
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/339773354

Host expression system modulates recombinant Hsp70 activity through post‐

translational modifications

Article  in  FEBS Journal · March 2020

DOI: 10.1111/febs.15279

CITATION

1
READS

53

9 authors, including:

Some of the authors of this publication are also working on these related projects:

Special Issue "Eukaryotic Transcription Initiation and Elongation Mechanisms" View project

Structural analysis of DnaK View project

Maurício Menegatti Rigo

Universidade Federal do Rio Grande do Sul

39 PUBLICATIONS   225 CITATIONS   

SEE PROFILE

Thiago J Borges

Brigham and Women's Hospital

44 PUBLICATIONS   633 CITATIONS   

SEE PROFILE

Benjamin J Lang

Beth Israel Deaconess Medical Center

27 PUBLICATIONS   148 CITATIONS   

SEE PROFILE

Ayesha Murshid

Beth Israel Deaconess Medical Center

52 PUBLICATIONS   1,572 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Andrew Truman on 14 May 2020.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/339773354_Host_expression_system_modulates_recombinant_Hsp70_activity_through_post-translational_modifications?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/339773354_Host_expression_system_modulates_recombinant_Hsp70_activity_through_post-translational_modifications?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Special-Issue-Eukaryotic-Transcription-Initiation-and-Elongation-Mechanisms?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Structural-analysis-of-DnaK?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mauricio_Menegatti_Rigo?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mauricio_Menegatti_Rigo?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universidade_Federal_do_Rio_Grande_do_Sul?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mauricio_Menegatti_Rigo?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Thiago_Borges2?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Thiago_Borges2?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Brigham_and_Womens_Hospital2?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Thiago_Borges2?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benjamin_Lang2?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benjamin_Lang2?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Beth_Israel_Deaconess_Medical_Center?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benjamin_Lang2?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ayesha_Murshid?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ayesha_Murshid?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Beth_Israel_Deaconess_Medical_Center?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ayesha_Murshid?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Andrew_Truman?enrichId=rgreq-63a2f7e3fd9967d4ac0a1289912adf31-XXX&enrichSource=Y292ZXJQYWdlOzMzOTc3MzM1NDtBUzo4OTExMTE4OTk5NDcwMTFAMTU4OTQ2OTA0MTU5Ng%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Host expression system modulates recombinant Hsp70
activity through post-translational modifications
Mauricio M. Rigo1 , Thiago J. Borges2 , Benjamin J. Lang3 , Ayesha Murshid3 ,
Nitika4 , Donald Wolfgeher5 , Stuart K. Calderwood3 , Andrew W. Truman4 and
Cristina Bonorino6,7

1 School of Medicine, Pontificia Universidade Catolica do Rio Grande do Sul, Porto Alegre, Brazil

2 Schuster Family Transplantation Research Center, Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School,

Boston, MA, USA

3 Department of Radiation Oncology, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA

4 Department of Biological Sciences, The University of North Carolina at Charlotte, Charlotte, NC, USA

5 Department of Molecular Genetics and Cell Biology, The University of Chicago, Chicago, IL, USA

6 Laborat�orio de Imunoterapia, Universidade Federal de Ciências da Sa�ude de Porto Alegre, Porto Alegre, Brazil

7 Department of Surgery, School of Medicine, University of California at San Diego, La Jolla, CA, USA

Keywords

heat shock protein; post-translational

modifications; DnaK; Escherichia coli; Pichia

pastoris

Correspondence

M. M. Rigo, School of Medicine, Pontificia

Universidade Catolica do Rio Grande do Sul,

Av. Ipiranga, 6681, Porto Alegre, Rio Grande

do Sul, ZIP CODE 90619-900, Brazil.

Tel: +55519981804574

E-mail: mauriciomr1985@gmail.com

Mauricio M. Rigo and Thiago J. Borges are

co-first authors

(Received 16 July 2019, revised 22 January

2020, accepted 23 February 2020)

doi:10.1111/febs.15279

The use of model organisms for recombinant protein production results in

the addition of model-specific post-translational modifications (PTMs) that

can affect the structure, charge, and function of the protein. The 70-kDa

heat shock proteins (Hsp70) were originally described as intracellular chap-

erones, with ATPase and foldase activity. More recently, new extracellular

activities of Hsp70 proteins (e.g., as immunomodulators) have been identi-

fied. While some studies indicate an inflammatory potential for extracellu-

lar Hsp70 proteins, others suggest an immunosuppressive activity. We

hypothesized that the production of recombinant Hsp70 in different expres-

sion systems would result in the addition of different PTMs, perhaps

explaining at least some of these opposing immunological outcomes. We

produced and purified Mycobacterium tuberculosis DnaK from two differ-

ent systems, Escherichia coli and Pichia pastoris, and analyzed by mass

spectrometry of the protein preparations, investigating the impact of PTMs

in an in silico and in vitro perspective. The comparisons of DnaK struc-

tures in silico highlighted that electrostatic and topographical differences

exist that are dependent upon the expression system. Production of DnaK

in the eukaryotic system dramatically affected its ATPase activity and sig-

nificantly altered its ability to downregulate MHC II and CD86 expression

on murine dendritic cells (DCs). Phosphatase treatment of DnaK indicated

that some of these differences related specifically to phosphorylation. Alto-

gether, our data indicate that PTMs are an important characteristic of the

expression system, with differences that impact interactions of Hsps with

their ligands and subsequent functional activities.
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Database

Mass spectrometry proteomic data are available in the PRIDE database under the accession

number PXD011583.

Introduction

Heat shock protein 70s (Hsp70s) are a highly con-

served class of molecular chaperones that fold a large

proportion of the proteome [1-4]. Hsp70 is comprised

of four major structural domains: a region that binds

ATP called nucleotide binding domain (NBD); a

region that binds client proteins (usually hydrophobic

peptides) referred to as substrate binding domain

(SBD); a linker segment of few residues that physically

connects NBD and SBD; and a C-terminal region that

functions as a ‘lid’, participating in Hsp70 substrate

turnover. The Hsp70 mode of action favors the exis-

tence of two extreme conformations: an open state, in

which the ATP is bound and the affinity for the sub-

strate is low; and a closed state, in which ATP hydrol-

ysis favors substrate binding to the SBD [5,6].

Hsp70 has been extensively studied; however, little is

known about the post-translation modifications

(PTMs) of Hsp70 and how they might affect its func-

tion. Global proteomic studies have uncovered a wide

range of PTMs on Hsp70 isoforms in different organ-

isms that include phosphorylation, acetylation, and

ubiquitylation. Recent evidence suggests that even sin-

gle PTMs on Hsp70 can dramatically alter ATPase

activity, folding of clients, and localization in the cell

[7-9]. It is becoming clear that these modifications

form a ‘chaperone code’ that acts as a crossroads for

cellular signaling and fine-tunes Hsp70 function

[10,11].

Although heat shock proteins (Hsps) were described

originally as intracellular proteins (e.g., cytosol,

nucleus, endoplasmic reticulum) [12-14], they were

later found to be also present in the extracellular

milieu [15,16], secreted by a nonclassical route [17,18].

The extracellular roles of Hsps are not completely

understood. For example, studies investigating the

inflammatory properties of extracellular Hsps have on

occasion reported opposing activities of Hsp70 pro-

teins that have led to some ambiguity in the field.

While some describe an immunostimulatory role for

extracellular mammalian Hsp70 [19], results by other

groups demonstrate this observation is at least in part

explainable by bacterial contaminants [20,21]. How-

ever, while most studies of the potential immunomod-

ulatory roles of Hsp70 carried out in vivo indicate a

pro-inflammatory effect [22], studies utilizing DnaK

(bacterial Hsp70) purified from Mycobacterium tuber-

culosis (M. tuberculosis) demonstrated an anti-inflam-

matory effect [23].

Studies on extracellular functions of Hsp70s com-

monly utilize proteins obtained from different sources.

Model organisms used for recombinant protein pro-

duction such as Escherichia coli and Pichia pastoris

(P. pastoris) have unique advantages that include ease

of use, cellular doubling time, cost, and scalability

[24]. Importantly, although some E. coli proteins were

already identified with the presence of serine, thre-

onine, or tyrosine phosphorylation [25,26], this system

generally does not carry out these PTMs, a benefit or

disadvantage depending on the desired downstream

application of the recombinant protein. It is possible

that some of the contradictory results observed in the

literature using recombinant Hsp70 could at least in

part be explained by host-induced PTMs.

In this study, we hypothesized that the production

of recombinant Hsp70 in different expression systems

would result in the addition of different PTMs. To

characterize differences in Hsp70 PTMs created by

expression in different hosts, we used mass spectrome-

try to analyze protein preparations of DnaK from M.

tuberculosis expressed in two different expression sys-

tems (E. coli and P. pastoris). DnaK from M. tubercu-

losis is largely used as an Hsp70 model due to

structural homology with Hsp70 proteins from other

organisms; also, the sequence similarity after a pair-

wise alignment with DnaK from E. coli is over 70%

(UniProt ID P9WMJ9 and P0A6Y8 submitted to

EMBOSS-NEEDLE server). We analyzed the impact

of PTMs in an in silico perspective in a complete

DnaK structure obtained from homology modeling.

Functional analysis of each DnaK preparation was

evaluated in ATPase activity assays, and also in

immunomodulation assays, assessing their ability to

reduce MHC II and CD86 expression in dendritic cells

[27].

Our results revealed that several of the PTMs within

the functional domains of DnaK differ between

expression systems. The comparisons of in silico struc-

tures highlighted the electrostatic, topographical, and

accessible surface area differences between the two

expression systems. Production of DnaK (a bacterial

protein) in a eukaryotic system dramatically affected
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its ATPase activity, but not its ability to interact with

DnaJ. It significantly altered its effects on the down-

regulation of MHC II and CD86 expression on murine

dendritic cells. At least part of these alterations could

be explained by differences in phosphorylation, as evi-

denced by phosphatase treatment. Altogether, our data

indicate that PTMs are an important characteristic of

the expression system, and provide evidence to show

how these can impact functional interactions of Hsps

with their ligands.

Results

Identification of PTMs in recombinant M.

tuberculosis DnaK expressed in Escherichia coli

and Pichia pastoris

We used mass spectrometry to detect PTMs on DnaK

expressed and purified from E. coli and P. pastoris.

Acetylation and Gly-Gly were detected on DnaK puri-

fied from both E. coli and P. Pastoris, while phospho-

rylation was only detected on DnaK expressed in the

eukaryotic system (Fig. 1A). Interestingly, there was a

substantial overlap on PTMs seen on DnaK purified

from both systems; 52% of the total DnaK acetylation

sites detected were identical in both systems, and 33%

of Gly-Gly mods were conserved (Fig. 1B).

Assessment of PTMs by functional domains of

DnaK after expression in Escherichia coli and

Pichia pastoris

We also evaluated each set of PTMs according to the

functional domains NBD, SBD, linker, and Lid in a

structural perspective using in silico models of DnaK

(Fig. 1C). We inserted all identified PTMs in an in sil-

ico model using PyTMs, a PyMOL plug-in. Due to

limitations of the plug-in, and because we cannot pre-

cisely identify the type of Gly-Gly modification, we

focused our analysis on acetylation and phosphoryla-

tion, which are among the most frequent PTMs

reported experimentally and nonexperimentally in the

Swiss-Prot Knowledgebase [28].

Regarding the NBD domain (Fig. 2A), the modified

residues significantly changed the protein’s molecular

surface both electrostatically and topographically. The

identified acetylated and phosphorylated sites favored

a more negative landscape, compared to the model

without any PTMs. An overall negative charge on the

NBD is especially favored when the protein is purified

from P. pastoris. We noted that acetylated residues

K55, K240, and K242 are close to the ATP binding

site of the NBD (Fig. 2B). Of these, only K242 was

conserved between E. coli and P. pastoris, while K55

and K240 were found only in P. pastoris.

Regarding the comparison of SBD domains, we

could not find acetylation or phosphorylation after

expression in the E. coli system (Fig. 3A). In E. coli,

the only PTM observed was a Gly-Gly modification

on Lysine 463. In P. pastoris, however, acetylation,

phosphorylation, and Gly-Gly modifications were pre-

sent. Overall, the P. pastoris PTMs also added a more

negative aspect to the SBD (Fig. 3A). This could influ-

ence the binding of client proteins. In one specific case,

residue K378, which is acetylated only in P. pastoris,

is close to the client binding site (Fig. 3B).

The Lid domain of DnaK expressed in P. pastoris

also presented more PTMs with respect to E. coli

(Fig. 4). These modifications could have an impact on

the open-closed dynamics of DnaK, in its interactions

with other proteins, or even in the oligomerization of

DnaK, as discussed below.

We have not observed PTMs directly added to resi-

dues in the linker region (residues 362 to 367); however,

a lysine at position 361, next to the linker, was found

to be acetylated and with a Gly-Gly modification in

both expression systems. Also, in the proximity, thre-

onine 369 was phosphorylated, but only in P. pastoris.

Electrostatic potential analysis highlights

differences between expression systems

We analyzed each PTM regarding its electrostatic

potential, comparing the proteins with or without the

PTMs found in both expression systems. In Fig. 5A

and Movie S1, we summarize the impact of PTM in

each protein according to the expression system. In

general, we observed that DnaK expressed in P. pas-

toris presents a more negative landscape with respect

to DnaK expressed in E. coli or even if DnaK was

without any PTM.

DnaK activity changes depending on the

expression system

To investigate whether DnaK produced in different

expression systems would present different functional

properties due to the differences in the PTM profile,

we used two approaches. We first assayed an exten-

sively described property of DnaK, its ability to bind

and reduce ATP to ADP. For that, we used a colori-

metric ATPase assay, testing different concentrations

of DnaK (0–1.5 µM) for its ATP hydrolysis capacity.

DnaK expressed in the E. coli system presented a sig-

nificantly superior ATPase activity than the DnaK

expressed in P. pastoris (Fig. 6A).
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To test whether the difference in ATPase activity

could be due to phosphorylation, which was only pre-

sent in DnaK purified from P. pastoris, we treated

DnaK produced in that system with alkaline phos-

phatase (AP), which significantly removed the phos-

phoserine domains (Fig. 6B). AP treatment improved

the ATP hydrolysis capacity of the DnaK expressed in

P. pastoris to levels similar to the observed in DnaK

expressed in E. coli (Fig. 6C). Notably, the incubation

of DnaJ in combination with DnaK from both sys-

tems significantly improved ATPase activity (Fig. 6C),

indicating that DnaK interaction with DnaJ was not

negatively affected by phosphorylation. DnaJ had a

greater effect in improving the ATPase activity of

DnaK expressed in P. pastoris (a ~ 32-fold change)

compared to DnaK expressed in E. coli (a ~ 1.8-fold

change) (Fig. 6C, second column vs the fourth

column).

Extracellular DnaK decreases the expression of two

dendritic cells (DCs) activation markers—MHC II and

CD86 [29]. We have recently elucidated the molecular

pathway of this modulation, which is dependent on

DnaK induction of March1 via IL-10 [30], leading to

ubiquitination and degradation of those two mole-

cules. To test the functional relevance of the different

PTM profiles found, we treated mouse DCs isolated

from mouse secondary lymphoid organs (spleen and

lymph nodes) with M. tuberculosis DnaK made in

E. coli or P. pastoris and analyzed the expression of

MHC II and CD86 by flow cytometry. As expected,

DnaK produced in E. coli decreased both MHC II

(Fig. 6D) and CD86 (Fig. 6E). However, the effect of

DnaK produced in P. pastoris was significantly more

pronounced than the one expressed in E. coli

(Fig. 6D,E). Treatment of DnaK with alkaline phos-

phatase reversed the suppression of both MHC II and

CD86 expression (Fig. 6D,E). Thus, the expression

system used to prepare recombinant proteins is impor-

tant for their functional properties both as an intracel-

lular chaperone and extracellular signaling ligand,

most probably due to the different PTM profiles found

(DnaK in E. coli vs P. pastoris). Additionally, part of

these alterations could be explained by differences in

phosphorylation present only in the DnaK expressed

in the P. pastoris system.

Discussion

Post-translational modifications are pivotal in deter-

mining how proteins interact with their ligands, their

dynamics in the environment, and their functions. We

demonstrated here that DnaK from M. tuberculosis, a

bacterial Hsp70 homologous protein, acquires different

PTMs depending on the expression system (E. coli or

P. pastoris). These modifications alter the protein’s

ATPase function and also seem to play a role in the

Fig. 1. Localization and occurrence of post-

translational modifications (PTMs) found in

DnaK after E. coli and P. pastoris

expression. (A) Specific position of each

PTM (phosphorylation in red, acetylation in

purple, and Gly-Gly in blue) in each of the

DnaK domains. E. coli and P. pastoris

modifications are located above and below

the graphical representation, respectively.

(B) Mosaic plot used to represent the

percentage of each PTM on DnaK that are

unique to E. coli, unique to P. pastoris or

common to both. (C) DnaK model created

based on PDBs IDs 4B9Q and 4JN4. The C-

terminal region was modeled by ab initio

approach. The nucleotide binding domain

(NBD) is shown in yellow; the substrate

binding domain (SBD) is shown in blue and

the Lid domain in green. The short red

segment represents the linker region

between the NBD and the SBD. The figure

was build using the software UCSF

Chimera.
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immunomodulation promoted by DnaK on MHC II

and CD86 expression of dendritic cells. Frequent mod-

ifications such as phosphorylation and acetylation

impact the general landscape of the protein, modifying

electrostatic potential and protein topography, which

could explain the different behavior of DnaK in

Fig. 2. Surface and ribbon representation of the DnaK model, with emphasis on the NBD. (A) The electrostatic potential was computed on

the surface, and the color range indicates the positive (blue), neutral (white), and negative (red) charges (�3 kT to + 3 kT, where k

represents the Boltzmann constant and T represents the temperature). The arrows and the ellipse highlight charges and topographical

differences between proteins expressed in each system. The ellipse area corresponds to residues K55, K240, and K242. (B) NBD

representation with emphasis in three modified residues: K55, K240, and K242. The figure in the left is a surface representation of the

DnaK NBD (K55, K240, and K242 colored in red) and a sticks representation of ATP. The figure in the right highlights the proximity among

the lysine residues and the ATP. The figures were build using the software UCSF Chimera.
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Fig. 3. Surface and ribbon representation of the DnaK model, with emphasis on the SBD. (A) The electrostatic potential was computed on

the surface, and the color range (�3 kT to + 3 kT, where k represents the Boltzmann constant and T represents the temperature) indicates

the positive (blue), neutral (white), and negative (red) charges. The arrows highlight the charges and topographical differences between

proteins expressed in each system. (B) DnaK SBD comparison after expression in E. coli (left) and P. pastoris (right). A client protein

represented by the sequence NRLLLTG (green) was added from PDB structure 4PO2 to give some perspective about the binding site and

the distance to residue K378. Arrows indicate charges and topographical differences closed to client binding site. The figures were build

using the software UCSF Chimera.
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studies from different research groups, in spite of the

same amino acid sequence.

The negative charges added to the NDB in P. pas-

toris (K55 and K240)—but not in E. coli—could

have a direct impact on ATP hydrolysis as well as

ADP-ATP exchange due to the proximity to the

ADP-ATP binding site. In respect to SBD, it is

known that this region favors the binding of

hydrophobic, positive residues, and this is directly

influenced by the electrostatic potential. DnaK

expressed in P. pastoris had a more negative aspect

in the SBD, especially influenced by the presence of

an acetyl group in the lysine 378 (Fig. 5B). This

points to the fact that the impact on substrate bind-

ing will be affected differently if we take into

account the presence of the PTMs. Also, the fact

that most of the modified residues are not buried,

but rather exposed in the surface, could have impli-

cations in protein–protein interactions either in the

intracellular environment as well as in the extracellu-

lar milieu. This was already discussed by Morgner

et al. [31] when they observed that Hsp70 expressed

in different cells (Sf9 and E. coli), despite the same

amino acid sequence, had a different propensity to

form oligomerization states, which was attributed to

the presence of PTMs. Important to note that this

oligomerization was formed through the lid domain,

and as we described here presented a different pat-

tern of PTMs, especially related to phosphorylation

sites, depending on the expression system.

Fig. 4. Surface and ribbon representation of the DnaK model, with emphasis on the Lid domain. The electrostatic potential was computed

on the surface and the color range (�3 kT to +3 kT, where k represents the Boltzmann constant and T represents the temperature)

indicates the positive (blue), neutral (white), and negative (red) charges. The arrows highlight the charges and topographical differences

between proteins expressed in each system. The figures were build using the software UCSF Chimera.
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It is still unclear if, or to what extent, the extracellu-

lar properties of Hsp70 are connected to their intracel-

lular chaperone and ATPase functions. The exact

mechanisms that mediate immunomodulatory roles for

Hsp70 are far from elucidated. It is unknown if it

exists only as a monomer or also as an oligomer in a

soluble state in plasma or extracellular spaces. Many

studies reported it to be present in exosomes [32-35].

Others report Hsp70 being embedded in the plasma

membrane of tumor cells [36,37]. The interactions of

extracellular Hsp70s with membranes have been

described as occurring via different receptors, includ-

ing CD94 [38], CD40 [39], CCR5 [40], and LOX-1

[41]. The binding of ligands to scavenger receptors, for

example, to LOX-1, is critically dependent on negative

charges. It seems to be the key unifying property of

the disparate SR ligands [42,43]. These data are in

accordance with our results in which the treatment of

the DnaK expressed in P. pastoris with an alkaline

phosphatase would increase the charge of protein

(Fig. 5A), thus decreasing its immunomodulatory

effects over DCs (Fig. 6D,E).

Alternatively, it has been shown that both Hsp70 and

DnaK can associate with lipids [44] and suggested

Hsp70s would not need to engage a protein receptor to

cross lipid bilayers. Arispe et al. (2016) compared the

interactions of DnaK and Hsp70 with synthetic lipo-

somes. They observed that mammalian Hsp70 favored

association with negatively charged phospholipids, such

as phosphatidylserine, whereas DnaK interacted with

all lipids tested regardless of the charge. In that study,

both proteins were prepared recombinantly in E. coli,

which might have resulted in fewer negative charges as

a result of post-translational modifications, and could

at least in part explain their results.

Phosphatase treatment of the DnaK indicated that

the phosphorylations added in the P. pastoris system,

especially to the NBD, interfered with ATPase activity

in the absence of DnaJ. One possible explanation is

that the negative charges due to phosphorylation of

the residues negatively affect the interaction with ATP,

which is negatively charged at pH 7. DnaJ promoted

ATPase activity as expected; DnaK alone has a much

more modest ATPase activity compared to what is

observed in the presence of DnaJ [45]. However, the

more pronounced stimulation of DnaK produced in

P. pastoris by DnaJ does not depend on phosphoryla-

tion. It is possible that PTMs added in the Pichia sys-

tem promote interaction of DnaK with DnaJ;

alternatively, PTMs added during production in E. coli

might inhibit DnaJ interaction.

Altogether, we believe our results can aid in the

interpretation of some of the results from previous

studies on extracellular properties of Hsp70, and help

set some guidelines that might unify future endeavors

in this field. Moreover, these results provide critical

evidence on the importance of PTMs and the choice of

the expression system for all studies that analyze

recombinant protein interactions with cells and tissues.

Materials and methods

Protein expression and purification

Recombinant DnaK from M. tuberculosis (Gene ID:

885946) was expressed and purified in P. pastoris system by

the company ProteinOne (Rockville, MD, USA). Briefly,

the gene was synthesized by DNA 2.0, inserted into pJ912

vector, and transformed into Pichia competent cells for

expression. After screening with methanol induction, high

expression colonies were selected and scaled up to a 6-liter

yeast expression system. Protein was purified with a Phar-

macia FPLC system (GE Lifesciences, Marlborough, MA,

USA) with all chromatography runs performed under clean

4 °C conditions. After purification, SDS/PAGE analysis

was performed with NuPAGE 5–12% gel (Invitro-

gen, Carlsbad, CA, USA). Alternatively, M. tuberculosis

DnaK gene was inserted into the pET23(a)+ plasmid, and

the protein was expressed and purified from an E. coli sys-

tem, as described in [30,46]. All proteins were quantitated

with the Pierce BCA Protein assay kit (Thermo Scien-

tific, Waltham, MA, USA).

Trypsin digestion

Gel sections 150kDa to 38kDa were excised from a 12%

1D SDS/PAGE (Invitrogen), chopped into ~ 1-mm pieces,

washed in dH2O, and destained using 100 mM ammonium

bicarbonate (NH4HCO3) pH 7.5 in 50% acetonitrile. A

reduction step was performed by addition of 100 lL 50 mM

NH4HCO3 pH 7.5 and 10 lL of 200 mM tris(2-

Fig. 5. Impact of the PTMs detected in DnaK expressed in different systems. (A) At the top, the DnaK model is represented. Below, the

electrostatic potential surface of each protein is represented. The proteins were rotated 90� around the x-axis (according to coordinates

upper left). The color range (�3 kT to +3 kT, where k represents the Boltzmann constant and T represents the temperature) indicates the

positive (blue), neutral (white), and negative (red) charges. (B) Overview of SBD region and NRLLLTG (green) peptide. The binding cleft is

represented as a surface colored according to electrostatic potential. Color range indicates the positive (blue), neutral (white), and negative

(red) charges (�3 kT to +3 kT, where k represents the Boltzmann constant and T represents the temperature). The surface related to Lysine

378 (K378) was labeled. The figures were build using the software UCSF Chimera.
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Fig. 6. Expression system-specific changes in DnaK activity. (A) ATPase activity of M. tuberculosis DnaK produced in E. coli or P. pastoris.

Each symbol represents mean � SD of triplicates. Statistic by two-way ANOVA. (B) Western blot of recombinant DnaK produced in

P. pastoris treated with or without alkaline phosphatase for 30 or 60 min at 30 °C in alkaline phosphatase buffer. Densitometry analysis

represents phosphoserine signal normalized to the total DnaK loaded to each lane (lower panel, total protein stain) and as a ratio of the

DnaK signal in lane 1. We observed a reduction of about 54% in phosphoserine signal. (C) ATPase activity of 0.5 lm of M. tuberculosis

(Mtb) DnaK produced in E. coli or P. pastoris treated or not with alkaline phosphatase (AP). Mtb DnaKs were also incubated with 0.25 lm

of DnaJ. Each bar represents mean � SD of triplicates. Statistic by one-way ANOVA with Tukey post-test. (A and C) ATPases were

obtained subtracting the background blank for each protein preparation. Murine dendritic cells (DCs) were isolated from secondary lymph

organs by magnetic separation. Cells were incubated with LPS (250 ng�mL�1—positive control), DnaK produced in E. coli or P. pastoris, and

the expression of (D) MHC II and (E) CD86 was analyzed by flow cytometry. Alternatively, DCs were incubated with DnaK produced

P. pastoris treated with alkaline phosphatase (AP). All DnaK treatments were 20 µg�mL�1. Statistic by one-way ANOVA with Tukey post-

test. Bars represent the mean � SD of triplicates of pooled cells from three mice per experiment. All experiments were repeated at three

times.
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carboxyethyl) phosphine HCl at 37°C for 30 min. The pro-

teins were alkylated by the addition of 100 lL of 50 mM

iodoacetamide prepared fresh in 50 mM NH4HCO3 pH 7.5

buffer, and allowed to react in the dark at 20 °C for

30 min. Gel sections were washed in water, then acetoni-

trile, and vacuum-dried. Trypsin digestion was carried out

overnight at 37°C with 1 : 50–1 : 100 enzyme–protein ratio

of sequencing grade-modified trypsin (Promega, Madison,

WI, USA) in 50 mM NH4HCO3 pH 7.5, and 20 mM cal-

cium chloride (CaCl2). Peptides were extracted sequentially

with 5% formic acid, then with 75% acetonitrile (ACN) in

5% formic acid, combined, and vacuum-dried.

HPLC for mass spectrometry

All samples were re-suspended in Burdick & Jackson HPLC-

grade water containing 0.2% formic acid (Honey-

well Fluka, Charlotte, NC, USA), 0.1% TFA

(PierceTM, Thermo Scientific), and 0.002% Zwittergent 3–16
(Calbiochem, San Diego, CA, USA), a sulfobetaine detergent

that contributes the following distinct peaks at the end of chro-

matograms: MH + at 392, and in-source dimer [2 M + H+] at
783, and some minor impurities of Zwittergent 3–12 seen as

MH + at 336. The peptide samples were loaded to a 0.25 lL
C8 OptiPak trapping cartridge custom-packed with Michrom

Magic (Optimize Technologies, Oregon City, OR, USA) C8,

washed, then switched in-line with a 20 cm by 75 lm C18

packed spray tip nanocolumn packed with Michrom Magic

C18AQ, for a 2-step gradient. Mobile phase A was water/ace-

tonitrile/formic acid (98/2/0.2), and mobile phase B was ace-

tonitrile/isopropanol/water/formic acid (80/10/10/0.2). Using a

flow rate of 350 nL�min�1, a 90 min, 2-step LC gradient was

run from 5% B to 50% B in 60 min, followed by 50–95% B

over the next 10 min, hold 10 min at 95% B, back to starting

conditions and re-equilibrated.

LC–MS/MS analysis

The samples were analyzed via electrospray tandem mass

spectrometry (LC–MS/MS) on a Thermo Q-Exactive Orbi-

trap mass spectrometer, using a 70 000 RP survey scan in pro-

file mode, m/z 360–2000 Da, with lock masses, followed by 20

MS/MS HCD fragmentation scans at 17 500 resolution on

doubly and triply charged precursors. Single charged ions

were excluded, and ions selected for MS/MS were placed on

an exclusion list for 60s, and dynamic exclusion turned off.

An inclusion list of expected bait protein proteotryptic peptide

ions predicted to have PTMs (phosphorylation, ubiquitina-

tion, or acetylation) was used allowing for other ions.

Database searching

Tandem mass spectra were extracted by Proteo wizard ver-

sion 3.0.9.134. Charge state deconvolution and deisotoping

were performed. All MS/MS samples were analyzed using

Mascot (Matrix Science, London, UK; version 2.3.02) and

X! Tandem [The GPM, thegpm.org; version CYCLONE

(2010.12.01.1)]. Mascot and X! Tandem were set up to search

Human, Mus, or MTB databases {150821_SPROT_Huma-

n_Iso_AUP000005640 database (unknown version, 91618

entries), 151218_SPROT_MTB_UP000001584 database (un-

known version, 3993 entries), or 150612_Mus_uniprot_pro-

teome_AUP000000589 database (unknown version, 45182

entries). Mascot and X! Tandem were searched with a

fragment ion mass tolerance of 0.40 Da and a parent ion

tolerance of 10.0 PPM. Carbamidomethyl of cysteine was

specified in Mascot and X! Tandem as a fixed modification.

Deamidation of asparagine and glutamine; oxidation of

methionine; formyl of the N terminus; acetyl of lysine; phos-

pho of serine, threonine, and tyrosine; and Gly-Gly of lysine

were specified in Mascot as variable modifications. Glu-

>pyro-Glu of the N terminus; ammonia-loss of the N termi-

nus; gln->pyro-Glu of the N terminus; deamidation of aspar-

agine and glutamine; oxidation of methionine; formyl of the

N terminus; acetyl of lysine; phospho of serine, threonine,

and tyrosine; and Gly-Gly of lysine were specified in X! Tan-
dem as variable modifications.

Criteria for protein identification

Scaffold (version Scaffold_4.8.4, PROTEOME Software Inc.,

Portland, OR, USA) was used to validate MS/MS-based

peptide and protein identifications. Peptide identifications

were accepted if they could be established at greater than

27.0% probability to achieve an FDR less than 1.0%. Pep-

tide Probabilities from Mascot (Ion Score Only) were

assigned by the Scaffold Local FDR algorithm. Peptide

Probabilities from X! Tandem were assigned by the Peptide

Prophet algorithm [47] with Scaffold delta-mass correction.

Protein identifications were accepted if they could be estab-

lished at greater than 92.0% probability to achieve an

FDR less than 1.0% and contained at least 2 identified

peptides. Protein probabilities were assigned by the Protein

Prophet algorithm [48]. Proteins that contained similar pep-

tides and could not be differentiated based on MS/MS

analysis alone were grouped to satisfy the principles of par-

simony. Proteins sharing significant peptide evidence were

grouped into clusters.

Alkaline phosphatase treatment

About 2.0 µg alkaline phosphatase (Sino biological, cat.

no. 10440-H08H) was incubated with 5.0 µg DnaK P. pas-

toris for 30 or 60 min as indicated at 30 °C in a 35-µL
reaction consisting of 22 µL alkaline phosphatase buffer

(100 mM NaCl, 100 mM Tris/Cl, 50 mM MgCl2), 8 µL of

alkaline phosphatase enzyme, and 5 µL of DnaK. This

preparation was up-scaled to prepare DnaK for
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experiments involving the treatment of dendritic cells and

ATPase assays. To quantify the level of dephosphorylation,

35-µL preparations were mixed with 8.75 µL 4x LDS sample

buffer (GenScript, Piscataway, NJ, USA, cat. no. M00676)/

b-mercaptoethanol and heated at 70°C for 10 mins. Samples

were then resolved by size by SDS/PAGE for 40 mins at

200V on a 4–12% Bis-Tris gel (GenScript, cat. no. M00652)

using MOPS running buffer. Western transfer to Immo-

bilon-FL membranes (Millipore, cat. no. IPFL00010) was

performed at 100 V for 60 mins using the wet-transfer

method, transfer buffer (Boston Bioproducts, cat. no. BP-

190, 15% methanol). The membrane was then stained using

REVERT Total Protein stain (LICOR, cat. no 926-11011),

and washed in REVERT wash solution (926-11012) and

imaged on an Odyssey CLx. The membrane was then

blocked with Odyssey TBS blocking buffer (LICOR, cat. no.

927-50000) for 1 h at RT and then probed with anti-phos-

phoserine antibody (ab9332) at 1 : 100 overnight at 4°C in

TBS blocking buffer/0.2% Tween-20. Unbound primary

antibody was removed by washing in TBST, and anti-rabbit

IRDye800CW (cat. no. 925-32211) secondary antibody was

added at 1 : 15 000 dilution in TBS blocking buffer/ 0.2%

Tween-20/ 0.01% SDS and incubated at RT with agitation

for 30 mins. The membrane was then again imaged on an

Odyssey CLx after removal of unbound secondary antibody

by washing in 4x 5mins in TBST and 1x 5mins in TBS at

RT.

ATPase activity assay

Steady-state ATPase activity was measured using the

ATPase/GTPase Activity Assay kit (Sigma-Aldrich),

according to the manufacturer’s protocol. Assays were per-

formed at room temperature for 2h using 4 mM of ATP

(Sigma). DnaK concentrations were 0.5, 1, or 1.5 lm for

both proteins. In some experiments, 0.5 lm of native or

AP-treated DnaK expressed in P. pastoris or 0.5 lm of

DnaK expressed in E. coli. DnaKs were also incubated

with 0.25 lm of E. coli DnaJ (from RayBiotech). Reactions

were monitored by measuring the absorbance decay three

times at 630 nm in a Versa Max plate reader (Molecular

Devices). ATPase activity was determined against a stan-

dard phosphate curve.

Animal and study approval

C57Bl/6 mice were from The Jackson Laboratory. Animals

in the experiments were females between six to 10 weeks

old. All animals were housed in accordance with the Insti-

tutional Animal Care and Use Committee (IACUC) and

National Institutes of Health (NIH) Animal Care guide-

lines. Experiments were approved by the BIDMC Animal

Care Use Committee under IACUCC0792012.

In vitro modulation of murine dendritic cells

CD11c+ cells were isolated from LNs and spleens of B6

WT mice. LNs and spleens were disrupted in a cell strainer

and treated with Collagenase D (Roche) for 30 min at

37 °C. Cells were labeled with anti-CD11c (N418) magnetic

beads (Miltenyi). CD11c+ cells were subsequently purified

by positive selection using MACS separation columns (Mil-

tenyi). The purity of selected cells (CD11chighMHCIIhigh

cells) was controlled by flow cytometry and cells only used

when purity was ≥ 85% (not shown). Cells were cultured in

24-well plates in serum-free medium (AIM-V, Gibco). DCs

were incubated in media (control), media containing

20 µg�mL�1 of M. tuberculosis DnaK produced in E. coli

or P. pastoris or 250 ng�mL�1 of E. coli LPS (Sigma) for

24h. Cells were analyzed by flow cytometry.

Flow cytometry

The following antibodies were used: I-Ab (AF6-120.1),

CD11c (HL3), CD86 (GL1), from BD Biosciences (Frank-

lin Lakes, NJ, USA); CD19 (6D5), CD3 (145-2C11), and

CD11c (N418) from Biolegend. Cells were Fc blocked for

20 min on ice, and then, surface markers were stained by

incubation for 30 min with antibodies in 2% FBS in PBS

1x on ice. Cells were analyzed using FACSCantoII (BD

Biosciences) and BD FACSDIVA software (BD Biosciences).

Dead cells were excluded by staining with Fixable Viability

Dye eFluor 780 (eBioscience). Data were analyzed using

FLOWJO software (version X, Tree Star).

DnaK modeling/ab initio and validation

The use of homology modeling process requires a first step

of search for templates. The search was performed using

BLAST (PDB database) and HHPRED server using as

input the FASTA sequence of DnaK. The best templates

were chosen based on coverage, similarity, presence of

gaps, and identity of residues. Modeling was performed

using MODELLER v9.10 software (homology modeling) and

ROBETTA server (ab initio and/or homology modeling).

With Modeller, the variable target function method

(VTFM) was used to optimize the models, which were

assessed through DOPE score. A total of 100 models were

generated and ranked. In the end, the 10 best models were

chosen to pass through a set of validation servers, which

included Verify3D, QMEAN, ProQ, ModEval, and Ram-

page. The model with the best mean score among the vali-

dation servers was chosen. ROBETTA was used to model

a C-terminal region of the protein that lacks homology

with any available three-dimensional structure. The Ginzu

protocol from ROBETTA was used to build the best model

of this region, which was united with the rest of the protein

with Modeller. In this stage, a set of 100 models is
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generated, which were also assessed with the same valida-

tion servers to choose the most accurate.

Electrostatic potential analysis

DelPhi program was used to assess the electrostatic potential

of each molecule. The grid spacing (grids/angstrom) was set

to 1.0. The perfil (percentage of the object longest linear

dimension to the lattice linear dimension) was set to 80 and

the grid size to 251. The internal and external dielectric con-

stants were maintained 1.0 (molecule with no polarizability)

and 80.0 (molecule in water), respectively. A probe radius

was configured to 1.4 angstroms and the concentration of

the first kind of salt to 0.2 moles�L�1. The electrostatic

potential was represented through color patterns (blue,

white, and red) in terms of kT, where k represents the Boltz-

mann constant and T represents the temperature. The soft-

ware UCSF Chimera version 12 was used to compute and

visualize the electrostatic potential of the protein surface.

In silico insertion of post-translational

modifications

Individual PTMs were inserted in each molecule using

PyTMs, a PyMOL plug-in for modeling of common PTMs.

Here, we work specifically with acetylation and phosphory-

lation. The acetylation was targeted against the side chain

atoms of lysine residues, while the phosphorylation was

inserted in serine, threonine, or tyrosine side chain’s resi-

dues.
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