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Background: RNase 1 is an RNA-degrading enzyme conserved in mammals and with unknown biological function.
Results: RNase 1 homologs in human and cow display different biochemical and biological properties, implying divergent
physiology.
Conclusion: Bovine brain ribonuclease, not RNase A, is the functional homolog of human RNase 1.
Significance: Fundamental insight into the biology and evolution of human RNase 1 is attained from analyses of homologous
proteins.

Mounting evidence suggests that human pancreatic ribonu-
clease (RNase 1) plays important roles in vivo, ranging from reg-
ulating blood clotting and inflammation to directly counteract-
ing tumorigenic cells. Understanding these putative roles has
been pursued with continual comparisons of human RNase 1 to
bovine RNase A, an enzyme that appears to function primarily in
the ruminant gut. Our results imply a different physiology for
human RNase 1. We demonstrate distinct functional differences
between human RNase 1 and bovine RNase A. Moreover, we
characterize another RNase 1 homolog, bovine brain ribonucle-
ase, and find pronounced similarities between that enzyme and
human RNase 1. We report that human RNase 1 and bovine
brain ribonuclease share high catalytic activity against double-
stranded RNA substrates, a rare quality among ribonucleases.
Both human RNase 1 and bovine brain RNase are readily endo-
cytosed by mammalian cells, aided by tight interactions with cell
surface glycans. Finally, we show that both human RNase 1 and
bovine brain RNase are secreted from endothelial cells in a reg-
ulated manner, implying a potential role in vascular homeosta-
sis. Our results suggest that brain ribonuclease, not RNase A, is
the true bovine homolog of human RNase 1, and provide funda-
mental insight into the ancestral roles and functional adapta-
tions of RNase 1 in mammals.

Pancreatic ribonuclease (RNase) 1 is a small, secreted, RNA-
degrading enzyme conserved in mammals (EC 3.1.27.5). Its bio-
logical purpose is unknown. Until recently, all assumptions
about its physiology were based on studies of a well known
bovine homolog, RNase A. This protein is secreted primarily
from the bovine exocrine pancreas, and is believed to degrade
mRNA from symbiotic bacteria in the rumen, a harsh environ-
ment with a normal pH range of 5.8 – 6.4 and temperatures

from 38 to 42 °C (1, 2). Indeed, RNase A seems well suited for
this role, possessing extremely high catalytic activity against
single-stranded (ss)4 RNA at acidic pH, as well as remarkable
thermostability and acid tolerance (3).

Studies of RNase 1 in other species suggest a biological func-
tion apart from digestion. Observations in rats demonstrated
that RNase 1 levels do not change following periods of fasting or
consumption, as with other digestive enzymes (4). In humans,
pancreatectomy does not affect circulating RNase 1 levels (5),
and we now recognize the primary source of RNase 1 in human
blood to be the vascular endothelium (6). Recent work suggests
that RNase 1 degrades extracellular RNA, potentially regulating
hemostasis, inflammation, and innate immunity (7–11). Data
in vitro (12, 13) and in vivo (14 –16) have implicated human
RNase 1 as having an endogenous anti-cancer function, and
clinical trials for a variant of this enzyme are underway (17, 18).
Taken together, these data imply a much broader physiological
role for mammalian RNase 1 than digestion.

The discrepancies between bovine RNase A and mammalian
homologs might reside in the peculiar evolution of RNase 1 in
ruminants. Whereas most mammals possess a single RNASE1
gene, evolutionary analyses predict that bovine RNASE1 under-
went two major gene duplication events around 30 million
years ago, resulting in paralogous genes encoding three distinct
proteins: RNase A, seminal ribonuclease (BSR), and brain
ribonuclease (BRB). Intriguingly, BSR naturally dimerizes upon
folding, whereas all other homologs exist as monomers.
Orthologs of these three ribonucleases have been identified in
many ruminant species. Although many BSR genes show pseu-
dogene features (including stop-codon insertion, loss of cata-
lytic residues, or loss of dimerization), BRB genes do not, imply-
ing a necessary function for the BRB protein (19 –21).

Of the three bovine ribonucleases, only BRB is not well char-
acterized. Apart from classic work on RNase A (3), D’Alessio
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(22), Matoušek (23), and others have established that BSR pos-
sesses interesting biological functions not associated with
digestion. Indeed, BSR has cytotoxic, aspermagenic, and immu-
nosuppressive activity, likely related to the need to protect
sperm cells from the female immune system. BSR is, however,
only expressed in the seminal vesicles and testes of Bos taurus,
limiting the potential to extrapolate its functions and properties
to other mammalian RNase 1 homologs. In contrast, BRB
(which was named for its initial discovery and purification from
bovine brain (24, 25)) is expressed not only in brain, but in all
tissues examined, including endometrium, lymph node, small
intestine, liver, and kidney (26). The widespread expression
pattern of BRB closely resembles that for human and mouse
RNASE1 genes (27). Furthermore, phylogenetic analyses imply
that BRB is evolutionarily older than both RNase A and BSR,
suggesting greater similarity to the ancestral form of RNase 1 in
ruminants (28). RNase A shares greater overall sequence iden-
tity with human RNase 1 than does BRB (Table 1). Neverthe-
less, conclusions based on sequence similarity are not nearly as
powerful or as precise as those based on protein function.

We have performed the first detailed biochemical character-
ization of BRB. Our data upend the relationship between
human RNase 1 and bovine RNase A; instead, the true func-
tional homolog of human RNase 1 in the cow appears to be
BRB. Moreover, our findings support the hypothesis that mam-
malian RNase 1 is not merely a digestive enzyme, but rather an
evolutionarily honed vascular regulator.

EXPERIMENTAL PROCEDURES

Equipment—All fluorescence and absorbance measurements
were made with a Tecan M1000 fluorescence plate reader,
unless stated otherwise. All data were fitted and analyzed with
the program Prism 5 (GraphPad), unless stated otherwise.

Cloning, Expression, and Purification of Proteins—DNA frag-
ments encoding human RNase 1, P19C human RNase 1, and
H12A human RNase 1; BRB and S19C BRB, RNase A and A19C
RNase A; BSR, C31A/C32A mBSR, and P19C/C31A/C32A
mBSR; and bovine RI were inserted into the pET22b (Novagen)
expression vector for tagless expression in Escherichia coli
strain BL21(DE3). All mutations were generated using site-di-
rected mutagenesis. Ribonucleases were purified as inclusion
bodies, and variants containing a free cysteine residue were
labeled with either 2�,7�-diethylfluorescein (29) or BODIPY FL
(Molecular Probes) as described (30). Bovine RI was purified via
RNase A affinity chromatography as described (31). Dimeric
BSR was isolated as a monomer and allowed to dimerize upon
refolding as described (32). Following purification, protein
solutions were dialyzed against PBS and filtered prior to use.
The molecular mass of each ribonuclease conjugate was con-
firmed by MALDI-TOF mass spectrometry. Protein concentra-
tion was determined by using a bicinchoninic acid assay kit
(Pierce) with wild-type RNase A as a standard.

Tm Determination—Thermal unfolding of ribonucleases was
monitored in the presence of a fluorescent dye using differential
scanning fluorimetry. Differential scanning fluorimetry was
performed using a ViiA 7 Real-time PCR machine (Applied
Biosystems) as described (33, 34). Briefly, a solution of protein
(30 �g) was placed in the wells of a MicroAmp optical 96-well

plate, and SYPRO Orange dye (Sigma) was added to a final dye
dilution of 1:166 in relationship to the stock solution of the
manufacturer. The temperature was increased from 20 to 96 °C
at 1 °C/min in steps of 1 °C. Fluorescence intensity was mea-
sured at 578 nm, and the resulting data were analyzed with
Protein Thermal Shift software (Applied Biosystems). A solu-
tion with no protein was used for background correction. Val-
ues of Tm were calculated from ∂fluorescence/∂T and are the
mean of three independent experiments.

Inhibitor Dissociation Rate—The equilibrium dissociation
rates of the RI�ribonuclease complexes were determined as
described (31, 35, 36). Briefly, RI and 2�,7�-diethylfluorescein-
labeled ribonucleases were mixed in equimolar ratios, and the
resulting solution was incubated at 25 °C for 5 min. A 50-fold
molar excess of human RNase 1 was added to scavenge disso-
ciated RI. Complex dissociation was measured by monitoring
the increasing fluorescence of dissociated ribonuclease over
time. Values of Kd are the mean of at least three independent
experiments.

pH Dependence of Enzyme Activity—The pH dependence of
ribonucleolytic activity with a ssRNA substrate was determined
by measuring the initial velocity of cleavage of 6-FAM-
dArU(dA)2– 6-TAMRA (IDT) (37) (0.2 �M) at pH 4.0 –9.0.
Assays were carried out in 96-well plates (Corning) at 25 °C in
various ribonuclease-free buffers: 0.10 M NaOAc, 0.10 M NaCl
(pH 4.0 –5.5); 0.10 M BisTris, 0.10 M NaCl (pH 6.0 – 6.5); 0.10 M

Tris, 0.10 M NaCl (pH 7.0 –9.0). All assays were performed in
triplicate with three different enzyme preparations. Values of
optimal pH were calculated by fitting of normalized initial
velocity data from solutions of various pH to a bell-shaped dis-
tribution. Values of kcat/Km at the optimal pH were determined
from initial velocity data, as described (37).

Double-stranded RNA Degradation—Steady-state kinetic
parameters for a double-stranded (ds) RNA substrate were
determined by following changes in absorbance upon enzy-
matic degradation, as described (38). Poly(A:U) (Sigma) was
dissolved in reaction buffer (0.10 M Tris-HCl, 0.10 M NaCl, pH
7.4) and serially diluted by 2-fold in a 96-well plate (Corning).
After equilibration at 25 °C, a baseline at A260 was established,
and the initial substrate concentration was determined using
�260 � 6.5 mM�1 cm�1 for poly(A:U). Ribonucleases were
added to solutions of varying substrate concentrations, and
after mixing the change in absorbance at 260 nm was moni-
tored over time. Initial reaction velocities were determined
using ��260 � 3.4 mM�1 cm�1 for poly(A:U). All assays were
performed in triplicate with three different enzyme prepara-
tions. Values of Vmax and Km were calculated by fitting data to
the Michaelis-Menten equation.

dsRNA degradation was also assessed with a stable fluores-
cent hairpin substrate with the sequence: 5,6-FAM-CGAT-
C(rU)ACTGCAACGGCAGTAGATCG (IDT). This substrate
had a single RNA nucleotide near the fluorophore-labeled 5�
end. The substrate was dissolved in water and annealed by first
heating to 95 °C and then cooling slowly to room temperature.
A solution of substrate (50 nM) was added to a solution of ribo-
nuclease (1 �M), and the resulting mixture was incubated for 5
min. The reaction was quenched by the addition of 40 units of
rRNasin (Promega), and the products were subjected to elec-
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trophoresis on a 20% (w/v) native acrylamide gel at 10 mAmp.
Formation of cleavage product was monitored by excitation at
495 nm and emission at 515 nm with a Typhoon FLA 9000
scanner (GE Healthcare), and band density was quantified with
ImageQuant software (GE Healthcare). The gel was then incu-
bated in SYBR Gold (Invitrogen) and imaged for total nucleic
acid. All assays were performed in triplicate with three different
enzyme preparations.

Binding of Ribonucleases to Glycans—Soluble glycans,
including heparin, chondroitin sulfate A, chondroitin sulfate B,
and chondroitin sulfate C (Sigma), were diluted across a 96-well
plate in 5-fold dilutions in 1� PBS (pH 7.4). Ribonuclease-
BODIPY conjugates were added to a final concentration of 50
nM, and the resulting solutions were incubated for 30 min at
room temperature. Polarization was monitored by excitation at
470 nm and emission at 535 nm, and data were normalized to a
solution lacking carbohydrate and fitted to a binding isotherm
by nonlinear regression.

Liposomal Disruption Assay—Liposomes were constructed
as described (39) using 1,2-dioleoyl-sn-glycero-3-ethylphos-
phocholine (Avanti Polar Lipids). Lyophilized lipids were resus-
pended in 25 mM Tris-HCl buffer (pH 7.0), containing NaCl (80
mM), 8-aminonaphthalene-1,3,6-trisulfonic acid (12.5 mM),
and p-xylene bis(pyridinium bromide) (45 mM) (40). The lipid
suspension was subjected to five freeze-thaw cycles and
extruded through polycarbonate filters to form unilamilar ves-
icles of �100 –150 nm diameter as determined by dynamic light
scattering. Liposomes were diluted to 700 �M and incubated
with 5 �M ribonuclease in a 96-well plate. Ribonuclease-in-
duced leakage of the entrapped vesicle content was monitored
by measuring the de-quenching of the fluorescence of 8-amino-
napthalene-1,3,6-trisulfonic acid over time (40). Percent leak-
age was calculated by normalizing to liposome disruption by
Triton X-100.

Cellular Internalization of Ribonucleases—The uptake of
BODIPY-labeled ribonucleases into nonadherent mammalian
cells was monitored by flow cytometry, as described (35).
Human K-562 cells were grown in RPMI media (Invitrogen)
containing FBS (10% v/v) and penicillin/streptomycin (Invitro-
gen). Cells were maintained at 37 °C in 5% CO2. Cells were
plated at 2 � 106 cells/ml in a 96-well plate. Ribonucleases in
PBS were added to 5 �M, and the resulting solution was incu-
bated for 4 h. Cells were collected by centrifugation at 1000 � g
for 5 min, washed twice with PBS, exchanged into fresh
medium, and collected on ice. The total fluorescence of live
cells was measured using a FacsCalibur flow cytometer (BD
Bioscience). Fluorescence data between experiments were nor-
malized by calibrating each run with fluorescent beads. Data
were analyzed with FlowJo software (Tree Star).

The uptake of BODIPY-labeled recombinant ribonucleases
into adherent human umbilical vein endothelial cells (Lonza)
and transformed bovine brain endothelial cells (TBBEC) (C.
Czuprynski, University of Wisconsin-Madison) was monitored
with confocal microscopy (Nikon). Human umbilical vein
endothelial cells were grown in EGM-2 medium (Lonza);
TBBEC were grown in RPMI medium containing FBS (10% v/v)
and penicillin/streptomycin (Invitrogen). Cells were main-
tained at 37 °C in 5% CO2. Cells were plated at 2 � 106 cells/ml

in a 96-well plate. Ribonucleases in PBS were added to 1.25 �M,
and the resulting medium was incubated for 4 h. The outer
membrane was stained with WGA-594, and the nucleus was
stained with Hoechst 33342 (Invitrogen). Cells were then
washed 3 times with PBS. Cells were imaged with an Eclipse
TE2000-U laser scanning confocal microscope (Nikon)
equipped with an AxioCam digital camera (Carl Zeiss).

Ribonucleolytic Assay of Conditioned Media—After serum
starvation for 4 h, cells were treated with PBS or poly(C)
(Sigma), poly(I:C) (InvivoGen), or poly(A:U) (Sigma) to 25
�g/ml. After 20 min, conditioned medium was collected, and a
protease inhibitor mixture (1�) (Sigma), EDTA (0.10 M), and
Triton X-100 (1% v/v) were added immediately. Medium (10
�l) was assayed for ribonucleolytic activity using 6-FAM-
dArU(dA)2– 6-TAMRA in 0.10 M Tris-HCl buffer (pH 7.4),
containing NaCl (0.10 M) as described above.

Zymogram of Conditioned Media—Conditioned medium
obtained as described above was concentrated using 5K
MWCO spin concentrators (Corning). Samples were treated
with peptide:N-glycosidase F (50 units) (New England Biolabs)
in reaction buffer overnight at 37 °C. Samples were diluted with
2� Laemmli buffer (Bio-Rad) and loaded into a polyacrylamide
gel (15% w/v) containing poly(C) (Sigma). Loaded samples were
subjected to electrophoresis for 1.5 h at 100 V. Subsequent
washing, refolding, and staining with toluidine blue were per-
formed as described (9, 41).

Sequence Alignment and Phylogram Construction—Protein
sequence alignments were made using MUSCLE (42) with
manual adjustments. A maximum-likelihood phylogram was
generated in MEGA5.2 using the Jones-Taylor-Thornton sub-
stitution model with uniform site substitution rates (43) and
1000 bootstrap replicates.

Statistical Analyses—Numerical data from experiments in
vitro and in cellulo were analyzed by using unpaired and paired
t tests, respectively, to determine p values.

RESULTS

Recombinant BRB had never been characterized prior to our
work. Moreover, only preliminary studies had been performed
on isolated enzyme (44, 45). To enable relevant comparisons,
we also analyzed well known homologs: human RNase 1, bovine
RNase A, and both monomeric (mBSR) and dimeric (dBSR)
forms of BSR. Until now, these enzymes had never been com-
pared in a single, controlled study using the same methods and
substrates. We chose to include a monomeric form of BSR
(C31A/C32A) (32) to establish any differences in biochemical
properties conferred by dimerization.

Initial Characterizations of BRB—We began our study by
analyzing biochemical properties of BRB that had been investi-
gated for its homologs (Table 1). Analysis of aligned sequences
demonstrated that BRB has less overall sequence identity and
similarity to human RNase 1 than to either RNase A or BSR.
Yet, when the divergent, 17-residue C-terminal tail of BRB was
excluded from analysis, the ensuing BRB�125–141 displayed
identity (70%) and similarity (82%) to human RNase 1 as high or
higher than those of RNase A and BSR. Like human RNase 1,
BRB was found to be less thermostable than either RNase A or
BSR. BRB was found to bind tightly to its endogenous inhibitor,
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bovine RI, similar to other homologous ribonucleases (21, 31,
46, 47).

Human RNase 1 and BRB Show a Pronounced Shift in Cata-
lytic pH Optimum—Previous studies have shown that ortholo-
gous ribonucleases can exhibit different pH optima for catalysis
(48). Our results reveal similar contrasts. Although RNase A
had its highest activity at pH 6.1, both human RNase 1 and BRB
had their highest activity at pH 7.2 (Fig. 1A). Additionally,
RNase A was �5-fold more active against ssRNA at optimal pH
than either human RNase 1 or BRB (Fig. 1B). Interestingly, we
also found a distinct shift in pH optimum between monomeric
and dimeric forms of BSR: mBSR had its highest activity at pH
6.5, whereas dBSR shows its highest activity at pH 7.1 (Fig. 1A).
Furthermore, we noted a drastic drop in catalytic efficiency for
dBSR over its monomeric form (Fig. 1B).

Human RNase 1 and BRB Can Degrade Double-stranded
RNA with High Efficiency—Although all pancreatic-type ribo-
nucleases can degrade ssRNA substrates, a small subset display
high activity toward dsRNA (38). We examined the ability of
ribonucleases to degrade dsRNA using poly(A:U) as substrate.
We found that human RNase 1 degraded this dsRNA substrate
with �2000-fold higher efficiency than that of RNase A. Tell-
ingly, we found that BRB degraded poly(A:U) with efficiency
�200-, 7-, and 2-fold higher than those of RNase A, mBSR, and
dBSR, respectively (Fig. 2A). The trend for human RNase 1 and
dBSR agrees with previous reports (38, 49, 50). An active site
variant, H12A RNase 1, demonstrated little measurable activity
against the substrate. We also assessed the ability of RNase B
(Sigma), which is a naturally occurring glycoform of RNase A,
to degrade poly(A:U), and found no significant change in activ-
ity from RNase A (data not shown).

As the heterogeneous nature of poly(A:U) does not allow for
controlled secondary structure, we sought to create a novel
dsRNA substrate to confirm our findings with poly(A:U). We
designed a simple hairpin containing a single ribonucleotide
embedded within a DNA oligonucleotide and labeled on the 5�
end with a fluorophore. Successful cleavage of this ribonucleo-
lytic substrate necessitates unwinding of the DNA duplex
formed by the hairpin. We monitored the formation of the
fluorescent 6-mer cleavage product of ribonuclease catalysis by
electrophoresis using a native polyacrylamide gel (Fig. 2B).
Densitometric analysis of substrate and cleavage products mir-
rored the same trend observed with the poly(A:U) substrate.
Specifically, human RNase 1 demonstrated the most product

formation, followed by BRB, then dBSR, mBSR, and RNase A
(Fig. 2C). Again, H12A RNase 1 demonstrated little activity.

Human RNase 1 and BRB Bind Cell Surface Molecules and
Disrupt Liposomes—We used fluorescence polarization to
compare the affinity of human and bovine ribonucleases
toward common cell surface glycans. Representative data are
shown in Fig. 3A. We found that both human RNase 1 and BRB
had significantly higher affinity for all glycans tested than did
either mBSR or RNase A. Average Kd values determined from at
least three independent fluorescence polarization experiments
are displayed as a heat map (Fig. 3B), and show that human
RNase 1 and BRB exhibited nanomolar affinity for various
carbohydrates.

We sought to determine whether the increased affinity of
ribonucleases for glycans correlated with their ability to disrupt

TABLE 1
Biochemical properties of human and bovine ribonucleases

Ribonuclease
Molecular

mass Za
Identity to

RNase 1
Similarity to

RNase 1b Tm
c Kd

d

kDa % °C fM

RNase 1 (Homo sapiens) 14.7 	6 100 100 55.5 
 0.5 0.12 
 0.1
BRB (B. taurus) 15.8 	11 61 72 52.2 
 0.4 0.35 
 0.21
mBSR (B. taurus) 13.7 	9 70 80 60.1 
 0.5 1.94 
 0.72
dBSR (B. taurus) 27.5 	18 70 80 62e �2 � 109f

RNase A (B. taurus) 13.7 	4 68 82 63.9 
 0.4 0.16 
 0.12
a Value is for the net molecular charge: Arg 	 Lys � Asp � Glu.
b For % similarity calculations: K � R; D � E; C � G � H � N � Q � S � T � Y; A � F � I � L � M � P � V � W.
c Value is the temperature at the midpoint of thermal denaturation, determined by incorporation of a hydrophobic dye and quantitation by differential scanning fluorimetry

(33).
d Value is for the complex with bovine ribonuclease inhibitor, determined as described (31, 35, 36).
e Value was determined with circular dichroism spectroscopy (75).
f Value is for the complex with human ribonuclease inhibitor (46).

FIGURE 1. Effect of pH on catalysis of single-stranded RNA cleavage by
human and bovine ribonucleases. A, pH rate profiles using the normalized
initial velocity for cleavage of single-stranded RNA. Values (mean 
 S.E.) are
from at least three independent experiments. B, pH optima for catalysis as
calculated from the data in panel A, and values (mean 
 S.E.) of kcat/Km at that
pH.
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lipid membranes. We observed significant differences between
human RNase 1, BRB, and dBSR as compared with RNase A and
mBSR (Fig. 3C). Still, the rates of liposomal disruption were
relatively low compared with enzymes such as lysozyme, which
exhibits �12-fold higher disruption efficiency than human
RNase 1 (data not shown). The hydrophobic C-terminal tail did
not endow BRB with a marked ability to disrupt liposomes.

Human RNase 1 and BRB Readily Enter Mammalian Cells—
Next, we determined if greater cell surface glycan association
enhanced the uptake of human RNase 1 and BRB into nonad-
herent human cells. A representative sample of raw fluores-
cence data acquired by flow cytometry is shown in Fig. 4A.

Averaged, normalized data from three independent experi-
ments indicated that both human RNase 1 and BRB were inter-
nalized into K-562 cells a significantly greater extent than either
mBSR or RNase A (Fig. 4B).

Human RNase 1 is known to circulate freely in all bodily
fluids, including blood (6, 9, 51). Hence, we were curious to
know if ribonucleases could interact with the vascular endothe-
lium, cells known to play dynamic regulatory roles in host
defense and vascular homeostasis (52). We probed the internal-
ization of ribonucleases into both human and bovine endothe-
lial cells. Interestingly, we found that RNase 1 and BRB were

FIGURE 2. Catalysis of double-stranded RNA cleavage by human and
bovine ribonucleases. A, values kcat/Km for the cleavage of poly(A:U). Values
(mean 
 S.E.) are from at least three independent experiments. **, p � 0.01. B,
native polyacrylamide gel showing cleavage of a DNA hairpin containing a
single RNA residue (red) and labeled on the 5� end with FAM (green). SYBR
Gold enables imaging of all nucleic acids. C, extent of FAM-labeled product
formation for the data in panel B. Values (mean 
 S.E.) are from four native
gels.

FIGURE 3. Interaction of human and bovine ribonucleases with mem-
branes. A, representative isotherms for binding of BODIPY-labeled ribonu-
cleases to heparin as determined by fluorescence polarization. B, heat map
indicating the relative affinity for various cell surface glycans, determined as
in panel A. Values (mean 
 S.E.) are from at least three independent experi-
ments. Blue tones represent nM affinity; yellow tones represent �M affinity. C,
disruption of phosphatidylcholine liposomes by ribonucleases, as measured
by the release of an encapsulated dye. Values (mean 
 S.E.) are from at least
three independent experiments. **, p � 0.01.
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taken up to a far greater extent by both human and bovine
endothelial cells than either mBSR or RNase A (Fig. 5, A and D).

Human RNase 1 and BRB Are Released from Cells in Response
to dsRNAs—Previous studies have demonstrated that human
RNase 1 is secreted profusely from endothelial cells (6, 9, 51).
Based on our findings that human RNase 1 and BRB can readily
degrade dsRNA, we hypothesized that extracellular dsRNA in
the blood might act as an agonist that promotes RNase 1 secre-
tion. Within 20 min of exposure to the double-stranded RNA
substrates poly(I:C) or poly(A:U), conditioned medium from
both human and bovine endothelial cells displayed significantly
higher levels of ribonucleolytic activity (Fig. 5, B and E). Sur-
prisingly, this phenomenon did not occur upon exposure to
single-stranded RNA (poly(C)), or DNA (data not shown).
Zymogram analysis of cell-conditioned media provide a quali-
tative indication that the increased RNase activity in samples
was due to human RNase 1 and BRB produced by human and
bovine endothelial cells, respectively (Fig. 5, C and F). The ribo-
nucleases secreted by these cells have N-linked glycans, which
are removed by treatment with peptide:N-glycosidase F.

DISCUSSION

Mounting evidence suggests that mammalian RNase 1 plays
important roles in vivo, ranging from regulating blood clotting
and inflammation to directly counteracting tumorigenic cells.
We believe that progress toward understanding these putative
roles has been hindered by continual comparisons of human
RNase 1 to bovine RNase A. Although RNase A is perhaps the
most important model protein in biological chemistry (3, 53,

54), RNase A is the product of but one of three RNASE1 dupli-
cates in the bovine genome. Its expression is limited in vivo, and
its evolution is recent. Despite these shortcomings, RNase A
has been considered the archetypal RNase 1 enzyme, with its
properties ascribed globally to all homologous proteins. Thus,
the prevailing view of RNase 1 has been of a digestive enzyme
possessing little importance beyond the ruminant gut.

Our data stand in stark contrast to this hypothesis. We find
distinct differences between human RNase 1 and RNase A.
Moreover, we have characterized an additional bovine variant,
BRB, and find pronounced similarities between this unappreci-
ated protein and human RNase 1. We have demonstrated that
human RNase 1 and BRB share similar biochemical properties,
including strong catalytic activity against double-stranded
RNA, as well as the intriguing ability to enter mammalian cells
readily. These clustered attributes set human RNase 1 and BRB
apart from either BSR or RNase A (Fig. 6A). Coupled with pre-
vious reports of the widespread tissue expression of BRB in
cows (26), our data suggest that BRB, not RNase A, is the true
functional homolog of human RNase 1. Moreover, our data
support the existence of an important biological role for both
human RNase 1 and BRB unrelated to digestion.

Our treatise is consistent with a phylogenetic analysis (Fig.
6B), which suggests BRB resulted from an earlier genetic dupli-
cation than either BSR or RNase A and thus resembles more
closely the ancestral form of RNase 1 in ruminants (28). Labo-
ratory reconstructions of proposed “ancient” bovine ribonu-
cleases support this claim, showing that “ancestral” forms of
bovine RNase 1 display properties more similar to BRB than
RNase A, including decreased thermostability and increased
activity toward dsRNA (55, 56). Compellingly, the timeline of
the divergence of RNase A corresponds to the Oligocene cool-
ing epoch, which resulted in the rise of grasslands and the emer-
gence of ruminant digestion. Hence, RNase A most likely rep-
resents a specialized digestive form of RNase 1 that arose
simultaneously with foregut fermentation (21, 55). A similar
phenomenon is known to have occurred in colobine monkeys,
where a secondary form of RNase 1 with distinct properties
evolved to participate in ruminant-like digestion (48). Taken
together, extant evidence indicates that RNase A is not the pro-
totype for mammalian RNase 1 in terms of function.

The question remains: if not digestion, what is the biological
purpose of RNase 1? A conclusive answer to this question
hinges upon future analysis of in vivo models. Still, our work
does provide a basis for speculation. The ability of human
RNase 1 and BRB to degrade dsRNA is of special interest
because of its immunological implications. Most viruses pro-
duce dsRNA at some point during their replication. In mam-
malian cells, dsRNA is a potent antigen recognized by sensors
such as Toll-like receptor (TLR) 3, through which dsRNA can
trigger the transcription-based antiviral interferon response
(57, 58). We found that stimulating endothelial cells with the
dsRNA substrate poly(A:U), as well as with the synthetic viral
dsRNA analog poly(I:C), increased the secretion of both
RNase 1 and BRB significantly, whereas treatment with ssRNA
or DNA did not. RNase 1 has been shown to be released spon-
taneously from endothelial cells upon treatment with various
vascular agonists (9). Potentially, the presence of extracellular

FIGURE 4. Mammalian cell internalization of human and bovine ribonu-
cleases. A, representative flow cytometry data for the uptake of BODIPY-
labeled ribonucleases into K-562 cells after 4 h. B. Values (mean 
 S.E.) are
from four independent experiments. *, p � 0.05.
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dsRNA provides a signal to direct the spontaneous release of
stored, latent RNase 1. By degrading antigenic stimulants like
extracellular RNAs, RNase 1 could play a crucial role in regu-
lating antiviral immunity and inflammation.

Whereas the potential importance of dsRNA degradation by
RNase 1 is clear, the mechanism of catalysis is not. The RNase 1
active site cannot accommodate two nucleic acid strands simul-
taneously; thus, the putative mechanism invokes the unwinding
of the double helix by cationic residues near the enzymic active
site. Arg-32 (20, 38) and Lys-102 (49) have been implicated, in
particular. Both of these cationic residues are present in human
RNase 1 and BRB, but absent in BSR and RNase A. Yet, other
residues that could be important for dsRNA degradation by
human RNase 1, including Arg-4, Lys-6, Lys-62, and Lys-74 (49,
50), are not found in BRB, leaving unknown the precise basis for
dsRNA degradation.

Intriguingly, the Toll-like receptors that respond to ssRNA
and dsRNA (TLR7/TLR8 and TLR3, respectively) are all local-
ized within endosomes (59 – 61). Our current work demon-

strates that both human RNase 1 and BRB internalize into
mammalian cells significantly better either RNase A or mBSR
(Figs. 4 and 5, A and D). We have shown previously that RNase 1
internalization involves endocytosis (62– 64); thus, human
RNase 1 and BRB might be especially well adapted to enter
endosomes, where they could degrade antigenic RNA and reg-
ulate signaling cascades. Their increased cellular uptake could
hinge upon increased interactions with anionic cell surface gly-
cans. Indeed, our data show that human RNase 1 and BRB bind
much more tightly to an assortment of sulfated glycans, espe-
cially heparin, than does RNase A. This interaction is not
merely based on Coulomb’s law, as mBSR (Z � 	9) binds much
more weakly than human RNase 1 (Z � 	6). Accordingly, we
posit that human RNase 1 and BRB contain putative heparan
sulfate-binding motifs. For example, the BBXB motif, where B
represents a basic residue, has been shown to be a common
heparan sulfate-binding motif in proteins (65– 67). Human
RNase 1 and BRB both contain three cationic regions that are
similar to a BBXB motif and are absent from both mBSR and

FIGURE 5. Endothelial cell internalization and release of human and bovine ribonucleases. A–C, human umbilical vein endothelial cells; D–F, TBBEC cells.
A and D, cellular internalization of exogenous ribonucleases (1.25 �M) after 4 h. Ribonuclease label, BODIPY (green); outer membrane stain: WGA-594 (red);
nuclear stain, Hoechst 33342 (blue). Scale bar, 5 �m. B and E, ribonucleolytic activity of cell-conditioned media after treatment with ssRNA or dsRNA. Values
(mean 
 S.E.; n � 6) are normalized to basal activity. *, p � 0.05; **, p � 0.01. C and F, zymogram of concentrated conditioned medium before or after treatment
with peptide:N-glycosidase F. ANG, human angiogenin (76).
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RNase A (Fig. 7). These unique areas of positive charge might
account for many of the distinct properties shared by these
enzymes, including dsRNA degradation, increased lipid disrup-
tion, and enhanced cellular internalization.

An unexpected result from our study is the pronounced
divergence in pH optimum for catalysis among ribonucleases
(Fig. 1). We found RNase A to have a pH optimum of 6.0, a value
that closely reflects classic studies (68) and makes RNase A well
suited for the acidic environment of the bovine rumen. Con-
versely, human RNase 1 and BRB had pH optimums of 7.3 and
7.4, respectively, which are close to the pH of many bodily flu-
ids, including blood (pH 7.365). These data correlate with
observations that human RNase 1 circulates freely throughout
the body in all fluids tested (27). We speculate that differences
in pH optimum between homologs could be due to slight per-
turbations in the pKa values of the two active site histidine
residues. We were surprised to observe a large difference in pH
optimum (�1.3 pH units) for catalysis by the native dimeric
form of BSR and the artificial monomer. The dimeric structure
of BSR is also necessary for its other putative biological func-
tions, including its immunosuppressive and antitumor activity
(22, 46). The dimer is known to swap its N-terminal helices (69,
70), thereby forming a chimeric active site that could have
higher histidine pKa values. Thus, its unique quaternary struc-
ture appears to equip BSR for catalysis in the cytosol as well as in
bovine seminal fluid, where the typical pH is 6.8 –7.2 (71). This
functional imperative for a dimeric form could explain the
existence of the BSR gene as a pseudogene in species where the
cysteine residues required for dimerization have been lost.

Many questions remain regarding the biology of mammalian
RNase 1, and BRB in particular. An ongoing mystery is how
glycosylation of RNase 1 influences its endogenous functions.

Analyses of human tissues and fluids indicate that various tissue
sources produce differentially glycosylated forms of RNase 1 (6,
72); BRB has also been shown to have N-linked glycans that are
highly heterogeneous and distinct from those attached to
RNase A (73). We too found secreted ribonucleases that were
N-glycosylated (Fig. 5, C and F). A second perplexity surrounds
BRB: what is the purpose of its extended, hydrophobic C-ter-
minal tail? Although all ruminant brain ribonucleases possess a
similar tail, the amino acid sequences of these regions are not
conserved, and seem to have arisen through multiple substitu-
tions and deletions (19, 44). The tail is known to be O-glyco-
sylated at two sites (25), but the significance of these oligosac-
charide chains is not known. We speculated that the
hydrophobic tail allows BRB to preferentially disrupt lipid
membranes, but our data showed that BRB did not have signif-
icantly different activity toward liposomes than either human
RNase 1 or dBSR (Fig. 3C). Previous studies have shown that
proline-rich motifs can be associated with facilitating protein-
protein interactions, specifically transient interactions such as
recruitment of multiple factors (74). Thus, the proline-rich
C-terminal tail of BRB could act as a protein scaffold to recruit
other proteins.

In conclusion, we have presented data that establish func-
tional relationships between human and bovine homologs of
mammalian RNase 1. Our data provide fundamental insight
into the biological role of RNase 1 in mammals, suggesting a
physiology not associated with digestion. Further studies,
including analyses of mammalian animal models, are necessary
for a complete description of the most significant biological
functions of RNase 1 in humans and other mammals. Cur-
rently, mouse studies probing the therapeutic potential of
RNase 1 against various pathologies have utilized RNase A as

FIGURE 6. Schematic summaries of data for human and bovine ribonucleases. A, schematic representation of normalized biochemical parameters from
Table 1 and Figs. 1– 4. Symbols indicate data obtained from assays; shaded regions indicate the range of all values for a particular ribonuclease. B, phylogram
indicating bootstrap values �40.
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their treatment of choice (7, 8, 10, 11, 15, 77). We speculate that
the use of recombinant human RNase 1, BRB, or mouse
RNase 1 would provide a more robust and relevant phenotype.
Finally, we note that our understanding of BRB has been hin-
dered by its appellation, which incorrectly implies an associa-
tion only with the brain, just as our understanding of human
RNase 1 has been obfuscated by its undue association with the
pancreas.
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