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Abstract Myc-interacting zinc finger protein-1 (Miz-1) is

a BTB/POZ transcription factor that activates the tran-

scription of cytostatic genes, such as p15INK4B or p21CIP1.

The C-terminus of Miz-1 contains 13 consensus C2H2 zinc

finger domains (ZF). ZFs 1–4 have been shown to interact

with SMAD3/4, while the remaining ZFs are expected to

bind the promoters of target genes. We have noted unusual

features in ZF 5 and the linker between ZFs 5 and 6.

Indeed, a glutamate is found instead of the conserved basic

residue two positions before the second zinc-coordinating

histidine on the ZF 5 helix, and the linker sequence is

DTDKE in place of the classical TGEKP sequence. In a

canonical bba fold, such unusual primary structure ele-

ments should cause severe electrostatic repulsions. In this

context, we have characterized the structure and the

dynamics of a Miz-1 construct comprising ZFs 5–8 (Miz

5–8) by solution-state NMR. Whilst ZFs 5, 7 and 8 were

shown to adopt the classical bba fold for C2H2 ZFs, the

number of long-range NOEs was insufficient to define a

classical fold for ZF 6. We show by using 15N-relaxation

dispersion experiments that this lack of NOEs is due to the

presence of extensive motions on the ls–ms timescale.

Since this negatively charged region would have to be

located near the phosphodiester backbone in a DNA

complex, we propose that in addition to promoting con-

formational searches, it could serve as a hinge region to

keep ZFs 1–4 away from DNA.
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Abbreviations

CD Circular dichroism

Miz 5-8 Miz-1 zinc fingers 5–8

NMR Nuclear magnetic resonance spectroscopy

Water-TFA 0.1 % trifluoroacetic acid in water

ZF Zinc finger

Introduction

Myc-interacting zinc finger protein-1 (Miz-1) is a member

of the BTB/POZ transcription factor family. It is

803-amino-acid long and weighs 93 kDa. Like all members

of the family, it possesses a BTB/POZ protein interaction

domain at its N-terminus and a number (thirteen) of puta-

tive zinc finger domains (ZF) in its C-terminus. The crystal

structure of the Miz-1 BTB/POZ has been solved (Stead

et al. 2007; Stogios et al. 2010). Twelve of the Miz-1 ZFs

are consecutive, and the thirteenth is remote from the

twelfth by a sequence that has been identified as a Myc-

interacting domain. Another such domain exists between

the BTB/POZ domain and the first ZF (Peukert et al. 1997).
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Miz-1, which can be activated through the TGF-b pathway,

activates the transcription of various cytostatic genes, such

as p15INK4B and p21CIP1. Miz-1 and Sp1 both bind the core

promoter of those genes (Bowen 2003) and nucleophosmin

binds to the BTB/POZ domain of Miz-1 (Wanzel et al.

2008). This allows histone acetyltransferase p300 to be

recruited, which activates transcription. When c-Myc binds

Miz-1 (as a c-Myc/Max heterodimer), the recruitment of

p300 becomes impossible and the complex represses

transcription (Seoane et al. 2001; Staller et al. 2001).

It is thought that a subset of the thirteen putative C2H2

ZFs is responsible for the DNA-binding activity associated

with the Miz-1 protein. Indeed, ZFs are very common

DNA-binding motifs. In fact, it is the most common motif

found in the human genome (Razin et al. 2012; Wolfe et al.

2000). C2H2 ZFs are *30-amino-acid long with the con-

sensus sequence F/Y-X-C-X2-4-C-X3-F-X5-L-X2-H-X3-H-

X5, and they usually adopt a bba conformation (Berg

1988). This conformation is held in place by the two cys-

teines and the two histidines, which coordinate a Zn2? ion,

as well as three conserved large hydrophobic amino acids.

This makes the N-terminus of the a helix protrude, and

allows it to enter the major groove of the DNA. In a

canonical ZF, four residues will contact the DNA bases,

allowing recognition of a particular sequence. Residues

situated at positions—1, 3 and 6 relative to the first residue

of the helix usually contact consecutive bases on one

strand, and the residue in position 2 will contact one base

on the other strand. This last base is in fact the comple-

mentary base to the one contacted by the residue in position

6 of the preceding ZF. All four of these contacts can be

base-specific. ZFs usually bind DNA by groups of three,

allowing specific recognition of sequences 10 bp long

[reviewed in Wolfe et al. (2000)].

ZFs are typically separated by a conserved linker with

the consensus sequence TGEKP. Interestingly, the lysine in

the linker is often involved in non-specific salt bridges with

phosphate groups when ZFs are bound to DNA. Moreover,

a salt bridge between the conserved glutamate and a con-

served basic side chain (arginine or lysine) in the preceding

helix has been demonstrated to be important in the mod-

ulation of inter-ZF movements. Indeed, when a salt bridge

is not possible, the inter-ZF movements are amplified and

this is thought to be important for the mechanism of rec-

ognition of specific DNA sequences by polydactyl ZF

proteins (Zandarashvili et al. 2012).

Recent bioinformatics studies have demonstrated that the

residues at positions—1, 2, 3, 5 and 6 in the a-helix are the

only residues in ZFs displaying selective pressure during

evolution (Emerson and Thomas 2009). While this could be

interpreted as an evolutive pressure to bind diverse DNA

sequences, it could also mean that they have evolved for

other functions, such as protein binding. In fact, it is

becoming increasingly recognized that ZFs are also impor-

tant actors in protein–protein interactions (Brayer and Segal

2008). In accordance with this growing concept, the first 4

ZFs of Miz-1 have been shown to interact with the MH1

domain of SMAD3 and 4 (Seoane et al. 2001).

While the binding of Miz-1 has been narrowed down to

two distant sites at the promoters of p15INK4B (-155/-140,

-1/13) and p21CIP1 (-105/-81, -46/-32) (Seoane et al.

2002), the exact ZFs involved have yet to be identified.

Interestingly, application of the most recent bioinformatics

programs fails to generate a consistent prediction as to

which ZF subset (equal to or larger than 3) have the highest

probability of binding the identified sequences on the

p15INK4B and p21CIP1 promoters.

In this context, we have undertaken a structural and

dynamical characterization of the Miz-1 ZFs in absence of

DNA with determination of the NMR structure of ZF

domains 8–10 (Bédard et al. 2012). The three ZFs were

demonstrated to adopt the typical bba fold. In accordance

with previous reports (Hyre and Klevit 1998; Potter 2005;

Zandarashvili et al. 2012), the two canonical linkers

(TGEKP) were shown to be the most flexible regions on

the ps–ns timescale without, however, being totally

unfolded. In the present study, we extend our structural and

dynamical characterization of Miz-1 ZFs with a construct

composed of ZFs 5–8 (henceforth referred to as Miz 5–8).

Whereas ZF 5, ZF 7 and ZF 8 are shown to adopt a stable

bba fold, the structure of ZF 6 appears to undergo a slow (ls–

ms) conformational change. Moreover, we also note the

presence of extensive conformational exchange in the ls–ms

timescale at the interface between the helices of ZF 5, ZF 6

and ZF 7 and the contiguous linkers. Although such move-

ments have been noted between ZF 1 and ZF 2 of Egr-1

(Zif268) (Zandarashvili et al. 2012), those observed in the

Miz 5–8 construct appear exacerbated. In fact, the move-

ments in the Egr-1 construct have been attributed to the

absence of the conserved E in the linker (TGQKP) between

ZF 1 and ZF 2. Interestingly, two out of three linkers in the

Miz 5–8 construct have more peculiar sequences; DTDKE

and IADGP. As described in detail, electrostatic repulsions

located at the interface between the helix of ZF 5 and the

contiguous linker are most likely responsible for the local

unfolding in ZF 6. While a role for such unusual slow con-

formational exchange in the DNA and/or protein binding

remains to be determined, we show by homology modeling

that DNA binding by ZF 5 and 6 is highly unlikely. Indeed,

because of the sequence of the linker between ZF 5 and 6,

intramolecular and intermolecular electrostatic repulsion in

a canonical DNA-bound configuration would prevent DNA

binding. We propose that this peculiar sequence and resultant

dynamical behavior might be important for Miz-1 function

by promoting the availability of ZF 1–4 to engage in protein–

protein interaction with SMAD3/4.
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Materials and methods

Preparation of the Miz 5–8 construct

The cDNA fragment of ZFs 5–8 of Miz-1 (residues

416–526, Miz 5–8, see primary structure in Fig. 1a) was

generated by PCR from the complete cDNA of Miz-1 using

primers F (50-CAT ATG AAG CCC TAC CAG TGC GAC

TAC TGC GGC CG-30) and R (50-GGA TCC CTA ACC

TGT GTG AAT GCG GAC GTG CCG CTG-30). The PCR

product was inserted into a pDrive (Qiagen) vector prior to

a digestion by NdeI and BamHI. The digested product was

inserted into a pET-3a (Novagen) plasmid by the same

restriction sites and the construct transformed in BL21 star

(DE3*) one shot competent cells (Invitrogen). Bacteria

were grown in LB or in M9 broth (supplemented with

10 lM FeSO4- and 100 lM CaCl2) containing 15NH4Cl

and 13C-glucose to an O.D. of 0.6 at 600 nm; they were

induced with 1 mM IPTG and 100 lM ZnCl2 for 21 h at

30 �C and they were harvested by centrifugation. The cell

pellet was resuspended in lysis buffer (800 mM NaCl,

50 mM KH2PO4, 100 mM DTT) and frozen at -80 �C for

at least 2 h prior to thawing in hot water. The lysate was

treated with 50 mg/ml of DNAseI for 1 h at room tem-

perature and centrifugated at 30,000 RCF for 30 min. The

supernatant was diluted by a factor 2 with Tris–HCl pH 7.6

and purified by FPLC with a HiTrap SP HP column (GE

Healthcare) using buffer A (50 mM sodium acetate, pH

5.00). After eluting impurities using a mix of buffer A

containing 14 % of buffer B (50 mM sodium acetate, 3 M

NaCl, pH 5.00), Miz 5–8 was eluted using a gradient of

buffer B. Fractions containing Miz 5–8 were pooled and

desalted on FPLC using HiTrap Desalting columns (GE

Healthcare) with water containing 0.1 % trifluoroacetic

acid (water-TFA) as elution buffer. The sample was then

concentrated using ultracentrifugation (Amicon Ultra 3 K,

Millipore). Finally, the protein was purified by reverse-

phase HPLC with a Discovery BIO Wide Pore C18 column

(Supelco) preconditioned with water-TFA and eluted using

a gradient of acetonitrile. Fractions containing Miz 5–8

were lyophilized and resuspended in water-TFA so that

cysteines remain in reduced form.

CD spectropolarimetry

CD measurements were performed with a Jasco J-810

spectropolarimeter equipped with a Jasco Peltier-type

thermostat. The CD spectra were recorded at 20 �C with

40 lM of Miz 5–8 at different pH and Zn2? concentrations

in a 1 mm quartz cell. CD spectra were averaged over nine

scans in order to enhance the signal-to-noise ratio by a

factor 3. They were recorded between 190 and 250 nm

with a wavelength step of 0.2 nm and smoothed using

Spectra Manager (JASCO Corporation). Data was con-

verted from CD signal to mean residue ellipticity using

Eq. 1, where d is the ellipticity in degrees, MRW is the

mean residue weight, c is the concentration of the sample

(g ml-1) and l is the path length (cm).

H½ � ¼ d �MRW

10 � c � l ð1Þ

NMR spectroscopy

All NMR experiments were performed at 25 �C on a

Varian (Agilent) Unity INOVA operating at 1H frequency

of 600 MHz and equipped with an indirect detection H/C/N

room temperature probe and Z-axis pulsed-field gradient

capacity. After refolding the uniformly 13C, 15N-labeled

Miz 5–8 construct, the buffer was changed to 10 mM

sodium cacodylate, pH 7.0, 50 mM KCl, 2 mM TCEP, 4.4

molar equivalents ZnCl2, 10 % D2O using ultracentrifu-

gation (Amicon Ultra 3 K, Millipore). The final concen-

tration of the Miz 5–8 construct was 1.16 mM.

The chemical shifts of Miz 5–8 1H, 13C and 15N nuclei

were assigned using standard multi-dimensional and het-

eronuclear NMR experiments: 1H–15N HSQC, 1H–13C

HSQC, 3D-HNCACB, CBCA(CO)NH, HNCO, C(CO)NH,

H(CCO)NH, HCCH-TOCSY and 13C and 15N-edited-NO-

ESY-HSQC with mixing times of 150 ms. All pulse

sequences used were taken from the Biopack repertoire and

based on the work of L. E. Kay. The spectra were refer-

enced as described in Wishart et al. (1995).

15N Spin relaxation

15N–T1, T2 and {1H}–15N NOE experiments were recorded

using previously described pulse sequences available in the

Biopack repertoire (Farrow et al. 1994). Delays of 0, 30, 60,

90, 120, 150, 250, 350, 450, 550, 650, 800 and 1,000 ms and

of 0, 10, 30, 50, 70, 90, 110, 130, 150, 170, 250, 350 and

490 ms were used to obtain 15N–T1 and T2, respectively.

{1H}–15N NOE measurements were done by comparing

HSQC spectra with and without a 6-s proton saturation.
15N backbone CMPG relaxation dispersion profiles were

acquired in a constant time (60 ms) and interleaved manner,

using a modified version of the pulse sequence from the

Biopack repertoire and based on the work of Palmer et al.

(Palmer et al. 2001; Wang et al. 2001) and Kay et al. (Mulder

et al. 2001b). The field strengths (mCPMG = 1/4sCPMG) used

were 33.3, 66.7, 100, 133, 167, 200, 267, 333, 400, 467, 533,

600, 667, 733, 800, 867, 933 and 1,000 Hz, where 2sCPMG is

the delay between the centers of two consecutive refocusing

pulses (Mulder et al. 2001b). Experiments with mCPMG = 100,

333, 867 Hz were repeated twice to estimate the extent of the

experimental error. Given that only one static field was used
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and owing to the complexity of the system, we have limited

our analysis of the relaxation profiles to the estimation of Rex

by fitting the graphs of R2,eff with the R2,eff(mCPMG) simplified

expression for a two-site exchange in the fast exchange limit

(Luz and Meiboom 1963; Mulder et al. 2001a):

R2ðmCPMGÞ ¼ R2;eff ðmCPMG !1Þ

þ Rex 1� 4mCPMG

kex

tanh
kex

4mCPMG

� �� �
ð2Þ

Where

(a) (b)

(c)

Fig. 1 Characterization of Miz 5–8 a Primary structure of the 13 ZF

domains of Miz-1. In the complete protein, the first 12 ZFs are found

within residues 306–637, and ZF 13 is within residues 717–739.

Residues belonging to the Miz 5–8 fragment (416–526) are boxed,

and are labeled residues 2–112 in this paper (residue 1 is an additional

methionine). Conserved zinc-coordinating residues are highlighted in

green, conserved hydrophobic core residues are highlighted in blue,

and putative DNA-contacting residues are highlighted in magenta.

b Far-UV CD spectrum of Miz 5–8 (red) and Miz 8–10 (blue).

Results are shown in mean residue ellipticity and calculated using

equation 1. c Sequential NOEs, chemical shift variation Dd(Ca - Cb)

and secondary structure profile calculated by DANGLE for Miz 5–8
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Rex ¼
PAPBDx2

Kex

ð3Þ

where the data were plotted using:

R2;eff ðmCPMGÞ ¼
1

T
ln

IðmCPMGÞ
IO

ð4Þ

R2,eff(mCPMG ? ?) is the effective R2 when the

frequency of refocusing reaches an infinite value,

I(mCPMG) and Io are the resonance intensities of the

correlations between backbone 15N and 1HN in presence

and absence of CPMG refocusing, respectively. T is the

total and constant duration of the CMPG period (60 ms).

PA and PB are the populations of the two interchanging

states, Dx is the difference in 15N chemical shifts in both

states and kex, the exchange rate, is given by kA ? kB, the

two rate constants of the exchange equilibrium. In the fast

exchange limit (kex [[ Dx), the populations and Dx are

inseparable. Nonetheless, estimation of Rex values at one

field is valid using this approach (Lipchock and Loria

2009).

Data processing and analysis

The NMR spectra were processed using NMRPipe (Dela-

glio et al. 1995) and analyzed with CcpNmr Analysis

(Vranken et al. 2005). The 15N–T1 and T2 time constants

and their uncertainties were obtained by fitting the decays

of the peak heights to the classical two-parameter single

exponential using the least squares fitting program in

CcpNmr Analysis. The relaxation dispersion profiles were

fit to Eq. 2 with the program GraphPad Prism 5 in order to

get Rex values and their uncertainties.

Structure calculations

All NOEs were assigned manually and converted into

distance restraints using CcpNmr Analysis. The program

DANGLE was used to obtain u and w dihedral angles on

the basis of backbone and 13Cb chemical shift value.

Dihedral u and w angles were calculated for 99 residues

and they confirmed the typical bba fold for all four ZFs,

except for the first b strand of both ZFs 7 and 8. NOESY

spectra revealed sequential distance restraints typical of a
helices, which appear in the same regions predicted by

DANGLE to fold into helical structure. Structures were

calculated using the program ARIA2.2 (Rieping et al.

2007) in conjunction with CNS (Brünger et al. 1998).

Calculations were first carried out without zinc atom and

zinc coordination restraints. In ZF 5 and ZF 7, the con-

served cysteines and histidines were positioned correctly to

allow coordination of zinc. By contrast, in ZF 6, due to the

lack of NOEs around the two cysteines, only the two

histidines were well positioned. However, NOEs between

His50 1Hd2 and Cys34 1Hba - b could be identified, which

could not be present in absence of zinc coordination. In the

following calculations, a Zn2? ion was added and zinc

coordination distance restraints were specified to ARIA

(2.3 Å for Zn2?–Sc and 2.0 Å for Zn2?–Ne2). The 20

lowest-energy conformers out of 300 for the final iteration

of the calculation were refined in water and submitted to

PROCHECK_NMR (Laskowski et al. 1996) to validate the

structural quality. The final structure ensembles of ZF 5

(residues 4–26), ZF 6 (residues 32–54) and ZF 7 (residues

60–83) were deposited in the protein databank (PDB) under

identification codes 2m0d, 2m0e and 2m0f, respectively;

and all NMR resonance assignments for Miz 5–8 was

deposited in the BMRB under accession number 18806.

Results

Folding of Miz 5–8

Circular dichroism (CD) was used to monitor and optimize

the folding conditions of Miz 5–8, as previously described

(Bédard et al. 2012). ZnCl2 was added in slight excess (4.4

molar equivalents, or 1.1 molar equivalent per finger) to the

sample. The pH was then raised using NaOH until the

secondary structure content was optimal as judged by the

decrease in molar ellipticity between 210 and 230 nm, as

well as the shifting of the minimum from 204 to 207 nm

(data not shown). The optimal pH was found to be 7; a

value larger than the optimal pH found for the Miz 8–10

construct (pH 6.5). We present the spectrum of Miz 5–8

shown along with that of Miz 8–10 (see Fig. 1b). As one

can notice, the optimal secondary structure content of Miz

5–8 is comparable to that of Miz 8–10.

Resonance assignments and secondary structure of Miz

5–8

The dataset recorded (see materials and methods) allowed

for the assignment of 86.4 % of the backbone 15NH, 91.3 %

of the 1HN, 85.5 % of the 13C’, 93.6 % of the 13Ca, 85.0 %

of the 1Ha and 93.1 % of the 13Cb of residues 3–112.

81.6 % of side-chain protons were assigned as well. Fig-

ure 1c shows the difference in secondary chemical shifts

Dd(Ca - Cb), sequential NOEs and DANGLE secondary

structure predictions as a function of the primary structure

for Miz 5–8. Positive and negative Dd(Ca - Cb) values are

indicative of a-helices and b-strands, respectively. The

number of secondary structure elements determined from

the secondary chemical shifts indicates that the 4 ZFs adopt

the consensus bba fold, except for the first b strand of ZFs

7 and 8. 13Ca and 13Cb chemical shifts of all cysteines
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(except for those of Cys37 which could not be assigned)

were consistent with the zinc-coordinating thiol state

(Kornhaber et al. 2006). Likewise, the 13Cd2 and 13Ce1

chemical shifts of all zinc-coordinating histidines (except

that of His26, His 106 and His110 which could not be

assigned) correlate with a zinc coordination mediated

through the Ne2 (Barraud et al. 2012).

The 1H–15N HSQC spectrum of Miz 5–8 is displayed in

Fig. 2a, b. Although the spectra show well-dispersed res-

onances, one can notice that most of the resonances from

residues 27–44, which include the linker between ZFs 5

and 6 as well as the N-terminal region of ZF 6, are either

weak or missing in the spectrum. This indicates that the

backbone amide resonances are too weak (or broad) to be

measured. This can be the result of conformational

exchange on the ls–ms time-scale (Rex), which broadens

the resonances, and/or exchange between the 1HN and

either the solvent deuterium or the suppressed protons from

H2O. The fact that our optimal folding conditions were

found to be at a pH of 7 may contribute to the HN

exchange. Indeed, the intrinsic rate of amide exchange is

faster at pH 7 than the minimal rates obtained around pH

4–5 (Bai et al. 1993; Eriksson et al. 1995).

Evidence of conformational exchange on the ls–ms

timescale located in ZF 5 and 6

In order to further explore the causes for the vanishing amide

resonances, we attempted amide exchange rate measure-

ments. However, we found out it was not possible to reso-

lubilize the lyophilized and folded Miz 5–8 construct to

measure amide exchange rates. We have therefore resorted

to the analysis of the pH dependence of the backbone amide

resonance intensities on the 1H–15N HSQC. It is expected

that the exchanging amide resonances will increase in

intensity by decreasing the pH from 7.5 to 6.0, since the

intrinsic rate of exchange slows down as the pH approaches a

value of 4–5 (Bai et al. 1993; Eriksson et al. 1995).

We present in Fig. 3a, b the 1H–15N HSQCs of Miz 5–8

recorded at pH 7.5 and 6.0, respectively, and have labeled

the resonances with pH-sensitive intensities. We also map

these residues onto the backbone of an homology model of

Miz 5–8 in a DNA-bound conformation generated using

I-TASSER (Roy et al. 2010) (Fig. 3c, d). In addition, we

have labeled in magenta the position of residues for which

no resonances could be recorded on the 1H–15N HSQCs at

any pH between 7.5 and 6.5. No significant changes in

intensity were noted at pH lower than 6.5 and until pH 5.0

where a second set of resonances, most likely originating

from the unfolded state (not shown), appeared. Only a few

resonances shifted in the spectra between pH 7.5 and 6.5.

Those belonged to histidine side-chains not involved in

chelating the Zn2? ions.

One striking observation that can be made based on the

results depicted in Fig. 3 is the fact that of the four helices,

only the one in ZF 6 has pH-sensitive amides across its

length as well as at the interface with the b-hairpin.

Otherwise, and as expected due to end fraying effects, all

four helices have pH-sensitive amides mainly located at

their N- and C-termini. This indicates that the 1HN in the

middle of the helix of ZF 6 are less protected from

exchange with the solvent, and this result suggests a con-

formational exchange and/or opening of the tertiary struc-

ture involving the b-hairpin in this ZF. Additionally, the

amide resonances of the unusual linker (DTDKE) between

ZF 5 and 6, as well as those from the amides of His32,

Lys33 and Cys37 located in the two b-strands are not

observable in any HSQC recorded. This suggests that in
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Fig. 2 1H–15N HSQC spectrum of Miz 5–8 a Full 1H–15N HSQC

spectrum of Miz 5–8 recorded at pH 7.0, 682 lM and 600 MHz.

Resonances are labeled using the one-letter code. b Magnification of

the crowded region of (a) for clarity. Resonances exhibiting

processing-derived cardinal sinus wiggles have been labeled with

an asterisk
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addition to amide exchange, the resonances of these amides

may be broadened by conformational exchange (Rex)

occurring on the ls–ms timescale. In order to assess the

presence of such a conformational exchange and charac-

terize the presence of motions in the ps–ns and ls–ms

timescales, we have employed 15N-spin relaxation

experiments.

15N-spin relaxation

Heteronuclear NOEs ({1H}–15N NOE), 15N–T1 and 15N–

T2 values recorded are presented on Fig. 4. In accordance

with previous studies (Potter 2005; Zandarashvili et al.

2012), the {1H}–15N NOE measured in the strands and

helices range between 0.6 and 0.8 and suggest limited

librational movements of the backbone amides on the ps–

ns timescale. In contrast, and as observed by the same

groups, the backbone amides in the linkers between ZF 6

and 7 that could be measured display slightly lower values

(approx. 0.4) and indicate movements with slightly larger

amplitudes on the ns–ps timescale. However, these (posi-

tive) values clearly show that the inter-domain linkers are

not completely disordered. Indeed, while the linkers

between consecutive ZFs are more flexible than ZFs

themselves, they remain somewhat rigid, resulting in the

‘‘quasi-ordered’’ conformation described by Potter (2005).

The average T1 value recorded 620 ± 40 ms is very

similar to 670 ± 67 ms, the average measured on a similar

construct of 4 ZFs (Potter 2005). The average T2 83 ± 21 ms

recorded is also comparable but longer than those recorded

for Miz 5–8 (i.e. 58 ± 6). As previously described by others

(Brüschweiler et al. 1995; Potter 2005), the rotational dif-

fusion of multi-ZF constructs is highly anisotropic. More

precisely, ZFs located towards the center of multi-ZF

Fig. 3 Effect of pH on the intensities of Miz 5–8 backbone amide

resonances. a 1H–15N HSQC spectrum of Miz 5–8 recorded at pH 7.5.

Labeled resonances are those whose intensity increases when the pH

is decreased. b 1H–15N HSQC spectrum of Miz 5–8 recorded at pH

6.0. Labeled resonances are those that have appeared between pH 7.5

and pH 6.0. Resonances exhibiting processing-derived cardinal sinus

wiggles have been labeled with an asterisk. c and d depict homology

models of ZFs 5–6 and ZFs 7–8, respectively. Resonances from

residues broadened or weakened beyond detection are shown in

magenta and the pH-sensitive residues are shown in green. Also

shown are the side-chains of the acidic and basic clusters and those of

the salt bridges involving the conserved basic and acidic side chains

from the helices and the linkers. See text for details. The rendition

was done with Pymol (www.pymol.org)
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constructs experience anisotropic diffusion of higher inten-

sity, with the N–H vectors of their a-helices aligned with the

unique axis of the rotational diffusion tensor. This alignment

contributes to decrease the effective correlation time expe-

rienced by rigid N–H vectors, which increases their T1 and

decreases their T2 (Sauvé et al. 2004; Tjandra et al. 1997).

However, elevated T1/T2 ratios are not always a sign of

anisotropic rotational diffusion. Indeed, if a decrease in T2 is

not accompanied by an increase in T1, there is a probability

that the resulting elevated T1/T2 ratio is caused by confor-

mational exchange (Rex) occurring on the ls–ms time-scale.

Inspection of Fig. 5a, b reveals that many of the residues with

high T1/T2 ratios follow this trend and indicates the presence

of such conformational exchange. In order to validate this

postulation, we have carried out 15N-relaxation dispersion or

CPMG experiments at 600 MHz. Such experiments reduce

the Rex resonance broadening, and also allow estimation of

the Rex values (Ishima and Torchia 1999; Mittermaier and

Kay 2009; Palmer 2004).

Rex values are approximated by Rex & R2,eff (mcpmg ?
0) - R2,eff (mcpmg ? ?), where mcpmg is the frequency of

the refocusing 180� pulse. This frequency is given by

1/4scpmg, with 2scpmg representing the time between suc-

cessive refocusing pulses (see ‘‘Materials and methods’’ for

further details). One convenient and rapid way to detect the

presence of such conformational exchange is to compare

HSQCs recorded with low and high CPMG refocusing

rates. We present, in Fig. 6a, b HSQCs recorded at

mcpmg = 33 Hz and 1,000 Hz, respectively. Resonances

undergoing conformational exchange gain in intensity

upon the increase of the frequency of the refocusing pulses.

Indeed, many low-intensity peaks at 33 Hz (broadened by

Rex) become more intense at 1,000 Hz. Moreover, some

peaks broadened beyond detection at 33 Hz acquire

intensities similar to the remaining resonances at high field

strength. This clearly establishes the presence of ls–ms

motions in the Miz 5–8 construct and a clear contribution

of such motions to the shortening of many T2 values.

Figure 5b displays the Rex values estimated for residues

that were not overlapped and for which a relaxation dis-

persion could be measured by fitting the R2,eff(mcpmg)

curves as described in the materials and methods section.

Shown in Fig. 5c are examples of such R2,eff(mcpmg) fits,

and the associated fitted parameters are shown in supple-

mentary material (Table S1). Interestingly, the Rex values

show a similar dependence on the sequence specific sec-

ondary structure as T1/T2 (Fig. 5a). Indeed, the largest Rex

values coincide with the largest T1/T2 ratios and are located
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near the end of the a-helices. To get a better appreciation of

the phenomenon, we display the determined Rex graphi-

cally on a ribbon representation of an homology model of

Miz 5–8 in a DNA bound state (see Fig. 6c, d). The width

of the ribbon is proportional to Rex. As one can clearly

notice, the largest Rex values are located near the end of the

helices and in the subsequent linkers, except for the linker

between ZFs 7 and 8. On the other hand, it is interesting to

note that the positions involved in DNA binding (towards

the N-termini of the helices) do not undergo extensive ls–

ms time-scale motions.

Solution structures of Miz-1 ZFs 5–7

The structure of ZF 8 has already been solved by our group

(Bédard et al. 2012) as part of the Miz 8–10 construct (PDB

identification code 2LVR). Hence, we will focus on the

description of the solution structures of ZFs 5–7. The

restraints used to calculate the structure of each ZF (NOEs,

dihedral angles and H-bond restraints) are summarized in

Table 1. The structures of ZFs 5–7 are shown in Fig. 7. As

can be seen, the selected structures for ZFs 5 and 7 display

excellent convergence, with RMSD values of 0.3 ± 0.1 Å

and 0.26 ± 0.06 Å, respectively, for the backbone atoms

(Ca, C’, O, N) of the consensus ZF sequences. In both ZFs, all

conserved side chains (hydrophobic or zinc-coordinating)

are also well defined by the set of restraints used. As observed

for the solution structures reported earlier, the hairpin

between the two b strands as well as the region between the

second b strand and the a helix on both ZFs are not quite as

well defined, due to a lack of observable NOEs (see sup-

plementary figure 1). The N- and C-terminus of the
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consensus sequence of ZF 5 and 7 are not as well defined as

the remainder of the core residues (Fig. 8).

The a helix of ZF 6 is well folded, with a RMSD value

of 0.23 ± 0.06 Å for the backbone of helical residues

(residues 45–55). The RMSD values for the backbone of

helical residues of ZFs 5 and 7 are 0.17 ± 0.07 Å and

0.13 ± 0.04 Å, respectively (residues 16–27 for ZF 5 and

residues 72–83 for ZF 7). In comparison, the backbone

RMSD value of ZF 6 consensus sequence (residues 32–54)

is 0.95 ± 0.26 Å, which is triple that of the other ZFs.

Resonances for amino acids 1–2 and 27–33 in ZF 5 and

6 could not be observed in any spectrum. Partly because of

this, too few long-range and tertiary NOEs could be

unambiguously assigned in ZF 6 (see Table 1) to define the

expected bba fold, despite the aforementioned DANGLE

predictions. This lack of NOEs and resonance absence is

most likely caused by the exchange broadening and/or

rapid amide exchange discussed above at pH 7.0.

Discussion and conclusion

Miz-1 is a BTB/POZ transcription factor that contains 13

C2H2 ZFs that activates the transcription of cell cycle

inhibitors (e.g. p15INK4b and p21CIP1). Although DNA

binding and protein–protein interactions (e.g. with

SMAD3) involving the ZFs are important for transcrip-

tional activation, it is not known how these ZFs bind the

promoters of activated genes and how they bind to

SMAD3/4. In order to provide structural information on

these fundamental issues, we report the structural and

dynamical characterization by solution-state NMR spec-

troscopy of a Miz-1 construct composed of residues

416–526, which encompasses ZF 5–8.

Whereas ZFs 5, 7 and 8 adopt a canonical and stable

bba fold at neutral pH, the NMR data collected under these

conditions indicate that ZF 6 and the linker between ZFs 5

and 6 are undergoing conformational exchange. Upon

Fig. 6 15N relaxation dispersion of Miz 5–8 backbone amides. HSQC

spectra recorded with a CPMG frequency of 33 Hz (a) and 1,000 Hz

(b), respectively. Labeled resonances in (a) exhibit a large increase of

intensity (a) or appear (b) as the CPMG frequency is increased.

Resonances exhibiting processing-derived cardinal sinus wiggles

have been labeled with an asterisk. c and d depict homology models

of ZFs 5–6 and ZFs 7–8, respectively. The width of the backbone

worm is proportional to the Rex displayed in Fig. 4c. Note the color-

coding: residues in blue have low Rex while residues in red have large

Rex values. Also shown are the side-chains of the acidic and basic

clusters and those of the salt-bridges involving the conserved basic

and acidic side-chains from the helices and the linkers. See text for

details. The rendition were done with Pymol (www.pymol.org)
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inspection of the primary structure of Miz 5–8 (Fig. 1a),

many unusual features can be recognized. One of them is

the presence of a histidine instead of the conserved aro-

matic residues Phe and Tyr (Schmidt 2004), two positions

before the first zinc-coordinating cysteine of ZF 6. Upon

inspection of other ZF solution structures found on the

PDB (such as 1VA1 or 2DMD), one can notice that a

histidine in this position can cause local conformational

fluctuations.

Secondly, and most strikingly, the sequence of the

linker between ZF 5 and ZF 6 (DTDKE) is highly

uncharacteristic. Indeed, compared to the consensus

TGEKP, only the lysine is conserved. Moreover, the

sequence contains three negatively charged side chains. In

addition, the glutamate (Glu24) found two residues before

the last histidine in ZF 5 is also highly unusual. Indeed,

arginine (62.2 %), lysine (12.4 %) or a hydrophobic amino

acid (16.9 %) are the usual amino acids found at this

position in a database consisting of 2,435 human ZFs

(Schmidt 2004). The importance of a salt bridge between

the conserved basic side chain and the conserved gluta-

mate in the TGEKP linker has recently been demonstrated

for inter-ZF movements in the three ZFs of Egr-1

(Zandarashvili et al. 2012). In fact, in the WT primary

Table 1 Structural statistics for ZFs 5–7 of Miz-1

ZF 5 ZF 6 ZF 7

Restraints for final structure calculations

NOE distance restraints

Intraresidue (|i - j| = 0) 287 219 391

Sequential (|i - j| = 1) 128 94 163

Medium range (1 \ |i - j| \ 5) 101 77 118

Long range (|i - j| C 5) 66 10 113

Total NOE distance restraints 582 400 785

Hydrogen bonds 12 9 2 7 9 2 13 9 2

Zinc ligands 4 9 2 4 9 2 4 9 2

Dihedral angle restraintsa

/ and w angles 49 51 49

v angles 3 1 4

Structure statistics (20 structures)

Number of NOE violations [0.5 Å 0 0 0

Number of dihedral angle violations [5 � 0 0 0

RMS deviations from experimental data

Average distance restraint violation (Å) 0.035 ± 0.006 0.009 ± 0.002 0.029 ± 0.004

Average dihedral restraint violation (�) 0.3 ± 0.1 0.5 ± 0.2 0.8 ± 0.1

RMS deviation to mean coordinates

Backbone heavy atoms (Å) 1.7 ± 0.5 1.9 ± 0.6 0.7 ± 0.2

All heavy atoms (Å) 2.3 ± 0.5 2.5 ± 0.6 1.4 ± 0.3

For ZF consensus sequencesb

Backbone heavy atoms (Å) 0.3 ± 0.1 1.0 ± 0.3 0.26 ± 0.06

All heavy atoms (Å) 1.0 ± 0.1 2.0 ± 0.5 1.0 ± 0.1

a-helical residuesc

Backbone heavy atoms (Å) 0.17 ± 0.07 0.23 ± 0.06 0.13 ± 0.04

All heavy atoms (Å) 1.0 ± 0.2 0.9 ± 0.1 0.9 ± 0.2

Ramanchandran plot statisticsd (%)

Residues in most favored regions 95.0 88.3 91.4

Residues in additionally allowed regions 5.0 11.1 8.6

Residues in generously allowed regions 0.0 0.6 0.0

Residues in disallowed regions 0.0 0.0 0.0

a / and w angles were derived from the program DANGLE
b ZF consensus sequences comprise residues 4–26 for ZF 5, 32–54 for ZF 6 and 60–82 for ZF 7
c a-helical residues comprise residues 16–27 for ZF5, 45–55 for ZF6 and 72–83 for ZF7
d Ramanchandran plot statistics were generated using PROCHECK_NMR for ZF consensus sequences
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structure of Egr-1, the basic side chain and the glutamate

are replaced by a threonine in ZF 1 and a glutamine in the

linker, respectively. The engineering of a salt bridge

between a lysine and a glutamate in the TGEKP linker

was shown to reduce movements experienced by ZF 1 in

absence of DNA. As argued by Zandarashvili et al. (2012),

the presence of such movements in the WT constructs

plays a key role in the search process for the specific DNA

sequence of Egr-1. But while Egr-1’s threonine-glutamine

pair merely lacks the stabilizing salt bridge, the equivalent

residues between Miz 5–8’s ZFs 5 and 6 (Glu24 and

Asp29) are both negatively charged residues, which are

mutually repulsive. Assuming that the Miz 5–8 construct

can adopt a classical DNA-bound state, we have generated

a homology model of such a conformation (Fig. 3c). In

this conformation, the side chains of Asp27 and Glu31 are

also oriented towards Glu24 and Asp29, which should

further destabilize this region of the protein. It is also

important to note that in a DNA complex, this negatively

charged cluster would be situated close to the phospho-

diester backbone. This canonical conformation for the

linker between ZF 5 and 6 is therefore expected to be

highly unfavorable for DNA binding.

Another destabilizing cluster, formed by Lys30, Lys33,

Lys39 and Lys40, is situated in the putative b-sheet of ZF

6. Thus, with these two charged clusters, it is expected that

the free energy of the state where ZFs 5 and 6 adopt a

classical DNA-bound conformation would be elevated.

This results in the low probability of adoption of this

conformation by these two ZFs. We propose that this could

contribute to the local destabilization of the tertiary struc-

ture of ZF 6 and explain the extreme broadening of reso-

nances observed in this region of the construct, as well as

the lack of long-range and tertiary NOEs.

ZFs 1–4 have been shown to interact with MH1

domain of SMAD3/4. Indeed, examination of the primary

sequence of those ZFs reveals a high amount of hydro-

phobic side chains in lieu of the expected polar side

chains in the residues expected recognize DNA (posi-

tions—1, 2, 3 and 6 of the ZF a-helix), supporting their

participation in protein–protein interactions. Knowing that

ZF 6 undergoes conformational exchange and possesses

unusual charged residues in its sequence that could pre-

vent it from binding DNA, we hypothesize that ZF 6

could play a hinge-like role, separating a protein–protein

interaction domain from a DNA-interacting domain. This

Fig. 7 NMR solution structures of (a) ZF 5, (b) ZF 6 and (c) ZF 7.

The backbone atoms, as well as the side chains of zinc-coordinating

(carbon atoms in green), hydrophobic core residues (carbon atoms in

blue) and residues that would putatively contact DNA (carbon atoms

in magenta) are depicted. The Zn2? ions are shown as grey balls. All

three structures are a superposition of the 10 lowest energy structures.

The rendition and superposition were done with Pymol (www.pymol.

org)
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peculiar sequence and resultant dynamical behavior could

be important for Miz-1 function by promoting the

availability of ZF 1–4 to engage protein–protein interac-

tion with SMAD3/4, and potentially other protein–protein

interactions involving ZFs 1–5.

Interestingly, Zandarashvili et al. have also reported the

presence of 15N-Rex located at the end of the helix of ZF 1,

the first linker and the b-hairpin of the next ZF (Zanda-

rashvili et al. 2012). In addition, residues with significant
15N-Rex were located at the end of the helix in ZF 2. As one

can notice in Fig. 5, T1/T2 ratios are on average higher in

helices than in b-sheets, and that they increase strikingly as

they approach the C-terminus of the helices. This trend has

also been found in all the ZFs of the Miz 8–10 construct

(data not shown), as well as in many other poly-ZF proteins

(Brüschweiler et al. 1995; Potter 2005; Zandarashvili et al.

2012). To date, this information has been attributed to

anisotropy and results obtained by the model-free analysis

have suggested that the helices aligned with the unique axis

of their poly-ZFs constructs (Brüschweiler et al. 1995;

Potter 2005). In light of our results, we propose that this

rise in T1/T2 ratios at the C-terminus of helices could be

attributed to the concerted effects of rotational diffusion

anisotropy and Rex. As can be seen on Fig. 5, high values

of Rex are found in numerous positions in the Miz 5–8

construct, and strikingly coincide with high T1/T2 ratios in

a-helices.
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