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ABSTRACT: Asp237 (helix VII) and Lys358 (helix XlI) form a salt bridge in the lactose permease, and
neutral replacement of either residue inactivates. Remarkably, noncovalent neutralization of the unpaired
Asp or Lys residue, respectively, wittralkylsulfonates om-alkylamines of appropriate size restores
active transport to high levels in the mutants. Saturation with respect to the concentration of the alkylamines
and different size preferences suggest that the alkylamines bind sterically at position 358. Rescue of
Asp237—Ala by alkylsulfonates is apparently more indiscriminate, since methane-, ethane-, or propane-
sulfonate have comparable effects. Sodium and chloride, respectively, are also effective in rescuing the
Lys358—Ala and Asp237-Ala mutants, while various other compounds are ineffective. In marked contrast

to Asp237—-Ala or Lys358—Ala permease, alkylsulfonates or alkylamines have no effect whatsoever on
the activity of mutants with neutral replacements for Asp240, Glu269, Arg302, Lys319, His322, or Glu325.
The results support the conclusion that neutral replacement of one member of the charge pair between
Asp237 and Lys358 leads to inactivation because of an unpaired charge in the low dielectric of the
membrane. In addition, the findings are consistent with the idea that interactions between Arg302 and
Glu325, His 322 and Glu269, and Asp240 and Lys319 play important roles in the mechanism of the
permease, which is not the case for either Asp237 or Lys358 or the salt bridge between the two residues.

Noncovalent chemical rescue (i.e., restoration of the
activity of mutant enzymes by exogenous organic compounds
that mimic the side chain of an active-site residue) was
demonstrated originally for the inactive K258&utant of
Escherichia colaspartate aminotransferase by use of primary
amines (Toney & Kirch, 1989, 1992). Subsequent demon-
strations of chemical rescue with primary amines include -
reactivation of Lys191 (Smith & Hartman, 1991) and Lys329 g
mutants in ribulose-bisphosphate carboxylase/oxygenase
(Harpel & Hartman, 1994), a Lys296 mutant in rhodopsin
(Zhukovsky et al., 1991), and a Lys80 mutant in leucine
dehydrogenase (Sekimoto et al., 1993). In addition, a Tyr14
mutant inA%-3-ketosteroid isomerase can be reactivated with
exogenous phenols (Brooks & Benisek, 1992), and an
Arg127 mutant in carboxypeptidase A has been rescued WithFIGURE 1: Helical wheel model of helices \WHiXI of lac permease
alkylguanidines (Phillips et al., 1992). showing'the relationship between Asp237 (helix VII)pand Lys358

In the present paper, we describe chemical rescue of(helix XI), between Asp240 (helix VII) and Lys319 (helix X),
mutants that disrupt the charge pair between Asp237 (helix 2\‘?“%’8‘25” (S;Hfﬁ?()(hae#g \(/slllllj)sggd (hHeiTi§<2>2()(heTli;1(eX2r’1 ggg '?g:v‘;ﬁzn
Vi) a_nd Ly5358_(hellx X|) in the lactose (Ia%:)_)ermease of arrgangement of the helices in the C-terminal half of the permease
E. coli, a polytopic membrane transport protein that catalyzes js according to Jung et al. [1993; see He et al. (1995a,b) and Wu

the coupled stoichiometric translocation offajalactoside et al. (1995) in addition]. Helices are viewed from the periplasmic
surface of the membrane.

* Address correspondence to this author at HHMI/UCLA 6-720 ) ]
MacDonald Research Labs, Box 951662, Los Angeles, CA 90095-1662.and a H [reviewed in Kaback et al. (1994) and Kaback

Telephone: (310) 206-5053. Telefax: (310) 206-8623. E-mail: ; ;
RonaldK@HHMI.UCLA edu. (1996)]. Interaction between Asp237 and Lys358 (Figure

® Abstract published ifAdvance ACS Abstract€ctober 1, 1996. 1) was demonstrated initially by King et al. (1991) on the
! For designation of mutants, the first letter denotes the amino acid basis of second-site suppressor analysis. Permease mutants

present in the wild-type protein at the numbered position, and the final |, : :
letter denotes the amino acid present at the corresponding position inWIth Thr in place of Lys358 or Asn in place of Asp237 are

the mutant protein. defective in lactose transport, and second-site suppressor

pei rﬁgg;gvmgniidé%%-idmocftges? rgsji'gszsp‘fg{‘gafsépfo;l;ﬁ%?g' lac mutations of K358T exhibit neutral amino acid substitutions
galactopyranoside; KPpotassium phospha7te; PMlS, phenazine metho- for Asp237 (Asn, Gly, or Tyr), while suppressors of D237N

sulfate. exhibit GIn in place of Lys358. Subsequently, as part of an
S0006-2960(96)01453-5 CCC: $12.00 © 1996 American Chemical Society
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FIGURE 2: Lactose transport bl. coli T184 expressing D237A, K358A, or wild-type permease in the absence (open symbols) or presence
of 0.5 M propanesulfonate or 0.5 M propylamine (closed symbols). Cells were grown°&t, 3hd aliquots of cell suspensions (80
containing approximately 3ag of protein) in 100 mM KP(pH 7.5)/10 mM MgSQ were assayed as described under Materials and
Methods. (A) Time courses of lactose transport by T184 transformed with plasmid pT7-5 (vector vditlYrgene) in the absence.)

or presence of 0.5 M propanesulfonasd or pT7-5 encoding D237A permease in the absemeo( presence of 0.5 M propanesulfonate

(m). (B) Time courses of lactose transport by T184 transformed with plasmid pT7-5 in the abag¢meeg(esence of 0.5 M propylamine

(a) or pT7-5 encoding K358A permease in the absegeof presence of 0.5 M propylamin®). (C) Time courses of lactose transport

by T184 transformed with plasmid pT7-&) or pT7-5 encoding wild-type lac permease in the absedeedr presence of 0.5 M
propanesulfonate®) or 0.5 M propylamine @).

extensive Cys-scanning mutagenesis study [reviewed inAll other compounds were reagent grade and obtained from
Kaback et al. (1994) and Kaback (1996)] on a functional commercial sources.

permease mutant devoid of Cys residues (C-less permease), Bacterial Strains and Plasmids E. coli T184
intramembrane charged residues were systematically replacefllacitO™Z-Y~(A), rspL, met, thr~, recA hsdM hsdR/F,

with Cys (Sahin-Tth et al., 1992). Individual replacement lacl9O*ZP8(Y*tA™")] (Teather et al., 1980) harboring plasmid
of Asp237 or Lys358 in C-less permease with Cys or Ala pT7-5/acY with given mutations was used for expression
abolishes active lactose transport, while simultaneous re-of lac permease from tHacZ promoter/operator by induction
placement of both residues with Cys and/or Ala or reversal with isopropyl 1-thiog,p-galactopyranoside (IPTG). Con-
of the residues leads to active permease. Remarkably, mutanstruction and verification of mutants, D237A, D237K,
D237C is restored to full activity by carboxymethylation K358A, K358D, D240A, K319A, E269C (Sahin-Tloet al.,
(Dunten et al., 1993), which reintroduces a negative charge1992), H322N (Puttner et al., 1986), R302L (Menick et al.,
at position 237, and mutant K358C is restored to full activity 1987), and E325A (Carrasco et al., 1986) have been
by treatment with ethylammonium methanethiosulfonate, described previously.

which reintroduces a positive charge at position 358 (Sahin-  Growth of Bacteria E. coli T184 (acZ lacY") trans-
Toth & Kaback, 1993). Taken together, the findings clearly formed with each plasmid was grown aerobically at°g7
suggest that Asp237 and Lys358 neutralize each other via ain Luria—Bertani medium containing appropriate antibiotics.
salt bridge. Other observations indicate that although the Fully grown cultures were diluted 10-fold and allowed to
salt bridge is not involved in activity, it plays an important grow for another 2 h before induction with 0.5 mM IPTG.
role in the insertion of the permease into the membrane After further growth for 2 h at 37C, cells were harvested
(Dunten et al., 1993). Finally, by using engineered divalent and used for transport assays or preparation of membranes.
metal-binding sitest{is-His residues), He et al. (1995a) have Transport Assay Cells were washed with 100 mM
demonstrated directly that position 237 is in close proximity potassium phosphate (KPpH 7.5)/10 mM MgSQ and

to position 358. adjusted to an optical density of 10.0 at 420 nm (ap-
As shown here, the inactive permease mutants D237A or proximately 0.7 mg of protein/mL). Transport of HC]-
K358A can be rescued hyalkylsulfonates on-alkylamines, lactose (2.5 mCi/mmol; 1 mCi< 37 MBQq) at a final

respectively. Rescue is also observed with chloride or concentration of 0.4 mM was assayed in the presence of 20
sodium, respectively, but a number of other charged com- mM potassium ascorbate and 0.2 mM phenazine metho-
pounds fail to restore activity. The results support the sulfate (PMS), by rapid filtration (Sahin‘Tlo & Kaback,
conclusion that neutral replacement of either Asp237 or 1993).

Lys358 leads to inactivation due to the presence of an

unpaired charge within the membrane and are consistent withRESULTS

the hypothesis that positions 237 and 358 are in an amphi- Asp237 and Lys358 Mutants(A) Rescue of D237A

pathic environment. Permease with n-AlkylsulfonatesD237A permease is
MATERIALS AND METHODS severely defective with respect to active lactose transport,
exhibiting a rate that is only marginally higher than that
Materials [1-'*C]Lactose was purchased from Amersham, observed with plasmid containing tacY insert (Figure 2A,
Arlington Heights, IL. n-Alkylsulfonates (sodium salts) and  Sahin-Tdh et al., 1992; Dunten et al., 1993). Strikingly, in
n-alkylamines (hydrochloride salts) were purchased from the presence of 0.5 M propanesulfonate, D237A permease
Sigma or Aldrich at the highest purity available $8%). transports lactose at a highly significant rate [ca. 20 nmol
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Ficure 3: Effect of n-alkylsulfonates on lactose transport by
D237A permease (A) on-alkylamines on lactose transport by
K358A permease (B). (AE. coli T184 transformed with plasmid

Biochemistry, Vol. 35, No. 41, 19963365

Table 1: Amine Rescue of Lactose Transport Activity for K358A
Permease

molecular
volumet  Kg(amine¥ Vimay?
amine K2 (A3 (mM) (nmol mg* min~?)

(none) 4.1)
methyl- 10.6 42.1 120 12.8
ethyl- 10.6 60.9 100 15.9
propyl- 10.5 79.8 80 20.0
butyl- 10.6 98.7 ND ND¢
(wild-type) (79.8

2Values from Toney and Kirsch (1989)Calculated from Line-
weaver-Burk plots of the data in Figure 3B as described by Harpel
and Hartmann (1994Y.Insufficient rescue to determine kinetic pa-

pT7-5 encoding D237A permease was grown, induced, and assayedameters¢ Difference in the average molecular volume of a lysyl

for lactose transport as described in the legend to Figure 2 and
under Materials and Methods. Initial rates of lactose uptake were
determined at 0.5 and 1 min after initiation of the transport reaction,
in the presence of the given final concentrations of methanesulfonate
(O), ethanesulfonate®), propanesulfonated), or butanesulfonate
(m). (B) E. coli T184 transformed with plasmid pT7-5 encoding
K358A permease was grown, induced, and assayed for initial rates
of active lactose transport as in (A), in the presence of given final
concentrations of methylamin®j, ethylamine @), propylamine

(O), or butylamine W).

(mg of proteiny! min~ to a significant steady-state level
of accumulation [30 nmol (mg of proteir) (10 min)],
while very little transport is observed in the absence of the
alkylsulfonate (Figure 2A). With respect to the initial rate
of transport, activity is about 30% or 20% of that observed
with C-less or wild-type lac permease, respectively. How-
ever, it should be emphasized that disruption of the salt
bridge between Asp237 and Lys358 causes marked reductio
in the amount of permease in the membrane (i.e; 36

of wild-type). Thus, the specific activity of the D237A
mutant in the presence of 0.5 M propanesulfonate is probably
close to that of wild-type permease. In contrast to D237A
permease, 0.5 M propanesulfonate causes mild inhibition of
activity with C-less or wild-type permease (Figure 2C and

relative to alanyl side chain (Clothia, 1975).
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Ficure 4: Dependence of chemical rescue of K358A permease
on the molecular volume of thealkylamine. Data are from Figure

70

30 90

r?B and Table 1.

linearly with the molecular volume of the-alkylamine
(Figure 4). Optimal rescue is observed with propylamine
which has the closest fit to the difference in molecular
volume between Lys and Ala (79.8*ATable 1).

(C) Effect of Other lons The possibility that rescue

data not shown). Analysis of the effect of methane-, ethane-, "eflects ionic strength effects was examined by testing of a
propane-, or butanesulfonate over concentrations ranginghumber of other salts. With D237A permease, no effect is

from 0.005 M to 0.5 M shows that activity is restored in all found with sodium phosphate or glutamate; however, rescue

fonates exhibit saturation behavior (Figure 3A). D237A
permease exhibits comparable appar€g for the alkyl-
sulfonates (176200 mM) and similaVmas [30—35 nmol
(mg of proteiny* min™.

(B) Rescue of K358A Permease with n-Alkylamines
K358A permease also exhibits a low rate of transport
(compare Figure 2B and Figure 2C) and is inserted into the
membrane poorly [see Dunten et al. (1993) in addition]. In
the presence of 0.5 M propylamine, the activity of K358A
permease is increased at least 4-fold, attaining a rate-of 15
20 nmol (mg of protein) min~! (Figure 2B). Under the
same conditions, 0.5 M propylamine has little effect on the
initial transport rate of C-less or wild-type permease (Figure
2C; data not shown). Analysis of the effect of alkylamines
at concentrations ranging from 0.005 M to 0.5 M demon-
strates that significant activity is restored by propyl-, ethyl-,
or methylamine in that order of efficacy, and saturation

is observed at 0:20.4 M (Figure 5A). Similarly, in the case
of K358A permease, no effect of triethanolamine or lysine
hydrochloride is observed, but lesser though significant
rescue is observed with sodium chloride (Figure 5B). Kinetic
analysis (Harpel & Hartman, 1994) shows that D237A has
an apparenky(Cl™) of 254 mM and &/naCl™) of 35 nmol
(mg of proteiny* min~%. Thus, CI appears to have an effect
comparable to that of the alkylsulfonates, while K358A has
an apparenKqg(Na') of 110 mM and aVma{Na') of 12.5
nmol mg?! min~%, values that are comparable to those
observed for methylamine (Table 1). No sodium chloride
effect is observed with wild-type permease under the same
conditions (data not shown), while tetraphenylbordf.5
mM — 0.1 M) or tetraphenylphosphoniunf0.5 mM — 0.02

M) has no effect at low concentrations and inactivates at
high concentrations (Figure 5 and data not shown).

Asp240 and Lys319 MutantsAs opposed to Asp237

behavior is observed with respect to concentration (Figure Lys358, simultaneous neutral replacement of both Asp240
3B). However, no significant effect is observed with and Lys319 yields only partially active permease (Sahin-
butylamine over the same concentration range (Figure 3B). Téth et al., 1992), and reversal of the residues inactivates
Methyl-, ethyl-, or propylamine have virtually identicakp (Dunten et al., 1993). Moreover, D240E permease is
values (Table 1), and stimulation of transport correlates inactive, carboxymethylation of D240C permease fails to
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2z 5{A sl B covalent modification. In contradistinction, disruption of the
E charge pair between Asp240 and Lys319, Glu269 and
£ ™ His322, or Arg302 and Glu325 by introduction of a neutral
g 5 104 residue does not result in chemical rescue in all likelihood
£ because these pairs of residues play important (Asp240
% 104 Lys319) or essential (Glu26%His322 and Arg302 Glu325)
S 1 roles in the transport mechanism [reviewed in Kaback et al.
8 (1994) and Kaback (1996)].
o o o o s T o o o o Neither Asp237 nor Lys35®er senor the salt bridge
Chemical (M) Chemical (M) formed between these residues is important for activity, but

FIGURE 5 (A) Effect of sodium chloriderd), sodium phosphate the interaction is important for insertion of the permease into

(O), sodium glutamatea), or sodium tetraphenylboror®) on the mgmbrane (Dunten et gl., 1993; Frillingos et al., 1995).
active lactose transport by D237A permease. (B) Effect of sodium Functional permease devoid of the charge pair is defective
chloride (), triethanolamine @), lysine hydrochloride £), or in a step between translation and insertion into the membrane,
tetraphenylphosphonium bromid®) on active lactose transport  thereby indicating that the C-terminal half of lac permease

by K358A permease. Assays were performed at pH 7.5. Al ; - e :
conditions were as described in the legend to Figure 3. Tetra- (helices VIFEXI; Figure 1) is inserted postiranslationally

phenylboron or tetraphenylphosphoniumcannot be tested at (Dunten et al., 1993; FriIIingos etal., 199_5). The possibillity
concentrations above 100 mM or 20 mM, respectively, as they that Asp237 and Lys358 interact transiently as a folding
completely inhibit transport by wild-type lac permease at these intermediate during insertion into the membrane but are not
concentrations; however, no stimulation is observed at concentra-in close proximity in the mature, folded state is unlikely, as
tions of 0.5 mM which do not inhibit transport by wild-type  .pemical modification of Cys residues introduced at these
permease (not shown). o . . .

positions with appropriately charged thiol reagents restores

increase activity (Sahin-To et al., 1992; Sahin-h & activity (Dunten et al., 1993; Sahin-ffro& Kaback, 1993).

Kaback, 1993), and replacement of both Asp240 and Lys319Moreover, replacement of both Asp237 and Lys358 with His
with His does not generate a divalent metal binding site (He reSidues generates a divalent metal binding site (He et al.,
etal., 1995a). Thus, Asp240 and Lys319 appear to interact19998)- As shown here, D237A or K358A permease,
over a longer distance. Neither D240A nor K319A permease 'eSPectively, is rescued by alkylsulfonates or alkylamines

is rescued by alkylsulfonates or alkylamines, respectively, after insertion into the membrane, even though expression
at concentrations ranging from 0.01 to 0.5 M (data not '€Vels are low (Dunten et al., 1993). As such, the observa-
shown). tions support the contention that positions 237 and 358

GIU269, His332, Arg302, and Glu325 Mutantiis clear ~ 'Main in close proximity even when the charge pair is
o . disrupted. Attempts to repair the insertion deféttivo
from both site-directed excimer fluorescence (Jung et al.,

i ) o - " by inclusion of alkylsulfonates or alkylamines in the culture
1993) and the use of engineered divalent metal binding sites . S .
(i.e., bis-His residues; He et al., 1995a,b) that Glu269 is medium during induction of D237A or K358A permease,

paired with His322 and Arg302 is paired with Glu32s. respec’ltively, were negative (S. Frillingos and H. R. Kaback,
However, unlike the Asp237Lys358 and Asp248Lys319 un'll?rl;lg Iclesfzceicjalr?ltfl tec‘))f. rescue with D237A or K358A permease
pairs, double neutral replacement of Glu269 and His322 or . highlv si .f.y ) h th P

Arg302 and Glu325 does not lead to functional permease is highly significant and varies with the compounds tested

. . (Figures 2-5). Importantly, rates of transport are restored
(Sahin Tmh etal., 1992), gnd th(_ese four residues are the only 10 about 35% or 20% of the wild-type for D237A or K358A
known irreplaceable residues in the permease with respect

to active lactose transport [see Kaback et al. (1994) and permease, respectively, which reflects almost complete

Kaback (1996)]. Consistently, mutants E26§C R302L ecovery of activity if the amounts of the mutant proteins in
. 1 ) ’ H iR H 0

H322N, or E325A exhibit no stimulation whatsoever by the the membrane relative to the wild-type (i.e.,~18D%) are

appropriate alkylsulfonates or alkylamines at concentrations f:a:)kr?gk;rt];?j E\;\(;li(t:r? l:r?é S?/ZvétZfﬁﬁgé?mﬁ’ﬁg?gfﬁérifc:ﬁ dISOCItienE"ll:)l/
ranging from 0.01 to 0.5 M (data not shown). 9 ' P

reactivation is achieved with propylamine which restores
DISCUSSION completely both the mass and charge difference between the
lysyl and alanyl side chains (Table 1), while butylamine fails
Lac permease with neutral amino acid replacements for to restore activity. Noncovalent rescue of D237A permease
Asp237 (helix VII) or Lys358 (XI) exhibits low activity  appears to be more flexible, since all for sulfonates used, as
presumably because disruption of the charge pair betweerwell as chloride, restore transport activity, and there is no
these residues leaves an uncompensated charge in the loworrelation between the efficiency of rescue and the size of
dielectric of the membrane that is energetically unfavorable the alkylsulfonate. Interestingly, an analogous observation
(Honig & Hubbell, 1984). Consistently, compensation of has been made in covalent modification studies (Sahth-To
the unpaired residue by genetic manipulation or genetic & Kaback, 1993), where derivatization of Cys237 in mutants
manipulation combined with chemical modification leads to D237C or D237C/K358R leads to fully functional permease
almost complete recovery of activity (King et a., 1991; Sahin- molecules with an overall increase of 2, 3, 4, or 5 bond
Toth et al., 1992; Dunten et al., 1993; Sahifiti & Kaback, lengths between the original Asp and Lys residues at
1993; He et al., 1995a). Strikingly, as demonstrated here, positions 237 and 358, respectively.
exogenous compounds that mimic the missing charged side Finally, it is noteworthy that chloride and sodium, as well
chain in mutants D237A or K358A also restore activity, as alkylsulfonates and alkylamines, respectively, are able to
thereby demonstrating that neutralization of the unpaired rescue mutants D237A and K358A. The observations are
charge within the membrane can be accomplished without consistent with the placement of positions 237 and 358 in
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an amphipathic environment (Ujwal et al., 1995) and with

Biochemistry, Vol. 35, No. 41, 19963367

W. N., & Kaback, H. R., Eds.) Elsevier, Amsterdam (in press).

the observation that the double mutant D237H/K358H binds Kaback, H. R., Frillingos, S., Jung, H., Jung, K., Pri@ G., Ujwal,

manganese with a micromol#y and a K, of about 6.3
(He et al., 1995a).
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