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Influence of ions on cyclization of the amino terminal glutamine
residues of tryptic peptides of streptococcal PepM49 protein

Resolution of cyclized peptides by HPLC and characterization by mass spectrometry
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RPHPLC of the tryptic digest of lysine blocked group A streptococcal PepM49 protein (DHP-PepM49)
consistently yielded, among others, two pairs of peptides which were well resolved, eluted in tandem, and
had identical amino acid compositions. In each pair, the earlier eluting peptide was readily amenable to
sequencing and yielded an amino-terminal glutamine whereas the later eluting peptide could not be
sequenced. Mass spectral analysis revealed that each of these pairs of peptides differed in mass correspond-
ing to the loss of ammonia. These data suggested that the later eluting peptide in each pair is a result of
cyclization of the amino-terminal glutamine residue to pyroglutamic acid, which apparently leads to an
increase in the hydrophobicity of the peptide. A kinetic analysis of the tryptic digestion of the DHP-PepM49
protein revealed that the cyclized form of the peptides were essentially absent during the initial time and
increased with time of incubation, with a concomitant decrease in the uncyclized form. In 0.2M ammonium
bicarbonate at 37°, nearly 44% conversion of the glutaminyl peptides to the pyroglutamyl peptides was
observed in 24 h. This conversion was accelerated in sodium phosphate buffer relative to that in ammonium
bicarbonate whereas it had a significantly lower rate in ammonium acetate buffer. The conversion was also
temperature dependent, with essentially no cyclization at 0° in all the three buffers. Thus, an extended
digestion at 0° or a brief digestion at 37° in ammonium acetate was found to be a suitable condition for
limiting the cyclization of amino-terminal glutamine residues of PepM49 peptides. The results of the present
study suggest that use of ammonium acetate should be preferred over the ammonium bicarbonate and
phosphate buffers in the handling of peptides and proteins known to contain amino-terminal glutamine in
order to minimize the possibility of cyclization of these residues.
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During the course of our studies on the isolation of
arginyl peptides of lysine-modified group A strepto-
coccal PepM49* protein by reverse phase HPLC
(RPHPLC), we obtained multiple peaks with identical
amino acid compositions. In view of the highly repeti-
tious nature of the sequence of the other streptococcal
M protein serotypes (1-4), it appeared likely that the
multiplicity of the peptides was only a reflection of the
repetitious nature of the PepM49 sequence. However,

*The abbreviations used are: PepM49, the biologically active peptic
fragment of streptococcal type 49 M protein (5, 29); DHP, dihy-
droxypropyl: RPHPLC, reverse phase high performance liquid
chromatography: TFA, trifluoroacetic acid.
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the total number of peptides isolated by HPLC was
more than could be accounted for by the number of
arginines in the PepM49 protein. It was, therefore,
essential to establish if the multiplicity of the peptides
was due to post-translational modification of the
protein in vivo, which could result in isoforms of the
protein. This in turn could generate multiple peptide
species from the same region of the molecule, but the
difference between them could go undetected by con-
ventional amino acid analysis. Alternatively, the
multiplicity of the peptides could also result from
chemical modification of the protein or peptides
during the course of the structural studies. In the
present study we demonstrate that two of the peptides




are the result of cyclization of the amino terminal
glutaminyl peptides, generated by tryptic cleavage, to
pyroglutamyl peptides. The formation of amino ter-
minal pyroglutamic acid is a major impediment in
structural studies, since it precludes sequencing of
peptides by Edman degradation. We have, therefore,
investigated conditions under which such cyclization
reactions can be virtually prevented.

MATERIALS AND METHODS

Dihydroxypropylation of PepM49 protein

PepM49, a peptic fragment of group A streptococcal
type 49M protein, was purified as previously de-
scribed (5). In order to limit the tryptic cleavage to the
arginyl peptide bonds, the ¢-amino groups of lysine
residues of PepM49 were blocked by reductive alkyla-
tion with glyceraldehyde (1, 6, 7). Briefly, PepM49
(2mg/mL) in 0.01M sodium phosphate-0.15Mm
chloride, pH 7.4, was reacted with 0.1m glyceral-
dehyde in the presence of 1M sodium cyanoborohy-
dride at 37° for 30min. The excess reagents were
removed by dialysis against 0.05M ammonium bicar-
bonate, and the sample lyophilized.

Trypric digestion of dihydroxypropylated PepM49
Dihydroxypropylated-PepM49 (DHP-PepM49) (1-
3mg/mL) in the buffer of choice was digested with
TPCK-trypsin (E/S 1:100) at 37° or at 0° for the
appropriate times. The reaction was terminated by
acidification with either acetic acid or 0.1% TFA.

HPLC

Reverse phase HPLC was carried out with a Shimadzu
HPLC system on a Waters u-Bondapak C18 column
using an acetonitrile-0.1% TFA gradient for elution.
The elution of peptides was monitored at 210 nm.
Appropriate peaks were pooled and taken to dryness
in a Savant Speedvac concentrator centrifuge.

Amino acid and sequence analyses

Amino acid analysis was carried out on 6N HCI hy-
drolyzates of the peptide samples as described earlier
(8). Amino-terminal sequence analysis of peptides
(10-25nmol) was carried out by automated Edman
degradation in a Beckman 890 M sequencer, as de-
scribed (1).

Mass spectrometry

Mass spectrometric measurements were performed on
the *CF fission fragment ionization time-of-flight
mass spectrometer described previously (9, 10).
Samples were prepared for measurement by adsorp-
tion of ~ 1nmol of peptide from solution (0.2 nmol/
#L in 0.1% TFA) on a thin nitrocellulose film, as
described (11). The accuracy of the mass measure-
ments was generally greater than 200 ppm.

Pyroglutamyl peptides of PepM49

RESULTS

Tryptic digestion of DHP-PepM49 in ammonium
bicarbonate

DHP-PepM49 in 0.2M ammonium bicarbonate, pH
1.9, was digested with trypsin at 37° for 24 h to cleave
at its arginyl peptide bonds. RPHPLC of the tryptic
digest of DHP-PepM49 revealed more peptides than
could be accounted for by the 11 arginine residues in
the molecule (two of these are in Arg-Arg linkage (5))
(Fig. 1). Among these, we noted two pairs of peptides,
namely A, B and C, D, that were of interest. The two
peptides in each of these pairs eluted adjacent to each
other, were very well resolved and were present in
approximately equal amounts. Amino acid analysis
revealed that the peptides in each pair had identical
compositions (Table 1). Sequence analyses revealed
that peptides A and C could be readily sequenced and
both peptides contained glutamine at the amino-
terminus (Fig. 2). In contrast, peptides B and D were
refractive to Edman degradation. These results sug-
gested that peptides B and D may be formed from
peptides A and C, respectively, due to the formation
of pyroglutamic acid by cyclization of their amino-
terminal glutamine (12). Apparently, this cyclization
increases the hydrophobicity of the peptides, resulting
in an increase in their retention times on the reverse
phase column.

Formation of peptides B and D from purified peptides
Aand C

In order to demonstrate that peptides B and D are
indeed formed from peptides A and C, respectively,
purified peptides A and C themselves were incubated
in 0.2M ammonium bicarbonate, pH 7.9, in the
absence of trypsin, and their conversion to the cyclic
forms was monitored by HPLC (Fig. 3). As can be
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FIGURE 1

Tryptic digestion of DHP-PepM49 in 0.2M ammonium bicar-
bonate, pH 7.9. Fractionation of a 24h tryptic digest of DHP-
PepM49 by HPLC on a Waters u-Bondapak CI8 reverse phase
column. A gradient of 5%-25% acetonitrile-0.1% TFA over a
period of 100 min was employed. The flow rate was I mL/min.
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TABLE 1

Amino acid composition of peptides A, B, C, and D

Amino Peptide A Peptide B Peptide C  Peptide D
acid
Asp 1.0(1) 1.4(1) 2.0(2) 2.1(2)
Ser - - 0.9(1) 1.1(1)
Glu 5.0(5) 4.8(5) 14.7(15) 14.8(15)
Ala - - 3.2(3) 3.003)
Val - - LI 0.9(1)
Leu* LD 1.3(1) 2.0(2) 2.0(2)
Tyr - - 1.8(2) 1.9(2)
DHP-Lys 1.0(1) 0.9(1) 8.7(9) 9.0(9)
+ His**
Arg* 1.0(1) 1.0(1) L.o(1) 0.9(1)

*Normalized for Arg=1 for peptides A and B, and Leu=2 for
peptides C and D.

**Both mono- and di-DHP-Lys were detected in all the samples.
Mono-DHP-Lys eluted just prior to histidine, but was not com-
pletely resolved from it. DHP-Lys was quantitated as described
earlier (1, 7). Therefore, the values shown represent the total of
DHP-Lys and His. Subsequent sequencing of peptides A and C (see
Fig. 2) revealed that peptide A contained one Lys and peptide C
contained six Lys and three His.

seen, there was a progressive conversion of peptide A
to peptide B (Fig. 3a) and peptide C to peptide D (Fig.
3b) with time. Prolonged incubation of peptide A
resulted in the formation of other minor peaks, sug-
gesting conversion to other forms. It may also be seen
from Fig. 3b that the conversion of peptide C to D
proceeded through an intermediate, C'.

It was also observed that trace amounts (1-3%) of
peptides B and D were formed from peptides A and C,
respectively, during the processing steps involving
drying of the peptide samples in a Speedvac to remove
the acetonitrile and TFA. Furthermore, it was also
found that solutions of both peptides A and C in
either 50 mM ammonium bicarbonate or 0.1M acetic
acid very gradually converted to peptides B and D,
respectively, during storage even at — 20°. About 15%
conversion was observed in 7 months in samples
stored in 0.1 M acetic acid, and a slightly lower conver-
sion in samples stored in ammonium bicarbonate. The
presence of an intermediate in the stored samples of
peptide C was also observed.

Peptide A Gln Lys Asn Gln Glu Gln Leu Glu Arg

Peptide C Gln Lys Asn Leu Glu Lys Leu Glu His GIn Ser Gln
Val Ala Ala Asp Lys His Tyr GIn Glu Gln Ala Lys
Lys His GIn Glu Tyr Lys Gln Glu GIn Glu Glu Arg

FIGURE 2

Amino acid sequence of peptides A and C. Identities between the
two sequences are underlined.
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Mass spectral analysis

Mass spectrometry is a high resolution technique
which allows for the precise determination of mole-
cular masses. Recently, this technique has been found
to be highly useful in characterizing the modifications
such as N-acetyl and pyroglutamic acid at the amino
terminus of the N-blocked peptides and proteins (10,
13-16). Therefore, to determine the nature of the
blocking groups in peptides B and D, these peptides as
well as the corresponding parent peptides A and C
were subjected to mass spectral analysis. As can be
seen from Table 2, the measured mass of peptide A
was in good agreement with the calculated mass. The
mass of peptide B was less than that of peptide A by
17 mass units, as expected for the loss of ammonia due
to cyclization of the amino-terminal glutamine. Sim-
ilarly, as can be seen from Table 3, the observed
masses for peptides C and D corresponded well with
the calculated values and the difference in mass
between the two peptides corresponded well for the
loss of ammonia. These results, therefore, indicated
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FIGURE 3

a, Formation of peptide B from purified peptide A. b, Formation of
peptide D from peptide C. Peptides A and C were incubated in 0.2 M
ammonium bicarbonate, pH 7.9, for 1 h, 8h, 24h, 48 h and their
conversion to B and D, respectively was monitored by HPLC. The
column was eluted with 0.1% aqueous TFA for the first 28 min
followed by a gradient of 0%-30% acetonitrile-0.1% TFA in
180 min. The flow rate was 1.2 mL/min.
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TABLE 2
Mass of peptides A and B

Peptide A* Peptide B*
Peak Mass Peak Mass
Obs. ** Calc. Obs.** Cale.
M1 (mono-DHP) 1246.6 1246.4 M1 (mono-DHP) 1229.5 12294
M2 (di-DHP) 1320.5 13204 M2 (di-DHP) 1303.5 1303.4

*Two most abundant species M1 and M2 were observed for both peptides A and B. Peptide A contains one DHP-lysine; nearly 75% of
this is DHP-lysine and the remainder is di-DHP-lysine. The relative intensities of the mass ions observed were in approximate agreement

with this proportion of substitution.

**From protonated peaks. Similar values were obtained from the sodium cationized peaks.

TABLE 3
Mass of peptides C and D

Peptide C Peptide D
Peak* Mass Peak* Mass
Obs . ** Calc. Obs.** Calc.
1 5057.8 5057.4 1 5042.2 5040.4
2 5131.2 51314 2 5114.8 5114.4
3 5205.1 5205.5 3 5188.7 5188.4

*Peptide C contains 6 lysines, which are dihydroxypropylated to
varying extents. Therefore, the masses of peptides C and D were
calculated assuming different degrees of dihydroxypropylation.
Peaks 1, 2, and 3 represent the peptide ion species containing 8, 9,
and 10 dihydroxypropy! substituents, respectively.

**The values shown are averages determined from the masses ob-
served for the singly protonated and doubly protonated species.

that the formation of B and D from A and C, respec-
tively, was due to cyclization of their amino-terminal
glutamine residues.

Influence of different ions on the cyclization reaction
In order to study the influence of different ions on the
cyclization of the amino-terminal glutamine in pep-
tides A and C, in addition to the 0.2M ammonium
bicarbonate buffer, tryptic digestion of DHP-PepM49
was carried out in two other buffers, 0.01 M sodium
phosphate, pH 8.0 and 0.2M ammonium acetate pH
7.9. The results of a time course tryptic digestion of
DHP-PepM49 in the three buffers at 37° revealed that
only small amounts of peptides B and D were present
during the initial time and their amounts increased
progressively with time of enzymic digestion with a
concomitant decrease in the amounts of peptides A
and C, respectively (Table 4). Furthermore, as can be
seen from Table 4, the rate of cyclization of peptides
A and C varied widely depending upon the ion
present. The conversion of both peptides A and C was
significantly accelerated in the 0.01 M phosphate buffer
relative to that seen in 0.2M ammonium bicarbonate
buffer. In contrast, acetate ions lowered the rate of
conversion markedly for both peptides A and C.

In contrast to peptides A and C, the amounts of

TABLE 4

Influence of various ions on the cyclization of peptides A and C

% Peptide B*
(B/A + B x 100)

% Peptide D*
(D/C + D x 100)

Time Ammonium Ammonium Sodium Ammonium Ammonium Sodium
(h) acetate bicarbonate phosphate acetate bicarbonate phosphate
0.2m) 0.2m) (0.01m) 0.2M) 0.2m) 0.01m)
pH 7.9 pH 79 pH 8.0 pH 7.9 pH 79 pH 8.0
11 ND ND 9.8 ND ND 9.2
4 59 11.6 21.5 5.7 11.3 21.1
8 9.7 23.1 ND 9.7 228 ND
24 21.0 439 61.1 222 41.3 61.9

*Time course tryptic digestions of DHP-PepM49 were carried out in the buffers indicated, and the digests subjected to RPHPLC on Waters
u-Bondapak C18 column. The amounts of peptides B and D present at different periods of enzymic digestion, relative to peptides A and

C, respectively, are indicated. ND: Not determined.
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other peaks were virtually the same in the initial and
the later digests, indicating that the enzymic digestion
was essentially complete within the first few hours of
incubation. Thus, the cyclization reaction could be
minimized without affecting the enzymic digestion.
These results suggested that peptides B and D are the
consequence of the secondary modification of pep-
tides A and C that are generated during the enzymic
digestion and are not due to the presence of post-
translational modifications of the protein.

Influence of temperature on the cyclization reaction
In order to determine if the cyclization reaction could
be minimized at lower temperatures without affecting
the completeness of the enzymic digestion, tryptic
digestion of DHP-PepM49 in the above three buffers
was also carried out at 0°. The results of these experi-
ments (data not shown) revealed that in all the three
buffers, by 24 h, the enzymic digestion was complete
whereas peptides B and D were virtually absent in
these digests. Thus, cyclization reaction could indeed
be prevented at 0°, while at the same time achieving
complete tryptic digestion.

DISCUSSION

Pyroglutamic acid has been found at the amino-
terminus of several proteins and natural peptides (16,
17), and is believed to be a result of post-translational
modification of glutamine. Analysis of the structural
genes for several of these proteins (18-21) has suggest-
ed that glutamine and not glutamate is the amino acid
antecedent of the N-terminal pyroglutamic acid. In
view of the amino acid sequences of the larger precur-
sors of these proteins/peptides, the post-translational
pyroglutamyl formation has been suggested to involve
proteolytically generated glutaminyl peptides as con-
version intermediates (22). Both nonenzymic (23) and
enzymic (15, 22) conversions have been reported.
Studies with model peptides have demonstrated that
internal glutamic acid residues can convert into inter-
nal pyroglutamic acid residues (24). It was suggested
that some of the observed pyroglutamic acid residues
in the N-blocked proteins/peptides might also arise by
regioselective hydrolysis with peptide chain frag-
mentation of a precursor polypeptide containing an
internal pyroglutamic acid residue.

The results of the present study demonstrate that
two of the arginyl peptides of PepM49 having amino-
terminal glutamine readily undergo cyclization at
their amino termini, during the course of tryptic diges-
tion, to yield pyroglutamyl peptides. Since the cyclized
peptides were absent during the early stages of the
digestion, internal pyroglutamyl residues do not
appear to be present in the PepM49 protein. The
formation of the cyclized peptides during the course of
enzymic digestion could be readily monitored by
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RPHPLC because of their significantly higher reten-
tion time relative to their uncyclized counterparts.

Formation of ninhydrin negative, amino-terminal
blocked peptides has been observed previously during
enzymic digestion of ribonuclease A and insulin A
chain (25-28). This was attributed to the formation of
pyroglutamic acid by cyclization of amino-terminal
glutamine (12, 17), either during enzymic digestion or
during the storage of the digests at low pH prior to
their fractionation by ion-exchange chromatography.
However, the conditions that would limit this conver-
sion were not investigated.

In the present study, the formation of the pyro-
glutamyl peptides of PepM49 was found to be highly
dependent on the reaction conditions such as the
buffer, temperature and the time of incubation. In
both 0.2M ammonium bicarbonate and 0.2M am-
monium acetate buffers at 37°, the cyclized peptides
were present only in trace amounts during the initial
time when the enzymic digestion was essentially com-
plete, and accumulated only during subsequent in-
cubation. Cyclization was also virtually absent at 0°
even after 24 h of enzymic reaction, by which time the
digestion was essentially complete. Sodium phosphate
buffer accelerated the conversion relative to the am-
monium bicarbonate and ammonium acetate buffers.
The relative rates of conversion in the three buffers
tested was, 0.2M ammonium acetate <0.2M am-
monium bicarbonate < 0.01 M sodium phosphate.

Together, these results suggest ammonium acetate
to be a suitable buffer for limiting the cyclization of
amino-terminal glutamine residues in enzymic digests
of proteins. The cyclization reaction can be minimized
either by a brief digestion at 37° or an extended diges-
tion at 0°. These observations could also have implica-
tions for the isolation and processing of other proteins
and peptides that are known to contain amino termi-
nal glutaminyl residues.
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