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Abstract

Nucleoid-associated proteins (NAPs) play central roles in bacterial chromosome organization and DNA processes. The Escherichia coli Ye]K
protein is a highly abundant, yet poorly understood NAP YejK proteins are conserved among Gram-negative bacteria but show no homology to
any previously characterized DNA-binding protein. Hence, how YejK binds DNA is unknown. To gain insight into YejK structure and its DNA binding
mechanism we performed biochemical and structural analyses on the E. coli YejK protein. Biochemical assays demonstrate that, unlike many
NAPs, YejK does not show a preference for AT-rich DNA and binds non-sequence specifically. A crystal structure revealed YejK adopts a novel
fold comprised of two domains. Strikingly, each of the domains harbors an extended arm that mediates dimerization, creating an asymmetric
clamp with a 30 A diameter pore. The lining of the pore is electropositive and mutagenesis combined with fluorescence polarization assays
support DNA binding within the pore. Finally, our biochemical analyses on truncated YejK proteins suggest a mechanism for YejK clamp loading.

Thus, these data reveal YejK contains a newly described DNA-binding motif that functions as a novel clamp.
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Introduction

To fit within the confines of a bacterial cell, chromosomal
DNA must be tightly organized while still enabling essential
DNA processes. This organization is achieved by a combi-
nation of macromolecular crowding, DNA supercoiling and
the binding of so-called nucleoid-associated proteins (NAPs)
(1-19). NAPs have been shown to order the nucleoid DNA
through several DNA-binding mechanisms (1-33). The NAPs
in the model Gram-negative bacterium Escherichia coli are ar-
guably the best understood. To date, approximately a dozen
E. coli NAPs have been characterized (1,2). Among the most
studied of these are integration host factor (IHF), histone-like
protein (HU), suppressor of td phenotype A (StpA), histone-
like nucleoid-structuring protein (H-NS) and factor for inver-
sion stimulation (Fis) (4-19). These proteins also effect DNA
processes such as transcription by directly interacting with
promoter DNA or indirectly, through global modulation of
chromosomal DNA conformation. Interestingly, several NAPs
that impact DNA processes have been shown to bind or reg-
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ulate topoisomerases (1,2,20-22,32,33). One example is Fis,
which affects global supercoiling in an indirect manner by reg-
ulating the transcription of topoisomerases in a growth rate-
dependent manner, thus altering DNA supercoiling at a global
level (20-24). The Caulobacter crescentus GapR protein was
recently shown to bind positive supercoiled DNA and recruit
and stimulate the activity of gyrase and topoisomerase IV to
relax positive supercoils, thus enabling DNA replication (32).

The E. coli NAP, YejK, which has also been referred to as
NdpA, was first identified as a protein released from E. coli
nucleoids after treatment with DNase I and later shown to in-
teract with both gyrase and topoisomerase IV (33,34). Studies
in the Marians lab showed that YejK impacted the activities of
topoisomerase IV and gyrase in complex manners (33). Inter-
estingly, YejK appeared to modulate DNA topology and un-
twist DNA upon binding. YejK has a very acidic pl of 4.4 for
a DNA binding protein and, in particular, for a NAP, which
typically are basic proteins. YejK contains 335 residues, which
is also large for a NAP. However, data indicate that YejK is
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present at high abundance in E. coli cells, at 24 000 copies per
YejK monomer, which is similar to protein levels of well char-
acterized E. coli NAPs, such as StpA, H-NS, IHF and CbpB
(3-19).

Recent analyses have revealed an interesting feature of
NAPs, which is that they are often encoded in phages and
plasmids, with the number of encoded NAPs found often cor-
relating with plasmid size (3,5-41). These findings suggest,
that among other functions, NAPs may play roles in plas-
mid maintenance and host cell biology (36-41). Like several
other NAPs, yejK encoding genes are present on several plas-
mids. In particular, yejK genes were identified on plasmids,
p0908, pCAR1 and pQBR103, which are harbored in Vib-
rio sp. 0908, Pseudomonas resinovorans and P. fluorescens
SBW25, respectively (35). In addition, the A. sufurivorans
RW?2 ortholog of yejK is located within a gene cluster flanked
by integrase/transposase encoding genes and genes involved
in mobile genetic element (MGE) transmission, suggesting
that YejK might play a role in modulating the DNA super-
coiling or the transfer of the corresponding MGE during its
life cycle (36).

Thus, while YejK harbors some unusual properties for a
NAP, it also has features consistent with it being categorized
as a NAP. However, few studies have been published on YejK,
limiting our understanding of this protein (33,34). Cellular
studies revealed that yejK E. coli knockout strains showed a
growth defect and bioinformatic analyses revealed that YejK
homologs are highly conserved among Gram-negative bacte-
ria, which suggest an important cellular role for YejK (33).
YejK shows no sequence homology to any structurally charac-
terized protein and contains no identifiable DNA-binding mo-
tif. Hence, how it may interact with DNA is unknown. To gain
insight into the structure of YejK and its mechanism of DNA
binding we performed biochemical and X-ray crystallographic
analyses on the E. coli YejK protein. These studies revealed
that YejK harbors a newly described fold consisting of two do-
mains. Each domain contains an highly extended region that
homodimerizes with another YejK subunit to create a clamp-
like structure with dimensions suitable for DNA binding. Our
biochemical data indicate that basic residues within the pore
mediate DNA binding by YejK. Finally, the data also suggest
a clamp loading mechanism for YejK.

Materials and methods

E. coli YejK purification

The gene encoding E. coli YejK was purchased from Gen-
script Corporation and subcloned into pET15b using Ndel
and BamHI restriction sites. The resultant expressed protein
had an N-terminal His-tag for purification (Piscataway, NJ,
USA;http://www.genscript.com). C41(DE3) cells were trans-
formed with this expression vector. Cells for protein expres-
sion were grown at 37°C in Luria-Bertani (LB) medium with
0.10 mg/ml ampicillin to an ODgy of 0.3-0.4, then induced
with 1 mM isopropyl B-D-thiogalactopyranoside (IPTG) at
15°C overnight. Cells were harvested by centrifugation and
then resuspended in 100 ml of Buffer A (50 mM Tris-HCI
pH 7.5, 800 mM NaCl, 5% (v/v) glycerol, 5 mM MgCl,, 0.5
mM B-mercaptoethanol (BME)). Each 100 ml of resuspended
cells were incubated for 30 min at 4°C (while stirring) with
200 ul protease inhibitor cocktail stock (which contained 100
uM aprotinin, 1 mM leupeptin, 1 mM pepstatin A) (Roche)
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and 40 U of a solution of 100 mg/ml DNase I (Roche). The
resuspended cells were disrupted, first by sonication (4x at
80% amplitude) and then twice by microfluidizer. Cell debris
were removed by centrifugation at 18 600 g at 4°C for 60
min. The supernatant was then loaded onto a cobalt NTA col-
umn (TALON Superflow histidine-tagged protein purification
resin). The column was generated by pouring the resin into a
Bio-Rad glass column and equilibrating before protein addi-
tion with Buffer A (with 900 mM NaCl) overnight. It was
noted after several YejK protein purifications that variable
amounts of DNA co-purified with YejK. Hence, a high salt
concentration was used for purification as well as including
low concentrations of urea (1.5 M) in the initial wash step that
would perturb oligomers but not lead to unfolding. Hence, af-
ter protein application, the column was washed twice (500 ml
each), during the first wash 1.5 M urea was added and during
the next wash, 20 mM imidazole was included with Buffer A
and no urea. Finally, the proteins were collected in Buffer A in
an increased gradient of imidazole. Fractions were analyzed by
SDS-PAGE and those containing the protein were combined.
The fractions were concentrated using Sigma-Millipore con-
centrators (Amicon) and then subjected to a second purifica-
tion step using size exclusion chromatography (SEC) on a SU-
PERDEX™ 200 pg Hiload™ 26/600 column and an AKTA
prime plus. The buffer used for this step was 25 mM Tris—-HCI
pH 7.5,150 mM NaCl, 5% (v/v) glycerol, 5§ mM MgCl, and
0.5 mM BME. The His-tag was removed by thrombin diges-
tion overnight at 37°C using a thrombin cleavage capture kit
(EMD Millipore). The cleaved His-tag was removed by load-
ing the cleavage reaction onto a Ni-NTA column and collect-
ing the flow through. The tag-free protein was concentrated
using centricons (Amicon) with a 30 kDa molecular weight
(MW) cutoff.

Generation and purification of
YejK(R173A-R176A-K177A),
YejK(R276A-R280A-K284A),
YejK(L245M-L313M-L326M), YejK(1-290) (YejK
C-trunc) and YejK(A134-147) (YejK N-trunc)

The DNA-binding YejK mutant proteins, YejK(R173A-
R176A-K177A) and YejK(R276A-R280A-K284A), were pro-
duced from the WT artificial yejK gene from Genscript that
had been mutated via QuikChange. These mutants were made
to test the importance of pore lining residues on DNA bind-
ing. YejK(1-290) (also called YejK C-trunc), YejK(A134-147)
(termed YejK N-trunc) and YejK(L245M-L313M-L326M)
were generated as artificial genes, codon optimized for E. coli
expression, from Genscript and cloned into pET15b using
Ndel and BamHI restriction sites. All the resulting expressed
proteins harbored His-tags and were expressed and purified
as per the WT protein.

Crystallization and structure determination of

E. coli YejK

For crystallization, the His-tag-free E. coli YejK protein was
concentrated to 40 mg/ml. Wizard screens I to IV were used
for screening at room temperature (rt) by the hanging drop
vapor diffusion method. Crystals were produced by mixing
the protein 1:1 with a solution consisting of 0.1 M 2-[4-
(2-hydroxyethyl)piperazine-1-yl]ethanesulfonic acid (HEPES)
pH 7.5, 1.8 M Na/K phosphate. The same crystals were pro-
duced with the His-tagged protein. Crystals were cryopre-
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served by dipping them in a solution consisting of the crys-
tallization reagent supplemented with 20% (v/v) glycerol for
~35 s before plunging into liquid nitrogen. X-ray intensity data
were collected at ALS beamline 5.0.2 and processed with XDS
(42). The data were noticeably anisotropic but diffraction was
observed to ~3.4 A in the best direction. An E. coli YejK Al-
phafold model was used in attempts to solve the structure by
molecular replacement (MR) but was not successful. We note
that the Alphafold model ultimately harbored overall simi-
larity to the final subunit structure (i.e. monomer), but there
are several differences in loop regions and secondary struc-
tural orientations within each domain that likely prevented
MR from being successful. The data are also relatively low res-
olution, likely impacting the success of MR. Because of these
issues it was deemed critical to obtain unbiased phases. Hence,
selenomethionine substituted YejK protein was produced (as
per the WT) for use in multiple wavelength anomalous diffrac-
tion (MAD) experiments. Crystals were successfully produced
of the selenomethionine substituted protein under the same
conditions as the native protein and MAD data were col-
lected at ALS beamline 5.0.2 and processed with XDS (42).
The resulting electron density map was not of sufficient qual-
ity to construct a complete model, in particular, of the C-
domain. Hence, a YejK mutant was obtained in which several
leucines in the C-domain were substituted with methionines,
YejK(L245M-L313M-L326M), to use in MAD. Crystals of
YejK(L245M-L313M-L326M) grew under the same condi-
tions as WT and MAD data were collected at ALS beamline
5.0.2 (Table 1). Phenix Autosol (43) was used to determine
selenium sites, perform phasing and carry out density modi-
fication. The addition of the extra methionines enhanced the
phasing power of the MAD data, leading to an improved elec-
tron density map. The inclusion of the extra methionines in
the C-domain was also critical in model construction as the
C-domain electron density was poor in the initial MAD elec-
tron density maps, impeding construction of this domain. The
addition of extra C-domain methionines provided markers to
permit tracing this domain with the proper amino acid regis-
ter (44). After construction, the model was subjected to refine-
ment in Phenix. And following multiple rounds of fitting and
refitting in Coot and refinement in Phenix (43,44) the struc-
ture converged to Ry /Reree values of 26.9%/29.0% to 3.56
A resolution (Table 2).

Fluorescence polarization (FP) binding experiments

To measure DNA binding to E. coli YejK, the fol-
lowing fluoresceinated DNA targets were used (top
strand); AT-rich: 5'-ATTATTAATTAATTAATAAT-3';, GC-
rich:  §-CGCGCCGGCCGGCCGGCGCG-3', mixed: 5'-
TTGCGACAGAAACGGTCGTA-3'. In each experiment,
increasing concentrations of YejK were titrated into the
sample cell containing 1 nM of the DNA in a buffer of 25
mM Tris=HCI pH 7.5, 75 mM NaCl, 2.5% (v/v) glycerol.
DNA binding analyses of mutant YejK, both DNA binding
and N-trunc and C-trunc mutants, were performed as per WT
with the AT-rich DNA site. Samples were excited at 490 nM
and fluorescence emission was measured at 530 nM. The re-
sultant data were plotted using KaleidaGraph and the curves
fit with single site binding. The FP equation is: P= P;+ (P}, —
P¢) [M] / (Kq+[M]), where P is the measured polarization, P
is the polarization of free DNA, Py, is the polarization of the
completely bound DNA, Ky is the equilibrium dissociation
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Table 1. Crystallographic data collection statistics: MAD data collection
for E. coli Semet YejK(L245M-L313M-L326M)

Wavelength 1~ Wavelength 2~ Wavelength 3

Data collection
Space group P4522 P4522 P4522

Wavelength () 0.97965 0.95690 0.97976

Cell dimensions

a,b,c(A) 84.4, 84.4, 84.4, 84.4, 84.4, 84.4,
113.0 113.0 112.9

o B,y (°) 90.0, 90.0,90.0 60.7,87.2,68.4 90.0, 90.0, 90.0

Wavelength ()

Resolution (A) 67.7-3.60 59.4-3.60 84.4-3.60
(3.82-3.60)* (3.82-3.60) (3.82-3.60)

Reym 0.072 (0.871)  0.071 (0.870)  0.070 (0.881)

Rpim 0.033 (0.544)  0.035 (0.599)  0.045 (0.488)

I /ol 12.5 (1.4) 11.8 (1.2) 12.7 (1.9)

Completeness  99.9 (99.8) 99.2 (99.3) 99.7 (99.8)

(%)

Redundancy 5.6 (5.7) 5.2(5.3) 5.6 (5.7)

CC(1/2) 0.999 (0.665)  0.999 (0.506) 0.999 (0.667)

Table 2. Crystallographic data collection and refinement statistics: E. coli

YeiK

E. coli YejK
Data collection
Space group P4522
Pdb code 9BE2
Cell dimensions
a, b, c(A) 85.1,85.1,113.8
o B,y (°) 90.0, 90.0, 90.0
Resolution (A) 42.6-3.56 (4.05-3.56)*
Reym 0.081 (1.869)
Rpim 0.031 (0.698)
I /ol 18.1 (2.1)
Completeness (%) 88.2 (56.0)
Redundancy 7.4 (7.5)
CC(1/2) 0.999 (0.886)
Refinement
Resolution (A) 36.1-3.56
No. reflections 4762 (478)
Rwork / Rfree (%) 269/290
No. atoms
Protein 2648
Water 0
R.m.s. deviations
Bond lengths (A) 0.011
Bond angles (°) 1.38
Ramachandran analyses
Favored (%) 90.1
Disallowed (%) 0.0
Molprobity score 2.30

"Values in parentheses are for highest-resolution shell.

constant, and M is the concentration of protein. P}, and Ky
were determined by nonlinear least-squares analysis. Three
technical repeats were performed for each curve and the
standard errors from the three affinities were determined.

Glutaraldehyde crosslinking

Glutaraldehyde crosslinking experiments were carried out on
YejK proteins at 0.4 mg/ml in a buffer composed of 25 mM
HEPES pH 7.5, 150 mM NacCl. For the reactions, glutaralde-
hyde was added to a final concentration of 0.1% and the reac-
tion was run for 15 min. SDS running buffer was then added
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1:1 and the samples immediately boiled for 2 min prior to
running on SDS gels.

Size exclusion chromatography (SEC) experiments

SEC studies were performed using a SUPERDEX™ 200 pg
Hiload™ 26/600 column and an AKTA prime plus. The
buffer used for the runs was 25 mM HEPES pH 7.5, 150
mM NaCl, 5% (v/v) glycerol and 0.5 mM BME. Fractions
were concentrated using Sigma-Millipore concentrators (Am-
icon) prior to column application. Samples were loaded us-
ing a 1 ml (final volume) syringe. The SEC studies were car-
ried out on WT YejK and YejK C-trunc and N-trunc mu-
tants. The elution volumes of each sample were compared
with a series of protein standards to determine the molecu-
lar weights. The standards used for calculation of the stan-
dard curve were cytochrome ¢ (12.4 kDa), carbonic anhydrase
(29.0 kDa), bovine serum albumin (66.0 kDa), alcohol dehy-
drogenase (150.0 kDa), B-amylase (200 kDa) and Blue Dex-
tran (2.0 mDa). The calibration curve was plotted using the
gel-phase distribution coefficient (Kav) versus logarithm of the
molecular weight (Log Mw). Kav = (Ve — Vo) / (Vc = Vo),
where Ve = elution volume for the standard, Vo = column
void volume = elution volume for Blue Dextran, V¢ = total
column volume.

Circular dichroism (CD) spectrometry

For CD, WT YejK, YejK C-trunc and YejK N-trunc were each
diluted 50-fold to a final concentration of 0.25 mg/ml with
CD Buffer (50 mM NaH,PO4, 200 mM NaF, 5% (v/v) glyc-
erol, 1 mM BME, pH 7.5). Readings were done for 3 repli-
cates for each corresponding sample, including the control
(Buffer CD), using a Circular Dichroism Spectrometer from
AVIV Biomedical Inc. Data were collected using the AVIV 435
CD software.

Mass photometry (MP) experiments

MP experiments were done using a Refeyn OneMP instru-
ment (Oxford, UK). The experiments were performed using
microscope coverslips, cleaned by sequential sonication in iso-
propanol (HPLC grade, and Milli-Q H,O (15 min each)), fol-
lowed by drying with a clean, pressurized air stream. Clean
coverslips were assembled into the flow chamber, and sili-
cone gaskets were positioned on the glass surface for sam-
ple loading to hold the sample drops with 4 x 4 wells
prior to measurements. Contrast-to-mass calibration was
achieved by measuring the contrast of proteins in the na-
tive marker protein standard mixture (NativeMark Protein
Standard, Thermo Fisher Scientific) to generate a standard
calibration curve at 100-fold dilution; 1048, 480, 146 and
66 kDa Molecular masses were used to fit the calibration
curve with an R? value of 0.998 and a Max mass error of
11.3% in the Refeyn DiscoverMP v2023 R2 software. Cal-
ibration was applied to each sample measurement to calcu-
late the molecular mass of each histogram distribution during
analysis.

For these experiments, WT YejK was buffer exchanged in
25 mM Tris—HCI pH 7.5, 150 mM NacCl, and diluted in the
working buffer of 20 mM Tris-HCI pH 7.5, 150 mM NacCl
to a final concentration of 100 nM prior to sample analysis
with 2-fold dilution on buffer droplet to a final concentration
of 50 nM. To find focus, 10 ul of fresh buffer (20 mM Tris—
HCIl pH 7.5, 150 mM NaCl) adjusted to rt was pipetted into a
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well and the focal position was identified and locked using the
autofocus function of the instrument. For data acquisition, 10
ul of diluted protein was added to the well and mixed, and
movies of 60 s duration with 6000 frames (10 frame rate/Hz)
were recorded using Refeyn AcquireMP 2023 R1 software us-
ing normal measurement mode with regular image acquisition
settings. Three individual measurements/replicates were per-
formed. All mass photometry movies of each measurement
were processed and analyzed by Refeyn DiscoverMP v2023
R2 software, and Gaussian curves were fit to each histogram
distribution, and the mass (kDa), sigma (kDa) and counts were
determined.

Results
E. coli YejK binds DNA non-sequence specifically

To perform structure/function studies on E. coli YejK, we
expressed and purified the protein to homogeneity (Materi-
als and Methods). Previous EMSA studies revealed that YejK
bound DNA sites with mixed sequences that were a minimum
of 12 base pairs (bp) and displayed increased binding affinity
to longer DNA sites (33). These assays revealed that E. coli
YejK bound 18 bp, 38 bp and 200 bp DNA sites with Kgs
of 5.9 uM, 224 nM and 70.1 nM, respectively (33). Many
NAPs have shown a preference for interacting with AT-rich
DNA sites (12). The DNA sites used in EMSA analyses with
YejK (33) had equal CG/AT content. Hence, it was unclear
if YejK displays any sequence selectivity for AT-rich or GC-
rich DNA. To address this question, we obtained three 20-mer
dsDNA sites for use in fluorescence polarization (FP) bind-
ing experiments, one with a random/mixed arrangement of
nucleobases (top strand: 5’-TTGCGACAGAAACGGTCGTA-
3'), one that was AT-rich (5-ATTATTAATTAATTAATAAT-
3’) and one that was GC-rich (5- CGCGCCGGCCGGCCG-
GCGCG -3). YejK bound each of these sites with essentially
the same affinity; the YejK binding affinities for the AT-rich
20-mer, GC-rich 20-mer and mixed 20-mer were 6.8 + 0.5,
5.8 £ 0.4 and £ 6.7 0.9 uM, respectively (Figure 1A).

Crystal structure of E. coli YejK

How YejK proteins might function as DNA binding NAPs
has been unknown as these proteins show no sequence ho-
mology to any other characterized DNA-binding protein and
lack any discernable DNA-binding motif. Thus, to gain insight
into YejK function we obtained crystals of the full-length E.
coli YejK protein. To obtain phases, we used multiple wave-
length anomalous diffraction (MAD) to solve the structure
with crystals of Selenomethionine (SeMet)-substituted YejK
(Materials and Methods; Figure 1B-D; Table 1). The crystal-
lographic asymmetric unit (ASU) contain one YejK subunit
(Figure 1B; Supplementary Figure S1A-B) and was refined to
a final resolution of 3.56 A (Table 2).

YejK proteins are conserved across the Gram-negative clade
(Figure 2A). For the E. coli YejK, the homology is highest with
the corresponding proteins in the Enterobacteria Klebseilla,
Shigella and Salmonella with sequence identities of 92%, 97%
and 96 %, respectively. The identity remains high in the En-
terobacterial Yersinia YejK proteins (75-78%). The YejK pro-
teins from y-proteobacteria Shewanella, Vibrio, Haemophilus
and Pseudomonas show less homology to the E. coli protein
(45%, 50%, 53% and 35% identities, respectively) but have
similar enough sequences that allow them to be identified as
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E. coli YejK clamp

Figure 1. Structure of E. coli YejK and non-sequence specific DNA binding by YejK. (A) FP isotherms for WT YejK binding to fluoresceinated AT-rich 20 bp
DNA (top strand, 5’-ATTATTAATTAATTAATAAT-3') (red open circles), GC-rich 20 bp DNA (5'-CGCGCCGGCCGGCCGGCGCG-3) (blue open squares), mixed
20bp DNA (5'-TTGCGACAGAAACGGTCGTA-3') (green open diamonds). The x and y axes are concentration of YejK in M and normalized D
millipolarization units (MP) (A — Ag)/(Amax — Ao)), respectively. A is change in mP reading, Ay is the initial mP value before addition and Amnax is the
maximal mP reading upon binding saturation. Normalization was done to account for slightly different Anax values obtained for the different DNA sites.
Data points represent mean values =+ SD with the error bars centered at the mean. The error in Ky was determined as the SD between the calculated
Kys for three technical replicate runs. (B) Subunit structure of YejK, with the N-domain colored magenta and the C-domain colored green. Secondary
structural elements are labeled as are the two extensions that emanate from each domain, and which mediate dimerization. (C) Structure of the YejK
dimer. One subunit is colored cyan and shown in the same orientation as Figure 1B. the other subunit is colored red. (D) Electrostatic surface potential
of the YejK dimer. Blue regions represent electropositive regions and red, electronegative regions. Figures 1B-D, 2B-C, 3A-B, bA and 6A were

generated in PyMOL (61).

YejK proteins (Figure 2A). Identical residues among all YejK
proteins largely map to the hydrophobic core of in the E.
coli YejK structure (Figure 2A-C). In addition, several basic
residues are conserved as either lysine or arginine (see below).
Interestingly, in the less well conserved YejK homologs, there
are insertions in the sequences between B3 and «2 and be-
tween B1 and 32. Notably, the structure shows that these re-
gions are in surface exposed loops, which would allow the

inclusion of extra residues without impacting the overall fold
(Figure 2A, B).

Each YejK subunit consists of two domains, an N-domain
and C-domain; the N-domain (residues 1-187) is composed
of a six stranded anti-parallel B-sheet, surrounded by four
a-helices with topology p1-p2-a1-p3-02-03-B4-pS5-p6-B7-
B8-a310-f9-4-p10. A linker composed of residues 188 to
195 connects the N-domain to the C-domain. The C-domain
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Figure 2. Multiple sequence alignment of YejK homologs. (A) Multiple sequence alignment of YejK proteins with the N-domain colored yellow and the
C-domain, cyan. Secondary structural elements from the structure are indicated over the sequence and completely conserved residues are indicated by
an asterisk under the alignment and residues conserved as K/R are indicated by @. Boxed are residues that were mutated to assess their roles in DNA
binding. Two loop regions where insertions are present in some homologs are indicated by red, where L1 and L4 indicate Loop 1 and Loop 4. The YejK
proteins from the following organisms are included (code; organism): WP_000050793.1; Enterobacteriaceae/100% identical to E. coli, EHN2274608.1;
Shigella sonnei, WP_15412835.1; Enterobacteriaceae, EJE7370269.1; Shigella dysenteriae, EGJ86753.1; Shigella flexneri 274771, WP_192612831.1;
Citrobacter sp. R56, EBU7766778.1; Salmonella enterica subsp. enterica serovar Rovaniemi, EHZ3054345.1; Salmonella enterica subsp. enterica,
WP_096753862.1; Citrobacter koseri, WP_316970383.1; Salmonella enterica, WP_171483956.1; Klebsiella pneumoniae, WP_094334371.1; Klebsiella
quasipneumoniae, WP_049597086.1; Yersinia, WP_116923891.1; Yersinia pestis, WP_193014311.1; Gammaproteobacteria, WWP_046939075.1;
Haemophilus haemolyticus, GAA1784307.1; Nocardioides hankookensis, WP_160794736.1; Shewanella insulae, WP_102528343.1; Shewanella,
WP_160344013.1; Pseudomonas xionganensis. (B) YejK dimer with the N-domain colored yellow and the C-domain, cyan as in Figure 2A. Also colored
red are L1 and L4, highlighting that these variable loops are surface exposed, hence inclusion of residues in these regions would be accommodated in
these loops. (C) Close up of conserved residues mapped onto the N-domain and C-domain. The residues are shown as sticks and labeled.
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C-domain dimer interface

Figure 3. Two dimer interfaces in YejK. (A) N-domain dimerization
interface. Shown as sticks and labeled are residues that are involved in
dimer formation. (B) C-domain dimer interface. Residues involved in the
YejK C-domain dimer interface are shown as sticks and labeled. Also
indicated are the two stacked four stranded 3-sheets that form a tight
dimer interface in the C-domain, abutted by helices on each end.

(residues 196-335) has the topology «5-o6-07-c8-x9-B11-
B12-a3105-B13-B14-x10 (Figure 1B; Figure 2A). A notable
feature of both domains is the presence of a region that ex-
tends far from the main domain. In the C-domain, this
extension consists of B11-f12 and P13-B14-x10,
which projects out from the C-domain core by 48 A.
Similarly, the N-domain contains an elongated structure, a
B-hairpin, comprised of p6-B7, that extends ~40 A from the
core (Figure 1B). Strikingly, these extensions from the N- and
C-domains combine with two-fold related extensions in an
adjacent subunit in the crystal structure to create a ring-like
dimer (Figure 1B, C; Supplementary Figure STA-B).

In the YejK dimer, the curved B6-B7 hairpin of the N-
domain interacts with the B6’-37’ hairpin from the other sub-
unit to form a B barrel like structure. Hydrophobic residues
line the inside of this dimeric structure (Figure 2A). Tyr140
makes key contributions to the interface through stacking in-
teractions (Figures 3A and 2C). Multiple sequence alignments
show that this residue is strongly conserved as a tyrosine in
most YejK proteins except Pseudomonas homologs, where the
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residue is a histidine, which could similarly mediate stack-
ing interactions. Other hydrophobic resides in the interface
are also highly conserved. For example, Leu133 is conserved
and Ile135 is either a valine, leucine or isoleucine in YejK ho-
mologs.

In the C-domain, the two extended B hairpins combine
to create two intertwined, four-stranded antiparallel 3-sheets
that pack tightly together. The C-terminal helices, 10 from
each subunit, pack at the sides of the two B-sheets, further bol-
stering the intimate C-domain dimerization interface (Figures
1C and 3B). This dimer interface is highly hydrophobic with
residues Phe285, Gly287, Leu292, 1le294, Phe296, 1le304,
Trp307, Leu314, Ile316, Pro320, Leu323 and Leu327 from
the interlaced 3-sheets (Figures 2C and 3B). Of these residues,
Gly287, Phe296, 1le316, Pro320, Leu323 and Leu327 are
highly conserved among YejK homologs while the remaining
dimer interface residues have conservative substitutions that
would mediate the same interface. For example, Phe285 is ei-
ther a phenylalanine or tyrosine, Leu292 is either a leucine
or valine, Ile294 is isoleucine, valine or leucine and Leu314 is
found to be either a leucine or isoleucine.

YejK forms dimers in solution

Our crystal structure revealed a YejK dimer. However, to
investigate the oligomeric state of YejK in solution we
employed several biochemical assays. First, size exclusion
chromatography (SEC) experiments was performed at a YejK
concentration of ~50 uM. In these experiments YejK eluted at
a position consistent with a dimer, with a calculated molecular
weight (MW) of 61 kDa compared to the expected dimer MW
of 74 kDa (Figure 4A, B). Because these experiments were per-
formed at relatively high protein concentrations, we also car-
ried out mass photometry (MP). These analyses, which were
done at a YejK concentration of 50 nM, revealed that ~90%
of the protein was present as a dimeric species (calculated MW
of 73 £ 1 kDa), indicating that YejK forms dimers at low
protein concentrations (Figure 4C). Finally, we also employed
glutaraldehyde crosslinking experiments (at a YejK concentra-
tion of 10 uM), which revealed that YejK was crosslinked to a
dimer (Supplementary Figure S2). Collectively, these analyses
support that YejK is a dimer in solution.

Structure similarity searches reveal YejK harbors a
newly described fold

The YejK structure appears to possess a unique fold. How-
ever, to determine if there are other structures with homology
to YejK we performed structural homology searches with the
program SSM/pdbfold (45,46). These searches failed to iden-
tify structures with significant similarity to the overall fold of
YejK. Hence, we next interrogated the Protein Data Bank for
structures with similarity to just the YejK N- and C-domains
(45,46). These searches revealed two structures with weak
homology to the YejK N-domain. The first structure, E. coli
RdgC (pdb code: 20WL), superimposed on 97 Co atoms of
the N-domain of YejK with an rmsd of 3.2 A (Supplementary
Figure S3). Interestingly, RdgC was identified along with YejK
as an E. coli NAP isolated from DNase I treated, spermidine
isolated nucleoids (34). RdgC also forms a ring-like struc-
ture and functions in recombination and fork repair in E. coli
(47,48). Though both YejK and RdgC form clamps, the ring
structures in each are distinct. Indeed, the similarity between


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae459#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae459#supplementary-data
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Figure 4. WT E. coli YejK forms dimers in solution. (A) WT YejK SEC profile from run on the SUPERDEX™ 200 pg Hiload™ 26,600 column and an AKTA
prime plus. (B) SEC analyses used to calculate the MW of YejK from the SEC run in (A). The x and y axes are Log MW and elution parameter (Kav),
respectively. Elution parameter Kav calculated by Kav = (elution volume for the standard —void volume)/(column volume —void volume). WT YejK eluted
(yellow circle) at a calculated molecular weight (MW) of 61 kDa, consistent with a dimer. The standards used for calculation of the standard curve are
shown (light_blue circles) and were cytochrome c (12.4 kDa), carbonic anhydrase (29.0 kDa), bovine serum albumin (BSA) (66.0 kDa), alcohol
dehydrogenase (150.0 kDa), 3-amylase (200 kDa) and Blue Dextran (2.0 mDa). (C) Triplicate analyses of WT E. coli YejK by mass photometry (MP) at

a concentration of 50 nM. In the replicates, most of YejK was present as a dimer (MWs of 73, 74 and 72 kDa). These peaks were present at 86%, 82%

and 90%. A small fraction was present as a tetrameric species or aggregates.

the YejK and RdgC structures is restricted to the N-domain {3
strand region of YejK (Supplementary Figure S3).

The second structure showing weak homology with the
YejK N-domain was the Cenp-N protein from the yeast inner
kinetochore CCAN-centromeric nucleosome complex (pdb
code: 6QLE) (49) (Supplementary Figure S4). The Cenp-N in
this complex superimposes onto the YejK N-domain with an
rmsd of 3.4 A for 127 similar Ca atoms. In this CCAN com-
plex, Cenp-N was found to bind the unwrapped DNA termini
that emanate from the Cenp-A containing nucleosome and in
the superimposition with YejK, this DNA is positioned within
the central region of the YejK dimer (see below). Finally, there
were no structures that we could identify that showed even
weak homology to the YejK C-domain in these searches.

Mutagenesis supports DNA-binding within the YejK
clamp

Our data support that YejK forms a dimer. Strikingly, the cen-
tral pore created by dimerization is unobstructed with a diam-
eter of 30 A, which is large enough to accommodate a dsSDNA
molecule (Figures 1C and 2B). Moreover, despite the protein’s
low overall pK, of 4.4, the pore is lined with basic residues,
thus generating an electropositive cavity (Figure 1D). By con-
trast, the outside surface of the pore is mostly electronegative.
Also, as noted, in overlays, the YejK pore overlaps with a re-
gion in CenpN that is involved in DNA binding in the latter
protein. Hence, we hypothesized that YejK might bind DNA
within its central pore, thus acting as a DNA binding clamp.

To first assess whether dsDNA would fit within the pore,
we performed docking experiments with dsDNA. The resul-
tant model showed that, indeed, a dsSDNA of ~12 bps can be
well fit within the YejK pore (Supplementary Figure S5). In
fact, the model revealed little clash between YejK and the ds-
DNA, which could be alleviated by slight movements or shifts
in either the DNA or protein (Figure 5A). Despite extensive
co-crystallization attempts with dsDNA substrates of differ-
ent lengths (from 12 to 38 bp in length) and nucleotide se-
quences, we were unable to obtain a YejK crystal form that
contained well-ordered DNA. Thus, we reasoned that if the
DNA binds within the positively charged YejK cavity, substi-
tutions of conserved, basic residues with alanines would im-
pair DNA binding in FP DNA binding assays.

Specifically, to ascertain if the N-domain or C-domain of the
clamp, or both of these regions, are involved in DNA-binding,
we made substitutions of basic residues that cluster within
the pore, YejK(R173A-R176A-K177A) and YejK(R276A-
R280A-K284A) (Figure SA). These residues were also chosen
as they showed strong conservation among YejK homologs
as either lysine or arginine residues (Figure 2A). Both mutant
proteins appeared to be folded; glutaraldehyde crosslinking
analyses showed both proteins formed dimers under condi-
tions where the WT protein dimerizes (Supplementary Figure
S2). We then performed DNA binding assays with the 20 bp
AT-rich site, which WT YejK bound with a K4 6.8 & 0.5 uM.
In these assays, the YejK(R173A-R176A-K177A) showed
weak, nonsaturable binding and the YejK(R276A-R280A-
K284A) mutant bound with a K4 of 40 £ 5.6 uM (Figure
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Figure 5. The YejK central pore mediates DNA binding. (A) Mapping of conserved basic (K/R) residues within the YejK central pore that were mutated to
assess effects on DNA binding. Two mutant proteins were generated, one in which basic residues within the N-domain were substituted,
YejK(R173A-R176A-K177K), and one in which basic residues in the C-domain were substituted, YejK(R276A-R280A-K284A). (B) FP binding analyses
comparing binding of the WT YejK (black open circles) with the two mutants. The WT bound robustly while the mutants displayed no binding
(YejK(R173A-R176A-K177K)) (red open boxes) or significantly reduced binding (YejK(R276 A-R280A-K284A)) (green +).

5B). Thus, these data support that YejK can bind DNA within
its central pore and hence functions as a DNA binding clamp
and indicate that both the N- and C-domains provide contacts
to the DNA.

YejK ring loading
Our crystal structure captured YejK in a dimeric, closed ring
conformation. But DNA-binding clamps that encircle DNA
must be cracked open to allow the DNA to load. Our SEC,
MP and crosslinking data indicate that YejK is dimeric. How-
ever, the fully closed YejK pore is created from two separate
dimerization regions, one between the two N-domains and the
other between the C-domains. If one of the dimerization inter-
faces is stable, holding the dimer intact and the other interface
is weak and can adopt an open state, DNA could enter into
the pore prior to clamp closure. Such a scenario would pro-
vide a mechanism for YejK clamp loading. However, if both
interfaces form stable dimers, a clamp loader or other means
of clamp opening would be required to enable DNA docking.

To address the question of YejK clamp loading, we gener-
ated truncation mutants in which each of the dimerization
arms were removed (Figure 6A). For the C-domain trunca-
tion mutant (C-trunc), residues 291-335, which form the C-
terminal dimerization extension, were truncated from the con-
struct. Importantly, this truncation did not remove residues
shown to be involved in DNA binding, Arg276, Arg280 and
Lys284. For the N-domain mutant (N-trunc), residues 135-
146, which form the B6-B7 arm, were removed. The lat-
ter removal preserved enough residues in the arm to form
a turn between 6 and B7 and also retained the N-domain
residues that interact with DNA. The N-trunc and C-trunc
proteins were purified to homogeneity and circular dichro-
ism (CD) experiments showed that both were properly folded
(Supplementary Figure S6).

To next assess if the mutants formed dimers, we performed
SEC analyses. These studies showed that, like the WT, the N-

trunc (at 2 mg/ml) eluted as a dimer with a calculated MW
of 70.8 kDa, compared to the theoretical MW of 70 kDa.
Thus, the N-trunc protein retains the dimeric state. By con-
trast, the C-trunc mutant protein (at 2 mg/ml) eluted as a
monomer-dimer mixture, but was primarily monomeric with
the main peak eluting at a calculated MW of 36 kDa (com-
pared to a theoretical MW of 33 kDa for the monomer) and a
smaller peak corresponding to a MW of 60 kDa (compared to
the theoretical MW of 66 kDa) for the C-trunc dimer (Figure
6B). These analyses indicated that the N-domain can adopt an
open form that could allow DNA entry, while the C-domain
forms a stable dimer, which could serve as a foundation for
initial binding. These data are consistent with what is known
about physiological dimers, which typically have buried sur-
face areas (BSA) of 1000 A2 per subunit, as the N-domain has
a relatively small BSA of 570 A% per subunit, while the C-
domain interface is extensive, with 1578 A2 BSA per subunit.

To analyze if either of the truncation mutants can bind
DNA, we next performed FP binding assays with our 20 bp
AT-rich DNA site. While the C-trunc mutant showed essen-
tially no binding to the DNA, the N-trunc mutant showed
weak interaction, suggesting that the DNA could dock into
the partially formed pore composed of an open N-domain
stabilized by the dimerized C-domain (Figure 6C). However,
the lack of interaction of the C-trunc mutant with DNA and
weak binding observed for the N-trunc indicate that stable,
saturable DNA binding to YejK requires the protein adopt a
closed clamp conformation.

Discussion

The genetic code for all organisms is contained on a
large DNA substrate the size of which exceeds the cell in
which it is retained. Eukaryotes utilize histones to organize
their genomes. Unlike eukaryotes, bacteria lack histones. In-
stead, studies have revealed that small, basic proteins called
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Blue Dextran (2.0 mDa). The calibration curve was plotted using the gel-phase distribution coefficient (Kav) versus logarithm of the molecular weight
(Log Mw). Kav = (Ve - Vo) / (Vc - Vo), where Ve = elution volume for the standard, Vo = column void volume = elution volume for Blue Dextran,

Vc = total column volume. One peak is present for the N-trunc corresponding to a MW of 70 kDa (compared to the theoretical MW of 70.8 kDa). There
are two overlapping peaks for the C-trunc with the major peak aligned at a calculated MW of 36 kDa and minor peak at 60 kDa. The computed MW of
the C-trunc monomer is 33 kDa and the dimer is 66 kDa. Hence, most of the protein is present as a monomer. (C) FP binding assay examining the
binding of WT, C-trunc and N-trunc YejK binding to the AT-rich 20mer (labled). The C-trunc mutant showed essentially no binding while the N-trunc

showed very weak binding.

nucleoid-associated proteins (NAPs) are involved in bacterial
DNA organization and dynamics. Interestingly, data indicate
that bacteria encode multiple NAPs with surprisingly diverse
structures (1-34). And while the E. coli NAPs are arguably
the best understood, gaps in our knowledge remain as to how
many of these proteins interact with and organize DNA at
the molecular level. Arguably, one of the least understood E.
coli NAP is the YejK protein. YejK was first identified after
DNase I treatment of E. coli nucleoids and subsequent work
in the Marians lab revealed that YejK is present at high abun-
dance and is localized throughout the E. coli nucleoid, consis-
tent with its role as a NAP (33,34). Yet how YejK binds DNA
has been unknown.

Here, we carried out structure/function analyses on the
E. coli YejK protein and show that it harbors a novel fold,
consisting of two domains. Each domain contains an elon-
gated extension that combines with the same extension from
another YejK subunit to form an asymmetric dimer with
two distinct dimer interfaces. Despite the fact that YejK is,
overall, highly acidic, the formation of the dimer creates a
toroidal structure with an internal surface that is electropos-
itive. The basic nature of the pore and its diameter (30 A),
which would accommodate dsDNA, suggested that YejK may
function as a DNA binding clamp. Consistent with this hy-
pothesis, we showed that mutation of basic regions lining

the center of the toroid significantly impaired DNA binding
by YejK. Future crosslinking experiments will be explored
to assess residues interacting with DNA. To date, numerous
DNA binding clamps have been structurally characterized, in-
cluding D. radiodurans RecR (50), E. coli RdgC (47,48) and
C. crescentus GapR (32,51) as well as processivity factors,
B subunit of bacterial DNA polymerase III (52), gp45 of T4
DNA polymerase (53), the eukaryotic 9-1-1 clamps and the
proliferating cell nuclear antigen (PCNA) proteins (54-58).
YejK is similar to these clamps in harboring a central pos-
itive region. However, its pore structure is comprised of {3-
strands, loops and helical regions, which differs from most
characterized clamps, which have pores composed of « he-
lices (Supplementary Figure S7). It also distinct from the RdgC
clamp, which is generated by B-strands and loops. These
data indicate that DNA-binding clamps can be formed from
multiple structural elements (Supplementary Figure S7). They
also underscore that DNA-binding clamps can be generated
from diverse oligomeric states, including dimers, trimers and
tetramers.

Consonant with YejK functioning as a DNA binding clamp,
we showed that double stranded B-DNA can be docked into
the YejK pore with almost no clash. This modeling though
showed that the DNA would be tightly encased within the 30
A YejK clamp, which would likely prevent YejK from freely
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Figure 7. Model for YejK binding to E. coli chromosomal DNA and impact on topoisomerase activity. Left, cartoon depicting YejK as a dimer with two
subunits, one red and the other blue. In the apo state, the N-domain region is open (not dimerized) allowing DNA to gain entry to the central pore. Upon
DNA binding YejK encases the DNA and forms a clamp on the DNA. Right, multiple YejK dimer clamps binding the DNA may form clusters that impede
topoisomerase binding and/or processive catalysis. This figure was created with BioRender.com.

sliding along DNA. This is distinct from the DNA processiv-
ity factors, which function as moveable clamps. These clamps,
which have 35 A pores, are thought to maintain a topological
interaction with DNA, but not directly interact with it (53—
58). Nonetheless, a key question regarding all DNA-binding
clamps is how they are loaded onto DNA substrates that lack
a free end. In fact, many of these proteins require AAA+ clamp
loaders that use ATP to open and close them around their
DNA target (59,60). The C. crescentus GapR is one clamp
that does not appear to require a loader, as it adopts an open
structure that closes upon DNA binding (32). We propose that
YejK uses a somewhat similar mechanism whereby the YejK
N-domain can form an opening to allow DNA entry, while
the C-domain forms a stable dimer to act as the base (Fig-
ure 7). In this way, YejK can function as a self-assembling
clamp.

Notably, YejK has also been shown to bind both topoiso-
merase IV and gyrase and effect their activities in complex
manners (33). Specifically, in the presence of YejK, topoiso-
merase IV switches from a processive to a distributive mode
and YejK binding to gyrase inhibits it from relaxing nega-
tively supercoiled DNA (33). The structure suggests a possi-
ble mechanism to explain these effects as binding by the YejK
clamp could function as a roadblock to interaction or proces-
sive movement of the topoisomerases. An interesting feature
of YejK is that its affinity for DNA increases with increasing
DNA length (33). This could be explained if multiple YejK
dimers dock onto the DNA, possibly via cooperative interac-
tions. The formation of such YejK clusters on the DNA could
serve as an even more effective roadblock to topoisomerase ac-
tivity (Figure 7). These effects on topoisomerase activity could
also have large scale consequences on chromosome topology.
However, future studies will be needed to determine the role of
YejK in modulating topoisomerase/gyrase activity and possi-
ble impacts on DNA conformation. In conclusion, our studies

have uncovered a novel E. coli NAP that forms a self-loading,
DNA-binding clamp and underscores that much remains to
be learned, even in E. coli, regarding NAP structure and
function.

Data availability

The atomic coordinates and structure factors for the E. coli
YejK structure have been deposited in the Protein Data Bank
(https://www.rcsb.org) and are publicly available as of the
data of publication. The accession code is: 9BE2. Any addi-
tional information required to reanalyze the data reported in
the paper is available from the corresponding author upon re-
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