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The origins of specificity and reactivity are presently unresolved
issues in our understanding of co- and post-translational protein
modification.! Central to unraveling the mechanism of aspara-
gine-linked glycosylation? is ascertaining how the reactivity of a
relatively poor nucleophile, the carboxamido group, might be
enhanced. We have demonstrated® that glycosyl transfer acceptor
properties may be related to the ability of the peptide to adopt
an Asx-turn motif.* For glycosylation, the specific hydrogen-
bonding interactions in this motif also bring the carboxamido
oxygen of the asparagine side chain and the hydroxyl proton of
the “essential” hydroxy amino acid into proximity. This added
interaction may then provide additional stabilization for the
Asx-turn and align the functional groups that comprise the spe-
cificity determinants for the process.

Mechanistic models to explain primary amide reactivity in the
oligosaccharyltransferase-catalyzed (OT-catalyzed) process have
previously been proposed by Marshall® and Bause et al.* While
both models consider that the hydroxy amino acid functions by
assisting ionization at nitrogen, neither model recognizes the
potential importance of peptide backbone interactions nor im-
plicates the Asx-turn in providing for a uniquely reactive side
chain.

Toward deriving a mechanistic picture consistent with the
observed conformational model, we have examined the glycosyl
acceptor properties of peptides 1-5 in which the side chain
functionality of the asparagine residue is replaced by groups with
different ionization properties (Figure 1). The transfer kinetics
of these peptides were determined’ and compared against the
standard substrate 1 (Table I). As a result of these studies, we
propose that the enhanced asparagine reactivity may be attributed
to a conformationally specific neighboring group assistance.

Asp-Xaa-Thr sites, such as 2, are not glycosylated.®* In
addition, peptide 2 shows no competitive binding to OT, although
the peptide adopts an Asx-turn conformation analogous to that
observed in the substrates.* This suggests that a negative charge
is not tolerated at the active site. Accordingly, those mechanisms
which propose involvement of a nitrogen anion are unlikely, since
2 mimics that charge distribution and thus should inhibit OT as
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Table I. Enzyme Kinetic Analysis of Tripeptides®

apparent rel
peptide Ky (mM) V(%) K (mM)
Bz-Asn-Leu-Thr-NHMe (1) 0.24 100
Bz-Asp-Leu-Thr-NHMe (2) >10¢
Bz-Asp(OyMe)-Leu-Thr-NHMe (3) >10¢
Bz-Amb-Leu-Thr-NHMe (4) 1.0
Bz-Asn(yS)-Leu-Thr-NHMe (5) 0.26 8.4

?Determined in the presence of 200000 dpm, 6.1 Ci/mmol
(GIcNAC),-P-P-Dol (4 X 10 M).” ¢Peptide 1 as standard. ‘No in-
hibition was observed at concentrations below 5 mM.

a transition-state analog.!® Likewise, 3 is not recognized by OT.
This modification does not affect either the conformation of the
peptide or the hydrogen-bonding interaction to the hydroxyl proton.
However, the side chain no longer carries a proton donor, and this
appears to impact binding. Peptide 4 competitively inhibits OT
and has a K; comparable to the Ky of the standard substrate 1.
This peptide lacks a carbonyl oxygen so it cannot form the nec-
essary hydrogen-bonding interactions to stabilize the Asx-turn;
however, it can achieve an analogous structure. Finally, the
thioasparagine-containing!! peptide, 5, is a substrate for OT with
a Ky similar to that for 1.

Therefore, the important criteria to be considered in formulating
a working hypothesis for the catalytic mechanism of OT are the
following: the role of the Asx-turn, the lack of evidence for an
intermediate bearing a formal negative charge at nitrogen, and
the effect of differing proton donors at the carboxamide site.

A mechanism consistent with these considerations is shown in
Figure 2. It is proposed that the peptide backbone interactions
and the essential hydroxy amino acid provide the necessary ma-
chinery for protonation of the carboxamido oxygen and, simul-
taneously, a general base at the active site abstracts a proton from
the nitrogen forming the imidate tautomer, which is a competent
nucleophile. It is intriguing to note that the Asx-turn interaction
juxtaposes the critical hydroxyl group with the syn lone pair of
electrons on the carboxamido oxygen.'? Rate acceleration may
be affected either by catalysis of a rate-determining tautomeri-
zation or by stabilization of the imidate tautomer in the envi-
ronment created by the peptide. Modifications which affect either
the pK, of the nitrogen protons or the basicity at the oxygen site
should influence the binding to OT.
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Both 4 and 5 have lower pK, values than 1. Since the X;
of 4 is similar to the Ky, of 1, the increase in acidity apparently
compensates for the lack of stabilized Asx-turn structure. Reaction
of peptide 4 to afford a product which is labile to the reaction
conditions was considered; however, increased background hy-
drolysis of the lipid-linked donor is not observed. The turnover
of § is significantly lower than that for 1, which may reflect the
diminished basicity of sulfur. This suggests that the subtle balance
between the protonation and deprotonation steps is essential for
efficient catalysis.

Thus, we propose that the primary sequence requirements
establish neighboring-group assistance for the tautomerization
process.'* Consequently, the conformation of the peptidyl acceptor
appears to establish a microenvironment surrounding the car-
boxamido group which may govern the exceptional specificity
observed in asparagine-linked glycosylation.
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Posttranslational addition of hydrophobic moieties (fatty acid
acylation and prenylation) is a functionally essential modification
for many proteins involved in intracellular signaling pathways.!
Study of the transferase enzymes that catalyze these modifications
is complicated by troublesome single-point methods for assaying
their activity. We have developed a continuous fluorimetric assay
for one of these enzymes, farnesyl:protein transferase (FPTase),
that takes advantage of a common feature among all hydrophobic
modification reactions: the increase in hydrophobicity about the
reaction center of the acceptor substrate that occurs following
conversion of substrate to product.

FPTase catalyzes the transfer of a hydrophobic farnesyi group
(C,s) from farnesyl diphosphate (FPP) to a specific C-terminal
cysteine residue of a protein substrate, forming a thioether bond
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Figure 1. Fluorescence progress curve, A, of the reaction catalyzed by
recombinant human farnesyl:protein transferase (0.5 nM) using Ds-
GCVLS (1.0 uM) as substrate in the presence of a saturating concen-
tration of farnesyl diphosphate (10 uM) in assay buffer (50 mM Tris-
HCI, pH 7.5, 5 mM DTT, 5 mM MgCl,, 10 uM ZnCl,, and 0.2% octyl
B-p-glucopyranoside) at 30 °C. Fluorescence data in the integration
mode were obtained on a SPEX Fluorolog Model F112XI spectrofluor-
imeter with A, = 340 nm (slit width = 4 nm) and A, = 505 nm (slit
width = 8 nm) using 4 mm square microcells. Concentrations of stock
solutions of Ds-GCVLS (in 20 mM Tris-HC|, pH 7.5, 10 mM EDTA)
were calculated from the extinction coefficient of the dansyl moiety at
340 nm (e = 4250 M"! cm™). Inset: Fluorescence emission spectrum
(Aex = 340 nm) of B, substrate Ds-GCVLS (1.0 uM in assay buffer); C,
product Ds-G[f-C]VLS (1.0 uM in assay buffer); and D, difference
between substrate and product.
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and displacing inorganic diphosphate in the process? (Scheme I).
Short peptides (=4 residues) containing a C-terminal consensus
recognition sequence (CXXX) can also serve as farnesylation
acceptor substrates.?>® Interest in FPTase has intensified because
farnesylation is required for membrane association and biological
function of ras-encoded proteins,* mutant forms of which play
a biological role in over 20% of all human cancers and in greater
than 50% of pancreatic and colon tumors.* Inhibition of FPTase
represents a possible method for preventing relocation of mutant
Ras from the cytosol to the membrane, thereby blocking its
cell-transforming function. Since cytosolic mutant forms of Ras
act as dominant negative inhibitors of the Ras signaling pathway,
inhibition of FPTase activity would also lead to the in situ ac-
cumulation of an inhibitor specific both for the Ras pathway and
for cancer cells.* Enzymological studies and the search for potent,
specific inhibitors led us to consider alternatives to the existing
single-point assays for FPTase activity, which are labor-intensive
and generate radioactive waste.’
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