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ABSTRACT. Gelsolin is a widely distributed actin binding protein that regulates actin filament length. It
exists in both an intracellular and an extracellular form that is derived from a single gene by alternative
splicing. Both forms contain the six homologous domains that are responsible for function. Little is
known regarding differences between the forms. We have used a combination of cysteine-specific
modification with 4-vinylpyridine, HPLC peptide mapping methods, and mass spectrometry to analyze
the disulfide structures of human plasma and cytoplasmic gelsolin. Of the five Cys residues in the human
gelsolin sequence, all were present in the free thiol form in human cytoplasmic gelsolin, while only three
of them were free thiols in the human plasma form. Cys residues 188 and 201 in domain 2 of plasma
gelsolin were disulfide linked. Recombinant human plasma gelsolin that had been expressed intracellularly
in Escherichia coliand as a secreted protein from Cos green monkey cells was also investigated. The

coli product lacked the disulfide but could be converted to the plasma-like structure with mild oxidation
while the mammalian product formed the correct disulfide prior to isolation. Structural differences were
also detected by limited proteolysis with plasmin. The differences in proteolytic susceptibility were also
due to perturbations in domain 2. These studies demonstrate that the intracellular and extracellular gelsolins
are structurally distinct and suggest that at least some of the preparations of recombinant gelsolin that are
being used to study structure/function may be improperly folded. The experiments also demonstrate a
general method for the location of disulfide bonds in proteins.

Gelsolin is a member of a family of actin binding proteins Weeds, 1988). The six domains make up three distinct actin
including villin, severin, and fragmin that regulates actin binding sites that have been localized within domains 1, 2,
filament length. This can occur by severing preexisting and 4 by limited proteolysis and cloning strategies (Kwiat-
filaments, promoting filament formation from actin mono- kowski et al., 1989; Way et al., 1989; Pope et al., 1995).
mers through a nucleating activity, and/or capping the fast The plasma form contains a N-terminal extension of 25
growing “barbed” end of filaments [Yin & Stossel, 1979; amino acids of unknown function (Kwiatkowski et al., 1988).
reviewed in Stossel et al. (1985) and Weeds and Maciver The X-ray crystal structure of a complex of gelsolin domain
(1993)]. Intrinsic factors such as the actin concentration and 1 and actin (McLaughlin et al., 1993) and solution NMR
the ratio of actin to actin binding protein are important structures of domain 1 from villin (Markus et al., 1994) and
variables that govern whether the filaments are growing or domain 2 from severin (Schnuchel et al., 1995) have been
shrinking. Gelsolin activity also is regulated by calcium and recently reported. In these proteins, it is thought that each
phosphoinositides [reviewed by Yin (1987) and Janmey domain is independently folded but that the domains have
(1995)]. Recent data from mice lacking the gelsolin gene similar tertiary structures (McLaughlin et al., 1993). Both
indicate diverse functions in hemostasis, inflammatory plasma and cytoplasmic forms of human gelsolin contain
responses, and fibroblast responses (Witke et al., 1995), andive Cys residues, one each in domains 1, 3, and 6, and two
it has been targeted as a potential therapeutic agent for than domain 2. The disulfide structure of human gelsolin is
treatment of cystic fibrosis patients (Vasconcellos et al., unknown, but in a recently published NMR structure for
1994). domain 2 from severin, the authors noted the presence of a

Natural gelsolin exists in two forms, plasma and cyto- disulfide bond (Schnuchel et al., 1995). The presence of a
plasmic, that differ by alternative splicing (Kwiatkowski et single disulfide in bovine plasma gelsolin, which contains
al., 1986). Both forms contain a 730 amino acid core seven Cys residues, has been inferred from studies with
structure that is made up of six repeated domains. TheEllman’s reagent (Kilhoffer & Gerard, 1985).
putative domain boundaries are residues B389, 156-266, The reason for the two forms of gelsolin is unknown. The
267—-389, 407528, 529-634, and 635755 (numbering sparsity of the cytoplasmic form and difficulty in isolating
based on the mature plasma gelsolin sequence; Way &it free from actin have hampered a rigorous comparison of

potential differences between the proteins. Typical purifica-
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structural differences might also exist. Since the oxidation NaCl, and 1 mM EDTA. The gelsolin was diluted 1:1 with
reduction states of intracellular and extracellular milieu are 25 mM Tris-HCI, pH 8.0, and 1 mM EDTA, and loaded
different (Hwang et al., 1992), we have tested for differences onto a second Q-Sepharose column. The column was
in the disulfide structure of cytoplasmic and plasma gelsolin. subjected to the same wash strategy except the second wash

Here, using peptide mapping and mass spectrometry tocontained only 30 mM NaCl. The gelsolin was eluted with
identify the Cys-containing peptides, we show that the 25 mM Tris-HCI, pH 8.0, 75 mM NacCl, and 2 mM Cagl
cytoplasmic and plasma forms of gelsolin indeed are The gelsolin was further purified on a SP-Sepharose column.
structurally distinct. We also found that recombinant plasma The column was washed with 50 mM MES, pH 6.0, and
gelsolin that was expressed kn coli lacked the disulfide  then the gelsolin was eluted with 15 mM sodium phosphate,
but could be converted to the plasma-like structure with mild pH 7.5, and 300 mM NaCl. All columns were routinely
oxidation. The changes in disulfide structure tracked with loaded at 1620 mg of total protein/mL of resin with an
differences in proteolytic susceptibility and provide the first overall recovery of approximately 1 g of gelsolin/kg of cells
definitive evidence for structural differences between plasma (wet weight).

and cytoplasmic gelsolin. Purification of Recombinant Human Plasma Gelsolin from
Cos 7 Cells. The human plasma gelsolin gene in a CDM8
EXPERIMENTAL PROCEDURES expression plasmid (Kwiatkowski & Yin, 1989) was trans-

Purification of Human Plasma GelsolinGelsolin was fected into Cos 7 cells by electroporation. After 24 h, the
purified from human plasma using a modified version of the cells were transferred to serum-free media. After an ad-
published method for bovine gelsolin (Kurokawa et al., ditional 72 h, the conditioned medium was filtered (0r8),
1990). The gelsolin was precipitated from plasma using a concentrated by ultrafiltration in an Amicon stirred cell, and
35-50% ammonium sulfate cut, dialyzed, and purified by dialyzed overnight against 25 mM Tris-HCI, pH 8.0, 45 mM
DE52 anion-exchange chromatography as described. GelsoNaCl, and 1 mM EDTA. The dialyzed material was
lin-containing fractions were identified by SDPPAGEtand ~ subjected to the same DES52/SP-Sepharose purification
pooled. The product was further purified by cation-exchange protocol described above for natural plasma gelsolin. Four
chromatography on SP-Sepharose (Pharmacia). The pH ofmilligrams of gelsolin was purified from 2 L of cell culture
the eluate pool was lowered to 6.0 with MES and loaded media.
onto a SP-Sepharose column that was equilibrated with 50  Alkylation of Gelsolin Samples containing about ¢@

mM MES, pH 6.0. The column was washed with 50 mM  of gelsolin in 0.1 mL of 6 M guanidine hydrochloride in the
MES, pH 6.0, and the gelsolin was eluted with 25 mM Tris- presence or absence of 50 mM dithiothreitol were treated
HCI, pH 7.5, and 180 mM NaCl. Typically about 1 mg of  with 500 mM 4-vinylpyridine for 2-3 h at room temperature.
gelsolin was obtained from 50 mL of human plasma. The Alkylated gelsolin was recovered by precipitation with 40
gelsolin was aliquoted and stored-a70 °C. volumes of cooled ethanol (Pepinsky, 1991). The solution

Purification of Human Cytoplasmic GelsolirCytoplasmic was stored at-20 °C for 1 h and then centrifuged at 14@D0
gelsolin for disulfide analysis was purified from fresh for 8 min at 4°C. The supernatant was discarded and the
platelets obtained from the American Red Cross within 5 protein was stored at20 °C.

days of isolation. Gelsolhaactin_cpmplexes were purified Peptide Mapping Alkylated gelsolin (0.5 mg/mL in 20
from the platelets by DNaseIaffln_lty chromatography. The ,m Tris-HCI, pH 7.5) was digested with endo Asp-N
platelets were washed as described by Kurth and Bryan capiochem) at an enzyme to gelsolin ratio of 1:60 (w/w)
(1984), lysed by sonication, and then applied to a DNase | o yith endo Lys-C (Wako Pure Chemical Industries, Ltd.)
affinity column following the method developed by Wang 4 5 1:25 ratio. Digests were conducted at room temperature
and Bryan (1981). The eluate was subjected to reversed-ty, g 1 with endo Asp-N or for 24 h with endo Lys-C. The
phase HPLC on a Vydac Qcolumn. The column was  reactions were stopped by acidification with 4D of 25%
developed with a 30 min-870% gradient of acetonitrile in i oroacetic acid and analyzed by reversed-phase HPLC
0.1% trifluoroacetic acid at a flow rate of 1.4 mL/min. The ;13 2.1 mmx 25 cm Vydac Gs column. The column was
column effluent was monitored at 280 nm and 0.5 min yeyeloped with a 180 min gradient-{80% acetonitrile) in
fractions were collected. Gelsolin-containing fractions of ( 104 trifluoroacetic acid at a flow rate of 0.2 mL/min. The
>90% purity were identified by SDSPAGE. , absorbance of the eluate was monitored using a Waters
Purification of Recombinant Human Plasma Gelsolin from n15del 991M photodiode array detector. Individual peaks
Escherichia coli. The plasma form of gelsolin was expressed yere manually collected for mass and/or sequence analysis.
in E. coli behind the P promotor. Cells in 50 mM Tris-  pior to injection, solid guanidinium chioride was added into

HCI, pH 8.0, 30 mM NaCl, and 1 mM EDTA (1 part of wet  the peptide solutions to a concentration of 6 M to dissolve
cell weight to 9 parts of buffer) were lysed in a Manton jhsoluble material.

gaulin and subjected to centrifugation for 1 h at 1490the N . . .
supernatant was loaded onto a Q-Sepharose column equili- Titration Qf Thiol Gro_ups ML groups of native and
brated in the same buffer. The column was washed with 4 denatured (in 6 M guamdme hydrqchlorlde) gelsol!n ﬁ.‘m
column volumes of the load buffer and then with 3 column mg’f“L were gssayed with Ellman s reagent [Shiobis-
volumes of the same buffer containing 100 mM NaCl. (2-n|_troben20|c acid)] by monitoring absorbance at 412 nm
Gelsolin was eluted with 25 mM Tris-HCI, pH 8.0, 150 mM (Creighton, 1990). For denatured samples, absorbance
’ e maxima were reached after 4 min. Moles of fre8H were
calculated either against a standard curve of reduced glu-

" Abbreviations: endo Asp-N, endoprotease Asp-N; HPLC, high- i4ihione or from the molar extinction coefficient of thioni-
performance liquid chromatography; endo Lys-C, endoprotease Lys- - . -
C; PE-Cys, [2-(4-pyridyl)ethylcysteine; MES, 4-morpholineethane- trobenzoate €., = 13 700/(M cm) in 6 M guanidine

sulfonic acid; PAGE, polyacrylamide gel electrophoresis. hydrochloride and 14 150 in its absence).
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Mass Determination The molecular masses of peptides abcd efgh ij k1l mmnop
were determined by matrix-assisted laser desorption mass
spectroscopy on a Finnigan LaserMat mass spegtrometerzgg - e [y Sy Oy .
using a-cyano-4-hydroxycinnamic acid as the matrix. All — -
spectra were calibrated against internal standards. 44K

Limited Proteolysis of Gelsolin with PlasminHuman
plasmin was obtained from Sigma (Catalogue No. P-4895). 30K
The protease was suspended at 1 mg/mL in water, aliquoted,
and stored at-20°C. Typically 10ug of gelsolin in 20uL
of 25 mM Tris-HCI, pH 8.0, and 100 mM NaCl was
incubated for 60 min at 37C with 0.6 ug of plasmin.
Samples were treated with electrophoresis sample buffer and - plasmin  + plasmin +plasmin  + plasmin
subjected to SDSPAGE on a 16-20% gradient gel from noadditive  noadditive  +calcium  + EDTA
Integrated Separation Systems. Each test sample Waé:'GlgglEinll; /Er?'syiii GOIfE t';erepgg%ﬁco?fucrﬁgﬁbi”lg’s r%‘;mzlssfgﬁln
analyzed In the_ presence of 5mM EDTA, with 2 mM CaCl gﬁ)ne (Ian)ésad) or after treaPment with plasmin (Ignesp) vgere
or with no addition. analyzed by SDSPAGE. The proteins (&g/lane) were stained

For analysis of cytoplasmic gelsolin, a modified version with Coomassie blue. Lanes a, e, i, and m, natural plasma gelsolin
of the method was developed in which the gelsolin was purified as described in Experimental Procedures. Lanes b, f, |,

; ; . o 2 and n, natural plasma gelsolin purified by the one-step elution
cleaved with plasmin while immobilized on 2C4-Sepharose. method. Lanes ¢, g, k, and o, recombinant plasma gelsolin Eom

The anti-gelsolin 2C4 monoclonal antibody (Sigma) (Chapon- coji. Lanes d, h, |, and p, recombinant plasma gelsolin from Cos
nier et al., 1986) was purified on protein/Sepharose and  cells. The positions of molecular weight standards are indicated at

conjugated to CNBrSepharose 4B at 2 mg of antibody/ the left of the figure.

mL of resin. Gelsolin samples (0.5 mL, 4@/mL) in 50 . .
mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, and the Cos-derived product contained only 3:00.2 mol of

0.1% Tween-20 were incubated with 20L of 2C4- SH group/mol of protein. Since a theoretical value of 5
Sepharose with continuous agitation at@for 1 h. The  Would be expected if all the Cys residues were free, this
beads were collected by centrifugation, washed with 0.5 mL "ésult indicated the presence of a disulfide in the natural
of 20 mM Tris-HCI, pH 7.1, 150 mM NaCl, 5 mM Mgl product. The same samples contained less than 0.1 mol of
5 mM ATP, and 1 mM EGTA (1 h at ambient temperature SH/mol of protein in the native, undenatured state.

with agitation), and treated with plasmin (1 h at 37 with Since many groups have worked with recombinant human
agitation in 0.5 mL of 100 mM Tris-HCI, pH 7.5, and 0.5 Plasma gelsolin and the methods for expression and purifica-
mM CaCb). Gelsolin was released from the beads by tion are similar to what we employed (Way et al., 1989), it
incubation with electrophoresis sample buffer for 10 min at Was unlikely that the product would be inactive for actin
room temperature. Solution controls were run in which the Severing activity. Indeed, the recombinant and natural
gelsolin was treated with excesses of antibody or actin. For Preparations of gelsolin displayed similar levels of actin
these tests, gelsolin (0.1 mg/mL) in 5 mM triethanolamine, Severing assay when assayed with millimolar amounts of
pH 7.5, 100 mM KCI, 2 mM MgGJ, 0.2 mM CaC}, and calcium present, reflecting concentrations which are routinely
0.5 mM ATP was incubated at ambient temperature for 1 h Used to evaluate activity. Interestingly, when the products
alone or in the presence of actin or 2C4 antibody and then Were tested side by side at low calcium concentration over

subjected to plasmin digestion. Rabbit skeletal muscle actin@ range of calcium concentrations, the natural gelsolin was
was polymerized to F-actin immediately prior to use. more active than the recombinant, suggesting that differences

in the disulfide structure impact function (data not shown).
In this paper we have focused on biochemically defining the
structural differences between the natural and recombinant
products and have extended these analysis to evaluation of
cytoplasmic gelsolin. A detailed evaluation of the functional
differences between natural and recombinant gelsolin is
presented elsewhere (P. Allen and P. Janmey, manuscript
RESULTS in preparation).
Analysis of the Disulfide Structure of Plasma Gelsolin by

Determination of the Cys Oxidation State of Human Peptide Mapping. The plasma gelsolin sequence contains
Plasma Gelsolin.Human plasma gelsolin was purified from Cys residues at positions 93, 188, 201, 304, and 645. A
natural and recombinant sources using a modification of the peptide mapping strategy was used to assess the disulfide
calcium-dependent elution protocol published by Kurokawa structure of plasma gelsolin. Recombinant gelsolin fiem
et al. (1990) for bovine plasma gelsolin. The final product coli was pyridylethylated with 4-vinylpyridine and subjected
was >95% pure by SDSPAGE and contained a single to peptide mapping with endo Asp-N. Digests were analyzed
major band with apparent mass of 85 kDa (Figure 1, lanes by reversed-phase HPLC on ag&olumn. Endo Asp-N
a—d). Free thiol content was determined by reaction with was selected as the cleavage enzyme because it was expected
5,5-dithiobis(2-nitrobenzoic acid) (Ellman’s reagent) under to generate peptides that contain only one Cys residue.
native and denaturing conditions. The appearance of thioni- Figure 2 (left panel) shows the peptide map from an 8 h
trobenzoate was monitored at 412 nm. Recombinant gelsolindigest at 214, 254, and 280 nm. A time course study of the
from E. coli contained 5.6+ 0.1 mol of SH groups/mol of  digestion showed no major changes in the HPLC profile
protein under denaturing conditions while the natural and between 2 and 16 h (data not shown). The gelsolin sequence

Glutathione-Induced OxidationE. coli-derived recom-
binant gelsolin in 25 mM Tris-HCI, pH 8.0, 2 mM Cagl
and 50 mM NaCl was incubated overnight af@ in the
presence or absence of 2 mM oxidized glutathione. The
samples were treated with 4-vinylpyridine and subjected to
peptide mapping with both endo Asp-N and endo Lys-C.
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Ficure 2: Identification of PE-Cys peptides in endo Asp-N digests of recombinant gelsolin. Recombinant gelsolin oimvas digested
with endo Asp-N and subjected to peptide mapping by reversed-phase HPLC grea@nn. Elution profiles at 214, 254, and 280 nm
are shown. PE-Cys-containing peptides are denoted as pedaRsWV absorption spectra for the peaks are shown at the right of the figure.
The presence of PE-Cys and of Trp/Tyr are indicated by respective absorption maxima at 254 and 280 nm.

Table 1: Sequences and Molecular Masses of Cys-Containing Endo Asp-N Peptides

peak residue no. sequendet pyridylethyl-Cys) MH" calcd MHt found
A 192—208 DLGNNIHQWIGSNSNRY 2083 2083
B 84—-95 DLHYWLGNEJSQ 1570 1571
C 187191 or 303-307 DIFIL 715 719
D 636—-664 DAHPPRLFAISNKIGRFVIEEVPGELMQE 3389 3409
E 187191 or 303-307 DCFIL 2589 2589
192—-208 DLGNNIHQWEGSNSNRY

a Peaks A-D were found in pyridylethylated recombinant gelsolin fr&ncoli and in all reduced preparations of gelsolin. PeaksEBwvere
found in pyridylethylated natural gelsolin and the recombinant product from Cos t&li& peak A peptide was generated as a result of cleavage
at GI?®. The expected endo Asp-N cleavage peptide was DLGNNIHGBNSNRYERLKATQVSKGIR (residues 19221: MH" = 3551).

contains 46 Asp residues, and after optimization of the the PE-Cys-containing peptides are shown in Table 1. The
gradient, around 40 major peaks could be detected from the254 nm absorbance for peak C (Figure 2) is twice that of
digest. the other PE-Cys-containing peptides (see peaks A and D)

Pyridylethyl-Cys (PE-Cys) has a maximum absorption at due to_ the presence of two cop!es of_the peptide per mole. of
254 nm, which can be used to identify PE-Cys-containing gelsolin. The height of pegk B is variable because of partial
peptides directly from spectral data. Endo Asp-N digests cléavage at GR. The peptide maps generated from samples
of reduced and alkylated gelsolin should contain five Cys- With or without reduction were essentially identical, verifying

containing peptides; however, since two of them have that the five Cys residues in the recombinant gelsolin from

four PE-Cys peptide peaks were identified (peaksDA are shown).

Figure 2). Two of these (peaks A and B) also had When natural plasma gelsolin was subjected to the same
absorbance maxima at 280 nm, indicating the presence ofanalysis, the endo Asp-N peptide map was very similar to
aromatic residues. PE-Cys-containing peptides were furtherthe profile seen with recombinant gelsolin. The major

characterized by mass spectrometry. Peak assignments fodifferences occurred in the region of the disulfide-containing
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Ficure 3: Comparison of endo Asp-N digests of recombinant and 22]
natural plasma gelsolin. Partial HPLC elution profiles of endo 3]
Asp-N digests of unreduced, pyridylethylated preparations of natural ’
(lower panel) and recombinant gelsolin frdin coli (upper panel) 147
were monitored at 254 nm. The four PE-Cys-containing peaks are 19 F H2
indicated (A-D). UV spectra of PE-Cys-containing peaks-B 0.6 G
from natural gelsolin were essentially identical to those in Figure 024 o
2 for recombinant gelsolin. Inset: UV absorption spectrum of peak .,
E, which contains the Cy&—Cy<0! disulfide. T30 40 S0 60 70 8 90 100 10 120 130 140 150 160

Time (min)
eptides. The lower panel of Figure 3 shows an expan . o :
pep b 9 ows an expa dedFIGURE 4: |dentification of PE-Cys peptides in endo Lys-C digests

region of the map from 65 to 110 min in _order tp better of recombinant plasma gelsolin. The HPLC elution profiles from
highlight the differences. The corresponding region from an endo Lys-C digest of unreduced, pyridylethylated, recombinant
the map of recombinant gelsolin frof. coli is shown in gelsolin fromE. coli at 214, 254, and 280 nm are shown. The
the upper panel. Peak A is absent from the cleavage profilelettered peaks denote PE-Cys-containing peptides as indicated by
of natural gelsolin, and peak C is reduced in height relative YV Maxima at 254 nm (data not shown).

to peaks B and D. The peptide map of natural gelsolin also . .
contains an extra peak (peak E). The observed molecular"cOMplete cleavage at Lys residues. The three other
mass (MH = 2589) of peak E is consistent with that of a PePtides were as expected. The large ®Cy®ntaining

disulfide-linked peptide which is made up of the missing PEPtide corresponding to residues7I85 was not detected,
peak A and peak C components (see Table 1). Such gPresumably due to irreversible binding to thes Column.
product would have a calculated MHof 2589 and an A comparison of the endo Lys-C peptide maps of
absorption maximum at 280 nm due to aromatic residues. unreduced, PE-labeled, natural gelsolin (Figure 5, middle
N-Terminal sequence analysis of peak E confirmed the panel) and reduced, PE-labeled, natural plasma gelsolin
presence of the two expected peptides. (Figure 5, upper panel) revealed the loss of peaks H1 and
Since the DCFIL peptide occurs twice in the gelsolin H2 and the presence of a new peak (peak J) in the unreduced
sequence (residues 18791 and 303-307), two possibilities product. The absorbance spectrum of peak J contained a
existed for the disulfide in plasma gelsolin: an intradomain single absorbance maximum at 280 nm, indicating the
2 linkage between Cy® and Cy3$% or an interdomain presence of aromatic groups (data not shown). Mass spectral
linkage between Cy4'in domain 2 with Cy%*in domain data for peak J (MH = 5340) agreed with the theoretical
3. To distinguish between these possibilities, gelsolin was mass (MH = 5338) of the disulfide-linked peptide resulting
also subjected to peptide mapping with endo Lys-C, in which from the intradomain 2 disulfide. The identity of peak J
Cys'®® and Cy&* are located in unique peptides. The was further confirmed by N-terminal sequencing. As
gelsolin sequence has 45 potential endo Lys-C cleavage siteexpected, only the one peptide sequence GRRVVRA... was
and should generate only four Cys-containing peptides, sinceobtained. The alternative interdomain disulfide structure
Cys'88 and Cy&°! are in the same endo Lys-C fragment. would have resulted in a complex series of products due to
Figure 4 shows the peptide map for pyridylethylated partial proteolytic cleavage products with masses of 7160,
recombinant gelsolin fronk. coli after 24 h of digestion. 7032, 9117, and 9246 Da (see Table 2), and two peptide
Shorter digestion times were tested but were inadequate dussequences would have been seen in N-terminal sequencing.
to incomplete cleavage (data not shown). Five PE-Cys- Since the presence of peak H1 or J was a direct indication
containing peptides were detected (labeled peaks F, G1, G2pf the oxidation state of gelsolin, we used the peak J/peak J
H1, and H2 in Figure 4). Peak assignments based on+ H1 ratio as a measure of the amount of gelsolin containing
absorption and mass spectra are shown in Table 2. Two ofthe Cy$8-Cyg disulfide, which proved to be a very
the peptides (G1 and H2) were partials resulting from sensitive assay for evaluating its oxidation state (see below).
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Table 2: Sequences and Molecular Masses of Cys-Containing Endo Lys-C Peptides

peak residue no. sequende= pyridylethyl-Cys} MH*calcd MH" found
F 301-311 SEDFILDHGK 1370 1370
Gl 634648 KMDAHPPRLFAISNK 1822 1822
G2 635-648 MDAHPPRLFAISNK 1693 1693
H1 167212 GRRVVRATEVPVSWESFNNGDFILDLGNNIHQWJGSNSNRYERLK 5550 5549
H2 151-212 HVVPNEVVVQRLFQVKGRRVVRATEVPVSWESFNNGDFILDLGNNIHQWJGSNSNRYERLK 7424 7423
F  167-212 GRRVVRATEVPVSWESFNNGDCFILDLGNNIHQWCGSNSNRYERLK 5338 5340
|

2The endo Lys-C peptide containing Cyqresidues 73135, TVQLRNGNLQYDLHYWLGNEISQDESGAAAIFTVQLDDYLNGRAV-
QHREVQGFESATFLGYFK) was not detected in the peptide n¥afhe theoretical sequence for the interchain disulfide peptide containing the
various combinations of H1/H2 and G1/G2 would have masses of 7160, 7032, 9117, and 9246.

(HVVPNEVVVQRLFQVK)GRRVVRATEVPVSWESFNNGDJFILDLGNNIHQWCGSNSNRYERLK
\

(K)KMDAHPPRLFACSNK
i:_ E plasma gelsolin Table 3: Quantitation of Peptide Mapping Data
0] (fully reduced) sample peak J/peakstJH1 (%)
12 natural plasma gelsolin >95
10 H1 natural plasma gelsolin (reduced) <5
cytoplasmic gelsolin 24

8 cytoplasmic gelsolint24 h dialysis) 40
6 E. coli-derived gelsolin <5
4 E. coli-derived gelsolin (oxidized) >95
ZL\JM . E. coli-derived gelsolin{24 h dialysis) 42

A . Cos-derived gelsolin >92

]

2The relative amounts of C¥8—Cy<%in the various preparations
of gelsolin indicated above were quantified from endo Lys-C peptide
144 J maps. Values indicated reflect amounts of peak J relative to peak J
peak H1 based on peak height.

F plasma gelsolin

product, was observed in the map of cytoplasmic gelsolin;

however, we presume that this was generated during the
purification by oxidation (discussed below; see Table 3). The

peaks marked with asterisks in Figure 5 contained the
predicted N-terminal peptides of cytoplasmic and plasma
gelsolin (plasma gelsolin contains a 25 amino acid extension
14+ at its N-terminus). Their identities were confirmed by mass

spectrometry (data not shown).

The relevant sequences from different species of gelsolin
and other actin severing proteins such as severin, villin, and
fragmin that are homologous with domain 2 are shown in
Figure 6. Only mouse and pig gelsolin have the two Cys
\ residues seen in human gelsolin. Lobster, fruit fly, and frog
—— — gelsolin as well as villin, severin, and fragmin are missing

0omom I (n‘fn) 95 100105 LD one or both of the Cys residues (severin discussed in detail
_ _ below). Thus these related proteins already exist in forms
Ficure 5: Comparisons of endo Lys-C digests of natural plasma that evolved with and without the disulfide.

and cytoplasmic gelsolin. Partial HPLC elution profiles from endo . .
Lys-C digests of reduced, pyridylethylated, natural plasma gelsolin _ Detection of Structural Differences between Natural and

(upper panel), unreduced, pyridylethylated, natural gelsolin (middle Recombinant Forms of Human Plasma Gelsolin by Limited
panel), and pyridylethylated cytoplasmic gelsolin (lower panel) Proteolysis. The differences in the disulfide structure of
e it 3t v e a2 o eLraland recombinant forms o plasia geloln rased the
denote N-termginal endo Lys-C peptides from cytoplaémic and po_ss'b'“ty that more S|gn_|f|_c_ant structural differences might
plasma gelsolin. exist. To test this possibility, samples were evaluated by
CD and limited proteolysis. The CD spectra were very
Analysis of the Disulfide Structure of Cytoplasmic Gelso- similar, indicating that there were no gross changes in
lin. The disulfide structure of cytoplasmic gelsolin was also structure. In contrast, the samples differed dramatically in
assessed by peptide mapping. Results from this study areheir susceptibility to proteolysis. Many proteases could
shown in the lower panel of Figure 5. The pattern of PE- distinguish between the natural and recombinant products.
Cys-containing peptides resembles that of recombinant Figure 1 shows the results from a study with plasmin. Under
gelsolin from E. coli in that all of the expected Cys- limiting digestion conditions, the major cleavage product of
containing peptides were detected, indicating that the five natural plasma gelsolin was a 70 kDa fragment (Figure 1,
Cys residues in cytoplasmic gelsolin exist as free thiols. A lane e) while the major cleavage product for recombinant
small peak J component, representing about 20% of thegelsolin fromE. coli was a 65 kDa fragment (lane g).

Absorbance (214 nm) (x10‘2)

cytoplasmic gelsolin
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HUMAN GELSOLIN 176 VPVSWESFNNGDCFILDLGNNIHQWCGSNSNRYERLKA 213
PIG GELSOLIN 160 VPVSWESFNRGDCFILDLGNDIYQWCGSNSNRYERLKA 197
MOUSE GELSOLIN 152 VPVSWDSFNNGDCFILDLGNNIYQWCGSGSNKFERLKA 189
LOBSTER GELSOLIN 148 VEVGVGSMNKGDCFILDCGSQVYAYMGPSSRKMDRLKA 185

FRUIT FLY GELSOLIN 200 VNLSVSSMNTGDCFLLDAGSDIYVYVGSQAKRVEKLKA 237

FROG GELSOLIN 237 VDNTASNLNSNDAFVLTTPSASYLWVGQGSTNVEKNGA 274
SEVERIN 177 VPLATSSLNSGDCFLLDAGLTIYQFNGSKSSPQEKNKA 214
VILLIN 152 VEMSWKSFNLGDVFLLDLGQLIIQWNGPESNRAERLRA 189
FRAGMIN 169 VPKTYKSLNSGDVFVLDAGKTVIQWNGAKAGLLEKVKA 206

Ficure 6: Comparison of sequences for the &fsCy<9! region from various gelsolins and related proteins. Alignments of homologous
sequences in domain 2 of plasma gelsolins from human (Bazari et al., 1988), pig (Way & Weeds, 1988), fruit fly (Heintzelman et al.,
1993), and African clawed frog (Ankenbauer et al., 1988), mouse cytoplasmic gelsolin (Dieffenbach et al., 1989), American lobster gelsolin
(Lueck et al., 1994), severin fromictyostelium(Bazari et al., 1988), chicken intestinal villin (Bazari et al., 1988), and fragmin from
Physarium polycephaluifBazari et al., 1988) are shown. Bold residues indicate invariant amino acids or reflect conservative substitutions.

Since calcium is known to induce a structural change in abcdefghtij
gelsolin (Kilhoffer & Gerard, 1985; Reid et al., 1993), we 200K =
next tested if calcium affected plasmin susceptibility. In the
presence of calcium, we obtained the same pattern of results OSK W T e
that were obtained without added calcium. Natural plasma G5K e g S e e
gelsolin was cleaved into a 70 kDa fragment and recombinant i wige -
into a 65 kDa fragment (Figure 1, lanes i and k). In contrast, 44K ‘ — —=
both forms were converted into a 70 kDa form by plasmin an
in the presence of EDTA (compare lanes m and 0). The 30K = —
difference in proteolytic susceptibility in the presence of ig% = L T e

calcium or EDTA indicates that the 65 kDa cleavage site is
only exposed in the calcium-dependent conformation. The
calcium depen_dence was further eva_lluated by first _treatlng FIGURE 7: Assessing the proteolytic susceptibility of glutathione-
the samples with EDTA and then adding excess calcium andoxidized recombinant gelsolin and platelet-derived cytoplasmic
testing them for proteolytic susceptibility. Under these gelsolin to digestion with plasmin. The samples indicated below
conditions, natural gelsolin generated the 70 kDa fragment were treated with plasmin at an enzyme to gelsolin ratio of 1:10 in
and recombinant the 65 kDa fragment (data not shown) calcium-containing buffer as described in Experimental Procedures.
. . : : ' Cleavage products were subjected to SIPAGE on a 4-20%

_Supportlng this notion. The f_ormatlon of the 65 kDa adduct gradient gel and visualized with Coomassie blue. Recombinant
in the absence of added calcium presumably reflects the facthyman plasma gelsolin fro. coliwas plasmin digested directly
that the gelsolin had been treated with calcium at the later (lane d) or after the following treatments: an 8-fold molar excess
stage of purification and therefore was already in the of F-actin (lane e), a 6-fold molar excess of 2C4 antibody in solution
appropriate state. (lane f), and immobilization on 2C4-Sepharose (lane h). Recom-

. binant human plasma gelsolin producedEncoli that had been
The 65 and 70 kDa bands were further characterized by q.igized with glutathione was analyzed directly (lane b), digested

N-terminal sequencing. The sequence for the 70 kDa bandwith plasmin in solution and analyzed (lane c), or immobilized on
was HVVPNEVVVQRLFQV starting at Hi§ in the plasma 2C4 CNBr-Sepharose and digested with plasmin (lane g). Natural

gelsolin sequence, while the sequence of the 65 kDa fragmeniuman cytoplasmic gelsolin from platelets was immobilized on 2C4-

was ARVHVSEEGTEPEAM starting at A#%. The spacing Sepharose and then analyzed with (lane j) or without digestion with
) asmin (lane i). Lane a, prestained molecular weight markers from

. ’ |

between the cleavage sites and the relevant Cys re*"“"due%ibco BRL. The positions of molecular weight standards are
spans 78 amino acids, indicating that a substantial segmenindicated at the left of the figure. The arrowhead at the right marks
of domain 2 is affected by the formation of the disulfide. the position of the 65 kDa cleavage fragment. Prominent bands at
Other proteases that had been tested, including V8 protease#2 kDa in lanes e, i, and j, at 55 kDa in lane f, and at 25 kDa in
trypsin, and endo Lys-C, produced a similarly sized 65 kDa Irzggz(f:—tilvce?;respond to actin, IgG heavy chain, and IgG light chain,
fragment for recombinant gelsolin under limiting digestion '
conditions that was not detected with natural plasma gelsolin, products; i.e., the 70 kDa band formed under all conditions
supporting the notion that the structural perturbation to (see Figure 1).
domain 2 is substantial. The results with plasmin were Platelet-derived cytoplasmic gelsolin was also tested for
particularly striking, since plasmin seemed to target a single susceptibility to proteolysis with plasmin. As shown in lane
site albeit different in the two gelsolin preparations. j of Figure 7, only the 65 kDa cleavage product was observed

Similar studies were performed on recombinant human after treatment with plasmin, indicating that this feature of
plasma gelsolin that had been produced in Cos cells. Thecytoplasmic gelsolin structure resembles recombinant gelsolin
secreted gelsolin was indistinguishable from natural gelsolin. produced inE. coli.
On the basis of the peptide mapping analysis, over 92% of Formation of the Correct Disulfide after Treatment with
the product contained the C§&-Cys1 disulfide (see Table  Oxidized Glutathione.Since recombinant gelsolin frof.
3). By limited proteolysis with plasmin, the Cos-derived coli lacked the intradomain 2 disulfide, we tested if the
and natural gelsolin generated the same pattern of cleavagealisulfide could be induced to form by mild oxidation. Using
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peptide mapping to monitor disulfide formation, we achieved into a 70 kDa form. N-Terminal sequence data revealed that
the desired result. After an 18 h incubation with 2 mM the 70 kDa fragment resulted from cleavage at the domain
oxidized glutathione, over 95% of the product contained the 1—2 interface and that the 65 kDa fragment resulted from
Cysi88—Cy<01 disulfide. The other Cys residues were not cleavage within domain 2. The differences in proteolytic
affected by the oxidation step. The glutathione-oxidized susceptibility disappeared upon formation of the disulfide
gelsolin produced the 70 kDa fragment in the proteolysis bond. Thus the process of forming the disulfide must
assay with plasmin when run in the presence of calcium promote the changes in domain 2 structure that are detected
(Figure 7, lane c), indicating that the absence of the disulfide by proteolysis. We infer that the domain 2 specific differ-
and the structural differences detected by limited proteolysis ences seen between recombinant gelsolin fEancoli and
were related. Forty-two percent of the disulfide formed in natural plasma gelsolin are analogous to differences between
parallel samples that had been incubated without the additioncytoplasmic and plasma gelsolin.

of glutathione (see Table 3). While the free thiols were  While the cleavage data for cytoplasmic gelsolin clearly
readily susceptible to oxidation, we were unable to reverse reveal the 65 kDa fragment, the analysis was complicated
the process by reduction. Treatment of natural plasma by the presence of actin in the preparation. Preliminary tests
gelsolin with 0.2 mM DTT had no effect on the oxidation revealed that the actirgelsolin complex was resistent to

State. proteolysis presumably because actin binding blocked the
sites that are susceptible to digestion when gelsolin is in the
DISCUSSION free state (see Figure 7, lane e). A method for cleavage was

eveloped using 2C4-Sepharose to collect and wash the
elsolin prior to digestion. Immobilization on the 2C4
antibody had no impact on the ability to cleave gelsolin with
plasmin (see Figure 7). Even with these modifications, only
about 30% of the cytoplasmic gelsolin was cleaved. While
several groups have developed strategies for separating
platelet gelsolin from actin, these methods rely on the
addition of denaturants or chaotropes to dissociate the
complexes which were not considered to be appropriate for
. our analysis (Olomucki et al., 1984; Weeds et al., 1986) since
Tom?s of gelsplm ha\_/e been .known for overa depade, there the treatments themselves could perturb structure. In these
is little published information on potential differences g ies activity alone was used as an indicator for correct
between them. Our data highlight the need for more rigorous fo|ding.

tests of function. Interestingly, in the one published StUdY The three-dimensional structures of gelsolin domain 1 and
where natural and repombmant plasma and cy_topl_a_smmvmm domain 1 are highly homologous (Markus et al., 1994).
fprms of hu_man gelsolin were c_:haractenzed by microinjec- By assuming that the tertiary structures of the other gelsolin
tion for their effects on stress fiber networks (Huckriede et domains also are homologous, and using domain 1 of villin
al., 1990), only the natural plasma gelsolin was active, a5 4 model for their structure, we found that &9and Cy:
suggesting that functional differences may exist. The ;, domain 2 and Cy&%in dorr’lain 3 are buried and C§sn
mapping method, which takes advantage of the peak absory,main 1 and Cy45in domain 6 are in loop structures. On

bance of PE-Cys at 254 nm, is a useful tool for monitoring the basis of the model. the distance betweenatiarbons
the structure of gelsolin and should be readily applicable to Cys'®8 and Cy& is ’4_5 A, which is close enough to
other proteins. accommodate the disulfide without invoking the need for a
In addition, the disulfide structures of two recombinant |arge conformational Change (Figure 8) The spaciaj orienta-
versions of human plasma gelsolin that had been expressedion of the plasmin cleavage sites was also investigated. Both
intracellularly inE. coli and as a secreted protein from Cos the Hig5! and Al#?° cleavage sites are far removed from
cells were also characterized. TBEe coli-derived gelsolin the relevant Cys residues (Figure 8). The fact that th&His
lacked the disulfide while the mammalian product contained and Al&2° cleavage sites are influenced by oxidation despite
the correct disulfide. Disulfide formation in thi. coli the relatively large distance between the relevant amino acids
product could be induced by mild oxidation. Without added indicates that a large segment of domain 2 is affected by
oxidant, disulfide formation occurred at a reduced rate. the formation of the disulfide (see Figure 8).
Calcium was needed for the oxidation to occur (data not  Recently, Schnuchel et al. (1995) determined the NMR
shown), though the mechanism by which calcium catalyzed structure of severin domain 2 and noted the presence of a
disulfide formation was not investigated. The present data djsulfide in the structure. In this case, however, the disulfide
indicate that thé. coli-derived gelsolin product is not atrue  pond is between Cy#¥, which is homologous to C¥& in
mimic of natural plasma gelsolin but instead more closely gelsolin, and Cy%85 which is not homologous to a Cys
resembles cytoplasmic gelsolin. Since recombinant forms residue in gelsolin. In gelsolin the Ci§&-Cy<°! disulfide
of plasma gelsolin front. coli are routinely used by other  |inks g-strands 3 and 4, whereas in severin thel€Sy<Cy<35
laboratories to study structure/function, it will be important gisulfide linksp-strands 3 and 5. When the villin structure

We have developed a peptide mapping/mass spectrometricéi
strategy that was used to analyze the disulfide structure of
gelsolin. With this method, we demonstrated that all five
of the Cys residues in cytoplasmic gelsolin are in the free
thiol form, while only three of the five thiols in plasma
gelsolin are free. In plasma gelsolin, an intradomain disulfide
links Cys® and Cy3s°.. The mapping results provide the
first definitive evidence that the cytoplasmic and plasma
forms of gelsolin are structurally distinct. Although both

to determine the oxidation state of these prOdUCtS. is used as a temp|ate for mode"ng domain 2 of severin,
Differences in structure were also apparent when samplesCys!8® and Cy3% (denoted with green circles in Figure 8)
were tested by limited proteolysis with plasmin. Thecoli are separated by approximately 10 A, and when the severin

derived recombinant gelsolin and cytoplasmic gelsolin from structure is used as a template for domain 2 of gelsolin, the
platelets were cleaved into a 65 kDa fragment, while natural o-carbon distance between G§fsand Cy3% is about 3 A
plasma gelsolin and the Cos-derived product were cleaved(data not shown). Since a—% A a-carbon distance is
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our model, the resulting free thiol groups at &jand Cy3°*
would then be available for disulfide-mediated aggregation,
and this leads to the buildup of the Al&—Met**3 fragment

in the amyloid plaque. It will be interesting to test our model
by determining the disulfide structure of the 65 kDa fragment
of the mutant form. The unexpected phenotype of the point
mutation further highlights the significance of this segment
of the gelsolin sequence. The studies we performed here,
which demonstrate that the plasma and cytoplasmic forms
of gelsolin are structurally distinct, provide a series of useful
methods for evaluating gelsolin structure. These studies
should form the basis for future work targeted at assessing
FiIGURE 8: Apparent features of domain 2 of gelsolin based on the the effect of the Changes in structure on structure/function.
villin structure. The previously published NMR structure of domain
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