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Abstract

In this study, the conservation of strong structural landmarks between all the members of two chaperone families (HSP60 and HSP70) was deduced
from their sequences by hydrophobic cluster analysis. On this basis, we propose that the ATP-binding environment is maintained by a similar fold
in both protein families. The observed similarities extend throughout the proteins, including both the ATPase domain and the C-terminal substrate-

binding domain.
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1. Introduction

The majority of the currently identified chaperones
belong to three protein families, the HSP70, HSP60/
GroEL (chaperonins) and HSP90 families [1]. Remarka-
bly, the general features of the HSP70 and HSP60 mole-
cule functional roles are similar. Both types of chaper-
ones are abundant proteins whose rate of synthesis can
be enhanced by stress conditions such as heat shock.
They are involved in the folding/unfolding of peptides as
well as in assembly/disassembly of quaternary protein
structures. Proteins of both families bind ATP with high
affinity and have weak ATPase activity. However, they
do not have an interchangeable role nor any apparent
sequence similarity, which would be evidence for a struc-
tural relationship [1].

The HSP70 family has been highly conserved through-
out evolution, the N-terminal two-thirds of the HSP70
molecules are more conserved than the C-terminal re-
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gions [2]. ATP-binding and hydrolytic activity were
shown to be retained, and substrate-binding activity lost,
by a 44K N-terminal proteolytic fragment of bovine
clathrin uncoating ATPase (HSC70) [2]). The 3D struc-
ture of this N-terminal domain [3] has revealed two
structural domains with a deep cleft between them and
ATP binding at the base of the cleft (Fig. 3). Surprisingly,
despite very weak sequence identities (~10%), the nucle-
otide-binding core of the ATPase fragment has a similar
structure to those of hexokinase and actin [3,4]. The 3D
structure of the HSC70 C-terminal fragment is not
known but it has been suggested that it is similar to that
of the al-a2 peptide binding cleft of the MHC class I
molecule [5]. Unlike the monomeric HSP70s, HSP60s
form large oligomers composed of two heptameric rings
of 60 kDa subunits stacked on top of each other and
forming a large double ring [6]. They bind substrate
protein with the help of a heptameric ring of co-chaper-
onin protein (E. coli GroES, mitochondrial HSP10). Re-
cently, t-complex-polypeptide-1 (TCP1) has been pro-
posed as a cytosolic eukaryotic chaperonin on the basis
of weak sequence identity (15-20%) with other chaper-
onins [7,8]. Additionally, TCP1 shares strong similarities
with the archaebacteria thermophilic factor 55 (TFS5)
which also forms double ring complexes [9] and has
chaperonin activities [10,11]. Thus, sequences of HSP60
family members seem to be more divergent than those of
the HSP70 molecules. 3D structures of chaperonins, at
the atomic level, are not yet known although crystals
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have been described [12]. We present hereafter a se- levels of sequence identity. Hence, 2D hydrophobi% clufter analysi?
: : 1 (HCA) [13-15] was used in comparing sequences. Two large sets o

qu,ence comparlsqn between prOte,mS of the two families HSP70 (76 members) and HSP60 (50 members) sequences have been
using hydrophobic cluster analysis (HCA) [13-15]. picked from the Swiss-Prot (sw) Data Bank, Release 27. To illustrate
the comparison performed between the two HSP families, we have

selected, on one hand (for the HSP70 family), the sequence of bovine

. HSC70 (sw identifier: hs7c_bovin) since the corresponding structure is

2. Materials and methods known [3] and the sequence of dnaK from Chlamydia trachomatis
(dnak_chltr) as one of those sharing the lowest identity with bovine

Current 1D methods fail to align HSP60 and HSP70 molecules since, hsc70 (49%). On the other hand (for the HSP60 family), we have
working on maximizing similarity scores, they are not efficient with low selected the Clostridium perfringens HSP60 sequence (ch60_clope) and,

oy )

\
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Fig. 1. HCA alignment of members of the HSP70 family (HSC70 and dnaK) and of the HSP60 family (TF55, TCP1 and HSP60). The one-letter
amino acid code is used with the exception of P (star), G (diamond), T (open square) and S (dotted square).Sequences are cut into four domains
according the partition given in [3] for HSC70 and our structural analysis: I and II for structural subdomains I and II of the ATPase fold, respectively;
111 for the region of the HSC70 substrate binding domain common to the HSP60 and HSP70 families; and IV for the subdomain present uniquely
in the HSP70 family. The secondary structures of HSC70 I and II subdomains are reported above their HCA plots (sseee & helix, «--- B strand, O
3¢ helix). The most significant correspondences between hydrophobic clusters (i.e. identical secondary structures in a similar environment) are heavy
shaded, groups of identical amino acids are lightly shaded inside open circles. Bold numbering (1 to 23) help the localization of noticeable hallmarks
between the two families.
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still considering divergence as criterion for selection, the sequences of
mouse TCP1 (tcpb_mousey and TF58 from Sulfolobus shibatae
(tf55_sulsh), sharing only 24.6 and 22.1% identity with ch60_clope,
respectively, Part of the TCPI sequence of yeast {tcpl_yeast) is also
locally reported to help alignment. We have written a program comput-
ing identity or similarity Z scores for alignments deduced from HCA;
these represent differences between the considered alignment identity
or similarity score and the mean score of a distribution computed for
alignment of sequence 1 versus random shuffled versions of sequence
2. These differences are expressed relative to the standard deviation
(S.D.) of the random distribution.

3. Results and discussion

Prominent landmarks for alignment are indicated by
the HCA plots of the sequences of members of the

1. Callebaut et al. |IFEBS Letters 342 (1994) 242-248

HSP60 and HSP70 families (Fig. 1). Topological similar-
ities between hydrophobic clusters (which mainly corre-
spond to the core-forming part of regular secondary
structures [15]) as well as groups of identical amino acids
can be recognized. The strongest similarities are shared
by dnaK and TF55. Pairwise sequence comparisons of
distantly related proteins often result in limited identity
scores and limited significance scores (Table 1). On the
contrary, simultaneous comparison of all the HCA plots
under consideration allows the clear identification of
similarities successively occurring along the length of
large structural domains (Figs. 1 and 2). The match of
such a large number of hallmarks could not obviously
result by chance. However, to assess this observation

1% 2N|m10 } 20 >2!0

—-
30 |30

Fig. 1 (continued).
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further we compared two consensus sequences based, on
the one hand, on the HSC70 and dnaK subset and, on
the other hand, on the HSP60, TCP1 and TF55 subset.
They are built by substituting amino acids of dnaK or
of TF55 by those of their own subset which are identical
to a corresponding amino acid of the other subset (data
not shown). This procedure appears to be relevant, tak-
ing into account the low number of sequences considered
in each subset (2+3). Comparison of these two consensus
profiles gives 30.0% sequence identity and significant Z

245

scores of 22.5 SD (identity) and 13.6 SD (similarity)
(1000 random shuffles). Moreover, as shown in Table 1,
the sequence identity levels between the members of one
family relative to the other are similar to or larger (e.g.
dnaK-TF55: 13.5%) than that observed between HSC70
and actin (12.3%).

Similarities are mainly observed in domains IA and
IIA, and to a lesser extent in domain IB. Domain IIB
appears to be more divergent between the two families.
This feature has already been observed between HSC70,

Fig. 1. (continued).
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actin and hexokinase [4]. Furthermore, Bork et al. [16]
have defined an ‘ATP-phosphate consensus’ based on
the HSC70/actin/hexokinase sequences and on 3D fea-
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tures, (D/EXG) within the loop between the two first §
strands of each IA and ITA subdomain. This constitutes
a tentative consensus for the ATP binding site situated
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HSC70 Y1) TYSCYGVFQHGKVELZANDOGNRTTPS ¥HAKT. . . DTERLIGDARKNQVA. . .MNPINTYF 68
DNAK R I TNSCYSVMEGGOPKVEASSEGIRTTPS IVAFK GﬁEmG;ngAv .TNPEKTLA 72
2 4
TF55 RGMDKMFVDSLGDITITNRGATILD. . KMDLQ. HPTng:.gQ; AKGQDEETADGTKTAYI 108
TRl § VGLDKMLVDDIGDVTITNRGATILK. . LLEVE . HPAAKVLCEL . ADLQDKEVGDGTISVYI 95
ESP60 KGRNYILDKKFGSPLITNDGVTIAREI ELEDAYENMGAQLVKEVATKTNDVAGDGTTITATL 93
'Y
E E |4
HSC70 Daxamc;mnmvyesnmwww . VNDAGRPEVOYEYKGETKSFYP - - o ccvvann . 116
APNSKGDAVFDYEQKLYTP. .« vvvveeuen, 115
6
GYKKAEETALKZIQDIAQPVSINDTDVLR. 161
GYRLACKEAYRYINENLIINTDELGRDCLI 149
LAGAT IREGLENY TAGANP I LIRNG IXTAYEKAVEETQKISKPV. .o . ovu. .. 137
Iy
a3 4
axgn  1ss
LAXGL 184
‘ F
ELRGDEKWYVDLDNYGTVKKHGGSINDTORVEGL 225
TCP1 NTAKTsmssgzmmmxmmw ..... VNILKAHGRSQIESMLINGY 214
HSP 60 NGKEDIARVAAISMDEKI“LIADAMEKYGNEGVITVEE;}(SMGTELDVVEGMQFDRGYVSLYMVTDTE 207
4 HA » ¢ [1]:]
T B —f2 f3y 03
HSC70 . . DKKVGAERNYLEFDLGGGTROVSE LY IENGIFEVESTAGDTHLGG EDFv RMYNHE MQKHKKDI 253
DMAK ..DKEG..DKKIAVFRLGGGTEDISTLEIGOEYFEVLS TNGDTHLGG . DDF DGV I NWMEDEEKKOEGIDL 250
11§ ¢ 12
TF55 VVDKE..VVHPGMPKR. . ..IENAK] KFLEEEENILK 283
TCP1l ALNCVYG..SQGMPKR. . .. IVNAKIACLDFSLOKTEMKLGVOVVIT. DPEKLD ...... QIRQBESDITK 272
HSP 60 KMEAVLD. Nplmmxxl SNIQDLLPLLECIYOAGKKLLI IADDI EGEAMTTLVYNKLRGIRICVG. . 273
B ) ¢ a
BA ) il:] -

HSC70 SENKRAVRRLRTACERAKRTLSSST. ...QASIEIDSLYEGID...... FYTSITRARFEELNADLFRGE = 313
DNAK  SKDNMALQRLKDAAEKAKIELSGV...... SSTEINQPFEITIANGPKHLALTLTRAQFEHLASSLIERT 314
13 1
TF55 EEV...... DEIAATGANVV ICOKGTDEVAQHYLAKKGIZHAVRA . KESDLEKLARATGGRVIGNIDELT =~ 346
TCPL  ERI...... OKILATGANVILTTGGIDDMYLKYFVEAGAMAVRRY . LKRDLKHVAKASGASILSTLANLE 335
HSP6O ......... VEAPGFGDRBKEMLODIATLTGGVVISDEVGGDLKEATLDMLGEAESVKVTKESTTIVNGR 334

.o _ B,é .
HSC70  .LDPVEEALRDAKLDKSQ . .GKELNEKSINPJE 367
DNAK .KQPCAQALKDAKLSASD . .GKEPNKGUNPRE 367
15
TF55 .SQDLGYRALVEERKVGE. ... .. JEGAKNPKSVSILIRGGLER. . WDETERALRﬁA 400
TCP1 .GEETFEVTMLGQAEEVVQER I CODELEETKNTKARTSAST ILRGANDF . . . MCDEMERSLEBA 395
HSP60 GNSEEIENRINQIKLOLEATTSEFDKEKLOERLAKLA. chmchATETELKEstRIEﬁA 397
TCPly FESSYLGLCDEV
¢ 1]
HSC70 GDKSENYCDLLLLDVTPLSLGI . ETAGGVMIVLIKRNTTIRTKQTQTFTTYS 432
DNAK G. . .. EVKDVLLLDVIPLSLGI . ETLGGVMTPLYERNTTIRTOKKQIFSTaAA 428
19
TF55 LGTVADVIRDGRAVAGGGAVEIEIAKRLRKYAPQVGGKEQL. .AIEAYANAIEGLI...MILAENA. 461
TCP-1 GGGAVEAALSIYLENYATNMGSREOL. . AIAEFARSLLVIR. . .NTLAVNA. 456
HSP60 [YPGGGTAYYNV INEVAKLTSDIQD.EQV. . GINIIYRSLEEPM. . .RQIAHNA. 456
n
HSC70 GERAMIKDNNL. . . LGKFELTGIPPARRGVPQIEYTF DIDANG 494
DNAK FERPMAKDNKE. - . IGRFDLTDIPPARRGEPQIEYTE DIDANG, 490
20 21
TF55 GLDRIDKLMOLRSLHENET .+ . ... . NKWYGLNLFTGNREDMWKLGYIEPA. . 515
TCP-1  AQDSTDLVAKLRAFHNEAQVNPERKNLKWIGLDLVHGKRRDONKQAGYFEPT. . 517
HSP 60 3 GFDALRGEYKDMIKAGIVDPT. . . . 505
5 —NVN—)
HSC70  IGKENKITITNRKGRLSKE (131 aa)
DNAK SGREQKIRIEASSG.LKED (146 aa)
TFS55 TEAVTLVLRIDRIVAAGEK . GGSEPGGKKEKEEKSSED
TCP-1  TEAAITILRIDDLIKLHPE. . SKDDKHGS YENAYHSGALDD
HSP60  ASVASTFLTIEAAVADIPEKEMPQGAGMGMEGMY

Fig. 2. 1D alignment of members of the HSP60 / HSP70 families, based on the HCA alignment reported in Fig. 1. The secondary structures of HSC70
I and II subdomains are reported above their HCA plots (a=za helix, « 8 strand, O 3, helix). Identical aa between members of different families
are shown in bold and underlined, sequences included in hydrophobic clusters used as anchors for alignment are shaded. Bold numbers from Fig.
1 are here similarly reported. Consensus aa (DXG) characteristic of the ‘phosphate’ region of the ATPase domain of HSC70/actin/hexokinase [13]
are shown with the symbol #. The proposed aa conserved for the HSP60 and HSP70 families ATPase domains (G31 and D396 in the HSP60 sequence,
G12 and D266 in the HSC70 sequence) are shown in heavily shaded colums.
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Fig. 3. Schematic stereoscopic representation of the 3D structure of the ATPase domain of HSC70 — subdomains I and II [3) (PDB identifier: 1HSC),
using the MOLSCRIPT software [18]. Positions of aa belonging to the HSC70/actin/hexokinase ‘phosphate’ region (D,G) are shown with large
spheres. The fully conserved D residue for the HSP60 and HSP70 families (D366 in the HSC70 sequence) with a small sphere.

within the hinge between the IA and IIA subdomains
and which differs considerably from currently recog-
nized nucleotide binding sites within f—a—f Rossmann-
folded structures. The present alignment between the two
chaperone classes partially fulfils this hallmark (G12 in
subdomain IA of HSC70) and suggests an alternative
stabilization for the metal ion complexed to ATP
through a conserved aspartate residue (D366 in the
HSC70 numbering, cf. hallmark 18 in Figs. 1 and 2). This
corresponds to K336 in actin for which the Ca is 4.9 A
from the metal ion (Fig. 3) at the entrance of the ATP
binding site (a distance comparable to those of actin’s
D11 and D154, which take part in the Bork consensus
and are located 7.1 and 7.3 A from the ion, respectively).

The similarities between the chaperone classes extend
to their C-terminal regions which are involved, at least
for HSP70s, in substrate binding, as shown in Figs. 1
and 2.

A stretch of approximatively 130-140 amino acids
(subdomain III) can be aligned; this stretch terminates
HSP60 molecules while a further sequence of approxima-
tively 120 amino acids (subdomain IV) terminates
HSP70 molecules. This difference could be related to the
functional specificities of each family and to their differ-
ent quaternary structures.

The ATPase domain (subdomains I and II) and the
substrate-binding domain (subdomain I1II) could interact
by docking their faces on each other, as further suggested
by the binding of ATP close to residues belonging to the
subdomain III of HSP60 molecules [17].

Rippmann et al. [5] have suggested that the first ~160

amino acid fragment of the HSC70 substrate binding
domain (in our Figs., domain III and the first part of
domain IV) could be structured like the al/a2 peptide
binding cleft of MHC class I antigens. In the absence of
recognized sequence identity (~5-8%), this hypothesis was
based on similar secondary structure predictions for the
two proteins, strengthened by analogous properties of
binding unfolded peptides; however, the present align-
ment further weakens this hypothesis because two amino
acids (G382 and E404 in the HSC70 sequence), which are
always present in the sequences of both families (Fig. 2),
are not conserved in MHC class I molecules. Moreover,
the Rippmann hypothesis does not suggest any mecha-
nism able to explain the role of chaperone molecules in
protein folding. Further sequence analysis and structural
predictions may help to elucidate the structural basis of
such a mechanism.

Table 1

Sequence identity levels (%) deduced from HCA alignments (HSC70-
actin : 12.3%). The two values within brackets indicate the identity and
similarity Z scores, respectively (HSC70-actin : 6.5/6.0).

HSC70 dnakK TF55 TCP1 HSP60
HSC70 x 54.7 10.0 11.8 11.1
(48.2/359) | (4.0/6.5) (6.0/6.5) (5.0/5.8)
dnaK x 13.5 11.5 10.0
7.2/6.0)  (5.5/6.6)  (3.6/5.0)
TF5S X 36.6 17.5
(28.9/23.9) (10.3/10.7)
TCP1 X 16.7
(10.2/9.3)
HSP60 x
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