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In plants, programmed cell death (PCD) is required for

proper growth and tracheary element differentiation.1-4 PCD

also plays the important role in the plant defense against

pathogen attack.5,6 Mis-expression of Arabidopsis thaliana

SPL14 (AtSPL14) gene affects resistance to PCD and

modification of plant architecture.7 AtSPL14 is a DNA-

binding transcription factor, including a Cys- and His-rich

SQUAMOSA promoter binding protein (SBP) domain.8

SBP is defined as a conserved approximately 80 amino acid

domain.8 SBPs have roles in plant growth, metal sensing in

algae, and directing development of leaves, embryos, and

floral organs.7 However, the molecular basis on the physio-

logical functions of AtSPL14 in regulating plant PCD and/or

development is not completely understood. NMR structures

of SBP domains indicate that SBP forms a unique DNA-

binding domain consisting of two Zn-finger structures.9,10

Recently, the DNA consensus sequence (GTAC) for AtSPL14

binding was identified by systematic evolution of ligands by

exponential enrichment (SELEX) or random binding site

selection.8 It was reported that the GTAC consensus sequence

required one or two additional flanking nucleotides for

effective AtSPL14-DNA interaction.8 

Thus, it was thought to be that the minimum consensus

DNA sequence for effective AtSPL14-DNA interaction is

5'-C1C2G3T4A5C6R7-3' (where R is A or G).8 EMSA com-

petition assays with various DNA sequences found that the

point mutation at position 2-6 of the consensus sequence (5'-

C1C2G3T4A5C6R7-3') significantly decreased the DNA bind-

ing affinity of AtSPL14, whereas the C-to-A and C-to-T

mutation at position 1 of the consensus sequence did not

affect.8 To understand the DNA binding mechanism of

AtSPL14 protein, the imino proton exchange rates were

measured for the DNA duplex containing the consensus

DNA-binding site for the AtSPL14 transcription factor

(referred to as wt-SPL14 duplex, Fig. 1). To further under-

stand the correlation between the base pair stability/dynamics

and DNA binding affinity of the AtSPL14, the exchange rate

constants of the imino protons for the wt-SPL14 duplex

were compared with those of the mutant SPL14 duplexes

(see Fig. 1), which display different binding affinities for

AtSPL14 protein. 

Experimental Section

All DNA oligonucleotides were purchased from M-bio-

tech Co. (Seoul, Korea). The oligonucleotides were purified

by reverse-phase HPLC and desalted by Sephadex G-25 column.

DNA duplexes were prepared by dissolving two strands at a

1:1 stoichiometric ratio in an NMR buffer (90% H2O/10%

D2O solution containing 10 mM sodium phosphate (pH 8.0)

and 100 mM NaCl). NMR experiments were carried out on a

Agilent DD2 700 MHz spectrophotometer (GNU, Jinju)

equipped with x,y,z-axis pulsed-field gradient cold probe. 1D

NMR data were processed and analyzed with the program

FELIX (Accelrys, San Diego, CA) or VNMRJ (Agilent, Santa

Clara, CA) and 2D data were processed with the program

NMRPIPE11 and analyzed with the program Sparky.12 To

measure the hydrogen exchange rates of the imino protons,

water magnetization transfer experiments were performed using

delay times ranging from 5 to 100 ms.13 The imino hydrogen

exchange rate constants (kex) were determined by fitting the

data to Eq. (1):13 

(1)

where R1a and R1w were the independently measured and are

the apparent longitudinal relaxation rates of the imino proton

and water, respectively, and I0 and I(t) are the peak intensities

of the imino proton in the water magnetization transfer

experiments at times zero and t, respectively.13
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Figure 1. DNA sequence contexts of the wt-, C4T-, G6A-, and
A8G-SPL14 DNA duplexes. 
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Results and Discussion

Two-dimensional NOESY spectra of the wt-, C4T-, G6A-,

and A8G-SPL14 SPL14 duplexes in 90% H2O/10% D2O

buffer solution containing 10 mM sodium phosphate (pH

8.0) and 100 mM NaCl were acquired at 15 oC with 120 and

250 ms mixing times. The imino proton resonances were

assigned by the strong G-imino to C-amino or T-imino to A-

H2 NOE cross peaks in the NOESY spectra. Figure 2 shows

temperature-dependent imino proton spectra of the wt-,

C4T-, G6A-, and A8G-SPL14 duplexes. In the wt-SPL14

duplex, all imino proton resonances except the terminal G13

imino proton resonance were observed at 5 oC. The T12

imino proton resonance was broadened at 25 oC and then

disappeared as temperature was increased up to 35 oC,

indicating instability of the T12·A15 base pair (Fig. 2). Most

imino proton resonances except the T12 and terminal G12

and G26 were observed up to 45 oC, indicating that the wt-

SPL14 duplex is relatively stable at ≤ 45 oC. 

The exchange rate constants of the imino protons for the

wt-SPL14 duplex were determined by water magnetization

transfer method at 25 oC. Some protons show large differ-

ences in peak intensities as a function of delay time after

water inversion (Fig. 3). For example, rapid exchanging

imino protons such as T12 show negative peaks at short

delay times (20 ms in Fig. 3(a)), whereas the G22 resonance,

which is the slowest exchanging imino proton, shows still

positive up to 100 ms. The relative peak intensities of the

water magnetization transfer for the imino proton resonances

of the wt-SPL14 duplex at 25 oC are plotted as a function of

delay time in Figure 3(b). Figure 3(c) shows the kex data of

the imino protons of the wt-SPL14 duplex determined by

fitting to Eq. (1). The G23, G22, and G18 imino protons are

the slowly exchanging protons (kex of ~0.2 s−1), indicating

that the C4·G23, C5·G22, and C9·G18 base pairs are

relatively very stable in the wt-SPL14 duplex. The T12

imino proton next to the terminal base pair shows severely

broadening signal and has the largest exchange rate constant

of any non-terminal base pairs (kex of 49.6 ± 5.1 s−1). The G2

and T3 imino protons, which are two imino protons next to

the other terminal base pairs, have the kex values of 1.6 ± 0.6

s−1 and 7.1 ± 0.8 s−1, respectively.

Figure 4 shows the temperature-dependence of the kex

values of the imino protons for the wt-SPL14 duplex. No

significant changes in the kex values for the G imino protons

of the stable C4·G22, C5·G23, and C9·G18 base pairs are

Figure 2. Temperature dependence of the imino proton resonances of the 1H-NMR spectra for the wt-, C4T-, G6A-, and A8G-SPL14
duplexes. The experimental temperatures are shown on the left of each spectrum. 

Figure 3. (a) 1D imino proton spectra of the water magnetization transfer experiments for the wt-SPL14 duplex at 25 oC. The delay times
between the selective water inversion and acquisition pulse are indicated on the left of spectra. (b) Relative peak height [I(t)/I0] in the water
magnetization transfer spectra for the imino protons as a function of delay time. Solid lines indicate the best fitting of these data using Eq.
(1). (c) The exchange rate constants of the imino protons for the wt-SPL14 duplex at 25 oC and the error bars represents fitting errors. 
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observed (data not shown). The linear correlation between

ln(kex) and 1/T indicates the Arrhenius equation, and the

slopes and y-intercepts of these lines yield the activation

energies (ΔG0
‡) and Arrhenius constants (A) of the hydrogen

exchange process. All G imino protons have larger slopes

(ΔG0
‡ = 28-30 kcal·mol−1) than those of the T imino protons

(ΔG0
‡ = 16-19 kcal·mol−1). The larger activation energies of

the G imino protons than the T imino protons indicate that

the stable G·C base-pairs are more slowly exchanged with

solvent water than the A·T base-pairs. In addition, the differ-

ences in the Arrhenius constants (indicating y-intercepts)

within G/T imino protons are caused by the different equi-

librium constants for the base-pair opening.

To further understand the dynamic property of the SPL14

consensus sequence DNA duplexes, the kex measurements in

the three mutant SPL14 DNA duplexes were performed at

35 oC and then compared with those of the wt-SPL14. In the

C4T-SPL14 duplex, where the C4·G23 base pair is changed

to T·A base pair (see Fig. 1), the peak intensity of the T4

imino proton shows much larger dependence on the delay

time after selective water inversion compared to the G23

imino proton of the wt-SPL14 duplex (Fig. 5(b)). This leads

to a 16-fold larger kex value of the T4 imino proton than the

G23 imino proton in the wt-SPL14 duplex (Table 1), demon-

strating that the A·T base pair is much less stable than the

corresponding G·C base pair. Surprisingly, in the C4T-SPL14

duplex, the relative instability of the T4·A23 base pair

induces the thermal stability of the neighboring T3·A24 base

pair and the kex for the T3 imino proton has 3-fold smaller

than that of wt-SPL14 duplex (Fig. 5(a)). This is consistent

with 1D imino proton spectra of two duplexes, where the T3

imino proton of the C4T-SPL14 exhibits sharp resonance at

45 oC, whereas the corresponding resonance is clearly

broadened in the wt-SPL14 (Fig. 1). However, there are no

significant differences on the kex values between two

duplexes for the G22 and G6 imino protons on the other side

of the T4·A23 base pair (Table 1). These results indicate that

the change from C4·G23 to T4·A23 base pair [indicating the

1 position of the consensus sequence (5'-C1C2G3T4A5C6R7-

3')] in the wt-SPL14 duplex leads to destabilization of this

base pair but significant stabilization of the neighboring base

pair on only one side of the substitution.

Hydrogen exchange experiments were also performed at

35 oC for the G6A-SPL14 duplex, where the G6·C21 base

pair is changed to A·T base pair (see Fig. 1). In the G6A-

SPL14 duplex, the T21 imino proton has 3-fold larger kex

value than the G6 imino proton of the wt-SPL14 duplex like

the T4 imino proton in the C4T-SPL14 (Fig. 5(c) and Table

1). Surprisingly, the peak intensities of the neighboring T7

imino proton showed a weaker dependence on the delay

time compared to the wt-SPL14 duplex (Fig. 5(d)), leading

to a 2-fold smaller kex value of the T7 imino proton than that

of the wt-SPL14 duplex (Table 1). The similar result was

also observed on the kex value of the G22 imino proton on

the other side of the A6·T21 base pair (Table 1). These

results demonstrate that the change from G6·C21 to A4·T21

base pair [indicating the 3 position of the consensus sequence

(5'-C1C2G3T4A5C6R7-3')] in the wt-SPL14 duplex leads to

stabilization of two neighboring base pairs side of the substitu-

tion, although the A6·T21 base pair is slightly unstable than

Figure 4. Logarithm scale of the kex values for the imino protons
of wt-SPL14 duplex versus the inverse of temperature. 

Figure 5. Relative peak height [I(t)/I0] in the water magnetization transfer spectra for the (A) T3, (B) G23/T4, (C) G6/T21, (D) T7, (E) T19/
G8, and (F) T17 imino protons of the wt- (circle), C4T- (square), G6A- (diamond), and A8G-SPL14 (triangle) duplexes as a function of
delay time. Solid lines indicate the best fitting of these data using Eq. (1). 
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the corresponding G6·C21 base pair in the wt-SPL14 duplex. 

Hydrogen exchange rate constants of the imino protons for

the A8G-SPL14 duplex, where the A8·T19 base pair is

changed to G·C base pair (see Fig. 1), were also determined

at 35 oC. The peak intensity of the G8 imino proton shows

much smaller dependence on the delay time after selective

water inversion compared to the T19 imino proton of the wt-

SPL14 duplex (Fig. 5(e)). This leads to a 10-fold smaller kex

value of the G6 imino proton than the T19 imino proton in

the wt-SPL14 duplex as expected (Table 1). The neighboring

T7 imino proton in the A8G-SPL14 duplex has slightly

smaller kex value than that of the wt-SPL14 duplex (Fig. 5(d)

and Table 1). However, there is no significant difference on

the kex values between two duplexes for the G18 imino

proton on the other side of the G8·C19 base pair (Table 1).

These results demonstrate that the change from A8·T19 to

G8·C19 base pair [indicating the 5 position of the consensus

sequence (5'-C1C2G3T4A5C6R7-3')] also leads to destabiliza-

tion of this base pair but stabilization of the neighboring base

pair on only one side of the substitution.

The SELEX study revealed that AtSPL14 specifically

recognizes core DNA-binding sequence (GTAC) with at least

one additional flanking nucleotide.8 Thus, the minimum con-

sensus DNA sequence for effective AtSPL14-DNA interaction

is thought to be 5'-C1C2G3T4A5C6R7-3' (where R is A or G).8

EMSA competition assay study found that the C-to-A and

C-to-T mutation at position 1 of the consensus sequence did

not affect the DNA binding affinity of AtSPL14.8 The two

Zn-finger structures of the SBP domain bind to the consensus

DNA sequence through the major groove of DNA duplex.

The conformational change of the DNA duplex must occur

during formation of the SBD-DNA complex for optimal binding

between the Zn-finger structure and major groove of DNA

duplex. It is thought to be that the conformational change is

responsible for the binding affinity of the SBD to consensus

DNA sequence. This study found that the C-to-T mutation at

position 1 (C4T-SPL14 in this study) has no significant effects

on the hydrogen exchange properties of the five consensus

base pairs (5'-C2G3T4A5C6-3'). However, the point mutation

at position 2-6 of the consensus sequence (5'-C1C2G3T4A5C6R7-

3') significantly decreased the DNA binding affinity of AtSPL14.8

This hydrogen study found that, unlike C4T-SPL14, the

G6A- and A8G-SPL14 duplexes showed the clear changes

in the hydrogen exchange process of the five consensus base

pairs (5'-C2G3T4A5C6-3'). Recently, the NMR study of meth-

ylated GATC DNA duplexes reported that the Gibbs free

energy of the DNA conformation in the seqA-DNA complex

could be estimated from the hydrogen exchange rate con-

stants of the imino protons in the modified GATC DNA

duplexes.14 This Gibbs free energy the seqA-DNA complex

can explain the unique feature of DNA binding affinity of the

seqA protein.14 Similarly, we can conclude that the unique

dynamic features of the five base pairs in the consensus 5'-

C2G3T4A5C6-3' sequence might play crucial roles in the

effective DNA binding of the AtSPL14 protein.

In summary, we determined the kex values of the imino

protons in the wild-type SPL14 consensus DNA sequence as

well as the mutant DNA duplexes using NMR spectroscopy.

The active C4T-SPL14 duplex has no significant effects on

the hydrogen exchange properties of the five consensus base

pairs at the position 5-9 on one side of this substitution.

However, the inactive G6A- and A8G-SPL14 duplexes lead

to clear changes in thermal stabilities of these five consensus

base pairs. These unique dynamic features of the five base

pairs in the consensus 5'-CGTAC-3' sequence might play

crucial roles in the effective DNA binding of the AtSPL14

protein. Thus, this hydrogen exchange study can explain

why the five conversed base pairs of the SPL14 binding site

are very sensitive to substitution. 
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Table 1. Hydrogen exchange rate constants (s−1) of the imino protons
for the wt-, C4T-, G6A-, and A8G-SPL14 duplexes at 35 oC

Imino wt C4T G6A A8G

G2 15.0 ± 3.9 16.1 ± 1.3 16.9 ± 1.7 14.7 ± 8.6

T3 19.6 ± 3.9 5.1 ± 1.2 18.9 ± 1.5 18.2 ± 2.0

G23/T4 0.5 ± 0.4 8.1 ± 0.8 0.3 ± 0.2 1.2 ± 0.7
b

G22 0.6 ± 0.5 0.5 ± 0.4 0.1 ± 0.1 1.3 ± 1.2

G6/T21 0.7 ± 0.6 0.9 ± 0.8 2.1 ± 1.4 1.2 ± 0.7
b

T7 11.5 ± 1.7
a

9.6 ± 0.6
a

6.6 ± 1.8 8.2 ± 1.2

T19/G8 14.7 ± 2.8 12.4 ± 1.8 13.5 ± 1.1 1.3 ± 0.8

G18 1.0 ± 0.4 0.8 ± 0.7 0.7 ± 0.6 1.2 ± 1.0

T17 11.5 ± 1.7
a

9.6 ± 0.6
a

8.5 ± 1.1 8.5 ± 1.4

G16 4.7 ± 0.9 3.6 ± 1.4 2.2 ± 1.8 4.2 ± 1.2

aThe T7 and T17 resonances in the wt- and C4T-SPL14 overlap. bThe G6
and G23 resonances in the A8G-SPL14 overlap.


