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Recombinant vimcntin expressed in E. &l JMlOl cells is clcavcd aficr cell lysis bctwccn arginincs I I and 12. The truncated vimcntin is assembly 
incompcunt. Expression of the same cDNA construct in DLZI cells, which lack the protcase ompT. provides intact and polymcrization-compctcnt 
vimentin. The ompT cleavage site is coniaincd in a shori sequence motif (YRRMF) shared by the head domains ol’ type Ill and iV intermediate 
lilament (IF) prolcins. WC propose that U reletcd motif prcscnt in the N-terminal 32 rcsiducs of&II acounts I’or the known IF formation or a 

fusion protein rormcd with a lruncdted GFAP. 

Intcrmcdiatc lilamcnt; ompT; Pro&+ Scqucncc moiilf Vimcntin 

1. INTRODUCTION 2. MATERIALS AND ME?I-IODS 

All intermediate filament (IF) proteins share a com- 
mon subunit organization consisting of a non-a-helical 
N-terminal head domain, a central a-helical rod domain 
and a C-terminal tail domain [l-6]. The in vitro assem- 
bly process of 1F seems to consist of a number of asso- 
ciation steps that involve different protein domains. 
Dimer and tetramer formation depend solely on the 
a-helical rod domain [7]. Assembly of filaments from 
tetramers, however, requires the presence of the head 
domain [7-91, whereas the C-terminal tail domain is not 
essential for IF assembly in vitro [9-l I]. Although the 
head domains are variable in size and sequence [ 121 they 
share certain features. They are positively charged, due 
to a series of argininc residues, and contain serine resi- 
dues for phosphorylation by protein kinases A and C 
and the cdc2 kinase [ 13-151. In order to analyze the 
function of the head domain in IF assembly more pre- 
cisely we have expressed a vimentin cDNA clone in E. 
co/i and purified the recombinant protein. We show that 
a-proteolytic breakdown product of vimentin lacking 
only the 1 I N-terminal residues is assembly incompe- 
tent. The truncated vimentin was obtained by specific 
cleavage by the bacterial protease ompT and occurs 
after cell lysis in certain bacterial strains. 

2. I. Chttlittg otd dtrtrucwrixriort OJ htartitl cDNA 
A plasmid cDNA librdry representing iota1 poly(A)* polysomal 

RNA from S-day-old hamster lens WPS cstablishcd using htc JM 1091 
pUCl8 [16] hosllvcctor system. Procedure for mRNA isolation. 
cDNA synthesis. library construclion and screening conditions have 
been described [ 171. Aboul60.000 lyscd baclcrial colonies wcrc hybrid- 
iecd at high stringency with a “2P-labclcd. nick-translated probe dc- 
rived rrom tbc S-end of the hamster vim&n EDNA. pVim-1 [l&19]. 
which covers umino acid residues 51-107. Of eleven positive cDNA 
clones obtained, (hrcc and inserts lollgcr than 1,800 bp. The identity 
or the largest cDNA, used for the present study, was verified by 
scqucncc anulysis [ZO]. The nearly full-length vimcmin cDNA (I ,839 
bp) starts I3 bp downstream from the presumptive transcription initi- 
ation site or the gene [?I] and tcrmin;;:s with tht firs1 adccyiatc 
rcsiduc of the poly(A) tail of the corresponding mRNA. For single 
strand DNA preparation and subsqucnt site-dircctcd mutagcncsis the 
clone was introduced into M I3mplS. Site-directed mutagenesis wus 
pcrrormcd using a mulagcncsis kit (Amcrsham Buchlcr, Braun- 
schwcig. Germany). A unique Bud-i1 site was introduced in the posi- 
tion coding ror amino acids 4 and 5 ofthc original sequence. A Hirldlll 
site was introduced 38-43 nuclcotidcs behind the stop codon. The 
Bur,tHl/Hit~dlll fragment was excised and ligated into the prokaryotic 
expression vector plNDU [22]. 

Vimentin was cxprcssed in E. c-u/i JM IO1 and BLZI. rcspcctivcly. 
Protein purification was csscntially as described for recombinant kcr- 
atins 8 and I8 [33]. Vimcntin. highly enriched in the inclusion body 
prcpardtion, was solubilizcd in 8.5 M urea. IO mM Tris-HCI, 5 mM 
EDTA. I mM DTE. pl-l 8.6, and purified using Mono Q anion- 
cxchangc chromntography and +x.-DNA uffinity chromatography. 
Fractions wcrc monitored by SDS-PAGE. 

Corrcspcmkwre ackkss: M. Hatzreld, Max Planck Institute for Bio- 
physical Chemistry, PO Box 2841, D-3400 Gocttingen. Germany. 

Total bactcrinl lysatcs and partiully purified fractions wore scpa- 
rated by SDS-PAGE. Scparatcd polypcptidcs wcrc clcctroblottcd onlo 
a polyvinyldifluoridc mcmbranc and visualized with Amido black 



Volume 302, number 3 FEBS LETTERS May 1992 

stuining [24]. The vimentin band was excised and subjected to uuto- 
mated sequencing using a Knauer model X10 sequenator. 

Purilied vimentin was diluted in 8.5 M UIW butl’er to R conccntra- 
tion of 40.5 mglml as determined by the method of Bradford [Xl. 
Aliquots of 50 ~1 were then dialyzed against vimcntin lilamcnt bulTer 
(IO mM Tris-HCI, pH 7.5, 170 mM N&I. I mM DTE) using dialysis 
filters (Milliporc GmbH, Es&born. Germany). Structures lbrmed 
were analyzed alIcr ncgativc staining with 2% urilnylacctate us dc- 
scribed [ 10,23,26]. 

2. RESULTS 

A complete hamster vimentin cDNA clone was ob- 
tained from polyfA)+ polysomal RNA of 5-day-old 
hamster lens. Unique restriction sites were introduced 
by site-directed mutagenesis to facilitate cloning into the 
expression vector pINDU [22]. Due to this cloning pro- 
cedure the N-terminal sequence of authentic vimen- 
tin MSTRSVSSSSYRRMF) was slightly changed in 
the expected recombinant protein (MRGSVSSSSY- 
RRMF). Expression of the cDNA clone in E. cofi 
JMlOl cells provided inclusion bodies highly enriched 
in vimentin. After solubilization in 8.5 M urea, pure 
vimentin was obtained by Mono Q anion- exchange 
chromatography and ss-DNA affinity chromatography 
(Fig. 1, lanes 5-7). In vitro assembly studies of JMIOl- 
vimentin revealed primarily small globular aggregates 
(Fig. 2b) and only very rarely short and il.legularly 
packed IF fragments. Stepwise reconstitution by dialy- 
sis, first against 5 mM Tris-HCI. pH 8.4, and then 
against IO mM Tris-HCl, p1-I 7.5, containing 170 mM 
NaCI, provided again the globular aggregates as domi- 
nant structures. Occasionally a field containing a few 
longer filaments was seen (Fig. 3c) but these structures 
had an uneven surface and were interrupted by globular 
aggregates. 

To understand this unexpected inability of recombi- 
nant JMlOl vimentin to form natural IF the purified 
protein was characterized by N-terminal sequencing, 
This showed that at least the majority of the material 
lacked the predicted 1 I N-terminal residues and gave 
instead the sequence RMFGG starting at arginine 12. 
Blotting of the total E. coli extract followed by sequenc- 
ing of the JM 101 ,vimentin band provided the predicted 
N-terminal sequerice. Thus the lack of IF forming abii- 
ity of the purified protein seemed to be due to a protease 
cleaving the bond between arginines 11 and 12, which 
is contained in a sequence motif shared by type 111 and 
IV IF proteins [B]. Since an independent study on re- 
combinant murine lamin C from XL l-blue cells also 
provided a truncated protein resulting from a cleavage 
between two arginine residues (our unpublished results 
with S. Stahr) we searched the literature for an E. co/i 
protease acting on a dibasic sequence, This specificity 
is fulfilled by ompT, an outer membrane protease of 
most E. co/i strains which is poorly inhibited by PMSF 
[27-291. Since certain outer membrane proteins, such as 
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Fig. 1. SDS-polyacrylamide gel elecctrophoresis demonstrating the pu- 
rification of recombinant vimentin rrom E. culi BL2l (lanes I-4) and 
E. tali JM 101 (lanes 5-7). Reference proteins arc: BSA (66,000), ovul- 
bumin (45.000). glyccraldehydc-3.phosphate-dehydrogenasc (36,000). 
carbonic anhydrasc (29.000), trypsinogcn (24.000), trypsin inhibitor 
(20.100) and a-lnctnlbumin (14.100). Lane I. totalextract from normal 
BL?I cells; lane 2. total extract from BL2I cells expressing hamster 
vimentin; lane 3, preparation ol’vimcntin containing inclusion bodies 
from it BLZI bacterial culture; lane 4, peak fraction rrom ss-DNA 
chromatography containing essentially pure vimcntin; lane 5, total 
extract from JM 101 bacteria expressing vimentin: Iunc 6, inclusion 
body preparation from the same culture as in lane 5: lane 7, JM IOI- 

vimenth in peak lixction from ss-DNA chromatography. 

ompA ompF, pHoE [30] and ompC (our unpublished 
results with S. Sttihr) are also present in inclusion body 
preparations, a contamination by ompT seemed likely. 
Therefore we expressed the vimcntin construct in BL21 
cells, which lack ompT [ZS]. Recombinant vimentin was 
well expressed and readily purified as described above 
for vimentin from JMlOl cells (Fig, 1, lanes 2-4). The 
pure BL21 vimentin showed the correct N-terminal se- 
quence and readily assembled into regular IF using 
standard reconstitution conditions (Fig. 2a). 

4. DISCUSSION 

We have shown that, starting with the same cDNA 
construct and using the same purification procedure, 
vimcntin is obtained in an assembly-incompetent form 
from E. coii JM 101 cells, while BL21 cells provide as- 
sembly-competent protein. Amino-terminal sequencing 
showed that vimentin is made in JMlOl cells with the 
correct sequence but that truncation of the first 11 resi- 
dues occurs after the cells are lysed. The Arg-Arg bond 
opened is a known target for the outer membrane pro- 
tease ompT. which is not expressed in BL21 cells [28], 
The va!ue of ompT- strains such as BL21 and 13824 has 
been recognized in purification of T7 RNA polymerase 
[28] and the w subunit of E. coli RNA polymerase [31]. 
Many recombinant proteins expressed in E. co/i do not 
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Fig. 2. Eleetron micrographs of structures assembled from recombinant vimcntin in standard vimcndn filament buKer (IO mM Triu-HCI. pH 7.5. 
170 mM NaCI, I mM DTE), (a) Typical IF obtuincd ulIcr dialysis ofvimcntin purified from BL2l cells. (b) Globular aggregates obtained aftcr 
dialysis or vimcntin purified From JM 101 cells. Only very l’cw IF-like lrogmems wcrc detected. (c) Slruclures detected after dialysis of vimcntin 
from JMIOI c13ls iirsl uguillst 5 mM Tris-HCI. pH B.1, and then agains filament buffer. Aside from some globular agyrcgaws only short and 

irregular IF were rormcd. BaW0.2 ,Um. 

contain cleavage sites readily accessible to ompT (see 
for instance [ IO.23]). Since vimentin displays several di- 
basic sequences in addition to the Arg-Arg bond at 
residues I1 and 12 the specific cleavage of the latter 
bond in JM 101 extracts indicates that the head domain 
is not protected against ompT. Similarly, in recombi- 
nant murine lamin C, an Arg-Arg bond is opened in the 
hezd domain. The inaccessibility of dibasic sequences in 
the rod domains possibly suggests a proper coiled-coil 
formation of these proteins in the inclusion bodies. 

The function of the head domain in IF assembly has 
been known for several years. Proleolytic removal of 
the desmin head domain rendered the resulting frag- 
ment incompetent for in vitro assembly [7]. cDNA clon- 

ing and expression allowed more subLIe modifications. 
Deletion mutants of keratins were assembly incompe- 
tent when expressed in eukaryotic cells [l I], although 
co-polymerization with an intact complementary kera- 
tin was observed in some cases ([22,33] see, however, 
[I I]). More subtle deletion analysis using a desmin 
cDNA clone revealed that removal of amino acids 5-l 7 
was sufficient to interfere with desmin IF network for- 
mation in eukaryotic cells [B], although co-polymeriza- 
tion with vimentin of Lhis mutant as well as mutants 
containing larger deletions was still observed [8]. Al- 
though immunofluorescence analysis ot’ transfected 
cells clearly demonstrates that the deletion mutant of 
desmin had an effect on assembly, it cannot distinguish 

between formation of modified IF that aggregale into 
‘dots’ in vivo and complete inhibition of IF formation. 

The I 1 N-terminal residues absent from the assembly 
incompetent JM 101 vimentin emphasize the sequence 
motif S(S.A)(Y,A)RJXF. which is conserved in the 
head domain of most type 111 and type IV IF proteins 
[6]. Given the functional importance of this short basic 
motif, two problems are posed by mouse glial fibrillary 
acidic protein (GFAP). First, the sequence of this type 
III IF protein deduced from a genomic DNA has an 
unusually small head domain and lacks the motif [34] 
which is, however, present in the longer head domain 
of human GFAP [371 and porcine GFAP [6]. Second, 
a fusion protein containing the first 32 amino acids of 
the XII protein coupled to the information contained 
in a murine cDNA provides a recombinant GFAP pro- 
tein able to form IF [35]. Inspection of the short CII 
sequence [36] shows that the N-terminal 7 residues are 
MVRANKR and thus are a variation of the dibasic 
motif. Therefore we also checked the published DNA 
sequence for murine GFAP [34]. The motif is clearly 
present upstream of the presumptive initiation codon 
(Fig. 3). Choice of the first upstream methionine codon 
and assumption of a small sequence mistake to correct 
for the reading frame predicts a head domain contain- 
ing ihr motif sequence. The cc:rcc:ed mr?rine GFAP 
sequence is highly homologous to the corresponding 
human GFAP (Fig. 3) sequence. 
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Fig, 3. Alignment of the pubiisked nucleetidc and amino acid scqucnces of human (upper lane) and murine (lower lane) GFAP 134,371, Doh denote 
identical nuclcotides. Lower case letters in the lower lunc rcprcsent the published amino acid sequence ofmouse GFAP: upper case letters rcprcsent 
the corrected amino acid sequcncc prediction. Note the high homology between the human sequence and the corrected murinc sequence. The arrow 
in nucleotide position 326 of mouse GFAP [34] indicates the nucleotide that has IO bc removed in order tocorrect the reading frame. The scqucncc 

motif ARRSY that is conserved in the head domain of type III and type IV IF proteins is underlined in the corrected murinc sequence. 
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