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ABSTRACT. CDP-6-deoxy:-threo-p-glycera4-hexulose-3-dehydrase jeatalyzes the C-3 deoxygenation

in the biosynthesis of 3,6-dideoxyhexose¥ &rsinia pseudotuberculosis; is a pyridoxamine 5phosphate
(PMP)-dependent enzyme that also contains a [2Fe-2S] center. Thissmtior cluster is catalytically
essential, since removal of the [2Fe-2S] center leads to inactive enzyme. To identify the [2Fe-2S] core in
E; and to study the effect of impairing the ireulfur cluster on the activity of £ a series of Ecysteine
mutants were constructed and their catalytic properties were characterized. Our results shodispéys

a cluster-binding motifC-Xs7-C-X1-C-X7-C) that has not been observed previously for [2Fe-2S] proteins.
The presence of such an unusual ir@ulfur cluster in &, along with the replacement of the active site
lysine by a histidine residue (H220), reflects a distinct evolutionary path for this enzyme. The cysteine
residues (C193, C251, C253, C261) implicated in the binding of the-satur cluster in & are conserved

in the sequences of its homologues. It is likely thataBd its homologues constitute a new subclass in
the family of iron—sulfur proteins, which are distinguished not only by their cluster ligation patterns but
also by the chemistry used in catalyzing a simple, albeit mechanistically challenging, reaction.

The 3,6-dideoxyhexoses are found in lipopolysaccharides Scheme 1
of a number of Gram-negative bacteria, where they have been

shown to be the dominant antigenic determinants of bacterial o Me owp we 0 M, Moo Ei
pathogenicity and virulencé (2). There are seven naturally HM = | L= wNF) "H_O HoOCDP
occurring 3,6-dideoxyhexoses, and with the except of coli- 1“°ocm= o0 P J3
tose, which is made from GDP-mannose, the rest are {} pehydration
derived from CDPp-glucose 8—6). The most intriguing W
reaction in the biosynthesis of CDP-3,6-dideoxyhexoses is e PR 2 " Mo
: : : H-N+ )= OCDP == H—N*+ I\

the C-3 deoxygenation step, in which CDP-6-deoxyneo - HO %&J Kﬁowp
D-glycerc4-hexuloseZ, also known as CDP-4-keto-6-deoxy- “0gPO J 1 " Reduction opo” 4 ™
D-glucose) is converted to CDP-3,6-didecaglycerep- E
glycera4-hexulose 2, also known as CDP-4-keto-3,6- ve G H, Me O 8 FAD,
dideoxyp-glucose) 8—6). This C—0 bond cleavage event e N%g\ocop IZFG'ZSI’jC [2Fe-28]* 9~ NAD*
is catalyzed by two enzymes: CDP-6-deaxjhreon- ) téJ 5 [2Fe-28*/|\- [2Fe-2S]'+/~ pap |~ NADH
glycero4-hexulose-3-dehydrase jEand its reductase ¢E "0sPO ) telte”
(Scheme 1)7). H* j 1 e Reduction |

E, is a dark red-brown protein that exists as a homodimer Me GOM, Me o "
in its native state, with a subunit molecular mass of HoN ) N%@OCDP Pﬂ'i ° ‘o
approximately 49 kDa§, 9). Fully reconstituted Econtains -op0 = | = HO bop
1 equiv of PMP and a [2Fe-2S] cluster per subu@it{1). 2

E; is also a red-brown protein, but it is monomeric with a
molecular mass of 36 kDA ®). It belongs to the flavodoxin-
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211 280

DesI (157) LRKVADEHGLRLYFDAAHALGCAVDGRPAGSLGDAEVFSFHATKAVNAF-EGGAVVTDDADLAARIRALH

EryCIV (157) LEKIAAEHQVKLFFDAAHALGCTAGGRPVGAFGNAEVFSFHATKAVTSF-EGGAIVTDDGLLADRIRAMH

OleN2 (143) LSEVAERHGVRILEDAAQAHGAQAYGRRVGAWS-TTAFSFYPGKNLGGFGDGGAVVTDDAELAERVRLLR

DesV (150) LRELADRHGLHIVEDAAQAHGARYRGRRIGAGSSVAAFSFYPGKNLGCFGDGGAVVTGDPELAERLRMLR

TylB (159) VGAFAEPHGLAVVEDAAQAT-ARYRGRRIGSGH-RTAFSFYPGKNLGALGDGGAVVTSDPELADRLRLLR

Gra orf23 (174) VAAIAAEHGLYLVEDNCDAVGSYHQGRLTGTFGDLTTTSFYPAHHITTG-EGGCVLTRNLALARIVEQLR

LanQ (175) IAQLAVDHDLFLIEDNCDAVGSTYDGKLTGTFGELTTVSFYPAHHLTMG-EGGCVLTADLALARIVESLR

SpnQ (203) IAEIAKEHELFLVEDNCDAVGSTYRGRLTGTFGDLTTVSFYPAHHITSG-EGGCVLTGSLELARIIESLR

WodK (145) INKIIGGRDIILLEDNCESMGATFNNKLAGTFGLMGTFSSFYSHHIATM-EGGCIVTDDEEIYHILLCIR

ColD (145) ITKITEGKDIFILEDNCESMGARLNGKQAGTYGLMGTFSSFFSHHIATM-EGGCVITDDEELYHILLCIR

Yp-E1 (177) VRRVADKYNLWLIEDCCDALGSTYDGKMAGTFGDIGTVSFYPAHHITMG-EGGAVFTQSAELKSIIESFR

Consensus (211) L IADEHGLFLVEDACDALGA Y GR GTFGDLTTFSFYPAKHIT EGGAVVT D ELA RIRSLR
o .

281 350

DesI (226) NFG--------mmmmmmmmmmmmmm oo FDLPGGSPAGGTNAKMSEAAAAMGLTSLDAFPEVIDRNRR

EryCIV  (226) NFG--------m--mmmmmmmmmmmmm = IAPDKLVTDVGTNGKMSECAAAMGLTSLDAFAETRVHNRL

OleN2 (212) NYG------mmmmmmmmmmmmmmmemm o - SREKYRHEVRATNFRLDELQAAVLRVKLAHLDAWTERRAA

DesV  (220) NYG-------cmmmmmmmmmmo e SROKYSHETKGTNSRLDEMQAAVLRIRLAHLDSWNGRRSA

TylB  (227) NYG------mmmmmmmmmmmmmmmm e AREKYRHEERGTNSRLDELQAAVLSVKLPYLDAWNTRRRE

Gra orf23 (243) DWGRDCWCEPGKDNTCFKRFDYQLGTLPHGYDHKYIFTHLGYNLKATDIQAALGVSQLSRLDSFGKARRA

(
(
(
(
(
(
LanQ (244) DWGRDCWCEPGESDKCLKRFKYQMGTLPAGYDHKYIFSHVGYNLKATDLQAALGLTQLAKLDDFVEARKR
(
(
(
(
(

SpnQ 272) DWGRDCWCEPGVDNTCRKRFDYHLGTLPPGYDHKYTFSHVGYNLKTTDLQAALALSQLSKISAFGSARRR

WbdK 214) AHGWTRNLPKKNKVTGVKS-------- DDQFEESFKFVLPGYNVRPLEMSGAIGIEQLKKLPRFISVRRK

ColD 214) AHGWTRNLPEFNHITGQKS-------- IDPFEESFKFVLPGYNVRPLEMSGAIGIEQLKKLPSFIEMRRK

Yp-El 246) DWGRDCYCAPGCDNTCKKRFGQQLGSLPFGYDHKYTYSHLGYNLKITDMQAACGLAQLEPIEEFVEKRKA

Consensus 281) NWG K YD KY FS VGYNLKLTELQAALGLTQLA LDAF ERRR
oo .

Ficure 1: Sequence alignment of &nd its homologue: Desl (the C-4 aminotransferase from the methymycin/pikromycin gene cluster of
Streptomycesenezuelag 18% identity with B) (43), EryCIV (a putative aminotransferase from the erythromycin gene cluster of
Saccharopolyspora erythred0%) @4, 45), OleN2 (a putative aminotransferase from the oleandomycin gene clustregtomyces
antibioticus 23%) @6), DesV (the C-3 aminotransferase from the methymycin/pikromycin gene clus&regitomycesenezuelag21%)

(43), TylB (the C-3 aminotransferase from the tylosin gene cluste8tofptomyces fradia®20%) @8), Gra orf23 (a putative dehydrase
from the granaticin biosynthetic gene clusteStfeptomycesiolaceoruberTii22; 52%) 61), LanQ (a putative dehydrase from the landomycin
biosynthetic gene cluster dbtreptomyces cyanogenus3%) G2), SpnQ (a putative dehydrase from the spinosyn gene cluster of
Saccharopolyspora spinosd9%) 63), WbdK (a putative dehydrase from the colitose gene clusté. aoli; 27%) (4), ColD (the C-3
dehydrase from the colitose gene clusteiyefsinia pseudotuberculosidA; 27%) (55), and & (the C-3 dehydrase from the ascarylose
gene cluster ofrersinia pseudotuberculos\glA) (14). The conserved cysteine residues that bind the [2Fe-2S] cluster and the catalytic
histidine residue (H220) in fand its homologues are bold.

It has been established that C-3 deoxygenation catalyzedintermediates must be formed in the reduction of Afe-
by E; and E is initiated by the formation of a Schiff base glucoseen intermediat®(). Indeed, two transient radicals
between the amino group of PMP and the C-4 keto group could be detected by EPR spectroscopy during theBEz
of substrate I, Scheme 1). Subsequent abstraction of the catalyzed reactionl(, 21). One was identified as the flavin
pro-S4'-hydrogen of PMP-substrate adduc8j triggers the semiquinone radical and the other, which displayed a signal
expulsion of the C-3 hydroxyl group, leading to the formation centered ag = 2.003 with littleg anisotropy, was assigned

of the conjugated\®“glucoseen intermediatd)((16). This as a non-flavin organic radical{). The chemical nature of
C—0 bond cleavage is a reversible reaction with an equi- this radical intermediate was elucidated by CW-EPR and
librium favoring the reverse directiod(— 1) (16, 17). pulsed electron nuclear double resonance (pulsed ENDOR)
Hence, a two-electron reduction of intermedidtis neces- using & reconstituted with isotopically labeled PMP as the

sary to drive the reaction to completiod (~ 2) and to catalyst in the incubation mixturel). A radical directly
regenerate the PMP coenzyme. These reducing equivalentassociated with the PMP coenzyme (represented iy

are relayed from Ebound NADH to the active site of £ Scheme 1) was established on the basis of the EPR results.
via a chain of redox-active cofactors, including FAD and The participation of PMP in deoxygenation is unusu2?®) (

the two iron—sulfur centers in Eand E (11, 18, 19). but the direct involvement of PMP in stabilizing an unpaired

The involvement of irorsulfur clusters, which are electron spin in an electron-transfer reduction makes E
obligatory one-electron-transfer cofactors, implies that radical unique.

Although formation of a cofactor-based radical is unprec-

1 Abbreviations: CDP, cytidine'&liphosphate; DEAE, diethylami- edented in coen_zy_me ﬁajepe.ndent reacuons’lEShareS .
noethyl; B, CDP-6-deoxy:-threop-glycero4-hexulose-3-dehydrase; ~ S€veral characteristics, including a modest sequence identity,
Es, CDP-6-deoxy:-threon-glycero4-hexulose-3-dehydrase reductase; - with other B-dependent enzymes, albeit with two important
Elog'c t(r:oaprﬁjglggrozguﬁ]g-ggggﬁ;ﬁtc?el;i PDRTTéI éiétt?é%tr;)rgrl?r;;agr’:gg'?ésogistinctions 23). First,_a highly conserved lysine thgt serves
nance; FAD, flavin adenine dinucledtide; G‘ABA,aminobutyric acid,; _as an anchor for PL_P n mosgﬁepen_dent enzyme; is absent
GC—MS, gas chromatographymass spectrometry; NADH3-nicoti- in E;. Instead, a histidine residue is present in its place at
namide adenine dinucleotide, reduced form; NADP-nicotinamide position 220 in k& (see Figure 1). Site-directed mutagenesis

adenine dinucleotide phosphate; PAGE, polyacrylamide gel electro- oy,qjes has shown that His220 is likely the active site base
phoresis; PCR, polymerase chain reaction; PMP, pyridoxamine 5

phosphate; SDS, sodium dodecyl sulfate; UV, ultraviolet; GCG, esponsible for the'4proton abstractionl(0). Second, E is
Genetics Computer Group, Inc. a rare example of agdependent enzyme that harbors a [2Fe-
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2S] cluster ). As shown in Figure 1, Ehas eight cysteines,  spectively, where the sequence in bold denotes the codon
out of which four are expected to be involved in the binding change for the respective mutants. Mutant genes were cloned
of the [2Fe-2S] cluster. However, none of the cysteine pairs into pTrc99A for overexpression, and the produced mutant
in E; is compatible with the consensus sequenc€-of .- proteins were purified using the procedure reported for the
C, which is generally considered to be the minimal structural wild-type enzyme10, 11). The C192A, C298A, and C327A
motif for a [2Fe-2S] cluster4, 25). Thus, E must have an  mutants were prepared using the wild-type gene as the
unusual binding motif for the iroasulfur center. It is template in the QuickChange site-directed mutagenesis
conceivable that the presence of such a unique-isuifur method (Stratagene). The C192A/193A double mutant was
cluster in g, along with the replacement of the active site prepared by the same method using the C193A gene as the
lysine by a histidine residue, reflects a different evolutionary template. The following primers were used to introduce the
path for this enzyme. To identify the [2Fe-2S] binding site point mutations, where the sequence in bold denotes the
in E; and to study the effect of the irersulfur cluster on codon change for the respective mutations: C192A (for-
the activity of B, a series of E cysteine mutants were ward), B3-GGTTAATTGAAGACGCCTGCGATGCGT-
constructed and their catalytic properties characterized. TGG-3; C192A (reverse),'SCCAACGCATCGCAGGCGT-
Reported in this paper are the results of this investigation asCTTCAATTAACC-3'; C298A (forward), 5GATATGCAG-

well as the implications for assigning the catalytic function GCTGCGGCTGGTTTGGCGCAACTAG-3 C298A (re-

and mechanism of other;Fhomologues. verse), 5CTAGTTGCGCCAAACCAGCGGCAGCCTGC-
ATATC-3'; C327A (forward), 5>GACGCACTCCAATCT-
EXPERIMENTAL PROCEDURES GCCGCTGACTTCATTGAG-3; C327A (reverse), 5

Materials The construction of the plasmid containingthe CTCAATGAAGTCAGCGGCAGATTGGAGTGCGTC-
E: gene (pJT18) in pUC119 have been reported elsewhere3'; C192A/193A (forward), SGTGGTTAATTGAAGAC-
(14). Enzymes E, (10, 11), Eg, (11, 13), and CDPp-glucose GCCGCTGATGCGTTGGGTTC-3 and C192A/C193A
4,6-dehydratase (§ (14) were prepared according to (reverse), 5GAACCCAACGCATCAGCGGCGTCTTC-
published procedures. Purification and reconstitution of E AATTAACCAC-3'. The mutant proteins were purified by
was carried out under semianaerobic conditions as previouslythe same procedure described for the wild-type enzyife (
described 10, 11). All culture media were products of Difco  11).
(Detroit, MI), and the Bradford reagent for protein quanti- Enzyme Characterization and Adty Assay The B
tation was purchased from Bio-Rad (Hercules, CA). Synthetic substrateX) was prepared from CDP-glucose by the action
oligonucleotides were obtained from Gibco-BRL (Grand of Eyg as previously describe@§). The activity of & and
Island, NY) and were used without further purification. All E; mutants was determined by a published continuous
restriction endonucleases, DNA modifying enzymes, and spectrophotometric assay that monitors the consumption of
their respective buffers were purchased from Amersham NADH in the presence of Hor its mutants), & and the k£
(Arlington Heights, IL), Gibco-BRL, Stratagene (La Jolla, substrate 1) (10, 15). The amount of iron associated with
CA), or Promega (Madison, WI). The pTrc99A expression wild-type E and the k£ mutants was quantitated using the
vector was obtained from Pharmacia (Piscataway, NJ), while method of Fish27). The stoichiometry of bound PMP per
pUC119 DNA and the Sculptor in vitro mutagenesis kit were E; subunit was determined by a fluorimetric measurement
purchased from Amersham. The QuickChange site-directedof the quantity of released PMP from a denatured enzyme
mutagenesis kit was a product of Stratagene (La Jolla, CA). sample of known concentratiod().
[a-33S]dATP for DNA sequencing was obtained either from  Reconstitution of the IronSulfur Center The reconstitu-
Amersham or DuPont NEN (Boston, MA). DNA minipreps tion of the iron—sulfur center of Emutants was carried out
were performed using the Wizard DNA purification kit from  according to a published procedud). Briefly, the protein
Promega. GeneClean DNA purification kits were purchased samples were denatured in the presence of DTT by the
from BIO 101, Inc. (La Jolla, CA). DNA ladders (100 bp addition of urea to a final concentration of 3 M. This was
and 1 kb) were obtained from Gibco-BRL. All other followed by the addition of 6-fold excess #ein the form
biochemicals and chemicals were purchased from Sigma-of ferrous ammonium sulfate and"Sin the form of NaS.
Aldrich (St. Louis, MO) and were of the highest purity The resulting mixture was incubated at room temperature
available. Sequence analysis and comparison were performedor 2 h and the reconstituted enzyme was purified through a
using the Genetics Computer Group (GCG) or the Gene- DEAE-Sepharose column (k 10 cm) that had been
Works software. DEAE-Sepharose CL6B, Mono Q H/R 10/ preequilibrated with 25 mM Tri$iCl buffer, pH 7.5. Elution
10, and Superdex S-200 H/R 10/30 used in enzyme purifi- was conducted using a linear gradient of 6-0636 mM
cation are products of Pharmacia. Centricon filters were NaCl in the same buffer.
purchased from Amicon (Danvers, MA). GC—MS Assay To DeteéfO-Label Incorporation The
Site-Directed Mutagenesis and Purification gffutants GC—MS assay was performed as previously described with
Point mutations at C193, C251, C253, C257, and C261 in minor modifications 8§, 16). Specifically, the E substrate
E: were achieved using the Sculptor in vitro mutagenesis (1, 1.5 umol) and PMP (0.1 nmol) in 30@L of 25 mM
kit. The mutagenesis primers for the C193A, C251A, C253A, Tris*HCI buffer (pH 7.5) were lyophilized and redissolved

C257A, and C261A mutants were-5GGTTAATTGAA- in 300 uL of [*80]H,0 (95% enrichment). To this solution
GACTGCGCTGATGCGTTGGGTTCCACC-3 5-TGG- was added E (750 ug), and the resulting mixture was
GGTCGTGATGCTTATTGTGCTCCAGGC-3 5-TGG- incubated at 37C for 1.5 h. Subsequently, NaBH3 mg)

GGTCGTGATTGTTATGCTGCTCCAGGCTGT-3 5-T- was added. The reaction was allowed to incubatelfh at
GTGCTCCAGGGCTGACAACACATGTAAA-3"; and B- room temperature. Dilute HCl was then added to adjust the
GGCTGTGACAACACAGCTAAAAGGCGTTTCGG-3, re- pH of the solution to~2, whereupon the solution was placed
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in a boiling water bath for 10 min. The reaction was cooled 1

and the pH was then adjusted+d@ by the dropwise addition 0.9

of dilute KOH. The resulting neutral solution was lyophilized

and the solid residue was dissolved in 6@0of 0.5 N NH,- i

OH. To this solution was added 1 mif @1 mg/mL solution 0.7

of NaBH, in DMSO. The reaction mixture was incubated at G

40 °C for 1.5 h, cooled to room temperature, and carefully B[l it

guenched by the dropwise addition of 1d0of glacial acetic E 0.5

acid. Subsequently, 1-methylimidazole (280) and 6 mL S 04

of acetic anhydride were added, and the acetylation reaction & A

was carried out at room temperature for 1 h. The reaction 05

mixture was then cooled in an ice bath and quenched slowly 0.2 B

with 6 mL of methanol, followed by 10 mL of water. The

resulting mixture was washed with chloroform %315 mL), ol g C

and the combined organic layers were washed with water 0

(2 x 20 mL). The organic layer was dried over anhydrous 300 350 400 450 500 550

MgSQ,, filtered, and evaporated to dryness on a rotary

evaporator. The residue was dissolved in a small quantityF . Electronic ab wa":'ength ("tm} £ () vild-ype, €B)
i i IGURE Z: ectronic apsorption spectra o wila- ,

of chloroform and subjected to GEMS analysis. C192A, and (C) C192A/Clp93A mputants at 4 mg/mgﬁg 50 mM

RESULTS potassium phosphate buffer, pH 7.5.

_CQnStr_UCtion and Purification of EMutants Since_ the Table 1: Biochemical and Catalytic Properties of Wild-TypeaBd
binding ligands for the ironsulfur clusters are typically  Its Mutants

cysteine thiolates, the cysteine residues in the central portion relative relative

of the primary sequence ofiEspecifically those within the Fe PMP relative
segment from 251 to 261 were targeted. This sequeltee, protein content content activity®
Y-C-A-P-G-C-D-N-T-C?®%, contains four cysteines in close wild-type 1 1 1
proximity (at positions 251, 253, 257, and 261). Cys193, giggﬁ 8?(7) 8.2(7) 8.;%
which precedes these cysteines in this central fragment, was o 0.05 008 007
also selected. The construction of the corresponding Cys- <553 0.04 0.45 006
to-Ala variants at each location was achieved using the c257a 0.87 0.25 0.85
Sculptor in vitro mutagenesis kit. The resulting mutant genes  C261A 0.07 0.68 0.09
were excised from the pUC119 vector and cloned into the =~ C298A 0.80 0.60 0.86
EcoRl and theBanH]| site of the expression vector pTrc99A. gisgﬁ/mgs A %‘%75 ﬁ'lgs 0%‘25

The C192A, C298A, C327A, and C192A/193A mutants were - - - )
2The iron content was determined according to the method of Fish

prepared at a later stage using the QuickChange Slte_dlreCteqzn as described in the Experimental Procedubdhe PMP content

mutagenesis kit. Each mutant protein was purified t0 \as determined by a flourometric assay as described in the Experimental
homogeneity, as determined by SBBAGE, on the basis  Procedures The enzyme activity was determined by a coupled assay

of the published procedure developed for the wild-tyge E as described in the Experimental Procedufééot determined.
(10, 12).

Quantitation of Enzyme-Bound PMRs observed with that the presence of the iresulfur cluster, or the lack
wild-type E, all E; mutants displayed a prominent absorption thereof, does not significantly alter the ability of &nd &
maximum near 330 nm (Figure 2), an indicator of the mutants to bind PMP.
presence of bound PMP. The amount of PMP bound to each Quantitation of Enzyme-Bound Irofio elucidate which
mutant was quantitatively assayed by denaturing the enzymecysteine residues are crucial for coordinating the-irsualfur
to release the cofactor in solution. The presence of PMP in cluster, the iron content of each mutant was determi@ég (
solution was detected using a flourimetric method, which This assay relies on the formation of a colored complex when
relies on the intensity of the emitted radiation at 393 nm the iron released from the enzyme is complexed with the
when the cofactor is excited using an incident radiation of water-soluble chelators ferrozine and neocuprine. The amount
wavelength 325 nm1(0). The amount of released PMP was of released iron was quantitated using a calibration curve.
calculated on the basis of a calibration curve constructed As shown in Table 1, the C251A, C253A, and C261A
using the fluorescence intensities of standard PMP solutions.mutants clearly lose their ability to bind iron, because the
As shown in Table 1, the ratios of bound PMP to enzyme amount of iron associated with these three mutants corre-
concentration for these;Enutants varied from 0.25 to 0.68 sponds to background levels. The C257A, C298A, and
mol/dimmer. It should be noted that PMP is bound to E C327A mutants, on the other hand, bind iron comparably to
through noncovalent interactions so that the amount of the wild-type enzyme. Thus, Cys251, Cys253, and Cys261,
cofactor bound to the enzyme fluctuates greatly, even amongbut not Cys257, Cys298 and Cys327, can be assigned as
different preparations of wild-type ;E(7). The observed ligands for the iror-sulfur cluster. This leaves Cys192 and
values for the mutants are within the range normally observed Cys193 as the two remaining candidates for the fourth ligand
for most wild type enzyme preparations. It is only by of the iron—sulfur cluster. However, to our surprise, both
reconstitution with excess PMP that a stoichometic ratio of C192A and C193A mutants retained significant ability to
one PMP per Emonomer can be achieved. Hence, it appears bind iron (Table 1). A possible explanation for this observa-
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Scheme 2
E, . Dehydration Cn
o Me PMP Me O '\4 MeO Me \+ Me
HO N — = N%e\ — 7 Va Q
- H—N+ »—<*)Ho HOOCDP =— H—N+ \ \
HO beop 1,0 : - = x )
2 i ? Hy0~ o OCDP
1 =04PO =03PO
3 4
+ . *
OAc OAc n Rehydration ﬂ H,0
OAc
s
231 ", )—OAc O 1 NaBHs .
217 Y 0Ac s OA —|+ — o NaBH — Hm
. Nal *
lo\C()—‘-LLI&-LL"l1 289 Me 7 OAc 4 HO OCDP
6M 4. ACgo 1
€ o= 1-Me-imidazole
m/z 376 (M*) 201 (C,-Cg)

tion is that while one of the two cysteines (such as Cys193) Table 2: GC-MS Analysis of PMP-Mediated Reversible
is involved in cluster coordination, the other (such as Cys192) Dehydration Reactions with0]H,0 (also see Scheme 2)

which is immediately adjacent, can “rescue” the assembly m/e
of the cluster when the original ligand (Cys193) is not (in [**O]H20 +
present. In accord with this hypothesis, mutation of both fragment m/e PMP+ Ey)
Cys192 and Cys193 results in a total depletion of iron in Ci—Cy4 289 291,293
E.. An analogous rescue has been observed earlier, where ~ C=Cs 231 233,235
A o . C1—Cs 217 217,219
the lack of a catalytic histidine at position 220 in the H220N Co—Cs 201 203, 205
mutant of & can be partially compensated by the adjacent Ci—Cs 187 189, 191

histidine residue at position 221@). As discussed later, the

fact that Cys193 is conserved among ltomologues (see its iron content. These observations are consistent with the

Figure 1) leads us to assign Cys193 as the more likely assigned roles of these cysteine residues and highlight the

candidate _for.the fourth ligand. _ ) importance of the iroasulfur cluster in the catalytic mech-
Reconstitution of EMutants with Iron To conclusively anism of E.

establish that the cysteine side-chain thiolate at positions 193 catalysis of the First Half-Reaction by, Butants As

(or 192), 251, 253, and 261 are necessary for the formationdescribed above, mutants of fhat are deficient in the iron
of the [2Fe-2S] cluster in £ the reconstitution of the  gsyifur cluster failed to catalyze the C-3 deoxygenation
corresponding Emutants with iron and sulfur was attempted reaction in the presence of.EThis is undoubtedly due to

under denaturing conditions. As expected, the reconstitutionthe |oss of a key component of the electron shuttle network
effort did not increase the iron content of the C192A, 0193A, that transports reducing equiva|ents from NADH V|ﬁtE

C251A, C253A, C261A, and C192A/C193A mutants (data reduce the dehydration produétin the active site of E

not shown). Evidently, the inability of these mutants to form However, these mutants should retain some ability to catalyze
or bind a [2Fe-2S] cluster is not due to variations in the the first half-reaction because the formation of the Schiff
quality of the respective preparations but an inherent propertypase and the subsequent elimination of water do not require
of the respective proteins that is due to the lack of a cysteinyl the participation of the ironsulfur cluster. To investigate
thiolate in each mutant. whether the Emutants, including C192A, C193A, C251A,
Activity Assay of the EMutants The catalytic activity of C253, and C261A, are competent in catalyzing the reversible
E; can be determined by a coupled assay that utilizes its dehydration reaction, each mutant protein was incubated in
partner reductase,sEExcess PMP is added to the assay the presence of'fO]H.O and substrate, and the recovered
cocktail to compensate for variations in the amount of substrate was subjected to reduction and acetylation. Since
enzyme-bound PMP. The assay to monitor the catalytic the MS fragmentation patterns of the glycitol pentaacetate
activity of E can be performed in a continuous, time- product are well-characterize®l§ 29), any*®O incorporation
dependent manner by monitoring the decrease in absorbances readily detected using a G@S assay (see Scheme 2)
at 340 nm due to the consumption of NADH by &uring (8, 16). Our results showed that the observed mass-to-charge
the &-catalyzed reduction of th&34glucoseen intermediate  ratio of the G—Cs fragment (We 231) in all samples is
(4) (10, 15). As shown in Table 1, the C192A/C193A, shifted by four mass units (Table 2), an outcome resulting
C251A, C253A and the C261 mutants show a very low level from the incorporation of twd®O labels. One of these is
basal activity, after correcting for background readings. In found at C-4 and is incorporated by solvent oxygen exchange
contrast, the C192A and C193A mutants exhibited much into the 4-keto group of the recovered substrate. The other
higher activities of similar magnitude. As anticipated, the is found at C-3 and is incorporated by reversible dehydration/
activities of the C257A, C298A and C327A mutants are rehydration due to enzyme catalysis. Similar labeling patterns
comparable to that of the wild-type EThe level of activity were also noted for fragments;-€C, (m/e 187, 289) and
displayed by each mutant appears to be directly related toC,—Cs (m/e 201). These observations demonstrate that the
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Table 3: Cluster Ligation Patterns for Selected [2Fe-2S] Clusters ligand (Cys193) in the Emetal-bindi_ng moi[if is quated
upstream to the three proximal cysteine residues with a gap

Protein Ligation Pattern between the first and the second cysteine of 57 amino acids.
It is likely that such an unusual coordination environment
Pseudomonas putidaredoxin™ PO Xs =0 X —C— X5 —"C around the iror-sulfur cluster plays an important role in
Bovine adrenodoxin®® 0 X5 20 X, —SC— X3—2C conferring many unusual attributes to the catalytic properties
Anabaena 7120 ferredoxin’ Xy —*C—X,—*C—Xp—C of El'

Another unusual feature is th€-X;-C configuration,

. . 35 272, 277, 280, 308, . . .
P cepacia phthalate dioxygenase reductase XXXy T which has only been observed in xanthine dehydrogenases
Escherichia coli FNR*® PC—X—PC— X PC— X —'7C (39) and its related proteins, such as the small subunit (CoxS)
Paracoceus denitroficans Furp” E X O X B Xer B C of carbon monoxide dehydrogenase fr@tigotropha car-
Closiidihon farsedoint® e % e %o e X0 boxidaorans (40) and a molybdenum-containing aldehyde
ostridium 1erredoxin — — — — — . . . . .

e ’ oxidoreductase frorDesulfaibrio gigas (41). A 12 amino
Mouse liver xanthine dehydrogenase™ P XXM e X e acid sequence containing @-X3-C motif has also been
0. carboxidovorans CO dehydrogenase CoxS*  2C— X, '%C X;,-¥c—X,—¥C identified as part of the [2Fe-2S] core in SoxR (Table 3)
Desulfovibrio gigas aldehyde oxidoreductase” "€ Xo1PC— XpyTC—X, ¥ C (42), which governs an OX|d§1t|ve response rgguloEmoh.

The crystal structure db. gigasaldehyde oxidoreductase,

Escherichia coli SoxR* - Xr—"2C—X,—"*C—X;—""C

solved to 2.25 A resolution, revealed that the domain of its
Yersinia pseudotuberculosis Ey'* Pe—Xs'e—X—PC— X' iron—sulfur cluster, as part of a 2-fold symmetric four-helix
bundle where Cys100 and 139 are linked to one iron and

: : P " Cys103 and 137 are linked to another iron atom, is unique
absence of the cysteine side-chain thiolate at positions 192, . ’
193, 251, 253, and 261 does not interfere with the ability of alrgorr]\gdthe %Fe-gS]tprotelnsiiQ. ':‘k:th%gh (t;oth Eca;ﬂd
the respective mutants to bind substrate and initiate the event§Hd€Nyde oxidoreductase contain the rare,-L mott, the
leading to the formation of tha34-glucoseen intermediate spacing between this motif and two other cysteine residues

(4). Clearly, the active site of Hemains functional, despite diverges for the. Eand. aldehyd(_a OX|doreducta§e cluster.
the lack of the iror-sulfur cluster. Hence, the protein fold in the region around the iraulfur

center is expected to be different for these two enzymes.
The redox potentials of [2Fe-2S] ferredoxins usually fall
DISCUSSION within a narrow range from-380 to—440 mV @4, 30, 31),
although the corresponding value f@r. gigas aldehyde
Iron—sulfur proteins are found in all organisms, from oxjdoreductase lies betweer260 and—285 mV. However,
“primitive” archea and bacteria to hjgher plants and animals. the redox potential of the H2Fe-2S] cluster was found to
Dubbed as “nature’s modular, multipurpose structur88j,(  pe even higher{209 mV) and is therefore significantly
the iron_sulfur centers in these proteins funCtion as com- different as Compared to the values for most [2Fe_28]
ponents of electron-transfer pathways, catalytic centers, andproteins (9). In view of the broader context of evolution,
sulfur donors and as sensors of iron and oxygen. Theythe singular catalytic nature of ;Emay have evolved
participate in a variety of processes, such as hydrogenconcomitant with modifications in its cluster ligation patterns
metabolism, fixation of nitrogen or carbon monoxide, oxida- that enhanced redox communication of the [BEFe-2S]

tive phosphorylation, dehydration, mitochondrial hydroxy- cluster with its partners, the [2Fe-2S] cluster gfdhd the
lation, and the reduction of nitrite and sulfid24( 30, 31). PMP-A34glucoseen intermediate)
The ubiquitous occurrence of irersulfur proteins and their The sequence alignment of Bith a selection of known
presence in ancient organisms has led to the hypothesis thag; putative transaminases and dehydrases involved in the
these proteins were among the earliest proteins in eXiStencebiosynthesis of unusual sugars is shown in Figure 1. E
Four types of iror-sulfur clusters have been structurally - exhibits low to modest sequence identity with Desl (18%)
characterized: [1Fe], [2Fe-2S], [3Fe-4S], and [4Fe-4S]. (43), EryCIV (10%) @4, 45), and OleN2 (23%)46). Among
While the thiolates of cysteine residues are the most commonthese enzymes, Desl has been identified as a C-4 ami-
ligands for coordinating the irensulfur center, variations  notransferase that catalyzes a key step in the biosynthesis
from cysteine ligation are known such as the oxygen ligation of desosamine6{ Scheme 3)47). E; also shows moderate
in aconitase and the histidine ligation in Rieske cen8s (  sequence identity with DesV (21%43) and TylB (20%),
Sequence comparison of [2Fe-2S] proteins have revealed(48) both of which have been identified as C-3 aminotrans-
only a handful_of cluster b_|nd|ng motifs, as shown m_TabIe ferases involved in the biosynthesis of desosami€49)
3 (32—42). While the spacing between the cysteine ligands and mycaminose7j, (50) respectively (Scheme 3). Interest-
has been used as a "signature” to distinguish the class toingly, the translated sequences gfa orf23 from the

which a given iron-sulfur protein belongs, th@—xn—C-Xr granaticin gene cluster @treptomycesiolaceoruberT22
C-X7-C ligation pattern displayed byiFdoes not fall into  (51), lanQ from the landomycin gene cluster 8freptomyces
any of the common categories. cyanogenug52), andspnQof the spinosyn gene cluster of

As shown in Table 3, the metal cluster of iE composed Saccharopolyspora spinoga3) show much higher identity
of three proximal cysteines and a fourth ligand that is with that of the & gene (52% for Gra orf23, 53% for LanQ,
relatively distant in the primary sequence. However, unlike and 49% for SpnQ). The proteins encoded by these genes
many [2Fe-2S]-containing proteins of this class in which the are proposed to be dehydrases, with Gra orf23 and LanQ
distal ligand is located downstream to the clustered cysteinescatalyzing the C-3 deoxygenation 8fin the biosynthesis
(such as Cys86 iPseudomonagputidaredoxin), the distal  of I-rhodinose 9) (51, 52) and SpnQ catalyzing the C-3
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deoxygenation o8 in the biosynthesis af-forosamine 10) In addition, reactions catalyzed by the lfEomologues Gra
(53) (Scheme 3). orf23, LanQ, and SpnQ are expected to share a catalytic

The sequence alignment in Figure 1 also shows a distinctmechanism similar to that of;Ebecause they share cofactor-
divergence between the two subgroups agfd8pendent  binding and catalytic residues, including the active site
catalysts involved in the biosynthesis of unusual sugars. E histidine and an irorsulfur cluster (see Scheme 4).
and those believed to function as dehydrases (such as Gra The translated sequence @D from the colitose gene
orf23, LanQ, SpnQ) have a catalytic histidine at position 220 cluster ofY. pseudotuberculosilA and the corresponding
(using the E numbering system) and display an unusual, gene (bdK) from E. colialso show modest sequence identity
albeit well-defined, iror-sulfur binding motif. In fact, among  with that of the & gene (27% for ColD and 27% for WhdK)
the eight cysteine residues in,Bnly the four implicated in (54, 55). Of particular interest is the fact that ColD and
this study (Cys193, 251, 253, and 261) are absolutely WbhdK have an equivalent of His220 (using therambering
conserved in this subgroup ot#lependent enzymes. Since system) but lack the cluster of cysteines that provide three
Cys193 (using Enumbering system), but not Cys192, is of the four ligands to the ironsulfur cluster. Thus, whether
conserved among these genes, it is more likely to be theColD and/or WhdK functions as a dehydrase or a transami-
fourth residue serving as the ligand for coordinating the nase is not immediately obvious. To determine the catalytic
iron—sulfur cluster. In contrast, those enzymes believed to mechanism, the ColD protein was recently purified and was
function as transaminases (such as Desl, EryCIV, OleN2, shown to be a dehydrase, catalyzing the C-3 deoxygenation
DesV, TyIB) have a lysine at position 220 and lack a motif of 11in the biosynthesis af-colitose (L3) (55). It was found
for binding the iron-sulfur cluster. Having confirmed the that the cofactor (PMP) in the ColD-catalyzed reaction is
in vitro catalytic functions of , Desl, DesV, and TyIB, the  regenerated by a second function of ColD, an aminotrans-
sequence divergence mentioned above may be used tderase activity (see Scheme 5), instead of by the direct
distinguish a dehydrase from otheg-8Bependent enzymes. regeneration by a two-electron reduction, as seen in the E
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E; catalyzed deoxygenation (see Scheme 1). Thus, ColD canfunctions and mechanisms for these and new related en-
be considered a de facto but unusual transaminase thazymes.

catalyzes a dehydration reaction. This study suggests that
mechanistic variations exist even among putative dehydraseSsReFERENCES
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