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ABSTRACT: An efficient method for examining the selectivity of inhibitors on twefucosidases, one

from Thermotoga maritimand the other from human, was established. The X-ray crystal structure of the
former enzyme makes possible the homology modeling of the hurfacosidase, indicating the major
difference between both enzymes in the periphery of the catalytic site. To investigate the difference at the
molecular level, a variety of fuconojirimycin (FNJ) derivatives with substitution at C1, C2, C6, or N
were rapidly prepared in microplates and screened without purification for the inhibition activities of the
two o-fucosidases. Among the molecules that were tested, only the substitution at C1 can significantly
enhance the inhibitory potency, in contrast to the control (no substitution) and compounds with substitution
at other positions. The majority of C1-substituted FNJs were found to be slow tight-binding inhibitors of
the Thermotoganzyme, while acting as the reversible inhibitors of the human fucosidase. The best inhibitor
exhibited 13700-fold difference in affinity between the two enzymes, which was attributed to the dissimilar
aglycon binding site. Further investigations were carried out, including site-directed mutagenesis, the
comparison okK; values among the wild type and mutants, and the intrinsic fluorescence change upon
inhibitor titration, all supporting the idea that Tyr64 and Tyr267 of ffteermotogac-fucosidase are
critically involved in closely interacting with the aglycon of inhibitors. The increased level of contact
thus induced conformational change, leading to the observed slow tight-binding inhibition.

During the development of enzyme inhibitors for drug termed endothelial NOS (eNOS), inducible NOS (iNOS), and
discovery, selectivity is always a primary concern in addition neuronal NOS (nNOS)10). Selective inhibition of INOS
to the pursuit of optimized inhibitory potency. In other words, may be beneficial in treating various forms of shodW,(
desired molecules may simultaneously interact with several 12) and inflammation 13, 14), while inhibition of nNOS
similar enzymes and thus cause possible side effects at thdikely protects against neuroinjuryl$, 16). As a conse-
stage ofin »ivo or animal studies. The natural product quence, identifying significant differences among similar
swainsonine, for instance, has been known for its potent enzymes or isoenzymes represents a crucial challenge.
inhibition against Golgi-mannosidase 111—4) due to its Fucose-containing carbohydrates are often involved in a
five-membered ring resembling a flattened oxocarbenium number of important physiological activitiesd—20), which
transition state. By blocking the mannosidase activity, this brings more attention to some specificfucosidases 10,
indolidine alkaloid effectively shuts down the carbohydrate 21). Several pathogenic events, including inflammatib®) (
processing pathway prior to the initiation of thid,6- cancer 21, 22), and cystic fibrosis 43, 24), have been
GlcNAc-linked branch, which effectively inhibits tumor cell  indicated in association with an abnormal distribution of
metastasis, decreases solid tumor growth in mice, ando-fucosidases. The humanfucosidase has been shown to
enhances the cellular immune resportses). Nonetheless,  be a diagnostic serum marker for the early detection of
the inhibition of a related catabolic-mannosidase in  hepatocellular and colorectal carcinomas, 2, 25). In this
lysosomes makes its clinical use less desirable 9. report, a simple and efficient method for examining the
Another example is nitric oxide synthases (NOStat difference between twa-fucosidases, one froifhermotoga
produce nitric oxide under a variety of physiological and maritima(designated TmF) and the other from human (HuF),
pathophysiological conditions. Three distinct isoforms are has been developed. Unlike any other prokaryatiticosi-
dases, th&hermotogaxr-fucosidase is closely related to those
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enzyme clusters with animat-fucosidases according to the AGTGC CGATG GATGC CGCAT TCTTC CAGAA TC-
phylogenetic tree analysis. CGT ACG-3 (sense) and 'ECGTAC GGATT CTGGA
Recently, we established a rapid synthesis by amide-AGAAT GCGGC ATCCA TCGGC ACT-3 (antisense)
forming reactions in microtiter p|ate3 for h|gh_throughput primers were used to incorporate the mutation site of W58A.
screeningn situ without protecting group manipulation and  The 3-GCCGA TGGAT GCCTG GGCAT TCCAG AATCC
product isolation, which identified potent and selective GTACG CAG-3 (sense) and’8SCTGCG TACGG ATTCT
inhibitors against the:-fucosidases fronCorynebacterium ~ GGAAT GCCCA GGCAT CCATC GGC-3(antisense)
sp. and bovine kidney2, 28). This approach is based on a primers were used to incorporate the mutation site of F59A.
rapid screening for an optimal aglycon attached to the The 3-TGGTT CTTCC AGAAT CCGGC AGCAG AGTGG
fuconojirimycin (FNJ)-based structure that mimics the transi- TACGA AAATT CC-3' (sense) and 'SGGAAT TTTCG
tion state of enzymatic glycoside cleava@®)( The intro- TACCA CTCTG CTGCC GGATT CTGGA AGAAC CA-
duction of a hydrophobic moiety into the iminocyclitol core 3’ (antisense) primers were used to incorporate the mutation
resulted in time-dependent inhibition; therefore, the inhibitory Site of Y64A. The 5CCGAT AAGAT ACCCC GAGGA
potency was greatly enhanced from a low nanomgjao TGCAT CCTAC ATCAG GCCG-3(sense) and’sCGGCC
a picomolark;* value, leading to the discovery of the most TGATG TAGGA TGCAT CCTCG GGGTA TCTTA TCGG-
potent glycosidase inhibitor to dat2gj. To take a close look 3 (antisense) primers were used to incorporate the mutation
at the two similara-fucosidases, TmF and HuF, more than Site of L191A. The 5GTTCT CTGGA ACGAC GCAGG
240 FNJ-derived molecules were prepared by diversity- CTGGC CGGAG AAAG-3(sense) and'SCTTTC TCCGG
oriented synthesis to contain substitution or modification at CCAGC CTGCG TCGTT CCAGA GAAC-3(antisense)
C1, C2, C6, or N. The incubation of most C1-substituted Primers were used to incorporate the mutation site of M225A.
FNJs with TmF was found to give a type of inhibition ~The 3-GATTT CAAAA CGGCC GAGGC ACACG TGAAC
different from that with HuF. Slow and tight-binding TATCC GGG-3 (sense) and'8SCCCGG ATAGT TCACG
inhibition was observed in the study of the former enzyme, TGTGC CTCGG CCGTT TTGAA ATC-3 (antisense)
which was distinct from the reversible inhibition of the latter. Primers were used to incorporate the mutation site of Y267A.
These molecules thus had a higher affinity for the bacterial The results were verified by DNA sequencing analysis. The
a-fucosidase than the human enzyme. The best inhibitor Mutant proteins were expressed and purified under the
exhibited a drastic difference of up to several thousand-fold conditions described previouslg§ 29). Further confirma-
mainly due to the extra hydrophobic binding site of TmF, tion was carried out by mass spectrometric analysis to see if
as suggested by the structural information. To decipher thethe desired molecular weight is obtained.
interesting distinction at a molecular level, we provide  Rapid Synthesis of Compouty 2-, and3-Derived FNJs
supporting evidence with site-directed mutagenesis, thein Microplates, Followed by an In Situ Inhibition Assay of
Comparison of inhibition constants among the W||d-type and a-FucosidaseThe SynthESiS of amide derivatives in micro-
mutant proteins, and the intrinsic fluorescence change uponplates was carried out as described previou&ly/28). Assay

inhibitor titration. mixtures (20QuL) contained 50 mM Hepes (pH 8.0), 0.1%
BSA (by weight), 5QuM 4-methylumbelliferyle-L-fucopy-
EXPERIMENTAL PROCEDURES ranoside, and inhibitor (final concentrations of £30 nM).

The a-fucosidase (0.2 nM) was added to initiate inhibition

Preparation of then-Fucosidases from T. maritima and  assays. The emission at 465 nm was monitored using an
Human The cloning, protein expression, and purification excitation wavelength of 360 nm to measure the release of
steps of theThermotogar-fucosidase were slightly modified  fluorescent 4-methylumbelliferone at 2.
from the procedures reported by Henrissat and Withers et |n the case of time-dependent inhibition, the data were
al. (26, 29). The pET21b expression vector encodes a analyzed and determined to follow the aforementioned slow-
C-terminal His tag fused to the entire coding region of binding inhibition pattern (eq 1).
o-fucosidase. Sequence analysis indicated no difference from

GenBank accession number NC_000853. The pCMV vecto I 4_"1, £l é, Eel* g
(purchased from Stratagene Co.) harboring the huma ks ke

a-fucosidase gene (GenBank accession number BC017339) T

was amplified and constructed in a pET22b system for '

protein expression. The 66 nucleotides at therid, corre- %’—j

sponding to the 22 N-terminal amino acid residues as thé a

signal peptide sequence, were deleted during the gene

construction. The purification of the recombinant enzyme

(HuF) involved the use of ammonium sulfate fractionation

and two columns of ion-exchange chromatography. HuUF was 1— ek

obtained with high purity ¥ 95% homogeneity) on the basis P=uvd+ (vg— vy K 2

of SDS-PAGE analysis. The detailed information, including

gene construction, protein overexpression, and characterizayhere v, and vs are the initial and steady-state rates,

tion, will be reported elsewhere. respectivelyk is the apparent rate constant for establishing
Site-Directed Mutagenesisthe W58A, F59A, Y64A, the steady-state equilibrium, aRds the amount of product

L191A, M225A, and Y267A mutants were obtained by using that accumulates during a period of tirhe

the QuikChange mutagenesis kit (Stratagene Co.) in ac- In the case of slow tight-binding inhibition, the concentra-

cordance with the manufacturer’s instructions. THe 5 tion of the El complex is not negligible in comparison with

The kinetics can be described according to an integrated
equation (eq 2)
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the inhibitor concentration and the free inhibitor concentra- NH,
tion is not equal to the added concentration of the inhibitor. H » H /_FNHZ
Corrections have to be made for the reductions in the| . c——=n 2 L.c—7=N H.C N
inhibitor concentration that occur upon formation of thé E ’ HO?OH\ZSH/ ’ HOEH\ZO ’ HOEH\ZOH

1 2 3

complex. The variation of the steady-state velocity with
inhibitor concentration is given by the equations
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whereK; = Ki(1 + [S)/Kn), ks is the rate constant for the [™° "7 on OH o .

o) OH
product formation, and [iland [E] stand for total inhibitor Ho O 7 Ho

and enzyme concentrations, respectively. The relationshig
between the rate constant of enzymatic reackand the

interconversion of the & and EI* complexes can be 9y 9y Ly
expressed as eq 5. . N H N
HsC— N HaC— 7N
OH § 3 ?\ZOVH O
[/ K; Ho OH HO OH o
8
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K=k T 1 T spk Ty Ki) ®)

Ficure 1: Molecular structures of compounds-10.

The progress curves were analyzed via egs 2 and 5 using
nonlinear Ieast'squares parameter minimization to determmEmode”ng of the human-fucosidase in accordance with the
the best-fit values with the corrections for the tight-binding crystal structure of the TmFinhibitor complex (PDB entry
inhibition; i.e., the data were transferred into KaleidaGraph 1h19) @6). Residues 4665 of TmF, being near the active
and fitted by the aforementioned equations. site, are proposed to be essential for the major difference in

Fluorescence Analysis of the Enzyntehibitor Complex.  the binding site between the twofucosidases, which also
The change ofa-fucosidase intrinsic fluorescence upon accounts for the different substrate specifici6) The
addition of compound was monitored using an F-4500 hyman enzyme lacks this additional sequence. It would be
fluorescence spectrometer (Hitachi Co.). The emission intriguing to distinguish the two enzymes by the use of
spectra were recorded from 300 to 450 nm upon excitation inhibitors if the binding interactions are exclusive for one
of a-fucosidase at 285 nm. The fluorescence spectra of 0.44enzyme but not for the other.
uM a-fucosidase in 50 mM Hepes buffer (pH 8.0) at ZD To study the binding site difference, several FNJ deriva-
were measured before and after addition of compdind tives or analogues,—6 (Figure 1), were prepare@3—36).

The detailed synthetic procedures and characterization of all

RESULTS AND DISCUSSION products will be published elsewhere. Their structures and

a-Fucosidases are found exclusively in family GH29 of 1Cso values are given in Table 1. The inhibition activity was
the classification of glycosidases on the basis of sequencedetermined by measuring the remaining enzyme activity
similarities, reflecting the folds, active site architecture, and according to the fluorescence emission of 4-methylumbel-
molecular mechanism3(). This family of enzymes was liferone at 465 nm in the presence of 4-methylumbelliferyl-
demonstrated to follow a double-displacement mechanisma-L-fucopyranoside (omp-nitrophenyl at 405 nm in the
with net retention of the anomeric configuratiodl( 32). existence ofp-nitrophenyle-L-fucopyranoside) 47, 28).
According to the analysis of sequence alignment, the Every molecule gave a similar inhibition potency toward both
sequences of both TmF and HuF are 38% identical and 56%o.-fucosidases. In agreement with the previous stug8), (
similar. Recently, Bourne and Henrissat et al. determined the stereochemical configuration at C1 did not affect the
the crystal structure of TmF, as well as the structures of an enzyme inhibition, whereas the potency was diminished to
enzyme-product complex and of a covalent glycosyl  agreat degree by the modification at C6. In comparison with
enzyme intermediate26). On the basis of the structural the C1 substitutions, the affinity was found to be slightly
information, multiple-sequence alignment of TmF and HuF lower when an extra linker was introduced at C2 or the ring
with the a-fucosidases from other species indicated that both nitrogen.
enzymes could be aligned well with a high degree of Although the previous study identified no difference
sequence similarity according to the eight-element finger- between the twat-fucosidases, the molecules produced by
prints of GH29, which was further supported by the diversity-oriented synthesis led to an interesting discovery.
secondary structure prediction. On the basis of the alignment,The amide-forming reactions of compounds-3 with
many functional amino acid residues are well-conserved, various acids were carried out in the presence df-(1
including the catalytic nucleophile, the general acid/b28g (  benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
the residues involved in the hydrogen bonding network with phosphate (HBTU, 1 equiv) and diisopropyl ethylamine
the fucose ring, and those for the hydrophobic contact with (DIEA, 2 equiv) in wells of microtiter plates (Figure 2).
the C6 methyl group. The consistence allows the homology Without product purification, the reaction mixtures were
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Table 1: IGo Values of Compound&—6 against thex-Fucosidases frort. maritima(designated TmF) and Human (H@Fr)
ICs0 (NM)
enzyme 1 2 3 4 5 6
TmF 64+ 8.0 267+ 19 70+ 11 52+ 2.8 6000+ 500 7000+ 300
HuF 35+ 4.2 106+ 13 92+ 9.0 18+ 1.2 3500+ 300 2000+ 180

a Assay condition: 50 mM Hepes (pH 8.0) containing:8d 4-methylumbelliferyle-L-fucopyranoside, inhibitor (1:63.0 nM), ando-fucosidase

(0.2 nM). The enzyme was added to initiate the reaction assay.

NH,
RCO:H + HiC .'"'""""ZOH 2 HiC _.—ﬂ/o  NH, HsC -H(OH
[oH OH =5
HO

HO HO
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o _R ~NH

NH HiC N/

y OH
OH
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HBTU, DIEA, DMF

reactions of 80 different carboxyiic acids
s : 4

Ficure 2: Reactions of FNJ$—3 with a group of 80 carboxylic
acids in microtiter plates for direct screening affucosidase
inhibition in situ. See the Supporting Information for the molecular
structures of the carboxylic acids.

directly subjected to aqueous dilution and a screening assa)

for the inhibition against TmF and HuF. All the carboxylic
acids alone did not exhibit any significant inhibition without
amide bond formation. The reagents used in the coupling
reactions (HBTU and DIEA) or the intermedidtehydroxy-
benzotriazole (HOBT) also exhibited little inhibition. No
significant inhibition was found againgt andf-glucosidase,
o- andf-galactosidase, an- and 3-mannosidase2(y).

For the purpose of an easy understanding and quick

-100%

-90%

Inhibition (%)

-80%

——90%

- ~80%

Inhibition (%)

-=70%

comparison, the potency was expressed as % inhibition a
one concentration of the reaction products. Of the 240
molecules generated by the synthesis (Figure 2), C1-

Ficure 3: Different inhibition profiles shown by the fast screening
of TmF (top) and HuF (bottom) with compourddderived FNJs at
125 nM.

substituted FNJs were generally more potent than the others

(2- and3-derived products) and the reactant amibe lflore
than 80% of the coupling products bfvere shown to exhibit
enhanced inhibition against bathfucosidasesOn the other
hand, only few coupling reactions @fand3 resulted in an
increase in inhibitory potency. Furthermore, compound
1-derived molecules revealed dissimilar inhibition profiles
toward botho-fucosidases; i.e., the favorable structures
identified by fast screening of eaehkfucosidase were not
completely identical. As shown in Figure 3, the amide-
forming reactions ofl. with A8, C5, F5, and G9 were among
the best inhibitors of botho-fucosidases. The reaction
products of D8, E9, and F8 were solely potent to the
inhibition of TmF, while those of E8 and G5 only effectively
inhibit the HuF activity (see the Supporting Information for
the molecular structures of these acids). A more dramatic

time-dependent, slow tight-binding inhibition. In sharp
contrast, the same pool of molecules all demonstrated
reversible inhibition against HuF (Figure 4B).

Analysis of the time-dependent progress curves of the TmF
inhibition supported a two-step mechanism in which an initial
collisional complex (B) is isomerized to a tighter complex
(E-I*) (eq 1), in agreement with the previous repo28).

The majority of compound-derived inhibitors produced a
progressive tightening of inhibition with linear initial rates
followed by a gradual loss of activity. The inhibition
constant¥; andK;* were determined by fitting the observed
data to the model. To clearly explain the different types of
inhibition at a structural level, the previously synthesized
inhibitors 7 (the coupling product of D88 (product of E2),

9 (product of D5), and.0 (product of B3) were investigated

discrepancy was clearly manifested by the prolonged obser-in detail (see Figure 1 for the molecular structureg-ef.0).

vation of enzyme inhibition assays. Most members of the
compoundl-based library displayed a time-dependent de-

Table 2 lists the inhibition constants. Compounds the
most potent inhibitor whose binding affinity with TmK;¢

crease in the reaction rates of the bacterial enzyme as a= 0.41 pM) is significantly higher than that with HUR;(=

function of the inhibitor concentration (Figure 4A), indicating

5.6 nM) up to 13700-fold. Furthermore, compouhds a
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Ficure 4: Progressive curves for the inhibition of (A) TmF and
(B) HuF by the amide-forming reaction products (125 nM) of
compoundl with various carboxylic acids. For the purpose of clear
presentation, only the coupling products of A10-G10 are shown.

reversible inhibitor of TmF and HuF witK; values of 6.8
and 15.2 nM, respectively. The introduction of aglycon D8
thus generated 1.¥ 10* and 2.7-fold enhancement of the
inhibition potency toward TmF and HuF, respectively. As a

Ficure 5: (A) Overlaid molecular surfaces of TmF (green) and
HuF (white). The former was obtained from the reported X-ray
crystal structure, and the latter is based on computational modeling.
In the center, a deep hole represents the active site (Asp224 is the
catalytic nucleophile). Trp58, Phe59, Tyr64, Leul91, Met225, and
Tyr267 of TmF are located near the entrance of the active site and
thus are proposed to interact with the aglycon of inhibitors. (B)
Proposed residues of TmF to enhance the inhibitory potency. This
is another view of the aforementioned X-ray crystal structure with
bound 2-deoxy-2-fluorofucopyranose (yellow). The §ide chains

of the six proposed residues are displayed to indicate their proximity
to the enzyme active site.

consequence, these results strongly support the idea that botand Tyr64 of TmF, located in the aforementioned additional

a-fucosidases have different binding sites to interact with
the aglycon. It is also noteworthy that both TmF and HuF
exhibit a pH dependence of catalysis and of inhibition, in
agreement with the reports by Davies and co-work&vs-(

39). The preliminary result on a number of inhibitors (such
as 1, 8, and 10) indicated that the inhibitory species are

sequence of residues 465, likely play an important role

by lining up to face the active site (Figure 5). Tyr267 is close
to the three residues spatially and joins them to form a
hydrophobic domain. Moreover, Leu191 and Met225 of TmF
are worth attention because they are also in the proximity
of the active site, and the human enzyme presents dissimilar

protonated inhibitors bound to TmF whose acid/base andgroups at the corresponding positions (i.e., Leul191 of TmF

nucleophile are ionized at the studied pH of 8.0. The
determination of whether the pH-dependent inhibition cor-

is related to K193 of HuF and Met225 of TmF to G226 of
HuF).

relates with the presence of an extra proton donor or acceptor Each proposed residue in TmF was individually altered

in a molecule is currently in progress and will be published
elsewhere.

To identify the critical residues involved in the enhanced
affinity, the modeling structure proposes that Trp58, Phe59

to alanine by site-directed mutagenesis. The mutant enzymes
were prepared and purified according to the reported
procedure of the wild-type proteir29). The mutation sites

, were verified by DNA sequencing, and each mutant protein

Table 2: Inhibition Constants (nM) of Compountisind 7—10 against TmF and HuF

1 7 8 9 10
enzyme Ki Ki Ki* Ki Ki* Ki Ki* Ki Ki*
TmF 6.8+£1.1 0.105+ 0.011 0.000409% 0.000044 1.0H 0.09 0.054+0.002 0.259+ 0.010 0.063t 0.002 1.19+0.06 0.563t 0.028
HuF  152+15 5.6+ 0.2 - 18.0+ 0.2 - 9.7£0.3 - 11.7+1.9 -

a Assay condition: 50 mM Hepes (pH 8.0) containingiBd 4-methylumbelliferyle-L-fucopyranoside, inhibitor (1:63.0 nM), ando-fucosidase

(0.2 nM). The enzyme was added to initiate the reaction assay.
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Table 3: Inhibition Constants (nM) of Compounils7, and8 against the Wild Type and Five Mutant Proteins of TmF

1 7 8
TmF Ki Ki Ki* Ki Ki*

wild type 6.8+ 1.1 0.105+ 0.011 0.000402 0.000044 1.0% 0.09 0.054+ 0.002
F59A 12.8+ 1.5 0.121+ 0.022 0.0132+ 0.0015 1.8£0.3 0.17+ 0.02
Y64A 9.44+1.8 0.563+ 0.072 - 5.8+ 0.8 -

L191A 6.9+ 0.7 0.113+ 0.017 0.007H- 0.0005 1.2£0.1 0.063+ 0.006
M225A 6.8+ 0.8 0.124+ 0.015 0.0092+ 0.0011 0.98+ 0.16 0.094f 0.016
Y267A 109+ 15 0.982+ 0.120 - 6.3+ 0.7 -

a Assay condition: 50 mM Hepes (pH 8.0) containingB 4-methylumbelliferyle-L-fucopyranoside, inhibitor (1:63.0 nM), ando-fucosidase
(0.2 nM). The enzyme was added to initiate the reaction assay.

was subjected to mass spectrometry analysis to confirm theby the concentration-dependent and time-dependent fluores-
expected molecular weight. With the assay using 4-methy- cence increase upon inhibitor titratioB0j. The fluorescence
lumbelliferyl-o-L-fucopyranoside, the two TmF mutants emission spectra of TmF displayed an emission maximum
(Y64A and Y267A) behaved in a manner similar to that of (Amay) at 336 nm in the presence and absence of compound
the human enzyme in the progressive curves for the inhibition 8 as a consequence of the radiative enhancement of-thé
of compoundl-derived FNJs; i.e., the rates of inhibition did transition from the tryptophan residues. The inhibitor binding
not deviate from linearity, in contrast to the slow tight- led to a concentration-dependent increase in the fluorescence
binding inhibition of wild-type TmF. The preparation of with an utmost enhancement of 50% (Figure 6A). Replace-
mutant W58A was unsuccessful because of its instability. ment of the inhibitor with compountl led to no increase in
Slow tight-binding inhibition was still observed when the fluorescence, indicating that the enhancement corresponds
other F59A, L191A, and M225A mutants were individually to aglycon binding. On the other hand, the fluorescence of
incubated with the Cl-substituted FNJs (Table 3). The mutant Y267A did not change with the inhibitor titration of
kinetics of the latter two proteins were mostly like those of compound (Figure 6B), neither did the fluorescence study
the wild type, whereas the potency of mutant F59A is of mutant Y64A (Figure 6C). Mutant F59A has a moderate
between that of the wild type and that of both mutants Y64A increase of~25%, compared with 4550% enhanced
and Y267A (i.e., the order of potency is wild type F59A fluorescence in the study of L191A and M225A. These
> Y64A ~ Y267A). Meanwhile, except for W58A, the five  results not only echo the aforementioned kinetic data but
stable mutant enzymes all retained an affinity for compound also corroborate the important contribution of Y64 and Y267
1 comparable to the wild-type level, as shown by tke to enhanced binding. Interestingly, the intrinsic fluorescence
values in Table 3, indicating that the mutated residues haveof HuF did not produce any change upon inhibitor titration
nothing to do with the sugar binding. On the other hand, (data not shown).
compound? generated a huge difference in affinity between  Furthermore, it is intriguing that only C1-substituted FNJs
the wild type Ki* = 0.41 pM) and the two mutants, Y64A  achieved good inhibition, rather than C2- and N-derived FNJ
(Ki = 0.56 nM) and Y267AK; = 0.98 nM), implying that analogues. Examination of the crystal structure of TmF in
the aforementioned enhanced affinity was reduced to a greatcomplex withL-fucose (the reaction product) revealed that
extent because of such a specific mutation. Tyr64 and Tyr267the sugar residue is compactly surrounded by the enzyme
thus play indispensable roles in interacting well with the with each functional group interacting with one or more
aglycon to significantly facilitate binding. protein side chains. One exception is the entrance of the
Additionally, the binding of compound with the two active site, which is near the hydroxyl group of C2. Bourne
mutants, Y64A and Y267AK; = 0.56 and 0.98 nM, and co-workers46) presented this feature to account for
respectively), appears to be tighter than tha8 ¢K; = 5.8 the biological role ofi-fucosidases in the capable digestion
for Y64A andK; = 6.3 nM for Y267A). Coincidently, the  of branched glycans. However, why do C1-substututed FNJs,
latter affinity is similar to that for the binding of the wild-  instead of C2-derived FNJs, demonstrate enhanced binding
type TmF with compound (K; = 6.8 nM). The aglycon of  with TmF? Our preliminary result of the modeling studies
7 obviously has a better fit to the indicated aglycon binding of TmF with a series of C1-derived FNJs suggests that, in
site. The statement was strengthened by a general trend ircomparison with the TmFL-fucose structure, the iminocy-
Table 3 which shows that inhibitdrhas an~10 times higher  clitol ring rotates 24 to move the ring nitrogen (likely exiting
affinity than 8 no matter whether the enzyme is the wild as a protonated form) to have additional electrostatic interac-
type or any mutant. The preliminary study of the molecular tions with Asp224 and Glu266. Such subtle movement makes
docking experiments revealed that compoWndontaining better accommodation for C1-extended FNJs, rather than the
two methylene units between the amide and indole group, FNJs with a substitution at other positions.
apparently has more flexibility to allow better adjustment  The work provides several pieces of evidence to support
and fit for a tighter binding, unlike more restricted conforma- the importance of Y64 and Y267 in the extra binding
tions in compound8—10. Meanwhile, the indole nitrogen interactions, leading to the great enhancement of inhibition
of compound? is found to have an additional hydrogen potency against TmF. As a matter of fact, a number of reports
bonding with the phenol of Y267 (also possibly with that of have offered a similar view that the binding of a small
Y64). molecule could induce conformational change in a certain
In our previous report, the slow tight-binding inhibition local structure (a flexible loop found in most cases) in the
was suggested to result from the protein conformational corresponding enzyme, such as triclosan to bind with acyl-
change induced by the hydrophobic aglycon, as supportedcarrier protein reductase (or enoyl-ACP reductag8)41),
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Ficure 6: Fluorescence emission spectra. (A) Steady-state fluo-
rescence emission spectra of TmF as a function of inhit8tor
concentration. The study was carried out in the presence of 0.44
uM TmF in 50 mM Hepes (pH 8.0) at 2. (B) Emission spectra
of mutant Y267A under the same conditions as in panel A except
for the protein. (C) Emission spectra of mutant Y64A under the
same conditions as for panel A except for the protein.
fosmidomycin to bind with 1-deoxp-xylulose-5-phosphate
reductoisomerase (DXR¥®), and inhibitors of cyclooxy-
genase (COX)43, 44).

In conclusion, the diversity-oriented synthesis on the basis
of a transition-state mimic is a powerful way to rapidly
disclose small but significant differences in binding sites
among similar enzymes, in addition to the fast discovery of
potent and selective inhibitors. As a matter of fact, it is
possible to distinguish more closely relatedfucosidases

Biochemistry, Vol. 45, No. 18, 2006701

even by the limited number of members of our FNJ library.
For example, the amide-forming reactions of compodnd
with A7 and F9 at a concentration of 125 nM were found to
give 85 and 78% inhibition against TmF but 20 and 10%
inhibition against thex-fucosidase fromCorynebacterium
sp., respectively. The reaction product of H9 with compound
1 also exhibited an apparent difference in the inhibition of
the human and bovine kidneyfucosidases. Therefore, this
work provides a valuable platform for pinpointing selective
inhibitors with less or no involvement of other related
enzymes, as well as for helping to evaluate the specificity
of developed molecules during drug discovery.

SUPPORTING INFORMATION AVAILABLE

Molecular structures of the 80 carboxylic acidkl, and
13C NMR spectra of compounds 3, and5—10, mass spectra
of the mutant proteins, and fluorescence emission spectra
of F59A and L191A. This material is available free of charge
via the Internet at http://pubs.acs.org.
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