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snoRNA are essentially unaffected. Thus, association of UHG
RNA with polysomes may enable it to be rapidly degraded;
turnover of many cellular mRNAs is known to be coupled to
translation®S. Moreover, the densely spaced translational stop
codons suggest that the degradation of UHG RNA might be
achieved by a nonsense codon-mediated decay mechanism®.

To verify that the seven conserved UHG intron segments give
rise to small RNAs, we analysed HeLa cell nuclear RNA by
northern blotting. Figure 3a shows that, in addition to intron 9
(which encodes U22), the conserved regions of introns 1 to 4 and 6
to 8 are expressed as different small RNAs, all associated with the
nucleolar antigen fibrillarin. Fibrillarin binding correlates with the
presence in each of these RNAs of conserved sequences called
boxes C and D (Fig. 3b) which are found in all metazoan
fibrillarin-associated snoRNAs'. Several of these UHG-encoded
RNAs can also form 4-base-pair (bp) terminal stems commonly
observed in this class of snoRNAs (Fig. 3b). We designate these
novel snoRNAs U25-U31. They range in length from 65 to 76
nucleotides and are similar in abundance to U22 (-~ 10* molecules
per cell). The UHG transcript therefore appears to be a short-
lived vehicle for production of the stable U22 (compare lanes 1
and 2 in Fig. 2) and U25-U31 snoRNAs.

U25-U31 all have the potential for extensive base-pairing
(12-15 nucleotides) with either 18S or 28S rRNA (Fig. 3b).
Similar lengthy interactions have been proposed for the vast
majority of the intron-encoded snoRNAs’®. Even shorter
(6-9bp) interactions between the non-fibrillarin-associated El,
E2 and E3 snoRNAs and rRNAs have been verified by psoralen
crosslinking’. The U25-U28/rRNA, U30/rRNA, and U31/rRNA
base-pairings are each followed by a CUGA sequence in the
snoRNA, or AUGA in the U29 case (Fig. 3b). CUGA also
appears 3’ to 8 out of 11 other complementarities between
fibrillarin-associated snoRNAs and rRNA (our unpublished
observation and ref. 8) and therefore can serve as an additional
predictor of snoRNA/rRNA interactions. As CUGA is an
invariant sequence within box D7, these snoRNAs possess
more than one box D-like sequence. We call the second CUGA
box D'.

In 18S and 28S rRNAs, the sites complementary to U25-U31
as well as to other snoRNAs, although scattered, fall within the
so-called ‘universal cores’ of the secondary structures’, implying
that these snoRNAs may orchestrate the folding of the pre-rRNA
for correct processing and ribosomal protein assembly in the
nucleolus. The adjacent CUGA constitutes a conserved RNA
structural motif, known as the ‘U-turn’, in the hammerhead
ribozyme'®"! and transfer RNA'?, and could be used by snoRNAs
as a protein-binding signal to facilitate either their interaction
or disengagement from rRNA sequences during ribosome bio-
genesis.

In contrast to most mammalian genes, which discard the bulk of
their sequences to produce spliced mRNAs, the eight intron-
encoded snoRNAs account for 16 and 20% of the human and
mouse UHG transcripts, respectively. Thus, UHG provides a
striking example of the utilization of so-called ‘junk’ DNA,
lending support to the existence in eukaryotic organisms of
RNA-based gene-expression regulatory systems carried by introns
and other apparently non-coding genomic regions". O
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MoLecuLARr analysis of complex biological structures and pro-
cesses increasingly requires sensitive methods for protein
sequencing. Electrospray mass spectrometry' has been applied
to the high-sensitivity sequencing of short peptides?, but technical
difficulties have prevented similar success with gel-isolated
proteins. Here we report a simple and robust technique for the
sequencing of proteins isolated by polyacrylamide gel electro-
phoresis, using nano-electrospray’* tandem mass spectro-
metry*’. As little as Sng protein starting material on
Coomassie- or silver-stained gels can be sequenced. Multiple-
sequence stretches of up to 16 amino acids are obtained, which
identify the protein unambiguously if already present in data-
bases or provide information to clone the corresponding gene. We
have applied this method to the sequencing and cloning of a
protein which inhibits the proliferation of capillary endothelial
cells in vitro and thus may have potential antiangiogenic effects on
solid tumours.

The peptide extract produced by in gel tryptic cleavage of the
protein is passed through a capillary which contains a small
volume (about 100 nl) of perfusion sorbent (Fig. 1). The adsorbed
peptides are washed extensively and step eluted in a volume of
approximately 1 pl directly into the electrospray source for mass
spectral acquisition. No electroblotting or chromatographic
separation is necessary. The procedure is vastly simplified and
seems to be more robust than current Edman or mass-spectro-
metry sample preparation protocols.

The second key component of this method is the nano-electro-
spray ion source, a miniaturized electrospray source consisting of
a metallized glass capillary needle with a tip of inner diameter
1um from which the analyte solution is sprayed. Droplets pro-
duced by the nano-electrospray are -~ 100 times smaller in volume
than those in conventional electrospray sources, allowing efficient
use of the whole sample without loss of material in large droplets
from which peptides cannot be ionized’. The ion current is
increased even though the flow rate through the capillary needle
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FIG. 1 Testing and sensitivity of the new procedure using BSA. a, Peptide ion
spectrum of BSA at 800 fmol total material loaded on a gel. Peptide peaks
are labelled according to their identification by tandem mass spectrometry.
b, Fragmentation of the selected doubly charged peptide ion at mass-to-
charge m/z 740.5. Fragmentation of tryptic peptides at the amide bonds
predominantly produces ion series containing the C terminus (designated
%, Y3, and so on, see ref. 14). A continuous Y’ ion series* could be
assigned to the dominant peaks in the spectrum yielding the sequence Lxx-
Gly-Glu-Tyr-Gly-Phe-Gin-Asn-Ala-Lxx-Lxx-Val-Arg, where Lxx is either Leu or
lle, which corresponds to a tryptic peptide of BSA. ¢, The same ion as in b,
obtained in a separate experiment in which 80 fmol BSA was loaded onto a
gel that was silver stained.
METHODS. BSA was quantified by amino-acid analysis. Acrylamide gels
were prepared using standard protocols and stained with Coomassie blue.
In gel reduction, acetamidation and tryptic digestion were similar to
published procedures'®®6. After washing with 100mM NH,HCO,; and
acetonitrile, gel pieces were swollen in the digestion buffer containing
50mM NH,HCO; 5mM CaCl, and 12.5ngpl™* trypsin (Boehringer
Mannheim, sequencing grade) at 4 °C. After 45min, the supernatant
was aspirated and replaced with 5—10 pl of the same buffer without trypsin
to keep gel pieces wet during enzymatic cleavage (37 °C, overnight).
Peptides were extracted by three changes of 5% formic acid and acetonitrile
and dried down. Approximately 100 nl of POROS R2 sorbent (Perseptive
Biosystems) was placed in the tip of a pulled GC 100F-10 (CEI, Pang-
bourne) capillary. Note that the resin is not packed, and that no frit or other
micro LC assembling is necessary. A new capillary and a new portion of resin
are used for each analysis to avoid cross-contaminations even at the
femtomole level. Dried peptide mixture was dissolved in 10 pl 5% formic
acid, loaded onto the pre-equilibrated capillary, washed and eluted with
60% methanol in 5% formic acid into the spraying capillary. The elution
volume is 10-fold larger than the resin volume, resulting in good peptide
recovery. Nano-electrospray was performed on an API Il (Perkin-Elmer
Sciex, Ontario, Canada) mass spectrometer as described*’. For precursor
ion selection, quadrupole 1 was set to transmit a mass window of 2 Da. Step
size for the tandem mass spectra was 0.2 Da, and resolution was set so that
fragment masses could be assigned to better than 1 Da.
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FIG. 2 Identification of protein interaction partners. a, Part of the peptide ion
spectrum of a tryptic digest of a band of 160K protein excised from
polyacrylamide gel. Peptides that were not present in blank were
sequenced. The major peaks are tryptic peptides from rabbit antibody
light chain (A). b, Tandem mass spectrometry of one of the other peptide
ions shown in a. The masses of the ion and of four fragment ions were
assembled by PeptideSearch into a peptide sequence tag’. This tag
uniquely retrieved carbamoyl-phosphate synthase (M, 164K) from a non
redundant, inclusive sequence database (NRDB, maintained by C. Sander,
EMBL). As shown in b, the complete series of Y” ions confirms that the
peptide sequence found is correct. Mass spectra of three other ions
(labelled C in a) identified the same protein.
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FIG. 3 Sequencing of a peptide from an endothelial cell a

growth inhibitor. a, Tandem mass spectrum of a peptide with C terminus
m/z 699.3 from the tryptic digest. b, Tandem mass Lys
spectrum of the same peptide sequenced after esterifica-

tion® of the total digest mixture. Esterification results in a = 100
characteristic mass shift of the C terminus containing frag- <
mentions (Y” ions) by 14 Da and an additional shift of 14 Da §

for each Asp or Glu residue. The asterisks indicate the 2
incorporated methyl groups. Software-assisted matching of @

the spectra in a and b allowed assignment of the sequence 3

with a high degree of certainty. &

METHODS. The protein was purified from 201 conditioned 100

medium from human neurobastoma cells using the inhibition
of proliferation of endothelial cells as an assay. After initial
concentration using ultrafiltration, the conditioned medium
was subjected to cation-exchanged chromatography and
chromatofocusing to enrich the inhibitory activity. Final
purification was performed using preparative native PAGE
followed by preparative isoelectric focusing in tubes (T.F., in
preparation). SDS—PAGE analysis indicated the presence of
a protein of M, 45K (both under reducing and non-reducing
conditions) and a yield of approximately 400 ng. Half of the
gel piece containing 200ng of the purified protein was
subjected to the new mass-spectrometric sequencing pro-
cedure.

Relative intensity (%) o«

is extremely low (20-40 nl min™"). Very small amounts (1-2 pl) of
the peptide mixture can be subjected to mass spectrometric
analysis over 30—120 min. Thus there is sufficient measurement
time to optimize tandem mass spectrometric conditions for each
of the peptide ions in turn. Tuning the collision energy individually
was found to be important to obtain the best possible tandem mass
spectra for peptide sequence determination.

We tested the new procedure on a sample of bovine serum
albumin (BSA). Figure 1a shows the initial peptide ion spectrum,
and Fig. 1b a tandem mass spectrum, resulting from loading a total
of 800 fmol (53 ng) of the protein on a gel. In addition to trypsin
and ubiquitous human keratin contaminations, 11 BSA peptides
were sequenced. Unambiguous sequence information was also
obtained from four peptides when only 80 fmol (5 ng) of BSA was
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loaded onto the gel (Fig. 1c). In the latter case, the protein band
was silver stained because it was hardly visible after Coomassie
staining. To the best of our knowledge, there have been no
previous reports of protein sequencing from silver-stained gels.
The developed methodology was applied to the identification
of protein interaction partners. Approximately 100ng of an
immunoaffinity-purified protein interacting with an RNA binding
protein was isolated by gel electrophoresis. The mass spectrum
of the peptides derived from this band (Fig. 2a) showed high-
intensity peaks, which were quickly assigned to trypsin and to
antibody (used in the purification step) through database
searches by peptide sequence tags’. Four other peptides (from
Fig. 2a) were found to belong to a known protein in the database
(Fig. 2b). The small amount of sample, the excess of antibody over

TABLE 1 Comparison of the deduced amino-acid sequence to the partial sequences obtained by tandem mass spectrometry

Nucleic acid sequence of cloned gene

GAA CCT GTT CTT TCA CCT GAA CAC AGA

GAA TTA ATC CAA TAC ATG ATG GCA GGT
ATT ACT AAA

GAC CCA TTT GCA TCA GTT GGT AAT GGT
GTT ACA ATT CAC TAC ATG CGT

ACT CCA TGA TAC TAT GAC CCA GCA ATG
AAA

ACT GAC CTAGAAACT ATT ACT TTATTA GCT
AAA

ATA GTT GCA ATT AAT GTT CCT AAA

TGT ATG TCA ATG CCT CTT TCA CGT

Deduced amino-acid sequence
Glu-Pro-Val-Leu-Ser-Pro-Glu-His-Arg
Glu-Leu-lle-GIn-Tyr-Met-Met-Ala-Gly-lle-Thr-

Asp-Pro-Phe-Ala-Ser-Val-Gly-Asn-Gly-Val-Thr-

lle-His-Tyr-Met-Arg

Thr-Pro-Trp-Tyr-Tyr-Asp-Pro-Ala-Met-Lys

Thr-Asp-Leu-Glu-Thr-lle-Thr-Leu-Leu-Ala-Lys

lie-Val-Ala-lle-Asn-Val-Pro-Lys

Cys-Met-Ser-Met-Pro-Leu-Ser-Arg

Amino acid sequence obtained by mass
spectrometry
Glu-Pro-Val-Lxx-Ser-Pro-Glu-His-Arg

Glu-bx-Lxx-GIn-Tyr-Met-Met-Ala-Gly-Lxx-
Thr-Lys

Asp-Pro-Phe-Ala-Ser-Val-Gly-Asp-Gly-Val-
Thr-Lxx-His-Tyr-Met-Arg

Thr-Pro-Trp-Tyr-Tyr-Asp-Pro-Ala-Met-Lys

Thr-Asp-Lxx-Glu-Thr-Lxx-Thr-Lxx-Lxx-Ala-
Lys

Lxx-Val-Ala-Lxx-Asn-Val-Pro-Lys

Cys-Met-Ser-Met-Pro-Lxx-Ser-Arg

The peptide Cys-Met-Ser-Met-Pro-Lxx-Ser-Arg (Lxx is Leu or lle), which was at the most C-terminal position (as judged by homology), was used to
generate an antisense PCR primer (5'-TGATAAAGGCATTGACATAC-3'). As sense primer, a sequence from the 5'-conserved region of the Mycoplasma arginini
(5'-AGGAATTCACGTTTATTCAG-3') was used to obtain a nearly full-length clone using DNA prepared from the contaminated tumour cells as template. The
sequence has been deposited with the EMBL data library (accession no. X93471). The only discrepancy observed was the prediction of Asn from the
nucleotide sequence of the cloned protein instead of the mass spectrometrically sequenced Asp in one of the peptides (underlined). Because the identity of
Asp is absolutely certain owing to the +14 Da mass shift induced on this amino acid by the derivatization procedure in conjunction with the mass-
spectrometric data on the underivatized peptide, it is concluded that deamidation of the amino acid must have occurred during the purification procedure, an
event not unusual during protein purification. Thus the amino-acid sequence provided by mass spectrometry was entirely correct.
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the protein of interest, and its large size (M, 164K) would have
made identification by conventional techniques exceedingly
difficult.

Nano-electrospray mass spectrometry was further used in our
search for angiogenesis inhibitors, that is, factors that suppress the
formation of new blood vessels*’. We observed that conditioned
media from tumour-cell cultures contaminated by mycoplasma
contained a protein that strongly inhibited the in vitro prolifera-
tion of endothelial cells, the key cell involved in angiogenesis.
SDS-polyacylamide gel electrophoresis (PAGE) analysis after
purification revealed a protein with a M, of 45K. About 200 ng of
the protein was subjected to this procedure (Fig. 3). Seven
peptides were sequenced in their native and esterified forms,
and 73 amino acids were called. A database search of these
peptides indicated a high degree of homology to arginine deimi-
nase from Mycoplasma arginini. By using the obtained sequence
and the homology, we have generated oligonucleotide primers
and cloned the complementary DNA by polymerase chain reac-
tion (PCR). A comparison of the deduced amino-acid sequence to
the partial sequences obtained by tandem mass spectrometry is

made in Table 1, which shows that all 73 amino acids were
sequenced correctly. It is clear from the data that the accuracy
and the amount of the amino-acid sequence data would have
made cloning by PCR" feasible even without homology. Experi-
ments are underway to determine the role of this protein in the
inhibition of angiogenesis and its potential in the antiangiogenic
treatment of solid tumours.

In conclusion, amino-acid sequence data can now be obtained
by mass spectrometry with extremely small quantities of gel-
isolated proteins. This procedure is «~10-100 times more sen-
sitive than current techniques, which have a practical limit of
10-50 pmol loaded on the gel for protein microsequencing
based on in gel or on-blot digestion followed by Edman degrada-
tion!"", It is also much faster and involves fewer purification
and manipulation steps. We anticipate that sequencing by nano-
electrospray tandem mass spectrometry will thus become a
method of choice for protein microcharacterization. In con-
junction with genomic sequencing, it will allow the rapid func-
tional characterization of proteins with important biological
functions. O
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