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ABSTRACT: Endostatin is an endogenous angiogenesis inhibitor, and amino acid residues H1, H3, H11, and
D76 at its N-terminus coordinate with one zinc ion. Recombinant endostatin suffering from N-terminal
truncations during Pichia pastoris expression was widely used in previous studies and generated inconsistent
antitumor results. However, little attention was paid to the possible alteration on the stability and activity of
endostatin caused by N-terminal truncations. In this study, N-terminally truncated forms of endostatin
expressed by P. pastoris are identified as N-1, N-3, and N-4, in which one or two of the four zinc-binding
residues are lost. The N-terminal truncation of the first amino acid residue (H) does not result in a significant
change in the conformation, zinc-binding capacity, thermodynamic stability, or biological activity, while
truncations of the first three amino acid residues (HSH) or the first four amino acid residues (HSHR)
dramatically decrease the thermodynamic stability measured by urea-induced unfolding and biological
activities of endostatin both in vitro and in vivo. Intriguingly, ZBP-endostatin with a short extra zinc-binding
peptide (ZBP) engineered at the N-terminus exhibits a more tightly packed tertiary structure and increased
thermodynamic stability and cooperativity against urea, with more potent antiendothelial and antitumor
activities than the wild-type endostatin. These findings demonstrate that the N-terminal integrity is essential
for the stability and biological functions of endostatin, which provides fundamental explanations for the
inconsistent antitumor activities of endostatin in a variety of studies, including the different therapeutic
efficacies of endostatin and ZBP-endostatin in clinical trials.

Endostatin, a 20 kDa carboxyl-terminal fragment of collagen
XVIII, is an endogenous angiogenesis inhibitor (1), and its
antitumor activity in animal models was first observed with its
inclusion body form expressed by Escherichia coli (1). To avoid
the refolding problem, Pichia pastoris had to be widely employed
for soluble recombinant endostatin expression in many previous
studies, including the clinical trials performed in the United
States (2-5). Since N-terminal truncation is a common phenom-
enon in proteins expressed by P. pastoris, the N-terminally
truncated endostatin expressed by yeast has been observed and
well accepted so far (2, 3). Although discrepant observations
about the antitumor efficacies of endostatin have been reported
bydifferent groups in the past 13 years (1, 6-10), no attention has
been paid to the possible alteration of the stability and biological
functions of this protein caused by the N-terminal truncation
during P. pastoris expression.

Crystal structure analysis has revealed that endostatin has a
globular structure with a zinc-binding site at its N-terminus
(11-13). Moreover, critical amino acid residues involved in zinc-
binding were identified as H1, H3, H11, and D76, and their
contributions to zinc-binding were also characterized (12, 13). It
was further demonstrated that zinc-binding increases the thermal
and thermodynamic stabilities of endostatin (14), while reports

on the contributions of zinc-binding to the biological functions of
endostatin have remained controversial (2, 3). In addition, a
synthetic peptide with 27 amino acid residues corresponding to
the N-terminal zinc-binding domain of endostatin was reported
to be responsible for the antiangiogenic activity of endosta-
tin (15). All these studies imply that the N-terminal fragment is
very important for the stability and activity of endostatin.
Although the zinc-binding capacity can partially explain the
contributions of the N-terminal fragment of endostatin, there is
no direct evidence to evaluate whether the N-terminally trun-
cated forms of endostatin expressed by yeast maintains the
stability and biological functions of the wild-type endostatin.

Two versions of endostatin have been tested in clinical trials so
far but showed discrepant results (4, 10, 16-20). They are the
recombinant wild-type human endostatin expressed by P. pas-
toris (pES)1 and the N-terminally modified recombinant human
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endostatin expressed by E. coli. This endostatin derivative was
engineered via addition of an extra zinc-binding peptide (ZBP) to
the N-terminus of the wild-type endostatin (ZBP-ES for short).
Because pES and ZBP-ES have different N-terminal sequences
and were expressed by different expression systems, the exact
reason for their different clinical efficacies remains largely un-
known.

In this study, each individual variant with different N-terminal
truncations in pES was identified and then expressed in E. coli,
followed by being correctly refolded to their native structures.
Parallel comparisons of the wild-type endostatin (ES) and its
variants as well as ZBP-ES all the way from in vitro biochemical
properties to in vivo antitumor efficacies were conducted. In this
work, ES specifically refers to the wild-type human endostatin
expressed by E. coli with an intact N-terminus, pES refers to the
heterogeneous products of recombinant human endostatin ex-
pressed by P. pastoris, and ZBP-ES refers to the recombinant
human endostatin with an extra zinc-binding peptide (MGGS-
HHHHH) attached to its N-terminus and expressed by E. coli.

We report here that three forms of N-terminal truncations,
including N-1, N-3, and N-4, were identified with endostatin
expressed by P. pastoris, which show impaired zinc-binding
capacity, reduced thermodynamic stability measured by urea-
induced unfolding, and decreased biological activities when
compared with those of ES. Moreover, ZBP-ES shows increased
thermodynamic stability in urea-induced unfolding, and more
potent antiendothelial and antitumor activities than ES. In
addition, the antiangiogenic and antitumor activities of ZBP-
ES are significantlymore potent than those of pES, which reflects
the overall contributions by intact endostatin and its N-termin-
ally truncated variants.

In brief, the N-terminal integrity and zinc-binding capacity are
very critical for the structure, stability, and biological functions
of endostatin. These results bring novel understanding to the
endostatin expressed in P. pastoris and provide fundamental
explanations for the inconsistent activities of endostatin, espe-
cially the different clinical performance of pES and ZBP-ES.

MATERIALS AND METHODS

Proteins, Antibodies, Chemicals, and Cell Lines. Recom-
binant pES was expressed in P. pastoris. Culture medium con-
taining soluble pES was dialyzed against 20 mM NaH2PO4 (pH
8.0) before beine run through the SP-Sepharose Fast Flow
column (GE Healthcare), which was followed by NaCl gradient
elution. Recombinant endostatin lacking the first N-terminal His
residue (N-1), lacking the first three amino acid residues (HSH)
from the N-terminus (N-3), and lacking the first four amino acid
residues (HSHR) from the N-terminus (N-4), wild-type endo-
statin (ES), and ZBP-ES [with nine extra amino acid residues
(MGGSHHHHH) attached to the N-terminus of the wild-type
endostatin] were all expressed in E. coli. ES and its variants (N-1,
N-3, N-4, and ZBP-ES) all formed inclusion bodies upon
expression in E. coli. These inclusion bodies were dissolved in
20 mMTris-HCl containing 8M urea and 10 mMDDT (pH 8.6)
and then subjected to a Q-Sepharose High Performance column
(GE Healthcare) for purification. Purified denatured and re-
duced ES proteins (>95% pure based on HPLC analysis) were
subjected to refolding by being slowly dialyzed against 10 mM
Tris-HCl (pH 8.0) at 25 �C overnight, and the nonrefolded
protein was precipitated by addition of 200 mM NaCl and
centrifuged at 12000 rpm and 4 �C. Then the SP-Sepharose Fast
Flow column (GE Healthcare) was used for the purification of

refolded proteins, and the elution buffer was 20 mM Tris-HCl
(pH 8.0) with a 100 to 300 mM NaCl gradient. All purifications
were conducted on AKTAprime plus (GE Healthcare), and all
protein samples were more than 95% pure.

Apo- and holoproteins were prepared according to the proce-
dure described by Han et al. (14) except that 0.9% NaCl was
added to 5 mM Tris-HCl to avoid nonspecific binding of zinc
ions, and a 20-fold molar excess of ZnCl2 was used for holopro-
tein preparation.

The mouse anti-ES monoclonal antibody was purchased from
Oncogene. Human microvascular endothelial cells (HMECs) are
from an HDMEC cell line (catalog no. 2000, Sciencell) trans-
fected with SV40 large T antigen, cultured with DMEM with
10% FBS according to previous reports (21-23). Lewis lung
carcinoma cells were obtained from ATCC.
Identification of Disulfide Bond Patterns. ES, N-1, N-3,

N-4, ZBP-ES, and pES were first digested by trypsin (Roche)
and chymotrypsin (Sigma). A fraction of digested fragments
were reduced by incubation for 1 h with 10 mM DTT at 56 �C,
which was followed by a further incubation with 25 mM
IAA (trans-3-indoleacrylic acid) for 1 h in the dark. The mole-
cular weights of the nonreduced and reduced digested frag-
ments were measured with an AB4700 MALDI TOF/TOF
instrument (AB).
Zinc Content Analysis.Holo-ES, holo-N-1, holo-N-3, holo-

N-4, and holo-ZBP-ES were prepared as described above. After
dialysis, the protein concentration of each samplewas determined
by the Edelhoch method (24). Zinc content was measured by
atomic absorption spectroscopy with an OPTIMA 3300RL
instrument.An average Zn(II):proteinmolar ratio was calculated
for each protein based on three parallel samples. The dialysis
buffer served as a control.
Circular Dichroism (CD) Spectroscopy. Far-UV and

near-UV circular dichroism (CD) measurements in the presence
of zinc ions were taken on a Jasco-715 spectropolarimeter
following the procedure described in our previous study (25)
with modifications. Briefly, stocks of ES or its variants were
diluted in 5 mM Tris-HCl containing 0.9% NaCl (pH 7.4) to a
final concentration of 10 μM. All measurements were performed
at 37 �C. A 10-fold molar excess of ZnCl2 was added to ensure
sufficient zinc-binding.
Tryptophan Emission Fluorescence. Trp emission fluores-

cence (FL) spectra of ES and ES variants were measured with a
Hitachi F-4500 spectrophotometer equipped with a temperature-
controlled liquid system as described by Fu et al. (26) in the
presence of zinc ions. The emission spectra were measured from
300 to 400 nm (excitation and emission slit widths of 10 and 5 nm,
respectively) at the excitation wavelength of 288 nm, and the
scanning speed was 240 nm/min. The concentrations of all
protein samples in 5 mM Tris-HCl containing 0.9% NaCl were
1 μM, and all measurements were taken at 37 �C and pH 7.4. A
10-foldmolar excess of ZnCl2 was added to ensure sufficient zinc-
binding.
Sedimentation Velocity Analysis. The sedimentation velo-

city analysis was conducted on a ProteomeLab XL-1 analytical
ultracentrifuge (Beckman Coulter) at 60000 rpm and 20 �C. The
concentrations of holoprotein samples were around 0.5 mg/mL,
and the OD280 values were around 0.8. The protein samples were
in 5 mM Tris-HCl containing 0.9% NaCl (pH 7.4), and a
reference blank containing all reagents except protein was
measured as a control. The f/f0 value of each sample was derived
with the software provided by the manufacturer.
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Urea-Induced Unfolding of Proteins. Urea-induced un-
folding was performed according to the procedures described by
Fu et al. (26) with modifications. Briefly, the concentrations of
holo-ES, holo-N-1, holo-N-3, holo-N-4, and holo-ZBP-ES were
1 μM, and the buffer was 5 mM Tris-HCl (pH 7.4) at 37 �C. A
10-foldmolar excess of zinc ions (10 μMZnCl2) was added to the
unfolding system to ensure sufficient zinc-binding of the protein
samples, and 0.9% NaCl was also included to mimic the physio-
logical condition and to prevent nonspecific zinc-binding (26).
Cynate free urea was used, and a reference blank at each
concentration of urea containing all reagents except protein
was measured for each sample at identical settings, of which
the fluorescence spectra were eliminated during data collection.
Equilibrations were reached after incubation of the protein
samples for 4 h at the indicated urea concentrations.

Urea-induced unfolding curves were fitted and normalized by
a two-state model described by the procedure of Santoro and
Bolen (27), which uses data both inside and outside the transition
zone to fix the baselines. The fluorescence data points between
0 and 1 M urea were omitted from the analysis if they show
fluorescence increasing with urea concentration (28). Superim-
posed curves were obtained with urea-induced unfolding of ES
species and refolding by diluting freshly prepared 10 M urea
stock solutions of ES species to the indicated concentrations of
urea. These results demonstrate that the urea-induced unfolding
transitions of ES species are reversible (data no shown), which is
consistent with our previous report (25).
Tumor Inhibition and Tumor Blood Vessel Density

Analysis. Animal studies followed the procedure described by
Shi et al. (21) with modifications. C57BL/6 mice bearing Lewis
lung carcinoma (LLC) were sacrificed at day 10 after nine daily
subcutaneous injections at the indicated doses.
Statistical Methods. Data are expressed as means ( the

standard deviation. Statistical significance was assessed by the
one-tailed Student’s t test.P values were obtained via comparison
with indicated groups. P values of <0.05 were considered statis-
tically significant.

RESULTS

Identification of the N-Terminal Truncations of Endo-
statin Expressed by P. pastoris. The heterogeneity of endo-
statin expressed in P. pastoris (pES) was measured by SDS-
PAGE, in which pES shows three bands on its reduced
SDS-PAGE gel and two bands on its nonreduced SDS-PAGE
gel (Figure 1A). To exclude contamination of pES as the cause of
its heterogeneity, all bands were verified to be target proteins by
Western blotting using an anti-endostatin monoclonal antibody
(data not shown). Moreover, the nonreduced form has a faster
mobility than the reduced form, which is due to the more
compact globular structure caused by the two pairs of nested
disulfide bonds (Figure 1A) (29-31). The heterogeneity of pES
was further verified by reverse phase HPLC analysis, in which
pES displays five peaks (Figure 1B). These results demonstrate
that pES is heterogeneous with different molecular weights and
varieties of conformations.

To identify individual variants of pES, each peak of pES was
collected and was subjected to N-terminal sequencing. The
relative amount of each peak determined by the HPLC profile
and the relative intensity of the N-terminal sequencing signals
were used to calculate the relative abundance of each individual
component. Table 1 shows that in addition to the full-length
endostatin, which occupies only 5%of the total pES protein, four

other components were also detected: Y-full-length endostatin
(Y is from expression vector pPIC9K of P. pastoris), endostatin
lacking the first His residue (N-1), endostatin lacking the first
three residues (HSH) (N-3), and endostatin lacking the first
four residues (HSHR) (N-4). They occupy 26, 10, 22, and 35%,
respectively, of the total pES protein. These four components all
resulted from different N-terminal truncations of endostatin
upon expression in P. pastoris. On the basis of the fact that there
is no glycosylation site on the endostatin molecule, homogeneous
recombinant protein samples of the wild-type endostatin (ES),
N-1, N-3, and N-4 used in the subsequent investigation were
constructed and expressed in E. coli to eliminate the difference in
expression and isolation from different organisms (Figure 1C).

To determine the disulfide bond patterns in recombinant pES,
ES, N-1, N-3, and N-4, MALDI TOF MS was employed. All
protein samples were subjected to double enzymatic digestions
with trypsin and chymotrypsin, and the molecular weights of the
nonreduced and reduced digested fragments weremeasured. Two
pairs of nested disulfide bonds (C33-C173 and C135-C165)
were detected with all species tested (Table 2), while little
mispairing patterns or free sulfhydryl groups were observed.
These studies demonstrate that the disulfide bond patterns of
endostatin and its variants from E. coli and P. pastoris not only
are identical but also are consistent with the nested pattern of the
two pairs of disulfide bonds in the native structure of endostatin
revealed by crystallography (Figure 1D) (11).
Contributions of the N-Terminal Integrity to the Zinc

Binding and Secondary Structure of Endostatin. Because
amino acid residues H1, H3, H11, and D76 of endostatin are
involved in binding with one zinc ion (12, 13), N-terminally trun-
cated endostatin lacking one or two of the four zinc-binding
residuesH1 andH3 are expected to lose zinc-binding capacity. In
fact, the molar ratios of zinc ion to ES, N-1, N-3, and N-4 were
measured to be 0.94:1, 0.92:1, 0.41:1, and 0.23:1, respectively
(Figure 2A). These results are consistent with previous reports
that endostatin lacking the first residue (H) and endostatin
lacking the first four residues (HSHR) give zinc ion:endostatin
molar ratios of 1:1 and 0.2:1, respectively (3, 13), and the zinc-
binding capacity of N-1 may be contributed by an alternative
zinc-binding site for H1 (13). The nonintegral numbers of zinc
ions bound for species N-3 and N-4 presumably reflect the
weaker zinc-binding affinity for these two variants. With regard
to zinc-binding, we introduce another endostatin derivative
called ZBP-ES, which has an extra zinc-binding peptide (ZBP)
engineered at the N-terminus of the wild-type endostatin. The
disulfide bondpattern of ZBP-ESwas verified to be identical with
that of ES and its variants (Table 2). The molar ratio of zinc ion
to ZBP-ES was measured to be 1.96:1 (Figure 2A).

Because zinc ion is one of the most abundant trace metals in
the blood circulation of normal individuals (32), we thus investi-
gated the conformations of ES and its variants in the presence of
zinc ions for the sake of physiological relevance. In the presence
of zinc ions, all species exhibit multiple secondary structures
mainly consisting of β-strands and loops, as evidenced by their
far-UV circular dichroism (CD) spectra between 190 and 250 nm
(Figure 2B). Although ES, N-1, N-3, and N-4 do not exhibit the
characteristic shape of an R-helix around 222 nm, their spectra
between 200 and 210nm suggest the existence of a certain amount
of helical structure (Figure 2B). When the spectra between 190
and 200 nm are studied, it seems that ES has more loop struc-
tures, while ZBP-ES exhibits more helical structures than N-1,
N-3, and N-4 (Figure 2B). In addition, N-1, N-3, andN-4 shared
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similar secondary structures, which are quite different from those
of ES and ZBP-ES (Figure 2B).
Contributions of the N-Terminal Integrity to the Ter-

tiary Structure of Endostatin. Because endostatin has four
Trp amino acid residues spaced evenly throughout the molecule
(Figure 1D), tryptophan emission fluorescence was used to
monitor the tertiary structures of ES and its variants (29). In

the presence of zinc ions, the maximal fluorescence emission
wavelengths of all the species tested are around 320 nm (Figure 3A),
which suggests that theyall havecompact tertiary structures (29,31).
Moreover,ES,N-1, andZBP-ESexhibit superimposed fluorescence
spectra and share similar relative fluorescence intensities, which
are evidently lower than those of N-3 and N-4 (Figure 3A). This
observation indicates that the tertiary structures of ES, N-1, and

FIGURE 1: Identification of each species in pES. (A) SDS-PAGE profiles. Marker denotes molecular weight markers. (B) Reverse phase HPLC
analysis of pES performedwith anAgilent 1100 series instrument using a C18 reverse column. (C) Schematic drawing of theN-terminal sequences
of ES, N-1, N-3, N-4, and ZBP-ES. (D) Three-dimensional structure of the endostatin molecule, illustrating the critical amino acid residues that
contribute to the signals in tryptophan emission fluorescence and near-UV CD measurements. Red, yellow, and purple colors represent
phenylalanine, tyrosine, and tryptophan residues, respectively, and the two pairs of disulfide bonds are colored green.
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ZBP-ES are more compact than those of N-3 and N-4 under the
same conditions. Surprisingly, N-3 has the loosest tertiary
structure among all the tested species (Figure 3A).

Because near-UV signals in the regions of 250-270, 270-
290, and 280-300 nm can be attributed to phenylalanine, tyro-
sine, and tryptophan residues, respectively (33), and endostatin
contains ten phenylalanine, three tyrosine, and four tryptophan
residues (Figure 1D), near-UVCDwas also employed to provide
more information for the tertiary structure measurement. In
the presence of zinc ions, all species share two major positive
peaks around 250 and 280 nm, and one negative peak around
295 nm (Figure 3B). An only slight difference in the local
structure around phenylalanine residues was observed with ES,
N-1,N-4, andZBP-ES,while the tertiary structure ofN-3 is signi-
ficantly different from those of the other four species (Figure 3B).
These observations are largely consistent with the fluorescence
study showing that truncation of the first three amino acid
residues (HSH) at the N-terminus results in the most dramatic
change in the tertiary structure compared with the other N-term-
inal truncations tested. It seems that a smaller difference is
observed in the tertiary structures than in the secondary struc-
tures of ES and its variants. One possible explanation is that
N-terminal truncations result in less significant changes in the
overall tertiary structure than they do in the secondary structures.
Another possibility is that the Trp fluorescence and near-UVCD
studies reflect the local conformational changes in the tertiary
structure around certain residues (Figure 3A,B), which would
make some difference compared with the information of the
secondary structures detected by CD (Figure 2B).

In addition, to assess the overall compactness of the protein
molecules, an AUC was employed. All the species show very
good homogeneities of monomers with respect to size or mass as
evidenced by the sedimentation coefficient distribution spectra
collected at 60000 rpm (Figure 3C). The f/f0 values of ES, N-1,
N-3, N-4, and ZBP-ESwere 1.335, 1.332, 1.413, 1.384, and 1.317,
respectively. On the basis of the fact that the f/f0 value of a protein
provides an estimate of the extent to which the shape of a protein

Table 1: Quantification and Identification of Each Component in pES by HPLC and N-Terminal Sequencinga

peak 1 (7%)b peak 2 (32%)b peak 3 (13%)b peak 4 (23%)b peak 5 (25%)b

component

% in

peak 1

% in total

pES

% in

peak 2

% in

total pES

% in

peak 3

% in

total pES

% in

peak 4

% in

total pES

% in

peak 5

% in

total pES

% in

total pES

Y-full-length ESc 74 5 56 18 22 3 0 0 0 0 26

full-length ES 18 1 9 3 5 1 0 0 0 0 5

N-1d 5 0 15 5 37 5 0 0 0 0 10

N-3e 0 0 9 3 20 3 71 16 0 0 22

N-4f 0 0 4 1 12 2 29 7 100 25 35

othersg 3 0 7 2 3 0 0 0 0 0 2

aFive peaks of pES (peaks 1-5) fractionated by reverse phase HPLC were subjected to N-terminal sequencing. The relative amount of each component of
pESwas identified and quantified. bThe numbers in parentheses are the percentages of each peak in total pES based on reverse phase HPLC analysis. cY (Tyr)
is from expression vector pPIC9K of P. pastoris. dES lacking the first H residue. eES lacking the first three residues (HSH). fES lacking the first four residues
(HSHR). gContaminant proteins copurified with pES.

Table 2: Summary of Disulfide Bond Pattern Identificationa

protein disulfide pair (M þ H) obsd (M þ H) calcd δ

pES C33-C173 1106.3857 1106.4521 -0.07

C135-C165 2375.6400 2375.7383 -0.10

MES C33-C173 1496.5200 1496.5904 -0.07

C135-C165 1822.7354 1822.7468 -0.01

N-1 C33-C173 1106.3981 1106.4521 -0.05

C135-C165 2375.6600 2375.7383 -0.08

N-3 C33-C173 1106.4203 1106.4521 -0.03

C135-C165 2375.7400 2375.7383 0.00

N-4 C33-C173 1106.3955 1106.4521 -0.06

C135-C165 2375.8300 2375.7383 0.09

ZBP-ES C33-C173 1106.3867 1106.4521 -0.07

C135-C165 2375.5200 2375.7383 -0.22

aCys residues in all species are numbered according to the sequence of the
wild-type endostatin.

FIGURE 2: Zinc-binding capacities and secondary structures of ES,
N-1, N-3, N-4, and ZBP-ES. (A) Molar ratios of Zn(II) to ES, N-1,
N-3, N-4, and ZBP-ES. Error bars are standard deviations (n = 3).
(B) Far-UV CD spectra of ES, N-1, N-3, N-4, and ZBP-ES detected
in the presence of zinc ions. CD measurements were performed in
5 mM Tris-HCl containing 0.9% NaCl (pH 7.4) at 37 �C, and the
protein concentrations were 10 μM.A 10-fold molar excess of ZnCl2
was added, and a reference blank containing all reagents except
protein served as a control.
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differs from a compact, unhydrated sphere of the same mass and
density, and that the f/f0 value for a globular protein gives a
frictional coefficient of 1.2-1.4 (34, 35), this result suggests that
N-3 is the least compact while ZBP-ES has the most compact
structure.
Contributions of the N-Terminal Integrity to the Struc-

tural Stability of Endostatin. Urea-induced unfolding was
conducted in the presence of zinc to measure the thermodynamic
stability and folding cooperativity of ES, N-terminally truncated
endostatin, and ZBP-ES (Figure 4). The unfolding process was
fitted and normalized according to the two-state model reported
by Santoro and Bolen (27), which uses data both inside and
outside the transition zone to fix the baselines. The free energy
change (ΔGN-U) of a protein was derived from the linear
extrapolation of the transition zone between the native and
unfolded states at the limit of a zero denaturant concentra-
tion (27). The concentrations of urea at the midpoint (Cm) of the
unfolding transitions for holo-ES and holo-N-1 were measured

to be 6.86 and 6.52 M, respectively, and the Cm values for holo-
N-3 and holo-N-4 are much lower (Table 3). Because N-1 has a
tertiary structure similar to that of ES, N-3 and N-4 have less
compact structures than ES (Figure 3B,C), it is reasonable that
when compared with ES, N-3 and N-4 show more dramatic
decreases in thermodynamic stability than N-1 (Figure 4 and
Table 3). Although the Cm value for holo-ZBP-ES (6.16 M) is
lower than that of ES and N-1, the corresponding free energy
change (ΔGN-U) of holo-ZBP-ES (34.15 kJ/mol) is greater than
those of holo-ES, holo-N-1, holo-N-3, and holo-N-4 (Table 3).
These results demonstrate that holo-ZBP-ES is thermodynami-
cally more stable than holo-ES and the N-terminally truncated
endostatin proteins, and N-4 is the most unstable species
(Table 3). Moreover, the apparent m values (slope or coopera-
tivity of the unfolding curves) for holo-ES and holo-ZBP-ES are
4.37 and 5.54 kJ mol-1 M-1, respectively, which suggests a much
higher cooperativity of holo-ZBP-ES during the urea-induced
unfolding process (Figure 4 andTable 3). Thus, it is reasonable to

FIGURE 3: Tertiary structures of ES, N-1,N-3, N-4, and ZBP-ES in the presence of zinc ions. (A) Tryptophan emission fluorescence (FL) spectra
for the holo forms of ES, N-1, N-3, N-4, and ZBP-ES. (B) Near-UVCD spectra for the holo forms of ES and its variants. All measurements were
taken in 5mMTris-HCl containing0.9%NaCl (pH7.4) at 37 �C, and the protein concentrations for FLandCDmeasurementswere 1 and 10μM,
respectively. A 10-fold molar excess of ZnCl2 was added, and a reference blank containing all reagents except protein served as a control. (C)
Sedimentation velocity analysis ofES,N-1,N-3,N-4, andZBP-ES in the presence of zinc ionsmeasuredwith an analytical ultracentrifuge (AUC).
The f/f0 values of ES, N-1, N-3, N-4, and ZBP-ES are 1.335, 1.332, 1.413, 1.384, and 1.317, respectively.
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speculate that the thermodynamic stability of pES is mainly con-
tributed by the 31% pES components with an intact N-terminus
[5% of ES and 26% of Y-ES (see Table 1)], because the N-
terminally truncated forms of endostatin are much less stable.

In addition to the measurement of the thermodynamic stabi-
lity, differential scanning calorimetry (DSC) was performed to
measure the thermal stabilities of ES and its variants against heat.
At least two conformational transition processes were observed
with all the species tested, and no evident aggregation occurred
even at 90 �C (data not shown). The midpoints of the first
transition (Tm) of ES, N-1, N-3, N-4, and ZBP-ES are 56.6, 57.3,
55.6, 47.4, and 52.4 �C, respectively, among which ES, N-1, and
N-3 do not show any significant difference (data not shown). It
seems that the N-terminal integrity does not make contributions
to the thermal stability of endostatin as dramatic as those it
makes to the thermodynamic stability against urea, and the DSC
thermogrammay not be a suitable tool for the characterization of
this protein. While the low stability of N-4 is expected, it is
surprising that ZBP-ES shows less thermal stability thanES,N-1,
and N-3 based on the Tm value, which is inconsistent with its
thermodynamic stability in the urea-induced unfolding (Figure 4
and Table 3). A possible explanation for this inconsistency is that
the heat-induced unfolding of the protein follows a mechanism
different from that of urea-induced unfolding. Normally, urea
can completely denature a protein by destroying both the hydro-
phobic interactions and the hydrogen bonds in a two-state
reversible manner (27, 28), while heat is more likely to denature
protein molecules through a multistate process without complete
exposure of the hydrophobic interiors of proteins (36).

Taken together, the N-terminal integrity is demonstrated to be
very critical for the conformation and thermodynamic stability
of endostatin, which in turn may have a profound effect on their
biological functions.
Contributions of the N-Terminal Integrity to the Biolo-

gical Functions of Endostatin. The biological functions of ES,
N-terminally truncated endostatin, and ZBP-ESwere tested both
in vitro and in vivo. Human microvascular endothelial cell
(HMEC) migration was used to evaluate the antiendothelial
activities of ES and its variants. At a concentration of 160 μg/mL,
ZBP-ES inhibits 57% of the HMEC migration, which shows the
most potent efficacy among all the species tested at equal con-
centrations. The inhibitory effects of ES and N-1 (43 and 41%,
respectively) are weaker than that of ZBP-ES. Only marginal
inhibitory effects were observed with N-3 and N-4, which are 16
and 12%, respectively (Figure 5A).

Similar results were obtained in the Lewis lung carcinoma
(LLC) mouse model. When ES, N-terminally truncated endo-
statin, and ZBP-ES were administered daily through subcuta-
neous injection at a dose of 4.5 mg/kg, ZBP-ES shows the most
potent antitumor efficacy of 70% inhibition, which is higher than
those of ES (64%), N-1 (57%), N-3 (23%), andN-4 (29%) based
on the tumor weight analysis (Figure 5B).
Comparison between pES and ZBP-ES with Respect to

the Antitumor and Antiangiogenic Efficacies. The main pur-
pose of this study is to determine the contributions of N-terminal
integrity to the stability and biological functions of endostatin;
for this, we started from the endostatin expressed in P. pastoris
(pES) consisting of varieties of N-terminally truncated forms.
After systemic characterization of the contributions of different
N-terminal sequences to the structural conformation, zinc-bind-
ing capacity, thermodynamic stability, and biological activities of
endostatin, it becomes intriguing to evaluate the overall biologi-
cal functions of pES, which are contributed by each species with
different N-terminal sequences.

Because different doses of pES and ZBP-ES were tested in
separate clinical trials on different tumor types and resulted in

FIGURE 4: Contributions of the N-terminal integrity to the thermo-
dynamic stability and folding cooperativity of endostatin against
urea. The urea-induced unfolding processes of the holo forms of ES,
N-1, N-3, N-4, and ZBP-ES were monitored by the tryptophan
emission fluorescence at 318 nm. (A) Raw data and fitted curve.
(B) Normalized curves. All measurements were taken in 5 mM Tris-
HCl containing 0.9% NaCl (pH 7.4) at 37 �C, and the protein
concentrations were 1 μM. A 10-fold molar excess of ZnCl2 was
added to ensure sufficient zinc-binding, and a reference blank at each
concentration of urea containing all reagents except protein served as
a control.

Table 3: Parameters of Urea-Induced Unfolding of ES, N-1, N-3, N-4, and

ZBP-ESa

protein ΔGN-U (kJ mol-1) m (kJ mol-1 M-1) Cm (M)

ES 29.98 4.37 6.86

N-1 27.31 4.19 6.52

N-3 19.63 3.82 5.14

N-4 14.68 3.62 4.05

ZBP-ES 34.15 5.54 6.16

aUrea-induced unfolding of ES, N-1, N-3, N-4, and ZBP-ES was
performed at 37 �C in the presence of zinc. The buffer was 0.9% NaCl in
5 mM Tris-HCl (pH 7.4). The unfolding curves of ES and its variants were
fitted and normalized according to the procedure reported by Santoro and
Bolen (27), which uses data both inside and outside the transition zone to fix the
baselines. Urea-induced unfolding is reversible (see Materials and Methods for
details). ΔGN-U, the change of free energy in the absence of urea; m, the
apparentm value defined by the linear extrapolation model;Cm, the concentra-
tion of urea at the midpoint of the unfolding transition.
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discrepant clinical outcomes (4, 10, 16, 17, 20), we took ZBP-ES
to the parallel comparison with pES in their antitumor efficacies
in theLLCanimalmodel. pES andZBP-ES at a dose of 1.5mg/kg
inhibit 19.4 and 45.3% of tumor growth, respectively, based on
the tumor weight analysis (Figure 6). Moreover, pES and ZBP-
ES inhibit 18.5 and 55% of tumor vascular growth, respectively
(Figure 6), which correlates with the antitumor efficacies of pES
and ZBP-ES.

DISCUSSION

Contributions of the N-Terminal Integrity and ZBP to the
Conformation andThermodynamicStability ofEndostatin. In
this study, the N-terminally truncated forms of endostatin
expressed in P. pastoris are identified to be N-1, N-3, and N-4.
Truncations of different N-terminal amino acid residues result
in quite different alterations in the properties of endostatin.
Although N-1 lacks the first amino acid residue His and shows a
similar zinc-binding capacity with ES (Figure 2A), it exhibits
evident alterations in the secondary structure compared with ES
(Figure 2B). Since it was reported that H1 can be replaced by the
alternative zinc-binding site D5 (13), it is plausible that this
alternative zinc coordination pattern contributes to such a
change in the secondary structure. Interestingly, N-3 shows the
least compact tertiary structure among all the species tested,
which was evidenced by the Trp emission fluorescence, near-UV
CD, and AUC studies (Figure 3). Because the N-terminus of a
protein is positively charged and N-3 is the only molecule that
starts with an amino acid residue (Arg) having a positively

charged side chain among the species tested (Figure 1C), pre-
sumably the more extensive loss of structure of N-3 results from
the unfavorable charge-charge repulsion at its N-terminus. In
addition, ZBP-ES shows the most compact packing as evidenced
by its lowest f/f0 value (1.317) among all the ES variants tested
(Figure 3C), which suggests that the conformation of ZBP-ES is
somehow tightened by the extra zinc-binding.

The thermodynamic stability of endostatin against urea is evi-
dently decreasedbyN-terminal truncations,whileZBP increases the
cooperativity and thermodynamic stability of endostatin (Figure 4
and Table 3). It is plausible that the conformational changes caused
by N-terminal truncations translate to the decreased thermody-
namic stabilities of N-1, N-3, andN-4, and different conformations
of these variants contribute to the differences in the relative stability
of themolecules.Apossible explanation for the higher cooperativity
of holo-ZBP-ES is that upon the extra zinc-binding, holo-ZBP-ES
is more tightly packed compared with the four other species as
evidenced by its lowest f/f0 value in the AUC study (Figure 3C),
which endows themolecule with a higher cooperativity during urea-
induced unfolding. Since it was reported that the cooperativity and
thermodynamic stability are intimately linked (28), it is reasonable
that ZBP-ES has a higher thermodynamic stability than ES and
N-terminally truncated endostatin (Figure 4 and Table 3). In
addition, the differences in the thermodynamic stability of ES and
its variants caused by different N-terminal sequences correlate well
with their biological activities (Figure 5).

In summary, keeping an intact N-terminus is very important
for efficient zinc-binding and is essential for not only the structure

FIGURE 5: Comparison of the biological functions of ES, N-1, N-3, N-4, and ZBP-ES. (A) Comparison of the antiendothelial activity by a
Transwell assay (n = 6). The left panel shows representative fields for each species, and the right panel shows quantified results. The protein
concentrationwas 160 μg/mL, and saline served as a control. (B) Comparison of the antitumor activities in a Lewis lung carcinoma (LLC)mouse
model (n=6).ES,N-1,N-3,N-4, andZBP-ESwere subcutaneously injecteddaily into theC57BL/6 tumor-bearingmice at adoseof 4.5mg/kg for
9 days. p< 0.05 (*), p< 0.01 (**), and p> 0.05 (#) vs the ES group. Error bars are standard deviations.
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and stability but also the biological functions of endostatin. In
this regard, making the right endostatin molecule is the pre-
requisite for testing its efficacy, which has been largely ignored in
previous studies.
Comparison of the Expression Systems for Endostatin

Preparation. E. coli andP. pastoris are the two most commonly
used expression systems for endostatin preparation (1-3, 5, 20).
Upon expression in E. coli, endostatin forms inclusion bodies,
which are inactive and highly insoluble under physiological
conditions, and the refolding was reported to be extremely
difficult (1). Because there is no glycosylation site on endostatin,
P. pastoris was thus widely used to prepare soluble endostatin to
avoid the refolding problem.

Although the antiangiogenic function of endostatin has been
well accepted, controversial results generated with the samples
prepared in different expression systems were reported for its
antitumor activity (7, 9, 37). Intriguingly, complete regression of
tumors with long-termmicroscopic dormancy has been observed
onlywithrecombinantendostatinexpressedbyE.coli (1,6,38,39).
Here we show that pES is very heterogeneous with a variety of
N-terminal truncations (Figure 1A,B and Table 1) and that the
N-terminal integrity is very critical both for the thermodynamic
stability and for the biological functions of endostatin (Figures 4
and 5). Moreover, the biological functions of pES reflect the
overall contributions of endostatin and its truncated forms; the
relative stability andactivity ofESand its variants are quantitatively
measured in this study.Although theheterogeneityof theP. pastoris
expression varies from batch to batch (40), we observed that the
overall HPLC profiles of pES remain similar during the period of
this study. These results sufficiently explain the inconsistent anti-
tumor activity of endostatin expressed inP. pastoris, which demon-
strates thatP. pastoris is not suitable for the preparation of proteins
with critical sites at the N-terminus.

Although ZBP-ES appears to be more potent than pES in
clinical trials (4, 10, 17, 18, 20), a head-to-head comparison
between these two intimately related molecules is lacking,
especially because different tumor types, doses, and drug delivery
approaches were used. This study shows that the antiangiogenic
and antitumor functions of ZBP-ES are significantly more potent
than that of pES in animal models (Figure 6). In addition, an
independent parallel study performed by Folkman and collea-
gues shows that ZBP-endostatin is at least twice as potent as pES
in animal tumor models (41). Toward this end, our study reveals
that pES has a variety of N-terminally truncated forms, which
lost part of its zinc-binding site and becomes less potent than the
wild-type ES. Moreover, when the wild-type ES and ZBP-ES are
both expressed inE. coli, ZBP-ES shows a higher thermodynamic
stability against urea and significantly more potent antiendothe-
lial activity than ES (Table 3 and Figure 5A), although the
difference between the antitumor activities of ZBP-ES and ES is
not that significant (Figure 5B). Because pES, ES, N-1, N-3, N-4,
and ZBP-ES are shown to have an identical disulfide bond
pattern (Table 2), the loss of the N-terminal integrity of pES is
quite possibly the major reason for the unmet clinical perfor-
mance of endostatin expressed in P. pastoris.

Taken together, our study demonstrates that the N-terminal
integrity is very critical for the stability and biological functions
of endostatin and that the expression systemsmake a huge differ-
ence with respect to the properties of endostatin. These results
provide fundamental explanations for the inconsistent antitumor
activities of endostatin in a variety of studies, including the differ-
ent therapeutic efficacies of endostatin and ZBP-endostatin in
clinical trials.
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