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ABSTRACT

STRUCTURE AND FUNCTION RELATIONSHIPS OF DIHYDRONEOPTERIN

ALDOLASES FROM ESCHERICHIA COLIAND STAPHYLOCOCCUS AUREUS

By

Yi Wang

Dihydroneopterin aldolase (DHNA) catalyzes the cleavage of 7,8-dihydro-D-

neopterin (DHNP) to form 6-hydroxymethyl-7,8-dihydropterin (HP) and glycolaldehyde

and the epimerization of DHNP to form 7,8-dihydro-L-monapterin (DHMP). NMR

analysis of the reaction products in a D20 solvent suggests that the epimerization reaction

follows the same intermediate as the aldol reaction. A complete set of kinetic constants

for both the aldol and epimerization reactions according to a unified kinetic mechanism

has been determined for DHNA from Staphylococcus aureus (SaDHNA) and DHNA

from Escherichia coli (EcDHNA). The results show that they have significantly different

binding and catalytic properties, in accordance with the significant sequence differences

between them. EcDHNA is different from SaDHNA biochemically in several aspects.

EcDHNA has much higher affinities for the substrate, products, and inhibitors measured

in this work. EcDHNA has a much higher epimerase activity than SaDHNA. The rate-

limiting step is product release for EcDHNA but is the chemical step for SaDHNA.

EcDHNA has significantly higher rate constants for the chemical steps than SaDHNA.

The functional role of a conserved tyrosine residue at the active site ofDHNA has

been investigated by site-directed mutagenesis. Comprehensive analysis of the reactions

catalyzed by Y54F-SaDHNA and Y53F-EcDHNA showed that the major reaction



product is dihydroxanthopterin (DHXP) rather than HP. DHXP is generated via the same

enol intermediate as in the wild-type enzyme-catalyzed reaction. The mutants are

impaired in the protonation of the enol intermediate to form HP. In addition to the normal

products and DHXP, formic acid is also formed in the reaction. In addition to DHNP,

molecular oxygen is also consumed in the reaction. The ligand-binding properties of the

mutants are perturbed to a small extent. The results showed that the mutant enzymes are

oxygenases, and the conserved tyrosine residue plays only a minor role in the physical

steps of the enzymatic reaction and the formation of the enol reaction intermediate but a

critical role in the protonation of the enol intermediate to form HP.

The functional roles of the conserved glutamate and lysine residues at the active

site, E22, E74, and K100 in SaDHNA, E21, E73, and K98 in EcDHNA, have been

investigated by site-directed mutagenesis in this work. The results showed that E74 of

SaDHNA and E73 of EcDHNA are important for substrate binding, but their roles in

catalysis are minor if any. In contrast, E22 and K100 of SaDHNA are important for

catalysis, but their roles in substrate binding are minor. On the other hand, E21 and K98

ofEcDHNA are important for both substrate binding and catalysis.
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CHAPTER 1: INTRODUCTION

FOLATE BIOSYNTHESIS PATHWAY

Folate is essential to life. The entire folate synthesis pathway is shown in Figure

1.1. Plants and bacteria can synthesize folate, because they have all of the enzymes in the

de novo synthesis pathway (1). Unlike plants and bacteria, humans and other vertebrates

are unable to synthesize folate de novo (1). Instead, folic acid is an essential vitamin and

humans have to obtain folate from their diet with an active transport system (1). This

active transport system does not exist in bacteria. If the de novo folate synthesis pathway

is shut down, bacteria can not survive. Therefore, the folate biosynthesis pathway is one

of principal targets for the development of antimicrobial agents.

The first step in folate biosynthesis is the conversion of GTP into

dihydroneopterin triphosphate, which is catalyzed by GTP cyclohydrolase (GTPCH).

The triphosphate moiety of dihydroneopterin triphosphate is removed by 7,8-

dihydroneopterin triphosphate pyrophosphohydrolase (DHNTP) (2), and the resulting

DHNP is converted to 6-hydroxymethy1-7,8-dihydropterin (HP) by dihydroneopterin

aldolase (DHNA). The enzyme 6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase

(HPPK) catalyzes the transfer of pyrophosphate from ATP to HP. The resulting product

is converted to 7,8-dihydropteroate by replacing the pyrophosphate moiety with 4-

aminobenzoate, a reaction that is catalyzed by dihydropteroate synthase (DHPS). 7,8-

Dihydropteroate is converted to 7,8-dihydrofolate by folylpolyglutamate synthetase

(FPGS).



Figure 1.1: Folate biosynthesis pathway. GTP, guanosine triphosphate. GTPCH, GTP

cyclohydrolase. DHNTP, 7,8-dihydroneopterin triphosphate pyrophosphohydrolase.

DHNA, dihydroneopterin aldolase. DHPS, dihydropteroate synthase. HPPK,

hydroxymethyl-7,8-dihydropterin pyrophosphokinase. FPGS, folylpolyglutamate

synthetase. DHFR, dihydrofolate reductase.
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7,8-Dihydrofolate is reduced to tetrahydrofolate by dihydrofolate reductase (DHFR)

using NADPH (3, 4).

The first class of antibiotics in clinical use for the treatment of infectious diseases

was the sulfonamides, which target DHPS (5). Antibiotics such as trimethoprim have also

been developed against DHFR (6). However, the folate pathway is under-explored as a

target for developing antimicrobial agents. Both sulfonamides and trimethoprim are still

in clinical use, but as for other antibiotics, their clinical use has been severely limited by

the development of resistance (7). Antibiotic resistance naturally develops via natural

selection through random mutation and plasmid exchange between bacteria of the same

species. The mechanisms of resistance and of its spread among pathogenic bacteria show

a remarkable evolutionary adaptation to the presence of trimethoprim and sulfonamide.

This is reflected in the chromosomal pattern of changes in the structures and mechanisms

of regulation of dhps and dhfr genes coding for the target enzymes DHPS and DHFR (7).

The rapid development of microbial resistance against current antibiotic drugs requires

renewed effort in developing new antimicrobial agents (8).

Staphylococcus aureus (S. aureus) has become resistant to many commonly used

antibiotics. S. aureus frequently lives on the skin or in the nose of a healthy person. S.

aureus can cause illnesses ranging from minor skin infections and abscesses, to life-

threatening diseases such as pneumonia, meningitis, endocarditis and septicemia (9).

Because of its importance in serious infections, I chose S. aureus as the target organism.

BIOMEDICAL SIGNIFICANCE OF DHNA



Among the most promising strategies for the development of new antibacterial

therapeutics is the targeting of proteins essential for bacterial growth but lacking

mammalian counterparts (10). Of the enzymes in the folate pathway, DHNA, HPPK and

DHPS are absent in human. Therefore, it is worthwhile to explore other folate

biosynthesis enzymes such as DHNA besides DHPS and DHFR enzymes in the folate

biosynthesis pathway. DHNA is a particularly attractive target for drug development also

because the substrate has no phosphoryl group (11). Several other enzymes such as

GTPCH and HPPK in the folate biosynthesis pathway use phosphorylated substrates (e.g.

GTP and 6-hydroxymethylpterin pyrophosphate). Nonspecific inhibition of enzymes

using substrates with phosphoryl groups is a major problem in deve10ping inhibitors with

high specificity (11). Inhibitors of one group of kinases might also inhibit other kinases

and phosphatases, and bring global effects on signal transduction pathways.

DHNA exists widely in the bacterial kingdom. Generally, there are two types of

bacteria: Gram-positive and Gram-negative. S. aureus is an important pathogenic Gram-

positive bacterium, and Escherichia coli (E. coli) is a representative of the Gram—negative

bacteria. Figure 1.2 shows the multiple sequence alignment of eleven DHNAs from

different bacteria. The top five DHNAS are enzymes from Gram-positive bacteria

including SaDHNA, and the bottom six DHNAs are enzymes from Gram-negative

bacteria including EcDHNA. DHNAs from Gram-positive or Gram-negative bacteria

share much similarity with DHNAs in their own group, but fewer similarities are

observed between enzymes from the two classes. The identities between enzymes from

Gram-positive bacteria range from 39% to 45% and those between Gram-negative

bacteria are 49% to 91%, but the identities between Gram-positive and Gram-negative



Figure 1.2: Amino acid sequence alignment of 11 bacteria DHNAs. From top to

bottom, the 11 DHNAs are from Staphylococcus aureus (SA), Bacillus subtilis (BS),

Streptococcus pyogenes (SP), Listeria innocua (LI), Streptomyces coelicolor (SC),

Escherichia coli (EC), Salmonella typhi (ST), Yersinia pestis (YP), Vibrio cholerae (VC),

Haemophilus influenzae (HI), and Pseudomonas aeruginosa (PA). The First five DHNAs

are from Gram-positive bacteria, and the next six DHNAs are from Gram-negative

bacteria. The highly conserved residues among all Gram-positive and Gram-negative

bacteria are shaded in black. Residues that are characteristics of the Gram-positive or

Gram-negative bacteria are shaded in gray. The amino acid sequences are quite different

between the enzyme from Gram-positive and Gram-negative bacteria. Many differences

are at or near the active site of the enzyme.



SA

BS

SP

LI

SC

ST

YP

HI

PA

SA

BS

LI

SC

ST

YP

VC

HI

PA 
EQLFNEFPP ------

SEVL

QVCLKHE

ELLLARF-NS

DLLLSRF-

ELLLRRF-NS

ELIMTRF-A ———<

DLLESRY— CLK---

EVLMGER-GI

   

 

  

     

  

35

34

34

34

34

34

46

34

121

120

119

124

119

122

120

119

129

118

117



bacterial enzymes are less than 30%. SaDHNA and EcDHNA share only about 23%

identity. Many differences between the enzymes from the two classes of bacteria might

be at or near their active sites. The positions of their active sites are indicated by the

crystal structures of SaDHNA. Lower sequence similarities indicate that Gram-positive

and Gram-negative enzymes might have different characteristics. It may therefore be

possible to design a “narrow spectrum” antibiotic drug for DHNA.

The major modification sites on the pterin ring for inhibitor design of DHNA are

C6 and C7. Potent inhibitors of DHNA have been discovered using CrystaLEAD X-ray

crystallographic high-throughput screening followed by structure-directed optimization

(10). Several lead compounds with ICso values of about 1 IIM against DHNA were

identified among a 10,000 random compound library. Structure-directed optimization of

one of the leads thus identified afforded potent inhibitors with submicromolar ICso values

(10). The potential problem with the crystallographic screening is that the binding pocket

is fixed in one conformation in the crystallized form used for soaking-in of the ligand of

interest. More inhibitors can be found when different conformations of DHNA are

available in solution. A significant improvement of inhibition can be achieved by

structure-based design and through additional cycles of screening (10)



UNIQUENESS OF DHNA

l) DHNA is a bifunctional enzyme

DHNA catalyzes both an aldolase and epimerase reaction as shown in Figure 1.3.

As an aldolase, it converts the natural substrate DHNP to HP and glycolaldehyde (GA).

As an epimerase, DHNA converts DHNP to 7,8-dihydrornonapterin (DHMP), a

stereoisomer of DHNP. The steady-state kinetic parameters of EcDHNA and DHNA

from Haemophilus influenzae (HiDHNA) from the catalyzed reaction were determined in

1998 (12). DHNP and DHMP both can be used as substrates and their aldolase reaction

activities kw, are 127 and 158 umol/mg/h, respectively. Km values for DHNP and DHMP

are 64 and 36 M, respectively. HiDHNA has a higher aldolase reaction activity than

EcDHNA with DHNP as substrate, but it has a lower aldolase activity than EcDHNA

with DHMP as substrate. Its epimerase activity with DHNP and DHMP as substrates is

also lower than that of EcDHNA (12).

The fact that DHNA has an epimerase activity is not totally surprising because

the enzyme is homologous to dihydroneopterin triphosphate epimerase, which catalyzes

the stereochemical conversion of dihydroneopterin triphosphate and dihydromonapterin

triphosphate. The sequence identity between DHNA and dihydroneopterin triphosphate

epimerases from E. coli is 30%, higher than the 23% identity between SaDHNA and

EcDHNA. Furthermore, the two enzymes have a similar folding topology and quaternary

structure (13). The epimerase also has a low level of aldolase activity.



Because these enzymes each have two activities, it is proposed that the aldolase

and epimerase reactions share a common reaction intermediate. A retro-aldol cleavage of

the C-C bond between C 1 ’ and C2’ is proposed to be a crucial step in both reactions (12).

For the epimerase reaction, the intermediate species stay long enough in the active site of

the enzyme so that one of the cleaved products can rotate and reattach to form a new

stereoisomer. For the aldolase reaction, two products may be released quickly from the

active site of the enzyme. The overall products of these enzymatic reactions may be

determined by the relative rates of these processes. It is reasonable to predict that aldolase

could become an epimerase if the reaction intermediates are trapped at the active site to

allow them to rotate and re-forrn the C-C bond.

Another pair of enzymes shares relationships with DHNA and dihydroneopterin

triphosphate epimerase, namely L-fuculose-l-phosphate aldolase and ribulose-S—

phosphate-epimerase. L-Fuculose-l-phosphate aldolase catalyzes the reversible cleavage

of L-fuculose-l-phosphate to dihydroxyacetone phosphate and L-lactaldehyde (14).

Ribulose-S-Phosphate-epimerase catalyzes the interconversion of L-ribulose-S-phosphate

and D-xylulose-S-phosphate (15). The two enzymes both have a divalent cation at their

active sites (16).
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Figure 1.3: The aldolase/epimerase reactions catalyzed by DHNA.
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Moreover, L-ribulose S-phosphate 4-epimerase uses a retroaldol/aldol mechanism

for the epimerization of L-ribulose S-phosphate. The evidence for the mechanism is solid:

(a) No solvent isotope incorporation (2H or 180) could be detected, indicating that any

mechanism involving nonstereospecific deprotonation/reprotonation is highly unlikely

(15). (b) There were no primary deuterium isotope effects on the protons at either C-3 or

C4 (17). (c) '3C kinetic isotope effects were observed on both the C3 carbon (1.85%) and

the C4 carbon (1.5%) of L-ribulose S-phosphate, which is consistent with a mechanism

involving C-C bond cleavage (1 7). ((1) There is a detectable aldolase activity (18). (e) The

epimerase shares 26% sequence identity with L-fuculose-l-phosphate aldolase as

described earlier (14). When the structures of the epimerase and the aldolase are

superimposed, 93% of the (at-carbons align with a root-mean square deviation of only 1.5

A, indicating that the two enzymes belong to a superfamily of aldolases/epimerases and

have evolved from a common ancestor (I9).

2) DHNA is a novel aldolase

There are two known classes of aldolases (20, 21). Class I aldolases utilize an

active-site lysine to form a Schiff base to activate their substrates, while class II enzymes

require a divalent metal ion, usually zinc, for catalysis as shown in Figure 1.4 (22). Type

I aldolases include fructose-1,6-bisphosphate aldolase (23), 2-keto-3-deoxy-6-

phosphogluconate aldolase (24), and N-acetylneuraminate aldolase (25). Type II enzymes

13



Figure 1.4: Mechanisms of two types of aldolases.
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include L-fuculose-l-phosphate aldolase (26), fructose-1,6-bisphosphate aldolase (27, 28)

and L-rhamnulose-l-phosphate aldolase (29, 30).

DHNA does not form a Schiff base with its substrate as found in type 1 aldolases

nor does it need a metal ion for catalysis as for type II aldolases. Instead, the Schiff base

appears to be embedded in the substrate DHNP/DHMP itself as shown in Figure 1.5.

Specifically, the protonation of N5 in the substrate helps to stabilize the enol reaction

intermediate. Without the imine group at N5 functioning as a Schiff base, the aldolase

reaction would not proceed. NP is the oxidized form of substrate DHNP and

tetrahydroneopterin is the reduced from of substrate DHNP. They cannot produce a

protonated imine group at N5 and neither NP nor tetrahydroneopterin can be used as a

substrate (31). Tetrahydroneopterin does not contain the imine required by the reaction

and the aromatic nature of neopterin would deactivate the imine through delocalization

(32).
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Figure 1.5: Proposed mechanism of reactions catalyzed by DHNA.
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MECHANISTIC STUDIES OF DHNA

Although the proposed chemical mechanism of the DHNA-catalyzed reaction is

reasonable, no experimental evidence has been reported and how the enzyme catalyzes

the reaction is largely unknown (32). In the proposed reaction mechanism, C2’-C3’

cleavage occurs with formation of an enol and a proton is transferred to the enol

intermediate to form the product HP as shown in Figure 1.5 (33). The mechanism of the

protonation transfer was studied by NMR in 2002 (9). In order to determine how a proton

is transferred in the step between the enol intermediate and the product HP, the

incorporation of deuterium from the solvent D20 into the heterocyclic reaction product

was measured by multinuclear NMR spectroscopy by dissolving the enzyme and

substrate in D20. The data indicated that the protonation of the intermediate by DHNA

occurs preferentially in the pro-S position. Although the data do not answer the question

of whether or not the proton donor is an acidic group of the protein or solvent water, it is

clear that the protonation of the enol intermediate does not occur by a return of the proton

that had been abstracted from the substrate (9). A study using Raman difference

spectroscopy of the electronic structure of dihydrobiopterin, the analogue of DHNP,

bound to SaDHNA indicates that the pKa of N5 is not significantly increased in the

enzyme-bound form (34). Dihydrobiopterin stays in an unprotonated form. This result

suggested that N5 of DHNP might not be protonated before the bond cleavage of DHNP

during the DHNA-catalyzed reaction (34).
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STRUCTURES OF DHNAS

The study of the structure and function relationship of DHNA is based on the high

resolution X-ray crystal structure. DHNA was first identified in E. coli in 1970 (31 ). The

genes of both EcDHNA (12) and SaDHNA (32) were cloned and overproduced in E. coli

by recombinant DNA methods in 1998. Crystal structure of the binary complex form of

SaDHNA and product HP was determined at 1.65 A resolution by Hennig and coworkers

(32). SaDHNA is a homooctamer with 121 residues of 13.8 kDa per subunit. The

octameric structure is composed of two stacked rings each composed of four subunits.

Each subunit contains a “T-fold” structure with one antiparallel [3 sheet and two on helices.

For each tetramer, the subunits are placed “head to head” to form a circular “donut”-

shaped ring with a big hole in the middle. The overall quatemary structure is similar in

appearance to two stacked “donuts”. The top-down view and side view of the protein in

complex with the product HP are shown in Figure 1.6A and 1.68, respectively. The

crystal structure of active site residues is shown in Figure 1.7. Figures 1.6 and 1.7 are

from the Protein Data Bank structure of 2dhn (32).

In 2000, the sequential resonance assignment of the 110 kDa SaDHNA was

determined by NMR. The protein was labeled with 2H, '3C, and ”N uniformly to increase

the sensitivity of the measurements. The complete sequence assignment of the octamer

was obtained, and the regular secondary structures in the solution conformation were

found to coincide nearly identically with those in the crystal structure (35).

20



Figure 1.6: The crystal structure of the complex of SaDHNA and product HP. A)

Top view, B) Side view. The small molecules located at the interface between two

adjacent subunits are product HP at active sites.
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Figure 1.7: The potentially important residues around the product HP at the active

site of SaDHNA. The residues shown are E22, Y54, E74, and K100. A water molecule is

found close to N5 of HP. The dotted lines represent hydrogen bonds.
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The crystal structure of DHNA from Arabidopsis thaliana (AtDHNA) has been

determined at 2.2 A resolution (33). The enzyme forms a D4-symmetric homooctamer,

structurally similar to SaDHNA. It has 126 residues in each monomer, each of 14.1 kDa.

The enzyme is bound with guanine. The spatial arrangements of active site residues of

AtDHNA are superimposable to those of SaDHNA (33).

The 1.6 A X-ray crystal structure of DHNA from Mycobacterium tuberculosis

(MtDHNA) complexed with the product HP reveals an octameric assembly similar to

SaDHNA (28). However, the 2.5 A crystal structure of unliganded MtDHNA reveals a

novel tetrameric oligomerization state, with only partially formed active sites. Unlike

SaDHNA and EcDHNA, MtDHNA displays cooperativity in substrate binding, which is

proposed to regulate the cellular concentration of DHNP so that it may fimction not only

as a precursor for folate biosynthesis but also as an antioxidant for the survival of the

organism against host defense (36).

ACTIVE SITE RESIDUES OF SADHNA

The octameric protein contains eight active sites with each active site located at the

interface of two adjacent subunits (Figures 1.6 and 1.7) (32). Each active site contains

four conserved residues, E22, E74, and K100 from one subunit and Y54 from the

adjacent subunit (SaDHNA numbering, Figure 1.7). HP is stacked with the phenol ring of

Y54 and is fixed at the active site by five hydrogen bonds with the protein (including the

two hydrogen bonds with main chain amides, not shown). The carboxyl group of E22

forms a hydrogen bond with the hydroxyl group ofHP and with the amino group of K] 00.
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The hydroxyl group of the phenol ring of Y54 forms a hydrogen bond with the hydroxyl

group of HP as well as with the amino group of K100. The carboxyl group of E74 forms

two hydrogen bonds with HP. In addition to the hydrogen bonds with E22 and Y54,

K100 also forms a hydrogen bond with a water molecule, which is in turn hydrogen

bonded to N5 of HP. It is noted that there is no residue in SaDHNA that can form

hydrogen bond directly with N5 of HP. While the crystal structures of SaDHNA,

AtDHNA and MtDHNA have provided a three-dimensional view of the active sites of the

enzymes, the functional roles of the active site residues are yet to be established. In order

to answer how DHNA catalyzes the aldolase and epimerase reactions, thermodynamic

and kinetic analyses of SaDHNA and EcDHNA were carried out first (Chapter 2).

Subsequently, site-directed mutagenesis was used to remove the functional groups at the

active sites of the enzymes, and changes in the binding and catalytic properties of the

enzymes were measured to determine the functional roles of these residues (Chapter 3

and 4). Of particular interest, mutations involving the active site Tyr residue were found

to confer unique new chemistry to the enzyme such that oxygenase activity was identified

(Chapter 3).
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CHAPTER 2: NMR, EQULIBRIUM AND TRANSIENT KINETIC STUDIES OF

STAPHYLOCOCCUS AUREUS AND ESCHERICHIA COLI ENZYMES

ABSTRACT

Dihydroneopterin aldolase (DHNA) catalyzes both the cleavage of 7,8-dihydro-

D-neopterin (DHNP) to form 6-hydroxymthyl-7,8-dihydropterin (HP) and

glycolaldehyde and the epimerization of DHNP to form, 7,8-dihydro-L-monapterin

(DHMP). Whether the epimerization reaction uses the same reaction intermediate as in

the aldol reaction or the deprotonation and re-protonation of the 2’-carbon of DHNP has

been investigated by NMR analysis of the reaction products in a D20 solvent. No

deuteration of the 2’-carbon was observed for the newly formed DHMP, while there was

a significant deuteration of the 6-hydroxymethyl carbon of HP. The results strongly

suggest that the epimerization reaction uses the same reaction intermediate as the aldol

reaction. The binding and catalytic properties of DHNAs from both Staphylococcus

aureus (SaDHNA) and Escherichia coli (EcDHNA) have been determined by

equilibrium binding and transient kinetic studies. The DHNA-catalyzed reaction is

reversible in contrast to an early observation. A complete set of kinetic constants for both

the aldol and epimerization reactions according to a unified kinetic mechanism has been

determined for both SaDHNA and EcDHNA. The results show that the two enzymes

have significantly different binding and catalytic properties, in accordance with the

significant sequence differences between them. EcDHNA is different from SaDHNA

biochemically in several aspects. (1) EcDHNA has much higher affinities for the

31



substrate, products, and inhibitors measured in this work. (2) EcDHNA has a much

higher epimerase activity than SaDHNA. (3) The rate-limiting step in the forward

reaction (the formation of HP) is the product release for EcDHNA but is the formation of

the reaction intermediate for SaDHNA. (4) The reverse reaction is very slow with

EcDHNA but very fast with SaDHNA.
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INTRODUCTION

Infectious diseases are the leading causes of death and the main causes of

premature death (0-44 years) (2). Widespread and persistent antibiotic resistance has

caused a worldwide health care crisis (3-5). The crisis has been aggravated by the

decisions by many major pharmaceutical companies to abandon or curtail their

antibacterial programs for business reasons (6-8), and the fact that most new antibiotics

are chemical modifications of existing antimicrobial agents (9). These compounds act

against old targets and are therefore less effective in dealing with widespread antibiotic

resistance. New targets for the development of novel antimicrobial agents are thus

urgently needed for combating the antibiotic crisis.

Dihydroneopterin aldolase (DHNA) catalyzes the conversion of 7,8-

dihydroneopterin (DHNP) to 6-hydroxymethyl-7,8—dihydropterin (HP) in the folate

biosynthetic pathway, one of principal targets for developing antimicrobial agents (3).

Folate cofactors are essential for life (10). Most microorganisms must synthesize folates

de novo. In contrast, mammals cannot synthesize folates because of the lack of three

enzymes in the middle of the folate pathway and obtain folates from the diet. DHNA is

the first of the three enzymes that are absent in mammals and therefore an attractive

target for developing antimicrobial agents (11).

DHNA is a unique aldolase in two respects. First, DHNA requires neither the

formation of a Schiff’s base between the substrate and enzyme nor metal ions for

catalysis (12). Aldolases can be divided into two classes based on their catalytic

mechanisms (13, 14). Class I aldolases require the formation of a Schiff’s base between
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an amino group of the enzyme and the carbonyl of the substrate, whereas class II

aldolases require a Zn2+ ion at their active sites for catalysis. The proposed catalytic

mechanism for DHNA (12, 15, 16) is similar to that of class I aldolases, but the Schiff’s

base is embedded in the substrate (Figure 2.1). Secondly, in addition to the aldolase

reaction, DHNA also catalyzes the epimerization at the 2’-carbon of DHNP to generate

7,8-dihydromonapterin (DHMP) (15), but the biological function of the epimerase

reaction is not known at present. The aldolase and epimerase reactions are believed to

involve a common intermediate as shown in Figure 2.1 (12, 15, 16). Both reactions

involve the retroaldol cleavage of the C-C bond between Cl’ and C2’. Epimerization

results from the re-formation of the C-C bond after the rotation of glycolaldehyde. The

mechanism of the epimerization reaction is very similar to that Catalyzed by L-ribulose-S-

phosphate 4-epimerase (17), which also follows aldol chemistry (18), but the two

enzymes are different in structure and have no apparent sequence identity. L-ribulose-S-

phosphate 4-epimerase has 26% identity with the class II L-fuculose-l-phosphate

aldolase and requires a Zn2+ ion for catalysis (17). DHNA is unique because it catalyzes

both aldolase and epimerase reactions, whereas L-ribulose-S-phosphate 4-epirnerase and

L-fuculose-l-phosphate aldolase catalyze only one type of reaction.

Interestingly, DHNAs from Gram-positive and Gram-negative bacteria have some

unique sequence motifs. Figure 1.2 shows the amino acid sequence alignment of DHNAs

from 11 bacteria. The first five enzymes are from Gram-positive bacteria, and the rest are

from Gram-negative bacteria. The identities between enzymes from Gram-positive

bacteria range from 39% to 45% and those between Gram-negative bacteria are 49-91%,

but the identities between Gram-positive and Gram-negative bacterial enzymes are
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Figure 2.1: The proposed catalytic mechanism for the DHNA-catalyzed reactions.
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<30%. Many differences between enzymes from Gram-positive and Gram—negative

bacteria are at or near their active centers (16).

DHNA was first identified in Escherichia coli (EcDHNA) by Mathis and Brown

in 1970 (12). There were few studies on DHNA until 1998, when Hennig and coworkers

determined the crystal structures of DHNA from Staphylococcus aureus (SaDHNA) and

its complex with the product HP (16). In the same year, HauBmann and coworkers

demonstrated that the enzyme has both aldolase and epimerase activities and determined

the steady-state kinetic parameters for both reactions (15). In 2000, the Wilthrich group

published the total sequential resonance assignment of the 110 kDa homooctomeric

SaDHNA (19), which was a model system for the development of TROSY NMR

spectroscopy (20-22). Also in 2000, Deng and coworkers measured the pK, of nitrogen 5

of SaDHNA-bound 7,8-dihydrobiopterin by Raman spectroscopy (23). In 2002,

Illarionova and coworkers showed that the protonation of the reaction intermediate

prefers the pro-S position (24). Most recently, we studied the dynamic properties of apo

SaDHNA and the product complex SaDHNA-HP by molecular dynamics simulations (1).

How DHNA catalyzes both aldol and epimerization reactions is however largely

unknown at present.

We are interested in understanding the catalytic mechanism of DHNA and the

biochemical consequences of the significant sequence differences described above. To

this end, we performed a comprehensive equilibrium and kinetic study of SaDHNA and

EcDHNA, representing DHNAs from Gram-positive and Gram-negative bacteria,

respectively. We also addressed the issue of whether the epimerase reaction uses the

same reaction intermediate as that of the aldolase reaction or an alternative mechanism
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via the deprotonation and re-protonation of 2’-carbon. The results showed that the

epimerase reaction follows the same reaction intermediate as that of the aldolase reaction

and that SaDHNA and EcDHNA have significantly different equilibrium and kinetic

constants, which form the basis for elucidating the catalytic mechanism of DHNA and

developing antimicrobial agents specifically against Gram-positive or Gram-negative

bacteria.

EXPERIMENTAL PROCEDURES

Materials. 6-Hydroxymethylpterin (HPO), 6-hydroxymethyl-7,8-dihydropterin

(HP), 7,8-dihydro-D-neopterin (DHNP), 7,8-dihydro-L-m0napterin (DHMP), D-

neopterin (NP), and L-monapterin (MP) were purchased from Schircks Laboratories.

Restriction enzymes and T4 ligase were purchased from New England Biolabs. Pfu DNA

polymerase and the pET-l7b vector were purchased from Strategene and Novagen,

respectively. Other chemicals were from Sigma or Aldrich.

Cloning. The SaDHNA gene was cloned into the prokaryotic expression vector

pET-l7b and a home-made derivative (pETl7H) by PCR from S. aureus genomic DNA.

The pETl7H vector was used for the production of a His-tagged SaDHNA. The primers

for the PCR reaction were 5’-G GAA TTC CAT ATG CAA GAC ACA ATC TTT CTT

AAA G -3’(forward primer with a Nde I site) and 5’- CG GGA TCC TCA TTT ATT

CTC CCT CAC TAT TTC-3’ (reverse primer with an BamH I site). The EcDHNA gene

was cloned into the prokaryotic expression vector pET-17b by PCR from E. coli genomic

DNA. The primers for the PCR reaction were 5’—G GAA TTC CAT ATG GAT ATT
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GTA TTT ATA GAG CAA C -3’ (forward primer with a Nde I site) and 5’- CG GGA

TCC TTA ATT ATT TTC TTT CAG ATT ATT GCC-3’ (reverse primer with an BamH I

site). The expression constructs were transformed into the E. coli strain DH5a. The

correct coding sequences of the cloned genes were verified by DNA sequencing. The

verified SaDHNA expression constructs were transformed into the E. coli strain

BL21(DE3)pLysS for over-production of SaDHNA. The verified EcDHNA expression

construct was transformed into the E. coli strain BL21 (DE3) for over-production of

EcDHNA.

Expression and Purification. The non-tagged SaDHNA was purified by ion

exchange chromatography on a DEAE-cellulose column and gel filtration on a Bio-Gel

A-0.5m gel column. One liter of LB medium containing 100 mg ampicillin and 20 mg

chloramphenicol was inoculated with 5 mL of overnight seed culture and incubated at 37

°C with vigorous shaking. The production of the SaDHNA was induced when the 0D6oo

of the culture reached 0.8-1.0. The culture was further incubated for 4 h and harvested by

centrifugation. The E. coli cells were re-suspended in 20 mM Tris-HCl, pH 8.0 (buffer

A) and lysed by a French press. The lysate was centrifuged for 20 min at ~27,000 g. The

supernatant was loaded onto a DEAE-cellulose column equilibrated with buffer A. The

column was washed with buffer A until 0mm of the effluent was <0.05 and eluted with a

0-500 mM linear NaCl gradient in buffer A. Fractions containing DHNA were identified

by Ongo and SDS-PAGE and concentrated to ~15 mL by an Amicon concentrator using

a YM30 membrane. The concentrated protein solution was centrifuged, and the

supernatant was applied to a Bio-Gel A-0.5m gel column equilibrated with buffer A

containing 150 mM NaCl. The column was developed with the same buffer. Fractions
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from the gel filtration column were monitored by 0mm and SDS-PAGE. Pure DHNA

fractions were pooled and concentrated to 10-20 mL. The concentrated DHNA was

dialyzed against 5 mM TrisHCl, pH 8.0, lyophilized, and stored at -80 °C. EcDHNA was

purified essentially the same way except that the E. coli cells that over-produced

EcDHNA were from overnight cultures from single colonies without the IPTG induction.

The His-tagged SaDHNA was purified by a Ni-NTA column and a Bio-Gel A-0.5m gel

column. The cells were harvested and lysed as described above except that buffer was

replaced with 50 mM sodium phosphate, 300 mM NaCl, pH 8.0 (buffer B) and 10 mM

imidazole. The lysate was loaded onto the Ni-NTA column equilibrated with buffer B

containing 10 mM imidazole. The column was washed with 20 mM imidazole in buffer B

and eluted with 250 mM imidazole in buffer B. The concentrated protein was further

purified by gel filtration, concentrated again, dialyzed, lyophilized, and stored at -80 °C

as described earlier.

Equilibrium Binding Studies. The procedures for the equilibrium binding studies

of DHNAs were essentially the same as previously described for the similar studies of 6-

hydroxymethyl-7,8-dihydropterin pyrophosphokinase using a Spex FluoroMax-2

fluorometer (25, 26). Briefly, proteins and ligands were all dissolved in 100 mM Tris-

HCl, pH 8.3, and the titration experiments were performed in a single cuvette at 24 °C.

For the NP, MP, and HPO experiments, a DHNA solution was titrated with a stock

solution of one of the ligands. Fluorescence intensities were measured at an emission

wavelength of 446 nm with a slit of 5 nm. The excitation wavelength and slit were 400

nm and 1 nm, respectively. A set of control data was obtained in the absence of the

protein. The data set obtained in the absence of the protein was then subtracted from the
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corresponding data set obtained in the presence of the protein after correcting inner filter

effects. The Kd value was obtained by nonlinear least square fitting of the titration data as

previously described (25).

To determine the Kd values for HP, a solution containing 1 uM HP was titrated

with the proteins. The fluorescence of HP was measured at an emission wavelength of

430 nm and an excitation wavelength of 330 nm. The emission and excitation slits were

both 5 nm. A control titration experiment was performed in the absence of HP. The

control data set obtained in the absence of HP was subtracted from the corresponding

data set obtained in the presence of HP. The [(4 values were obtained by nonlinear least

square fitting of the titration data as previously described (25).

Stopped-Flow Analysis. Stopped-flow experiments were performed on an Applied

Photophysics SX.18MV-R stopped-flow spectrofluorometer at 25 °C. One syringe

contained the protein (SaDHNA or EcDHNA), and the other contained NP, MP, HP or

HPO. The protein concentrations were 1 or 2 11M, and the ligand concentrations ranged

5-60 uM. All concentrations were those after the mixing of the two syringe solutions.

Fluorescence traces for NP, MP and HPO were obtained with an excitation wavelength of

360 nm and a filter with a cutoff of 395 nm for emission. Fluorescence traces for HP

were obtained with an excitation wavelength of 330 nm and the same filter for emission.

Apparent rate constants were obtained by nonlinear squares fitting of the data to a single

exponential equation and were re-plotted against the ligand concentrations. The

association and dissociation constants were obtained by linear regression of the apparent

rate constants vs. ligand concentration data.
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Quench-Flow Analysis. Quench-flow experiments were carried out on a KinTek

RQF-3 rapid quench-flow instrument. One syringe was loaded with a protein solution

(SaDHNA or EcDHNA), and the other loaded with a substrate solution (DHNP or

DHMP). All components were dissolved in a buffer containing 100 mM Tris-HCl, 1 mM

EDTA, and 5 mM DTT, pH 8.3. For the forward reaction with DHNP or DHMP as the

substrate, the enzyme concentrations were 15-20 M, and the substrate concentrations

were 10, 20, and 30 uM, all referred to those immediately after the mixing of the two

syringe solutions. For the reverse reaction, the enzyme (SaDHNA or EcDHNA) was 10

uM, HP was 100 uM, and GA ranged from 1 to 100 mM. All reactions were initiated by

mixing of the two solutions, one containing the enzyme and the other the substrate(s), and

quenched with 1 N HCl. The quenched reaction mixtures were processed as previously

described (15). Briefly, the reaction mixtures (115 pl each) were mixed with 50 uL 1% 12

(w/v) and 2% (w/v) K1 in l N HCl for 5 min at room temperature to oxidize the pterin

compounds. Excess iodine was reduced by mixing with 25 uL 2% ascorbic acid (w/v).

The samples were then centrifuged at room temperature for 5 min using a

microcentrifuge. The oxidized reactant and products in the supematants were separated

by HPLC using a Vydac RP18 column. The column was equilibrated with 20 mM

NaH2PO4 made with MilliQ water and eluted at the flow rate of 0.8 mL/min with the

same solution. The oxidized reactant and products were quantified by online fluorometry

with excitation and emission wavelengths of 365 and 446 nm, respectively. The quench-

flow data were analyzed by global fitting using the program DYNAFIT (27) according to

Scheme 1.
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NMR Spectroscopy. NMR measurements were made at 25 °C with a Varian lnova

600 spectrometer. The initial NMR sample contained 2 mM DHNP and 1 mM tris(2-

carboxyethyl) phosphine (TCEP) in 50 mM sodium phosphate buffer, pH 8.3 (pH meter

reading without correction for deuterium isotope effects), made with D20. The reaction

was initiated with 3 uM SaDHNA. NMR spectra were recorded before and after the

addition of the enzyme. A spectrum of DHMP was also acquired for comparison. The

spectral width for the NMR data was 8000 Hz with the carrier frequency at the HDO

resonance. The solvent resonance was suppressed by presaturation. Each FID was

composed of 16 k data points with 16 transients. The delay between successive transients

was 6 s. The time domain data were processed by zero-filling to 32 k points,

multiplication with a 90°-shifted sine bell function, and Fourier transformation.

Chemical shifts were referenced to the internal standard sodium 2-dimethyl-2-

silapentane-S-sulfonate sodium salt (DSS). The relative proton populations were

calculated based on the integrals of their NMR signals.

RESULTS

NMR Analysis. Although it is reasonable that the epimerase reaction follows the

same reaction intermediate as that of the aldolase reaction as described earlier (Figure

2.1), it is also possible that the epimerase reaction follows an alternative mechanism, i.e.,

the deprotonation and re-protonation of 2’-carbon. The alternative reaction can be

initiated by deprotonation of l’-carbon and protonation of 5—nitrogen to form an enol
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intermediate, which can turn into a keto intermediate by tautomerization for the

subsequent deprotonation and re-protonation of 2’-carbon. Whether the epimerase

reaction follows the same reaction intermediate as that of the aldolase reaction or the

mechanism of deprotonation and re-protonation of 2’-carbon can be tested by NMR. The

key difference between the two reaction mechanisms is that 2’-proton is always attached

to 2’-carbon if the epimerase reaction follows the same reaction intermediate as that of

the aldolase reaction (Figure 2.1), while it has to be extracted by a base if the epimerase

reaction follows the mechanism of deprotonation and re-protonation of 2’-carbon.

Therefore, when the reaction is run in D20, the 2’-proton occupancy will change if the

epimerase reaction involves the deprotonation and re-protonation of 2’-carbon but will

not change if it follows the same reaction intermediate as that of the aldolase reaction.

The proton occupancy can be quantified by NMR. It was noticed in this context that the

6-hydroxymethyl group of the aldolase reaction product HP can be significantly

deuterated (at least half of the —CH2- protons of the hydroxymethyl group) if the reaction

occurs in D20 (24). The result of such an experiment is shown in Figure 2.2. The NMR

signals were assigned based on their multiplicity patterns, decoupling experiments, and

comparison with the NMR spectrum of authentic DHMP (the top spectrum in Figure 2.2).

As shown in Figure 2.2, the NMR signals of all 2’- and 3’-protons of DHNP and DHMP

are well separated, except those of the 3’Hb protons of the two compounds, which are

overlapping. The proton occupancy at the 2’-position of the newly formed DHMP could

be quantified by comparing the integrals of the 2’H and 3’Ha NMR signals of DHMP,

because 3’-protons do not participate in the chemical reaction in either mechanism and

cannot be replaced with deuterons. The result showed that the intensities of the 2’H and
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Figure 2.2: The SaDHNA-catalyzed reactions in D20 monitored by NMR. The

bottom spectrum was obtained before the addition of the enzyme and the middle three

spectra were obtained 18, 35, and 70 min after the addition of the enzyme. The top

spectrum is that of DHMP for comparison. Only the NMR signals of 2’ and 3’ protons of

DHNP and DHMP are shown. The chemical structures of DHNP and DHMP are also

shown at the top with atom numbering labeled for DHNP. For clarity, the NMR signals

of the aldolase reaction products HP and GA are not shown.
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3’Ha NMR signals were the same throughout the time course of the reaction (18, 35, and

70 min). The 1:1 intensities of the 2’H and 3’Ha NMR signals indicated a 100% proton

occupancy at 2’-position, strongly suggested that there is no deprotonation and re-

protonation at 2’-carbon and the epimerase reaction follows the aldol chemistry.

Is the DHNA-catalyzed reaction reversible? Although aldolase-catalyzed

reactions are generally reversible, the DHNA-catalyzed reaction was shown previously to

be irreversible (12). However, it was noticed that the E. coli enzyme preparation used in

the experiment had a low activity and furthermore, the GA concentration (150 uM) was

rather low, especially considering that GA exists in various forms in solution and only a

small fraction is in the correct form for the reaction (28, 29). To further investigate the

issue of the reversibility of the DHNA-catalyzed reaction, we ran the reverse reaction

with our recombinant enzymes and high concentrations of GA. One such result obtained

with SaDHNA is shown in Figure 2.3. Clearly, the SaDHNA-catalyzed reaction was

reversible. Furthermore, the reverse reaction was rather rapid in the presence of

SaDHNA. The apparent Km for GA obtained by varying GA at a fixed HP concentration

(100 11M) was ~10 mM. The EcDHNA-catalyzed reaction was also reversible, but the

reverse reaction catalyzed EcDHNA was much slower than that catalyzed by SaDHNA

(data not shown).

Equilibrium Binding Studies. Since the epimerase reaction uses the same reaction

intermediate as that of the aldolase reaction and the aldolase reaction is reversible, we can

draw a unified kinetic scheme for the DHNA-catalyzed reactions as shown in Scheme 1,

where A, B, I, P, and Q represent DHNP, DHMP, the reaction intermediate, HP, and

glycolaldehyde, respectively.
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Figure 2.3: Reverse reaction catalyzed by SaDHNA. The initial reaction mixture in

100 mM Tris-HCI, pH 8.3, contained 100 guM HP and 20 mM GA. The reaction was

initiated with 10 uM SaDHNA at 25 °C, quenched with l N HCl, and processed as

described in the Experimental Procedures section. The HPLC chromatograms only show

the oxidized pterin substrate (HPO) and products (NP and MP), because GA has no

fluorescence.
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Scheme 1
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The major goal of this work was to determine the rate constants of the individual

steps of the reactions. Our strategy to achieve this goal was a comprehensive one,

involving the measurements of both equilibrium and kinetic constants of the physical

steps by equilibrium and stopped-flow fluorometric analysis and the determination of the

rate constants of the chemical steps by quench-flow analysis of both forward and reverse

reactions. We first measured the dissociation constants by fluorometry. A typical

fluorometric titration curve is shown in Figure 2.4. The results are summarized in Table

2.1. To facilitate the purification of SaDHNA, we engineered a His-tag at the N-terrninal

of the enzyme. The binding properties of the His-tagged and untagged enzymes were

essentially the same (data not shown), and the binding data for SaDHNA in Table 2.1 are

those of the His-tagged enzyme. NP, MP, and HPO are the oxidized forms of DHNP,

DHMP, and HP, respectively. The only difference between the two sets of the pterin

compounds is that between C7 and N8 is a single bond in the reduced pterins, but a

double bond in the oxidized pterins. Consequently, there is a hydrogen atom attached to

N8 in the reduced pterins and the NH group can serve as a hydrogen bond donor, while in

the oxidized pterins, there is no hydrogen attached to N8 and it can only serve as a
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Figure 2.4: Binding of NP to SaDHNA at equilibrium. A 2 mL solution containing 15

uM SaDHNA in 100 mM Tris-HCl, pH 8.3 was titrated with NP by adding aliquots of a

1.94 mM NP stock solution at 24 °C. The final enzyme concentration was 14 uM. The

top axis indicates the NP concentrations during the titration. A set of control data was

obtained in the absence of the enzyme and was subtracted from the corresponding data

set obtained in the presence of the enzyme. The solid line was obtained by nonlinear

least-squares regression as previously described (25).
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Table 2.1: Dissociation Constants of S. aureus and E. coli DHNAs Measured by

Equilibrium Binding Experiments

 

 

SaDHNA“ EcDHNA

Kw, (uM) 18I2 07740.06

KW.) (11M) 1321 2.6I0.06

K...) (uM) 24:10.2 0.43;.004

Irma, (uM) 24i0.2 0104:0007

 

aThe chemical structures of the measured compounds are as follows.

O OH 0 9H 0

N = N ’ N
HN \ OH HN \ ; OH HN \ OH

)\\ I / OH )\\ I / 6H )\\ | /

H2N N N H2N N N H2N N N

NP MP HPO

bSaDHNA has a His-tag at the N-terminus.
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hydrogen bond acceptor. NP, MP, and HPO are all DHNA inhibitors. The results of the

equilibrium binding studies showed that in comparison with EcDHNA, SaDHNA has

significantly higher Kd values for the measured pterin compounds, particularly HPO,

whose the Kd value for SaDHNA was 240 times that for EcDHNA. Furthermore, while

the Kd values of SaDHNA for the reduced and oxidized pterin compounds (HP and HPO

respectively) were the same, the Kd value of EcDHNA for the reduced pterin compound

(the product HP) was higher than that for the oxidized pterin compound (the oxidized

product HPO). Finally, the K2 value of SaDHNA for NP was slightly higher than that for

MP, while the Kd value of EcDHNA for NP is lower than that for MP.

Stopped-Flow Analysis. We then measured the rate constants of the physical steps

of the reaction by stopped-flow fluorometric analysis. Because glycolaldehyde (GA) has

a very low affinity for the enzymes (data not shown) and exists in solution in multiple

forms, of which the correct form for the reaction is a minor one (28, 29), we focused our

analysis of product binding and dissociation on HP. Because DHNP and DHMP undergo

chemical reactions in the presence DHNA, we measured the binding and dissociation of

the structurally-related DHNA inhibitors NP and MP. To assess the differences in the rate

constants of the reduced and oxidized pterins, we also measured the association and

dissociation rate constants of HPO and compared them with those of HP. A typical result

of the stopped-flow analysis is shown in Figure 2.5. The rate constants measured by the

stopped-flow experiments are summarized in Table 2.2, where In and k! are the

association and dissociation rate constants, respectively. The Kd values calculated as k.

l/kl were in excellent agreement with those measured by equilibrium binding studies
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Figure 2.5: Stopped-flow analysis of the binding of HPO to EcDHNA. The

concentration of EcDHNA was 0.2 IIM, and the concentrations of HPO were 1, 2, 4 and 8

uM for traces 1, 2, 3, and 4, respectively. All concentrations were those immediately after

the mixing of the two syringe solutions. Both EcDHNA and HPO were dissolved in 100

mM Tris-HCl, pH 8.3. The fluorescent signals were rescaled so that they could be fitted

into the figure with clarity. The solid lines were obtained by nonlinear regression as

described in the Experimental Procedures section. The inset is a replot of the apparent

rate constants vs. the HPO concentrations. The solid line was obtained by linear

regression.
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Table 2.2: Association and Dissociation Rate Constants of S. aureus and E. coli DHNAs

Measured by Stopped-flow Experiments

 

 

 

 

SaDHNAa EcDHNA

kl k-. 10," k1 k.. de

(uM"S") 0“) (PM) (IIM"s") 0“) 01M)

NP 0.24I0.01 4.5I0.1 19 0.32I0.02 0.29I0.03 0.88

MP 0.29I0.02 4.2I0.2 15 0.26I0.01 0.58I0.03 2.3

HP 0.47I0.04 133:1 28 0.65:1:0.08 0.26I0.02 0.4

HPO 0.45I0.02 10I0.5 24 0.55:1:004 0.062I0.006 0.1 1

aSaDHNA has a His-tag at the N-terminus.

bThe Kd values were calculated as k-l/k1.
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(Table 2.1). The results showed that the association rate constants for NP and MP are

very similar and slightly lower than those for HP and HPO, which are very similar. This

phenomenon is presumably related to the sizes of the molecules. NP and MP are the same

size and are slightly larger than HP and HPO. Furthermore, the results also showed that

for SaDHNA, the association and dissociation rate constants of the reduced pterin HP are

the same as those of the oxidized pterin (HPO), in accordance with the same Kd value for

the two pterin compounds. On the other hand, for EcDHNA, the association rate

constants for HP and HPO are essentially the same, but the dissociation constant of HP is

larger than that of HPO, in agreement with a larger Kd value for HP. Finally, the higher

Kd values are all mainly due to the higher dissociation rate constants.

Quench-Flow Analysis. The rate constants of the chemical steps were measured

by quench-flow experiments. We ran the forward reaction (the formation of HP) using

both DHNP and DHMP as the substrates and the reverse reaction (the formation of

DHNP and DHMP) with HP and GA. For the forward reaction, three concentrations each

for DHNP and DHMP were used. For the reverse reaction, the concentration of HP was

fixed, and eight concentrations of GA were used for the SaDHNA-catalyzed reaction and

six concentrations of GA for the EcDHNA-catalyzed reaction. Each reaction generated

three curves, one each for DHNP, DHMP, and HP. The multitude of the quench-flow

data was then fitted globally to Scheme 1 by nonlinear least squares regression using the

program DYNAFIT (27). The initial values for the physical steps were from the stopped-

flow analysis described in the previous section. Typical results of the forward reaction are

shown in Figures 2.6 and 2.7 for the SaDHNA- and EcDHNA-catalyzed reactions,

respectively, and for clarity, only the formation of HP was plotted. The results of the
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Figure 2.6: Quench-flow analysis of the SaDHNA-catalyzed reaction. Data 1, 2, and 3

were obtained with DHNP as the substrate. Because the commercial DHNP contained a

minute amount of DHMP, the reaction mixtures contained both DHNP and DHMP. The

concentrations of DHNP and DHMP for data 1, 2, and 3 were 29.7 and 0.3, 19.8 and 0.2,

9.9 and 0.1 IIM, respectively. Data 4, 5, and 6 were obtained with DHMP as the substrate.

The DHMP concentrations were 10, 20, and 30 uM, respectively. The enzyme

concentration was 20 uM for all reactions. All concentrations were those immediately

after the mixing of the two syringe solutions. The buffer contained 100 mM Tris-HCl, 5

mM DTT, pH 8.3. The solid lines were obtained by global nonlinear least squares

regression using the program DYNAFIT (27). For clarity, the changes in the

concentrations of DHNP and DHMP were not plotted.
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Figure 2.7: Quench-flow analysis of the EcDHNA-catalyzed reaction. The reaction

conditions and substrate concentrations were the same as those described in the legend

for Figure 2.6. The EcDHNA concentration was 15 uM for all data sets. The solid lines

were obtained by global nonlinear least squares regression using the program DYNAFIT.

For clarity, the changes in the concentrations of DHNP and DHMP were not plotted.
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quench-flow analysis are summarized in Figure 2.8. For SaDHNA, the epimerase activity

is insignificant in comparison with its aldolase activity, only a small fraction of the

aldolase activity, the rate-limiting step in the formation of HP is the generation of the

reaction intermediate, and the reverse reaction is faster than the forward reaction. For

EcDHNA, in contrast, the epimerase activity is highly significant, comparable to the

aldolase activity, the rate-limiting step in the formation of HP is the product release, and

the reverse reaction is much slower than the forward reaction.

DISCUSSION

Despite its fundamental significance as a unique aldolase and its biological

significance as an attractive target for developing antimicrobial agents, how the enzyme

catalyzes both the aldolase and epimerase reactions are largely unknown beyond the

crystal structures (11, I6, 30, 31). While it is reasonable to assume that the epimerase

reaction follows the same reaction intermediate as that of the aldolase reaction, one

cannot exclude a priori the alternative mechanism of deprotonation and re-protonation of

2-carbon. Our NMR analysis of DHMP generated in the reaction in D20 clearly indicated

that there is no deuteration of 2-carbon of the epimerase product. In contrast, the 6-

hydroxymethyl group of the aldolase product HP is deuterated to the extent of having at

least one equivalent of deuterons added to the 6-hydroxymethyl carbon (24). Obviously,

the lack of deuteration of the 2’-carbon of DHMP is not due to the lack of deuterons,

rather it suggests that the epimerase reaction follows the aldol chemistry and the 2’-

proton is not extracted during the course of the reaction. The NMR data strongly supports
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Figure 2.8: Summary of the kinetic constants for the SaDHNA-catalyzed (top panel)

and EcDHNA-catalyzed (lower panel) reactions. The chemical steps are highlighted

with blue ovals, and the aldolase and epimerase activities with blue arrows.
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the hypothesis that the aldolase and epimerase activities follows the same reaction

intermediate as depicted in Figure 2.1.

Because DHNA catalyzes both aldol and epimerization reactions and the

epimerization product DHMP can also be converted to the aldol reaction product HP, it is

particularly important to determine the rate constants for elementary steps if one intends

to determine how the enzyme catalyzes the two reactions. Furthermore, steady-state

kinetic analysis is insufficient for DHNA, because the steady-state kinetic parameters

cannot adequately describe the two reactions catalyzed by the enzyme and the formation

of DHMP will be underestimated because of its conversion to HP. HauBmann and

coworkers previously determined the steady-state kinetic constants for EcDHNA (15).

According to the steady-state kinetic data, the epimerase activity is 1/6 of the aldolase

activity, which significantly underestimates the epimerase activity of EcDHNA (see

Figure 2.8, lower panel). Furthermore, the kc... values for the aldolase and epimerase

activities are significantly lower than the rate constants of the chemical steps.

A critical issue in the kinetic analysis is whether the reaction is reversible or not.

Although in general aldolase-catalyzed reactions are readily reversible, it was shown

earlier that DHNA was an exception and the DHNA-catalyzed reaction is apparently

irreversible. The apparent irreversibility is probably due to the low activity of the enzyme

preparation used in the experiment, the low concentration of GA, and the low reaction

rate of the EcDHNA-catalyzed reverse reaction. With pure recombinant enzymes and

high concentrations of GA, it is clear that DHNA-catalyzed reaction is reversible. In fact

for SaDHNA, the reverse reaction is much faster than the forward reaction. Our strategy

for determining the rate constants of individual steps is a comprehensive one. The
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philosophy behind the strategy is to isolate the different steps of the reaction whenever

possible and design experiments to determine rate constants for the specific steps.

Stopped-flow fluorometry is rapid and suitable for the physical steps of the enzymatic

reaction, but is not suitable for the chemical steps because of the lack of significant

optical changes in the chemical steps. On the other hand, quench-flow analysis is

laborious but provides an accurate measurement of the rates of the chemical steps.

Because the reaction is reversible, it can be run in three directions with DHNP, DHMP,

or HP and GA as the substrates. One can then derive a complete set of rate constants for

the enzymatic reaction by the global analysis of the multitude of data. The determination

of a complete set of kinetic constants for both SaDHNA and EcDHNA provides a firm

basis for dissecting their catalytic mechanisms.

Our equilibrium and kinetic data show that SaDHNA and EcDHNA have

significantly different binding and catalytic properties, in accordance with the significant

sequence differences between the two enzymes. EcDHNA is different from SaDHNA

biochemically in several aspects. (1) EcDHNA has much higher affinities for the

substrate, products, and inhibitors measured in this work, particularly for HPO. (2)

EcDHNA has a much higher epimerase activity than SaDHNA. (3) The rate-limiting step

in the forward reaction (the formation of HP) is the product release for EcDHNA but is

the formation of the reaction intermediate for SaDHNA. (4) The reverse reaction is very

slow with EcDHNA but very fast with SaDHNA. The marked differences in the ligand-

binding properties of SaDHNA and EcDHNA, which must stem from the significant

differences in the structures of their active sites, suggest that it may be possible to

develop antimicrobial agents specifically against DHNA from S. aureus or E. coli.
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Indeed, we have developed potent inhibitors for SaDHNA or EcDHNA (Felczak et al.,

unpublished). Because many DHNAs from Gram-positive and Gram-negative bacteria

are highly homologous within their own groups but significantly different between the

two groups, it may be possible to develop antimicrobial agents specifically against Gram-

positive or Gram-negative bacteria by targeting respective DHNAs.
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CHAPTER 3: MECHANISM OF DIHYDRONEOPTERIN ALDOLASE: A POINT

MUTATION CONVERTS THE ENZYME TO A COFACTOR—INDEPENDENT

OXYGENASE

ABSTRACT

Dihydroneopterin aldolase (DHNA) catalyzes the conversion of 7,8-

dihydroneopterin to 6-hydroxymethyl-7,8-dihydropterin (HP) in the folate biosynthetic

pathway. Substitution of a conserved tyrosine residue at the active site of DHNA by

phenylalanine converts the enzyme to a cofactor-independent oxygenase, which generates

mainly dihydroxanthopterin (DHXP) rather than HP. DHXP is generated via the same

enol intermediate as in the wild-type enzyme-catalyzed reaction, but this species

undergoes an oxygenation reaction to form DHXP. The conserved tyrosine residue plays

only a minor role in the formation of the enol reaction intermediate, but a critical role in

the protonation of the enol intermediate to form HP.
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INTRODUCTION

Dihydroneopterin aldolase (DHNA) catalyzes the conversion of 7,8-

dihydroneopterin (DHNP) to 6-hydroxymethyl-7,8-dihydropterin (HP) in the folate

biosynthetic pathway, one of principal targets for developing antimicrobial agents (1).

Like other enzymes such as dihydropteroate synthase and dihydrofolate reductase in the

folate pathway (2, 3), DHNA is an attractive target for developing antimicrobial agents

(4). DHNA is also a unique aldolase in that it requires neither the formation of a Schiff

base between the substrate and the enzyme nor metal ions for catalysis (5) and in addition

to the aldolase reaction, DHNA also catalyzes the epimerization at the 2’-carbon of

DHNP to generate 7,8-dihydromonapterin (DHMP, Figure ' 1.3) (6). Interestingly,

DHNAs from Staphylococcus aureus (SaDHNA) and Escherichia coli (EcDHNA),

representatives of DHNAs from Gram-positive and Gram-negative bacteria respectively,

have significant differences in binding and catalytic properties.

One of the conserved residues at the active site of DHNA is a tyrosine residue,

Y54 in SaDHNA and Y53 in EcDHNA. According to the crystal structure of SaDHNA in

complex with HP (7), the pterin ring is stacked with the phenol ring of Y54 (Figure 1.7).

The hydroxyl group of the phenol ring of Y54 is hydrogen bonded to the amino group of

the putative general base of K100 and the hydroxyl of the 6-hydroxymethyl group of the

bound HP. To investigate the role of the conserved tyrosine residue in catalysis, we

replaced Y54 of SaDHNA and Y53 of EcDHNA with a phenylalanine residue by site-

directed mutagenesis. The single point mutations convert the aldolases to oxygenases,

which generate mainly dihydroxanthopterin (DHXP) rather than HP. DHXP is generated
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via the same enol intermediate as in the wild-type enzyme-catalyzed reaction, but this

species undergoes an oxygenation reaction to form DHXP. The conserved tyrosine

residue plays only a minor role in the formation of the enol reaction intermediate, but a

critical role in the protonation of the enol intermediate to form HP.

EXPERIMENTAL PROCEDURES

Materials. 6-Hydroxymethylpterin (HPO), 6-Hydroxymethyl-7,8-dihydropterin

(HP), 7,8-dihydro-D-neopterin (DHNP), 7,8-dihydro-L-monapterin (DHMP), D-

neopterin (NP), L-monapterin (MP), 7,8-dihydroxanthopterin (DHXP), and 6-formyl-7,8-

dihydropterin (FDHP) were purchased from Schircks Laboratories. Pfu DNA polymerase

was purchased fi'om Stratagene. Other chemicals were from Sigma or Aldrich.

Site-Directed Mutagenesis and Protein Purification. The mutants SaY54F and

EcY53F, where Y54 of SaDHNA and Y53 of EcDHNA were replaced by Phe,

respectively, were made by a PCR-based method using high-fidelity pfu DNA

polymerase according to a protocol developed by Stratagene. The forward and reverse

primers for making the SaY54F mutant were 5’-GTT

ATTGATACAGTTCATTITGGTGAAGTGTTCGAAGAG G-3 ’ and 5 ’-

CCTCTTCGAACA CTTCACCAAAATGAACTGTATCAATAAC-3, respectively. The

forward and reverse primers for making the EcY53F mutant 5’-

CGGATTGCCTCAGTTICGCTGACATTGCAGAAAC-3 ’ and 5 ’ -

GTTTCTGCAATGTCAGCGAAACTGAGGCAATCCG-3’, respectively. The mutants

were selected by DNA sequencing. In order to ensure that there were no unintended
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mutations in the mutants, the entire coding sequences of the mutated genes were

determined.

The mutant proteins were purified as previously described (Wang et al.,

unpublished). Briefly, SaYSF was purified to homogeneity by a Ni-NTA column

followed by a Bio-Gel A-0.5m gel column. EcY53F was purified by a DEAE-cellulose

column followed by a Bio-Gel A-0.5m gel column. The purities of the protein

preparations were checked by SDS-PAGE. The amino acid sequence of the purified

proteins were confirmed by ‘top-down’ tandem mass spectrometry (8). The purified

proteins were concentrated, dialyzed, lyophilized, and stored at -80 °C.

Equilibrium Binding Studies. The procedures for the equilibrium binding studies

of the DHNA mutants were essentially the same as described previously for the wild-type

enzymes (Wang et al., unpublished). Briefly, proteins and ligands were all dissolved in

100 mM Tris-HCl, pH 8.3, and the titration experiments were performed in a single

cuvette with a Spex FluoroMax-Z fluorometer at 24 °C. To determine the Kd values of the

binding of NP and MP to SaY54F, a 2 mL solution containing 10 uM SaY54F was

titrated with a NP or MP stock solution of one of the ligands (NP, MP, or HPO). To

determine the Kd values of the binding of HPO to SaY54F and the binding of NP, MP,

and HP to EcY53F, a 2 mL solution containing 1 uM of one of the ligands (NP, MP, or

HPO) was titrated with a stock solution of SaY54F or EcY53F. The K., values were

obtained by nonlinear least square fitting of the titration data as previously described (9).

Stopped-Flow Analysis. Stopped-flow experiments were performed on an Applied

Photophysics SX.18MV-R stopped-flow spectrofluorometer at 25 °C as described

previously for the wild-type enzymes (Wang et al., unpublished). Apparent rate constants
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were obtained by nonlinear least squares fitting of the data to a single exponential

equation and were re-plotted against the ligand concentrations. The association and

dissociation constants were obtained by linear regression of the apparent rate constants

vs. ligand concentration data.

Kinetic assay. The kinetic experiments were performed manually. Both DHNP

and DHNA were dissolved in a buffer containing 100 mM Tris-HCl, 1 mM EDTA, and 5

mM DTT, pH 8.3. The reactions were initiated by the addition of DHNA and stopped

with 1 N HCl. The stopped reaction mixtures were processed and separated by HPLC as

described (6).

NMR Spectroscopy. NMR measurements were made at 25 °C with a Varian lnova

600 spectrometer. The initial NMR sample contained 1 mM DHNP and 1 mM tris(2-

carboxyethyl) phosphine (TCEP) in 100 mM sodium phosphate buffer, pH 8.3 (pH meter

reading without correction for deuterium isotope effects), made with 90% H20 and 10%

D20. The reaction was initiated with 1 uM SaDHNA or 3 uM SaY54F. NMR spectra

were recorded before and after the addition of the enzyme. The spectral width for the

NMR data was 12000 Hz with the carrier frequency at the HDO resonance. The solvent

resonance was suppressed by presaturation. Each FID was composed of 16 k data points

with 64 transients. The delay between successive transients was 1.7 s. The time domain

data were processed by zero-filling to 32 k points, exponential multiplication (1 Hz), and

Fourier transformation. Chemical shifts were referenced to the internal standard sodium

2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS).

Mass Spectrometry (MS). All MS experiments were performed using a Thermo

model LTQ linear ion trap mass spectrometer. The initial 300 pl samples contained 200
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uM DHNP and 4 uM SaDHNA or 10 uM SaY54F in 5 mM ammonium carbonate, pH 8.

Twenty uL aliquots of the reaction mixtures were taken out at 1-min intervals and mixed

with 80 uL of a solution containing 50% acetic acid and 1% methanol. The samples were

further diluted with the same solution and then introduced to the mass spectrometer at a

flow rate of 0.5 ILL/min by nanoelectrospray ionization (nESl). The nESI conditions used

were: spray voltage 1.8 kV, heated capillary temperature 200 °C, capillary voltage -10 V,

and tube lens voltage -50 V. Collision induced dissociation (CID) tandem mass

spectrometry (MS/MS and M83) spectra were acquired at an activation q value of 0.25

using an isolation width of l or 2 Da (to monoisotopically isolate the precursor ion), a

normalized collision energy of 30% to 40%, and an activation time of 30 ms or 300 ms.

The values were chosen such that the gentlest conditions were used in order to

completely dissociate the selected precursor ion (i.e., some precursor ions required a

larger normalized collision energy and/or longer activation time). The MS, MS/MS and

MS3 product ion spectra shown are the average of 60 individual mass analysis scans.

Gas Chromatography/Mass Spectrometry (GC/MS) ofGA. The reaction contained

200 uM DHNP and 4 uM SaDHNA or 6.3 uM SaY54F in 5 mM ammonium carbonate,

pH 8.3. The reaction was stopped after 20 min by adding 1 N HCl and centrifuged for 5

min with a microcentrifuge. The supernatant collected was then lyophilized overnight to

dryness. The dried residue was incubated for 1 h with 10 1.1L methoxyamine

hydrochloride in pyridine (10 mg/mL) and N-(t-butyldirnethylsilyl)-N—

methyltrifluoroacetamide (MTBSTFA). GC/MS analyses were performed on an Agilent

5973 mass spectrometer coupled to a model 6890 gas chromatograph. All analyses were

performed using 70 eV electron ionization. Separations were performed using a 30 meter
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HP-SMS column and helium (36 cm/s) as carrier gas. The column temperature was

programmed from 50 °C (4 min hold) to 285 °C at 10 degrees/min.

HPLC Identification of Formic Acid. The reaction mixtures in 1 mL contained

200 uM DHNP and 10 IIM SaDHNA or SaY54F in 100 mM HEPES-KOH, pH 8.3, and

were mixed with 100 pl 3.2 M H2SO4 after 20 min incubation at 24 °C. The solutions

were centrifuged, filtered through a 0.45 micron syringe filter, and injected into a

7.8X300 mrn Aminex HPX-87H column. Standard compounds, including formic acid,

acetic acid, glycolic acid, glyceric acid, succinic acid, formaldehyde, glycolaldehyde, and

glyceraldehyde, were treated the same way as the enzymatic reaction mixture. The

column was eluted with 4 mM H2SO4 at a flow rate of 0.6 mL/min, and the elution was

monitored by a Waters 2487 UV detector at 210 nm and a Waters 410 differential

refractometer.

Oxygen Consumption Assay. Oxygen consumption was measured using a Gilson

5/6H oxygraph with a Clark oxygen electrode at 25 °C. The initial samples in 1.8 mL

contained 200 uM DHNP in 100 mM HEPES-KOH, pH 8.2. The reactions were initiated

by 8 11M SaDHNA or SaY54F at 25 °C. The turnover number for SaY54F was calculated

using the slope of the initial linear part of the data obtained by linear regression.

RESULTS

Biochemical Analysis. Previously we established the thermodynamic and kinetic

framework for the structure-function studies of SaDHNA and EcDHNA (Wang et al.,

unpublished). We performed the biochemical characterizations of the mutants SaY54F
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and EcY53F using the same strategy. The binding steps were mimicked with the substrate

and product analogues NP, MP, and HPO. The only difference between the substrate and

product analogues and the corresponding substrate and products is that between C7 and

N8 is a double bond in the analogues and a single bond in the substrate and products. NP,

MP, and HPO are excellent substrate and product analogues (Wang et al., unpublished).

The K., values were measured by equilibrium binding experiments using fluorometry. The

association and dissociation rate constants were determined by kinetic binding

experiments using stopped-flow fluorometry. Representative results are shown in Figures

3.1 and 3.2 for the equilibrium and kinetic binding experiments, respectively. The

complete results are summarized in Table 3.1. For SaY54F, the mutation increased the

affinities of the ligands for the enzyme by a factor of ~4-6. FOr EcY53F, the mutation

increased the affinities of NP and MP by a factor of 4-6, but decreased the affinity of

HPO by a factor of 4. The changes were mainly caused by the changes in the dissociation

rate constants. The results suggested that neither Y54 of SaDHNA nor Y53 of EcDHNA

is critically important for the binding of substrate or products. To our surprise, there was

a dramatic drop in the total fluorescence intensity in the HPLC analysis of the reaction

mixtures generated by either SaY54F or EcY53F as the reaction progressed, suggesting

that the substrate was converted to a non-fluorescent compound at the chosen excitation

and emission wavelengths and the mutant enzyme-catalyzed reactions generated different

products.

NMR Analysis. In order to identify the products of the mutant-catalyzed reactions,

we analyzed the reaction mixtures by NMR. Representative spectra are shown in Figure

3.3, and the chemical shifts of selected protons of related compounds are summarized in
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Figure 3.1: Binding of HPO to EcY53F at equilibrium. A 2 mL solution containing 1

11M HPO in 100 mM Tris-HCl, pH 8.3 was titrated with EcY53F by adding aliquots of a

60 1.1M EcY53F stock solution at 24 °C. The final HPO concentration was 0.93 M. The

top axis indicates the EcY53F concentrations during the titration. A set of control data

was obtained in the absence of HPO and was subtracted from the corresponding data set

obtained in the presence of HPO. The solid line was obtained by nonlinear least-squares

regression as previously described (9).
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Figure 3.2: Stopped-flow analysis of the binding of MP to EcY53F. The concentration

of EcY53F was 0.2 uM, and the concentrations ofMP were 1, 2, 4 and 8 M for traces 1,

2, 3, and 4, respectively. All concentrations were those immediately after the mixing of

the two syringe solutions. Both EcY53F and MP were dissolved in 100 mM 100 mM

Tris-HCl, pH 8.3. The fluorescent signals were rescaled so that they could be fitted into

the figure with clarity. The solid lines were obtained by nonlinear regression as described

in the Experimental Procedures section. The inset is a replot of the apparent rate

constants vs. the MP concentrations. The solid line was obtained by linear regression.

82



0.240 

0.235 -

0.230 3

0.225 5

0.220 5

0.215 5

0.210 -‘

0.205 1

0.200 J

F
l
u
o
r
e
s
c
e
n
c
e

 0.195.

 

 

 
 

 

2.5

2.0 -

1.51

k
a
p
p

(
5
.
1
)

0.5 1

  0.0

83

q —

 

 



Table 3.1: Binding Constants of S. aureus and E. coli DHNAs and Y—+F Mutants

 

 

 

 

 

 

SaDHNA SaY54F EcDHNA EcY53F

NP Kd (11M) 1822 4.5:t0.9 0774006 0240009

k1 (IIM“s“) 024260.01 0.099i0.005 03240.02 0.26I0.003

k] (5") 4.53:0.1 0.444005 0.294003 0.060I0.006

MP K. (M) 1321 3.7:t0.5 2.6i0.06 0.40:1:0.01

k1 (IIM“s") 0.29i0.02 01320003 0262001 0.28I0.003

k.. (8") 4.2202 0.801009 0.58I0.03 0.1140006

HPO K. (M) 24402 3.8I0.9 01040007 0401002

k1 (11M"s") 0452002 0.6810003 0552004 07940005

1.1 (5") 1040.5 2.9I0.06 0.062I0.006 0.26I0.0001
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Figure 3.3: NMR analysis of the reactions catalyzed by SaDHNA (A) and SaY54F

(B). The initial NMR sample contained 1 mM DHNP and 1 mM tris(2-carboxyethyl)

phosphine (TCEP) in 100 mM sodium phosphate buffer, pH 8.3, made with 90% H20

and 10% D20. The reaction was initiated with 1 uM SaDHNA (A) or 3 uM SaY54F (B).
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Table 3.2. As shown in Figure 3.3, GA was generated by both the wild-type enzyme- and

the mutant-catalyzed reactions. While the wild-type enzyme catalyzed reaction generated

HP along with GA (Figure 3.3A), the mutant-catalyzed reaction generated little HP

(Figure 3.38). The major product of the mutant-catalyzed reaction was a peak at 4.12

ppm. The NMR spectra of the reaction mixtures generated by the E. coli enzymes (data

not shown) were very similar to those of the reaction mixtures generated by the S. aureus

enzymes. Because both SaDHNA and SaY54F were saturated with the substrate DHNP

under the experimental conditions, their turnover numbers (kw) could be calculated on

the basis of the enzyme concentration, the initial substrate concentration, and the NMR

peak intensities of the substrate and products. The calculated kw values for the formation

of HP were 0.2 s'1 for SaDHNA and 3.4><104 s'1 for SaY54F.

MS Analysis. The identity of the major product of the SaY54F-catalyzed reaction

that gave rise to the 4.12 ppm peak in the NMR spectrum could not be determined by 1D

proton NMR. In order to identify the reaction product, we analyzed the reaction mixtures

generated by both the wild-type and the mutant enzymes by MS. As expected, the

primary product generated by SaDHNA was different from that generated by SaY54F

(Figures 3.4A and B). The mass spectrum of the reaction involving SaDHNA showed the

formation of a product ion at m/z 196, while the spectrum of the reaction involving

SaY54F showed the formation of a product ion at m/z I82.

In order to determine the identity of the m/z 196 ion in Figure 3.4A, MS/MS and

MS3 spectra were obtained and compared to those of the expected reaction product HP.

As shown in Figure 3.5, the major ions observed by CID MS/MS of the ion at m/z 196

obtained from the SaDHNA-catalyzed reaction were identical to the major product ions
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Table 3.2: Chemical Shifts of Selected Protons of Compounds Related to the Reactions

Catalyzed by the Wild-Type and Mutant DHNAsa

 

 

Compounds 7H 1 ’H 2’H 3 ’Ha 3 ’Hb Others

DHNP 4.22 (d) 4.22 (d) 3.90 (m) 3.80 (m) 3.66 (m)

DHMP 4.22 (d) 4.27 (d) 3.94 (m) 3.72 (m) 3.66 (m)

HP 4.18 (s) 4.18 (s)

DHXP 4.12 (5)

GA 3.50 (d)

GA+TCEP 4.02 (m)

 

alThe chemical shifts were from those of the commercial compounds in 50 mM sodium

phosphate buffer, pH 8.3 (pH meter reading without correction for deuterium isotope

effects), made with 90% H20 and 10% 020. The peak at 4.02 ppm was present only in

the presence of both GA and TCEP. The 4.18 ppm peak of HP also belongs to the 6-

hydroxymethyl group.
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Figure 3.4: ESIl MS analysis of the mixtures generated by a 10 min reaction of

SaDHNA (A) and SaY54F (B). The substrate, DHNP, is observed at m/z 256 in both

spectra. The region from m/z 180-300 has been magnified (x5) for clarity.
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Figure 3.5: Multistage tandem mass spectrometry identification of the m/z 196

product from the reaction of DHNP with SaDHNA. (A) CID MS/MS product ion

spectrum of the ion at m/z 196 obtained from Figure 3.4A. (B) CID MS/MS product ion

spectrum of the m/z 196 precursor ion obtained from a solution of commercially

available HP. (C) CID MS3 product ion spectrum of the ion at m/z 178 in panel A. (D)

CID MS3 product ion spectrum of the ion at m/z 178 in panel B.
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seen in the MS/MS product ion spectrum obtained from the standard (compare Figures

3.5A and B). The most abundant product ion in Figures 3.5A and B at m/z 178 is most

likely due to the loss of water from the precursor ion. To obtain further confirmation of

the expected product ion structure, MS3 was then performed on the m/z 178 product ion

(Figures 3.5C and D). As expected, the experimental and standard MS3 spectra were

essentially identical. The most abundant product ions at m/z 161 and 150 are most likely

due to the loss of NH3 and CO, respectively. Based on an MS4 experiment (data not

shown), the MS3 product ion seen at m/z 179 was formed via an ion-molecule reaction

between the ion at m/z 161 and a water molecule. Taken together, the MS/MS and MS3

spectra provided strong evidence that the product seen at m/z 196 from the reaction of

DHNP with SaDHNA is HP.

This same type of analysis was also performed in order to determine the identity

of the m/z 182 ion in Figure 5B. MS/MS and MS3 spectra of the ion were obtained and

compared to those of the proposed reaction product, DHXP. An examination of Figure

3.6 indicated that the major ion observed by CID MS/MS of the ion at m/z 182 obtained

from the SaY54F-catalyzed reaction is identical to the major ion seen in the MS/MS

product ion spectrum obtained from the standard (compare Figures 3.6A and B). The m/z

154 product ion in Figures 3.6A and B is most likely due to the loss of CO from the

precursor ion. MS3 was then performed on the m/z 154 ion (Figures 3.6C and D). Again,

the experimental and standard spectra were essentially the same. The major MS3 product

ion, seen at m/z 126, corresponds to the loss of CO, while the second most intense ion,

seen at m/z 137, corresponds to the loss of NH3. As was the case for the previous

analysis of the SaDHNA-catalyzed reaction, these spectra together provided strong
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Figure 3.6: Multistage tandem mass spectrometry identification of the m/z 182

product from the reaction of DHNP with SaY54F. (A) CID MS/MS product ion

spectrum of the ion at m/z 182 obtained from Figure 3.48. (B) CID MS/MS product ion

spectrum of the m/z 182 precursor ion obtained from a solution of commercially

available DHXP. (C) CID MS3 product ion spectrum of the ion at m/z 154 in panel A.

(D) CID MS3 product ion spectrum of the ion at m/z 154 in panel B.

94



95

aouepunqv 9111191921 % aouepunqv QAIIEPH %

1
0
0
‘
A

1
5
4

[
M
+
H
Y

1
8
2

  

1
0
0
7

 
I

I
I

I
l

I
I

I
1

6
0

8
0

1
0
0

1
I

T
T
’
T

1
f

1
1

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

C
1
2
6

-
N
H
,

1
3
7 [
m
m
-
c
o
r

1
5
4

1
2
7

1
1
2
,
1
1
3

5
B
1

 
  1

1
I

’
1

l
I

1
‘

r
’

I
I

I
9
*
1
’
4
1

1
I

1

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2

m
/
z

1
0
0

-
C
O

I
B

1
5
4

‘
U
M
+
H
Y

1
8
2

 
J

I

1
8
0

  
1

I
l

fi
i

1
I

2
0
0

2
2
0

j
I
I
f

r
‘
I

I
7
fl

I

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

-
-
C
O

1
0
0
D

1
2
6

'
N
H
3

1
3
7 [
M
+
H
-
C
O
]
*

1
2
7

‘
5
4

1
1
2
,
1
1
3

I
[
I
I

I
I

[
‘
I

I

6
0

8
0

1
0
0

1
2
0

1
4
0

m
/
z 
 

I
I

 
I
r
f
]

I
I

1
6
0

1
8
0

2
0
0

2
2
0



evidence that the product seen at m/z 182 from the reaction of DHNP with SaY54F is

DHXP.

The m/z 256 ion (Figure 3.4) was found to correspond to DHNP (Figure 3.7), as

well as probably partly due to DHMP, which was generated by the enzymatic reactions.

DHNP and DHMP differ only in the stereochemistry of 2’-carbon and have the same

molecular weight. The m/z 194 ion (Figure 3.4) was found to correspond to HPO and

FDHP, because the MS/MS and MS3 spectra of the m/z 194 species were the sum of

those of HPO and FDHP standards, with HPO contributing more than FDHP (Figure 3.8).

The existence of FDHP was also confirmed by spectrophotometry, in which FDHP has a

characteristic absorption peak at 420 nm (data not shown).

GC/MS Confirmation of GA. Since the major product of the SaY54F-catalyzed

reaction was DHXP, not HP, it was necessary to confirm the identity of GA as indicated

by the NMR analysis (Figure 3.3). To this end, we derivatized the reaction products of

SaDHNA and SaY54F with methoxyamine and MTBSTFA to form the tert-

butyldimethylsilyl ether of the methoxime. GA was then detected by GC/MS as shown in

Figure 3.9. The enzymatic reaction product (Figure 3.93) was identified by comparison

with the commercially available standard GA (Figure 3.9A). The retention time of GA

standard is 12.3 min (data not shown). The molecular weight of the GA derivative is 203

Da, but the molecular ion was too weak to be observed as is typical for these derivatives.

The dominant fragment ions in the mass spectrum appeared at m/z 146 ([M-C4H9]+) and

188 ([M-CH3]+). Both reaction mixtures generated by SaDHNA and SaY54F contained a

peak with the same retention time as that of standard GA. The mass spectrum of the
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Figure 3.7: Multistage tandem mass spectrometry identification of the substrate

DHNP. (A) CID MS/MS product ion spectrum of the ion at m/z 256 obtained from the

reaction of DHNP with SaDHNA at 0 min. (B) CID MS/MS product ion spectrum of the

m/z 256 precursor ion obtained from a solution of commercially available DHNP. (C)

CID MS3 product ion spectrum of the ion at m/z 154 in panel A. (D) CID MS3 product

ion spectrum of the ion at m/z 154 in panel B.
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Figure 3.8: Multistage tandem mass spectrometry identification of the m/z 194

products from the DHNP reaction catalyzed by SaY54F. (A) CID MS/MS product

ion spectrum of the ion at m/z 194 obtained from the Figure 3.43. (B) CID MS/MS

product ion spectrum of the m/z 194 precursor ion obtained from a solution of

commercially available HPO. (C) CID MS/MS product ion spectrum of the m/z 194

precursor ion obtained from a solution of commercially available 6-formyl-7,8-

dihydropterin (FDHP). (D) CID MS3 product ion spectrum of the ion at m/z 176 in panel

A. (E) CID MS3 product ion spectrum of the ion at m/z 176 in panel B. (F) CID MS3

product ion spectrum of the ion at m/z 165 in panel A. (G) CID MS3 product ion

spectrum of the ion at m/z 165 in panel C.
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Figure 3.7: Electron ionization mass spectra of the tert—

butyldimethylsilyl/methoxime derivatives of GA standard (A) and the DHNP

reaction mixture generated by SaY54F (B). The chromatographic retention times of

the derivatives were 12.3 min.
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derivative (the peak at 12.3 min) from the SaY54F-catalyzed reaction (Figure 3.9B),

which was identical to that of the SaDHNA-catalyzed reaction (data not shown), also

showed two dominant ions at m/z 146 and 188. This result and that of the NMR analysis

clearly indicated that the SaY54F-catalyzed reaction generates GA as the SaDHNA-

catalyzed reaction.

HPLC Identification of Formic Acid. Because DHXP contains one carbon less

than HP, the SaY54F-catalyzed reaction must generate a one-carbon species, most likely

formic acid. In order to identify the one-carbon species, we analyzed the DHNP reaction

mixtures generated by SaDHNA and SaY54F by HPLC using an Aminex HPX-87H

column. The unknown compounds in the reaction mixtures were identified by comparing

their retention times with those of the standard compounds as shown in Figure 3.10. This

HPLC run of standard compounds (blue line) included succinic acid at 13.5 min, formic

acid at 14.9 min, and acetic acid at 16 min. It also showed a peak at 17.5 min, probably

due to the HEPES buffer, which also appeared in all chromatograms, including those of

the SaY54F solution (green line), the reaction mixture generated by SaY54F (red line),

the reaction mixture generated by SaDHNA (cyan line), and the buffer alone (data not

shown). The chromatogram of the reaction mixture generated by SaY54F showed an

intense peak at 14.9 min, which was the same as the retention time for standard formic

acid. The small shoulder at the left side was probably due to the protein. The intense peak

in the chromatogram of the reaction mixture generated by SaY54F was absent in the

chromatogram of the reaction mixture generated by SaDHNA. The result indicated that

the mutant-catalyzed reaction generates formic acid but the wild-type enzyme-catalyzed

reaction does not.
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Figure 3.10: Identification of formic acid by HPLC. The red, cyan, green, and blue

lines are the chromatogram of the SaY54F-catalyzed DHNP reaction mixture, the

SaDHNA-catalyzed DHNP reaction mixture, the SaY54F solution, and a standard

organic acid solution, respectively. The standard organic acid solution contained formic

acid, acetic acid, and succinic acid.
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Is DHXP Derived fiom HP? Since the C1’-C2’ bond is cleaved first in the

generation ofDXHP, which is the same for the normal aldolase reaction for the formation

of HP, it is logical to ask whether DHXP is derived from HP. To address this question,

we analyzed the time course of the DHNP reaction by MS. The results are shown in

Figure 3.11. The ions at m/z 256, 196, and 182 were due to DHNP, HP, and DHXP,

respectively, as described earlier. The m/z 194 ions were to a large part from HPO and to

a small part from FDHP. The results showed again that the major product of the wild-

type enzyme-catalyzed reaction was HP as expected, but the major product of the mutant-

catalyzed reaction was DHXP. Furthermore, there was no accumulation of HP in the

mutant-catalyzed reaction, suggesting that DHXP was not deriVed from HP, unless the

conversion of HP to DHXP was much faster than the formation of HP. In order to

confirm that DHXP was not formed from the rapid conversion of HP, HP was incubated

with SaY54F and analyzed by MS. If DHXP was derived from the rapid conversion of

HP, then over time, these spectra should show a decrease in the intensity of m/z 196 and

an increase in the intensity of m/z 182. There was not, however, any production of the

ion at m/z 182 seen in these spectra (not shown), indicating that DXHP was not derived

from HP.

The Source ofOxygen. Finally we considered the source of the new oxygen at the

C-6 position of DHXP. Was it from water or from the oxygen molecules dissolved in the

buffer? To address this issue, we ran the DHNP reaction in buffer prepared with '80-

water and analyzed the reaction mixture with MS. With l8O-water, if the oxygen was

from the solvent, the mass spectrum should show a shift in the m/z of the protonated
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Figure 3.11: ESI-MS time course analysis of the DHNP reactions catalyzed by

SaDHNA (A) and SaY54F (B). (o = m/z 256, u = m/z 194, A = m/z 196, o = m/z 182)
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product ion from 182 to 184. The MS spectra of the reaction mixtures obtained with 180-

water as the solvent, however, were the same as the spectra obtained when the reaction

was run in unlabelled solvent (data not shown), indicating that there was no '80

incorporation in any of the products and the oxygen incorporated in the product DHXP

does not come from water. Then we measured the oxygen consumption of the reactions

catalyzed by SaY54F and SaDHNA. The results are shown in Figure 3.12. The amounts

of wild-type and mutant enzymes were both 8 1.1M. Under the conditions, nearly all

DHNP was converted to products. The results showed that only the mutant-catalyzed

reaction consumes a significant amount of oxygen, indicating that SaY54F is an

oxygenase and the source of oxygen for the oxygenation reaction is molecular oxygen

dissolved in the buffer. We calculated the turnover number for the oxygenation reaction

from the linear portion of the oxygen consumption curve, which was 0.027 s". We also

calculated the turnover number for the formation of DHXP from the NMR time course of

the SaY54F-catalyzed reaction, which was 0.018 s'l. The two turnover numbers were in

close agreement, indicating that one oxygen molecule is used in the formation of one

molecule of DHXP. The extra oxygen consumption was probably due to the formation of

FDHP and HPO.

DISCUSSION

SaY54 and EcY53F Are Oxygenases. By a variety of means we have shown that

the major product of the mutant (either SaY54F or EcY53F)-catalyzed reaction is DHXP,

rather than HP of the wild-type enzyme-catalyzed reaction. The turnover number for the
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Figure 3.12: Oxygen consumption by the reactions catalyzed by SaDHNA and

SaY54F. The initial samples contained 200 uM DHNP in 100 mM HEPES-KOH, pH

8.2, and the reactions were initiated by 8 uM SaDHNA or SaY54F as marked by the

vertical lines.
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formation of DHXP is >50-fold that for the formation of the normal product HP for

SaY54F. The initial clue to the surprising properties of the mutant enzymes was a

dramatic drop of the fluorescence intensities of the reaction mixtures. The NMR analysis

of the reaction mixtures revealed that the mutant enzymes generate a new compound with

a 1H NMR signal at 4.12 ppm and little of the normal product HP (Figure 3.3). The new

compound was also a major product in the MS analysis of the reaction mixtures

generated by the mutant SaY54F (Figure 3.4) and was identified to be DHXP by

comparing its MS/MS and MS3 spectra with those of a DHXP standard (Figure 3.6). This

raises the immediate question of how DHXP is generated. Is DHXP generated via the

cleavage of the C6-Cl’ bond or the C1 ’-C2’ bond as in the aldolase reaction? The fact

that either mutant-catalyzed reaction generates GA and furthermore that about equal

moles of GA and DHXP are generated (Figure 3.3) strongly indicates that DHXP is

generated via the cleavage of the Cl’-C2’ bond. The formation of GA was confirmed by

the derivatization of the reaction mixtures followed by GC-MS analysis (Figure 3.9).

Since the first step in the generation of DHXP is the cleavage of the C1’-C2’ bond as in

the wild-type enzyme-catalyzed reaction, the next question is whether DHXP is derived

from HP. The MS analysis of the time course of the mutant-catalyzed reaction shows that

there is no accumulation of HP in the reaction (Figure 3.12). This indicates that DHXP is

not derived from HP, unless the conversion of HP to DHXP is very rapid relative to the

generation of HP. This was addressed by mixing HP standard with the mutant and

following the possible reaction by MS. The result indicates that HP cannot be converted

to DHXP under the experimental conditions. Since the cleavage of the Cl’-C2’ bond

generates an intermediate with one carbon more than DHXP, the conversion of the
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intermediate to DHXP must generate a one-carbon species, which was identified as

formic acid by comparing the HPLC chromatogram of the reaction mixtures generated by

the mutant and wild-type enzymes with those of standard organic acids and aldehydes

(Figure 3.10). The remaining question is where the oxygen at the C-6 position of DHXP

comes from. Is it from water or from oxygen molecules dissolved in the buffer? This

issue was addressed by the D's-water experiment and the oxygen consumption assay. The

Q's-water experiment eliminates water as the source for the oxygen newly attached to the

pterin ring. The oxygen consumption assay indicates that molecular oxygen is the source

for the oxygenation reaction, because significant oxygen consumption only occurs in the

mutant catalyzed reaction (Figure 3.11) and the turnover number calculated from the

oxygen consumption data is comparable to that for the formation of DHXP calculated

from the NMR data.

The above analysis leads us to propose a chemical mechanism for the mutant-

catalyzed reaction as depicted in Figure 3.13. The initial step in the formation of DHXP

is the generation of the same enol intermediate as in the wild-type enzyme-catalyzed

reaction, which involves the cleavage of the Cl’-C2’ bond and yields approximately

equal moles of GA and DHXP, as described earlier. Deprotonation of N5 of the enol

intermediate generates a carbanion species, which donates a single electron to molecular

oxygen to form a caged radical pair. The caged radicals react to generate the peroxide

ion, which leads to the formation of DHXP and formic acid. The participation of

molecular oxygen in the mutant-catalyzed reaction has been confirmed by the oxygen

consumption assay. The reaction path for the formation of DHXP from the enol

intermediate is speculative, but the formation of formic acid has been confirmed by
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HPLC. The proposed mechanism also accounts for the formation of the minor product

FDHP. Alternative mechanisms involve protein radicals (in contrast to just substrate

radicals). Both mechanisms have been proposed for cofactor—independent oxygenases

(10), but the proposed mechanism or variations thereof that involve mainly general acid

and base catalysis are more likely, particularly considering that DHNA is evolved for

general acid and base catalysis.

The key step in the formation of DHXP from the enol intermediate is the

generation of the carbanion species, which involves the deprotonation of N5 as in the

wild-type enzyme-catalyzed reaction and the block of the protonation of the

hydroxymethylene group by the mutation of the active site tyrosine residue. Carbanions

are prone to react with oxygen, and several enzymatic reactions involving carbanion

intermediates indeed have oxygen-consuming side reactions (11, 12). The formation of

the peroxide ion is reminiscent of the initial steps of the reactions catalyzed by 1H-3-

hydroxy-4-oxoquinaldine 2,4-dioxygenase (13) and urate oxidase (14, 15), both of which

do not have any cofactor. These enzymes seem to evolve to utilize carbanion reactivity

toward dioxygen for the oxygenation reactions (10), which might be a general catalytic

strategy for the family of cofactor-independent oxygenases. Interestingly, both DHNA (4,

7, 16, 17) and urate oxidase (18, 19) have a tunnel-like structure called “T-fold” with

active sites located between subunits (20). The bound ligands are stacked with a

conserved phenylalanine residue in urate oxidase and the conserved tyrosine in DHNA

that was substituted with a phenylalanine residue in this study.

The Role ofthe Conserved Tyrosine Residue. The biochemical analysis of the two

mutants SaY54F and EcY53F indicates that the hydroxyl group of the phenol ring of the
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conserved tyrosine residue plays only a minor role in the physical steps of the enzymatic

reaction. In contrast, the hydroxyl group plays a critical role in catalysis. The hallmark of

the DHNA-catalyzed reaction is general acid and base catalysis. The general acid‘and

base involved in the protonation and deprotonation of N5 are most likely a water

molecule and its conjugated base based on the published crystal structures (7) and our

own unpublished crystal structures. The deprotonation of 2’-hydroxyl group is most

likely the function of the conserved lysine residue, K100 in SaDHNA and K98 in

EcDHNA. The conserved tyrosine residue may play a minor role if any in this step,

because the formation of the enol intermediate is not impaired by the mutations to any

great extent as evidenced by the high km for the formation of DHXP by the mutant

SaY54F, which is 1/10 of the kw value for the formation of HP by the wild-type enzyme.

On the other hand, the major product of the mutant-catalyzed reaction is DHXP, not HP,

suggesting that the protonation of the enol intermediate to generate HP is greatly

impaired and the conserved tyrosine residue may play a critical role in this step. The high

oxygenase activities of the mutants are likely due to the tendency of the enol intermediate

to react with molecular oxygen and the available general acid and base for the generation

of the enol intermediate and its subsequent oxygenation as illustrated in Figure 3.13. The

conserved tyrosine residue is located at the bottom of the active site. The active site is

likely to be accessible to molecular oxygen even in the wild-type enzyme. The wild-type

enzyme is an efficient aldolase rather than an oxygenase, because it has a general acid

that can efficiently protonate the enol intermediate to form HP.
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Figure 3.13: The proposed chemical mechanism for the generation of DHXP and

FDHP by SaY54F and EcY53F. For simplicity, many steps are indicated by single

arrows irrespective of their reversibility.
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CHAPTER 4: THE FUNCTIONAL ROLES OF THE CONSERVED ACTIVE

SITE GLUTAMATE AND LYSINE RESIDUES

ABSTRACT

Dihydroneopterin aldolase (DHNA) catalyzes the conversion of 7,8-

dihydroneopterin (DHNP) to 6-hydroxymethyl-7,8-dihydropterin (HP) in the folate

biosynthetic pathway. There are four conserved active site residues at the active site, E22,

Y54, E74, and K100 in Staphylococcus aureus DHNA (SaDHNA), corresponding to

E21, Y53, E73, and [(98 in Escherichia coli DHNA (EcDHNA). Previously we have

shown that the conserved tyrosine residue plays a critical role 'in the protonation of the

enol reaction intermediate to form HP. The functional roles of the conserved glutamate

and lysine residues have been investigated by site-directed mutagenesis in this work. E22

and E74 of SaDHNA and 521, E73, and K98 of EcDHNA were replaced by alanine.

K100 of SaDHNA was replaced by alanine and glutamine. The mutant proteins were

characterized by equilibrium binding, stopped-flow binding, and steady-state kinetic

analyses. The results showed that E74 of SaDHNA and E73 of EcDHNA are important

for substrate binding, but their roles in catalysis are minor. In contrast, £22 and K100 of

SaDHNA are important for catalysis, but their roles in substrate binding are minor. On

the other hand, E21 and K98 of EcDHNA are important for both substrate binding and

catalysis.
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INTRODUTION

Dihydroneopterin aldolase (DHNA) catalyzes the conversion of the 7,8-

dihydroneopterin (DHNP) to 6-hydroxymethyl-7,8-dihydropterin (HP) in the folate

biosynthetic pathway, one of principal targets for developing antimicrobial agents (1).

Folate cofactors are essential for life (2). Most microorganisms must synthesize folates de

novo. In contrast, mammals cannot synthesize folates because of the lack of three

enzymes in the middle of the folate pathway and obtain folates from the diet. DHNA is

the first of the three enzymes that are absent in mammals and therefore an attractive

target for developing antimicrobial agents (3).

DHNA is a unique aldolase in two respects. First, DHNA requires neither the

formation of a Schiff base between the substrate and enzyme nor metal ions for catalysis

(4). Aldolases can be divided into two classes based on their catalytic mechanisms (5, 6).

Class I aldolases require the formation of a Schiff base between an amino group of the

enzyme and the carbonyl of the substrate, whereas class II aldolases require a Zn2+ ion at

their active sites for catalysis. The proposed catalytic mechanism for DHNA is similar to

that of class I aldolases, but the Schiff base is embedded in the substrate. Secondly, in

addition to the aldolase reaction, DHNA also catalyzes the epimerization at the 2’-carbon

of DHNP to generate 7,8-dihydromonapterin (DHMP) (Figure 1.3) (7), but the biological

function of the epimerase reaction is not known at present.

Interestingly, DHNAs from Gram-positive and Gram-negative bacteria have some

unique sequence motifs. Figure 1.2 shows the amino acid sequence alignment of DHNAs

from 11 bacteria. The first five enzymes are from Gram-positive bacteria, and the rest are
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from Gram-negative bacteria. The identities between enzymes from Gram-positive

bacteria range from 39% to 45% and those between Gram-negative bacteria are 49-91%,

but the identities between Gram-positive and Gram-negative bacterial enzymes are

<30%. Many differences between these enzymes from Gram-positive and Gram-negative

bacteria are at or near their active centers (8). We have recently shown that DHNAs from

Staphylococcus aureus (SaDHNA) and Escherichia coli (EcDHNA) indeed have

significant differences in their binding and catalytic properties (Wang et al.,

unpublished), suggesting that it is possible to develop antimicrobial agents targeting a

specific class of bacteria.

DHNA consists of eight identical subunits. The atomic structures of SaDHNA (3,

8), Mycobacterium tuberculosis DHNA (MtDHNA) (9), and Arabidopsis thaliana

DHNA (AtDHNA) (10) have been determined by X-ray crystallography. The octameric

structures look like two stacked donuts with a large hole in the middle, ~13 A in

SaDHNA. Each donut consists of four subunits. There are eight active sites, all formed

by residues from two adjacent subunits. At the active sites, there are four conserved

residues that interact with the bound product HP as revealed by the crystal structures (8,

9) (Figure 1.7). These four residues are 522, Y54, E74, and K100 in SaDHNA,

corresponding to E21, Y53, E73, and K98 in EcDHNA, respectively (Figure 1.2).

Previously we showed that the conserved tyrosine residue plays a critical role in DHNA

catalysis. Substitution of the conserved tyrosine residue in SaDHNA or EcDHNA with

phenylalanine turned the target enzyme into an oxygenase. In this paper, we describe a

site-directed mutagenesis study of the functional roles of the other conserved, active-site

residues in SaDHNA and EcDHNA. The results provide important insight into the
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catalytic mechanisms of the enzymes and valuable information for designing inhibitors

targeting these enzymes.

EXPERIMENTAL PROCEDURES

Materials. 6-Hydroxymethylpterin (HPO), 6-Hydroxymethyl-7,8-dihydropterin

(HP), 7,8-dihydro-D-neopterin (DHNP), 7,8-dihydro-L-monapterin (DHMP), D-

neopterin (NP), and L-monapterin (MP) were purchased from Schircks Laboratories. Pfu

DNA polymerase was purchased from Strategene. Other chemicals were from Sigma or

Aldrich.

Site-Directed Mutagenesis and Protein Purification. The site-directed mutants

were made by a PCR-based method using high-fidelity pfu DNA polymerase according to

a protocol developed by Stratagene. The forward and reverse primers for the PCR-based

mutagenesis experiments are listed in Table 4.1. The mutants were selected by DNA

sequencing. In order to ensure that there were no unintended mutations in the mutants,

the entire coding sequences of the mutated genes were determined.

The mutant proteins were purified as described previously (Wang et al.,

unpublished). Briefly, SaE22A, SaE74A, SaK100A, and SaK100Q were purified to

homogeneity by a Ni-NTA column followed by a Bio-Gel A-0.5m gel column. EcE21A,

EcE73A, and EcK98A were purified by a DEAE-cellulose column followed by a Bio-Gel

A-0.5m gel column. The purities of the protein preparations were checked by SDS-

PAGE. The purified proteins were concentrated, dialyzed, lyophilized, and stored at -80

°C.
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Table 4.1: The Forward and Reverse Primers for the PCR-Based Mutagenesis

Experiments

aSaE22A, SaE74A, and SaK100A are mutants of SaDHNA in which E22, E74, and K100

are replaced by alanine respectively. SaKlOOQ is a SaDHNA mutant with K100 replaced

by glutamine. EcE21A, EcE73A, and EcK98A are mutants of EcDHNA in which E21,

E73, and K98 are replaced by alanine respectively.

bThe forward primers are listed first with the mutations underlined. The mutations in the

reverse primers are not indicated.
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SaE22A 5 ’-GGTGCTTTATCAGCTGQAAATGAAATAGGGCAAATTTTC-3 ’

5 ’-GAAAATTTGCCCTATTTCATTTGCAGCTGATAAAGCACC-3

 

SaE74A 5 ’-GCCGTTAATTTACTTGQGCATCTAGCTGAACGTATTGC-3 ’

5 ’-GCAATACGTTCAGCTAGATGCGCAAGTAAATTAACGGC-3 ’

 

SaK100A 5 ’ -

GAAACGAAAGTGAGAATCACTQQAGAAAACCCACCGATTCCG-3 ’

5 ’-CGGAATCGGTGGGTTTTCTGCAGTGATTCTCACTTTCGTTTC-

 

3 9

SaK 1 COO 5 ’-CGAAAGTGAGAATCACTQAAGAAAACCCACCGATTCC-3 ’

5’- GGAATCGGTGGGTTTTCTTGAGTGATTCTCACTTTC G -3’

 

EcE2 1 A 5’-GTGTTTACGACTGGGQACAGACCATCGAACAG-3 ’

5 ’-CTGTTCGATGGTCTGTGCCCAGTCGTAAACAC-3 ’

 

EcE73A 5 ’-GCGCTGGTGGQACGCGTGGCTG-3 ’

5’-CAGCCACGCGTGCCACCAGCGC-3 ’

 

EcK98A 5’-CGTATCAAACTCAGCQCGCCAGGCGCAGTGGJ ’

5 ’-CCACTGCGCCTGGCGCGCTGAGTTTGATACG-3 ’
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Equilibrium Binding Studies. The procedures for the equilibrium binding studies

of DHNAs were essentially the same as previously described for the similar studies of 6-

hydroxymethyl-7,8-dihydropterin pyrophosphokinase using a Spex FluoroMax-2

fluorometer (11, 12). Briefly, proteins and ligands were all dissolved in 100 mM Tris-

HCl, pH 8.3 and the titration experiments were performed in a single cuvette at 24 oC.

The equilibrium binding experiments were performed by titrating either ligands or the

proteins. In ligand titrations, fluorescence intensities were measured at an emission

wavelength of 446 nm with a slit of 5 nm. The excitation wavelength and slit were 400

nm and 1 nm, respectively. A set of control data was obtained in the absence of the

protein. The data set obtained in the absence of the protein was then subtracted from the

corresponding data set obtained in the presence of the protein after correcting inner filter

effects. The K., value was obtained by nonlinear least square fitting of the titration data as

previously described (11). All Kd values for SaDHNA mutants except that of SaE22A for

HPO were obtained by titrating ligands.

In protein titration experiments, a ligand solution was titrated with a stock

solution of one of the mutant proteins. Fluorescence intensities were measured at an

emission wavelength of 430 nm and an excitation wavelength of 330 nm. The emission

and excitation slits were both 5 nm. A control titration experiment was performed in the

absence of the ligand. The control data set obtained in the absence of HP was subtracted

from the corresponding data set obtained in the presence of the ligand. The Kd value was

obtained by nonlinear least square fitting of the titration data as previously described

(11). All Kd values for EcDHNA mutants and that of SaE22A for HPO were obtained by

titrating proteins.
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Stopped-Flow Analysis. Stopped-flow experiments were performed on an Applied

Photophysics SX.18MV-R stopped-flow spectrofluorometer at 25 °C. One syringe

contained one of the mutant proteins, and the other contained NP, MP, HP or HPO. The

protein concentrations were 1 or 2 uM, and the ligand concentrations ranged from 5-60

uM. All concentrations were those after the mixing of the two syringe solutions.

Fluorescence traces for NP, MP and HPO were obtained with an excitation wavelength of

360 nm and a filter with a cutoff of 395 nm for emission. Fluorescence traces for HP

were obtained with an excitation wavelength of 330 nm and the same filter for emission.

Apparent rate constants were obtained by nonlinear squares fitting of the data to a single

exponential equation and were re-plotted against the ligand concentrations. The

association and dissociation rate constants were obtained by linear regression of the

apparent rate constants vs. ligand concentration data.

Steady-State Kinetic Assay. All components were dissolved in a buffer containing

100 mM Tris-HCl, 1 mM EDTA, and 5 mM DTT, pH 8.3. The reactions were initiated

by mixing with the mutant enzymes and quenched with 1 N HCl. The quenched reaction

mixtures were processed as previously described (7). Briefly, the reaction mixtures (115

pl each) were mixed with 50 pl 1% 12 (w/v) and 2% (w/v) K1 in 1 N HCl for 5 min at

room temperature to oxidize the pterin compounds. Excess iodine was reduced by mixing

with 25 ul 2% ascorbic acid (w/v). The samples were then centrifuged at room

temperature for 5 min using a microcentrifuge. The oxidized reactant and products in the

supematants were separated by HPLC using a Vydac RP18 column. The column was

equilibrated with 20 mM NaHzPO4 made with MilliQ water and eluted at the flow rate of

0.8 ml/min with the same solution. The oxidized reactant and products were quantified by
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online fluorometry with excitation and emission wavelengths of 365 and 446 nm,

respectively. The enzyme and substrate concentrations were adjusted appropriately on the

basis of initial estimations of the kinetic constants. When the substrate concentrations

were in large excess of the enzyme, the normal Michaelis-Menten equation was used to

obtain kinetic constants by nonlinear least square regression. When the enzyme

concentration is comparable to the substrate concentrations because of the extremely low

activity of the enzyme, a modified steady state kinetic equation (Equation 1) was used to

obtained kinetic constants.

 

v=53L1(E,+s,+Km-J(E,+S,+Km)2—4E,s,) (1)

where E, and S. are the total enzyme and substrate concentrations, respectively, kc... and

Km have the usual meanings.

RESULTS

Binding Studies. Previously we established the thermodynamic and kinetic

framework for the structure-function studies of SaDHNA and EcDHNA by equilibrium

measurements and stopped-flow and quench-flow analyses (Wang et al., unpublished). A

similar strategy was used for the characterization of the site-directed mutants. The

binding steps were mimicked with the substrate and product analogues NP, MP, and

HPO. The only difference between the substrate and product analogues and the

corresponding substrate and products is that between C7 and N8 is a double bond in the

analogues and a single bond in the substrate and products. NP, MP, and HPO are

excellent substrate and product analogues, as described previously. The Kd values were
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igure 4.1: Binding of MP to SaE22A at equilibrium. A 2 mL solution containing 10

uM SaE22A in 100 mM Tris-HCl, pH 8.3, was titrated with MP by adding aliquots of a

1.03 mM MP stock solution at 24 °C. The final enzyme concentration was 9.3 M. The

top axis indicates the MP concentrations during the titration. A set of control data was

obtained in the absence of the enzyme and was subtracted from the corresponding data

set obtained in the presence of the enzyme. The solid line was obtained by nonlinear

least-squares regression as previously described (I I).
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160

Figure 4.2: Binding of RFC to EcK98A at equilibrium. A 2 mL solution containing 5

uM HPO in 100 mM Tris-HCI, pH 8.3, was titrated with EcK98A by adding aliquots of a

1.9 mM EcK98A stock solution at 24 °C. The final HPO concentration was 4.6 uM. The

top axis indicates the EcK98A concentrations during the titration. A set of control data

was obtained in the absence of HPO and was subtracted from the corresponding data set

obtained in the presence of HPO. The solid line was obtained by nonlinear least—squares

regression as previously described (11).
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measured by equilibrium binding experiments using fluorometry by either titrating the

ligands or the proteins. Representative results of the equilibrium binding studies are

shown in Figures 4.1 and 4.2. The association and dissociation rate constants were

determined by kinetic binding experiments using st0pped-flow fluorometry. A

representative result of the kinetic binding studies is shown in Figures 4.3. For technical

reasons, the binding constants for SaE74A and the association and dissociation rate

constants for EcE73A could not be measured. The complete results of the binding studies

are summarized in Tables 4.2 and 4.3 for SaDHNA and EcDHNA, respectively. In

general, the thermodynamic data are in good agreement with the kinetic data, as the

measured Kd values are in good agreement with those calculated from the association and

dissociation rate constants. High Kd values are, for the most part, due to high dissociation

rate constants. For SaDHNA, none of the mutations except E74A caused dramatic

changes in the affinities of the enzyme for the substrate or product analogues or the rate

constants. The Kd values for SaE74A were estimated to be >3000 uM, suggesting that the

Kd values of the mutant is at least 100 times those of the wild-type enzyme. The results

indicated that for SaDHNA, of the three conserved residues, only E74 is important for the

binding of the analogues. For EcDHNA, similarly, the mutation of E73, corresponding

E74 in SaDHNA, had the most dramatic effects on the Iigand binding. The E73A

mutation caused increases in the Kd values for the binding ofNP, MP and HPO by factors

of 340, 160, and 5600, respectively, relative to those of the wild-type enzyme, suggesting

that E73 is critically important for the binding of these substrate or product analogues. In

addition, the K98A mutation caused increases in the Kd values for the binding of NP, MP,

and HPO by factors of 14, 3.6, and 230, respectively, suggesting that K98 is important for
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Figure 4.3: Stopped-flow fluorometric analysis of the binding of HPO to SaE22A.

The concentration of SaE22A was 1 uM, and the concentrations of HPO were 5, 10, 20

and 40 uM for traces 1, 2, 3, and 4, respectively. All concentrations were those

immediately after the mixing of the two syringe solutions. Both SaE22A and HPO were

dissolved in 100 mM 100 mM Tris-HCl, pH 8.3. The fluorescent signals were rescaled so

that they could be fitted into the figure with clarity. The solid lines were obtained by

nonlinear regression as described in the Experimental Procedures section. Panel B is a

replot of the apparent rate constants vs. the HPO concentrations. The solid line was

obtained by linear regression.
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Table 4.2: Binding Constants of SaDHNA and Site-Directed Mutantsa

 

 

 

 

SaDHNA SaE22A SaE74A SaK100A SaKlOOQ

NP Kd(uM) 18:1:2 13i0.6 >4000 6.9i0.7 11420.3

k1(HM"s") 024.6001 0.29i0.008 n.d. 02230004 01950007

k.) (5") 45:01 40:01 n.d. 1.22.007 2.010.08

MP K. (11M) 132t1 11:60.9 >3000 9.1i0.6 1311

k1 (11M"s") 0293002 03122001 n.d. 0.27:t0.006 0.28:1:0.002

k.1 (s'l) 4.2:l:0.2 4.0.80.1 n.d. 2.1:l:0.l 4.3:t0.1

HPO Kd(uM) 24:02 17:1:2 >6000 60:60.1 8.8i0.4

k1 (0M"s“) 0.452.002 0.563003 n.d. 0.64d:0.03 0683:004

k.] (5") 10105 10:02 n.d. 5.8:t0.3 5.8:t0.1

 

3Both the wild-type SaDHNA and mutants have a His-tag at the N-terminus. We have

shown previously that the His-tag has no effects on the binding and catalytic properties of

the enzyme. The chemical structures of the measured compounds are as follows.

0

“WWA /
H2N N N

0 OH

N N

NP

HZN

0

MP
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Table 4.3: Binding Constants of EcDHNA and Site-Directed Mutants

 

 

 

 

EcDHNA EcE21A EcE73A EcK98A

NP K., (uM) O.77:l:0.06 1.7-.6001 260i40 11::03

k1 (uM'ls'l) O.32i0.02 0.46i0.02 n.d.a 0.66d:0.007

k.1 (s'l) 0.29:1:0.03 0.822t0.02 n.d. 7.2::03

MP K. (0M) 2.6:t0.06 0.80:1:0.01 420::20 9.42.009

k1 (uM’ls'l) 0.26:1:0.0l 0433:002 n.d. 0911004

k.1 (s'l) 058::003 047:1:002 n.d. 9.13:06

HPO K. (M) 0103:0007 4.2::001 560:1:20 23i2

kl (uM'ls'l 055:1:004 1.4::004 n.d. 1.2::003

k-1 (s'l) 0.062zt0.006 6.3:t0.2 n.d. 2m

 

8|n.d.: not determined.
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the binding of these ligands, particularly for the binding of HPO and NP. The E21A

mutation caused increases in the Kd values for the binding of NP and HP by factors of 2.2

and 42, respectively, but a decrease in the Kd value for the binding of MP by a factor of

3.3, suggesting that E21 is only important for the binding of HPO.

Steady-State Kinetic Studies. The catalytic properties of the mutants were

determined by steady-state kinetic measurements. Because the reactions were slow, no

quench-flow apparatus was needed. For technical reasons, mainly because of the

solubility limits of DHNP and DHMP, only kmt/Km could be estimated for SaF74A. Also,

only kw could be estimated for SaKlOOQ, because the fluorescence of some unknown

small molecules associated with the protein preparation caused significant errors in the

reaction rates at low substrate concentrations. The steady-state kinetic parameters of the

SaDHNA and EcDHNA mutants are summarized in Tables 4.4 and 4.5, respectively.

Probably because of the complicated kinetic mechanism (Figure 2.1), there appears to be

no correlation between the Km values measured by the steady-state kinetic experiments

and the corresponding Kd values measured by the binding studies. Thus, our analysis of

the steady-state kinetic data focuses on the kw values of the mutants. For SaDHNA, the

E22A mutation caused a decrease in kcatby a factor of 4.8><103 with DHNP as the

substrate and 1.5><103 with DHMP as the substrate, in comparison with those of the wild-

type enzyme. The K100A and KIOOQ mutations caused decreases in kc... by factors of

2><104 and 2.8X103, respectively, with DHNP as the substrate, and by factors of 2><103

and 1.8X103, respectively, with DHMP as the substrate. The effects of the two mutations

were very similar. The results suggest that both E22 and K100 are important for catalysis.

The kcat value of SaE74A mutant could not be determined, but its hat/Km value could be
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Table 4.4: Steady State Kinetic Constants of SaDHNA and Site-Directed Mutants

 

SaDHNA SaE22A SaE74A SaKl00A SaK l OOQ

 

DHNP k... (8")

Km (11M)

kcat/Km

(8"1LM")

DHMP k... (s")

Km (HM)

kcat/Km

(8"uM")

0040:0002 (9.3i0.4)><10'6 n.d.a (2.23:0.1)><10'6 (1.6:0.3)><10‘5

4.6:t0.3 3.9:t0.6 n.d. 5.8:1:1.1 n.d.

9.7><10'3 2.4><10'6 (1.7:t0.09)><10'5 3.7x10'7

0.000001 (6.5i0.2)><10'6 n.d. (5.1::01)><10'6 (5.7:1:09)><10‘6

5.5::02 4.0i0.6 n.d. 9.5e07 n.d.

1.8X10‘3 1.6X10’6 (8.03:0.08)><10'5 5.4><10'7

 

an.d.: not determined.
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Table 4.5: Steady State Kinetic Constants of EcDHNA and Site-Directed Mutants

 

EcDHNA EcE2 lA EcE73A EcK98A

DHNP k...(s") 0.082zt0.001 (6.5:1:03)><10'5 (7.3:t0.6)><10'3 (4.3i003)x10'6

 

K.,, (1.1M) 7.4a 0.3 1.6:: 0.3 9700i1000 2.4501

k,,./1<m (s'luM'l) 1.1><10'2 4.2><10'5 7.6><10'7 1.8x10'6

DHMP k.,.(s") 0089::0004 (2.3::02)x10" (6.0:t1)><10'3 (5.3a005)><10'6

K.,. (0M) 8.0:t0.6 0.76:t0.2 9800:8000 2.9i0.2

Ic,,,/1<m (s'luM'l) 1.1><10‘2 3.1x10'5 6.l><10‘7 1.8><10"S
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estimated from the linear part of the reaction rate vs. substrate concentration curve, which

decreased by a factor of 570 with DHNP as the substrate and a factor of 23 with DHMP

as the substrate. The decreases in the hug/Km values are probably largely due to the

increases in Km, considering that the mutation caused dramatic decreases in the affinities

of the enzyme for all substrate or product analogues. The result suggests that E74 plays

no great role in catalysis. This was confirmed by the mutation of the corresponding

residue (E73) of EcDHNA. The E73A mutation of EcDHNA caused a decrease in km by

only a factor of ~10. The EcE21A and EcK98A mutants behaved like the corresponding

SaDHNA mutants (SaE22A and SaK100A) in terms of their kw values. Thus, the km of

EcE21A decreased by a factor of 1.3><103 with DHNP as the substrate and by a factor of

3.9><103 with DHMP as the substrate, in comparison with those of the wild-type E. coli

enzyme. The kg,“ of EcK98A decreased by a factor of l.9><104 with DHNP as the

substrate and by a factor of 1.7><104 with DHMP as the substrate. The results suggest that

the conserved glutamate and lysine residues both are important as well for the catalysis

by EcDHNA.

DISCUSSION

Figure 2.1 illustrates the proposed chemical mechanism for the DHNA-catalyzed

reaction. It is understood that the enzymatic reaction takes place in the confines of the

eight active sites of the octomeric enzyme. For simplicity, the physical steps of substrate

binding and product dissociation are omitted. The epimerization reaction is proposed to

occur via the intermediate for the retroaldol reaction, which is supported by our NMR
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analysis of the reaction in D20 that shows no deuteration of 2’H of DHMP (Wang et al.,

unpublished). However, little is known about how DHNA catalyzes the reaction.

Of the published crystal structures DHNAs (3, 8-10), the most informative

structures are the binary HP complexes of SaDHNA and MtDHNA, which reveal the

atomic interactions between the pterin moiety of the substrate and the enzymes. Four

conserved residues and an important water molecule are found at the active site as

illustrated in Figure 1.7 for SaDHNA. The structure of SaDHNA in complex with the

substrate analogue NP (3) should provide the structural information about the interaction

between the trihydroxypropyl moiety and the enzyme. Unfortunately, the occupancy

value is 0 with an R factor of 100 for all trihydroxypropyl atoms of the bound NP,

suggesting that the trihydroxypropyl moiety of NP was not ‘seen in the crystal and no

structural information about the interaction between the trihydroxypropyl moiety and the

enzyme can be deduced from the crystal structure.

The interactions between pterin and DHNA are reminiscent of those of

dihydrofolate reductase (DHFR) with dihydrofolate, which also contains a pterin moiety.

The common features include two hydrogen bonds between a carboxylate group of a

glutamate or aspartate and the 2-NH2 and 3-NH groups of the pterin and a hydrogen bond

between a water molecule and N5 of the pterin. Replacement of D27 of E. coli DHFR, a

residue corresponding to E74 of SaDHNA and E73 of EcDHNA, with asparagine or

serine causes a significant decrease in km and a significant increase in Km or K.,

suggesting that the aspartate is important for both substrate binding and catalysis (13). On

the other hand, replacement of D26 of Lactobacillus casei DHFR, which corresponds to

D27 of E. coli DHFR, with asparagine causes a <10-fold decrease in km and essentially
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no change in Km or Kd, suggesting that the carboxyl group is not important for substrate

binding but may play a minor role in catalysis (14). For DHNA, the biochemical

properties of SaE74A and EcE73A indicate that the conserved glutamate is very

important for substrate binding and its role in catalysis is a minor one if any. It

contributes to the binding of the pterin compounds by 3-5 kcal/mol on the basis of the

binding data of the two mutants.

The hallmark of the DHNA-catalyzed reaction is general acid and base catalysis

(Figure 2.1). The formation of the intermediate of the retroaldol reaction requires the

protonation of N5 and the deprotonation of 2’-OH of DHNP. The formation of HP

requires the deprotonation of S-NH and the protonation of the enol group of the reaction

intermediate. The epimerization reaction is basically the reversal of the chemical step for

the formation of the reaction intermediate following the flip of GA. We have recently

shown that the conserved active site tyrosine residue, corresponding to Y54 in SaDHNA

and Y53 in EcDHNA, plays a critical role in the protonation of the enol group of the

reaction intermediate to form HP (Wang et al., unpublished). Replacement of either Y54

of SaDHNA or Y53 of EcDHNA causes a dramatic decrease in the rate for the formation

of HP but no significant change in the rate for the formation of the reaction intermediate.

Either mutation converts the aldolase to an oxygenase. The water molecule that is

hydrogen bonded to N5 of HP in the crystal structures (8, 9) is probably the general acid

for the protonation of N5 of DHNP and its conjugated base for the deprotonation of S-NH

of the reaction intermediate, because no amino acid residue is in a position to play such a

role according to the crystal structures. There are several candidate residues that may act

as a general base for the deprotonation of 2’-OH of DHNP according to the crystal
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structures, including E22, Y54, and K100 (SaDHNA numbering). Y54 can be excluded

on the basis of our previous site-directed mutagenesis of the conserved tyrosine residue

(Wang et al., unpublished). The present site-directed mutagenesis study suggests that

both E22 and K100 are important for catalysis, with K100 contributing a bit more to the

transition state stabilization. The larger contribution by K100 is probably due to its

hydrogen bond with the water molecule that serves as a general acid in the first chemical

step of the enzymatic reaction. However, from the chemical perspective, K100 is much

more likely to serve as a general base for the deprotonation of 2’-OH of DHNP. The

optimal pH for the DHNA-catalyzed reaction is 9.6 (4, 15). In the crystal structure of the

product complex of SaDHNA, K100 is hydrogen bonded to the carboxyl group of E22,

the hydroxyl group of Y54, and the water molecule that serves as a general acid. It

probably has a normal pK8| of ~10, which matches closely with the optimal pH of the

enzymatic reaction. On the other hand, the carboxyl group of E22 is hydrogen bonded to

the hydroxyl of HP, the main-chain NH of L19, and the side-chain amide of Q27. The

pKa of E22 is unlikely to be higher than 4.5, the pKa of model peptides, which is too far

away from the optimal pH of the enzymatic reaction.

While E74 of SaDHNA and the corresponding residue E73 in EcDHNA play a

common role in the enzymatic reaction, namely in the binding of the substrate, the roles

of E22 and K100 of SaDHNA are slightly different from those corresponding residues

E21 and K98 in EcDHNA. Both E22 and K100 of SaDHNA are involved in catalysis but

neither contributes to the binding of the substrate. On the other hand, in addition to their

roles in catalysis, both E21 and K98 are also involved in the binding of the substrate. The

different biochemical properties between SaDHNA and EcDHNA revealed by the
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previous study of the wild-type enzymes and this site-directed mutagenesis study suggest

that it is possible to develop specific inhibitors for these two enzymes.
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