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ABSTRACT: Noncanonical forms of DNA like the guanine
quadruplex (G4) play important roles in regulating tran-
scription and translation through interactions with their
protein partners. Although potential G4 elements have been
identified in or near genes from species diverse as bacteria,
mammals, and plants, little is known about how they might
function as cis-regulatory elements or as binding sites for trans-
acting protein partners. In fact, until now no G4 binding
partners have been identified in the plant kingdom. Here, we
report on the cloning and characterization of the first plant-
kingdom gene known to encode a G4-binding protein, maize
(Zea mays L.) nucleoside diphosphate kinasel (ZmNDPKI).

Structural characterization by X-ray crystallography reveals that it is a homohexamer, akin to other known NDPKs like the
human homologue NM23-H2. Further probing into the G4-binding properties of both NDPK homologues suggests that
ZmNDPKI1 possesses properties distinct from that of NM23-H2, which is known to interact with a G-rich sequence element
upstream of the c-myc gene and, in doing so, modulate its expression. Indeed, ZmNDPKI1 binds the folded G4 with low
nanomolar affinity but corresponding unfolded G-rich DNA more weakly, whereas NM23-H2 binds both folded and unfolded
G4 with low nanomolar affinities; nonetheless, both homologues appear to stabilize folded DNAs whether they were prefolded or
not. We also demonstrate that the G4-binding activity of ZmNDPKI is independent of nucleotide binding and kinase activity,
suggesting that the G4-binding region and the enzyme active sites are separate. Together, these findings establish a broad
evolutionary conservation of some NDPKs as G4-DNA binding enzymes, but with potentially distinct biochemical properties
that may reflect divergent evolution or species-specific deployment of these elements in gene regulatory processes.

Guanine quartets occur when four guanines in a single-
stranded DNA or RNA form Hoogsteen base pairs with
one another, surrounding a central monovalent cation that is
typically a potassium ion.' Sequential quartets can stack,
forming an extended secondary structure where loops of single-
stranded nucleic acid connect the quadruplexed guanines in a
variety of topologies.” In vivo, these G-quadruplex (G4) motifs
occur in G-rich regions of DNA, such as those found on the 3'-
terminal strand in the telomeres of linear chromosomes.*’
Additionally, a preponderance of G4 motifs are found at genes,
in particular at promoter regions, the 5" ends of first introns,
and $’ and 3’ untranslated regions (UTRs) of some mRNAs, as
well as in the long terminal repeats (LTRs) of some classes of
plant retrotransposons.®""' G4 elements are implicated in
DNA replication, telomere metabolism, and genome rearrange-
ments; evidence for the specific involvement of DNA G4
structures, whose presence is affected by protein binding
partners, in regulating these activities comes from nuclear
staining of G4s and in functional disruption of both DNA and
protein elements.”'* Further, Escherichia coli G4s encoded in
the antisense strand at promoters result in decreased gene
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expression, whereas G4s encoded in the antisense strand of
S'UTRs result in enhanced gene expression.13 Together, these
discoveries reveal a remarkably broad and diverse deployment
of G4s in nature, promoting the experimentally supported
hypothesis that G4s participate in control of gene expression,
including transcriptional initiation, splice site selection, or
protein translation.'*"¢

G4 formation by short, G-rich oligonucleotides in vitro is
strongly stabilized'” by the addition of K*."® In vivo, formation
and function of G4s are likely influenced by trans-acting protein
factors that stabilize or destabilize the G4 secondary structure,
identified so far in Archaea, yeast, and metazoan spe-
cies. 21919723 Early on, Puf transcription factor was identified
as binding the G-rich region of DNA that is upstream of the c-
myc promoter.”* More recently, a number of G4 binding
proteins have been identified that have diverse functions,
illustrated by, but not limited to, xeroderma pigmentosum B
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Table 1
G4 variant Ability to | Compete for
name Sequence form G4 ? binding?
hexokinased antisense 5'UTR CGGGGGTGTTGAAGGGAGGAGGAGGGAGGGG YES i
hex4 _A5U
hexokinase4 antisense intron1
TGGGGTGGGGGGGGAGCGGG
hex4_AS| VES *
hexokinase4 sense AUG (RNA) CGGGGGGAUGGGGCGGGUCGGG YES +
hex4_AUG
hexokinase4 antisense 5'UTR point mutant CGacGGTGTTCAAGCGAGGAGCAGCCAGSGE NO +
hex4_A5Um
double stranded hexokinase4 antisense 5'UTR CGGGGGTGTTGAAGGGAGGAGGAGGGAGGGG NO .
hex4_A5Uds GCCCCCACAACTTCCCTCCTCCTCCCTCCCC
¢-mye nuciease hypersensitive element 1111 CGCTTATGGGGAGGGTGGGCGAGGGTGGGGAAGGTGGGGAGGAGA
Pu4d™ YES not tested
c-myc nuclease hypersensitive element 1111
TGGGGAGGGTGGGGAGGGTGGGGAAGG YES ++
Pu27®
poly-adenine mutant AAAAGAAAAARAAGAAAAARAAGAAAA NO N
PA
c-myc nuclease hypersensitive element Il11 point mutant TGGEGAGEGTGGCGAGEGTGGEGAAGE YES A
Pu27m
hex4_A5U loop 1 MS2-stemloop CGTACACCTGTTGGTGTACG
MS2_ASU1 NO -
hex4_AS5U loop 2 MS2-stemloop CGTACACCTGAAGGTGTACG
MS2_A5U2 NO *
hex4_A5U loop 3 MS2-stemloop CGTACACCGGAGGGTGTACG
MS2_A5U3 a0 NO -

(XPB) and xeroderma pigmentosum D (XPD) helicases;"
hnRNP Al and its derivative unwinding protein 1 (Up1)*® and
the telomeric binding proteins protection of telomere-1
(POT1)* and repressor-activator protein 1 (RAP1).>® No
universal mechanism for G4 modulation by protein partners
has emerged, perhaps because each protein—nucleic acid
binding partner pair is unique but also suggesting more work
needs to be done to fully define how G4 elements and their
protein binding partners interact. Additionally, studies to date
on genic G4 binding protein partners are primarily limited to
bacteria, Archaea, yeast, and metazoan species, leaving open the
question we address here: do members of the plant kingdom
have protein partners that interact with their predicted genic
G4s?

An emerging idea is that nucleoside diphosphate kinase
(NDPK, EC 2.7.4.6) serves as a master regulator of diverse
pathways in the cell because of its ubiquitous occurrence,
whereas once it was thought to be only responsible for
maintaining the nucleotide triphosphate pool throughout the
cell, including within organelles. Surprisingly, after being
recognized as important in c-myc expression, the Puf tran-
scription factor was subsequently identified as NM23-H2, a
member of the nonmetastatic 23 (NM23) family that binds to
the G-rich c-myc nuclease hypersensitive element I11,.*” The 10
members of the human NM23 family are defined by sequence
conservation and can be divided into two groups based on
whether or not they exhibit kinase activity.”® Those that are
kinases possess the characteristic residues that drive the
enzyme’s double-displacement (ping—pon%) catalytic mecha-
nism first described for the yeast NDPK.*’ A wide range of
characteristics has been attributed to NDPK proteins in
addition to trans-phosphorylation of nucleoside diphosphates,
supporting the hypothesis that these enzymes serve a broader
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regulatory role in the cell. For example, NDPK has been found
to bind G-rich single-stranded oligonucleotides;*’ oli%omerize
upon binding GTP to form microtubule-like bundles;*" act as a
protein histidine kinase;** activate GTPases;>> or alter
membrane dynamics by providing a steady stream of GTP to
the dynamin molecular motors.>*** Additional functions for
NDPKs in cell proliferation, signaling, and development are
well documented for both fungal and animal species.”**® Plant
NDPKs are known to facilitate analogous housekeeping and
regulatory cellular functions, as well as playing a role in abiotic
stress response,'*”~* but their DNA binding properties have
not been described.

The locations of G4 sequence motifs in the maize genome
were recently identified computationally, and these G4 motifs
are enriched at promoters and introns of thousands of genes,
many of which are coupled to energy stress signaling.'' To
understand the potential roles of these elements in this major
crop and model plant species, we undertook an unbiased
ligand-binding screen to identify proteins that interact with
maize G4-forming sequences. From this screen, we identified
maize c¢cDNA clones for a gene encoding ZmNDPKI,
representing the first biochemically defined G4-binding protein
from plants. Here, we biochemically and structurally charac-
terized ZmNDPKI1 and its G4 interactions with comparative
analysis of its human homologue, NM23-H2, allowing us to
propose a model for NDPK interactions with G4 structures.

B EXPERIMENTAL PROCEDURES

Phage Library Screen. A library of maize cDNAs was
previously generated from meiosis-enriched tassels (library 11,
inbred line W23, a gift from J. M. Gardiner, University of
Arizona, Tucson) and clonded in the Lambda Zap II expression
vector (Agilent Technologies, Santa Clara, CA). Phage A
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harboring this library were subsequently infected into Y1090a
Escherichia coli for protein expression and ligand-binding
screening according to the published method.** Plaques were
lifted onto nitrocellulose, and then the membranes were
blocked using 5% bovine serum albumin fraction V (BSA), S0
mM Tris-HCl (pH 7.4), SO mM NaCl, 1 mM EDTA-NaOH
(pH 8), and 1 mM DTT. To reduce detection of endogenous
nonspecific biotinylation from the E. coli host, the membranes
were next blocked with 2 yg/mL avidin in 12 mM potassium/
sodium phosphate (pH 7), 137 mM NaCl, 2.7 mM KCl, and
0.05% Tween-20 (PBST), washed in PBST, and blocked again
in 100 nM biotin in PBST. 60 nM biotinylated G4 folded
oligonucleotide from the antisense strand of the 5" UTR of the
maize hexokinase4 gene (the oligonucleotide is hereafter called
hex4_ASU - “ASU” for antisense 5’ UTR; Figure S1 and Table
1) in 10 mM Tris-HCl (pH 7.4), 10 mM KCl, and 40 mM
NaCl was applied and then washed with the same buffer minus
probe. All G4 or G4 mutant oligonucleotides were annealed
according to the same procedure: oligonucleotides were mixed
in KCI- or LiCl-containing buffers, as designated, heated to 95
°C for 15 min, and cooled to room temperature overnight. The
G4 state for all was verified with thermal difference spectros-
copy (TDS, Figure S1, Supporting Information and Table 1).
Membranes were cross-linked in a Stratalinker 1800 (Agilent,
Santa Clara, CA), and the oligonucleotide-binding plaques were
identified by detection of biotin with NeutrAvidin-conjugated
horseradish peroxidase (HRP, Thermo Scientific, Rockford,
IL), developed with chloronaphthol- and diaminobenzidine-
based (CN/DAB) colorimetric stain (Thermo Scientific,
Rockford, IL). Initial hits were plaque purified, and the
ZmNDPKI gene was identified from three independent clones
using polymerase chain reaction (PCR) with M13 primers
followed by sequencing of the PCR product. A full-length
cDNA clone for the ZmNDPK1 gene (GenBank accession
number KM347972) was used as a template for PCR
amplification using sequence-specific primers (complementary
regions are underlined, forward: GCTTAGCATATGGAGAG-
CACCTTCATC and reverse: CTTATCGAATCCTTACT-
TCTCGTAGATCCAGG), and the PCR product was sub-
sequently subcloned into the pET28a (EMD Millipore,
Darmstadt, Germany) vector as a hexa-histidine (his-tag)
fusion. The resulting N-terminal six histidine tagged fusion
protein was used for this study. All oligonucleotides for G4
studies and cloning were purchased from Eurofins Genomics,
Huntsville, AL.

Protein Expression and Purification. BL21(DE3) E. coli
cells were transformed with ZmNDPK1 pET28a or NM23-H2
pET28a, and cells were grown to an Agy, of 0.4—0.6 at 37 °C
before induction with 0.5 mM IPTG for overnight expression.
The protein purification for both homologues was identical.
Cells were harvested and resuspended in 50 mM sodium
HEPES (pH 7.5) and 100 mM KCl buffer (buffer A) before
being lysed with a microfluidizer. Lysate was clarified through
centrifugation at 16000g for 30 min at 4 °C in an Eppendorf F-
34-6-38 fixed angle rotor (Hamburg, Germany). Clarified lysate
was then passed over nickel-nitrilotriacetic acid (NTA) (GE
Healthcare, Piscataway, NJ), washed in 50 mM imidazole
+buffer A, washed in 50 mM imidazole + buffer A + 1 M KClI,
re-equilibrated into S0 mM imidazole + buffer A and then
recovered by imidazole gradient elution around 400 mM
imidazole. Eluate was dialyzed against buffer A before being
concentrated for size exclusion chromatography over a
Sephacryl S100 column (GE Healthcare, Piscataway, NJ). All
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protein concentrations were determined by the absorbance at
A,gy using the BCA-determined extinction coefficient and
expressed in terms of the concentration of the monomer.

Point Variant Generation and Purification. H115A and
K149A point mutants were generated in the ZmNDPKI
expression construct using the following QuikChange (Agilent
Technologies, Santa Clara, CA) primers, where the variant
codons are in italics (H115SA: CATTGGCAGGAATGT-
CATTGCTGGAAGTGACAGCATTGAGAGTGC plus re-
verse complement; K149A: CCCTGGATCTACGAGGCG-
TAAGGATTCGATCGAGCTCCGTCG plus reverse comple-
ment). Proteins were expressed and purified as described above
for the wild-type proteins.

Structure Determination. ZmNDPKI crystals were
initially identified from the Hampton Crystal Screen 1
condition 40 (Hampton Research, Aliso Viejo, CA) and
subsequently refined to 100 mM sodium cacodylate (pH
6.5), 12% PEG 8000, and 200 mM CaCl,. Crystals were
washed in 20% PEG 8000 before flash freezing in liquid
nitrogen. X-ray diffraction data to 2.0-A resolution were
collected on Beamline 22-BM at the Advanced Photon Source
within Argonne National Laboratories (Argonne, IL). Data
were indexed and reduced in HKL2000.*> Phases were
determined using molecular replacement in PHENIX*® against
an all alanine model of AtNDPK1 (modified from PDB ID
1USWY), and the structure was refined with simulated
annealing and energy minimization in Phenix.*®

Maize Extract Pulldown. Seeds from the B73 cultivar of Z.
mays were ground in a coffee grinder. Seed powder was
hydrated in buffer B (25 mM sodium HEPES (pH 7.5), 25 mM
NaCl, 100 mM KCl, 45 mM MgCl,, 5 mM EDTA, 10%
weight/volume glycerol, 0.2 mM PMSF, and 0.02% protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO)) and
extracted in a dounce homogenizer. Solids were removed
with centrifugation and the extract was separated with heparin
affinity chromatography. ZmNDPKI1-containing fractions were
identified with Western blot analysis using a new ZmNDPKI-
specific antibody (Figure S2). Magnetic Dynabeads MyOne
Streptavidin C1 beads (Life Technologies, Carlsbad CA) were
prepared by blocking with buffer A plus 0.5% BSA and 10 pug/
mL heparin (Alfa Aesar, Ward Hill, MA) before addition of
biotinylated G4 folded hex4 ASU or biotinylated unfoldable
hex4_ASUm sequences (Figure S1 and Table 1) with an
additional 30 nt linker to biotin. ZmNDPKI-containing
fractions from the heparin affinity separation were mixed with
the oligonucleotide-bound beads and incubated for 1 h at 4 °C
with rotation. Bound proteins were washed with buffer B and
eluted in buffer B + 1 M KCI. Proteins were separated by SDS-
PAGE, transferred to nitrocellulose membrane, and analyzed
with the same ZmNDPK1-specific antibody.

K4 and Stoichiometry Determination. We determined
the apparent binding affinity of Zm-NDPKI1 for folded
hex4 ASU using a modified slot-blot binding assay.**~>°
Probe, 0.1 nM biotinylated G4 folded hex4 ASU DNA (Figure
S1 and Table 1), was mixed at 22 °C with increasing
ZmNDPKI protein concentrations from 0 to 55 nM in buffer
C (10 mM sodium HEPES (pH 7.5) and 20 mM KCl
supplemented with 10 yg/mL heparin). The mixture was then
applied to a slot blot apparatus that passed the solution through
stacked Hybond-C Extra nitrocellulose, 0.45 ym pore size (GE
Healthcare Life Sciences, Piscataway, NJ) and negatively
charged Nytran N nylon (GE Healthcare Life Sciences,
Piscataway, NJ) membranes via capillary action. The binding
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experiments were designed to show specificity, within the salt
tolerance of the experiment: increasing salt causes nonspecific
nucleic acid binding to nitrocellulose.®" Notably, addition of up
to 1000-fold excess random ssDNA in addition to the heparin
did not affect the shift of the oligonucleotide to nitrocellulose,
although it did quench the biotin signal on the nylon
membrane (data not shown). At 0.1 nM oligonucleotide, no
DNA binds nitrocellulose but is retained on nitrocellulose in
the presence of increasing amounts of protein (Figure S3).
Both membranes were UV-cross-linked before blocking.
Nitrocellulose membranes were blocked for 1 h in 2% BSA
in 50 mM Tris (pH 7.4) and 150 mM NaCl (TBS), whereas
nylon membranes were blocked in 4% dry milk in TBS. The
presence of biotinylated oligonucleotide was detected with
NeutrAvidin-conjugated HRP (Thermo Scientific, Rockford,
IL) that was developed with CN/DAB colorimetric stain
(Thermo Scientific, Rockford, IL). Membranes were scanned
on a flatbed scanner and the integrated intensities of the slots
were determined in Image].>> This protocol was followed for
ZmNDPK1 and biotinylated hex4 ASU in buffer C with LiCl
rather than KCl, spanning protein concentrations of 0 to 2200
nM. Slot blots were repeated with NM23-H2 and biotinylated
Pu44, the well-characterized human G4 element®? (Figure S1
and Table 1), in buffer C with KCI or LiCl, spanning protein
concentrations of 0 to 18 nM for both. We also performed the
experiments titrating ZmNDPKI1 from 0 to 2000 nM against
biotinylated Pu44 in KCI or LiCl and NM23-H2 from 0 to 500
nM against biotinylated hex4 ASU in KCl or LiCl. We then
titrated ZmNDPKI1 point variants against biotinylated
hex4 ASU. H11SA spanned the concentration range 0 to 250
nM in KCI and 0 to 2000 nM in LiCl. K149A spanned the
concentration range 0—2000 nM in both KCl and LiClL

The K4 was calculated by fitting the modified Hill equation,
eq 1, to three independently determined plots of increasing
protein concentration against the fraction of protein-bound
DNA using an in house Python script (Enthought, Austin, TX).
In eq 1, P, is the protein concentration in terms of monomers,
calculated from its A,y and experimentally determined
extinction coefficient, and h is the Hill coefficient (Table 2).

_r
()

(7]
The stoichiometry of binding was determined by titrating
protein against S or 10 nM biotinylated G4 folded hex4 ASU

fraction bound =

(1)

Table 2

NDPK homologue oligonuclotide (salt) Ky(nM) h

ZmNDPK1 hex4 ASU (KCI) 6.8 + 0.3 2.1 +£0.1
ZmNDPK1 hex4_ASU (LiCI) 289 + 1 40 £ 0.1
NM23-H2 Pu44 (KCI) 12 + 02 2.0 +£ 02
NM23-H2 Pu44 (LiCI) 1.6 + 0.1 17 £02
ZmNDPK1 Pu44 (KCI) 91 + 13 1.0 + 0.1
ZmNDPKI Pu44 (LiCI) 476 + 44 3.9 + 0.7
NM23-H2 hex4 ASU (KCI) 33+2 1.6 + 0.1
NM23-H2 hex4 ASU (LiCI) 24+ 1 21 +0.1
ZmNDPK1 H115A hex4_ASU (KCI) 6.9 + 0.7 1.8 + 0.1
ZmNDPK1 HI115A hex4 ASU (LiCI) 287 + 14 19 £ 0.1
ZmNDPKI K149A hex4 ASU (KCI) 31+2 1.6 + 0.2
ZmNDPK1 K149A hex4_ASU (LiCI) >2000 N/A
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in buffer C. Cross-linking, blocking, and detection was
performed as described above.

Competition Experiments. Biotinylated G4 folded
hex4 ASU at 1 nM was mixed with KCl-annealed competitor
(Figure S1 and Table 1) at 1-, 10-, and 100-fold molar excess
competitor over biotinylated probe and then 3 nM ZmNDPK1
was added. The mixture was incubated for 15 or 60 min before
being applied to the slot blot apparatus. Each competitor
oligonucleotide was treated in the same way. Nitrocellulose
retention was measured in triplicate using the NeutrAvidin/
CN/DAB protocol described above. Percent retention was
calculated against a zero competitor control. Nucleotide
competition was performed in a similar way using identical
protein and DNA concentrations but using 0—1 mM ATP,
ADP, GTP, or GTPyS and 2.5 mM MgCl, in place of the
competing oligonucleotide.

Activity Assays. The standard assay for this activity is an
enzyme-coupled assay in which NDPK converts ATP + TDP to
ADP + TTP. Pyruvate kinase (PK), in turn, transfers a
phosphate from phosphoenolpyruvate (PEP) to ADP, regen-
erating ATP and making pyruvate. Finally, lactate dehydrogen-
ase (LD) converts pyruvate and S-NADH to the spectroscopi-
cally inactive NAD®, and this decrease in absorbance is
monitored at 340 nm.’* ZmNDPK’s kinase activity was
measured as free enzyme at 2.5 nM concentration or in the
presence of saturating (250 nM) hex4 ASU either in the
presence of 20 mM KCI or LiCl, that is, either with G4 folded
or single-stranded G-rich oligonucleotide. Buffer conditions
included 100 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 0.7 mM
TDP, 6 mM ATP, 0.4 mM NADPH, 4 mM PEP, 10 U PK, and
10 U LD. Standard activities for wild type and point variant
(H115A or K149A) ZmNDPKI1 were measured in 100 mM
KCl. Activities were measured in the kinetics mode of an
Agilent 8453 spectrophotometer at 25 °C. Activity measure-
ments of NM23-H2 were also made using the same assay as
free enzyme and with G4 folded or single-stranded G-rich Pu27
oligonucleotide (a shortened form of Pu44,> Table 1).

G4 DNA Folding Experiments. Forster resonance energy
transfer (FRET) probes were designed based on the hex4 ASU
or Pu27 G4 oligonucleotide sequences (Table 1) but labeled 5’
with 6-carboxyfluorescein (6-FAM) and 3’ with carboxyte-
tramethylrhodamine (TAMRA) (Eurofins Genomics, Hunts-
ville, AL). Single label oligonucleotides were also generated as
controls for FRET efliciency. Reactions were set up in triplicate
in black 96-well Nunclon plates (Thermo Fisher Scientific), and
each reaction contained 200 xL of 200 nM FRET probe in 10
mM tetrabutylammonium phosphate (TBA) buffer (pH 7.5)
supplemented with either 20 mM KCI or LiCl. Protein was
added at increasing concentrations from 100 to 900 nM (0.5—
9-fold excess) and plates were incubated for 1 h at 4 °C before
data collection. Data were collected on a Spectramax MS
multimode plate reader (Molecular Devices) using 475 nm
excitation wavelength and 515 nm cutoff. Emission spectra
were collected at 21 °C from 500 to 640 nm with 2 nm step
and 10 reads per well. FRET efficiency was characterized by
computing the parameter P,>* which we refer to as Pg:

_ 4
L +1,

P
2)
where I, is the intensity of the FRET donor (FAM) at 520 nm
and I, is the intensity of the FRET acceptor (TAMRA) at 584
nm.

DOI: 10.1021/bi501284g
Biochemistry 2015, 54, 1743-1757


http://dx.doi.org/10.1021/bi501284g

Biochemistry

A.

A 5] S e
AENDPKL = m = mmmmmmm o o e
HSNM23=H2 == = m e e e e e
AtNDPK2  MVGATVVSKWIPLCVASPPERNSASLNPHCSPARVNFRTALAAFRPQFRLFSRNSASRRR 60
ALNDPK3 === oo e e e e e e e e MSSQICRSASKAAKS 15
ZMNDPKl === mmmmmmmmmm e MESTFIMIKPDGVQRGLIGEL ISRFEKKGF YLKALKLV 38
AtNDPK1  --MCGLYINLFCLLRITSNKKTMEQTFIMIKPDGVQRGLIGEVICRFEKKGFTLKGLKLI 58
HSNM23-H2 === =mmmmmmmmmmmmme o MANLERTFIAIKPDGVQRGLVGEI IKRFEQKGFRLVAMKFL 41
AtNDPK2  LRASSSAESGIFLPHLVASMEDVEETYIMVKPDGIQRGLVGEIISRFEKKGFKLIGLKMF 120
AtNDPK3  LLSSAKNARFFSEGRAIGAAAAVSASGKIPLYASNQRGLISEIISRFERKGFKLVGIKVI 75
S . : o Kkkke ksk kkkgkkk ok ek

ZmNDPK1  NVERSFAEKHYADLASKPFFQGLVDYIISGPVVAMVWEGKSVVTTGRKIIGATNPLASEP 98
AtNDPK1  SVERSFAEKHYEDLSSKSFFSGLVDYIVSGPVVAMIWEGKNVVLTGRKIIGATNPAASEP 118
HSNM23-H2 RASEEHLKQHYIDLKDRPFFPGLVKYMNSGPVVAMVWEGLNVVKTGRVMLGETNPADSKP 101
AtNDPK2  QCPKELAEEHYKDLSAKSFFPNLIEYITSGPVVCMAWEGVGVVASARKLIGKTDPLQAEP 180
AtNDPK3  VPSKDFAQKHYHDLKERPFFNGLCDFLSSGPVIAMVWEGDGVIRYGRKLIGATDPQKSEP 135

.o s ekk k% s hkk ke Kkkkg ok kkk kg JK gk kg% sk
ZmNDPK1 ~ GTIRGDFAVDIGRNVIHGSDSIESANKEIALWE-PEGLADWQSSQHPWIYEK- 149
AtNDPK1  GTIRGDFAIDIGRNVIHGSDSVESARKEIALWF-PDGPVNWQSSVHPWVYET- 169
HSNM23-H2 GTIRGDFCIQVGRNIIHGSDSVKSAEKEISLWFKPEELVDYKSCAHDWVYE-- 152
AtNDPK2  GTIRGDLAVQTGRNIVHGSDSPENGKREIGLWFKEGELCKWDSALATWLRE-- 231
AtNDPK3  GTIRGDLAVIVGRNIIHGSDGPETAKDEISLWFKPQELVSYTSNSEKWLYGDN 188

khkkkkkg o kkk g gkkhk PR . * * g
B. ZmNDPK1 100.00

AtNDPK1 82.55 100.00

HSNM23-H2 62.84  60.93 100.00

AtNDPK2 58.11 50.60 51.32 100.00

AtNDPK3 53.69  46.75 51.97  44.09 100.00

Figure 1. ZmNDPKI is a canonical NDPK. (A) Sequence alignment by Clustal Omega71 of ZmNDPK with three A. thalina (At) and the closest
human (Hs) homologues shows the high homology of this conserved enzyme. Peptides at the C-terminus are the most strongly divergent, demarked
by an underline showing the peptide used to raise the antibody against ZmNDPKI1. Divergent aa’s are in italics. The active site histidine is in bold.
An asterisk (*) marks aa sequence identity, A colon (:) marks strong aa sequence similarity; a period (.) marks weak aa sequence similarity. The dark
black line highlights the PFAM PF00334 NDPK domain. (B) The percent identity matrix shows the highest aa identity between ZmNDPK and

AtANPKI.

B RESULTS

The ZmNDPK1 Gene Encodes a Protein with G4-
Binding Activity. ZmNDPKI was identified from a G4 ligand-
binding screen of a maize meiosis-enriched tassel cDNA phage
expression library, modified from a dsDNA ligand screen.** A
biotinylated oligonucleotide corresponding to a G4 motif
(G4v2-53046)"" from the antisense strand of the 5" UTR of the
maize hexokinase4 gene (hex4_ASU) was prefolded in KCl into
the G4 conformation and used as the ligand. Oligonucleotides
and their names that were used in this study are given in Table
1. G4 formation was verified with thermal melt difference
spectroscopy (TDS) (Figure S1) and shown to be K* (Figure
S1A,B) and sequence (Figure S1C,D) specific. From
approximately one million phage screened with a plaque lift
filter binding assay, we purified several independent cDNA
clones, each corresponding to a previously uncharacterized
maize gene predicted to encode an NDPK domain (PFAM
PF00334 and Figure 1). This gene is from one of at least nine
loci in the maize genome that code for proteins with an NDPK
domain. The predicted protein from our maize cultivar W23
full-length ¢cDNA clone, GenBank accession number
KM347972, is 149 amino acids (aa) in length, beginning with
MES and ending with YEK and corresponding to transcript
“T03” from gene model GRMZM2G178576 of the reference
genome cultivar B73. Here we name this maize gene nucleoside
diphosphate kinasel, ZmNDPKI, and its protein product as
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ZmNDPK1 (UniGene Zm.92368, with reference sequence:
XP_008658458.1, Figure 1A). RNA from this locus is detected
in many different maize tissues, with particularly high levels in
developing and matured seed.*® Compared to NDPKs from
other eukaryotes, this clone shares 83% aa identity with
Arabidopsis thaliana NDPK1 (AtNDPK1), 58% aa identity with
AtNDPK2, 54% aa identity with AtNDPK3, and 63% aa
identity with Homo sapiens NM23-H2 (Figure 1B). On the
basis of this sequence identity pattern, we note that ZmNDPK1
has higher sequence identity to human NM23-H2 (also called
NME2) than some other plant NDPKs (Figure 1). Further
phylogenetic analysis of protein sequence similarity searches
revealed that the NDPKs with a terminal lysine residue
(referred to here by their three terminal amino acids, YEK)
were found in several other grass species, all of which were in
the Panicoideae subfamily of the Poaceae family of mono-
cotyledonous (grass) plant species (Figure S4).

The full-length ¢cDNA was subcloned into a bacterial
overexpression vector (pET28a) to produce an N-terminal
his-tagged fusion. We also generated the equivalent expression
construct for NM23-H2. Both proteins overexpressed strongly
and were purified by nickel affinity chromatography with a high
salt wash to remove nonspecific DNA. Size exclusion
chromatography further purified the protein to high homoge-
neity. Protein concentration of the purified protein was
measured by the bicinchonic acid (BCA) colorometric assay
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(Thermo Scientific, Rockford, IL), and the extinction
coefficient at A,g, was calculated to be 35530 cm™ M™% In
this study, all concentrations are expressed in relation to the
protein monomer concentration. Full-length, purified, recombi-
nant ZmNDPK1 was stored in SO mM HEPES (pH 7.5)/100
mM KClI and used for all subsequent experiments.

Structure Determination of ZmNDPK1. Crystals in the
space group P2,, with two hexamers in the asymmetric unit and
a unit cell of 66.9 A X 179.1 A x 99.5 A, diffracted to 2 A
resolution. The structure refined to an Rg,, of 20.1% and R,
of 16% (Table S1). ZmNDPKI shares the general structural
features of other hexameric NDPKs, including the active site
histidine that participates in the transphosphorylation reaction
(Figures 1 and 2). Indeed, ZmNDPK1 maintains its hexameric

A.Lys149
Iy X,

Figure 2. Hexameric NDPKs have high structural homology. (A)
ZmNDPK1 is a canonical hexameric NDPK whose active site sits at a
deep cleft, marked by a red asterisk (*). Three active sites are related
by a 3-fold symmetry axis, which is perpendicular to the plane of the
page. Turning the hexamer by 90° highlights the 2-fold symmetry axis.
Blue balls demark the most divergent amino acids (italics in Figure 1).
The active site loop and C-terminus, the most divergent regions of the
structure, are highlighted in purple. Lys149 sits at the junction of the
3-fold and 2-fold axis. (B) ZmNDPK1 (gray) and NM23-H2 (yellow)
are highly homologous. (C) The charged surface of ZmNDPK1 shows
strongly basic regions (blue) at the active site cleft, marked by a red
asterisk, and in a patch at the junction of the two- and 3-fold symmetry
axis. (D) NM23-H2 does not show as strongly a charged surface as
ZmNDPKI1. Molecular graphics and analyses were performed with the
UCSF Chimera package. Chimera is developed by the Resource for
Biocomputing, Visualization, and Informatics at the University of
California, San Francisco (supported by NIGMS P41-GM103311).”>

assembly state even at 20 nM monomer concentration but can
form dodecamers, as seen in the asymmetric unit, at higher
concentrations (Figure S6). The known nucleotide binding
active site is a long, positively charged cleft on the surface of the
protein that lies between the core a/f fold and hairpin turn
that connects a-helices 3 and 4 (Figure 2A,C). Despite strong
sequence and structural conservation between this NDPK, two
Arabidopsis homologues and one human homologue (Figure 1),
ZmNDPKI has an important and uniquely charged surface
charge determined by specific amino acids throughout the
protein, several of which have been previously shown to be
important for DNA binding in NM23-H2*’ (Figure 2A,B). One
of these nonconserved stretches localizes to the hairpin turn
that contributes to the active site as well as to both the 3-fold
and 2-fold faces of the hexamer, comprised of AlaS3 to PheS7.
The second nonconserved stretch creates a long loop that sits
at the surface of the dimer interface, Pro132 to Lys149. This
stretch ends at the C-terminal lysine (Lys149), which is unique
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to ZmNDPKI1 and contributes to a positively charged patch at
the edge of the trimer and dimer faces (Figure 2).

The divergent hairpin forms the upper wall of the active site
cleft, sitting at the edge of the trimer and dimer interfaces
(Figure 2A). Interestingly, this hairpin also forms one interface
between successive hexamers in the dodecamer (Figure SSB).
Consequently, the loop of the divergent hairpin in the interface
subunit shows the only structural divergence from the common
hexameric NDPK structure shared by NM23-H2, ZmNDPK1,
and other eukaryotic NDPKs. Specifically, when the monomer
subunits are superimposed, the average root-mean-square
distance (RMSD) between the 145 Cas of the 11 most similar
subunits is 0.3 + 0.1 A, whereas the 11 LysSS Cas from the
same 11 subunits are within 0.4 + 0.2 A of one another. In
contrast, the average RMSD for the 145 Cas of the subunit that
contains the divergent active site loop aligned to the other 11
subunits is 0.5 + 0.04 A but LysSS Ca from the divergent loop
is 2.8 + 0.3 A away from the other LysS5 Cas.

Native and Recombinant ZmNDPK1 Bind to G4
Element hex4_A5U. To confirm that the interaction between
hex4 ASU and ZmNDPKI1 also occurs with native ZmNDPK1
from maize, we mixed biotinylated, folded hex4 ASU
oligonucleotide or a biotinylated unfoldable mutant hex4 -
ASUm (Figure S1 and Table 1) with heparin-fractionated maize
seed extract and precipitated the proteins that interact with
either oligonucleotide. A Western blot probed with an antibody
raised against a unique ZmNDPK1 peptide (Figures 1 and S2)
showed that native, endogenous ZmNDPKI coprecipitates
with the folded hex4 ASU oligonucleotide but not the
unfoldable mutant (Figure 3).

17 - ™
e
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Figure 3. hex4_ASU binds to native ZmNDPKI1. Western blotting
using a specific ZmNDPK1 antibody against recovered proteins from a
maize seed-extract pulldown show that native ZmNDPKI1 does not
bind an unfoldable form of hex4 ASU (hex4 ASUm) but does bind
folded hex4_ASU. Lane 1:17 kDa marker. Lane 2: ZmNDPKI-
containing fraction from heparin separated maize seed extract (input).
Lane 3: elution from pulldown using unfoldable hex ASUm. Lane 4:
elution from pulldown using folded hex4_ ASU.

ZmNDPK1 and NM23-H2 Have Different G4 Binding
Properties. Given the qualitative similarities between the
ZmNDPKI and NM23-H2, we compared the binding proper-
ties of the homologues using a straightforward slot blot binding
assay. First, we folded either hex4 ASU or Pu44° oligonucleo-
tide by heating and slow annealing in the presence of 20 mM
KCl (Figure S1A and Table 1). Second, we measured the
retention of the protein:DNA complexes (either
ZmNDPK1:hex4 ASU or NM23-H2:Pu44) on nitrocellulose
and the binding of free DNA to nylon through a slot apparatus
using detection of DNA-coupled biotin (Figure S3). Under
these conditions, ZmNDPK1 bound prefolded hex4 ASU with
an apparent K; of 6.8 + 0.3 nM and a Hill coefficient of 2.1 +
0.1 whereas NM23-H2 bound prefolded Pu44 with an apparent
Kj of 1.1 + 0.1 nM and a Hill coefficient of 2.0 + 0.2 (Figure
4A,B, Table 2).

Next, we characterized ZmNDPK1 or NM23-H2 binding to
its cognate oligonucleotide when the DNA is heated and
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Figure 4. ZmNDPKI1 and NM23-H2 bind folded G4 oligonucleotides with nM affinity. Increasing protein concentration increases the fraction of
oligonucleotide that is retained on the nitrocellulose. (A) hex4 ASU oligonucleotide titration with ZmNDPKI1 in 20 mM KCl. (B) Pu44
oligonucleotide titration with NM23-H2 in 20 mM KCL. C. hex4 ASU oligonucleotide titration with ZmNDPK1 in 20 mM LiCl. (D) Pu44
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oligonucleotide titration with NM23-H2 in 20 mM KCl. (G) Pu44 oligonucleotide titration with ZmNDPKI1 in 20 mM LiCl. (H) hex4_ ASU

oligonucleotide titration with NM23-H2 in 20 mM LiCl.

annealed in the presence of Li, which does not support G4
formation (Figure S1B). ZmNDPKI1 bound unfolded
hex4 ASU with an apparent Ky of 288 + 1 nM and Hill
coeflicient of 4.0 + 0.1, whereas NM23-H2 bound Pu44 with
an apparent K; of 1.6 + 0.1 nM and Hill coeflicient of 0.7 + 0.2
(Figure 4C,D and Table 2). These observations reveal an
important and unexpected difference between the G4-binding
activity of maize and human NDPK: ZmNDPK1 binds 40-fold
more strongly to prefolded than unfolded G4 DNA whereas
NM23-H2 binds to both prefolded and unfolded G4 DNA with
similar affinity.

Finally, we asked whether the difference in G4 binding by the
maize and human NDPKs arose from the protein homologue
or from the G4 DNA (Figure 1 and Table 1). To answer our
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question, we performed reciprocal binding titrations, i. e,
ZmNDPKI against Pu44 and NM23-H2 against hex4 ASU,
using the same slot blot assay. We calculated that ZmNDPK1
binds prefolded Pu44 G4 DNA (in KCl) with an apparent K4 of
91 + 13 nM and a Hill coefficient of 1.0 + 0.1 but binds
unfolded Pu44 G4 DNA (in LiCl) with an apparent Ky of 476
+ 44 nM and a Hill coefficient of 3.9 & 0.7. In contrast, NM23-
H2 binds prefolded hex4 ASU G4 DNA (in KCl) with an
apparent Kj of 33 + 2 nM and a Hill coefficient of 1.6 + 0.1 but
binds unfolded hex4 ASU G4 DNA (in LiCl) with an apparent
Kj of 24 + 1 nM and a Hill coefficient of 2.1 + 0.1.
ZmNDPK1 Binding to G4 DNA Is Specific and They
Bind with Defined Stoichiometry. We further tested
ZmNDPKI binding preference using a panel of nucleotide
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variants to compete for hex4 ASU binding (Table 1 and
Figures S1 and S7). The unbiotinylated hex4 ASU oligonucleo-
tide was the only DNA sequence tested that competed for
binding at 10-fold excess and completely at 100-fold excess
whether incubated for 15 or 60 min (Figure S7A,D). Two other
G4-capable oligonucleotides, Pu27°> and the RNA G4
hex4 AUG (a genic, sense-stranded G4 from the hexokinase4
gene''), competed less efficiently than hex4 ASU, suggesting
that ZmNDPKI1 possesses some general G4 binding ability.
Specifically, at 15 min hex4 AUG competed with about 50%
efficiency at 100-fold excess and Pu27 with about 75%
efficiency at 100-fold excess (Figure S7B). After 60 min,
hex4 AUG competed with about 75% efficiency at 10-fold
excess but never completely, even at 100-fold excess (Figure
S7E). That these oligonucleotides behaved differently after
different time points suggests that the system was not at
equilibrium at 15 min and may not be at 60 min. Lower
competition by Pu27 compared to hex4 ASU is consistent with
the S-fold weaker binding of ZmNDPKI1 to the related Pu44
oligonucleotide (Figure 4 and Table 2). The RNA hex4 AUG
oligonucleotide folds into a G4 even without KCl (Figure
S1C), which is expected because RNA quadruplexes are more
stable than DNA quadruplexes.®®™¢"

Similarly, the G4-capable oligonucleotide hex4_ASI (another
genic G4 from the hexokinase4 genell), hex4 ASUds,
hex4 ASUm, and MS2 ASU2 partially competed only at
100-fold excess after 60 min incubation but not after 15 min
incubation, suggesting either nonspecific oligonucleotide bind-
ing or weak binding of the single-stranded molecule (Figure
S$7). Unfoldable single-stranded mutants (Pu27m or PA) and
two stem loop mimics (MS2_ASU1 or MS2_ASU3) did not
compete, even at 100-fold excess, under either incubation
scheme (Figure S7CF).

Finally, the binding stoichiometry was determined by
titrating the protein against saturating G4-folded oligonucleo-
tide. The resulting binding titration showed that one hex4 ASU
bound to three ZmNDPKI monomers (Figure SS), suggesting
that if ZmNDPKI is a hexamer, two G4s bind per hexamer.

ZmNDPK1 G4 Binding, Nucleotide Binding, and
Nucleoside Kinase Activity. A specific model for G4 binding
has already been suggested to explain binding of NM23-H2 for
the unfolded, G-rich c-myc nuclease hypersensitive element III;,
predicting that the tandem Gs bind sequentially to the three
nucleotide binding sites on the trimer face.>® Additional amino
acids previously shown to be important for NM23-H2 bindin:
DNA are on the 2-fold symmetry face of the hexamer,®
however, supporting an alternative model that predicts
oligonucleotide binding around the edge of the two faces of
the protein.” The more recent model that places the G-rich
oligonucleotide binding at the active sites™ leads to the
prediction that saturatmg nucleotide (nucleotides bind with
10—20 uM affinity®®) would sterically compete for oligonucleo-
tide binding. To test this steric hindrance prediction, we
examined equilibrium binding of ZmNDPKI for hex4 ASU in
the presence several nucleotides (Figure S). Up to 1 mM ATP,
ADP, GTP, or GTPyS failed to block G4 hex4 ASU binding to
ZmNDPKI1. Rather, GTPyS may slightly strengthen the
interaction between protein and DNA. Concentrations of
around 1 uM ATP appeared to slightly weaken the binding by
about 0.7-fold, but that effect goes away with 1 mM nucleotide.
Given that neither effect is strong, we interpreted these results
as evidence that ZmNDPKI1 binds G4 DNA specifically and
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Figure 5. Nucleotides do not inhibit equilibrium ZmNDPK binding.
ZmNDPK1 was mixed with folded hex4 ASU and increasing
concentrations of (A) ATP, (#) ADP, (X) GTP, and (M) GTPyS
before hex4_ASU retention on nitrocellulose was measured. For each,
even at 1 mM nucleotide, ZmNDPKI1 still strongly binds hex4 ASU.

strongly but not at its active site, perhaps allowing ZmNDPK1
to act as a kinase even in the G4-bound state.

Given the presence of the conserved active site histidine
(His11S, Figure 1A), we predicted that ZmNDPK1 would be
an active nucleoside diphosphate kinase, allowing for additional
examination of the relationship between kinase and G4-binding
activities. Indeed, ZmNDPKI1 is an active kinase, although its
specific activity is 50% lower than that of NM23-H2 when the
kinase assay is performed in 20 mM KCl or 20 mM LiCl
(Figure 6). When the same kinase assays were performed in the
presence of prefolded (in KCI) or unfolded (LiCl) G4 motif
oligonucleotides, we found that neither the maize nor human
NDPK enzymatic activities were substantially altered (Figure
6). These observations, like those from the G4-binding assays
in the presence of excess nucleotides (Figure S), support a
model in which G4 DNA does not bind at the active site of
NDPKs from maize or human.

To further test the hypothesis that the intact active site is not
required for G4 binding by ZmNDPKI1, we produced and
tested the H11SA active site point variant for both its kinase
activity and ZmNDPK1 binding. Under standard salt
conditions (100 mM KCl), the wild-type ZmNDPKI has a
standard activity of 384 =+ S units/ m% As expected from
previous observations with NM23-H2,°*®® ZmNDPKI has no
measurable activity for phosphate transfer without its catalytic
histidine (11 #+ 12 units/mg). We then calculated that H11SA
binds to prefolded hex4 ASU G4 DNA (KCl) with an apparent
Ky of 6.9 + 0.7 and to unfolded hex4 ASU G4 DNA (LiCl)
with an apparent Ky of 287 + 14, akin to wild- type binding
(Figure 7A,B and Table 2). These results further establish the
independence of kinase and G4-DNA binding activities in
ZmNDPKI.

Lys149 Is Important for G4 Binding. To test the
hypothesis that the divergent C-terminus, which contributes to
the unique charged surface of ZmNDPKI, is important for G4
DNA binding, we generated the K149A point variant and tested
it for hex4_ASU binding. The kinase activity of the KI149A
variant is not affected, and it has a specific activity in 100 mM
KCI of 485 + 31 units/mg, but hex4 ASU G4 DNA binding in
KCl was reduced by about S-fold to 31 + 2 (Figure 7C and
Table 2). Binding of the K149A variant to unfolded hex4 ASU
G4 DNA in LiCl was essentially abrogated such that even at 2
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UM protein (20 000-fold excess protein over oligonucleotide)
binding to the nitrocellulose membrane had not saturated
(Table 2).

ZmNDPK1 Binds to Folded G4 DNA. Finally, we used
FRET fluorescence spectroscopy to determine if ZmNDPK1
binds to folded or to unfolded G4 DNA. We performed
binding titrations using FRET-labeled G4 probes, either
hex4 ASU or Pu27, against either ZmNDPK1 or NM23-H2
in KCI or LiClL Interaction between the 5’ and 3’ end of the
oligonucleotide is measured by an increase in FRET acceptor
emission (TAMRA at 585 nm), after excitation of the donor (6-
FAM at 475 nm). When the oligonucleotide 5’ and 3’ ends are
far apart, as they are in unfolded single-stranded G-rich DNA,
FRET is not detected. When the oligonucleotide 5" and 3’ ends
are close, as in the G4 folded state, FRET signals are measured.
An increase in acceptor emission relative to the total donor and
acceptor emission is measured by Py (eq 2). Py is close to 1 if
the FRET probes are independent and the value decreases with
increasing FRET. If NDPK were to stabilize the unfolded form
of the quadruplex-forming motif, we predicted that protein
binding would diminish FRET and that P; would increase with
protein titration. If NDPK were to stabilize the folded form of
the quadruplex-forming motif, then we predicted that protein
binding would increase FRET and that Pg would decrease with
protein titration. No change in Py would occur without the
presence of both the donor and acceptor fluorophores.

ZmNDPKI1 mixed with FRET-labeled hex4 ASU and
NM23-H2 mixed with FRET-labeled Pu27 both resulted in
increased FRET in G4s that were prefolded with KCI (Figure
8A,B). FRET increase was visualized by normalizing the
emission spectra to the donor emission peak at 520 nm and
measured by changes in Pp of —0.07 + 0.02 for ZmNDPK1/
hex4 ASU and —0.03 + 0.02 for NM23-H2/Pu27 (Figure 8
and Table 3). By f test analysis, these changes in P, show
statistical relevance at P-values <0.05 (Table 3). Moreover,
both proteins induced strong FRET when mixed with
oligonucleotides that were not prefolded but were in LiCl-
containing buffers (Figure 8C,D). Specifically, when
ZmNDPKI1 was mixed with hex4 ASU that was not prefolded,
Py changed by —0.17 + 0.03 and when NM23-H2 was mixed
with Pu27 that was not prefolded, Pr changed by —0.08 + 0.01
(Table 3). ¢ tests also show P-values <0.05 for these changes
with protein titration. Importantly, ¢ test analysis shows
statistical significance for the stronger effect of mixing protein
with oligonucleotides that were annealed in LiCl relative to
mixing protein with oligonucleotides that were prefolded in
KCl (Table 3). Similar behavior was seen when the proteins
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were mixed with their noncognate pairs (Figure 8E—H and
Table 3). No combination of protein with single-labeled
oligonucleotide (FAM or TAMRA alone) caused FRET
emission at 585 nm when illuminated at 475 nm (Figure S8),
confirming that the measured FRET signals were dependent on
the double-labeled oligonucleotides. No combination of protein
with FRET-]abeled oligonucleotide caused a decrease in FRET
or coupled increase in Py (Table 3), indicating all combinations
of protein, oligonucleotide, and salt resulted in a bound G4
oligonucleotide conformation.

B DISCUSSION

G4s in Maize. Maize is a staple crop across the globe as a
source of nutrition and energy that fuels economic develop-
ment. Additionally, maize is a historic, model genetic organism
for studying fundamental mechanisms of eukaryotic genome
composition.® For example, transposable DNA elements,’’”
and the capping properties that characterize telomere
function™ are among the historic discoveries in maize.
Interestingly, G4 motifs are clustered in known regulatory
regions of some genes, in particular those that are involved in
stress response metabolic pathways in maize.'" Interestingly, in
E. coli, antisense G4 motifs found at promoter regions decrease
gene expression whereas antisense G4 motifs found in 5"UTRs
increase gene expression,13 suggesting that differences in G4
position relative to transcription start sites might have
functional consequences in the cell. As such, understanding
the fundamental mechanisms of G4 binding proteins in maize, a
model grass species with a large and complex genome, affords
new opportunities to advance understanding of G4 biology
while gaining information that could be useful for crop
improvement.

G4 motifs are found distributed throughout the maize
genome, as they are in the human genome,® but in maize they
are more likely found within the transcribed gene than in
upstream promoter regions.'' Given the functional significance
of a G4 motif in regulating c-myc gene expression, we predict
that the positioning of the G4 motif within the S'UTR of maize
genes may also represent a similarly broad, conserved
mechanism for transcriptional regulation. In fact, our discovery
that ZmNDPKI binds to hex4_ASU bolsters this prediction
and suggests that G4 binding by NDPKs may represent an
ancient and conserved regulatory mechanism in plants and
animals.

Binding Mode of G4 to NDPK. We propose that each
hexamer of ZmNDPK1 or NM23-H2 binds tightly and
cooperatively to two G-rich oligonucleotides and stabilize a
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Figure 7. Point variants of ZmNDPKI1 show different DNA binding
activities. (A) Increasing H115A (active site) variant ZmNDPKI
concentration increases the fraction of hex4 ASU G4 oligonucleotide
that is retained on the nitrocellulose in 20 mM KCI. The H115A
variant binds to prefolded hex4 ASU DNA in KCI with about the
same affinity as wild-type ZmNDPKI1. (B) Increasing H11SA (active
site) variant ZmNDPKI concentration increases the fraction of
hex4_ASU G4 oligonucleotide that is retained on the nitrocellulose in
20 mM LiCl. The H11SA variant binds to unfolded hex4 ASU DNA
in LiCl with about the same affinity as wild-type ZmNDPKI1. (C)
Increasing  KI149A (C-terminal) variant ZmNDPKI concentration
increases the fraction of hex4_ASU G4 oligonucleotide that is retained
on the nitrocellulose in 20 mM KCl. The K149A variant binds to
prefolded hex4_ASU DNA in KCl with S-fold weaker affinity.

folded G4 conformation. In the case of a prefolded G-rich
oligonucleotide, this model explains both straightforward
binding titrations measured by protein/DNA retention on
nitrocellulose (Figure 4) and fluorescence experiments that
show stabilization of the folded conformation, measured by
increased FRET efficiency between the 5" and 3’ end of FAM/
TAMRA labeled oligonucleotides (Figure 8). Mechanistically,
the two homologues may bind the G4 somewhat differently
because the three amino acids that are implicated in NM23-H2
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Figure 8. ZmNDPKI and NM23-H2 both bind to folded G4 DNA,
whether prefolded in KCI or not prefolded in LiCl. All spectra are
normalized to the 520 nm maximum, for simplicity. All sets of spectra
are drawn with increasingly dark lines with increasing protein
concentration, showing every-other point in the titration for clarity
(the legend is at bottom). A 1000 nM BSA control (dotted line) was
performed to show that the increase in FRET is NDPK-specific
because the BSA control is identical to the 0 nM NDPK point both in
fluorescence spectrum and Pr. Each inset plots P as protein
concentration in nM on the x-axis and P; on the y-axis, showing
each point along the titration. (A) ZmNDPK mixed with FRET-
labeled prefolded hex4 ASU (in KCI) shows a small but significant
increase in FRET efficiency at 585 nm with a coupled decrease in Py
(inset) with titrating protein. (B) NM23-H2 mixed with FRET-labeled
prefolded Pu27 (in KCl) shows a small but significant increase in
FRET efficiency at 585 nm with a coupled decrease in Py, (inset) with
titrating protein. (C) ZmNDPK mixed with FRET-labeled unfolded
hex4 ASU (in LiCl) shows a large and significant increase in FRET
efficiency at 585 nm with a coupled decrease in Pp (inset) with
titrating protein. (D) NM23-H2 mixed with FRET-labeled unfolded
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Figure 8. continued

Pu27 (in LiCl) shows a moderate but significant increase in FRET
efficiency at 585 nm with a coupled decrease in Pg (inset) with
titrating protein. (E) ZmNDPK mixed with FRET-labeled prefolded
Pu27 (in KCl) shows a small but significant increase in FRET
efficiency at 585 nm with a coupled decrease in P (inset) with
titrating protein. (F) NM23-H2 mixed with FRET-labeled prefolded
hex4_ASU (in KCI) shows a significant increase in FRET efficiency at
585 nm with a coupled decrease in Py (inset) with titrating protein.
(G) ZmNDPK mixed with FRET-labeled unfolded Pu27 (in LiCl)
shows a large and significant increase in FRET efficiency at 585 nm
with a coupled decrease in Pp (inset) with titrating protein. (H)
NM23-H2 mixed with FRET-labeled unfolded hex4 ASU (in KCI)
shows a significant increase in FRET efficiency at 585 nm with a
coupled decrease in Py (inset) with titrating protein.

Table 3

NDPK oligonuclotide P-value  P-value
homologue (salt) AP (t test) salt pair
ZmNDPK1 hex4 ASU (xch) —0.07 + 0.02 0.010
ZmNDPK1 hex4 ASU (LiCI1) —0.17 £ 0.03 0.006 0.03
NM23H2  Pu27 (KCl) —0.03 002  0.040
NM23-H2  Pu27 (LiCl) —008 + 001 0002  0.02
ZmNDPK1  Pu27 (KCI) —006 + 001  0.006
ZmNDPK1 Pu27 (LiCl) —0.20 + 0.01 0.0007 0.005
NM23-H2  hex4 ASU (KCI)  —0.11 +001  0.001
NM23-H2  hex4 ASU (LiICI)  —0.10 + 002 0004 038

DNA binding (Arg34, Asn69, and Lys135)*” are not conserved
in ZmNDPK1 (Figure 1). Nonetheless, this simple model
explains our data as concerns NDPK binding to prefolded G4
DNA.

Binding of oligonucleotides that are not prefolded could be
explained by two variations of this model. In one variation,
NDPK may function as a folding chaperone, binding weakly to
a form of the unfolded oligonucleotide that has some features
of the G4 but is not tightly folded and, in doing so, stabilizes
G4 formation for tight binding. We know from TDS
measurements that neither hex4_ ASU nor Pu27 adopt a folded
G4 in LiCl (Figure S1). Nonetheless, the unfolded oligonucleo-
tide is likely a structurally heterogeneous ligand in solution. For
example, tandem Gs could transiently form a motif like a
Hoogsteen base pair or a looped structure that is recognized by
NDPK, and, upon binding, the intramolecular G4 folded
conformation would be stabilized. In the other variation, NDPK
binds to the single-stranded oligonucleotide that then recruits a
second oligonucleotide, inducing an increase in intermolecular
FRET. Both model variations are supported by our observation
that unfolded single-stranded G-rich DNA binding by either
protein results in an increase of FRET efficiency (Figure 8).
The first variation is supported by the observation that NM23-
H2 appears to bind to Pu27 or hex4 ASU in LiCl-containing
buffer with about the same affinity as it does in KCl-containing
buffer (Figure 4 and Table 2). The second variation is
supported by the observation that ZmNDPKI binds more
weakly and with more steep cooperativity to single-stranded G-
rich DNA than to G4-folded DNA (Figure 4 and Table 2).

Competition for G4 binding by other variants of the
sequence support the idea that ZmNDPKI1 has some
nonspecific DNA binding activity, but is quite specific for
folded G4s like hex4 ASU, hex4 AUG RNA, and Pu27 (Table
1 and Figure S7). Indeed, other similarly folded G4s would
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likely interact with ZmNDPK1 with high affinity but hex4 ASI
does not compete well for binding, indicating the binding
includes some degree of specificity for particular G4 structures,
and not a generic structural feature common to different G4s
(Table 1 and Figure S7). Importantly, under no condition that
we tested did either NDPK homologue support unfolding of
the G4 or stabilization of the unfolded conformation (Figure
8). Rather, NDPK appears to function as a stable G4-binding
protein, akin to XPB and distinct from other G4-interacting
proteins like XPD or Upl that possess G4 helicase or unfolding
activities.' > Our findings further suggest that ZmNDPK1 and
NM23-H2 have important biochemical differences in binding
single-stranded G-rich DNA (Figures 4 and 8). Additionally,
the high affinity of NM23-H2 for prefolded G4s (Figures 4 and
8) raises questions about the proposed model in which NM23-
H2 functions in stabilizing single-stranded G-rich DNA.>36%%

Structural Basis for G4 Binding by NDPKs. Given the
sequence and structural similarities between NDPK homo-
logues (Figures 1 and 2), the difference between binding modes
of these two eukaryotic proteins for single-stranded G-rich
DNA is surprising. The only tertiary structural differences
between the maize and human proteins lies in the apparent
flexibility of the sequence divergent active site loop that, in
ZmNDPKI1 moderates further oligomerization of the hexamer
(Figures 1, 2, and SS). Despite otherwise high homology,
however, additional differences in the C-terminus are sufficient
to generate a homologue-specific antibody and might explain
the altered behavior (Figures 1, 2 and S2). The divergent C-
terminus is far from the active site, clustered at the edge
between the trimer and dimer faces of the protein and
contributing strong basic patches that are specific to the maize
homologue (Figure 2). Neither an open nor functional active
site is required for G4 binding (Figures SA and B, 6, and 7),
supporting the idea that this far-away region could be
important. Similarly, PA, the adenine-rich oligonucleotide
with interspersed G’s, does not compete for G4 binding
(Table 1 and Figure S7B) as it would if an oligonucleotide
bound with sequential G’s in three active sites of a trimer as
previously proposed.®

From these observations, we predicted that nucleic acids bind
to ZmNDPKI at the basic patches located at the edge of the
trimer—dimer interface, centered at the C-terminal most
Lys149 (Figures 1 and 2). Interestingly, NM23-H2 lacks such
a C-terminal basic residue, ending instead at a conserved
glutamate (NM23-H2 GlulS2 or ZmNDPK1 Glul48), raising
the possibility that ZmNDPKI1 Lys149 may contribute to the
recruitment of single-stranded G-rich DNA. In fact, altering
Lys149 to an alanine (K149A) reduces prefolded hex4 ASU
G4 binding by about S-fold, interestingly to the same level that
NM23-H2 binds to the same prefolded oligonucleotide
(Figures 4 and 7 and Table 2). The K149A point variant is
deficient in binding to hex4 ASU when it is not prefolded into
G4 (Table 2). Clearly, this single amino acid defines a unique
property of the plant NDPK homologue that we discovered.

Indeed, the effect of the terminal lysine on G4-binding
properties may have important biological implications because
of its distinct phylogenetic distribution within some of the grass
species within the plant kingdom (Figure S4). Most plant
species encode one or more small NDPKs (~150 aa in length),
but the ZmNDKPI1-type (identified as the “YEK” group in
Figure S4) appears to be a derived variant found in members of
the panicoid group of the Poaceae family, not limited to maize.
Plant species with this YEK-type NDPK include maize,
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sorghum, sugar cane, fox tail millet, and switchgrass, some of
the worlds leading food, feed, and biofuel producing grass
species. That these species have maintained this specific amino
acid variant despite strong sequence conservation of the protein
as a whole, and given the presence of other small NDPKs
(ZmNDPK2 in the case of maize, Figure S4), suggest that its
unique and important properties may be evolutionarily
important. We speculate that those properties could play a
role in Poaceae-species diversification or coevolution with G4
elements in the genomes, an interesting avenue of further
investigation.

Implications for in Vivo Activity. Given the conservation
of G4 structures in prokaryotes and eukaryotes as well as the
conservation of G4-compatible telomere repeats in plants and
mammals, it is not surprising that plants would use similar genic
G4s to modulate genome dynamics. There is no clear
functional c¢-myc ortholog in maize that controls the cell
cycle,” so direct comparisons of biological functions in regard
to myc activation are limited. Even so, we have discovered
intriguing similarities and differences between the two
homologues that may illuminate a range of function attributed
to NDPK/G4 interactions at different genic locations in a
species-specific way.

NM23-H2 binds both folded and unfolded G4s with similar
affinities and in a manner that promotes close contact of the 5’
and 3’ ends of the oligonucleotide, presumably by stabilizing a
folded G4 conformation, together suggesting the protein binds
both ligands in a similar conformation (Figures 4 and 8).
NM23-H2 binds this nuclease sensitive region of DNA,
whether prefolded or not, that is far upstream from the c-myc
promoter, enhancing c-myc expression.14

In contrast, the hex4 ASU G-rich region we used as a probe
for ZmNDPKI1 binding is found just downstream of the
transcription start site, within the S'UTR of hexokinase4, a
region of DNA that must be opened for transcription to occur.
ZmNDPKI1 binds more weakly to single-stranded G-rich DNA
than it does to folded G4, but then stabilizes a folded form of
the G4, whether inter- or intramolecular (Figures 4 and 8). It is
possible that ZmNDPKI1 stabilizes intramolecular G4s from the
template DNA strand or intermolecular-type G4s from adjacent
motifs, sister chromatids, or transcripts. Given the prominence
of G4 motifs in the antisense strand of 5’-UTRs of maize
genes,'! it is also possible that NDPK could impact nascent
RNA formation or progression of the transcription bubble.
Similar overrepresentation of AUG G4 motifs at start codons in
the sense strand of maize genes'' suggests that interaction of
ZmNDPKI with an RNA motif on the nascent transcript might
also have downstream implications for translation. Alterna-
tively, an ASU-type G4 element could contribute to RNA
polymerase pausing or blocking, while localizing active NDPK
to maintain a high ribonucleotide triphosphate pool. Indeed,
NM23-H2 was recently shown to tether to the C-terminal
domain of dynamin to increase GTP pools at membranes, so
there is precedent for the targeted localization of NDPK
enzymatic activity via interaction with another molecule.*s
Certainly the mechanisms by which NM23-H2 exerts control
over c-myc or ZmNDPKI1 over genes like hexokinase4 are likely
complex, given the multifactorial and dynamic interactions
between DNA isoforms, transcription factors and chromatin
proteins. Our study shows that not all aspects of NDPK
function translate across taxonomic boundaries and that such
comparative analyses will continue to shed light on the
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biologically relevant mechanism of NDPK DNA binding
activities.

Conclusions. In conclusion, we have characterized the first
plant G4-binding protein, which was discovered through a
ligand-binding screen of a cDNA expression library. This G4
binding protein is a nucleoside diphosphate kinase, akin to
human NM23-H2. Biochemical experiments confirmed the
specificity of ZmNDPK1 for G4 structures and identified
differences in the binding properties of human and maize
NDPK homologues to single-stranded, G-rich DNA sequences
that are not prefolded into G4 structures, highlighting
potentially different biological roles of these NDPKs.
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