9

ANALYTICAL BIOCHEMISTRY 174, 399-414 (1988)

Mass Spectrometric Evaluation of Synthetic Peptides
for Deletions and Insertions'2

R. B. MERRIFIELD, JAMES SINGER, AND BRIAN T. CHAIT
The Rockefeller University, 1230 York Avenue, New York, New York 10021
Received March 30, 1988

A new technique to evaluate methods for the synthesis of peptides was developed. It is.based
on the identification and quantitation of peptide by-products by mass spectrometry. Model
oligopeptides containing 10 or 20 alanine residues were synthesized by automated solid phase
methods using a variety of protocols, and the levels of deletion and insertion peptides were
measured by the 2Cf fission fragment ionization time-of-flight spectrometric technique in
which the total, unfractionated, synthetic product was deposited on a film of nitrocellulose and
analyzed. The introduction of D-alanine at every third residue of the model eliminated peptide
conformation problems that led to incomplete reactions in the all L model. Couplings with
preformed symmetrical anhydrides in dimethylformamide gave rise to significant levels of both
deletion peptides and insertion peptides. The best of the protocols examined was a double cou-
pling of tert-butyloxycarbonyl-alanine by in situ activation with dicyclohexylcarbodiimide in
dichloromethane. [D-Ala*$%'21518)A 15 Va] was synthesized with an average deletion of only
0.036% per step and an average insertion of only 0.029% per step, which is equivalent to a
stepwise yield 0ol 99.93% for the target peptide.  © 1988 Academic Press, Inc.

KEY WORDs: solid phase peptide synthesis; 252Cf fission fragment ionization mass spectrome-
try; coupling efficiency; deletion peptides; insertion peptides; oligopeptide models; Alay-Val;

Alay-Val.

From the first publication on solid phase
peptide synthesis (1) to the present there has
been interest and concern about the com-
pleteness of the deprotection and coupling re-
actions. To achieve fully satisfactory syn-
thetic results it is necessary to have rapid and
quantitative reactions and to avoid peptide
by-products, which arise from termination,
deletion, insertion, branching, and modifi-
cation reactions. The numerous methods
that have been devised to' monitor the occur-
rence of such side reactions and to measure

! This work was supported in part by Grant AM01260
from the U.S. Public Health Service and by Grant
RR00862 for the Rockefeller University Mass Spectro-
metric Biotechnology Research Resource. The spectro-
polarimeter was purchased by the Rockefeller University
with funds from National Science Foundation Grant
PCM 84-00268.

2 We dedicate this paper to Professor Hiruaki Yajima
on the occasion of his retirement from Kyoto University,
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the kinetics of solid phase reactions have been
reviewed (2-5). The most useful ones have in-
volved (I) the spectrophotometric measure-
ment of uptake of reagents (6-7) or forma-
tion of by-products (8,9); (II) quantitation of
unreacted amino component by HCIO, titra-
tion (10), by uptake of CI~ (11,12), picrate™
(13), or ¥SO; (14), by ninhydrin analysis
(15,16), by displacement of a colored alde-
hyde from its Schiff base (17) or of other chro-
mophoric adducts (18,19); (I11) measurement
of deletion peptides by preview sequencing of
the peptide-resin (20) by mass spectrometric
analysis of small peptides after cleavage and
partial hydrolysis (21) or by direct mass spec-
trometry of final peptide product (22); (IV)
ion exchange (23,24), reverse phase (25), or
HPLC separation of the products after cleav-
age of a model test peptide from the support.
Some of these are real-time methods while
others give an answer after the fact. Those in
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group | are convenient and rapid, but not
very sensitive (1-3%). Those in group 1T de-
pend on chemical reactions, which may re-
duce their accuracy, but often they are sensi-
tive to 0.1 to 0.3%. Method I1I can also be
good to 0.1 t0 0.3%, but it is subject to several
problems and gives only an average measure
of the extent of the reactions. Method IV can
be quite sensitive with small model peptides,
but is slow and has certain limitations. Taken
together these monitoring methods have
been very helpful in following the course of
the reactions, in evaluating synthetic prod-
ucts, and in developing synthetic methodol-
ogy, but they clearly need to be supplemented
and improved.

We report here a new, quantitative method
based on mass spectrometry, which has cer-
tain advantages in sensitivity and in the iden-
tification of the reaction by-products. Recent
improvements in sample preparation (26,27)
for fission fragment mass spectrometry (28-
30) now allow highly sensitive, quantitative
detection of the parent ion of peptides up to
about 10,000 Da and, therefore, large model
peptides designed specifically to reflect the
by-products just described can be synthesized
and analyzed with precision. The use of ho-
mopolymers has been introduced to provide
a large amplification factor for quantitation
of by-products, and detection limits for inser-
tion and deletion peptides of <0.02% per step
have been demonstrated. This has led to an
improved analysis of reaction conditions for
solid phase synthesis.

THE TEST SYSTEM

The model peptides L-Ala-Val-OCH,--
Pam-resin® and L-Alay-Val-OCH,-Pam-

3 Abbreviations used: The peptide nomenclature fol-
lows the general rules recommended by the IUPAC-IUB
Commission on Biochemical Nomenclature; see J. Biol.
Chem. 247, 977 (1972). Boc, fert-butyloxycarbonyl;
DCC, dicyclohexylcarbodiimide; DIEA, diisopropyl
ethyl amine; DMF, N,N-dimethylformamide; HOBt, 1-
hydroxybenzotriazole; Pam, phenylacetamidomethyl;
NMM, N-methylmorpholine; SA, symmetric anhydride;
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resin were selected for the initial studies. The
support was copoly(styrene-1%-divinylben-
zene) resin beads.

g
n—Val—ocnz@CHz-—c —N—dlz-@— resin

(Val-OCH,-Pam-R) was selected for the at-
tachment of the peptide to the support be-
cause the resulting substituted benzyl ester
bond is very stable to acidolysis, and losses of
peptide chain during synthesis were negligi-
ble (31). Valine served also as a marker for
chemical analysis of the synthetic product.
The 10 or 20 alanine residues provided the
necessary amplification factor because a dele-
tion of an alanine residue at any position in
the chain would yield the same Ala,—Val or
Alae—Val product, and this follows also for
multiple deletions. Similar reasoning applies
to potential insertion peptides where more
than one alanine residue is added at a single
synthetic cycle. The use of alanine, which
lacks a third functionality, essentially elimi-
nated the production of branched chains or
of modification peptides in which the peptide
chain was altered by various chemical side re-
actions during the synthesis and workup.
N*-tnfluoroacetyl-Ala,~Val and other N*
blocked termination peptides are also de-
tected by the technique, although with no
amplification factor. With this test system
several variables in the synthesis were
studied.

It was soon found that these all L model
peptides were not the best choice because
they were subject to conformational con-
straints leading to incomplete reactions that
were not a function of the resin or the peptide
chemistry. That problem was overcome by
introduction of D-Ala residues along the
chain. The model peptides now recom-
mended are

1. [D-Ala***)Ala g ValOCH,~Pam- R :
(L-Ala-D-Ala-L-Ala-L-Ala-p-Ala-L-

NC, nitroceliulose; DVB, divinylbenzene; TFA, trifluo-
roacetic acid.




SPECTROMETRIC EVALUATION OF SYNTHETIC PEPTIDES

Ala-L-Ala-D-Ala-L-Ala-L-Ala-L-Val-
OCH,Pam-resin)

2. [D-Ala3-°'9"2-‘5"8]A1azo—Val—OCH2-
Pam- R :
L-Ala-L-Ala-D-Ala-L-Ala—L-Ala-D-
Ala-L-Ala-L-Ala-D-Ala-L-Ala-L-Ala—
D-Ala-rL-Ala-L-Ala~D-Ala-L-Ala-
L-Ala-D-Ala-L-Ala-L-Ala-Val-
OCH,Pam-resin.

MATERIALS AND METHODS
Peptide Synthesis

The model peptides were all synthesized on
the Applied Biosystems Model 430A synthe-
sizer in order to maintain uniform and repro-
ducible results. The starting material was
Boc-Val-OCH,-Pam-copoly(styrene-1%-
divinylbenzene) resin beads (32,33), 0.7
mmol/g. The initial conditions were those of
the standard ABI program for a double cou-
pling with preformed symmetrical anhy-
drides in dimethylformamide (DMF). Thus,
the chemistry was essentially the same as that
developed and described previously (34) for
solid phase synthesis, but with a number of
changes in detail that were introduced by the
manufacturer in order to adapt the technique
to this automated synthesizer. The reagents,
conditions, and programs were then varied.

Synthetic Protocols

1. Preformed symmetrical anhydride cou-
pling in dimethylformamide. The Boc-amino
acid (2 mmol, 4 eq relative to the amino com-
ponent) is dissolved in 2 ml CH,Cl, and
transferred to the activator vessel. Dicyclo-
hexylcarbodiimide (DCC) (I mmol, 2 eq) in
CH,Cl, is added and, after activation for 10
min, the resulting anhydride is transferred,
with filtration and rinsing, to the concentra-
tor vessel. The solvent is evaporated with N,
gas and warmed to maintain a temperature
near 25°C, while the CH,Cl, is exchanged
with DMF. After 16 min in the concentration
vessel, the solution is transferred to the reac-
tion vessel containing the deprotected pep-
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tide-resin (0.5 mmol, ~0.7 g). The volume of
solvent during coupling is 4 ml. Coupling is
continued for 22 min with vortex mixing and
then filtered and washed repeatedly with
DMF. For a double coupling, the Boc-pep-
tide-resin is washed with 5% DIEA in DMF
before introduction of the second prepara-
tion of activated amino acid. In preparation
for the next synthetic cycle the peptide-resin
is washed with CH,Cl,, deprotected with 70%
TFA in CH,Cl,, once for 2 min and once for
18 min, then neutralized with 5% DIEA in
CH,Cl, three times for 2 min each, and fi-
nally washed with CH,Cl, and DMF.

I1. Preformed symmetrical anhydride cou-
pling in dichloromethane. This procedure is
the same as protocol I, except the CH,CL is
not exchanged with DMF and the DMF
washes are replaced with CH,Cl, washes.

11 In situ symmetrical anhydride cou-
pling. The Boc-amino acid (4 eq) in CH,Cl,
is transferred to the activator vessel and, with-
out delay, to the concentrator vessel and then
to the reaction vessel containing | eq of
amino component. DCC (2 eq) in CH,Cl, is
introduced into the rinsed activating vessel
and immediately transferred, with rinsing, to
the concentrator and on to the reaction ves-
sel. The activation and coupling reactions are
continued for 60 min.

1V. Preformed hydroxybenzotriazole cou-
pling. The Boc-amino acid (4 eq) in DMF is
added to the activator vessel containing
HOBt (4 eq) in DMF. Then DCC (4eq)inan
equal volume of CH,Cl, is added. After 24
min, the solution is transferred, with filtra-
tion and rinsing, to the concentrator and then
to the reaction vessel where coupling is car-
ried out for 40 min,

V. In situ dicyclohexylcarbodiimide cou-
pling. This is basically the standard solid
phase DCC method. The Boc-amino acid 4
eq) in CH,Cl, is transferred to the activator
and, without delay, to the concentrator vessel
and, without concentrating, on to the reac-
tion vessel containing 1 eq of amino compo-
nent. DCC (4 eq) in CH,Cl, is introduced
into the rinsed activator vessel and immedi-
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ately transferred, with rinsing, to the concen-
trator and on to the reaction vessel. The acti-
vation and coupling are continued for 40
min. To avoid clogging of the filters by pre-
cipitated dicyclohexylurea, an equal volume
of methanol is added to the reaction vessel be-
fore draining. After 2 min of vortexing the
peptide-resin is filtered and washed with
MeOH/CH,Cl, (1:1) and then with CH,ClL,.

Preparation of peptides for analysis. The
synthetic peptide-resins were cleaved with
HF:anisole (9:1) for | h, 0°C. After evapora-
tion of HF at 0°C and extraction with ether
to remove scavenger, the peptides were ex-
tracted into trifluoroacetic acid (~0.4 mg/
ml) or trifluoroethanol (~0.2 mg/ml) and
used directly for chemical characterization
and for mass spectrometric analysis.

Further characterization of the synthetic
peptides. Aliquots of the crude, unfraction-
ated, cleaved peptides were hydrolyzed in 6 N
HCI in sealed, evacuated tubes for 48 h,
110°C, and the amino acid ratios were deter-
mined on a Beckman 6300 amino acid an-
alyzer.

Other aliquots were analyzed for homoge-
neity on a Shimadzu LC6A HPLC instru-
ment at 210 nm on an analytical C,g column
(Vydac No. 218TP, Visalia, CA) using a 30-
min linear gradient from 0 to 100% solvent B
into solvent A:

Solvent A: Acetonitrile, 10%

+0.05% trifluoroacetic acid in water, 90%
Solvent B: Acetonitrile, 60%

+ 0.05% trifluoroacetic acid in water, 40%.

Circular dichroism spectra were recorded
on an Aviv 60DS CD spectropolarimeter at
22°Cin 1-mm cells. The spectra were mea-
sured from 190 to 300 nm at |-nm intervals
and three scans were averaged. The estimated
percentages of « helix, 8 sheet and random
coil structures in the peptides were calculated
by the Aviv Prosec program, which is based
on the conformational standards of Chang et
al. (35). :
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Mass Spectrometric Analysis

Sample preparation. Samples were pre-
pared for mass spectrometric analysis by ad-
sorption of peptide from solution onto a thin
nitrocellulose (NC) film (27). The NC film
was produced by electrospraying 50 ug of NC
(I mg/ml in acetone) onto a flat, thin (2 pm)
aluminized polyester support with a surface
area of 1 cm? One nanomole of peptide dis-
solved in 2-10 ul of trifluoroacetic acid or tri-
fluoroethanol was spread on the NC layer.
Following adsorption of the peptide to the
NC surface and evaporation of the solvent,
the sample foil was inserted into the vacuum
lock of the mass spectrometer where the film
was thoroughly dried by evacuation. The re-
sulting bare layer of peptide molecules bound
to the surface of the NC was then inserted
into the mass spectrometer for analysis.

P2C fission fragment ionization mass spec-
trometry. The mass spectra were obtained
with the Rockefelier University 252Cf fission
fragment ionization time-of-flight mass spec-
trometer (29,30). In this instrument, the sam-
ple of NC-bound peptide adhering to the alu-
minized polyester support is placed in front
of a #*2Cf source. The spontaneous fission of
22Cf (41, = 2.6 years) results in the emmis-
sion of two highly energetic (~ 100 MeV) fis-
sion fragments traveling in opposite direc-
tions. The passage of one of these fission frag-
ments through the sample causes desorption
of sample ions. These sample ions are acceler-
ated and are then allowed to drift through a
3-m-long flight tube, at the end of which they
are detected. When a *°Cf fission fragment
ionizes the sample, its complementary frag-
ment strikes a closely proximate detector to
provide a time reference from which the flight
times of the sample ions are measured. The
time of flight of the ions provides a direct
measure of their mass-to-charge ratio. In the
present configuration the ion flux through the
sample foil is 2000 fission fragments/s. Sam-
ple ions are accelerated by a 10.0-kV poten-
tial and are postaccelerated just prior to de-
tection by a further 8.5 kV.
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To accurately determine the amount of de-
letion and insertion peptides in a given sam-
ple, it is necessary that the spectral peaks cor-
responding to these species be clearly dis-
cerned from the noise and also that these
peaks contain a sufficiently high number of
ion counts. The spectral accumulation time
required to satisfy these conditions depends
on the amounts of deletion and insertion pep-
tides relative to the amount of target peptide
present in the sample. For large relative
amounts of deletion and insertion peptides
(>2%), accumulation times between 10 and
60 min were found to be adequate. For the
smallest relative amounts of these materials
(<1%) it proved necessary to accumulate
spectra for as long as 24 h. It should be no-
ticed that the fission fragment flux through
the sample is sufficiently low to cause negligi-
ble damage to the total sample over the time
scale of these measurements. Thus the effect
of increasing the spectrum accum ulation
time is simply to increase the counting statis-
tics and the signal-to-noise ratio rather than
to alter the relative contributions to the spec-
trum of the various components present in
the sample.

Each ion species of a given atomic compo-
sition is observed in the spectrum as a cluster
of closely related isotopic component peaks.
These clusters arise because the naturally oc-
curring elements that compose the ion are
not isotopically pure. The fission fragment
mass spectrometer has sufficient resolution to
resolve these isotopic components below
mass-to-charge ratio (m/z) 1000. In this case
the mass of the most abundant isotopic com-
ponent was determined. Above m/z 1000 the
fission fragment mass spectrometer has in-
sufficient resolution to resolve the isotopic
components. In this case the average mass of
the various isotopic components was deter-
mined. In both of the above cases the accu-
racy of the mass determinations was in gen-
eral better than 300 ppm (0.03%).

RESULTS
The initial experiments with the model
peptides began with the synthesis of all L-
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Ala,p~Val-OCH,-Pam-resin by protocols
that included a double coupling with pre-
formed symmetrical anhydride. For run 1
both couplings were in DMEF, for run 2 the
first was in DMF and the second was in
CH,Cl,, and for run 3 the first was in CH,Cl,
and the second was in DMF. A typical mass
spectrum of the parent ion region from 600
to 1000 mass units of the crude, unpurified
peptide from run 3 is shown in Fig. I. In this
fission fragment time-of-flight analysis each
peptide present in the preparation gives rise
to a set of positive ions composed primarily
of (M +H)*, (M + Na)*, and (M + 2Na-H)".
An analysis of these data showed a main set of
peaks corresponding to My (i.e., Alajp-Val)
and less abundant sets for M, and Mg, which
include all of the species of single deletion
and double deletion peptides that were pro-
duced during the synthesis. In addition a set
of ions was found corresponding to M,,,
which is composed of the single insertion
peptides formed during this synthesis. In ad-
dition there are low levels of species derived
from both deletions and insertions occurring
in the same molecule. Those species corre-
sponding to (M + H)"* are designated by un-
primed numbers, 8, 9, 10, 11; those corre-
sponding to (M + Na)* ions are designated §',
9, 10, 11'; and the (M + 2Na-H)* ions are
labeled 87, 9", 10”, and 11",

Calculation of the Levels of Deletion and
Insertion Peptides

The relative amounts of the various ions
from run 3 are listed in Table 1 together with
their observed and calculated masses. The
agreement between theory and observation
was within 0.4 mass unit for every ion and
provided good evidence for the identity of
each species. Note that the same mass ion is
produced no matter in which position the L-
Alaresidue is deleted orinserted and this pro-
vides the amplification of this method. The
average deletion and insertion per synthetic
step were deduced from the observed distri-
bution of final products after 10 cycles of the
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F1G. 1. Mass spectrum of L-Ala o~ Val, run 3. The first coupling was by preformed symmetrical anhydride
in dichloromethane and the second coupling by preformed symmetrical anhydride in dimethylformamide.
The sample was dissolved in trifluoroethanol (0.2 mg/ml) and applied 1o nitrocellulose film without wash-
ing. The numbers over each peak are the number of alanine residues. The nonprimed numbers are for M
+ H)* species, the single primed numbers are for (M + Na)* species, and the double primed numbers are
for (M + 2Na-H)* species. In addition, peak 10™ = (Ala,g-Val + Cu)*, X = (Ala,-Val + Na-HCOOH)*
and (Ala,-Val + Na-NH,CH,CH,)*, and Xy = (Alag,-Val + Na-HCOOH)* and (Alay-Val + Na-NH,.

CH,CH,)*.

synthesis by fitting the data to a trinomial dis-
tribution in which the general probability
term (36) is given by

— = PIPRPY, (1]

X !XZ !X3

P(Xl,xz,x:&) =

where 7 is the number of cycles in the synthe-
sis, x; is the number of deletions in n cycles,

Xz is the number of insertions in 7 cycles, X3=n
= (x1 + x3), Py is the probability of a deletion,
P 1s the probability of an insertion, and Py=
— (P + P,). The abundance of a given final
product is calculated by adding together all the
significantly contributing terms given by Eq.
[1]. Thus, for example, the abundance of the
final product containing 10 alanine residues is

TABLE 1

COMPARISON OF MEASURED AND CALCULATED MASS FOR THE COMPONENTS OF UNFRACTIONATED SYNTHETIC
L-Ala,o-Val, RUN 3, AND THEIR RELATIVE INTENSITIES FROM THE MaAss SPECTRUM SHOWN IN FiG. 1

Mass-to-charge ratio

Peak Relative
number Peak identity Measured* Calculated? intensity®
7 (Ala;-Val + Na)* 637.4 637.3 24
8 (Alag-Val + H)* 686.6 686.4 5.2
g (Alag-Val + Na)* 708.5 708.4 19.2
9 (Alag-Val + H)* 757.6 757.4 18.2
9 (Alag-Val + Na)* 779.5 779.4 64.7
9" (Alay-Val + 2Na-H)* 801.5 801.4 10.5
10 (Alaj-Val + H)* 828.9 828.5 26.2
10 (Ala,p-Val + Na)* 850.6 850.4 100.0
10¢ (Ala-Val + 2Na-H)* 872.5 8724 15.7
11 (Ala;,-Val + H)* 899.5 899.5 4.0
1r (Ala;—Val + Na)* 921.6 921.5 14.7
1 (Ala;-Val + 2Na-H)* 943.5 943.5 1.7
12' (Ala,-Val + Na)* 992.7 992.5 1.2

4 Mass-to-charge ratio of most abundant isotopic component.

® Determined from the heights of the peaks in Fig, 1.
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FIG. 2. Observed and calculated abundances of dele-
tion and insertion peptides for the model peptide Ala -
Val, run 3. The solid bars are the experimentally ob-
served abundances of the (M, + Na)* jons produced
from the various products of the synthesis, M,, = Ala,—
Val where n = 7-12. The hatched bars are the abun-
dances calculated by fitting the data to a trinomial proba-
bility distribution as described under Materials and
Methods. For the products of run 3 a deletion probability
of 6.2% per step and an insertion probability of 1.45%
per step gave the best fit.

P(0 deletions, 0 insertions, 10)
-+ P(1 deletion, | insertion, 8)
+ P(2 deletions, 2 insertions, 6)
+ ...

and the abundance of the final product con-
taining nine alanine residues is

P(1 deletion, 0 insertions, 9)
+ P(2 deletions, 1 insertion, 7)
+ ..

and so on.

The fittings were made under the assump-
tion that the probability of deletion or inser-
tion is the same for each cycle of the synthe-
sis. The results of the above-described fitting
procedure for run 3 are given in Fig. 2 where
a deletion probability of 6.2% per step and an
insertion probability of 1.45% per step gave
the best fit to the data. The deletion and inser-
tion probabilities per step deduced by this
procedure for all 10 of the L-Ala,o-Val syn-
thetic runs are summarized in Table 2 and
those for the additional synthetic runs are in
Table 3.
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For samples in which total by-products
were small, adequate average values for the
percentages of deletions and insertions per
step could be estimated from the ratio of the
observed height of the appropriate (M + Na)*
peak to the sum of all observed (M + Na)*
peak heights.

The Effects of Solvent and C oupling Protocol

The results of varying the solvent, and acti-
vation and coupling protocols for the synthe-
sis of L-Ala,o-Val, are shown in Table 2. In
runs 1-3 the couplings were with preformed
symmetrical anhydrides, with the solvent for
the double couplings being  DMF/DMF,
DMF/CH,Cl,, or CH,Cl,/DMF. Both dele-
tions and insertions were large and little
affected by the reaction solvent or the order in
which they were used. In situ activation and
coupling with symmetrical anhydrides, run 5,
did not affect deletions (extent of coupling)
significantly but it did reduce the amount of
insertion peptides by a factor of 6 or 7, as ex-
pected. However, when a base such as diiso-
propyl ethyl amine or N-methylmorpholine
was present during the second coupling, runs
6, 7, and 8, the level of insertions was in-
creased markedly. The slight increase in the
coupling reaction (lower deletions) was over-
shadowed by the deleterious effect on inser-
tions.

Coupling with preformed HOBt esters in
DMF:CH,Cl,, 1:1, run 9, also kept the inser-
tion peptides relatively low (0.2% per step)
but gave slow and incomplete coupling, with
an average of 7.4% deletions per step. In situ
activation and coupling with DCC, run 10,
also reduced the insertion level, but not as
much as expected and the reactions were not
complete. The average yield of target peptide
was 95.3%.

A single experiment with a polyacrylamide
resin and with preactivated HOBt esters in
DMF (data not shown) gave 4.3% deletions
per step, which is also high and comparable
to the value obtained on the polystyrene sup-
port suggesting that the poor coupling is not
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TABLE2

1-Ala)o-Val-OCH,Pam-S-DVB Sy NTHESES: EFFECTS OF ACTIVATION METHOD
AND SOLVENT ON YIELDS OF DELETION AND INSERTION PEPTIDES

Average
stepwise
Total  Average  Total Average  vyield of
Activation and solvent n—1 deletions n+1 insertions target
Run peptide® percycle peptide® percycle peptide®
No. First coupling Second coupling (%) (%) (%) (%) (%)
1 Pre SA/DMF* Pre SA/DMF 25.8 4.3 9.6 1.70 94.0
2 PreSA/DMF Pre Sa/CH,Cl,* 29.2 5.6 6.8 1.30 93.1
3 Pre SA/CH,Cl, Pre SA/DMF 322 6.2 7.3 1.45 923
4  Pre SA/DMF Situ SA/CH,Cl,¢ 21.7 44 5.5 0.90 94.7
5 Situ SA/CH,Cl, Situ SA/CH,Cl, 28.5 44 1.3 0.20 95.4
6  Situ SA/CH,Cl, Situ SA/CH,Cl, +20% 16.2 2.2 6.2 1.00 96.8
DIEA after 20 min
7  Situ SA/CH,Cl, Situ SA/CH,Cl, +1% 13.2 1.9 6.1 0.80 97.3
NMM after 20 min
8  Situ SA/CH,C), Situ SA/CH,Cl, 20% 18.7 2.2 4.1 0.50 97.3
NMM afier 20 min
9  Pre HOBt/DMF/CH,Cl/ Pre HOBt/DMF/CH,Cl, 343 7.4 1.1 0.22 92.4
10 Situ DCC/CH,Cl,* Situ DDC/CH,Cl, 28.8 44 1.7 0.26 95.3

“Calculated as /(8 + 9 + 10’ + | IYand 11(8 + 9 + 10/ + 11°). The percentages of the peptides containing one
less or one more alanine residue are shown only to indicate the approximate magnitudes of the total deletion and
insertion events. Each of these peaks will be a mixture of the single deletion or insertion peptides plus much lower
amounts of peptides derived from various combinations of deletions plus insertions occurring in the same peptide.
The levels of components containing a net decrease or increase of two and three residues were also measured and

used for the analysis but are not shown here.
2 100% — (% deletions per step + % insertions per step).

 Pre SA means preformed symmetrical anhydride. This s

to protocol I (Materials and Methods).

ynthesis was carried out in dimethylformamide according

4 Preformed symmetrical anhydride coupled in CH,Cl, by protocol II.

¢ Situ SA means in situ symmetrical anhydride. The anh
and coupled simultaneously by protocol IiI.

ydride was formed in the presence of the amino component

/Pre HOBt means preformed N'-hydroxybenzotriazole ester. The synthesis was carried out according to protocol

Iv.

£ Situ DCC means in situ dicyclohexylcarbodiimide. The Boc-amino acid was activated and coupled in the presence

of the amino component by protocol V.,

a consequence of the type of resin support,
but more likely a result of conformational
constraints of the model poly-L-alanine pep-
tide. .
The average stepwise yield of the target
peptide, L-Ala,;e-Val, in this series of experi-
ments ranged from 92 to 97% and that was
clearly not satisfactory.

The Effect of the Composition of the Model
Polypeptide
Since the model L-Ala,;p~Val did not give
fully satisfactory results due, presumably, to

conformational constrains imposed by the all
L structures, we decided to disrupt the helix-
producing chain by insertion of several D-Ala
residues. The model selected was L-Ala-D-
Ala-L-Ala-L-Ala-D-Ala-L-Ala-L-Ala-p-
Ala-L-Ala-L-Ala-L-Val. Table 3 summarizes
the results on this new model, and it will be
seen that in all cases the results are much im-
proved.

Comparison of preformed symmetrical an-
hydride syntheses in which the first coupling
was either in DMF or CH,Cl,, runs 11 and




SPECTROMETRIC EVALUATION OF SYNTHETIC PEPTIDES

407

TABLE 3

SYNTHESES OF [D-Ala®**]Ala, - Val-OCH,Pam—S-DVB anD [D-Al 8IS A 1 Val-OCH,Pam-S-DVB:
EFFECTS OF THE ACTIVATION METHOD AND SOLVENT ON YIELDS OF DELETION AND INSERTION PEPTIDES

Average
stepwise
Total  Average Total Average  yield of
Activation and solvent® n—1 deletions n+1 insertions target
Run peptide  percycle peptide  percycle peptides
No. First coupling Second coupling (%) (%) (%) (%) (%)
[D-Ala***]Ala,-Val-OCH,Pam-S-DVB
1 Pre SA/DMF Pre SA/CH,Cl, 4.7 0.50 4.9 0.52 98.80
12 Pre SA/CH,Cl, Pre SA/DMF 3.1 0.31 1.0 0.10 99.59
13 PreSA/CH,Cl,Stand t h  Pre SA/DMF 20 0.20 29 0.30 99.50
14 Pre HOBY/DMF/CH,Cl, Pre HOBt/DMF/CH,Cl, 3.1 0.31 0.20 0.02 99.67
15 Situ SA/CH,Cl, Pre SA/DMF 4.3 0.45 2.8 0.30 99.25
16  Situ DCC/CH,Cl, None 2.6 0.27 0.20 0.02 99.71
17 Situ DCC/CH,Cl, Pre SA/DMF 1.3 0.13 0.94 0.10 99.77
18 Situ DCC/CH,Cl, Situ DCC/CH,Cl, 1.6 0.15 0.32 0.03 99.82
[D-Ala**®]Ala,,~Val-OCH,Pam-S-DVB
19°  Situ DCC/CH,Cl, Situ DCC/CH,CI, 0.39 0.036 0.38 0.035 99.93
[D-Al2*$>1285. 8] Ala 0 Val-OCH,Pam-S-DVB
20¢  Situ DCC/CH,Cl, Situ DCC/CH,Cl, 0.72 0.036 0.56 0.029 99.93

“ The activation and coupling procedures are the same as described in Table 2.
® This is a repeat of run 18, except it was carried to Ala,,-Val.

“This is a continuation of run 19,

12, again showed little difference in yields of
deletion peptides, but a fivefold decrease in
insertion . peptides when the solvent was
CH,Cl,. However, if the anhydride was al-
lowed to stand in CH,Cl, for an additional |
h(run 13), the level of insertions increased by
a factor of 3. The coupling with preformed
HOBt esters in DMF:CH,CL, I:1, run 14, was
markedly improved with this model peptide
over the all L model. The result was some-
what better than that with the preformed
symmetrical anhydride in DMF and the oc-
currence of insertion peptides was very small
(<0.02%/cycle). In situ symmetrical anhy-
drides also gave a comparable extent of cou-
pling and a decreased insertion reaction,
run 5. ’

Single in situ DCC couplings in CH,Cl,,
run 16, were comparable to the double cou-
plings with symmetrical anhydrides or HOBt
esters and produced very little insertion prod-
uct. These results were further improved by a
first coupling with in situ DCC in CH,Cl, and
a second coupling with preformed symmetri-
cal anhydrides in DMF, run 17, where the av-
erage stepwise yield was 99.77%. Two synthe-
ses were carried out by a double in sity DCC
coupling protocol, runs 18 and 19. In run 18
the target peptide was Ala,—Val and in run
19 it was Ala, - Val. The results were remark-
ably good, with average stepwise yields of
99.82 and 99.93%. The slight differences may
represent small differences in variables that
were not controlled adequately during the
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FIG. 3. (A) Mass spectrum of [D-Ala™**]Ala,e-Val, run 8. Double coupling by in sitt DCC in dichloro-
methane. The mass spectrometer data were collected for 16 h to increase the sensitivity of detection of
deletion and insertion peptides. The peaks are numbered as in Fig. 1. In addition, peak X', = (Ala,¢-Val
+ Na~HCOOH)* and (Ala,,-Val + Na-NH,CH,CH,)*, peak X,o = (Ala,-Val + H-HCOOH)* and
(Alae-Val + H-NH,CH,CH;)*, and peak 10" = (Ala)s-Val + K)*. (B) Mass spectrum of [D-Ala>%8]-
Alap-Val, run 18. The data from (A) are amplified 10-fold to show the deletion and insertion peptides
more clearly. Six different series of fragment ions are present, denoted Xi, X, G, G, A, and A;. These
labels refer to the fragment notation Scheme 1 given in the text. For simplicity we have not explicitly
indicated the hydrogen transfers. The primed labels refer to fragments originating from the (Ala,o-Val
+ Na)* parent ion while the unprimed labels refer to fragments originating from the (Ala,o-Val + H)* ion

species.

synthesis. In these latter two analyses the pre-
cision was enhanced by collecting data for 16
h. The limits of detection of the peaks are esti-
mated to be <0.2%, which for the deca-ala-
nine model gives us the ability to see as little
as 0.02% deletions or insertions per synthetic
cycle and, therefore, an average stepwise yield
of target peptide of greater than 99.96%,

The partial mass spectum between 600 and
1000 mass units of the crude, unpurified pep-
tide from run 18 is shown in Fig. 3A. Figure
3A is plotted to show the largest ion, 10, at
full scale. The major Ala ,-Val ionic species
observed in run 3 (Fig. 1) are all clearly pres-
ent. Comparison with Fig. | immediately
demonstrates that run 18 yielded much lower
levels of deletion and insertion peptides than
did run 3. The peak for the deletion peptide
9 is so small as to be hardly discernable in Fig.
3A, and the insertion peptide peaks 11 and

11" cannot be seen at all. The large dynamic
range of the measurements allows the mass
spectrum to be expanded 10-fold in the inten-
sity scale, Fig. 3B. It was then possible to esti-
mate peak 9 as 1.57% of all (M + H)* peaks
and peak 11 as 0.3% of all (M + H)* peaks.
The resulting average stepwise yield of dele-
tion peptides was then calculated to be 0.15%,
and for insertion peptides the stepwise yield
was 0.03%, giving a stepwise yield of target
peptide 0f 99.82%. The results of the fit to the
data are shown in Fig. 4. Again comparison
with Fig. 2 graphically demonstrates that run
18 yielded much lower levels of deletion and
insertion peptides than did run 3.

In the expanded spectrun,, Fig. 3B, a num-
ber of additional ion peaks are observed at
masses below the 10 and 10 peaks. With the
exception of the 9 and 9 peaks, these result
from products of unimolecular fragmenta-
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FiG. 4. Observed and calculated abundances of dele-
tion and insertion peptides for the model peptide Ala 10~
Val, run 18. The solid bars are the experimentally ob-
served abundances of the (M,, + H)" ions produced from
the various products of the synthesis, M, = Ala,-Val
where n = 9-11. The hatched bars are the abundances
calculated by fitting the data to a trinomial probability
distribution as described under Materials and Methods,
For the products of run 18 a deletion probability of 0.15%
per step and an insertion probability of 0.03% per step
gave the best fit.

tion of the 10 and 10 ions which occurs dur-
ing the **2Cf fission fragment ionization pro-
cess. The identities of these fragment ions are
indicated by the peak labels which refer to the
notation in Scheme 1. For simplicity we have
not explicitly indicated the hydrogen trans-
fers. The unprimed labels refer to fragments
originating from the (Ala,o-Val + H)* parent
ion while the primed labels refer to fragments
originating from the (Ala,-Val + Na)* ion
species. Note that peaks originating from de-
letion peptides can be differentiated from
these fragment ion peaks.

The Effect of Extending the Model Peptide to
20 Alanine Residues

A single synthesis has been carried out in
which the model peptide chain was length-
ened in order to increase the amplification of
by-product detection and to examine the
effect of chain length on synthetic efficiency.
Thus, [D-Ala®®%12:15.18]A)a, Val OCH,-
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Pam-S-DVB was assembled by the in situ
DCC in CH,Cl, double coupling protocol.
The synthesis was a continuation of run 19,
The results are shown in Fig. 5 and Table 3.
Figure 5A is plotted to show the largest ion,
20', at full scale. In it the seven Alayy-Val
ionic species corresponding to those detected
previously for the Ala,,-Val series (Fig. 3)
were clearly present. Peaks for the deletion
peptide 19 and insertion peptides 21 and 21’
were so small that they cannot be discerned
in Fig. 5A. However, when the spectrum was
expanded 10-fold, Fig. 5B, it became possible
to estimate peak 19 as 0.72% of all (M + H)*
peaks and peak 21'as 0.56% of all (M + Na)*
peaks. The resulting average stepwise yield of
deletion peptides was then calculated to be
0.036%, and for insertion peptides the step-
wise yield was 0.029%, giving a stepwise yield
of target peptide of 99.93%. These average
stepwise yields after 20 steps were very close
to those measured after 11 steps, indicating
that the two side reactions were not a func-
tion of peptide chain length and that our as-
sumption that deletions and insertions oc-
curred uniformly throughout the synthesis
was reasonable.

Analytical HPLC Evaluation of the Model
Peptides

The presence of deletion and insertion pep-
tides in run 3 could also be detected by high-
performance liquid chromatography. How-
ever, the resolution and sensitivity was not as
great as that with mass spectrometry and, fur-
thermore, the technique does not directly
identify the peptides. The peptides from the
highly efficient runs 17-20 appeared to be ho-
mogeneous by this technique. However,
these peptides contained three or six D amino
acid residues, and peptides with deletions and
insertions at different residues are chemically
different and will not behave identically by
this technique. Therefore, they will give rise
to broader, multicomponent peaks that are
more difficult to detect, and thus much of the
amplification present in the MS procedure is
lost.
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Circular Dichroism of the Model Peptides

The conformation of the peptides was ex-
amined by measuring circular dichroism as a
function of solvent. The all L-Ala,,-Val pep-
tide in dilute (0.1 mg/ml) solution was highly
helical (92%) in 0.01 N HCl in the presence of
only 10% trifluoroethanol, TFE (needed for
solubility). In 20 and 80% TFE the peptide
was essentially 100% helical. In sharp con-
trast, neither [D-Ala?*®]Ala,-Val nor [p-
Ala>$21215:18] Ala, . Val showed any signifi-
cant amount of helicity by CD measure-
ments, even in the presence of 80% TFE. The

latter two peptides were mixtures of B-sheet
and random coil in a ratio of approximately
2o0r3tol.

Amino Acid Analysis of the Model Peptides

Data on amino acid analyses of acid hydro-
lysates of three of the HF-cleaved peptides
(before any fractionation) are summarized in
Table 4. If the synthesis proceeded in high
yield, the ratio of Ala/Val should coincide
with the number of alanine residues in the
model and the deviation from the expected
ratio should be a rough measure of the frac-
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FIG. 5. (A) Mass spectrum of [D-Ala*$*'21518]Ala,0Val, run 20. Double coupling by in situ DCC in

dichloromethane. This is a 24-h spectrum accumulat

ion. The lines indicate the expected molecular weight

positions of the Ala;o-Val single deletion peak and the Ala,,-Val insertion peak. The peaks are identified

as in Figs. | and 3. (B) Mass spectrum of [D-Ala**%

amplified 10-fold to show the deletion and insertion
ions is described in the caption to Fig. 3B.

1215181 Alaye~Val, run 20. The data from Fig. SA are
peptides more clearly. The notation for the fragment
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TABLE 4

AMINO ACID ANALYSES OF SYNTHETIC
MODEL PEPTIDES?

Amino acid ratio

Run
No. Peptide Found Expected
3 p-Ala,-Val 9.03 10
17 [D-Ala®**]Ala - Val 9.73 10
20 [D-Ala’%121508A1, Val 20,7 20

“ The unfractionated peptides obtained afier HF cleay-
age from the resin support were hydrolyzed 48 h, 1 10°C,
in 6 N HC] and analyzed directly on the Beckman 6300
analyzer.

tion of deletion minus insertion peptides pro-
duced, as seen for run 3. For the high-yield
runs the agreement was good. The Ala/Val
ratio in run 17 was 9.73 vs 10 and for run 20
it was 20.7 vs 20. The MS data suggest that
these small deviations (+3%) from theory re-
sult from experimental errors in hydrolysis
and analysis.

DISCUSSION

The fission fragment time-of-flight mass
spectrometric technique has proven to be of
great use in the analysis of synthetic peptides.
It has recently been much improved by the
development of the thin-film nitrocellulose
method for sample introduction, which has
markedly increased the sensitivity of tech-
nique and has increased the useful mass
range. The model peptides described here ex-
tend to molecular masses of 1800 Da and
were easily measured. This mass spectromet-
ric method gives rise to several different cat-
ionic species of each peptide including the (M
+ H)*, (M + Na)*, and (M + 2Na-H)* ions.
The sodium which contributes to the latter
two ionic species is nearly always present in
peptide samples as a trace impurity. Traces
of potassium and copper impurities are also
sometimes present and give rise to weak (M
+ K)* and (M + Cu)* ions. The typical pat-
tern that this set of ions presents is not a detri-
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ment but, instead, is often helpful in identify-
ing parent ions and differentiating them from
fragment ions produced during the 252C¥ fis-
sion fragment ionization process. The ob-
served masses of the peptide ions are typically
within 0.3 mass unit of the calculated value,

The purpose of this study was to provide a
sensitive way to estimate the synthetic effi-
ciency of solid phase peptide synthesis, as re-
flected in the levels of deletion and insertion
peptides that are produced. Such a method
then allows us to study some of the synthetic
variables and to define the most effective syn-
thetic procedure. We selected two homo-
oligomers as model peptides, Ala,g-Val and
Alay-Val. The omission of a single Ala dur-
ing the synthesis will thus produce the single-
deletion peptides Alag-Val or Ala,g-Val,
which can be detected and quantitated by the
MS analysis. Since deletion of a residue at
any step will produce the same Alag or Alag
peptide the size of the observed deletion pep-
tide peak will be amplified by a factor of 10
or 20 over the size that would be observed if
cach deletion gave a different product. This
reasoning also applies to multiple deletions or
to insertion peptides in which more than one
residue is added at a single step.

The first studies were with the all L model
peptide. As described under Results, pre-
formed symmetrical anhydride activation
and coupling gave high levels of deletion and
insertion peptides and they were not greatly
different when the two couplings were both
carried out in dimethylformamide or first in
DMF and second in CH,Cl, or first in CH,Cl,
and second in DMF. The formation of the
anhydride in situ, in the presence of the
amino component, did not give betier cou-
pling but did reduce the level of insertion pep-
tides. In situ DCC coupling gave similar re-
sults. The naming of these two procedures is
based on previous use of the terms, although
in each a mixed mechanism may exist. In situ
symmetrical anhydride means that two
equivalents of Boc-amino acid and one
equivalent of DCC are used, in which case the
Boc-aminoacylisourea is formed first and
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presumably converted to the anhydride by
excess carboxylate before aminolysis to give
the peptide bond. In situ DCC means that
equivalent amounts of Boc amino acid and
DCC are used. In solid phase peptide synthe-
sis, the Boc-aminoacylisourea probably re-
acts directly with the peptide chain, although
it has also been suggested that it proceeds to
the anhydride before coupling.

The deletion peptides arise from incom-
plete deprotection, neutralization, or cou-
pling reactions of a peptide chain. For single
deletions the peptide chain resumes growth at
the next cycle of synthesis. For multiple dele-
tions, this lack of growth occurs more than
once in a single chain, either consecutively or
at later stages of the synthesis. We belicve the
main cause in the case of L-Ala,;~Val to be
some form of conformational restriction of
the peptide chains which causes them to be-
come less solvated and less accessible to the
incoming activated amino acid. Both predic-
tion and circular dichroism measurements
suggest that the problem is due to the helicity
of the peptide. Based on these and previous
studies (37), we do not believe that peptide—
polymer interactions are responsible. The ex-
periment with a polyacrylamide resin reported
here supports this view since the extent of cou-
pling was comparable to that found with a
polystyrene resin of different polarity.

No detectable levels (>0.4%) of trifluoro-
acetyl peptides could be found for the Ala,~
Val peptides, with n = 9-11. Large amounts
were not expected because the Pam-resin
support was shown previously (38) to avoid
the main side reaction leading to chain termi-
nation by trifluoroacetylation.

The extent of coupling of the anhydride
was increased in the presence of a base. This
effect may be due to the removal of a proton
or other temporary blocking group from the
amino component or possibly to an effect on
peptide conformation. However, the pres-
ence of base during the formation and cou-
pling of symmetrical anhydrides is not rec-
ommended because it catalyzes the rear-
rangement leading to the insertion reaction.

MERRIFIELD, SINGER, AND CHAIT

The insertion peptides arise by a mecha-
nism that we have called intramolecular ure-
thane acylation (23). This reaction, which has
been known for many years (39,40), results
from an attack of the urethane nitrogen of
one component of the anhydride on the car-
bonyl carbon of the other component to give
a dipeptide derivative I1,

o) R O R O

I ! I I I
(CH;3);COC—NH—CH— CN—CH—CX,

I
(CH;),CO—C=0
1

which becomes activated by anhydride inter-
change and then couples to the growing pep-
tide chain. The net effect is the introduction
of two residues of amino acid, i.e., the inser-
tion of an extra residue into the chain. This
reaction is very facile with glycine, but the
present data show that it can occur to a sig-
nificant extent with Boc-alanine. The reac-
tion is minimal at —10°C, but is known to be
accelerated at room temperature and also by
the presence of tertiary amines or by pro-
longed standing of the anhydride before cou-
pling (23), and these findings have been con-
firmed here. The level of insertion peptides is
reduced by using in situ anhydride coupling,
where the time of standing after activation is
much shorter, or with hydroxybenzotriazole
esters, which have little tendency to form in-
termediate II.

The extent of coupling was greatly in-
creased by introduction of D-alanine into the
peptide chain of the model and the recom-
mended model peptides now contain several
D-alanine residues. This was expected to re-
duce the tendency of the polyalanine to as-
sume a rigid helical conformation, and the
prediction was confirmed by the circular di-
chroism measurements. The measurements
on the free peptide were made in mixtures of
0.01 N HCI and trifluoroethanol, and we do
not know the extent of helicity of the resin-
bound peptide in CH,Cl, although for the all
L peptide it is assumed to be high. The ran-
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dom chains containing D residues were then
more accessible to the activated amino acid
and the deletion peptides could be reduced to
very low levels, averaging as little as 0.04%
per step. In such a peptide the deletion of a D
residue or an L residue will give diastereo-
isomers that are not chemically identical, but
which will behave identically in the mass
spectrometer. Thus, the amplification feature
is not lost as it would be in chromatographic
or other methods of analysis that depend on
the shape and chemical properties of the pep-
tides.

The best procedure that we have found for
the synthesis of these model peptides is the
original DCC coupling in CH,Cl, (1). The ac-
tivated intermediate has very little tendency
to form the dipeptide derivative by intermo-
lecular reaction, which would lead to inser-
tion peptides, and the coupling reaction in
most instances proceeds rapidly and in high
yield. In some cases, however, peptide con-
formation problems can reduce coupling
rates and yields (41). In those instances we
recommend a first coupling with DCC in
CH,Cl;, followed by a second coupling with
a symmetrical anhydride in DMF or with an
HOBt ester in DMF. The solvent effect can
usually drive the reaction to near completion
and the insertion reaction will be minimal be-
cause only a few amino groups will be present
at the beginning of the second coupling.

In an attempt to study the effect of chain
length on the efficiency of the coupling reac-
tion, the length of the model peptide was ex-
tended to 20 alanine residues. Thus, [D-
Ala**®]Ala;-Val-resin, run 19, was ex-
tended to [D-Ala*®*12'%18]Ala, Val-resin,
run 20, (Table 3). The data show that the pep-
tide chain can be extended to 20 alanine resi-
dues with quite high efficiency. The average
deletions per cycle were 0.036% at 11 ala-
nines and remained at 0.036% after 20 ala-
nines, showing that the coupling efficiency
did not decline over this range of chain
length. There was also no significant differ-
ence in the average level (0.035% vs 0.029%)
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of insertion peptides per step on going to |1
or to 20 alanine residues.

The other important conclusion from
these findings is that the standard symmetri-
cal anhydride coupling in DMF recom-
mended for the ABI instrument is not safe
and is likely to lead to significant levels of in-
sertion peptides, especially when long pep-
tides are synthesized. The danger would be
reduced, however, if lower temperatures and
shorter standing times could be arranged.

The molecular weight of Ala,,~Val is far
from the limits of the mass spectrometric
analysis. Therefore, an extension of these ex-
periments to much longer peptides and to
models containing other amino acids should
be feasible and should help establish more
general limits to the efficiency of solid phase
peptide synthesis.
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