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Role of Metal lons in the Reaction Catalyzed byRibulose-5-phosphate
4-Epimerasé
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ABSTRACT. H97N, H95N, and Y229F mutants ofribulose-5-phosphate 4-epimerase had 10, 1, and 0.1%,
respectively, of the activity of the wild-type (WT) enzyme when activated b¥" Zthe physiological
activator. C8" and Mr?+ replaced Z&" in Y229F and WT enzymes, although less effectively with the
His mutants, while Mg~ was a poorly bound, weak activator. None of the other eight tyrosines mutated
to phenylalanine caused a major loss of activity. The near-UV CD spectra of all enzymes were nearly
identical in the absence of metal ions and substrate, and addition of substrate without metal ion showed
no effect. When both substrate and?Znvere present, however, the positive band at 266 nm increased
while the negative one at 290 nm decreased in ellipticity. The changes for the WT and Y229F enzymes
were greater than for the two His mutants. With’Cas the metal ion, the CD and absorption spectra in
the visible region were different, showing little ellipticity in the absence of substrate and a weak absorption
band at 508 nm. With substrate present, however, an intense absorption band at %55 A80(175)

with a negative molar ellipticity approaching 2000 deg?cmol~* appears with WT and Y229F enzymes.
With the His mutants, the changes induced by substrate were smaller, with negative ellipticity only half
as great. The WT, Y229F, H95N, and H97N enzymes all catalyze a slow aldol condensation of
dihydroxyacetone and glycolaldehyde phosphate with an irigbf 1.6 x 1072 s71. The initial rate
slowed most rapidly with WT and H97N enzymes, which have the highest affinity for the ketopentose
phosphates formed in the condensation. The EPR spectrum of enzyme witheldmibited a drastic
decrease upon substrate addition, and by usisig it was determined that there were three waters in
the coordination sphere of Mhin the absence of substrate. These data suggest that (1) the substrate
coordinates to the enzyme-bound metal ion, (2) His95 and His97 are likely metal ion ligands, and (3)
Tyr229 is not a metal ion ligand, but may play another role in catalysis, possibly as arbasig catalyst.

L-Ribulose-5-phosphate 4-epimerase (araD, EC 5.1.3.4)contamination, ark. coli host bearing the T7 RNA poly-

catalyzes the interconversion ofribulose 5-phosphate { merase gene for expression of the target protein was needed
Ru5P} andp-xylulose 5-phosphatep{Xu5P) by changing but the host had to be incapable of generating the wild-type
the stereochemistry at C-4)( In the previous paper2j, epimerase from its chromosome. To produce a wild-type

measurements dfC and deuterium kinetic isotope effects deficient host, arab'*® E. coli strain B [a gift from N. Lee
were employed to produce compelling evidence that the from the University of California at Santa Barbara, Santa
4-epimerase catalyzes the epimerization reaction via an aldolBarbara, CA {)] was lysogenized witiDE3 bacteriophage
cleavage-condensation mechanism. The focus of this work containing the T7 RNA polymerase gene. The procedure for
was to determine which divalent metal ion is preferred by the generation of the hoBt coli was followed according to
the 4-epimerase for catalysis, the role of the requisite metalthe instructions of thelDE3 Lysogenization Kit from
ion in the catalysis, and what the metal ion ligands are in Novagen.

the active site of the enzyme. To address these problems, The araD cells were grown in LB medium supplemented
we employed site-specific mutagenesis, steady-state kinetics,, i+, 0 204 maltose and 10 mM MgS@ an ODQyo of 0.5.

and spectroscopy. Four microliters of thelDE3 phage lysate, 2.8L of the
EXPERIMENTAL PROCEDURES helper phage lysate, and 1B of the selection phage lysate

Preparation of B(DE3)araD pLysS Escherichia coliTo Vr:’]?r:e_}?](;u%a;;?gr\g'wag Lthogr:helsiree(lj[)oﬁe!i itB3:CarforIa2t2
generate mutant 4-epimerases that are free of the wild-type ™™= "™ P ] gar piate.
Verification of the lysogens using T7 tester phage was

" Supported by Grant GM 18938 from the National Institutes of necessary to make certain that the desired colonies would
:"e?'ttht- RF;-E- nas supported by Grant GM 35752 from the National he properly lysogenized by the prescribed method. Three
nsttutes o ealtn. . .

* To whom correspondence should be addressed: 1710 University colonies We_re taken f_rom th_e agar pIate for testing. Each
Ave., Madison, WI 53705. Phone: (608) 262-1373. Fax: (608) 265- Was grown in LB medium with 0.2% maltose and 10 mM
2904. E-mail: cleland@enzyme.wisc.edu. MgSQO, to an ORQyo of 0.5. The tester phage was diluted

1 Abbreviations:L-Ru5P L-ribulose 5-phosphate:Xu5P,p-xylulose _ ;
5-phosphate;-FuclP-fuculose 1-phosphate;RhulP-rhamnulose 10>fold, and 100uL of the diluted tester phage was

1-phosphate; IRMS, isotope ratio mass spectrometer; ICPMS, induc- incupated with 10QiL of the lysogenized cells at 37C for
tively coupled plasma mass spectrometry; WT, wild-type. 20 min. Half of each sample was plated onto three LB agar
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plates, while the other half was plated onto LB plates Novagen) which anneal to the promoter or to the terminator
supplemented with 0.4 mM IPTG. The colonies were region, both of which flank the araD gene. The reaction
determined to bé DE3 lysogens if the plate without IPTG  mixtures were then sent to the University of Wisconsin
contained only plaques, while the plate with IPTG contained Biotechnology Center for automated sequencing on the
only a “halo” of theE. colilawn. Of the three colonies tested, Perkin-Elmer Applied BioSystems Automated DNA Se-
two were determined to be tru®E3 lysogens. These cells quencer (model 377). Once the 11 mutant plasmids were
were designated B(DE3)aral2nd stored at-78 °C in 20% sequenced, they were transformed into B(DE3)araBlls
glycerol. for overexpression of the enzymes.

The cells were made competent by following the standard  Screening for Slow Mutantsor comparison purposes, the
calcium chloride procedure3) and transformed with the  wild-type 4-epimerase 2§ was expressed and partially
pLysS plasmid (Novagen). purified together with the 11 mutant enzymes. Overexpres-

Preparation of Mutant Plasmids and EnzymAgotal of sion by induction with IPTG was carried out in the same
11 single-residue mutations of the 4-epimerase was mademanner as described for the wild-type 4-epimer&el( a
Each of the nine tyrosine residues of the 4-epimerase wastotal of 12 vessels, each with 500 mL of LB medium
mutated to phenylalanine (Y48F, Y84F, Y121F, Y123F, containing 50u«g/mL ampicillin and 10ug/mL chloram-
Y141F, Y195F, Y219F, Y228F, and Y229F). Two histidine phenicol, the cells expressing the mutant enzymes and the
residues were changed to asparagine (H95N and H97N). Thewild-type 4-epimerase were grown at 3T for 4 h after
creation of the mutant plasmids was carried out according induction with IPTG. The cells were collected by centrifuga-
to the instructions of the QuikChange Site-Directed Mu- tion and lysed with lysozyme. RNAse A and DNAse | were
tagenesis Kit from Stratagene. Mutagenesis via this kit added to digest the polynucleotides. The cellular debris was
involves two complementary oligonucleotide primers with separated from the crude enzyme extract by centrifugation,
the desired nucleotide change(s) and a double-strandedand the expression of the wild-type and mutant enzymes was
plasmid template. Amplification was carried out via PCR verified by SDS-PAGE. Each mutant 4-epimerase and the
with the use of the high-fidelityPfu DNA polymerase wild-type enzyme were then partially purified by ammonium
(Stratagene). sulfate precipitation at 40% saturation and dialyzed twice

The mutations that resulted in interesting catalytic and with 250 mL of 10 mM NaHEPES (pH 7.6).
spectral property changes for the mutant 4-epimerases were The catalytic activity of the mutant 4-epimerases and of
H95N, H97N, and Y229F. The complementary oligonucle- the wild-type enzyme was tested by running all 12 activity
otides for the H95N mutation, as written in the t6 3 assays in parallel. In a total reaction volume of 400
direction with the altered codon underlined, were as fol- containing 37 mM.-Ru5P and 10 mM NaHEPES (pH 7.6),
lows: primer 1, GGC GGC ATT GTG AAC ACA CAC  50uL of mutant or wild-type enzyme was added to initiate
TCG CGC; and primer 2, GCG CGA GTG TGT GTT CAC the epimerization reaction. The reaction was allowed to occur
AAT GCC GCC. For the H97N mutation, primer 3is C ATT  for 15 min and then stopped by removal of the enzymes by
GTG CAC ACA AAC TCG CGC CAC GCC and primer 4  passing the reaction mixture through the Millipore Ultrafree-
is GGC GTG GCG CGA GTT TGT GTG CAC AAT G.  MC filters (MW cutoff of 10 kDa). The extent af-Ru5P to
For the Y229F mutation, primer 5 is GGC GCG AAG GCA D-Xu5P conversion was measured by the coupled enzyme
TAT TTC GGG CAG TAA GGA TCC and primer 6 is GGA  assay used to acquire the pH profile of the wild-type
TCC TTA CTG CCC _GAA ATA TGC CTT CGC GCC.  4-epimerased).

The double-stranded DNA template used for the PCR was Ouverexpression and Purification of H95N, H97N, and
pLLD1 (5.3 kilobase pairs), which consisted of the wild- Y229F MutantsThe large-scale overexpression and column
type araD gene in a pET3a vect®).(The reaction buffer,  purification of the mutant enzymes were carried out as
the dNTP mixture, and th&fu DNA polymerase were  described for the wild-type enzyme)(

provided by the mutagenesis kit. The PCR was carried out Preparation of Apoenzymes and Zn(ll)-Substituted 4-Epi-
on a Perkin-Elmer Gene Amp PCR System 2400 under the merasesAlthough the column-purified enzymes contained
following conditions: one cycle of 30 s at 9&, followed predominantly zinc in the active site, as determined by
by 16 cycles of 30 s at 95C, 1 min at 55°C, and 10 min ICPMS, the enzymes were made metal-free and then
and 36 s at 68C. One microliter of the stock solution of  reconstituted with 99.999% pure ZnCThe apoenzymes of
Dpn restriction enzyme was then added to the reaction the H95N and H97N mutants were generated simply by once
mixture and the mixture incubated at 32 for 1 h todigest passing the column-purified enzymes thrbug4 cmChelex

the parental (honmutated) double-stranded DNA. The PCR 100 column (2 mL volume) equilibrated in 10 mM KHEPES
product was then used to transform egicurean ColiXL-1 (pH 7.0). The purified Y229F mutant had to be dialyzed
Blue Supercompetent Cells (Stratagene). The cells wereagainst 20 mM EDTA and 1 mM DTT (pH 7.0) for-3} h
stored at—78 °C in 20% glycerol. The Y229F mutant atroom temperature to completely remove the original metals
plasmid was designated pMVD9, the H95N plasmid pM- from the active site. A more detailed procedure is in the
VD10, and the H97N plasmid pMVD11. previous paper?). The mutant enzymes were then recon-

All 11 mutant plasmids were sequenced to verify that the stituted with 2 equiv of ZnGl per active site. All metal
desired base changes had taken place and that no unintencontent analyses were carried out by ICPMS at the University
tional base changes were introduced during the PCR. Theof Wisconsin Soil and Plant Analysis Laboratory.
sequencing reaction was carried out according to the instruc- Circular Dichroism and Secondary Structures of Zn(ll)-
tions of the ABI Prism Dye Terminator Reaction Kit, which ~ Substituted Wild-Type and Mutant Enzymise CD spectra
involved two PCRs. Each reaction made use of either the of the wild-type, H95N, H97N, and Y229F mutant 4-epi-
T7 promoter primer or the T7 terminator primer (both from merase were recorded in the far-UV region (3280 nm)
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under the following conditions: 0.1 mg/mL enzyme, 10 mM turnover. The concentration of the Y229F mutant in the assay
potassium phosphate buffer, pH 7.5, 0.1 mM Zn@&hd 25 was higher than thK, values for the metal ions, which made
°C. The spectra were acquired on an Aviv CD model 62A it difficult to determine the kinetic constants. Therefore, the
DS spectrometer and were converted to molar ellipticity by kot values of the Y229F mutant were acquired unégsx
normalizing the spectra to 0.1 mg/mL enzyme and assumingconditions.

each amino acid has an average molecular mass of 110 Da/ g values for.-Ru5P from Various Metal-Substituted

residue. EnzymesTheK, values for.-Ru5P were measured for the
Circular Dichroism and Tertiary Structures of Zn(ll)-  zn(|1)-, Co(ll)-, Mn(ll)-, and Mg(ll)-substituted wild-type
Substituted Wild-Type and Mutant Enzyn@B spectrawere  4.epimerase. The reagents and enzymes required by the
acquired in the near-UV region (24310 nm) on an Aviv.  coypled enzyme assag)(and 50 mM KHEPES (pH 7.5)
CD model 62A DS spectrometer. Three spectra were yere mixed together and passed thioagl mLcolumn of
recorded for each enzyme: the apoenzyme, the Zn(ll)- Chelating Sepharose (Pharmacia Biotech) to remove any
substituted enzyme, and the Zn(ll)-substituted enzyme in the contaminating metals. To this mixture was added 1 mMm
presence of-Ru5P and-Xu5SP. Both sugars were added at \jqCl, since the coupling enzyme transketolase required the
equilibrium cqncentrations since t.hey both have prominent meta for activity. For each metal except Mg(ll), the metal
CD spectra in the near-UV regior2)( To acquire the  chjoride (0.1 mM) was also added to the assay. However,
spectrum of the tertiary structure of the Zn(ll)-labeled the assay to determine thi, of L-Ru5P with the Mg(ll)-
enzyme as perturbed by substrate binding, the spectrum ofgpstituted wild-type enzyme contained 15 mM MgCl
the Zn(ll)-labeled enzyme was recorded in the presence of _rus5p was varied from 0.01 to 5 mM to encompass the
L-RUSP ancb-Xu5P at equilibrium concentrations, and this  ghift in K, values forL.-Ru5P as the divalent metal ion was
spectrum was subtracted from the spectrum containing of changed in the wild-type enzyme. The assay was started by
L-Ru5SP anc-Xu5P at the same concentrations. All spectra ne addition of the wild-type enzyme that was previously
were recorded in the presence of 10 mM KHEPES (pH 7.5) reconstituted with its respective metal ion. The reaction was

since the CD spectra of-RuSP andp-XuSP are pH-  mopitored at 22C. Data fitting was carried out as described
dependentd). The sample conditions for acquiring the near- gpove.

UV CD spectra were 0.6 mg/mL apoenzyme, 10 mM .
KHEPES (pH 7.5), 0.1 mM ZnGJ and 5 mML-RUSP or The same experiment was repeated for the Y229F, H97N,

b-XuSP (equilibrium concentrations). All spectra were and H95N mutants but only as Zn(ll)-substituted enzymes.

recorded for the samples maintained at°5 The spectra The CD assay described above could not be used for this
were converted to molar ellipticity by normalizing the spectra €xperiment because at lowRuSP concentrations, the CD
to 0.6 mg/mL enzyme and assuming each amino acid to havesignal at 279 nm was too weak to allow for accurate
an average molecular mass of 110 Da/residue. determination of the changes in substrate concentration.
Steady-State Kinetics and,®/alues for Dvalent Metal Absorption and CD Spectra of Co(ll)-Substituted Wild-
lons Steady-state kinetics was used to determined the Type and Mutant EnzymeEhe absorption and CD spectra
apparent dissociation constaKt{) of various divalent metal ~ were acquired in the visible region (46000 nm) of the
ions for the wild-type, H95N, H97N, and Y229F mutant wild-type, H95N, H97N, and Y229F 4-epimerases as apoen-
4-epimerases. The metal ions that were tested were Zn(ll),zymes, as Co(ll)-substituted enzymes, and as Co(ll)-
Co(ll), Mn(ll), and Mg(ll) with chloride as the counterion.  substituted enzymes in the presence-&u5P. The absorp-
All metal chlorides were from Aldrich (99.99% pure). The tion and CD spectra of the apoenzyme were acquired first
assay conditions were 50 mM KHEPES (pH 7.5), 5 mM in 10 mM KHEPES (pH 7.5). The spectra were recorded
L-Ru5P, metal-free 4-epimerase, and varying concentrationsagain after the addition of the metal iarRu5P was then
of each divalent metal ion. Both buffer and substrate were added to the samples. The epimerization reaction was allowed
made metal-free by passing the solutions through a Chelexto reach equilibrium (5 min), and the spectra were recorded
100 column. The reaction was monitored on a Jasco J-41Cagain. In actuality, the high concentrations of the enzymes
CD spectrometer by measuring the change in ellipticity of would cause equilibrium to be approached almost instanta-
L-RuUSP @) at 279 nm and 22C. This assay detected no neously. The additions of metal ion andRu5P to the
basal activity for the apoenzymes without the addition of apoenzyme sample each represented a volume change of only
divalent metal ions. Initial velocity data were fitted to the about 1%. The absorption spectra were acquired on a
Michaelis—Menten equation using PSI Plot version 5.0 (Poly Shimadzu UV-visible model UV-1601PC spectrophotom-
Software International). eter. The sample conditions for the wild-type enzyme and
The normalized ellipticity value of 29°8AnM for L-Ru5P the three mutants were 0.7310 mM enzyme active sites, 1.462
at 279 nm and pH 7.5 was used to calculate the turnovermM CoCh, and 3.655 mML-Ru5P, the ratio of the
number ke.a) per subunit. Enzyme concentrations were components being 1:2:5. For all four enzymes, the absorption
determined with the Bio-Rad protein assay using bovine spectra in the visible region were plotted in extinction
serum albumin to construct a standard cur®. (The coefficient units after subtraction of the cobalt enzyme
concentrations of the wild-type 4-epimerase (5:23.0 *? spectra, with and without substrate, from the apoenzyme
M) and the H95N (2.15< 1071° M) and H97N mutants (1.06  “blank”, which had some absorption in the region as a result
x 107 M) in the assay were at levels far below the of the broad 280 nm signal. The CD spectra were acquired
measure, values for the various metals. Thg, values on the Aviv CD model 62A DS spectrometer. The sample
for the metal ions were not determined for the Y229F mutant conditions for all four enzymes were 1 mM active sites, 2
because this mutant had very low activity and high concen- mM CoCkL, and 5 mM L-Ru5P. The CD spectra were
trations of the enzyme were needed to observe catalyticnormalized to the concentration of active sites in the samples.
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All samples were maintained at 2& during acquisition of normal water. The fractional contributionF{) of this

the spectra. unperturbed signal to the observed EPR signal of a sample
Aldolase Actiity of Zn(Il)-Substituted Wild-Type and in H,’O depends on the enrichmeri)(of 7O and the

Mutant EnzymedActivity of the 4-epimerase-catalyzed aldol number ) of H,O ligands in the complex according to eq

condensation reaction between dihydroxyacetone and gly-1.

colaldehyde phosphate was determined as described by

Johnson and Tanned) Dihydroxyacetone was purchased F,=(1—-E)" 1)

from Sigma. Glycolaldehyde phosphate was synthesized in

the following manner. In a total volume of 150 mL, 10 mmol

of p,L-glycerol phosphate (Sigma) and 11 mmol of sodium

periodate were mixed. The pH of the solution was adjusted

to 6.0 with 1 M HCI, and the reaction was allowed to go to

completion, which required 12 h at 3T, as determined by

IH NMR. The reaction was quenched with 2 mmol of

glycerol, which consumed the unreacted periodate. The pH

was readjusted to 7.0 vaitL M NaOH, and 22 mmol of Bagl

was added to the solution. Immediately, a white precipitate

of barium iodate was observed. The reaction mixture was

chilled on ice fo 1 h to ensure that all the barium iodate

. e . 8 uL of Mn(ll)-substituted wild-type 4-epimerase (5 mM
had preC|p|_tated. The precipitate was collected by centrifuga active sites and 2.65 mM Mngland 4uL of H,0 or H-'0
tion and discarded. Four volumes of absolute ethanol was

0417 -
added to the solution to precipitate the barium salt of (52.8 at. %™0, Isotec Inc.). All Q-band (35 GHz) EPR

) spectra were acquired with a Varian E109Q spectrometer.
glycolaldehyde phosphate. The F’a““”."' glycolaldehyde phos The sample temperature was maintained &t 4 °C with a
phate was collected by centrifugation and dried under .
: Varian flow dewar and temperature controller. The spec-
vacuum to remove water and ethanol. The barium glycola-

ldehyde phosphate was redissolved in water, and the bariumtrometer was interfaced with an AT microcomputer for data

ions were exchanged for protons by passing the solution acquisition. Spectra were resolution enhanced by Fourier
deconvolution methods1Q, 11) to increase the contrast
through a column of Dowex AG50X8 (Hform). The pH between the difference spectra
of the solution was readjusted to 7.0 wit M NaOH. The '
sodium glycolaldehyde phosphate solution was concentratedgreg LTS
and stored frozen at-20 °C. Although this synthesis of
glycolaldehyde phosphate is different from the literature  Screening for Slow Mutantine tyrosine to phenylala-
method B), the'H NMR spectrum of the compound showed nine mutant 4-epimerases (Y48F, Y84F, Y121F, Y123F,
very similar chemical shifts and coupling constants. Y141F, Y195F, Y219F, Y228F, and Y229F) and the two
The aldol condensation reaction between dihydroxyacetonehistidine to asparagine mutants (H95N and H97N) were
and glycolaldehyde phosphate was carried out under thetested in the coupled assay (see Experimental Procedures).
following conditions #): 0.5 mg of apoenzyme (wild type, During the 15 min incubation, all reactions reached equi-
H95N, HI97N, or Y229F), 50 mM KHEPES (pH 7.5), 0.1 librium except Y48F (85%), Y228F (64%), Y229F (3.3%),
mM ZnCl,, 5 mM glycolaldehyde phosphate, and 50 mM H95N (23%), and H97N (68%) (percentages are of approach
dihydroxyacetone, in a total volume of 1 mL. At time to equilibrium). Both the Y229F and H95N mutants had
intervals of about 2 h, aliquots of 5@L were taken from catalytic activities significantly lower than that of the WT
each reaction mixture and assayed féRu5P anc-Xu5P 4-epimerase, while the other tyrosine mutants had activity
using the coupled enzyme ass&y. ( not greatly different from that of the WT enzyme. The H97N
EPR Spectra of Mn(ll)-Substituted Wild-Type 4-Epimerase mutant was slightly slower than the WT enzyme.
The Q-band EPR spectra for the Mn(ll)-substituted wild-  Circular Dichroism and Secondary Structures of Wild-
type 4-epimerase with and without the substrates were Type and Mutant Enzymeshe far-UV (196-260 nm) CD
recorded. The spectra for a 1L sample which consisted spectra of the WT epimerase and the H95N, H97N, and
of 5 mM 4-epimerase active sites and 2.65 mM of MnCl Y229F mutants were nearly identical, indicating that the
(99.999% pure) were recorded. In three separate samplesinutant 4-epimerases have secondary structures that are
L-Ru5P was added to titrate the active site such that the finalessentially the same as the WT enzyme.
concentrations of the enzyme and substrate were in ratios Circular Dichroism and Tertiary Structures of Zn(ll)-
of 1:1, 1:4, and 1:17 and a spectrum of each was taken. Substituted Wild-Type and Mutant Enzymgke near-UV
Water Ligand Count by EPR'he number of water ligands  (240-310 nm) CD spectra of the WT 4-epimerase (Figure
on Mré* in the enzyme-Mn?* complex was determined by  1A) and the Y229F (Figure 1B), H97N (Figure 2A), and
spectral subtractior6(-9) of the spectrum obtained in,HO. H95N (Figure 2B) mutants can be categorized into two
The EPR signals of Mit complexes containingO ligands groups, with the WT epimerase and the Y229F mutant in
are inhomogeneously broadened by coupling between theone group and the histidine mutants in the other. It is apparent
Mn?* electron spin and the nuclear spirf %) of 7O (6). from Figures 1 and 2 that the CD spectra of the apoenzyme
When water containing less than 1009%0 is used, the  and of the enzyme with Zn(ll) present are very similar.
sample contains a mixture of species bearing different However, upon addition of the substrate/product mixture to
numbers of HO ligands. Species with no HO ligands the Zn(lIl)-substituted enzymes, there were noticeable changes
contribute an EPR signal identical to the signal obtained in in the spectra, with the band at 266 nm increasing in

To determine the number of water ligands in a complex,
concentration-matched samples are prepared #riCHor
H,%0, and their EPR spectra are recorded. Different fractions
(Fn, €q 1) of the H'%O spectrum, corresponding to different
numbers of water ligands, are subtracted from th&'®
spectrum. The number of water ligands is the smalftest
(largestF,) to give a subtraction that just cancels th¢%
portion of the spectrum without creating a negative image
of the H,'%0 spectrum in the difference.

EPR samples for the water count were prepared by mixing
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' T T to the apoenzyme without Zn(Il) being present, the spectrum
. did not change (Figure 1A).

Steady-State Kinetics andnK/alues of Dialent Metal
lons The apparent dissociation constarg)(of the various
divalent metal ions [Zn(Il), Co(lIl), Mn(Il), and Mg(Il)] for
the WT epimerase and mutant enzymes are listed in Table
1, along withk.;:andke.o{Kn, values. Table 1 shows that WT
enzyme had the greatest activity, while the H97N, H95N,
and Y229F mutants had 10, 1, and 0.1% of the WT activity,
T 560 =55 55 350 respectively. Although there does not appear to be a trend

Wavelength (nm) in keat values for the various metals among the different
r r T enzymes, there is a trend iy, andk../Kn, values. For each
enzyme except the Y229F mutant, tg values increased

200 A

— WT
=== WT/Zn(Il

100

-100

Molar Ellipticity (deg cm 2/decimol)

S 200} B 4
§ '_'::igigémg,,; from Zn(Il) to Mg(ll) and increased for each metal from the
T ol - vezsRiznliSP WT enzyme to the HO95N mutant. Th&, value for Mg(ll)
= for the H97N mutant was difficult to measure because it was
= very large, possibly in the molar range. However, the H97N
Ig 4 mutant did display some activity in the presence of Mg(ll).
i The H95N mutant displayed no activity in the presence of
§ -100| Mg(ll). For each enzyme, the./K, values were the highest
. , . for Zn(Il) and decreased to the lowest value for Mg(ll). For
240 260 280 300 320 each metal, theé../K, values were highest for the WT
Wavelength (nm) enzyme and lowest for the H95N mutant.

e e o e A D NFoSE g K Vallies for-RUSP with Metal Susifuted Enzymes

as zinc enzymes in the presénce of substrate and product.’Set%S indicated by Ta_ble 2, thé, value forL-RuSP is sz.i"eSt

Experimental Procedures for conditions of data collection. or the Zn(ll)-substituted WT enzyme and the values increase
from Zn(Il) to Mg(ll). The k.a/Km value is the largest for

- ' ' ' the Zn(ll)-substituted WT enzyme, and the values decrease
g wo0pA TN 7 from Zn(ll) to Mg(ll). There does not appear to be a trend
N§ = RNE D se in the kea Values.
5 100 Table 3 shows that the Zn(ll)-substituted mutant enzymes
s exhibit largerK,, values and smallek.,; and keofKm values
2 o= LA W S than the WT enzyme.
= ‘ ‘ Absorption and CD Spectra of Co(ll)-Substituted WT and
E ool Mutant EnzymesThe absorption and CD spectra of the
= L . , Co(ll)-substituted enzymes in the visible region (40®0
240 260 280 300 320 nm) show that the spectra of the WT epimerase (Figure 3)
__ Wavelength (nm) __ and the Y229F mutant (Figure 4) are very similar, while the
5 a0l B i spectra} of the H97N (Figure 5) and H95N (Eigure 6) mutants
5 N are unique to each enzyme. The absorption spectra of the
& — HESNZn(tySP cobalt enzymes without substrate show that each enzyme
§ toof has a shoulder at 476 nm and a maximum at 508 nm. The
3 extinction coefficients for the maxima are all approximately
£ o 50 M~ cm. The CD spectra of the cobalt enzymes without
-u% substrate are unique to each enzyme, except between the WT
L enzyme and the Y229F mutant, and the bands do not appear
= o . . to have a precise correspondence in wavelength to the
240 260 280 300 320 absorption spectra.
Wavelength (nm) The addition of substrate to the cobalt enzymes caused a

Ficure 2: Near-UV spectra of (A) H97N and (B) H95N 4-epi- red shift and an increase in intensity of the bands in the
merases as apoenzymes, as Zn(ll)-substituted enzymes, and as zinghsorption spectra. A similar change is also observed in the
g?gzgdeuiégtpoi %roensdeiggiSc’fosf“dbastgaéglfgcctlig;fd“Ct' See Experimentghy gpactra. The changes are nearly identical for the WT
enzyme and the Y229F mutant but are different in shape
ellipticity and the band at 290 nm and the shoulder at 286 and magnitude for the H97N and H95N mutants. The
nm decreasing in ellipticity. The addition of the substrate/ addition of the substrate to the cobalt WT and cobalt Y229F
product mixture appeared to increase the ellipticity of the enzymes resulted in the appearance of a shoulder a 497 nm
band at 266 nm for the WT enzyme and the Y229F mutant and a maximum at 556 nm, with the extinction coefficients
to a greater degree than with the H97N and H95N mutants, of the maximum of 160 and 174 ™M cm™?, respectively.
while the band at 290 nm resulted in a greater decrease inThe CD spectra of these two enzymes are essentially mirror
ellipiticity for the H97N and H95N mutants than for the WT images of the absorption spectra, with a precise cor-
enzyme or the Y229F mutant. If the reactants were addedrespondence in the wavelength of the bands. The molar
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Table 1: Kinetic Constants for Different Metal lons for WT and MutafRu5SP 4-Epimerasés

ZnCl, CoCb MnCl, MgCl,

wild-type

Km (uM) 0.17+0.02 0.29+ 0.05 0.54+ 0.11 1350+ 420

Keat (571 16.7+ 0.4 243+ 0.9 37.2£1.9 0.855+ 0.056

KealKm (uM~1s71) 98.2+ 10.6 83.8+ 14.6 68.9+ 13.5 0.000633t 0.000191
Y229F

K (uM) - - - -

Keat (571 0.0111 0.307 0.0557 0.0041

I<ce\{Km (ﬂMil Sil) - - - -
H97N

Km (uM) 0.53+ 0.04 1.67£0.21 100+ 14 -

Keat (571 1.77+ 0.05 2.144+ 0.07 0.737 0.037 0.0787

Keal Km (M1 s7%) 3.34+0.25 1.28+0.16 0.00737 0.00103 -
H95N

Km (uM) 2.02+0.43 60+ 5 3170+ 530 -

Keat (571 0.190+ 0.009 0.562t 0.032 0.380t 0.018 0

Keal Km (M1 s7%) 0.094+ 0.020 0.0093% 0.00078 0.00012 0.00002 -

@ Reaction mixtures contained 5 mMRu5P, 50 mM KHEPES (pH 7.5), and metal-free enzyme.

Table 2: Kinetic Constants far-Ru5P with WT Epimerase and Different Metal 18ns

ZnCl, CoClh MnCl, MgCl,
Km (MmM) 0.0471+ 0.0066 0.11@+ 0.011 0.415+ 0.072 0.493+ 0.123
Keat (579 17.3+ 0.5 21.8+0.5 36.5+ 1.5 0.502+ 0.041
Keal Km (MM~1s71) 367+ 51 198+ 20 87.9+ 15.2 1.02+ 0.25

a Reaction mixtures contained 0.1 mM metal ion (as)Céxcept 15 mM MgG, 50 mM KHEPES (pH 7.5), and metal-free enzyme.

Table 3: Kinetic Constants far-Ru5P with Y229F, H97N, and
H95N Mutants

Zn(I1)-Y229F  Zn(I)-H97N  Zn(I)-HI5N

Km (MmM) 0.1294+0.012 0.132+0.021 0.09H-0.014
Keat (571 0.01184+0.0003 2.0 0.09 0.183f 0.007
KealKm (MM~1s7) 0.0915+ 0.0085 15.2+2.4 2.01+£0.31

a Reaction mixtures contained 0.1 mM Zp@30 mM KHEPES (pH
7.5), and metal-free enzymes.

ellipticity of the band at 556 nm for the WT enzyme is
—1842 deg crhdmol™.

The absorption and CD spectra of the cobalt H97N and
H95N mutants with substrate present are unique to each
enzyme. The intensity of the bands in both the absorption
and CD spectra is not as great as for the WT enzyme or the
Y229F mutant. However, like the bands of these two other

enzymes, the bands correspond well in wavelength between

the absorption and CD spectra.
As a control experiment, absorption and CD spectra for
the CoC} and substrate mixture without enzyme present were

recorded. The experiment showed no increase in absorption -2009

intensity above the very weak band of the aguabalt
complex at 510 nm and no generation of bands in the CD
spectrum (not shown).
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Ficure 3: Absorption and CD spectra of wild-type-Ru5SP

Aldolase Actiity of Zn(ll)-Substituted WT and Mutant

4-epimerase in the visible region as an apoenzyme, as a Co(ll)-
substituted enzyme, and as a cobalt enzyme in the presence of

EnzymesThe 4-epimerase catalyzed the aldol condensation substrate and product. See Experimental Procedures for conditions
reaction between dihydroxyacetone and glycolaldehyde of data collection.

phosphate (Figure 7) was catalyzed at nearly identical initial

velocities by all four enzymes that were tested. As the rate, and 0.03, 0.2, and 4% of the epimerase rates of the
reaction proceeded, however, the reaction rate fell off due H97N, H95N, and Y229F mutants, respectively. The rate at

to competition from the much more tightly bouneRu5P

andp-Xu5P that formed. This effect was greater for the WT

enzyme which has the loweg, (0.5 mM), intermediate
for the H95N mutanti{,, = 0.9 mM), and least for the H97N
and Y229F mutant, = 0.13 mM). The initial rate at pH

7.5 of 1.6 x 103 s* was 0.003% of the WT epimerase

pH 8.0 was 1.7 times the rate at pH 7.0, which suggests that
the dienolate of dihydroxyacetone is not the sole substrate.
Presumably, either the keto or enol forms of dihydroxy-
acetone are the major forms that bind and react.

EPR Spectra of Mn(ll)-Substituted WT 4-Epimerddee
EPR spectrum of the Mn(ll)-substituted WT epimerase
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FiGURE 4: Absorption and CD spectra of Y229F 4-epimerase in Figure 6: Absorption and CD spectra of H95N 4-epimerase in
the visible region as an apoenzyme, as a Co(ll)-substituted enzyme the visible region as an apoenzyme, as a Co(ll)-substituted enzyme,
and as a cobalt enzyme in the presence of substrate and productand as a cobalt enzyme in the presence of substrate and product.
See Experimental Procedures for conditions of data collection.  See Experimental Procedures for conditions of data collection.
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S FiIGURe 7: Aldolase activity of wild-type and mutant-RuSP
Zz 4-epimerases, with 50 mM dihydroxyacetone and 5 mM glycol-
g aldehyde phosphate. The generation.d®u5P andb-Xu5P was
o -1000 . detected by the coupled enzyme assay (see Experimental Procedures
‘E-é’ for details). Reaction mixtures contained enzyme (each at 0.5 mg/
mL) and 50 mM KHEPES (pH 7.5). The inital rates were k6
-2000 103s1
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Ficure 5: Absorption and CD spectra of H97N 4-epimerase in 1y in the complex with the WT epimerase was deter-
the visible region as an apoenzyme, as a Co(ll)-substituted enzyme, . db titati vsis of th&0-ind dinh
and as a cobalt enzyme in the presence of substrate and product/N€d Dy quanttative analysis o -induced innhomo-

See Experimental Procedures for conditions of data collection. ~geneous broadening of the EPR spectrum of the manganese
enzyme in'’O-enriched water. Figure 9 represents the
(Figure 8A) exhibits a sextet with thé®Mn hyperfine difference spectra between the EPR spectrum of the Mn-
coupling constant of about 90 G. The addition of tHRu5P (IN-substituted WT enzyme obtained in enriched water and
to the manganese enzyme at a ratio of 1:1 resulted in athe spectrum of the enzyme obtained in normal water. The
spectrum with a broad feature partially hidden by the sextet spectrum of Figure 9A was created with the assumption that
with the sextet reduced to one-tenth of its original intensity one water molecule is bound to the Mn(ll), while Figure
(Figure 8B). Subsequent titration of the active site with higher 10B assumes two water molecules and Figure 10C three
levels of substrate, 1:4 and 1:17, resulted in spectra that werewater molecules. The arrows indicate the location of the
essentially the same as Figure 8B (not shown). negative image of the spectrum of the sample in unenriched
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Ficure 10: Proposed mechanism of theRu5P 4-epimerase-
catalyzed reaction. The diagram depicts an aldol cleavage
condensation mechanism for conversion-&u5P top-Xu5P that
involves substrate to metal binding and a cis enediolate-stabilized
intermediate.

amongL-Ru5P 4-epimerase;FuclP aldolase, andRhulP
aldolase 2) suggested that Asp76, His95, His97, and His171

of the 4-epimerase are involved in the binding of the divalent
metal ion. Also, the crystal structure ofFuc1P aldolase in

in the (A) absence and (B) presence of substrate and product. Sedhe presence of the inhibitor phosphoglycolohydroxamate

Experimental Procedures for conditions of data collection.
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Ficure 9: Water ligand count of Mn(ll)-substituted wild-type

4-epimerase by EPR. See Experimental Procedures for conditions

of data collection.

water in the difference spectrum corresponding to one or
two water ligands. This negative image is absent in the
difference spectrum corresponding to three water ligands,
indicating that the correct assumption is three water ligands.

DISCUSSION

Information from the X-ray crystal structure ofFuclP
aldolase 12—14) and the finding of sequence alignments

suggests that Tyr113 of the aldolase may be involved as the
general acid and base residue in the enzyme-catalyzed aldol
cleavage and condensation reactid®®.(These observations

led to the site-specific mutagenesis work described in this
paper, namely, conservative residue changes, histidine to
asparagine, of some of the potential metal ion ligand residues
of the 4-epimerase, and tyrosine to phenylalanine for each
tyrosine, to search for tyrosines that may be involved in
catalysis. The structure of the epimerase has recently been
determined to 2.4 A resolution by X-ray crystallography;
H95, H97, and H17HAre metal ion ligands, while Asp76 is
not (N. Strynadka, pesonal communication).

A total of 11 mutants of the 4-epimerase were created,
and three (Y229F, H97N, and H95N) were found to exhibit
slow catalytic activity as determined by the screening process.
Mutation of the other tyrosines in the enzyme had little effect.
The mutations at Asp76 and His171 were not studied in this
set of experiments.

The far-UV CD spectra of the mutant 4-epimerases and
of the WT enzyme show that the mutant enzymes have
secondary structures essentially identical to those of the wild-
type enzyme. Although the far-UV spectrum will provide
information about the secondary structure of enzyme, the
near-UV CD spectrum, which reflects the tertiary structure
of the enzyme, is believed to be a more sensitive method
for detecting structural changes. The bands in a near-UV
CD spectrum arise from tryptophanyl, tyrosyl, phenylalanyl,
cystinyl, and certain prosthetic groups. If a chromophore does
not have a plane of symmetry or a center of inversion, it is
inherently optically active. For chromophores having a plane
of symmetry or a center of inversion, CD absorption occurs
only if these chromophores are perturbed by their surround-
ings. Thus, the aromatic rings of tyrosyl, tryptophanyl, and
phenylalanyl groups gain near-UV CD bands through
interactions with nearby residues in the proteis)(

The chromophores that are of concern in th&®u5P
4-epimerase are its nine tyrosines, four tryptophans, and six
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phenylalanines. Although it would be difficult to assign each when comparing the spectra from Figures&3that in the
CD band in the near-UV region, one can still gain some presence or absence of reactants the absorption and CD
qualitative information about structure by visual inspection spectra of the H97N (Figure 5) and H95N (Figure 6) mutants
of the spectra. It is apparent from the spectra that the WT are different from the spectra of the WT enzyme (Figure 3)
enzyme (Figure 1A) and the Y229F mutant (Figure 1B) are and the Y229F mutant (Figure 4). From the CD spectra, it
structurally similar to each other, while the H97N (Figure would appear that the mutations at residues His97 and His95
2A) and H95N (Figure 2B) mutants are similar to one another have caused a change in the symmetry of the coordination
but different from the WT enzyme and the Y229F mutant. sphere around Co(ll). With the reactants present, the differ-
For all four enzymes, the similarity of the spectra of the ence in the spectra between the histidine mutants and the
apoenzymes and the Zn(ll)-substituted enzymes (without theother two enzymes becomes even more apparent. This
substrate/product mixture) indicates that zinc may play only suggests that the mutation of the histidine residues has also
a catalytic role and not a structural role in the active site of changed the coordination geometry of the Coe{Blubstrate
the enzyme 16), since the removal of the metal ion from complex. The spectroscopic data for the H97N and H95N
the enzyme does not change its tertiary structure, but withoutmutants also support the finding that the mutation from a
the metal the enzyme has no activity (below). Before the stronger metal binding to a weaker metal binding residue,
addition of the substrate/product mixture, there appears tohistidine to asparagine, results in higl&f values for metal
be little difference in the tertiary structures of the apoenzyme ions (Table 1).
and the zinc enzyme. The extinction coefficient of the metal complex can
However, upon addition of reactants to the zinc enzymes, provide some information about the coordination geometry
the H97N and H95N mutants undergo structural changes thatof the complex {8—20). Tabulation of the extinction
are different from those undergone by the WT enzyme and coefficients of inorganic Co(ll) complexes with known
Y229F mutant. This observation, together with others coordination numbersl@, 20) shows that four-coordinate
(below), suggests that the histidine residues are involved complexes have values that are generally greater than 300
in metal binding and that the Tyr229 residue is not, and M~* cm*, while five-coordinate complexes have values
the recently determined X-ray structure confirms this (N. between 50 and 225 M cm . Six-coordinate Co(ll)
Strynadka, personal communication). complexes generally have lower absorptivity in the visible
The lack of change in the spectrum of the apoenzyme uponregion @0). Since the extinction coefficients of the cobalt
addition of the reactants without Zn(ll) (Figure 1A) present wild-type 4-epimerase and the three mutants (Figure§)3
suggests that the Zn(ll) binds to the enzyme before the are all around 50 M cm™! with no substrate present and
substrate does. between 74 and 174 M cm™! with substrate present, it may
The finding of different CD spectra for-Ru5P and be that the coordination number is five. While this judgment
D-Xu5P 2) allowed for a more direct measurement of the on the coordination number is more definitive for the Co(ll)-
K andke values without the use of coupling enzymes. As substituted enzymes in the presence of the substrate, par-
indicated by Table 1, the highét, values of the divalent ticularly for the WT enzyme and the Y229F mutant, the same
metal ions for both the H97N and H95N mutants as conclusion is more difficult to make with the cobalt enzymes
compared with those of the WT enzyme suggest that thein the absence of the substrate. The value of 56 Mn !
mutation of the two histidine residues results in weaker may correspond to a coordination number of six.
binding of the metal ions. Though th&, values could not The spectroscopic and steady-state kinetic information
be measured for the Y229F mutant, it is believed thatits  acquired thus far have not produced conclusive evidence for
values are close to those of the WT enzyme since removalthe role of Tyr229 in the epimerization reaction. However,
of the metal ions from the Y229F mutant during apoenzyme the Y229F mutant spectroscopically behaves much like the
preparation required dialysis with EDTA, as was needed for WT enzyme and not like the histidine mutants, which
the WT enzyme. The histidine mutants, which bind the metal suggests that residue Tyr229 is not a metal ligand. Additional
ions less tightly, were made metal-free simply by passing experiments are needed to determine the cause of the

the enzymes through a Chelex 100 column. reduction of the turnover number due to the change in this
It is interesting to note that thK,, values of the metal  residue [it is disordered in the current X-ray structure (N.
ions appear to follow the reciprocal of the IrviagVilliams Strynadka, personal communication)]. Although the role of

series [Ba(ll)< Sr(Il) < Ca(ll) < Mg(ll) < Mn(ll) < Fe(ll) residue Tyr228 was not investigated in detail in this work,
< Co(ll) < Ni(ll) < Cu(ll) > zZn(Il)], a measure of the = some catalytic rate reduction was observed for the Y228F
formation constants between chelator and metal ions for themutant during the process of screening for slow mutants.
metals listed 17). This observation is consistent with the The reduction in activity was similar to that of the H97N
concept that the apparent dissociation const&R) (s a mutant.
thermodynamic measure of the degree of stability of the Evidence from the EPR spectra of the Mn(ll)-substituted
enzyme for substrate binding. In this case, the “substrate” isWT enzyme supports the data from the absorption and CD
the metal ion. The same trend in the Irving/illiams series spectra of the Co(ll)-substituted enzymes. The sextet in the
is also observed in thk,, values for.-Ru5P when various  absence of substrate (Figure 8A) originates from an isolated
metals are substituted in the WT enzyme (Table 2). It would Mn(ll) (S= %) bound in an enzyme complex such that the
appear that the efficiency of the enzyme, as denoted by thedominant EPR signals arise from thg =/, < my= —%,
kealKm value, is dependent to some degree on the strengthelectron spin (fine structure) transition. This transition is split
of the substrate to metal binding. into a sextet by hyperfine coupling to the nuclear spin of
Further evidence that His97 and His95 may be metal 5Mn (I = 5,) (9). Upon addition of the substrate to the
ligands is found in the absorption and CD spectra of the manganese 4-epimerase (Figure 8B), a broad feature beneath
Co(ll)-substituted enzymes in the visible region. It is evident the sextet was introduced and the sextet was reduced to one-
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tenth the intensity. This suggests that in the presence of theactivity, although the mutants in the study presented here
substrate, the coordination sphere around the metal has beeall showed the same initial rate for this activity (Figure 7).
changed, perhaps due to substrate binding to manganese. The advantage of using a variant of the 4-epimerase to

The%Mn hyperfine coupling constantd|, of about 90 G produce phosphorylated carbohydrates is that dihydroxy-
(0.0084 cm?) (Figure 8A) is indicative of a complex with  acetone can be used for the reaction and the product of the
octahedral geometry. Since the extinction coefficient of the reaction is phosphorylated at C-5. The Y229F mutant is a
cobalt-enzyme complex suggests that the coordination likely candidate for further mutagenesis work with which to
number is five, the active site of the 4-epimerase appears togenerate a stereospecific dihydroxyacetone-utilizing aldolase,
allow a variety of coordination geometries while retaining since it has been shown to have low epimerase activity
its catalytic ability. Previous work with carboxypeptidase A (Tables 1 and 2) and significant aldolase activity (Figure 7).
showed that the enzyme retained essentially full catalytic
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