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Abstract- Discovered in the 1940s by Selman Waksman, thaagtycoside antibiotic streptomycin is clinicailypportant

in the treatment of tuberculosis worldwide. Howeatrains ofMycobacterium tuberculosiand other pathogenic bacteria
have become resistant to streptomycin. One meahanyswhich this can occur is through the actioploésphotransferases
that attach a phosphate group to position 6 ofdineptidine ring of streptomycin, thereby inactimgtit. Two such
phosphotransferases are APH(6)-la from produceinsBtreptomyces griseuand APH(6)-Id found in animal, plant and
human pathogenic isolates. Here, we report thelsning and expression ikscherichia coliof soluble recombinant
APH(6)-la and —Id enzymes. Sequencingaph(6)-larevealed a one-nucleotide disagreement with thiighed sequence,
such that the amino acid at position 262 is aniaéaimstead of a serine. The sequencaptf(6)-ldis identical to that of the
gene found in transposdm5393of plant pathoge&rwinia amylovora The successful expression of soluble forms afehe
enzymes now paves the way for experiments to ghely structure and function by using site-direateatagenesis.
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INTRODUCTION including Mycobacterium tuberculosis
Staphylococcus aureusand Pseudomonas
aeruginosa have developed resistance to

Since its discovery in the 1940s, theaminoglycosides. Although resistance in some
aminoglycoside antibiotic streptomycin has beegases is caused by mutations in genes for
clinically useful in the treatment of a variety ofribosomal proteins, in many clinical cases
bacterial infections, most notably those due tresistance is caused by enzymatic modification
Mycobacterium tuberculosisone of the three (phosphorylation, adenylation or acetylation),
major causes of death--along with malaria anldence inactivation, of the antibiotic. The genes

HI\/_/AIDS--in_ de_vc_elo_ping _ cou_ntries. encoding these enzymes (24) are typically
Aminoglycoside antibiotics, which includeacquired through plasmid- or transposon-
kanamycin, neomycin, gentamycin,mediated gene transfer. The origin of the

paromomycin and others in addition toresistance genes found in clinical isolates is not
streptomycin, each contain a six-membereglways clear, but in some cases can be traced
aminocyclitol ring along with two or threeback to soil-dwelling antibiotic-producing
carbohydrate moieties that are typicallyacteria that harbor the genes (1, 4). Because of
aminosugars. Their mechanism of actiothe possible environmental origin of resistance, it
involves binding to the A site of the bacterial 30$s of interest to understand the function of
ribosomal subunit (7); this inhibits translationalesistance gene products that occur in natural as
processivity and causes miscoding during proteiell as in clinical settings. The long-range goal
synthesis. of this work is to elucidate the structure and
Over the years, many pathogenic bacteria, function of a pair of streptomycin
phosphotransferases, one of which is found in the

Abbreviations: kDa, kilodaltons; IPTG, hatural environment (APH(6)-1a) and the other of
isopropylthiogalactoside
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which has been isolated from the clinical setting’hen it is co-expressed with its partnetrA
(APH(6)-Id). (aph(37)-1b). Amino acid sequence alignment
Aminoglycoside phosphotransferases arimdicates that there is 47% similarity between the
classified and named according to thé&PH(6)-Id and APH(6)-la proteins (16).
regiospecificity of the phosphate transfer, i.@ th  This paper presents the subcloning of the
position on the aminoglycoside of the particulaaph(6)-la and aph(6)-ld genes, and their
hydroxyl group that is phosphorylated. Currentlyexpression as His-tagged fusion proteins in
there are seven classes: APH(3’), APH(2")Escherichia coli The work reported here
APH(3"), APH(7), APH(6), APH(4) and represents the first step in the process of
APH(9) (16, 25). The APH(6) investigating the structure and function of the
phosphotransferase class comprises fotwo enzymes.
members; these catalyze the transfer of yhe
phosphate group of ATP to the hydroxyl at MATERIALSAND METHODS
position 6 of the streptidine ring of either
streptomycin  (APH(6)-la, -Ic, and -Id) orPCR-Amplification and Subcloning of Genes

hydroxystreptomycin (APH(6)-b) (16). Fig. 1 aph(6)-la TheStreptomyces griseus aph(6)dane was

: . PCR-amplified from a plasmid (pJDM40) contained with
d'SpIayS the APH(6)-cataIyzed reaction. a Streptomyces lividangulture generously provided by

Professor Wolfgang Piepersberg of Bergische Unitaasi

Wiuppertal, Germany. Plasmid pJDM40 contains thé&ent
streptomycin biosynthetic operon, including the aen

0.0 0, 0w )

Wo an@‘a%w i R 1377-.. % | aph(6)-la(also calledstrA or aphD). The pJDM40-bearing
o . Mﬂ 3 E?_N\[JH S. lividanscells were grown in TGY (0.8% Bacto-tryptone,
M P g+ i Ruigs 0.1% glucose and 0.4% Bacto-yeast) broth containing

T NHy+

Streptornycin StreplomycinG)-Phosphate thiostreptone (25ug/ml) for selection, and the pJDM40

plasmid was isolated from the culture using a WizRtus

Figure 1. The Streptomycin 6-phosphotransferase-catalyzeaV Minipreps kit (Promega). Purified plasmid DNAeth
reaction. Modified from ref. 25. was used as a template in a PCR amplification that

employed nativéfu DNA polymerase. Forward and reverse

. . primers containing Nde | and Xho | restriction sjte
The gene for APH(6)-la is found within ther_espectively, were designed to allow cloning intqBT

streptqmycin biosynthetic gene cluster of the sa#kpression vector (Novagen). Their sequences were:
bacterium Streptomyces griseufl8, 14). The 5—GTAAGGAAATTTCATATGAGTTCGTCGGACC—

entire gene cluster, includiraph(6)-1a has been 3 (ffg"c‘/afd():agd CCTTCTCCAGTCAGGECTTCGg
cloned and sequenced (5). Previously, restrictigf_ < CACTCCTICTCCAG TCA TTCG—

. . reverse; restriction sites underlined). The felleg cycling
fragments derived from this cluster an arameters were used: 1 min. at°’@5 followed by 30

containing aph(6)-la (which is also known as cycles of (95C for 45 sec., 6@ for 60 sec., and 7€ for 3

aphD or strA) were cloned into pBR322-basedmin); followed by 10 min. at 7Z and indefinite hold at
vectors; these plasmids, when transformed in#3C. The 0.9 kilobase-pair PCR product was purified feom
E. coli cells, conferred resistance to streptomycil§W-melting agarose gel using a PCR Preps kit (Prajeg

. . . nd then ligated into pET-15b, which allows for
and directed expression of a protein of opropylthiogalactoside (IPTG)-induced express@inan

molecular weight (34-5_kDa) consistent withy-terminal  His-tagged fusion protein that can be
APH(6)-la (11). The native APH(6)-la enzymesubsequently purified by nickel affinity chromataghy.

has been purified fromS. griseus and Ligation mixtures containing recombinaaph(6)-1adpET-
characterized (19) 15b plasmids were transformed into NovaBlue (Novagen

cells and plated onto LB plates containing ampiti(lL00

The gene for APH(6)-Id, also known also as g/m)). plasmid DNA was isolated from transformatsd
strB, typically is linked withstrA (note that this was checked by restriction digestion to seapifi(6)-lawas
strA gene is different fronaph(6)-1g it encodes present. Plasmid DNA from a single positive transfant

a APH(3")-Ib phosphotransferase) astgd-strB Was used as a template for nucleotide sequenciogigh
(3") P P ) as the entire coding region of the gene, and was foamed

pair which, in t,um' has been found Or_] mObII%to Rosetta (DE3) pLys&. coli cells for expression. In a
DNA elements In a numbgr Qf plant, animal andeparate set of experiments, tgh(6)-la gene was PCR-
human pathogenic bacterial isolates (21, 17, 28nplified directly fromS. griseusgenomic DNA isolated

8). Chiou and Jones (3) demonstrated th&em a culture obtained from ATCC (#10137, deriveahtr

_ aksman’s original streptomycin-producing strain63y
aph(6)-1d (strB) encodes a 28 kDa enzyme thaﬂ]e cycling conditions were the same as for the D

catalyzes the production of streptomycin-6gmpiate mentioned above, except that dimethylsidiéo
phosphate from streptomycin. Interestingly, theoMs0) at 5% was added to the PCR to help insure the

strB (aph(G)-@ gene is only Capable of removal of secondary structure in the template .(T%)e
conferring high-level resistance to streptomycin
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product from this second PCR amplification was gepDNA Sequencing

purified and analyzed directly by DNA sequencing. aph(6)-la The nucleotide sequence of the

aph(6)-1d A plasmid (pSM1) containing thstrA-strB
gene pair from the plant pathog@seudomonas syringae aph(6)-la gene (also calledtrA or aphD) that

was kindly provided by Dr. George Sundin of Oklakom Was PCR-amplified from plasmid pJDM40 and
State University, U.S.A. Thaph(6)-Id (strB) gene was cloned into pET-15b agrees with the sequence of
PCR-amplified from pSM1 using nativePfu DNA  the gene originally submitted to Genbank
polymerase and cycling parameters similar to thossal for (Accession # Y00459; ref. 6) except at a single

aph(6)-la except that the annealing temperature w52 . ; " .
instead of 66C. Forward and reverse PCR IDrimerSnucleotlde. At nucleotide position 784, there is a

contained Nde | and Bam HI restriction sites, retpely, ~clear “G_” inSteaq of a _“T" i_n each Qf three
for subcloning into pET-15b, which was performedsequencing reactions using different primers. To

essentially as described above. The sequences pfithers  confirm that this difference was not simply due
were: 5'—CTTGGGGCATATATCATGCCGCCTG—3" 4 an error introduced in the initial PCR, the

(forward) and 5— . .
GTCGCTTGGATCOAGTATGACGTCTG—3 (reverse; aPh(6)-lagene was PCR-amplified directly from
restriction sites underlined). The entire codingioa of the S. griseusggenomic DNA. This time, the organic
resultingaph(6)-IdpET-15 plasmid was sequenced to verifyreagent DMSO (5%) was added to insure
that no mutatlons.were mtroo!uced at the PCR amatifia disruption of possible secondary structure in the
step. The recombinant plasmid was transformedRutsetta . .
(DE3) pLysS cells for expression. template (15). The resulting sequence of this
PCR product also had a “G” at position 784.
Expression _ Adding further evidence to the conclusion that
. .Ef"tlh AF;{H(‘S)t‘t'a a(r‘gEAgs’H(ﬁ’_)"dSprOtel:“s were exPre_?ﬁe‘ﬂhe “G” we obtained was not a PCR-generated
similarly. Rosetta pLysS cells bearing either ; ;
recombinant aph(6)-1dpET-15b or aph(6)-IdpET-15b errr?rGISIthat fact that a BLAfST Sdear.Ch udS.:c]rc]g thte
plasmid were streaked from a @D frozen glycerol stock ap ( )-lagene as a query foun . r],|r_]e feren
onto LB plates containing ampicillin (amp; 1p@/ml) and Partial sequences that all ha(_j a“G mSte_ad of a
chloramphenicol (cam; 34ig/ml). A single colony was “T” at position 784. One possible explanation for
picked and used to grow an overnight culture. Tiewing the discrepancy between our sequence and the
day, an aliquot of this culture was diluted 1:50€ifresh original sequence is that an error was made in the
LB/amp/cam media and grown at°€7to a cell density of . s
ODggo = 0.6, at which point the culture flask was motea Orlgll’_\kz;‘t_II. ,Ger?bar;]k S!me'ss'g”-_ dAnO(';hehr
25°C incubator and isopropylthiogalactoside (IPTG) wad?0SSIDIlity IS that the strain we obtained and the
added to a concentration of 1 mM to induce expoessf One whose sequence was originally reported
the recombinant protein. After 3-4 hours of indaeticells (Accession # Y00459) are from two closely-
were pelleted and washed with 20 mM Tris, pH 8.0rg|ated, yet nonidentical, strains & griseus
containing 1 mM phenyimethylsulfonyl fluoride (PMSF This nucleotide difference translates into a
The cell pellets were frozen at <& overnight, thawed—at . . .
which point they lysed due to the presence of piasm feplacement of $e”ne'26_2 W!th an_alam_ne- (See
derived lysozyme—and then resuspended in 1x His-Binthe sequence alignment in Fig. 2, in which Ala-
Buffer (Novagen) containing 2.5 U/100ul of Benzorldse 262 is indicated with an asterisk.) It is not known
nuclease (Novagen), which was added to degrade BMA it 15 amino acid difference (alanine versus
thereby reduce viscosity. The cell suspension washated . . 262 Id aff he f .
at room temperature for 15 min followed by gentleserlne at pOSIt|.0n' )un affect the unctlon'
vortexing. The lysate was centrifuged, and dividetb ~ Of the enzyme; this question can be addressed in
supernatant (soluble) and pellet (insoluble) frati The the future using site-directed mutagenesis. The
soluble and insoluble fractions were analyzed byS-SI_D nucleotide sequence ofph(6)-la has been

PAGE and by Western blotting using a His-tag specif . . p
antibody. Protein concentrations were determinédguthe deposited in Genbank (Accession # AY971801).

Bio-Rad protein reagent. aph(6)-1d The sequence of ttaph(6)-Idgene
(also called strB) that was sequenced and
Western Blotting subcloned here (originally fronPseudomonas

Proteins on SDS-PAGE gels were transferred t%yringae) matches that ofstrB from the
nitrocellulose membranes. The membranes were 6tk

with a penta-His-tag monoclonal primary antibodytranSpos_Oﬁ-r]5393|0resent IrErwinia amylovora

(Novagen), and then with a goat anti-mouse IgG ey (Accession # M96392; ref. 3), lending support
antibody linked to horseradish peroxidase (HRP) thas for the two aph(6)-Id genes having a common
part of a His-Tag HRP Lumiblot kit (Novagen). Deteat origin in gene transfer events involving this DNA

was by chemiluminescent exposure of Kodak Bio-Ma . .
XAR film. After processing, the image on the film sva mobile element. The nucleotide sequencePof

captured using an Alpha Imager 2200 system (Alphgyringae aph(6)-ld reported here has been
Innotech). submitted to Genbank (Accession # AY997127).

RESULTSAND DISCUSSION Expression
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APH 6 -Ia 1 MSSSDHIHVPDGLAESYSRSGGEEGRAWIAGLEPAFVARC IS

APH 6 -Tb 1 MSTSKLVEIPEPLAASVARAFGEEGQAWIAALPANVEELM s

APH 6 -Id 1

APH 6 -Ic 1

APH 3' -IIa 1

APH 3' -Ta 1

APH 3' -IIIa 1

APH 6 -Ia 61

APH 6 -Tb 61

APH 6 -Id 29

APH 6 -Ic 22

APH 3' -IIa 18

APH 3' -Ta 22

APH 3' -IIIa 13

APH 6 -Ia 114

APH 6 -Tb 114 -

APH 6 -Id 85 : ) : SFAALFQ

APH 6 -Ic 74 JeRE EWFQPLF

APH 3' -TIIa 77

APH 3' -Ta 81

APH 3' -TIIIa 73

APH 6 -Ia 170 ] Ra)=

APH 6 -Tb 170 | JED

APH 6 -Id 141 | FSggG-

APH 6 _-TIe 129 | DFGDR

APH 3' -TIIa 133 0D LDEEZOQEAPARFEIRITA - - MBS GIREM

APH 3' -Ta 141 » 2,5)s FDDENGWP VS e [y WKEM: K- -[LEFS Pb 5

APH 3' -IITa 132 3 VDCEN- WEER TH K PRELYDFLKTEKPE[ {8
*

APH 6 -Ia 230 PLWEADTEWE- - - -

APH 6 -Tb 230 PLWEANDSRWD- - - -

APH 6 -Id 200 GRAANMFYDPAD- - --

APH 6_-Ic 183 [EYANIFTNEELSDE

APH 3' -IIa 191 AC MVELME- - - -

APH 3' -Ta 199 FELDMTFDlE- - - -

APH 3' -IIIa 181 LGD Fv ----K

APH 6 -TIa
APH 6 -Ib
APH _6_-Id
APH 6 -TIe

APH 3' -TIIa
APH 3' -Ta
APH 3' -IIIa

Figure 2. Multiple Sequence Alignment among APH(6) and APHghzymes using ClustalW. Conserved amino acid
residues are shaded gray; identical residues adeghblack. The position of Ala-262 in APH(6)-laifslicated with an
asterisk. Among the enzymes whose sequences g@layaid, APH(3')-lla and APH(3’)-1lla have been sied in the most
depth in terms of their kinetic (12), structural {8), and structure-function (22, 2, 23, 10) chemastics.
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Upon induction of expression and cell lysisstreptomycin-resistant strain of plant pathogen
the majority of the expressed recombinargyringae gives an exact match to thatagh(6)-
APH(6)-la and APH(6)-Id proteins were found inld (strB) found within transposomn5393from a
inclusion bodies in insoluble fractions (notsimilarly streptomycin-resistant strain oE.
shown). Nevertheless, for each, some solubdmylovora suggesting an origin in a horizontal
recombinant protein was produced. Figure 8ene transfer event.
presents Western blotting analysis, using the The successful expression of soluble forms of
anti-His-tag antibody, of expressed solubl&PH(6)-la and APH(6)-Id reported here is an
recombinant N-terminal His-tag fusions ofessential prerequisite for the purification,
APH(6)-la and APH(6)-Id. Based on its aminacharacterization, and analysis of the structure and
acid sequence and the size of its His tag, fanction of these two enzymes, one from the
molecular weight of 34 kDa is predicted forstreptomycin-producer strai. griseusand the
6xHis-APH(6)-la. Fig. 3 shows that a proteirother found in clinical and other bacterial
band of approximately this size was present upasolates. The eventual hope is that an
induction of expression (lane 4). The 34 kDanderstanding of the active sites of APH(6)-la
band was absent from Rosetta (DE3) pLysS cebsd —Id, combined with what is known about the
lacking the expression vector and absent frostructure and function of similar aminoglycoside
cells containing the vector but not induced witlphosphotransferases (2, 9, 10, 12, 13, 22, 23),
IPTG (lanes 2 and 3). These results indicateill help to elucidate the active site of
specific expression of a His-tagged proteimaminoglycoside phosphotransferases in general.
consistent with APH(6)-la. Additional faint
bands are also seen in lane 4; these likely
represents minor proteolytic digestion product:
derived from the 34 kDa protein. KDa i 2 3 4 5 6

Fig. 3 shows that APH(6)-Id was also
expressed in soluble form, albeit less well thai
APH(6)-la. A band for a His-tag-containing
protein approximately 30 kDa in size is seen ir
the induced cells (lane 6); this agrees well witt °
the size of 32 kDa predicted for His-taggec
APH(6)-Id based on its amino acid sequence 7s
The ~30 kDa band is absent in the uninduce
cells (lane 5), indicating specific expression of ¢ 50
His-tagged protein consistent with APH(6)-1d.
The lower yield of soluble APH(6)-ld compared
to the -la enzyme, combined with the
observation that the total yields of recombinan
protein (soluble plus insoluble; not shown) were
similar, indicates that the former is less solubl¢ .

*W

35

-
—
~—
-

than the latter under the expression condition -
used.

.g__

Conclusion

In this paper, we have reported the cloning
and expression of two related enzymes, APH(6}gure 3. western blotting analysis of the expression of
la and APH(6)-Id, that phosphorylate, andoluble recombinant APH(6)-la and APH(6)-Id. Exsies
thereby inactivate, the antibiotic streptomycinconditions are described in the Materials and Mesho
Sequencing of aph(6)-la reveals that its section. An anti-polyHis-tag antibody was usédne 1,

leotid diff f . Imolecular weight markers (sizes in kDa indicated tbe
nucleotide sequence dirrers from a previous béft). Crude extracts fromtane 2 mock-induced Rosetta

published sequence at a single nucleotide (@BES3) pLyssS cells lacking expression vectoanes 3 and 4
versus T at position 784); this means that thells containing theaph(6)-la expression vector that were

amino acid residue at position 262 in the prima%ger not inducedlgne 3 or induced lgne 4 with 1 mM

. . . TG; andLanes 5 and 6cells containing theph(6)-1d
structure is an alanine rather than a serine ression vector that were either not indudade( 5 or

preViously indicated (6) Sequ?r_‘cmg @h(6)- induced lane §. Ten micrograms of total protein were
Id, which was obtained originally from aloaded in each lane.
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