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Protein Sequence Analysis:
Automated Microsequencing

Michael W. Hunkapiller and Leroy E. Hood

Since its introduction 25 years ago, the
Edman degradation has been the most
widely used method for the direct deter-
mination of the primary structure of pro-
teins and peptides (/). However, the
introduction of rapid, simple methods of
DNA sequencing, by which protein se-
quences are obtained indirectly, has
raised questions about the utility of pro-
tein sequencing. Several years ago in one
leading scientific journal, an editorial ap-
peared under the title The Decline and
Fall of Protein Chemistry (2). However,
the advent of modern micromethods re-
quiring as little as a few picomoles of
proteins and peptides for sequence anal-
ysis has firmly established the impor-
tance of protein sequencing as a tool for
biochemistry and molecular biology.

Chemistry

The Edman chemistry is shown in Fig.
1. One cycle, which results in removal of
one amino acid from the amino-terminal
end of a peptide and generation of a new
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peptide that is one amino acid shorter,
consists of two separate chemical steps.
In the first (coupling), phenyl isothio-
cyanate is coupled under basic condi-
tions to the amino end of the peptide to
form a phenylthiocarbamyl peptide. In
the second (cleavage), treatment with a
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actions, and loss of sample usually limit
successful degradations in a single run to
30 to 70 cycles. The sequence of the
remainder of the protein is determined
after fragmentation by chemical or enzy-
mic methods (or both) to generate a set
of overlapping peptides that are individ-
ually analyzed by the Edman chemistry.

Instrumentation

Manual. The Edman degradation was
originally developed as a manual meth-
od. Despite the subsequent popularity
and success of automated methods,
there remain many applications where
the manual approach is suitable, particu-
larly when there is need for rather limit-
ed sequence information and there is no
access to automated instruments. Im-

Summary. The automated microsequencing of proteins can now be carried out at
the 5- to 10-picomoles (submicrogram) level on polypeptides obtained directly from
one- and two-dimensional gel electrophoresis. The techniques are applicable to
polypeptides ranging in size from small peptides (less than 10 residues) to large

proteins (more than 1000 residues).

strong, anhydrous acid removes the de-
rivatized amino acid as its anilinothiazo-
linone. The latter is usually converted in
a third reaction (conversion) into the
more stable phenylthiohydantoin (Pth)
for subsequent analysis.

Repetition of this sequence, in theory,
allows one to proceed from the amino-
terminal to carboxyl-terminal end of a
protein to define its primary structure. In
practice, side reactions, incomplete re-

provements in technique (3) and chemis-
try (4) make it particularly attractive for
initial screening of a large number of
small- to medium-sized peptides to select
those most suitable for further, extensive
sequence analysis by automated meth-
ods. Experienced protein chemists can

M. W. Hunkapiller is a Senior Research Fellow
and L. E. Hood is Bowles Professor of Biology at
the Division of Biology, California Institute of Tech-
nology, Pasadena 91125.
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usually expect five to ten successful deg-
radations with as little as 1 to 10 nano-
moles of peptide, and several peptides
can be analyzed simultaneously. Manual
methods are not routinely used for long
amino-terminal sequence analyses of
proteins because of the extent of side
reactions inherent in the manual manipu-
lations.

Spinning cup (liquid phase) sequena-
tor. The spinning cup sequenator has
been the workhorse of protein sequence
analysis since its introduction by Edman
and Begg (5) in 1967. Its design includes
(i) an inert gas pressure supply and distri-
bution system, (ii) a series of reagent and
solvent reservoirs pressurized by the in-
ert gas, (iii) a reaction vessel consisting
of a spinning (1200 to 3600 revolutions
per minute) glass cup contained in a
sealable chamber, (iv) delivery valves
that direct reagents and solvents into and
out of the cup, (v) a vacuum system to
remove volatile chemicals from the cup,
(vi) a fraction collector into which the
amino acid anilinothiazolinones cleaved
from the peptide are deposited, and (vii)
an electronic programmer that controls
instrument operation. Some spinning
cup sequenators also include a second-
ary reaction vessel in which the anilin-
othiazolinones are converted into the Pth
amino acids (6).

The key feature of the spinning cup
design is the cup itself, since it provides
the means of immobilizing the peptide
during the many cycles of chemical ma-
nipulation. A solution of the sample is
added to the cup and dried into a thin
film on its interior wall. Reagents are
added to dissolve the sample and effect
the Edman degradation. Excess re-
agents, by-products, and the anilinothia-
zolinones are removed first by evacua-
tion and then by extraction with solvents
flowing over the dried peptide film.

Since a considerable mass (a few milli-
grams) is required to form a stable film
on the cup wall, the spinning cup sequen-
ator was first used with several hundred
nanomoles of protein. Moreover, the
large volume of extraction solvents re-
quired to clean the cup initially limited
its usefulness in sequencing small pep-
tides because many peptides are some-
what soluble in the solvents. The intro-
duction of a nonprotein carrier, Poly-
brene (see discussion below), has mini-
mized these problems and greatly
extended the capabilities of the spinning
cup sequenator (7).

Solid phase sequenator. Laursen (8)
sought to eliminate the main problem
with the original Edman sequenator, the
loss of sample from the cup, by replacing
the cup with a column packed with a
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Fig. 1. Edman degradation.

solid phase support (derivatized glass or
polystyrene beads) onto which the pep-
tide is covalently attached prior to initi-
ating the Edman degradation. The col-
umn system, owing to its potential minia-
turization, efficient flow properties dur-
ing solvent extractions, and mechanical
simplicity, offers substantial theoretical
advantages, especially for microse-
quencing, compared to the spinning cup
system. In practice, these advantages
have not been realized because of diffi-

culties in coupling many peptides and
most proteins in high yield to the solid
support. With proper care, reasonable
coupling efficiencies can be obtained in
certain cases, however, and sequencing
in the low nanomole sample range is
possible (9).

Gas phase. sequenator. Recently, a
new type of sequenator, one in which gas
rather than liquid phase reagents are
used at critical points in the Edman
degradation, was described (10) (Fig. 2).
This sequenator, which resembles the
solid phase instrument in having a car-
tridge-type reaction chamber, differs
from the solid phase instrument in its use
of gas phase base and acid for the cou-
pling and cleavage steps, respectively. If
these reagents were delivered as liquids,
the sample would be dissolved and car-
ried away unless it was covalently at-
tached to the support. The gas phase
delivery eliminates the need for covalent
attachment and thus the problems asso-
ciated with this process. The sample
solution is applied to the support, a thin
disc of glass filter paper coated with
Polybrene, in much the same manner as
the sample is applied to the spinning cup.
The miniaturization possible with this
system (Fig. 3) allows use of minimal

Table 1. Sample of proteins sequenced on gas phase sequenator.

Molecular ) Amount
Protein size Resn@ues

(daltons) identified pmole ng
Angiotensin 11 1,000 8 500 0.5
Angiotensin II 1,000 6 50 0.05
Somatostatin 1,600 14 1,200 2.0
Insulin, B chain 3,400 30 260 1.0
Aplysia neuropeptide B 3,800 31 500 2.0
Dynorphin (1-17) 2,000 14 20 0.04
Dynorphin (1-32) 4,000 32 200 0.6
Calliphora polypeptide 4,000 36 75 0.3
Myoglobin 17,500 90 10,000 175
Myoglobin 17,500 22 S 0.09
Drosophila larval cuticle protein* 18,000 S5 850 15
Aplysia membrane phosphoproteinti 22,000 23 15 0.3
Human histocompatibility antigen, HLA-

DR, « chainf 32,000 49 700 23
Human histocompatibility antigen, HLA-

DR, B chainf 26,000 39 500 13
Mouse immune response antigen Ef*1 25,000 21 20 0.5
Human erythropoieting 44,000 40 100 4
Human melanoma cell surface antigenti 95,000 13 60 5.5
Eel acetylcholine receptor a subunitti 40,000 68 400 16
Calf acetylcholine receptor o subunitfi 42,000 35 50 2
MOPC-315 heavy chain 55,000 20 20 1
Colony stimulating factorti ) 30,000 25 30 1
Bovine lens gap junction protein, CNBr

fragmentti 14,000 34 120 2
Platelet-derived growth factor subunitt 18,000 20 50 1
Rat transforming growth factor 6,000 42 250 1.5
Transcription regulatory factor, CNBr

fragment? 20,000 35 20 0.4
Rat transforming growth factor, lys-C

fragment 2,300 20 25 0.06

*Purified by isoelectric focusing in polyacrylamide gels containing urea.
Coomassie blue-stained, sodium dodecyl sulfate-polyacrylamide gels.

§Sixty percent carbohydrate by weight.

tElectrophoretically eluted from
fIntegral membrane protein.
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solvent volumes and makes the gas
phase instrument suitable for small pep-
tides as well as proteins.

Pth amino acid analysis. Edman orig-
inally used thin-layer chromatography to
identify Pth amino acids (5). Others have
used a variety of analytical procedures,
including gas chromatography (11), mass
spectrometry (/2), and amino acid analy-
sis after hydrolysis of the Pth amino
acids (/3). None of these methods alone
provided a quantitative analysis of all
common Pth amino acids, and their inad-
equacy hindered sequencing by any of
the methods described above, especially
at micro levels. The development of
high-performance liquid chromatogra-
phy (HPLC) has provided the analytical
resolution, quantitation, speed, and reli-
ability required for microsequencing
(14). An example of the quality of HPLC
resolution obtainable is shown in Fig. 4,
and the sensitivity of this system is such
that as little as a few hundred femto-
moles (0.1 nanogram) of Pth amino acids
can be detected.

Microsequencing

Many interesting biological systems
yield very little protein or peptide for
study. Hence, the ability to sequence
very small amounts of sample (a few
micrograms or less) is often crucial. Al-

though the Edman chemistry was orig-
inally designed to handle several milli-
grams of protein (and was at the time of
its introduction considered a microse-
quencing method), the general power of
this chemistry is illustrated by the suc-
cess of efforts to increase the sensitivity
of sequencing by several orders of mag-
nitude. The term ‘‘microsequencing,”’
although it is arbitrary and changes as
technology improves, may now be con-
sidered to involve sequencing less than
0.5 nmole of sample. Three microse-
quencing approaches have been used;
two are based on isotopic labeling, pri-
marily to improve sensitivity of the Pth
analysis, and the third is based on direct
analysis of nonlabeled Pth amino acids.

External label. The first serious at-
tempts at microsequencing involved in-
creasing sensitivity of the phenylhydan-
toin detection system by introducing
an isotopic label via phenylisothio-
cyanate. The efforts included using [*H]-
and ["*C]phenylisothiocyanate and [**S]-
phenylisothiocyanate as the coupling
reagent in spinning cup sequencing (I3,
16) and solid phase sequencing (8, 17).
These external labeling procedures suf-
fered from the use of expensive, unsta-
ble, and difficult-to-purify radioactive la-
beling reagents. Nevertheless, they al-
lowed sequencing at the 0.5- to 10-nmole
level. Their usefulness has diminished
with the advent of HPLC analysis of Pth
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amino acids and the excellent sensitivity
of this type of analysis.

Internal label. A more successful ex-
ploitation of the sensitivity of isotopic
labeling methods was the use of internal
labeling of the protein itself during its
synthesis. This has been achieved by
short-term tissue culture procedures that
readily incorporate several labeled ami-
no acids into newly synthesized polypep-
tides (/8), by longer-term tissue culture
techniques in which a mixture of labeled
amino acids and Krebs cycle intermedi-
ates is used (/9), and by cell-free transla-
tion of messenger RNA (mRNA) with
labeled amino acids (20). In the former,
sequenator analysis of the partially la-
beled proteins results in partial amino
acid sequence data with the unlabeled
residues being registered as blanks,
while in the latter cases complete se-
quence information is possible. These
techniques have drawbacks as routine
microsequencing procedures in that they
are expensive and they require a source
of cells producing protein or active
mRNA. However, they can be used with
any of the sequencing instruments, and
they require protein that is only free of
other labeled proteins. The presence of
nonlabeled protein, such as antibody
used in purification of the labeled pro-
tein, does not interfere with the sequenc-
ing. The in vivo labeling methods allow
sequencing with as little as a few pico-
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Fig. 2. Schematic diagram of gas phase sequenator (/0). [Courtesy of the Journal of Biological Chemistry]
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moles of protein, while the in vitro pro-
cedure has been used with as little as 100
fmole of sample. The power of the tech-
niques is .illustrated by the structural
analysis of the mouse transplantation
antigens (21, 22).

Microsequencing without isotopic la-
beling. The development of so-called di-
rect microsequencing, that is with no
isotopic labeling, has depended on ad-
vances in three areas. The first was the
introduction of HPLC analysis of Pth
amino acids (/4). The second was the
introduction of a nonprotein carrier to
retain the protein in the reéaction cham-
ber of the sequenator without the trou-
blesome requirement of covalent attach-
ment to a solid support. The ‘‘magic”
compound that has revolutionized se-
quencing is Polybrene, a polymeric qua-
ternary ammonium salt first used by Tarr
et al. (7) to sequence small peptides in
the spinning cup sequenator. The Poly-
brene readily forms a stable film on glass
surfaces into which the polypeptide can
be embedded and protected from me-
chanical dislodging by the moving sol-
vent streams. The film is readily pene-
trated by the Edman reagents, however,
and the degradation proceeds smoothly
in its presence. _

The third area of advancement was in
the instrumentation used for performing
the Edman degradation—the sequena-
tor. With an HPLC system that can
detect less than a picomole of Pth amino
acid and with Polybrene to hold pico-
mole quantities of protein in the sequen-
ator, sequencing at the picomole level is
possible if the sequenator can produce
phenylhydantoins free of significant
amounts of ultraviolet-absorbing (co'n-
taminants (primarily side reaction prod-
ucts of the phenylisothiocyanate) that
would interfere with the HPLC analysis.
Hunkapiller and Hood (23, 24), utilizing
many design changes originated by Witt-
mann-Liebold (25), were able to se-
quence both proteins and peptides at the
subnanomole level with a spinning cup
sequenator. These improvements in-
volved extensive. changes in almost all
méchanical components of the instru-
ment, including the reagent and solvent
delivery valves, spinning cup reaction
chamber, vacuum system, inert gas sup-
ply, and reagent-solvent storage assem-
blies, as well as the addition of a second-
ary reaction vessel for automated Pth
conversion (4), extensive purification of
the reagents and solvents, and use of a
versatile microprocessor controller.

Because of problems in purification of
some of the reagents required in the
spinning cup sequenator, particularly the
quadrol (5) used as a coupling buffer, and

11 FEBRUARY 1983

Glass filter

fiber disc Pyrex glass

Flow

<

Relief Flow Porous Teflon
. sheet
2 mm
| e—

Fig. 3. Enlarged diagram of reaction cartridge
for gas phase sequenator (/0). [Courtesy of
the Journal of Biological Chemistry)

because the large solvent extractions
tended to dislodge some small samples
from the spinning cup, sequencing below
100 pmole in the spinning cup is still very
difficult to achieve on a routine basis.
These problems have largely been over-
come in the gas phase sequenator. (10).
The key to the performance of this se-
quenator in microsequencing is the com-
bination of miniaturization and a flow
path that permits use of less reagenit than
other sequenators and allows more effi-
cient removal of the reagents and their
by-products. The low levels of contami-
nants appearing in the HPLC analysis of
fractions from this instrument are shown
in Fig. 5.

The gas phase sequenator has been
used to analyze a wide variety of pro-
teins and peptides. These samples in-
clude glycoproteins, integral membrane
proteins, proteins and peptides purified
by one- or two-dimensional polyacryl-
amide gel electrophoresis (PAGE) and

isoelectric focusing, short hydrophobic
peptides, large proteins (> 90,000 dal-
tons), and peptides containing numerous
prolyl residues. A partial list of the sam-
ples analyzed on the Caltech gas phase
sequenator is shown in Table 1 and illus-
trates its versatility. It can provide ex-
tended runs (> 70 residues) with a few
nanomoles of protein, complete to nearly
complete sequencing of small- or medi-
um-sized peptides (< 40 residues) in a
single run with a few hundred picomoles
or less (Fig. 6), and 15 to 30 residues with
as little as 5 to 20 pmole of proteins and
many peptides (Fig. 5).

Sample Preparation

Crucial to any microsequencing meth-
od is the purification and handling of
small quantities of polypeptide without
contamination that would interfere with
the Edmian degradation. The failure of
microsequencing efforts can, in fact, be
traced most often to loss of sample at the
final purification step (for example, by
its adherence to the walls of test tubes)
or by oxidation reactions that block the
amino-terminal residues, or contamina-
tion by reagents (or impurities in them)
used in the purification.

Two methods of preparation are suit-
able: (i) HPLC for peptides and small
proteins and (ii) PAGE for long peptides
and proteins. HPLC is the faster and
simpler method, and it causes littie dam-
age to the samples. The development of
volatile elution systems with the use of
trifluoroacetic acid (26) makes handling
peptides particularly easy. Using larger
pore packings and better ion pairing
agents such as NaClO4 (27), one can
extend the HPLC method to many large
peptides and small proteins. Polyacryl-

Fig. 4. Separation of Pth ami-
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sions, 4.6 millimeters (inside
diameter) by 25 centimeters in
length; guard column, Du Pont
Permaphase ETH, 4.6 milli-
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R buffer, pH 5.8; hydrophobic
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for background from ei-
ther the HPLC system
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and 5.8 minutes from di-
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utes from phenylthiocar-
bamyl  dimethylamine,
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methylamine used as the
coupling buffer for this
sequenator run.
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amide gel electrophoresis requires more
effort to prevent damage to or loss of the
sample, but electroelution of proteins,
even after staining with Coomassie blue,
can be used to prepare as little as 1 to 2
micrograms of protein for sequence anal-
ysis (28). Since many sequencing experi-
ments (for example, those with proteins
containing blocked amino-terminal resi-
dues) require generation and separation
of peptides, the HPLC and gel tech-
niques may be used several times on a
given sample before the desired se-
quence is obtained. This can increase the
amount of starting samples required for
analysis by a factor of 10 to 20.

Applications

Complementary DNA cloning. With
the advent of rapid DN A sequencing, the
role of protein sequencing by Edman
degradation has changed. In most cases,
complete sequence analysis of large pro-
teins can be obtained much more effi-
ciently by DNA sequénce analysis if the
DNA encoding the protein can be cloned
and identified. With genes that produce
small quantities of mMRNA (rare-message
genes) it is often difficult to obtain com-
plementary DNA (cDNA) probes for
subsequent gene cloning by the standard
techniques used for frequent-message
genes such as antibodies and hemoglo-
bins. An alternative approach is to deter-
mine the partial amino acid sequence of a
small amount of the desired gene product
and then to search through these protein
sequence data for stretches of five to
seven contiguous amino acids that have
minimal ambiguity when translated by
the genetic code dictionary into DNA
language (29). With recent improve-
ments in DNA synthesis (30, 37), one
can generate mixtures of DNA probes
consisting of 14 to 20 bases that cover all
possibilities for a five— to seven-amino
acid sequence obtained by microse-
quence analysis. These synthetic. DNA
probes can then be used as probes to
screen cDNA libraries directly or as
primers to generate specific probes.
Even with a mixture of as many as 32
related oligonucleotides (15 bases in
length), one can achieve specific hybrid-
ization of the correct oligonucleotide to
the desired DNA sequence (32). Thus,
protein sequencing can provide a power-
ful approach to the cloning of rare-mes-
sage genes.

Synthetic polypeptides. An emerging
tool of molecular biology is the use of
synthetic peptides based on protein or
DNA sequences to generate antibodies
that recognize the parent protein (33,

SCIENCE, VOL. 219



34). The work of Bittle, Lerner, and their
colleagues with peptides from foot and
mouth disease virus (35) illustrates the
power of the technique and points to the
potential development of important vac-
cines. A second use of fundamental im-
portance will be the identification of bio-
logically active polypeptides that must
be purified 10%*-fold or more. After se-
quence analysis, one must always ask
whether the sequence is derived from the
peptide with appropriate biological activ-
ity, or whether it represents a copurify-
ing contaminant. After microsequencing,
peptides can be synthesized and used as
immunogens, and the resulting antibod-
ies can be used to verify the biological
activity of the protein and, if appropri-
ate, to purify larger amounts of the pro-
tein.

Other applications. Although DNA se-
quencing can give the linear peptide se-
quence of the primary product of transla-
tion, it cannot answer questions of post-
translation proteolytic processing or side
chain modification (that is, removal of
signal peptides, carbohydrate attach-
ment, and phosphorylation). Subtle
changes in protein structure, such as the
attachment of methionine to the amino
terminus of a protein produced by
recombinant DNA technology, are often
almost impossible to detect and quantify
by any method other than protein se-
quence analysis. Direct protein sequenc-
ing also can answer questions of stoichi-
- ometry of multisubunit protein complex-
es that cannot be addressed by DNA
sequencing. It may be the method of
choice for such studies because of the
minimum number of assumptions and

11 FEBRUARY 1983

manipulations required in data analysis
(36). Protein sequencing also is becom-
ing an important method for identifying
protein or peptide fractions and, perhaps
more important, assessing their purity.

The Future

In a variety of ways protein sequenc-
ing can provide useful information about
the structures of functional proteins and
peptides. With only an additional slight
increase in the sensitivity of current mi-
crosequencing methods to the subpico-
mole level, one could employ one of the
most powerful analytical separation pro-
cedures in modern biochemistry, two-
dimensional gel electrophoresis, as a sin-
gle-step preparative method for obtain-
ing proteins available in very small quan-
tities. Direct microsequencing at this
subpicomole level would provide even
more striking new opportunities to ana-
lyze new systems in developmental biol-
ogy and neurobiology.
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