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FiG. 1. Schematic representation of
domain structures of FIB and trunca-
tion mutants. Full-length FIB and trun-
cation mutants ave shown, The N-termi-
nal glycine- and arginine-rich (GAR)
domain, RNA-binding domain (RBD), and
a-helix domain are shaded in gray, and
the apacer regicne 1 and 2 are indicated.
The methyltransferase-like domain is
composed of the RBD, spacer region 2,
and a-helix domain. The restidue numbers
of FIB and the truncation mutants are
indicated above each diagram. A FLAG
tag (not shown) was added to the N ter-
minus of each peptide. For FIB truncation
mutants, the SV4( antigen nuclear local-
ization signal and the HIV Rex nucleolar
localization signal were added between
the FLAG tap and the N terminus of each
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of FIB with both SMN protein and the DEAD box RNA helicase
P68 (19, 21}. A centrally located 90-residue sequence resembles
an RNA-binding domain (RBD) present in various snRNPs.
This RBD together with the C-terminal a-helix domain and the
intervening spacer (spacer region 2) constitutes a methyltrans-
ferase-liké domain that containg an S-adenosyl methionine-
binding motif (14, 22).- Replacement of two residues in the
Noplp S-adenosyl methionine-binding motif results in temper-
ature sensitivity and a drastic reduction in nascent rRNA tran-
seript methylation under restrictive conditions (18). Thus, the
methyltransferase-like domain is responsible for FIB methyl-
transferase activity. The C-terminal «-helix domain is. com-
posed of ~30 residues, and although this domain. probably
targets FIB to Cajal bodies, spacer region 2 appears to target
FIB to the fibrillar regions. However, the targeting of FIB in
both instances occurs only in the presence of .the RBD (3).
Although it is well established that FIB plays a role in ribosome
biogenesis within the nucleolus, its role in Cajal bodies is not
understood. ‘

Our recent studies have used proteomic methodology to char-
acterize a series of preribosomal ribonucleoprotein (pre-rRNP)
complexes formed in mammalian cells. We have thus far iso-
lated and analyzed the pre-rRNP complexes associated with
human nucleolin (25), pervulin (26), 2and Nop56p (27). These
studies demonstrate the applicability of proteomic analysis to
the study of human ribosome biogenesis and have identified a
number of mammalian counterparts of yeast trans-acting fac-
tors involved in this process. Furthermore, several candidate
mammalian trans-acting factors were identified that were not
previously identified in yeast. Here, we present a proteomic
analysis of FIB-assocmted'pi-otem complexes, In addition to the
association of FIB with pre-rRNP complexes, we found that this
protein interacts with a sub-complex containing a minimal set
of proteins including SF2A.-p32, PRMTS, tubulin a3, tubulin
p1, and PRMT1. The FIB GAR domain and the spacer region 1
interact directly with SF2A-p32, whereas the methyltrans-
ferase-like domain interacts with PRMT5, These results pro-
vide new clues to the precise functions of FIB not only in
ribosome biogenesis but alse in sn(o)RNP biogenesis and
mRNA processing in Cajal bodies.

EXPERIMENTAL PROCEDURES

Materials—Human kidney cel! line 293EBNA, Opti-MEM, and Lipo-
fect AMINE were purchased from Invitrogen (Grand Island, NY). Dul-
beceo’s modified Eagle’s medium, anti-FLAG M2 affinity gel, FLAG
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peptide, IGEPAL CA630, RNase A, and a-cyano-4-hydroxycinnamic

acid were from Sigma-Aldrich Chemical (Steinheim, Germany). Alka-
line phoephataseconjugated anti-mouse IgG was from Amersham Bio-
sciences (Uppsala, Sweden), Alexa Fluor 488-conjugated rabbit anti-
mouse; IgG antibody was from Molecular Probes, Inc. (Eugene, OR).
Trypsin (sequence grade) was from Promega (Madison, WI) and Achro-
mobacter lyticus protease I (Lye-C) was from WAKO Pure Chemicals
(Osaka, Japan), ZipTipC18 was from Millipere (Billerica, MA). LATag
DNA polymerase Wwas from Takara (Shiga, Japan), Protease inhibitor
mixture Complete Mini was from’' Roche Diagnostics (Mannheim,
Germany). Collagen I-coated Biocoat 8-well culture slides were from BD
Biosciences (F‘ranklm Lakes, NJ) All other reagents were from WAKQ
Pure Chemicals. '+ - [

. Vectors for Ep;tope tagged FIB,and FIB Truncatwn Mutants and
Expresswn in 293EBNA Cells—The FIB expresswn‘plasmld was con-
structed using & PCR-amplified DNA fragment comprising the FIB
open reading frame with the FLAG tag at its N terminus (Fig. 1). This
fragment was introduced between the Nhel and the BamHI sites of the
mammalian expression vector, peDNA3.1 (+) (Invitrogen). The PCR
primer set was 5'-ATATATCTAGAGCCACCATGGACTACAAGGACG-
ACGACGACAACGAAGCCAGGATTCAGTCCCCGT-3' and 5 -TATAGG-
ATCCTCAGTTCTFCACCTTGGGGGG-3', and huma':':‘ placenta cDNA
(OriGene Technologies, Inc., Rockville, MD) was used as the template,

The DNA fragment encoding the FLAG tag along with the nucleclar
localization signal (NLS) of HIV Rex (TRRRPRRSQRKR) (28) and the
SV40 nuclear localization signal (NS) (PKKKRKV) {29) was syn-
thesized by PCR using the eligonucleotide sets 5’ TATAGCTAGCGCC-
ACCATGGACTACAAGGACGACGACGACAAGACCCGTCGGAGGCC-
CCG-3' and §"-TCTTTTTCTTTGGGATCGGCGGGGCCTCCGACGCG-
T-3', and 5-CATCCCAAAGAAAAAGAGCCAGCCCAAAAAAGAAGA-
GAAA-3' and 5'-ATATAGGATCCTACCTTTCTCTTCTTTTITGG-3'.
The amplified fragment was subcloned between the Nhel and the
BamHI sites of pcDNA3.1(+), and the resulting plasmid was designated
pcDNAJ.1-NLS. All the expression plasmids of the FIB deletion mu-
tants were constructed by introducing PCR-amplified fragments be-
tween the BamHI and Xhol sites downstream of the FLAG tag/NLS/NS
in pcDNAS.1-NLS. Primer sets used for the amplification of FIB dele-
tion mutants were as follows; 5'-ATATAGGATCCAAGCCAGGATTCA-
GTCCCCGT-2' and §'-TATATCTCGAGTCATTTTCCTCCCCGACCAC-
GACC-3' for FIB I (residues 2-77), 5'-ATATAGGATCCAGAGGAAAC-
CAGTCGGGGAAG-3' and 5'-TATATCTCGAGTCATCGGTACTCAAA-
TTTGTCATC-3' for FIB 11 (residues 78-135), 6'-ATATAGGATCCGC-
CTGGAACCCCTTCCGCTCC-3" and §'-TATATCTCGAGTCAGTTCTT-
CACCTTGGGGGG-3’ for FIB III (residues 136-321), 5'-ATATAGGA-
TCCAAGCCAGGATTCAGTCCCCGT-3' and 5-TATATCTCGAGTCA-
TCGGTACTCAAATTTGTCATC-3' for FIB IV (residues 2-135), 5'-AT-
ATAGGATCCAGAGGAAACCAGTCGGGGAAG-3' and 5°-TATATCTC-
GAGTCAGTTCTTCACCTTGGGGGG-3" for FIB V (residues 78-321).

Human 293EBNA cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% heat-inactivated fetal calf serum,
streptomycin (0.1 ug/ml), and penicillin G (100 units/mi) at 37 °Cin an
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incubator under 5% CO,. Subconfluent cells in 90-mm dishes were
transfected with 10 ug of expression plasmid DNA using Lipo-
fect AMINE, and the transfected cells were grown for 48 h at 87 °C.

Isolation of FIB- and Iis Truncated Mutant-associcted Com-
plexes—At 48 h post-transfection, 203EBNA cells were harvested and
washed with PBS and lysed in lysis buffer (50 mm Tris-HCI, pH 8.0, 150
mM NaCl, 0.5% IGEPAL CA830) containing a prolease inhibitor mix-
ture on ice for 30 min. The seluble fraction was obtained by centrifu-
gution at 15,000 rpm for 30 min at 4 °C and was incubated with 20 ul
of anti-FLAG M2-agarose beads for 4 h at 4 *C for immunoprecipitation
of FIB-associated complexes or overnight at 4 °C for deletion mutant-
associated complexes. After washing the agarose beads five times with
lysis buffer and once with 50 mm Tris-HCI, pH 8.0, 150 mM NaC), the
complexes bound to the agarose beads were eluted with 20 ul of 50 mM
Tris-HCI, pH 8.0, 150 mM NaCl containing 500 pg/ml FLAG peptide,
The eluted complexes were analyzed by SDS-PAGE.

Ribonuclease Treatment of the FIB- and Truncation Mutant-associ-
ated Complexes—The immunoprecipitated FIB and truncation mutant-
associated complexes described above were incubated with 50 mu Tris-
HCI, pH 8.0, 150 mum NaCl containing 1 pg/ml RNase A for 10 min at
87 °C, washed twice with lysis buffer, and then once with 50 mwm
Tris-HC], pH 8.0, 150 mm NaCl, and eluted with buffer containing the
FLAG peptide as described above.

Immunocytochemistry—293EBNA cells were grown on Collagen I-
coated 8-well culture slides and transfected with expression plasmids
using LipofectAMINE. Prior to fixation, cells were washed with PBS
followed by incubation with 3.7% formaldehyde in PBS. After several
washes with PBS.T (PBS containing 0.05% (w/v) Tween 20), the cells
were incubated with PBS containing 0.1% (w/v) Triton X-100 for 5 min
at room temperature. The cells were then blocked by 3% (w/fv) nonfat
dried milk in PBS and were incubated with anti-FLAG for 1 h at room
temperature. The cells were rinsed in PBS-T ond then incubated with
Alexa Fluor 488-conjugated anti-mouse IgG for 1 h at room tempera-
ture, followed by three washes with PBS-T. The resulting cells were
examined with a confocal laser-scanning mlcroscope TCS (Leica Micro-
systems AG, Wetzlar, Germany).

Protein Identification by the Peptide Mass Fingerprinting Method—
Protein-containing SDS-PAGE gel fragments were subjected to in-gel
digestion with {rypsin as previously described (25). The resulting pep-
tides were;recovered and analyzed for peptide mass fingerprints using
a PE Bigsystems MALDI-TOF MS (Voyager DE-STR) as deacribed
previously' (25). Peptide masses were searched with 50 ppm mass ac-
curacy using the data base fitting program MS-Fit (available at pros-
pector.ucsf.edu), and protein identification was performed according to
the criteria described previously (25).

Protein Identification by LC-MS/MS Analysis—The FIB. and trun-
cation mutant-associated complexes were digested with Lys-C, and the
resulting peptides were analyzed using a nanoscale LC-MS/MS system
as described (30). The peptide mixture was applied to a Mightysil-RP-18
(3-um particle, Kanto Chemical, Osaka, Japan) frit-lers colurnn (45
mm X 0.150 mm'i.d.) and separated using a 0—40% gradient of aceto-
nitrile containing 0.1% formic acid over 80 min at a flow rate of 50 or 25
nlmin, Eluted peptides were sprayed directly into a quadrupole time-
offlight hybrid mass spectrometer (Q-Tof 2, Micromass Wythenchawe,
UK), MS/MS spectra were acquired by data-dependent collision-in-
duced dissociation, and MS/MS data were analyzed using the MASCOT
software (Matrix Science, London, UK) for peptide assignment. The
criteria were in accordance with the manufacturer’s definitions. If nec-
essary, match acceptance of automated batch processes was confirmed
by manual inspection of each set of raw MS/MS spectrs in which the
major product iong were matched with theoretically predicted product
ions from the data base-matched peptides. Proteing in the mock eluate
from anti-FLAG antibody with FLAG-peptide were analyzed by the
same LC-MS/MS method as used for the fibrillarin-associated com-
plexes and then subtracted from the proteins identified in the total
fibrillarin-associated complexes. Thus, those proleins identified in the
mock eluate were not included in the fibrillarin-associated proteins
unless the quantitative increase was confirmed.

Ultracentrifugation of FIB-associated RNP Complexes—The anti-
FLAG immunoprecipitate obtained from FLAG-tagged FIB gene-trans-
fected 293EBNA cells after elution with the FLAG peptide wae ana-
lyzed on a 12-50% sucrose gradient in 50 mM Tris, pH 7.5, 25 mM KCl,
5 mm MgCl,. The gradients were centrifuged in an SW65 rotor at 50,000
rpm (180,000 x g) for 3 h at 4 °C. A total of 18 fractions of 300 pl each
were collected, The migration of the 40 5/60 5/80 S ribosomal complexes
was determined by comparison to the ultraviclet absorption profile of
cytosolic ribosomes fractionated by ultracentrifugation under identical
experimental eonditions,
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Fic. 2. Protein components of immunoprecipitated FLAG-FIB-
associated complexes and RNA dependence of binding to FIB.
Silver-stained 11% SDS-PAGE gel of FLAG-FIB-associated complexes
immunoprecipitated with anti-FLAG after expression of FLAG-tagged
full-length FIB. Lanes 1 and 2, FIB-associated complexes (FIB full) with
(+) or without {(—} RNase treatment; lanes 3 and 4, control immuno-
precipitate with or without RNase. Molecular weight markers are in-
dicated to the right. The protein bands identified by MALDI-TOF anal-
ysis after in-gel digestion of protein bands with protease are indicated
on both sides of the gel. Boxed proteins denote FIB-associated proteins
following RNase treatment. Proteins in gray indicate those identified in
the control. FRMTI and 5, protein arginine methyltransferases 1 and 5,
respectively; SF24-p32, bphcmg factor-2-associated protein p32; FIBb.
48, FIB-binding protein 48 kDa; HKSP, kinesin-like spindle protem
PP2C, protein phosphatase 2C,

RESULTS
Isolation of FLAG-tegged FIB-associated Protein Com-

- plexes—Because endogenous FIB is found primarily in the nu-

cleolus of mammalian cells, the subcellular localization of the
FLAG-tagged protein in transfected 293EBNA cells was con-
firmed by immunofluerescence microscopy using an antibody to
FLAG (Supplementary Fig. 1). Although weak staining was
observed in the cytoplasm and nucleoplasm of the FLAG-FIB-
transfected cells, the nucleolus exhibited intense staining thus
confirming the correct localization of FLAG-tagged FIB.

Complexés associated with FIB were isolated from
FLAG-FIB-transfected cells via immunoprecipitation using the
FLAG antibody. A typical silver-stained SDS-PAGE gel of the
immunoprecipitated fraction showed that FIB-associated com-
plexes contained many proteins spanning a wide range of mo-
lecular weight (Fig. 2). In contrast, only four protein bands
were apparent in a mock immunoprecipitate prepared from
untransfected control cells (Fig. 2). In addition, when cells were
transfected with unrelated FLAG-tagged proteins, an entirely
different pattern of protein bands was obtained (data not
shown). These results indicated that most of the factors immu-
noprecipitated from FLAG-FIB-transfected cells represented de
facto FIB-associated proteins.

RNA Integrity in FIB-associated Complexes—RNA integrity
is requisite for protein association in pre-rRNP complexes as-
sociated with human nucleolin, parvulin, and Nop56p, all of
which may be invelved in ribosome biogenesis as reported in
our previous studies {25-27). Therefore, the requirement for
RNA integrity was also analyzed for FLAGFIB-associated
complexes. RNase treatment prompted the dissociation of the
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TasLE I

Putative fibrillarin-associated trans-acting factors involved in ribosome biogenesis
Accession number (GD) and calculated molecular mass are shown. Known function in mammals and yeast were extracted from the NCBI
database entry and from the Saccharomyces Genome Database of Stanford University (genome-www.gtanford.edu!Saccharomycesl) and David
Tollervey's database (homepages.ed.ac.uk/dtoller/processing_components.html), respectively. F:or pr?bems.that ha\'.'e yeast homologs, the gene
names, open reading frame names, and percent identities with the hemolog in overlapping amine acid regions are indicated,

. - Percent
Prateln Aoce fg“l’;" MW (Da) Funclion In mammals H;";ﬁog Yeast OAF ""m‘g“" Function in Yeast
’ homolog
Fibriltarin . 11425985, 33763.4 A component of a snRNP particle thought ~ NOPt - YDLO14W 66 358 primary kranscript processing;
o te icipate -in the first step of ' rBNA modiication. .
) . pren 2l ANA processing. C '
Nucleolar protein SA 12832025 66008.7 - Simlarte §. cersvisiae SK1p, a nuclevlar SIK1(NOPS6) YLR1STW 50 35S Xnma? rapseripn processing,
{56 kDa with KKED : KKE/D repeat protein involved in pre-rRNA fRNA modiication.
fepeal} processing. _ ’
Nucleolar protein 7706254 595405 Putative snoRNA binding protein NOPSB  YOR310C 47 35S Kn‘m transcript processing;
NOPSMNOPSS rRNA modification.
NHP2 non-histone 4826860 141646 Binds to the 5' stermloop of U4 snANA.  SNLHM3  YELO26W 71 Pre-mANA splicing factor; part of
chromosome proteln 2- Nucleolar protein that associales with the small (ribosomal) subunkt (SSUY
like 1 (S, cerevisine) checkpoint proteln RAD17; highly similar processosome (cortalns U3 -
to 8. cerevisiae Snu1dp. snaRNA). o
Splicing factor” £032089 567553 mRNA ?Iicing: .Spliclng factor 4; member  SAP40 YKR092C 32 Nucle oplésmlc transport;
arginine/serine-rich 4 o the SR protein family; has an RNA Nopp144 homolog, a nonibascmal
- recognition motit (RAM). : ateln of the nucleolus and colied
' ies; nuckeolar protein. :
Hypolheticat rotein 12697963 1160258 - KRE33  YNLI32W 55  40S subunit assembly and expon
FLIO774 to cytoplasm; killer toxin resistance.
Hﬁolhe:inal protein B92245G 75069.7 Unknown TSR YDLosoW 82 -
FLI10534
m:wlicaj protein 13899340 64584.2 Unknown RIOWARRPIO YOR11SC 38 205 pre-rANA processing
RSEAEQ'I ngsp—GIU-Na- 4758138 691047 RNA helicase p68 DEP2 YNR{{2W 56 RNA helicase
X .
ﬁg plide 5 (RNA
_ belicase, 68 kDa)
DEADM box 2135315 891555 RNAhelicase Gu .DBP3 YGLO78C 32  RNAhelicase; 355 primary
polypeptice 21 ' . transcript processing; lar%e
ribosomal subunlt asserbly and
) maintenance. ' :
Paly(A) binding proteln, 3183544 706258 Poly(A) binding PAB1  YER165W 54  Paly(A) binding
cytoplasmic 1 : . o 7
Poly(Aybinding protein, - 4504715 707381 RNA-binding proteln, binds to the mRNA PAB1 - YER1S5W 53  Poly(A} binding s
cytoplasmic 4 (inducible pong(A}qlail; may play a role In translation - .
form) and mANA stability. i .
Helerogeneous nuclear 14141163 $0422.0 Binds ANA and scafiold attached reglon NOP3 YOR432W 87  Required for efficlent 275 pre-rANA
ribonucieoprotein U DNA; contains an RGG box domain; g:ooessin . Nop3p shuttles
{scaﬂold attachment component of hnRANP complexes; may tween the nucleus and the
actor A) play a tole in hnBNA structure or cytoplasm.
‘ processing. . .
Splicing factor, £902076 27727.8 Spiicing lactor 10; essential tor constitutive NOP32 ¥DR432W 26  Required for efficlent 275 pre-(RMA
argininefsarine-rich 1 Fre-rn A splicing; member ol the SA rocessing. Nopdp shutiles
(splicing factor 2, ) amily; alternative splicing factor. tween the nuckeus and the
alternate splicing factor) - cytoplasm.
Splicing {actor, 13653676 99562.4 Splicing factor NOF3  YDR432W 25  Requlred for efficlent 27S pre-rANA
arginine/serine-rich 6 racessing. Nop3p shutties .
K ' tween the nucleus and the
‘ cytoplasm.
Pescadiflo homolog 1, 7657455  67960.0 Plays a cruciaf role in cell r Iferation and NOP? YGRI103W 39  rRNA processing
contalning BACT . may bé necessary lor oncogenic L
domain {zebrafish) ) transformation and tumor progression,
DKFZP564M 182 3668141 SBO9G6 - CIC1 YHROS52W 26 265 proteasome; ribosome
protein hiogenesis,
Nucleolar GTPase 12652715 83629.5 Nucleolar GTPase NOG2 YNROS3C - 55 Nuc::arlNucleolar GTP-binding
) . . protein 2
Putative nucleotide 7657048 63528.4 Nucleotide binding NUG1 YERCOSW 30  Nuclear GTPase
bindil:ig °?n‘.nein, '
estraciol-induced
Nucleolin 4885511 76298.2 Ribosome biogenesis NSA1 YGR159C 32 ENA procassig?; small sibosamal
) subunit assembly.
RANA-binding region 4757926 585055 Nuclear protein thal may be a splcing NSR1 YGR158C 23
(ANP1, RAM) factor; contains motifs characteristic of
containing 2 splicing tactors,
Ras-GTPase aclivating 14916573 54077.8 Probable scaffold protein that may be  NSA1 YGR159C 25

rotein SH3 domain-
nding protein 2

Involved in mRNA transport.
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TaBLE I—continued

. _ Percert
Protein “,ﬁgﬁgﬁ" MW (D) Funclion in mammals H;ﬂiﬁg Yeast ORe deTtly to Funcilon I Yeast
homolog
Hypothetica! protein 7859201 60443.4° Unknown SRM1. YGLOS7W . =27  Nuclearexport of IRNA
DKFZp762N0G10° C i
Nuclaophosmiln 15214852 92588.8 HNudleophesmin (nucieslar phosphoproteln - .- -
(nucteciar © BE3; numatrin, gmlein B23). RNA-binding
phos, tein B23, fucleotar phosphaprotain, )
numatrin) «
N
Other ANA hellcases . )
DEADM box 13514813 732260 RNARellcase DEDY  YOR204W 49 ANA processing
:Pofvp‘emkds,a , )
EADM box 3915658 140788.0 FNA hélltase . YLR419W  "30  Hellcase
go{}rpepllde 9 (ANA
ellcase A, nuclear
DNA helicase I1;
leukophystny
DEADM box 5453840 723260 FNA helicass pr2 DBPZ  YNA112W .58  RNAhelicase
Eglg)pepﬂde--ﬂ(n i
DEADM box 7662362 1338545 DDX30 . YLA419W 31 Heloase
polypeptide 30 o ‘ . :
-DEADM box 14730578 :114703.8 Db)(Qé"‘DEAﬁ}i:boi polypeptide 35. < YLR4ISW .29 ‘Helicase
polvpepiiie 36 o
Nucleolar protein ‘GU2, 13129000 825141 A DEAD box. onzymemmaybe!molved DBP3  YGLOTG 31 ‘355 primary transcript provessing

in tibosdmal RNA synthesis of processing.

majority of the protein components of FLAGFIB-associated
complexes. However, at least four major protein-staining bands
as well as several minor bands remained associated with
FLAGTFIB after RNase treatment (Fig. 2). The four major
protein bands appeared to exhibit approximate equivalent stoi-
chiometry with respect to staining intensity and were repre-
sentative of the more abundant proteins present in the non-
RNase-treated complexes (Fig. 2, compare lanes 1 and 2). In
addition; the proteins released by RNase treatment could not
be distinguished from those present in the RNase-untreated
complexes except for the four major protein bands and several
minor protein bands that remained associated with FLAG-FIB
after RNase treatment, as judged by SDS-PAGE analysis (data
not shown). These results suggested that at least two distinet
groups of proteins are present in FIB-associated complexes, one
whose association is dependent on RNA integrity (the FIB-
associated RNPs) and another that associates directly with FIB
(independent of RNA integrity). However, it was uncertain as
to whether these two groups of proteins were associated with
each other or present independently.

Identification of Protein Components in FIB-associnted
RNPs—Given the involvement of FIB in ribosome biogenesis,
we expected isolated FIB-associated RNP complexes to contain
trans-acting factors invelved in this process, as well as riboso-
mal proteins. We therefore identified the protein components of
the FIB-associated RNPs. We previously described a highly
sensitive “direct nano-flow LC-MS/MS” system to identify pro-
teins in limited amounts of multiprotein complexes (30). Im-
munoisolated FIB-associated complexes were digested with
Lys-C and analyzed directly using the nanc-LC-MS/MS sys-
tem. In addition to the criteria for match acceptance described
under “Experimental Procedures,” more stringent criteria were
adopted to conclusively identify proteins. Namely, at least two
different peptides had to be identified in a single nano-LC-
MS/MS analysis, and/or at least one peptide had to be identi-
fied at least twice (with highly significant data base matching
scores) among four separate analyses. A total of 1426 peptides
were identified via sequence data base searches using the col-
lision-induced dissociation spectra obtained from four nano-
LC-MS/MS runs of a Lys-C digest of the FIB-associated com-

plexes. These peptide data identified 170 proteins (excluding
the bait protein and the proteins present in mock) that met our
identification criteria. Although we do not exclude that some of
the proteins identified may be nonspecifically associated pro-
teins, we believe most of the protein components identified in
the fibrillarin-associated complexes are specifically associated
with fibrillarin. Of the 170 proteins, 73 were ribosomal proteing
(43 from the large subunit and 30 from the small subunit;
Supplementary Table SI) and 97 were non-ribosomal. proteins
(Supplementary Tables SII and SIII). Of the non-ribosomal
proteins, 24 were assigned as probable trans-acting factors
involved in ribosome biogenesis based on their homology to
yeast proteins known or expected to be involved in ribosome
biogenesis (Table I and Supplementary Table SII).

In addition to the putative trans-acting factors that were
assigned, the FIB-associated complexes contained 68 more
non-ribosomal proteins, including a number of RNA-binding
proteins, splicing factors, DNA-topoisomerase, Myb-binding
protein, components of DNA-dependent protein kinase, compo-
nents of the signal recognition particle, nuclear matrix proteins
as well as many hypothetical’unknown proteins (Supplemen-
tary Table SIII), Of these, at least 44 proteins reportedly local-
ize to the nucleolus or the nucleus (31, 32) (Supplementary
Table SIII),

Identification of Proteins Associated with FIB wathout RNA
Integrity—The proteins that remained associated with FIB af-
ter the RNase treatment were identified by MALDI-TOF anal-
ysis after in-gel digestion of excised SDS-PAGE gel bands with
trypsin, The identified proteins were SKB1 homolog (protein
arginine-methyltransferase 5, PRMTS) (Gl: 5174683; 18 pep-
tides matched; 29.6% peptide coverage; mean error = ~3.41
ppm), tubulin «3 (GI: 5174733; 9 peptides matched; 27.2%
peptide coverage; mean error = —11.42 ppm), tubulin 81 (GI:
135448; 13 peptides matched; 33.3% peptide coverage; mean
error = 0.70 ppm), PRMT1 (GI: 2499803; 16 peptides matched;
55.6% peptide coverage; mean error = —4.21 ppm), and splicing
factor SF2-associated protein p32 (SF2A-p32) (GL:4502491; 8
peptides matched; 50.7% peptide coverage; mean error = —5.08
ppm) (Fig. 2). These proteins were also identified by nano-LC-
MS/MS analysis of the isolated FIB-associated RNPs without
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Fic. 3. Protein components of immunoprecipitated FLAG-FIB-
and truncated protein-associated complexes. Silver-stained 11%
SDS-PAGE gel of complexes immunoprecipitated with anti-FLAG after
expression of full-length FIB or various truncation mutants. The arrows
indicate the proteins that were identified. Abbreviations are as in Fig.
2. A, Lane 1, molecular weight markers; lanes 2 and 3, FIB-binding
complexes (FIB full) with {+) and without (—} RNase treatment; lznes
4 and 5, FIB I-binding complexes with or without RNase; lanes 6 and 7,
FIB Yi-binding complexes with or without RNase; Janes § and 9, FIB
IIl-binding complexes with or without RNase. B, Lane I, molecular
weight markers; lanes 2 and 3, FIB-binding complexes (FIB fil) with or
without RNase; lanes 4 and §, FIB IV-binding complexes with or with-
out RNase; lanes 6 and 7, FIB V-binding complexes with or without
RNase; lane 8, control with (+) RNase treatment.

RNase treatment (Supplementary Table SIII). However,
MALDI-TOF analysis failed to identify other minor protein
bands, including FIBb-48 (see Fig. 2).

Given that the association of FIB with the above proteins
was RNA-independent, they may interact directly with FIB.To
clarify the interactions between FIB and these proteins, ex-
pression vectors for three FLAG-tagged FIB truncated mutants
with nuclear and nucleolar localization signals were initially
constructed (Fig. 1) and expressed in 293EBNA cells. Each of
the truncated proteins was expressed predominantly in the
nucleclus (Supplementary Fig. S1) and exhibited the expected
molecular weight, although mutants FIB I and FIB II migrated
as multiple bands on SDS-PAGE gels probably due to post-
translational modification in vivo (Supplementary Fig. 52). The

Human Fibrillarin-associated Protein Complexes

protein complexes associated with each of the truncated pro-
teins expressed in the 293EBNA cells were purified by immu-
noprecipitation with anti-FLAG-conjugated beads. Silver
staining of an SDS-PAGE gel showed that a number of proteins
were present in each of the three immunoprecipitates, and
many of the bands were common among the three isolated
protein complexes as well as in the full-length FIB-associated
complex. Still, some protein bands were present uniquely in
each of the complexes (Fig. 3A), When the immunoprecipitates
were treated with RNase A, only SF2A-p32 remained associ-
atéd with in the FIB I- and FIB Il-associated complexes,
whereas only PRMTS remained associated with the FIB [I1-
associated complexes (Fig. 34). This result showed that SF2A-
p32 interacts directly with the FIB GAR domain and spacer
region 1 and that' PRMTS interacts with the methyltrans-
ferase-like domain (Fig. 1). Although PRMT5 was also detected
in a mock immunoprecipitate prepared from control cells, its
level was clearly elevated upon expression of FIB III. Despite
the binding of SF2A-32p and PRMT5 to the corresponding
truncated proteins, the binding of PRMT1 and other proteins
associated with full-length FIB was not detected. -

Two additional FIB truncation mutant expression vectors
were constructed. FIB IV contained sequences encoded by FIB
I and II, whereas FIB V contained FIB IT and III sequences
(Fig. 1). Both FIB IV and FIB V were expressed in 293EBNA
cells, although FIB IV suffered some degradation that was
most likely due to proteolytic cleavage from the C terminus
(Supplementary Fig. 82). Immunoisolation using anti-FIB
showed that these two truncated mutants were also associated
with a number of proteins, most of which became dissociated
upon RNase A treatment as was the case for the other trunca-
tion mutants (Fig. 3B). As expected from the FIB I and FIB I1I
results, FIB IV associated with only SF2A-p32. On the other
hand, in addition to SF2A-p32, FIB V also associated with
tubulin e3 and BI as well as several other proteins, including
one with the molecular mass of 48 kDa (FIBb-48; Fig. 38).
PRMTS and PP2C were detected more strongly in the control
(Fig. 3B) than in previous experiments (compare with Fig. 34)
due to the use of different lots of anti-FLAG M2 affinity gel
(purchased from Sigma-Aldrich Chemical, Steinheim,
Germany). However, densitometry analysis indicated that
PRMTS was clearly increased in FIB V-associated protein com-
plexes (and full-length FIB-associated complexes) compared
with the control; i.e. the staining intensities of PRMTS5 after
RNase treatment were 19,149 (arbitrary values) for full-length
FIB, 12,776 for FIB IV, 20,046 for FIB V, and 7,634 for the
control (Fig. 3B). These results support the assertion that the
methyltransferase-like domain corresponding to the FIB IIl
mutant is responsible for the binding of FIB to PRMTS5, These
results also indicate that the presence of both the spacer region
1 and the methyltransferase-like domain is required for the
binding of FIB to tubulin «3 and S1 as well 4s FIBb-48. With
respect to the association of FIB with PRMT?1, none of the five
FIB truncation mutants bound this protein indicating that its
binding is dependent on the domain structure of full-length
FIB and/or that the binding of the other proteins (e.g. SF2A-
p32 and PRMTS5) is a prerequisite to PRMT1 binding. Together,
these results suggest that FIB along with SF2A-p32, PRMTS5,
tubulins @3 and g1, FIBb-48, and PRMT1 constitute a sub-
complex that functions as an integrated module.

Fractionation of FIB-associated RNP Complexes by Ultracen-
trifugation—The above results did not address whether the
sub-complex that resulted from RNase A treatment constituted
& protein complex that was independent of FIB-associated
RNPs. Therefore, the immunoisolated FIB-associated com-
plexes were fractionated by ultracentrifugation through a su-
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Fic. 4, Separation of the FiB.associated sub-complex and RNP complexes by ultracentrifugation through a sucrese gradient.
FLAG-tagged FIB gene-transfected 293EBNA cells were subjected to immunoprecipitation using anti-FLAG. The immunoprecipitate was frac-
tionated into 18 fractions by ultracentrifugation on a 12-50% sucrose gradient. The arrow below' the SDS-PAGE gel indicates the fraction
containing the sub-complex. Molecular weights are indicated to the left. M, molecular weight markers; FIB full, components of the immunopre-

cipitate loaded onto the gradient. Abbreviations are as in Fig. 2.

crose gradient and collected into 18 fractions, each of which
was analyzed by SDS-PAGE (Fig. 4). Although FLAG-FIB was
observed in nearly all the fractions, its distribution was con-
centrated in three peaks correspondm g to 60 5/80 S ribosomes,
40 8 nbo.somes and sub-complexes. The majority of FIB was
present .in largest RNP complexes in the gradient (fractions
9-14). The proteins that were previously shown to remain
associatéd with FIB after RNase treatment were found _most,ly
in the sﬁb-complex fractions (fractions 1-4), indicating that
these RNA-independent FIB-associated proteins constitute an
independent module. Thus, FIB forms a sub-complex that is
primarily independent of the rest of the FIB-associated RNPs.
Given that different patterns of protein bands were evident in
the different fractions, the protein composition of the sub-
complex may be somewhat heterogeneous.

DISCUSSION

FIB-associated protein complexes contain a number of ribo-
somal proteins and potential trans-acting factors involved in
ribosocme biogenesis, and the complexes are dependent on RNA
integrity. Given the involvement of FIB in pre-rRNA methyla-
tien and processing, we conclude that, along with the sub-
complex containing SF2A-p32 and PRMTS, the isolated FIB-
associated protein complexes contain pre-rRNP complexes
involved in ribosome biogenesis. The FIB-associated pre-
rRNPs contain mainly 60 S-processing and assembly factors
but also contain some 40 S factors suggesting that FIB pre-
RNPs most likely form at early to middle stages of 60 S large
subunit biogenesis (Table I} (33, 34).

One of the notable findings of this study is the RNA—mde-
pendent association of FIB with SF2A-p32, PRMTS, tubulin «3,
tubulin 81, FIBb-48kD protein, and PRMT1. SF2A-p32 binds
the FIB GAR domain (¢corresponding to truncation mutant FIB
I) and the spacer region 1 (FIB II), whereas PRMTS5 binds the
methyltransferase-like domain (FIB III) {Fig. 3). Given that
FIB V, but not the FIB III, associated with tubulin 23, tubulin
81, and FIBb-48 protein {Fig. 3), both the methyltransferase-
like domain and the spacer region 1 are necessary for the
association of these proteins with FIB. However, the methyl-

transferase-like domain and the spacer region 1 were still not
sufficient to recruit PRMTI. These results indicate that, in
addition to these regions, the FIB GAR domain is required for
the association with PRMT1. However, the data do not address
whether PRMT1 binding is dependent on the recruitment of
SF2A-p32, PRMTS, and the other proteins to FIB. Because
these FIB-associated proteins fractionated as a much smaller
complex relative to the FIB-associated pre:rRNPs that likely
represent a mixture of 40 S and 605/808 preribosomal particles
(Fig. 4), these results indicate that FIB and these associated
proteins constitute a sub-complex that is independent of the
larger FIB-associated pre-rRNP complexes
The association of FIB with two protein arginine methyl-
transferases is very intriguing, because FIB itself is an RNA
methyltransferase. Thus, the association provides for the pos-
sible coordinated regulation of RNA and protein methylation
events such as those in which both the RNA and protein mol-
ecules ere invelved. Two types of arginine methyltransferases
were identified as FIB-associated proteins. First, PRMTS (orig-
inally identified as the Janus kinase binding protein 1, or
JBP1) is a type II methyltransferase that catalyzes the forma-
tion of NS-monomethylarginine and symmetric NON'S.di-
methylarginine {(35) and is the catalytic component of the meth-
ylosome that regulates snRNP assembly (36). The second en-
zyme, PRMT], is the predominant type I methyltransferase in
cells and catalyzes the formation of N®-monomethylarginine
and asymmetric N NC-dimethylarginine (35). Thus, given
that FIB is involved in ribosome biogenesis and is itself an RNA
methyltransferase, our results provide biochemical evidence
that these three different types of methyltransferases physi-
cally associate and therefore may function in concert. Given
that, during ribosome biogenesis, not only are pre-rRNAs
methylated but several nucleolar and ribosomal proteins as
well {37-39), three types of methylation reactions may be re-
quired to coordinate certain stages of ribosome biogenesis
and/or related processes.
FIB is known to interact with SMN protein (19), and we
found that FIB interacts with PRMT5 (JBP1). Because SMN
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protein is cooperated with PRMTS5 in the methylosome complex
during snRNP biegenesis (40), the result coupled with the fact
that FIB interacts directly with SMN and co-localizes with
SMN in Cajal bodies suggests that FIB may also participate in
the regulatory mechanism by which the methylosome and the
SMN complex mediate snRNP assembly. Thus, the protein-
and RNA-methylation reactions may also occur simultaneously
within very close proximity on a smgle molecular scaffold dur-
ing snRNP biogenesis.

Another intriguing finding of thzs study is that FIB also'

interacts with SF2A-p32, which regulates RNA splicing by
inhibiting both the binding of splicing factor ASF/SF2 to
pre-mRNA and the phosphorylation of ASF/SF2 (41). Because
it may compete with ASF/SF2 for SF2A-p32 binding, mRNA
splicing may also be regulated by FIB.

In addition to SF2A-p32 and PRMTs, tubulins a3 and 1
were also identified in the FIB-associated sub-complex. These
microtubule subunits are heterodimers composed of one
polypeptide each of a- and S-tubulin. Therefore, their presence
in the sub-complex may prowde a link to components of the
microtubule cytoskeleton that consists of a highly organized
network of microtubule polymers bound to accessory proteins,
including microtubule-associated proteins, molecular motors,
and microtubule-organizing proteins. Although no other com-
ponents of mierotubule cytoskeleton were found, the tubuling
may be involved in transporting the FIB-associated sub-com-
plex among subnuclear domains, including the nueleolus, nu-
cleoplasm, and Cajal bodies.

Despite the preferable subcellular localization of FIB in Ca-
jal bodies, its role in Cajal bodles is completely unknown.
However, our results provide some clues on the possible roles of
FIB in sn{o)RNP biogenesis and pre-mENA processing in Cajal
bodies. In addition, our. finding thst FIB associates with pro-
tein- argmme methyltransferases is also consistent with the
recent’ report that symmetrical dimethylation of arginine is
required to locahze SMN to Cajal bodies as well as for its
involvement in pre-mRNA splicing (42). FIB may functlon asa
transporter of protein-arginine methyltransferases. to Cajal
bodies and/or as a scaffold to perform coordinated methylation
of both RNA and protem substrates’ dunng RNA editing in
Cajal bodles as well as m nbosome biogenesis in the nucleolus.
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CHAPTER

Combining Surface Plasmon
Resonance with Mass
_Spec’rrome’rry Idenhfymg
Blndmg Partners and
Characterizing InTeroc’rlons

Jos Buijs* and Tohru Natsume?
*Biacore AB, Rapsgatan 7, 75450 Uppsala Sweden; 'National Institute of

Advanced Industrial Science and Technology. Biological Information
Research Center, 2-41-6 Qhmi, Kohtoh-ku, Tokyo 135-0064, Japan

OPTICAL BIOSENSORS HAVE COME TO BE WIDELY USED in many fields since their introduction as
a research tool for the characterization of macromolecular interactions. One of the most
prominent uses of biochemical sensing exploits surface plasmon resonance (SPR), a phe-
nomenon that has been known for more than 30 years (Kretschmann 1971). For recent
reviews of SPR {Winzor2003), and its applications to proteomics, see Natsume et al. (2001).

CE PLASMON RESONANCE BIOSENSORS

The central component of an SPR biosensor. (as illustrated in Figure 24.1) is the sensor chip,
a glass slide with a prism mounted on one side and a thin metal coating on the other side.
Bait molecules are immobilized on the metal coating, most commonly in a carboxymethy-
lated dextran film, and exposed to potential binding partners in the flow channel. A moneo-
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chromatic polarized light bearn is directed at the sensor chip from various angles through
prism. At certain angles of incidence, the beam is totally internally reflected, and the refl
‘ed beam is detected by a sensor (the optical detection unit). When the incident beat
reflected, it produces an evanescent wave that penetrates the aqueous medium on the o
side of the chip. Penetration'depth is on the order of one wavelength ‘At a specific ang]
incidence, a resonant coupling occurs between the evanescént wave and the surface pj;
mons. The plasmons. absorb energy from the wave, causing.a reduction jn.the intensity of
reflected bearn, which can be récorded by an optlcal densuy unit. The' couphng depends o
on the angle of incidence and the refractive index of the medium penetrated by the evané;
cent wave, Changes in‘the den51ty, and hence the refractwe mdex, of: the aqueous mediiy
occur when ‘analytes in the flow channel bind to bait molecules on the’ ch1p This causes SPR?
to occur at a different angle of incidence. A sensogram, plotting resonance units against txme
provides a real-time quannﬁcanon of the interaction between ba:t and target Application of
this approach in affinity-based biosensing is discussed by ]onsson et al. (1991) and Nagata
and Handa (2000).-There have been several. types of:SPR 1nstruments (Ward and szor'
2000); however, this chapter describes expertments uSmg Btacore, 85 it is the most common-
ly used instrument. . %

#

intensity

Polarized

resonanca signal

1 .
2[ - tirne
=

sensorgram

| Glasds sensor chlp
" with gold film and
immobilized target

Flow channel
containing analyte

FIGURE 24.1. Schematic picture of an SPR biosensor. The polarized light is focused into a wedge-shaped
light beam that illuminates the sensor chip under conditions of total internal reflection. Under these con-
clitions, SPR results in a reduction in the intensity of light reflected from the sensor surface at a specific
angle. A plot of reflected intensity against the angle shows a characteristic “dip” (upper panel). The angle of
minimum reflectance is called the resonance angle. The resonance angle varies as a function of the refrac-
tive index of the medium near the sensor surface A molecule (e.g., 2n antibody) is immobilized on the sen-
sor chip and a sample containing a bmdtng partner (e.g., antigen} is delivered over the sensor surface.
Binding between the partners leads to anincrease in the mass concentration, resulting in an increase in the
refractive index and a shift in the position of the resonance angle {from 1 to 2 in the figure). The changes
in the resonance angle over time are displayed in a graph called a sensorgram (lower panel), which is the
direct representation of the interaction between the molecules on the sensor surface in real time. The unit
for the SPR signal is the resonance unit (RU), where 1000 RU represents a shift | in the resonance angle of
0.1°. Also note that the samples are in contact with the IFC channél in the microfiuidics. To minimize the
loss of the protein by adsorption to the wall of the vials or the JFC channel, use the urea-containing recov-

ery buffer.

.
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LIGAND FISHING AND IDENTIFICATION USING SPR BIOSENSOR
AND MASS SPECTROMETRY

v SPR biosensors are primarily used to characterize . biomolecular interactions and are
' amenable to hlgh throughput analysis for the following reasons:

s Analysis is label-free and performed in real nme, thus avmdmg detectlon time lags.

"o Anauto- sample m;ectxon system allows large numbers of samples to be processed simulta-
neously ; :

The microftuidics technology incorporated into the sensor chips allows SPR to be detect-
ed in very small sample volumes (1]). SPR biosensors have been used effectively for “ligand
fishing,” identifying interactions between target molecules and candidate ligands (Lackmann
et al. 1996; Sakano et al. 1996; Seok et al. 1997; Markgren et al. 1998; Iemura et al. 1999;
Williams 2000). Unfortunately, when a binding partner is found in a biological mixture, the
task of identifying the ligand'is dauntmg Purification of the hgand can be time- consummg
and labor-intensive, often requiring the use of tailor-made strategies, '

To facilitate ligand identification, SPR detection can be combined with afﬁmty chro-
matography (see Chapters 10-12) and mass spectrometry {MS) (see Chapter 21 and for addi-
tional information, see Chapter 8 of Simpson 2003). MS is one of the most sensitive and spe-
cific techniques avaﬂable for the identification and characterization of biomolecules. The fol-

- lowing are two 1on1zat10n mechanisms that are commonly used for MS.

» Matrix-assisted laser desorption/ionization (MALDI), in which proteins, crystallized on a
sample support, are ionized by laser irradiation.

. Electrospray ionization (ESI), in which ions are generated directly from solution.

Identification of biomolecules after affinity purification with SPR biosensors has been
demonstrated using both ESI-MS (Natsume et al. 2000, 2001) and MALDI-MS (Sénksen et
al. 1998; Nelson and Krone 1999; Williams and Addona 2000; Catimel et al. 2001; Natsume et
al. 2002). By integrating chip-based affinity purification with SPR detection, it is possible to
monitor binding kinetics directly, i.e., in what proportions the molecules bind, how quickly
and how tightly they bind (association and dissociation constants), and under what condi-
tions. By combining SPR detection with MS, the molecules captured on the sensor chip can
be validated or confirmed in a high-throughput manner.

Recovering samples from SPR sensor chips has been possible for many years, but one of

* the commercial instruments, the Biacore 3000 (Biacore), has recently been upgraded, in both
software and hardware (BR-1005-75, Biacore), to enhance protein recovery (Figure 24.2). The
improvements have been made in the recovery of proteins, after affinity purification, for sub-
sequent MS analysis. '

The Biacore 3000 instrument is particularly useful for ligand-fishing experiments, in
which it can be used to monitor the immobilization of a bait protein, to capture the target
protein and recover it from the sensor chip, and, finally, to prepare the recovered material
automatically for MS analysis. These expcrimental steps are described in detail in the Case
Study described below. A list of sensor chips suitable for the affinity purification of proteins
is given in Table 24.1,
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FIGURE 24.2. The Biacore 3000 for MS analysis. A 3.3x larger surface area in the Surface. Prep Unit enables
more efficient capturing of the bound molecules. The recovered samiple is automatically delivered to a vial
“or deposited d:rectly to the MALDI target located in the auto sampler area on a MALDI target holder. The
enzyme solution or matrix can be deposited onto the sample on the MALDI target.

‘CASE STUDY: LIGAND FISHING AND IDENTIFICATION OF
CALMODULIN FROM BRAIN EXTRACT

In this example, an experiment was set up to capture calmedulin from bovine brain extract
on the sensor chip. The captured protein was recovered and identified using peptide mass fin-
gerprinting. The entire process—of affinity puriﬁcéfion, reéovery of calmodulin, and sample
preparanon for MS analysis, including enzymat:c digestion on the MALDI target—was auto-
mated using the Biacore 3000..

Calmodulin is a ubiguitous Ca’-"—bmdmg protein that is found in eukaryotlc cells and
functions as a major physiological effector for a wide range of cellular responses. Besides the
regulation of intracellular Ca** levels, calmodulin is reported to have a role in the activation of
nuclear protein importation, thereby establishing a link between signal transduction and
nuclear import. Myosin light-chain kinase is one of the physiological interaction partners of
calmodulin. A peptide derived from this protein, containing the calmodulin- bmdmg domain,
was used as bait for calmodulin.

The protocol used is detailed below with the experimental steps, as controlled by the
Biacore 3000 software, summarized in Table 24.2. All experiments were performed at 25°C
and the water used was obtained from a Milli-Q water purification system (Millipore).

TABLE 24.1. Sensor chips that can be used for affinity purification using the Biacore 3000 biosensor

~ Sensor Chip? Surface Coating Applications

CMS5 {BR-1000-14) carboxymethylated dextran general purpose

NTA (BR-1000-34) carboxymethylated dextran, capture of histidine-tagged
preimmobilized with NTA biomolecules

SA (BR-1000-32) carboxymethylated dextran, - captures biotinylated bio-
preimmaobilized with streptavidin molecules

CM4 (BR-1005-39) carboxymethylated dextran with ' reduces nonspecific binding
lower degree of carboxylation of highly positively charged
than CM5 i molecules as may be found

in'cel] lysates

*Information in parentheses indicates Biacore catalog numbers.
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MATERIALS

TABLE 24.2. Sequential listing of the experimental steps for a ligand fishing experiment, including the

utilized Biacore 3000 commands

Volumes, Solution, and Flow Rates

Process Command

Equilibrate system with buffer prime HBS-EP

Surface activation mix 100 pl of EDC with 100 ] of NHS

inject 35 pl of EDC/NHS, 5 pl/min

CBD immobilization inject 50 pl of CBD, 5 W/min

Deactivation inject 35 ul of EtAm, 5 ul/min

Condition - quickinject 10 times 5 pl of 50 mm NaOH, 5 pl/min

Change buffer prime 3 times HBS-N

Injection of bovine brain extract MS_inject 200 pl of brain extract, 20 pl/min, 200 ul

‘ of MS buffer

Wash MS_wash -30 pl of NaOH, 40 pl of NaQOH, 200 i of
MS buffer :

Recovery MS_recover 50 pl of recovery buffer, 250 wl of H,0,
300 1l of MS buffer

Add microtransfer 1 pl of trypsin

Digestion wait 900 wait for 15 minutes

Add microtransfer 1l of TEA

Add microtransfer 1 pl of matrix solution

The type of solutions, their volumes, and if applicable, the flow rate at which solution is injected in the instrument are given

in column 3.

P Reagents

CAUTION: See Appendix 7 for appropriate handling of materials marked with <!>,

Calmodulin-binding domain (CBD) (0.1 mg) '(CalBiochem)
EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride) (e.g., Sigma or Biacore) <!>
Ethanolamine-HCI (1 M, pH 9.0) (e.g., Sigma or Biacore} <!>

HBS-EP
10 mm HEPES (pH 7.4)
150 mm NaCl
3 mMm EDTA
0.005% Surfactant P20

Surfactant P20 is polyoxyethylenesorbitan a nonionic surfactant recommended for inclusion in the
buffers used in Biacore systems. It is available from Biacore, where it has been tested for peroxides
and carbonyls, and is supplied as a sterile-filtered 10% solution in water.

HBS-N: 10 mm HEPES containing 150 mM NaCl (pH 7.4)
HBS-N containing 2 muM CaCl, <!>
Initial buffer for mlcrocolumn 0.1% formic acid (100 ul requlred) <I>

Matrix solution

Dissolve 0.5 mg of a-cyano-4-hydroxycinnamic acid <!> (Bruker) in 670 ul of ethanol <!> and 330

Ll of acetone <!>,
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) Eduipment

MS buffer: 50 mM ammenium bicarbonate <!> and 2 mM CaCl, (pH 8.2)
For MS-compatible buffers, see note in Stage 2.
NaOH (50 mm) <!> |
N-hydroxysuccinimide (e.g., Sigma or Biacore) <!>
Aliquots (100 ) of N-hydroxysuccinimide should be stored at —20°C.
Potassium phosphate buffer (10 mM, pH 7.4) <!> »
Recovery solution: 0.5 mm EGTA and 50 mm NH,HCO, (pH 8.2)
For recovery solutions, see note in Stage 3.
Running buffer
Trifluoroacetic acid {(TFA) (0.5% v/iv) <!>
Trypsin <!>, Sequence-grade modified (Promega), 15 pg/ml in 60% acetonitrile <!>

Wash solutions
For suitable wash solutions, see Step 9.

Biacore 3000 instrument equipped with sample rack, autosampler, and software (version 4.0
or higher).
For information on analyte recovery using an earher version of the Biacore 3000, contact Biacore
directly (www.biacore.com).

CM5 sensor chip (Biacore)

MALDI target (e.g., Scout MTP Bruker, ABI Voyager, MALDI-Qstar, Micromass Qtof)
If using the alternative procedure for Stage 4, the analyte is collected in a vial rather than being
deposited on a MALDI target. ‘

Mass spectrometer (e.g., Autoflex MALDI-TOF from Bruker)

» Biological Sample

Bovine brain extract: 10 mg of bovine brain acetone powder (Sigma)

» Additional Materials

The alternative Stage 4 of this protocol requires the following additional reagents:
Microcolumn 1 elution buffer: 30% acetonitrile <!>, 0.1% formic acid <>
Microcolumn 2 elution buffer: 20 mg/ml smapunc acid <!>, 60% acetomtrlle, 0.1% tri-
fluoroacetic acid <!>
For ESI-MS analysis
ESI or tandem mass spectrometer (ESI-LC-MS or ESI LC-MS/MS)
Nanospray tip (e.g., nanoflow probe tip [Micromass}; nanobore stainless steel emitters and
stage tips {Proxeon Biosystems A/S]; and PicoTips [New Objective, Inc.])
Formic actd (0.1% v/v) in H,0
Incubator set at 37°C
For MALDI anal}rsis
MALDI target
MALDI-TOF mass spectrometer
Sinapinic acid crystals (20 mg/ml sinapinic acid in acetone}) ‘
Micro-reversed-phase POROS column prepared in a GELoader tip accordmg to the method
of Gobom et al. (1999)
Trifluorcacetic acid (TFA) (50 nl)
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Trypsi_n digestion buffer (pH 9.0): 100 mm Tris <!>, 4 M urea <!>, and 0.01% n-octylglucopyranoside
Trypsin (15 ug/ml) in trypsin digestion buffer
Trypsin, sequencing-grade (Promega)

METHOD

Stage 1: Immobilization of the CBD to a CMS Sensor Chip

The CBD was immobilized to a carboxymethylated dextran of the sensor chip by amine cou-
pling chemistry (see Johnsson et al. 1991). In this procedure, the molecules are covalently
coupled via their primary amine groups to the sensor chip. The coupling provides the high
degree of immobilization necessary for successful recovery experiments. The number of mol-
ecules captured on the chip is directly proportional to the degree of immobilization and the
number of flow cells. In a Biacore 3000, four flow cells, each with a surface area of 1.2 mm?,
are available for this purpose.

L Equilibrate the system with HBS-EP using the PRIME command.

2. Thaw 100-ul aliquots of EDC and NHS, vortex, and place them in the appropriate slots
~ inthe sample rack. Activate the sensor chip surface with 200 pl of a 1:1 mixture of these
solutions using the MIX command.

3. Prepare a solution of CBD by dissolving 0.1 mg of CBD in 1 ml of 10 mM potassium
phosphate buffer (pH 7.4) and divide it into 100-pl aliquots. INJECT 35 pl of EDC/NHS
at a flow rate of 5 W/min. Then INJECT 50 pl of CBD, at the same rate, over the activat-
ed sensor surface for coupling.

- 4. ‘After coupling the CBD, deactivate excess active groups on the sensor surface by inject-
ing 35 pl of ethanolamine at a flow rate of 5 ul/min. To condition the sensor, QUICKIN-
JECT ten 5-pl aliquots of 50 mm NaOH at 5 pl/min.

Stage 2: Capturing Calmodulin (CaM) on the Sensor Chip

5. Prepare the bovine brain sample from bovine brain acetone powder by suspending 10 mg
in 1 ml of HBS-N containing 2 mM CaCl,. Centrifuge the extract at 16,000g (Biofuge pico,
Heraeus Instr.) and discard the insoluble pellet. Dilute the supernatant 10 times in the
same buffer.

6. After ~1 minute of running buffer flow, PRIME the system with three applications of
© HBS-N.
The HBS-N is a low-salt MS-compatible buffer, which replaces the higher-salt running buffer (sce the
shaded panel below regarding MS-compatible buffers), as can be seen from the dip (at ~50 seconds)

in the sensorgram shown in Figure 24.3. The dip occurs because the lower-salt buffer has a lower
refractive index than the running buffer (see the section on Surface Plasmon Resonance Biosensors).

7. MS_INJECT 200 pl of brain extract (20 pl/min), followed by 200 pl of MS buffer over the
CMS chip immobilized with CBD. |

Generally, flow rates ranging from 1 to 20 pl/min and sample volumes on the order of a few tenths
to hundreds of microliters are used to capture the target molecule.

8. Directly after sample injection, flush the integrated fluidic system (IFC), including the
flow cell area, with an MS-compatible buffer (HBS-N) for 6 seconds.
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FIGURE 24.3. A typical sensorgram, showing the SPR signal (in respfmsé units, RU) during an affinity
purification and recovery experiment. A signal of 1 RU in one flow cell corresponds to 1 pg of protein (see
Stenberg et al. 1991).

g T B

roughout the affiity purification experiment. It is crucial for

protem ads: ‘ptlon to'the wall of the 'vial or the IEC channel (see Flgure 24.1 and its legend)
leadmg to more efﬁcxent recovery of 1ow abundance or stlcky protems :
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Stage 3: Recovery of Calmodulin from the Sensor Chip

9. Wash the autosampler and IFC, but not the flow cells, sequentially with three solutions
using the MS_WASH command, as follows.

» Use a mild basic or acidic solution (e.g., 50 mM NaQH, 1-5% TFA, formic acid, or
acetic acid) or low-concentration organic solvents {10~20% acetonitrile or methanol)
for the first two Wash solutions.

e For the third wash use an MS- compat1b1e buffer to equilibrate the IFC prior to sam-
ple recovery.

10. Recover the bound calmodulin using the MS_RECOVER command, which applies 2 pl
of recovery solution to the sensor chip, and incubate it for 30 seconds.

11. Draw the 2-ul portion back into the autosampler needle. For peptide fingerprinting,

deposit the sample on a Scout MTP MALDI target (Bruker) with a spot size of 0.8 mm

- and continue with Stage 4 below. ‘For material recovered in non-MS- compatible buffer,
collect the sample in a vial and continue with the alternative Stage 4 procedure.

During the MS_RECOVER process, air is passed over the flow cells for 30 seconds before and after
the recovery solution is incubated in the flow cells. When air is flowing through the flow cells, the
SPR signal is temporarily disrupted, as seen in the sensogram (Figure 24.3).
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- 91.108
60+ '
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78-90 1074126
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1 128560 1983.86 ' .3389.70 ’ 38474
) : 75-90 1-30
. 4 | ‘
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- ; : T " " 7
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FIGURE 24.4. MALDI spectrum of a tryptic digest of the recovered target protein after injection of brain
extract over a sensor chip, modified with the calmodulin-binding domain. The m/z values of these mass
peaks were submitted to a database (Mascot; for details on searching databases using MS data, see Search
Engines for Identifying Proteins Using MS Data in Chapter 8 of Simpson [2003]} and bovine calmodulin
was unambiguously identified. The sequence coverage was 95%. Three peptide ions (1563.73, 2401.14, and
3385.70 m/z) were not identified in the first database search. Two additional peptides (1563.73 and 2401.14
m/z} were assigned when the posttranslational modifications were incorporated in the database correlation
(acetylated amino terminus and trimethylated Lys-114).
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Stage 4: Preparation of the Recovered Material for Mass Spectrometry Andiysis

An Alternative

12. For peptide mass fingerprinting, digest the target protein on the MALDI plate with
trypsin prior to adding the matrix. Use the MICROTRANSFER command to add 1 pl of
trypsin (15 pg/ml in 60% acetonitrile) to the recovered material (final concentration 5
Hg/ml) on the MALDI target. Allow it to dry ( —-15 minutes, use the WAIT 900 command).

For additional details on preparing samples for peptlde mass finoerprmtlng, see Chapters 8 and 9
(including Protocol 3} in Simpson (2003).

13. After digestion, acidify the sample using the MICROTRANSFER command to add 1 pl of
TFA (0.5% v/v) and then 1 i of a matrix solution.

14. Record mass spectra using a mass spectrometer in the reflection mode with delayed
extraction, and submit the m/z values of the mass peaks to a database.

A typmal mass spectrum and database search is shown in Figure 24.4. For details on searching data-
bases using MS$ data, see Search Engines for Ident:fymg Proteins Using MS Data in Chapter 8 of
Slmpson (2003).

Method for Stage 4: Sample Preparation for MS Analysis

When samples are recovered in a vial, instead of being deposited on a MALDI target, it is
important to minimize the delay between their recovery and their preparation for MS.
Proteins stick to almost all surfaces with which they come in contact. Because of the small
volumes and low concentrations used, losses through adsorption and sample handling can be
significant. Adsorption can be avoided by adding urea and n-octylglucopyranoside (an MS-
compatible detergent) to the recovery buffer. If this proves to be necessary, samples must also
be cleaned up and desalted prior to MS analysis. The ZipTip i0.c1s (Millipore) is a column
suitable for cleaning up, concentrating, and desalting samples; samples can be eluted in as lit-
tle as 0.5 pl of solution. Even smaller elution volumes (down to 50-100 nl) are possible using
a homemade POROS reversed-phase (ABI) microcolumn constructed inside a GELoader tip
(Eppendorf) (se¢ Gobom et al. 1999; Simpson 2003). Samples recovered from these columns
in non-MS-compatible buffer can be analyzed using MALDI or ESI-MS. The following pro-
cedure describes the preparation of material recovered in a non-MS-compatible buffer.
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METHOD
1. Digest the target protein with trypsin by adding 1 ul of 15 pg/ml trypsin in trypsin diges-
tion buffer to the vial. Incubate for 2 hours at 37°C.
2. Desalt the digestion mixture and concentrate the sample using a micro-reversed-phase
POROS column. Equilibrate the column with 0.1% formic acid (FA) in H,O (initial
buffer), and pass the trypsin digestion mixture over the column. Then wash the column
with the same initial buffer. ' _
IMPORTANT: Due to the high back pressure, the micro-reversed-phase POROS packing is the only
one recommended.
3. Complete one of the two folloWing procedures. -
For ESI-MS analysfs:
a. Elute the peptide mixture in 0.5-1 pl of Microcolumn 1 elution buffer.
b. Load the sample into the capillary using either a fused silica syringe needle or a gel
loader tip. Apply pressure to the back of the tip until a drop of liquid is seen.
¢. Tune the source voltage, and adjust the gas flow for maximum ion current. Record
mass spectra. For details of the operation, see Wilm and Mann (1996).
For MALDI analysis:
_ a. Elute the peptide mixture in 50 nl of Microcolumn 2 elution buffer, directly onto a
- ' nano-spray tip. ' ' _ ‘
b. Cover the deposited sample with a thin layer of sinapinic acid crystals (20 mg/ml
o, - sinapinic acid in acetone).
¢. Record mass spectra using a MALDI-TOF mass spectrometer according to the man-
ufacturer’s instructions.
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