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ABSTRACT. UDP-galactose 4-epimerase froEscherichia colicontains tightly bound NAD, which
participates in catalyzing the interconversion of UDP-galactose and UDP-glucose through its redox
properties. The purified enzyme is a dimer of identical subunits that consists of a mixture of catalytically
active subunits designatell-NAD* and inactive, abortive complexes designatedADH:-uridine
nucleotide, in which the uridine nucleotide may be UDP-glucose, UDP-galactose, or UDP [Vanhooke, J.
L., & Frey, P. A. (1994)J. Biol. Chem. 26931496-31404]. The abortive complexes are transformed

into active E-NAD™ by denaturation of the purified enzyme at’@ in 6 M guanidine hydrochloride
buffered at pH 7.0 in the presence of 0.126 mM NAfr 3 h, followed by dilution of guanidine
hydrochloride to 0.18 M and of NADto 0.076 mM for 2 h. The renatured enzyme is fully active and
contains negligible amounts of NADH and uridine nucleotides. The extinction coefficent of the epimerase
at 280 nm is 1.8 0.15 mL mg? cm™? (epg0 = 137 &+ 11 mM~1 cmY), as determined by guantitative
amino acid analysis and spectrophotometric measurements. This value allows the value of the extinction
coefficient for the reduced enzymg-(NADH)to be calculated aszs4 = 5.7 mM~t cm™. On the basis

of the new value ot_go, analytical measurements of the NARontent of epimerase show that there are

two molecules of NAD per dimer, which confirms conclusions from X-ray crystallography and revises
the earlier bioanalytical determinations. The ultraviolet/visible absorption spectrlEaN#AD ™ from
denaturatiorrrenaturation experiments reveals the presence of a broad absorption band extending from
300 nm to beyond 360 nm that cannot be attributed to NADH and appears to be a charge-transfer band.
This band is partially bleached by UMP and almost totally abolished by UDP, indicating that the interactions
leading to the charge-transfer band are altered by the uridine nucleotide-induced conformational change
in this enzyme. This conformational change is associated with control of the chemical reactivity 6f NAD

in the reaction mechanism.

UDP-galactose 4-epimerase (EC 5.1.3.2), hereafter referredshows that each subunit contains electron density corre-
to as epimerase, catalyzes the interconversion of UDP-sponding to a molecule of a pyridine nucleotide in each
galactoséand UDP-glucose, the third reaction in the Leloir subunit (Bauer et al., 1992).
pathway for the transformation of galactose into glucose-1-
P. In the first two steps, galactose is phosphorylated to
galactose-1-P by the action of galactokinase and ATP, and
hexose-1-P uridylyltransferase catalyzes the reaction of UDP-
glucose with galactose-1-P to produce UDP-galactose and
%LUCC%SI;;E' acli%rr?.erisse ;;Jusr(iaﬁseglﬁraosrrg]sir? :r? Qﬁiémce o{io ' origiqa! measurements of NAD The value oflthe extinction
epimerase is a dimer of identical subunits that contains tightly coefficient for the enzyme at 280 nm _Ied _to mcorrectly h'gh.
bound NAD", and original reports indicated the presence of values for the enzyme poncentraﬂon in bloanalytlpal experi-
one molecule of NAD per enzyme dimer (Wilson & ments. We now alsc_) find that the enzyme exh_lbltsabroad
Hogness, 1964, 1969). However, the X-ray crystal structure Chromophore extending from 300 *B860 nm. This appears
to be a charge-transfer band, and it interferes with simple
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The original analyses for NADin UDP-galactose 4-epi-
merase were complicated by three factors, one being that
the purified enzyme contains NADH associated with abortive
complexes (Vanhooke & Frey, 1994). In this paper we show
that two other factors introduced complications into the

§ Department of Biochemistry, College of Agricultural and Life maximally active enzyme contains approximately two m‘?"
Sciences. ecules of NAD per dimer. The charge-transfer band is
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! Abbreviations: NAD' nicotinamide adenine dinucleotide; NADH, oo e Al _
reduced nicotinamide adenine dinucleotide; UDP, uridiheighos- that it is related 1o the uridine nucleotide-induced confor

phate; UMP, uridine Sphosphate; UDP-glucose, uridinediphosphate mational change.
glucose; UDP-galactose, uridiné-diphosphate galactose; ATP, ad-

enosine 5triphosphate; ADP-ribose, adenosinediphosphoribose;
TCA, trichloroacetic acid; KR potassium phosphate; MOPS, I8-( EXPERIMENTAL PROCEDURES

morpholino)propanesulfonic acid; EDTA, ethylenediaminetetraacetate; .
HPLC, high-performance liquid chromatography: PAGE, polyacryla- ~ Materials. NAD™, UDP-glucose dehydrogenase, UDP-
mide gel electrophoresis. galactose, NAD, and MOPS were purchased from Sigma.
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Prior to being used in renaturation experiments, NAias
purified by chromatography through DEAE Sephadex A-25
to decrease the ADP-ribose content40.05%, as deter-
mined by HPLC. Guanidine hydrochloride and urea were
purchased from GIBCO BRL. Tetramethylammonium hy-
drogensulfate and tetrabutylammonium hydroxide for ion-
pairing HPLC analysis were purchased from Fluka. HPLC
grade organic solvents were used without further purification.

Liu et al.

and 0.126 mM NAD. Epimerase was added to the
denaturing solution to a final concentration of 0.58 mg L
and set aside for 3 h at£. Renaturation was carried out

by 33-fold dilution with 50 mM MOPS containing 0.076
mM purified NAD"™ at pH 7.0 and 4°C. After 2 h, the
solution was diluted 5-fold with deionized distilled water,
and Q-Sepharose Fast Flow anion exchange resin (about 80
mL) was added to adsorb the enzyme. The resin was filtered

Standard amino acids were purchased from Sigma andthrough a fritted glass funnel, packed into a glass tube, and

PIERCE. phdenine2,8°H]JNAD ™ was purchased from New
England Nuclear (DU PONT) and purified as follows.
[adenine2,8°H]NAD * was diluted with chromatographically
purified NAD™ (see below) and desalted by Bio-Gel P2 gel
filtration chromatography. The concentration of the purified
NAD* was determined spectrophotometrically at 260 nm by
use of the extinction coefficient 18 mM cm™. Phenyl-

eluted with 0.3 M KRat pH 8.5. The eluted protein was
diluted 10-fold with water and rechromatographed through
a Q-Sepharose column as in the original purification.
Renatured epimerase was concentrated by Amicon Centriprep
or Centricon and filtered through either a Cameon A25 or a
Gilson Z-spin filter.

UV and Fluorescence Spectr&lV/vis absorbance spectra

isothiocyanate was purchased from PIERCE. UDP and UMP were recorded in a Hewlett Packard 8452A diode array
were purchased from Sigma and purified by DEAE Sephadex spectrophotometer. Fluorescence spectra were obtained in

A-25 chromatography.

Enzyme Purification and Assay. E. callls of strain
BL21(DE3) transformed with pLysS and the overexpression
vector pTZ18R containing thE. coli epimerase gene were
grown in 2x YT medium and harvested after 8 h at 33.

a Perkin ElImer MPF-3 fluorescence spectrophotometer.
Determination of Nucleotides Associated with Epimerase.
For quantitative measurement of enzyme-bound uridine
nucleotides, epimerase was denatured by addition of 20%
TCA, and the precipitate was removed by centrifugation.

Epimerase was purified as described by Bauer et al. (1991)TCA was extracted from the supernatant fluid with ether,

with the exception that Q-Sepharose Fast Flow ion exchanger®

was substituted for DEAE-Sephadex in the final chroma-

tography step, as described earlier (Vanhooke & Frey, 1994).

The elution gradient used was from 20 to 300 mM,; &P

pH 8.5. Specific activities of fractions eluted from this
column ranged from 117 to 345 units ma@fter Q-Sepharose
chromatography (Vanhooke & Frey, 1994). The homogene-
ity of the purified epimerase was estimated by gel electro-

phoresis to be more than 95% prior to denaturation and muchPY €

more than 95% after renaturation.

Epimerase activity was assayed by the method of Wilson
and Hogness (1964) in solutions containing 0.125 M potas-
sium bicinate buffer at pH 8.5, 1.25 mM NAD0.05 mM

UDP-galactose, and 0.04 unit of UDP-glucose dehydrogenaseyith a concave gradient.

at 27°C. Initial rates of NADH formation were measured
at 340 nm. Epimerase concentrations were originally
calculated by use of 1.05 mL my as the extinction

nd the aqueous layer was filtered through a Gilson Z-spin
filter and lyophilized. The dried samples were dissolved in
double-distilled water for HPLC analysis in a 3.9 mml5

cm stainless steel Novapak C18 reverse phase column eluted
at a flow rate of 0.8 mL mint. The HPLC gradient was
controlled by a Waters automated gradient controller, and
all the nucleotides were detected spectrophotometrically at
260 nm. ADP-ribose, NAD, and NADH were separated
tramethylammonium paired ion HPLC using a gradient
formed from solvents A and B. Solvent A contained 5 mM
tetramethylammonium hydrogensulfate and 10 mM KPP

pH 5.8, and solvent B was a 1:1 mixture of methanol and
water. Solvent B was increased by the gradient controller
to 5% in 3 min with a convex gradient and to 20% in 5 min
UDP was separated from other
nucleotides by tetrabutylammonium paired ion chromatog-
raphy. Solvent A was 2.5 mM tetrabutylammonium formate
at pH 7.1 in methanol:}0 (1:9), and solvent B was

coefficient at 280 nm. The extinction coefficient has been tetrabutylammonium formate at pH 7.1 in methangCH®:
redetermined in the present work and was found to be 1.814)_ The gradient started with 0% solvent B, reaching 60%

+ 0.15 mM?! cm? (see below and Results). Specific

in 8 min with a concave gradient and 70% in 19 min with

activities in this paper have been calculated by use of this |inear gradient. UDP-galactose and UDP-glucose were

new value. The original activity unit was defined as the
amount of enzyme required to produce«thol of NADH

identified by enzymatic assays using UDP-glucose dehy-
drogenase and UDP-galactose 4-epimerase in 0.125 M

per hour under the standard conditions. Given the Changepotassium bicinate at pH 8.5 and 7. UDP was identified

in extinction coefficient, we have taken the opportunity to
redefine the activity unit as the international unit, the amount
of enzyme required to produceuinol of NADH per minute
under the standard conditions. All specific activities in this

enzymatically using pyruvate kinase anthctate dehydro-
genase.

Impact of Uridine Nucleotides on Absorbance Spectra of
Epimerase: Studies of Difference Spectr@ifference

paper have been calculated by use of the new extinctiongpecira were acquired in a Hewlett Packard model 8452A

coefficient and activity unit. Multiplication of all previously
reported specific activities by 0.0287 will correct them to
the new extinction coefficient and activity unit.

Denaturation and Renaturation of Enzymghe epimerase
used in denaturationrenaturation experiments was purified
as described (Vanhooke & Frey, 1994). Final column
fractions were pooled to give a specific activity between 175
and 240 unit mg*. The denaturing buffer contained 50 mM
MOPS (pH 7.0), 1 mM EDTA, 6 M guanidine hydrochloride,

diode array spectrophotometer as described below. Epime-
rase was placed in one chamber of a split cell and a uridine
nucleotide solution in the other, both in the same buffer.
Spectra were recorded before and after mixing the solutions
in the two chambers. A difference spectrum was computed
from the two spectra. Epimerase used for difference
spectroscopy had been subjected to the denaturation and
renaturation activation and exhibited a specific activity of
at least 350 units mg. The concentration of epimerase was
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5.74uM (subunits), that of UDP varied from 0.024 to 4.89 120
mM, and that of UMP varied from 0.32 to 12.8 mM.

Measurement of Extinction Coefficient of Epimerase. 100 &
Samples of epimerase were purified with or without the
denaturation-renaturation and exhibited specific activities
of 260, 320, and 350 units m§ The molar concentrations
of epimerase samples used for the calculation of extinction .
coefficient at 280 nm were determined by quantitative amino -
acid analysis. The absorbance at 280 nm of an epimerase§
sample was measured, and 100 of the solution was
transferred to a vacuum hydrolysis tube (Pierce) together with
100uL of constant boiling HCI. The tube was sealed under
vacuum (0.05 Torr) and placed at 12Q for 25 h. The 20
hydrolysis mixture was transferred to a microcentrifuge tube,
rinsed several times with double-distilled water, and dried . . .
under vacuum. The amino acids were transformed into their 0 2 4 6 8
phenylthiocarbamyl derivatives according to Heinrikson and [Urea]

Meredith (1984) and dissolved in 100L of 0.05 M Ficure 1: Effects of urea and NAD on the activity of UDP
ammonium acetate at pH 6.8, Standard amino §ICIdS Weregalactose 4-epimerase. Solutions of 1.00 mL voluyme containing
derivatized by the same procedure. The phenylthiocarbamyl3 3 ,\m (0.26 mg, 200 units mg) epimerase and-67.42 M urea
derivatives of aspartate, glutamate, serine, glycine, proline, in buffer (20 mM KR containing 1 mM tetrasodium EDTA at pH
arginine, methionine, phenylalanine, and lysine were sepa-7.0) were incubated at 28C for 1 h. A 20uL aliquot of each
ated by HPLC over a Novapak C1 everse phase columnEUton e emoued ahd dhutes hio 80 o e seme buter
(Waters). Solvent A contalngd 005M ammonlum_acetate for epimeracl]se activity. Inset: Two sglutions containi)?lg;B\ZB(O.% Y
at pH 6.8, and solvent B consisted of 44% acetonitrile, 10% mq 168 units mgt) epimerase in the same buffer used above were
methanol, and 46% @ containing 0.1M ammonium acetate supplemented with 112M NAD* and either 0 or 2.50 M urea
at pH 6.8. The flow rate was 1 mL niify, and solvent B and placed at 25C for 4 h. Aliquots of 2QuL were removed at O,
was increased in a linear gradient from 0% to 15% within 1. 2. @nd 4 h, diluted into 980L of cold buffer, and immediately
20 min, to 50% solvent B in 65 min, and to 100% in 75 assayed for epimerase activity.

min. In addition to running standard amino acids to calibrate
the elution profile, two control experiments were performed
to correct the profile for background, one by substituting
100uL of phosphate buffer in place of the enzyme sample
and anqther in which no sample was included in the anaIyS|s.UDP' UDP-glucose, or UDP-galactose (Vanhooke & Frey,
The amino acid content of each sample was used to calculate199 4)

its concentration based on the amino acid composition of ' . _ ) .
epimerase (Lemaire & Mier-Hill, 1986; Bauer et al., 1992), The essential coenzyme of epimerase is NAhich is

and this was used with the absorbance at 280 nm to calculatdightly bound to the purified enzyme and does not exchange
the extinction coefficient. spontaneously with free NAD The epimerase was origi-

NAD" Content of EpimeraseThe ratip of coenzyme and_ Qﬁ%:ﬁg%\r}veiig%cgn;aégr}er:gelgggftf r?(; r;:% Oefr?zlyrigcwas
enzyme Wa§ determmed rad|oghem|cally by exchanging for many years considered té) repre,sent an extreme case of
[aden|.ne2,8- H]NAD+ |n'to_ the epimerase. Exchagge took negative cooperativity in binding NAD Recently, the
[r)r:?/lceKIS- ?{Il;tlfn;, ézogtggnll\r;lgjfamg gg erﬁlll\r;]h%?:ii eﬁ;|280 crystal structure of epimerase revealed the presence of two
3H]NADI+ at 250(': ;‘or.2—6 h Th,e s:olution was dialg/zed NAD™ binding domains as well as electron density corre-

. ; . sponding to a nicotinamide dinucleotide bound to each
against 20 mM Kpat pH 7.0 overnight at 4C. Epimerase subunit of the dimer (Bauer et al., 1992). The finding of

was then rechromatographed on a Q-Sepharose column Wltr}wo nicotinamide coenzymes per dimer called into question

Etei?n\,\g?aesee!‘l:ggtri]onbsy W%ZreangolggoanrgMagigtl pdlls;l.'?e.d b the analysis of epimerase for NAD The presence of
rep eated ultrafiltration andpdilution firgt Withywater and Y abortive complexes in most preparations complicates the
P ! measurement of NADin epimerase; however, the original

, : . . B,
R{fg{ v;gzoipaggﬂ Ktprl1aet pr;'e:é%e Tgi*g}ig'geég tl)-” liquid analytical data of Wilson and Hogness on the most highly

A : with epi w u y liqul purified fractions has repeatedly been reproduced in this
scintillation (Packard Tri-Carb 4640). laboratory

RESULTS AND DISCUSSION Effect of Free NAD on Denaturation of Epimeraseln
order to develop conditions for replacing NADH in abortive
UDP-galactose 4-epimerase purified fré&@ncoli exhibits complexes such a&-NADH-UDP-glucose with NAD or
variable activity. The highest specific activity reported to isotopically labeled NAD, we evaluated the effect of urea
date is 400 units mg for the most active chromatographic on the activity of epimerase in the presence and absence of
fractions (Wilson & Hogness, 1964). However, the enzyme free NAD'. The data in Figure 1 show that incubation of
purified from an operator constitutive strain typically exhibits epimerase with urea for 1 h decreases its activity by about
a specific activity of 286-320 units mg! (Wong et al., 35% at 2.5 M and by almost 80% at 3 M urea. The inset
1978), and the specific activity of enzyme purified from shows that free NAD protects epimerase from the effects
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bacteria carrying the epimerase gene on an overexpression
vector is typically 115-230 units mg? (Vanhooke & Frey,
1994). Less than optimal activity is caused by the presence
of abortive complexes that contain NADH and tightly bound



7618 Biochemistry, Vol. 35, No. 23, 1996 Liu et al.

- glucose. Activation would result from denaturant-induced
release of UDP-glucose and NADH and replacement by
NAD™ followed by dilution of the denaturant and reconstitu-
tion of the native structure. We have found that denaturation
of epimerase in 6 M guanidine hydrochloride containing
W - 0.126 mM free NAD, followed by dilution with water to
0.18 M guanidine hydrochloride and 0.076 mM NAD
dramatically activates epimerase and removes nearly all of
+ the NADH and uridine nucleotides. In six experiments,
1234 samples of epimerase displaying specific activities of 175
FIGURE 2: Effect of denaturationrenaturation in the presence of  or 240 units mg* were activated to 368 12 units mg?
NAD™ on the homogeneity of epimerase. Samples of epimerase gfter rechromatography over Q-Sepharose. The method is

before (lanes 1 and 3) and after (lanes 2 and 4) denaturation - . ; .
renaturation were subjected to PAGE. Loading wag.8 lanes described in the Experimental Procedures and allows activa-

1 and 2 and 2.2«g in lanes 2 and 4. Note the sharpness of the tion of 30-100 mg of low-activity epimerase with a
major, epimerase band after denaturatioenaturation and the  recovered yield of 50%75%.
decrease in contaminating bands relative to the original sample. |, addition to being highly active, the denatureenatured

The corresponding diffuse band in the original sample represents . . o
homogeneous protein consisting of active epimer&&lAD ") epimerase is more homogeneous than the enzyme purified

contaminated with inactive abortive complex&NADH -uridine by the usual procedure, as shown by the native polyacryl-
nucleotide). amide gels in Figure 2. Note that faint auxiliary bands in

) _ ) the original sample are absent in the renatured sample,
of 2'? M urea. The simplest rationale for protection by nrequmably because NADfacilitates the renaturation of
NAD is that urea induces partial rever3|ble denat+urat|on of epimerase but not of impurities. The diffuse bands for
epimerase to one or more states design&etAD™ that ) rified epimerase in lanes 1 and 3 of Figure 3 are sharpened
can release NAD (eq lab). Denaturation can become f|iowing denaturation-renaturation (lanes 2 and 4). This

" n may be due to the presence of the abortive complekes (

E-NAD™ =E-NAD (1a) NADH:-uridine nucleotide) in the purified enzyme, which

1, + et + are removed by denaturatienenaturation. The renatured
E-NAD E +NAD (1b) enzyme is essentially free of NADH, as is shown by the
irreversible when the enzyme is very dilute, presumably UV and fluorescence spectra in Figure 3. Denaturation
because of side reactions Bj. The presence of free NAD renaturation also decreases the uridine nucleotide content of
maintains NAD' in its binding site and prevents irreversible low-activity epimerase. In one experiment, the specific
denaturation. The mechanism of eq 1a,b also accounts foractivity was increased from 239 to 350 units Thgand the
the fact that low concentrations of urea facilitate the exchange uridine nucleotide content was decreased from 0.35 per
of radiochemically labeled NADinto epimerase, as is shown subunit to less than 0.11 per subunit after renaturation, as
in a later section. determined by enzymatic and HPLC analyses.

Activation of Abortve Complexes by Denaturation and NAD" Content and Extinction Coefficient of UDP-
Renaturation. Inasmuch as free NADprotects epimerase  Galactose 4-Epimeras€onventional enzymatic assays for
from irreversible denaturation by urea, it may facilitate NADT released from the most active fractions of epimerase
renaturation of the extensively unfolded enzyme. In fact, by acidification indicate 1 NAD per dimer of identical
NAD is known to facilitate the refolding of epimerase from subunits (Wilson & Hogness, 1964). In all such experiments
yeast (Bhattacharyya, 1993). Partial denaturation in the to date the epimerase concentration has been assayed either
presence of free NAD offers the potential for activating by measurement of absorbance at 280 nm, using an extinction
preparations of epimerase that exhibit low activity owing to coefficient of 1.05 mL mg* cm ™ (e250= 78.0 mM*cm?

the presence of abortive complexes sucEd$ADH-UDP- for dimeric epimerase) for the most active sample, or by
1.0 100
A B
0.08 .
8
@ S 2 |
g 5 0.04 S t
© @B °
o a 8
é 0.5 < e
[$] 50 +
340 400 E
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360 400 440 480 520 560
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Ficure 3: UV and fluorescence spectra of epimerase before and after denatuir@ti@turation. A. Ultraviolet/visible absorption spectra

of epimerase before<) and after - —) denaturatior-renaturation. Inset is an expansion of the region from 300 to 400 nm. B. Fluorescence
emission spectra of epimerase (0.45 mg/mL) beferednd after  —) denaturatiorrenaturation. Excitation wavelength is 280 nm.
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measuring the increase in absorbance at 345 nm upon UMP- 0.5 . T -+ . . .

dependent reductive inactivation by glucose (Kalckar et al., A

1970; Kang et al., 1975), assuming the value of 6.22ThM 0 ' .

cm! as ezqo for NADH. The two methods have given i

comparable results. In recent experiments the apparent & .05 ‘}L\ .

difference extinction coefficientAesz44) in the reduction of o

E-NAD™ to E-NADH was reported to be 3.3 mM cm™? < gt \+ 1

(Vanhooke & Frey, 1994). Calculation dfe344 depended ~{

upon the use of 1.05 mL mg cm™! as the extinction 45 L % I —%

coefficient at 280 nm. On the basis of the latter value for W

Aezq4, the two methods give very different enzyme concen- 2 ! . . s . s

trations. 0 2000 4000 6000 8000 1 10*1.2104.4 10
Estimation of the:,g0 nm for epimerase on the basis of its [UMP], uM

amino acid and NAD content indicated that it should be
substantially higher than 1.05 mL mgcm=%. Therefore,

we measured the,g, in six samples of epimerase by 0¢ B
quantitative analysis for nine amino acids and measurement
of absorbance at 280 nm. Three different preparations of

1 T T T T

enzyme displaying specific activities of 260, 320, and 350 E 2 | .
units mg* gave results that were indistinguishable within ¥4 % |
experimental error. On the basis of these analyses, the 3§ '

extinction coefficient at 280 is 1.8% 0.15 mL mgtcm? -4 %’ 1
(€280 = 137 £ 11 mM* cm!). The new value has been sl %’\ N o 4
used for all calculations of epimerase concentrations inthis | T T 7T °
paper, and we now use it to revise the value Af3s, -6 ' L ! —
originally reported by Vanhooke and Frey (1994), from 3.3 0 1000 2000 3000 4000 5000

to 5.7 mMlcmi [UDP], uM

i Ficure 4: Bleaching of the charge-transfer band in epimerase by
| In t(;]e tn;egasuremflzr_]t (Z)fGEIAI\\jID contentt, ﬁp;rgeratsheov%%s UMP or UDP. The absorbance of epimerase (3«¥4subunits) at
placead a “r mgsm In v Ourea atp O wi : 322 nm was measured as a function of the concentration of UMP
mM [adenine2,8-H]NAD " at 25°C for 2, 4, or 6 h. After  (A) or UDP (B) in 25 mM KR (pH 7.0) and ionic strength 0.2

dialysis and rechromatography, its molar contentoighine adjusted by addition of KCI at 27C. The dashed curves are
2,82H]NAD* was determined by radiochemical analysis and calculated values foAAsz; based on the known values K and
measurement of absorbance at 280 nm. The data revealed'® MaximumAAs,, observed at saturating UMP or UDP. The
values ofKy were determined kinetically in UMP- or UDP-activated
the presence of 1.7% 0.18, 2.08+ 0.23, and 1.79+ 0.21 reductions ofE-NAD™* to E-NADH-uridine nucleotide by glucose
mol of NAD™ per mole of dimeric epimerase in the three to be 783uM for UMP and 84uM for UDP.
experiments. HPLC analysis for NADreleased from
epimerase by TCA precipitation of the protein gave 1.96, Evidence for the conformational transition includes the
2.02, and 1.91 mol of NAD per mole of enzyme in three  observation of UMP-dependent reductive inactivation (Kal-
determinations. Recalculation of the NABontent reported  ckar et al., 1970; Kang et al., 1975), UMP-dependent
by Wilson and Hogness (1964) using the new value for the perturbation of thé'P NMR spectrum oE-NAD™* (Konopka
extinction coefficient of the enzyme gave 1.8 NADer et al., 1989), UDP-dependent perturbations of @ and
dimer of epimerase. 15N NMR chemical shifts in the nicotinamide ring &--
Bleaching of the Racker Band by Uridine Nucleotides. NAD* (Burke & Frey, 1993), and a difference in secondary
The UV spectrum of denaturedenatured epimerase in  structure betweelE-NAD* and E-NADH-UMP as deter-
Figure 3 shows the presence of a shoulder extending frommined by circular dichroism (Wong et al., 1978). The
300 nm to beyond 360 nm, which is most likely a charge- bleaching of the charge-transfer band by UDP or UMP is
transfer band. Other NAD dependent dehydrogenases an additional spectroscopic signal of the uridine nucleotide-
display analogous spectral features, which have becomeinduced conformational transition.
known as “Racker bands” (Rizzo et al., 1987). Because they
generally appear upon mixing a dehydrogenase with NAD REFERENCES
charge-transfer bands are usually ascribed to noncovalen
interactions of the nicotinamide ring in NADwith amino %agfgfe/?ﬁsg"sﬁﬁ)c/?egl&nt{ F(rzeeyr,]eli. &;‘55‘133 \den, H. M. (1991)
acid side chains. However, they could just as well arise from gayer, A, 3., Rayment, 1., Frey, P. A., & Holden, H. M. (1992)
interactions of amino acid side chains that are induced by Proteins: Struct., Funct., Genet. 1372—381.
conformational changes coupled to the binding of NAD  Bhattacharyya, D. (19938iochemistry 329726-9734.
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drogenases have not been structurally characterized. Heinrickson, R. L., & Meredith, S. C. (1984)nal. Biochem. 136,
The difference spectra in Figure 4 show that the intensity 8574
of the charge-transfer band associated with epimerase igk@lckar, H. M., Bertland, A. U,, & Bugge, B. (197®roc. Natl.
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decreased by the presence of UDP or UMP. Bleaching byKan U. G. Nolan L. D. & F P A ;
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