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ABSTRACT: Human angiogenin (ANG), the first member of the angiogenin family (from the pancreatic
ribonuclease A superfamily) to be identified, is an angiogenic factor that induces neovascularization. It
has received much attention due to its involvement in the growth of tumors and its elevated expression
level in pancreatic and several other cancers. Recently the biological role of ANG has been shown to
extend to the nervous system. Mutations inANGhave been linked with familial as well as sporadic forms
of amyotrophic lateral sclerosis (ALS), a fatal neurodegenerative disorder characterized by selective
destruction of motor neurons. Furthermore, mouse angiogenin-1 has been shown to be expressed in the
developing nervous system and during the neuronal differentiation of pluripotent stem cells. We have
now characterized the seven variants of ANG reported in ALS patients with respect to the known
biochemical properties of ANG and further studied the biological properties of three of these variants.
Our results show that the ribonucleolytic activity of six of the seven ANG-ALS implicated variants is
significantly reduced or lost and some variants also show altered thermal stability. We report a significant
reduction in the cell proliferative and angiogenic activities of the three variants that we chose to investigate
further. Our studies on the biochemical and structural features of these ANG variants now form the basis
for further investigations to determine their role(s) in ALS.

Amyotrophic lateral sclerosis (ALS)1 is a fatal neurode-
generative disorder characterized by selective destruction of
motor neurons (1). In the past decade, a small number of
genes involved in the etiology of the disease have been
identified (for a recent review see ref2). The best studied
of these is SOD1 (3), the gene for Cu/Zn superoxide
dismutase. More than a hundredSOD1mutations have now
been linked with ALS, and motor neuron death from many
of these mutations has been shown to result from a toxic
gain of function rather than loss of dismutase activity.
However, mutations inSOD1account for only 1-2% of all
cases of ALS and 20% of the familial cases. Some of the
other proteins implicated in ALS are the vesicle-trafficking

protein VAPB (4); ALSIN, a putative guanine nucleotide
factor for GTPase (5); and senataxin (6). In addition, vascular
endothelial growth factor (VEGF), an angiogenic factor that
plays an important role in motor neuron survival, has been
linked with ALS (7-10). However, the causes and molecular
mechanisms underlying ALS are still largely unclear, and
effective therapies do not appear to be imminent.

Angiogenin (ANG), which encodes an angiogenic protein,
was recently identified as a candidate susceptibility gene for
ALS in the Irish and Scottish population by Greenway et al.
(11). In a further study of over 2500 individuals from five
independent populations from northern Europe and North
America, Greenway et al. (12) found seven missense
mutations (Figure 1) in 11 unrelated individuals with sporadic
ALS and in four individuals with familial ALS. Mutations
were identified in five different populations, although 12 of
the 15 individuals withANG mutations were of Irish or
Scottish descent. Mutations segregated with the disease and
not with unaffected family members or>2000 ethnically
matched control chromosomes. Moreover, ANG was shown
to be expressed in mouse spinal cord motor neurons. These
findings suggest thatANGmutations cause both familial and
sporadic ALS and that ANG has an important function in
the nervous system. In a recent report, Subramanian and Feng
(13) have shown that ANG is expressed strongly in the
developing nervous system in the mouse and during neuronal
differentiation of pluripotent stems cells, suggesting a role
for this protein in neurite pathfinding.
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Human ANG, a 14.1 kDa protein, is a potent inducer of
neovascularization in vivo (14) with a sequence that is 33%
identical to that of bovine RNase A (for reviews see refs15
and16). Its enzymatic activity toward conventional RNase
substrates is several orders of magnitude lower than that of
RNase A (17, 18) but is important for its biological activity.
ANG mutants with decreased enzymatic activity invariably
have reduced angiogenic activity (19-22).

The detailed mechanism of action of ANG has yet to be
clearly established. However, it has been shown that ac-
cumulation of ANG in the nucleolus of target endothelial
cells is essential for its biological activity (23, 24) and that
ANG binds to a receptor on the surface of endothelial cells
(25, 26) and induces a variety of activities required for
angiogenesis (26-28). ANG has been shown to be up-
regulated by hypoxia in cultured melanoma cells (29) and
in human renal proximal tubular epithelial cells (30).

At the molecular level, crystal structures of ANG [human
angiogenin (Figure 1) (31, 32), bovine angiogenin (33), and
murine angiogenins-1 (34) and-4 (22)] have revealed the
RNase A fold and conservation of the catalytic triad His13,
Lys40, and His114 (ANG numbering). These structures,
together with extensive functional and biochemical data, have
provided a detailed understanding of the architecture of the
ANG active site and the roles of the various residues involved
in the binding and cleaving of RNA.

In order to understand the properties of the ANG-ALS
variants, we constructed and expressed these variants and

determined their thermal stability and ribonucleolytic activity.
In addition, we have characterized the effects of three of
these mutations that markedly reduce ribonucleolytic activity
(Q12L, C39W and K40I) on the established angiogenic and
mitogenic properties of ANG. In parallel, the effects of these
three ANG variants on neurons and their survival were
studied and will be reported elsewhere (Subramanian et al.,
unpublished results).

EXPERIMENTAL PROCEDURES

Protein Engineering, Expression, and Purification of
Variants.A synthetic gene for wild-type ANG withEscheri-
chia coli codon bias (35) was inserted into pET-22b(+)
(Novagen) for expression of the Met-(-1) form of the protein
(34). The Stratagene QuikChange site-directed mutagenesis
kit was used to introduce mutations with the oligonucleotides
listed in Table 1. After DNA sequencing (MWG, Germany)
to confirm the presence of the mutations and the absence of
any unintended changes, mutant plasmids were used to
transformE. coli BL21(DE3) cells. Recombinant proteins
were prepared from these strains by the method of Holloway
et al. (36). Briefly, the bacterial cells were grown in Terrific
broth at 37°C to an OD600 of 0.5-0.6, after which expression
was induced by addition of IPTG to a final concentration of
1 mM and incubation was continued for∼3 h before
harvesting. The target proteins were deposited as inclusion
bodies. These were extracted, refolded, and purified by SP-
Sepharose chromatography followed by C4 reversed-phase
HPLC. Purified proteins were lyophilized and dissolved in
AnalaR grade water. All ANG variants behaved similarly
to the wild-type protein during purification. Concentrations
of recombinant proteins were determined from UV absor-
bance, with anε280 value of 12 500 M-1 cm-1 for wild-type
ANG (37) and all variants except for C39W; anε280 value
of 17 875 M-1 cm-1, calculated by the method of Pace et
al. (38), was used for C39W.

The purity of each protein was>98%, as judged by SDS-
PAGE and analytical scale reverse-phase HPLC. Protein
molecular masses were determined by electrospray ionization
mass spectrometry (ESMS). Protein solutions were prepared
for mass spectrometry by dilution of a desalted standard stock
solution of protein in water (1 mg/mL,≈70 µM) in a 50:50
ratio with HPLC-grade acetonitrile containing 0.1% formic
acid. ESMS was performed in positive ion mode on a QStar
XL System (Applied Biosystems), fitted with a NanoMate
(Advion Biosciences) automated nanospray source. A de-
livery pressure of 0.3 psi of nitrogen gas and a spray voltage
of 1.6 kV were applied to the sample to generate the
nanospray plume. Transformed mass spectra were calculated
by use of the Bayesian protein reconstruct algorithm provided
as part of the MDS Sciex Analyst 1.1 software package.
Molecular mass measurements were in agreement with the
masses predicted for the Met-(-1) form of each protein,
except for the C39W variant, whose mass was 306 units
greater than expected; the increased mass for C39W most
likely reflects the attachment of a glutathione molecule to
Cys92, which is normally disulfide-bonded to Cys39.

Ribonucleolytic ActiVity Assay.Activity toward tRNA was
determined by measuring the formation of acid-soluble
fragments as described by Shapiro et al. (39). Assay mixtures
contained 2 mg mL-1 yeast tRNA (Sigma), 0.1 mg mL-1

FIGURE 1: Structural overview highlighting the location of muta-
tions. A ribbon diagram of the ANG structure (colored pale yellow)
with mutation sites implicated in ALS is shown. The N- and
C-termini and elements of secondary structure (H, helix; B,
â-strand) are labeled. Mutated residues (drawn in stick form) are
shown in cyan and are labeled. Figure was created with the program
PyMOL (http://www.delanoscientific.com).
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bovine serum albumin (BSA), and 0.05, 0.1, 0.2, 0.3, 0.4,
or 0.5µM test protein in 33 mM Na-Hepes and 33 mM NaCl,
pH 7.0. After 2 h of incubation at 37°C, reactions were
terminated by the addition of 2.3 volumes of ice-cold 3.4%
perchloric acid. The mixtures were then centrifuged at
13000g for 10 min at 4 °C, and the absorbances of the
supernatants were measured at 260 nm.

Cell Proliferation Assays.The effects of wild-type ANG
and selected variants on the proliferation of IGR1 melanoma
cells were studied as described previously by Crabtree et al.
(22). Cells were seeded in 48-well tissue culture plates
(Falcon-BD) at a density of 5× 103 cells well-1 in Earle’s
minimal essential medium supplemented with 10% FCS,
2 mM L-glutamine, and 25 mM NaHCO3. After 24 h of
culture to allow cell attachment, the monolayer was washed
three times with phosphate-buffered saline (PBS), and low-
serum medium (same as above but with 0.1% FCS) supple-
mented with 200 ng mL-1 ANG or ANG variant was added.
Cells treated with low-serum medium alone were used as a
negative control. Incubations were carried out at 37°C, under
5% CO2. Cell proliferation was measured at 24-h intervals
over 4 days by use of a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) cell proliferation kit
(Promega). All data were analyzed by Student’s pairedt-test.

Angiogenesis Assays.The angiogenic activity of wild-type
ANG and selected variants was measured by a thoracic aorta
assay (22, 40). Aortas were isolated from 6-8-week-old MF1
female mice, cleaned, and flushed with MCDB131 medium
(Invitrogen) containing 100 units mL-1 penicillin and
100 µg mL-1 streptomycin (Sigma). Prior to use, growth
factor-reduced (GFR) Matrigel (Becton Dickinson) was
diluted 1:1 with a low-serum medium [consisting of
MCDB131 supplemented with 0.1% murine serum (MS)
(Autogen Bioclear), 100 units mL-1 penicillin, 100µg mL-1

streptomycin, 2 mML-glutamine, and 25 mM NaHCO3] and
kept on ice. Cross-sectional slices of aorta were placed in
50 µL of GFR Matrigel in wells of 48-well plates and
incubated for 30 min to allow the Matrigel to set. Low-serum
MCDB131 medium with or without test protein (200 ng
mL-1 ANG or ANG variant) was then added to each well.
Incubation was continued for 5 days, during which time daily
observations were made and the number of cellular processes
per aortic section was recorded. The results of two experi-
ments, each with four aorta slices per test sample, were
combined. Test samples and negative controls (medium with
0.1% mouse serum) were tested on slices from the same aorta

to minimize the biological variation between mice. All data
were analyzed by Student’s pairedt-test.

Circular Dichroic Spectroscopy and Thermal Unfolding
Studies.Circular dichroism (CD) studies were performed on
a Jasco J-600 spectropolarimeter with a 2-mm rectangular
cell. Samples of wild-type ANG and Q12L, K17E, K17I,
R31K, C39W, K40I, and I46V variants were dissolved at a
concentration of 0.1 mg/mL in 20 mM sodium acetate (pH
6.0) containing 0.1 M sodium chloride. Wavelength scans
were performed at 20°C from 195 to 250 nm at a rate of
50 nm/min. For thermal unfolding studies, ellipticity was
continuously monitored at 220 nm while the temperature was
raised by use of a Jasco PFD-425S temperature control unit
from 20 to 80°C at a rate of 50°C/h.

Reversibility of thermal unfolding was checked by deter-
mining the CD spectrum (195-250 nm) after cooling to
room temperature. To determine the midpoint of the unfold-
ing transition (Tm) and ∆H of unfolding, baselines for
changes in ellipticity of the folded and unfolded states were
determined by linear regression analysis of data below and
above the thermal transition and used to calculate the fraction
of folded and unfolded protein at each data point. These
values were then analyzed by fitting into equations for
determining theTm and enthalpy of folding from changes in
ellipticity as a function of temperature (eq 1) (http://
www2.umdnj.edu/cdrwjweb/ thermody.txt), whereu is the
ellipticity of 100% folded protein,l is the ellipticity of
unfolded protein,h is enthalpy, t is temperature,tm is
temperature of melting, andθ is calculated ellipticity. This
treatment assumes that the heat capacities for the folded and
unfolded states are equal.

The enthalpy of unfolding atTm was used to calculate the
entropy of unfolding from the relationship:∆Sm ) ∆Hm/
Tm, and the effects of mutations on stability at theTm of the
mutant protein (∆∆GT) were calculated from changes inTm

from the relationship

Table 1: Oligonucleotide Primers Used for the Generation of ANG Variants

mutation primers (5′ f 3′)
Q12L sense GTATACACATTTCCTGACCCTGCACTATGACGCTAAACCG

antisense CGGTTTAGCGTCATAGTGCAGGGTCAGGAAATGTGTATAC
K17I sense CACTATGACGCTATA CCGCAGGGCCG

antisense CGGCCCTGCGGTAT AGCGTCATAGTG
K17E sense CACTATGACGCTGAACCGCAGGGCC

antisense GGCCCTGCGGTTCAGCGTCATAGTG
R31K sense CGAATCGATTATGAAA CGCCGTGGGTTAAC

antisense GTTAACCCACGGCGTTT CATAATCGATTCG
C39W sense GGGTTAACTAGTCCGTGGAAAGATATCAACACTTTC

antisense GAAAGTGTTGATATCTTTCCACGGACTAGTTAACCC
K40I sense GGGTTAACTAGTCCGTGCATCGATATCAACACTTTCATCC

antisense GGATGAAAGTGTTGATATCGATGCACGGACTAGTTAACCC
I46V sense GATATCAACACTTTCGTCCATGGTAACAAGCG

antisense CGCTTGTTACCATGGACGAAAGTGTTGATATC

θ ) (u - l)

exp[ h
1.987t( t

tm
- 1)]

1 + exp[ h
1.987t( t

tm
- 1)]

+ l (1)

∆∆GT ) ∆HTm(1 - T/Tm) - ∆Cp{(Tm - T) +
T ln (T/Tm)}
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whereT is the midpoint of unfolding for the mutant protein
andTm is the midpoint of unfolding of the wild-type protein
(both in kelvins),∆HTm is the enthalpy of unfolding atTm

(wild-type), and ∆Cp is the heat capacity change for
unfolding. In the absence of a value for∆Cp for ANG, we
used a value of 1.15 kcal mol-1 K-1 reported by Pace et al.
(41) for ribonuclease A.

Molecular Modeling Studies.The ALS mutations were
modeled using the crystal structure of ANG at 1.8 Å
resolution (PDB code 1B1I;32). Individual mutations were
introduced into the structure by use of the graphics program
COOT (42). All the mutated models were then subjected to
200 steps of conjugate gradient minimization by the program
CNS (43). This was followed by an annealing schedule with
a starting molecular dynamics temperature of 298 K. The
locations of the mutated residues in the ANG structure are
shown in Figure 1.

RESULTS

Ribonucleolytic ActiVity of ANG Variants.The effects of
the seven ALS-associated mutations on the ribonucleolytic
potency of ANG were assessed with yeast tRNA as substrate
(Figure 2). All of the variants except for R31K had
substantially lower activity than wild-type ANG, ranging
from 19% (K17E) to less than 1% (K40I). For R31K, the
shape of the activity profile differs markedly from that with
wild type, and the level of activity thus depends strongly on
which portion of the curve is used: for example, R31K
activity measured at 0.1µM is 42% of that for wild ype,
whereas at 0.5µM it is 83%.

Circular Dichroic Spectra and Thermal Unfolding of ANG
Variants.The effects of the mutations on folding and stability
were assessed by CD spectroscopy. The far-UV CD spectra
of the variants were generally similar to that of wild-type
ANG, suggesting that the mutations have not significantly
affected the secondary structure (Figure 3A). TheTm for
thermal unfolding, followed by measuring ellipticity at

220 nm as a function of temperature (Figure 3B, Table 2),
was markedly decreased for the C39W variant, from 63.39
to 43.85°C (∆∆G ) -4.51 kcal/mol). Consequently, this
variant is partially unfolded at physiological temperatures.
The K40I and I46V variants showed moderate decreases in
Tm (5.29 and 6.22°C, respectively), whereas theTm values
for the other four variants were more similar to that of wild-
type ANG.

Effects of ANG Variants on the Established Biological
ActiVities of ANG. We investigated the effects of the Q12L,
C39W, and K40I variants on the proliferation and angiogenic
activity of ANG (22). These three variants were selected
because they showed strongest reductions in ribonucleolytic
activity. Their ability to induce angiogenesis was assayed
by the thoracic aorta assay. This assay offers distinct
advantages over the chick embryo chorioallantoic membrane
assay used in most previous studies on ANG: most
importantly, it provides a quantitative readout and utilizes a
mammalian system.

In the thoracic aorta assay, no cellular processes were
formed in the absence of test sample, and the addition of
wild-type ANG caused by far the largest amount of angio-
genic sprouting, with an average of 16 cellular processes
per aorta on day 5 (p < 0.002 vs negative control,n ) 8).
The Q12L variant showed low angiogenic activity with an
average of 7 cellular processes per aortic section on day 5
(p < 0.02 vs negative control,n ) 8). The C39W and K40I
variants showed a marginal increase in sprouting over the
negative control with an average of 2 cellular processes per
aortic section when compared with the negative control (p
< 0.02 andp < 0.04, respectively, on day 5). The activities
of all three were significantly lower than that of wild-type
ANG (p < 0.024, p < 0.003, andp < 0.001 for Q12L,
C39W, and K40I, respectively;n ) 8) (Figure 4).

The addition of wild-type ANG to IGR1 cells caused an
increase in proliferation over a period of 4 days that was
significantly above that seen in 0.1% FCS medium alone on
day 4 (p < 0.0001,n ) 10). Proliferation of IGR1 was
affected to varying degrees upon treatment with the variants
Q12L, C39W, and K40I. The Q12L variant caused a small
increase in cell proliferation above that seen in 0.1% FCS
medium over the same period, which was significant at day
4 (p < 0.001,n ) 10), whereas C39W and K40I were not
significantly active compared to the negative control (p )
0.42 and 0.06, respectively). Cell proliferation in the presence
of the C39W and K40I variants was lower than that seen
with the wild-type ANG protein (p < 0.001,n ) 10 in both
cases) (Figure 5).

Molecular Modeling of the ANG Variant Structures.The
seven variants were modeled to investigate the structural
bases for the functional effects of the mutations. In the Q12L,
R31K, and K40I models, there were no significant differ-
ences compared to wild-type ANG beyond the replacement
itself. In all three, the new residue is shorter than the original
amino acid but otherwise occupies the same position.
Residues 12 and 40 are in the active-site region, and the
substitutions eliminate side-chain hydrogen bonds while
leaving many of the van der Waals contacts intact. Residue
31 is on the surface far from the catalytic site, and the Lys
residue in the model is able to form most of the same
interactions as the original Arg.

FIGURE 2: Ribonucleolytic activities of ANG ([) and of Q12L
(9), K17I (+), K17E (×), R31K (b), C39W (4), K40I (O), and
I46V (0) variants toward tRNA. Assays measure the production
of perchloric acid-soluble fragments (see Experimental Procedures).
∆A260 is the difference between theA260 values measured in the
presence and absence of test sample. Each data point represents
the mean of three measurements. In all cases, the standard deviation
is less than 2% of the mean. The activities listed on the figure are
the means of the values calculated for 0.3, 0.4, and 0.5µM variant.
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In the remaining four models, some structural perturbations
are observed, although none appear to affect the active site.
The most dramatic changes are in C39W, where the new
Trp residue inserts into the hydrophobic core, essentially
where the 39-92 disulfide is positioned in wild-type ANG.
Consequently, Thr36 and Cys92 are displaced consider-
ably: by 3.2 and 4.3 Å for the side-chain atoms OH and
SH, respectively, and by 1.5-2.0 Å for the CR atoms. For
the two K17 variants, there is a∼1 Å shift in the backbone
of the loop carrying the mutated residue but the positions of

the substituted side chains (Glu/Ile) are similar to that of
the original Lys. In the I46V model there is a small shift in
the main chain of V46 that allows the side chain to fill in
somewhat the space left by the removal of theδ methyl
group.

DISCUSSION

We have characterized the ALS-associated variants with
regard to the enzymatic and biological properties of ANG
as a starting point toward understanding the role of the

FIGURE 3: (A) CD spectral analysis for wild-type ANG and variants performed at 20°C. Samples of wild-type ANG and Q12L, K17E,
K17I, R31K, C39W, K40I, and I46V mutants were dissolved at a concentration of 0.1 mg/mL in 20 mM sodium acetate (pH 6.0) containing
0.1 M sodium chloride. Wavelength scans were performed at 20°C from 195 to 250 nm at a scan rate of 50 nm/min. (B) Thermal unfolding
of ANG and selected variants. The graph shows fraction unfolded, determined by circular dichroism at different temperatures. (b) Wild-
type ANG; (O) C39W variant; (1) I46V variant.

Table 2: Thermal Stability Results for ANG Variants

protein Tm (°C) ∆HTm (kcal mol-1) ∆Sm (kcal mol-1 K-1) ∆∆G (kcal mol-1)

ANG (native) 63.39( 0.07 -77.89( 1.55 -0.231( 0.005 0
Q12L 62.30( 0.07 -78.98( 1.64 -0.235( 0.005 -0.25
K17E 64.02( 0.08 -79.36( 2.03 -0.235( 0.006 0.15
K17I 61.37( 0.07 -65.28( 1.61 -0.195( 0.005 -0.48
R31K 61.36( 0.09 -82.43( 2.48 -0.246( 0.007 -0.48
C39W 43.85( 0.08 -59.99( 1.28 -0.189( 0.004 -5.19
K40I 58.10( 0.05 -69.02( 0.97 -0.208( 0.003 -1.27
I46V 57.17( 0.05 -68.62( 0.92 -0.207( 0.002 -1.50
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mutations in the disease. We find that all of the variants with
the exception of R31K have strongly reduced RNase activity
(Figure 2). On the basis of CD measurements, all the variants
are correctly folded and have not undergone any extensive
changes in secondary structure (Figure 3A). However, the
thermal stability of some of the variants is lower than that
of wild-type ANG (Table 2, Figure 3B). The reductions in
the ribonucleolytic potency of Q12L, C39W, and K40I are
paralleled by marked decreases in angiogenic and mitogenic
activity (Figures 4 and 5).

Mutation of Lys40 to Ile abolished all detectable RNase
activity. Lys40 has been shown previously to be a key
catalytic residue (19): replacement by Gln or a conservative
substitution by Arg lowers RNase activity by>2000-fold
and 50-fold, respectively. It is likely that the role of Lys40

is to stabilize the transition state during RNA cleavage, as
for Lys41 in RNase A (44).

The variant C39W also has very low ribonucleolytic
activity. This mutation eliminates a disulfide bridge with
Cys92 that is conserved throughout the pancreatic RNase
superfamily. Removal of the corresponding disulfide bond
in RNase A decreases enzymatic activity by 11-fold (Ala
mutations) or 20-fold (Ser mutations) and lowersTm by
21.8°C (Ala mutations), similar to the present findings for
C39W-ANG (45). In addition, our modeling study predicts
that the new Trp residue in C39W might cause perturbations
that have an effect on catalytic activity beyond that due to
simple loss of the stabilizing disulfide.

Crystal structures of ANG show that Gln12 forms part of
the P1 subsite where phosphodiester bond cleavage occurs;
it makes hydrogen bonds with Lys40 (32) and, in the
complex of ANG with phosphate, with ligand as well (46).
However, previous studies on this residue (47) and on its
counterpart Gln11 in RNase A (48) have shown that
replacement by Ala does not cause any significant loss of
activity, which therefore indicates that Gln12/Gln11 is not
a critical residue. Thus the considerable loss of RNase
activity that we observe for the ANG-Q12L variant could
be due to a specific deleterious effect of the Leu residue:
placement of a hydrophobic residue in a hydrophilic active
site that is set up to bind a phosphate group might have a
disruptive effect.

Lys17 is conserved in ANG from cow, pig, rabbit, mouse,
and several non-human primate species, but is replaced by
Arg in one non-human primate and by Thr in six others.
The residue lies on a surface loop distant from the catalytic
site, and it is unlikely that substitution by Ile or Glu would
have any dramatic effect on the structure. In keeping with
this, these mutations have relatively minor effects on thermal
stability and the model structures are quite similar to that of
wild-type ANG. Nonetheless, our results show substantial
(5-8-fold) activity losses for K17I and K17E. A previous
study (49) demonstrated that replacement of ANG residues
8-22 by RNase A residues 7-21 (thus replacing Lys17 by
a Ser, along with many other changes) markedly decreases
the potency of ANG in inhibiting cell-free protein synthesis,
an activity that has been attributed to the action of ANG on
rRNA in intact ribosomes (50). Lys17 may be part of a
peripheral recognition site for rRNA, and since the natural
substrate of ANG is not yet known, it is possible that Lys17
is also involved in binding this substrate.

The relatively minor effect of the Arg31 to Lys mutation
is consistent with earlier results showing that R31A is 92%
as active as wild-type ANG (51). Although Arg31 is not
involved in enzymatic activity, it is part of a nuclear
translocation sequence,31RRRGL35, that is essential for
angiogenic activity (23, 24). R31A is translocated less
efficiently than the native protein (23), and it is somewhat
less effective than wild-type ANG at inducing angiogenesis
(51). In the native structure Arg31 is involved in interactions
with other residues but is largely accessible to the solvent
(32). While it is possible that R31K is deficient in nuclear
translocation, it should be noted that both Lys and Arg can
function in nuclear translocation sequences (52). Moreover,
bovine, pig, rabbit, and mouse ANG contain Lys rather than
Arg at this position, and all are angiogenic (53, 54). Thus,
if the involvement of the R31K mutation with ALS reflects

FIGURE 4: Angiogenic activities of ANG and Q12L, C39W, and
K40I variants as determined by thoracic aorta assay. Histograms
show the mean number ((SE;n ) 8) of cellular processes growing
from thoracic aorta sections on days 1-5 in the presence of 0.1%
MS alone (negative control) or 0.1% MS plus 200 ng mL-1 of the
indicated protein. Assays were performed as reported in Crabtree
et al. (22). A single asterisk denotes values significantly above that
of the negative control on day 5. A double asterisk denotes values
significantly below that seen in the ANG sample on day 5.
Significance was tested by Student’s pairedt-test.

FIGURE 5: Proliferative activities of ANG and Q12L, C39W, and
K40I variants. Histograms show proliferation of IGR1 cells in the
presence and absence of ANG and ANG variants, as determined
by MTT assay. The negative control was 0.1% FCS. Angiogenins
were assayed at 200 ng mL-1 in the presence of 0.1% FCS. Assays
were performed as reported in Crabtree et al. (22). Error bars
indicate standard deviations (n ) 10). Single asterisks denote values
significantly above the negative control on day 4. Double asterisks
denote values significantly below the wild-type ANG samples on
day 4.
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loss of function, this function would most likely be one for
which structure-function relationships have not yet been
established in detail.

The I46V mutation results in a 10-fold decrease in RNase
activity. The large magnitude of this change was surprising
because Ile46 is not in the active site, and the loss of a single
methyl group from its side chain might be expected to have
only a minor effect on the structure (as predicted in the
model). However, Ile46 lies within the hydrophobic core of
the protein (32), where it is surrounded by several other
hydrophobic residues. Interestingly, rabbit ANG and RNase
A also have a Val residue at this position. However, in these
proteins there are compensating changes in adjacent resi-
dues: Ile for Val at position 103 and Phe in place of Leu115
(human ANG numbering). Consequently, side-chain packing
in the core may not be affected as greatly in these other
enzymes by the Ile to Val change at position 46. The thermal
stability of the I46V variant is significantly reduced compared
to that of wild-type ANG, and the structural perturbation
indicated by this decrease might also affect the functioning
of the active site.

It is interesting to note that two of the ANG variants
(C39W and I46V, both with significant destabilization) are
associated with a familial history of ALS with early onset
(12).

CONCLUSION

Our results show that six of the seven ALS-linked
mutations markedly diminish the ribonucleolytic activity of
ANG and suggest that reduction of enzymatic potency may
underlie the association of these mutations with the disease.
Some of these mutations (K40I and Q12L) clearly have a
direct impact on the catalytic center, whereas the others may
affect activity indirectly (C39W, I46V) or by damaging a
peripheral substrate binding site (K17I, K17E). Where
indirect effects are involved, these may be mediated in part
by decreases in stability. The three variants with the lowest
enzymatic activity (K40I, Q12L, and C39W) were also
characterized with respect to angiogenic and mitogenic
activity and found to be much less active than wild-type
ANG. In the one case (R31K) where the ALS-linked
mutation has no appreciable effect on enzymatic activity,
our results do not suggest any explanation for the disease
association, and further studies will be required.

It is as yet unclear whether the molecular events underlying
the angiogenic activity and the normal mechanism of action
of ANG in the nervous system are similar and how these
are perturbed in the hANG-ALS variants. Our study suggests
that the mechanisms are likely to be similar. This is not
surprising since molecules involved in vasculogenesis and
angiogenesis such as VEGF have also been shown to play
important roles in the nervous system (8, 10, 55).

It should be noted that ANG action involves cellular
uptake, and at some point the ANG molecule is located in
the cytosol. It is possible that the decreased stability and
predicted alterations in structure could make the protein a
target of ubiquitination and degradation by the proteasome,
producing a major disruption in function. Alternatively, some
mutations may affect the recognition of in vivo RNA targets.
Further biological experiments with the ALS-implicated

variants might provide some of the answers for the questions
posed here.
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