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The Amino Acid Sequence of Ragweed Pollen Allergen

Ra5s"

Lawrence E. Mole,* Lawrence Goodfriend, # Charles B. Lapkoff,

J. Michael Kehoe,¥ and J. Donald Capra*

ABSTRACT: The complete amino acid sequence of Ra$, a
ragweed pollen allergen, has been determined. Allergen
Ra$ is a low molecular weight protein of 45 residues de-
rived from Ambrosia elatior, the short ragweed. It contains
no detectable carbohydrate or lipid and has four disulfide
bridges. The total structure was determined on 1.4 umol of
material and indicates that structural analysis is increasing-

Almost all wind-pollinated weeds have been implicated
in human pollen allergy (Sherman, 1968; Wodehouse,
1971). The most extensively studied of these is the pollen of
Ambrosia elatior, commonly known as short ragweed.
Early work by King et al. (1964) suggested that antigen E
was the major allergen of ragweed but, recently, several
other important allergenically active ragweed pollen aller-
gens have been isolated and characterized (Underdown and
Goodfriend, 1969; Griffiths and Brunet, 1971; Lichtenstein
et al., 1973; Lapkoff and Goodfriend, 1971, 1974). Aller-
gen Ra5 was of particular interest because of its low molec-
ular weight (5000) and the absence of detectable carbohy-
drate and lipid. Furthermore Marsh et a/. (1973a) have
shown that IgE-mediated sensitivity to Ra5 was significant-
ly associated with possession of the histocompatibility anti-
gens of the HL-A7 cross-reacting group (Creg). This same
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ly possible on relatively small amounts of highly purified
material when a combination of automated and manual se-
quencing techniques and highly sensitive detection systems
is employed. This represents the first complete amino acid
sequence of a ragweed allergen and it should provide a basis
for many structure-function correlative experiments in the
field of immediate hypersensitivity.

association with HL-A7 Creg was reported for formation of
human IgG antibodies to Ra5 by Marsh et al. (1973b).
This represented the first evidence of a strong association
between a specific immune response and possession of a
specific group of closely related HL-A antigens.

All allergens studied to date have relatively low molecu-
lar weights but have otherwise shown no distinguishing
chemical features which might correlate with their sensitiz-
ing property (Marsh, 1974). However, since relatively little
detailed structural information is presently available for
these molecules, especially with regard to amino acid se-
quence, the possibility still exists that some common struc-
tural feature, such as a shared sequence stretch, might be
associable with the capacity to induce a hypersensitivity
reaction. Because of its low molecular weight, its impor-
tance in clinical pollenosis, and the relationship between re-
sponsiveness to Ra5 and the possession of a group of HL-A
antigens, studies were undertaken to determine its complete
amino acid sequence. A preliminary account of the findings
has been presented (Mole, et al., 1974).

Materials and Methods

Isolation of Ra5. Ra5 was isolated by the method of
Lapkoff and Goodfriend (1974). The entire amino acid se-
quence, including the isolation of the tryptic and chymotrp-
tic peptides, was accomplished on 1.4 umol of starting ma-
terial (Figure 1).

Enzyme Digests. Tryptic and chymotryptic digests were
prepared from fully reduced and '4C-carboxymethylated
Ra5 (O’Donnell er al., 1970) by methods previously de-
scribed by Press et al. (1966). Tryptic digestion was per-
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FIGURE 1: The complete amino acid sequence of ragweed allergen Ra5. Arrows to the right above each residue indicate the sequence obtained on
the whole protein. The location of each tryptic (T) and chymotryptic (C) peptide is indicated as well.

formed in 1% NH4HCOj; buffer (pH 8.1) at 37° for 1 hr at
an enzyme to substrate ratio of 1:100. Chymotryptic diges-
tion was performed under similar conditions, but for 4 hr.

Analytical Methods. High voltage paper electrophoresis
was carried out as described by Crumpton and Wilkinson
(1965). Peptides were stained for arginine and tryptophan
by the Sakaguchi and Ehrlich reagents, respectively (Eas-
ley, 1965). The peptides containing radioactive S-carboxy-
methylcysteine (CMCys)! were detected after overnight ra-
dioautography with Kodak BB-54 X-Ray film. Peptides
were eluted and hydrolyzed in vacuo for 22 hr at 106° in
6.0 N HCI and analyzed on a Beckman Model 121 amino
acid analyzer. Whole Ra$ was similarly analyzed and the
results presented in Tables II and IV are averages of five
analyses.

Whole Ra5 was tested for free sulhydryl groups by the
method of Rohrbach et al. (1973) and none were detected.

Sequencing Procedures. A. AUTOMATED SEQUENCER.
The use of the automated Beckman sequencer has been pre-
viously described (Capra, 1971; Capra and Kehoe, 1974). A
dimethylallylamine buffer system was employed through-
out. The Model 890A sequencer has been updated with an
undercut cup and a nitrogen flush system. Certain of the
peptides were treated with 4-sulfophenyl isothiocyanate
(sPhSCN) (Pierce Chemical) prior to sequencing. Every
phenylthiohydantoin (PTH) derivative was studied by gas
chromatography (Pisano and Bronzert, 1969), thin-layer
chromatography (Summers et al., 1973), and '4C scintilla-
tion counting (Capra et al., 1972).

B. END GROUP ANALYSIS. Carboxy-terminal residues
were determined by carboxypeptidase digestion as de-
scribed by Ozols and Strittmatter (1968). Carboxypepti-
dase A digestion of whole Ra5 released no amino acids
while carboxypeptidase B released only lysine. The dansyl-
Edman procedure was used to establish the amino terminal
residue in certain peptides (Gray, 1967). Dns-amino acids
were resolved by thin-layer chromatography on 5 ¢cm X §
cm polyamide sheets (Woods and Wang, 1967).

Results

Automated Sequencer Analysis of '*C-Carboxymethy-
lated Ra5. The initial sequencer analysis of Ra5 allergen
(0.25 umol) identified 29 of the first 31 residues (Table I).
Only positions 24 and 29 did not give an unequivocal identi-

! Abbreviations used are: CMCyS, S-carboxymethylcysteine;
sPhSCN, 4-sulfophenyl isothiocyanate.

Table I: Automated Sequencer Analysis of 14C-Car-
boxymethylated Rab.
Gas
Chromatography
Posi- —Sily- +8ily-
tion lation lation Tlc Cpm Sequence
1 L/1 L L/1 225 Leu
2 Vand Vand L/Iand 121 val(Leu)
L/1 L A"

3 Pp/T P 351 Pro

4 8/C C 13,798 Cys

5 A A 5,149 Ala

6 W W 1,250 Trp

7T A A 402 Ala

8 G G 330 Gly

9 N 206 Asn
10 V \% 283 val
11 s/C C 6,488 Cys
12 G G 4,365 Gly
13 E E 858 Glu
14 K 720 Lys
15 R 480 Arg
16 A A 402 Ala
17 Y Y 745 Tyr
18 s/C C 8,622 Cys
19 s/C o 12,617 Cys
20 S/C S 5,788  Ser
21 D D 3,020 Asp
22 P/T P 1,264 Pro
23 G G 901 Gly
24 690
25 Y Y 866 Tyr
26 S/C C 4,228 Cys
27 P/T P 3,651 Pro
28 w w 2,406 Trp
29 1,215
30V \% 574 Vval
31V \% 494 val

fication. A homogeneous sequence was obtained with the
exception of position 2 where valine and leucine were found
in a molar ratio of 2:1. The amino acid composition of the
entire molecule had indicated that both leucine and valine
were present in nonintegral amounts, and the tryptic (Table
IT) and chymotryptic (Table IV) digests confirmed that sin-
gle peptides containing nonintegral quantities of both of
1975 1217
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Table II: Tryptic Peptides of Ra5.

Total Compo-

1+ sition

T-1 T-1’ T-2 T-3 T-5 T-5’' T-6 T-P 5'+P) (AAA)
Lysine 1.0 1.1 1 1.9 1.0 1.1 4.1 3.7
Arginine 1.0 1 1.0 0.9 1.9 1.9
CMCys 1.5 1.7 1.4 0.6 0.7 2¢ 4.3 5.9
Aspartic acid 1.0 1.0 1.0 1.0 2.0 1.8
Serine 1.1 4.0 4.0 3.9
Glutamic acid 1.1 1.0 3.6 4.6 3.9
Proline 1.0 1.0 1.0 1.9 2.9 3.0
Glycine 1.8 2.0 1.0 1.0 1.2 1.1 4.1 3.8
Alanine 1.8 2.0 1.0 0.9 2.9 2.8
Valine 1.5 1.5 1.7 3.2 3.7
Methionine
Isoleucine 0.9 0.9 0.9
Leucine 1.2 1.3 1.3 1.5
Tyrosine 0.8 2.5 2.5 2.8
Phenylalanine
Tryptophan + +
Yield (nmoles) 140 154 127 114 103 186 128 + 2 1.8

@ Determined by amino acid analysis. Specific activity indicated that this peptide contained five CMCys residues.

- T2Ts

MLOTEMERE WM L

FIGURE 2: Radioautography of the pH 3.5 electrophoretogram of the
tryptic digest of Ra5. Peptide T-P was at the origin while all the other
tryptic peptides were separated completely in a single dimension. Both
free lysine and free arginine were detected by ninhydrin stain (peptides
T-5 and T-2). The anode is to the right. T-H proved to be identical in
composition to T-3 but present in lower yield.

these amino acids could be isolated. Two additional sequen-
cer runs on 100 nmol of whole Ra5 showed that the hetero-
geneity at position 2 could be confirmed in two separate al-
lergen preparations. .

The Tryptic Peptides of Ra5. After reduction and '“C
carboxymethylation, 0.8 umol of Ra5 was digested with
trypsin for 1 hr at 37°. The resulting peptides were sepa-
rated by high voltage paper electrophoresis at pH 3.5. The
radioautograph of the separated peptides is shown in Figure
2. and the composition of the isolated peptides listed in
Table 1. The finding of free arginine was expected from the
sequence 4t positions 14 and 15. T-1 and T-1’ were identifi-
able as the N-terminal peptide and the heterogeneity at po-
sition two was evident from their compositions. Since the
C-terminal residue of intact Ra5 had been shown to be lys-
ine, the finding of free lysine (peptide T-5) implied that the
two remaining basic residues were adjacent. Peptide T-P,
which remained at the origin, proved to be residues 16-42,
and resulted from the incomplete cleavage of the Arg-Tyr
bond at positions 24-25.

A precipitate was observed when the lyophilized tryptic
digest was dissolved in water. This proved to be mainly the
peptide from residues 25-41, with a small amount of con-
tamination by the peptide containing residues 16-41. After
1218
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Table III: Automated Sequencer Analysis of 14C-Car-
boxymethylated, sSPhSCN Treated T-4 Peptide of Ra5.

Gas
Chromatography
Po- —Sily- +8Sily-
sition lation lation Tlc Cpm  Sequence
1 550
2 s/C C 12,835 Cys
3 T/P P 4,295 Pro
4 ‘ w w 3,410 Trp
5 Q Q 1,620 Gln
6 v v 1,085 Val
7 ' \'s 905 Val
8 s/C C 6,615 Cys
9 Y Y 3,010 Tyr
10 E E 1,675 Glu
11 s/C S 1,075 Ser
12 s/C S 900 Ser
13 E E 420 Glu
14 L/1 I L/1 290 Ile

an additional course of tryptic digestion under the same
conditions as above, but with the digestion time extended to
4 hr, the mixture was treated with sPhSCN, and a 100-
nmol sample was placed in the sequencer. Since the peptide
16-24 was shorter, present in a lower yield, and contained a
C-terminal arginine, it rapidly washed out of the sequencer
cup and the sequence of the sSPhSCN treated peptide 25-41
(referred to as T-4) could be sequenced for 14 of its 17 posi-
tions ( Table 111).

The sequencer run on the intact protein, plus the analvsis
of the tryptic peptides mentioned above, located peptides
T-5, T-5’, and T-6 at the C terminus of the molecule. Both
T-6 and T-5" were subjected to automated sequence analy-
sis before and after treatment with sSPhSCN and their com-
plete sequence was established.

Since the C-terminal residue in the molecule was known
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Table IV: Chymotryptic Peptides of Ra5.

Peptide Compo-
sition
Amino Acid C-1 Cc-2 C-3 C-4 C-5 C-6 Total (AAA)
Lysine 1.0 2.9 3.9 3.7
Arginine 1.0 1.0 2.0 1.9
CMCys 0.8 1.0 1.9 1.1 1.0 2.0 7.8 5.9
Aspartic acid 1.1 1.0 2.1 1.8
Serine 1.0 2.8 3.8 3.9
Glutamic acid 1.1 1.1 2.0 4.2 3.9
Proline 1.0 1.0 3.0 3.0
Glycine 2.1 1.0 1.1 4.2 3.8
Alanine 1.1 2.0 3.1 2.8
Valine 0.7 1.0 1.6 3.3 3.7
Isoleucine 1.0 1.0 0.9
Leucine 14 1.4 1.5
Tyrosine 1.0 1.0 1.0 3 2.8
Tryptophan + + 2 1.8
Mobility pH 6.5 0.29 0 0.60 0.47 0.37 0.21
Asp =1,
Ser = 0)
Yield (nmol) 115 128 135 128 103 115
Total residues 6 11 8 3 5 12

Table V: Automated Sequencer Analysis of 14C-Car-
boxymethylated, sSPhSCN Treated C-6 Peptide of Ra5.

Gas
Chromatography
Po- —Sily- +Sily-
sition lation lation Tlc Cpm Sequence

1 586
2 s/C S 146 Ser
3 S/C S 103 Ser
4 E E 283 Glu
5 L/1 I L/1 458 Ile
6 s/C C 11,126 Cys
7 s/C S 1,461 Ser
8 380
9 289

10 s/C C 7,200 Cys

11 G 1,212 Gly

to be lysine, with the exception of the order of the Cys-Ser
in position 15 and 16 of peptide T-4 (positions 39-40 in the
protein), the entire molecule had been sequenced with less
than 1.1 umol of material.

The Chymotryptic Peptides of Ra5. Reduced and '4C-
carboxymethylated Ra5 (0.25 umol) was subjected to di-
gestion with chymotrypsin and the resulting peptides sepa-
rated by high voltage paper electrophoresis in one dimen-
sion at pH 6.5. The composition of the eluted peptides is
shown in Table IV. The compositions agreed with the estab-
lished sequence and all the peptides could be provisionally
placed. Peptide C-6, the 12 residue C-terminal peptide, con-
tained the only unestablished portion of the sequence so this
peptide was subjected to automated sequence analysis after
treatment with SPhSCN. Since this peptide contained three
lysine residues which could be derivatized, the yields at
each step in the sequence analysis were especially high and
even the penultimate residue was identifiable. As previous-
ly, the N-terminal residue was not identified because of the

derivatization. Also, positions 8 and 9 were not identified
since the derivatized lysine residues occupying these posi-
tions are not detected in our identification systems. The ra-
dioactivity obtained at positions 6 and 10 of this peptide in-
dicates the extremely high repetitive yield of the sequencer
run on this short peptide.

The heterogeneity at position 2 is further evident from
the composition of peptide C-D where 0.7 mol of valine and
1.4 mol of leucine were found. No significant deviation
from integral values was found for any other chymotryptic
peptides, with the exception of peptide C-C which con-
tained the hydrolysis resistant Val-Val sequence.

Discussion

This paper presents the first complete amino acid se-
quence of a pollen allergen. The derivation of the total se-
quence of ragweed pollen allergen Ra5 on less than 1.4
pmol of material indicates that structural analysis is in-
creasingly possible on relatively small amounts of highly
purified material when a combination of automated and
manual sequencing techniques and highly sensitive detec-
tion systems are employed.

The structural analysis reported here establishes the ho-
mogeneity of Ra$ since a single amino acid was found for
every position with the exception of position 2. In three sep-
arate sequencer runs (of 250, 100, and 100 nmol) approxi-
mately % valine and ¥ leucine was found at position 2. The
latter two studies were done on separate preparations of
whole Ra5. In addition, in both the tryptic and chymotryp-
tic peptide analysis, the N terminal peptide contained non-
integral values for these two amino acids at this position.
The significance of this observation is unclear at present,
but in a study of the fragments of this allergen, it will be
important to establish if both forms have similar biological
activities. It is noteworthy that the alternative forms of the
protein had not been detected previous to the sequence
analysis. Neither forms of the N terminal tryptic nor chy-
motryptic peptides could be separated by the techniques
1975 1219
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used in this study although this is admittedly not surprising
in view of the similar size and charge properties of the alter-
native amino acids involved.

The establishment of the complete amino acid sequence
of Ra5 should provide a basis for many structure-function
correlative experiments in the field of immediate hypersen-
sitivity. A long series of experiments by King e al. (1964,
1967, 1974) has established the conditions under which an-
tigen E either retains or loses biological activity with vari-
ous chemical modifications (acetylation, succinylation, gly-
cinamide, taurine modification, butyrimidation, etc.). Simi-
lar experiments with RaS would have the advantage that
the precise chemical structures being modified would be
identifiable. Removal of the C terminal lysine residue alone
may be casily accomplished with carboxypeptidase B. Study
of the protein before and after such treatment might be of
interest in establishing the function of the C terminal basic
sequences in the molecule. The presence of these three basic
residues in the C terminal five amino acids may, for exam-
ple, be essential to the membrane fixation and transport of
the Ra5 molecule to the submucosal lymphoid cells where
sensitization might occur in a genetically predisposed indi-
vidual. The 26 amino acid sequence of melittin contains two
lysine and two arginine residues in its C terminal 6 amino
acid residues (Habermann, 1972) and many other biologi-
cally active molecules contain similar C terminal basic se-
quences which are essential to their function (Goldstein,
1974).

In addition to the C terminal concentration of basic
amino acids, the Ra5 sequence contains certain other un-
usual features. The presence of 8 half-cystines in a molecule
of only 45 amino acid residues is exceptional. The occur-
rence of five aromatic amino acids within the same struc-
ture would indicate that a high degree of covalent and non-
covalent cross-linking may result in a rather rigid three-
dimensional siructure which might enhance the immuno-
genicity of the molecule. The relatively small size of this al-
lergen would suggest that it contains few immunodominant
groups. [n consequence, fragmentation studies might sepa-
rate the carrier active from allergenically active fragments.

Amino acid sequence analysis of protein allergens has
been anly fragmentary to date. Elsayed et af. (1973) recent-
ly reported the N-terminal 17 amino acid residues of a 50-
53 residue fragment of a major protein allergen derived
from cod muscle. This fragment was obtained by trypsin di-
gestion of the lysine modified protein and had been pre-
viously shown to be capable of mediating much of the bio-
logical activity of the native molecule. They noted the pres-
cnce of the sequence Arg-Ala or Lys-Ala in three locations
within the fragment, and they speculated that these unusual
and repetitive sequence doublets might represent the aller-
genically active regions of the molecule. It is of interest that
Ra5 contains an Arg-Ala doublet at positions 15-16. No
other similarities could be found between the 17 residues re-
ported for the cod allergen and the amino acid sequence of
Ras.

The amino acid composition of several naturally occur-
ring allergens is presently available (reviewed in Marsh,
1974). No consistent structural/compositional feature is
obvious among the allergens of rye (Lolium perenne), short
ragweed (Ambrosia elatior) (including antigens E, Ra3 and
Ra5), cod, or honey bee, except relatively high content of
half-cystines. Only cormplete amino acid sequence analysis
of several of these distinct allergens will establish whether
they possess common structural features.
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