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ABSTRACT. Bacterial peptidoglycan biosynthesis includes four enzymatic reactions in which successive
amino acid residues are ligated to uridine diphospkacetylmuramic acid (UDP-MurNAc). By comparing

the amino acid sequences of MurC, -D, -E, and -F proteins from various bacterial genera, four regions of
homology were identified. A profile search of Swissprot for related sequences revealed that these regional
similarities were present in the folyl-polyglutamate ligases. These sequence homologies appear to track
with catalytic function: both enzyme families proceed through an ordered kinetic mechanism and form
product via an acyl phosphate intermediate. Two highly conserved residues in region Il were examined
through site-directed mutagenesis of the murealanylp-alanine-adding enzyme frofascherichia coli

(murF;, E158 and H188). All mutations were highly detrimental to activity with enzyme specific activity
reductions of 206-4500-fold, validating the critical nature of these residues. DNA sequence analysis
from threeE. coli mutants harboring thenurC3(G344D),murE1(G344K, A495S), andnurF2 (A288T)
mutations revealed the presence of point mutation(s) closely associated with the fourth of these aligned
regions. ThemurF2 allele, expressed and purified as a glutathione S-transferase::MurF2 fusion, was
181-fold less catalytically active at 3@ and was further reduced at the nonpermissive temperature (42
°C). Thus themurF2 temperature-sensitive phenotype arises from a point mutation within a highly
conserved region within this protein family. These data argue that these proteins comprise a superfamily
of three substrate amide ligases that share significant structural and catalytic homologies.

Both Gram-positive and Gram-negative bacteria synthesizeexamples of eacimurC, -D, -E, and £ gene have been
peptidoglycan, a network of glycan strands connected by reported from other bacterial genera (Figure 1).
short, unusual peptide cross-links. A large polymer synthe- We have reexamined the primary sequence similarities
sized from disaccharide pentapeptide monomers, this singlebetween thesenur gene products as well as extended the
molecule surrounds and shapes the bacterial cell, containingsearch for homologies to other known protein sequences. This
the outward forces generated in maintaining an osmotic report describes a specific set of localized identities conserved
pressure gradient against the environment (Park, 1996). Theamong the murein gene products that are also largely present
biosynthesis of peptidoglycan starts in the cytoplasm with in certain other ATP-dependent, three-substrate peptidyl
the condensation of phosphoenolpyruvate and WEdtetyl- ligases, notably the folyj-polyglutamate ligases. Site-
glucosamine catalyzed by MurA and finishes across the directed mutagenesis experiments targeting a conserved Glu
plasma membrane in the periplasm with the transglycosy- and His residue within the second homologous region of the
lation and transpeptidation of the disaccharide pentapeptideE. coli p-Ala-p-Alal-adding enzyme revealed a strong
monomers by the penicillin binding proteins. The focus of intolerance to even modest substitutions, consistent with a
the cytoplasmic steps is construction of the pentapeptide sideconserved residue essential to either catalysis or folding.
chain by stepwise addition of amino acids to the lactyl DNA sequence determination of temperature-sendtivepli
carboxylate of UDPN-acetylmuramic acid (van Heijenoort, murC -E, and ¥ alleles localized the genetic defects in each
1996). These ATP-dependent peptide-bond-forming reac- case to the fourth of these homologous regions, highlighting
tions are catalyzed by MurC, -D, -E, and -F. Bscherichia the region’s importance to the proper functioning of the
coli, the isolation of conditional lethal alleles for each of protein. Further, expression and activity measurements of
the genes encoding these enzymes, many of which arethe murF2allele of theE. coli b-Ala-p-Ala-adding enzyme
clustered in a large operon at the minute 2 region (Yura et confirmed in vitro the temperature-sensitive defect harbored
al., 1992), has demonstrated that they are essential for cellby this allele relative to the wild type. Thus theurF2
viability (Lugtenberg et al., 1972; Lugtenberg & van Schijn- temperature-sensitive phenotype can be traced directly to a
del-van Dam, 1972; Miyakawa et al., 1972) and, as such, point mutation within a highly conserved region among these
are attractive targets for antibacterial chemotherapy. A proteins. The combined data support the validity of these
similar gene clustering has also been observed in the Gram-alignments to predict critical regions of these proteins
positive organisnBacillus subtilis(Errington, 1993). Several

1 Abbreviations: p-Ala-p-Ala, p-alanylb-alanine; PCR, polymerase
chain reaction; GST::MurF, glutathione S-transferasalanylb-
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A B MurC_Eco IAIAGTHGKTTTT 134 MurC_Eco AVMCV.DDPVIRELL 240
MurC_Hin IAVAGTHGKTTTT 133 MurC_Hin AVMCA.DDPVLMELV 239
MurC_Bsu VAVTGAHGKTSTT 32 MurC_Bsu GIIAC.GDD...EHL 125
MurC_Pgi LCVAGTHGKTTTS 122 MurC_Pgi LVLKY.GAPV....N 224
MurD_Eco VAITGSNGKSTVT 120 MurD_Eco .VVNA.DDALTMPIR 222
MurD_Hin VGITGSNGKSTVT 120 MurD_Hin .VLNN.EDRLTFGEN 221
MurD_Bsu IGITGSNGKTTTT 128 MurD_Bsu AIVNQ.DDETVVRLA 253
MurD_Rml IAITGTNGKSTTT 128 MurD_Rml ......ooouann.. -
MurE_Eco VGVTGTNGKTTTT 124 MurE_Eco AIINA.DDEVGRRWL 250
MurE_Hin VGVTGTNGKTTIS 121 MurE_Hin KVINA.DDEIGYQWL 247
MurE_Bsu IGITGTINGKTSTT 117 MurE_Bsu AVLNA.DDEASA.YF 249
MurE_Ssp VGVTGTNGKTTTS 134 MurE_Ssp AVINQ.DDPYGQRLI 261
MurE_Pau IGVTGTNGKTSVS 116 MurE_Pau RVINL.DDDFGRRLA 242
MurF_Eco VALTGSSGKTSVK 115 MurF_Eco AIMNA.DNNDWLNWQ 228
MurF_Hin VAMTGSSGKTTVK 117 MurF_Hin AIINA.EHNHLDIWQ 234
MurF_Bbu IAITGSNGKTTTK 67 MurF_Bbu VNEMN.DYCVYLEKR 180
oonm o MurF_Ssp ~IGVTGSVGKTTTK 124 MurF_Ssp AILNR.DNALLMETA 234
N—mmrm— C Mpl_Eco - LAVAGTHGKTTTA 106 Mpl_Eco IIWPENDINLKQTMA 219
Mpl_Hin  LAVSGTHGKTTTT 119 Mpl_Hin VLSSASEQSAKETLA 232
Fpg_Eco  FTVAGTNGKGTTC 64 Fpg_Eco AIVG..EPEMPSTIA 210
Fpg_Hin  ITVGGTNGKGTTC 63 Fpg_Hin VVIG..EPNVPQTML 208
Fpg_Bsu  FHVAGTNGKGSTV 56 Fpg_Bsu IVTAVTQPEALQVIR 211
Fpg_Lca IHVTGTNGKGSAA 54 Fpg_Lca VVTGNLVPDAAAVVA 209
Fpg_Sce  LHIAGTNGKETVS 42 Fpg_Sce LLDGSNDEFVRNTIT 198
Fpg_Mmu  IHVTGTKGKGSTC 111 Fpg_Mmu AFTVVQPEGPLAVLR 267
Fpg_Hsa  IHVTGTKGKGSTC 92 Fpg_Hsa AFTVLQPEGPLAVLR 248
CapB_Ban VNINGIRGKSTVT 46 CapB_Ban GHLVTIESEYLDYFK 180
CONSENSUS .. ..GTNGKTT. . CONSENSUS. . .... DD.......
---Region I-- Region IIT
v y A4
MurC_Eco LIAE.ADESDAS....FLH.LQPMVAIVINIEADHMDTYQGDFENLKQTFINFLENLPF 223 MurC_Eco APGRHNALNAARAVAVATEEGIDDEAILRALESFQGTGRRFDFLGEFPLEPVNGKSETAML 348
MurC_Hin LIAE.ADESDAS....FLH.LQPMVSVVTNMEPDHMDTYEGDFEKMKATYVKFLHNLPEF 222 MurC_Hin VPGKHNALNATAALAVAKEEGIANEAILEALADFQGAGRRFDQLGEF..IRPNGK...VRL 342
MurC_Bsu FVFE.ACEYRRH....FLS.YQPDYAIMTNIDFDHPDYFSS. . . .IDDVFDAFQEMALQ 111 MurC_Bsu AYGHHNVLNSLAVIALCHYEEIDSSIIKHALKSFGGVKRREN. ......... EKQLGDQVL 225
MurC_Pgi VVVE.ADEFDRS....FHH.LKPFMAIITSADPDHMDIY.GTAENYRDSFEHFTSLIQS 211 MurC_Pgi VPVRINVENAVAAMAIAHLNGVTVEELRSGIASFKGSHRRFEKVLD......... TERVVL 326
MurD_Eco YVLE.LSSFQLE....TTSSLQAVAATILNVTEDHMDRYPFGLQQOYRAAKLRIYENAKYV 208 MurD_Eco LSGQHNYTNALAALALADAAGLPRASSLKALTTFTGLPHRFEVVLE......... HNGVRW 315
MurD_Hin YVLE.LSSFQLE....TTYSLKAAAATVLNVTEDHMDRY . MDLEDYRQAKLRIYHNAKV 207 MurD_Hin LVGRHNYMNILAATALAQAIGINLDSIRTALRHFKGLDHRFQLVHQ......... ANGIRW 315
MurD_Bsu IVTE.LSSFQLM. ...GTHAFRPEISLILNVFDAHLD.YHHTRENYEKAKQKVYLHQTA 236 MurD_Bsu LPGAHNLENILAATAVVKTAGASNEAVKKVLTSFTGVKHRLOYVTT......... VNGRKF 346
MurD_Rml YVVE.CSSYQID....LAPTLDPDRRILLNLXXDHLDR.HGTMQOHYASTR. ........ 208 MUED_RIL .« .ttt e e e e e -
MurE_Eco CAME.VSSHGLVQHRVAA. .LKFAASVFTNLSRDHLD. YHGDMEHYEAAKWLLYSEHHC 234 MurE_Eco LMGAFNVSNLLLALATLLALGYPLADLLKTAARLQPVCGRMBVF........ TAPGKP..T 353
MurE_Hin TSIE.VSSHGLAQHRVEA..LHFKAAIFTNLTRDHLD.YHQSMENYAAAKKRLFTELDT 231 MurE_Hin LIGAFNVSNLLLVMTTLLSFGYPLENLLATAKSLKGVCGRMEMI. . ...... QYPNKP. .T 349
MurE_Bsu AIME.VSSHALSLGRVHG..CDYDIAVFTNLTQDHLD.YHKTMDEYRHAKSLLF. .SQL 225 MurE_Bsu LVGOFNVYNVLAAVATCIAAGIPFEIITEAVEELHGVRGRFELV........ N..QQQEFP 347
MurE_Ssp AVME.VSSHALAQGRVLQ. .CGFACAVFTNLTQDHLD. FHGTMENYFAAKALLFKESYL 244 MurE_Ssp LVGQFNLANVLAATASGLHLGLDPAAMVKDLLDFPGVPGRMEQV. . ...... QIRPDQDIS 362
MurE_Pau VAME.VSSHGLDQGRVAA. .LGFDIAVFTNLSRDHLD.YHGSMEAYAAARAKLFAWPDL 226 MurE_Pau LLGRFNLSNLLARVGALLGLGYPLGDILRTLPOLOQ. . .« vvuntevrennernnnnennn 325
MurF_Eco AVIE.LGANHQGEILAWTVSLTRPERALVNNLAAAHLE.GFGSLAGVAKARGEIFSGLPE 211 MurF_Eco LPGRHNIANALEMAAALSMSVGATLDAIKAGLANLKAVPGRLFPI 329
MurF_Hin AVIE.LGANHQNEINYTTKLVQPNAALINNIAPAHLE.GFGSLAGVVQAKGEIYRGLTK 217 MurF_Hin YLGEHNVKNALAATALAMNVGATLTDVKAGLEQRSQVEGRLFPI. 331
MurF_Bbu AVFE.VGVSYVGEMDLLSQILKPEIVIITNISYAHMQ.AFKELQATAFEKSKIIGKNIE 163 MurF_Bbu LLGRHNIFNATIGCINLALFLGMREKEIKEGLIETAFQKGRA.EI. 276
MurF_Ssp AIVE.MAMRGRGQIALLADIAKPTIGLITNVGTAHIG.LLGSELAIAEAKCELLAHQPP 220 MurF_Ssp LAGVHNASNYLAATALAQCLGLDWQQLQSGLT .VELPKGRARRY . 326
Mpl_Eco  EADE.YDCAFF.DKRSKFVHYCPRTLILNNLEFDHADIF . DDLKAIQKQFHHLVRIVPG 201 Mpl_Eco LVGEHNMHNGLMATAAARHVGVAPADAANALGSFINARRRLELR 315
Mpl_Hin  EADE.YDTAFF.DKRSKFVHYNPRTLIVNNISFDHADIF.DDLKAIQRQFHHMIRTIPA 214 Mpl_Hin VVGQHNMHNALMAIAAAHHTGVAIEDACKALGSFVNAKRRLEVK 328
Fpg_Eco  VILE.VGLGGRLDATNIV...DADVAVVTSIALDHTDWLGPDRESIGREKAGIFRSEKP 197 Fpg_Eco ..PQPN..... AATALAALRASG. . . . LEVSENAIRDGI 281
Fpg_Hin  VILE.VGLGGRLDATNIV...DSHLAVITSIDIDHTDFLGDTREAIAFERAGIFRENCP 195 Fpg_Hin ..PLAN. AATVLAAVQYLP. .. .FDISEQT 279
Fpg_Bsu  VIFE.TGLGGRFDSTNVV...EPLLTVITSIGHDHMNILGNTIEEIAGEKAGITKEGIP 196 Fpg_Bsu THQRON. AALSILAAEWLNKENIAHISDEA 294
Fpg_Lca  AVIE.VGIGGDTDSTNVI...TPVVSVLTEVALDHQKLLGHTITAIAKHKAGITKRGIP 194 Fpg_Lca DYQQRN. MATAIQTAKVYAKQTEWPLTPON . 292
Fpg_Sce  CIIE.TGLAGKQDPGSIIAGQSRVCCAITNVGISDEAFLCKFLSQIT...ESSTNKAIF 183 Fpg_Sce EYQIFN..... LRVAIAVLDFLSKEKKVCISKD. . ..utnannnnann. QLSQGL 271
Fpg_Mmu  AVVE.VGIGGAFDCTNII..RKPVVCGVSSLGIDHTSLLGDTVEKIAWQKGGIFKPGVP 252 Fpg_Mmu AHQRSN. . ... AALALQLAHCWLERQDHQDIQELKVSRPSIRWQLPLAPVFRPTPHMRRGL 355
Fpg_Hsa  AVVE.VGIGGAYDCTNII..RKPVVCGVSSLGIDHTSLLGDTVEKIAWQKGGIFKQGVP 233 Fpg_Hsa EHQRSN..... AALALQLAHCWLQRQDRHGAGEPKASRPGLLWQLPLAPVFQPTSHMRLGL 336
CapB_Ban LICECMAVQPDYQIIFQNKMIQANVGVIVNVLEDHMDVMGPTLDEVAEAFTATIP.... 163 CapB_Ban FRGMLNAHPDPGAMRITRFADQSKPAFF..VNGFAANDPSSTLRIWERVDDFGYSNLAPIV 291
CONSENSUS . V.E......00uuruunmuunnnennns N...DH.D............ b S CONSENSUS..G..N..N..AA.A..... G.ovii
7777777777777777777777777777 Region IL--——-———--=——————————- ~-=m————=-—-Region IV-———---—--————-—mmmmm oo~

Ficure 1: Alignment of the inferred amino acid sequences of murein gene€, -D, -E, and £ with the folyl-y-polyglutamate ligases,

murein peptide ligases, and CapB protein. Panel A: Relative placement of regibhsvithin the aligned sequences. Panel B: Regional
sequence alignments. Numbers refer to the C-terminal amino acid of each sequence as they are aligned. Long regions of sequence with
little homologous information are omitted. Selected residues in boldface type are either invariant or are restricted to a very limited number
of highly similar or isosteric replacements. Arrowheads above region IV correspond to the site of point mutations (darkened squares)
described in Table 4. Abbreviations and accession numbers are as indicated below; protein sequences were either obtained directly or
translated from the sources indicated. MurC EEscherichia coli X55034; MurC Hin,Haemophilus influenzad 45775; MurC Bsu,

Bacillus subtilis L31845; MurC PgiPorphyromonas gingalis, D28916; MurD EcoEscherichia coli X55034; MurD Hin,Haemophilus
influenzaeL45772; MurD BsuBacillus subtilis Z15056; MurD RmeRhizobium melilotiL25875; MurE EcoEscherichia coli X55034;

MurE Hin, Haemophilus influenzad.45769; MurE BsuBacillus subtilis Z15056; MurE SspSynechocystisp., D64006; MurE Pau,
Pseudomonas aerugingsé84053; MurF EcoEscherichia coliU67891; MurF HinHaemophilus influenza&45770; MurF BbupBorrelia

burgdorferi U43739; MurF SspSynechocystisp., X62437. Murein peptide ligases: Mpl Ec&scherichia coli P37773; Mpl Hin,
Haemophilus influenza®43948. Folyly-polyglutamate synthetases: Fpg EEscherichia coliP08192; Fpg HintHHaemophilus inflienzae

P43775; Fpg BsuBacillus subtilis Q05865; Fpg Lcalactobacillus caseiP15925; Fpg Hsalomo sapiensQ05932; Fpg MmuMus
musculugmouse), P48760; Fpg ScBaccharomyces cerisiag, P36001. CapB protein: CapB BaBacillus anthracis P19580.

which, by extension, comprise a superfamily of three  Bacterial Strains All strains used were dE. coli. Strain
substrate amide ligases that share significant structural andBL21 was purchased from Novagen, and XL-1 BluscfX")
catalytic homologies. These results supply the basis for was obtained from StratageneE. coli strains harboring
highly directed studies relating to active-site structure, mutations in various murein genes were obtained from the
mechanism, and function in this broader enzyme family. E. coli Genetic Stock Center, Yale University, New Haven,
CT. These were strain ST222, CGSC #5988rC3 (Miy-
EXPERIMENTAL PROCEDURES akawa et al., 1972); strain TKL11, CGSC #598RIrE1
Sequence AnalysisAll sequence comparisons and ma- (Lugtenberg etal., 1972); strain TKL46, CGSC #5980rF2
nipulations were performed using the GCG package version(Lugtenberg & van Schijndel-van Dam, 1972). Plasmid
8.1 (Wisconsin Sequence Analysis Package by GeneticsPGEX-KT has been described (Hakes & Dixon, 1992).
Computer Group, Inc.). Murein sequences were identified Site-Directed Mutagenesis of pGEXMurfSite-directed
by separate TFASTA search (Pearson & Lipman, 1988) of mutagenesis was performed directly on plasmid pGEXmurF
GenBank with thee. coliversion of each murein genaurC, encoding theE. coli UDP-MurNAc-tripeptiden-alanyl-o-
murD, murE, and murF. The recovered DNA sequences alanine-adding enzyme in fusion with glutathione S-trans-
were translated to peptide sequences and aligned as a singleerase (Anderson et al., 1996). Mutations were introduced
group using the PILEUP algorithm (Feng & Doolittle, 1987). using the primer extensiorDpnl digestion approach of
Further database homologies were identified using PRO- Stratagene’s Quikchange site-directed mutagenesis kit (Pa-
FILEMAKE and PROFILESEARCH from this alignment pworth et al., 1996). Oligonucleotide primer pairs used to
(Gribskov et al., 1987). Final alignment refinements were create each mutant are listed in Table 1. Candidate mutant
made by hand. genes were sequenced in order to verify the presence of the
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Table 1: Primers Used for Site-Directed Mutagenesis of TGA CGATTA AC-3;; for murF2, .5' primer 3-GGT AAG
pPGEXMurP CGT CCA CTG ATG G-3and 3 primer 3-TGA GCA ATC
ATA CGC GGG C-3. Unique fragments of the anticipated
size were retrieved in reactions utilizing 100 ng of genomic
DNA template and the appropriate primers. PCR was
performed in a Perkin-Elmer Cetus thermocycler using pfu
polymerase in buffer supplied by the manufacturer (Strat-

mutation primer DNA sequence

E1582a 5'-ACG CAG TTA TTG CAC TTG GCG CGA AC-3'
5'-GTT CGC GCC AAG TGC AAT AAC TGC GT-3'

E158G 5'-ACG CAG TTA TTG GAC TTG GCG CGA AC-3'

5'_GIT CGC GCC AAG TCC AAT AAC TGC GT-3' agene). Conditions of PCR were as follows: fiaurC3and
murEl 35 cycles of 97°C for 30 s (denaturation), 68C
E158D 5'-ACG CAG TTA TTG ATC TTG GCG CGA AC-3' for 30 s (annealing), and 72 for 2 min (extenSion); for
5'-GTT CGC GCC AAG ATC AAT AAC TGC GT-3' murF2, 35 cycles of 97°C for 30 s (denaturation), 58C
for 30 s (annealing), and 7Z for 2 min (extension). After
H188A 5'-CTG GCA GCG GCG GCT CTG GAA GGT TTT GGC-3' this, all PCR reactions were polished at @2 for 10 min.
5'-GCC AAA ACC TTC CAG AGC CGC CGC TGC CAG-3' The murF2 allelic PCR product was cleaned using the
Wizard PCR Preps DNA purification system (Promega) and
H188G 5'-CTG GCA GCG GCG GGT CTG GAA GGT TTT GGC-3' ligated into pCR-Script SKK) (Stratagene) according to the

5'7GOC ARA ACC TTC CAG ACC CGC CGC TGC CAG-31 manufacturer’s instructions. ThaurC3and murE1 PCR

products were tailed with a singlé & by incubation of the
completed reactions with 1 unit of Taq polymerase for 9
min at 72°C. The products were then ligated into pCR 2.1

H188D 5'-CTG GCA GCG GCG GAT CTG GAA GGT TTT GGC-3'
5'-GCC AAA ACC TTC CAG ATC CGC CGC TGC CAG-3'

H188N 5/ -CTG GCA GOG GOG AAT CTG GAA GGT TTT GGC-3" (Invitrogen). A clone representing each PCR reaction was
51-GCC AAA ACC TTC CAG ATT CGC CGC TGC CAG-3' sequenced by Dye terminator technology (Perkin-Elmer
Cetus) on an automated DNA analyzer (Applied Biosystems).

aThese primer pairs are complementary and confer the base pair .
changes underlined. In all cases, each pair of clones generated from parallel PCR

reactions yielded identical sequence indicating a lack of PCR-
generated sequence variants.

desired mutation without further alterations. In each case,
a verified mutant plasmid was freshly transformed into strain RESULTS

BL21 for expression. Compilation and Alignment of Murein Ligases and Related
Expression and Purification of GST::MurF Mutant Alleles  protein Sequenceslkeda and co-workers had previously
The allelic variants created by site-directed mutagenesis Werecompared the inferred protein sequences of the Ebuoli
expressed and purified as described previously for the wild- 1, rein genesmurG, -D, -E, and F (Ikeda et al., 1990).
type GST:MurF protein (Anderson et al., 1996). Their analysis revealed a highly conserved GXXGK(T/S)-
Assay of UDP-MurNAc-tripeptide:alanyl-o-alanine-  (T/S) motif corresponding to a typical nucleotide fold
Adding Enzyme Assays were performed by monitoring presumed to be involved in binding the substrate ATP. A
production of ADP from ATP spectrophotometrically using second conserved region consisting of generally hydrophobic
a coupled assay system of pyruvate kinase and lactateamino acids was also observed. We have reinvestigated this
dehydrogenase as described previously (Anderson et al.glignment in light of the increased number of murein gene
1996). sequences now available through expanded genomic se-
Assays of the site-directed mutant GST::MurF proteins quencing efforts. These sequences were derived from a wide
were performed in parallel with a control containing only range of bacterial genera. Using a FASTA search protocol
ATP as substrate. At very high levels of protein, a general (Pearson & Lipman, 1988), 17 sequences were identified as
ATPase activity was observable in all purified mutants that homologs of thanurC, -D, -E, and F genes. In addition,
was not dependent on the presence of other substrates anthe highly homologous murein peptide ligase recently
did not vary in specific activity from mutant to mutant. Wild-  described fromE. coli and a presumptive reading frame
typep-Ala-p-Ala-adding enzyme activity measured with all - encoding this function fronHaemopbhilus influenzaeere
substrates present was 500-fold greater than this “generaladded to the alignment (Mengin-Lecreulx et al., 1996). As
ATPase” activity. This velocity was deemed background shown in Figure 1, alignment of these proteins reinforces
and was subtracted from that seen in the presence of thethe existence of both the highly invariant nucleotide fold
other two substrates. All measurements of mutant residual(region 1) near murein amino acids 120 and the hydrophobic
activity were performed in triplicate and were reproducible patch (region IV) near murein amino acids 300. However,
to within 5%. our more comprehensive lineup better defines region IV,
Cloning and Sequencing of Mutant mur Alleles from E. sharpening its description from one of general hydrophobicity
coli Strains In order to gain additional structurdéunction to that of a specific consensus sequence: GxXNXXNXXAAXA-
information, the mutant alleles of severaur genes were  5x-G-18x-R.
retrieved from the correspondifig coli mutants (Lugtenberg With more sequences available for comparison, new
and van Schijndel-van Dam, 1972) using PCR. Primers wererelationships became apparent. Region Il is an extended,
designed to retrieve several hundred base pairs of flankingpreviously unrecognized domain in the middle of the protein
DNA to either side of the reading frame. These primer pairs that contains an invariant glutamate and a highly conserved
were as follows: fomurC3 5 primer 3-CAA TCC GTT histidine in mid-protein (Figure 1). This histidine lies
GAA CAG GCG-3 and 3 primer 8-CTT CAC GCA GTC between two acidic amino acids nested within a generally
CGG CTA AC-3; for murEl, 5 primer 3-ATT AAA GGC hydrophobic region. Curiously, the rhizobial MurD protein
TAT CGT ATC GCC-3 and 3 primer 3-GCG TAT CCT sequence fell grossly out of step with the consensus sequence
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H4PteGlu H4PteGlu,
ATP UDP-MurNAc Amino Acid
B Acceptor
Murein Ligases: ¢ ¢
[E]
ATP H,PteGlu, Glu

Folyl-»-polyglutamate Ligases: ¢ ¢

[E]

FIGURE 2: Murein ligases MurC, -D, -E, and -F share parallel enzymology with the folyblyglutamate ligases. Panel A: Each of these

four murein proteins catalyzes the ligation of different amino acids into a growing peptide chain from UDP-MurNAc via an acyl phosphate
intermediate. Evidence for such an intermediate has been presented in the case of MurC (the reaction shown) and MurD (Falk et al., 1996;
Tanner et al., 1996). The folyl-polyglutamate ligases catalyze a similar ligation-@futamate via the analogous acyl phosphate intermediate
(Banerjee et al., 1988). Panel B: The MurF protein has been demonstrated to utilize a sequential kinetic mechanism for the forward
reaction (Anderson et al., 1996). This forward kinetic mechanism has also been demonstrated with th@dbiglutamate ligase from

porcine liver (Cichowicz & Shane, 198Mactobacillus casefBognar & Shane, 1983), ar@orynebacteriunspecies (Shane, 1980). In the

figure, H,PteGluy represents 5,6,7,8-tetrahydropteroylpehglutamatex indicates a variable number of glutamyl moieties, Bnekpresents

the remainder of EPteGlu.

in region Il, especially with regard to the Asp-His-aliphatic- Table 2: Potential Frameshift in Rhizobial murD Sequence L25875
reading frame led to a translation that encoded the region I

Lineup consensus LNV teDHMDR -12X- K
conserved sequence (shown in Figure 1). It seems likely o B
that a sequencing error has been made that has displaced “*>*" Y LNL RRSPGSP -12X- R
the correct reading frame in this region. Region IIl further ~ 1 bp Eramesnifc® 2) LNL xxDHLDE -12X- R
downstream is a short concentrated set of acidic residues 2 bp frameshift 3) LNL xxITWIA -12X- S
that is conserved among most all the murein sequences N a Residues underlined are heavily conserved in Figut&tameshift
the form of a dyad. of L25875, postulated within the 6 bp region encoding the amino acids

marked Xx.

Thesemur protein sequences were used to define a query
profile according to the statistical method of Gribskov et al.
(1987, 1989) in order to search the SWISSPROT data base1989). A function forcapB has not been demonstrated
This search exposed other functionally related, non-murein biochemically. On the basis of this analysis, we would
enzymes (Figure 1). Folyl-polyglutamate ligase catalyzes predict that it encodes a ligase that polymerizegutamyl
the ATP-dependent addition of successive glutamyl residuesresidues.

to either a folate monoglutamate in eukaryotes or to a prgduction and Assay of Mutant Alleles in Conss
dihydropteroate in prokaryotes (Figure 2). Both prokaryotic Region Il Residues of the E. coliAla-b-Ala-Adding Enzyme
and eukaryotic forms of the enzyme harbor the signature Thjs sequence alignment not only defines regions of homol-
regions | and Il and elements of region IV. The acidic amino oqy but also identifies specific amino acids that are strongly
acid residues of murein ligase region Il are present but conserved and therefore predicted to be important to either
appear somewhat more diffuse in the fojypolyglutamate  foiding or function in this enzyme family. In order to test
ligases. whether these residues, and hence the alignments in general,
In addition to these ligases, all four homologous regions were of significance, we undertook several site-directed
were identified in a protein encoded by thapB gene of mutagenesis experiments in the conserved glutamate and
Bacillus anthracugFigure 1) (Makino, 1989).CapBis part histidine residues of region Il (Figure 1) using tke coli
of a three gene cluster that is implicated in the synthesis of b-Ala-p-Ala-adding enzyme as a model. Previous examina-
capsule (polyy-b-glutamate) in this organism (Makino, tion of this protein in the setting of a fusion with glutathione
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Table 3: Point Mutants in Conserved Glu and His Residues of
Region I

Table 4: Defects harbored by murein mutant€Estherichia coli

strairt allele? base change amino acid change

E158 mutants H188 mutants ST222 murC3 @son G|y344ASp

relative fold relative fold TKL11 murE1l G92A Glu**Lys

mutant  activity reduction mutant activity reduction G821 Ala*95Ser

60, 28
wild type 100 wild type 100 TKL46 murF2 g&?A g'@nt&rhr
E158A 0.0221 4520 H188A 0.493 203

E158@ <0.222 >451 H188G 0.467 214 2 Strains obtained from thé. coli Genetic Stock CenteP.Accession
E158D 0.406 246 H188N 0.0539 1860 numbers for mutant sequencemurC3 U67892; murEl, U67894;
H188D 0.0334 2990 murF2 U67893.¢ Base pairs altered from start of reading frame.

aBoth wild-type and mutant enzymes are purified glutathione
S-transferase fusionActivity estimate limited due to reduced solubil-
ity of this mutant.

Table 5: Residual Activity of the MurF2 Protein As Compared to

the Wild Type
specific activity relative

S-transferase (GST::MurF) has shown that its kinetic pa- protein genotype  (umol min~t mg?) activity
rameters are identical to those of unfused and purified Assayed at 30C
recombinant protein (Anderson et al., 1996). Therefore, site- GST:MurF murf 11.2 1
directed mutagenesis experiments performed in the setting GST:MurF2 murk2 0.062 0.0055
of this GST::MurF fusion should allow for expression of each Assayed at 42C
mutant with a benign tag that offers a convenient means of GST:Murk murf 13.9 1

GST::MurF2 murF2 0.040 0.0028

purification from the endogenous native form. All mutants
so created were purifiable in this manner. ) )
Thus, we systematically replaced glutamate 158 ofthe ~ Was cloned by PCR using Pfu polymerase. The defective
coli MurF protein with alanine, glycine, or the conservative alléle and surrounding DNA from each strain was recovered
isostere aspartate and measured residual enzymatic activity? o parallel PCR reactions and sequenced. In each case,
at concentrations of substrate that are saturating for the wild the Sequence of the separate isolates agreed exactly. Inter-
type (Table 3). All changes strongly reduced catalytic estingly, ef';\ch of the dewaﬂoqs fror_n the_wﬂd-type sequence,
turnover. Interestingly, though 246-fold reduced in specific f@bulated in Table 4, occur either in or just after region IV.

activity relative to the wild-type, the E158D mutation retains  1he mutant form of thep-Ala-b-Ala-adding enzyme
an 18-fold increase in activity over the corresponding (MUrF2) from TKLA46 was expressed as a GST fusion in

aliphatic replacement E158A. This would be consistent with Order to test whether this allelic variant had impaired catalytic
a mispositioned carboxylate in the E158D mutant that may &ctivity in vitro. The mutant protein, GST::MurF2, was
still aid catalysis (or folding) in a manner not available to Purified by affinity chromatography on glutathionegarose.
the E158A mutant. GST::MurF protein of wild-type sequence was prepared
Encouraged by the results with glutamate, we similarly Similarly (Anderson etal., 1996). The purified GST::MurF2
mutated histidine 188 to alanine, glycine, the conservative fusion protein was assayed for catalytic activity in parallel
isostere asparagine, and aspartate (Table 3), the only amind"ith the wild-type GST::MurF fusion. At 30C, the mutant
acid other than histidine to appear at this position in the Was 181-fold reduced in ligase specific activity compared
alignment (in Fpg Sce). As with the glutamate mutations, to the wild-type enzyme (Table 5). Residual ligase activity
all four alterations were strongly damaging to catalytic ©f the GST:MurF2 protein was further reduced when assayed
turnover. However, it was the conservative isostere H188N at 42°C, resulting in an overall 360-fold reduction in specific
that was now 9-fold further reduced in activity relative to 2activity. Apparently, the temperature-sensitive mutant bac-
the aliphatic replacements. Introduction of a negative charge {€rium can ill afford this further 2-fold diminution of activity
at this position (H188D) only exacerbated this inactivation. induced by temperature shift; the meager resiguéla-o-
One explanation for these results could be the loss of a/Ala-adding enzyme activity falls below the threshold activity
conjugate acid or base (histidine 188) that assists in catalyticéquired for viable cell wall synthesis.
function. In the aliphatic mutants, a water molecule could DISCUSSION
then act as a poor replacement for the missing imidazole,
whereas in H188N, an asparagine would occupy this space The results of the alignment in Figure 1 indicate that the

unproductively. However, all efforts to enhance catalytic
turnover in the H188A or H188G mutant enzymes in vitro
by complementation with widely varied concentrations of
imidazole failed.

Sequencing of Conditional Mutations in Murein Ligases
Reveals Clustering in Region LVIn order to gain additional
support for the importance of any of these regions to cell
viability, we investigated sever&. coli strains that harbor
temperature-conditional alleles of timeur genes. Despite

MurC, -D, -E, and -F proteins, murein peptide ligases, and
the folyl-y-polyglutamate ligases share four highly conserved
regional features as well as several conserved amino acid
residues. One obvious region is the nucleotide binding motif
that seems certain to be involved in ATP binding. Several
other conserved residues are intriguing, because their func-
tions are far less clear. Among these are the invariant
glutamate in region Il as well as a contextually conserved
histidine. One test of the veracity of this alignment was the

significant phenotypic data, the specific defects in these discovery of this conserved region encoded in a Rhizobial
mutants have not been elucidated. Several representativanurD sequence when translated via a single base pair

mutants, ST222nGurC3, TKL11 (murEl), and TKL46
(murF2 were obtained from thée. coli Genetic Stock
Center. From each defective strain, the mutawir allele

frameshift. Further tests of the alignment were sought
through site-directed mutagenesis of these residues in a
setting in which the mutant protein could be easily isolated
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from wild-type activity and examined for catalytic activity. et al., 1996). Further, the reaction catalyzed by the MurC
Mutation of Glu158 and His188 in UDP-MurNAc-tripeptide: protein proceeds via an acyl phosphate intermediate (Falk
D-Ala-Dp-Ala-adding enzyme resulted in uniformly damaging et al., 1996). Similar studies with the MurD ligase are
effects to catalytic turnover, validating these residues as consistent with such an intermediate duringglutamate
important for either catalysis or proper folding. A single addition (Vanganay et al., 1996). Indeed, phosphinate-
exception to the conserved histidine is found in 8secha- containing transition-state mimetics are micromolar inhibitors
romycedolyl- y-polyglutamate ligase, which bears aspartate of this enzyme (Tanner et al., 1996). Correspondingly, both
in place of histidine at this locus. Yet aspartate was not an bacterial and mammalian forms of the folydpolyglutamate
acceptable replacement for histidine in taecoli b-Ala-b- ligases catalyze amide bond formation through the analogous
Ala-adding enzyme. Ifitis truly found in thBaccharomyces acyl phosphate intermediate (Figure 2) (Banerjee et al., 1988).
folyl-y-polyglutamate ligase, then either accommodating Taken together, these mechanistic similarities as well as the
changes in other residue(s) are present that allow functionhighly conserved nature of regions of sequence critical to
or the aspartate interacts with the prefolyl substrate in a proper catalytic function argue that these proteins are part
manner that is not applicable to the UDP-MurNAc-tripeptide. of a larger superfamily.

Further evidence correlating regions identified through the By comparison, theddIB gene encodes a ligase that
sequence alignments and effects on structure or function wereconverts two molecules af-alanine to the MurF dipeptide
obtained through the sequencing of several alleles of the substrate-Ala-p-Ala (Zawadzke et al., 1991). This enzyme
murein ligases harbored in a set of temperature-conditional utilizes ATP, possesses the same ordered forward kinetic
lethalE. colimutants. Single point mutations were identified mechanism, and functions via an acyl phosphate intermediate
in themurC3 murEl, andmurF2alleles that reside largely  (Figure 2) (Mullins et al., 1990). However, despite these
in or near region IV. Expression of the mutantrF2allele functional homologies, this ligase does not match the protein
confirmed both the lowered catalytic efficiency and the homology pattern of the four Mur enzymes. In this light,
temperature sensitivity of this allelio-Ala-p-Ala-adding the finding that the folyly-polyglutamate ligases possess
enzyme. We cannot conclude whether these defects resulpartially or wholly conserved structural features that are
in protein structural deformations or a combination of other similarly localized was unanticipated. This suggests that
perturbations. However, these mutants suggest that regiorseveral protein structural solutions are available that lead to
IV may tolerate only limited sequence variations; these a functionally similar ligase. Indeed, the X-ray crystal-
results tie small variations in this region to effects in vivo. lographic structure of the DdIB ligase shares strong three-

The substrate specificities of the bacterial and mammalian dimensional homologies with that of glutathione synthetase
folyl-y-polyglutamate ligases differ substantially (Cichowicz (Fan et al., 1995), though no regions of primary structural
& Shane, 1987) despite high sequence homology. This identity are readily apparent. Neither of these latter proteins
seems most consistent with a model in which the conservedfits the pattern of Figure 1, and therefore they are not
residues of this alignment are not involved directly in members of the murein ligase superfamily. But they do
determining specificity for either the amino acid or carboxy- appear to represent a separate ligase tertiary structural family
late substrates. Although as a group the Mur proteins bearthat performs similar enzymatic transformations in an
specific homologies in regions-1V, each protein catalyzes  analogous fashion.
the ligation of a distinct amino acid to the growing stem  None of the protein structures in Figure 1 has been solved
peptide. It seems reasonable that the residues directing thidy either NMR or X-ray crystallography. However, the
specificity should be conserved within any single type of three-dimensional structure of any one of these enzymes may
Mur enzyme. In this regard, the C-terminal portions of each allow a credible model to be built for any of the others, at
Mur protein beyond region IV show little global homology least with respect to the active site. The structural and
yet are relatively undiverse within any specific enzyme. functional homologies of these Mur proteins open the
Perhaps the individuality of each ligase with respect to amino possibility that a small-molecule inhibitor of more than one
acid specificity is encoded here. of these enzymes might be designed or discovered. Since

Recently, affinity labeling experiments have shown that a each of these murein gene products is essential, such a
specific cysteine (C414 of the. coli protein) of MurD can multimodal inhibitor should be a formidable weapon against
be protected from derivatization by substrate (Vaganay et bacteria, with the added benefit of decreasing dramatically
al., 1996). However, this cysteine is found only in MurD the likelihood of resistance being acquired through a single
sequences and has no apparent direct homologs (data ngboint mutation of the target.
shown). Although it may be involved in substrate binding
in this enzyme, it is unlikely to be generally involved in ACKNOWLEDGMENT
catalysis.

Beyond these homologies, several further parallels betweenfO
these enzyme families can be drawn as shown in Figure 2.
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