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Abstract pl4 is a molecular chaperone involved in B-tubulin
folding which catalyzes the release of B-tubulin monomers from
intermediate complexes. Here we demostrate that active pl4
protein which we have purified from an overproducing Escheri-
chia coli strain can also release B-tubulin monomers from tubulin
dimers in the presence of an additional cofactor (Z). Analysis of
pl14 secondary structure suggests that this protein may belong to
a family of conserved proteins which share structural similarities
with the J-domain of DnaJ. We have constructed deletions and
site-directed mutations in the p14 gene. A single D to E mutation
in the region shown in DnaJ to be an essential loop for its
function affected the monomer-release activity of pl4. These
results support the hypothesis that this p14 loop interacts with p-
tubulin in a similar fashion as DnaJ interacts with DnaK and
suggest a possible role of p14 in the folding process.
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1. Introduction

The mechanism by which proteins acquire their 3-dimen-
sional conformation after ribosomal synthesis remains one
of the greatest enigma of biology. Although all the informa-
tion required for this process must be contained within the
primary structure of any protein, there are many cases where
certain proteins known as molecular chaperones are needed to
assist the folding of others. There are several families of chap-
erones, two of which are exemplified by the heat shock pro-
teins hsp70 and hsp60. The best studied examples are found in
Escherichia coli: the GroEL/GroES chaperonine/cochape-
ronine, both forming toroidal multimers and the DnaK/
Dnal chaperone/co-chaperone where DnalJ is a molecular
chaperone itself [1-4].

Dnal is known to stimulate the ATPase activity of DnaK
together with GrpE [5]. This stimulation correlates with an
increased affinity of DnaK for certain substrates [6-8]. The
N-terminal 76 residues of Dnal are responsible for physical
interaction with DnaK and stimulation of its ATPase activity
[9,10]. This segment which constitutes the most highly con-
served region among the Dnal family members has been
termed the J-domain. Some Dnal] homologs only related by
the presence of the J-domain are still capable of interacting
with their cognate DnaK homolog. Also, all known single
mutations affecting the DnaJ member/DnaK member interac-
tion map in the J-domain [9,11,12]. The tertiary structure of
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this J-domain has been determined [13-16] although it is not
yet available. This region contains a helix—turn—helix motif,
the loop between the two helices containing the invariant res-
idues HPD in all members of the family [17]. Mutations in
any of these three residues abolish its activity [9-11]. Specifi-
cally, an H to Q DnaJ mutant shows a S-fold reduction in its
DnaK binding ability [10].

The basic microtubule units are tubulin dimers which are
formed from o- and B-tubulin monomers. Both o- and B-
tubulin associate with multimolecular complexes before they
can fold and incorporate into dimers [18]. Gao et al. [19] have
described that two cellular cofactors are needed to obtain the
functional tubulin dimers from Cgyy complexes. These have
been named cofactors A and B. Cofactor B has just been
shown to be a mixture of three novel proteins, cofactors C,
D and E [20]. Cofactor A was purified to homogeneity from
bovine testis [21]. Simultaneously, our group purified pl4, a
protein responsible for B-tubulin monomer release from Cagp
complexes from pig testis [22]. The partial amino acid se-
quence obtained for pl4 match only to that of cofactor A
[22). Thus, both proteins will be referred as pl14 hereafter.

pl14 has a monomer-release activity both from Cggy [21] and
from Csgp [22]. Gao et al. (1994) cloned the mouse pl4 cDNA
and found no significant homologies to other known genes.
These authors have suggested that pl14 is the CCT cochaper-
onine as it seems to increase the rate of ATP hydrolysis of the
Copo. However, it has not been possible to prove the direct
interaction of pl4 with CCT. In addition, Campo et al. (1994)
have shown that pl4 can release monomers from the Casgy
complexes which apparently lack TCP-1 protein, and in the
presence of ATPyS [23]. Thus, suggesting that this protein is a
chaperone by itself. Recently, a yeast protein that shows 32%
identity with mouse pl4 and binds to B-tubulin in vivo has
been identified [24].

This study addresses the genetic and biochemical character-
ization of pl4. We have purified the active protein from an
overproducing E. coli strain and have analyzed the effect of
several deletion and site-directed mutants on the monomer-
release activity of pl4. We have found that p14 binds stably to
B-tubulin monomers in vitro being this interaction probably
mediated by a J-domain-like structure present in the p14 pro-
tein.

2. Materials and methods

2.1. Plasmid constructions and protein purification

Two synthetic oligonucleotides were used to replace the first 30
amino acids of pl4. The rest of the pl4 sequence was added by a
PCR reaction carried out using plasmid HHEA15G (Genexpress) and
two other primers. Plasmid pMTXS5 was generated and DNA se-
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Fig. 1. The pl4 protein family. Sequences were aligned using the Pileup facility of the GCG programme package (University of Wisconsin).
These correspond to murine (MU) and bovine (BO) cofactor A [21], human (HU) pl4 (EMBL accession numbers Z30197 and D20229), rice
(RI) p14 (accession number D15404), Arabidopsis (AR) pl4 (accession number T14083), and yeast (YE) Rbl2p [24]. Highly conserved or identi-
cal amino acids in all or all but one sequences are indicated with bold and shaded symbols, respectively. Dots denote gaps.

quenced. Stepwise deletions were carried out with exonuclease-II1
using the kit Erase-a-base (Promega). Plasmid pMTX5 was digested
with HindIIl and incubated with exolIIl at 30°C. Aliquots were re-
moved after 0.5, 1, 1.5 and 2 min and were treated with S1 nuclease,
the Klenow fragment of DNA polymerase I and DNA ligase. Plasmid
pMTXS5 was used as template to obtain pl4 single mutants. Two PCR
reactions were carried out with four different oligonucleotides. Muta-
tions were determined by DNA sequencing. p14 wild-type and mutant
proteins were purified essentially as previously described {22]. Samples
were analyzed at each purification step by SDS-PAGE. Purified pl4
from pig testis [22] was used as a standard.

2.2. Protein blotting

Samples were loaded on either SDS-PAGE or native gels which
were afterwards electrotransferred to nitrocellulose membranes (with
20% methanol in the transfer buffer for SDS-PAGE gels). Polyclonal
anti-p14 antibodies were raised by a 4 step injection of 200 pg E. coli
purified pl4 protein into rabbits. Injections were spaced 10 days.
Mouse monoclonal anti-f and anti-o tubulin antibodies were pur-
chased from Amersham (N357 and N356, respectively). Bound pri-
mary antibodies were detected with horseradish peroxidase-conju-
gated sheep anti-mouse or donkey anti-rabbit secondary antibodies
(Amersham NA931 and NA934, respectively), followed by ECL de-
tection (Amersham).

2.3. Monomer release assay from Csyy complexes

Monomer release assays from Cjp complexes were carried out
esentially as previously described [22]. Reactions were electrophoresed
in 7% non-denaturing polyacrylamide gels [18]. Monomer release as-
says from tubulin dimers were carried out as follows. Protein samples
were incubated in 50 mM MES, pH 6.7, containing | mM GTP, 1 mM
MgCl, for 90 min at 30°C in the presence or absence of 10 pg FPLC-
purified brain tubulin, 5 ug purified pl4 protein and partially purified
cofactor Z. Reactions were loaded on non-denaturing 6% polyacryl-
amide gels. Resulting gels were either stained with Coomassie Brilliant
Blue, or electrotransferred to nitrocellulose membranes for protein
blotting.

3. Resulits

3.1. The pl4 family of proteins

The amino acid sequence of murine and bovine pl4 [21]
were used to search for homologous sequences in the Data-
bases using the Tfasta facility of the GCG package of pro-
grammes (University of Wisconsin [25]). We found two hu-
man partial cDNAs (both lacking the 5’ end), a partial cDNA
from Arabidopsis thaliana (3' end missing), and a complete

c¢DNA from rice that coded for peptides homologous to the
known pl4 sequences (Fig. 1). The human pl4 segment
showed greater than 92% identity with murine and bovine
pl4; the pl4 from rice shared almost 82% identity with the
pl4 segment from Arabidopsis; and, finally, pl4s from ani-
mals were about 35% identical and 60% homolog to those
described for plants. These homologies strongly suggested a
close relationship among this group of proteins that probably
reflected a common physiological role in all superior plants
and animals. In addition, pl4 proteins showed about 30%
identity with yeast Rbl2p protein [24].

3.2. Overexpression and purification of pl4 protein

A partial human ¢cDNA named HHEA15G (EMBL acces-
sion #Z30197) from an atrium Genexpress cDNA library was
obtained and sequenced. The resulting sequence is shown in
Fig. 1. This clone was missing the 5’ sequence which presum-
ably coded for the first 30 amino acids of human pl4, accord-
ing to the sequence alignment shown in Fig. 1. This gene was

-~ w.t. A24 Al9 Al12

Fig. 2. Monomer-release activity of pl4 deletion derivatives. Fluoro-
graphy of a non-denaturing 7% polyacrylamide gel showing the re-
lease of labelled tubulin from Cjg intermediate complexes, in the
presence of different pl4 deletion derivatives. Reactions contained
10 pl of supernatants from IPTG-induced BL21:DE3 containing
plasmids (from left to right) pET-3a, pMTXS5 (pl4), pMTX6
(p14A24), pMTX7 (pl4Al9) and pMTX8 (pl4Al12). The protein
overproduced is indicated on the top of each lane. The position of
the Csop complexes and the tubulin monomer species (M) as pre-
viously described (see text) are indicated by the arrows drawn on
the left.
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Fig. 3. B-Tubulin monomer release depends upon pl4 binding. Monomer-release reactions from tubulin dimers were loaded onto non-denatur-
ing 6% polyacrylamide gels. (C.B.), Coomassie Brilliant Blue stained gel similar to that immunostained in the next three panels (anti-pl4, anti-
B and anti-o. panels). Next three panels: Western blot analysis of the same reactions immunoprobed sequentially with the antibodies indicated
above each gel revealing the position of the pl4 dimer (p14), the tubulin heterodimer (D) and the p14/B-tubulin monomer complex (M), all in-

dicated by arrows on the far left of the figure.

reconstructed by adding the missing sequence with synthetic
oligonucleotides coding for the first 30 amino acids of murine
pl4. To purify pl4 from the E. coli overproducing strain we
adapted the protocol of Campo et al. (1994). Overproduced
protein which was mainly accumulated in inclusion bodies in
E. coli was solubilized with 8 M urea. The obtained mixture
was sequentially chromatographed through a DEAE-cellulose
column a HiTrap Blue column and finally a Superdex 75 HR
gel filtration column. The resulting protein was electropho-
retically pure and retained its monomer-release activity in all
steps.

Pure pl4 protein was used to produce antibodies as de-
scribed, which were found highly specific. pl4 was found to
be expressed in all examined tissues although at significantly
higher amounts in testis. These results agreed with those ob-
tained for pl4 mRNA [21]. Immunofluorescence localization
of pl4 performed with the same antibodies demostrated the
protein distributed throughout the cell cytoplasm though not
colocalized with microtubules (data not shown).

3.3. Stepwise deletions in the pl4 gene

In a first attempt to determine the p14 functional motifs we
carried out exolll-deletions of the p/4 gene from the 3’ end.
Three plasmids were selected (pMTX6, pMTX7 and pMTX8)
that overproduced in BL21:DE3 visible proteins of smaller
sizes than wild-type pl4. These mutant proteins were named
pl4A24, pl4A19 and pl4Al2, respectively, referring to the
number of carboxy-terminal p14 residues deleted in each case.

We assayed the monomer-release activity of the lysates
from BL21:DE3 cells harbouring each of these plasmids
(Fig. 2). All of them showed a reduced activity when com-
pared to BL21:DE3(pMTXS5); although it has to be noted
that wild-type pl4 is overproduced in higher amounts (data
not shown). Released monomers run in a different position in
the native gels being retarded when compared to the pl4-re-
leased monomers. This was more obvious in the case of super-
natants containing pl4A19 and p14A24. These pl4 derivatives
had a net charge of +4 and +6, respectively, when compared
to the wild-type pl14, while p14A12 had the same net charge as
pl4, although a different size. These results suggested that the
released species correspond to pl4/B-tubulin monomer com-
plexes.

3.4. pl4 releases B-tubulin monomers from tubulin dimers

Since p14 has B-tubulin monomer binding ability in vivo (as
shown for its homolog Rbl2p) we investigated whether pl4
could also release monomers from tubulin dimers in vitro. We
have found that pl4 can also release f-tubulin monomers
from purified tubulin heterodimers in the presence of another
cofactor which we have called cofactor Z. When both p14 and
cofactor Z are incubated with purified tubulin, released mono-
mers are clearly visible in native gels (Fig. 3, panel C.B.)
running at the same position as the labelled monomers re-
leased from the Cjyy assay in the native gels (not shown).
Cofactor Z has already been partially purified and its char-
acterization will be described elsewhere.

Aliquots of the same reactions shown in panel C.B. were
loaded in another gel, run and electrotransferred to a nitro-
cellulose membrane and sequentially blotted with various
antibodies (Fig. 3). The released species corresponded to [B-
tubulin monomers bound to pi4 while o-tubulin was found
present only in the dimers. The amount of o-tubulin was
higher when no B-monomeric forms were released.

The size of the pl4/B-tubulin complex was determined by
gel filtration analysis obtaining a value of 60 kDa. In order to
characterize the content of the pl4f/tubulin band in native
gels, this band was excised and analyzed in a SDS-polyacryl-
amide gel. This analysis indicated stoichiometric amounts of
B-tubulin and pl4 polypeptides (not shown) thus, suggesting
that single B-tubulin monomers were bound to single pl4
molecules.

3.5. Structural similarity to the J-domain

Detailed p14 amino acid sequence and secondary structure
analyses suggested a similarity to the J-domain of the DnaJ
protein showing a region with a putative helix-turn-helix
structure (Fig. 4). The network of apolar residues in the inter-
nal face of the o-helices was remarkably similar to some
known o-o interfaces. Particularly, two sequence patterns
(/L R/K/L K x x x x L/A/V and L x x A/S/F Y/H/L/K x x
L) were also found as part of the contact between o-helices in
DnaJ domains [13-16] and G-CSF proteins (cytokine granu-
locyte colony stimulating factor [26]). In both cases, despite
their different topologies, the pattern of interactions between
the two regions was highly conserved with some very well
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preserved key interactions (see Fig. 4). It is quite possible that
pl4 resembles these structures with two a-helices interacting
in anti-parallel fashion and contacting strongly at the level of
the two sequence patterns. The presence of the conserved PD

sequence found in Dnal responsible for the formation of the
loop between the two a-helices and the computer experiment
of replacing the residues of p14 in the structure of the G-CSF
showing a good degree of adaptation supported the proposed
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Fig. 4. Proposed structure of pl4. o—o interface similarity with the J-domain of Dnal. Stereo view of the Csf3 fragment structure (PDB en-
try:1bgc). Contacting residues are shown with thick sticks (upper figure). Some selected Dnal sequences were aligned to the known pl4 se-
quences in the helix-turn-helix region. In the bottom figure some selected sequences of the G-CSF family were also indicated. The position of
the o-helices in the structure of Dnal are shown on the top figure. These correspond with the predicted secondary structure of pl4 and the
structure of Csf3 [26,36]. The most important contacts between the o-helices that are present in the structure of DnalJ [13-16} and Csf3 [26] are
shown in the lowest figure as lines connecting the corresponding residues. The Dnal and Csf3 sequences are labelled with their database codes

[37). p14 sequences coincide with those in Fig. 1.
-

structural pl4 prediction. The quality of the resulting struc-
tures was assessed by three different standard structure check-
ing methods after the modelling. One of the methods was
based on normality of molecular contacts, and the other
two in deviation from normal exposed hydrophobic surfaces
[27-29]. In all three cases the obtained values were in the
range of normal globular proteins being very similar to the
values of the native proteins.

There are two experimental data which additionallly sup-
port the above hypothesis. First, when pl4 from pig testis was
subjected to proteolysis with trypsin [22], the peptide MMIPD
(including the conserved PD residues) was obtained, as ex-
pected for an exposed loop structure. And second, we have
determined the circular dichroism spectrum of pl4 and have
found similarities to that corresponding to the J domain [14].
Both spectra show large negative peaks of ellipticity at 208
and 222 nm and a large positive peak at 195 nm indicating a
relative large content of a-helix.

3.6. Site-directed mutants of pl4

Site-directed pl4 gene mutants were designed in order to
test further the proposed structural model. These were the
Asp-66 (conserved both among the plds and the Dnals) to
Glu; and the Cys-67 (common to all pl4s except for Rbl2p) to
Ser.

Limiting amounts of wild-type and mutant proteins
(p14D66E and pl4C67S) were tested for their monomer-re-
lease activity from labelled Cypy complexes (Fig. 5) where the
half maximum ligand binding (L, ;) concentration was calcu-
lated. This factor was expected to change in those cases where
the mutated region would be implicated in the interaction
with B-tubulin. We found that the C67S mutation induced
an increased monomer-release activity while the D66E muta-
tion impaired this activity (Fig. 5), thus suggesting that this
pl4 protein region was involved in tubulin binding.

4. Discussion

pl4 protein was originally purified from pig testis as a tu-
bulin monomer-release factor from Cjqy, the intermediates
tubulin folding complexes. Its physiological role became defi-
nitely associated to tubulin when the pl4 homolog Rbl2p
from yeast was found to bind to B-tubulin in vivo [24].
Now we have found that there is a family of homologous
proteins which includes the previously described cofactor A
from mouse and calf, Rbl2p from yeast, as well as other pre-
viously unidentified proteins belonging to man and plants
(Fig. 1). It seems likely that in view of the high level of
homology between all these proteins they may play the
same physiological role.

In order to address a detailed genetic and biochemical anal-
ysis of pl4 protein, we have constructed a chimaeric murine/
human p/4 gene, and purified the overproduced protein from

E. coli. The obtained protein did not show any functional
difference in vitro compared to that purified from pig testis.
This purification protocol included a strong treatment with
urea after which native pl4 was generated by in vitro folding
techniques.

The C-terminal end of pl4 is not apparently essential for its
function since the deletion derivatives Al2, Al19 and A24 re-
tained the monomer release activity. However, these reactions
were less efficient than those using wild-type pl4, suggesting a
specific role of the carboxy-terminal domain in monomer re-
lease. Apparently, the removal of the C-terminal 12 residues
affects pl4 activity as much as removal of the C-terminal 24
residues. The most interesting result from the deletion deriva-
tives of pl4 was the altered mobility of the molecular species
released from the Csyp complexes (Fig. 2). This fact suggested
that this species were not merely a B-tubulin monomer but
most probably a pl4/B-tubulin complex, since the level of
retardation in the gel corresponded with the increasing iso-
electric point of the pl4 C-terminal deletion derivatives.

We have found that p14 releases B-tubulin monomers also
from purified tubulin dimers (Fig. 3) requiring an additional
cellular cofactor(s) named cofactor Z that is only partially
purified yet. We have showed by immunoblots the presence

100 -

o ,v;zmz___;

1] v

3 / . /'/

[

5

g 50 [ )

g / Liz (p14)=100 nM

2 o v Liz(pl4 C67S)= 43 nM
25 - ,/ Li2(p14 D66E) =236 nM

/

T T ) 1

0.2 0.4 0.6 0.8 1.0

Concentration (uM)

Fig. 5. Monomer-release activity of pl4 site-directed mutants.
Monomer-release assays from labelled Csp complexes were per-
formed under limiting protein amounts and electrophoresed under
non-denaturing conditions. Bands were quantified using a BioRad
GS-363 Molecular Imager System after fluorography of the gel.
This figure shows the average of the percentage of label in the
monomeric form released. ®, Wild-type pl4; v, pl4 C67S; v, pld
D66E. Half-maximum binding constant (L) is defined as the
amount of protein required to release 50% of the labelled B-tubulin
from the complexes.
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of both pl4 and B-tubulin in the species released from tubulin
dimers (Fig. 3). These results support in vitro the in vivo
observation that the yeast homolog Rbl2p binds to -tubulin
[24]. Our results indicate that a single p14 molecule binds to a
single B-tubulin molecule, thus agreeing with other authors
hypothesis suggesting that Rbl2p compensates for the defects
associated with either too much B-tubulin or too little a-tu-
bulin. In addition to the active role of pl4 in the tubulin
folding pathway this protein could work as a ‘sequestering’
factor of B-tubulin monomers. Thus, maintaining the equili-
brium between a- and B-tubulin and preventing a lethal excess
of B-tubulin in the cell [30-32].

A computer-assisted structural analysis of p14 and database
comparisons have revealed that this protein family is struc-
turally related to the J-domain present in the Dnal protein
family. The pl4s show a putative helix—turn-helix region sim-
ilar to that of the DnalJs or the G-CSFs (Fig. 4). To reinforce
the significance of the similarity based on the sequence sim-
ilarity we have computer-replaced the sequence of Csf3 in this
region for the corresponding consensus sequences of Dnal or
pl4, obtaining values that were very similar to those for
native proteins. The fact that both pl4 and the J-domain
show similar circular dichroism spectra supports additionally
the above hypothesis.

This hypothesis led us to construct pl4 mutants in the
proposed loop region and to assay these for their monomer-
release activity from labelled Csyy complexes. Obtained results
showed that although neither Asp-66 nor Cys-67 were essen-
tial for p14 function both residues were involved in B-tubulin
interaction, since highly conservative mutations in both of
them alter the Ly, value (Fig. 5). These results confirm that
the pl4 similarity to Dnal is not only structural as it is with
G-CSF. Interestingly, the monomer-release activity is in-
creased for the C67S mutant and was reduced for the D66E
mutant which could indicate that the presence of B-turn for-
mers (i.e., Ser or Asp; [33]) may increase p14 activity. On the
other hand, it has to be noted that Cys-67 has no obvious
counterpart in the DnaJ sequence while Asp-66 is highly con-
served among both pl14- and DnalJ-protein families except for
yeast Rbl2p (Fig. 4). Furthermore, mutations in the homolo-
gous Asp residue of the DnalJ-homolog Sec63 result in an
inactive protein [11]. Asp-66 could be directly involved in B-
tubulin interaction as the corresponding region in Dnal is
assumed to be involved in DnaK interaction.

Dnal and more precisely its J-domain region stimulates the
rate of hydrolysis of the DnaK-bound ATP [5,9,10]. We have
previously shown that GTP hydrolysis is required to get tu-
bulin monomers incorporated into dimers [23]. Thus, it is
plausible to suggest that pl4 would stimulate the GTPase
activity of B-tubulin during the folding process concluding
with the formation of the tubulin dimer.

During the preparation of this manuscript Melki et al. [34]
published the functional and structural characterization of
cofactor A. They have shown that cofactor A is a monomeric
protein which gives a CD spectrum identical to that of pl4.
Also, they have found that cofactor A participates in the
tubulin folding process by interacting with a folding inter-
mediate of B-tubulin that is released from CCT complexes
confirming our previous results [22,23,35].

We would finally like to note that pl4 is the only known
protein apart from o-tubulin that binds stably to B-tubulin.
We hope that the isolation and characterization of pl4/B-tu-

M. Liosa et al.IFEBS Letters 397 (1996) 283-289

bulin complexes and cofactor Z will help to the purification of
large amounts of B-tubulin monomers in the nearest future,
thus contributing to the so far hampered structural studies of
this fundamental protein.
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