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ABSTRACT. The peptidecyclahex-AmRs)-Cys2)-Thra)-Vala)-Thrs)-Nphe-NH2 was previously shown to

be a slow, tight-binding inhibitor; = 37 nM) of the yeast oligosaccharyl transferase (OT) [Hendrickson

et al. (1996)J. Am. Chem. Soc. 118636-7637]. This enzyme catalyzes the transfer of a carbohydrate
moiety to an asparagine residue in the consensus sequence Asn-Xaa-Thr/Ser. Herein we present a study
of the contribution of the residues in positions 1, 3, 4, and 5 to OT binding. Replacement of the threonine
(residue 3) by valine or§)-2-aminobutyric acid dramatically reduced the potency of the inhibitor while,
surprisingly, the incorporation of an additional methylene into the side chain of residug-2,3¢
diaminobutyric acid changed to ornithine] had very little effect. Variants with acidic, basic, hydrophilic/
polar, and hydrophobic side chains in positions 4 and 5 were also evaluated for both yeast and porcine
liver OT inhibition. This aspect of the study reveals that basic (lysine) and acidic (glutamic acid) residues
are detrimental to the binding, whereas hydrophobic (valine) and polar/hydrophilic (threonine) residues
are both well tolerated. The kinetic behavior of substrate anatygsqhex-Asm)-CySsz2)-Thre)-Xaaa)-
Yags)-Nph-NH;] corresponding to inhibitors of weak, medium, and strong potency was also examined in
order to provide insight into the nature of these inhibitors.

Small synthetic peptidyl inhibitors are invaluable tools for is not targeted to the actual protein glycosylation event, but
identifying the mechanism of action and the binding speci- rather to an upstream metabolic process. The importance
ficity of protein processing enzymes such as proteases andbf asparagine-linked glycosylation in numerous biological
prenyl transferases. Herein we investigate the properties ofprocesses [for reviews, see Dwek (1996) and Varki (1993)]
a new class of peptidyl inhibitors that are targeted at the has prompted us to design inhibitors that would control the
multimeric membrane-associated glycoprotein oligosaccharylenzyme activity and provide insight into the underlying
transferase (OT). This enzyme catalyzes the co-translational mechanism of the process.
transfer of a complex carbohydrate (-GlcNAdany-Glcs) Peptides presenting the minimum recognition sequence,
from a lipid-linked Eyrophosphoryl donor to specific as;;ar- Asn-Xaa-Thr/Ser, with the amino and carboxyl termini
agine residues in the consensus sequence Asn-Xaa-Thr/Sef5qed as the simple amide derivatives have been employed
Currently, the composition and specnflc functions _Of th_e as substrates for thie »itro assay of OT (Welply et al.,
enzyr_net S%bunl'ts _gstv‘ée"f as the dettalls_of the a<|:t|ve _S|t|_e 1983). The excision of the carbonyl function in the essential
remain to be elucidate [for a recent review, see imperiali asparagine residue affords simple analogs that competitively
and Hgndrlgkson (1995)]' Prior to Fhese stud|es{ the .onIy inhibit the enzyme. For example, the peptide Bz-Amb-Leu-
ﬁn?V\r/nlln:utéltort ?ﬂ:i'“n;ed i?quio?]/la:tmr;g\éazs thfl n\:\l/csjbrlatlh Thr-NHMe [Amb, (§-2,4-diaminobutyric acid] is an inhibi-

atural product tunicamyc ( amura, )- TOWEVET, € o1 of porcine OT with &; of 1 mM, while the corresponding
effect of this compound oiN-linked glycosylation is not
T S . S substrate (Bz-Asn-Leu-Thr-NHMe) haskg, of 0.24 mM
specific; tunicamycin is a blsubstratelanalog inhibitor of the (Imperiali et al., 1992). In terms of conformational require-
enzyme that catalyzes the synthesis of Dol-P-P-GIcNAC, ments, studies with constrained substrate analogs have

which is the first precursor in the biosynthesis of Dol-P-P- ) .
GIcNAC,Mans-Glcs.  Therefore, inhibition of OT revealed that the Asx-turn conformation (Abbadi et al., 1991)
is important for Asn-Xaa-Thr/Ser substrate recognition

" 3 od by the National Institutes of Health (Imperiali et al., 1994). Following this lead, the inhibitory
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(GM39334) and an A. C. Cope Scholar Award to B.I. amine functionality was incorporated within a cyclic peptide
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phone: (626) 395-6101. E-mail: imper@imppig.caltech.edu. mimicked the backbone conformation of the Asx-turn. The
? Abstract published ikdvance ACS AbstractSeptember 15, 1997, jntroduction of this constraint resulted in a significant
! Abbreviations: Add, aminodecanedioic acid; Ab8)-2-aminobu- . . S _ j
tyric acid; Amb, §-2,4-diaminobutyric acid; AEBSF, 4-(2-aminoethyl)-  Improvement in the inhibitor potencK(= 50 uM; yeast
benzenesulfonyl fluoride; Boc, butyloxycarbonyl; Bz, benzoyl; DIPCDI, OT). Furthermore, increasing the length of the peptide at
diisopropylcarbodiimide; DMF, dimethylformamide; DMSO, dimethyl  the C-terminus to include extended binding determinants

sulfoxide; dpm, disintegrations per minute; DPPC, dolichol-P-P- . s .
GIcNAc-GIcNAc; DTT, dithiothreitol; EDTA, ethylenediaminetetraace- resulted in the most potent OT inhibitor to date. The peptide

tic acid; Fmoc, 9-fluorenylmethoxycarbonyl: GlcNAb-acetylglu- cyclahex-Amb-Cys)-Thr-Val-Thr-Nph-Nki(Hendrickson et
cosamine; Glu, glucose; HEPHS;(2-hydroxyethyl)-piperazing¥-(2- al., 1996) shows slow, tight binding inhibition of yeast OT

ethanesulfonic acid); HPLC, high-performance liquid chromatography; i ) i Val-Thr- di i
Man, mannose; NP-40, Nonidet P-40; OT, oligosaccharyl transferase;WIth ak; of 37 nM. The choice of the -Val-Thr- dipeptide

PC, phosphatidylcholingBu, tert-butyl; TFA, trifluoroacetic acid; Trt,  oeyond the consensus sequence was guided by statistical
triphenylmethyl. studies on glycosylation sités vivo (Gavel & von Heijne,
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1990). The third residue in thé&-terminal extension  enzyme. All steps were performed at@. Briefly, 12 mL
sequencep-nitrophenylalanine (Nph), was introduced to of porcine microsome preparation was incubated with 30 mL
allow facile concentration determination. of buffer (50 mM HEPES, pH 7, 40 mM sucrose, 2.5 mM

In the present study, we modulated the activity of the MgCl,, 2 mM DTT, 500 mM NaCl, 0.1 mM AEBSF, 0.5
prototype constrained inhibitor by varying two residues mg/mL leupeptin, and 0.5 mg/mL pepstatin) on ice for 20
beyond the consensus sequence to evaluate the role of th&in and then centrifuged at 60 000 rpm (Ti60 rotor) for 60
extended binding determinants in defining the potency of min. The pellet was resuspended in 25 mL of buffer, and
the inhibitors. This study represents the first systematic the concentration of Nonidet P-40 (NP-40) detergent was
exploration of the OT exosites. A detailed examination of brought to 0.1% (v/v). The suspension was shaken for 20
the kinetic behavior of the corresponding substrates providesmin on ice, and then again centrifuged at 60 000 rpm for 60
insight into the nature of these inhibitors. Finally, variations min. The pellet was resuspended in the same buffer, and
made to the key residues that comprise the consensughe concentration of NP-40 increased to 1% (v/v). The
sequence provide further information on the structural suspension was shaken for 20 min on ice and centrifuged at
requirements for specific inhibitors dklinked glycosylation. 45 000 rpm for 60 min. The supernatant was then aliquoted

and stored at-80°C. The preparations maintained constant

MATERIALS AND METHODS OT activity for several weeks.

General Conditions for Binding AssaysAssays were
performed at room temperature in a total volume of 200
(or 600 uL for slow binding analysis). The assay buffer
consisted of 50 mM HEPES, pH 7.5, 140 mM sucrose, 15
mM MnCl;, and 0.5 mg/mL phosphatidylcholine. The
concentration of the peptide substrate, Bz-Asn-Leu-Thr-
NHMe, was determined by amino acid analysis. The
concentration and specific activity of lipid-linked glycosyl
donor, dolichol-P-P-GlcNAc2H]GIcNAc ([*H]DPPC) (Im-
periali & Zimmerman, 1990), is as indicated in the specific
experiments. All measurements were carried out under the
same conditions to allow a strict comparison of the constants.
n particular, the same batch of enzyme was used, and the

T control rates were maintained in the 4800 dpm/min

Peptide Synthesis.All peptides were synthesized by
manual solid phase methods starting from Fmoc-PAL PEG
resin (0.25 g, 0.2 mmol/g) and using Fmoc (9-fluorenyl-
methoxycarbonyl) as the protecting group for tik@mino
functionality. Amino acids were coupled either as activated
pentafluorophenyl esters or using diisopropylcarbodiimide
(DIPCDI) and 1-hydroxybenzotriazole (HOBt). Amino acids
were used in the following side chain-protected forms: Amb-
(Boc), Asn(Trt), Cys&tBu), Glu¢Bu), Lys(Boc), Orn(Boc),
and Thr{Bu). (All amino acid derivatives were purchased
from commercial sources.) At the conclusion of the peptide
synthesis, the amino terminus was capped with a large exces
of 6-bromohexanoic acid anhydride and triethylamine (TEA).
The cysteine was deprotected under nitrogen in degasse L
dimethylformamide (DMF) using a large excess ofriputyl ange (forKi Qeterm|nqt|9n). _ : e
phosphine (3-hour treatments). The resin was then washed Determination Of'lnthItOI’ Equilibrium Dissociation Con-
repeatedly with DMF and cyclization, between the thiolate stants (K). ".1 a typical yeast .OT assayHIDPPC (50 000
of cysteine and the 6-bromohexanoyl group, was achieveddpm' 60 Ci/fmmol) was ahquote_d from a chloroform/
in degassed DMF using a large excess of tetramethylguani-mef[haml stock solution into a microcentrifuge tube, and
dine as base (24 h) (Virgilio & Ellman, 1994). The peptides rg3|dual soI_vent was remoyed under a gentle. stream of
were cleaved from the resin in a trifluoroacetic acid (TFA)/ n|tro'gen. Mixtures of increasing amounts of peptidyl inhibi-
water/dimethyl sulfide (95/5/5) mixture (2 h). Peptides were tor (in 104L of DMSO) and a constant amount of enzyme

triturated in diethyl ether (three times), redissolved in water/ In buffer were _mcubated on ice for 3Q_m|n: This |nc_uba_1t|_on
acetonitrile, and lyophilized to dryness. time was required to ensure pre-equilibration of the inhibitor

The peptides were purified by preparative reverse phase;':lll_t ho;hae 2e nnz]?\//lmse o'Iu-{ig(ra\ gaét;_oxsvr\]/is el?_'f;ﬁfﬂﬁ%:d(g'r;g 10
high-pressure liquid chromatography (RP HPLC) with a . ' : i
gradient elution (1520% acetonitrile/water/0.1% TFA to substrate in DMSO. Aliquots (4@L) of the reaction mixture

-~ ; were quenched after 2, 4, 6, and 8 min, and the aqueous
25—30% acetonitrile/water/0.1% TFA over 20 min, flow rate - . ! .
9.5 mL/min). The identity of the peptides was confirmed phase containing the radioactiMeglycosylated peptide was

. : ._extracted and quantified as described previously (Sharma et
by electrospray mass spectrometry and amino acid analysis

) . al., 1981; Imperiali & Shannon, 1991). Identical conditions
The chromophore of the-nitrophenylalanine allowed —\yere ysed for porcine liver OT inhibition studies with the
facile assessment of inhibitor concentrations. The net pept'deexception that the assay was initiated by addingL®f a

content, determined by amino acid analysis, was correlatedq mm Bz-Asn-Leu-Thr-NHMe () solution. Preliminary
with the absorbance, allowing the determination of a common experiments employed a broad range of inhibitor concentra-

absorption coefficient for all the peptides. The absorption iqns for each peptide to afford a rough estimate of thg.IC

coefficient at 280 nm was calculated to be 125008M™.  pa6 concentrations were then selected to give between 30%
Thus, peptide concentrations were determined by dissolving 4 709 inhibition. All experiments were run in duplicate.

each sample in dimethyl sulfoxide (DMSO) and 0.1 N HCI | aach case, the approximatewas determined using the
and measuring the absorbance at that wavelength. A 9°°dro||owing equation (Segel, 1975):

correlation between quantitative amino acid analysis values

and the concentrations calculated from UV absorbance was [ = 1—i)

found. Ki=—F—
Preparation of Solubilized Membranegeast Gaccharo- i + (@ X i)

myces cergsiae) OT was purified to the solubilized K

membrane stage as described previously (Pathak et al., 1995).
A similar method was used to purify the porcine liver wherei represents the fraction inhibition, [I] is the concentra-
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duplicate), substrate concentration, &d(see Materials and
Methods). TheK; value of 25 nM obtained fol by this
o S method is in good agreement with the value of 37 nM
o obtained from the progress curve analysis. The following
HN\)\\ studies utilize inhibitorl as a starting point to explore both
] ” o the requirements for the consensus sequence and-the
terminal extended binding determinants.
: Exploration of the Consensus Sequence Requirements.
Rz ' Xaa-Yaa-Nph-NH, The peptidecyclahex-Orn-Cys)-Thr-Val-Thr-Nph-NHK(2,
YY Figure 1) incorporates an additional methylene unit within
CH; O the side chain of the pareng)2,4-diaminobutyric acid
residue that had been designed to mimic the length of the
1 (Ry = NH3*; Ry = OH; Xaa = Val; Yaa = Thr) asparagine side chain in the corresponding substrate. Studies
2 (Ry = CHoNH,*; Rp = OH: Xaa = Val; Yaa = Thr) \t,r\?th ytta"ast OIT |nd|c§[1tec: ttﬂ:;tgls 'pept|'c<ie v]:/a7551ppir(§m'\rr/:ately
_ rm ) val. B ree times less poten nhaving aK; o nM.
8 (Ry = NHy" Ry = CHs ; Xaa = Val; Yaa = Thr) The importance of the key hydroxy amino acid was probed

S
N

H

mZ

R

iy

4(Ry = NH3"; Ry = H; Xaa = Val; Yaa = Thr) with the peptidescyclo(hex-Amb-Cys)-Val-Val-Thr-Nph-
5 (Ry = NH3*; Rp = OH; Xaa = Val, Thr, Lys, or Glu; NH, andcyclo(hex-Amb-Cys)-Abu-Val-Thr-Nph-Ngi(3 and
Yaa =Val, Thr, Lys, or Glu) 4, Figure 1) in which the threonine residue in the consensus
6a (R; = CONH,; R, = OH; Xaa = Val; Yaa = Thr) sequence was replaced by either valineSy2-aminobutyric
6b (R; = CONH,; R, = OH: Xaa = Lys; Yaa = Lys) acid (Abu). Peptid® showed limited solubility in the assay

) ) . buffer; at a concentration of 200M, approximately 10%

6c (R1 = CONHz; Rz = OH; Xaa = Glu; Yaa = Thr) inhibition was observed, which affords an estimate of 300
FiGURE 1. Structures of the variants of the parent peptigelo uM for the peptideK;. Inhibition studies with peptide
(hex-Amb-Cys)-Thr-Val-Thr-Nph-Nbipresented in this study. revealed &; of 27 + 6 uM. These results emphasize the
importance of the residue 3 hydroxyl group for both inhibitor
potency and substrate competence.

Design and Analysis of cyclo(hex-Amb-Cys)-Thr-Xaa-Yaa-
Nph-NH Variants. The importance of the extended binding
determinants was assessed by varying the nature of the
residues Xaa and Yaa in positions 4 and 5 of the inhibitor
sequence. Hydrophobic, neutral/polar, acidic, and basic
residues were employed. The hydrophobic (valine) and
neutral/polar (threonine) residues were those of the parent
inhibitor that had been selected based on the statistical survey
of glycosylation sites (Gavel and von Heijne, 1990). The
acidic and basic residues were represented by glutamic acid
and lysine, respectively. All 16 combinations of these four
amino acids in the Xaa and Yaa positions (general structure
5) were prepared and evaluated (Figure 1). The potency of
the peptidyl inhibitors was determined, and tkevalues

S X for the 16 peptides with both yeast and porcine liver OT are
Slow Binding. The method was adapted from Hendrickson ¢povvn in Table 1. Inhibition constants vary from low

et al. (1996). {H]DPPC (600 000 dpm, 60 Ci/mmol) was  icromolar to low nanomolar with the most potent inhibi-
dried in a microcentrifuge tube. Unlabeled DPPC was added;q opserved with the Val-Thr variant found in the parent
to give a final concentration of 100 nM. The reaction was peptide,1 (K = 25 nM).
initiated by addition of a mixture (5QiL) of inhibitor In studies with yeast OT, the first key observation is that
(increasing concentrations) and Bz-Asn-Leu-Thr-NHMe (600 ) the peptide variants are less potent tHanThe single
#M) to the enzyme equilibrated in the buffer (S0). Time replacement of valine at position 4 by threonine, glutamic
points were taken by quenching 40 aliquots at short time acid, or lysine (Thr-Thr, Glu-Thr, and Lys-Thr variants)
interval_s (20-30 s) for the b_eginning of the kinetics and decreased inhibitor potency by-82-fold. Additionally,
longer intervals as the reaction progressed. when valine is maintained at position 4 while threonine at
RESULTS position 5 is replaced with lysine or glutamic acid (Val-Lys
and Val-Glu variants), more pronounced changes inkhe
The constrained peptideyclohex-Amhi)-CySyz)-Thr)- values, corresponding to a loss of affinity (288-fold), are
Valuy-Thrs-Nphe-NH; (1, Figure 1) was shown to be a noted. However, when the threonine of the parent peptide
slow, tight-binding inhibitor of yeast oligosaccharyl trans- is replaced with valine at position 5, as demonstrated with
ferase with & of 37 nM (Hendrickson et al., 1996). The the double variants Thr-Val, Lys-Val, and Glu-V#l,values
Ki value for1 was previously determined using a progress demonstrate much lower losses of affinitgyrgup 9. In
curve analysis to afforld,, andke rates for enzyme/inhibitor  general, all the other double replacements (Thr-Glu, Lys-
complex formation and dissociation. In the present study, Glu, Glu-Glu, Glu-Lys, and Lys-Lys variants), with the
Ki values are calculated from the degree of inhibition in the exception of the Thr-Lys variant, resulted in a more
presence of three concentrations of inhibitor (each run in significant decrease in the inhibitory activity (6840-fold,

tion of inhibitor, and [S] is the concentration of Bz-Asn-
Leu-Thr-NHMe. This assessmentifassumes competitive
inhibition for all the peptides under investigation.
Determination of the Substrate Equilibrium Constants
(Km). [BH]DPPC (100 000 dpm, 60 Ci/mmol) was dried in
a microcentrifuge tube as described above. To this was
added a mixture of 1AL of DMSO, 150uL of assay buffer,
and 30uL of enzyme (solubilized membranes). The reaction
was initiated by the addition of 14L of peptide solution in
DMSO (at increasing concentrations). Four aliquotsy(4p
of the reaction mixture were quenched at 2 min (or 4 min
for low peptide concentrations) intervals. The kinetic
constants K and Vs Were determined using concentra-
tions of peptides ranging between R and K,. The
values ofK,, andVmax Were estimated using a Hanes plist (
vs V) (Cornish-Bowden, 1995).
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Table 1: Equilibrium Dissociation ConstantsY for Yeast and Table 2: Comparison of Equilibrium Dissociation Constaitg (
Porcine Liver Oligosaccharyl Transferase Inhibition by and Equilibrium ConstantK,) of Threecyclahex-Amb-Cys)-
cyclahex-Amb-Cys)-Thr-Xaa-Yaa-Nph-NHvariants Thr-Xaa-Yaa-Nph-NH Inhibitors and Their Corresponding
group Xaa-Yaa K;i(uM)yeastOT K;(uM) porcine OT Substrates
a Lys-Lys 85+ 15 14+ 4 Xaa-Yaa peptiddK; (uM) peptide5 Ky (uM) 5/4 peptideK/K;
a Glu-Lys 4.3+ 0.5 45+1.2 Lys-Lys 85+ 1.5 20.0£ 15 2.35
a Glu-Glu 4.3+ 0.8 4.0+ 0.8 Glu-Thr 0.31+ 0.05 0.88+ 0.20 2.84
a Lys-Glu 3.2+ 0.6 55+15 Val-Thr 0.025+ 0.008 0.13+ 0.03 5.2
a Thr-Glu 1.6+0.1 2.0+ 0.2
a Val-Glu 0.95+ 0.15 1.1+ 0.1 ]
b Thr-Lys 0.75+ 0.07 2.7+ 0.3 yeast OT are shown in Table 2. The relativg.x values
b \c/;?|-|\-/y8| 8-ggi 8-33 g-gﬂa:i 0(-)4075 for the three substrates were similar. A good correlation
Cc u-val . . . . H ‘hi i
c Lys-Val 055+ 0.14 140+ 0.10 between substrat€,, and inhibitorK; is observed.
c Lys-Thr 0.43+ 0.07 0.31+ 0.06
c Glu-Thr 0.31+ 0.05 0.31+ 0.06 DISCUSSION
c Thr-Thr 0.14+0.02 0.26+ 0.02 i
c Thr-Val 0.10+ 0.03 0.41+ 0.09 The peptidecyclahex-Amb-Cys)-Thr-Val-Thr-Nph-Ngl
c Val-Val 0.09+ 0.015 0.22+ 0.04 () is the most potent oligosaccharyl transferase inhibitor
¢ Val-Thr 0.025+ 0.008 0.03+ 0.006 obtained to date (Hendrickson et al., 1996). The high
“Variants with aKi = 1 4M. ®Variants that show the highest  potency of this new class of glycosylation inhibitors prompted
selectivity between yeast and porcine GWariants withK; =< 1 uM. the further evaluation of the role of each individual residue

in the inhibitor structure. Specifically, we have probed the
Ki 1—10 uM range). Hydrophobic and polar/neutral resi- importance of Amb (1), Thr (3), Val (4), and Thr (5) in the
dues (represented by valine and threonine, respectively) arepeptide sequence. Several studies have established the
well tolerated, the worst combination resulting in only a consensus sequence requirements for oligosaccharyl trans-
5-fold decrease in potency (Thr-Thr variant) relativelto ferase activity. In particular, the absolute requirement for
In contrast, charged acidic and basic side chains arean asparagine residue together with a hydroxy amino acid
detrimental to binding; this is clearly demonstrated when the (serine or threonine) in glycosylation substrates has been
Xaa and Yaa positions each contain a charged residue. It isknown for over 2 decades (Marshall, 1974). The synthetic
also noted that basic residues are less well tolerated tharaccessibility of the peptidyl inhibitors described in this paper

acidic residues. provides the first opportunity to carry out a systematic study
Identical studies with porcine OT revealed the same Of the structure/function relationships for OT inhibition.
general trends in inhibitory activity. As with yeast OT, all The most potent inhibitod, presents an isosteri€)¢2,4-

the variants are weaker inhibitors than the parent inhibitor diaminobutyric acid analog in place of the asparagine in the
1. The peptides Val-Val, Thr-Val, Thr-Thr, Glu-Thr, Lys- consensus sequence (Hendrickson et al., 1996). The peptide
Thr, and Glu-vVal were found to have sub-micromolar cyclahex-Orn-Cys)-Thr-Val-Thr-Nph-NE in which the §)-
inhibitition constants whereas the variants Val-Glu, Lys-Val, 2,4-diaminobutyric acid is replaced with ornithine, is still
Thr-Glu, Val-Lys, Thr-Lys, Lys-Glu, Glu-Glu, Glu-Lys, and  an inhibitor with only a 3-fold decrease in potené§ & 75

Lys-Lys showedK; values in the micromolar ranggroup nM). This tolerance for the additional methylene unit in the
a). inhibitor family is in sharp contrast to the stringent require-
Comparison of Porcine and Yeast OT InhibitioWe ment for asparagine in the substrate peptides; it is well

examined the selectivity of these peptides toward yeast andestablished that the OT shows no glycosylation of peptides
porcine liver OT. TheK; values are very similar for the thatinclude the homologue glutamine. This result highlights

enzymes from the two species although inhibition of the yeast the capacity of OT active site to accommodate the increased
enzyme is generally slightly more effective. The highest size of the flexible ornithine side chain, provided that it bears

selectivity is found for the variants that include the Thr-Lys the requisite positive charge.

and Val-Lys dipeptidesgroup b; the efficacy ratio K; The peptidesycladhex-Amb-Cys)-Val-Val-Thr-Nph-Nk
(porcine OT)K; (yeast OT)] in these cases is approximately andcyclolhex-Amb-Cys)-Abu-Val-Thr-Nph-NKk(3 and4),
4-fold (3.5 and 4.3). in which the threonine residue in the consensus sequence

Slow-Binding Kinetics.It has previously been reported was replaced by either valine or Abu, show significantly
that peptidel shows slow binding inhibition of yeast OT  weaker inhibition of OT when compared with the parent
(Hendrickson et al., 1996). This kinetic phenomenon is also peptide 1. The literature has repeatedly highlighted the
observed withl for porcine liver OT. absolute requirement of a threonine or serine residue within

Study of the Potency of Corresponding Substraféke the glycosylation consensus sequence. In general, peptides
variation of positions 4 and 5 in the constrained inhibitors including threonine rather than serine show tighter binding
leads toK; constants in the nanomolar to micromolar range. and more efficient turnover. In inhibit@®, substitution of
In order to compare the inhibitoK; values with the threonine with thed-branched amino acid valine would be
corresponding substrakg, values, a series of peptides that predicted to maintain the conformational preferences of the
included asparagine in place &){2,4-diaminobutyric acid  peptide backbone, while abolishing the potential for hydrogen
in the inhibitor sequence were prepared. Substrates correbonding by replacing the hydroxyl group with a methyl
sponding to the best (Val-Th6a) and worst (Lys-Lys6b) group. The studies presented herein demonstrate that this
inhibitors and one of intermediate potency (Glu-Tég} were substitution dramatically compromises binding to the en-
evaluated. Th&, values for these peptides along with the zyme. TheK; has increased by approximately 4 orders of
correspondingK; values for the analogous inhibitors with magnitude. Interestingly, inhibitérshows slightly improved



12558 Biochemistry, Vol. 36, No. 41, 1997 Kellenberger et al.

Position (5)
Substrate probability:
Thr9.8
Val7.9
S 3 Glu 55
8] Lys 4.3
N (D)\ Inhibitor preference:
HY % N Thr>Val>Glu>Lys
H @Yy=0
Position (1)
Amb > Orn

N, o Y ho 0
HO ;
H 2
HC O ; o] 1

Position (3) Position (4) \©\ NO

Thr >> Abu > Val Substrate probability:
Val 10.3

Thr 5.3

Glu 6.5

Lys 3.6

Inhibitor preference:
ValzThr>Glu>Lys

>t

2

Ficure 2: Summary of oligosaccharyl transferase amino acid preferences in position 1, 3, 4, and 5 using variants of theyp#ptide
(hex-Amb-Cys)-Thr-Val-Thr-Nph-Nk

inhibition relative to3. In this case, substitution with the species. It is now well documented that oligosaccharyl
Abu residue shows that the single hydroxyl group of the transferase is conserved throughout eukaryotic evolution.
hydroxy amino acid contributes to about 3 orders of Since subunits from yeast and mammalian OT share sig-
maghnitide in inhibitor potency. This result underscores the nificant sequence homology (Kelleher & Gilmore, 1994;
importance of the hydroxy amino acid in both substrate Breuer & Bause, 1995; Kumar et al., 1995), it is likely that
turnover and inhibitor binding. binding sites beyond those defining the interactions with the
In contrast to the extensive exploration of the consensusconsensus triad may be less rigorously conserved and
sequence, there are currently no reports concerning thetherefore distinguishable among species. Therefore the
evaluation of the extended binding determinants of OT in exploitation of extended binding determinants may present
synthetic substrates. In this study, we have systematicallya means of generating species specific OT inhibitors.
varied the nature of the two amino acid residues (Xaa and The species selectivity (yeast/porcine) is rather weak; in
Yaa, peptideb) that flank the consensus sequence in the general, inhibition of yeast OT is more effective. The highest
C-terminal direction. It is demonstrated that valine and species selectivity was found for variants having a lysine at
threonine are tolerated well in positions 4 and 5. In contrast, position 5; the efficacy ratio in this case approached 4:1.
charged and particularly basic amino acid residues areAlthough these differences in affinity are not yet significant
detrimental to enzyme binding. These results can be enough to be of practical utility, it is important to note that
evaluated in terms of the statistical studies on native the variation of the inhibitor structure beyond the consensus
glycoproteins (Gavel & von Heijne, 1990). In these studies, sequence may open opportunities for enhanced species
information on the sequences flanking the glycosylation sites selectivities.
was assessed, and a probability ranking associated with The parent inhibitorl, was previously demonstrated to
finding each of the encoded amino acids at a specific position be a slow binding inhibitor of OT (Hendrickson et al., 1996).
relative to the modified asparagine was done. The inhibition Since the slow binding kinetic phenomenon is frequently
studies presented in this paper correlate very well with the associated with transition state analog inhibition, this prompted
statistical studies (see Figure 2). The highest frequency us to evaluate the kinetic properties of selected substrates to
observed for valine at position 4 and threonine at position 5 assess whether the observed trendirvalues correlated
is remarkably consistent with the structure of the most potent with the K, for the corresponding substrates or Witky/Kea:
inhibitor, 1, Val-Thr (Hendrickson et al., 1996). Further- This analysis is based on kinetic studies of thermolysin
more, the Gavel and von Heijne study also reveals the low transition state analog inhibitors and their corresponding
frequency of charged residues at positions 4 and 5, which issubstrates (Bartlett & Marlowe, 1983). Therein it was shown
complemented by the inhibition studies with the Glu-Glu, that a good correlation between inhibitsr and substrate
Glu-Lys, Lys-Glu, and Lys-Lys variants. It should be noted K, /k. prevails and there was an absence of proportionality
that the presence of valine or threonine residues counterbalbetweenK; and K., (Bartlett & Marlowe, 1983). In these
ances the negative effect of lysine or glutamic acid residuesstudies with OT, three substrates were synthesized and
(for example, in the Glu-Thr, Lys-Thr variants). evaluated. The sequences of these substrates was patterned
The inhibition studies were carried out on both yeast and after typical strong, medium, and weak OT inhibitors. The
porcine liver enzymes in order to assess whether subtleanalysis revealed that both weakM K;) and tight (nMK;)
differences in binding at positions beyond the active site binding inhibitors exhibitedk; constants 25-fold lower than
could be detected between the enzymes from the differentthe K, values of their substrates and that the observed value
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for K is proportional to the corresponding substritg Cornish-Bowden, A. (1979Fundamental of Enzyme Kinetjcs
Together, these results suggest that these inhibitors are actin% Butterworths, London.
as ground state analogs. wek, R. A. (1996)Chem. Re. 96, 683—720.

The study presented in this paper highlights the utility of Gavgl’. T( & von Heijne, G. (1990protein Eng. 3'43.3;442'

this new class of peptidyl inhibitors in the examination of HeJn K% Sg?l'Jr'] Léoscpelnlcgeéé%_%iéam’ M., & Imperiali, B. (1996)

the active site and extended binding determinant of OT. Since mperiali, B., & Zimmerman, J. W. (1990Jetrahedron Lett. 31

the parent inhibitorl, manifests such tight binding to the 6485-6488.

enzyme, it is possible to probe a wide range of structural Imperiali, B., & Shannon, K. L. (1991Biochemistry 304374~

variants while still obtaining measurable and reliable binding ~ 4380.

information that can in turn lead to a precise definition of Im?gggﬂigh& Hendrickson, T. L. (1993ioorg. Med. Chem. 3,

binding to OT. Thia sty also emphasizes the importance MESTal B Sarnon, K L. & Rickert, K. W. (19924) A
R : aolets v Chem. Soc. 1147942-7944.

of extended binding determinants in inhibitor potency. Imperiali, B., Shannon, K. L., Unno, M., & Rickert, K. W. (1992b)

Future studies will aim to exploit additional interactions with  J. Am. Chem. Soc. 1129447945,

the enzyme through the preparation of analogs whith Imperiali, B., Spencer, J. R., & Struthers, M. D. (1994)Am.

terminal sequence extensions. In this context, analysis of Chem. Soc. 116424-8425. _

glycosylated peptide sequendesivo (Gavel & von Heijne, Kei'ggf;' D.J., & Gilmore, R. (1994). Biol. Chem. 26912908~

1.990). sugges_ts that Incorporatlng l_)ulky hydrophob_lc_: func- Kumar, V., Korza, G., Heinemann, F. S., & Ozols, J. (198&)h.

tionality may improve enzyme affinity. Finally, additional Biochem. Biophys. 32@17—223.

changes to the readily modifiable and modular peptide \arshall, R. D. (1974Biochem. Soc. Symp. 407—26.

platform (such as increasing the lipophilicity and substituting Pathak, R., Hendrickson, T. L., & Imperiali, B. (199Bijpchemistry

the amides in the peptide backbone with isosteric replace- 34,4179-4185.

ments) may lead to bioavailable inhibitors of asparagine- Segel, I. H. (1975FEnzyme KineticsJohn Wiley & Sons, New
linked glycosylation. York. _
Sharma, C. B, Lehle, L., & Tanner, W. (198&r. J. Biochem.
116,101-108.
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