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ABSTRACT

The separation of peptides during RP-HPLC depends mainly upon differential hydrophobic interactions of the individual peptides
being separated with the C, ; group of the stationary phase. We have examined the behavior of dimeric disulfide-linked model peptides
during RP-HPLC in order to study self-induced conformational effects. A set of 18 analogues of the amphipathic a-helical sequence
Ac-LKLLKKLLKKLKKLLKKL-NH, was used for this study. These analogues differed only by the successive replacement of each
position with a cysteine. Strong peptide—peptide interactions, occurring through interchain hydrophobic forces, resulted in a presenting
face to the C, ; group, consisting primarily of lysine residues and, in turn, in early retention times. Three homo-dimers were also found

to be strongly a-helical in water as determined by circular dichroism spectroscopy.

INTRODUCTION

The induced secondary structures of peptides, such
as amphipathic a-helicity [1], are known to be essen-
tial for many peptide—peptide or peptide—protein
interactions. Examples include the binding of melit-
tin [2], or specific model amphipathic peptides [3,4],
to calmodulin. Amphipathicity, as well as other
general structural effects such as dipole—dipole in-
teractions [5], hydrophobic interactions [6], and salt
bridge formation [7], have also been established as
important stabilizing elements in peptide and pro-
tein tertiary and quaternary structures.
Hydrophobic forces, which dominate peptide—
peptide interactions as well as protein folding and
stability, are generally counterbalanced by the sol-
vation of hydrophilic residues which renders the
proteins soluble in water. As a result, in globular
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proteins hydrophilic external surfaces interact with
and are solvated by water, whereas hydrophobic
amino acids are “buried” and form a lipid-core en-
vironment [6}. Often, hydrophilic-hydrophobic
amino acid segregation follows an initial non-spe-
cific binding of a peptide to a protein, lipid, cell
membrane, etc. This type of induced segregation of
hydrophilic and hydrophobic amino acids is sug-
gested for a variety of important physiological
processes, such as hormone-receptor [8] and T-cell-
major histocompatibility complex (MHC) interac-
tions [9]. For instance, using disulfide-linked pep-
tide dimers, O’Shea et al. [10] was able to mimic the
conformations of proximal sequences (not cova-
lently linked) found in native proteins. Others have
designed and synthesized artificial “proteins”
whose overall structures are formed and/or stabiliz-
ed by hydrophobic interactions [11-13]. Recently,
Hahn et al. [14] reported the de novo chemical syn-
thesis of a 4-barrel helix bundle having enzymatic
activity.

In earlier studies carried out in this laboratory,
induced conformational factors (especially amphi-
pathic a-helical arrangements) were found to influ-
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ence the retention behavior of peptides during re-
versed-phase high-performance liquid chromatog-
raphy (RP-HPLC) [15-18]. This earlier work has
lead us to the general hypothesis that every peptide
has a small number of energetically favored confor-
mations which are induced by the interaction of the
peptide with the hydrophobic groups of the station-
ary phase. For instance, three peptides having the
same composition (nine leucine and nine lysine res-
idues) but different linear sequences representing
several potential structural motifs, eluted over a
range of 20 min [17]. Those which adopted classical-
ly and segmentally amphipathic a-helical conforma-
tions eluted later than anticipated [19]. By system-
atically studying the RP-HPLC behavior of single
substitution analogues of a given sequence, we were
able to evaluate the induced conformation of this
peptide {17,18,20]. In particular, the model peptide
Ac-LKLLKKLLKKLKKLLKKL-NH, was
found to be induced into a classically amphipathic
a-helical conformation during RP-HPLC [17,20].
Since an important factor in peptide-peptide and
peptide-protein interactions involves conforma-
tional effects induced by hydrophobic constituents,
we have investigated in the present study the use of
RP-HPLC for the study of such interactions. To
facilitate the study of such peptide—peptide interac-
tions, we have synthesized a complete series of indi-
vidual cysteine substitution analogs of the model
peptide studied in earlier studies: Ac-LKLLKKLL-
KKLKKLLKKL-NH,. We then examined pep-
tide—peptide interactions of these dimeric disulfide-
linked model peptides using RP-HPLC, along with
circular dichroism spectroscopy (CD) as a comple-
mentary and contrasting means of investigation.
Since this set of peptide analogues represents two
closely related compositions (i.e., either 9 leucines, 8
lysines and 1 cysteine or 8 leucines, 9 lysines and 1
cysteine), only two distinct retention times would be
expected to be seen if conformation was not a factor
contributing to elution behavior [19]. Our working
hypothesis, however, was that dimerization of each
individual monomer by disulfide bridge formation
would result in homo-dimeric peptides, which
through self interactions would be induced into spe-
cific secondary structures. The overall surface
hydrophobicity of these cysteine homo-dimers
would be expected to differ depending on the con-
formation of the two peptide chains, which in turn
would be dependent on the position of the cysteine.
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MATERIALS AND METHODS

Peptide synthesis

Peptides were prepared by simultaneous multiple
peptide synthesis (SMPS) [21]. Final cleavage and
deprotection were carried out with liquid hydrogen
fluoride (HF), using Tam et al. “low-high” HF
cleavage protocol [22] with a 24-vessel cleavage ap-
paratus [23] (Multiple Peptide Systems, San Diego,
CA, USA). Oxidized peptides were produced by
stirring a solution of the peptides (5 mg/ml} in 0.1
M NH,HCO;, pH 8, overnight at room temper-
ature. The peptides were purified prior to CD stud-
ies using a DeltaPrep 3000 preparative RP-HPLC
with a Foxy Fraction collector (Millipore, Waters
Division, San Francisco, CA, USA). Anaiytical
RP-HPLC was used to determine which fractions of
the desired purity were to be pooled and lyophil-
ized. The identities of the peptides were confirmed
by time-of-flight mass spectroscopy analyses on a
BIOION 20 spectrometer.

Analytical RP-HPLC

Relative retention times were determined using a
Beckman gradient HPLC system consisting of two
Model 110A pumps, a Beckman Model 421 micro-
processor (Beckman Instruments, Anaheim, CA,
USA), a Hitachi Model 100-20 variable wavelength
spectrophotometer (Baxter Scientific Products, Los
Angeles, CA, USA), a Shimadzu C-R3A Integrator
(Cole Scientific, Calabasas, CA, USA), and a Bio-
Rad Model AS-48 autosampler (Bio-Rad Labora-
tories, Richmond, CA, USA). Samples (20 ul, 0.2
mg/ml) were analyzed on Vydac 218TP54 C,; col-
umns (Alltech Associates, Los Altos, CA, USA)
(250 mm x 4.6 mm L.D., 5um). Peptide elution was
monitored at 215 nm. Buffer A consisted of 0.05%
trifluoroacetic acid (TFA) in water and buffer B
consisted of 0.05% TFA in acetonitrile. The pep-
tides were analyzed using a 1% /min increasing gra-
dient, starting at 5% buffer B.

RP-HPLC determinations of the monomeric
forms were carried out by adding 50 ul of 5 mM
dithiothreitol to a RP-HPLC sample of peptide
(500 ul of a 1 mg/ml solution) in 0.1 M NH,HCO;,
pH 8 [24]. After I h at room temperature, the pH
was lowered prior to RP-HPLC by the addition of
50 pl of 10% AcOH. The samples were then ana-
lyzed by analytical RP-HPLC.
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Circular dichroism measurements

All measurements were performed at ambient
temperature on a Jasco J-720 circular dichroism
spectrometer (Jasco, Easton, MD, USA). The in-
strument was routinely calibrated with an aqueous
solution of ammonium [*H;¢]camphorsulfonic
acid. Constant nitrogen flushing was employed. The
measurements were carried out using quartz cells of
0.1 cm pathlength at a peptide concentration of
0.050 mg/ml (i.e., 1.2 - 107> mol/l). The relative
concentration of each peptide was determined by its
UV absorption at 210 nm prior to the measure-
ments. The mean residue ellipticities ([f]) were cal-
culated using the relationship [#]= 100/cnl, where 0
is the ellipticity (mdeg), c is the peptide concentra-
tion (mM), n is the number of residues in the pep-
tide, and / is the pathlength (cm). The approximate
percent helicity for the homo-dimeric peptides was
calculated using [0]2,, (at 222 nm) with the assump-
tion that a 100% helical peptide yields [0],, =
—33 400 deg cm? dmol ! [25].

RESULTS

Peptide Synthesis

A set of 18 analogues of the peptide Ac-
LKLLKKLLKKLKKLLKKL-NH,, found in ear-
lier studies to be induced into a classically ampbhi-
pathic a-helical conformation during RP-HPLC
[17,20], was synthesized. This starting sequence is
illustrated in helical wheel [26] and lateral repre-
sentations in Fig. 1. The analogues differed only in
the successive replacement of each position with a
cysteine (Table I). Each peptide was prepared by
the SMPS method [21]. The homo-dimers con-

Lateral Projection

Axial Projection

I Lysine [] Leucine

Fig. 1. Helical wheel and lateral representation of Ac-
LKLLKKLLKKLKKLLKKL-NH,
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TABLE I

PEPTIDE SEQUENCES

Sequence Substituted res-
idue

Ac-LKLLKKLLKKLKKLLKKL-NH, None

Ac-CKLLKKLLKKLKKLLKKL-NH, L-1
Ac-LCLLKKLLKKLKKLLKKL-NH, K-2
Ac-LKCLKKLLKKLKKLLKKL-NH, L-3
Ac-LKLCKKLLKKLKKLLKKL-NH, L-4
Ac-LKLLCKLLKKLKKLLKKL-NH, K-5
Ac-LKLLKCLLKKLKKLLKKL-NH, K-6
Ac-LKLLKKCLKKLKKLLKKL-NH, L-7
Ac-LKLLKKLCKKLKKLLKKL-NH, L-8
Ac-LKLLKKLLCKLKKLLKKL-NH, K-9
Ac-LKLLKKLLKCLKKLLKKL-NH, K-10
Ac-LKLLKKLLKKCKKLLKKL-NH, L-11
Ac-LKLLKKLLKKLCKLLKKL-NH, K-12
Ac-LKLLKKLLKKLKCLLKKL-NH, K-13
Ac-LKLLKKLLKKLKKCLKKL-NH, L-14
Ac-LKLLKKLLKKLKKLCKKL-NH, L-15
Ac-LKLLKKLLKKLKKLLCKL-NH, K-16
Ac-LKLLKKLLKKLKKLLKCL-NH, K-17
Ac-LKLLKKLL KKLKKLLKKC-NH, L-18

tained in the crude synthetic peptides ranged from
20 to 80% of the total.

Peptide—peptide interactions as estimated by RP-
HPLC

The homo-dimers contained in the crude synthet-
ic peptides were readily reduced with dithiothreitol
[24], enabling the determination of the respective
retention times of both the monomeric and homo-
dimeric forms of each analogue. The relative reten-
tion times for these analogues were the same in
three separate determinations. The retention times
of the monomeric and homo-dimeric forms (Table
IT) were plotted from the N-terminus relative to the
position of the cysteine residue in the peptide (Fig.
2). A larger, overall variation in retention times (35
min) was observed for the homo-dimers than for
the monomers (10 min). When the cysteine was lo-
cated on the lysine side of this amphipathic a-helix,
except for the extreme N- and C- terminal residues,
both the monomeric and homo-dimeric forms elut-
ed later than the starting peptide (X in Fig. 2). In
contrast, when the cysteine was located on the leu-
cine side of the amphipathic a-helix, all of the pep-
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TABLE 11

RETENTION TIME OF MONOMERS AND HOMO-DI-
MERS

The retention times were determined using a 1% gradient start-
ing at 5% B.

Substituted residue Retention time (min)

Monomers  Homo-dimers

None 46.2

L-1 429 48.2
K-2 47.7 51.2
L-3 42.6 49.4
L-4 41.6 36.3
K-5 48.6 54.8
K-6 48.0 48.7
L-7 42.4 31.9
L-8 42.8 40.0
K-9 47.3 46.4
K-10 51.2 50.6
L-11 41.5 30.5
K-12 50.2 53.1
K-13 47.7 54.2
L-14 419 43.6
L-15 41.9 39.3
K-16 47.3 64.2
K-17 49.3 44.6
L-18 43.1 47.9

tides eluted earlier than the starting peptide. In par-
ticular, a substantially prolonged retention time for
the homo-dimeric form was observed when ly-
sine-16 was replaced with a cysteine, while much

70

® Monomer
0 Homo-dimer

60}

50+

a0}

Retention Time (min)

LKLLKKLLKKLKKLLKKL X

12345 67 89 101112131415 16 17 18
Substituted Residue

Fig. 2. RP-HPLC retention times of the monomeric and dimeric

forms of the cysteine substitution analogues. The retention times

were determined using a 1% gradient (5-75% B in 70 min). X =

parent sequence.
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earlier retention times were found upon replace-
ment of either leucine-7 or leucine-11.

If one envisions the hydrophobic alkyl groups of
the amphipathic a-helix as being imbedded in the
C s layer of the stationary phase, then a more in-
formative way to plot the results obtained relates to
the position of the cysteine substitution in a helical
wheel format. Thus, these substitutions were viewed
counter-clockwise for those analogues in which a
leucine has been replaced by a cysteine, and clock-
wise for those analogues in which a lysine was re-
placed by a cysteine (Fig. 3). In each case, the plot
was started at the “nine o’clock” position (see hel-
ical wheel representation, Fig. 1). This representa-
tion empbhasizes the effects of the position being re-
placed by the single cysteine residue relative to the
location of the C,g interface. Large variations in
retention times were observed in the 9 different ho-
mo-dimeric analogues in each set: the retention
times varied by 20 min when either leucine or lysine
was replaced by a cysteine (Fig. 3A). The retention
times of those homo-dimers resulting from replace-
ments of a leucine by a cysteine follow a pattern
(except for position 18), which indicates that the
closer a cysteine substitution is to the C, g interface,
the longer its retention time (i.e., the stronger its
interaction with the C;g). In contrast, only small
variations in retention times were found for the cor-

70

60

a0}

Retention Time (min)
3

NI A A AT A P D A A A S SR SR A S
7143 125169 21361710 X 1815411187143 125169 29361710 X
LLL KKKKKKKKK LLLLLLLLL KKKKKKKKK

Substituted Positions

st
ra

Fig. 3. Variation of the RP-HPLC retention times of the cysteine
substitution analogues as viewed in a helical wheel representa-
tion. The substituted leucine positions are plotted as viewed
counter-clockwise, while the substituted lysine positions are plot-
ted as viewed clockwise on the helical wheel representation
shown in Fig. 1. Both plots started at the “nine o’clock” posi-
tion. (A) homo-dimeric forms; (B) monomeric forms; X = Par-
ent sequence.
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responding monomers (a 2-min and 3-min range
when a cysteine replaced either a leucine or a lysine,
respectively; Fig. 3B).

Peptide—peptide interactions as estimated by circular
dichroism

CD spectroscopy has long been used for the esti-
mation of the secondary structures of peptides or
proteins in solution [27]. CD investigations were
carried out to confirm or contrast the induced con-
formation predicted by RP-HPLC. Following air
oxidation to their homo-dimeric forms in 0.1 M
NH,HCOj3;, the analogues were purified to greater
than 95% by RP-HPLC. RP-HPLC was used to
confirm the absence of the monomeric forms of the
peptides. Their dimeric states were confirmed by
mass spectroscopy (M +H=4443+2 when a cys-
teine replaced a leucine, M+H=4413+2 when a
cysteine replaced a lysine). The induced conforma-
tions of these homo-dimers were examined in salt-
free aqueous solution. The CD spectra showed that
only those analogues in which leucine-7, leucine-8,

TABLE 1II

203

Parent

[6] 4

WL [nm]

Fig. 4. Circular dichroism spectra in aqueous solution. The CD
spectra show the mean residue molar ellipticities in deg c¢m?
dmol ™! as a function of wavelength (WL) for 0.050 mg/ml pep-
tide in water.

leucine-11, lysine-12 or leucine-18 were replaced
with a cysteine adopted any significant percentage
of defined secondary structure in aqueous solution
(i.e., o-helical conformation; Fig. 4 and Table IIT).

«-HELICITY OF PEPTIDES AS ESTIMATED BY CD AT 222 nm

ND = Not determined. All of the peptides are in their dimeric form.

Substituted % a-Helicity

residue
H,0 10% TFE* 20% TFE 30% TFE 40% TFE

None >5 11 33 39 49
L-1 9 43 41 42 44
K-2 <5 37 42 47 58
L-3 <5 33 39 41 44
L-4 8 54 50 52 55
K-5 <5 53 54 ND ND
K-6 <5 20 39 42 45
L-7 32 44 48 50 48
L-8 19 32 32 38 34
K-9 <5 18 29 30 40
K-10 11 31 49 43 46
L-11 29 46 54 60 58
K-12 24 34 35 38 ND
K-13 8 31 ND 42 42
L-14 <5 28 34 40 36
L-15 <5 37 41 44 50
K-16 <5 24 26 28 36
K-17 <5 21 22 ND 33
L-18 31 43 ND 45 43

¢ A v/v mixture of TFE in water.
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TABLE 1V

RELATIVE «-HELICITY AS DETERMINED BY CD US-
ING RATIOS OF CD INTENSITIES [29]

All of the peptides are in their dimeric forms.

Substituted Rl = [8],,,./10].;n R2 = [0),,,/[6)in
Residue
H,0 10% TFE* H,O 10% TFE

None 0.52 -0.74 0.02 0.37
K-6 0.43 —0.85 0.10 0.50
L-7 —1.62 -2.16 0.79 0.88
K-9 0.46 -0.93 0.01 0.53
L-11 —2.00 -1.73 0.79 0.81
K-16 0.12 -1.92 0.15 0.73
K-17 0.54 —1.61 0.02 0.64
L-18 —1.58 —2.26 0.76 0.79

¢ A v/v mixture of TFE in water.

The propensity of the homo-dimeric analogues to
adopt an a-helical conformation in the presence of
trifiuoroethanol (TFE), a solvent that induces helic-
ity in potentially a-helical polypeptides [28], was
then examined. The relative percentages of helicity
for each analogue in the presence of increasing
amounts of TFE are shown in Table III. The maxi-
mum helicity (ranging from 33% to 60%) was
reached for each analogue in the highest percent
TFE used (40%). The greatest amount of a-helicity
was observed upon substitution of leucine-11 with a
cysteine, while the lowest amount of a-helicity was
found for those analogues in which a cysteine re-
placed a lysine at positions 16 or 17. Substitutions
analogues at position 6 and 9, as well as the starting
sequence, also had low helicity in 10% TFE.

To avoid misinterpretation of the data due to
small variations in concentration, Bruch e al. {29]
proposed the use of two parameters, Rl = [0]nax/
[B)min and R2 = [6]222/[0]min. These ratios are based
on the fact that in a two-state equilibrium between
o-helix and random coil, the absolute value of [0],,5
and the maximum ellipticity [@]m.y, increase relative
to the minimum ellipticity [f].. as a function of
a-helicity, independent of the peptide concentra-
tion. R1 values should decrease and R2 values
should increase with an increase in a-helicity. For
each peptide analogue studied, the CD spectra ex-
hibited an isodichroic point at 203 nm as a function

S. E. Blondelle et al. | J. Chromatogr. 625 (1992) 199-206

of %TFE, indicating a two-state equilibrium be-
tween a random coil and an a-helical conformation.
The relative ratios calculated for the homo-dimer
analogues confirmed that the highest percent a-hel-
icity in water is reached when a cysteine replaced
leucine-11, followed next by a cysteine replacement
of leucine-7 and leucine-18 (lowest R1 and highest
R2 values, Table IV). In 10% TFE, the low levels of
helicity observed for the parent peptide and for
those analogues in which a cysteine replaced either
lysine-6 or lysine-9 were supported by high Rl and
low R2 ratios (Table IV).

DISCUSSION

In anisotropic environments such as RP-HPLC,
dimerization of the parent sequence by disulfide
bridge formation results in homo-dimeric peptides
that are induced into specific secondary structures.
These specific self-induced conformations were en-
tirely dependent on the location of the cysteine in
the linear chain of the peptide, and in turn on the
position of the peptide chains relative to one anoth-
er. Since two closely related compositions are being
studied (i.e., either 9 leucines, 8 lysines and 1 cys-
teine or 8 leucines, 9 lysines and 1 cysteine), only
two distinct retention times would be expected to be
seen if conformation was not a factor contributing
to elution behavior [19]. However, large variations
(20 min) were observed in the retention times of the
homo-dimers. This indicates that the specific sec-
ondary structures self-induced by peptide-peptide
interactions are affecting RP-HPLC behavior. In
support of this hypothesis, only small variations in
retention times were found for the corresponding
monomers (a 2-min and 3-min range when a cys-
teine replaced leucine or lysine, respectively; Fig.
3B).

The shortest retention time found for a homo-
dimer resulted from replacing leucine-11 with a cys-
teine. This can be explained by the occurrence of
strong peptide—peptide interactions through the
two leucine faces of the two induced amphipathic
helices. Since leucine-11 is located in the central re-
gion of the hydrophobic side of the amphipathic
helix (see helical wheel representation, Fig. 1), this
self-induced conformation results in a C,5 surface
presentation consisting almost entirely of lysine res-
idues, and thus in an early retention time. The
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adoption of an a-helical conformation for this ana-
logue observed by CD in aqueous solution strength-
ens our belief that strong interchain hydrophobic
interactions occur between the leucine residues, and
in turn result in a stabilized double-stranded «-hel-
ical conformation. Similar but smaller effects are
seen upon replacing leucine-7 with a cysteine.

The a-helical conformation calculated by CD in
water for the substitution analogue of leucine-18
may result from the location of the cysteine at the
far end of the chain. Thus, one chain may be folding
over onto the other, again resulting in stabilization
of a double-stranded w«-helical structure through
hydrophobic interactions between the leucine resid-
ues, as seen by Hodges and co-workers [11,12] for
double-stranded coiled-coils conformation. How-
ever, the prolonged retention time found for this
analogue relative to the others in this series indi-
cates that an extended, or partially extended, con-
formation exists upon interactions between the leu-
cines and the C;g group of the stationary phase.

In contrast to a folding process, the prolonged
retention time observed when lysine-16 was re-
placed by a cysteine can be considered to be due to a
juxtaposition of the two peptide chains in an anti-
parallel manner, resulting in a functionally extend-
ed C;s group hydrophobic presenting face (i.e.,
equivalent to a 36-residue chain presenting 18 leu-
cines on one face). This would result in a much
stronger interaction of this dimer with the Cig
group of the stationary phase. The low helical con-
tent found by CD for this analogue reconciles better
with a single-stranded a-helical conformation than
a double-stranded structure. The disulfide bridge
appears, therefore, not to be contributing directly
to its a-helical stability in aqueous solution.

In conclusion, we believe that RP-HPLC is a use-
ful tool for the comparative study of self-induced
conformations resulting from peptide—peptide in-
teractions. The significant variations found between
retention times of the homo-dimeric analogues
studied here confirm the predominant role of am-
phipathicity in peptide-peptide interactions.

ACKNOWLEDGEMENTS
The authors thank David Burcin and James Win-

kle for their technical assistance, and Eileen Silva
for the editing and preparation of this manuscript.

205
REFERENCES

1 J. P. Segrest, M. K. Jones, H. De Loof, C. G. Brouillette, Y.
V. Venkatachalapathi and G. M. Anantharamaiah, J. Lipid.
Res., 33 (1992) 141.

2 M. Kataoka, J. F. Head, B. A. Seaton and D. M. Engelman,
Proc. Natl. Acad. Sci. USA, 86 (1989) 6944.

3 K. T. O’'Neil and W. F. DeGrado, Trends Biochem. Sci., 15
(1990) 59.

4 M. Ikura, G. M. Clore, A. M. Gronenborn, G. Zhu, C. B.
Klee and A. Bax, Science ( Washington, D.C. ), 256 (1992)
632.

5 W.G.J. Hol, L. M. Halie and C. Sander, Nature ( London),
294 (1981) 532.

6 C. R. Cantor and P. R. Schimmel, in A. C. Bartlett, P. C.

Vapnek and L. W. McCombs (Editors), Biophysical Chem-

istry Part I: The Conformation of Biological Macromolecules,

W.H. Freeman & Co, New York, 1980, p. 279.

P.C. Lyu, L. A. Marky and N. R. Kallenbach, J. Am. Chem.

Soc., 111 (1989) 2733.

J. W. Taylor, in B. N. Dhawan and R. S. Rapaka (Editors),

Recent Progress in Chemistry and Biology of Centrally Acting

Peptides, Central Drug Research Institute, Lucknow, India,

1988, p. 25.

9 M. R. Pincus, F. Gerewitz, R. H. Schwartz and H. A. Schera-
ga, Proc. Natl. Acad. Sci. USA, 80 (1983) 3297.

10 E. K. O’Shea, R. Rutkowski, W. F. Stafford,III and P. S.
Kim, Science ( Washington, D.C.), 245 (1989) 646.

11 R. S. Hodges, N. E. Zhou, C. M. Kay and P. D. Semchuk,
Pept. Res., 3 (1990) 123.

12 N.E. Zhou, C. M. Kay and R. S. Hodges, J. Biol. Chem., 267
(1992) 2664.

13 S. P. Ho and W. F. DeGrado, J. Am. Chem. Soc., 109 (1987)
6751.

14 K. W. Hahn, W. A. Klis and J. M. Stewart, Science ( Wash-
ington, D.C.), 248 (1990) 1544.

15 R. A. Houghten and J. M. Ostresh, BioChromatography, 2
(1987) 80.

16 R. A. Houghten and S. T. De Graw, J. Chromatogr., 386
(1987) 223.

17 J. M. Ostresh, K. Biittner and R. A. Houghten, in C. Mant
and R. S. Hodges (Editors), HPLC of Peptides and Proteins:
Separation, Analysis, and Conformation, CRC Press, Boca
Raton, FL, 1991, p. 633.

18 K. Biittner, S. E. Blondelle, J. M. Ostresh and R. A. Hought-
en, Biopolymers, 32 (1992) 575.

19 J. L. Meek and Z. L. Rossetti, J. Chromatogr., 211 (1981) 15.

20 K. Biittner and R. A. Houghten, in E. Giralt and D. Andreu
(Editors), Peptides 1990, Proceedings of the Twenty-First Eu-
ropean Peptide Symposium, Escom, Leiden, 1991, p. 478.

21 R. A.Houghten, Proc. Natl. Acad. Sci. USA, 82 (1985) 5131.

22 J. P. Tam, W. F. Heath and R. B. Merrifield, J. 4m. Chem.
Soc., 105 (1983) 6442.

23 R. A. Houghten, M. K. Bray, S. T. De Graw and C. J. Kirby,
Int. J. Pept. Protein Res., 27 (1986) 673.

24 W. W. Cleland, Biochemistry, 3 (1964) 480.

25 C.H. Chen and M. Sonenberg, Biochemistry, 16 (1977) 2110.

26 M. Schiffer and A. B. Edmundson, Biophys. J., 7 (1967) 121.

27 W. C. Johnson, in D. Glick (Editor), Methods of Biochemical
Analysis, Interscience, New York, 1985, p. 61.

~

(==}



206 S. E. Blondelle et al. | J. Chromatogr. 625 (1992) 199-206

28 S. R. Lehrman, J. L. Tuls and M. Lund, Biochemistry, 29 29 M. D. Bruch, M. M. Dhingra and L. M. Gierasch, Proteins:
(1990) 5590. Struct. Func. Genet., 10 (1991) 130.



