10854 Biochemistry2005,44, 10854-10863

Substrate Discrimination by the Human GTP Fucose Pyrophosphorylase
Stephen Quirkand Katherine L. Seley*

Department of Chemistry and Biochemistry, birsity of Maryland, Baltimore County, 1000 Hilltop Circle,
Baltimore, Maryland 21250

Receied February 25, 2005; Résed Manuscript Recegéd June 3, 2005

ABSTRACT. GTP-+-fucose pyrophosphorylase (GFPP, E. C. 2.7.7.30) catalyzes the reversible condensation
of guanosine triphosphate agdL-fucose-1-phosphate to form the nucleotideigar GDPB-L-fucose.

The enzyme functions primarily in the mammalian liver and kidney to salvage ffeeose during the
breakdown of glycolipids and glycoproteins. The mechanism by which this protein discriminates between
substrate and nonsubstrate molecules has been elucidated for the first time in this study. The ability of
GFPP to form nucleotidesugars from a series of base-, ribose-, phosphate-, and hexose-modified precursor
molecules has revealed that the enzyme active site senses a series of substrate substituents that drive
substrate/nonsubstrate discrimination. These substituents alter the ability of the precursor molecule to
interact with the enzyme, as measured by either changes in the Michaelis cdfgtaimé binding affinity,

Ka or through changes in enzymatic turnoviks:. In this work, the combined substrate binding and
enzyme analysis has revealed that the nature of the purine base is the major determinant in substrate
specificity, followed by the nature of the hexose-1-P, and finally by the ribose moiety. Binding is enthalpy-
driven and does not involve proton transfer. For the majority of nucleedgar analogues, binding to

GFPP is entropically unfavorable; however, surprisingly, a few of the substrate analogues tested bind to
GFPP with a favorable entropic term.

Fucose is a deoxyhexose that is found in nearly all plant GTP and fucose-1-phosphate according to the following
and animal species. The monosaccharide plays severaleaction:
important metabolic roles in complex carbohydrates and in
glycoproteins (reviewed in reff). Fucosylated oligosaccha- GTP+ fucose-1-P—~ GDP+-fucose+ PR
rides are involved in celtcell recognition ), selectin-
mediated leukocyteendothelial adhesior3], and mouse  The reversible reaction is dependent on a small number of
embryogenesis4). They form the basis of the Lewis-type gjvalent cations, with a preference for magnesium, cobalt,
blood group antigens5), are involved in the formation of o manganeseld). The reaction is unusual in that, of the
atherosclerosisg), and mediate hostbacterial interactions  oyr canonical nucleoside triphosphates, only guanosine and
(7). A decrease in the availability of fucose is associated g 5 |esser extent inosine can be utilized to form a nucle-
with leukocyte adhesion deficiency type-ll disord8),@nd  gtide—sugar (4). Furthermore, the enzyme does not catalyze
fucosylated glycoproteins have been implicated in memory he formation of inorganic orthophosphate from the liberated

processes¥ 10). Fucose is made available during the ,yrophosphate moiety as a way of energetically driving the
synthesis of fucosylated glycolipids, oligosaccharides, and (aaction in the product formation direction.
glycoproteins via a sugar nucleotide intermediate, specifically

GDP-L-fucose. In most organisms, GDP-fucose is formed
predominantly by the oxidatierreduction and epimerization
of GDP-o-p-mannose11). In mammals, a second pathway
exists for the formation of GDB-L-fucose. Specifically, a

Nucleotide-sugar metabolizing enzymes can drive sub-
strate specificity through active-site recognition of three
distinct chemical moieties: the base, the ribose species, and
the hexose. This implies that the active site of GFPP may
salvage pathway converts the fucose liberated from the be comprised_ of three distinct regions that are spatiall_y
metabolism of glycoproteins, glycolipids, and fucose- arranged to gllgn_the NTP and the hexose—_l—P for catalysis.
containing oligosaccharides to fucose-1-phosphate and Sub_CompIex_ actlve—sne_ architectures that are linked to unusual
sequently to GDRS-L-fucose. The first reaction is catalyzed €nZymatic mechanisms are a hallmark of enzymes that
by an ubiquitous fucosy! kinaséZ, 13). The second reaction ~ Metabolize nucleotidesugars {5-22).
is catalyzed by a novel guanosine triphosphate fucose This study seeks to further the understanding of the human

pyrophosphorylaseld). GFPP enzyme active site as a prelude to continued structure
Guanosine triphosphate fucose pyrophosphorylase (GFPPfunction studies. The enzyme remains refractory to crystal-
E. C. 2.7.7.30) catalyzes the formation of GDficose from lization, even though it can be purified to homogeneity from

native sources or produced recombinantly. In this work,
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GFFP for a guanine base implies that the enzyme active site If required, fraction Il was applied to a Sephadex G-75
is more restrictive for base recognition than is typical for column (110 cmx 7.6 c®). Peak fractions were pooled after
similar enzymesZ3). fraction aliquots were visualized by SB®AGE. The G75
pool was designated as fraction Ill and represented homo-
EXPERIMENTAL PROCEDURES geneous GFPP protein. Fraction Il GFPP protein was

Construction of a GTP Fucose Pyrophosphorylase Ex- conqentrated as required by pressure filtration throug_h a
pression PlasmidUnless otherwise noted all procedures Semipermeable membrane (Amicon YM-3) and dialyzed into

performed in this study were according to Sambrook et al. Various buffers. , -

(24), including bacteria plating, agarose gel electrophoresis, Synthesis of Radiolabeled Substratgs*P]JATP was

and restriction endonuclease digestions. The gene thaturchased from ICN Biomedicals, Inc. The first step toward
encodes GTP fucose pyrophosphorylase (GFPP) was isolated€ Synthesis of GDP-fucose analogues was the preparation

from a pool of human liver-specific cDNA (Invitrogen, Inc.)  ©f [*Plfucose-1-phosphate. This was typically achieved by
using two primers: combining the following in a 50Q:L reaction: 20 mM

fucose, 20 mM §-32P]JATP, 10 mM Tris-HCl at pH 7.0, 5
5-ACACACCATATGGCAGCTGCTAGGGACCCT mM EDTA, 50 mM NacCl, 15.0 mM MgGl, and 2.5 units

and of fucose kinase (E. C. 2.7.1.52). A laboratory recombinant
, source of human fucose kinase was employed. The reaction
5 'GTGTGTCTCGAGCTACATCAAACTGCTTX ,;\IZC was incubated at 37C for 4 h atwhich time we added 100

uL of an acidic suspension of Norit A. The mixture was
The first primer incorporates a flankirddel restriction site incubated on ice for 5 min and centrifuged at 14968 15
directly upstream from the initiating ATG codon. Athol min. The supernatant was collected and recentrifuged as
restriction site is incorporated into the second primer directly above. The resulting supernatant was neutralized by the
after the stop codon. The primer sequences that correspondhddition of NaOH to a final pH of 7.0. Purity was assayed
to the GFPP coding region were derived from the published via 3P NMR, (CDC}) o: —1.23. This material was used to
DNA sequence (GenBank accession AF017455). PCR reacform NDPf-L-fucose with various GTP analogues.

tions using these two primers amplified the entire 1782 bp
coding region. Typical PCR reactions were as follows: 94
°C for 5 min, followed by 30 cycles of 94C for 1 min, 54

°C for 1 min, and 72C for 2 min. After the last cycle, the
PCR reaction was held at 72 for 10 min. The PCR DNA
band was purified using the Wizard PCR DNA cleanup kit
(Promega). The insert was digested wiNde | and Xho |

[y-*2P]GTP was purchased from ICN Biomedicals, Inc.
The material was treated with an acidic suspension of Norit
A on ice for 30 min. The mixture was then centrifuged at
1400@ for 10 min. The supernatant was removed, and the
pellet was resuspended in cold water. The mixture was
recentrifuged and rewashed with cold water two more times.
The [y-32P]GTP was eluted from the Norit A by the addition

(both from New England Biolabs) and was repurified. of concentrated ammonium hydroxide in 50% ethanol. After
Digested GFPP insert was combined in a 10:1 molar excessa 10 min incubation on ice, the mixture was centrifuged as
with Ndel/Xhol digested pET15b. Ligations were performed above and the supernatant was decanted. The pH was
with T4 DNA ligase at 14°C for 12 h. Aliquots of the adjusted to 7.0 by the addition of HCI. This material was
ligation reaction were used to transform chemically compe- used to form NDP3-L-fucose with various hexose-1-
tent DH% bacteria. Recombinant molecules were verified phosphate analogues.
by DNA sequencing from minipreps. One positive colony  Synthesis of Fleximer and Tricyclic Nucleoside Triphos-
was designated as pGSPPe. phates The guanosine fleximer nucleoside and the guanosine
Purification of GTP Fucose Pyrophosphorylaséuman and inosine tricyclic nucleosides were synthesized as previ-
GFPP enzyme was purified to homogeneity by growing 3 L ously described 26, 27). The three nucleosides were
of pGFPPe/BL21(DES3) culture (in LB supplemented with converted into their respective triphosphate forms via the
60 ug/mL ampicillin) at 37°C until an ODgs = 0.6 was combination of enzymatic and chemical methodologies. Each
reached. Protein expression was induced by the addition ofnucleoside was phosphorylated Bscherichia coligua-
IPTG to a final concentration of 1 mM, and growth was nosine-inosine kinase (GSK, E. C. 2.7.1.73). A typical
continued for 5 h. Cells were pelleted by centrifugation at reaction contained 10 mM nucleoside, 40 mM MgdO0
1100@ for 15 min. The collected cell paste was frozen at mM MnCl,, 40 mM Tris-HCI (pH 7.2), 50 mM urea, and
—20 °C for at least 2 h. The pellet was resuspended in 10 20 mM ATP in a final volume of 50(L. GSK produced
mM Tris-HCI (pH 7.5), 10 mM NacCl, and 1 mM EDTA from a laboratory clone was added to a final protein
(buffer 1), and the cells were lysed by passage through aconcentration of 0.1 mg mll. The reaction mixture was
French Press. The material was then cleared by centrifuga-incubated at 30C for 48 h with occasional agitation. ADP
tion, and the decanted supernatant was designated as fractiowas separated from the NMP species via anion-exchange
I. The protein concentration was determined by the method chromatography using a Whatman Partisil 10 SAX column.
of Bradford @5) using BSA as a standard. A linear gradient from 20 mM NaiPO, (pH 4.5) to 800
Fraction | GFPP was dialyzed into imidazole-binding mM NaHPO, (pH 4.5) was employed. Fractions containing
buffer, and the N-terminal hexahistidine affinity tag was used the MNP were pooled and desalted via size-exclusion
to purify GFPP according to the instructions supplied in the chromatographyma 5 cmx 0.78 ¢ Bio-Gel P-2 column
His-tag purification kit (Novagen, Inc.). This material that run in water. NMP-containing fractions were pooled and
eluted from the His-tag affinity column was pooled and brought to dryness overnight. Typically these steps were done
extensively dialyzed against buffer I. The dialyzed material in batches to ensure that enough material was available for
was designated as fraction II. conversion to the triphosphate. The dried material was
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dissolved in a minimum volume of anhydrous DMF and was 1 ] T
returned to dryness twice. Alternatively, the monophosphate
reaction product could be separated from the ADP by
reverse-phase chromatography through a Waters Nova-Pack
column using 50 mM triethylamine phosphate (pH 6.5) as
the mobile phase. The formation of the triphosphate species
employed the technique of Moore et a28). The overall
yield, as determined by UV absorbance, was approximately
35%.

Each sample preparation was verified B NMR. For
this analysis, a small amount of solid material was resus- 0.2
pended in RO. NMR analysis was carried out using a Bruker
500 MHz NMR. NTP molecules feature three resonances
(with respect to a BPO, external standard) at approximately 0 . .
—6, —11, and—22 ppm. These correspond to thea, and 0 500 1000 1500
S phosphorus atoms, respectiveBg). Specific resonances:

guanosine fleximer;-9.31, —10.05, and—21.92; inosine

fleximer, —9.12, —10.13, and—22.22; and tricyclic gua-  H/GURE L. Size-exclusion chromatography through a 8M.78
nosine —8.87,—~10.27, and—21.78. cm Bio-Silect 250 column. Human GFPP elution profile superim

: ] posed on molecular weight standards. The size of the standards is
Enzymatic AssaysThe first procedure measures the indicated: thyroglobin\(, void volume);y globulin, 158 kDa;
hydrolysis of |-*2P]GTP to Norit nonadsorbabféPR and BSA, 67 kDa; ovalbumin, 44 kDa; myoglobin, 17 kDa; ATP

was used in the reactions involving modified hexose moieties (volume total,Vi).
(meaning reactions involving unmodified guanine as the ] . ]
nucleotide base). The reaction conditions include, ind0o ~ into the 1.4 mL stirred reaction cell. GFPP ranged in
50 uM [y-3P]GTP at 100 nCi, 20 mM Tris-HCI at pH 7.0, concen_tratlon from 50 to 8«M in the _ceII. Both thg
10.0 mM MgCh, 1 mM fucose-1-P (or other hexose-1P), nucleotide-sugar and the enzyme were in 20 mM sodmm
and various amounts of enzyme. Back reactions were ¢acodylate (pH 5.57.0) and 40 mM NaCl or 20 mM Tris-
prevented by the inclusion of 0.01 units of yeast inorganic HC! (PH 7.0-7.5) and 40 mM NaCl. Titrations were
pyrophosphatase. After 20 min at ST, the reaction was ~ conducted between 20 and 4C. Typical experimental
terminated by addition of an acidic suspension of Norit A. conditions for the fitrations were a 10 s injection period
The reaction was centrifuged at 8@QGnd an aliquot of  followed by a 240 s delay between injections for a total of
the supernatant was assayed via scintillation counting. For40 injections. Blank titrations of inhibitor into buffer were
reactions employing different (nonradioactive) NTPs, a performed to correct fqr hea}ts pf dl!utlo_n and mixing. The
second procedure was employed. The reaction conditionsindependent set of multiple binding sites is the most common
include, in 10uL, 100 4M [3?P]fucose-1-phosphate at 300 mod_el for binding experlment_eva_luanons. The analytl_cal
nCi, 20 mM Tris-HCl at pH 7.0, 15.0 mM Mggl1 mM SO|U'[I0.I’1 for the total heat usedlln thIS.StUdy was .aS des_crlbed
NTP, and various amounts of enzyme. Back reactions werebY Freire et al.1). Data were fit to this model using Origin
prevented by the inclusion of 0.01 units of yeast inorganic Version 7 (MicroCal, Inc.).
pyrophosphatase. After 20 min at 3C, the reaction was RESULTS
terminated by the addition of an acidic suspension of Norit
A and centrifuged as above. The supernatant was discarded, Cloning and Enzyme PurificationA full-length clone
and the pellet was resuspended in 100of cold water. An encoding human GFPP was successfully isolated from a
aliquot of this mixture was counted on a scintillation counter. prepared liver cDNA library and cloned into pET15b. The
Kinetic parameters were calculated according to Se!f#! ( insert was fully sequenced and found to be identical to the
The reaction procedure follows the formation of the published sequencé4). The purification of GFPP frork.
nucleotide-sugar by measuring Norit adsorbable radioactiv- coli results in approximately 5 mg of protein per liter of
ity in the presence of unlabeled NTPs &ffé-labeled fucose-  induced culture. The purification regime outlined in the
I-P. In this scenario, the newly synthesized nuclectisiegar Experimental Procedures takes approximately 2 days to
will contain the radiolabel and pellet with the Norit. The complete. GFPP is overproduced approximately 27-fold in
unreacted radioactive fucose-I-P remains in the supernatan€. coli. In the course of the purification, GFPP-containing
and is easily separated from the radioactivity in the Norit fractions could be pooled solely based on SIPAGE gel
pellet by a series of washing/decanting steps. The selectivevisualization. The enzyme is not stable when the frozen cell
ability of acidified Norit to adsorb any nucleobase-containing paste is disrupted via French press in the presence of
compound means that the same assay can be useg-##h imidazole-binding buffer (data not shown). To alleviate this
GTP and unlabeled hexose. In this case, the radiolabel isissue, crude protein extract was prepared in buffer | followed
released in the form of pyrophosphate and is counted in theby dialysis into binding buffer in preparation for the nickel-
supernatant. Unreactegd3?P-GTP partitions in the Norit  affinity purification step. The material that elutes from the
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pellet. nickel column contains several contaminating proteins. These
Isothermal Titration Calorimetry (ITC)ITC was per- were efficiently removed via size-exclusion chromatography.

formed with a VP-ITC instrument from MicroCal, Inc. The chromatographic behavior of GFPP on a Bio-Silect

Titrations were carried out by injecting/4d- of an NDP— 250 gel-exclusion column (Bio-Rad, Inc.) is shown in Figure

sugar solution (at concentration ranges from 0.25 to 1.0 mM) 1. The chromatogram was consistent with a monomeric
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Ficure 2: Structure of the substrate analogues used in this study.

protein, as was expected. The previously identified porcine base discrimination. Thi, for a guanine base (as in GTP)
GFPP is a monomerlf). Analytical gel-filtration experi- is 50 uM with a turnover of 2.5 st. Clearly, the best
ments (Figure 1) indicate that the GFPP protein elutes from canonical base part of a substrate is guanine with a catalytic
the column slightly before a bovine serum albumin standard efficiency of 49.8¢M~* s™. The second best base part of a
(67 kDa). The elution profile is consistent with the protein substrate is 8-oxoguanine with a catalytic efficiency of 40.8
being a monomer with a molecular weight of approximately «M~* s™. Most of the base parts of the NTP molecule are
66.6 kDa. The calculated Stokes radius is 34 A. The elution in fact poor substrates. This is reflected both in bindikg (
profile suggests that the protein is primarily symmetric in and catalysisk;.). Even though the base-substituted NDP-
nature because the frictional coefficient is 1.2. This does S-L-fucose molecules are not good substrates, a pattern of
however indicate a slight degree of oblate spheroid characterbase recognition emerges from the data presented in Table
The elution profile of GFPP was the same whether the 1. This discrimination is best illustrated by comparing the
enzyme was bound to substrates. ratio of catalytic efficiency (the valub in Table 1). GFPP
Enzymology and Substrate Recognitibigure 2 illustrates  discriminates base substrate from nonsubstrate primarily by
the base-, hexose-, and ribose-modified nucleetgigars sensing a potential hydrogen-bonding face that is made by
that were investigated as part of this study. Table 1 showsthe carbonyl oxygen at C-6, the N-1 ring nitrogen, and the
the Ky andkqq values for a series of guanine-like bases. In exocyclic amino group. Of the three base determinants, the
this portion of the present work, a NTP nucleobase analogueprimary determinant seems to be the exocyclic amino group.
was used, in conjunction with fucose-1-phosphate to dissectGFPP discriminates between guanine (as in GTP)N2d
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Table 1: Enzymology of Nucleoside Triphosphate Substituted Table 2: Enzymology of Hexose- and Ribose-Substituted
NDP-3-L-fucose GDP-Sugar
nucleoside analogue  Kpy Keat kealKm kealKm
of the NTP (uM) (s wuM1s1x10° D2 Km k“it uM-1s1 .
guanine 50.2 (1.8)2.5 (0.1) 498 1.0 compound (M) ) x10) D
7-deazaguanine 75.4(1.2) 1.5(0.1) 19.9 2.5  hexose-1-P substitutions
N1-methylguanine 423(3.6) 0.02(0.001) 0.05 996 fucose 67.0 (1.2)3.6 (0.1) 53.7 1.0
06-methylguanine 121.1 (3.9) 0.09 (0.002) 0.74 67.3 glucose 346.4 (0.7) 0.32(0.03) 0.92 58
8-oxoguanine 63.6 (1.4) 2.6(0.1) 40.8 1.2 glucose-6-phosphate 621.3 (0.4) 0.18 (0.02) 0.29 185
N2-methylguanine 1,263 (7.8) 0.009 (0.001) 0.001 49800 mannose 542.5(0.4) 0.20(0.02) 037 145
fleximer guanine 39.8(0.7) 3.5(0.1) 87.9 0.57 glucosamine 828.8 (0.3) 0.21(0.02) 025 215
tricyclic guanine 232 (2.4) 0.29(0.03) 1.3 38.3 galactose 676.7 (0.4) 0.23(0.02) 0.34 158
inosine 61.6 (1.9) 1.2(0.2) 19.5 2.6 fructose 823.2(0.2) 0.03(0.01) 0.04 1343
xanthine 823.1 (3.1) 0.03 (0.005) 0.04 1245 arabinose 85.4(1.1) 0.4(0.03) 4.7 11
adenine 516.3 (6.1) 0.009 (0.001) 0.02 2490 ribose substitutions
2-aminoadenine 210.0 (6.1) 0.32 (0.02) 15 33.2 ribose 50.2 (1.8) 2.5(0.1) 49.8 1.0
2-amino-6-chloropurine 163.9 (1.7) 0.27 (0.04) 1.6 311 2'-deoxyribose 83.7 (1.5) 0.3(0.04) 3.6 13.8
3'-deoxyribose 75.6 (1.6) 2.1(0.1 27.8 1.8
ap is the giscr’i’mination factor and is defined dga{Km)s"Y(Keaf 2',3’-did¥eoxyribose 118.0((0.8% 0.04& (0.)001) 033 151
Km)2"@ where “sub” refers to the natural G_FPP substrate, GBRcose 2'-O-methylribose 123.2(0.7) 0.2 (0.02) 1.6 31.3
and “ana” refers to an analogue nucleotideigar.? The value shown 2'-ara-ribose 66.6 (0.3) 0.26 (0.03) 3.9 12.8
is the mean of three replicate experiments. The number in parentheses  2'-fluoro-2-deoxyribose  42.6 (0.5) 0.009 (0.001)  0.21 237
is the standard deviation. 2'-amino-2-deoxyribose  68.9 (0.7) 0.05 (0.003) 0.73 68.2
3'-O-methylribose 55.3(0.3) 1.6(0.2) 28.9 1.7

methylguanine (as in N2-MeGTP) by a factor of 49 800 ap is defined in the footnote of Table 2 The value shown is the

. . .o mean of three replicate experiments. The number in parentheses is the
during the formation of ND_I??—L—fuco;e. Similarly, the - iard deviation.
enzyme is less capable of using xanthine (XDRs 1,245)

Zﬁﬁiﬁgﬁﬁmﬁxté‘ﬁg’ “32_15‘_’3'”8 (@sinITP)is utlized to an ; - ;- n4b = 20.57). Similarly, the tricyclic guanine base
. . . . (Figure 2 and Table 1) can be utilizeldy(= 232uM, kear=
Coupled with the exocyclic amino group is the role that 0.29 s, andD = 38.3)
is played by the carbonyl at C-6 of the purine ring. When ) o
adenine is the base, substituted NTP (as in ATP) is an

extremely poor substrate, with ba_rely dlscernlblle ability to various hexose-1-phosphates to dissect portions of the hexose
act as a substrate during syntheig,&= 0.009 s). that are important for binding or catalysis. TiKg for fucose
GFPP is less efficient in using 2-aminoadenosine tri- js 67 4M with a kes Of 3.1 s~ None of the hexoses tested
phosphate as a substrat® (= 33.2). No measurable in Table 2 were appreciably utilized by GFPP, although some
enzymatic activity could be detected when the substituent enzymatic activity is measurable for all of them. Enzymatic
at the 6 position was altered to a halogen, as in 6-chloro- efficiency was decreased +1343-fold, with turnover being
adenosine triphosphate (data not shown), but 2-amino-6-reduced for most of the hexoses approximately 13-fold. The
chloropurine kn = 163.9uM, keat=0.27 s, andD =31.1)  primary site for GFPP discrimination of potential hexose
was used as efficiently by GFPP as 2-aminoadenosinesypstrates is the methyl group at position C-6. If this is
triphosphatekn, = 210uM, ko= 0.32 s, andD = 33.2). missing, the hexoses cannot be efficiently used as substrates.
Hydrogen bonding at the N-1 nitrogen is the last compo- Substituting the methyl with an ethyl group, as in galactose,
nent in this recognition face. It in part helps to explain GFPP has a similar effect to leaving it ofkg = 676.7uM, keat =
discrimination between guanine- and adenine-based nucle-0.23 s, and D = 158). Similar activity is seen when
otides. If all three of these groups are removed, as in mannose is used as the hexose-1-phospkate 642.5uM,
benzimidazole triphosphate, no enzymatic activity or binding ket = 0.2 s'%, andD = 145). The stereochemistry of the
is seen (data not shown). GFPP does not strongly recognizenydroxyl group at C-5 is the second site of substrate
constituents on the imidazole portion of the purine base asdiscrimination. Of all of the hexoses employed in this study,
a method of distinguishing the substrate from the nonsub- only arabinose displays the same stereochemistry as fucose
strate. This is exemplified in 7-deazaguanosine, where at this position. Arabinose can serve as a substiate=(
removal of the N-7 nitrogen only slightly affects enzymatic 85.4 uM, ket = 0.4 s, andD = 11), even though it is
efficiency &n = 75.4 uM, kot = 1.5 s, andD = 2.5). missing the C-6 methyl group, primarily because of the C-5
Adding a methyl group at N-1 does result in a large decreasehydroxyl. Removal of this hydroxyl is extremely detrimental
in the ability of GFPP to form N1-methylGDB-L-fucose to the ability of GFPP to use a hexoseg(efructose kn =
(km = 423 uM, kear= 0.02 s, andD = 996), but this may  823.2uM, ket = 0.03 s, andD = 1343), as a substrate.
be primarily due to unfavorable steric interactions in the  Finally, GFPP is capable of utilizing a wider variety of
active site. This seems a plausible explanation especiallyribose moieties. In this portion of the study, various ribose-
when one considers the activity exhibited by 7-deazagua- substituted GTP moieties were reacted with fucose-1-P to
nosine triphosphate, as well as the observation that 8-ox-look at the effect of ribose substitutions on binding or
oguanosine triphosphate is nearly as good of a substrate agatalysis. The results in Table 2 show that the only ribose
GTP O = 1.2). The enzyme can effectively utilize a wide substituent that plays a role in substrate recognition is the
variety of guanine analogues. The fleximer guanine base 2'-hydroxyl, although the enzyme can catalyze the formation
(Figure 2 and Table 1) is actually a better substrate for the of GDP{3-L-fucose from 2deoxyribose GTPE = 13.8).
enzyme than is a canonical guanitg & 39.8uM, Kear = Substitutions at the' dosition had little effect on discrimina-

GFPP displays very specific hexose discrimination. In this
portion of the study, unmodified GTP was reacted with
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Ficure 3: Diagram showing the molecular recognition constituents
that help GFPP discriminate the substrate from the nonsubstrate 04

during the synthesis of nucleotigsugars. Shown is the structure .-I'--"-'_ ]
of GDP5-L-fucose. Numbers at each arrowed position refer to the € 24 ." -
discrimination factor for specific substitutions (in parentheses) at g 1 =
that position. Refer to Tables 1 and 2 for details. 2 4 . ]
= 1 [ ]
= B .
tion by the enzyme (3deoxyribose,D = 1.8; 3-O- ot 1 . .
methylriboseD = 1.7). One 2 or 3-hydroxyl is preferred, ] '3‘_ _' il
but not required, because evérB2dideoxyriboseD = 151) % 104 ._- -
can be utilized to some extent. The conformation of the 2 £ ) nyunnt I

hydroxyl was as critical to enzyme discriminatiori-é2a- —
ribose,D = 12.8) as not having a hydroxyl at that position. 00 05 10 15 20 25 30 35
Finally, changing the '2hydroxyl group to either a fluorine Molar Ratio

(D= 2.3.7) or.an amino gr.o'upjz 68.2) was deleterious o Ficure 4: Typical ITC binding analysis between GFPP and NDP
the ability of GFPP to utilize the substrate. sugars. In this case, data are shown for GBRfucose binding to
To summarize, GFPP discriminates between the substratéhe enzyme. The nucleotidsugar was dissolved in 20 mM

- _ cacodylate (pH 7.0) and 20 mM NaCl at a final concentration of 1
and the nonsubstrate by recognizing the C-6 fucose methyImM. GFPP was dialyzed in the same buffer and was used in the

group, the substituent (and stereochemistry) at the C5 andca|orimeter cell at a concentration of 2. The temperature was

the C3 positions of the hexose, as well as a specific maintained at 20C, and 40 injections of &L each were employed
hydrogen-bonding surface on the heterobase, made up of thavith a 240 s re-equilibrium time between injections. (Top panel)
C-6 carbonyl, the N-1 nitrogen, and the C-2 exocyclic amine Each peak shows the heat produced by the injection and subsequent

. . . binding reaction. (Bottom panel) Binding isotherm produced by
group. Finally, GFPP senses the substituent on tibase integrating each injection peak with respect to time. Shown is the

position. These features are shown in Figure 3. enthalpy per mole of GDPB-L-fucose injected versus the GI#P-
Calorimetric Binding AnalysislTC has proven to be an  L-ucose/GFPP molar ratio.
invaluable tool for the study of enzyme active-site architec- ~ Not surprisingly “guanosine-like” bases bind with higher
tures. This is especially true when the three-dimensional affinity than do other base analogues. The base recognition
structure of the enzyme is unknown or when there are no rules that were elucidated with the enzymological study are
sequence homologues of known structure to study. Figure 4mirrored with the ITC-binding data. The fleximer guanine
shows a typical binding isotherm, in this case for the titration Pase binds to the enzyme with higher affinitfa(= 7.3 x
of GFPP with GDP8-L-fucose. Binding of nucleotidesugar ~ 10° M™% than does canonical guanir,= 4.6 x 10°M™).
analogues to GFPP is an exothermic process, but there is £Mong the bases tested in this study, adenine binds with
wide variation in both the enthalpic and entropic contribu- the lowest affinity K, = 2.0 x 10* M™). Bases with very
tions to that binding. The thermodynamic parameters are low affinities (adgnme and xanthine) bind to GFPP with a
summarized in Table 3. For the majority of nucleotideigar ~ f@vorable entropic termAS = 8.7 and 6.7 cal mof K™,
analogues, binding to GFPP is entropically unfavorable. This "€SPectively). A similar phenomenon is seen with the low
may indicate that there is an associated change in the heaffinity b1|ndelrs arabinosekp = 1.0 x 10° M™% AS= 9.4
capacity upon binding. MeasurementsA#fl andAG as a ~ ¢& m?f K™) and 2—f|uorf>—2'_—ldeoxyr|b<_ase Ka = 2.0 x
function of the temperature (representative data shown in 19" M™% AS= 1.7 cal mof* K™%). There is generally good
Figure 5) indicate thatH is temperature-dependent. There Correlation betweety andKn, for the data presented.

is a linear relationship between the binding enthalpy and the DISCUSSION

were used to calculate the binding-induced change in the plants, and mammals (for a review, see 1gflt is a major
heat capacity (Table 3). Values &fC, range from—585 constituent of glycoproteins and glycolipids and has been
cal mof* K= for fleximerGDP-fucose to-85 cal mof* associated with several human disease states (e.cB),ref
K~ for GDP-arabinose. For the analogues that are entropi— tumor metastasisge), fertilization (33), and apoptosigﬂ_)_
cally unfavorable, the\G of binding is nearly independent  The inclusion ofL-fucose into glycolipid or glycoprotein

of the temperature, whereas when nucleotisiegar binding  structures requires the use of a nucleotidagar intermedi-

is entropically favorable, th&G of binding shows some  ate, namely, GDB-L-fucose. In mammals, two pathways
temperature dependence. operate to produce GDP.-fucose. Ade nao constitutive
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Table 3: Binding Thermodynamics of Nucleotid8ugar Substrate Analogues and Inhibitors

Ka AH AS AG ACR
compound n (M~ x10F) (kcal mol) (cal molt K1) (kcal mol) (cal mol*K™%)

NDP--L-fucose

guanine 0.98 (0.08) 4.6 (0.8) —14.5(1.2) —19.4 (1.8) —8.7 (0.6) —536 (112)

7-deazaguanine 1.03 (0.04) 4.4 (0.9) -12.8(1.1) —-17.4 (1.5) —7.6(0.4) —419 (101)

8-oxoguanine 1.01 (0.02) 4.2 (0.9) —13.9 (0.8) —20.6 (1.7) —7.7(0.4) —457 (111)

fleximer guanine 0.96 (0.04) 7.3(0.7) —-17.2(0.7) —-16.3(0.9) —-12.3(0.5) —585 (121)

tricyclic guanine 1.03(0.03) 0.5 (0.04) —11.2 (0.6) —21.1(1.6) —4.9(0.2) —366 (92)

adenine 1.08 (0.05) 0.02 (0.01) —5.8(0.9) 8.7 (1.1) —8.4(0.3) —242 (63)

xanthine 0.95 (0.08) 0.21 (0.09) —7.2(0.7) 6.7 (0.8) —9.2(0.4) —229 (58)
GDP-sugar

glucose 1.07 (0.05) 0.31 (0.08) —14.2 (1.1) —23.6 (1.2) —7.1(0.4) —372(92)

arabinose 0.98 (0.04) 0.01(0.003) —3.5(0.6) 9.4(0.9) —6.3(0.2) —85.3 (21)

fructose 1.10 (0.05) 0.88 (0.07) —10.4 (1.6) —24.1(1.4) -3.2(0.1) —338 (91)
GDP-riboses-L-fucose

3'-deoxyribose 1.07 (0.02) 2.3(0.6) —13.6 (0.7) —16.3 (0.9) —8.7 (0.5) —440 (123)

2'-fluoro-2-deoxyribose 0.96 (0.03) 0.02 (0.001) —4.9(1.5) 1.7 (0.04) —5.4(0.3) —131 (45)

2 Calculated fromAC, = (AHt, — AHT)/(T2 — T1) = (ASr, — ASr)/(IN(T2/T1)). ® The value shown is the mean of three replicate experiments.
The number in parentheses is the standard deviation.

0 T T — — T pathway produces GDPB--fucose from free fucose and
A GTP. The first step of the overall reaction is catalyzed by
5 r 5 . an ubiquitous fucose kinase (E. C. 2.7.1.88) that forms

L-fucose-1-P from fucose and ATP. The second step in the
. overall reaction is catalyzed by GFPP utilizing th&ucose-
1-P and GTP14).

Given the importance of fucose metabolism in cellular
physiology (both eukaryotic and bacterial) and in host
parasite interactions, it is important to fully understand the
enzymes involved in the utilization of the sugar. Fucose
kinase has been studied in detail, but other than cloning and
initial characterization studies, little work has been done on

Binding Enthalpy (kcal mor")

or ¢ ] GFPP. This is in stark contrast to other nucleotidagar
a8 , . L L . pyrophosphorylases ., refs 35—37). Even though the
0 e salvage pathway may only account for 10% of the total
B cellular GDPg-L-fucose pool 88), several studiesld, 39)

"g 2k - indicate that GFPP and fucose kinase are expressed at high
£ levels in many tissues. Therefore, they clearly play a more
g 4| i significant role in the overall synthesis of GO#:-fucose.
= GFPP may also be a new target for anti-inflammatory and
£ L) "/ . antimetastatic drugs. This work clearly demonstrates that
= — r—————3%r although the GFPP active site is plastic, the enzyme is only
= -8 <'\‘__ P significantly active when naturally occurring substrates
5 — '\“\N include guanine, ribose, and fucose. This ensures that the
e A0 8 salvage pathway is very specific for G¥P:=-fucose, and it
S does not deleteriously impact other nucleotideigar me-
B e tabolism.

Using a broad range of nonnatural substrate analogues,

5 10 15 20 25 30 35 40 45 GFPP can efficiently form nucleotigdesugars from a series

. of guanine-like bases. The modified enzyme assay simplifies
Temperature (°C) experiments and allows for the testing of a broader range of

FiIGURE 5. Temperature dependence of the enthalpy of binding (A) potential substrate molecules. Using this assay, it was

and the free energy of binding (B) for selected nuclectislegars  hnsgible to measutiéy, values to the millimolar range (from

binding to GFPP. The parameters have been corrected for buffer .

ionization. The data points were measured by ITC as described in th€ Submicromolar range) and turnover as low as 0.081s
the Experimental Procedures. The heat capacity change that isThe discrimination facto), the ratio of the natural substrate
associated with nucleotide binding was calculated as the slope ofcatalytic efficiency with that of the analogue, has proven a
a linear fit of AH versus temperature. For both panels, the closed yseful metric when comparing the impact of base modifica-
symbols are GDR¥-L-fucose,®; ADP-fucose W; fleximerGDP- s on binding and enzymatic turnover. Value®agreater

fucose,#; GDP-arabinosea; GDP-glucosey. than unity indicate that the analogue is a less efficient
pathway 84) converts GDRx-b-mannose to GDB-L-fucose substrate for the enzyme than the natural substrate.

by the action of GDR>-mannose-4,6-dehydratase (E. C.  The polarity of the hydrogen-bonding surface about the
4.2.1.47) and GDP-4-keto-6-deorymannose-3,5-epime- base is the critical determinant in base recognition. The
rase-4-reductase (E. C. 1.1.1.271). A second two-step salvag@olarity of GTP is obviously preferred. The pattern of
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hydrogen bonding is switched in ATP relative to GTP by  For all of the analogues tested in this study, there was a
the inversion of the carbonyl and exocyclic amino group positive but nonlinear correlation betwekp andk.,. That
positioning. This indicates the importance of these specific is, the harder it was for the substrate to bind to the enzyme
hydrogen-bonding partners in determining base substrate(as seen by alterations in the Michaelis constant), the slower
preferences. The C-6 carbonyl is a major base substratethe catalytic step (as seen by changes to the value of the
determinant, because no enzymatic activity could be detectedcatalytic constant). The fact that theg,—keo relationship is
when 2-amino-adenosine triphosphate was used as a subnot linear indicates that there is a more complicated inter-
strate, even though the exocyclic amino group was properly relationship between the kinetics and thermodynamics of
in position 2. When the carbonyl oxygen is blocked, as in substrate bindingd(). This also indicates that some bound
0O-6-methyl guanosine triphosphate, some enzymatic activity substrate leaves the active site via dissociation rather than
could be detected in the assay, but it is much less efficient. through formation of a nucleotidesugar. The enzyme is
This again shows the interplay between substituents at theactive in the presence of substoichiometric amounts of
C-2 and C-6 ring positions. Similar guanine base hydrogen- magnesium ion. This means that ITC analysis is not possible
bonding surfaces have been implicated in substrate recognidin the presence of metal because thermodynamic parameters
tion with other GTP-binding protein€(). Consistent with associated with substrate binding are confounded by substrate
the base discrimination hypothesis is the observation thathydrolysis during the binding time course (data not shown).
2-aminoadenosine triphosphate can be utilized as a substratdt is known that the exact magnitude of thermodynamic
In this case, the C-2 exocyclic amino group inherent in parameters can vary in the presence or absence of metal ion,
guanosine is present, but the C-6 carbonyl of guanine hasbut the general thermodynamic trends remain the same. A
been replaced by the C-6 exocyclic amine normally presentdetailed thermodynamic analysis of metahzyme-sub-
in adenine. strate binding is underway using a variety of metals that
The active site of GFPP displays a surprising degree of promote substrate binding but do not support catalysis
plasticity. The enzyme is very active when the guanosine (manuscript in preparation).
fleximer triphosphate is used as a substrate. In fact, fleximer There is strong enthalpyentropy compensation for most
GTP is a slightly better substrate than is GTP«£ 0.57). analogues, especially those that bind with unfavorable
This analogue was originally designezb) to allow a greater ~ entropy. The large\C, results from the weak temperature
degree of flexibility during binding by separating the two dependence oAG and the strong enthalpyentropy com-
purine base constituents by a single carboarbon bond, pensation. This indicates that binding is accompanied by
while retaining the hydrogen-bonding components necessaryalterations in the solvent-accessible surface area of GFPP.
for recognition. It was hoped that this modified base would The result indicates that the interaction between GFPP and
show adaptability for diverse enzyme active sites by allowing most nucleotide sugars is enthalpically driven; that iSH
free rotation of the two ring components. Whether fleximer is negative. The reaction is not favored entropically as
GTP adopts a different binding geometry than GTP in the evidenced by the negative value &S However, the
GFPP active site will ultimately be solved crystallographi- enthalpic term is larger in magnitude than the tefiAS
cally. However, at a minimum, the GFPP active site that hence, the overall free energy of binding is negative.
shows a high degree of discrimination for guanosine-like  Surprisingly, a few of the substrate analogues bind to
bases can accommodate a guanosine base analogue that GFPP with a favorable entropic term. Subsequent analysis
1.5 A longer than the canonical base and utilize it better indicates that, in these analoguest is only partially
than GTP. This increase is manifested both in bindidg) compensated for by th€AS and thatAG is more temper-
and enzymatic turnovekd,). More dramatically is the ability =~ ature-dependentAC, is not as significant too). There is a
of GFPP to utilize tricyclic guanosine triphosphate as a good correlation between the ability of GFPP to utilize a
substrate. This molecule (see Figure 2) again separates th@articular set of substrates and thE,. The less a substrate
purine ring components by 1.5 A but, unlike the fleximer (meaning the NTP or the hexose) can be used efficiently as
guanosine, locks the ring into a rigid conformation. Tricyclic a substrate, the lower the value of the heat capacity change
GTP binds less readily in the GFPP active site than GTP upon binding. Oddly, there is also a direct correlation
and is harder to utilize as a substrate once bound, but GFPPbetween the ability of GFPP to form a particular nuclectide
can employ this molecule as a substrate with a fair degreesugar and the binding entropy. The reason behind this
of efficiency © = 38.3). Again the driving force behind observation is unclear but indicates that the thermodynamics
base recognition seems to be a “guanosine-like” hydrogen-of binding may be more complicated. The overall negative
bonding surface where polarity of those interactions is binding enthalpy indicates that electrostatic interactions may
maintained. If all three are present, the molecule can be predominate the binding reaction, perhaps including desol-
effectively utilized (even if the purine ring is split). If two  vation of GFPP side chain€l?). Positive (favorable\S
are present, then GFPP can use these molecules withvalues usually arise from the release of ordered water
relatively similar efficiency. If the polarity of these groups molecules into the bulk solvent. Negative contributions to
is reversed or they are all abolished, then GFPP cannot utilizethe AS arise from losses in translational and rotational
these base analogues as substrates. It may also be surprisirdggrees of freedom that reduce the flexibility of the nucle-
that the enzyme is competent to handle a large array of otide—sugar and/or residues in the GFPP active site upon
guanine-like bases, yet the analogues used in the study aréinding. Hence, GFPP may be using an entropic screening
very closely related to guanine. Pyrimidines or analogues process to help determine the substrate from the nonsubstrate.
more structurally removed from guanine are not substrates Large negative changes i&C, are indicative of removing
(data not shown). This model system therefore allows for a large amounts of protein surface area from interactions with
more subtle evaluation of substrate constituents. the solvent 43). This, coupled with the temperature depen-
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dence of the entropy and enthalpy (for binding of substrates
with unfavorable entropic terms), may indicate that GFPP
alters the solvent-accessible surface area and thus conforma-
tion, in response to nucleotidesugar binding. There are no
observable changes to the GFPP hydrodynamic radius or to
the circular dichroism spectrum (data not shown) that would
indicate a large conformational change. This, in turn, may
mean that the alterations to the accessible surface area are
caused by more subtle conformational changes, perhaps
involving surface loops. This particular phenomenon has ¢
been seen in other nucleotide-binding proteiy).(

Many binding reactions involve transfer of protons to or
from the complex. This often has a large effect on the binding 4,
affinity. Experiments were performed to assess whether
binding involved a change in the protonation state of a
titratable group (or groups) in the GFPP active site. Calo-
rimetric analysis of GFPP-GDB-L-fucose binding in dif-
ferent buffers indicates that no protons are transferred as a
result of binding (slope= 0.01 in a plot ofAH,,, versus
AHion from the relationAHapp = NAHcor + AHigiz; data not
shown). However, it may also be possible that net proton
transfer in the active site is masked by proton transfer
between a part of GFPP that is remote from the active site
and the buffer. Any such alterations to th€ putside of the
active site would compensate for changes within the active
site @2).

GFPP is unlike many of the other nucleoticugar
pyrophosphorylases, including primary sequence identity,
quaternary structure, regulation, tissue distribution, and
substrate preferences. When more of the enzyme architecture
and mechanism is unraveled, it will be possible to further
the understanding of fucose metabolism in diverse species.
This study dissected the discrimination of GFPP for sub-
strates and nonsubstrates as a method for characterizing the
enzyme active site. The ultimate analysis of the GFPP active
site will come from combining this binding analysis with
the elucidation of the three-dimensional structure of GFPP
complexed with substrate and inhibitor molecules. Crystal-
lization trials are underway, but so far, the enzyme has
proven recalcitrant to forming diffraction quality crystals.

In the meantime, a large amount of useful information can
be determined about this system using traditional enzymol-

ogy.
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