresponding to substrates covalently bound to ThDP on 

four different enzymes. Moreover, it was shown that the pre-decarboxylation 

intermediate on addition of pyruvate to E477Q YPDC is preferentially in its IP 

tautomeric form and the pKa for the APH
+
 form is 6.1, very near the pH of optimum 

activity of 6.2
(71)

 (a finding that makes this the 8
th

 example of the suggestion that at the 

optimal pH for activity, all forms APH
+
, IP and AP may be needed in the mechanism),

(77)
 

ensuring that all ionization states of ThDP are available for catalysis.  

Table 5.1 Steady state detection of CT band related to ThDP on enzymes by CD 

spectroscopy.   

Enzyme Substrates CT band (nm) 

E477Q YPDC ACP -400  

E1o ACP +408  

E477Q YPDC MACP -399  

E1p
a
 fluoropyruvate +390  

BAL CPB -480  & +434 

 
a 
performed by Dr. Natalia Nemeria.  
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In conclusion, CT bands were characterized at long wavelength for both pre- and 

post-decarboxylation tetrahedral ThDP-bound covalent intermediates and for 2-

acetylThDP for the first time. This offers a useful method, since the NMR method 

invented by Tittmann and Hübner enables differentiation between the pre- and post-

decarboxylation intermediates. With this report, we now have identified spectroscopic 

signatures for all ThDP species in Scheme 1.1 in Chapter 1 with the exception of the 

ylide and the APH
+
 form. The presence of the APH

+
 form was established by solid state 

NMR on three ThDP enzymes.
(73)

 Recently, Tittmann’s group reported X-ray evidence 

for the existence of the ylide on pyruvate oxidase.
(10)

 Given these assignments, stopped- 

flow CD could be exploited to provide microscopic rate constants for individual steps on 

the reaction pathways, as demonstrated recently on the ThDP enzymes E1p,
(78)

 glyoxylate 

carboligase
(79)

 and 1-deoxy- D-xylulose-5-phosphate synthase.
(39)

 

We provide evidence that the Merski-Townsend observation can indeed be 

explained by a CT transition corresponding the interaction of a double bond of the C2 

substituent with the positive charge on the thiazolium ring. 
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APPENDIX 

CHAPTER 2 

Results (unpublished) 

E370A DXP synthase 

 

Figure A1 pH titration of the AP form of ThDP on E370A DXP synthase (22.2 µM 

active centers) at 320 nm in triple pH buffer system containing 50 mM MES, 50 mM 

acetic acid and 100 mM Tris in the pH range 7.0 – 8.19 at 37 
o
C. (Inset) Dependence of 

the CD at 320 nm on pH. The data were treated using Eq 3 in Chapter 2.  
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Figure A2. CD titration of E370A DXP synthase (44.8 µM active site concentration) 

with MAP (0.001-30 mM) in buffer B (see Material and Methods section in Chapter 2) at 

37 
0
C. The 1’,4’–iminopyrimidinyl tautomer of phosphonolactylThDP is seen at 300 nm. 

(Inset) CD amplitude of IP form at 300 nm plotted against concentration of MAP using 

Eq 1 in Chapter 2.  
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Figure A3 Top. E370A DXP synthase titration with pyruvate (0.02-30 mM) in buffer B 

(see Material and Methods section in Chapter 2) at 4 
o
C.  Bottom. After subtraction of 

each recorded spectrum in the presence of pyruvate from the enzyme (Inset) CD changes 

at 299 nm. The CD spectrum of this variant appeared different from that of wild type 

DXP synthase, displaying a strong negative CD band at 298 nm and amplitude was 

reduced by addition of different concentrations of pyruvate (Top). Difference spectra 

revealed a positive CD band at 299 nm, but it did not display saturation (Bottom). 

Raising the temperature to 37 
0
C led to immediate formation of a negative CD band at 

300 nm corresponding to (R)-acetolactate product.  
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Figure A4 Pre-steady state formation of 1’,4’-iminoLThDP. A solution of E370A DXP 

synthase (7.0 mg/ml, 103.3 µM active centers) in buffer B was placed in one syringe and 

an equal volume of pyruvate (30 mM) in the same buffer was placed in the second 

syringe. Spectra were recorded over a period of 10 s. Data were fit to a single-exponential 

model as in Eq 5, see Chapter 2). 

 

 

 

 

 

 

  



117 
 

 
 

Y392F DXP synthase  

 

 

Figure A5. CD titration of Y392F DXP synthase (29.6 µM active site concentration) 

with ACPi (0.001-30 mM) in buffer B (see Material and Methods section in Chapter 2). 

Formation of 1’,4’–iminopyrimidinyl tautomer at 310 nm. (Inset) CD amplitude at 310 

nm was plotted against [ACPi] using Eq 1 in Chapter 2. 
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Wt DXP synthase with D-glyceraldehyde 

 

Figure A6. a) LThDP decarboxylation and re-synthesis at 313 nm was observed by 

mixing wt DXP synthase (47.5 µM active centers) with pyruvate (500 µM) to pre-form 

LThDP from one syringe with 30 mM D-glyceraldehyde placed in second syringe, both in 

50 mM Tris (pH 8) containing 100 mM NaCl, 0.5 mM ThDP, 2 mM MgCl2, 1 mM DTT, 

1 % glycerol. The reaction was monitored for 5 s at 8 
o
C. b) DXS product formation was 

observed at 297 nm by mixing 1 µM wt DXP synthase from one syringe with 30 mM D-

glyceraldehyde and 5 mM pyruvate from second syringe using same buffer as in a). The 

reaction was monitored for 100 s at 8 
o
C.   



119 
 

 
 

Wt DXP synthase with oxime inhibitors (GAP analogues).  

 

Figure A7. DXP synthase (36 µM active centers) mixed with pyruvate (200 µM) to pre-

form LThDP in one syringe then rapidly mixed with an oxime [DB-lll-46 (40 µM) or 

DB-lll-60 (50 µM) or DB-lll-66 (30 µM) or M1n2homodimer (20 µM) or DB-lll-129 (5 

mM)] placed in second syringe, both in 50 mM Tris (pH 8.0) containing 100 mM NaCl, 

0.5 mM ThDP, 2 mM MgCl2, 1 mM DTT, 1 % glycerol and 10% DMSO. The LThDP 
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decarboxylation was monitored at 313 nm for 5 s at 8 
o
C.  Note: All of the oximes were 

first dissolved in DMSO (main stock) and for the experiment were diluted into buffer 

with 10% DMSO. 

Table A1. Summary of pre-steady state rate determination on wt DXP synthase with 

oximes inhibitors at 313 nm. 

 

Name structure LThDP 

decarboxylation (k2 s
-1

) 

LThDP resynthesis  

(k1 s
-1

)  

DB-III-46a 
(Ki = 3.2 µM)b 
MWt:183.16 

 

  

 

 

     24.5 ± 0.9 

 

 

 

  0.3 ± 0.02 

DB-III-60a 
(Ki = 4.5 µM)b 
MWt:259.26 
  

 

  

 

 

     26.2 ± 0.7 

 

 

 

 0.032 ± 0.018 

DB-III-66a 
(Ki = 2.1 µM)b 
MWt:169.13 

  

  

 

 

      20.9 ± 0.5 

 

 

 

   0.11 ± 0.01 

M1n2homodimera 
(Ki = 0.9 µM)b 
MWt:364.31 
  

  

 

 

     32.5 ± 0.5 

 

 

 

   0.11 ± 0.005 

DB-III-129a 
 MWt:203.13 
  

  

 

      32.4 ± 0.7 

 

 

   0.25 ± 0.02 

 
a
The synthesized oximes with the given name codes were from JHU. 

b
Ki measurements were performed by 

JHU group.  
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CHAPTER 3 

Materials 

The Wizard® Plus Minipreps DNA purification system was used for purification of DNA 

(Promega, Madison, WI). The QuikChange® II site-directed mutagenesis kit was used 

(Stratagene, La Jolla, CA). DNA sequencing was done at the Molecular Resource Facility 

of the New Jersey Medical School (Newark, NJ). E. coli BL21(DE3) cells were from 

Novagen (EMD Chemicals, Gibbstown, NJ). Primers were from Integrated DNA 

Technologies, Inc. (Coralville, IA).  

The primer used to create E2o-ec didomain
1-176

: 

5'-ctctggctgcacgtagtgaataacgtgtcccg-3'  

 

Plasmid Purification 

Plasmid purification was done based on protocol of Wizard® Plus Minipreps DNA 

purification kit from Promega. E2o-ec cells were spread on the LB agar plate containing 

30 µg/ml chloramphenicol. Single colonies were chosen and grown overnight at 37 
o
C in 

10 ml LB medium containing  30 µg/ml chloramphenicol followed by the plasmid 

purification protocol below: 

1. Pellet 5-10 ml of cells by centrifugation at 1,400 × g for 10 min. Pour off the 

supernatant and blot the tube upside-down on a paper towel to remove excess media.  

2. Completely resuspend the cell pellet in 400 μl of Cell Resuspension Solution. Transfer 

the resuspended cells to a 1.5 ml microcentrifuge tube.  

3. Add 400 μl of Cell Lysis Solution and mix by inverting the tube 4 times. The cell 

suspension should clear immediately.  
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4. Add 400 μl of Neutralization Solution and mix by inverting the tube several times. 

Alternatively, if using an EndA+ strain, add 800 μl of Neutralization Solution, mix by 

inverting the tube 4 times and incubate at room temperature for 10 min.  

5. Centrifuge the lysate at 10,000 × g in a microcentrifuge for 5 min. If a pellet has not 

formed by the end of the centrifugation, centrifuge an additional 15 min.  

6. Pipet 1 ml of the resuspended resin into each barrel of the Minicolumn syringe 

assembly. (If crystals or aggregates are present, dissolve by warming the resin to 25-37 

°C for 10 min. Cool to 30 °C before use). Thoroughly mix the Wizard® Minipreps DNA 

Purification Resin before removing an aliquot.  

7. Carefully remove all the cleared lysate from each miniprep and transfer it to the barrel 

of the Minicolumn/syringe assembly containing the resin. No mixing is required at this 

stage. The resin and lysate should be in contact only for the time it takes to load the 

Minicolumns.   

8. Open the stopcocks and apply a vacuum of at least 15 inches of Hg to pull the 

resin/lysate mix into the Minicolumn. When the entire sample has completely passed 

through the column, break the vacuum at the source.  

If using an EndA+ strain, add 2 ml of 40% isopropanol/4.2M guanidine hydrochloride 

solution to each column. Apply a vacuum and continue it for 30 s after all of the solution 

has flowed through the columns. Note that this solution will flow through the column 

more slowly than the standard Column Wash Solution. After this wash proceed with the 

standard column wash procedure (Step 9).  

9. Add 2 ml of the Column Wash Solution (containing 95% ethanol) to the Syringe Barrel 

and reapply the vacuum to draw the solution through the Minicolumn.  
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10. Dry the resin by continuing to draw a vacuum for 30 s after the solution has been 

pulled through the column. Do not dry the resin for more than 30 s. Remove the Syringe 

Barrel and transfer the Minicolumn to a 1.5 ml microcentrifuge tube. Centrifuge the 

Minicolumn at 10,000 × g in a microcentrifuge for 2 min to remove any residual Column 

Wash Solution.  

11. Transfer the Minicolumn to a new microcentrifuge tube. Add 50 μl of nuclease-free 

water to the Minicolumn and wait 1 min. Centrifuge the tube at 10,000 × g in a 

microcentrifuge for 20 s to elute the DNA. The DNA will remain intact on the 

Minicolumn for up to 30 min; however, prompt elution will minimize nicking of 

plasmids in the range of 20kb. For elution of large plasmids (≥10kb), the use of water 

preheated to 65-70 °C may increase yields. For plasmids ≥20kb, use water preheated to 

80 °C.   

12. Remove and discard the Minicolumn. DNA is stable in water without addition of 

buffer if stored at -20 °C or below. DNA is stable at 4 °C in TE buffer. To store the DNA 

in TE buffer, add 5 μl of 10X TE buffer to the 50 μl of eluted DNA.  

13. The concentration of plasmids was measured using ε = 0.050 at 260nm. 

 

Plasmid Digestion 

For plasmid digestion Xhol was used (vector PCA24N, molecular weight 5240 bp).  The 

reaction medium contained in 1 µl buffer 4, 5 µl plasmid, 1 µl BSA, 2 µl distilled water 

and reaction was started by addition of 1 µl of Xhol enzyme. The reaction was kept for 

overnight incubation at 37 
o
C and checked by Agarose gel.  
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Primer design  

Primers were designed using program QuikChange Primer Design from Agilent 

Technologies. 

1) Both mutagenic primers must contain the desired mutation and anneal to the same 

sequence on opposite strands of the plasmid.  

2) Primers ideally should be between 25 and 45 bases in length, with a melting 

temperature (Tm) of ≥78 °C. Primers longer than 45 bases may be used, but using longer 

primers increases the likelihood of secondary structure formation, which may affect the 

efficiency of the mutagenesis reaction.  

3) The desired mutation (deletion or insertion) should be in the middle of the primer with 

~10–15 bases of correct sequence on both sides.  

4) The primers optimally should have a minimum GC content of 40% and should 

terminate in one or more C or G bases.  

5) The received primers and antiprimers were centrifuged for 6 min and dissolved in 100 

µl sterilized water which was centrifuged for 10 min. The concentration was measured 

using molar extinction coefficient (ε) = 0.033 at 260nm.   

 

Mutagenesis  

Mutagenesis was carried out using the QuikChange® II site-Directed mutagenesis kit. 

[Stratagene Instruction manual Revision B (2007)] 

1. Prepare the control reaction as indicated below:  

5 μl of 10× reaction buffer  

2 μl (10 ng) of pWhitescript 4.5-kb control plasmid (5 ng/μl)  
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1.25 μl (125 ng) of oligonucleotide control primer #1 [34-mer (100 ng/μl)]  

1.25 μl (125 ng) of oligonucleotide control primer #2 [34-mer (100 ng/μl)]  

1 μl of dNTP mix  

38.5 μl of double-distilled water (ddH2O) to a final volume of 50 μl  

Then add  

1 μl of PfuTurbo DNA polymerase (2.5 U/μl)  

2. Prepare the sample reaction(s) as indicated below:  

5 μl of 10× reaction buffer  

5–50 ng of dsDNA template (1 µl) 

125 ng of oligonucleotide primer #1 (5 µl) 

125 ng of oligonucleotide primer #2 (5 µl) 

1 μl of dNTP mix  

ddH2O to a final volume of 50 μl  

Then add 1 μl of PfuTurbo DNA polymerase (2.5 U/μl)  

3. [Note: If the thermal cycler to be used does not have a hot-top assembly, overlay each 

reaction with ~30 μl of mineral oil].  

Set up cycling parameters for the site directed mutagenesis method  

Segment 1: 1 cycle at 95ºC for 30 seconds  

Segment 2: 16 cycles at 95ºC for 30 seconds, then 55ºC for 1 minute, finally 68ºC for 1 

minute/kb of plasmid length  

4. Cycle each reaction using the cycling parameter. For the control reaction, use a 5 

minute extension time and run the reaction for 18 cycles.  
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5. Adjust segment 2 of the cycling parameters in accordance with the type of mutation 

desired. For single amino acid changes, 16 cycles can be used.  

6. Following temperature cycling, place the reaction on ice for 2 minutes to cool the 

reaction ≤ 37 °C  

7. Dpn I digestion of the amplification products  

1. Add 1 μl of the Dpn I restriction enzyme (10 U/μl) directly to each amplification  

reaction below the mineral oil overlay using a small, pointed pipet tip.  

2. Gently and thoroughly mix each reaction mixture by pipetting the solution up and  

down several times. Spin down the reaction mixtures in a microcentrifuge for 1 minute  

and immediately incubate each reaction at 37ºC for 1 hour to digest the parental  

supercoiled dsDNA  

Transformation of XL1-Blue supercompetent cells  

1. Gently thaw the XL1-Blue supercompetent cells on ice. For each control and sample   

reaction to be transformed, aliquot 50 μl of the supercompetent cells to a prechilled 14  

ml BD Falcon polypropylene round-bottom tube.  

2. Transfer 1 μl of the Dpn I-treated DNA from each control and sample reaction to  

separate aliquots of the supercompetent cells. As an optional control, verify the 

transformation efficiency of the XL1-Blue supercompetent cells by adding 1 μl of the 

pUC18 control plasmid (0.1 ng/μl) to a 50 μl aliquot of the supercompetent cells. Swirl 

the transformation reactions gently to mix and incubate the reactions on ice for 30 

minutes.  

3. Heat pulse the transformation reactions for 45 seconds at 42 °C and then place the  

reactions on ice for 2 minutes.  
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4. Add 0.5 ml of NZY+ broth preheated to 42 °C and incubate the transformation  

reactions at 37 °C for 1 hour with shaking at 225–250 rpm.  

5. Plate the appropriate volume of each transformation reaction on agar plates  

containing the appropriate antibiotic for the plasmid vector. e. g. pWhitescript  

mutagenesis control: 250 μl, pUC18 transformation control: 5 μl in 200 μl of NZY+  

broth, sample mutagenesis: 250 μl on each of two plates (entire transformation  

reaction). For the mutagenesis and transformation controls, spread cells on LB  

ampicillin agar plates containing 80 μg/ml X-gal (100 µl from 2 % stock) and 20 mM 

IPTG (100 µl from 10 mM stock).  

6. Incubate the transformation plates at 37 °C for > 16 hours.   

Transformation of AG1 competent cells  

1. Pre-chill two 14-ml BD Falcon polypropylene round-bottom tubes on ice. Preheat SOC 

medium to 42
o
C. 

2. Thaw the cells on ice, gently mix and add 100 µl to each polypropylene tubes. 

3. Add 1.7 µl of the β-mercaptoethanol provided with kit to each aliquot of cells. 

4. Swirl the tubes gently. Incubate the cells on ice for 10 minutes, swirling gently every 2 

minutes. (note: do not need control here so two tubes can be used for sample plasmids) 

5. Add 1-50 ng (1 µl) of experimental DNA. 

6. Incubate the tubes on ice for 30 minutes. 

7. Heat-pulse the tubes in a 42 
o
C water bath for 45 seconds. The duration of the heat 

pulse is critical. 

8. Incubate the tubes on ice for 2 minutes. 
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9. Add 0.9 ml pre-heated SOC medium and incubate at 37 
o
C for 1 hour with shaking at 

225-250 rpm. 

10.  Plate (5 µl+100 µl SOC, 50 µl+100 µl SOC, 150 µl plasmid) the transformation 

mixture on LB-ampicillin agar plates. Incubate the plates at 37 
o
C overnight.  

Check expression 

1. From the above plates 5 different colonies were chosen and grown overnight at 37 
o
c in 

2 ml LB medium containing 30 µg/ml chloramphenicol. 

2.  Inoculated 0.2 ml overnight culture into 10 ml LB medium with 30 µg/ml 

chloramphenicol (50 times dilution) and incubated for 2 hour at 37 
o
C. 

3. After addition of 1 mM IPTG cells  were grown for additional 4-5 hour at 37 
o
C. 

4. Cells were collected by centrifugation of 1 ml from each and stored at -20 
o
C. The 

expression was checked by SDS-PAGE. 

Cells storage at -80 
o
C 

Overnight culture of 10 ml LB medium containing 30 µg/ml chloramphenicol (5 tubes) 

was grown overnight at 37 
o
C. In small 1.5 ml tube (3 tubes from each culture) was taken 

0.15 ml 70 % sterilized glycerol and 0.85 ml overnight culture and stored immediately in 

liquid nitrogen until it is ready to store at -20 
o
C. 

His6-tag E2o-ec
1-176 

didomain purification  

Protein expression  

By using above cells 4 tubes with 10 ml of LB medium containing 30 μg/ml of 

chloramphanicol were grown at 37
o
C for overnight. Which was inoculated into 700 ml of 

LB medium containing 30 μg/ml of chloramphanicol and 0.30 mM lipoic acid from 0.3 

M stock in ethanol (total 4 flasks volume of 2000 ml with 700 ml of LB medium in each). 
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Cells were grown for about 2-2.5 hours at 37
o
C to OD600 = 0.60-0.70. Then 0.50 mM 

IPTG was added, and cells were grown for 5-6 hours at 37
o
C and were collected and 

washed with 20 mM KH2PO4 (pH 7.0) containing 0.15 M NaCl. Cell pellets were stored 

at -20
o
C until purification.   

Cell disruption  

Cells were dissolved in 40-50 ml of the sonication buffer containing 50 mM KH2PO4 (pH 

7.5), 0.3 M NaCl, 1 mM benzamidine HCl and 1 mM PMSF. Lysozyme was added to a 

final concentration of 0.60 mg/ml, and cells were incubated for 20 min on ice. Then 

sonication was performed by using 20” on 20” off 5 min and centrifugation at 18,000 rpm 

for 30 min. To avoid DNA contamination, 0.8 % streptomycin sulfate was added to the 

clear extract and cells were incubated an additional 20 min on ice to digest the DNA. 

Next the cell was treated by sonication as mentioned above until the clear cells extract 

was obtained.  

Purification using Ni
2+

 Sepharose 6 fast flow column  

His6-tag E2ec
1-176

 didomain was purified by using His6-tag Ni-NTA column. The 

column was equilibrated with 50 ml of sonication buffer and cell extract was applied in 

volume of 50 ml on the column. Then washed with 10 column volume binding buffer 

containing 50 mM KH2PO4 (pH 7.5), 0.3 M NaCl and 20 mM imidazole. The bound 

proteins were eluted using elution buffer containing 50 mM KH2PO4 (pH 7.5), 0.3 M 

NaCl and 200 mM imidazole. The fractions containing protein were dialyzed overnight in 

dialysis buffer containing 50 mM KH2PO4 (pH 7.5), 0.15 M NaCl and 1 mM 

benzamidine HCl. The enzyme was concentrated using a Millipore concentration unit.  
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Overexpression and purification of E1o. An E. coli frozen stock of the E1o harboring 

the plasmid [(transformed in BL21 (DE3)] was streaked on LB agar plates containing 

chloramphenicol (100 µg/ml) and incubated at 37 °C overnight. A single colony was used 

to inoculate 10 ml of LB medium containing chloramphenicol (100 µg/ml). The 

overnight culture was used to inoculate 700 ml of LB medium containing 

chloramphenicol (100 µg/ml). The culture was induced with 1 mM IPTG, 1 mM thiamin 

hydrochloride and 2 mM MgCl2 and incubated at 20 
o
C with shaking overnight. The cells 

were precipitated at 4400 g at 4 °C, and stored at -20 °C. The cells were resuspended in 

20 mM KH2PO4 (pH 7.0) containing 0.1 M NaCl, 2 mM MgCl2, 1 mM ThDP, 1 mM 

benzamidine hydrochloride, 1 mM PMSF, 0.6 mg/ml lysozyme and incubated on ice for 

20 min. The cells were sonicated for 6 min (10 s pulsar on and 10 s pulsar off) using the 

Sonic Dismembrator Model 550 from Fisher Scientific. The lysate was centrifuged at 

30,000 g at 4 °C for 30 min. The supernatant was applied to a Ni Sepharose 6 Fast Flow 

Column and equilibrated with 20 mM KH2PO4 (pH 7.4) contained 0.1 M NaCl, 2 mM 

MgCl2, 1 mM ThDP and 1 mM benzamidine hydrochloride. The enzyme was eluted with 

20 mM KH2PO4 (pH 7.4) containing 0.5 M NaCl, 0.150 M imidazole, 2 mM MgCl2, and 

1 mM ThDP. Fractions with enzyme were combined, dialyzed against 20 mM KH2PO4 

(pH 7.4) containing 2 mM MgCl2, 1 mM ThDP and 1 mM benzamidine hydrochloride. 

Next, the enzyme was concentrated and stored at -20 °C with 20% glycerol. The purity 

was confirmed by SDS-PAGE.  

Preparation of apo E1o. apo E1o was purified in the absence of thiamin during the 

protein over expression and also in the buffers during purification steps.  
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SDS-PAGE  

Determination of the purity of protein fractions from the Ni
2+

 Sepharose 6 fast flow 

column was performed by using SDS PAGE. described in Mini-PROTEAN® 3 Cell 

Instruction Manual.  

The procedure for gel casting (Mini-PROTEAN® 3 Cell Instruction Manual, bulletin # 

4006157B)   

1. For E1ec, 7.5 % Laemmli buffer system was used. 2.5 ml of 30 % acrylamide/ Bis 

stock solution in 4.85 ml of deionized water, 2.50 ml of 1.5 M Tris-HCl (pH 8.8), 100 μl 

of 10 % SDS and 50 μl of 10% APS were combined for making resolving gel. For E2o-

ec, 12 % Laemmli buffer was used. 4.0 ml of 30 % acrylamide/ Bis stock solution and 

3.35 ml of deionized water was used with same reagents as 7.5 % system.   

2. 5.0 μl of TEMED was added into this mixture to initiate polymerization. This solution 

was added to the preassembled case immediately, and deionized water was overlaid. 

Then, the cast containing resolving gel solution was solidified for 30 min at room 

temperature.  

3. After 30 min at room temperature, overlaid water was decanted from the cast, and 1.33 

ml of 30 % acrylamide/ Bis stock solution in 6.10 ml of deionized water, 2.5 ml of 0.5 M 

Tris-HCl (pH 6.8), 100 μl of 10 % SDS and 50 μl of 10% APS was combined for making 

stacking gel.  

4. 10.0 μl of TEMED was added into this mixture to initiate polymerization. This 

solution was poured on the top of solidified resolving gel, and sample combs were added 

on the stacking gel for making sample pockets. This cast containing stacking gel solution 

was solidified for 30 min at room temperature.  
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Sample preparation  

Protein fractions from columns were diluted to 1-2 μg/ml concentration. From that 5 µl 

sample was taken and added 50 μl of sample buffer containing 3.8 ml of deionized water, 

0.5 M Tris-HCl (pH 6.8), 0.8 ml of glycerol, 10 % (w/v) SDS, 0.4 ml of 2-

mercaptoethanol, and 1 % (w/v) bromophenol blue (8.0 ml total volume) and this mixture 

was heated for 3 min in boiling water bath.  

Loading and running samples on SDS-PAGE  

1. 15-20 μl of prepared samples were applied to the gel and allowed to run for 15 min at 

100 volts and then for 40 min at 140 volts.  

2. The gel was stained with staining solution containing 40 % methanol, 10 % acetic acid 

and 0.1 % Cooamassie blue R-250 indicator for 15 min and destained with destaining 

solution (I) containing 50 % methanol and 10 % acetic acid for 10 min and (II) 5 % 

methanol and 7 % acetic acid for overnight.   

Determination of Protein concentration by Bradford assay  

 The calibration of Bradford reagent  

1. Prepare dye reagent by diluting 1 part Dye Reagent Concentrate (Bio-Rad catalog # 

500-0006) with 4 parts deionized water. Filter through Whatman #1 filter (or equivalent) 

to remove particulates and store at 4 
o
C. Every 2 weeks calibrate the Bradford reagent. 

2. Prepare five to ten dilutions of a protein standard (BSA ~2mg/ml), which is 

representative of the protein solution to be tested. The linear range of the assay for BSA 

is 0.1 to 0.9 mg/ml.  

3. Pipet 50 μl of each standard and sample solution into a clean, dry test tube. Protein 

solutions are normally assayed in duplicate or triplicate.  
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4. Add 2.5 ml of diluted dye reagent to each tube and vortex.  

5. Incubate at room temperature for at least 5 min and measure absorbance at 595 nm.  

6. Plot the absorbance as a function of standard (BSA) concentration to make a 

calibration curve from which concentration of similarly treated unknown could be 

determined.  

The determination of protein concentration 

1. Appropriately dilute protein (usually 5x or 10x dilution) and pipet 5 μl and 10 μl of 

diluted protein into clean and dry test tubes to 50 μl of total volume with deionized water.  

2. Add 2.5 ml of diluted dye reagent to each tube and vortex.  

3. Incubate at room temperature for at least 5 min and measure absorbance at 595 nm.  

4. Estimate protein concentration using the linear equation from the calibration of 

bradford dye reagent.   
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