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A mmparlson has been made between the p~siology and amino acid ~ d the Imese emiers d 
K/du/db ~ / a e  MSal tad ~ / a  ca/i K-IZ The m e ~  transport d lactose was much 
weaker in X / d . / ~  fl.m in £ co//. On tie other bud o.nitropt~lgalactmide uptake by X/e~ /~  was 
dlstl, x.ey gremer tim. with E. a~/. In spite d the dillere.ees tm sugar tnmpon between the two organism~ 
the amino add sequences of the respeetlve lactose rattlers were remarkably similar (60~ of the amino 
are identical). 

ln/roduct~ 

A number of bacteria are .dpable of growing 
on lactose as a sole source of carbon. Klebsiella 
pneumoniae is one organism that possesses this 
property. A comparison with Escherichia coli, 
another lactose-positive cell in which the lactose 
operon has been extensively studied, shows that 
the arrangement of genes in the two cell types is 
similar [1]. As with E. coil, Klebsiella possesses a 
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lad gene producing a repressor, a lacZ gene cod, 
ing for ~-galactosidase and a lacy gene which 
produces the lactose transport protein. Compared 
with the corresponding E. colJ sequence [2,3] the 
nuclcotide sequence of the Klebsiella T17R1 lacl 
and lacZ genes are 49~ and 61% conserved [4]. 
The Klebsiella lacl gene is trae',~:liL~l in the op- 
posite direction to the lacl of E. coil [4]. 

A striking difference in the physiology of lactose 
metabolism in the two organisms is that K pneu- 
~,~aiae is only weakly lactose positive in fermen. 
tation tests and grows on lactose at half the rate of 
E. coil [5,6]. Although the lactose carrier of 
KlebsMla is capable of accumulating the non- 
metabolizable thiomethyl-fl-v-galactoside, it shows 
only half the activity of the carrier in E. coli [7]. 

Since there appeared to be significant dif- 
ferences between the lactose fermentation proper- 
ties of the two or~n!srns it was considered of 
interest to compare the transport properties in the 
two organisms and then to determine the nucleo- 
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tide sequence of the lacY gene in K. pneumoniae 
and compare the amino acid sequence with that of 
E. coil [g]. The conserved regions of the poly- 
peptide might provide some insight as to the es- 
sential amino acid sequence for lactose recogni- 
tion and transport. The results indicate that the 
pattern of sugar transport is different in the two 
organisms. In spite of this rather different sugar 
recognition there is considerable similarity to the 
E. coil lacY gene (60% conservation of the amino 
acid sequence). 

Materials and Methods 

Bacterial strains and plasmids. The KlebsieZla 
pneumoniae strain used in this work was M5al. 
For transport comparisons E. coil strain 3000 
(lac-I + Z + Y + A + ) was used. DW2 was iso- 
lated from a TN10.containing strain of E. coil by 
the method used to obtain DW1 as described 
elsewhere [9]. Other strains used in this study are 
given in Table I. 

The lacY gene of Klebsiella pneumoniae MSal 
was cloned into pBR322 by Hitchin and Reeve 
[11]. This plasmid (pilE7) consists of a HindIIl 
fragment of approximately 2500 base pairs which 
contains the lacY gene. When an E. coli strain 
containing/]-galactosidase (lacZ +) but no mere. 
brane carrier (lacY-) was transformed by the 
plasmid pilE7 the transformants became lactose 
positive. 

A promoter mutation that elevated ',he expres- 
sion of the Klebsiella lacY gene in plasn'?,~ pilE7 

was isolated as follows: DW2/pHE7 was streaked 
on melibiose MacConkey plates. After 18 h in- 
cubation at 37°C all clones were white but red 
papiUi appeared after another 24 h at room tem- 
perature. These melibiose-positive cells were re- 
streaked to purify, Plasmid DNA from these 
melibiose-positive mutants and from the parental 
strain were isolated. The DNA from each strain 
was treated with HindlII and the pBR322 DNA 
and the 2500 bp insert DNA isolated. When nor- 
real lacY insert was ligated to the mutant pBR322 
the melibiose-positive phenotype was obtained. 
When lacY from the mutant was ligated to the 
normal pBR322 a normal phenotype was ob- 
tained. It was concluded that the mutation was in 
pBR322, presumably the Tet promoter. 

Restriction mapping. In order to isolate the lacY 
gene the plasmid DNA of pilE7 was prepared by 
the method of Birnboim and Doly [13]. Plasmid 
DNA was then digested with HindIII to remove 
the insert and the digest subjected to gel electro- 
phoresis in 1% agarose plus ethidium bromide. 
The DNA bands were identified under long-wave- 
length ultraviolet fight. Slots were cut in the gel 
immediately in front of and behind the 2.5 kb 
band and small pieces of ion-exchange paper 
(DE81 from Whatman) were inserted into the 
slots. The gel was returned to the electrophoresis 
bath and current applied until the DNA had 
moved forward into the paper. The paper was 
removed, washed twice with 100 mM NaCI, 10 
mM Tris (pH 8), 0.1 mM EDTA and the DNA 
extracted from the paper with two aliquots of ! M 

TABLE I 

STRAINS 

Name Genotype Source 

Bacteria 
Klebsiellapneumoniae MSal lacl+Z+Y+ F. Ausabel and E. Kashket 
F,. coli 3000 IacI+Z+Y+A+ J. Monod [10] 
E. co/i DW2 lacl + 4ZY melA+AB This paper 

Plasmids" 
pHE7 Kiebsiella lacy Hitehin and Reeve [11] 
pilE7 (promoter) Klebsiella lacY with a promoter mutation This paper 
pilE7 (HIS 210) Klebsiel/a lacY with Arg.210 changed to histidine This paper 
pTEI8 F,. coli lacY Teather et el. [12l 

" All plasmids are derivalives of pEP,322. 
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NaCI, I mM EDTA. The DNA solution was then 
extracted with phenol and the DNA precipitated 
with ethanol and dried. The HindIII insert was 
digested with HinclI and with Pstl and the frag- 
ments separated by agarose electrophoresis. 

The DNA'fragments were figated to the repli- 
cative form of either M13 rap18 or M13 mp19 
which had been linearized by digestion with 
HindIIl, HincIl, Pstl or a combination of two of 
these restriction enzymes. After transfection of 
strain JM101 single clear plaques were picked 
from soft agar plates containing 5-bromo-4- 
chloro-3-indolyl-#-v-galactoside. Single-stranded 
DNA from the recombinant M13 virus was puri- 
fied and subjected to electrophoresis on agarose 
gel to determine the size of the insert. 

Nucleotide sequencing. The dideoxynucleotide 
chain termination method of Sanger et al. [14] was 
used for sequencing. In many experiments a kit 
(New England Biolabs) consisting of enzymes and 
15-bp primer was used. When GC compression 
was encountered the '$equenase' kit (U.S. Bio- 
chemical, Cleveland, OH) was used. 

Oligonucleotide primers. A major fraction of the 
sequencing was carried out by oligonucleotide (17 
bp) primers prepared with a DuPont Coder 300 
Synthesizer (DuPont Biotechnology Systems, 
Wilmington, DE). 

Site.specific mutagenesis. Oligonucleofide site 
specific mutagenesis was carried out by the method 
of Eckstein [15,16]. Reagents for this procedure 
were provided by Amersham (RPN 2322). 

Sugar transport assays. Cells were grown at 
37 °C in Medium 63 [17] containing 1% Tryptone 
(DIFCO) plus 0.5 mM isopropyl-#-thiogalactoside 
to mid-logarithmic phase. They were then centri- 
fuged, washed once with 100 mM potassium phos- 
phate buffer (pH 7) and resuspended in a small 
volume of the same buffer at 0°C. Prior to "d'te 
assay cells were equilibrated at 25 °C in phosphate 
buffer. Radioactive sugar was then added and 0.2 
ml samples (containing approx. 5.10 s cells) were 
filtered through a 25 mm membrane filter (pore 
size = 0.65 ~m). The cells on the filter were then 
washed with 5 nd phosphate buffer. Filters were 
placed in plastic vials and radioactivity was de- 
termined by fiquid scintillation counting using 
Liquiscint (National Diagnostic, Somerville, NY). 

Reagents. Lactose, melibiose and TMG were 

purchased from Sigma. [3SS]Deoxyadenosine 5'- 
triphosphate and [14C]|actos~ were from Amers- 
ham. [3H]Mefibiose was from the French Atomic 
Energy Commission and was a gift from Dr. 
G6rard LeBlanc. [3H]ONPG was obtained from 
New England Nuclear. The phage M13 mpl8 ~ d  
M13 mplg, restriction enzymes, DNA polymerase 
I (Klenow Fragment), 1'4 DNA ligase and other 
reagen'~s for sequencing were obtained from New 
England Biolabs. Isopropyl.fl.o-thiogalactoside 
(IPTG) and 5-bromo-4-chloro-3-indolyl4]-D- 
galactoside were obtained from Boehringer Mann- 
heim. 

Proton uptake. The method of West [18] was 
used for the measurement of proton uptake. Cells 
were washed twice in 120 mM choline chloride 
plus 1 mM 2-mercaptoethanol and resuspended in 
the same medium to a density approximately 
equivalent to 70 mg dry weight/ml. The suspen- 
sion was diluted 1/5 in choline chloride contain- 
ing 10 mM KSCN. A sample of cells (2.5 ml) was 
placed in a 3 ml plastic vial with the lid cut to fit 
over an inserted pH electrode. A small vent in the 
lid was used for the introduction of nitrogen and a 
second vent for substrate addition. N 2 was passed 
through one vent and passed over the surface of 
the suspension, which was mixed with a magnetic 
stirrer. After 30-40 minutes the assay was started 
by the introduction of a small volume of anaerobic 
TMG. 

Results 

Sugar transport by Klebsiella MSal 
A comparison was made of sugar transport in 

Klebsieila M5al with that in E. coll. Klebsiella 
pneumoniae MSal grows on lactose as a sole source 
of carbon and energy, although its growth is about 
half the ra~e of E. coil 3000 (at a lactose con- 
centration of 6 raM). On lactose Ma¢Conkcy indi- 
cator plates (30 mM sugar) the M5al clones show 
red centers while E. coli are completely red in 
color. This indicates that lactose fermentation is 
somewhat less pronounced in Klebsie/la. 

When washed cells (induced with 0.5 mM 
IPTG) were exposed to radioactive lactose at a 
concentration of 0.1 mM, E. coli took up the 
sugar much more effectively than Klebsiella cells 
(Fig. 1). Since the discrepancy between the trans- 
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Fig. 1. Lactose and /9-ONPG "ransport by K pneumoniae 
MSal and E. coil 3000. The left hand panel shows an experi- 
ment in which transport was ir, itiated by the addition of 
[]4C]lactose to give a Final concentration of 100 /~M (0.1 
~Ci/ml). The righbhand panel shows an experiment in which 
[~HI//-ONPG was added to give a final concentration of 50 

~M (0.2/~Ci/ral). 

port rates in the two strains is much greater at low 
than at high substrate concentrations it is prob- 
able that the affinity for lactose by the M5al 
carrier is less than that in E. coil 

The transport rate of o-nitrophenyl@galacto- 
side (ONPG), on the other hand, is considerably 
better in Klebsieila than in E. coli. The 2 nfin 

uptake of O N P G  (0.1 mM) by MSal was about 

3.times greater than by 3000. With both ONPG 
and lactose there is hydrolysis of the sugar by the 
intracellular ~-ga!actos;dase. In the case of E. coil 
it is known that the activity of the enzyme exceeds 
the activity of the transport system. Since these 
two sugars are rapidly hydrolyzed within the cell 
the sugar entry is thermodynamically 'down hill' 
(i.e., no sugar accumulation occurs). In the case of 
Klebsiella it is probable that the transport rate is 
also rate limiting although this has not been 
studied in detail. 

Two sugars were tested which are not metabo- 
lized in these cells and marked intracellular accu- 
mulation was observed. When E. coil cells were 
exposed to 0,1 mM TMG they accumulated the 
sugar in 2 rain to an intraceilular concentration 
70-times that in the external medium. Cells of 
MSal accumulated the sugar 30.-fold. Melibiose 
accumulation shows a similar pattern (Fig. 2). 
There is a separate a-galactoside transport system 
in both Klebsiella and in E. coli, but it is not 

~.L;BIOSE TMG 

'go( L z 
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Fig. 2. Uptake of melibiose and TMG by K. pneumoniae MSal 
and E. coli ]000. The left-ha~;d panel shows an experiment in 
which transport was initiated by the addition of [3H]melibiose 
to give a final concentration of 100/~M (0,5/~Ci/ml). In the 
experiment shown in the right hand panel TMG was added to 

give 100 pM (0.1/~Ci/ml). 

induced under the conditiom of these experi- 
ments. 

The relative affinities of several sugars for the 
lactose carrier were tested by studying their inhibi- 
tion of TMG transport. In E. coil 3000 lactose 
and thiodigalactoside produce a strong inhibition 
of TMG transport while ONPG is somewhat less 
effective (Table II). The cartier of Klebsiella pneu. 
moniae MSal, on the other hand, is strongly in- 
hibited by ONPG while lactose (1 raM) has no 
effect. Table II also shows the percentage inhibi- 
tion of these systems by two different concentra- 
tions of p-hydroxymercuribenzoate. MSal is more 

TABLE II 

INHIBITION OF TMG TRANSPORT 

Inhibitor % inhibition 

E, coil K. pneu- 
3000 moniae 

MSal 

Lactose (1 raM) 86 0 
Thiodigalaetoside (1 raM) 100 s 67 
o-Nitrophenylgalactoside (4 raM) 93 99 
o-Nitrophenylgalactoside (1 raM) 68 99 
p-Hydroxymercuribenzoate (0.1 raM) 89 100 b 
p-Hydroxymercuribenzoate (0.01 mM) dO 92 

Uptake in the presence of I mM thiodi~dactoside was taken 
as the 'blank' (100% inhibition) and subtracted for the other 
values for F,. coli 3000. 

b Uptake in the presence of 0.1 mM p-hydroxymercuri- 
benzoate was taken as the 'blank' and subtracted from the 
other values for K. pneumoniae M5al. 
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Fig. 3. Proton uptake induced by TMG in DW2/pHE7 and 
DW2/pTE18. "the plasmid pHE7 contains the lacY gene of 
Klebsiella while pTE18 contains the lacY sene of E. coil The 
method for H + uptake is described in Materials and Methods. 
Thiome~hylgalactoside (25/d of 500 mM) was added at the 

arrow. Down represents alkalinization of the medium. 

sensitive to this sulfhydryl.modifying compound 
than is E. coli 3000. 

Evidence for proton@galactoside co.transport 
was provided by measurement of proton uptake 
on the addition of sugar by the method of West 
[18]• When TMG was added to give a fmal con- 
centration of 5 mM the external medium showed 
alkalinization. West [18] has shown that such be- 
havior is associated with proton entry into the 
cells. With M5al definite proton uptake with TMG 
addition was observed but the rate was only about 
209[ of that of E. coli 3000. Additional experi- 
ments were carried out in E. coil cells containing 
the lacy gene of the two cell types cloned sep- 
arately onto the plasmid pBR322. Proton uptake 
data with such cells are shown in Fig. 3. Addition 
of TMG to cells containing the plasmid with 
Klebsiella lacY was followed by alkalinization. A 
cell containing a similar plasmid but with a pro- 
moter mutation showed a greater rate of proton 
uptake. These cells with the promoter mutation 
were fouad to transport all substrates at -ates 
about twice that of the parent. Ceils containing 
the cloned lacY gene of E. coil showed a much 
more pronounced alkalinization on the addition of 
TMG. 
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Sequencing of the lacY gene of Klebsiella MSal 
Hitchins and Reeve [9] have recently cloned the 

chromosomal lacy gene of Klebsiella pneumoniae 
M5al into the plasmid vector pBR322. The insert 
consisted of a 2500 bp HindIlI fragment contain- 
ing the lacy gene plus a portion of the adjacent 
lacZ 8ene. This hri,~dlII fragment w~,: digested 
with several restriction enzymes and the restric- 
tion sites for the two most useful enzymes (ltincll 
and Pstl) axe sho~,'n Ln Fig. 4. 

The DNA fragments resulting from the di- 
gestion with these three :estriction enzymes were 
cloned into M13 and several were sequenced. The 
smaller fragments from Hincll digestion were 
subcluned into both M13 mpl8 and M13 mpl9. A 
small (200 bp) Hincll fragment (cloned in both 
orientations) revealed a possible S~'le.Delgarno 
sequence plus an open reading frame. A 17-bp 
primer with a sequence identical to a region within 
this Hincll fragment was synthesized. This primer 
provided an additional length of sequence in- 
formation that overlapped the Hincll fragment. 
Next, a region was picked from the newly se- 
quenced region and another primer was synthe- 
sized. By this stepwise procedure the complete 
gene was sequenced (Fig. 4). In addition, the 

H;;T 

• " "  Pl P3 P5 

HincIl(Q} P2 P4 PT P9 , ,  

. . . . .  ~ ~ ~ ~o ~ ~o ,2~ . . . .  
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P I I P 14 P l . ~  

Fig. 4. Restriction map and sequencing strategy. At the top is 
shown the restriction map of the H/ndlll fragment which 
includes the glebaieila layY Be,e. Below is given the pattern of 
sequencing of the two strands of the lacY 8ene from K~ 
pneumoniae MSal. PI-P9 represent sequences of the coding 
strand obtained from synthetic prira~s. Hincll (a) represents 
a sequence obtained with the universal primer. ~uences 
indicated below the line (including Pl0-Pl6) are sequences of 
the anticoding strand. Data from Hincll (b), HincIl (c) and 

itindllI were obtained with the universal primer. 
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entire gene was sequenced in the opposite strand. 
The position of each sequen~t region is given in 
Fig. 4. 

The inferred amino acid sequence is 416 amino 
acids in length (Fig. 5). This corresponds to a 
molecular weight of 46049. The Kiebsiella se- 
quence shows alternating regions of hydrophobic 
a~d hydrophilic residues in a pattern very similar 
to that seen for the lactose carder of E. coll. The 
Ktebsiella protein is one amino acid shorter than 
the E. coli protein, since Klebsiella has five ad- 
ditional amino acids on the N-te~inus but six 
amino acids less at the C-terminus. There was 605 
conservation of the amino acid sequen,~e. A some. 
what greater conservation was found in the hydro- 
phobic segments (presumed membrane spanning 
regions) than the hydrophilic regions. 

Site-specific mutagenesis of Klebsiella arg.inine-210 
to histidine 

One of the nto the mutations in E. coli ~:~ is 
known to reduce transport activity is a change 
from histidine~205 to arginine. Since the Klebsiella 
sequence contains arginine at position 210 (corre- 
sponding to position 205 of the E. coli numbering) 
it was considered of interest to substitute a histi- 
dine for arginine-210 by site-specific mutagenesis 
and determine whether the transport activity in 
Klebsiella would be increased. The Eckstein 
method [15,16] was used to carry out this substitu- 
tion. The product was inserted into the HindIII 
site of pBR322 (tetracycline gene). 

E. coil cells (DW2) conte, ini,'~g a plasmid with 
either the normal Klebsiella Y gene (Atg-210) or 
the mutant Y gene (I-Iis-210) were tested for trans- 
port of two sugars. When cells were exposed to 
100/~M radioactive lactose the cell with the nor- 
mat Y gene (Arg-210) accumulated the sugar 12- 
fold in 7 min while the mutant gave 13.fold. With 
ONPG (100 #M) as substrate both cells accu- 
mulated the sugar 184old in 7 rain. Thus, no 
alteration in transport activity was found to be 
associr~ted with a change of Arg.210 to histidine. 

I)iseussion 

The physiological properties of the Klebsiella 
lactose carrier are rather different from those 
found in E. coll. While lactose transport in 

KlebsMla is quite poor at low sugar concentra- 
tions, at high sugar concentrations it is adequate 
for modest fermentation rates and for growth on 
lactose as a sole source of carl~on (albeit at a 
slower rate than E. colO. Melibiose and TMG 
transport are each about half that of E. coll. 
Proton transport associated with TMG uptake in 
Klebsielia was quite weak compared with E. coll. 
On the other hand transport of ONPG by M5al 
was distinctly better than by E. coil 

The nudeotide sequencing data indicate a con. 
siderable degree of similarity of amino acid se- 
quence of the lactose carder between the Kleb- 
siella MSal and another Klebsidla strain (T17RI). 
Buvinger and Riley [4] have reported data on the 
first third of the lacY gene of a Klebsiella pneumo. 
niae strain T17R1. Of the N-terminal 133 amino 
acids reported for T17R1 113 are identical to 
those in the present study with M5al. 

In spite of the differences in sugar transport 
bet.wee,, Klebsiella pneumoniae M5al and E. coli 
3000 the amino acid sequences of the respective 
lactose car ~ers were remarkably similar. There are 
411 resi&es which can be directly compared 
(omitting ehe six C-terminal residues of the E. coil 
sequence :~or which there is no Klebsieila cotmter- 
part). Of l hese amino acid residue 605 are identi- 
cal. The c reservation at the N-terminal 18 amino 
acid resi& ~es is poor. This portion of M5al lactose 
carrier pr,:~tein possesses an extra five amino acid 
residues compared with E. coil and the subse- 
quent 13 amino acid residues are poorly con- 
served, suggesting that this region is not essential 
for lactose transport. These data are consistent 
with the findings of Bocklage and Miiller-Hill [19] 
that the first eight amino acid residues of the 
carder in E. coli may be deleted and the cartier 
maintains full biological activity. 

The C-terminal sequences ~so differ in the two 
organisms. Only two of the terminal 11 amino 
acid residues of M5al are the same as those found 
in E. coll. It is known that the terminal few amino 
acid residues of the E. coli protein may be re- 
moved by carboxypeptidase without losing trans- 
port activity [20]. Likewise carboxypeptidase treat- 
ment sufficient to remove epitopes required for 
antibody binding did not reduce transport activity 
[21]. In addition Hobson, Gho and Miiller-Hill 
[22] failed to find transport-negative mutants in 
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Analysis of amino acid differences Klebsiella MSal Klebsiella M5al vs. 
vs. E. coli Kiebsiella 1"17R1 

Number of residues compared 411 ? 28 
P~cent different 40 5 11 c~ 
Residues the same: percent with silent base changes ' 555 375 

analysis of silent codon differences b 
Divergence: uncorrected ~ 4270 ,;070 
Divergence: corrected d 61~ 575 

* This excludes the amino acids methionine and tLyptophan (4 and 9, respectively, in the two comparisons) which na~e no silent base 
substitutions. 
Ref. 23. 
Calculated as ti~e number of silent base changes as percent of 0,273 multiplied by the total number of bases. 

d Corrected for multiple hits by the formula -2~ In[l-(4/3)f]/4, where / is the uncorrected divergence expressed as a fraction, 

the extreme C.terminal region although such 
mutants were found thi'oughout most of the re- 
maining lacY gent. 

in Table III is shown a sequence comparison 
between the two Klebsiella strains and between 
M5al and E. coli. A calculation is made of diver- 
gence (uncorrected and corrected) by the method 
described by Ofhman and Wilson [23]. The data 
indicates that the two Klehsiella strains differ from 
each other by almost the same extent as Klebsiella 
MSal and E. coli K-12, 

In attempts to determine the amino acid re- 
sidues essential for normal function of the lactose 
carrier of E, coli several laboratories isolated 
mutants and analyzed them for altered function 
and aminoacid substitutions. Site-specific muta- 
genesis has been used to generate several mutants 
[24--32]. In addition mutants have been obtained 
by selection for growth under specific conditions 
[33-35]. The mutations obtained with these two 
methods that lead to defective phenotype are given 
in Table IV, The Klebsiella sequence shows amino 
acid residues identical to normal E. coil in eleven 
out of thirteen positions shown in Table IV. 

One example in Table IV in which the Klebsiella 
sequence differs from that of E, coil is in position 
210, corresponding to E. coil histidine-205. Padan 
et at, [27] showed that when arginine was sub- 
sthuted for histidine at position 205 in the lactose 
carrier of E. coli, sugar transport was completely 
abolished. On the other hand, when histidine-205 
was substituted by the neutral amino acids 

asparagine or glutamine, normal activity was ob- 
tained [28]. Thus, in the E. coil protein histidine is 
not essential in this position bm arginine substitu- 
tion prevents function. It was therefore surprising 
that the normal Klebsiella carrier possessed 
arsjnine in this position, and substitution by 
histidine by site specif;,c mutagenesis did not in- 
crease the activity of the carrier. This presumably 
indicates that some internal compensation in the 
molecule occurs in the case of Klebsiella carder 
which permits normal transport with ¢ith©~ of me 
two amino acids at this position. 

The second example in which the Klebsiella 
amino acid sequence differs from that of E. coil in 

TABLE IV 

MUTATIONS OF E, COLI iacY THAT REDUCE OR 
ABOLISH TR++,NSPORT 

Normal Substitution Refe~'e~e 

Gly 24 Ol., ~ 34 
T~r26 Asp 35 
Pro2B Sin" 
Cys 148 Set', Gly 24, 25, .+W) 
Cys 154 Set" 26 
Ala 177 Val, "~hr 33 
His 20S Ar$ 27 
Tyr 2.~ Phe. Ash, Set, His 33 
Gly 262 Asp 35 
Thr 266 Ile 35 
ArS 302 Le. 3t 
His 322 Arg, Asn, Gin 27, 28 
Glu 325 Ala 29 
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,~, , , , . l~~;~ ,,, , ,~l~,, , , I , .~ ,',,, ,,,, "e""e 'Y'~""i"~ ,t,, " 1 ' " 1 " ~  
2o 30 

TA r. TTT Cr.T 1t'1 TTT CCG GTG TGG CTG GCG 
T~r Phe Pro Phe Phe Pr--~VaL ~ ' ~ ' ~ A L a  

~0 

GAA GTT AAC CAT TTA ACC AAA ACC GAG ACA GGG ATC GTA TTC TCC TGC ATT 1CG CIA TTC 

50 60 

180 

GCC ATC ATT TTC CAG CCG GTA TIT GGC CTG ATT TCC GAT AAG CTC GGC CTG CGC GAG 

70 

CAT CTG CTG TGG ACG ATT ACG ATA TTA TTA ATC 
H i s ~  Thr ~ ' ~  I te  L e u [ ~  [Le 

80 9O 

Z70 

CTG TTT GCC CCC TTC TT1 ATT TTT GTT TTC 

100 

TCG CCA 1TG CIG CAG ATG AkT ATC ATG 

Set [Pro Leu Le~J Gt-~ Pier ~ ' ~  Net 

GCG GGC GCG CTG GIG GGC GOT GTA TAT CTG GGG 

A| I  ~ ) A L I  L e u ~ V a t  ~ 
1~0 120 

360 

ATC GTT TTC TCC A~ ~.~ TCC GGG GCG 

l i e  VaL~-~Ser 5 e r ~ S e r  ntYiAta 
GTA GAA GCC TAT ATT GAA CGC GTC AGC CGC GCC AAC CGT 7TT GAA TAC GGT AAA GTG CGC GTC 

130 149 150 

t50 

TCA GGC TGC GTC GGC TGG GCG £TG TGC 
Ser[Gty Cys VaL GL¥ rrp ALa Leu Cys 

J 

GCC TCC ArC ACC GGT ATT TTG 1TT AGT ATC G~C CCC AAT AH ACC TIC TGG ATC GCC 1CO GGT 
AL. Ser I t e l T h r ~ ' - ~ L e u ~ S e r ~ A s p  Pro Ash l i e  T h r ~ l l e  A t . ~  
160 170 180 

TTC GCG CTG ATC ~TC GGC GTG ¢TG CTG lOG GTC TCA AAA CCG GAG AGC ArC AAT AGC GCT GAG GTT ATT GAC GCC CTG GGC GCC JUIC CGT 

200 210 

CAG GCC TTC TGA ATG CGT ACC GCC GCC GAG 

G t n ~ H e t  Arg T h r ~ A L l i i G t u  

CTI TTC CGG ATG CCG CGC TTC IGG GGC TTT 
Leo Phe Ar~ NetJP~Arg , h e [ ~ G L y  ,he 

23O 

ATT ATA TAC GTG GTT GGC GTC GCC AGC GTC 
!le n l e ~ V o t  ~ ; -~ , ta  set vat 

240 

5tO 

630 

720 

~ ;  , ~  ~H TTC GAC CAG CAG TTU GCC ~U 
Tyr ~-,pVaL ~he As~ GLn G|~ Phe ALa Ash 

2S0 

i~1 ~ I  AkA GG~ iTC TTC TCC AGC CCA CAG 
Phe PhelLys G t y ~ S e r  Set Pro Gin 

260 
A r , ~ G , u l v ~  ~h, Gty l ,h ,~  

27O 

eid 

ACC GGT GGG GAA 1TA CTC AAT GCG CTG ATC ATG TIC TGC GCG CCG GCG ArT ATT AAC CGA 

28O 290 

ATT GGC GCC AAG AAT GCC CTG TTA AT1 GCC 

300 

~00 

GGG TTG ArT AIG TCA GTG CGA ATT TTA GG~ 

310 

TCG TCT TTC GCC ACC |CO GCG GYG C~ GTC ATT ATA TTA AAA ATG cro CAT ATG TTT GAG 
/ 

Ser Ser Phe ALa Thr Ser AtaiVaCl~Lu Va~|Lel]te Lea L~lMetlLeu_. , i , , e t  p,e ol. I. 
320 330 

qgO 

ArC CCG TTC CTG CTG GTC GGC ACC TTT AAA 
ILelPro Phe Leu Leu Val Gty[ThriPhe Lys 

3~0 

1AT AIC TCC TCG GCA TTT ~O G~ I~A 

l y r  I 1 e l S e r ~ A t a ~ - ~ L y $  G|y Lys 
CTC 1CG GCG ACG CTG TIC CTG ATC GGC lIT AAT 
L~u]S,' .La lhrlL~ ~ e [ ~ t t e  aty[~'~.s, 
350 360 

1080 

TTA TUG A~G CAD CTT ¥CA AGC GTG GTG CTC TCG GCG TGG GTA GGA CGG ATG TAT GAC 
Lea Ser tys Gtn L ~ S e r  Set Vat Vet L e u l . ~ A l e  Trp Jnt ~ A r g ~ A s p  

37O 

GGC TGT ATC ACC C|G AGC TTT ACC GTT ATT ICG CTG TTT ACC CTG AJU~ GGC AG~ 

[ ] C y s  ILe , h r [ ] S e r ~ - ~ - - - - - - ~ V a | ~ L e ~ i , h e  Thr L e u J L y s [ ] S e r  Lys 
40O 

ACC GTC GGC TTC CAT CAP- GCT TAT CTG ATC CTG 1170 

Thr V e L ~ l t i s  GtnlAto ,y r  LeullteF~ 
380 3qO 

ACG CI6 r-TG CCG GCC ACG GCA TAA ACA CAt GGC 1260 

lh r [ [ -~Leu  Pro Ata lhr  Ate Er~ /AQ Worn e a t  

410 

CGC CGG AJ~ GCC TCC CTC 1278 
tme ttw as, oat eel ate 

Fi 8. 5. Nucleotide seque,ce of the coding strand of the K lebsiella lacY gene. Inferred amino acid sequence is given below the 
nu,.:leotide sequence. Nucleotide numbering is given at the end of each line: amino acid numbering is below the llne. The boxed 
amino acids are those identical to the E. coli sequence. The Klebsiella protein contains five more amino acids at the N.terminal end 

and thus the numbcrin 8 of the corresponding E, ¢oli sequence is five less than the Ktebsiella numberin$. 
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the 13 mutations listed in Table IV is g!ycine-24 
(corresponding to position 29 of the Klebsiella 
sequence). Overath et al. [34] found that when 
gIycine-24 was replaced by glutamic acid or by 
arginine, transport was abolished, although sugar 
binding remained intact. The Klebsiella carder 
shows a serine at this position. It is possible that it 

is the charge of the amino acid substitution at 
position 24 of E. coil that disrupts function in the 
two mutants mentioned above and that a variety 
of neutral amino acids could be tolerated. 

Recently an interesting hypothesis concerning 
the biology of the lactose operon has been pub- 
~hed by Boos [36]. He suggests that lactose is a 
relatively unimportant substrate in the life of E. 
coil (and perhaps other organisms). Other 
galactosides, however, are liberated in large quan- 
tities by the digestion of plant material. Plant 
membranes possess galactolipids which yield 
galactosylglycerol. This and other galactosides may 
contribute the major substrates in nature for the 
gene products of the lactose operon. If the 'natu- 
ral' substrate for this carrier is not lactose but 
other galactosides, then Klebsiella may not be at 
such a disadvantage in nature as one mi~t sup- 
pose from its poor affinity for lactose. 
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