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CHAPTER 2

Computational analysis of the human HSPH/HSPA/DNAJ family 
and cloning of a human HSPH/HSPA/DNAJ expression library

Jurre Hageman and Harm H. Kampinga

Department of Cell Biology, Section of Radiation and Stress Cell Biology, University 
Medical Center Groningen, University of Groningen, the Netherlands.

Cell Stress and Chaperones. In press.
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Abstract
In this manuscript, we describe the generation of a gene library for the expression 
of HSP110/HSPH, HSP70/HSPA and HSP40/DNAJ members. First, the HSP genes were 
collected from the gene databases and the gene families were analyzed for expression 
patterns, heat inducibility, subcellular localization and protein homology using several 
bioinformatics approaches. These results can be used as a working draft model until 
data are confirmed by experimental approaches. 
In addition, we describe the generation of a HSPA/DNAJ overexpression library and 
tested the effect of different fusion tags on HSPA and DNAJ members using different 
techniques for measuring chaperone activity. These results show that we have cloned 
a high quality heat shock protein expression library containing most members from 
the HSPH, HSPA, DNAJA and DNAJB families which will be useful for the chaperone 
community to unravel the function of the highly diverse family of human molecular 
chaperones. 
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Introduction

All organisms except some hyperthermophilic archaea contain the family of HSP110/
HSPH, HSP70/HSPA and HSP40/DNAJ chaperones (1). HSPA and DNAJ proteins 
function as molecular chaperones to assist in processes such as translation and trans-

port of proteins across membranes. 
The HSPA machine consist of the core HSPA protein along with a transient array of different 
co-factors such as DNAJ, HSPH, BAG-1, HIP, CHIP and HSPBP1 (2). The HSPH/HSPA and 
DNAJ families are protein families consisting of many members and as a whole, the HSPH/
HSPA/DNAJ gene family is the largest chaperone gene family found in humans. 
It is thought that many of its members are specialized (3). For instance, members of the 
HSPA, DNAJ and HSPH family exist that are only expressed under stress conditions suggest-
ing that these are specialized to function in the proteotoxic stress response (4). Constitutively 
expressed members are found as well and such members are found in several cellular com-
partments such as the cytosol, mitochondria and the ER suggesting that cellular compartmen-
talization has driven some of the HSPA/DNAJ gene expansion (5). In addition, some members 
have only been found at specific developmental stages or in specific cell types indicating the 
need for specialized members for specific substrates expressed only during specific develop-
mental stages or in certain specialized cell types. 
In contrast to the gene expansion as a result of compartmentalization, the gene expansion as 
a result of cellular specialization or organism development is poorly understood. It has been 
suggested that HSPA and DNAJ proteins bind small hydrophobic regions (6;7); yet there is 
great diversity and multiplicity within these families for which most members have not yet been 
studied in detail.
Although the various chaperone genes are now relatively well annotated, the molecular func-
tion for most of its members is currently unknown. For each of the families, only a single or 
restricted number of proteins have been studied in detail. Here, we used bioinformatics ap-
proaches to study the different HSPH, HSPA and DNAJ members (8). Thereafter, we describe 
the construction of a human HSPH/HSPA/DNAJ expression library. 

Materials and methods

Bioinformatics

HSP gene retrieval
HSPH, HSPH and DNAJ genes were collected from NCBI Gene (9). Mouse orthologs were 
identified using NCBI Homologene (10). Protein molecular weights were calculated using the 
clone manager 7 suite (Sci-Ed Software). 

Est count analysis
Expression data based on tissue specific and developmental stage specific EST numbers 
were collected from the NCBI UniGene database (10). EST numbers are displayed as counts 
per million.
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Gene
Name

Protein 
Name

 namuHemaN evitanretlA
GeneID

Mouse 
ortholog ID

Locus 
(human)

Protein 
length (aa)

Calculated 
Mass (kD)

HSPH HSPH1 9.698583.21q315055180801501PSH1HPSH
HSPH2 3.490482.13q-1.13q5525518033011PSH ;2-GPA ,4APSH4APSH
HSPH3 5.4993882q451481428221-GPA ,L4APSHL4APSH
HSPH4 3.1119991.32q112822152501071PRG ;1UOYH4HPSH

HSPA HSPA1A 0.071463.12p604739130331APSH ,27PSH ,1-07PSHA1APSH
HSPA1B 0.071463.12p61155140332-07PSHB1APSH
HSPA1L 4.071463.12p6284515033t07muh ,t07muhL1APSH
HSPA2 0.079361.42q412155160332-nietorp Dk07 kcohs-taeH2APSH
HSPA5 0.174561.43q-33q98284190332FIM ,87PRG ,PIB5APSH
HSPA6 0.1734632q1X0133 )'B07PSH( 6 nietorp Dk07 kcohs taeh6APSH
HSPA7 HSPA7 3311 X 1q23.3 ? ?
HSPA8 5.35/9.07 394/6461.42q1118451213337PSH ,17PSH ,17CSH ,07CSH8APSH
HSPA9 HSPA9 GRP75, HSPA9B, MOT, MOT2, PBP74, mot-2 3313 15526 5q31.1 679 73.7
HSPA12A 0.141692121.62q01244377129527140AAIK ,47831JLFA21APSH
HSPA12B 7.5768631p0203627538611kiR60N1800072 ,1.51L23-32PRB21APSH
HSPA13 9.1517411q120290112876hctS31APSH
HSPA14 8.4590541p017940528115099131CGM ,1L07PSH ,4-07PSH41APSH

DNAJA DNAJA1 DNAJA1 DJ-2; DjA1; HDJ2; HSDJ; HSJ2; HSPF4; hDJ-2 3301 15502 9p13-p12 397 44.9
DNAJA2 7.542142.11q-1.11q6154465492014PIRIH ;3JAND ;3jDm ;3JND2AJAND
DNAJA3 5.250843.31p61549383909l1diT ;1-diT3AJAND
DNAJA4 7.447931.42q5133285664554jsH ;4jD4AJAND

DNAJB DNAJB1 2.830432.31p9198418733304PSH ;1FPSH1BJAND
DNAJB2 6,03/6,53772/42343q-23q221865003301BJAND ;3FPSH ;1JSH2BJAND
DNAJB3 7.62242)mM( D 1405511604141-JSM ;1jsM ;3jsH3BJAND
DNAJB4 8.737331.13p1530760801104csH4BJAND
DNAJB5 9,62/1,93142/8432.31p932365228523-04PSH ;04csH5BJAND
DNAJB6 1.63142/6233.63q705932940014jDm ;jrM6BJAND
DNAJB7 4.539032.31q22557753530515jDm ;5jD7BJAND
DNAJB8 7.522323.12q3196651275616jDm8BJAND
DNAJB9 5.5232213q72637298144jdRE ;7jDm ;1gdM9BJAND
DNAJB11 5.0485382q383876627153jdRE ;2-PBBA ;9jD11BJAND
DNAJB12 9.145732.22q01907658874501jDm ;01jD21BJAND
DNAJB13 1.636134.31q1178396704473grasT31BJAND
DNAJB14 5,33/5,24492/97332q4406072899718241JLF ;7249RNGE41BJAND

DNAJC DNAJC1 81431512461lJAND ;p1jRE ;1jdRE ;1JTM1CJAND 10p12.33-p12.32 554 63.9
DNAJC2 0.2712622q719722000721ADIM ;2frZ ;1frZ2CJAND
DNAJC3 DNAJC3 p58; mp58; Prkri; DNAJc3; p58IPK; DNAJc3b 5611 100037258 13q32 504 57.6
DNAJC4 2.5153131q1113475833381gcM ;2fPSH4CJAND
DNAJC5 1.2289133.31q022003113308psC5CJAND
DNAJC5B 5.229913.21q86236697458ateb-PSCB5CJAND
DNAJC5G 4.129813.32p2890132621582281701CGMG5CJAND
DNAJC6 0.0013193.13q-retp15862792893740AAIKm6CJAND
DNAJC7 5.554842.11q714536566272rpTm ;11jDm ;2ctT7CJAND
DNAJC8 0.134622.53p18958662822262910UA ;480420LA8CJAND
DNAJC9 9.920623.22q0117680143232280020UA9CJAND
DNAJC10 1.193971.23q216866134455jdRE ;IDPJ01CJAND
DNAJC11 3.3695532.63p15390325375573701JLF11CJAND
DNAJC12 5,21/4,32701/8911.22q0154003125651PDJm ;1pdJ21CJAND
DNAJC13 4.45234221.22q3765532713324211mG ;8-EMR ;8emR31CJAND
DNAJC14 6.8720731.31q21033476045887PIRD ;6PIL ;3JDH41CJAND
DNAJC15 4.610511.41q3184166301921dJAND51CJAND
DNAJC16 6.092871.63p1360412143322690AAIKm61CJAND
DNAJC17 7.434031.51q51804962915521178C71CJAND
DNAJC18 5.148532.13q54956725020236492CGM81CJAND
DNAJC19 5.2161133.62q33177681113141MMIT ;41MIT91CJAND
DNAJC20 4.725321.21q2200900147205102CSH ;1CAJ02CJAND
DNAJC21 0,26/1,76135/6752.31p544287812431 ;5AJAND ;1JJJ ;3SG12CJAND
DNAJC22 DNAJC22 21.31q218772726997tsruW ;63231JLF 341 38.1
DNAJC23 04704113211410946IA ;36ceS32CJAND 6q21 760 88.0
DNAJC24 DNAJC24 DPH4; zinc finger, CSL-type containing 3 120526 99349 11p13 149 17.1
DNAJC25 DNAJC25 bA16L21.2.1; X546845nietorp ekil-JanD 9q31.3 360 42.4
DNAJC26 DNAJC26 GAK 0851320852esanik detaicossa G nilcyc ; 4p16 1311 143.2
DNAJC27 DNAJC27 RBJ 87371277215jbaR ; 2p23.3 273 30.9
DNAJC28 DNAJC28 Orf28 open reading frame 28; C21orf55 54943 246738 1q25 454 51.1
DNAJC29 DNAJC29 SACS; Sacsin 26278 50720 13q12 4432 504.6
DNAJC30 DNAJC30 WBSCR18 84277 66114 7q11.23 226 26.0

Table 1: Overview of the human HSP70/HSP40 gene family
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Affymetrix gene array
Investigation of genome-wide heat induced transcriptional activation was described previous-
ly (11). These experiments were performed in Hela cells using a 1.5 hour heat shock at 43 °C. 
Recovery times were 0.5, 2 and 4 hours at 37°C. Affymetrix gene array data were downloaded 
(11) and linear induction was calculated from the 2log fold change. Affymetrix uses different 
annotations for its probe sets. _at suffix designates a unique probe set, whereas the _s_at and 
_x_at suffixes designate probe sets that can cross hybridize with multiple genes. In the case 
of redundant probe sets, _at suffix were selected by default. In the case of no available _at 
suffix, the first probe set was selected routinely. 

Subcellular localization analysis
Predictions on subcellular localizations were performed using pSort, pTarget, CELLO, Mul-
tiloc and Proteome analist (12-16). Sequences from complete gene families were uploaded 
as fasta files. In each case, only the first rank localization is displayed. For all predictors, the 
default settings for mammalian or animal proteins were used. The presence of prenelation 
motifs was determined using the PrePS web server (17).

Protein Alignments
Primary amino acid alignments were performed in ClustalX2 using the neighbour-joining algo-
rithm and Blosum matrixes at the default settings (18). Bootstrap analysis was performed us-
ing 1000 random number generator seeds and 1000 bootstrap trials. Phylograms were made 
by importing the homology tree output of ClustalX in TreeView (19). The distance is depicted 
in the scale bar of Figure 1 as 0.1 amino acids substitutions per position. 

Library cloning and validation

Gene Cloning
Detailed information about the plasmids used in this study can be found in Figure 2. Briefly, 
tetracycline-inducible HSP expression plasmids were constructed as follows. First, the GFP 
and the V5 tag, harbouring a Kozak consensus ATG initiation codon and lacking a stop codon, 
were cloned in the pcDNA5/FRT/TO vector (Invitrogen). Subsequently the coding sequence 
of the different chaperones was amplified using the primers listed in table 8. As a template 
source, cDNA was made from total RNA as previously described (20). As a source of total 
RNA, QPCR Human reference Total RNA (Stratagene) was used which is a mixed source 
of RNA from the following cell line derivations: Adenocarcinoma, mammary gland; Hepato-
blastoma, liver; Adenocarcinoma, cervix; Embryonal carcinoma, testis; Glioblastoma, brain; 
Melanoma, skin; Liposarcoma, Histiocytic lymphoma, macrophage, histocyte; Lymphoblastic 
leukemia, T lymphoblast; Plasmacytoma, myeloma, B lymphocyte. DNAJB4, DNAJB5 and 
DNAJB8 were amplified from cloned full length cDNAs purchased from Open Biosystems 
(clone ID: DNAJB4: 4340658, DNAJB5: 4684829 and DNAJB8: 5296554). The fragments 
were cloned in pcDNA5/FRT/TO GFP lacking a stop codon resulting in a N-GFP-cDNA-C 
protein. The presence of the correct gene was sequenced verified. Protein expression was 
verified by Werstern blotting. Subsequently, fragments were subcloned to pcDNA5/FRT/TO 
V5 and pcDNA5/FRT/TO. 
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Luciferase refolding Assay
Cell lysis and luciferase activity measurements were done as previously described (21). Luci-
ferase activity was plotted relative to the percentage of activity in an unheated control. Error 
bars on plots represent standard deviations.

Filter trap assay
To determine protein aggregates, the filter trap assay was performed as previously described 
(22). Briefly, 10, 2 and 0.4 µg of protein extracts were applied onto 0,2 µm pore Cellulose 
Acetate membrane pre-washed with FTA + 0.1% SDS. Mild suction was applied and the mem-
brane was washed 3 times. Aggregated proteins trapped in the membrane were probed with 
a mouse anti-GFP antibody JL-8 (Clontech) at a 1:5000 dilution or a mouse anti-V5 antibody 
(Invitrogen) at a 1:5000 dilution followed by HRP-conjugated anti-mouse secondary antibody 
(Amersham) at 1:5000 dilution. Visualization was performed using enhanced chemilumines-
cence and Hyperfilm (ECL, Amersham).

Results

Bioinformatic analysis on the HSPH, HSPA and DNAJ gene family

Collecting the HSPH, HSPA and DNAJ gene family
In order to get a comprehensive overview of the gene family, we first extracted all human 
HSPH, HSPA and DNAJ family members from the NCBI gene database. It should be noted 
that beside these protein encoding genes, we found many pseudogenes scattered throughout 
the human genome. Typically, pseudogenes show types of decay such as frame-shifts, stop-
codons or gaps. For the HSPA family alone, already 30 pseudogenes have been documented 
(5). For gene selection, we extracted the annotated non-pseudo genes from the NCBI gene 
bank (9). We found 4 HSPH chaperones, 13 HSPA chaperones and 49 DNAJ chaperones. 
The genes including the protein name, the old and alternative names, the NCBI human gene 
ID, the mouse orthologue gene ID, the human gene locus, the protein length and the cal-
culated molecular mass are listed in Table 1. Classically, human chaperones were ranked 
according to molecular mass. However, as can be seen from table 1, many HSP genes devi-
ate from this and contain only a HSP-like domain such as the HSP70 ATPase domain or the 
HSP40 DNAJ domain. For instance, while many HSP40/DNAJ proteins are around 40 kD, the 
sizes of proteins within this family range from 16 kD (DNAJC15) to 254 kD (DNAJC13). For 
this reason, a revised nomenclature was recently suggested (Table submitted to Cell Stress 
and Chaperones).
HSPA6 and HSPA7 were not found in mice. Although HSPA7 contains an internal frame shift 
and might be a pseudogene, bypassing the frame shift will result in a protein with a full length 
homology to HSPA1A. Thus, the HSPA7 protein with a full length homology to HSPA1A might 
be produced and this has recently been explained elsewhere (5).

Patterns of tissue specific HSPH, HSPA and DNAJ expression
Cellular specialization may require specialized chaperone proteins and therefore may be re-
sponsible for part of the chaperone gene expansion. The expression pattern of most chap-
erone genes is currently unknown. An estimation of the expression pattern can be made by 
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assessing the relative number of Expressed sequence tags (EST) per tissue using the Uni-
gene database (23). However, some caution should be taken as the Unigene assignments of 
ESTs to individual genes is not necessarily accurate (i.e. poor sequence quality and related 
sequences lead to incorrect ‘binning’ of some ESTs).
The expression estimates are displayed in Table 2 (HSPH/HSPA), Table 3 (DNAJA/B) and Ta-
ble 4 (DNAJC). The peak expression for each tissue is indicated in bold. As expected, HSPA8 
shows a high expression in most tissues (Table 2). In contrast, HSPH3, HSPA1L, HSPA6, 
HSPA7, HSPA12A and HSPA12B show very low levels in most tissues. HSPH3 and HSPA1L 
show the highest expression in the testis which is in agreement with literature (24;25). HSPA6 
is absent under non stress conditions and only expressed upon severe heat shock conditions 
(26). The expression of HSPA1A is extremely variable ranging from being absent in lymph 

Table 2: Expression levels of HspH and HspA genes in various human tissues. Number of tran-
scripts per million are indicated. 
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S
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12
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S
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H
S
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13

H
S

P
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14

adipose tissue 152 76 0 76 684 608 0 0 608 76 0 989 76 76 0 0 76
adrenal gland 180 120 0 210 1740 390 0 60 360 90 0 3780 510 90 0 90 30
ascites 99 199 24 124 49 49 0 0 648 0 0 2720 923 0 0 24 24
bladder 199 0 66 33 663 1161 0 0 199 99 33 1990 431 0 0 232 99
blood 120 24 8 88 555 80 0 8 161 112 8 3069 386 0 0 40 40
bone 125 153 0 97 153 0 0 0 501 13 27 1267 320 0 13 55 55
bone marrow 142 61 0 447 40 81 0 40 610 20 0 1688 447 0 0 40 20
brain 278 50 34 231 850 223 5 634 120 9 3 3672 338 87 8 130 67
cervix 82 123 20 103 144 103 0 20 247 0 0 1257 453 0 20 103 82
connective tissue 80 60 6 120 347 40 13 26 267 13 6 2145 227 26 0 60 26

000161676300221221004370016381 rae
embryonic tissue 115 180 0 189 92 37 0 13 671 0 0 1315 278 13 0 83 92
esophagus 246 98 49 689 2710 1724 0 246 1182 98 49 1921 542 0 0 49 197

244902473134014141581244165081583290116 eye
heart 55 33 11 55 1638 365 11 66 188 33 11 2170 232 22 66 33 22
intestine 127 131 4 233 1028 165 0 72 416 16 8 3552 271 4 4 33 29
kidney 159 65 37 301 889 221 9 192 122 9 4 4628 348 56 42 94 18
larynx 81 0 0 81 245 81 0 0 613 0 0 695 81 0 0 0 81

3333003728321006234412761320398426 revil
lung 124 97 23 198 1475 162 8 17 210 76 2 1174 239 0 17 50 20
lymph 112 90 0 112 0 0 0 0 45 0 0 1373 315 0 0 0 0
lymph node 185 108 0 10 0 10 0 0 174 0 0 566 152 0 0 87 217
mammary gland 71 155 6 1237 589 97 25 12 719 12 6 2280 563 6 0 71 58
mouth 295 191 29 280 1372 132 0 162 132 0 14 1918 575 0 0 29 103
muscle 147 83 27 166 258 55 0 27 110 9 0 2949 342 27 0 27 27
nerve 316 63 0 253 2658 253 0 0 379 0 63 1202 189 379 0 0 63
ovary 38 87 0 136 58 87 0 0 428 19 0 1558 87 29 19 48 38
pancreas 69 78 0 130 380 157 0 4 390 18 0 808 125 0 0 27 27
parathyroid 48 0 48 0 0 0 0 0 48 0 0 484 436 48 0 0 339
pharynx 0 48 0 48 24 0 0 24 96 0 0 2144 144 0 0 24 24
pituitary gland 597 59 0 59 119 0 59 59 537 59 0 1732 179 119 0 0 59
placenta 88 84 10 119 165 17 0 225 306 0 56 908 221 14 56 77 70
prostate 41 115 15 120 1131 193 5 20 366 10 5 1560 146 20 0 36 47
salivary gland 0 147 0 49 0 0 0 147 49 0 0 394 98 0 0 49 49
skin 127 189 0 146 222 56 0 146 174 18 4 2622 411 18 9 14 47
spleen 36 18 0 55 6992 1405 18 92 110 73 0 5512 295 18 110 18 18
stomach 205 432 0 72 586 154 0 41 483 30 10 2038 123 0 10 0 20
testis 365 93 223 374 193 42 105 543 262 0 3 2079 322 21 9 172 78
thymus 135 36 12 110 1821 406 0 12 36 159 0 4270 258 0 12 49 61
thyroid 166 41 20 229 500 312 20 0 1835 0 0 1335 584 104 20 0 62
tonsil 58 117 0 58 58 0 0 58 0 0 0 469 0 0 0 0 234
trachea 381 19 152 991 2345 801 0 57 38 190 57 3318 209 0 19 247 38
umbilical cord 0 0 0 798 0 0 0 726 145 0 0 1597 145 0 72 0 0
uterus 89 115 17 200 722 273 8 111 585 8 4 2381 290 21 8 81 34
vascular 173 0 19 924 962 57 0 19 173 0 0 8356 423 38 0 115 0
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(node), parathyroid and umbilical cord to being expressed at very high levels in the spleen. As 
for the HSPH/HSPA family, the DNAJ family shows a highly variable expression profile (Table 
3 and 4). The highest expressed members throughout tissues are DNAJA1, DNAJB1 and 
DNAJB6 indicative for being “housekeeping” DNAJ chaperones although they all are lacking 
in a few tissues. As for the HSPA/HSPH families, the DNAJ family shows testis specific mem-
bers (DNAJB7, DNAJB8, DNAJC5B, DNAJC5G). In general, with the exception of the testis, 
most HSP genes do not show an expression restricted to only a single tissue. In addition, peak 
levels per tissue are highly variable from gene to gene, providing no direct correlative clue for 
any specific partnerships between the diverse family members. 

Patterns of developmental expression
We also used the Unigene database to look for developmental specific expression patterns 
(Table 5). The results show that HSPs are differentially expressed at different developmental 
stages. HSPA1A shows a large variation throughout different developmental stages. Interest-

Table 3: Expression levels of DnaJA and DnaJB genes in various human tissues. Number of tran-
scripts per million are indicated. 
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adipose tissue 532 76 76 0 1065 76 152 0 152 0 0 76 0 152 0 76
adrenal gland 180 60 30 0 210 0 30 60 180 0 0 0 0 120 0 30
ascites 224 124 149 0 374 74 0 0 324 0 0 0 49 74 0 49
bladder 165 66 66 99 199 66 99 0 132 0 0 33 0 33 0 0
blood 169 96 88 32 128 24 32 8 161 0 0 32 56 32 0 32
bone 125 194 69 0 125 83 27 27 125 0 0 27 41 27 0 0
bone marrow 183 20 61 20 244 20 122 0 122 0 0 0 40 40 0 0
brain 264 62 115 54 191 84 72 45 221 0 3 66 31 58 0 26
cervix 268 20 82 82 164 20 20 0 82 0 0 41 82 20 0 0
connective tissue 93 26 53 20 93 26 53 6 200 0 0 60 26 20 6 20

0002210001600016000221 rae
embryonic tissue 305 46 55 0 120 41 32 37 236 0 0 18 74 27 0 50
esophagus 98 98 246 49 246 49 344 0 344 0 0 0 0 147 0 0

73033663304071243249722243225802 eye
heart 143 44 33 88 265 22 166 55 199 0 0 99 121 66 0 0
intestine 165 123 80 29 237 33 12 12 191 0 0 29 42 63 0 25
kidney 202 23 47 14 197 42 117 32 225 0 0 117 18 84 0 18

00400403610 xnyral 163 204 0 0 0 40 0 0 0
liver 196 96 38 33 177 48 144 9 172 0 0 38 38 24 4 14
lung 171 47 50 70 275 79 23 17 162 0 0 47 62 59 2 41
lymph 90 22 90 0 67 90 22 0 157 0 0 0 112 22 0 0
lymph node 76 43 32 54 76 32 0 10 76 10 0 10 32 65 0 152
mammary gland 129 90 90 71 362 25 25 12 317 0 0 45 38 58 0 51
mouth 29 88 118 88 88 44 14 0 354 0 0 29 14 29 0 14
muscle 203 120 101 27 166 55 92 64 166 0 0 27 18 83 0 55
nerve 189 0 126 189 696 189 189 0 63 0 0 63 63 126 0 0
ovary 136 87 107 9 185 48 9 38 116 0 0 9 19 19 9 0
pancreas 116 27 51 41 199 65 13 4 176 0 0 51 65 55 0 55
parathyroid 0 0 0 48 145 0 0 48 48 0 0 0 48 96 0 0
pharynx 578 48 48 24 120 0 0 0 506 0 0 24 24 72 0 96
pituitary gland 478 59 0 119 298 119 59 59 179 0 0 59 0 0 0 59
placenta 133 91 49 10 186 66 31 3 154 0 0 169 116 56 0 63
prostate 99 62 52 26 235 52 10 57 115 0 0 47 104 68 10 20
salivary gland 98 49 197 0 98 0 147 0 98 0 0 98 0 197 0 0
skin 170 61 70 75 226 61 42 51 396 0 0 9 42 61 0 23
spleen 129 92 55 18 591 18 0 18 295 0 0 55 55 55 0 36
stomach 205 20 61 41 102 41 41 0 236 0 0 51 102 10 0 10
testis 277 114 63 51 546 30 24 18 253 24 39 87 27 48 15 15
thymus 12 49 49 24 184 36 73 0 196 0 0 73 24 24 0 12
thyroid 208 146 62 20 104 125 41 20 104 20 0 20 146 20 0 0
tonsil 880 0 58 0 58 117 0 0 0 0 0 0 58 176 0 0
trachea 190 57 19 247 228 19 19 0 152 0 0 114 0 19 38 19
umbilical cord 72 0 0 0 0 0 0 0 0 0 0 0 0 145 0 0
uterus 286 111 25 42 324 38 47 34 252 0 0 21 34 55 12 25
vascular 481 38 38 0 211 0 423 0 288 0 0 77 0 19 0 0
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ingly, many DNAJC members are expressed during embryogenesis but are repressed in the 
neonate or infant (DNAC4-6 and DNAJC16-20). Only a minority of the genes were expressed 
the highest at adult stages. 

Heat induced transcription
Although HSPs were originally identified as heat inducible proteins, most members are iden-
tified according to presence of typical domains such as the HSP70 ATPase domain or the 
HSP40 DNAJ domain. For most of these members, it is currently unknown whether they are 
induced by heat. To investigate this, we used Affymetrix gene array data (11) and performed 
a biased search on the heat inducibility for HSPH, HSPA and DNAJ members (Table 6). We 
used an arbitrary threshold of 2-fold induction to define heat inducibility. Using this threshold 
we found that HSPH1, HSPA1A, HSPA1B, HSPA1L, HSPA6, DNAJB1, DNAJB2, DNAJB4 
and DNAJB6 are the major heat inducible genes in Hela cells. Thus, the majority of HSPs are 
not heat inducible. Of course, it must be noted that these patterns could be different for other 
cell lines and other heat conditions.

Subcellular localization
Determination of HSP localization is essential to understand its biochemical function. Unfor-
tunately, high throughput analysis of HSP localization without the use of possible interfering 
tags is currently impossible due to the lack of specific antibodies. As subcellular localiza-
tion signals share common characteristics, computational methods have been developed to 
predict the subcellular localization of proteins (27). We selected several publicly available 
localization prediction methods which accept large batches of protein sequences and which 
were able to predict all of the major subcellular localizations. The selected methods were 
Wolf PSORT (12), pTarget (13), CELLO (15), Multiloc (16) and Proteome Analyst (14). In 
addition, we searched the human protein database (28) for experimentally verified HSP lo-
calizations. As can be seen from Table 7, there are large variations in the prediction using 
the various programs. Therefore, we first searched for the prediction method that showed 
the highest accuracy for biochemical verified HSP members such as HSPA1A/HSP70 (cy-
tosol/nucleus), HSPA1B/HSP72 (cytosol/nucleus), HSPA8/Hsc70 (cytosol/nucleus), HSPA5/
Bip (ER), HSPA9/Grp75 (mitochondria), DNAJA3/Tid1 (Mitochondria), DNAJB1/HSP40 (cy-
tosol/nucleus), DNAJB9/ERdJ4 (ER) DNAJB11/Erdj3 (ER), DNAJC1/ERdJ1 (ER), DNAJC10/
ERdj5 (ER) and DNAJC19/TIM14 (mitochondria). Out of these 12 known localized proteins 
the following number of correct predictions were found: Wolf PSORT: 7, pTarget: 10, CELLO: 
8, Multiloc: 7 and Proteome Analyst: 10. Thus, Proteome Analyst and CELLO showed the 
highest correct prediction. However it should be noted that at this stage, all prediction are 
potentially unreliable and should be used carefully. The scoring of the most reliable predic-
tion method does rely on a relatively low number of verified chaperone proteins and the most 
reliable prediction program could therefore change in the future once more proteins will be 
experimentally verified.
We used the PrePS web server to predict farnesylation of chaperones. As shown in Table 
7, DNAJA1 and DNAJA4 are predicted to be prenylated by farnesyltransferase which is in 
agreement with literature (29). In addition, DNAJB2b was predicted to be prenylated by gera-
nylgeranyltransferase I as shown in the literature (30). 

Homology of HSPH, HSPA and DNAJ paralogs
Next, we computed protein similarity trees based on the alignments of the HSP protein se-
quences using the Neighboring-joining clustering method (31). Figure 1 shows the output of 
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these alignments depicted as phylograms. Three subfamilies can be derived from Figure 1A. 
As expected, the first contains all the HSPH/HSP110 members. The second subfamily contains 
the cytosolic predicted HSPA proteins HSPA1A, HSPA1B, HSPA1L, HSPA2, HSPA6, HSPA8 
and is flanked by the ER localized HSPA5 and the mitochondrial localized HSPA9 protein. The 
third sub-family consists of the distantly related HSPA12A and HSPA12B proteins. Thus a high 
number of highly related HSPA proteins are localized in the cytosolic/nuclear compartment. To 
date, the reason for so many highly related cytosolic HSPA proteins is unknown. 
DNAJ proteins can be divided in three sub families on the bases of the primary amino acid 
composition and are classified as type A, B and C proteins (32). Type A proteins are the clos-
est human orthologues of the E. coli DNAJ and contain, besides an extreme N-terminal J-
domain, a glycine/phenylalanine-rich region, a cysteine rich region, and a variable C-terminal 
domain. Type B proteins contain an N-terminal J-domain, a glycine/phenylalanine-rich region 
but lack the cysteine rich region. Type C DNAJ proteins contain only the J domain that is not 
necessarily restricted at the N-terminus but can be positioned at any place within the protein 
(32). DNAJA is a highly related family of proteins and DNAJA3 (the mitochondrial localized 
member) is the most distantly related member (Figure 1B). For the DNAJB family, three ma-

Table 4: Expression levels of DnaJC genes in various human tissues. Number of transcripts per 
million are indicated. 
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N
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13

D
N
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14

D
N

A
JC

15

adipose tissue 0 0 0 76 0 0 0 0 152 152 0 0 228 0 0 0 0
adrenal gland 60 0 30 0 0 0 0 0 210 210 30 30 90 0 30 60 30
ascites 24 74 0 24 49 0 0 0 249 199 24 49 124 74 24 349 24
bladder 0 33 33 0 33 0 0 0 66 132 66 0 0 0 99 99 0
blood 24 40 56 0 80 0 0 0 64 499 16 8 32 0 8 161 0
bone 111 27 0 27 69 0 0 0 69 181 27 97 55 41 55 222 41
bone marrow 0 20 40 40 0 0 0 20 81 183 20 61 20 122 20 40 0
brain 16 15 18 21 64 4 1 231 84 54 17 73 114 19 31 58 40

02281628321002461160000200280 xivrec
connective tissue 66 0 6 46 53 6 0 0 33 233 33 100 33 106 113 200 167

16 rae 0 0 0 0 0 0 0 0 61 122 183 0 0 0 0 61
embryonic tissue 37 41 9 23 50 0 4 4 88 189 32 157 78 0 27 115 9
esophagus 0 0 197 0 0 0 0 0 147 49 49 197 0 0 0 0 0

5744182 eye 137 0 0 23 109 128 23 33 47 9 28 132 52
heart 22 22 0 44 33 0 0 11 44 177 33 33 55 0 66 55 121
intestine 84 29 16 93 123 0 0 12 67 131 72 38 59 16 25 67 72
kidney 61 37 28 112 18 0 0 18 61 94 37 61 122 18 28 65 94
larynx 122 40 0 122 81 0 0 0 0 0 0 0 0 0 40 163 0

27 revil 95 14 0 38 0 0 4 62 134 19 148 24 24 24 100 28
928617102565605471954102901331712356 gnul

lymph 22 22 45 22 90 0 0 45 337 157 0 22 878 45 22 22 22
lymph node 0 32 21 130 119 0 0 0 21 76 43 272 32 0 87 43 87
mammary gland 25 58 19 45 116 12 0 6 97 64 19 90 90 19 32 155 38
mouth 14 0 14 59 0 0 0 0 29 44 0 88 162 0 147 147 29
muscle 0 0 36 18 110 0 0 18 18 83 0 46 147 18 27 92 36
nerve 0 0 0 0 63 0 0 253 0 0 63 63 0 0 0 63 0
ovary 29 38 9 87 77 0 0 0 38 224 19 29 48 0 38 107 0
pancreas 37 4 4 55 74 0 0 9 46 65 4 102 32 69 18 69 46
parathyroid 193 0 0 290 0 0 0 0 48 581 0 48 0 387 145 0 96
pharynx 0 0 24 0 0 0 0 0 24 963 0 24 24 0 48 192 48
pituitary gland 0 0 0 59 59 0 0 59 0 0 0 59 0 0 119 0 119
placenta 49 17 31 21 17 10 0 42 66 151 7 38 59 0 42 98 42
prostate 41 26 10 94 94 0 0 0 115 89 15 52 78 10 41 89 73
salivary gland 0 0 0 0 0 0 0 0 147 0 0 0 0 197 98 49 0

3315130196607240616541005882417466 niks
spleen 36 73 18 36 55 0 0 0 92 73 0 110 203 0 0 18 55
stomach 41 30 10 30 82 0 0 10 113 123 10 82 51 0 41 41 30
testis 18 72 21 66 30 45 39 9 57 81 6 338 141 12 60 162 39
thymus 73 36 0 12 0 0 0 0 36 12 12 123 110 0 24 159 12
thyroid 62 20 0 41 20 0 0 0 125 20 0 83 62 0 41 83 0
tonsil 58 0 0 58 0 0 0 0 58 117 0 58 293 0 0 293 58
trachea 38 76 114 0 19 0 0 0 57 38 0 648 133 0 57 38 19
umbilical cord 290 0 72 0 0 0 0 0 145 0 0 217 0 0 0 0 0
uterus 34 55 8 4 55 0 0 0 111 149 12 205 85 4 42 175 29
vascular 19 19 57 0 19 0 0 19 115 57 0 269 19 0 115 38 77
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Table 4 continued: Expression levels of DnaJC genes in various human tissues. Number of tran-
scripts per million are indicated. 
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adipose tissue 0 0 0 0 0 0 0 304 0 0 152 0 0 76 0
adrenal gland 0 0 0 60 0 30 0 30 30 60 60 30 0 0 0
ascites 49 0 24 0 24 24 24 49 0 24 99 0 0 0 0
bladder 0 33 0 33 0 0 0 0 33 166 66 0 0 0 0
blood 16 0 8 0 8 40 0 32 24 64 96 0 8 16 40
bone 0 0 0 0 13 13 0 83 13 69 55 0 13 13 13
bone marrow 61 0 0 101 0 0 0 162 61 101 0 0 0 20 0

425622237359936713079110251 niarb
14000141402301002000020 xivrec

connective tissue 13 6 20 6 6 20 0 60 0 80 33 6 0 26 13
16098400016000 rae 0 0 0 0 61

embryonic tissue 13 13 23 37 4 41 0 74 27 32 64 9 4 74 4
esophagus 0 0 0 49 0 0 0 0 0 0 0 0 0 0 0

247306604198282974 eye 71 0 28 23
heart 11 0 0 55 22 33 0 55 0 11 22 33 0 0 66
intestine 50 0 0 127 12 21 33 50 12 50 135 8 0 25 25
kidney 32 4 23 75 32 14 32 70 14 127 61 37 0 32 32

018000040 xnyral 900 0 0 0 0 0 0 81
82320091769180834910419 revil
539222337585601232622354153 gnul

lymph 0 0 0 0 45 0 0 0 0 22 22 0 0 22 0
lymph node 152 21 0 43 0 10 0 43 0 32 141 0 0 32 32
mammary gland 0 25 6 51 0 38 19 136 19 64 64 6 0 12 25
mouth 14 44 0 14 0 0 0 74 0 74 59 0 0 0 0
muscle 36 18 46 92 0 27 0 55 18 18 36 27 0 46 0
nerve 63 0 0 0 0 0 0 63 0 63 126 0 0 0 0
ovary 29 0 9 9 0 38 19 38 9 9 136 29 0 0 38
pancreas 4 0 0 27 4 27 13 51 51 204 46 51 0 4 27
parathyroid 0 0 0 48 0 0 0 48 0 48 242 0 0 0 96
pharynx 48 0 0 0 0 24 0 0 24 72 0 0 24 24 0
pituitary gland 0 0 59 179 0 0 0 0 0 59 179 0 0 0 0
placenta 31 24 7 35 7 17 3 56 3 77 80 7 0 3 3
prostate 15 5 5 335 10 41 0 146 20 83 52 26 0 0 26
salivary gland 0 49 0 147 0 0 0 0 49 147 295 0 0 0 0

81410024570820324182444 niks
spleen 18 0 0 0 0 0 0 36 0 18 36 0 0 18 36
stomach 0 51 10 0 0 92 10 41 0 72 41 20 10 0 41
testis 33 6 147 33 3 15 3 102 21 48 87 72 18 9 18
thymus 12 0 24 12 0 36 0 36 0 0 123 12 0 0 0
thyroid 41 104 0 41 62 41 0 125 0 41 62 20 0 0 0
tonsil 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
trachea 38 38 0 19 0 0 0 209 0 0 114 0 19 38 19
umbilical cord 0 0 0 0 0 0 0 145 0 0 0 0 0 72 0

716704439821678214129248 suretu
vascular 0 0 0 96 0 19 19 19 0 57 0 0 0 77 57

jor subfamilies are found (Figure 1C). The first consists of the members DNAJB2, DNAJB6 
DNAJB7 and DNAJB8, the second of the members DNAJB1, DNAJB4, DNAJB5, DNAJB9, 
DNAJB11 and DNAJB13 and the third of the members DNAJB12 and DNAJB14. Although 
different C-termini could be defined based on the primary amino acid level within the DNAJB 
family, at present, no clear biochemical function can be assigned to one of these subfamilies. 
The DNAJC family (Figure 1D) shows the highest divergence of all families. Based on these 
results we decided to clone the HSPH, HSPA, DNAJA and DNAJB family. As the DNAJC fam-
ily is highly diverse, we omitted this family for library construction.

Cloning the HSPH, HSPA and DNAJ gene families

Selection of an expression system
For cloning a human expression library to perform reverse genetic screens, we used a robust 
and versatile system with a high degree of flexibility; the Flp-In T-Rex tetracycline inducible 
expression system. The core promoter of this construct contains the full human cytomegalovi-
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rus (CMV) promoter followed by two 
tetracycline repressor binding sites. 
Thus, in cell systems engineered to 
express the tetracycline repressor, 
tetracycline can be used for regulat-
ed expression of the gene of interest, 
whereas full CMV strength promoter 
activity will be achieved in cell sys-
tems which do not contain the tetra-
cycline repressor (33). In addition to 
regulated expression, the vector con-
tains an FRT recombination site for 
the Flp recombinase mediated stable 
integration of the vector at a specific 
site in an engineered FRT site har-
boring cell line (34). The eukaryotic 
selection marker lacks a start codon 
which selects for a site specific inte-
gration in the target genome. We se-
lected the Flp-In T-Rex 293 cell line, 
a modified human embryonic kidney 
(Hek-293) cell line that expresses the 
tetracycline repressor and harbors a 
single copy of the FRT site at an ac-
tive site in the genome. The Hek-293 
cell line has been used extensively 
as a model for protein folding diseas-
es and is widely known for its ease 
of manipulation (35). A summary of 
the Flp-In T-Rex system is depicted 
in Figure 2. 

Construction of vector fusion 
tags

Specific antibodies against most of the recently identified human heat shock proteins are not 
available. To verify the expression of the different proteins, we used a subset of frequently 
used protein tags. In some cases, protein tags interfere with the native function of the protein 
(36). Therefore, caution must be taken with the interpretation of the results obtained. In gen-
eral, experiments using this library can always be confirmed using the non-tagged version. 
Although the protein expression can not be confirmed with the untagged version, one can 
easily compare the biological effects detected in a particular assay. 
As a first step towards a vector library for the expression of different heat shock proteins, we 
selected different protein tags harboring different biological properties. eGFP was selected for 
subcellular localization studies. As a second (smaller) tag, we used the V5 tag, consisting of 
only 14 amino acids for which high affinity anti-bodies are commercially available. In addition, 
we used a hexa-histidine tag for protein precipitation experiments (Figure 2). 
To reduce cloning efforts, an N-terminal fusion tag was preferred. In this setting, we could 
maintain the natural stop codon in the gene of interest, which allows for simple shuttling from 

Table 5: Expression levels of Hsp genes at various 
developmental stages. Number of transcripts per million 
are indicated.  
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HSPH1 254 32 165 160 168 394 127
HSPH2 98 208 61 0 42 89 132
HSPH3 0 0 15 0 42 0 13
HSPH4 254 224 181 224 0 538 185
HSPA1A 84 80 713 448 168 896 274
HSPA1B 70 32 155 128 42 215 105
HSPA1L 0 0 14 0 0 0 1
HSPA2 0 32 24 320 0 35 67
HSPA5 819 529 174 64 126 269 438
HSPA6 0 0 7 64 0 0 17
HSPA7 0 0 1 0 0 0 12
HSPA8 1102 1283 2208 6509 8999 7371 2014
HSPA9 339 288 211 577 337 789 265
HSPA12A 14 32 22 32 253 107 28
HSPA12B 0 0 8 64 0 0 13
HSPA13 84 96 77 0 84 0 54
HSPA14 56 64 52 0 253 35 52
DNAJA1 197 304 140 64 844 358 158
DNAJA2 56 80 51 64 84 89 86
DNAJA3 56 80 40 0 42 125 52
DNAJA4 0 0 75 0 0 53 45
DNAJB1 127 96 155 320 211 430 236
DNAJB2 42 48 47 0 0 53 77
DNAJB4 56 16 38 256 42 107 36
DNAJB5 28 80 82 0 168 0 24
DNAJB6 127 336 147 416 253 251 207
DNAJB7 0 0 3 0 0 17 0
DNAJB8 0 0 5 0 0 0 2
DNAJB9 28 0 22 0 126 89 57
DNAJB11 42 128 51 32 0 17 66
DNAJB12 42 16 33 64 42 0 51
DNAJB13 0 0 0 0 0 0 2
DNAJB14 42 48 26 64 42 17 38
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tagged to non-tagged constructs. 
However, it should be mentioned that 
N-terminal fusion tags could inter-
fere with the import in subcellular or-
ganelles such as the ER or mitochon-
dria and non-tagged versions are in 
such cases preferred.
An overview of the fusion tag clon-
ing primers and procedure is shown 
in Figure 2. The PCR product of the 
eGFP gene lacking a stop-codon was 
cloned in pcDNA5/FRT/TO. For V5 
and His tags, the corresponding oligos 
where annealed and cloned directly in 
the pcDNA5/FRT/TO vector. 

Cloning the chaperone library 
The focus of our gene library is on 
the cytosolic and nuclear expressed 
chaperones. Therefore, we selected 
the HSP70/HSPA proteins which are 
putatively expressed in the cytosol or 
the nucleus (Table 7). For the HSP40/
DNAJ family of proteins, we select-
ed the major part of the DNAJA and 
DNAJB subfamily which are the clos-
est orthologs to E. coli DNAJ. As a 
certain human cell type typically only 
expresses a subset of its genes, we 
used pooled RNA from 10 different 
human cell lines as a source for cDNA 
synthesis and gene amplification. No 
amplification products were obtained 
for DNAJB4, DNAJB5 and DNAJB8. 
Instead, these genes were amplified 
from commercially obtained cDNA 
plasmids (Open Biosystems, Huntsville, AL). In addition, the HSPA6 gene was not amplified 
from the pooled cDNA. As this gene did not contain any introns, we amplified it directly from 
human chromosomal DNA. The yeast HSP70 gene SSA1, and the prokaryotic HSP70 gene 
DNAK were amplified from genomic Saccharomyces cerevisiae and Escherichia coli DNA 
respectively. An overview of the cloning procedure can be found in Figure 2 and the cloning 
details can be found in Table 8. We used a nested PCR approach for the HSPH gene family as 
the sequence start and end of these members is highly similar. The PCR products were puri-
fied, digested and cloned in the pcDNA5/FRT/TO GFP vector. The constructs were sequence 
verified for the presence of the correct insert. Thereafter, expression was verified by Western 
blot analysis (data not shown) and the genes were subcloned in the pcDNA5/FRT/TO V5, 
pcDNA5/FRT/TO HIS and the pcDNA5/FRT/TO vector. 

Table 5 continued: Expression levels of Hsp genes at 
various developmental stages. Number of transcripts per 
million are indicated.
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DNAJC1 70 0 61 128 0 107 44
DNAJC2 56 64 33 32 42 17 35
DNAJC3 28 0 22 32 0 17 17
DNAJC4 28 0 58 0 0 0 46
DNAJC5 84 80 31 0 0 35 79
DNAJC5B 0 0 0 0 0 0 5
DNAJC5G 0 16 0 0 0 0 2
DNAJC6 14 0 58 0 0 71 27
DNAJC7 70 64 63 128 0 107 90
DNAJC8 127 192 105 160 84 161 131
DNAJC9 42 32 36 32 126 17 23
DNAJC10 240 144 73 160 84 358 72
DNAJC11 56 128 72 64 42 35 52
DNAJC12 0 0 40 0 0 0 30
DNAJC13 28 16 77 0 42 0 47
DNAJC14 155 160 81 32 0 35 115
DNAJC15 14 16 59 0 0 0 50
DNAJC16 0 16 12 0 0 53 26
DNAJC17 0 32 5 0 0 0 14
DNAJC18 14 64 118 0 42 0 16
DNAJC19 14 64 84 0 0 17 68
DNAJC20 14 0 21 0 0 0 8
DNAJC21 70 48 36 32 0 0 35
DNAJC22 0 0 0 0 0 0 7
DNAJC23 70 80 81 64 0 143 94
DNAJC24 28 32 7 0 0 0 6
DNAJC25 56 16 56 64 0 0 67
DNAJC26 56 96 47 0 0 35 69
DNAJC27 0 16 51 0 0 0 13
DNAJC28 0 16 14 0 0 0 1
DNAJC29 70 112 75 64 0 17 14
DNAJC30 14 0 47 0 0 35 22



Chapter 2

42

Table 6: Heat induced transcription of hsp genes. Affymetrix gene array data. data are shown as fold 
change compared to an unheated control

Family Gene Symbol 0.5 hour 2 hours 4 hours Probe Set ID

HSPH HSPH1 0.9 2.6 3.1 206976_s_at
ta_4188023.15.19.02HPSH

HSPH3 0.9 1.8 2.0 205543_at
ta_s_5280022.10.10.14HPSH

HSPA HSPA1A 1.1 2.3 2.0 200799_at
HSPA1A /// HSPA1B 1.2 4.4 3.3 200800_s_at
HSPA1L 0.9 2.6 1.1 210189_at

ta_s_8351129.00.19.02APSH
ta_6391124.12.19.05APSH

HSPA6 1.3 64.1 5.8 117_at
ta_x_7868029.01.19.08APSH
ta_0960020.19.09.0B9APSH
ta_4344127.08.09.0A21APSH
ta_7552028.08.09.031APSH
ta_2129129.09.00.141APSH
ta_0880025.15.10.11AJANDAJAND
ta_7519028.09.09.02AJAND
ta_s_3695027.09.09.03AJAND
ta_5930222.19.11.14AJAND

DNAJB DNAJB1 1.0 5.7 2.8 200664_s_at
DNAJB2 1.1 2.1 1.4 202500_at
DNAJB4 0.8 3.0 1.0 203810_at

ta_7182120.10.19.05BJAND
DNAJB6 0.8 1.7 2.0 208810_at

ta_3482028.02.16.09BJAND
ta_5682029.08.00.121BJAND
ta_8334122.11.11.121BJAND
ta_s_7329124.07.06.041BJAND
ta_s_9048121.10.13.11CJANDCJAND
ta_s_9948020.18.00.13CJAND
ta_1876021.10.10.14CJAND
ta_s_0274027.07.08.06CJAND
ta_6142024.12.10.17CJAND
ta_0942129.08.08.08CJAND
ta_s_8803120.19.09.09CJAND
ta_2871228.08.09.001CJAND
ta_s_2975120.19.00.111CJAND
ta_6798128.08.00.121CJAND
ta_7642128.09.00.131CJAND
ta_5348120.10.10.151CJAND
ta_8092125.08.07.061CJAND
ta_1689122.10.11.171CJAND
ta_5956120.10.10.122CJAND

DNAJC23 0.8 0.8 0.7 201914_s_at
DNAJC26 1.1 1.0 1.1 202281_at
DNAJC28 0.9 1.1 1.0 220372_at
DNAJC29 1.0 0.6 0.7 213262_at
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wolf ptarget cello multiloc prot. analyst consensus experimental prenylation
HSPH HSPH1 c c c c c c  - no

HSPH2 c c n c c c g no
HSPH3 c c n n c c c no
HSPH4 e m c e e e e no

HSPA HSPA1A c c c p c c c no
HSPA1B c c c p c c c no
HSPA1L c c c p c c c no
HSPA2 c c c p c c n no
HSPA5 e c e e e e e no
HSPA6 c c c n c c n no
HSPA8 c c c p c c c no
HSPA9 m m m m m m m no
HSPA12A m  - m m  - m  - no
HSPA12B c n m p  -  -  - no
HSPA13 e e c e e e e no
HSPA14 x p c c c c  - no

DNAJA DNAJA1 c c n c e c c yes FT
DNAJA2 c c n n e cn c no
DNAJA3 m m m m m m m no
DNAJA4 c c n c e c a yes FT

DNAJB DNAJB1 n n c c c c c no
DNAJB2a n n c c  - cn c no
DNAJB2b n n o c  - n  - yes FT GGT1
DNAJB4 c c c c e c  - no
DNAJB5 c n c c e c  - no
DNAJB6a n c x c  - c c no
DNAJB6b c c c c  - c c no
DNAJB7 n c o n  - n  - no
DNAJB8 c c c n  - c  - no
DNAJB9 x e c x c xc e no
DNAJB11 x e c e e e e no
DNAJB12 m n c n e n  - no
DNAJB13 c c c c c c  - no
DNAJB14a c c c n e c  - no
DNAJB14b c c x n c c  - no

DNAJC DNAJC1 a n n e n n e no
DNAJC2 n  - n n n n  - no
DNAJC3 x c c e c c c no
DNAJC4 c n n n c n  - no
DNAJC5 c c x x e cx v no
DNAJC5B c c x a e c  - no
DNAJC5G c n x c e c  - no
DNAJC6 n n n n c n n no
DNAJC7 n c n c c c c no
DNAJC8 n n n n e n l no
DNAJC9 c e c c  - c  - no
DNAJC10 a e c g e e e no
DNAJC11 c c n n  - cn  - no
DNAJC12a c c n n  - cn  - no
DNAJC12b c c n c  - c  - no
DNAJC13 a  - c c c c d no
DNAJC14 c n m n e n e no
DNAJC15 x c m n m m  - no
DNAJC16 e e m g c e  - no
DNAJC17 c c n c n c  - no
DNAJC18 c c n n e cn  - no
DNAJC19 x m m m m m m no
DNAJC20 m m n m m m m no
DNAJC21a n n n n n n  - no
DNAJC21b n c n n n n  - no

oneaecyaea22CJAND
DNAJC23 a n n e e ne e no
DNAJC24 x c n c c c  - no
DNAJC25 a c a e c ac a no
DNAJC26 a m n n c n c no
DNAJC27 c c c c g c  - no
DNAJC28 m m m m  - m  - no
DNAJC29 c c n n  - cn  - no
DNAJC30 m e m x c m e no

legend: nuclear (n), mitochondrial (m), Golgi (g) ER (e), peroxisomes (p), extracellular (x), plasma mem-
brane (a), outher membrane (o), cytoplasmic vesicle (v), nucleolus (l), endosome (d), cytoskeleton (k), 
lysosome (y), farnesyltransferase (FT), geranylgeranyltransferase 1 (GGT1)

Table 7: Prediction of Hsp subcellular localization
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HSPA9
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Figure 1: Phylograms for the HSPH/A (A), DNAJA (B), DNAJB (C) and DNAJC (D) families. Primary 
amino acid alignments were performed using the Neighbour-joining algorithm using a Blosum scoring 
matrix in ClustalX (see methods for details). Bootstrap values are indicated on the branch-points.
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Validation of the library
To test the effect of the different protein tags, two different biochemical assays were used. 
First, the effect of the tag on the ability of HSPA1A to assist the refolding of heat-denatured 
luciferase was tested (37). Therefore, we used constructs containing the HSPA1A gene down-
stream and in frame with the GFP tag, the V5 tag and the pcDNA5/FRT/TO vector lacking a 
tag and compared the efficacy in the stimulation of luciferase refolding. The GFP tag signifi-
cantly reduced the activity of the HSPA1A protein (Figure 3A), whereas the V5 tag showed 
little to no significant effect on HSPA1A activity. Yet, modulation of HSPA1A related refolding 
by the co-factor BAG-1 (38) could be achieved with all tagged versions (Figure 3B). Thus, 
HSPA1A N-terminally tagged with eGFP may be less active related to non-tagged versions 
but seems unaffected in its ability to cooperate with its cofactors.
To test the effect of tagging DNAJ like proteins, we used a filter trap assay to detect aggrega-
tion of polyglutamine proteins such as mutant Huntingtin. Aggregated Huntingtin is SDS insol-
uble and retains trapped in a non-protein binding cellulose acetate membrane and DNAJB1 
is known to be able to inhibit this aggregation (22;39). We used constructs containing the 
DNAJB1 gene downstream and in frame with the GFP tag, the V5 tag and the pcDNA5/FRT/
TO vector lacking a tag and compared the efficacy of DNAJB1 in the suppression of mutant 
huntingtin aggregation. As shown in Figure 3C, untagged DNAJB1 strongly suppresses mu-
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tant Huntingtin aggregation containing a polyQ tract of 74 residues. Both the V5 and the GFP 
tagged showed an equal slight reduction on the aggregation suppression, but yet retained 
substantial activity. Thus, N-terminal tagging sometimes does influence the maximal activity of 
the chaperones tested. This implies that after performing experiments with our tagged HSPs, 
confirmation with untagged versions is required. 

Discussion
The HSPH/HSPA and DNAJ families are large gene families with many poorly studied indi-
vidual members. We used bioinformatics approaches to study the expression, the localization 
and the homology of these families. These approaches generated large datasets which will 
be useful for the systematic biochemical analysis of these family members. It was found that 
HSPs are expressed at highly variable levels in different tissues. So far, no clear patterns 
were seen for paired expression of certain members within e.g. the HSPA and DNAJ family 
in most tissues. Although it is valid to search for the highest expressing tissue for a particular 
transcript, it is difficult to compare the level of different transcripts for a particular tissue. This is 
believed to be partly caused by the fact that different messengers may have large differences 
in mRNA stability. Interestingly, we did find some pattern for the testis. A testis specific HSPA 
transcript was found (HSPA1L) as well as testis specific DNAJ members (DNAJB7, DNAJB8, 
DNAJC5B and DNAJC5G). This could indicate that HSPA1L cooperates with one of these 
DNAJ members. 
We also studied the expression levels of HSPs during various developmental stages. The 
results of the peak expression per transcript show that there is a wide variation in HSP ex-
pression throughout different developmental stages but many DNAJC members peak at the 
blastocyst and fetal stages, indicating that there is a need for specialized DNAJ members 
early in development.

Family Gene 5’-olig ilo-’3o g 2 etiS1 etiSo
ANANGTTCTCCCGACACTAATTTTAGGACTATTCTTTGGGACCCTC1HPSH

HSPH1* CACAGATATC GAGCTCCTAGCGCGTTGGGGTGGTGGCTGTACCA CTAGTCCAAGTCCATATTAACAG Eco RV Xho I
ANANCTGAATGTACCGTCCTCGAGGGATTCAGGAAGGTCACCCA2HPSH

HSPH2* GACAGATATC CGCCGGCGTCAGCAGATACGGGTGGTGGCTGTACCA GGAATCAATCAATGTCCATTTCAG Eco RV Not I
ANANGTTCATTGGTGCCCCAGGTAGCAGGAGAAGACCCGATAACG3HPSH

HSPH3* GACGGATATC CGCCGGCGCTAGCAGTTACGGTTGGTGTCTGTACCA AGACTTAGTCCACTTCCATCTC Eco RV Not I
HSPA1A ACCAGAGGATCCACCATGGCCAAAGCCGCGGCGAT ATCACTGCGGCCGCCTAATCTACCTCCTCAATGG Bam HI Not I
HSPA1L CACAGATATC CGCCGGCGTCAGTAAGGGAACCGTCATCGGTACCA TTAATCTACTTCTTCAATTGTGGGGC Eco RV Not I
HSPA2 CACACAGGATCCACCATGTCTGCCCGTGGCCCGGCT GACTGCGGCCGCTTAGTCCACTTCTTCGATGGTGG Bam HI Not I
HSPA6 GACAGATATC CGCCGGCGTCAGTCGAGGGCACCCCGGACGTACCA TCAATCAACCTCCTCAATGA Eco RV Not I
HSPA8 CACACAGGATCCACCATGTCCAAGGGACCTGCAGTTG GACTGCGGCCGCTTAATCAACCTCTTCAATGGTGGG Bam HI Not I
HSPA14 CACACAGGATCC CCGCCGGCGTCAGACTTGAGGCTACCGGCGGTACCA TAAGATGCTATCTCAATAGAGATTG Bam HI Not I
DNAK ACCAATGGATCC CGCCGGCGTAATAACTATGGTTAATAAAATGGGTACCA CCCGTGTCAGTATAATTACC Bam HI Not I
SSA1 TACTAAGGATCCACCATGTCAAAAGCTGTCGGTATTG TAGTATGCGGCCGCTTAATCAACTTCTTCAACGGTTGGACC Bam HI Not I
DNAJA1 CACAATGGATCCACCATGGTGAAAGAAACAACTTACTACG GACTGCGGCCGCTTAAGAGGTCTGACACTGAAC Bam HI Not I
DNAJA2 ATCCACGGATCCACCATGGCTAACGTGGCTGACACG GACTGCGGCCGCTTACTGATGGGCACACTGCAC Bam HI Not I
DNAJA3 ATTCGAGGATCCACCATGGCTGCGCGGTGCTCCACA GACTGCGGCCGCGGCTGGGATATCATGAGGTA Bam HI Not I
DNAJA4 ATAGCTGGATCC CGCCGGCGTCAGATGACCCAGAGGAAGTGGTACCA TCATGCCGTCTGGCACTGCAC Bam HI Not I
DNAJB1 CACAATGGATCCACCATGGGTAAAGACTACTACCAGACG GACTGCGGCCGCCTATATTGGAAGAACCTGCTCAAG Bam HI Not I
DNAJB2a ATCGATGGATCCACCATGGCATCCTACTACGAGATC TACGATGCGGCCGCTCAGAACACATCTGCGGGTTTC Bam HI Not I
DNAJB2b ATCGATGGATCCACCATGGCATCCTACTACGAGATC TACGATGCGGCCGCTCAGAGGATGAGGCAGCGAG Bam HI Not I
DNAJB3 TACTACGGATCC CGCCGGCGTGTCATTGGAGCATCATCAGGTGGTACCA TTACTGAGTATTGATGCGAAGCAG Bam HI Not I
DNAJB4 TGCAAAGGATCCACCATGGGGAAAGACTATTATTGC GACTGCGGCCGCCTATGAGGCAGGAAGATGTTTCC Bam HI Not I
DNAJB5 GATCGCGGCCGCACCATGGGAAAAGATTATTACAAGATTCTTGGG GATATCGGGCCCCTAGGAACAGGGTAGGTGCTGC Not I Apa I
DNAJB6b GATATAGGATCCGGAACCATGGTGGATTACTATGAAGTTCT GATATTGCGGCCGCTTACTTGTTATCCAAGCGCAG Bam HI Not I
DNAJB6a TATATAGGATCCACCATGGTGGATTACTATGAAGTTCT TATATAGCGGCCGCCTAGTGATTGCCTTTGGTCG Bam HI Not I
DNAJB7 GATTACGATATC CGCCGGCGCATTAGTGAAGTATCATTAGGTGGTACCA TTAACAATTCCTTTTGGTAGACTTC Eco RV Not I
DNAJB8 AAGTAAGGATCCACCATGGCTAACTACTACGAAGTG GATATAGCGGCCGCCTACTTGCTGTCCATCCATTTG Bam HI Not I
DNAJB9 GATCGCGGCCGC CCCGGGCTATAGTAACTGACCCCTCATCGGTACCA CTACTGTCCTGAACAGTCAG Not I Apa I
DNAJB10 ATCGATGGATCCACCATGGCATCCTACTACGAGATTC TACGATGCGGCCGCTCAGAACACATCTGCTGGCTTC Bam HI Not I

HSP110

HSP70

HSP40

Table 8: Summary of the library cloning



Computational analysis of the human HSPH/HSPA/DNAJ family

 47   

Surprisingly, the heat inducibility of the different HSPs was only restricted to a limited number 
of members within each family (HSPH1, HSPA1A/B, HSPA6, DNAJB1, DNAJB2, DNAJB4 
and DNAJB6). This could mean that HSPA1A or HSPA6 cooperate with HSPH1 and one 
of these DNAJ members following stress conditions. Interestingly, no heat inducible DNAJC 
member was found indicating that DNAJC members do not function in the stress response. It 
should be noted, however, that the array did not contain probes corresponding to all DNAJC 
members. 
Analyzing the cellular distribution and homology of different HSP members showed that a 
very homologous subfamily of the HSPA family is predicted to be expressed in the cytosol 
(HSPA1A/B, HSPA1L, HSPA2, HSPA6 and HSPA8). This indicates that only a minority of the 
gene duplication occurred as a result of compartmentalization. It is unclear at this stage if this 
homologous subgroup of HSPA chaperones is regulated by the same subset of co-factors 
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Figure 3: The effect of different 
fusion tags on HSPA1A (A) and 
(B) or DNAJB1 (C). (A) Luciferase 
refolding assay using GFP, V5 and 
untagged HSPA1A versions. Cells 
were transfected with different 
tagged versions of HSPA1A togeth-
er with a plasmid encoding firefly lu-
ciferase. HSPA1A expression was 
induced using tetracycline. The day 
after transfection, the cells were 
heated at 37°C or 45°C for 30 min-
utes and reincubated for 1 hour at 
37°C to allow luciferase refolding. 
Thereafter, cells were lysed and 
measured for luciferase activity. 
The percentage of luciferase activ-
ity is plotted relative to the activity in 
unheated control cells (100%). (B) 
Modulation of tagged HSPA1A ver-
sions by BAG-1. Cells were treated 
as in (A) but also co-transfected 
with a BAG-1 encoding plasmid 
as indicated. (C) Filter trap assay 
showing aggregation of expanded 
Huntingtin. GFP, V5 and untagged 
versions of DNAJB1 were used as 
indicated. Cells were transfected 
with different tagged versions of 
DNAJB1 together with a plasmid 
encoding GFP tagged Huntingtin 
containing either 23Q or 74Q. DNA-
JB1 was induced by tetracycline. 
Two days after transfection, cells 
were lysed and the lysates were 
loaded on a cellulose acetate mem-

brane. After transblotting, blots were 
immunostained for GFP to detect aggregated Huntingtin. GFP-tagged DNAJB1 alone did not show any 
signal on the membrane (not shown).
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and if they bind the same subset of client proteins. It will be highly interesting to answer these 
questions by using available biochemical approaches. For this purpose, we cloned a large col-
lection of chaperone encoding genes in a tetracycline inducible vector system. Different tags 
with different properties were used in order to detect expression levels (V5), study subcellular 
localization in living or fixed cells (GFP/V5) or to enrich the expressed protein from crude cell 
lysates (His). In addition, non-tagged versions were made to verify obtained biological effects. 
This expression library will be useful to systematically study the biochemical and cell biologi-
cal features of these poorly characterized HSPs and might help answer the intriguing question 
why we have so many HSPA and DNAJ chaperones.
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