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ABSTRACT The complete amino acid sequence of human
neutrophil elastase has been determined. The protein consists
of 218 amino acid residues, contains two asparagine-linked
carbohydrate side chains, and is joined together by four
disulfide bonds. Comparison of the sequence to other serine
proteinases indicates only moderate homology with porcine
pancreatic elastase (43.0%) or neutrophil cathepsin G (37.2%).
In particular, many of the residues suggested to play important
roles in the mechanism by which the pancreatic elastase
functions are significantly changed in the neutrophil enzyme,
indicating alternative types of binding with the human pro-
teinase.

Human neutrophils contain a battery of hydrolytic enzymes
that normally are utilized for the degradation of foreign
materials ingested as part of the phagocytic process (1).
Although it is not completely clear whether such enzymes are
also involved in tissue remodeling, this has been suggested as
an alternate function (2). It is known that both neutrophil
turnover and phagocytosis, themselves, do result in the
leakage of enzymes into the extracellular milieu where they
may cause extensive damage to connective tissue unless
checked by controlling inhibitors (2). Indeed, a popular
theory suggests that the development of pulmonary emphy-
sema occurs as a result of insufficient levels of proteinase
inhibitors (either locally or plasma-derived) whose primary
functions are to inhibit these neutrophil enzymes (3). In
particular, there is strong evidence that implicates neutrophil
elastase as the proteinase most directly involved in abnormal
lung connective tissue turnover. This is based on the fact that
individuals devoid in the major controlling inhibitor of this
enzyme, plasma a1-proteinase inhibitor, tend to develop
obstructive lung disease (familial emphysema) much earlier
than those with normal inhibitor levels (4).
We have been interested in the potential function of both

neutrophil elastase and cathepsin G in protein turnover. Both
enzymes are capable of degrading a wide variety of sub-
strates, including elastin, collagen, and proteoglycan, al-
though it appears that elastase is more efficient in the
turnover of such macromolecules (5, 6). Therefore, determi-
nation oftheir primary structures should be ofgreat value not
only for understanding the mechanism by which each func-
tions but also for developing specific inhibitors that might be
useful in aiding in the control of their activities outside of the
cell. This report describes the determination by conventional
protein sequencing strategies of the primary structure of
neutrophil elastase, a very basic glycoprotein that exists in a
series of isoenzyme forms (7, 8). In a separate report (9), a
description of the primary structure of cathepsin G has been
made by using a combination of recombinant DNA and
protein-sequencing technology.

MATERIALS AND METHODS
Materials. Human neutrophil elastase was prepared from

the granules of both normal and myeloid leukemia cells by
affinity chromatography on Trasylol-Sepharose as described
(10). Individual isoenzymes were separated by ion-exchange
chromatography (11), and the major component, referred to
as E4, was used in most of the studies described below.
However, in some experiments mixtures of all four of the
isoenzyme forms of elastase were used because early studies
(10) had indicated differences in carbohydrate content rather
than in amino acid composition. This was verified by se-
quence analysis of the reduced, carboxamidomethylated
protein mixture through 40 Edman cycles without any indi-
cation of microheterogeneity in the sequences obtained (11).
Indeed, no evidence of microheterogeneity in any of the
peptides analyzed could be found. It should also be pointed
out that there were no obvious differences in protein struc-
ture between elastases isolated from normal or myeloid
leukemia cells.

Methods. The primary structure of human neutrophil
elastase was determined by using the reduced, carboxamido-
methylated protein as starting material (12). The derivatized
protein (generally 1.0 ,umol) was subjected to separate
digestions with (0) cyanogen bromide (in 70% formic acid at
room temperature in the absence of light for 18 hr), (ii) 70%
formic acid at 370C for 72 hr, or (iii) 4.0M iodosobenzoic acid
in guanidine-hydrochloride/80% acetic acid at room temper-
ature in the absence of light for 18 hr (13) to obtain fragments
of reasonable size for either direct sequencing or for further
degradation with either L-1-tosylamido-2-phenylethyl chlo-
romethyl ketone-treated porcine trypsin or L-1-tosylamido-
2-lysyl chloromethyl ketone-treated bovine a-chymotrypsin
(1:50 enzyme/substrate molar ratio at pH 8.0 and 37°C for 5
hr). Reduced, aminoethylated protein (14) was treated with
endoproteinase Lys-C (Boehringer-Mannheim) (15) to obtain
peptides derived by cleavage at sites after the modified
cysteine residues. Digests were separated by gel filtration on
Sephadex G-50 and/or reversed-phase HPLC with a trifluo-
roacetic acid/water/acetonitrile gradient, with the large frag-
ments being analyzed for purity by NaDodSO4/polyacryl-
amide gel electrophoresis (16). All peptides were analyzed
with a Beckman model 119CL amino acid analyzer, and their
sequences were determined either partially or totally by
automatic Edman degradation using either the Beckman
model 890C sequencer or the Applied Biosystems model 470
gas-phase sequencer, both with programs supplied by the
manufacturers. Phenylthiohydantoin derivatives of amino
acids were identified either by on-line analysis with the 120A
phenylthiohydantoin analyzer (Applied Biosystems, Foster
City, CA) or by manual conversion and identification on a
Waters HPLC system (17). Glycopeptides were detected by
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analysis of individual fragments for neutral sugar (18),
hexosamine (19), or sialic acid content (20).

RESULTS
The initial strategy planned for the determination of the
primary amino acid structure of neutrophil elastase involved
cleavage with cyanogen bromide after the three methionine
residues, followed by sequencing ofthe individual fragments.
Unfortunately, two of the three methionine residues were
found to be present at the beginning of the protein (residues
15 and 37, peptides C-1 and C-2), while cleavage after the
third methionine (residue 125) gave only low yields (peptide
C-4) and anomalous cleavage after Trp-127 (peptide C-4').
Nevertheless, we were able to sequence a large cyanogen
bromide fragment (C-3) through an Asp-Pro sequence at

positions 81 and 82 that suggested the design of specific
experiments to cleave the reduced carboxamidomethylated
protein at this position. Such a digestion yielded two frag-
ments in high yield (70% recovery), and we were able to use
these fragments (A-1 and A-2) as well as the cyanogen
bromide-derived peptides for determination of nearly all of
the primary structure of elastase. Several tryptic, chymo-
tryptic, and endoproteinase Lys-C-derived peptides were
analyzed as well as fragments obtained from iodosobenzoic
acid digestion. However, for clarity, only those fragments
obtained that yielded substantial information as to the pri-
mary structure of neutrophil elastase (Fig. 1) or those which
gave overlapping peptide sequences are discussed.

Residues 1-50. Amino-terminal sequence of the reduced
carboxamidomethylated protein and that of peptides C-1,
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FIG. 1. Amino acid sequence analysis of human neutrophil elastase. Peptide fragments used for structural analysis are shown by bars and
letters, designated by the cleavage method used as follows: A, cleavage by formic acid; C, cleavage by cyanogen bromide; IB, cleavage by
iodosobenzoic acid; C, chymotrypsin; T, trypsin; and AE, endoproteinase Lys C digestion of reduced, aminoethylated protein. Sequences
established by automated Edman degradation of peptides are shown with filled bars. GlcN, positions of glycosylation. The COOH-terminal
sequence Iln-Gln was confirmed by the order of release of glutamine and isoleucine by carboxypeptidase A. The recommended one-letter
notation for amino acids (21) is used.
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C-2, and C-3 gave data that unambiguously positioned these
residues. Previously, we had identified (11) a glycine residue
at position 38, and this was reexamined and found to be serine
as reported by others (22).

Residues 5146. Cleavage of peptide A-1 with cyanogen
bromide gave three fragments as expected. One of these,
A-1/C-1, was sequenced to completion through 44 cycles
with ready identification of Asp-18 in the last cycle. Analysis
of peptide C-3 through 49 Edman cycles yielded data that
confirmed the structure of peptide A-1/C-1 and also over-
lapped the Asp-Pro sequence at positions 81 and 82 for an
additional five residues to Leu-86.

Residues 87-130. Sequence analysis of peptide A-2 through
49 residues were readily obtained, and the position of this
peptide in the protein was confirmed by its identity with the
last five residues that we were able to identify during the
sequencing of peptide C-3. The data obtained was unambig-
uous, with the exception of residue 95, where no major
residue could be identified by HPLC. Analysis of both
peptides C-3 and A-2 had indicated that these were glyco-
peptides, suggesting that a carbohydrate-linked asparagine
residue was in this position. This was established in a more
conclusive manner by x-ray crystallographic analysis (23).
The last few residues that we were able to establish for the

partial structure of peptide A-2 overlapped with both peptide
T-12, which was completely sequenced, and the amino-
terminal sequences of peptides C-4 and AE-4, the latter being
obtained from an endoproteinase Lys C digest ofthe reduced,
aminoethylated protein. It should be pointed out that endo-
proteinase Lys C digestion of reduced, carboxamidomethyl-
ated elastase was negative, suggesting the absence of lysine
residues from the native protein, a fact that was confirmed
during total sequence analysis.

Residues 131-181. The position of peptide C-4 was readily
established by its overlap with the sequence obtained for
peptide A-2. C-4 was sequenced through 51 residues; with the
exception of the first 2 residues, the sequence of CA was
identical with that of peptide C-4', which was found in large
quantities in cyanogen bromide digests. Both peptides gave
structural data past the putative reactive serine residue to
leucine-177, with the exception of a blank residue at position
144. X-ray crystallographic data was again used to establish
that an asparagine residue linked to a carbohydrate side chain
was present in this position (23). Confirmation of the data
obtained in this long sequence run was obtained by determi-
nation of the complete structures of the endoproteinase Lys
C-derived peptide AE-4 and the tryptic peptides T-12, T-5,
T-2, and T-6.

Residues 182-192. The structure of peptide T-6 gave the
sequence from residue 165 to residue 191 and overlapped
with that of the last 13 residues that we were able to obtain
for peptide C-4. A chymotryptic digest of peptide C-4'
provided fragments Ch-5 and Ch-6, while a tryptic digest
yielded peptide T-11. Fragment Ch-5 overlapped with the last
two residues of T-6 and, while this is not rigorous proof, its
position can be established by two facts. First, we used a
chymotryptic digest, and the position at which we suggest
cleavage had occurred would be after Phe-189. Second, x-ray
crystal structure analysis indicates that no other amino acids
can be inserted into this position to explain the possible
presence of other residues (23). Therefore, the position of
peptide Ch-5 would appear to be correct.

Residues 193-218. The structure of peptide Ch-5 was
determined completely and represented residues 193-203. It
overlapped with the structure ofpeptide T-11, which also was
sequenced in its entirety and represented the carboxyl-
terminal sequence of the protein. This was confirmed by
sequence analysis of both peptides Ch-6 and IB-2, each of
which contained not only part of the sequence ofT-ii but also
ended in a glutamine residue. The presence of glutamine and

traces of isoleucine at the carboxyl terminus of neutrophil
elastase was also noted after extensive treatment of the
reduced, carboxymethylated protein with carboxypeptidase
A (data not shown).

DISCUSSION
To date, the term "elastase" has been reserved for those
enzymes that are capable of solubilizing peptide fragments
from the insoluble, highly cross-linked protein referred to as
elastin. In fact, virtually all of the studies reported on this
class of serine proteinase have involved an examination of
the porcine enzyme (24), with only limited studies on other
elastolytic proteinases having been made. Thus, it is highly
intriguing to make a comparison of such a well-studied
enzyme with that from human neutrophils. In actuality, both
are very different types of enzymes, with the porcine enzyme
(i) being extracellularly secreted as a zymogen, (it) having a
specificity primarily toward proteolysis after alanine resi-
dues, (iii) being sensitive to increased ionic strength, and (iv)
being synthesized as a single nonglycosylated entity (24). In
contrast, human neutrophil elastase is primarily a lysosomal
enzyme, being electrostatically bound (presumably through
its large number of arginine residues) to an insoluble sulfated
polysaccharide matrix. It prefers bulkier side chains in the P1
position, such as valine residues (25), and this is probably the
major reason it degrades elastin at a much slower rate than
does the porcine enzyme (26), the substrate having a much
larger number of alanine vs. valine residues in its amino acid
composition (27). Neutrophil elastase also differs from its
pancreatic counterpart in that (i) it shows increased activity
at higher ionic strength (28); (it) it is synthesized as a series
of isoenzymes, each containing different amounts of carbo-
hydrate (10); and (iii) it is affected by the presence of
hydrophobic groups, being inactivated by fatty acids and
activated by fatty alcohols (29). Finally, it is intriguing that
the esterolytic activity of neutrophil elastase is significantly
enhanced when it is bound to the natural proteinase inhibitor
a2-macroglobulin (30), whereas the pancreatic enzyme is
unaffected. This suggests that the neutrophil enzyme is able
to undergo major conformational changes to more easily
accommodate low molecular weight substrates.
The sequence analysis of human leukocyte elastase shows

that it is a single-chain polypeptide of 218 amino acids with
four intramolecular disulfide bonds linking eight half-cystine
residues; these residues have been established by x-ray
crystallography (23) to be linked as follows: Cys-26 to Cys-42,
Cys-122 to Cys-179, Cys-132 to Cys-158, Cys-169 to Cys-194.
There are two positions at which the protein is N-

glycosylated (Asn-95 and Asn-144), both being indirectly
deduced from the lack of an unidentifiable phenylthiohydan-
toin-conjugated amino acid at these positions during sequenc-
ing of appropriate peptides and independently confirmed
from crystallographic data (23). Since we could find no
evidence for any microheterogeneity during protein sequence
analysis, we conclude that the isoenzyme character of
neutrophil elastase preparations detected by acid gel elec-
trophoresis is due to minor differences in carbohydrate
content, as originally suggested earlier in this group (10).

In Fig. 2 a comparison is made of the sequence of human
neutrophil elastase with porcine pancreatic elastase (31),
optimized for maximum homology. In general, the sequence
of the leukocyte enzyme parallels that of the porcine enzyme
with -43% identical residues being noted. However, some
important deviations that clearly would reflect major differ-
ences in the shapes of the two proteins can readily be noted,
including a major 10-amino acid deletion in the "methionine
loop" (32) between residues Cys-158 and Lys-169 of the
porcine enzyme. Several small deletions relative to pancre-
atic elastase-between Gly-23 and His-28, Tyr-82 and Asp-
86, Gly-176 and Val-180, Cys-194 and Asn-197, and Gly-198
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FIG. 2. Comparative amino acid sequence of porcine pancreatic and human neutrophil elastase. Identical residues are capitalized and gaps

positioned to give the most realistic homology.

and Ala-201-and two point deletions at the positions of
Pro-151 and Ser-210 are also necessary to obtain maximum
homology. There are also two insertion positions-a 2-amino
acid insertion between Asp-48 and Arg-49 of the porcine
enzyme and a 4-amino acid insertion between Arg-181 and
Ser-182.
Changes in several important residues in addition to those

introduced by the deletions and insertions detailed above
would appear to explain some of the differences in the
properties of the two enzymes, especially with regard to
substrate specificity. For instance, although the key residues
believed to be involved in peptide bond hydrolysis (His-41,
Asp-88, and Ser-173; His-57, Asp-102, and Ser-195 in bovine
chymotrypsinogen) are strictly conserved (33), some of the
residues defining the specificity site are changed. As shown
in Fig. 2, Ser-182 and Thr-221 of the porcine enzyme

(residues 189 and 226 in chymotrypsinogen), which are near
the bottom of the pocket (34), are replaced by Gly-163 and
Asp-201, respectively. This latter replacement seems very

unusual in that it positions an acidic residue in a primary
position during substrate binding. In addition, Thr-29 (resi-
due 41 in chymotrypsinogen), which has been suggested to be
part of the S3 and S4 binding sites for this enzyme (34), is
replaced by Phe-25 in the human enzyme, in agreement with
the normally conserved residue in most senne proteases.
However, Val-209 (residue 216 in chymotrypsinogen), which
is near the top of the pocket in pancreatic elastase, remains
unchanged as Val-190 in the neutrophil enzyme. Significant-
ly, Gln-185 (residue 192 in chymotrypsinogen), which is also
believed to be part of the S, and S3 binding sites in pancreatic
elastase, is replaced by the much bulkier and hydrophobic
Phe-170 in the neutrophil enzyme.
Of some interest is the fact that human neutrophil elastase

has two sites to which carbohydrate is bound. Preliminary
data from a detailed analysis of both the type and structure
of such side chains indicates that the composition reflects that
of a complex carbohydrate, with the individual isoenzymes
having differing compositions. It is also possible, however,
that the two chains are different, one representing a termi-

nally phosphorylated high-mannose type in order to mark the
enzyme for insertion into the lysosomal-like granule matrix of
the neutrophil (35), and the other being involved in receptor
recognition either for the native enzyme or for enzyme-
inhibitor complexes (36).
A comparison of the amino acid sequence of human

neutrophil elastase with other mammalian serine proteinases
using the FASTP protein database search (37) reveals some
interesting homologies (Table 1). Of particular interest is the
fact that there are several proteinases with identity close to
that of pancreatic elastase, including porcine pancreatic
kallikrein and cathepsin G (9). Clearly, it would be of
significant interest to compare the crystal structures of these
proteinases, when they become available, with both neutro-
phil and pancreatic elastase to further establish the mecha-
nisms by which the latter pair act as efficient elastolytic
enzymes.

In all of our studies, we could find no evidence for zymogen
forms of neutrophil elastase, although the nucleotide se-
quence for a cDNA clone coding for cathepsin G (9), a
protease found in the same granules as elastase, would
strongly suggest that these enzymes are synthesized as

Table 1. Comparative sequence homology of human neutrophil
elastase with other proteinases*

Enzyme Source % identity

Pancreatic elastase Porcine 43.0
Pancreatic kallikrein Porcine 39.2
Cathepsin G Human 37.2
Collagenolytic

protease Fiddler Crab 35.4
Preproelastase II Rat 34.9
Trypsinogen Dogfish 34.8
Plasminogen Human 34.0
Factor D Human 32.9
Chymotrypsinogen A Bovine 31.6
Chymotrypsinogen B Bovine 31.2

*Comparative sequence analysis utilized the FASTP program (37).
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inactive zymogens that are then processed to the active
enzyme prior to neutrophil maturity. The isolation and
sequencing of similar clones for neutrophil elastase could
conceivably identify such putative precursors.
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