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ABSTRACT. Binding of a- andf-p-galactopyranosides with different hydrophobic aglycons was compared
using substrate protection agaiiétethylmaleimide alkylation of single-Cys148 lactose permease. As
demonstrated previously, methyl- or allyl-substituted-galactopyranosides exhibit a 60-fold increase

in binding affinity (Kp = 0.5 mM), relative to galactos&{ = 30 mM), while methy|3-p-galactopyranoside

binds only 3-fold better. In the present study, galactopyranosides with cyclohexyl or phenyl substitutions,
both in a and f anomeric configurations, were synthesized. Surprisingly, relative to metipA
galactopyranoside, binding of cyclohexy-p-galactopyranoside to lactose permease is essentially
unchangedip = 0.4 mM), and phenyi-p-galactopyranoside exhibits only a modest increase in binding
affinity (Kp = 0.15 mM). Nitro- or methyl-substituted pherydp-galactopyranosides bind with significantly
higher affinities Kp = 0.014-0.067 mM), and the strongest binding is observed with analogues containing
para substituents. In contrast;galactopyranosides with a variety of large hydrophobic substituents
(isopropyl, cyclohexyl, phenyl- or p-nitrophenyl) ins anomeric configuration exhibit uniformly weak
binding Kp = 1.0—-2.3 mM). The results confirm and extend previous observations that hydrophobic
aglycons ob-galactopyranosides increase binding affinity, with a clear predilection towatbstituted
sugars. In addition, the data suggest that the primary interaction between the permease and hydrophobic
aglycons is directed toward the carbon atom bonded to the anomeric oxygen. The different positioning of
this carbon atom ia- or 5-p-galactopyranosides thus may provide a rationale for the characteristic binding
preference of the permease ranomers.

The lactose permease (lac permeaséfEscherichia coli smallest specific transport substrate, while glucose or glu-
catalyzes the coupled stoichiometric translocation of lactose cosides are not recognized or transport2d®). A recent
or other p-galactopyranosides and "H This polytopic  study examined the binding of 31 structural analogues of
membrane protein contains 12 hydrophobic, membrane-p-galactose to single-Cys148 permease by site-dirdddd
spanning helices and is a representative of secondary aCtiVa“C]ethylmaleimide *CINEM) labeling of Cys148 which
transport proteins that transduce free energy stored injs protected by substrat&)( p-Galactose blocks alkylation
electrochemical ion gradients into work in the form of a ¢ Cys148 with a low affinity of approximately 30 mM.

concentration gradient. Application of a variety of biochemi- Epimers ob-galactose at C-tgulose) and C-de{-glucose)
cal, spectroscopic, and immunological techniques to an exhibit no binding whatsoever, while the C-2 epimer (

extensive library of site-directed mutants has allowed the talose) binds almost as well asgalactose. No substrate

formulation of a helix-packing model that includes tilts. In Lo . o
addition, experimental observations from structural and protection is obS(_ar_ved with deoxy derivatives at C2 C-3,
C-4, or C-6 positions. Due to the very low affinity of

extensive mutational analysis have led to a proposed mech- . .
anism for lactose/H symport (reviewed in ret). p-galactose, the reference compound in these studies,

Ligand binding to the permease requirescanor 5-ga- guantitative determingtion of binding a}fﬁnities forthe dgoxy
lactopyranosy! ring of the-series, and-galactose is the ~ Sugars was not feasible, and the individual contribution of
the different galactosyl hydroxyls to binding could not be
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significant substrate protection is afforded by analogues with was stirred overnight at room temperature, washed with ice-

methoxy (CHO—) substitutions, with the exception of the

cold saturated NaHC) and extracted with CHGI The

C-2 methoxy analogue that binds almost normally. Taken combined organic layers were washed with water, dried over

together, the findings indicate that binding mgalactopy-

anhydrous MgSQ) and concentrated to a yellow oil. The

ranosides to the permease is governed by H-bond interactionsesidue was purified by flash column chromatography with
at C-2, C-3, C-4, and C-6 OH groups. Furthermore, the C-4 hexanes EtOAc (2:1, v/v). The first fraction yielded the

hydroxyl is the major determinant for ligand binding,

anomer L0) (0.38 g, 35%) as a colorless solidH NMR

suggesting that sugar recognition in lactose permease mayCDCl;, 400 MHz) 6 5.45 (br d,J;3 = 3.0 Hz, 1H, H-4),
have evolved to discriminate primarily between gluco- and 5.35 (dd,J,3 = 10.8 Hz,J,; = 3.5 Hz, 1H, H-2), 5.25 (d,

galactopyranosides.

J1’2 =35 HZ, 1H, H-l), 5.05 (degyz =10.8 HZ J3’4 =37

One notable observation from these studies is the dramaticHz, 1H, H-3), 4.32 (br tJsea = Js6p = 6.5 Hz, 1H, H-5),

difference between the affinities of methg and S-p-
galactopyranosides. Methyl or allg-p-galactopyanosides
exhibit a 60-fold increase in binding affinit)kKt = 0.5 mM)
relative tob-galactose, while methyl-p-galactopyranoside
binds only 3 times better than galactoSg Thus, while both
anomers bind better thamgalactose, methyb-p-galacto-
pyranoside has a 20-fold greater affinity th@rin the present

4.06 (dd,Jsaeb= 11.2 Hz,Jsa5= 6.4 Hz, 1H, H-6a), 4.11
(dd, Jebsa= 11.2 Hz,Jsp5 = 7.0 Hz, 1H, H-6b), 3.54 (m,
1H, cyclohexyl H-1), 2.13 (s, 3H), 2.06 (s, 3H), 2.03 (s, 3H),
and 1.99 (s, 3H) (4xOAc),1.891.26 (m, 10H, cyclohexyl
5x CHz)

The second fraction yielded th®anomer 10) (0.07 g,
6.4%) as a colorless solictH NMR (CDCls, 400 MHz) &

study, a systematic investigation was undertaken to identify 5.38 (br d,Js3 = 3.0 Hz, 1H, H-4), 5.19 (ddJ,3 = 10.5
the physicochemical features of hydrophobic aglycons that Hz, J.1= 7.9 Hz, 1H, H-2), 5.01 (dd}; 2= 10.5 Hz J 4=

determine binding affinity to the permease.

EXPERIMENTAL PROCEDURES
Materials. N([1-*“C]Ethyl)maleimide (40 mCi/mmol, in

3.4 Hz, 1H, H-3), 4.54 (d}), .= 7.9 Hz, 1H, H-1), 4.20 (dd,
Jsaeb= 11.2 Hz,Jsa5= 6.4 Hz, 1H, H-6a), 4.09 (ddlep 6a
=11.1 Hz,Jsp5= 7.2 Hz, 1H, H-6b), 3.88 (br tls sa= Js 6

= 6.5 Hz, 1H, H-5), 3.60 (m, 1H, cyclohexyl H-1), 2.14 (s,
3H), 2.05 (s, 3H), 2.04 (s, 3H), and 1.98 (s, 3H) (4xOAc),

pentane) was purchased from DuPont NEN (Boston, MA). | gg 1 27 (m, 10H, cyclohexyl, 5 CH.,).

Water (0.5 mL) was added, and the pentane phase was

evaporated under argon. The aqueotfCJNEM stock
solution (2.5 mM concentration) was stored -a80 °C.
Immobilized monomeric avidin (ImmunoPure) was from

Synthesis of Phenyl Tetra-O-acety}5-p-galactopyrano-
sides.Glycosylation of pent@-acetyl{3-p-galactopyranose
with phenol was carried out in a similar manner. The
products were purified by flash column chromatography with

Pierce (Rockford, IL). Unless stated otherwise, sugars werep o, 2 nas EtOAC (2:1, vIv). The first fraction yielded the

obtained from Sigma (St. Louis, MO). Reaction solventCH
Cl, was distilled from Call Anhydrous MeOH was pur-

anomer {1) in 36% vyield as a coloress soliddtH NMR
(CDC'g, 400 MHZ)(S 7.30 (br t,ngz (5,6)— J3,4 (5,4)= 8.0 HZ,

chased from Aldrich (St. Louis, MO). Other solvents and 2H, aromatic H-3 and H-5), 7.687.00 (m, 3H, aromatic
reagents used for the synthesis of galactopyranosides wergy_ 5 H_4 and H-6), 5.77 (br d143= 3.5 Hz. 1H i_|_4) 5.65

ACS-grade. Flash column chromatograpt®) (vas per-
formed on 32-63 um silica gel, purchased from Bodman
(Aston, PA).

General Methods!H NMR spectra were recorded on a
Bruker instrument at either 400 or 500 MHz al¥€ NMR

(dd, Jo3= 10.8 Hz,J,1 = 3.4 Hz, 1H, H-2), 5.53 (br dJ;»
= 2.5 Hz, 1H, H-1), 5.26 (dd}s » = 10.8 Hz J;4 = 3.6 Hz,
1H, H-3), 4.35 (br tJsea= Js.eo= 6.5 Hz, 1H, H-5), 4.13
(dd, Jeagp = 11.2 Hz,Jsas = 6.2 Hz, 1H, H-6a), 4.07 (dd,
Jobsa= 11.2 Hz,Jeps = 7.1 Hz, 1H, H-6b), 2.17 (s, 3H),

spectra were recorded at either 100 or 125 MHz, as reference g7 (s, 3H), 2.03 (s, 3H), 1.94 (s, 3H) (4XOA&C NMR

to residual signals of CDg(6 7.26 for'H, 6 77.0 for'3C),
MeOH-d; (0 49.0 for 13C), and RO (6 4.79 for H).
Chemical shifts are given in parts per milliod) ( Multiplici-
ties are indicated by s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), or br (broadened). Coupling con-
stants,J, are reported in Hertz (Hz). TLC was performed on

(CDCls, 100 MHz)6 170.6 (2C), 170.2 (2C), 156.4, 129.8,
129.2, 123.1, 116.9 (2C), 95.9, 68.0, 67.9, 67.7, 67.3, 61.6,
20.9, 20.8, 20.8, 20.7.

The second fraction yielded th® anomer 12) in 24%
yield as a colorless solid*H NMR (CDCl;, 400 MHz) 6
7.30 (br t,J3 2 (5,6)= J3.4 (5,4)= 8.0 Hz, 2H, aromatic H-3 and

Bodman silica plates (precoated on plastic sheets, 0.20 MMy_5y '7.07 (br t,Js3 = Jis = 7.5 Hz, 1H, aromatic H-4),

thickness). Spots were visualized with orcinol and/or vanillin
stain.

7.00 (br d,d23 65 = 8.0 Hz, 2H, aromatic H-2 and H-6),
5.49 (dd,J.3 = 10.4 Hz,J,1 = 8.0 Hz, 1H, H-2), 5.46 (br

Synthesis of Cyclohexyl, Phenyl, and 4-Methylphenyl d, J,; = 3.0 Hz, 1H, H-4), 5.10 (dd}s», = 10.4 Hz J4=

p-GalactopyranosidesThese galactopyranosides were pre-
pared by SnGlcatalyzed glycosylatior8] of penta©-acetyl-
pB-D-galactopyranose9] with the corresponding alcohol,
followed by Zempla de-O-acetylation.

Synthesis of Cyclohexyl Tetfacetylo/-D-galactopy-
ranosidesA 1 M solution of SnC}in dry CHCl, (2.56 mL,
2.56 mmol) was added to a stirred solution of pedtacetyl-
[-p-galactopyranose (1.0 g, 2.56 mmol) in dry &Hp (20
mL) at room temperature under argon. After 10 min, the
reaction mixture was cooled to @ in an ice bath, and

3.4 Hz, 1H, H-3), 5.04 (d},»= 8.0 Hz, 1H, H-1), 4.24 (dd,
JGa,6b: 11.3 HZ,\]ea,sz 7.0 HZ, 1H, 6a), 4.14 (dd]ﬁbyﬁaz
11.3 HZ,Jeb,5= 6.3 Hz, 1H, H-Gb), 4.06 (br ﬂsyeaz J5,6b=
6.5 Hz, 1H, H-5), 2.18 (s, 3H), 2.07 (s, 3H), 2.06 (s, 3H),
2.01 (s, 3H) (4xOACc)C NMR (CDCk, 100 MHz)6 170.5,
170.4, 170.3, 169.5, 157.1, 129.7 (2C), 123.4, 117.1 (2C),
990.8, 71.1, 71.0, 68.8, 67.0, 61.5, 20.9, 20.8, 20.8, 20.7.
Synthesis of 4-Methylphenyl Tet@aacetylo-p-galacto-
pyranosides Glycosylation of pent&®-acetylf-p-galacto-
pyranose wittp-cresol was carried out similarly. The product

cyclohexanol (0.6 mL, 5.62 mmol) was added. The solution was purified by flash column chromatography with hexanes
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EtOAc (4:1, v/v) to yield thex anomer 9) in 27% vyield as

a colorless solid:*H NMR (CDClz, 500 MHz)¢6 7.07 (br d,

J = 8.5 Hz, 2H) and 6.93 (br dJ = 8.5 Hz, 2H) (4 x
aromatic H), 5.70 (br dJs3 = 3.5 Hz, 1H, H-4), 5.55 (dd,
J2‘3 10.8 HZ,Jzyl = 3.4 Hz, 1H, H-2), 551 (br dJl,Z =25
Hz, 1H, H-1), 5.25 (ddJ; > = 10.8 Hz J;4 = 3.5 Hz, 1H,
H-3), 4.35 (br t,Js6a = Js 6o = 6.5 Hz, 1H, H-5), 4.11(dd,
Jeaeb= 11.2 Hz,Jsa5= 6.2 Hz, 1H, H-6a), 4.05 (ddlsa6b

= 11.3 Hz,Jsp5 = 7.1 Hz, 1 Hz, H-6b), 2.28 (s, 3H, Me),
2.15 (s, 3H), 2.09 (s, 3H), 2.00 (s, 3H), 1.93 (s, 3H) (4xOACc).
13C NMR (CDC, 125 MHz)6 170.5, 170.4, 170.3, 170.2,
154.3, 132.6, 130.2 (2C), 116.8 (2C), 95.3, 68.1 (2C), 68.0,
67.1 (2C), 61.2, 20.9, 20.8, 20.8, 20.7.

Synthesis of Cyclohexyl-p-GalactopyranosideCyclo-
hexyl tetraO-acetyla-p-galactopyranoside (103 mg, 0.24
mmol) was treated with 0.01M NaOMe in anhydrous MeOH
(5 mL) in an ice bath overnight. The reaction mixture was
neutralized with Amberlite IR-120 (H resin. The resin was
removed by filtration and the filtrate concentrated in vacuo
to yield the title compound (59 mg, 94%) as a colorless
solid: *H NMR (D;0, 500 MHz)¢ 5.08 (d,J1 > = 3.9 Hz,
1H, H-1), 4.00 (br tJssa= Jsp = 6.5 Hz, 1H, H-5), 3.95
(brd,Js3= 3.0 Hz, 1H, H-4), 3.83 (dd}; 2, = 10.3 Hz,J34
= 3.3 Hz, 1H, H-3), 3.77 (dd]gvgz 10.3 HZ,\]z,lz 3.9 Hz,
1H, H-2), 3.71 (br dJ = 6.0 Hz, 2H, H-6a and H-6b), 3.58
3.68 (m, 1H, cyclohexyl H-1), 1.941.14 (m, 10H, cyclo-
hexyl 5 x CH,). ¥*C NMR (MeOH-d,, 100 MHz) 6 97.5,
77.6,77.8,70.5,70.3,69.3, 62.1, 34.0, 32.0, 26.1, 25.0, 24.8.

Synthesis of Cyclohexyld-p-GalactopyranosideDe-O-
acetylation of cyclohexyl tetr®-acetyl{3-p-galactopyrano-
side in a similar manner yielded the title compou@)(in
80% vyield as a colorless soliddH NMR (D0, 400 MHz)

0 4.50 (d,J; = 8.0 Hz, 1H, H-1), 3.90 (br d]; 3= 3.0 Hz,
1H, H-4), 3.65-3.69 (m, 4H, H-5, H-6a, H-6b, and cyclo-
hexyl H-1), 3.62 (ddJs; > = 9.9 Hz J; 4= 3.5 Hz, 1H, H-3),
3.46 (dd,J; 3= 9.9 Hz,J,; = 8.0 Hz, 1H, H-2), 1.961.14
(m, 10H, cyclohexiy5 x CH,). *C NMR (MeOH-d,, 100
MHz) 6 100.7, 78.6, 74.9, 72.8, 70.7, 68.5, 60.736, 32.9,
31.3, 24.9, 23.798, 23.6.

Synthesis of Phengl-p-GalactopyranosideA similar de-
O-acetylation of phenyl tetr®-acetyla-p-galactopyranoside
yielded the title compoundL(l) in a quantitative yield as a
colorless solid:'H NMR (D,0, 400 MHz)6 7.40 (br t,J3
.6 = J34 4= 8.0 Hz, 2H, aromatic H-3 and H-5), 7.18
(br d, J23 5= 8.0 Hz, 2H, aromatic H-2 and H-6), 7.13
(br t, Js3 = Js5 = 8.0 Hz, 1H, aromatic H-4), 7.00 (7.18
(—7.14 (m, 5H 5 x aromatic H), 5.68 (d}; . = 3.8 Hz, 1H,
H-1), 4.09 (ddJ; = 10.2 Hz J; 4= 3.3 Hz, 1H, H-3), 4.06
(m, 2H, H-4 and H-5), 3.99 (dd]zvg = 10.2 Hz J2,1 = 3.8
Hz, 1H, H-2), 3.70 (br dJsa5 = Jebs = 6.1 Hz, 2H, H-6a
and H-6b).13C NMR (MeOH-d,, 100 MHz) d 157.2, 130.8
(2C), 124.0, 118.3 (2C), 98.4, 72.6, 70.483, 70.1, 69.1, 61.9.

Synthesis of Phengtp-GalactopyranosideA similar de-
O-acetylation of phenyl tetr@®-acetyl$-p-galactopyranoside
yielded the title compoundl@) in a quantitative yield as a
colorless solid:'H NMR (D,0, 400 MHz)6 7.39 (br t,J3
.6) = J34 5,49= 8.0 Hz, 2H, aromatic H-3 and H-5), 7.16
7.10 (m, 3H, aromatic H-2, H-4 and H-6), 5.07 M, =
7.4 Hz, 1H, H-1), 4.00 (br dJ,3 = 3.0 Hz, 1H, H-4), 3.86
(br t, J5’6a: J5,6b = 6.5 Hz, 1H, H-5), 3.833.74 (m, 4H,
H-2, H-3, H-6a and H-6b)}*C NMR (MeOH-d,, 100 MHz)

0 157.8, 130.8 (2C), 124.1 (2C), 117.5, 101.8, 76.4, 73.6,
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71.6, 69.5, 61.7.

Synthesis of 4-Methylphenylp-Galactopyranoside4-M-
ethylphenyl tetré®-acetylo-p-galactopyranoside was simi-
larly de-O-acetylated to yield the title compoung) (n 98%
yield as a colorless solid*H NMR (D,0, 500 MHz) d 7.21
(d, J = 8.6 Hz, 2H) and 7.08 (dJ = 8.6 Hz, 2H) (4 x
aromatic H), 5.60 (dJ.» = 3.8 Hz, 1H, H-1), 4.09-4.04
(m, 3H, H-3, H-4, H-5), 3.97 (dd)zyg = 9.8 Hz J2,1= 3.9
Hz, 1H, H-2), 3.69 (br dJBa,SZ J6b,5= 6.5 Hz, 2H, H-6a
and H-6b).2*C NMR (MeOH-d;, 125 MHz)d 155.3, 133.7,
131.1 (2C), 118.3 (2C), 98.9, 72.6, 70.6, 70.2, 69.2, 61.9,
20.6.

Growth of Cells and Preparation of Right-Side-Out (RSO)
Membrane Vesicles. E. calil84 expressing single-Cys148
permease with a biotin-acceptor domain at the C terminus
(14) were grown in Luria-Bertani broth, and RSO membrane
vesicles were prepared as described previoUusiyL3, 16).
Vesicles were suspended in 100 mM potassium phosphate
(KPy; pH 7.5) at a protein concentration of 15 mg/mL, frozen
in liquid N, and stored at80 °C until use.

[*C]NEM Labeling.Reactivity of Cys148 withf'C]NEM
in situ was determined in the absence and presence of given
sugars §, 6, 17, 18). Single-Cys148 permease which was
used for the assays contains a biotin-acceptor domain at the
C terminus and is biotinylated in vivo. RSO membrane
vesicles were pre-equilibrated in a final volume of &0
(containing 0.6 mg protein) with given sugar concentrations
for 5 min at room temperature. Labeling was initiated by
addition of 12uL of [Y“C]NEM (40 mCi/mmol) to a final
concentration of 0.5 mM, and the vesicles were incubated
for 5 min at room temperature (ca. 2&€). Reactions were
guenched by addition of 10 mM dithiothreitol (DTT, final
concentration). The vesicles were solubilized with 2%
dodecyl 5-p-maltopyranoside (DDM, final concentration),
and the samples were mixed with immobilized monomeric
avidin equilibrated with 50 mM NaFpH 7.5)/0.1 M NaCl/
0.02% DDM (w/v). After a 15 min incubation at 4C, the
resin was washed with 5 mL equilibration buffer, and
biotinylated permease was then eluted with B0 of
equilibration buffer containing 5 mM +)-biotin. After
addition of 25uL of electrophoresis sample buffer (concen-
trated 5«<), the sample was analyzed electrophoretically on
a sodium dodecyl sulfate (NaDod9{12% polyacrylamide
gel. The gel was dried and exposed to a Phospholmager
screen for 46 days. Incorporation of 'fCINEM was
visualized and quantitated by a Storm 860 Phospholmager
(Molecular Dynamics). Apparent affinity constanksj were
determined with the MicroCal Origin (Microcal Software,
Inc., Northampton, MA) computer program using nonlinear
least-squares curve fitting, as described previousii9).

RESULTS

Synthesis and Binding of Cyclohexyl and Pheayb-
GalactopyranosidesPrevious observations indicate that
hydrophobic substituents as small as a methyl group in
anomeric configuration significantly increase binding affinity
of p-galactopyranosides to lac permeaSg (To examine
whether larger hydrophobic aglycons yield sugars with better
affinities, cyclohexyl and phenyl derivatives nfgalactose
were synthesized. Binding of sugars to lac permease was
assessed by ligand-dependent protection of Cys148 against



13042 Biochemistry, Vol. 41, No. 43, 2002 Sahin-Tdh et al.

A 0 016032 08 1.6 4 8 16 B 0 0.04 0.08 0,16 0.3 0.4 0.8 1.6
- e e e L L I T I e
I_

-
L

=
)
ot
e
)

K, 0.41 mM

1 N
o

Relative labeling
Relative labeling

K, 0.15 mM

ot
)
bt
E)
L

=

=

=

-
"

0.2

ot
o
h

T

0+ T T T T T T T 0= T T T T T T T T
0 2 4 6 8 10 12 14 16 0 02 04 0,6 0.8 1 12 14 1.6
[cyclohexyl o-D-galactoside] (mM) [phenyl o-D-galactoside] (mM)

oH 9H oK OH

FiIGURE 1: Substrate protection against'{CINEM alkylation of Cys148 by cyclohexyl (A) and phenyl (B}b-galactopyranosides. RSO
membrane vesicles containing single-Cys148 permease with a biotin-acceptor domain at the C terminus were incubated in 00 mM KP
(pH 7.5) with 0.5 mM F“CINEM for 5 min in the absence or presence of the indicated concentrations of sugars. Reactions were quenched
with DTT, and biotinylated permease was solubilized and purified by affinity chromatography on monomeric avidin. Samples were separated
on a NaDodS®-12% polyacrylamide gel, anHC-labeled protein was visualized by autoradiography. IncorporatioA*6INEM was
guantitated by a Storm 860 Phospholmager, and labeling in the presence of given concentrations of sugar is expressed as % labeling
observed in the absence of sugar.

Table 1: Apparent Binding Affinities ob-Galactose and ”,0“9”, ph?nyh'D'galaCtOPYranOSide was Synth_eSized' and
Hydrophobico. and 3-p-Galactopyranosides to Lac Permease binding affinity was determinedp = 0.15 mM, Figure 1B,
Ko Table 1). The resglt.ind?cat.es thgt a phenyl ring per se confers
compound (mM) ref only a modest gain in binding affinity relative to a cyclohexyl

p-galactose 30 5 or methyl moiety.

S o 533 Binding of--Galacopyranosides with Substuted Pher.

g ) : ) . yl Rings e previously determine equilibrium dis-

g{gg;',i%ﬁ%j;%?&?fﬁég&f'de 8:‘1% m:z wg:lﬁ E:gﬂﬁg 1’; sociation constant fop-nitrophenyla-p-galactopyranoside

o-nitrophenyla-p-galactopyranoside  0.067 this work, Figure 2A  binding (0.014 mM, see Figure 3B, Table 1) is at least 10-
m-nitrophenyla-p-galactopyranoside  0.047 this work, Figure 2B fold lower than theKp for phenyl a-p-galactopyranoside,

E'mter?h@fl‘sr']‘é’gﬁ'gaég‘f;‘é{’g;;p;ﬁgl?de 8-8%8 this work, Figure 3A suggesting that substituted phenyl rings are more effective
a-naphthyla-p-galactopyranoside 0.040 this Work: not shown m, increasing binding affinity. . Indee,d’ botb- and m-
methyl 3-D-galactopyranoside 10 5 nitrophenyl a-p-galactopyranosides bind somewhat better
methyl 1-thiog-p-galactopyranoside 3.7  this work, not shown  than phenyb-p-galactopyranoside, albeit with affinitie&q
ISOr|>rcﬁpylﬂlbD-galéllctotpyraHOSldS %3 tt?]I_S Wori, 'I::'_QUfe ji = 0.067 mM and 0.047 mM, respectively) that are lower
cyclohexyls-p-galactopyranoside . is work, Figure . . .
phenylg-b-galactopyranoside 13 this work. Figure 4B than that ofp-nitrophenylo-p-galactopyranoside (Figure 2,

p-nitrophenylg-p-galactopyranoside 1.2 this work, Figure 4C  T1able 1). In contrasp-methylphenyk-p-galactopyranoside
o-nitrophenylB-p-galactopyranoside 1.5  this work, not shown  (Kp = 0.019 mM) binds almost as well @snitrophenylo-p-

galactopyranoside (Figure 3, Table 1). Finallynaphthyl

alkylation by [4CINEM. Binding affinity of cyclohexyla-p- o-D-galactopyranoside which contains a bicyclic aromatic
galactopyranoside<p = 0.41 mM, Figure 1A, Table 1) was  fing binds with &, of 0.04 mM (data not shown, Table 1).
comparable to th&p determined previously for methyl-p- Binding of 3-p-GalactopyranosidesBinding affinities of

galactopyranoside, indicating that the extended hydrophobic-b-galactopyranosides with various hydrophobic aglycons
surface of the aglycon does not result in stronger interactionsare also significantly increased relative to those pof

with the permease. On the other hand, it has been long knowngalactose; however, there appears to be no preference for a
that p-nitrophenyl a-p-galactopyranoside binds with high particular structure or functional group. The smaller methyl
affinity (see Figure 3, Table 1)20), suggesting that the j-p-galactopyranoside or methyl 1-thip-galactopyrano-
phenyl ring plays an important role in binding. To test this side bind weakly Ko = 10 mM (5) or 3.4 mM (data not
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Ficure 2: Effect of (A) o- and (B) m-nitrophenyla-p-galactopyranosides on NEM labeling of Cys148. RSO membrane vesicles were
incubated in 100 mM KRpH 7.5) with 0.5 mM [“C]JNEM, for 5 min in the absence or presence of the indicated sugar at given concentrations.
Reactions were quenched with DTT and samples were processed as described in Figure 2.
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Ficure 3: Effect of p-methylphenylk-p-galactopyranoside (A) on NEM labeling of Cys148. See Figures 1 and 2 for experimental conditions.
For comparison, protection data pynitrophenyla-p-galactopyranoside (B) from ré are shown.

shown, Table 1), respectively), bdtp-galactopyranosides 3-p-Galactopyranosides always bind weaker than their
with bulkier substituents exhibiKp values that are fairly  respectivea counterparts. Sincex sugars show more
uniform and fall between 1 and 2.3 mM (Figure 4, Table 1). significant variations in their binding affinities, comparing
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Ficure 4: Effect of hydrophobigs-p-galactopyranosides on NEM labeling of Cys148. See Figures 1 and 2 for experimental conditions.

variouso. and sugar pairs yields a range of differemts
affinity ratios, the highest observed for tigenitrophenyl
p-galactopyranoside pair (86-fold) and the lowest for the
cyclohexylp-galactopyranoside pair (6-fold).

DISCUSSION

with a-p-galactopyranosides containingaubstituted phen-
yl ring.

Taken together with previous results, @), the present
observations indicate that the primary hydrophobic interac-
tion between the aglycon and lac permease is directed toward
the C atom closest to the galactosyl moiety, i.e., the carbon

The present study uses a systematic approach to examind®onded to the anomeric oxygen. This conclusion derives

the structural requirements of hydrophobic aglycons of
p-galactopyranosides that confer high-affinity binding to lac
permease. Previous observatioB$ ifidicate that a single
methyl group increases binding affinity by 60-fold, but only
in the o anomeric configuration. In additiop;nitrophenyl
o-D-galactopyranoside binds with an affinity that is more
than 2000-fold higher than that ofgalactose binding5

support primarily from the observation that methyl, allyl,
and cyclohexylo-p-galactopyranosides exhibit essentially
identical affinities. On the other hand, phemyb-galacto-
pyranoside binds 3-fold better, and nitro- or methyl-
substituted phenybi-p-galactopyranosides exhibit further
increased binding affinities. While it appears from the results
that a phenyl ring per se can provide additional binding

6, 20). On the basis of these data, we hypothesized that thereenergy, the reason substituents enhance binding is not readily
is a direct correlation between the size of the hydrophobic apparent. Participation of the functional groups on the phenyl
aglycon and binding affinity to the permease, thus incre- ring in direct interactions with the permease seems unlikely
mentally increasing the size of the aglycon should lead to becausep-methylphenyl omp-nitrophenyla-b-galactopyra-
stepwise increases in binding affinities. This hypothesis was nhosides bind with equal efficacy. Itis conceivable, however,
tested first by synthesizing anp-galactopyranoside with a  that the plane of differently substituted phenyl rings assumes
six-member aliphatic cyclic ring. Surprisingly, binding slightly different positions with respect to the galactosyl
affinity of cyclohexyl a-p-galactopyranoside is practically ~Mmoiety, thus resulting in stronger interactions with the
identical to that of methyh-p-galactopyranoside. Subse- permease. In addition, distortion of the aromaticing by
quently, ana-p-galactopyranoside with a six-member aro- the functional groups might also contribute to the strength
matic ring was synthesized (phenylp-galactopyranoside)  Of the interaction between the phenyl ring and the permease.
which exhibits only moderately increased affinity relative =~ Compared toa-p-galactopyranosides, binding ¢f-p-

to methyl or cyclohexybi-p-galactopyranoside. On the other galactopyranosides exhibits distinct characteristics. Although
hand,o- or m-nitrophenylo.-p-galactopyranosides bind with  binding affinity of the sugars tested here is increased 15
increased affinities, and the strongest binding is observed30-fold relative to that ob-galactose, the physicochemical
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properties of the aglycon does not seem to influence binding located one turn away from Cys148 in helix V. Replacement
as significantly as in the case ofbp-galactopyranosides. of Trp151 with Cys abolishes transport activi®5], while
Thus, binding affinities between 1 and 2.3 mM were substitution with Phe results in normal activity, but binding
measured for the %-p-galactopyranosides studied here was not studied26). Experiments are currently underway
(Table 1), which contain aglycon structures as different as to determine whether a direct interaction exists between
isopropyl or nitrophenyl. On the basis of the model presented Trp151 and bouna-galactopyranosides.
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