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ABSTRACT: The heat-shock factor Hsp70 and other molecular chaperones
play a central role in nascent protein folding. Elucidating the task performed by
individual chaperones within the complex cellular milieu, however, has been
challenging. One strategy for addressing this goal has been to monitor protein
biogenesis in the absence and presence of inhibitors of a specific chaperone,
followed by analysis of folding outcomes under both conditions. In this way, the KLR'7°
role of the chaperone of interest can be discerned. However, development of *
chaperone inhibitors, including well-known proline-rich antimicrobial peptides,

has been fraught with undesirable side effects, including decreased protein

expression yields. Here, we introduce KLR-70, a rationally designed cationic

inhibitor of the Escherichia coli Hsp70 chaperone (also known as DnaK). KLR-70 is a 14-amino acid peptide bearing naturally
occurring residues and engineered to interact with the DnaK substrate-binding domain. The interaction of KLR-70 with DnaK is
enantioselective and is characterized by high affinity in a buffered solution. Importantly, KLR-70 does not significantly interact with
the DnaJ and GroEL/ES chaperones, and it does not alter nascent protein biosynthesis yields across a wide concentration range.
Some attenuation of the anti-DnaK activity of KLR-70, however, has been observed in the complex E. coli cell-free environment.
Interestingly, the D enantiomer D-KLR-70, unlike its all-L KLR-70 counterpart, does not bind the DnaK and DnaJ chaperones, yet it
strongly inhibits translation. This outcome suggests that the two enantiomers (KLR-70 and D-KLR-70) may serve as orthogonal
inhibitors of chaperone binding and translation. In summary, KLR-70 is a novel chaperone inhibitor with high affinity and selectivity
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for bacterial Hsp70 and with considerable potential to help in parsing out the role of Hsp70 in nascent protein folding.

he heat-shock factor Hsp70 is a well-known molecular

chaperone that plays a seminal role in key biological
processes' and helps maintain proteostasis”’ in living
organisms. Hsp70 has been recently described as a molecular
hub® due to its ability to interact not only with its own co-
chaperones but also with a variety of other chaperone networks
that control intracellular activity. The function of Hsp70 spans
from promoting the proper folding of nascent proteins to
preventing and reversing protein aggregation, as well as to
regulating protein degradation.”*™”

Upon interaction with its client proteins, Hsp70 undergoes
allosterically regulated cycles of binding and release that
ultimately result in proper protein folding. The most salient
aspects of the Hsp70 chaperone cycle are illustrated in Figure 1
in the case of Dnak, i.e., the Hsp70 molecular chaperone of the
Escherichia coli bacterium. The DnaK chaperone cycle involves
allosterically regulated conformational changes driven by the
hydrolysis of nucleotide cofactors.'”~"* These conformational
changes, partly involving the closing and opening of an a-
helical lid over a -sheet-binding cleft in the substrate-binding
domain (SBD) of DnaK, are responsible for regulating client
protein binding and release. The allosteric regulation of
DnaK’s chaperone cycle is further mediated by its co-
chaperones DnaJ and GrpE.'* DnaJ is responsible for
improving the efficiency of client protein binding by delivering
some of the clients to DnaK and stimulating hydrolysis of
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DnaK-bound adenosine triphosphate (ATP), thus enhancing
DnaK’s lid closure and affinity for its bound client."~"” In
contrast, GrpE stimulates the release of DnaK-bound
adenosine diphosphate (ADP), which in turn allows the
subsequent binding of a new ATP molecule, thus enhancing lid
openmg and encouraging client protein release from
DnaK.'*"’

DnaK is estimated to interact with approximately 25% of the
E. coli cytosolic proteome* by preferentially binding unfolded
or partially folded client proteins that either fold slowly or are
inherently thermodynamically unstable.'®'? Despite its large
interactome, however, DnaK is not rigorously required for cell
survival under physiologically relevant growth conditions (i.e.,
lacking an environmental stressor like high temperature, >42
°C), given that other molecular chaperones share functional
overlap with DnaK.**"*!

An example of the functional overlap described above
involves DnaK acting in parallel with trigger factor (TF), a
ribosome-binding molecular chaperone, to sequester nascent
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Figure 1. DnaK chaperone cycle that supports the proper folding of
client proteins. The cycle involves interactions between unfolded,
partially folded, or misfolded client proteins (CPs) and DnaK. These
interactions are mediated by DnaK conformational changes that are
allosterically regulated by nucleotide cofactors and the DnaK co-
chaperones DnaJ and GrpE. The DnaK chaperone cycle can be
summarized as consisting of three main steps: CP binding, nucleotide
recycling, and CP release. Once the client protein is released, DnaK is
primed to accept new CPs for the next round of the chaperone cycle.
While the conformational heterogeneity of both CP and DnaK has
been reported for each state of DnaK illustrated above, only the
canonical conformation of each state is shown here, for the sake of
simplicity.

proteins as they become exgosed outside the ribosomal exit
tunnel during translation.”””> Other E. coli molecular
chaperones known to coordinate directly with DnaK include
Hsp90,>® ClpB,”* and GroEL together with its co-chaperone
GroES (GroEL/ES).25

To date, the functional overlap between bacterial Hsp70 and
other molecular chaperones rendered it difficult to assess the
independent effect of DnaK on protein folding, in the complex
environment of the cell Early attempts employed DnaK
knockout strains.””*® Results were ambiguous, however,
because elimination of DnaK causes upregulation of other
heat-shock factors.”

Alternative approaches based on in vitro experiments
employed fully reconstituted E. coli cell-free systems (denoted
as PURE”’) containing or lacking DnaK,”**” so that the
identity and amounts of chaperones during nascent protein
biosynthesis and folding could be tightly controlled. However,
one limitation of the PURE cell-free systems is that they are
unable to mimic the natural complexity of the intracellular
environment, given that they typically lack the majority of
endogenous cytosolic components of living cells.”

An alternative in vitro method capturing the complexity of
the E. coli cytoplasm relies on cell-free systems, which are
based on extracts isolated from living E. coli cells. Cell-free
systems lack endogenous DNA; hence, they are incapable of
up- and downregulating heat-shock factors and other cellular
components, following a perturbation.

Given that cell extracts retain most other soluble cytoplasmic
components of the host organism, they are good proxies for
the complex intracellular environment and can easily be
supplemented with plasmid DNA encoding the desired
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transcription/translation product. In addition, cell extracts
are available from several organisms other than E. colj,
includin% wheat germ,3l insects,”” rabbits,>> hamsters,>* and
humans,” rendering the cell-free medium extremely versatile
in biology.

In summary, understanding the role of individual chaperones
under cell-like conditions is facilitated by environments lacking
a homeostatic regulatory response, e.g., the cell-free systems
and cell extracts described above, where selective chaperone
inhibitors can be added and the impact of a missing or
nonfunctional chaperone can be readily evaluated.

The major inhibitors developed so far against the bacterial
Hsp70 chaperone DnaK include proline-rich antimicrobial
peptides (prAMPs) like pyrrhocoricin, oncocin, and related
derivatives.””*°"** While several prAMPs with a variable
spectrum of activity and selectivity against DnaK have been
developed to date,”*’™* it was recently reported that
prAMPs interact with the ribosome**™** and hence directly
inhibit translation.*”** This characteristic may be advanta-
geous toward the potential antibacterial activity of prAMPs.
However, the significant interaction of prAMPs with the
ribosome renders them unsuitable for mechanistic studies
targeting the role of DnaK in co- and immediately post-
translational protein folding.

To overcome this limitation, we developed a novel 14-
residue peptide inhibitor of DnaK that, unlike prAMPs,”>*%~*
does not strongly impair nascent protein expression across a
wide concentration range. The peptide, named KLR-70
(pronounced killer-70, i.e., an inactivator of Hsp70), displays
high affinity (dissociation constant in the nanomolar range)
and selectivity for DnaK and interacts with this chaperone
stereoselectively. Conveniently, KLR-70 does not interact with
the DnaJ co-chaperone, at the physiologically relevant pH
values tested in this work.

In summary, KLR-70 is a novel inhibitor of bacterial Hsp70
with considerable potential to help in parsing out the role of
this chaperone in nascent protein folding.

H MATERIALS AND METHODS

Peptide Synthesis. Chemical synthesis of the KLR-70
peptide (RRGKKLLLLLKKKG), the KLR-70 enantiomer D-
KLR-70, the AlexaFluor 488-conjugated KLR-70-C-AF488
peptide (RRGKKLLLLLKKKGC-AlexaFluor 488), and onco-
cin-112 (Oncl12, VDKPPYLPRPRPPRrIYNr-NH,) was
either carried out in house at the University of Wisconsin—
Madison Biotechnology Center or commissioned to a
company (Biomatik, Genscript, or Thermo Fisher Scientific).
All nonfluorescent peptides were generated by solid-phase
peptide synthesis via Fmoc chemistry and isolated to >95%
purity via reverse-phase HPLC followed by lyophilization.
KLR-70-C-AF488 was prepared similarly, except for the
additional thiol-reactive dye conjugation and the HPLC
purification steps preceding lyophilization. Peptide identities
were confirmed by either MALDI TOF/TOF or ESI mass
spectrometry. Lyophilized peptides of known mass (typically
>10 mg to ensure sufficient mass accuracy) were dissolved in
100 mM HEPES-KOH adjusted to pH 7.0 prior to handling,
Peptide stock solutions (1.5 mM) were generated as single-use
aliquots and stored at —80 °C. In addition, the concentration
of some of the 5peptide stock solutions was confirmed via a
Bradford assay™ against a calibration curve comprised of
several KLR-70 peptide solutions with accurately known
concentrations (assessed gravimetrically). The concentration
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of KLR-70-C-AF488 stock solutions was assessed via electronic
absorption at 492 nm, using an extinction coeflicient of 72000
M~ em™L%

Chaperone Preparation. DnaK, DnaJ, and GrpE were
prepared as described previously."”** Single-use DnaK stock
solutions (500 #M) were in 50 mM Tris-HCl (pH 7.2), S mM
MgCl,, and S0 mM KCl. DnaJ stick solutions (720 M) were
in 25 mM HEPES-KOH (pH 7.0) and 100 mM KCl. GrpE
stock solutions (345 yM) were in 30 mM HEPES (pH 7.0),
100 mM KCl, and 5% glycerol. Chaperone concentrations
were assessed via electronic absorption at 280 nm using
extinction coefficients of 15800, 14000, and 1400 M~! cm™
for DnaK, DnaJ, and GrpE, respectively.'®* GroEL and
GroES were purchased (Sigma-Aldrich) as a 1:1 (w:w) mixture
of lyophilized chaperonins 60 and 10 (Tris-HCl, KCl,
dithiothreitol, and trehalose, at concentrations undisclosed by
the company) and reconstituted in molecular biology-grade
water according to the manufacturer’s specifications to final
concentrations of 1.05 and 1.84 uM, respectively (assessed
gravimetrically).

Cell-Free Expression. Cell-free transcription and trans-
lation to generate the apoMb protein were carried out at 37 °C
for 20 min as described previously,”® except for the following
modifications. The in-house-generated cell-free system in-
cluded a plasmid composed of the pET-Bluel vector harboring
the apoMb gene (20 nM), a c.f. mix (see the definition below),
and S30 cell extracts from the wild-type or Atig A19 E. coli cell
strain. Here, Atig denotes a strain lacking the gene encoding
the trigger factor chaperone. The cell-free system also includes
a fluorophore-labeled aminoacylated tRNA, BODIPY 576/
589-Met-tRNA™M* (0.1 yM), which was prepared as described
previously,” except for the fact that BODIPY 576/589 N-
hydroxyl succinimidyl ester (i.e., BODIPY 576/589 NHS ester,
ThermoFisher) was used as a reactive fluorophore in place of
BODIPY FL NHS ester (ThermoFisher). The final solution
pH was adjusted to 7.0 with dilute acetic acid. In addition,
some of the transcription—translation mixtures also contained
KLR-70, D-KLR-70, and Oncl12 (see other sections for
details). Protein expression was monitored by low-pH sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE).”" Fluorophore-labeled newly synthesized proteins
were visualized on an FLA 9500 Typhoon gel imager (General
Electric) equipped with an LPG (>600 nm) long-pass filter
(Fuji-Film). Gel band intensities were quantified with
Image_].sz’53

Determination of the Chaperone Concentration in
Cell-Free Systems. The intrinsic concentration of Dnak,
DnaJ, and GrpE in S30 cell extracts was assessed (from the
wild-type or Atig E. coli A19 strain) via Western blotting.
Briefly, S30 cell extracts were subjected to SDS—PAGE via
two-layer gels comprising a stacking layer [130 mM Tris-HCl
(pH 8.8), 0.1% SDS, 5% T, and 3% C] and a resolving layer
[400 mM Tris-HCI (pH 6.8), 0.1% SDS, 12% T, and 3% C]. T
and C denote the percentage of acrylamide plus bis-acrylamide
and the percentage of bis-acrylamide alone, respectively. The
running buffer consisted of 250 mM Tris and 2 M glycine at
pH 8.4 with 0.1% SDS. A PVDF membrane was used for the
transfer step. The PVDF membrane was then treated with a
solution containing either mouse monoclonal anti-DnaK
(Abcam), rabbit polyclonal anti-DnaJ (Stressgen), or rabbit
polyclonal anti-GrpE (Stressgen) antibodies (1:2000 dilution).
Goat anti-rabbit or goat anti-mouse antibodies (ECL
Amersham Western blotting kit, General Electric) were used
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as secondary antibodies. Protein bands were detected via
chemiluminescence upon treatment with standard detection
reagents (ECL Amersham Western blotting kit, General
Electric) and quantified with Image].>>*® Chaperone concen-
trations were determined upon comparison with individual
calibration curves comprising series of DnaK, DnaJ, or GrpE
standards of known concentration. Total concentrations of
DnaK, DnaJ, and GrpE in the wild-type S30 cell extract were
found to be 3.8, 0.3, and 0.6 uM, respectively. Total
concentrations of DnaK, DnaJ, and GrpE in the Atig S30
cell extract were found to be 4.0, 0.2, and 0.4 uM, respectively.

Native Gels Involving DnaK. The overall interactions of
KLR-70 and D-KLR-70 for the ADP state of DnaK were
investigated via native gel electrophoresis by known
procedures,”” with the following modifications. DnaK (5
uM) was incubated with an excess of either KLR-70 (50 uM)
or D-KLR-70 (50 M) in S0 mM Tris-HCI (pH 7.0), S mM
MgCl,, 50 mM KCl, S mM ADP, and 15 mM dithiothreitol
(DTT) for 1 h at 21.5 + 0.5 °C. The affinity of the peptides for
ADP-DnaK was quantified via binding isotherms comprising
multiple independent samples incubated as described above,
except that peptide concentration varied between 0 and 50
UM. Native polyacrylamide gel electrophoresis was then
carried out on a vertical gel apparatus (Mini-PROTEAN 3,
Bio-Rad) as follows. Briefly, gels consisted of 375 mM Tris-
acetate (pH 7.8), 7.5% (w/v) acrylamide, and 0.2% (w/v) bis-
acrylamide (8% T and 2.5% C). T and C denote the
percentage of acrylamide plus bis-acrylamide and the
percentage of bis-acrylamide alone, respectively. Tris-acetate
(32 mM) at pH 7.5 was used as the running buffer. Gels were
run at a constant voltage (200 V) for S h. Given the long run
time and the tendency of the gel apparatus to overheat, the
temperature was controlled by immersing the device in a large
container filled with either room-temperature water (effective
water temperature during the run of 21.5-24.5 + 0.5 °C) or
an ice/water mixture (effective water temperature during the
run of 15.0—24.5 + 0.5 °C). Direct comparisons between the
conditions described above showed that slightly different gel
running temperatures did not significantly affect the ability of
KLR-70 and D-KLR-70 to bind DnaK. After electrophoresis,
gels were fixed upon treatment with 40% methanol and 10%
acetic acid (fixing solution) for 15 min and then stained with
0.025% Brilliant Blue G-250 Coomassie dye (Fisher Scientific)
in a fixing solution for 1 h, followed by destaining in a fixing
solution if or as needed. Gel images were collected on a
Typhoon FLA 9500 laser scanner (General Electric) upon
excitation at 635 nm with an LPR (>700 nm) emission filter
(Fuji-Film). As reference information, the expected isoelectric
points of DnaK and the KLR-70 peptide are 5.1 and 12.04,
respectively.

Native Gels Involving DnaJ. The presence of interactions
between DnaJ and the inhibitory peptides developed in this
work was probed via native gel electrophoresis. Briefly, KLR-70
and D-KLR-70 (35 uM each) were independently incubated
with an excess of DnaJ (200 yM) in 20 mM HEPES-KOH
(pH 7.2), 50 mM KCl, S mM DTT, and 0.1 mM EDTA for 1 h
at 21.5 + 0.5 °C, consistent with conditions known to be
appropriate for this chaperone.”* Following incubation, native
gel electrophoresis and gel staining and destaining were carried
out at pH 7.5 under conditions similar to those employed for
DnaK (see the previous section), except for the following
variations. Gels were run at a constant voltage (120 V) for 3 h
with reverse polarity. Under these conditions, the chaperone—
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peptide interactions had to be assessed so that the client
peptides could be visualized, given that DnaJ did not enter the
gel. Independent experiments performed at pH 6.8, where
DnaJ enters gels, showed consistent results (Figure S1). As
reference information, the expected isoelectric point of Dna] is
8.5.

Luciferase Refolding Assays in a Buffered Solution.
Luciferase denaturation and refolding were carried as described
previously,” with the following minor modifications. Pure
luciferase (8 uM, Promega) was unfolded in unfolding buffer
[25 mM HEPES-KOH (pH 7.6), S mM MgCl,, 50 mM KCl, 6
M guanidine hydrochloride (GdnHCl), and S mM f-
mercaptoethanol (BME)] at room temperature for 1 h.
Refolding was carried out at 30 °C for 1 h after 400-fold
dilution into a refolding buffer [25 mM HEPES-KOH (pH
7.6), S mM MgCl,, S0 mM KCl, S mM BME, and 2 mM ATP]
containing variable amounts of the KLR-70 peptide (0—400
uM). In some instances (see specific figures), the refolding
buffer also contained DnaK, DnaJ, and GrpE (0.6, 0.12, and
0.24 uM, respectively). After incubation for 1 h, the refolding
mixtures were then diluted 33-fold into a Steady-Glo solution
(Promega), and samples were transferred into a 96-well plate,
followed by luminescence detection via an EnVision 2100 or
EnVision 2105 microplate reader (PerkinElmer) equipped
with a <700 nm short-pass filter.

Luciferase Refolding Assays in Cell-Free Systems.
Luciferase unfolding was carried out as described in the
previous section. Refolding was performed at 30 °C for 1 h
after 150-fold dilution into an E. coli cell-free system identical
to the one employed for protein expression with the following
modifications. The cell-free system employed in luciferase
refolding experiments included 2.6 mM ATP and other NTPs
at 0.4 mM (e.g, GTP, CTP, and UTP) and lacked both T7
RNA polymerase and BODIPY 576/589-Met-tRNA™, When
specified, the cell-free systems also included the S30 extract at
1.5-fold higher concentrations. Some of the assays included
cell-free systems lacking S30 extracts. These solutions are
denoted as cell-free mixtures (c.f. mix) in this work. Some of
the refolding solutions also contained additional amounts of
chaperones, including DnaK, Dna], and GrpE (at 0.6, 0.12, and
0.24 uM, respectively) or GroEL and GroES (at 0.5 and 1.0
UM, respectively). After incubation for 1 h, the refolding
mixtures were diluted 33-fold into a Steady-Glo solution
(Promega), and samples were transferred into a 96-well plate,
followed by luminescence detection via an EnVision 2100 or
EnVision 2105 microplate reader (PerkinElmer) equipped
with a short-pass filter with a 700 nm cutoff wavelength.

Data Analysis of Native Gels to Generate Binding
Isotherms. Binding isotherms monitoring the affinity of KLR-
70 for DnaK were generated as described in Native Gels
Involving DnaK. Gel band intensities were initially quantified
with Image].””* A representative example is shown in Figure
S2A. Inspection of these intensity profiles highlights three
challenging aspects of ligand binding data processing.

First, the peptide-bound and unbound states of DnaK are
extremely poorly resolved on native gels even after extensive
attempts to optimize the experimental conditions.

Second, the native gels exhibited subtle species-independent,
random fluctuations in the vertical band position.

Third, Image] can produce only discrete gel band intensity
values (e.g, see the dotted traces in Figure S2A).

These complications required the raw Image] traces to be
carefully deconvoluted with continuous mathematical func-
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tions and the data to correct for random vertical-height
fluctuations. We achieved these goals by a series of steps. First,
we fit the raw Image] data to sums of Gaussians via the
MATLAB software package (The MathWorks Inc., Natick,
MA, ver. R2016b). The Gaussian curves were used in all
downstream analysis, in place of the Image] raw band
intensities. Then, we carried out gel band deconvolution
followed by mathematical realignment. Representative exam-
ples of this procedure are shown in Figure S2B—D.

The gel band intensities of DnaK samples lacking KLR-70
were fit to an unconstrained sum of two Gaussians (see Figure
S2B) according to

d—b,o,m
€2,0uM

d—b, oM
CLopuM

2

I(d)opM = a;9,m ( ] + a50m€ [ ] (1)
where I(d)y , denotes the gel band intensity, which is a
function of migration distance (d) for DnaK samples lacking
KLR-70 (0 4uM). In addition, a, b, and ¢ denote the amplitude,
mean value, and width of the Gaussian curves, respectively.
The Gaussian curves represent intensity distributions of the
top (distribution 1) and bottom (distribution 2) native gel
bands, likely representing different conformational states of
DnaK. The gel band intensities of samples containing varied
KLR-70 concentrations (X #M) were fit to constrained models
that forced the bottom band Gaussians to have the same
difference in mean migration distance as the samples lacking
KLR-70 as shown in Figure S2B, according to

2
d—b, x ;AM]

— _[ €2, X uM
I(d)x uM = 9 x uMm© .

_{ d—[b,x yM_(bZ,OpM_bl,OuM)]}Z
+ ayx v s (2)

The resulting Gaussians accurately represent gel band
intensity profiles for the peptide-unbound and -bound states
of DnaK (* > 0.98 for all samples). Next, the Gaussians were
adjusted so that all curves within the same gel had their top
and bottom Gaussians overlap, to account for lane-dependent
small random migration differences through the native gel (see
Figure S2C), according to

2
d—byg M
€2,X uM

I(d)X M, adjusted = dyx uMe [

_[d—hmm]z
+ a;x v e 3)

Finally, the adjusted Gaussians had their total areas
normalized to 1 to correct for small errors due to different
total sample amounts loaded onto different gel lanes.

Once the procedure described above was complete, the
increase in the bottom DnaK band (termed “DnaK band 2”)
intensity upon addition of KLR-70 was plotted and fit to a
mathematical model in Origin (OriginLab Corp., ver. 2018b)
to determine their dissociation constant (see Figure S2D).

The direct binding of KLR-70 to DnaK was modeled as a
simple two-state process

D + P = DP (4)

where D, P, and DP denote DnaK, the KLR-70 peptide, and
the DnaK—KLR-70 complex, respectively. The dissociation
constant for the direct binding of KLR-70 to DnaK (Kp;) can
be written as

https://dx.doi.org/10.1021/acs.biochem.0c00320
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D2,
DI~ "5p
eq (%)
with D, P., and DP,., denoting the equilibrium concen-

trations of DnaK, KLR-70, and the DnaK—KLR-70 complex,
respectively. Equation 5 can be recast as

(DO - fBlDO)(PO - fBlDO)

f B 1D 0 (6)
where D, and P, denote the total concentrations of DnaK and
KLR-70, respectively, and fg, denotes the fraction of KLR-70
bound directly to DnaK. Equation 6 can be further simplified

to solve for f;. The only physically meaningful solution of the
resulting quadratic equation is

Ky, =

)
_ Kpy + Dy + Byxirero — \/ (Kpy + Dy + Byxrr70)” — 4DoBy kire70
2D,

Bl

(7)
Equation 7 can be substituted directly into the following
expression that describes how the observed maximum

normalized gel band intensity of DnaK band 2 (I,) varies
with fg,:

Iobs =f311bound + (1 _fBl)Ifree (8)

where Ig,. and I,,q are the maximum normalized gel band
intensities of DnaK band 2 under fully free and fully bound
conditions, respectively.

Experimental data points were then fit to eq 8, after
replacement of eq 7 with it, with Ky, I, and Iq,,q serving as
the adjustable parameters. Data are reported as an average Kp,;
from three independent experiments =+ the standard error.

Steady-State Fluorescence Anisotropy: Data Collec-
tion and Analysis to Generate Binding Isotherms.
Experiments monitoring the binding of the KLR-70 peptide
to ADP-DnaK via fluorescence anisotropy were carried out in
direct binding or competitive inhibition modes. In both cases,
the fluorescently labeled KLR-70-C-AF488 analogue of the
KLR-70 peptide was employed.

Direct Binding Experiments. The studies of the direct
binding of KLR-70-C-AF488 to DnaK were carried out under
conditions similar to those employed for binding isotherms
assessed via native gels. Briefly, DnaK (0—100 uM) was
incubated with KLR-70-C-AF488 (10 nM) in S0 mM Tris-
HCI (pH 7.0), S mM MgCl,, 50 mM KCl, 5 mM ADP, and 15
mM dithiothreitol (DTT) for 1 h at 21.0—23.5 + 0.5 °C. The
resulting changes in fluorescence anisotropy for KLR-70-C-
AF488 in the presence or absence of DnaK were measured on
a PC1 photon-counting steady-state fluorimeter (ISS Inc.).
The excitation wavelength was 485 nm, and the total
fluorescence emission was recorded in the presence of a
>500 nm long-pass emission filter. Conveniently, the
fluorescence anisotropy depends linearly on the population
of components i within a mixture, according to

r= ar,
:g: )

where r; is the anisotropy of component i while ¢ is its
fractional contribution to the total anisotropy (r). When the
excitation source is vertically polarized, r becomes

Iy + 2Glyy

Iy — Glyy

(10)

1950

with

G=IH_V
(11)

where Iy and Iy denote the fluorescence intensity following
excitation by vertically polarized light and passing through
either a vertical or horizontal emission polarizer, respectively.
Similarly, Iy;y and Iy denote the sample fluorescence intensity
following excitation by horizontally polarized light and passing
through either a vertical or horizontal emission polarizer,
respectively. All intensities were background-subtracted prior
to further analysis. The background consisted of an
independently prepared equivalent sample lacking KLR-70-C-
AF488. The changes in KLR-70-C-AF488 anisotropy as a
function of total DnaK concentration were then plotted and
fitted to the expressions below with Origin (OriginLab Corp.,
ver. 2020). Binding to DnaK was modeled as a simple two-
state process (see eqs 4 and 5). Equation 6 can be recast as

IHH

2
_ KDz + Do + PO,AF488 - \/(KDZ + Do + RI),AF488) - 4D0RI),AF488
2D,

B2

(12)
where fg, denotes the fraction of KLR-70-C-AF488 bound to
ADP-DnaK, Py arsgs is the total concentration of KLR-70-C-
AF488, and Kp, denotes the dissociation constant for the
binding of KLR-70-C-AF488 to DnaK. Equation 12 was then
inserted into the expression below, which describes how the
observed anisotropy of KLR-70-C-AF488 (r.,,) varies with fp,

QfBzrbound + (1 - fBz)rfree
1-(1-Q)f, (13)

where rg.. and rpg,q are anisotropies of KLR-70-C-AF488
under fully chaperone-free and fully chaperone-bound
conditions, respectively. Q is an additional correction term
that accounts for changes in the total fluorescence intensities of
free KLR-70-C-AF488 upon binding to ADP-DnaK. Q is
defined as

Tobs =

1
total,bound
Q= —oubond
total, free ( 14)

where I bound a0d Lot ree are the total fluorescence intensities
for the fully DnaK-bound and fully free states of KLR-70-C-
AFA488, respectively. The total intensities were obtained from
anisotropy experiments according to

Itotal = IVV + 2’GIVH (15)

Importantly, no statistically significant changes in the total
fluorescence intensity of KLR-70-C-AF488 were observed in
the presence of ADP-DnaK. Therefore, Q was taken to be
equal to 1.0 in our experiments (Figure S3).

Experimental data points were then fit to eq 13, after
replacement of eq 12 with it, with Kp,, 74 and ryoung as
adjustable parameters. Data are reported as an average Kp,
from four independent experiments =+ the standard error.

Competitive Binding Experiments. To quantify the affinity
of unlabeled KLR-70 for ADP-DnaK, competitive binding
experiments were carried out. These experiments were
conducted under conditions similar to those employed in the
direct binding experiments, except that KLR-70 (1—1000 yM)
was co-incubated with DnaK (10 #M) and KLR-70-C-AF488
(10 nM) in S0 mM Tris-HCI (pH 7.0), S mM MgCl,, SO0 mM

https://dx.doi.org/10.1021/acs.biochem.0c00320
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Figure 2. KLR-70 is predicted to interact with DnaK more strongly than known proline-rich peptide inhibitors. (A) Structure of ADP-DnaK
(Protein Data Bank entry 2KHO), showing the nucleotide- and substrate-binding domains, denoted as NBD and SBD, respectively. The client-
binding cleft of DnaK is labeled. (B) Structure of the DnaK—pyrrhocoricin complex (Protein Data Bank entry 4EZN). Pyrrhocoricin is a known
proline-rich peptide inhibitor of DnaK. (C) Known binding motif for the interaction of client peptides with DnaK. The motif includes a core of five
nonpolar amino acids flanked by positively charged residues. (D) Amino acid sequence of the KLR-70 peptide investigated in this work, designed
to mimic the DnaK substrate-binding motif. (E) Amino acid sequences of the DnaK-binding peptides KLR-70, pyrrhocoricin, and oncocin. The
underlined segments highlight the 13-residue binding motif predicted to have the highest affinity for DnaK. (F) Computationally predicted binding
scores for the highest-affinity DnaK-binding sites of the peptides listed in panel E. Binding scores below —5 kJ/mol are regarded as diagnostic of a

high affinity for DnaK.

KCI, 5 mM ADP, and 15 mM dithiothreitol (DTT) for 1 h at
21.5 + 0.5 °C.

The fraction of KLR-70-bound DnaK in the presence of
KLR-70-C-AF488 (fy;) is**’

24a* - 3b cos(ﬁ) —x

3

foy =

3Ky, + 2a” = 3b cos(2) - x (16)

with
a = Kp, + Kp; + By ppass + B — Dy (17)
b= (Po - Do)KDz + (PO,AF488 - DO)KD3 + KD2KD3 (18)
¢ = —Kp,KpsD, (19)

and

& —2a% + 9ab — 27¢
= arccos

24/ (a* — 3b)° (20)

where Py 4455 and Kpy, are the total concentrations of the KLR-
70-C-AF488 peptide. The affinity of KLR-70-C-AF488 for
ADP-DnaK was quantified as described in the previous section.
Namely, eq 16 was replaced with the expression below, which
describes the dependence of the observed anisotropy of KLR-
70-C-AF488 (r,,) on fp;

_ QfB3rbound + (1 _fB3)rfree

(1)
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Experimental data points were then fit to eq 21, after
replacement of eq 16 with it, with Kp;, 7gee and ryouq Serving
as adjustable parameters. A comparison of g, values resulting
from the fits in direct and competitive binding experiments
strongly suggests that ~25% of KLR-70-C-AF488 remains
bound to ADP-DnaK even in the presence of excess KLR-70.
This effect is potentially due to nonspecific binding of the
fluorescently labeled, hence more hydrophobic, KLR-70-C-
AF488. Data were reported as the average Kp; for four
independent experiments + the standard error.

Circular Dichroism. The far-ultraviolet (far-UV) circular
dichroism spectra of the KLR-70 and D-KLR-70 peptides (20
uM) in 1.3 mM HEPES (pH 7.0) were recorded within the
spectral range of 190—260 nm (1 nm steps, 20 s per step) on a
model MOS-450 spectropolarimeter (Bio-Logic Science
Instruments) at room temperature. Raw data were baseline
corrected and converted to mean residue ellipticity (MRE)
according to

0

10C(N. — 1)b (22)
where 6 denotes the experimentally determined ellipticity (in
millidegrees), b is the cuvette path length (in centimeters), C is
the peptide concentration (in molarity), and N, denotes the
number of amino acids, i.e., 14. Data were smoothed via a
Savitzky—Golay algorithm (second-order polynomials, 5 nm
window size) with MATLAB (The MathWorks Inc., ver.
R2016b). The fractional contributions of secondary structure
elements to the overall smoothed spectra were assessed with
CONTINLL***? via the CDPro software.*’

https://dx.doi.org/10.1021/acs.biochem.0c00320
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Determination of Minimum Inhibitory Concentra-
tions. Single colonies of wild-type E. coli (ATCC 25922) cells
were grown overnight while being shaken at 250 rpm and 37
°C in Muller Hinton Broth (MHB) prior to dilution to a
McFarland Standard 0.5 turbidity [the optical density at 600
nm (ODg,) was 0.08—0.10]. The culture was then diluted
1:300 (v:v) in MHB, followed by addition of the resulting
suspension (200 uL per well) to a 96-well plate. Serially diluted
stock solutions of the peptide dissolved in dimethyl sulfoxide
(DMSO) were then diluted 1:100 in each well prior to
overnight growth for ~18 h at 37 °C. The ODyy, of each well
was then recorded with a Victor 3 V plate reader
(PerkinElmer). Finally, the minimum inhibitory concentration
(MIC) was assessed as the lowest total concentration of the
peptide that displayed a baseline at an ODyy, similar to that of
a negative control containing only MHB and DMSO.

B RESULTS AND DISCUSSION

Design Criteria. The bacterial Hsp70 DnaK has a well-
known canonical binding site for client proteins and
polypeptides. Not surprisingly, this site is located within the
substrate-binding domain (SBD) of the chaperone®"> (Figure
2A) and lies between a ff-sheet region and the a-helical lid of
Dnak, as shown in Figure 2B. Our design of a peptide inhibitor
of DnaK targeted a potential interaction with this canonical
binding site and was based on the three major criteria outlined
below.

First, we exploited well-established background knowledge
of the amino acid sequence of peptides that are experimentally
known to interact with the SBD of DnaK.”’ On the basis of
extensive screening of a large library of peptides encompassing
the sequence of a wide variety of client proteins, Riidiger et al.
developed an algorithm for the in silico prediction of the amino
acid sequence of peptides likely to interact with the SBD of
DnaK.%® The result of these studies, which were later validated
in other laboratories,”* highlighted the presence of a client-
peptide-binding motif consisting of three to six nonpolar
amino acids flanked by residues with positively charged side
chains.”> The key features of the canonical DnaK client-
binding motif based on the studies by Riidiger et al. are
illustrated in Figure 2C. It is worth noting that the authors
proposed that the client peptides developed in their work
interact with DnaK via the binding cleft of the SBD (Figure
2A). This conclusion is corroborated by a number of
systematic controls that had to be fulfilled by the screened
peptides.”” (1) The bound peptides had to become fully
dissociated upon addition of excess Mg** and ATP. (2) The
bound peptides had to be displaced by competinsg peptides
known to interact with the client-binding cleft.®> (3) The
bound peptides had to show similar affinities for the isolated
SBD of DnaK and for wild-type full-length DnaK. (4) The
bound peptides had to show no affinity for the isolated
nucleotide-binding domain of DnaK.**

We took advantage of this information and employed the
algorithm by Riidiger et al. to computationally screen a
collection of 13—14-residue peptides. This procedure led us to
select a peptide with a very favorable predicted DnaK binding
score. An alternative recently developed algorithm,*® which
complements the experimental data source employed in the
algorithm by Riidiger et al.”’ with computational homology
modeling,” yielded equivalent results.

Second, an additional design criterion was applied to help
improve peptide selectivity toward DnaK over its DnaJ co-
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chaperone. Namely, DnaJ shows a high affinity for peptides
enriched with aromatic residues, while DnaK prefers aliphatic
residues, most notably leucine.">*® Conversely, lysines are
rarely found in Dna]J clients.'>*® Thus, to optimize the affinity
for DnaK and selectivity for DnaK over DnaJ, we selected
peptides bearing a leucine-rich core flanked by arginines and
lysines.

Third, we considered the fact that peptides with a high net
positive charge are known to often display undesired
nonspecific binding to highly negatively charged cellular
components, including membranes, nucleic acids, and the
ribosome. Hence we reduced the net charge density of our
peptide candidates by including a few glycines, which bear no
net charge and whose presence does not influence binding to
either DnaK or DnaJ.">®*

Keeping all of the criteria mentioned above in mind, we
ultimately chose the 14-residue RRGKKLLLLLKKKG poly-
peptide and denoted it as KLR-70. A salient characteristic of
this compound is that it is predicted to bind strongly to DnaK
via the algorithm by Ridiger et al.”’ despite its extremely
simple primary structure (Figure 2D). KLR-70 contains only
naturally occurring residues; it includes small clusters of
arginines, lysines, and leucines and and lacks N- and C-
terminal modifications.

A comparison between the computationally predicted®®
DnaK binding scores of KLR-70 and that of well-known
proline-rich inhibitors of DnaK, including pyrrhocoricin®® and
a sequence-optimized variant of oncocin™® (Figure 2E), was
carried out. This side-by-side evaluation revealed that the
predicted binding score of all three peptides is below —$ kcal/
mol, i.e, the nominal cutoff for interaction with DnaK (Figure
2F). Thus, all three peptides are expected to bind DnaK, yet
the KLR-70 sequence was predicted to have by far the highest
affinity for this chaperone.

KLR-70 and Its Enantiomer, D-KLR-70, Are Mostly
Unstructured in Solution. The KLR-70 peptide was
synthesized, and its far-UV circular dichroism spectrum,
shown in Figure 3, was recorded to experimentally assess
secondary structure in solution. Inspection of the spectrum and
data deconvolution via CONTINLL>**? revealed that KLR-70
is mostly unordered and displays small amounts of a-helical, -
sheet, and f-turn secondary structure (Figure 3 and Table 1).
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Figure 3. KLR-70 and D-KLR-70 peptides are predominantly
unstructured in solution. Far-UV circular dichroism spectra of KLR-
70 and D-KLR-70 in 1.3 mM HEPES (pH 7.0) at room temperature.
Each spectrum is the average of two independent experiments. See
Table 1 for secondary structure deconvolution via CONTINLL.
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Table 1. Fractional Secondary Structure of KLR-70 and D- (Figure 4A)] and as two distinct bands at room temperature
KLR-70 Deconvoluted via CONTINLL [21.5-24.5 + 0.5 °C (Figure 4C)], suggesting DnaK exhibits
conformational heterogeneity in the absence of client proteins.
This observation is fully consistent with the literature,'>'>%*
KLR-70 0.49 021 0.10 0.21 Addition of an excess of KLR-70 leads to a clear and

peptide unordered a-helical P-sheet p-turn

D-KLR-70 0.52 0.20 0.08 0.20 reproducible variation in gel migration pattern. Namely, the
diffuse or double band turns into a single well-defined sharper
Interestingly, DnaK is known to bind client peptides band within the same gel region. This result strongly suggests
stereoselectively, with preferential interaction with L enan- the presence of an interaction between KLR-70 and DnaK.
tiomers. In contrast, DnaJ tends to lack this stereoselectivity The data are consistent with the scheme in Figure 4D, showing
and typically interacts with both L and b enantiomers of client that DnaK has a conformationally heterogeneous unbound
peptides to a comparable extent. %7 state that narrows into an apparent single conformation upon
To probe the affinity of both peptide enantiomers for DnaK interaction with the KLR-70 client peptide. The KLR-70
and DnaJ, we prepared both the all-L-amino acid KLR-70 bound state may well coincide with the closed-lid con-
peptide and its enantiomer D-KLR-70, which carries all-p formation greviously observed upon client binding to
amino acids. Not surprisingly, far-UV circular dichroism DnaK;lz’B'G as suggested in the scheme of Figure 4D. In
analysis shows that D-KLR-70 is as poorly structured as addition, our data show that the D-KLR-70 enantiomer does
KLR-70. The far-UV circular dichroism spectrum of D-KLR-70 not interact with DnaK at either temperature.
is the exact mirror image of the KLR-70 spectrum, confirming The conclusions described above are supported by
the opposite chirality of the two polypeptides (Figure 3 and quantitative evaluation of the fraction of client-bound DnaK
Table 1). (f)- By applying eq 8 to the gel shift data in Figure 4C, we
KLR-70 Interacts with DnaK but Not DnaJl, while D- obtain an f3 of 1.04 + 0.04 in the presence of excess KLR-70,
KLR-70 Does Not Interact with Either Chaperone. Gel consistent with the binding isotherm in Figure SA. In contrast,
shift assays utilizing native gel electrophoresis at pH 7.5 were we find that f = 0.00 £ 0.05 in the presence of an excess of D-
carried out to assess whether the KLR-70 and D-KLR-70 KLR-70.
peptides interact with the DnaK [ADP state of the chaperone Investigations of the binding of the client to DnaJ at
(Figure 4A)] or DnaJ (Figure 4B) molecular chaperones. In physiologically relevant pH values require running native gels
the absence of client peptides, DnaK travels through the native with reverse polarity, due to the relatively high isoelectric point

gel as a diffuse band at low temperatures [15.0—24.5 & 0.5 °C of DnaJ (pI = 8.5).”” However, given that DnaJ does not enter

A Native gel, low temperature B Native gel, low temperature
DnaK: + + + DnaJd: + - + - +
KLR-70: = + - KLR-70: _ - + + = =

D-KLR-70: s » D-KLR-70: - - -

+ + o+
DnaK Band 1—> ; A o
DnaK Band 2—> ‘ - . peptide —> . ' ‘

C Native gel, room temperature D r\)}‘ = L
DnaK: + + + + KLR-70
KLR-70: = + = ” Bound state
D-KLR-70: - - +

unbound states + D-KLR-70 No binding
+ KLR-70 x
I - No binding

unbound state 21/1 B
+ D-KLR-70 No binding

DnaK Band 1—>
DnaK Band 2—> . -

Figure 4. KLR-70 enantioselectively binds DnaK and does not bind DnaJ. (A) Representative native gel data, run under conventional polarity and
on ice (15.0—24.5 + 0.5 °C), for the binding of DnaK (S yM) to either KLR-70 or D-KLR-70 (50 4M each). (B) Representative native gel data,
run under reverse polarity and on ice (15.0—24.5 + 0.5 °C), for the binding of DnaJ (200 uM) to either KLR-70 or D-KLR-70 (35 yM each). A
one-tailed Student’s ¢ test assuming unequal variances shows that the gel band intensities for the KLR-70 (p = 0.32) and D-KLR-70 (p = 0.39)
peptides in the presence of DnaJ are not statistically different. A 95% confidence interval cutoff (p = 0.05) was used. Native PAGE analysis of these
samples at pH 6.8, to allow Dna] to enter the gel, confirms the lack of interaction with DnaJ (Figure S1). (C) Representative native gel data, run
under conventional polarity at room temperature (21.5 + 0.5 °C), for the binding of DnaK (S uM) to either KLR-70 or D-KLR-70 (50 #M each).
(D) Schematic cartoon representation of the DnaK—peptide binding data in panels A and C. Unbound DnaK is conformationally heterogeneous
and adopts a single apparent conformation upon interaction with KLR-70. In contrast, DnaK does not interact with D-KLR-70. (E) Schematic
cartoon representation of the DnaJ—peptide binding data in panel B. Neither KLR-70 nor D-KLR-70 binds DnaJ. All native gel data are
representative of three independent experiments. Native gel electrophoresis was carried out at pH 7.5 (see Materials and Methods for additional
information).
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Figure S. KLR-70 binds DnaK with high affinity. (A) Representative direct binding isotherm generated from the native gel analysis of ADP-DnaK
(5 uM) preequilibrated in the presence of variable concentrations (0—50 M) of KLR-70. Additional information about the generation and analysis
of these data can be found in Materials and Methods and Figure S2. (B) Representative direct binding isotherm generated from changes in the
anisotropy of KLR-70-A-AF488 (10 nM) preequilibrated in the presence of variable concentrations (0—100 M) of ADP-DnaK. (C)
Representative competitive binding isotherm generated from changes in the steady-state anisotropy of KLR-70-C-AF488 (10 nM) preequilibrated
with ADP-DnaK (10 yM) and variable amounts of KLR-70 (1—1000 uM). Curve fitting yields dissociation constants of (A) 158 + 70 nM, (B)
1.73 + 0.37 uM, and (C) 889 + 386 nM. All dissociation constants are reported as the average + the standard error for (A) three or (B and C) four

independent experiments.

the gel at pH 7.5 even under reverse-polarity conditions, we
had to move to pH 6.8 to enable explicit visualization of DnaJ
bands (Figure S1). On the other hand, native gels at both pH
7.5 and 6.8 enabled prompt visualization of any interaction by
inspection of the peptide gel band, in the presence of an excess
of the DnaJ chaperone. Student ¢ tests indicate that KLR-70
and D-KLR-70 concentrations remain constant in the absence
and presence of DnaJ, at both pH 7.5 (Figure 4B) and pH 6.8
(Figure S1). p values can be found in the legends of Figure 4
and Figure S1. These results are consistent with no detectable
binding of either peptide to DnaJ, as illustrated in the scheme
of Figure 4E.

The lack of binding of DnaJ by KLR-70 suggests that the
design criteria discussed above (i.e., the enrichment of lysines
and the lack of aromatic amino acids) were effective in
improving the binding selectivity of KLR-70 for DnaK over its
DnaJ co-chaperone.

KLR-70 Has a High Affinity for DnaK. Because DnaK
displayed observable changes in native gel migration patterns
upon binding KLR-70 at room temperature in Figure 4C, we
next performed gel shift assays aimed at quantifying the
interaction of the ADP state of DnaK with KLR-70 (Figure
SA). The gel shift experiments yielded direct binding isotherms
that led to a dissociation constant (Kp) of 158 + 73 nM for the
DnaK—KLR-70 complex during electrophoresis at 21.5—24.5
+ 0.5 °C.

To further probe and validate the results presented above,
we also explored the binding affinity of KLR-70 for DnaK by
steady-state fluorescence anisotropy at room temperature
(21.0-23.5 + 0.5 °C), via direct binding and competitive
inhibition experiments. A fluorophore-labeled variant of KLR-
70, denoted as KLR-70-C-AF488, was designed for this assay.
KLR-70-C-AF488 was generated by conjugating an AlexaFluor
488 dye to the thiol group of a C-terminal cysteine added to
the KLR-70 sequence. The direct binding of KLR-70-C-AF488
to ADP-DnaK yielded binding isotherms corresponding to a
Kp of 1.73 + 0.37 uM (Figure SB). A competitive binding
assay then probed the displacement of KLR-70-C-AF488 from
ADP-DnaK with a progressively increasing KLR-70 concen-
tration (Figure SC). The resulting competitive binding
isotherms yielded a Ky, of 889 + 386 nM for KLR-70. These
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experimentally determined dissociation constants are summar-
ized in Table 2. Importantly, two-tailed t test analysis assuming

Table 2. Dissociation Constants (Kp) for DnaK Binding to
KLR-70 and KLR-70-C-AF488

peptide method Kp
KLR-70 direct binding (native gels) 158 + 73 nM“
KLR-70 competitive binding (fluorescence 890 + 390 nM“
anisotropy)
KLR-70-C- direct binding (fluorescence 1.73 £ 0.37 uM
AF488 anisotropy)

“Differences in Ky, determined for binding of KLR-70 to DnaK by gel
shift and anisotropy assays are not statistically significant (p = 0.15)
when analyzed using a two-tailed ¢ test assuming unequal variances
and using a 95% confidence interval cutoff.

unequal variances highlights that the dissociation constants
determined for the binding of KLR-70 to DnaK either directly
(via a gel shift assay) or via competitive displacement
experiments (via fluorescence anisotropy) are statistically
similar (p = 0.15). Taken together, the combination of these
data supports the conclusion that KLR-70 binds DnaK with
high affinity.

Interestingly, the high affinity of KLR-70 for ADP-DnaK is
somewhat higher than the corresponding affinity of oncocin®”
and pyrrhocoricin,* which have Ky, values of ~1 and § uM,
respectively. These results agree with their predicted binding
affinities in Figure 2F (relative to KLR-70) at the qualitative
level.

However, it is worth noting that many other prAMPs also
exhibit high affinity for DnaK (~0.08—4 uM).”> Interestingly,
prAMPs are known to bind ADP-DnaK via a different binding
mode, relative to the canonical, non-proline-rich peptides
employed by Riidiger et al. Specifically, prAMPs typically
exhibit the highest affinity for DnaK’s D—E helical hinge
region, which belongs to the chaperone’s a-helical lid.”””" In
addition, prAMPs also bind the canonical DnaK client-binding
cleft, but only weakly. In contrast, the peptides employed by
Riidiger et al. target primarily DnaK’s client-binding cleft. This
observation suggests why the computationally predicted

https://dx.doi.org/10.1021/acs.biochem.0c00320
Biochemistry 2020, 59, 1946—1960



Biochemistry

pubs.acs.org/biochemistry

affinity of prAMPs is often underestimated by the algorithm of
Riidiger et al.

KLR-70 Disrupts the Chaperone Activity of DnaK.
Next, we performed experiments to assess whether the binding
of KLR-70 to DnaK disrupts chaperone activity. This question
was probed by evaluating the effect of KLR-70 on the K/J/E-
mediated refolding of chemically denatured luciferase [20 nM
luciferase (Figure 6A)] according to a well-known assay.”> We
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of K/J/E and KLR-70
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Figure 6. KLR-70 inhibits the DnaK/DnaJ/GrpE (i.e., K/J/E)-
mediated refolding of luciferase. (A) Plot illustrating the normalized
luminescence of luciferase (20 nM) refolded in the presence of K/J/E
(0.6 yM K, 0.12 uM J, and 0.24 uM E) and variable amounts (0—400
uM) of KLR-70. The negative control (N.C.) denotes the normalized
luminescence arising from luciferase refolding in the absence of K/J/E
and KLR-70. (B) Table summarizing the p values pertaining to a
comparison of the negative control (N.C.) with luciferase refolding
carried out in the presence of K/J/E and variable amounts of the
KLR-70 inhibitory peptide. A one-tailed Student’s t test assuming
unequal variances was performed. Statistical significance was judged
using a 95% confidence interval (p < 0.0S). All data represent the
average =+ the standard error for three independent experiments.

achieved nearly quantitative inhibition of luciferase refolding
upon addition of moderate concentrations of KLR-70 (=60
uM) in a buffered solution. The results of the Student’s ¢ tests
reported in Figure 6B confirm the statistical reliability of this
conclusion. The moderate concentration of KLR-70 required
to eliminate the chaperone activity of DnaK (total concen-
tration of 0.6 uM) is remarkable and convenient for practical
applications. Not surprisingly, this result is consistent with the
high affinity of KLR-70 for this chaperone. On the other hand,
the presence of some unbound DnaK at a lower (<6 yM) total
inhibitor concentration is expected, despite the high affinity of
KLR-70 for DnaK. Figure S4A shows simulations probing the
KLR-70—DnaK interaction prior to the addition of luciferase.
These simulations highlight the expected partially bound state
of DnaK in the presence of a low total KLR-70 concentration
(<6 uM). Hence, at [KLR-70],q < 6 uM, a significant
concentration (>10 nM) of KLR-70-unbound DnaK is
estimated to remain available to catalyze the refolding of
luciferase [total concentration of 20 nM (Figure S4B)].

The mechanism by which DnaK promotes protein folding is
still a subject of active debate.'* While some reports propose
that DnaK (in the presence of its co-chaperones) plays an
active role by serving as a folding catalyst that is even able to
unfold misfolded agg1‘egates,72_7 other studies show evidence
of how DnaK serves as a mere kinetic partitioning agent by
establishing a new parallel chaperone interaction route that

1955

kinetically competes with the folding and aggregation
paths.*”**7> Regardless of the exact mechanism by which
DnaK refolds luciferase, our data are consistent with KLR-70
behaving as an effective DnaK inhibitor. While this is an
exciting result per se, future work is necessary to probe the
nature of the behavior of the KLR-70s in further detail, e.g,
establishing whether KLR-70 serves as a competitive or
noncompetitive inhibitor.

KLR-70 Does Not Significantly Disrupt De Novo
Protein Biosynthesis. Next, we characterized the behavior
of KLR-70 within more complex cell-like environments.
Specifically, understanding whether KLR-70 has any undesir-
able effects on protein production is important, given that
other classes of DnaK inhibitory peptides, e.g., prAMPs, are
known to interfere with the translation machinery.*>**
Reported binding affinity data for prAMPs®”**** suggest that
the ribosome is the primary intracellular target of prAMPs,
rendering the interactions with DnaK a non-exclusive feature
of these peptides.

One notable example is Oncll2, a prAMP variant of
oncocin that inhibits de novo protein synthesis by binding the
peptidyl transferase center of the ribosomal 50S subunit and
physically blocking the ribosomal exit tunnel.*”** The
interaction between Oncll2 and the ribosome is stereo-
selective, as an all-D enantiomer variant of Onc112 does not
inhibit the production of green fluorescent protein."* In
addition, both enantiomers of Oncl12 exhibit generic weak
interactions with nucleic acids, with an ~100-fold lower
efficiency than binding to the ribosome.** Both types of
interactions are thought to be in part due to electrostatic
interactions facilitated by the high positive net charge (+5) of
Oncl12 at physiological pH and in part due to the ability of
the proline-rich scaffold to effectively enter and block the
ribosomal exit tunnel.*

KLR-70 carries a fairly high positive net charge (+7) at
physiological pH, despite the fact that one of our inhibitor
design criteria included engineering two glycines to decrease
the net positive charge density. To experimentally probe
whether electrostatic attraction may decrease the selectivity of
KLR-70 in the presence of cell-like environments, we allowed
KLR-70 to interact with highly negatively charged biomole-
cules, including ribosomes and other nucleic acids.

For these experiments, we expressed the model protein
sperm whale apomyoglobin (apoMb) in a cell-free system
including an S30 cell extract derived from TF-depleted (Atig)
E. coli. TF and DnaK are known to associate with nascent
proteins and assist their proper folding upon release from the
ribosome.*’

Cell-free expression was carried out in the presence of
aminoacylated initiator tRNA labeled with BODIPY 576/589
at the methionine amino group, as described previously.*® This
procedure enables the selective N-terminal co-translational
labeling of nascent apoMb, facilitating its in-gel fluorescence
detection (Figure 7A). As shown in panels A—C of Figure 7,
nascent protein synthesis is not disrupted within the 60—150
UM total KLR-70 concentration range. Partial inhibition of
protein expression takes place at higher total KLR-70
concentrations (200—400 uM).

Additional expression tests were carried out to directly
compare the behavior of KLR-70, D-KLR-70, and Onc112 at a
moderate concentration [150 uM each (Figure 8A)]. While
Oncl12 fully inhibits nascent apoMb expression, as

https://dx.doi.org/10.1021/acs.biochem.0c00320
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Figure 7. KLR-70 does not inhibit nascent protein production in cell-
free systems, at concentrations sufficient to inhibit DnaK. (A)
Representative low-pH SDS—PAGE data with fluorescence detection,
illustrating the cell-free expression of BODIPY 576/589-labeled
apoMb in the presence of 0—400 uM KLR-70. (B) Quantitative
analysis of the nascent protein expression data of panel A. Nascent
protein expression is reported relative to the average expression level
in the absence of KLR-70. (C) Table summarizing the p values for
apoMb expression in the presence (60—400 uM) or absence (0 uM)
of KLR-70. p values were obtained from a one-tailed Student’s t test
assuming unequal variances. Statistical significance was assessed with
a 95% confidence level cutoff (p < 0.05). All data represent the
average =+ the standard error for three independent experiments. An
E. coli cell-free system lacking the gene for the trigger factor chaperone
(Atig strain) was used. The total concentrations of the K/J/E
chaperones in the Atig S30 cell extract were 0.7 yuM DnaK, 0.03 uM
DnaJ, and 0.07 uM GrpE.

expected,””** KLR-70 does not have any influence on apoMb
production (Figure 8B).

Surprisingly, we found that D-KLR-70 completely inhibits
protein biosynthesis, like Oncl12. The origin of this
unexpected behavior of D-KLR-70 is presently unknown and
will be further investigated at a later time.

Taken together, the data presented above show that the
DnaK inhibitory peptide featured in this work, KLR-70, does
not disrupt cell-free protein expression at moderate concen-
trations (<150 uM). Hence, KLR-70 is an effective DnaK
inhibitor with no negative effects on protein biosynthesis, at
concentrations of <150 uM.

KLR-70 Selectively Inhibits DnaK in Cell-like Environ-
ments. As a complement to the studies described above, we
further assessed whether KLR-70 remains an effective inhibitor
of the DnaK chaperone under complex conditions that more
accurately take the cellular environment into account,
including the presence of ribosomes and nucleic acids in
general. To investigate this question, we performed a series of
luciferase refolding experiments under cell-like conditions and
in the absence and presence of KLR-70 (Figure 9). The assay
conditions are similar to those used to express nascent apoMb
in Figures 7 and 8 and comprise various combinations of a cell-
free mixture (c.f. mix), purified K/J/E chaperones, and an S30
cell extract generated from either a wild-type (WT) or Atig E.
coli cell strain.

Importantly, the c.f. mix contains only small molecules that
are necessary for chaperone activity and transcription and
translation (e.g, salts, nucleotides, and amino acids) as well as
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Figure 8. KLR-70 and D-KLR-70 have a dramatically different effect
on cell-free protein expression. (A) Representative low-pH SDS—
PAGE gel illustrating the cell-free expression of fluorophore-labeled
apoMb in the absence and presence of the KLR-70, D-KLR-70, and
Oncl12 peptides. (B) Quantitative analysis of nascent protein
expression data of panel A, in the absence (N.C., negative control)
and presence of DnaK-binding peptides. Nascent protein expression is
quantified relative to the expression level of the N.C. sample. Data are
shown as the average + the standard error for three independent
experiments carried out with an E. coli cell-free system lacking the
gene for the trigger factor chaperone (Atig strain). The total
concentrations of the K/J/E chaperones in the Atig S30 cell extract
were 0.7 yuM DnaK, 0.03 uM Dna]J, and 0.07 M GrpE. Asterisks
denote samples in which no observable (obs.) nascent protein
expression could be detected.

DNA plasmids. The c.f. mix is a key component of cell-free
nascent protein expression. In contrast, the S30 cell extract has
a more complex composition, and it includes a variety of
cellular macromolecules, i.e., ribosomes, most water-soluble
cellular proteins (including molecular chaperones), tRNAs,
and more. The c.f. mix and the cell extract are typically used in
combination to carry out cell-free transcription and translation.

As shown in Figure 9A, luciferase refolding is less efficient in
a c.f. mix supplemented with purified K/J/E than in a c.f. mix
that has been supplemented with either a WT or Atig S30 cell
extract. This result highlights the role of multiple chaperones,
including those that are known to cooperate with K/J/E to
promote protein folding.”® The major E. coli chaperone
networks that are known to assist protein folding include K/
J/E,* K/J/E in combination with Hsp90>® or ClpB,** and
GroEL/ES.”

The increased luciferase refolding activity in the presence of
Atig E. coli S30 extract may seem surprising at first. However,
this result can be rationalized to reflect the known upregulation
of the chaperones and chaperone networks mentioned above
to compensate for the loss of trigger factor.”

The effect of the c.f. mix on luciferase refolding is interesting.
Considering that we separately established that 400 yM KLR-
70 fully inhibits K/J/E-mediated luciferase refolding under
simple buffer conditions (Figure 6), the data of Figure 9
(which also includes 400 yM KLR-70) suggest that c.f. mix
components, including nucleotides and nucleic acids, likely
weaken the ability of KLR-70s to inhibit DnaK. This
observation agrees with the model proposed in the previous
section in which KLR-70 promiscuously engages with a variety
of targets, especially negatively charged nucleic acids and
ribosomes, yet retains high DnaK inhibitory activity.

https://dx.doi.org/10.1021/acs.biochem.0c00320
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Figure 9. KLR-70 inhibits a significant portion of the chaperone
activity of cell-like environments. (A) Normalized luminescence data,
illustrating the extent of luciferase (S0 nM) refolding in a cell-like
environment [cf mix (see its components in Materials and
Methods)] containing either purified K/J/E chaperones (i.e., DnakK,
DnaJ, and GrpE), S30 cell extracts from a wild-type (WT) strain, or
S30 extracts from a trigger factor-depleted (Atig) strain. The total
concentrations of the purified K/J/E chaperones were 1.1 M DnaK,
0.2 uM DnaJ, and 0.5 uM GrpE. The KLR-70 concentration was 400
UM in the experiments that included it. Bar-graph colors denote
refolding in the absence (black) or presence of E. coli S30 extracts
(dark gray, WT; light gray, Atig). (B) Alternative plot of the data of
panel A, showing normalized relative luminescence values. All data
represent the average + the standard error for three independent
experiments.

The binding promiscuity of KLR-70 in cell-like environ-
ments is not inherently problematic for its use as a tool to
address the effect of DnaK on nascent protein folding as long
as it inhibits only molecular chaperone networks that are
dependent on DnaK for function. For instance, Hsp90 and
ClpB are two molecular chaperones known to promote the
folding of luciferase. However, their chaperone actions also
require K/.]/E.B’24

Given that GroEL/ES is known to refold luciferase
independently of DnaK, we separately probed whether
GroEL/ES activity is inhibited by KLR-70. As expected,”
the addition of purified GroEL/ES facilitates luciferase
refolding in a cf mix (Figure SS). However, addition of
KLR-70 only weakly reduces the GroEL/ES-mediated
refolding of luciferase. This result implies that the GroEL/ES
chaperone is not a major biological target of the KLR-70
peptide.

KLR-70 Is a Useful Biochemical Tool for Investigating
the Specific Role of DnaK in Nascent Protein Folding.
Taken together, the data of Figure 6, Figure 9, and Figure S$S
show that the DnaK chaperone network remains the main
target of KLR-70 within the complex cell-like environment.
While interactions with nucleic acids and potentially other
small molecules attenuate KLR-70’s inhibitory activity in
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complex cell-like environments (Figure 9), the overall
effectiveness of this inhibitor is remarkably high.

Conveniently, KLR-70 exhibits high affinity for DnaK in the
absence of any chemical modifications (e.g, C-terminal
amidation) or unnatural amino acids (e.g, cyclohexylalanine)
that are often featured in engineered prAMPs.

Most importantly, KLR-70 is effective at inhibiting the
bacterial Hsp70 chaperone at concentrations that do not
interfere with protein biosynthesis, as highlighted in Figures 7
and 8.

D-KLR-70 Inhibits Bacterial Growth More Effectively
Than KLR-70. Finally, we collected pilot data to probe the
sensitivity of live wild-type E. coli cells to KLR-70 and D-KLR-
70. We also compared the results with the results of
corresponding experiments performed on the known DnaK
inhibitor oncocin 112 (Oncl12), a representative prAMP. The
results are listed in Table 3. Oncll2 exhibits a minimum

Table 3. Minimum Inhibitory Concentrations (MICs) of
KLR-70, D-KLR-70, and Onc112 against Wild-Type E. coli
Cells

peptide MIC (ug/mL)“
KLR-70 41-83
D-KLR-70 2-5
Oncl12 S

“Data report the range of MICs observed across three independent
experiments.

inhibitory concentration (MIC) of 5 pg/mlL, consistent with
the literature sampling other E. coli strains.”” The MIC values
of KLR-70 and D-KLR-70 are 41—83 and 2—S5 pug/mL,
respectively. Interestingly, the MIC of D-KLR-70 is lower than
that of KLR-70 by ~1 order of magnitude. Hence, D-KLR
shows more promise as an antimicrobial peptide against wild-
type E. coli than KLR-70.

This result raises two interesting questions that stand as
interesting topics for future investigations. First, it is not clear
whether the high MIC of KLR-70 in E. coli cells is due to a lack
of cellular penetration or to orthogonal stress response
pathways that are inactive in cell-free systems.

Second, the promising MIC value of D-KLR-70 suggests
that this peptide acts upon interfering with the cell membrane,
like many antimicrobial peptides, or by penetrating live cells
and subsequently inhibiting translation.

Future targeted studies are necessary to shed light on the
above intriguing topics.

B CONCLUSIONS

In summary, we developed KLR-70, a 14-residue peptide
inhibitor of DnaK whose sequence was designed to match an
optimal binding motif of DnaK for protein substrates.”> KLR-
70 comprises only natural amino acids, is rich in lysines,
leucines, and arginines, and has no N- or C-terminal covalent
modifications (e.g., acetylation or amidation). KLR-70 displays
high affinity for DnaK and inhibits the Hsp70 chaperone cycle
by selectively targeting DnaK and not the DnaJ co-chaperone.
The interaction between KLR-70 and DnaK is highly
stereoselective, as evidenced by the fact that DnaK fails to
bind the D enantiomer of KLR-70. Importantly, the binding of
KLR-70 to DnaK does not impair nascent protein translation
at [KLR-70] 00 < 150 uM.

https://dx.doi.org/10.1021/acs.biochem.0c00320
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In all, KLR-70 is a useful DnaK inhibitor that shows promise
as a valuable tool in mechanistic studies focusing on the role of
the DnaK molecular chaperone in buffered solutions and cell-
free systems. KLR-70 differs from all know Hsp70 inhibitors,
including PrAMPS,**°7** and small-molecule inhibitors.”®”*
Finally, the p enantiomer D-KLR-70 does not bind DnaK or
DnaJ chaperones yet strongly inhibits translation. This result
suggests that KLR-70 and its enantiomer, D-KLR-70, may be
used orthogonally when inhibition of DnaK/DnaJ chaperones
and/or inhibition of translation is desired.
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