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ABSTRACT:. Phosphorylation can have profound effects on the properties of nuclear lamins. For instance,
phosphorylation of specific sites on mammalian lamins drastically alters their propensity to polymerize.
Relatively little is known about the effects of phosphorylation during interphase and about phosphorylation
of invertebrate nuclear lamins. Here, using electrospray ionization tandem mass spectrometry, we determined
the phosphorylation sites of both interphase and M-phase isoforms of nuclear lamin Didriosophila
melanogasterinterphase lamins are phosphorylated at three sites: two of these sitgsaf@ka site

located between residues 430 and 438) flanketHeelical rod domain, whereas the third site Eaéris

located close to the C-terminus. The M-phase lamin isoform is phosphorylated predominantl,a Ser
residue contained within a sequence matching the consensus site for phosphorylation by cdc2 kinase. Our
study confirms the important role in vivo for cdc2 kinase in M-phase disassembly of nuclear lamins and
provides the basis for understandiBgosophilalamin phosphorylation during interphase.

It is increasingly appreciated that structural aspects of the longitudinally to form head-to-tail polymerdl8, 14). As-
cell nucleus play important roles in the regulation of gene sembly of lamins in vivo likely depends on this longitudinal
expressionY). The general rules that govern nuclear structure interaction as well as lateral interactions between lamin
are still elusive, but insights are likely to be found in the dimers Q).

study of nuclear proteins that can (self-) polymerize, a pisassembly of the nuclear lamina during mitosis is
property common to the basic elements of the cytoskelet_on.accompanied by lamin phosphorylatiob5( 16). There is
Nuclear lamins are the only known members of the family considerable evidence that cdc2 kinase (the p34cdc2-cyclin
of intermediate filament proteins located in the cell nucleus B complex) is instrumental in M-phase lamin phosphoryla-
(2). Nuclear lamins self-assemble in vitro and form a network  tjon and disassemblyL7—23). In addition, M-phase break-
underlying the inner nuclear membrane in viv@).(In. down of the nuclear lamina can be induced by protein kinase
addition, nuclear lamins can be found in various forms in ¢ (PKC) @4-27). These findings suggest that various

the nuclear interior4, 5). Lamins are thought to help protect  kinases can disassemble nuclear lamins and that different
the nucleus from mechanical distortior§y),(they arrange  cell types may use different enzymes.

nuclear pore complexes spatiall, (7), they might be
involved in organizing chromatin8¢10), and they play a
role in DNA replication (1).

Nuclear lamins, like other intermediate filament proteins
contain a centrad-helical rod domain which is essential in
the generation of parallel, unstaggered dimers through coiled-
coil formation @). Lamins also contain relatively short
N-terminal heads and longer C-terminal tails whose structures
are not well-known 11, 12). Lamin dimers can line up

Nuclear lamins are also phosphorylated during interphase
(15). Not much is known about the function of interphase
lamin phosphorylation. However, phosphorylation of chicken
* lamin B, by PKC at a site close to the nuclear localization
signal inhibits import of lamin into the cell nucleug§).
An unidentified site in human lamin Bs phosphorylated
specifically during S-phase9).

The invertebrat®rosophila melanogastarontains at least
two lamin genes. The expression of one of these, called lamin
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protein accumulates as a soluble species in the cytoplasncholate precipitation before redissolving the protein in 50
as well as in the nucleus of the developing ooc3& 34). uL 50 mM MOPS, pH 7.0, containqi6 M urea. For removal
After fertilization, a number of rapid nuclear divisions take of detergent, the protein was precipitated with ethanol and
place within a syncytium. Lamin purified from such early the pellet was washed extensively with acetone. The pellet
embryos is soluble, migrates on SDS-polyacrylamide gels was redissolved in 50L 50 mM MOPS, pH 7.0, containing
as a single 75 kDa species, has many similarities with lamin 6 M urea to yield a protein concentration of 2 ug/uL. All
purified from mitoticDrosophilatissue culture cells, and was lamin preparations were stored-a0 °C until further use.
called lamin Dmy. During later stages of embryonic Enzymatic Digestiond.amin was digested with endopro-
development, most lamin is associated with nuclei, and, whenteinase LysCAchromobacteProtease |, Wako Chemicals)
purified, appears as two bands with apparent molecular at an enzyme/substrate ratio of 1:50 at°&7for 1 h in 100
masses of 74 kDa (D and 76 kDa (Dm) on SDS- mM Tris-HCI, pH 8.0, containig 6 M urea. The reaction
polyacrylamide gels34, 35). Lamin Dmy; and interphase  was stopped by adding TFA from a 4% stock solution to a
lamins Dm and Dm contain similar amounts of phosphate final concentration of 0.2%, and the digest was analyzed
per molecule of protein. However, whereas lamin fJam  either by capillary LC/MS or the endoproteinase LysC
contains exclusively phosphoserine, lamins ;Dsamd Dm peptides were isolated preparatively on g @icrobore
are phosphorylated on both serine and threonid4),(  column. Double digestions of lamin with endoproteinase
demonstrating that interphase and M-phase lamins arelLysC and trypsin (sequencing grade, Boehringer, Mannheim)
phosphorylated on different sites. were carried out by incubating the protein with the endopro-
To understand the function of lamin phosphorylation it is teinase LysC as described above. Before addition of trypsin,
essential to know which residues are phosphorylated. Wethe urea concentration was lowered2 M by adding 100
therefore set out to investigate the sites of phosphorylation mM Tris-HCI, pH 8.0, and incubation was continued at 37
in lamin Dmy/Dm, and Dmy. With a combination of °C for 2 h at a@rypsin/substrate ratio of 1:20. Endoproteinase
enzymatic mapping and electrospray ionization tandem massLysC peptides of lamin which had been isolated by mi-
spectrometry, we observed that interphase lamin phospho-crobore RP HPLC were neutralized with a minimal volume
rylation occurs on three distinct portions of the protein: at of Tris base before addition of the enzyme. Tryptic and

segments of the head and tail domains that flankothelical
rod domain as well as at the very C-terminal end of the tail

chymotryptic (sequencing grade, Boehringer, Mannheim)
digestions were with 56100 ng enzyme fol h at 37°C.

domain preceding the CaaX box. These three sites are notClostripain digestions were with;dg enzyme (fronClostrid-

phosphorylated in M-phase lamin. Instead, a new site lying
close the N-terminal end of the rod domain with a typical
consensus sequence for cdc2 kinase is phosphorylated in thi
isoform.

MATERIALS AND METHODS

Preparation of Interphase and M-Phase Laniimerphase
lamin was prepared from-618 h oldDrosophila(Canton-S
strain) embryos36). Typically, 67 mL of packed embryos
(corresponding to 250 066850 000 organisms) were pro-
cessed in each preparation. Final purification of lamin was
achieved by passing the nuclear extract over a column (1
5 cm) packed with Sepharose beads to which antilamin
antibodies had been coupled covalently. Lamin was eluted
from the antibody support with 50 mM glycine buffered to
pH 2.3, containing 500 mM NaCl and 0.1% Triton X-100,
and the lamin containing fractions were pooled. The detergent
was removed by diluting the salt concentration of the lamin
pool to below 100 mM NacCl, and polymerized lamin was
pelleted at 10 000 rpm for 15 min in an Eppendorf centrifuge.
The precipitate was washed three times with 25 mM MOPS,
pH 7.0. The final pellet was dissolved in 30. 25 mM
MOPS, pH 7.0, containmp 6 M urea to yield a protein
concentration of +2 ugfulL.

Soluble lamin Dmy; from 0—4 h old Drosophila mela-
nogasterembryos was isolated by affinity chromatography
as described above3§, 36). Pooled fractions from the
antibody column were first concentrated by TEAleoxy-

! Abbreviations: CID, collision-induced dissociation; LC/MS, liquid
chromatographymass spectrometry; MS/MS, tandem mass spectrom-
etry; m/z, mass-to-charge ratio; RP HPLC, reverse-phase high-
performance liquid chromatography; TCA, trichloroacetic acid; TFA,
trifluoroacetic acid.

ium histolyticum Boehringer, Mannheim). Prior to use,
clostripain was activated at room temperature with 2.5 mM
®TT in 50 mM Tris-HCI, pH8.0, 50 mM CagGlfor 1 h (37).

All reactions were stopped by acidification with 10% TFA
to a final concentration of 0.5% before analyzing them by
capillary LC/MS.

Peptide and lon Nomenclatur€eptides generated by
endoproteinase LysC are labeled with K, peptides obtained
by tryptic cleavage are marked with T, and peptides
generated by clostripain cleavage are denoted with CP. The
peptides are numbered sequentially according to their posi-
tion based on th@®rosophila melanogastesequencedg,

38). In numbering specific residues of the lamin sequence,
it is assumed that the sequence starts with the methionine at
position 1. Peptides selected for fragmentation in the collision
cell of the mass spectrometer are labeled in the corresponding
figures by [M + nH]"", wheren represents the number of
protons attached to the peptide. To avoid confusion between
numbering of y- and b-ions generated during collision-
induced fragmentation and residue numbering of amino acids,
the starting and ending residues of each fragment are
indicated in the corresponding figures.

Mass Spectral Analyseghe microspray needles used for
electrospray ionization were pulled from 1061 i.d. x 280
um o.d. fused silica capillaries (LC Packings, Amsterdam,
The Netherlands) on a model P-2000 quartz micropipette
puller (Sutter Instrument Company, Novato, CA). For LC/
MS analysis, the needles were placed into an XYZ micropo-
sitioner and the voltage was applied directly to the sample
stream through the capillary unioB9). Spray voltages were
usually between 1100 and 1400V. Mass determinations were
carried out on a TSQ7000 triple quadrupole mass spectrom-
eter (Finnigan, San JosgA). All measurements were carried
out in the positive ion mode. For operation in the MS/MS



4622 Biochemistry, Vol. 38, No. 14, 1999 Schneider et al.

Table 1: Calculated and Measured Masses of the Endoproteinase mTorr. MS/MS spectra were acquired by injecting peptides

LysC Peptides of Interphag@rosophilaLamir? onto a 100um |d cgpillary cqu_mn packed with POROS
calcd measured R2 (20/4m_ particle size, 35 cm in Iength). Pep'ud(_as were
peptide  residues  scan no. mass (Da) mass (Da) desorbed into the mass spectrometer with a 10 min gradient
K 12 1522 consisting of 6-80% acetonitrile in 0.02% acetic acid at flow
1 . . .. . .
Ko/K 5* 5-55 382 52227 5222 7/5303.1* rates of 106-200 nL/min. The collision energy was indi-
Ks 56—101 691 5431.9 5431.1 vidually tuned for each peptide to optimize the quality of
Ky 102-130 697 3442.8 3443.0 the collision spectra.
Ks 131-140 1372.7
Ks 141-142 261.2
K7 143-145 375.2 RESULTS
Ez ﬂgiiig %ﬁgé Identification of Phosphopeptide$o identify phospho-
Ko 149-170 462 25292 506007 rylation sites, lamin was digested with endoproteinase LysC
Ki 171-179 184 1079.5 1079.1 and the masses of the resulting peptides were analyzed by
Elz 122:%88 280 111‘;78-16 11585 LC/MS and compared to the predicted masses, on the basis
K” 191-197 279 943.6 9431 of the specificity of the proteinase. Phosphopeptides were
14 . . . . . .
Kis 198-204 215 9375 937.1 identified by screening for peptides whose masses are 80
Kie 205-230 736 3091.6 3089.9 Da higher (or multiples thereof if multiple sites on a single
Kz 231-245 325 18530  1852.8 peptide are phosphorylated) than the predicted mass. Twenty
Kig 246-263 432 2091.0 2091.2 ; : ;
Kae 264265 260.2 seven peptides were observed in the LC/MS analysis of the
K20 266-293 3406.7 endoproteinase LysC digest of lamin isolated froml8 h
Kot 294-310 313 1911.0 1910.7 old embryos (henceforth called interphase lamin) (Table 1).
K2z 311366 749 65804  6579.0 These peptides accounted for 93 out of a total of 99 Ser/Thr
E% 321:328 jgg ﬂgzg ﬂgg'g residues in the lamin sequence (Tyr phosphorylation of
24 . . . .
Kos 390-401 522 1336.7 1336.7 Drosophllalamln has not been Observe314l).
KogKos*  402—446 577 4797.6 4797.5/4878.1* Examining the spectra for the presence of peptides whose
§27 jjg:j‘;g " 2%%%21 2397 4 masses are increased by 80 Da (or multiples thereof), three
Kii 471-476 210 659 4 6590 candidates were found: the peptidg M/hich precedes the
Ko 477—483 215 787.4 786.6 o-helical rod domain, K, located just after thei-helical
Ka1 484—490 423 923.6 922.9 rod domain, and ks which precedes the carboxyl-terminal
Kaz 491-509 588 21271 2127.0 CaaX box (Figure 1). The signals of each of these peptide
Kas 510-516 189 753.4 752.6 - ied by signals with : ts of
Ko 517-537 526 2412 3 2412 3 ions were accompanied by signals with mass increments o
Kas 538-549 347 1282.7 12828 20 and 27 Da for the quadruply and triply charged molecular
Kss 550-552 362.2 ions (Figure 2), characteristic of phosphopeptides where the
Es;K . 5553—212 gg% iggg-g 2235-2/4658 o phosphate group adds 80 Da to the mass (or 8@ s/
38/ K3g - . . . i i i i
Koo 619622 437 2 multiply charged ions). Assuming no preferential loss of

either phosphorylated or unphosphorylated forms of a peptide

@ The elution position of the peptides is denoted by the corresponding ; _
scan number (each scan is 3 seconds). Blank cells indicate peptidesdurlng chromatography and that phosphorylated and unphos

which were not observed during the LC/MS analysis. Peptides found phorylated peptides a_re 'On'zed \_’\{'th equal e-ff|C|enC|eS In
to be phosphorylated are marked with an asterisk and the masses othe ion source, the ratio of intensities of the signals for the
the nonphosphorylated and phosphorylated peptides are shétw. phospho and nonphospho forms of peptides can be taken as
was found to be dimerized. a measure for the extent of phosphorylation of these peptides.
Comparison of the integrated peak areas of the various charge
mode, the resolution of Q1 was set to transmit a mass forms for the three phosphopeptides with the peak areas of
window of 4 Da and resolution of Q3 was adjusted to 1.5 the corresponding charge forms of the unphosphorylated
Da. Scanning was performed between 50 and 2250 Da inpeptides in the spectrum recorded from interphase lamin
3.5 s. Argon was used as collision gas at a pressure of 3.5indicates the approximate extent of phosphorylation to be

NLS
446 619 622
KRKRAVYV .. CAIM

. I

—{o-helical rod domain_—}}

S S

5 «——K, — 55 402 +—— Ky — 446 579 <— Kzg —» 618

Ficure 1: Domain structure obrosophilalamin. The N-terminal head and the C-terminal tail domain comprise residu®6 and 412

622, respectively, which are separated bydheelical rod domain (residues 5411). The nuclear localization signal (NLS) is underlined.

The sequence CAIM is a four amino acid stretch at the C-terminus of lamin which gives rise to farnesylation and carboxymethylation of
the protein (also called the CaaX box). The peptides labeledKk;, and Ksg show those peptides produced by endoproteinase LysC
digestion which were found to be phosphorylated.
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Ficure 2: Spectrum of the three phosphopeptides(K), K25 (B), and Kgg (C) from interphase lamin. Because of the large size, each
peptide produces a complex spectrum of multiply charged ions. Therefore, for reasons of clarity, only the triply and quadruply charged
peptides (labeled with-B, and 4+, respectively) in the mass range between 1000 and 2000 Da are shown. Singly phosphorylated peptides
are labeled with an asterisk, the doubly phosphorylated peptigésKnarked with two asterisks. Because it was not possible to separate

all of the lamin peptides into single components during an LC/MS run, the spectrum shown in panel A contains signals from coeluting
peptides other than X whereas the spectrum in panel C shows a mixture of coelutiggid K. Signals which are not labeled in the
spectrum correspond to coeluting peptides other tharkks, or Kss.

23—29% for Ky, 13—19% for Ky, and 42-48% for Kss. high variation. Nevertheless, large changes in phosphoryla-
Small amounts of doubly phosphorylatedsgKare also tion which occur at a given site can still be followed when
apparent in the spectrum (Figure 2C), but their low stoichi- peak areas from spectra of the corresponding phospho/
ometry of phosphorylation precluded further analysis. It nonphospho forms are compared (see below).

should be pointed out that the stoichiometry of phosphor-  When the endoproteinase LysC digest of the M-phase form
ylation for the three peptides,KKys and Ksg deduced from of lamin was chromatographed under the same conditions,
the ion intensites of the unphosphorylated and phosphorylatedall of the peptides mentioned in the table were observed
peptides can only be an approximation. Although it has beenexcept Kk and Ky. Comparison of the spectra of the three
shown that the ratio of phosphorylated to unphosphorylated phosphopeptides from interphase and M-phase lamin shows
peptides in the full scan positive-ion data can be used to major differences in the stoichiometry of phosphorylation:
estimate the stoichiometry of phosphorylatiof0), our whereas the degree of phosphorylation fog End Ksg is
observations indicate that the relative areas between phossubstantially lower in M-phase lamin, phosphorylation gf K
phorylated and unphosphorylated peptide varies with the is approximately threefold higher (Figures 2 and 3).

charge state (see Figure 2, peptideg)K Therefore, the The three candidate phosphopeptides Kis and Kgg
stoichiometry of phosphorylation for the three peptides contain multiple potential phosphorylation sites. To precisely
deduced in the present study are averaged values from docate the phosphorylated residues, ions of each individual
number of charge states and, accordingly, show a relatively peptide are selected in the first quadrupole of the mass
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Ficure 3: Spectrum of K (A), K2 (B), and Kgg (C) from M-phase lamin. For labeling of the peptides see Figure 2.

spectrometer and subjected to fragmentation in a collision tripeptide LSR (TFs) could not be found, but due to its high
cell to produce ions from which the sequence of the peptide polarity, the peptide is not expected to bind to the reverse-
can be deduced. When the fragmentation pattern of aphase column. Calculating the extent of phosphorylation of
phosphopeptide is compared with that of its nonphosphor- Teg by integrating the peak areas under the triply charged
ylated counterpart, a shift of 80 Da (or divided by the ion for the unphosphorylated and phosphorylated peptide
corresponding charge state of the fragment ions) can beindicated an estimated stoichiometry of 44%, which agrees
observed when a phosphorylated residue is encountered. Irwell with with the stoichiometry estimated for the endopro-
addition, partial elimination of phosphoric acid (98 Da) upon teinase LysC peptide 3§ (42—48%).
fragmentation in the collision cell can occur, generating The MS/MS spectra of g and phospho-& showed an
daughter ions separated by 98, 49, and 32.7 Da from parentabundant doubly charged y-ion series ranging fromty
ions having a charge of1, +2 and+3 (41). y22 (Figure 5 A,B). A fragment ion 33 Da smaller than the
Analysis of Phosphopeptides¢gfrom Interphase Lamin.  phosphorylated g precursor ion was observed, presumably
Initial attempts to determine the site of phosphorylation by from neutral loss of phosphoric acid (the mass of phosphoric
subjecting ks from interphase lamin to fragmentation by acid is 98 Da; because the triply charged precursor ion was
collision-induced dissociation were not successful becauseselected, loss of phosphoric acid produces an ion smaller by
of the large size of the peptide. Therefore, the endoproteinaseapproximately 33 Da). This is often taken as proof that a
LysC peptides were further digested with trypsin to obtain peptide is phosphorylatedtl). The fact that y>—y», of
smaller peptides. Complete tryptic digestion ofsKhould phospho-§s and of unphosphorylated od are identical
produce six cleavage products: three single arginines, andimmediately rules out Sgr as the phosphate acceptor. The
the three peptidesgl, Tos, and Tos (Figure 4A). In an LC/ singly charged b-bs ions were observed in the spectrum
MS analysis of an endoproteinase LysC/tryptic digest of of the nonphosphorylated peptide, whereas the corresponding
interphase lamin, both phosphorylated and unphosphorylatedb-ion series of the phosphaygiwas shifted by 80 Da starting
Tog were found in the triply charged form (891.4 and 918.1 from the b ion (265.1 Da). Furthermore, as was already
Da, respectively, Figure 4B). The N-terminal peptidewWas observed for the triply charged molecular ion, neutral loss
also detected and eluted between scans 55 and 65. Naf phosphoric acid was evident in the b-ion series: the
phosphorylated d; was observed (results not shown). The phosphorylated pion (labeled with k*, Figure 5B) was
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Ficure 4: (A) Amino acid sequence, cleavage sites, and calculated masses (listed as singly protonated ions) of peptides produced by
tryptic cleavage of the endoproteinase LysC peptide Khe residue numbers are indicated above the sequence. (B) Selected mass
chromatograms for the triply chargedgpeptide (top panel) and the triply charged phospbgp€ptide (middle panel) of an endoproteinase
LysCltryptic digest of interphase lamin. The bottom panel is the reconstructed ion current showing the sum of all ions present during the
LC/MS run. Phospho-g elutes 10 scans earlier than the unphosphorylatggdptide during the LC/MS analysis. (C) Spectrum of the

triply and doubly charged ¢k and its phosphorylated form (labeled with an asterisk). The spectrum was generated by summing all scans
acquired during the elution ofg§ and phospho-d.

accompanied by a fragment ion 98 Da smaller (labeled with associated with Gf?whereas the spectrum of the triply and
bs*, Figure 5B). The fact thatsthad an observed mass 80 doubly charged ions of GBRhowed ions 27 and 40 Da larger
Da higher than its nonphosphorylated counterpart indicatesthan for the unphosphorylated peptide, respectively. Fur-
that Seggs is a site of phosphorylation in interphase lamin thermore, the intensities of the triply charged phosphq-CP
(Figure 5C). ions and of the unphosphorylated £Bns closely parallel
Analysis of Phosphopeptide,Krom Interphase and  the stoichiometry of phosphorylation observed inisolated
M-Phase LaminK; was also too large to obtain useful MS/  from interphase lamin, ruling out the possibility that minor
MS data. Smaller peptides were obtained by digesting K phosphorylation sites were overlooked which would reside
with clostripain. From the expected six cleavage products on CR (Figure 6 D).
of K5, doubly and triply charged ions of the two €&nd MS/MS spectra of unphosphorylated and phosphorylated
CP, peptides were detected (Figure 6). Inspection of the forms of CR from interphase lamin show an identical set of
spectra of CP and CR revealed that no phosphate was unphosphorylated fragment ions, whose masses correspond
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Ficure 5: Comparison of the MS/MS spectra ofs{A) and phospho-ds (B) from interphase lamin. The triply charged precursor ion was
selected for the collision experiments. Phosphorylated fragment ions are indicated by *, ions that have undergone neutral loss of phosphoric
acid are indicated bx. To maximize signal intensity, quadrupole three in this experiment was set to transmit a mass window of approximately

3 Da. Therefore, the measurewz values for the daughter ions can deviate from the predicted/alues by up to 1.5 Da. (C) Summary

of the observed b- and y-ions in the MS/MS spectra &fphospho-Tg. Only the first 13 residues of the sequence gf Which could be

observed as y- or b-ions are shown, the remaining 11 amino acids are abbreviated with (11res). The predicted b-ions are listed above the
sequence for unphosphorylategs flower row) and for phospho-§ (upper row) by assuming phosphorylation on the serine indicated with

an asterisk (Segs in the amino acid sequence Dfosophilalamin).
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Ficure 6: (A) Amino acid sequence, cleavage sites, and calculated masses (listed as singly protonated ions) of peptides produced by
clostripain cleavage of the endoproteinase LysC peptid€BJ Reconstructed ion current of the LC/MS analysis of the clostripain cleavage
products of K isolated from interphase lamin. The peaks labeled with 1 and 2 indicate the elution position of;theddPR peptides.

The peak labeled with Kis undigested peptide. (C) Mass spectrum of the peptide CH Mass spectrum of GPThe phosphorylated
triply and doubly charged GRpeptides are labeled with an asterisk.

to those predicted fory—ye (Figure 7 A, B; note thatonly ~ was seen in a set of ions, correspondinggolly where b—
them/z range up to 1400 Da, which covers the y-ion series by shifted by 80 Da in the phospho-CMS/MS spectrum

up to w13, is shown). This places the site of phosphorylation compared with the nonphosphorylated ,C&s well as the
beyond yg (corresponding to residues 229 of the lamin corresponding fragments resulting from neutral loss of
sequence). Because there is only one candidate seringghosphoric acid. These observations allow unambiguous
remaining, it can be concluded that &eof lamin is the identification of Seys as a phosphorylated residue in inter-
phosphorylated residue. Positive identification of this site phase lamin.
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Ficure 7: Comparison of the MS/MS spectra of (A) the unphosphorylated and (B) the phosphorylatpdpiifle from interphase lamin.
In both experiments, the triply charged ion was selected for fragmentation. For reasons of clarity, onlyrérege between 100 and 1400
Da is shown. For labeling of the ions see Figure 5. (C) Summary of the observed b- and y-ions in the MS/MS spectrynThé CP
predicted b-ions are listed above the sequence for unphosphorylatelo@®r row) and for phospho-GRupper row) by assuming
phosphorylation on the serine indicated with an asterisk.é3®the amino acid sequence Dfosophilalamin). A marks those ions that

have undergone neutral loss of phosphoric acid during the collision process.

Phosphorylation of Kisolated from M-phase lamin was fragmentation. Comparison of the fragmentation spectra
increased when compared to the same peptide isolated frontreveals major differences between the two,@Rptides:
interphase lamin. This could either mean that ,$Sés most predominantly, 80 Da shifts due to the presence of a
phosphorylated to a greater extent or that a site other thanphosphorylated residue can be observed fgtyis in the
Seks is phosphorylated to higher stoichiometry. To distin- spectrum of phospho-GRlerived from M-phase lamin, as
guish between these two possibilities, phospha-i€6lated well as fragments corresponding tg-yy.3 after neutral loss.
from interphase or from M-phase lamin was subjected to The set of phosphorylated b fragment ions are also not
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Ficure 8: (A) MS/MS spectrum of the phosphorylated clostripain peptidg f@&#n M-phase lamin. The triply charged ion was selected
for fragmentation. The corresponding MS/MS spectrum for the phosphorylated clostripain peptifter@ihterphase lamin is shown in
Figure 7B. For labeling of the ions see Figure 5. (B) Summary of the observed b- and y-ions of tfragbfent from interphase and
M-phase lamin. The arrows indicate the site of phosphorylation which occurs endBeing interphase and on Seduring M-phase.

observed in this case (Figure 8 A, B). This indicates that c (M + 3HIP* 791.2/818.3°
the site of phosphorylation of the head region in M-phase 402 ! C2 446
lamin has changed to a residue located C-terminal ofsSer

—— 24453 —————F4¢—— 23713 ——»
Localization of the phosphorylated residue in the M-phase K26 LLVGEEARLNITPATNTATVQSFSQSLANSTRATPSRRTPSAAVK

CP, fragment becomes evident upon inspection of the low 885 e 2B 44> < 291>
mass range of the spectrum. In both phosphopeptides T682 T6Z Tro Tn T272'73

. . . . + + +
(interphase and M-phase forms) theigns are identical. [M + 2HI"" 4440 [M + 2H]®* 1076.0 [M + 2H]}™*415.5

This eliminates Thy; as the site of phosphorylation. Local- FIGURE 9: Amino acid sequence, cleavage sites, and calculated

- ; P masses (listed as singly protonated ions) of peptides produced b
IZathn of the phosphorylated reSIdge n |n'terphase\ﬁ@s chymotry(ptic or twptic%légvage of the end)chrOFt)eiFr)1ase L§)/SC peptidey
possible due to the presence of thégn which underwent () * The peptides Cand G generated upon chymotryptic cleavage
neutral loss of phosphoric acid (Figure 8 A, B). Because are given above the sequence. The observed mass-to-charge ratios
there is only one candidate serine within the ion series for C, were 791.2 Da for unphosphorylated and 818.3 Da for
Covered betweenayand )é, |t can therefore be Concluded phOSphOI’ylated Q Sh0W|ng that the phosphate resides on the

. g X . C-terminal half of ke The peptides and their calculated masses
that Seys is the site which becomes phosphorylated in generated upon tryptic cleavage oflére given below the sequence

M-phase lamin. (peptides Tg—T73). Of the six expected peptidessS Teo, and the
Ana|ysis of Phosphopeptidequrom |nterphase Lamin. incompletely cleaved peptide, I 73 were observed. The two short

: ; - peptides, Fo and T3, could not be detected. No phosphate was
Despite numerous efforts, unambiguous localization of the found on tryptic peptidesc or Trzrs The boxed sequence denotes

site of phosphorylation in interphasedhas not yet been  ihe presumed site of phosphorylation. For further details see the
possible. The amino acid sequence (Figure 9) makes thetext.

peptide especially refractory to mass spectrometric analy-

sis: first, when Ks was subjected to fragmentation in the substantial fragmentation covering the C-terminal half gf K
collision cell of the mass spectrometer, abundant y-ions were could be obtained. Upon chymotryptic cleavage g4, kwo
obtained which covered the N-terminal region of the peptide peptides were observed whose masses indicated that the
between residues 2 and 21 (corresponding to residues 403 phosphate is associated exclusively with the C-terminal half
423 of the lamin). No difference in the CID spectra was of Ky Neither the triply nor the quadruply charged chy-
obtained between £ and phospho-l (results not shown)  motryptic peptides g€or phospho-g(Figure 9) yielded any
which indicates that the site of phosphorylation must be appreciable fragmentation in the collision cell of the mass
located in the C-terminal half of the peptide. Because of the spectrometer and could therefore not be exploited any further
high number of basic amino acids in the peptide, no to localize the site of phosphorylation. Tryptic cleavage of
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K26 should produce five peptides. Among thesg,and Tso lamins. TheDrosophilalamin head domain is significantly
were found, whereas the C-terminal peptide was recoveredionger than the head domain of vertebrate lamins, ang; Ser
as an incompletely cleaved peptide with the sequenceand its surrounding residues do not have an apparent
RTPSAAVK. Inspection of the spectra showed no phosphate counterpart in any of the known vertebrate (or invertebrate)
associated with eithers§or T7,-73, implying that the site of ~ lamins, suggesting that whatever the function of phospho-
phosphorylation must reside onylor T71 (corresponding rylation of Segs, it is not widely conserved. It was previously
to residues 4306438 of lamin). The two tryptic peptides shown that cAMP-dependent protein kinase (PKA) h&s,a
NSTR and ATPSR were not observed. Phosphoamino acidfor Drosophilalamin Dm, of <1 M and that this lowK,
analysis of interphase lamin revealed the presence of bothis due almost exclusively to a C-terminal sité4). Our
P-Ser and P-Thr4@). The two amino acids found to be current data suggests that this site iss§gein vivo, therefore,
phosphorylated in interphase lamin in the present study areit is likely that Seggs is modified by a PKA-like enzyme.
serines. It is therefore tempting to say that the remaining The proximity of Sejss to the C-terminus, which is impli-
phosphorylation site is either Tl or Thryss. Nevertheless,  cated in attaching lamin to the inner nuclear membrane,
final elucidation of the phosphorylation site ondhas to further suggests that phosphorylation of this site might

await alternative analysis methods. modulate membrane binding.
The third interphase site, most likely residing between
DISCUSSION amino acids 430 and 438, is located 12 residues

C-terminal from the end of the lamin rod domain, preceding
the nuclear localization signal. Again, no clear sequence
homology with vertebrate lamins is found in this segment.
However, all lamins known to date contain a high percentage
of phosphorylatable residues between the end of the rod
domain and the nuclear localization signal (see Figure 10).
Indeed, many lamins are phosphorylated during interphase
at one or more sites in this segment, and these phosphory-
lation events are carried out by several different kinases
(depending on the organism and/or cell type in which the
experiments were carried out, see Figure 10). Phosphoryla-
tion by PKC of two residues in chicken lamin B2 in the

We analyzed the phosphorylation state of three lamin
isoforms that can be isolated in relatively large quantities
from Drosophila embryos. A soluble M-phase lamin was
found to be phosphorylated predominantly at,Séwith a
stoichiometry of about 0.75 mol phosphate/mol protein).
Polymerized forms, called lamins Qnand Dm, or inter-
phase lamins, were phosphorylated in vivo at three resi-
dues: Ses in the N-terminal head domain (about 0.3 mol
phosphate/mol protein), Se¢in the C-terminal end of the
C-terminal tail domain (about 0.5 phosphate/mol protein),
and a third site (with about 0.2 phosphate/mol protein)
between the:-helical rod domain and the nuclear localization same lamin segment, located close to the nuclear localization

signal which is probaply elthe_r T‘m? or Thiass signal (Sefip and Seyys), inhibits nuclear import of lamin
Interphase form lamin Den(migrating on SDS-polyacryl- g2 (2g). It seems unlikely that phosphorylation of one of
amide gels slightly slower than lamin Djnarises by  the candidate residues in the region between amino acids
differential phosphorylation as shown by treatment with 430 gnd 438 ofDrosophila lamin Dmy serves the same
alkaline phosphatasé3). Previously, mapping of the epitope  fnction because the interphase lamin analyzed here was
of monoclonal antibody ADL84 (which binds lamin DM pyyified from isolated nuclei and phosphorylation was
but not lamin Dm) to lamin residues 2228 suggested the catalyzed by a nuclear protein kinasé2) Therefore,
Dm,-specific phosphorylation site to be $6(36). Here, we jnyranuclear lamin was modified at this residue.
demonstrate directly that Sefrs indeed phosphorylated. As Our data show that the soluble (M-phase) lamin purified
predicted, the sjtoic_hic_)metry of phqsphorylgtion (about 0.3 fom early (0-4 h old) embryos is phosphorylated predomi-
phosphate/Se)) is similar to the ratio of lamin Da(Dmy  pandy at Seg, This serine residue is found in a motif (SPTR)
+ Dmy) in purified interphase lamins (about 0.3). This ratio  th4t matches the cdc2 kinase consensus recognition site (T/S
is substantially higher irDrosophila embryos that were  py K/R), and it was previously shown that $etand/or
de_natureq immedi_ately_and. analyzed by V\/_estern blotting Seny) can be phosphorylated by cdc? kinase in vitdd)(
using lamin-specific antibodies (N.S. unpublished observa- giher proline directed kinases have consensus sequences that
tions), suggesting that some phosphatase activity (presumablyy o match this site. Indeed, it has been shown that two
nonspecific) lowered the phosphorylation stoichiometry gistinct MAP kinases phosphorylate chicken lamin B2 in
during lamin purification. vitro (45). All lamins known to date (except for the lamin
M-phase lamin migrates on SDS-polyacrylamide gels at from Caenorhabditis elegahsarry sites that are predicted
a position intermediate between those of laminsi:md  to be phosphorylated by cdc2 kinase (as well as other proline
Dm; (34). Apparently, phosphorylation of Sgiin M-phase  directed kinases) and that are symmetrically positioned near
lamin) slows migration in this gel system, and the lamin the ends of the coiled-coil rod domain. A substantial amount
Dmg-specific phosphorylation of Sgr slows migration  of data indicates that phosphorylation of one or two of these
further 36). Another lamin isoform, named Dms, that  sites is instrumental for disassembly of the nuclear lamina
migrates even slower than lamin Rron SDS-polyacryl-  during mitosis 17, 18, 20, 21, 23, 45). In agreement with
amide gels, arises both in vivo and when embryo nuclei are the assumption that cdc2 kinase is responsible for phospho-
incubated in extracts made from stagelrésophilaoocytes rylation of M-phase laminDrosophilacdc2 kinase46) and
(43). Antibody ADL84 does not bind to Dg-s. In light of several cdc2 kinase-related enzymég @é8) are expressed
our current data, it seems likely that lamin R is and active 49, 50) in preblastoderm embryos. Thus, phos-
phosphorylated on both Seand Seys. phorylation ofDrosophilalamin by cdc2 kinase appears to
Two of the three interphase phosphorylation sitesgsSer be instrumental for maintaining the maternally provided
and Sefss, do not have obvious homologues in vertebrate lamin in a soluble, M-phase, state.
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A Ip M-phase Ip
21 ‘ 27 41 ‘ 48 590 l 610
PRPPSAG ... SSPLSPTR LSRRRSVTAVDGNEQLYHQOQG

I\un/l N'w\l/

—{ o-helical rod domain |—}

|/ \ICaaX

424 446
FSQSLRNSTRATPSRRTPSAAVK

4

B Ip

Human Lamin C 389 LSPSPTSQRS RGRAQSHSSQ TQGGGSVTKK RK
Mouse Lamin A 389 LSPSPTSQRS RGPASSHS;[Q ;[QGGGSVTKK RK
Chicken Lamin Bo 383 LSPSPSSRVT VSRATSSSSS SS'I'SLVR;‘;R G¥(RRR
Human Lamin B1 390 LSPSPSSRVT VSMgSSRSV RTTRGKRKR

Drosophila Lamin Dmy 412 ITPATNTATV QSFSQSLRNE TRATPSRRTP SAAVKRKR

Ficure 10: (A) Sites of phosphorylation iBrosophilalamin. The phosphorylated residues occurring in interphase and M-phase lamin are
marked with Ip and M-phase, respectively. The sequence surrounded by a box marks the region of the presumed site of phosphorylation
of Ky (B) Comparison of phosphorylation sites from vertebrate Bnosophilalamins located in the region between the end of the
a-helical rod domain and the nuclear localization signal (NLS). Sequences were placed such that the ends of the rod segments are aligned.
For each partial lamin sequence, the downpointing aripwesignates what is thought to be the start of the NLS. The Ser in human lamin

C (labeled with *) was found to be phosphorylated witKenopus laeis oocyte extract19), the two Ser in murine lamin A (labeled with

1) were found to be phosphorylated during interphase in V@8 %1), the two Ser labeled with-+ were found to inhibit nuclear import

when phosphorylated®8), and the Ser labeled with # was shown to be a mitosis-specific site and was also found to be phosphorylated by
PKC in vitro (25). See also text for more details.

Can the results presented here be extrapolated to theresults from lamin phosphorylation by PKE7). Inhibition
phosphorylation state of lamin Dyderivatives in cells other  of head-to-tail assembly dbrosophilalamin in vitro can
than the embryonal cells used for lamin purification? It was result not only from phosphorylation of Seby cdc2 kinase
previously suggested that lamin purified from M-phase but also from phosphorylation of Sgf44). Taken together,
Drosophilatissue culture cells is similar to the soluble lamin these results show that disassembly of lamin polymers can
from the 0-4 h embryos 34) used in this study. This has be achieved through phosphorylation of a number of sites,
been demonstrated in several contexts (P. F., unpublished)all in close proximity to the coiled-coil rod domain, by
Comparison of our data with CNBr peptide maps of in vivo different kinases. Although cdc2 kinase appears to be the
32P-labeled M-phase and interphase lamins purified from most widely employed kinase, it is possible that the exact
tissue culture cells34) shows that both sets of data are mechanism of lamin disassembly, including the kinases
compatible. However, the relevant CNBr fragments are involved, is cell type-specific.
relatively large (about 17 kDa), and two of the important
peptides comigrate, precluding definite conclusions about the ACKNOWLEDGMENT
relation between lamin phosphorylation sites in tissue culture ~ We thank Dr. C. Iden for critical reading of the manuscript.
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