data. Another method much in vogue then
was the use of the analytical ultracentrifuge,
by which, on the same time photograms
used for measuring the sedimentation coef-
ficient (by monitoring the movement of a
boundary through Schlieren optics), one
could also assess the diffusion coefficient
(18).

More recent methods for measuring dif-
fusion coefficients of macromolecules are
based on dynamic laser light scattering
(19). Clearly, all these methods require
dedicated equipment and are not easily
available to scientists in nonspecialized
laboratories. The present method is based
on commonly available equipment (an in-
strument for capillary zone electrophoresis
or just a capillary, pump, and UV detec-

tor), now standard in most biochemical

laboratories, and allows an easy and repro-
ducible determination of D values for both
small analytes and macromolecules. How-
ever, a relatively large difference between
D.,, and D, for macromolecules indi-
cates that slower flows should be used in
such cases.

The present method allows for a quick
and precise estimation of the molecular
diffusion coefficient and, thus, of the ra-
dius of a molecule in a wide range of
molecular mass values and might be useful
in a larger number of chemical and bio-
chemical laboratories than in the past. An
additional advantage of this application of
Taylor’s approach is that only small vol-
umes of solution (fractions of nanoliters)
are required.
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Synthesis of Proteins by Native
Chemical Ligation

Philip E. Dawson, Tom W. Muir, lan Clark-Lewis,
Stephen B. H. Kent*

A simple technique has been devised that allows the direct synthesis of native backbone
proteins of moderate size. Chemoselective reaction of two unprotected peptide segments
gives an initial thioester-linked species. Spontaneous rearrangement of this transient
intermediate yields a full-length product with a native peptide bond at the ligation site. The
utility of native chemical ligation was demonstrated by the one-step preparation of a
cytokine containing multiple disulfides. The polypeptide ligation product was folded and
oxidized to form the native disulfide-containing protein molecule. Native chemical ligation
is an important step toward the general application of chemistry to proteins.

Proteins owe their diverse properties to the
precisely folded three-dimensional struc-
tures of their polypeptide chains. This is the
defining feature of a protein, rather than
size or molecular mass per se. Merely de-
scribing the three-dimensional structure of
a protein is insufficient to fully explain its
biological properties. A better understand-
ing of how structure dictates the biological
properties of a protein would be achieved by
systematically varying the covalent struc-
ture of the molecule and correlating the
effects with the folded structure and biolog-
ical function.

In this report, we describe an important
extension of the chemical ligation method
(1) to allow the preparation of proteins
with native backbone structures. The prin-
ciple of “native chemical ligation” is shown
in Fig. 1. The first step is the chemoselec-
tive reaction of an unprotected synthetic
peptide-a-thioester (2, 3) with another un-
protected peptide segment containing an
amino-terminal Cys residue to give a thio-
ester-linked intermediate as the initial co-
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valent product. Without change in the re-
action conditions, this intermediate under-
goes spontaneous, rapid intramolecular re-
action to form a native peptide bond at the
ligation site. The target full-length polypep-
tide product is obtained in the desired final
form without further manipulation. We be-
lieve that general synthetic access of this
type will allow almost unlimited variation
of the covalent structure of the protein
molecule.

Model studies were undertaken with
small peptides to investigate the native
chemical ligation approach (4). These stud-
ies were consistent with the mechanism
shown in Fig. 1, in which the initial thio-
ester ligation product was not observed as a
discrete intermediate because of the rapid
rearrangement to form a stable peptide
bond. Facile intramolecular reaction results
from the favorable geometric arrangement
of the o-NH, moiety with respect to the
thioester formed in the initial chemoselec-
tive ligation reaction. The use of such “en-
tropy activation” for peptide bond forma-
tion is based on principles enunciated by
Brenner (5) and more recently adopted by
others (6).

Study of a variety of model peptides
established that native chemical ligation
was generally applicable to peptides con-
taining the full range of functional groups



normally found in proteins (7). As de-
scribed in this report, native chemical liga-
tion is limited to reaction at an amino-
terminal Cys residue. It was important to
prevent the side chain thiol of this Cys from
oxidizing to form a disulfide-linked dimer,
because this was unreactive in the ligation.
An excess of thiol corresponding to the
thioester leaving group was used to keep the
Cys residues in reduced form without inter-

Fig. 1. The principle of native chem-
ical ligation. The synthetic segment,
peptide 1, which contains a thioester
at the a-carboxyl group, undergoes
nucleophilic attack by the side chain
of the Cys residue at the amino termi-
nal of peptide 2 (R is an alkyl group).
The initial thioester ligation product
undergoes rapid intramolecular reac-
tion because of the favorable geo-
metric arrangement [involving a five-
membered ring] of the a-amino
group of peptide 2, to yield a prod-
uct with a native peptide bond at
the ligation site. Both reacting pep-
tide segments are in completely un-
protected form, and the target pep-
tide is obtained in final form without
further manipulation.

Fig. 2. Rapid native chemical ligation reaction,
illustrated by the synthesis of a peptide segment
corresponding to residues 46 to 95 from the ex-
ternal domain of the human IL-3 receptor B-sub-
unit (8). (A) Monitoring by ultraviolet (UV) absor-
bance. Ligation was initiated by adding
[Cys™|(77-95) to purified Msc(46-76)aCOSNB
(27) at the stated pH and the reaction was moni-
tored by UV [the substituted aryl thiolate leaving
group has a characteristic UV absorbtion at 412
M (e1ng, 412 nm = 13,700 dm3 mol~" cm~")]. At
pH 7.0, the reaction was essentially complete
within 5 min. No reaction was observed when
Msc(46-76)aCOSNB was exposed to a 10-fold
molar excess of Leu-enkephalin (amino-terminal
residue, Tyr) at pH 5.0. This control experiment
confirms the absolute requirement for an amino-
terminal Cys residue at the site of ligation. (B)
Monitoring by HPLC. Purified [Cys”|(77-95)
(0.98 mM) and (45-76)caCOSNB (0.9 mM) were
reacted in 8 M urea, pH 5.0, 50 mM ammonium
acetate buffer at 23°C. Analytical HPLC (C,4 re-
versed phase; 22.5 to 45% acetonitrile at 0.7%
per minute; monitored at 214 nm) of the individ-
ual components is shown (upper trace). After 1
hour, the ligation solution was exposed to the
reducing agent tris(2-carboxyethyl)phosphine at
pH 9.0 and subsequently raised to pH 13 to
remove the Na-Msc moiety. Analytical HPLC,
under the same conditions, of the crude product
is shown (lower trace). The 50-residue product
had the expected molecular mass by electrospray
mass spectrometry [observed, 5747.0 daltons;
calculated (average isotope composition), 5747.4

Peptide-1

fering with the ligation reaction. The ami-
no-terminal peptide segment must be pre-
pared by chemical synthesis to equip it with
the necessary «-COSR functionality
(where R is an alkyl group) (2). Further-
more, for optimal ligation, this component
should have an unhindered (that is, non
B-branched) carboxyl-terminal amino acid.
Solubilizing agents such as urea or guani-
dine hydrochloride did not interfere with
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daltons]. The ligation product was shown to be stable at high pH and to reducing conditions, and formed
an intramolecular disulfide. These observations are consistent with the presence of a native peptide bond

at the site of ligation.
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the ligation and could be used to enhance
the concentration of peptide segments, and
thus increase the reaction rate.

Further model reactions showed that
the use of better thioester leaving groups
resulted in faster ligation reactions. We
applied this observation to the native
chemical ligation of peptides from the ex-
tracellular domain of a human cytokine
receptor (8) (Fig. 2). Use of the 5-thio-2-
nitrobenzoic acid (-SNB) leaving group,
corresponding to the reduced form of El-
man’s reagent, gave rapid reaction in high
yield. As described in the legend to Fig. 2,
the reaction between the peptide segments
was observed to have gone essentially to
completion in less than 5 min, giving the
50-residue product with a native peptide
bond at the site of ligation. Thus, rapid
native chemical ligation can be achieved
by use of a thioester leaving group with
suitably tuned properties.

Application of the native chemical liga-
tion method to the total synthesis of a
protein molecule was illustrated by the
preparation of human interleukin 8 (IL-8)
(9). The 72—amino acid polypeptide chain
contains four Cys residues, which form two
functionally critical disulfide bridges in the
native protein molecule (9). The total syn-
thesis of IL-8 is shown in Fig. 3. The two
unprotected synthetic peptide segments re-
acted cleanly to give the full-length
polypeptide chain in reduced form without
further chemical manipulation (10). This
successful ligation was particularly signifi-
cant because the 33- and 39-residue IL-8
segments each contained two Cys residues
and together encompassed 18 of the 20
genetically encoded amino acids found in
proteins. The purified product was folded
and oxidized as previously described (9) to
give IL-8 with a mass precisely 4 daltons less
than that of the original ligation product,
indicating the formation of two disulfide
bonds. The properties of this folded product
were identical to those of authentic IL-8
samples (11). This result unambiguously
confirmed the formation of a peptide bond
at the ligation site, because the thioester-
to-amide rearrangement must have taken
place to give the free Cys®* side chain that
formed the native disulfide bond (see Fig.
3A).

What is likely to be the impact of native
chemical ligation on the study of proteins?
Proteins are usually studied by expression in
genetically engineered microorganisms with
the methods of recombinant DNA-based
molecular biology. Methods such as site-
directed mutagenesis (12) have had a rev-
olutionary impact on the ability to prepare
large numbers of modified proteins in useful
amounts for systematic study (13). Innova-
tive approaches have increased the range of
amino acids that can be incorporated in
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expression systems (14) and promise to sig-
nificantly extend the utility of biosynthetic
modification of the covalent structure of
proteins. However, there appear to be lim-
itations inherent to the nature of ribosomal
protein synthesis (14).

In favorable cases, chemical synthesis has
already made important contributions to the
exploration of the relationship of protein
structure to function. Stepwise solid phase
synthesis has permitted the de novo prepa-
ration of small proteins (15), and there have
been several notable examples of the use of
this method of total protein synthesis to
explore the molecular basis of biological
function (16). Another method that has in
special instances allowed chemistry to be
applied to the study of proteins is semisyn-
thesis through the conformationally assisted

religation of peptide fragments (17). An im- -

portant extension of the semisynthesis ap-
proach is the use of enzymatic ligation of
cloned or synthetic peptide segments (18).
Although these methods currently have se-
vere limitations, there continues to be seri-
ous interest in the wider application of the
tools of organic chemistry to the study of
proteins (15).

Recently, we introduced the chemical li-
gation of unprotected peptide segments as an
improved route to the total synthesis of pro-
teins (1). The key aspect of this approach

A

was the use of chemoselective reaction to
specifically and unambiguously join peptides
by formation of an unnatural (that is, non-
peptide) backbone structure at the ligation
site. It has permitted the facile preparation of
a wide range of backbone-modified proteins,
including analogs of protein domains (19)
and of the human immunodeficiency virus-1
(HIV-1) proteolytic enzyme (1, 20). Chem-
ical ligation has also proven to be useful for
the routine, reproducible synthesis of large
amounts of proteins in high purity with full
biological activity (21), as well as for the
straightforward production of protein-like
molecules of unusual topology (22). Howev-
er, the range of proteins accessible by this
technique is limited by the size of the syn-
thetic peptide segments (23). A useful ex-
tension would occur if we had direct synthet-
ic access to native backbone polypeptide
chains up to the size of typical protein do-
mains (24). Chemical ligation would then
allow us to string these domains together to
explore the world of proteins in a general
fashion.

Native chemical ligation provides pre-
cisely that capability. It combines the forma-
tion of a native peptide bond at the ligation
site with the advantages of chemoselective
reaction of unprotected peptides (1). This
second-generation ligation chemistry dra-
matically increases the size of native back-

B 1L.-8(1-33)cO-SBenzyl

Fig. 3. Synthesis of IL-8 by native chemical ligation.
(A) Synthetic scheme leading to folded [Ala33]IL-8
(28). (B) Analyfical HPLC (C, reversed phase; 25 to
45% acetonitrile at 1% per minute; monitored at 214
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et ol
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nm) of the synthetic peptide segments (29), IL-8(1-33)aCOSBzl and IL-8(34-72), each shown before
reaction was initiated (30). (C) Analytical HPLC under the same conditions of the purified ligation product,
IL-8(1-72)(SH),, in fully reduced form. (Inset) Electrospray mass spectrum (raw data displayed as a single
charge state): observed molecular mass 8319.8 daltons; calculated molecular mass (average isotope
composition), 8319.8 daltons. (D) Air oxidation of the purified 1-72 ligation product to form the folded
[Ala®3]IL-8 molecule, shown after HPLC purification. The earlier elution of the folded, disulfide cross-linked
native protein compared with the reduced polypeptide is typical (9). Folding and oxidation conditions:
polypeptide at 0.2 mg/ml, 1 M guanidine‘HCI, pH 8.5 tris buffer, and vigorous stirring in air at ambient
temperature. (Inset) Electrospray mass spectrometry of the oxidized and folded synthetic IL-8 (raw data
displayed as a single charge state). Observed molecular mass, 8315.6 daltons; calculated molecular

mass (average isotope composition), 8315.8 daltons.
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bone polypeptides directly accessible by total
chemical synthesis (25). It can be usefully
applied to a wide range of synthetic targets,
including proteins of moderate size, and it
allows - direct access to protein functional
domains (24). Native chemical ligation is a
foundation stone of a general modular ap-
proach to the total chemical synthesis of
proteins (26).
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After suitable reaction time (48 to 72 hours), a ligation
yield of ~60% was obtained. The product was puri-
fied by reversed-phase HPLC and characterized by
electrospray mass spectrometry.
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A Theropod Dinosaur Embryo and the Affinities
of the Flaming Cliffs Dinosaur Eggs
Mark A. Norell,* James M. Clark,t Dashzeveg Demberelyin,

Barsbold Rhinchen, Luis M. Chiappe, Amy R. Davidson,
Malcolm C. McKenna, Perle Altangerel, Michael J. Novacek

An embryonic skeleton of a nonavian theropod dinosaur was found preserved in an egg
from Upper Cretaceous rocks in the Gobi Desert of Mongolia. Cranial features identify the
embryo as a member of Oviraptoridae. Two embryo-sized skulls of dromaeosaurids,
similar to that of Velociraptor, were also recovered in the nest. The eggshell microstructure
is similar to that of ratite birds and is of a type common in the Djadokhta Formation at the
Flaming Cliffs (Bayn Dzak). Discovery of a nest of such eggs at the Flaming Cliffs in 1923,
beneath the Oviraptor philoceratops holotype, suggests that this dinosaur may have been

a brooding adult.

Dinosaur eggs are abundant in Upper Cre-
taceous rocks of the Gobi Desert (1, 2), but
embryonic skeletons from these deposits are
scarce. Definitive remains include numerous
bird embryos (3) and a single fragmentary
specimen of an ornithischian hind limb (4).
Because the definitive taxonomic identity of
eggs requires the presence of identifiable em-
bryonic remains within them, the identity of
most egg types present in Upper Cretaceous
beds in Mongolia has been unclear (1, 2).
In 1993, a rich Upper Cretaceous fossil
locality in the Gobi Desert was discovered
(5). The site, Ukhaa Tolgod, is in the north-
eastern Nemegt Basin, Omnogov Aimak,
near the salt extraction settlement of Daus.
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In addition to over 300 mammal and lizard
skulls, 20 theropod skeletons (including sev-
eral adult and juvenile oviraptorids), and
many protoceratopsian and ankylosaurid di-
nosaurs discovered at this locality, at least
five types of eggs were found. Many of these
were arranged in nests. One egg, from a
heavily weathered nest, contains the nearly
complete skeleton of an embryonic ovirap-
torid dinosaur (Fig. 1). Also among the bro-
ken eggshell fragments in this nest were two
tiny skulls (~5 cm long) of a dromaeosaurid
theropod, one preserved with eggshell adher-
ing to it (Fig. 2).

The red sandstones of Ukhaa Tolgod
probably belong to either the Djadokhta For-
mation or the Barun Goyot Formation and
lie 35 km east of the Barun Goyot type
section (6). Limited studies indicate the
presence of taxa typical of either or both the
Barun Goyot and the Djadokhta formations
(that is, Velociraptor, Mononykus, and the
mammals  Zalambdalestes,  Bulgaanbaatar,
Nemegtbaatar, and Catopsalis). These faunas
are considered correlative with the Judith-
ian North American land mammal age and
the Campanian marine stage (7), although
this correlation is poorly constrained (8).
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