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ABSTRACT

The discovery of Ribonuclease k6 (RNase k6) was an
unexpected result of our ongoing efforts to trace the
evolutionary history of the ribonuclease gene family.
The open reading frame of RNase k6, amplified from
human genomic DNA, encodes a 150 amino acid
polypeptide with eight cysteines and histidine and
lysine residues corresponding to those found in the
active site of the prototype, ribonuclease A. The
single-copy gene encoding RNase k6 maps to human
chromosome 14 and orthologous sequences were
detected in both primate and non-primate mammalian
species. A single mRNA transcript (1.5 kb) was
detected in all human tissues tested, with lung
representing the most abundant source. At the cellular
level, transcripts encoding RNase k6 were detected in
normal human monocytes and neutrophils (but not in
eosinophils) suggesting a role for this ribonuclease in
host defense. Of the five previously identified human
ribonucleases of this group, RNase k6 is most closely
related to eosinophil-derived neurotoxin (EDN), with
47% amino acid sequence identity; slight cross-
reactivity between RNase k6 and EDN was observed on
Western blots probed with polyclonal anti-EDN anti-

serum. The catalytic constants determined, Km =

5.0 uM and kg4 = 0.13 s71, indicate that recombinant
RNase k6 has [#40-fold less ribonuclease activity than
recombinant EDN. The identification and characteriz-
ation of RNase k6 has extended the ribonuclease gene
family and suggests the possibility that there are
others awaiting discovery.

INTRODUCTION

GenBank accession nos U64997 and U64998

mammalian specie,7). Two related ilbonucleases are the
eosinophil-derived neurotoxin (EDN), also known as Rnase Us
(8) and the easinophil cationic protein (ECP) (reviewéqin).

ECP has been characterized as a cytotoxin, a neurotoxin and as
an anti-parasitic and anti-bacterial agent; EDN, despite its
sequence homology to ECP (67%) and 100-fold greater ribo-
nuclease activity, shares only ECP’s neurotoxicity. Angiogenin,
a structurally atypical member of this gene family, is a
tRNA-specific ribonuclease (11) that binds to actin on the surface
of endothelial cell§12); bound angiogenin is endocytosed and
translocated to the nucleus, thereby promoting the endothelial
invasiveness necessary for blood vessel formdfi8h Ribo-
nuclease 4 (RNase 4) also has a unique substrate preférence
although no specific physiologic functions of this protein have
been identified. Others included in this family are bovine brain
(15,16) and bvine seminal ribonucleasdd?7) and several
ribonucleases isolated from species of the frog geRasa
(18-20); no dhologous human sequences corresponding to
these bovine or frog ribonucleases have been identified.

In our previous work, we traced the evolutionary history of the
eosinophil ribonucleases, ECP and EQMN). We bund that the
EDN/ECP gene pair arose from a gene duplication event that
occurred relatively recently, sometime after the divergence of the
Old World from the New World monkeys and that the genes
encoding EDN and ECP are the most rapidly evolving functional
coding sequences known among primate species. We have since
determined that the unusual evolutionary constraints on these two
proteins have promoted both enhanced toxicity (ECP) and
increased ribonuclease activity (EDN) when the properties of
these two proteins are compared with those of a representative
single-sequence predeces&it).

In hopes of tracing the molecular evolution of the single
ECP/EDN gene through the non-primate mammalian Orders, we
focussed on bovine kidney ribonuclease k2 (RNase k2), a protein
originally isolated and described by léeal. (23). Specifically,

The ribonuclease family is composed of proteins with similawe were interested in determining whether bovine RNase k2,

primary structure and enzymatic activity that have diverged wwhose amino acid sequence was more closely related to human
support other, seemingly unrelated physiologic activities. THEDN than it was to any of the other human ribonucleases,

prototype of this family is ribonuclease A [bovine pancreaticepresented a direct evolutionary predecessor of the EDN/ECP
ribonuclease(1,2)]. A human pancreaticibbbnuclease with genes, or instead represented the bovine ortholog of a unique
similar sequence has been identifi3-5) and pancreatic human gene that had yet to be discovered. We found the latter to
ribonucleases have been isolated from an extensive array of otheithe case. In this work, we have isolated unique genomic clones

* To whom correspondence should be addressed
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encoding both bovine Rnase k2 and a novel human ribonucleaaeijngle direction included proceeded in u®action volume
which we have named Ribonuclease k6 (RNase k6). We hawéth 1x Tth buffer, 1.1 mM magnesium acetate, 0.2 mM dNTPs,
provided a molecular characterization of RNase k6 and ha®@ M adaptor primer 1, 0@M gene-specific primer 1 (a, b or ¢)
examined the immunoreactivity and ribonucleolytic activity ofand 0.5 pl Advantage Tth polymerase mix. The reaction
the recombinant protein. Together, bovine RNase k2 and humparameters included 7 cycles af @4for 2 s followed by 68C
RNase k6 represent a heretofore unrecognized arm of tfee 3 min, then 37 cycles at 92 for 2 s and 63C for 3 min, with
apparently enlarging ribonuclease gene family and are likely &ocompletion step of 6C for 4 min. Oneul of each primary

possess unigque physiologic functions. amplification was reamplified in a 2bvolume including buffer,
magnesium acetate, dNTPs as described and includindv0.2
MATERIALS AND METHODS adaptor primer 2, 0.@M gene-specific primer 2 (a, b or c) and
0.5ul Advantage Tth polymerase mix, with parameters including
Isolation of a genomic fragment encoding bovine 5 cycles of 94C for 2 s and 68C for 3 min, followed by 25 cycles
RNase k2 by polymerase chain reaction (PCR) at 92 C for 2 s and 63C for 3 min, with the completion step as

described above. Ampilification products obtained were isolated,

- . . . subcloned and sequenced (see Results). As a control for potential
line (ATCC-CCL22). Degenerate oligonucleotide primers Wergequence mutatigns, the ((:omplete co)ding sequence V\F/)as then

designed from amino acids 10 to 15t rimer) and 98 to 102 o ; :
@ tSS primer) of the published amiorsg gcid se)quence of bc)Vinre-amphﬂed directly from another source of human genomic

. . 5NA using flanking primers; the sequence obtained from this
RNase k2 (23), with sequences aflofvs: 8 to 3 primer: . : : S :
5-TGG TT(CT) GAAG) AT(ACT) CA(AG) CA-3 and'30 5 gglgt_ienévli:se:jdrrennl}[[(;zalotnosthe original, suggesting the absence of
primer: 3-AT(GA) AA(GA) AA(TC) TT(GA) TA(TC) TG-3. '
PCR reactions proceeded in a il0@olume with 1QuM of each
primer, 1ug template, 0.2 mM dNTPs and 2.5&abpolymerase
and buffer (Boehringer Mannheim, Indianapolis, IN) in a 960Mitrocellulose membranes with R restriction digested human
thermocycler (Perkin-Elmer, Norwalk, CT) with the following or bovine genomic DNA were prepared, crosslinked and
parameters: 9% for 2 min, followed by 35 cycles of 96 for  hybridized as described previoughd).
30 s, 50C for 30 s and 7ZC for 30 s and completed with 2
for 5 min. The product was identified by its mobility on a 6%Chromosomal localization

TBE-acrylamide gel; the product remaining was then subjecte

to TBE—agarose gel electrophoresis and the band was excis@%yromosomal localization was performed using a PCR based
purified and ligated into a TA cloning vector (PCRII, InvitrogenMethod as described (BIOS DNA, New Haven, (2,25).

San Diego, CA) as described previoug). The fragment was Briefly, two oligonucleotide primers were tested in order to
identified as encoding bovine RNase k2 by dideoxy sequencirzgnf'rm that they amplified a specific fragment from only human
(US Biochemical, Cleveland, OH). All sequence analyse&nd nothamster) genomic DNA templates. The oligonucleotide
(including homology and isoelectric point determinations) werBrimers selected (Fig. 2A, primers x and y, numbering as per Fig.
performed with the assistance of the Wisconsin Geneticd) 3 10 3: (nt 121-136) SCCAAGT CCT CTC CAA T-3and

Computer Group software on-line at the National Institutes of o3 (nt 360_344) SGGC AGC AGC ACT ATA GC-3
Health. amplified a single 240 bp fragment from human genomic DNA.

Amplification of DNA isolated from the 25 characterized
human:hamster somatic cell hybrids proceeded as described
previously (24); pioducts of each reaction were evaluated on
TBE—agarose gels stained with ethidium bromide.

The degenerate oligonucleotides described above were used to

isolate a human genomic fragment by polymerase chain reactidarthern blotting
as described above using purified human genomic DNA asa
template. AnCB0O0 bp fragment was isolated and identified a:
encoding a novel ribonuclease by dideoxy-sequencing. T
complete ORF of this intronless gene was obtained by extensi - o L ot

in both the 5and 3 directions with uni-directional PCR method Hgosnggﬁgrasege\:viw]a?hu;afgg?gg%é?é%ﬁﬂ%ﬁﬁﬂr]igohr?l?crllggsaélc:(%
with reagents included in the Promoter Finder kit (Clontech, P obe described above. The membrane was then washed with 2
Alto, CA). The nested gene-specific primer pair designed ®gpg yith 0.1% SDS for 1 h at42followed by 0.8 SSPE with

amplify genomic sequence locatéabthe original isolate were 0.1% SDS for 1 h at 5@ autoradio
A . ; grams were developed after
as follows: 1a: (nt 364-338)}BCT GGG CAG CAG CAC TAT 54 1y eynosure at —8G. The hybridization with the oligonucleo-

AGC GGC ACT-3; 2a: (nt 333-303)'5ATA CTT TCC TGA . . ; ; ;
AGT GAG TCT GCA GTC-3 The nested gene-specific primerstlde encoding huma-actin was as previously descrit{ed).
for amplification of sequencé 8f the original isolate were as
follows: 1b: (nt 291-317)'85CC TGT CAA CAT GAC TGA
CTG CAG ACT-3; 2b: (nt 325-351)'5GGA AAG TAT CCC  The portion of the ORF encoding the mature RNase k6 peptide
CAG TGC CGC TAT AGT-3 1c: (nt 301-336) '5ATG ACT  (base pairs 70-450; GenBank accession no. U64998) was
GAC TGC AGA CTC ACT TCA GGA AAG TAT CCC“32c:  re-amplified from human genomic DNA and ligated in-frame
(nt 322-360) 5TCA GGA AAG TAT CCC CAG TGC CGC into the Hindlll and EcdRl sites of the pFCTS bacterial
TAT AGT GCT GCT GCC-3 The first round of amplification in expression vector (International Biotechnologies, Inc., New

Bovine genomic DNA was isolated from cells of the MDBK cell

Genomic Southern blots

Isolation of genomic fragments encoding the complete open
reading frame (ORF) of a novel human ribonuclease

human multi-tissue Northern membrane was obtained from
Tlontech; the multi-leukocyte Northern membrane was a gift of
Philip Murphy. The membrane was pre-hybridized and

Preparation of the human RNase k6 expression construct
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Haven, CT) to create hK6#81 (Fig. 4A). The fidelity of the A
expression construct was confirmed by dideoxy sequencing.

Ezo HI
Pal |

Ham Hi
Hind I

Preparation and isolation of recombinant protein

Production and isolation of recombinant RNase k6 from bacterial i "- =
transfectants was as described previously for recombinant EDN

(22). The concenttimn of recombinant protein was determined B —

by comparison to serial dilutions of a known concentration of a
FLAG-conjugated protein standard on Western blots.

Western blotting welia

Protein samples were subjected to gel electrophoresis in 14% 12 34
Tris-glycine gels (Novel Experimental Technologies, San Diego,

CA). Proteins were transferred to nitrocellulose membranes and g,

probed with antibodies as per published proced@@s

Ribonuclease activity assay B b W ¥ i i

The assay used was adapted from the procedure described by

Slifmanet al (27) as described prieusly (22,28). Calculgons ot
included the following approximations: the average molecular s ibr H L]
weight M;) of tRNA as 28 100 (7590 ribonucleotides/tRNA
moleculex M, 341/ribonuclectide), with s of 1.0 corresponding
to 40pug of RNA (29). All time wints represented averages of i - - o T
triplicate samples. Equivalent volumes of sham isolations ssgiogsninjeg a7 ] 3 ¥ 100
(M2-resin equilibration and glycine elution from equivalent
volumes of pFCTS vector alone bacterial transfectants) had levels
of ribonuclease activity that were insignificant compared with that
of the recombinant RNase k6 (<0.1%).

Barangd |aah al TR 100

l Kidnery (k2] 40 an an ™ an (Bt ]

Figure 1. (A) Bovine genomic DNA restriction-digested with enzymes shown
and probed with thé2P-radiolabeled fragment encoding bovine RNase k2

RESULTS (GenBank accession no. U64997). Arrows indicate the positions of the two
distinct bands found in lane Pgi-digested DNA) which cannot both be

Molecular cloning of a genomic fragment encoding accounted for by the restriction map of the RNase k2 piBpa. ¢omparison

bovine RNase k2 of the amino acid sequence identities among the known bovine ribonucleases.

Identities determined using the GAP algorithm of the Wisconsin Genetics
The nucleotide sequence of a 281 bp genomic fragment enCOdiﬁQmPUter Group program on-line at the National Institutes of Health;
bovine ribonuclease k2 has been deposited in the GenBariRduences were gbtalned from the SWISSPROT database, with at?cesglon
- ..names as follows: bovine pancreatic ribonuclease (p), rp_bovin.sw; brain
database, accession number u64997- The frag_ment was ampl_'f'ﬁg?nuclease (br), rbr_bovin.sw; seminal ribonuclease (se), ms_bovin.sw;
by PCR using degenerate oligonucleotide primers and bovingonuclease 4 (4), ml4_bovin.sw; angiogenin (ag), angi_bovin.sw; kidney
genomic DNA as template. The encoded amino acid sequen¢e). rmkd_bovin.sw.
matches that determined from peptide fragments from the purified
RNase k2 protein described by ldgeal. (23); incuded in this
partial sequence are seven of the eight characteristic cysteines,3pe38% sequence identity, respectively) and display no more
lysine and one of the histidines comprising the ribonuclease actigequence similarity than this to one another (26%). These results
site (2) and two potentiaites for asparagine-linked glycosylation. indicate that RNase k2 has diverged significantly from the
The bovine RNase k2 fragment was used to probe a South@iidtotype pancreatic ribonucleases and suggest that RNase k2,
blot of restriction-digested bovine genomic DNA (Fig. 1A).like angiogenin, may support a biologic activity that distinguishes
Whereas single hybridizing bands were detected in the langsrom the group as a whole (see Discussion).
containing DNA digested witBcdRl, BarrHI andHindlll, two
bands were evident in the lane containing DNA digested wi ; ; ;
Pst. As the RNase k2 probe contains no inteRsdlsites, these tnplo?l:fﬁﬁ:]gﬁ Tilggnfc?egggig;\?;;ggﬁm encoding a
results suggest the existence of an as yet unidentified sequence
similar to RNase k2 (either a novel gene or a polymorphismsing the degenerate primers designed to amplify the bovine
within the bovine genome. RNase k2 genomic fragment (primers p and q, Fig. 2A), we were
Shown in Figure 1B are the amino acid sequence homologissccessful in isolating a 281 bp fragment encoding a novel human
between pairs of bovine ribonucleases. Bovine brain, seminal amioonuclease. This novel isolate shared 77% nucleotide sequence
pancreatic ribonucleases are very closely related to one anotltemtity and 70% amino acid sequence identity with the
(78-81% amino acid sequence identity); RNase 4 is clearlypmeviously isolated bovine fragment. THed&nd 3-ends of the
more distant relative (47-49% identical). Both RNase k2 antbmplete coding sequence were isolated using a uni-directional
angiogenin display even less sequence similarity to the bralPCR method with adaptor ligated ‘genomic libraries’ and adaptor
seminal and pancreatic group than does RNase 4 (38-40% gniners supplied in the Promoter Finder kit from Clontech
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Figure 2. (A) Schematic of the placement of the oligonucleotide primers within the sequence of the complete ORF of human RNase k6 (nt 1-453). The bold

(nt 97-377) represents the original fragment isolated with degenerate oligonucleotide primers p and g. Primers x and y were used for chromosomal localization. F
pairs 1a and 2a were used to extend the ORF iri thieeBtion by uni-directional PCR; primer pairs 1b and 2b and 1c and 2c were used to extend the ORF in the 3
direction. B) Human genomic DNA restriction-digested with the enzymes shown and probe@aittadiolabeled fragment (nt 97—377) encoding human RNase

k6 (GenBank accession no. U64998). Genomic DNA from several primate and non-primate mammals restriction-digestBdivétid probed as in (B). Common

names include: chimpanzee, (lanes 1 arit@glodytes; gorilla (lane 3G.gorilla); orangutan (lanes 4 andPpygmaeus marmoset/New World monkey (lane

6, Soedipu$; macaque/Old World monkey (laneM .fascicularig; pig (lane 8Sscrofulg; cat (lane 9F.domesticus (D) Alignment of the amino acid sequences

of the six human members of the ribonuclease gene family. Shaded boxes enclose eight cysteines and catalytic histidines and lysine; open boxes enclose ad
conserved residues. Percentages amino acid sequence identity to RNase k6 are as listed in the final column. Amino acid sequences were translated from nu
sequences as reported to GenBank: pancreatic ribonuclease (HPR), X79235; eosinophil-derived neurotoxin (EDN), M24157; eosinophil cationic protein (E!
X15161; RNase 4 (R4), U36775; angiogenin (ANG), M11567; RNase k6 (RK6), U64998.

Laboratories, Inc., Palo Alto, CA. The locations of the nestedamed RNase k6 (see Discussion), include eight characteristic
gene-specific primers directed to thé¢lam and 2a) and 8lb and  cysteines, the ribonuclease active site residues [histidines and a
2b, 1c and 2c) ends of the gene are shown in Figure 2A (ftysine residue within a conserved sequence n(8@j], two
sequences, see Materials and Methods). For extension ih the@@tential sites for asparagine-linked glycosylation and a 23 amino
direction, a 130 bp fragment was amplified from HBoeRV-  acid hydrophobic leader sequence. Overall, the amino acid
restricted library using nested gene-specific primers 1b and kequence of human RNase k6 is 72% identical to the complete
which provided 25 bp overlap with the original isolate and anamino acid sequence of its bovine RNase k2 orth(&y).
additional 60 bp of ORF at the@nd. The 3end of the ORF was Interestingly, the calculated isoelectric point (pl) of human RNase
completed using primers 1c and 2c which amplified an 800 {6 (pl = 9.49) is significantly higher than that of the bovine
fragment from theDral-restricted library. Similarly, 'send  protein (pl = 7.65); a similar increase in pl was noted for human
extension resulted in the amplification of a 500 bp fragment frolBCP (pl = 11.4) and its evolutionary predecessor from the New
the Scd-restricted library which provided di200 bp overlap World monkey, mEDN (pl = 8.2%p1).
with the original isolate and an additional 90 bp completing the The human RNase k6 gene fragment was used to probe a
ORF at the 5end. The complete ORF was then re-amplifiedSouthern blot of restriction-digested human DNA (Fig. 2B).
using flanking primers from a separate source of human genon8ingle hybridizing bands were detected in the lanes containing
DNA to confirm the original sequence. DNA digested withEcdRl, BanHI andHindlll and two bands

The complete coding sequence has been deposited in there detected in the lane containing DNA digested Rsth as
GenBank database, accession number U64998. Highlights of thigticipated from the internBbt site shown in the map in Figure
14.7 kDa protein (calculated molecular weight), which we hav2A. In contrast to our findings with the bovine RNase k2 probe,
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Figure 3.(A) Total RNA from the normal human tissues indicated (lanes 1-8) probed witRraliolabeled fragment encoding human Rnase k6 as described in
Figure 2C. B) As in (A), probed with a humgbactin-specific oligonucleotide (24C) Total RNA from normal human neutrophils (lane 1), monocytes (lane 2)
and eosinophils (lane 3) probed as described in PA)A$ in (C), probed with the humd#Rractin-specific oligonucleotide (24).

we were unable to detect any additional, related sequences wititected in total RNA isolated from normal human monocytes

these restriction digestions. and neutrophils, but could not be detected in total RNA isolated
As shown in Figure 2C, we detected orthologs of RNase k6 from eosinophils.

a wide variety of primate species, including chimpanzee

(Ptroglodyte$, gorilla G.gorilla), orangutanEpygmaeus Old  Expression, activity and cross-reactivity of recombinant

World monkey (macaquelM.fasciculariy and New World human RNase k6

monkey (marmosetSoedipu$. Orthologous sequences were _ . .

also detected in non-primate mammals, including (in addition b€ Sequence encoding the mature protein (without leader

the bovine sequence) pig<crofulg and cat.domesticus sequence) was used to create plaemld construct hK§#81 (Fig. 4}A).
In Figure 1D, we present an alignment of the amino aci@his construct was prepared using the prokaryotic expression

sequences of human RNase k6 and the five previously identifi¥gCtor PFCTS, which we have used previously to prepare and

human members of the ribonuclease gene family, which inclué%)l.ate fe‘%omb".‘a”t .r|b0nucle_ases directly from the bacftenal

pancreatic ribonuclease, EDN, ECP, RNase 4 and angiogerfi§"iPlasm in a biologically active stg@2,28). Features of this

Interestingly, the amino acid sequence homologies suggest th¥Pression system include the inductatepromoter, a bacterial

RNase k6 is most closely related to the eosinophil ribonucleasgg,creﬂon.IOiece and a C-terminal sequence tag (FLAG), which
EDN and ECP. oes not interfere with proper folding or activity of recombinant

ribonuclease$22,28). Shown in igure 4B are Western blots
containing extracts of bacteria transfected with either hnEDNS#1
[induced to produce human ED{22)] or hK6#81 (ppducing
The chromosomal mapping of RNase k6 was achieved usinginaman RNase k6) probed with the M2 anti-FLAG monoclonal
PCR-based technigu@4). Genomic DNAs derived from a antibody or with polyclonal anti-EDN, respectively. Slight
characterized panel of human:hamster somatic cell lines sernadss-reactivity is detected between human EDN and RNase k6.
as templates and a pair of gene-specific primers (Fig. 2A, arrowsFigure 4C, the ribonuclease activities of these two proteins are
x and y) were used to amplify a specific fragment of humaaompared. As determined from double reciprocal plots of initial
RNase k6. The anticipated 240 bp fragment was amplified frorates, the Michaelis constaKi{) of RNase k6 is 5.0M and the
DNA templates from hybrids numbered 423, 507, 750, 756, 86@atalytic constankga¢is 0.13 s1. A comparison to the constants
909 and 937 (see reference 24), consistent with assignmendeiermined for human EDK{, = 0.70uM, kege= 0.91 s1) (22)
human chromosome 14. indicates that RNase k6#0-fold less active than EDN when
tested against a standard substrate (yeast tRNA).

Chromosomal localization of human ribonuclease k6

Size and somatic distribution of RNase k6 transcripts

As shown in Figure 3A, mMRNA encoding human RNase k6 wa[s),ISCUSSION

detected in all human tissues tested, with lung representing mdg: have isolated a genomic fragment encoding a previously
abundant source. A single transcriptf5 kb was detected. In unrecognized member of the ribonuclease gene family, which is
Figure 3C, the 1.5 kb mRNA transcript encoding RNase k6 waerhaps not the last of these structurally related proteins to be
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Figure 4. (A) Schematic of the prokaryotic expression construct hK6#81. The IPTG-inducible promoter (tac), bacterial secretion piece (BSP), sequence enco
human RNase k6 (without leader, N- and C-terminal amino acids of RNase k6 as shown) and the C-terminal sequence tag (FLAG) &8¢ Westatadchlpts
containing extracts of transfected bacteria induced with IPTG to produce EDN (lane 1) or RNase k6 (lane 2) probed with the M2 monoclonal antibody detecting
C-terminal FLAG sequence tag or with rabbit polyclonal anti-EDN antise@inbiffeweaver—Burk plots (tAersus 14) derived from initial rates of reactions
containing 1 pmol recombinant RNase k6 with varying concentrations of a yeast tRNA substrate#l)dValdes forK,, (UM) andkeat(s™2) are as shown. (Inset)
Lineweaver—Burk plot and catalytic constants determined for 0.3 pmol recombinant human EDN (22).

discovered. We have named this protein ‘Ribonuclease k@lere probed with a polyclonal anti-EDN antiserum. In addition,
(RNase kb6): ‘6’ indicates that this protein is the sixth humamwe determined that recombinant RNase k6 was somewhat less
ribonuclease of this family to be characterized and ‘K’ reflects isnzymatically active than recombinant EDOX fold), but had
orthologous relationship with bovine RNase(R3). RNase k6 more activity than recombinant mEDN, the representative
has features that are fairly typical for this gene family (Fig. 2D)kingle-sequence predecessor of the EDN/ECP gene pair isolated
As a group, the members of this family maintain a set of distinctiyom a New World monke{22).
spaced cysteine residues which facilitate formation of specific From an evolutionary perspective, it would seem unlikely that
intrachain disulfide bonds, as well as conserved lysine armh many distinct and divergent versions of ribonuclease would
histidine residues analogous to those originally found in theave evolved to support the simple enzymatic activity alone.
catalytic site of Ribonuclease A (2). All members of this familjindeed, certain members of this family were originally identified
maintain some degree of ribonuclease activity, although ah the basis of their ability to support other biologic activities. For
different levels of efficiency and with some degree of substratxample, angiogenin was originally identified on the basis of its
preference. There are several amino acids other than the@slity to promote blood vessel formati@®) and ECP and EDN
mentioned above that appear to be conserved in all the humaere known to be toxing9,10). Since its discovery, the
members of this family; some of these are also conserved in #uati-neoplastic activity of bovine seminal ribonuclease has also
other mammalian and amphibian ribonucleases whose sequertoesome appreciated (41-43). Similarly, other, reldbeduicleases
have been reported (6,21)Itough the significance of these from the frog genu®kanahave displayed both anti-viral and
additional conserved residues has not been determined, itaisti-neoplastic activity44—46).
interesting to note that interaction between human EDN and theEvolutionary principles would also suggest that these proteins
chaperonin, groEL includes the conserved resickfedudggesting have maintained ribonuclease structure and activity for some
a role for this residue in the folding and subcellular sorting afrucial reason; the relationship between ribonuclease activity and
nascent ribonucleases within the cells of orfgih). biologic function still remains unclear. Angiogenin is a most
There are several additional features of the gene encodiimjeresting example of this point, with many experiments clearly
RNase k6 that are shared with other members of the ribonucledeeumenting a direct relationship between angiogenic and
gene family, including the intronless coding sequé¥@82-34) ribonuclease activitieg47,48). Yet, most atent evidence
and localization to human chromosome (24,32-35). The suggests that angiogenin binds to an actin monomer on the
MRNA transcript encoding RNase k6 has a near ubiquitossirface of endothelial cells, where it is endocytosed and then
distribution, similar to that determined for angiogefd6,37), translocated to the nucleus (12,13,49); Moroianu and Riordan
human RNase 4 (24) and for human pancrediunuclease (13) have estdished that the nuclear translocation step is crucial
(Handen and Rosenberg, unpublished data). The 1.5 kb transcfigtangiogenesis and that enzymatically inactive angiogenins are
is slightly larger than the mRNAs encoding EDN, ECP ocapable of translocation. The relationship between these two
angiogenin(36,38,39), but much smaller and less complex thaapparently crucial phenomena—tibonuclease activity and nuclear
those encoding RNase(24). As aticipated from amino acid translocation—is not immediately clear. Similarly, the tumorici-
sequence homology, we demonstrated slight cross-reactivitgl and immunosuppressive activities of bovine seminal ribo-
between RNase k6 and EDN when both recombinant proteinsclease have been shown to be directly dependent on its
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ribonuclease activit{p0) and, after internalization, bovine seminall7 D'Alessio,G., Di Donato,A., Parente,A. and Piccoli,R. (1991)
ribonuclease appears to function by degrading rRNA and thys Trends Biochem. Scl6, 104-106.

inhibiting protein synthesig¢51). It is not yet clear how one

18

Ardelt,W., Mikulski,S.M. and Shogen,K. (1991)Biol. Chem 266,
45-251.

aqhieyes specificity, so that somatic cells, inqluding those producifg nitta,K., Katayama,N., Okabe,Y., lwama,M., Watanabe,H., Abe,Y.,
this ribonuclease, are not damaged excessively in the process. Thedkazaki,T., Ohgi,K. and Irie,M. (199€ancer Res54, 920-927.

two eosinophil ribonucleases, EDN and ECP, likewise present thé Titani,K., Takio,K, Kuwada,M., Nitta,K., Sakakibara,F., Kawauchi,H.,
own series of questions. Sorrentital.(52) and Newtoet al.(53)

presented evidence suggesting that the (non-physiologic) neurotdXic

activity of EDN required active ribonuclease activity. Howeverp,
both Molina and colleagues (54) and Rosen{#8)showed that 23

did not require active ribonuclease activity. ECP is the onl

the anti-parasitic and anti-bacterial activities of ECP, respective%vé

ribonuclease identified with an apparent separation of enzym

and physiologic activities; the possibility that there are physiologigs
functions of ECP and EDN that have not yet been identified
remains an intriguing possibility.

Thus, RNase k6 is currently a protein with enzymatic activit§7
in search of a physiologic function (as are RNase 4 and EDNy
The detection of mMRNA encoding this protein in both neutrophilsg
and monocytes suggests a role for this ribonuclease in human hosta Laboratory Manual2nd Edn. Cold Spring Harbor Laboratory Press,
defense. We anticipate that the further elucidation of the biolo
of this newly discovered ribonuclease will provide more informatio

on the range and scope of activities promoted by the enlarging

ribonuclease gene family.

32

ACKNOWLEDGEMENTS

The authors thank Dr Philip M. Murphy for providing the human

33

leukocyte Northern blot and Dr Steven Ackerman for they
polyclonal anti-EDN antiserum. We would also like to thank
Dr John I.Gallin for his continued support of our work. 35

36
REFERENCES 37
1 Barnard,E.A. (1969)ature 221, 340-344. 38

2

3

10

11

12

13

14

15

16

Blackburn,P. and Moore,S. (1982) In Boyer, P.D. (8t¢Enzymes3rd
Edn. Academic Press, New York, NY, pp. 317-433.

Beintema,J.J., Wietzes,P., Weickmann,J.L. and Glitz,D.G. (1984)
Anal. Biochem 63, 48-64.

Haugg,M. and Schein,C.H. (199R)cleicAcidsRes, 20, 612.
Seno,M., Futami,J.-I., Kosaka,M., Seno,S. and Yamada,H. (1994) 4
Biochim. Biophys. Actd 218 466-468.

Beintema,J.J., Breukelman,H.J., Carsana,A. and Furia,A. (1996) In
Riordan,J.F. and D’Alessio,G. (edBjbonucleases: Structure and Function
Academic Press, FL, in press.

Confalone,E., Beintema,J.J., Sasso,M.P,, Carsana,A., Palmieria M., 44
Vento,M.T. and Furia,A. (1995) Mol. Evol, 41, 850-858.

Beintema,J.J., Hofsteenge,J., Iwama,M., Morita,T., Ohgi,K., Irie,M.,
Sugiyama,R.H., Schieven,G. L., Dekker,C.A. and Glitz,D.G. (1988) 45
Biochemistry27, 4530-4538.

Spry,C.J.F. (198&osinophils: A Comprehensive Review and Guide to the#6
Scientific and Medical Literaturéxford University Press, Oxford, UK.
Ackerman,S.J. (1993) In Makino,S. and Fukuda,T. (Edsjnophils: 47
Bilogical and Clinical AspectCRC Press, Boca Raton, FL, pp. 33-74. 48

39

Saxena,S.K, Rybak,S.M, Davey,R.T.,Jr, Youle,R.J. and Ackerman,E.J.
(1992)J. Biol. Chem 267, 21982—21986. 49
Hu,G.-F., Strydom,D.J., Fett,J.W., Riordan,J.F. and Vallee,B.L. (1993)

Proc. Natl. Acad. Sci. USAQ, 1217-1221. 50
Moroianu,J. and Riordan,J.F. (19€4)c. Natl. Acad. Sci. USAL,

1677-1681. 51
Shapiro,R., Fett,J.W., Strydom,D.J. and Vallee,B.L. (1BB&hemistry

25, 7255-7264. 52
Watanabe,H., Katoh,H., Ishi,M., Komoda,Y., Sanda,A., Takizawa,Y.,
Ohgi,K. and Irie,M. (1988). Biochem(Tokyo) 104, 939-945. 53
Sasso,M.P., Carsana,A., Confalone,E., Cosi,C., Sorrentino,S., Viola,M.,
Palmieri,M., Russo,E. and Furia,A. (199)cleic Acids Resl9, 54
6469-6474.

atic

Takayanagi,G. and Hakomori,S. (198i9chemistry26, 2189-2194.
Rosenberg,H.F., Dyer,K.D., Tiffany,H.L. and Gonzalez,M. (1995)
Nature Genet10, 219-223.

Rosenberg,H.F. and Dyer,K.D. (1995Biol. Chem 270, 21539-21544.
Irie,M., Nitta,R., Ohgi,K., Niwata,Y., Watanabe,H., Iwama,M.,
Beintema,J.J., Sanda,A. and Takizawa,Y. (198Bjochem.104 289-296.
Rosenberg,H.F. and Dyer,K.D. (199&)cleic Acids Res23, 4290-4295.
Iggo,R., Gough,A., Xu,W., Lane,D.P. and Spurr,N.K. (1989)

Proc. Natl. Acad. Sci. US86, 6211-6214.

Ausubel,F.M., Brent,R., Kingston,R.E., Moore,D.D., Seidman,J.G.,
Smith,J.A. and Struhl,K. (199Qurrent Protocols in Molecular Biology
John Wiley & Sons, New York, NY, \Vol. 2, pp. 10.1-10.4.
Slifman,N.R., Loegering,D.A., McKean,D.J. and Gleich,G.J. (1986)
J. Immunal, 137, 2913-2917.

Rosenberg,H.F. (1993) Biol. Chem 270, 7876-7881.

Sambrook,J., Fritsch,E.F. and Maniatis,T. (1988ecular Cloning:

Cold Spring Harbor, NY.

Protein Data Base, entry PDOC00118: pancreatic ribonuclease family
signature. October 1993 update.

Rosenberg,H.F., Ackerman,S.J. and Tenen,D.G. (198®)I. Chem

268 4499-4503.

Hamann,K.J., Ten,R.M., Loegering,D.A., Jenkins,R.B., Heise,M.R.,
Schad,C.R., Pease,L.R., Gleich,G.J. and Barker,R.L. (B39@®)mics7,
535-546.

Samuelson,L.C., Wiebauer,K., Howard,G., Schmid,R.M., Koeplin,D and
Meisler,M.H. (1991Nucleic Acids Resl9, 6935-6941.

Carsana,A., Confalone,E., Palmieri,M., Libonati,M. and Furia,A. (1988)
Nucleic Acids Resl6, 5491-5502.

Weremowicz,S., Fox,E.A., Morton,C.C. and Vallee,B.L. (1990)

Am. J. Hum. Geng#7, 973-981.

Weiner,H.L., Weiner,L.H. and Swain,J.L. (198€jence237, 280-282.
Rybak,S.M., Fett,J.W., Yao,Q.-Z. and Vallee,B.L. (1987)

Biochem. Biophys. Res. CommuA6 1240-1248.

Rosenberg,H.F., Tenen,D.G. and Ackerman,S.J. (1989)

Proc. Natl. Acad. Sci. US86, 4460-4464.

Rosenberg,H.F., Ackerman,S.J. and Tenen,D.G. (198%p. Med 170,
163-176.

Fett,J.W., Strydom,D.J., Lobb,R.R., Alderman,E.M. Bethune,J.L.
Riordan,J.F. and Vallee,B.L. (1988ipchemistry24, 5480-5486.
Vescia,S., Tramontano,D., Augusti-Tocco,G. and D’Alessio,G. (1980)
Cancer Res40, 3740-3744.

Lacetti,P., Portella,G., Mastronicola,M.R., Russo,A., Piccoli,R. and
D’Alessio,G. (1992 Cancer Res52, 4582-4586.

Dostal,J. and Matousek,J. (1933Reprod. Ferti| 33, 263-274.
Youle,R.J., Wu,Y.-N., Mikulski,S.M., Shogen,K., Hamilton,R.S., Newton,D.,
D'Alessio,G. and Gravell,M. (1998roc. Natl. Acad. Sci. USA1,
6012-6016.

Mikulski,S.M, Ardelt,W., Shogen,K., Bernstein,E.H. and Menduke,H.
(1990)J. Natl. Cancer Inst82, 151-152.

Wu,Y.-N., Mikulski,S.M., Ardelt,W., Rybak,S.M and Youle,R.J. (1993)
J. Biol. Chem 268 10686—-10693.

Shapiro,R., Riordan,J.F. and Vallee,B.L. (1886Fhemistry25, 3527-3532.
St Clair,D.K., Rybak,S.M., Riordan,J.F. and Vallee,B.L. (1987)

Proc. Natl. Acad. Sci. US84, 8330-8334.

Moroianu,J. and Riordan,J.F. (19849chem. Biophys. Res. Commun
203 1765-1772.

Kim,J.-S., Soucek,J., Matousek,J. and Raines,R.T. (Bag3)em. J

308 547-550.

Mastronicola,M.R., Piccoli,R. and D’Alessio,G. (198%). J. Biochem
230 242-249.

Sorrentino,S., Glitz,D.G., Hamann,K.J., Loegering,D.A., Checkel,J.L. and
Gelich,G.J. (1992). Biol. Chem 267, 14859-14865.

Newton,D.L., Wlabridge,S., Mikulski,S.M., Ardelt,W., Shogen K.,
Ackerman,S.J., Rybak,S.M. and Youle,R.J. (1994euroscj 14, 538-544.
Molina,H.A., Kierszenbaum,F., Hamann,K.J. and Gleich,G.J. (£888)
J. Trop. Hyg. Med 38, 327-334.



