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ABSTRACT

The spin-labeled galactoside analogs 4-(4.4,5,5-tetramethyl-2-imidazolin-2-yl
l-oxide)-2-nitrophenyl f-D-galactopyranoside, 4-(4,4,5,5-tetramethyl-2-imidazolin-2-
yl l-oxide)phenyl fi-p-galactopyranoside, and 4-(4,4,5,5-tetramethyl-2-imidazolin-2-
yl 1-oxide)-2-nitrophenyl f-pD-fucopyranoside were synthesized by condensation of
the corresponding 4-formylphenyl galactopyranosides with 2,3-di(thydroxyamino)-2,3-
dimethylbutane and subsequent oxidation with lead dioxide, and characterized by
u.v. and electron-spin resonance spectroscopy.

INTRODUCTION

The utility of paramagnetic probes as an aid in the study of structural and
dynamic features of proteins in solution has been well documented in recent years!-2.
The use of stable, organic free radicals with structures similar to natural ligands
along with n.m.r. studies has provided information about the geometry and environ-
ment of the binding sites for several proteins®~7. Lu er al.® in this laboratory have
undertaken an n.m.r. study of the lactose operon repressor. This paper describes the
synthesis of several spin-labeled compounds that are analogs of the natural inducer of
the Escherichia coli lactose operon, allolactose®, which will be used for n.m.r. studies.
These compounds should be useful for studying f-p-galactosidases and related fi-p-
galactoside-carrier proteins as well.

The analogs of allolactose and their effects on the expression of the structural
genes of the lac operon have been extensively investigated'®~!2. Analogs that exhibit
an effect on the operon are of two types: (a) those that induce the operon, i.e., turn
the genes on, and (b) those that prevent induction, i.e., compete with inducers for
their binding sites. Initial experiments with (2,2,6,6-tetramethylpiperid-4-yl 1-oxide)
f-D-galactopyranoside, synthesized by Struve and McConnell*®, showed no inter-
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action with the /ac repressor. Thus, we have attempted the synthesis of several
additional analogs.

The compounds described herein are analogs of o-nitrophenyl f-p-galacto-
pyranoside and -fucopyranoside, a neutral effector and an anti-inducer of the lac
operon, respectively. The convenient introduction of spin labels into f-p-galacto-
pyranosides as described in the present paper can be applied to other sugars as well.
In addition, the u.v. and e.s.r. properties and the hydrolysis by fi-p-galactosidase is
also reported. The interaction with the lactose repressor will be reported elsewhere!®.

RESULTS AND DISCUSSION

For coupling an N-oxide spin-label to o-nitrophenyl f-D-galactopyranoside
or -fucopyranoside, it was necessary to introduce another functional group into the
aglycon. Ullman and associates®®”2* described the reaction between a carbonyl
group and 2.3-di(hydroxyamino)-2,3-dimethylbutane to yield the corresponding di-N-
oxides. Numerous other exceptionally stable, organic free-radicals that could be
obtained by this procedure were characterized by their e.s.r. spectra®*. Exploiting
the versatility of this reaction. we prepared, by Koenigs—Knorr reaction?® of per-O-
acetyl-z-D-galactopyranosyl bromides (1, 2) with either 4-hydroxybenzaldehyde (3)
or 4-hydroxy-3-nitrobenzaldehyde (4), respectively, phenyl f-p-galactopyranosides
having an aldehyde group in position para to the glycosidic bond (5-7).

The Koenigs—Knorr reaction gave yields between 259 and 859, depending
on the substituents in the 3-position of 4-hydroxybenzaldehydes being used. A nitro
group in position ortho to the hydroxyl group possibly decreases the yield of the
condensation reaction with the bromides for stereochemical reasons. In those cases
where the vields were 8579 of the starting glycosyl bromides, the corresponding
benzaldehyde derivative could be easily crystallized from the reaction mixture. When
the vields were less, a preparative purification on a silica gel column with chloroform
was performed before crystallization from methanol.

The condensation of the benzaldehyde derivatives 5-7 with 2,3-di(hydroxy-
amino)-2_3-dimethylbutane in benzene could be followed by chromatography on silica
gel. After 4-8 h at room temperature, compounds were obtained that moved slower
than the corresponding starting-materials. In most cases, these compounds crystallized
spontaneously from methanol to give, in good yields, crystals showing n.m.r. data
and elementary analyses corresponding to the 4-(1,3-dihydroxy-4,4,5,5-tetramethyl-
imidazohdin-2-yl) derivatives of the phenyl galactosides (8-10).

Aliquots of these compounds were further purified by recrystallization from
methanol. Otherwise, the crude compounds could be used in the subsequent oxidation
step by lead(I1V) dioxide without further purification. Contrary to the initial report
of Osiecki and Ullman??, this oxidation did not give the expected 1,3-oxides 11-13
but the corresponding unsaturated l-oxides 14-16, which are known to have, in some
cases, greater thermal stability and have been found as byproducts in the synthesis
of di-N-oxides®>. Although a violet compound was observed in t.l.c. on silica gel
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shortly after the addition of lead dioxide, no attempt was made to analyze this inter-
mediate which slowly reacted further to give an orange compound. The orange,
paramagnetic compounds were purified by p.t.l.c. in silica gel and crystallized easily
from methanol. The e.s.r. spectra were in agreement with those reported for similar
N-oxides and elementary analyses were consistent for 4-(4,4,5,5-tetra-methylimidazo-
lin-2-yl 1-oxide)phenyl per O-acetyl glycosides (14-16). The O-deacetylated N-oxides
17-19 were easily obtained by reaction with half-saturated ammonia in metha-
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Fig. 1. E.s.r. spectrum at 9.149 GHz of 18 in water. The spectrum was recorded at 25°. The hyperfine
splitting by the two nonidentical nitrogen atoms is indicated at the top of the Figure.
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Fig. 2. U.v. absorption difference-spectra of the hydrolysis of equimolar solutions of 17, 19 ( )
and 18 (—————— ) in M sodium hydroxide. The hydrolysis was performed in a cuvette that was kept
at 50°. The u.v. spectra were recorded until no further change in the absorption spectrum could be
observed. The difference between the spectrum from the completely hydrolyzed sample and the
spectrum from the identical, but unhydrolyzed, compound was then calculated.

nol at 4°. This procedure did not result in the loss of the N-oxide spin-label as moni-
tored by the e.s.r. and u.v. spectra of the O-acetylated and O-deacetylated compounds.

The e.s.r. spectra of 14-17, 16, and 19 were identical (see Fig. 1) and present
the same characteristics as that of 4,4,5,5-tetramethyl-2-phenylimidazoline 1-oxide,
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Fig. 3. Hydrolysis of o-nitrophenyl g-p-galactopyranoside (ONPG). 17, 18, and 19 by f-p-galacto-
sidase from E. coli. The hydrolysis was performed in a cuvette containing 201 substrate and
0.1 mg/mL of #-p-galactosidase in O.1a1 Tris buffer (pH 8.0) at 37°. The percentage of increasc in
absorption at wavelength of maximum hyperchromicity (see Fig. 2) on hydrolysis is plotted vs. time.

(a) (b)

(c) }/\/\r (d)

Fig. 4. Reduction of 18 by dithiothreitol as indicated by decrease of spin label, The ¢.s.r. spectra
of 20pm 18 in 0.1am Tris buffer (pH 7.4) containing mM dithiothreitol were recorded at: (a) t, O h;
(b) t, 5 h; (&) t, 10 h; and (d) t, 24 h. A sample without dithiothreitol showed no significant decrease
in the intensity of the e.s.r. spectrum during the same time.
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TABLE1I

CONDITIONS OF REACTION AND PROPERTIES OF COMPOUNDS OBTAINED (5-10 AnD 14-19)

Compound Conditions of Yield Formula Anal.
reaction (8 70)° Cale. Found

mmol)¢
& ) ol H N C H N

2,3,4,6-Tetra-O-acetyi f-p-galacto-

pyranoside
4-Formylphenyl (6) 1:10 (243) 94 (85) C2:1H:On 558 54 56.0 5.1
3: 8.3 (50)
4-Formyl-2-nitrophenyl (5) 1:10 (243) 3.5 (29) CaiHa3NOjz 507 47 28 508 5.0 3.0
4: 6.1 (50)

4-(1,3-Dihydroxy-4,4,5,5-tetra-

methylimidazolidin-2-y)phenyl (9) 6: 5 (11) 3.5 (55) CazHasN2Oy2 557 6.6 48 559 69 4.7
19: 1.9 (13)

4-(1,3-Dihydroxy-4,4,5,5-tctramethyl-

imidazolidin-2-yl)-2-nitrophenyl (8) 5: 3 (6) 2.3 (62) C27HaiN3O13 517 59 6.7
19: 1 (7)

4-(4,4,5,5-Tetramethylimidazolin-

2-yl 1-oxide)phenyl (15) 9: 3 (5.1) 19 (66) Ca2:HasN20;; 57.7 63 50 580 6.7 50

PbO-2:122 (51)

2-Nitro-4-(4,4,5,5-Tetramethyl-
imidazolin-2-yl 1-oxide)phenyl (14) 8: 15 (24 1.2 (82) Ca27HasN3Cia 533 5.6 69 535 60 70
PbO:: 5.74 (29)

B-p-Galactopyranoside

4-(4,4.5,5-Tetramethylimidazolin-
2-yl 1-oxide)phenyl (18) 15: 1.5 (2.66) 097 (50) CioH22N.O: 563 6.7 69 56.1 69 6.6

4-(4,4,5,5-Tetramethylimidazolin-

2-yl 1-oxide)phenyl (17) 14: 1 (1.64) 0.68 (95) CisH2eN3O» 51.8 6.0 9.5 520 62 93
2,3.4,6-Tri-O-acetyl-f-p-fuco-

pyranoside

4-Formyl-2-nitrophenyl (7) 2:10 (183) 3.1 (25) CiyHuNOnr 519 48 32 520 50 33

4: 94 (56)
4-(1,3-Dihydroxy-4,4,5,5-tetramethyl-
imidazolidin-2-yl)-2-nitrophenyl (10) 7: 2.5 (5.7) 1.8 (56) CasHasNaO,2 527 62 74
19: 1 )
2-Nitro-4-(4,4,5,5-tetramethyl-
idazolin-2-yl 1-oxide)phenyl (16) 10: 1 (1.8) 0.7 (71) C25H32N3O5n: 545 59 7.6 548 6.1 77
PbO:: 4.3 (18)
B-p-Fucopyranoside
2-Nitro-4-(4,4,5,5-tetramethyl-
idazolin-2-yl 1-oxide)phenyl (19) 16; 0.5 (0.91) 035(91) CisHasN3Os 53.8 62 99 534 6.6 95

mmol in parentheses. *Percent in parentheses. <Silica gel: 17:3 (A), 19:1 (v/v) (B) chloroform-methanol;
(C) chloroform; (D) paper chromatography, 7:1:2 (v/v) 2-propanol-25 % ammonia—water. ¢Extinction coefficient (z)
in parentheses. Abbreviations: sh, shoulder; max, maximum; and min, minimum. ¢Percent in parentheses.
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RFc U.v. spectrum (nm, £)4¢ N.mv.r. spectrum ()

1.0(B) MeOH: max 263 (16 250), min 230 (2 700), and CCl3: 9.97 (1 H, CHO), 8.2 (2 H), and 7.5 (1 H, Ph),
0.50(C) max 213 (14 400) and 2.2-2.0 (12 H, Ac)

1.0(B) MeOH: sh 300 (1 840), max 251 (10 700), and CDCla:9.77 (1 H, CHO), 7.7 (2 H) and 7.0 (2 H, Ph),
0.52(C) min 227 (8 600) 208 (3 H),and 1.9 (9 H, Ac)

0.35(B) MeOH: max 307 (3 070), min 283 (2 400), MeaSO-ds: 7.4 (2 H) and 6.9 (2 H, Ph), 4.55 (1 H,
0.19%(C) max 254(7 140), min 235 (4 760), and max 220(9400) -CH=),2.15-1.95(12H, Ac),and 1.25-1.1(12H, Me)
0.38(B)

0.18(C)

1.0(B) MeOH: max 460 (800), min 370 (200), sh 270 (7 900),
0.06(C) max 245 (22 500), and min 216 (7 300)
0.42(D)

1.0(B) MeOH: max 460 (800), min 375 (300), sh 300 (3 200),
0.06(C) max 231 (21 500), and min 210 (12 200)
0.41(D)

0.31(A) H20: max 460 (600), min 365, sh 270 (8 400),
G.0I(B) max 245 (22 700), and 217 (6 750)
0.86(D)

0.33(A) H=20: max 460 (750), min 375 (300), sh 300 (3 500),
0.01(B) max 231 (21 000), and min 210 (12 500)

0.84(D)

1.0(B) MeOH: sh 300 (1 750), max 251 (10 $00), ~ CCli:9.97 (1 H, CHO), 2.2-2.0 (9 H, Ac), and
0.53(C) and min 227 (8 400) 1.3 3 H, Me)

0.40(B)

0.20(C)

0.62(B) MeOH: max 460 (750), min 375 (300). sh 300 (4 000),
max 231 (21 300), and min 207 (12 700)

0.67(A) H20: max 460 (800), min 375 (300), sh 300 (4 250),
0.05(B) max 231 (21 200), and min 207 (13 000)
0.93(D)
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thus confirming the structure of these compounds®®. The variations in the u.v. and
visible spectra upon hydrolysis of the glycosides with az sodium hydroxide are shown
in Fig. 2. Almost all compounds gave a substantial spectral change upon hydrolysis,
which enables easy monitoring of enzymic reaction by glycosidases.

When stored in the dark, 14-16 were exceptionally stable with respect to the
u.v. and e.s.r. spectra, and chromatographic behavior. Upon reaction with sodium
hvdroxide, their glycosidic bond was hydrolyzed, as indicated by the u.v. spectra
(see Fig. 2). The difference in absorption upon hydrolysis resulting from the change
in 7—x* transition of the phenyl chromophore furnishes an easy assay for hydrolysis
with glvcosidases. Such chromophore groups are not present in socme of the (2,2,6,6-
tetramethylpiperid-4-yl 1-oxide) f-pD-galactopyranosides previously synthesized!®-27.
Compounds 17-19 were tested as substrates for ff-bD-galactosidase (see Fig. 3). The
amount of hyperchromicity observed in the u.v. spectrum of 17 and 18 was equal
to that obtained by hvdrolysis with sodium hydroxide. Compound 19 was not readily
cleaved by the enzyme, which is in agreement with the observation that f3-p-fuco-
pvranosides are not as good substrates as the corresponding f-D-galactopyranosides25.

The chemical stability of 17-19 in the presence of reducing agents, particularly
sulfhvdryl groups, which are normally present in bufters for enzyme assays, was also
investigated. As indicated by the e.s.r. spectra (Fig. 4), a substantial reduction of the
N-oxide spin-label was observed. when the concentration of sulfhydryl compounds
was ~ 2 orders of magnitudes higher than that of the spin-label compound. Similar
results have becn obtained for other N-oxides by Morrisett and Drott??, and by
Gatiney??. Thus, high concentrations of sulthydryl groups should be avoided in
biochemical reactions where spin-labeled f3-p-galactopyranosides are used.

EXPERIMENTAL

General. — All chemicals used in the reactions were as purchased, without
further purification. p-Fucose and p-galactose were obtained from Sigma Chemical
Co.. St. Louis, MO 63178. 2,3-Dihydroxyamino-2,3-dimethylbutane, was prepared as
described by Lamchen and Mittag?®. 2,3,4-Tri-O-acetyl-%-D-fucopyranosyl bromide
and 2.3.4,6-tetra-O-acetyl-#-D-galactopyranosyl bromide were prepared as described
by Lemieux?!. f-p-Galactosidase (EC 3.2.1.23) from E. coli was obtained from
Worthington Biochemical Corp., Freehold, NJ 0778 and had a specific activity of
90 U/mg. U.v. and visible spectra were recorded with a Cary-14 spectrophotometer,
n.m.r. data with a Varian A-60 continuous-wave spectrometer, and e.s.r. spectra
with a Varian E-3 spectrometer. All spectra were recorded at room temperature. The
chemical analyses were performed by Galbraith Laboratories, Inc., Knoxville, TN
37821. All compounds decomposed between 150 and 180°, and were colored from deep
vellow to orange: no optical rotation was determined.

d-Formylphenyl derivatives 5-7. — A solution of 2,3,4,6-tetra-O-acetyl-«-D-
galactopyranosyl (1) or 2.3,4-tri-O-acetal-z-D-fucopyranosyl bromide (2) in acetone
was introduced dropwise into a solution of the appropriate benzaldehyde derivative (3
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or 4) in M sodium hydroxide (one mol. equiv.) and the mixture was stirred at room
temperature (for 2, the reaction was carried out in suspension because of partial solubil-
ity) for 4-8 h. The acetone was evaporated in vacuo, and the residue was extracted
thrice with chloroform. The combined chloroform extracts were washed three times
with 59, sodium hydroxide and then with water until neutral. After being dried
(MgSQ,), the solution was evaporated and the residue crystallized from 95 % ethanol
(see Table I). If it failed to crystallize, it was further purified on a preparative silica gel
column in chloroform, the main u.v.-absorbing fractions being collected.

4-(1, 3-Dihydroxy-4,4,3,3-tetramethylimidazolidin-2-yl)pheny!  f-p-galactopy-
ranosides (8-10). — A solution of the appropriate compound 5-7 in benzene was
mixed with an equimol. amount of 2,3-di(hydroxyamino)-2,3-dimethylbutane in
benzene and the mixture was kept at room temperature. The reaction course was
followed by t.l.c. in silica gel (19:1 (v/v) chloroform-methanol). The new compounds
formed migrated slower than the corresponding starting material. After 24 h, when
the reaction was nearly completed, the reaction mixture was evaporated in vacuo,
and the residue usually directly crystallized from methanol or purified by preparative
silica gel chromatography prior to crystallization (see Table I).

N-Oxides 17-19. — A solution of the appropriate compound 8-10 in benzene
was oxidized to the corresponding di-N-oxides with an excess of lead(IV) dioxide.
The reaction mixture became violet immediately, and then turned to brown and
finally to orange. T.l.c. of the reaction mixture initially showed a dark-red compound,
which appeared to be unstable, and gave an orange compound when the suspension
was stirred for 3-4 h at room temperature. The suspension was filtered, and the
filtrate evaporated to dryness. The residue was crystallized from ethanol and gave the
corresponding O-acetyl derivatives of the imino N-oxides 14-16 (see Table I). O-
Deacetylation of 14-16 was achieved without loss of the N-oxide residue by dissolving
the compound in methanol, half-saturating with ammonia, and keeping the solution
for 12—-15 h at 4°. After evaporation, the residue was dissolved in methanol, purified
by preparative silica gel chromatography, and lyophylized from water to yield the
N-oxides 17-19, as orange to red powders (see Table I).
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