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The determination of peptide stability in human serum (HS) or plasma constitutes a powerful screening
assay for eliminating unstabie peptides from further development. Herein we report on the stability in
HS of several major histocompatibility complex (MHC)-binding peptides. Some of these peptides are
in development for the novel treatment of selected autoimmune disorders such as rheumatoid arthritis
and insulin-dependent diabetes. For most of the l-amino acid peptides studied, the predominant deg-
radation mechanism is exopeptidase-catalyzed cleavage. Peptides that were protected by d-amino
acids at both termini were found to be more stable than predicted, based on additivity of single
substitutions. In addition, N-acetylglucosamine glycopeptides were significantly stabilized, even when
the glycosylation site was several amino acids from the predominant site(s) of cleavage. This indicates
that long-range stabilization is possible, and likely due to altered peptide conformation. Finally, the
effect of single amino acid substitutions on peptide stability in HS was determined using a model set
of poly-Ala peptides which were protected from exopeptidase cleavage, allowing the study of en-
dopeptidase cleavage pathways.
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plasma.

INTRODUCTION

In an earlier study, we delineated the effect of different
biological media, including human and fetal calf serum, sy-
novial fluid, and mouse liver homogenate, on the stability of
small peptides designed to block the major histocompatibil-
ity complex (MHC) (1). The MHC molecule is a rather *‘pro-
miscuous’’ receptor; it has the ability to bind peptides of
remarkably different amino acid substitution, often without
loss of binding affinity (2). This insensitivity to amino acid
substitution provides a unique opportunity for the simulta-
neous optimization of both receptor binding affinity and pep-
tide stability, in that amino acid substitution designed to in-
crease peptide stability often has no deleterious effect on the
binding constant K (3,4). Peptide stability in blood is likely
to be crucial for in vivo MHC blockade because of the slow
on-rate for peptide binding to the MHC molecule, thus ne-
cessitating long in vivo circulation times at elevated blood
levels (5,6). In vivo stability of peptides in blood is modeled
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well by in vitro stability in serum or plasma (neglecting renal
and hepatic clearance). We have studied the stability of sev-
eral MHC-binding peptides in serum in order to determine
those with a long half-life toward enzymatic degradation.
Further, these stability experiments have demonstrated that
single amino acid substitutions in a model series of poly-Ala
peptides provide a powerful tool for optimizing peptide sta-
bility and determining enzymatic cleavage site(s). We also
investigated the effect of glycosylation on peptide stability
[including selected T peptides (7)] and found that the
N-acetylglucosamine (GlcNAc) moiety often inhibits peptide
degradation in human serum.

MATERIALS AND METHODS

Materials. N-Acetylglucosamine-modified asparagine
(GlcNAc-N) and related glycopeptides were prepared as de-
scribed previously (8). Peptides were synthesized using a
430A peptide synthesizer or manually by solid-phase meth-
ods, using either t-Boc- or Fmoc-protected amino acids (9);
the T peptides were synthesized using a continuous-flow
method on a Milligen 9050 automated synthesizer (10). The
peptides are designated using the standard one-letter amino
acid codes, and d-amino acids are shown in lower case.
Modified groups are shown by hyphen or parenthetical sep-
aration (such as “*Ac-’’ for N-acetyl, “-CONH,”’ for C-ter-
minal carbamoyl, ‘‘Peg-’’ for pegylated, ‘““GlcNAc-"" for
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N-acetylglucosamine, ‘‘GalNAc’’ for N-acetylgalac-
tosamine, ‘‘Ada,->’ for N-adamantoyl, ‘‘Ada,-"’ for adaman-
tylacetic acid, ‘‘chA-"’ for cyclohexylalanine, and ‘‘DNP-"’
for dinitrophenylalanine). Cleavage of peptides from phenyl-
acetomidomethyl resin (PAM; BaChem, Switzerland) was
effected by hydrofluoric acid cleavage using the appropriate
scavengers (9); glycosylated T peptides were detached from
the resin with a trifluoroacetic acid—thioanisole mixture (95:
5; v/v). Peptide purification was carried out by semiprepar-
ative reversed-phase HPLC. Peptide identity was verified by
amino acid analysis and/or fast atom bombardment—mass
spectrophotometry (FAB-MS) analysis. All other chemicals
(reagent or HPLC grade) were purchased commercially from
Sigma or Aldrich and used without further purification.
Pooled human serum (HS; Type AB, non-heat inactivated)
was obtained from Irvine Scientific; lipids were removed by
centrifugation before use. RPMI-1040 tissue culture media
(. R. Hazelton Biologics) was used for serum dilution.

Reaction Kinetics. Typically, 1 mL of 25% human se-
rum/RPMI (v/v) in a 1.5-mL Eppendorf tube was tempera-
ture-equilibrated at 37 = 1°C for 15 min before adding 5 pL
of peptide stock solution (10 mg/mL in DMSO) to make the
final peptide concentration 50 wg/mL. The initial time was
recorded, and at known time intervals, 100 pL of reaction
solution was removed and added to 200 pL of either 6%
aqueous trichloroacetic acid or 95% ethanol. The cloudy re-
action sample was cooled (4°C) for 15 min and then spun at
14,000 rpm (Eppendorf centrifuge) for 2 min to pellet the
precipitated serum proteins. The control experiments were
the same as described previously (1). Peptide degradation
was carried out under conditions where the degradation rate
constant was independent of peptide concentration (demon-
strated by lowering the peptide concentration or using radio-
labeled peptide only) and was linearly dependent on human
serum concentration (verified only for some of the peptides).

Peptide analysis was carried out by reversed-phase
HPLC using stability-specific chromatography conditions.
Most peptides were analyzed using a 5-pm, 25 X 0.4-cm,
Vydac C-18 column and a 0-50% gradient (0.08% trifluoro-
acetic in water, 0.08% trifluoroacetic acid in CH;CN) over 30
min (flow = 1 mL/min, detection = 214 nm, AUFS = 0.2)
at room temperature. When peptide coeluted with a serum
peak or one of the peptide degradation product peaks, a
different brand of C-18 (for example, Waters Bondapak) was
used to improve resolution. The T peptides were analyzed
using a Nucleosil C4 column and a shallow (0—-10%) gradient
over 30 min. HPLC linearity was determined for a represen-
tative group of peptides up to 50 pg/mL, which is threefold
higher than the concentration actually assayed for in the
biological medium samples, in a small volume of DMSO/
H,0 (1:1). This mixed solvent system for sample injection
was chosen to minimize peptide loss due to adsorption to the
reaction vessel. HPLC stability-specificity (verification of
starting material and product separation) was carried out by
traditional methods, as described earlier (1).

Kinetic analysis was carried out by least-squares anal-
ysis of the logarithm of the integration peak area versus time.
When necessary, correction was made for small, interfering
serum peaks that coeluted with the parent peptide (subtrac-
tion of background). Most reactions were followed for at
least two half-lives (except for the most stable peptides) and
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all pseudo-first-order plots were linear showing correlation
coefficients greater than 0.98 (8 points).

RESULTS AND DISCUSSION

The prediction of in vivo peptide pharmacokinetics is
often quite difficult because there are many factors that de-
termine peptide fate, including absorption rates, first-pass
metabolism, hepatic and renal clearance, cellular binding
and uptake, and circulating peptidases (see Ref. 1 for general
references). It is possible to estimate some of these effects
(or their limits). For example, human renal clearance has a
limiting half-life of 20 min due to renal flow. Oral absorption
rates may be estimated by in vitro permeability measure-
ments (11). In vivo peptide stability in blood can be gauged
by determining the in vitro stability in plasma or serum. The
latter determination is one of the most important secondary
screening assays in peptide drug development, largely be-
cause it eliminates peptides that have short half-lives and are
therefore unlikely to be therapeutically effective.

Although experiments measuring the rate of peptide
degradation are fairly straightforward, there are several fac-
tors which may produce misleading results, such as the use
of (a) nonhuman plasma, which is known to have extremely
different levels of certain peptidases resulting in disparate in
vitro peptide stabilities (12,13); (b) plasma from patients with
pancreatitis or disease states that elevate plasma peptidase
levels significantly (14); (c) serum from subjects or animals
of different ages (15); (d) plasma prepared with EDTA, a
known peptidase inhibitor (12); and (e¢) an assay method
which is not stability-specific (such as immunoassay) (16) or
a radiotracer that degrades by a label-specific pathway (17).

It is possible to overcome several of these limitations by
determining in vitro peptide stability by HPLC and using
pooled human serum as the reaction media. In general, the
rates of peptide degradation in serum, plasma prepared with
heparin, and blood are approximately the same, making our
choice of HS acceptable for in vitro studies. We have carried
out many of our studies in 25% HS because the lower con-
centration of serum increases peptide recovery as well as
retarding the reaction kinetics to a manageable rate. We have
also demonstrated that the degradation rates measured un-
der the conditions used herein are linearly proportional to
HS concentration (Fig. 1) (1). Thus, the rates of peptide
degradation in 25% HS are approximately fourfold slower
than those carried out in 100% HS, allowing for a simple
correction factor for comparison with other studies. A lim-
ited survey of peptide reactivity in HS or plasma was pre-
sented in our earlier paper (1). The peptides studied herein
were of similar size and physicochemical properties to those
reported in our earlier paper (1); they were usually 10-15
amino acids in length, soluble in DMSO at 10 mg/mL, stable
in DMSO for several months at —20°C, and soluble in aque-
ous solution (pH 7, isotonic) at 50 pg/mL, without visual
evidence of peptide aggregation.

Exopeptidase vs Endopeptidase Activity. Several of the
peptides designed to block MHC were modified by terminal
d-amino acid substitution to prevent amino- and carboxy-
peptidase-catalyzed degradation. A comparison of peptide
reactivity for selected d-amino acid-modified peptides and
their counterparts is shown in Fig. 2. In every case of ter-
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Fig. 1. Effect of human serum (HS) concentration on peptide
degradation at 37°C. Peptide reactivity was found to be linear
for all peptides studied; the peptides shown are (from highest to
lowest reactivity) (a) aA(chA)AAAATLKAAa-CONH,, (b)
PKYVKQNTLKLAT, (c) yYAA(chA)AAAKTAAAAa-CONH,, (d)
aAFAAAATAKAAa-CONH,, (e) Ac-yARFQRQTTLKAAA-
CONH,, (f) aAFAAAATL(DHP)AA-threonineol, and (g) GlcNAc-
NSQNVHAAHAEINEAGR.

minal d-amino acid substitution, peptide stability in HS was
increased, often 10-fold or more. This suggests that most of
the l-amino acid-peptide degradation observed in HS is due
to exopeptidase activity, at least for reactive peptides such
as those shown in Fig. 2. We have found only a few peptides
that were not stabilized by terminal d-amino acid substitu-
tion (indicating that the predominant pathway is endopepti-
dase cleavage).

Multiple amino acid substitutions often alter peptide sta-
bility more than predicted, based simply on the additive ef-
fects of the single substituents alone. Comparison of the
PKYVKQNTLKLAT peptides in Fig. 2 shows that d-amino
acid modification of either end does not change peptide sta-
bility, however, simultaneous protection of both the N- and
the C-termini increases peptide stability more than seven-
fold. This may indicate that peptide conformation is not sig-
nificantly altered by either single amino acid substitution,
but the double substitution does cause a less reactive con-
former to predominate. A particularly notable case of non-
additivity has been reported for the in vitro half-lives in HS
of thymopentin analogues (18): RPDVY, | min; RPDVY-
CONH,, 1 min; Ac-RPDVY, 40 min; and Ac-RPDVY-
CONH,, no detectable degradation! Again, these successive
modifications may result in significant conformational
changes, with a nonadditive effect on the rate of peptidase
cleavage. Of interest, N-terminal acetylation of 1 (see below)
increased peptide stability fivefold, an unexpected result if
terminal d-amino acid substitution is truly effective at block-
ing exopeptidase activity. Closer examination of the degra-
dation pathway of 1 revealed that its major degradation
mechanism was cleavage between A and R (Scheme I), pos-
sibly due to dipeptidylaminopeptidase activity, which would
be affected by N-acetylation (19).

yARFQRQTTLKAAa—-CONH, —
1 vyA + RFQRQTTLKAAa—- CONH,

Scheme I
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AAFPAAAKTAAAFA
aAAFAAAKTAAAFA
aAFAAAKTAAAFa

AHAAHAAHAAHAAHAA
aHAAHAAHAAHAAHAA

QYIKRKNSKFIGITE
pPYro-QYIKEKNSKFIGITE

PKYVKQNTLEKLAT
PKYVKQNTLKLAT
PKYVKQNTLKLAt |
peg-PKYVEKQNTLKLAT
yPKYVKQNTLKLAt

YTYTVHAAHAYTYT
YTYTVHAAHAYTYt §

AAYAAAAAAKAAA

AAYAAAAAAKAAA-CONH2
peg-AAYAAAAAAKAAA-CONH2

aAYAAAAAAKRAAa-CONH2

1

0 200 400 600 8001000

Half-life (minutes)
Fig. 2. Groupwise comparisons showing the effect of terminal
d-amino acid modification(s) on peptide stability in 25% HS at 37°C.
The lowercase letters designate d-amino acids; other descriptors are
given under Materials and Methods. The errors bars (20%) reflect
the observed maximum standard deviation associated with these
stability measurements.

Verification of this degradation pathway as made by chro-
matographic identification of the product fragments, as well
as by Kkinetic stabilization using internal d-amino acid sub-
stitution, where yArFQRQTTLKAAa-CONH, exhibited a
half-life of 790 min in 25% HS. Growth hormone-releasing
hormone (that has a similar N-terminal structure,
YADAIFTNS . . .) is also cleaved in human plasma by
dipeptidylaminopeptidase activity (16). And so, except for
special cases such as this one, the kinetically prevalent
mechanism of l-amino acid peptide degradation in HS ap-
pears to be exopeptidase cleavage (including dipeptidylpep-
tidase cleavage), in agreement with the general observation
that serum and plasma contain ample exopeptidases (19).
Effect of Glycosylation of Peptide Stability. The pref-
erential exopeptidase degradation of another MHC-binding
peptide, ISQAVHAAHAEINEAGR (2), was also studied by
measuring the stabilizing effect of single amino acid substi-
tutions using asparagine (N) and N-acetylglucosamine-
modified asparagine (GlcNAc-N). The parent peptide 2 ex-
hibited a half-life of approximately 55-60 min in 25% HS.
Inspection of Fig. 3 shows that peptides substituted with N
or GlcNAc-N were more stable. Further, modification near
the N or C termini generally afforded increased peptide sta-
bility, with the GlcNAc-N moiety giving the greatest stabi-
lization. In only one case, substitution of N for V, did pep-
tide stability decrease (t555, = 9 min), indicating that this
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ISQAVHAAHAEIH#EAGR
ISQAVHAAHAE#NEAGR
ISQAVHAAHA#INEAGR
ISQAVHAAHH#EINEAGR
ISQAVHAAH#AEINEAGR #
B Asn

ISQAVHA#HAEINEAGR T GieNAcAsn
ISQAVHE#AHAEINEAGR |
ISQAV#AAHAEINEAGR
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ISQ#VHAAHAEINEAGR

IS#AVHAAHAEINEAGR

#SQAVHAAHAEINEAGR

0 100 200 300 400 500
Half-life (minutes)
Fig. 3. Effect of asparagine and N-acetylglucosaminyl asparagine
(GIcNAc-N) substitution (at #) on the stability of ISQAVHAA-
HAEINEAGR in 25% HS at 37°C. The missing peptides in the series
do not detract from the observation that glycosylation has a stabi-
lizing effect. The error bars (20%) reflect the observed maximum
standard deviation associated with these stability measurements.

substitution created an internal sequence that was suscepti-
ble to rapid endopeptidase degradation. Interestingly, gly-
cosylation at this same residue (GIcNAc-N for V) results in
a peptide that is significantly stabilized as compared to the
N-substituted peptide, indicating that endopeptidase degra-
dation at this site is inhibited by the GIcNAc moiety.

Of greater interest, however, is the pronounced long-
range effect of glycosylation on exopeptidase activity. Com-
pare, for example, the different effects of amino acid substi-
tution using N and GIcNAc-N. When internal amino acids
distally removed from the peptide termini are substituted
with N, there is little effect on peptide stability. This is sen-
sible, as the major degradation mechanism of 2 is exopepti-
dase-catalyzed degradation, and this reaction is known to be
substituent-independent when making amino acid replace-
ments several amino acid residues from the reactive site. In
contrast, however, is the effect of GIcNAc-N substitution on
peptide stability; in this case, substitution of GIcNAc¢-N re-
sulted in at least a twofold stabilization compared to 2, re-
gardless of the site of GIcNAc-N substitution. An example of
long-range substituent effects on peptide stability in serum
has been reported previously, where replacement of the
backbone amide moiety with the CH,S group resulted in a
dramatic increase in peptide stability, regardless of the amide
bond substituted (20). Our results are a clear-cut example
that long-range stabilizing substituent effects are not limited
to backbone substitutions, but may also occur by peptide
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glycosylation. This long-range stability may actually reflect
the altered peptidase recognition of the glycopeptide sub-
strate, possibly due to altered conformation. /n vivo peptide
stabilization by glycosylation has been reported earlier for
renin inhibitors (21), but in this case the effect of glycosyla-
tion on peptide stability in serum was obscured by other
factors such as first-pass metabolism, renal clearance, and
hepatic clearance.

We have also observed stabilization by GlcNAc-N sub-
stitutions for peptides with the “VHAAHA’’ core sequence.
Modification of the VHAAHA motif to include the NVNV
flanking sequences results in an almost 10-fold increase in
peptide stability compared to 2 above. Further, NVNV-
VHAAHANVNYV showed a half-life of 660 min, whereas
NVXVVHAAHAXVNY showed a half-life of 6630 min (X =
GIcNAc-N), and XVXVVHAAHAXVXV had a half-life
greater than 15,000 min.

The stabilizing effect of GlcNAc is also found for most
of the T peptides studied (Fig. 4). All TS peptides were sta-
bilized by GlcN Ac or GalNAc substitution, possibly because
the GlcNAc moiety was close to the site of cleavage (steric
hindrance) or because the GlcNAc altered peptide confor-
mation and protease recognition. The most dominant con-
formation for both T5 and T8 peptides is a type I B-turn
(22,23). Support for conformational importance comes from
TS peptide CD studies; glycosylation of the TS peptides
causes dramatic changes in the far-UV CD spectra (10).

TTNYT
TTN(GlcNAcC)YT &

TTNYTN @
TTNYTN (G1lcNAc)

NTTNYT
N(GlcNAc) TTNYT &

TTTNYT
T{(GalNAc)TTNYT K

>4000
ASTTTNYT [
ASTTTN(GlcNAC) YT é

ASTTTNYTN
ASTTTNYTN(GlcNAc)

NASTTTNYT

N(GlcNAcC)ASTTTNYT

{ i

0 200 400 600 8001000
Half-life (minutes)

Fig. 4. Groupwise comparisons showing the effect of N and
GlcNAc-N substitution on T5 (TTNYT) and T8 (ASTTTNYT) pep-
tide stability in 25% HS at 37°C. The error bars (20%) reflect the
observed maximum standard associated with these stability mea-
surements. No degradation was observed for a few of these pep-
tides, where the estimated half-life is >4000 min.
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N-terminal glycosylation by N-GIcNAc of the T8 peptide
resulted in significant stabilization toward serum peptidases.
This is understandable in that T8 peptide degradation is by
aminopeptidase activity (24). Glycosylation at other sites on
the T8 peptide did not afford stabilization, possibly because
the T8 peptide did not alter its secondary structure upon
glycosylation. Evidence for lack of conformational change
comes from the similar CD spectra observed for glycosylated
and nonglycosylated T8 peptides.

Single Amino Acid Substitution in Poly-Ala Peptides.
The effect of a single amino acid substitution on peptide
stability is often difficult to assess because of ‘‘background”
problems, i.e., where the flanking amino acids contribute
significantly to peptide reactivity. For example, substitution
of F for V in the internal sequence ‘‘QAVHAA” is likely to
show a very different peptide reactivity than the same F for
V substitution in the sequence “TTVKAA.”’ This sequence
dependence on peptide reactivity is due to several factors,
including different substrate binding and cleavage rate, dif-
ferent conformational dependence, and steric effects. This
background problem is compounded when looking at amino
acid substitutions close to the termini where exopeptidases
and dipeptidyl peptidases are also effective. We have ad-
dressed this by determining the effect of single amino acid
substitution in a series of poly-Ala peptides, of particular
interest because alanine is readily substituted in certain pep-
tides without appreciable loss in MHC binding (25). Com-
parison of several substituted poly-Ala peptides is shown by
the stability histograms in Fig. 5. In most cases only a single
amino acid is changed for each comparison. Inspection of
the data reveals several important trends. (a) As mentioned
before, N- or C-terminal modification with d-amino acids
was found to be particularly effective at stabilizing the pep-
tide against enzymatic degradation. For example, AA-
FAAAKTAAAFA-CONH, had a half-life of 8 min in 25%
HS, whereas aAFAAAKTAAAFa-CONH, had a half-life of
690 min. A similar trend was observed in the poly-Ala pep-
tide substituted only with Y and K (Fig. 2). (b) The N-ada-
mantoyl (Ada,) and the N-adamantylacetic acid (Ada,)
groups were as effective as d-phenylalanine for blocking ami-
nopeptidases in the model peptide, ZAAAKTAAAFa-
CONH, (where Z = d-phenylalanine, adamantoyl, or ada-
mantylacetic acid). (c) Internal substitution of K with the
diol substituents, X, = —(CH,);NHCH,CH(OH)CH,OH or
x. = —CH,OCH,CH(OH)CH,OH, results in peptide stabi-
lization. It is unknown at this time if these diol substituents
are altering reactivity at K or if they are exerting a long-
range effect (as observed for GlcNAc). (d) Peptides inter-
nally substituted with F or cyclohexylalanine (chA) show
similar stability, indicating either that the major cleavage site
is not at the F or the chA residue or that serum endopepti-
dases are insensitive to this substitution. The latter explana-
tion is more likely, as substitution of Y for F in a structurally
similar peptide (aAFAAAATAKAAa-CONH,) resulted in
significant peptide stabilization, suggesting that F (or chA) is
indeed involved in the endopeptidase cleavage mentioned
above. (e) Substitution of threonine in yAAFAAAAT-
KAAAa-CONH, with hydroxyproline did not alter peptide
reactivity, but substitution with proline did, indicating that a
proline sensitive endopeptidase is present, possibly postpro-
line endopeptidase (26). (f) Internal modification of the se-
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Fig. 5. Groupwise comparisons showing the effect of single amino
acid substitution on peptide stability in 25% HS at 37°C. The low-
ercase letters designate d-amino acids; other descriptors are given
under Materials and Methods. The error bars (20%) reflect the ob-
served maximum standard deviation associated with these stability
measurements.

quence near lysine, for example, using ““AKTLA,”’
“ATAKA,” or “ATLKA,” in a model poly-Ala peptide did
not significantly alter peptide stability in HS, indicating that
cleavage at lysine or threonine is probably not rate limiting.
Indeed, none of the substitutions increased the peptide half-
life to greater than 800 min, possibly because the Ala—Ala
linkage itself is susceptible to proteolytic degradation. Evi-
dence suggests that poly-Ala peptides, even when substi-
tuted with other amino acids, retain their alpha helical con-
formation (27) and therefore major conformational changes
are probably not the major reason for the different reactivi-
ties in Fig. 4. We were unable to determine directly the sen-
sitivity of the Ala—Ala bond by studying the parent poly-Ala
peptide containing only alanine due to low aqueous solubil-
ity. The half-lives determined herein for the stabilized poly-
Ala peptides are sufficiently long enough (calculated 100- to
200-min half-lives in 100% HS) that in vivo enzymatic deg-
radation in plasma will not be the limiting stability factor for
further development, since renal or hepatic clearance rates
are likely to predominate on this time scale. The data pre-
sented here demonstrate that small peptides, when protected
from serum peptidases, are sufficiently stable in HS to be
considered viable drug candidates for the blockade of MHC
in the treatment of autoimmune disorders.
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