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CONS P EC TU S

U ridine(50)diphospho(1)r-D-galactose (UDP-gal) provides all galactosyl units in biologically
synthesized carbohydrates. All healthy cells produce UDP-gal from uridine(50)diphospho-

(1)r-D-glucose (UDP-glc) by the action of UDP-galactose 4-epimerase (GalE). This Account
provides our recent results describing unusual mechanistic features of this enzyme.

Fully active GalE is dimeric and contains one tightly bound nicotinamide adenine dinucleotide
(NAD) per subunit. The NAD undergoes reversible reduction to NADH in the chemical mechanism.
GalE displays unusual enzymological, chemical, and stereochemical properties. These include
practically irreversible binding of NAD, nonstereospecific hydride transfer, uridine nucleotide-
induced activation of NAD, Tyr149 as a base catalyst, and [GalE-NADH]-oxidation in one-electron
steps by one-electron acceptors.

Early studies revealed that uridine(50)diphospho(1)r-D-4-ketopyranose (UDP-4-ketopyranose) and NADH are reaction intermedi-
ates. Weak binding of the 4-ketopyranosyl moiety and strong binding of the UDP-moiety allowed either face of the 4-ketopyranosyl
moiety to accept hydride from NADH.

In crystal structures of GalE, NAD bound within a Rossmann-type fold and uridine nucleotides within a substrate domain.
Structures of [GalE-NADH] in complex with UDP-glc show Lys153, Tyr149, and Ser124 in contact with NAD or glucosyl-C4(OH).
Lys153 forms hydrogen bonds to the ribosyl-OH groups of NAD. The phenolate of Tyr149 is associated with both the nicotinamide
ring of NAD and glucosyl-C4(OH). Ser124 is hydrogen-bonded to glucosyl-C4(OH). Spectrophotometry studies show a pH-
dependent charge transfer (CT) complex between Tyr149 and NAD. The CT-complex has a pKa of 6.1, which results in bleaching of
the CT-band. The CT-band also bleaches upon binding of a uridine nucleotide. Kinetic experiments with wild-type GalE and
Ser124Ala-GalE show the same kinetic pKa values as the corresponding CT-band pKa, which point to Tyr149 as the base catalyst
for hydride transfer.

We used NMR studies to verify that uridine nucleotide binding polarizes nicotinamide π-electrons. The binding of uridine-
(50)-diphosphate (UDP) to GalE-[nicotinamide-1-15N]NAD shifts the 15N-signal upfield 3 ppm, whereas UDP-binding to
GalE-[nicotinamide-4-13C]NAD shifts the 13C-signal downfield by 3.4 ppm. Electrochemical and 13C NMR data for a series of
N-alkylnicotinamides show that the 3.4 ppm downfield 13C-perturbation in GalE corresponds to an elevation of the NAD reduction
potential by 150 mV. These results account for the uridine nucleotide-dependence in the reduction of [GalE-NAD] by glucose or
NaBH3CN.

Kinetics in the reduction of Tyr149Phe- and Lys153Met-GalE-NAD implicate Tyr149 and Lys153 in the nucleotide-dependent
reduction of NAD. They further implicate electrostatic repulsion between N1 of NAD and the ε-aminium group of Lys153 in
nucleotide-induced activation of NAD.

In an O2-dependent reaction, [GalE-NADH] reduces the stable radical UDP-TEMPO with production of superoxide radical.
The reaction must proceed by way of a NAD-pyridinyl radical intermediate.

1. Introduction
UDP-galactose 4-epimerase (GalE) is essential in galactose

metabolism. All healthy cells contain this enzyme. GalE

catalyzes eq 1, the conversion of uridine(50)diphospho(1)-
R-D-glucose (UDP-glc) into uridine(50)diphospho(1)R-D-
galactose (UDP-gal). This apparently simple equilibration of

configurations S and R at C4 of the pyranosyl rings raises

mechanistic questions that have stimulated research during

50 years. UDP-gal is the galactosyl donor in complex

carbohydrate biosynthesis. GalE is the only enzyme that

catalyzes the interconversion of glucosyl and galactosyl

groups.



1418 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1417–1426 ’ 2013 ’ Vol. 46, No. 7

Actions of UDP�Galactose 4-Epimerase Frey and Hegeman

An issue is how nonstereospecificity is brought about by

racemases and epimerases. Enzyme�substrate interactions

are almost universally stereospecific and lead to stereospe-

cificity in reactions. Figure 1A shows how nonstereospecifi-

city is brought about by GalE, which has one molecule

of nicotinamide adenine dinucleotide (NAD) per subunit

that functions in reversible redox catalysis. The uridine-

(50)diphosphoryl group of the 4-ketopyranosyl intermediate

binds very tightly to [GalE-NADH] (�7 kcal mol�1), whereas

the 4-ketopyranosyl moiety binds weakly (�2 kcal mol�1).

This allows torsional mobility for the 4-ketopyranosyl group

and nonstereospecific hydride transfer at C4. Figure 1B

shows the near congruence of C3(OH), C4(OH), and C4(H) in

the rotamers of epimeric substrates uridine(50)diphospho(1)-
R-D-xylose and uridine(50)diphospho(1)R-L-arabinose.1

2. Molecular Structure‡

2.1. Chain Fold and Domains. Molecular structures of

GalE are briefly reviewed by Holden et al.2 Structures of GalE

from Escherichia coli in various states of complexation with

substrates and inhibitors are available.3�6 The structurewith

uridine(50)diphospho(1)-phenol (UDP-phenol) at the active

site (Figure 1) reveals the overall chain fold, and the locations

of NADH and UDP-phenol and the relative orientations of

the subunits. The subunit interface occurs along two parallel

R-helices, Pro93 to Met111 and Pro148 to Gln167, from

each subunit with a rough axis of symmetry in the interface

plane and perpendicular to the helices.

Each subunit comprises two domains, a dinucleotide fold

(DF) characteristic of NAD-binding enzymes, and a smaller

substrate-binding domain (SBD). NAD binds along the

C-terminal edge of the twisted β-sheet in the DF and appears

as the black ball and stick model in Figure 2. A cleft at the

domain interface forms the active site. UDP-phenol, the red

ball and stick model, binds to the SBD. Binding of NAD and

UDP-phenol project the nicotinamide and phenyl rings into

the hydride transfer site. The overall chain fold of human

GalE is similar to that of E. coli GalE.8

2.2. Binding ofNAD. E. coliGalE binds NADwith very high

affinity. The purified enzyme contains a full complement of

NAD.NAD can be resolved from the enzymeupondenatura-

tion in concentrated guanidinium hydrochloride, and rena-

turation proceeds upon dilution in the presence of NAD

binding to the fully active holoenzyme.9 GalE shares tight

NAD binding with other enzymes that use NAD as a rever-

sible redox coenzyme.10�15

The tight [GalE-NADH] binding interactions emerge from

the crystal structure.6 The most striking feature of the [GalE-

NADH] contact surface is the extensive hydrogen bonding

between the adenosyl moiety and the protein. All but one

of the available N and O atoms in the adenosyl moiety are

hydrogen bonded to one or two side chain or main chain

FIGURE 1. Nonstereospecific hydride transfer by GaIE.

FIGURE 2. Ribbon diagram of thr GalE chain fold from PDB file 2UDP
using MolView.7
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enzymatic heteroatoms. Eight such contacts distinguish the

[GalE-NADH] structure from those of numerous alcohol

dehydrogenase�NAD complexes. The hydrogen bonds

between the adenosyl group of NAD in lactate dehydro-

genase (LDH) in Figure 3A are compared with those for

GalE in Figure 3B. In LDH, only two enzymatic residues

form hydrogen bonding contacts to the ribosyl moiety

of NAD. Extensive GalE-adenosyl hydrogen bonding and

minimal solvation seems to explain the tight binding of

NAD to GalE.

Extensive hydrogen bonding to the adenosyl moiety of

NADmay be a general feature of enzymes that use NADas a

transiently reduced coenzyme, in which NADH remains

bound to the active site throughout the catalytic cycle.11,15

Retention of NAD in the free enzymeenables these enzymes

to display activity without competition from other enzymes

that use NAD as a substrate.

3. Structural Support for Glycosyl Mobility
Nonstereospecific hydride transfer in Figure 1 depends on

the concept of strong binding of the UDP moiety and weak

binding of the sugar moiety of substrates to GalE.1 Crystal-

lographic analysis of [GalE-NADH-UDP-sugars] further supports

this idea. Crystal structures of abortive complexes contain-

ing [GalE-NADH] and UDP-glc, uridine(50)diphospho(1)R-D-4-
deoxy-4-fluoroglucose (UDP-4F-glc), or uridine(50)diphospho(1)-
R-D-4-deoxy-4-fluorogalactose (UDP-4F-gal) showed the pyr-

anosyl rings to be oriented differently within the pyranosyl

binding site, as shown in Figure 4.16,17 In contrast, the heavy

atoms of the uridine(50)diphosphoryl moieties occupied vir-

tually identical positions in the nucleotide subsite. The struc-

tures showed sufficient space in the pyranosyl subsite to allow

various orientations of the pyranosyl rings, and differences

could beaccommodatedby torsionabout thebond linking the

anomeric oxygen and the β-phosphate group of UDP.

4. Active Site Structure and Function
4.1. Lysine 153, Serine 124, and Tyrosine 149. The side

chains of Lys153, Tyr149, and Ser124 in Figure 5 are

in hydrogen bonding contact with NADH or UDP-glc in the

abortive complex of [GalE-NADH-UDP-glc.] These amino

FIGURE 3. Contacts between the adenosine in NAD and (A) lactate
dehydrogenase or (B) GaIE; from PDB files 9LDT and 1XEL using
MoLView.7

FIGURE 4. Stuctures of uridine(50)diphospho(1)R-D-sugars bound to
GaIE from PDB files 1XEL, 1UDA, and 1UDB using Molview.7
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acids, Tyr149 and Lys153 in particular, constitute a defining

primary sequence element for the short chain dehydrogen-

ase/reductase superfamily18�20 and are critically important

for GalE activity (Table 1). The global structures with Tyr149

changed to phenylalanine (Tyr149Phe-GalE) or Ser124

changed to alanine (Ser124Ala-GalE) are similar to the

wild-type GalE, as shown by X-ray crystallography, but the

active sites differ by the absence of the hydroxyl groups.21,22

Inasmuch asNAD isweakly bounduponmutationof Lys153

tomethionine (Lys153Met-GalE),23 the structure seems to be

perturbed by the absence of Lys153. The ε-aminium group

of Lys153 contributes significantly to binding NAD through

hydrogen bonding with the 20-OH and 30-OH groups of the

nicotinamide ribosyl ring.

4.2. Charge Transfer Complexation between NAD

and Tyr149. The UV/vis spectrum of [GalE-NAD] revealed

a spectral feature extending from 300 to 360 nm.9 This low-

intensity absorption did not correspond to the line shape of

NADH, and the enzyme did not exhibit the fluorescence

characteristic of NADH upon excitation at 340 nm. The band

was assigned to a charge transfer complexation, presum-

ably by NAD. The charge transfer band was bleached by

addition of uridine(50)-phosphate (UMP) or uridine(50)-dipho-
sphate (UDP), which was taken as evidence of a uridine

nucleotide-induced conformational change.

The refined GalE structures revealed the proximity of

Tyr149 to the positively charged nicotinamide ring of NAD

and the ε-aminium group of Lys153. The structures also

showed Tyr149 in position to serve as a base catalyst for

hydride transfer from hexopyranosyl-C4(OH) of substrates.

Earlier biochemical efforts to identify the base failed to

produce any evidence for the importance of conventional

bases in amino acid side chains.24,25

Because the phenolic group of free tyrosine (pKa 10.1) is

not normally basic, consideration of Tyr149 as a possible

base forced anassessment of its acid�base properties. In the

microenvironment of the active site, the positive electro-

static field created by the proximity of nicotinamide-N1 of

NAD and the ε-aminium group of Lys153would stabilize the

anionic phenolate form of the adjacent Tyr149. Such an

interactionwould provide a chemical potential for Tyr149 to

undergo ionization at physiological pHs, that is, its pKamight

be depressed. The potentiality of Tyr149 as a phenolate ion

in neutral solution also offered a rationale for p�π charge

transfer complexation with NAD. Bleaching of the charge

transfer band by pH adjustment below 6 or by mutation of

Tyr149 to Phe149 supported the assignment of charge

transfer complexation by Tyr149.21

The pH dependence of the charge transfer intensity for

wild-type (wt) GalE corresponds to a pKa of 6.1 for Tyr149.

The results for variants mutated at Ser124 to threonine,

alanine, or valine are as follows: Ser124Thr, pKa 6.3; Ser124-

Ala, pKa 6.7; Ser124Val, pKa 6.9.21 The effects of mutating

Ser124 on the pKa of Tyr149 cannot be interpreted without

structural information because mutation of a single amino

acid can in principle trigger global conformational changes.

The X-ray crystallographic analyses of the Thr124, Ala124,

and Val124 variants reveal no significant conformational

differences from the wild-type Ser124-GalE. Therefore, var-

iations in pKa of Tyr149 in wild-type and variants should be

attributed to microenvironmental differences among the

amino acid side chains at position 124.

The barrier to ionization of neutral acids such as phenols

increaseswith decreasing polarity of themediumbecause of

FIGURE 5. Active site of [GaIE-NADH-UDPGIc]: (top) stereoview;
(bottom) 2D schematic.

TABLE 1. Kinetic Parameters for GalE in Conversion of UDP-gal to
UDP-glc

epimerase kcat (s
�1) 103Km (M) 10�3kcat/Km (M�1 s�1)

wild-type 760 0.23 3.4 � 103

Lys153Met 0.67 0.083 8.1
Tyr149Phe 0.073 0.026 2.9
Ser124Ala 0.61 0.11 5.5
Ser124Thr 250 0.260 970
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increasing energy barrier for charge separation upon release

of a proton. The side-chain structures of the variant amino

acids are as follows: serine, �CH2OH; threonine, �CH(OH)-

CH3; alanine,�CH3; and valine,�CH(CH3)2. The order of de-

creasing polarity in the series is �CH2OH > �CH(OH)CH3 >

�CH3 > �CH(CH3)2. This order represents decreasing active

site polarity in the variant series Ser124(wt) > Ser124Thr >

Ser124Ala > Ser124Val. The order of decreasing polarity

accounts for the order of increasing pKa for Tyr149 as listed

above.21 The pKa's are thermodynamic values for Tyr149 in

the free enzymes.

4.3. Acid�Base Catalysis of Hydride Transfer. Tyr149

and Ser124 appear to be in position to participate in the

acid�base catalysis required to drive hydride transfer. One

or both presumably facilitate the abstraction of a proton

from pyranosyl-C4(OH) in concert with transfer of C4-hy-

dride to NAD. Both Tyr149 and Ser124 are important for

activity (Table 1), with Tyr 149 being more important. The

only available structures with bound nucleotide sugars are

those of abortive complexes [GalE-NADH-UDP-glc]. Abortive

complexes are inactive because of noncomplementary spe-

cies of pyridine nucleotide (NADH) and UDP-sugars, so these

structures cannot be used to define exactly how base catal-

ysis takes place. The structural relationships among the

glucosyl ring, Tyr149, and Ser124 might be different in the

Michaelis complex with UDP-glc, [GalE-NAD-UDP-glc].

The contributions of Tyr149 and Ser124 to hydride

transfer are synergistic, suggesting that they act in concert.

This conclusion arises from kinetic studies of mutated GalEs.

The maximum activity of doubly mutated Tyr149Phe/

Ser124Ala-GalE is about 10�7 times that of the wild type

GalE.26 This low activity corresponds to the product of the

lowering in activity brought about by mutating Tyr149 to

Phe (10�4) and Ser124 to Ala (3 � 10�3). Structural analysis

showed these mutations to have little effect on the overall

conformations of the variants, which differed essentially by

the absence of the side chain hydroxyl groups. Thus, double

mutation is kinetically multiplicative rather than additive,

whereas the activation energy barriers are additive.

Steady-state pH-rate analysis of wild-type and variant

GalEs confirm that Tyr149 functions as the base catalyst

for hydride transfer.26 Epimerization by wild-type GalE is pH

independent for both kcat and kcat/Km between pH 5.5 and

9.5. Hydride transfer is not rate limiting in this pH range, as

shown by the absence of a kinetic-isotope effect in the

reaction of UDP-gal-d7. Epimerization by Tyr149Phe-GalE

is also pH independent for kcat, but the plot of log(kcat/Km)

turns down at lower pHs with a kinetic pKa of 7.1. No kinetic

isotope effect is observed in the reaction of UDP-gal-d7 at pH

8.3, above the kinetic pKa; however, the deuterium kinetic

isotope effect at pH 6.2 is 2.2. The simplest interpretation

is that activity is affected by an ionizing group with a pKa
higher than 7.1 in the free enzyme. The observed kinetic pKa
of 7.1 arises from the fact that hydride transfer is not rate

limiting at higher pHs.27,28 We shall discuss the probable

identity of this group below.

The pH�rate profile for epimerization by the variant

Ser124Ala-GalE is particularly informative. Both kcat and

kcat/Km display pH dependencies between pH 6 and 9, and

epimerization of UDP-gal-d7 proceeds with a deuterium

kinetic isotope effect of 2.1 throughout this pH range,

suggesting that hydride transfer is the major contributing

step to rate limitation throughout the pH range. The pH-

dependencies correspond to kinetic pKa's of 6.3 for kcat and

6.7 for kcat/Km. The value of 6.7 for kcat/Km is particularly

significant because it refers to free Ser124Ala-GalE and is

the same value as the thermodynamic pKa of Tyr149 in

this variant. It is reasonable to assign this pKa to Tyr149 in

free Ser124Ala-GalE and the value of 6.3 to Tyr149 in the

Michaelis complex. These pH dependencies strongly sup-

port the assignment of Tyr149 to base catalysis of hydride

transfer in the Ser124Ala-GalE variant.

Additional evidence with wild-type GalE bolsters the

assignment of Tyr149 as the base catalyst for hydride

abstraction. Uridine(50)diphospho(6)glucose, a regio-isomer

of UDP-glc inwhich glucose is bonded toUDP through C6(O),

irreversibly reduces [GalE-NAD] with rate-limiting hydride

transfer fromC1(H).29 Investigation of the pHdependence of

this reduction produced a bell-shaped pH�rate profile with

breaks at pKa's of 6.1 and 9.2. The pKa of 6.1 could be

attributed to base catalysis of hydride transfer, but it could

not be assigned to an amino acid side chain until structural

information became available. Knowledge of the presence

of Tyr149 in the active site, the kinetic pKa of 6.1 for hydride

transfer to UDP-6-glucose, and the thermodynamic pKa of

6.1 for Tyr149 allows the assignment of Tyr149 as the base

catalyst in wild-type GalE.

The structures of E. coli abortive complexes are consistent

with several hydrogen-bonding networks in the Michaelis

complexes. The two mechanisms of base-catalyzed hydride

transfer in Figure 6 attribute the main driving force for base

catalysis to Tyr149, but they differ in the role of Ser124.

Tyr149 can function as a base in this case because it displays

a pKa value of 6.1 and it is ionized in neutral solution.21 In

mechanism A, the phenolate group of Tyr149 abstracts the

proton from C4(OH) of the glucosyl moiety, and the C4(OH)
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group is hydrogen bonded to Tyr149 and Ser124. In me-

chanism B, the hydroxyl group of Ser124 intervenes be-

tween Tyr149 and the glucosyl-C4(OH) group, and Ser124

mediates proton transfer by a relay mechanism. The struc-

ture of the E. coli abortive complex seems to be more

consistent with mechanism B, whereas the structure of the

human abortive complex is more consistent with mechan-

ismA.8 Bothmechanisms A and B in Figure 6 are compatible

with the concerted functions of Tyr149 and Ser124.

Now consider the kinetic pKa of 7.1 for kcat/Km in epimer-

ization by Tyr149Phe-GalE. The absence of a deuterium

kinetic isotope effect above the pKa coupled with the ob-

servation of an isotope effect below the pKa proves that the

kinetic pKa arises from a change in rate-determining step

between pH 6.2 and 8.3. However, hydride transfer requires

base catalysis, so a basic entity must participate in the

mechanism. In cases of pH-dependent kinetic isotope effects

such as this, the thermodynamic pKa of such a base must be

higher than the kinetically measured pKa of 7.1.
27,28

With phenylalanine in place of tyrosine at position 149 in

Tyr149Phe-GalE, catalysis by tyrosine is not possible, but

Ser124 remains in position and has access to the C4(OH) of

the substrate hexopyranosyl group. Base catalysis by Ser124

in that case is less unlikely than it might seem. There is

reason to expect the β-OH group of Ser124 in Tyr149Phe-

GalE to ionize with a much lower pKa than the value

of 13.4 typical of serine. The positive electrostatic field

created by the ε-aminium group of Lys153 and nicotina-

mide-N1 of NAD remains in place, and the hydrophobicity

of the site is greater than in the wild-type enzyme owing

to the absence of the phenolate group of Tyr149. In wild-

type GalE, the positive electrostatic field lowers the pKa

of Tyr149 by about 4 units. In Tyr149Phe-GalE, it should

lower the pKa of Ser124 comparably or more to e9.4,

a value that is higher than the kinetic value of 7.1, as

required by theory, but still low enough to be potentially

effective in catalysis.

The variant Lys153Met-GalE also displays very low activ-

ity, about 1/1000th that of wild-type enzyme in terms of kcat
and amodest decrease inKm (Table 1). Aswill be discussed in

the following section, the electrostatic interaction of Lys153

with the positive charge on the nicotinamide ring is thought

to be important in enhancing the reactivity of NAD.30

5. Uridine Nucleotide-Induced Activation of
NAD

5.1. Kinetic Evidence of Induced NAD Activation. UMP-

dependent reductive inactivation of GalE by sugars1 or

sodium cyanoborohydride31 provides clues to the mechan-

ism by which substrates regulate [GalE-NAD] through an

induced conformational transition. Such a change could

entail the ordering of catalytic groups required to facilitate

hydride transfer. Alternatively, it could consist of an altera-

tion in the interactions between theGalE active site andNAD

that enhances the reduction potential of NAD. Two lines of

evidence support the latter hypothesis. First, the reduction of

[GalE-NAD] by NaBH3CN suggests that UMP binding in-

creases the reactivity of NAD. Hydride transfer by NaBH3CN

is not facilitated by base catalysis, so an ordering of catalytic

groups by UMP-binding does not explain increased reactiv-

ity of this reducing agent. Moreover, NaBH3CN is more

reactive with the complex [GalE-NAD-UMP] than with free

NAD. Higher reactivity relative to NAD in solution toward a

nonspecific hydride-reducing agent requires an alteration of

the reduction potential of NAD in the active site.

5.2. Spectroscopic Signals of Induced NAD Activation.

The first spectroscopic evidence of a uridine nucleotide-

inducedconformational changecame in31PNMRexperiments,

which revealed 31PNMRchanges inNADuponbindingUMP.32

The 31P-chemical shifts changed from �9.6 and �12.2 ppm

in free [GalE-NAD] to �10.5 and �11.1 ppm in the complex

[GalE-NAD-UMP].

NMR spectroscopic probing of the nicotinamide ring in

[GalE-NAD] revealed a uridine nucleotide-induced electronic

polarization of the π-electrons. The binding of UDP to

[GalE-[1-15N]NAD] caused an upfield displacement of the
15N NMR signal by 3 ppm, corresponding to increased

electronic shielding of N1.33�35 Furthermore, UDP induced

a downfield displacement of the 13C NMR signal by 3.4 ppm

upon binding to [GalE-[4-13C]NAD]. The 15N chemical shift

was unaffected by UDP when the label was in the carbox-

amide group of NAD. The UDP-induced downfield displace-

ments of the 13C NMR signals for GalE-[2-13C]NAD and

GalE-[6-13C]NAD were found to be 1.4 ppm and 1.3 ppm,

respectively.33

FIGURE 6. Mechanisms for participation of Ser124 and Tyr149 in
GalE-hydride transfer.
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The effects of UDP-binding on the NMR spectroscopy

and reactivity of [GalE-NAD] can be rationalized in terms of

perturbations in electron density within the nicotinamide

ring. As illustrated in Scheme 1, the structure can be de-

scribed as a hybrid of resonance forms.

The forms in Scheme 1 are relevant to this discussion; the

carboxamide is excluded because of the absence of any

UDP-effect with 15N-carboxamide. Form I dominates the

structure; however, the other forms contribute significantly

to the hybrid. The results with [1-15N]NAD and [4-13C]NAD

indicate that UDP-binding enhances the importance of form

III to the hybrid structure.

Contributions of forms II and IV are smaller. All the data

suggest decreased electron density at nicotinamide-carbon

centers, especially C4, and increased electron density at

N1 upon binding UDP to [GalE-NAD]. The results indicate

that increased reactivity at C4 of NAD toward all hydride

reducing agents can be attributed to decreased electron

density at C4 upon binding UDP.

In the picture emerging from the 13C and 15N NMR data,

UDP-binding induces a polarization of electron density away

from C4 and toward N1 in the nicotinamide ring.34 Polariza-

tion of this nature would increase the reduction potential

of NAD, as well as the reactivity of NAD toward hydride

reducing agents.

The foregoing interpretation is further strengthened, al-

beit indirectly, by structure�reactivity studies of the nicotin-

amide ring in a series of N-alkylnicotinamides. The kinetic

reactivities with NaBH3CN, the 4-
13C-chemical shifts, and the

reduction potentials of N-alkylnicotinamides (N� = CH3�,

Ph�, p-NCPh�, CH3O2C�, and NC�) are all linearly corre-

lated. The chemical results show that a 3.4 ppm downfield

displacement of the 4-13C-chemical shift corresponds to a

3000- to 15000-fold increase in reactivity with NaBH3CN

and a positive shift of 150 mV in reduction potential.33,35

UMP increases the reactivity of [GalE-NAD] 3000-fold toward

reduction by glucose,36 well within the range indicated by

the 13C NMR results in the structure�reactivity studies.

Therefore, uridine nucleotide-dependent reductive inactiva-

tion of [GalE-NAD] is brought about by a conformational

change that increases the reduction potential and reactivity

of NAD.

5.3. Roles of Lys153 and Tyr149 in NAD Activation.

Evidence indicates that Lys153 and Tyr149 play key roles in

uridine nucleotide dependent reductive inactivation. The

first hint appeared in the relative reactivities of NAD in

mutated forms of [GalE-NAD] with NaBH3CN. Table 2 shows

data on UMP-dependent reductive inactivation of GalE

mutated at Lys153, Ser124, or Tyr149. The kinetic conse-

quences of mutations on reduction by glucose are analo-

gous to their effects on catalytic activity that appear in

Table 1. The results with NaBH3CN are markedly different.

Reactions of borohydride are not subject to base catalysis,

which simplifies the interpretation of results. The reactivity

of Lys153Met-GalE with NaBH3CN is significantly less than

that of wild-type GalE and is not UMP-dependent, proving

that Lys153 is involved in activation by UMP.30 Lys153Ala-

GalE displays similar reactivities. NAD in Tyr149Phe-GalE is

reduced 12-times faster than in GalE, andUMP enhances the

rate by only 60-fold, compared with 800-fold for GalE.

Mutation of Ser124 has little effect on the reactivity with

NaBH3CN. Abolition of either the positive charge of ε-ami-

nium ion of Lys153 or the negative charge of the Tyr149

phenolate group strikingly affects the reactivity of [GalE-

NAD] with NaBH3CN and its UMP-dependence.

Any model that explains UMP dependence in reduction

of the complex [GalE-NAD-UMP] must be compatible with

TABLE 2. Second-Order Rate Constants for Reductive Inactivation of
Epimerase

103k (M�1 s�1) {Glc} 103k (M�1 s�1) {NaBH3CN}

Epimerase þUMP þUMP �UMP

wild type 78 2800 42
Lys153Met a 140 140
Tyr149Phe 0.012 35000 550
Ser124Ala 2.2 2700 18
Ser124THr 23 2800 5
aNo reaction.

FIGURE 7. A model for UDP-induced activation of NAD in GalE.

SCHEME 1a

aR = adenosine(50)diphosho(1)ribose(5).
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the fact that NAD reactivity is enhanced by abolishing the

phenolate group of Tyr149 and decreased by abolishing the

ε-aminium group of Lys153. The simplest model is that in

Figure 7, where it is postulated that the phenolate group of

Tyr149 interacts closely with the nicotinamide ring of NAD

in free GalE. The charge transfer band supports this interac-

tion. Lys153 binds the 20-OH and 30-OH of the nicotinamide

ribosyl moiety of NAD, with the ε-aminium group placed

5.3 Å from the positively charged quaternary N1 of NAD.

Tyr149 partially shields the electrostatic repulsion between

nicotinamide-N1 and Lys153 in the resting enzyme. Uridine

nucleotide-binding shifts the phenolate of Tyr149 into posi-

tion to function in base catalysis with the substrate, attenu-

ating the charge transfer interaction.9 It also decreases the

screening by Tyr149 of electrostatic repulsion between the

nicotinamide-N1 and Lys153. The enhanced electrostatic

repulsion polarizes the π-electron cloud toward nicotina-

mide-N1 and increases the hydride reactivity at nicotin-

amide-C4.

Other models might postulate that the interactions of

both Lys153 and Tyr149 with NAD change with UDP bind-

ing. While the model in Figure 7 is simpler and preferred, it

raises questions about the role of Tyr149. Spectroscopic and

kinetic experiments implicate Tyr149 in the uridine nucleo-

tide-induced conformational transition. If the model in

Figure 7 is correct, the 13C NMR experiment with [Tyr149Phe-

GalE-[4-13C]NAD] should give different results than those

obtained with GalE. Specifically, there should be no effect of

UDP on the chemical shift of nicotinamide-4-13C. Moreover,

the free mutated enzyme should display the downfield

4-13C-signal that is seen with the wild-type GalE only in the

presence of UDP. These conditions are confirmed experimen-

tally, with both Tyr149Phe-GalE and the doubly mutated

Tyr149Phe/Ser124Ala-GalE.34 The same experiments with

Ser124Ala-GalE gave essentially the same results as the wild-

type GalE. All available evidence is consistent with the activa-

tion model in Figure 7.

UDP-N-acetylgalactosamine 4-epimerases appear to

function by a mechanism similar to that of GalE.37�42

5.4. One-Electron Transfer by GalE-NADH. In a chemi-

cally interesting aspect of GalE catalysis, [GalE-NADH] can

undergo oxidation in one-electron steps. This is observed

when the reduced complex is presented with a substrate

that is a one-electron acceptor, uridine(50)diphospho(4)-
tetramethylpiperidine-1-yl (UDP-TEMPO), a stable free radi-

cal, as illustrated in Figure 8.43 The reduction of UDP-TEMPO

proceeds at the active site of [GalE-NADH] concomitant with

the oxidation of NADH in the presence of air and with the

production of superoxide. No reaction can be observed

under anaerobic conditions. A likely mechanism shown in

Figure 8 begins with hydrogen transfer from NADH to UDP-

TEMPO to produce the pyridinyl radical of NAD, followed by

reaction with O2 to generate NAD and O2
�•. One could

consider a mechanism in which dioxygen first reacts with

[GalE-NADH] to form HO2* and the pyridinyl radical, which

then reduces UDP-TEMPO by electron and proton transfer.

The mechanism in Figure 8 is currently preferred because

the binding of uridine nucleotides protects [GalE-NADH]

from oxidation by dioxygen.

Thepyridinyl radical ofNAD is stabilized bydelocalization

of the unpaired electron over nicotinamide-C3, -C4, and -C5

and carboxamido-O and -N. Pyridinyl radicals have been

known as stable species for more than 45 years and at one

time were considered as possible intermediates in reactions

of NAD-dependent oxidoreductases.44,45 However, physical

organic mechanistic analysis of flavin-reduction by N-alkyl-

1,4-dihydronicotinamides strongly implicated hydride trans-

fer as the dominantmechanism.46,47 This was regarded as a

stringent test for one-electron transfer by NADH, owing to

the propensity for flavins to undergo electron transfer either

in one-electron steps via flavin semiquinone intermediates,

or in two-electron mechanisms such as hydride transfer.

Most biological reactions of NAD/NADH proceed by hydride

transfer, especially alcohol and amine dehydrogenation, in

which the alcohol or amine radical intermediates would be

very high energy species.

How then to explain the reaction of [GalE-NADH] with

UDP-TEMPO? This presents a special case in that both

dioxygen and UDP-TEMPO are paramagnetic and obligate

one-electron acceptors. The only obvious alternative to

mechanisms such as that in Figure 8 would be to postulate

FIGURE 8. Amechanism for oxidation of GalE-NADH by dioxygen and
UDP-TEMPO.
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hydride reduction of a protein disulfide bridge by [GalE-

NADH], which might then be oxidized by dioxygen and

UDP-TEMPO in one-electron steps. However, the structure

of GalE does not include a disulfide bridge in either the NAD

or the uridine nucleotide binding sites. Therefore, a pyridi-

nyl-radical mechanism appears most likely.

Dehydrogenations by GalE in the 4-epimerase mechan-

ism likelyproceedbyhydride transfer.However, the reactivity

of [GalE-NADH] with dioxygen in the absence of a uridine

nucleotide and the reaction of [GalE-NADH]with UDP-TEMPO

and dioxygen implicate one-electron mechanisms of [GalE-

NADH] oxidation in reactions with paramagnetic species.
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