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Angiogenin is a potent inducer of blood vessel formation and is overexpressed in many cancers. It is a member

of the pancreatic RNase superfamily. Angiogenin has 33% sequence identity with RNase A. All RNases family

proteins except angiogenin and turtle RNase have four disulfide bonds. Angiogenin has three disulfide bonds,

[C27-C82], [C40-C93] and [C58-C108], respectively. To examine the role of disulfide bond [C40-C93] near

the nuclear localization site, recombinant des [40-93] mutant by replacement of cysteines at positions 40 and

93 with serines was cloned, expressed, and purified. CD spectrum of des [40-93] was similar to that of wild

type and implies that the overall folding of two forms is similar. 2D and 3D NMR experiments for 15N and/or
13C-isotope labeled des [40-93] were performed and the backbone resonance assignment was done. Based on

the result of backbone assignment and chemical shift index (CSI), we confirmed that deletion of [C40-C93]

disulfide bond affected the local structural stability of bovine angiogenin near the nuclear localization site and

ribonucleolytic active site. Based on this assignment, studies on structure and dynamics of des [40-93] mutant

will be performed.

Key Words : Angiogenin, des [40-93], NMR, Assignment, Angiogenesis

Introduction

Angiogenesis is a complex process to form new blood

vessel, which is essential for cell reproduction, development

and wound repair under normal condition. This process

involves endothelial cell proliferation, migration and mem-

brane degradation. A variety of pathological conditions are

also importantly dependent on angiogenesis. Since angio-

genesis is important for the growth and metastasis of tumors,

many studies are being focused on the understanding of

angiogenesis. Therefore, its inhibitors have received parti-

cular attention because of their therapeutic potential.1,2 The

formation of new blood vessels is crucial for tissue regener-

ation and for efficient tumor growth, and requires the

concerted action of various angiogenic factors and inhibi-

tors.3

Angiogenin is one of the angiogenic factors and is related

to tumor growth and metastasis.4 Inhibition of the growth,

progression, and metastasis of tumor has been shown using

several antiangiogenic modalities. These inhibitory techni-

ques include blocking antibodies specific to angiogenin,

antisense oligonucleotide blockade of angiogenin, and small

molecule inhibitors of other angiogenic peptides. Specifi-

cally, angiogenin antagonists have been shown to inhibit

tumor growth.4,5 Angiogenin is a member of the pancreatic

ribonuclease (RNase A) superfamily and the primary struc-

ture of angiogenin is highly homologous to that of the pan-

creatic ribonucleases.6,7 Bovine Angiogenin (bAng) consists

of 125 amino acids and has about 33% sequence identity

with RNase A. The three dimensional structures of bAng

and human angiogenin (hAng) have been determined by X-

ray crystallography and nuclear magnetic resonance spectro-

scopy.8-12 1H Resonance assignment of wild type bAng (WT

bAng) has been done by Spik group based on COSY and

NOESY spectra.13 

Although overall folding of angiogenin is similar to that of

RNase A, angiogenin contains unique functional features

that account for its angiogenesis while RNase A does not

Figure 1. A representation of 3D structure of WT bAng. This
protein has three α-helices and seven β-sheets. The C40-C93
disulfide bond is located in a vicinity of nuclear localization site
(solid circle). Dashed circle represent the cell binding site. H14,
K41, H115 are the three important residues at ribonucleolytic
active site. Three arrows point at disulfide bonds, [C27-C82],
[C40-C93], and [C58-C108]. The figure was prepared with
PyMol41 with the PDB coordinate file 1AGI.12



2260     Bull. Korean Chem. Soc. 2008, Vol. 29, No. 11 Woonghee Kim et al.

have angiogenic activity.14 Angiogenin was first isolated

from the conditioned medium of a human adenocarcinoma15

and was identified as a component of normal human

plasma.16 Nuclear angiogenin assumes an essential role in

endothelial cell proliferation and is necessary for angio-

genesis induced by other angiogenic factors.17 Exhaustive

preceding studies of structure and function relationships

have demonstrated that three sites, a ribonucleolytic active

site,18 an endothelial cell binding site19 and a nuclear locali-

zation site20 are essential for angiogenic activity.21 As shown

in Figure 1, the ribonucleolytic active site is a cleft including

H14, K41, and H115 residues at the junction of helix H1,

strands B1 and B7.22 The endothelial cell binding site is

located between strands B2 and B3. The nuclear localization

site is located at an exposed loop region between helix H2

and strand B1. Most proteins in RNase A superfamily except

for angiogenin and turtle RNase have four disulfide bonds.

The three disulfide bonds of angiogenin, [C27-C82], [C40-

C93], and [C58-C108], respectively, provide the stability of

the spatial structure of this protein.22-25

In this study, to investigate the role of disulfide bonds,

recombinant des [40-93] mutant by replacement of C40 and

C93 with S40 and S93 was cloned, expressed, and purified.

CD and 2D, 3D NMR experiments were performed to

observe the structural difference between the WT bAng and

the des [40-93] mutant. This result will provide the impor-

tant insight to the further structural studies of angiogenin and

development of the anticancer drug.

Methods

Expression and purification of WT bAng and des [40-

93]. The recombinant WT bAng and des [40-93] were pre-

viously cloned into a pET-21a(+) (Novagen) vector contain-

ing an IPTG inducible promoter and resistance to ampi-

cillin.26 This vector was transformed into the E. coli strain

Rosetta (DE3) pLysS for expression of bovine angiogenin.

Angiogenin was expressed in an insoluble form. The insolu-

ble pellet obtained after complete sonication of cells was

dissolved in 0.1 M Tris-HCl buffer (pH 8.0) containing 6 M

Gu-HCl, 1 mM EDTA, 0.1 M NaCl and 10 mM reduced

dithiothreitol (DTTred). The soluble extract was then slowly

diluted for refolding with 0.1 M Tris-HCl (pH 8.0), 1 mM

EDTA, 0.3 mM oxidized glutathione (GSSG), 1.5 mM

reduced glutathione (GSH) and then incubated for 2 weeks

at 277 K. The same amount of 25 mM Tris-HCl buffer (pH

8.0) was mixed with refolding buffer. Refolding buffer of

bAng des [40-93] was concentrated to 30 mL, after mixing

with 100 mM AcOH. The refolded protein was purified

using a cation-exchange FPLC column and equilibrated with

25 mM Tris-HCl buffer (pH 8.0), eluted with 1 M NaCl

gradient. Further purification was carried out by gel filtration

chromatography and equilibrated with 50 mM sodium

phosphate buffer (pH 7.0), 150 mM NaCl. The WT bAng

fractions collected from the gel filtration chromatography

were dialyzed against water for 24 h at 277 K. The des [40-

93] was dialyzed against 100 mM acetic acid and the protein

sample was lyophilized. 13C/15N or 15N-isotopically labeled

protein samples were prepared by growing cells in the M9

minimal media containing 15NH4Cl (Cambridge Isotope

Laboratories), either with or without 13C6-D-glucose (Cam-

bridge Isotope Laboratories) as the sole source of nitrogen

and carbon. 

Circular dichroism. Circular Dichroism (CD) experi-

ments were performed by using a J-810 (JASCO, Tokyo,

Japan) spectropolarimeter with 1-mm path length cell. To

investigate the difference of the secondary structure of both

type proteins, we recorded the far UV CD spectra in 0.1 nm

intervals from 190 to 250 nm at 298 K. Protein samples were

prepared in 50 mM sodium phosphate buffer, 150 mM NaCl

at pH 5.5. For each spectrum, the data from 10 scans was

averaged and smoothed using J-810.

NMR spectroscopy. All NMR experiments were per-

formed on 1.0 mM with 13C/15N-labeled and 15N-labeled WT

bAng and des [40-93]. All NMR spectra were recorded on a

Bruker Avance-800 MHz spectrometer at Korea Basic Sci-

ence Institute. The acquisition parameters for these experi-

ments are listed in Table 1. The backbone assignment was

started by picking cross-peaks in a two-dimensional 1H-15N

HSQC, to obtain HN(i) and 15N(i) resonance frequencies.

The backbone assignments were accomplished using the

HNCA, HNCACB and CBCA(CO)NH spectra. The sequen-

tial assignment by triple resonance data were confirmed by

3D 1H-15N TOCSY-HSQC spectrum with a 60 ms iso-

tropic mixing time and 3D 1H-15N NOESY-HSQC spectrum

with a 150 ms mixing time as identifying dNN(i, i+1) and

dαN(i, i+1) sequential NOEs. Three-dimension triple-resonance

experiments were performed on a 13C/15N-labeled uniformly

double labeled sample in 50 mM sodium phosphate buffer,

150 mM NaCl at pH 5.5.29-35 Proton chemical shifts were

Table 1. Acquisition parameters for experiments

Experiment
Nucleus No. of complex points SW (ppm)

Scans
F1 F2 F3 F1 F2 F3 F1 F2 F3

HNCA 15N 13Cα 1HN 48 128 2048 50 40 5.5 8

CBCA(CO)NH 15N 13Cα/β 1HN 48 128 2048 50 80 4.0 8

HNCACB 15N 13Cα/β 1HN 48 128 2048 50 80 4.0 8

TOCSY-HSQC 1H 15N 1HN 128 48 2048 11 50 5.5 16

NOESY-HSQC 1H 15N 1HN 128 48 2048 11 50 5.5 16

HSQC 15N 1HN 50 4 2
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referenced to DSS (2,2-dimethyl-2-silapentane-5-sulfonate)

at 0 ppm.27 All spectra were recorded at 298 K and NMR

data was processed with the programs nmrPipe28 and

visualized with Sparky.29 

Results and Discussion

According to the crystallographic studies and site-directed

mutagenesis on hAng, T44 and residues 38-41 near the

disulfide bond [C39-C92] of human angiogenin play impor-

tant roles on the enzyme activity and pyrimidine specifi-

city.30 The residues from R31 to R33 in hAng are known to

be involved in nuclear translocation near the disulfide bond

[C39-C92], too.31 Therefore, the deletion of [40-93] disul-

fide bond in bAng by substitution of C40 and C93 with S40

and S93 may also affect its biological activity as well as its

structure. Therefore, in this study, des [40-93] mutant was

expressed and purified with over 95% purity. Also, CD

experiments and the NMR assignments of des [40-93] were

performed.

CD spectra of WT bAng and des [40-93] at 298 K are

shown in Figure 2. Even though des [40-93] does not have a

[C40-C93] disulfide bond, both types have very similar

contents of α-helical and β-sheet structures. CD results

imply that two proteins have similar overall structures.
13C/15N or 15N-labeled bAng des [40-93] was expressed

and purified. The strip plots of 13Cα and 13Cβ carbons of

HNCACB (A) and HNCA (B) spectra from K55 to N62 of

des [40-93] are shown in Figure 3. The sequence-specific

resonance assignment was carried out by using standard pro-

cedures and mainly using CBCA(CO)NH and HNCACB.32-38

The sequential assignments were confirmed by 3D 1H-15N

TOCSY-HSQC and 1H-15N NOESY-HSQC spectra.

A total of 91 out of 118 non-proline residues of HSQC

spectrum of bAng des [40-93] could be assigned. Residues

L11, N52, D53, and I72 were not able to be assigned

because of the spectral overlapping. Peaks of HNCACB and

NOESY-HSQC of residues such as K32, T37, residues from

P39 to F46, and residues from K83 to K85, residues from

P91 to R94 in the vicinity of S40 and S93, which were

substituted for C40 and C93 in bAng, were not appeared

because of structural flexibility. The chemical shift values of

the 1HN, 15N, 13Cα and 13Cβ resonances of des [40-93] are

listed in Supplementary material.

HSQC spectrum was well resolved and chemical shift

dispersions were suitable for resonance assignments. The

superimposed two-dimensional 1H-15N HSQC spectra of

WT bAng and des [40-93] are shown in Figure 4. Chemical

shift deviations in HSQC spectra between WT bAng and des

[40-93] are depicted with bar graph in Figure 5(A). Deletion

of disulfide bond [40-93] resulted in disappearance of the

Figure 2. CD spectra of WT bAng and des [40-93] in 50 mM
sodium phosphate buffer, 150 mM NaCl (pH 5.5). Spectrum of WT
bAng is depicted with filled circle and that of bAng des [40-93] is
depicted with open circle. 

Figure 3. Strip plot of data extracted from HNCACB, HNCA
spectra of bAng des [40-93]. (A) Strip plot of HNCACB spectra.
Resonances of 13Cβ are depicted in bright gray and the resonances
of 13Cα are depicted in black. (B) Strip plot of HNCA spectra. 1H/
13C slices from 3D triple-resonance experiments representing
sequential backbone resonance assignment for residues from K55
to N62.
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resonances from many residues near S40 and S93 because of

the structural flexibility and some of them showed large

deviations compared to those in the other regions. There

were large deviations near H1, H2, B4 and the loop region

connecting B4 and B5. We also utilized consensus CSI,

which is regarded as the best method to provide information

about the secondary structures, based on the chemical shift

values of Cα and Cβ.38-40 CSI of des [40-93] on the basis of

resonance assignments are shown in Figure 5(B) and (C).

Positive Cα and negative Cβ indicate that the residue com-

monly assumes an α-helix, whereas the opposite signs

indicate a β-sheet structure. CSI of des [40-93] for the Cα

chemical shifts of some residues in strand B3 and B7 were

not negative as shown in Figure 5(B), CSI for the Cβ

chemical shifts of residues at H1, B3, and B4 also show

deviations from the secondary structure of the WT bAng as

shown in Figure 5(C). From the resonance disappearance

and assignments, it can be assumed that helix H1, H2 of des

[40-93] at the N-terminus are more flexible than those of

WT bAng. Also, it can be assumed that the elimination of

[C40-C93] disulfide bond may affect the stability of ribo-

nucleolytic site as well as nuclear localization site including

these motives. It can affect the structural stability and

dynamics of bAng, too.

Even though CD spectra implied that overall folding of

two forms are very similar, dynamics of two forms should be

very different. We will investigate the biological activities

and the dynamics of des [40-93] compared to WT bAng

based on   these resonance assignments. Furthermore, lead

compound of bAng inhibitor will be screened by in silico

screening and NMR spectroscopy using WT bAng and des

[40-93]. This study will be helpful to develop new inhibitors

of bAng as potent cancer drug.
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