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ABSTRACT: Prothymosina (ProTa) is a small acidic protein that is highly conserved among mammals.
The human form has 110 amino acid residues (M.W. 12.1 kD&:35) and is found to be expressed in

a wide variety of tissues. Pradplays an essential role in cell proliferation and apoptosis, and it is involved

in transcriptional regulation of oxidative stress-protecting genes. Despite the multiple biological functions
ProTa has, the protein does not adopt a well-defined three-dimensional structure under physiological
conditions. Previous studies have shown that the interaction betweea Bnallsome of its protein targets

is significantly enhanced in the presence of zinc ions, suggesting that zinc binding plays a crucial role in
the protein’s function. In this work, we use nuclear magnetic resonance spectroscopy and electrospray
ionization mass spectrometry to characterize the structure and dynamics of 8ndTits complexation

with Zn?*. We found that zinc binding causes partial folding of the C-terminal half of r@Bpecially

the Glu-rich region, while the N-terminal portion of the protein remains largely unstructured. The metalated
protein also exhibits a significantly reduced flexibility. Po$hows a high specificity for 21, and the
interactions with other divalent cations aMg?") are much weaker. On the basis of the site-specific
information obtained here, as well as the results from previous studies, we propose that the conformational
and dynamic changes upon zinc binding may act as an entropic switch that greatly facilitates the binding
to other proteins.

The function of proteins is usually linked to the presence interconversion 13, 16). Despite the fact that disordered
of a well-defined native conformation. However, in recent proteins exhibit a high degree of flexibility, they often do
years an increasing number of proteins has been identifiednot represent genuine random coils; instead, many of them
as being intrinsically unstructured, yet still biologically show significant conformational propensities. Interestingly,
functional (—3). Importantly, many of these disordered protein segments with a significant amount of residual
proteins are found to perform crucial regulatory functions structure are frequently found to act as molecular recognition
(1, 4, 5). Concurrent with these experimental findings, elements (MoRES) for target binding {7, 18). Some
bioinformatics studies have also predicted that a significant disordered proteins contain multiple distinct MoREs along
fraction of proteins in various organisms (over 30% in their sequencel@—20), thereby allowing the interaction with
human) are either completely disordered or contain long a diversity of targets. This feature may explain why many
disordered region( 6). In particular, this includes proteins  hub proteins in protein interaction networks are intrinsically
that are involved in transcriptional regulation, cell signaling, disordered21). Alternatively, rapid conformational changes
or associated with cancers and cardiovascular dised@ses ( may also allow a single binding site to interact with several
9). Knowledge of how these disordered proteins function on different proteins 22).

a structural basis will facilitate the design of drugs and the  The characterization of residual structured elements in

development of novel therapeutic approachEs). ( disordered proteins can provide important insights into the
Unraveling the structurefunction relationship of disor-  function of these species. Unfortunately, the lack of a well-
dered proteins is an extremely challenging task—15). defined tertiary fold precludes the use of many conventional

Unlike globular folded proteins, intrinsically disordered experimental techniqued1—13). Since intrinsically disor-
proteins lack specific tertiary structure under native condi- dered proteins do not crystallize, nuclear magnetic resonance
tions and exist as ensembles of conformers that undergo fas{NMR) spectroscopy remains the only other technique that
can be used for obtaining structural information at the atomic
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conformational propensity and transient interactions presentstructure and dynamics of PraTupon zinc binding. Our

in disordered proteins can now be probed by various NMR results show that Zi specifically interacts with the C-

techniques 13, 23—27). Several recent studies have dem- terminal portion of Pro®, causing it to undergo partial

onstrated the power of these approaches for scrutinizing thefolding, while the N-terminal part (residues-20) remains

molecular mechanisms by which disordered proteins interact highly flexible. The potential implications of these confor-

with their targets 13, 23—27). mational and dynamic changes for the binding of Rtad®
Prothymosina. (ProTo) is a small, acidic protein that is its target proteins are discussed.

highly conserved among mamma®8{-30). The ubiquitous

expression of this protein in a wide variety of tissues suggestsMATERIALS AND METHODS

that it plays an essential biological role. Previous studies have

demonstrated that PraTis involved in cell proliferation

(29—-31). It was shown that Prad binds to the linker histone

H1 and modulates the interaction of H1 with chromatin,

suggesting that the protein may play a role in chromatin

remodeling 82, 33). There is also evidence linking PraT

to transcriptional regulation. For instance, the protein has

been reported to interact with CREB-binding protein (CBP),

and it enhances the transactivation activity of CBR, 85).

It has also been shown that Prois involved in regulating

the expression of oxidative stress-protecting gergs). (

Nuclear factor E2-related factor 2 (Nrf2) is a key protein

that coordinates the cellular response to oxidative stB3s (

Its transcriptional activity is negatively regulated by the

inhibitor Kelch-like ECH-associated protein 1 (Keapl), . s .

which interacts with Nrf2 and targets it for the degradation tography,. approximately 20 mg of Praifwith high purity

by the proteosome3g). By competing with Nrf2 for binding was obtained frm a 1 L media cu_lture. )

to Keapl in the nucleus, ProThas been shown to up- NMR SpectroscopWMR experiments described bglow,

regulate the Nrf2-dependent cytoprotective gergs. ( unless stated otherwise, were performed §ft(22n a Varlan.
ProTo is also thought to be involved in other important INova 600 MHz spectrometer equipped with an xyz-gradient

processes. In the intrinsic pathway of programmed cell death, {fiPlé resonance probe, in the presence of 40 mM HEPES

apoptotic stimuli result in the release of cytochroafeom (pH 7.0) with 10% (v/v) RO (Cambridge Isotope Labora-

mitochondria into the cytosol39, 40). The released cyto- tories). One m|II|moI§r sodium 2,2-dimethyl-2-silapentane-

chrome ¢ binds to apoptotic protease-activating factor 1 S-Sulfonate (DSS, Sigma) was added to each NMR sample

(Apaf-1) and dATP to form the apoptosoml{-44), which as internal standard for chemmgl shift refgrenuﬁg).(AlI

in turn activates a cascade of caspases. These caspases clesd@t@ sets were processed using NMRPIf),(and the

a variety of protein targets and eventually lead to cell death. SPectra were analyzed with NMRVievs). For the back-

ProTo. plays a central role in apoptosis by blocking the bone resonance assignment, a set of five heteronuclear triple-

formation of the apoptosomel%, 46). The details of this ~ 'esonance experiments, HNCACB, CBCA(CO)NH, CCC-

molecular mechanism, however, have not been elucidatedT ©CSY, HNCACO, and HNCO, were recorded using a

Expression and Purification of Recombinant PeoT he
pHP12A plasmid carrying the human P@TDNA was
kindly supplied by Dr. Vartapetian at the Moscow State
University (Russia)%1). The detailed protocol for protein
expression and purification has been reported elsewBgye (
Briefly, the protein was expressedHn coli BL21(DES3) cells
(Novagen). For uniformly>N/'3C-labeled protein samples,
cells were grown in M9 minimal medium containitiNH,-

Cl (Cambridge Isotope Laboratories) ah¥Cs-D-glucose
(Isotec) as the sole nitrogen and carbon sources, respectively.
The extraction and prepurification of Prawas based on a
heat-cooling protocol previously described by Kalth&B8)

with modifications. By combining this method with am-
monium sulfate precipitation and anion exchange chroma-

yet. concentration of 0.6 mM for thé3C/**N-labeled protein
Previous structural studies have demonstrated that humarﬁample_sn- o _
ProTo is intrinsically disordered under physiological condi- ~ For zinc titration experimentsH-*N HSQC spectra of

tions @47, 48). The primary structure of this protein is highly 0.1 mM **N-labeled Pro® were recorded in the presence
unusual 29). Forty-eight percent of its sequence is composed of different concentrations of Zngl(0—-3 mM). The
of acidic residues (34 Glu and 19 Asp), and interestingly, composite chemical shift changeAsdcomp of ProTa. upon
the protein does not contain any aromatic amino acids. the addition of ZA" were calculated according #®dcomp =
Hydrophobic residues, such as valine, leucine and isoleucine [(A0*Hn)? + (A6*N)’]V2 whereAo*Hy andA6™N are the
are unevenly distributed in the sequence, with most of them changes intHy and **N chemical shifts (in Hz) upon the
being located within the first 24 amino acids from the addition of zinc. To probe the changes B8C, and **C;
N-terminus. The high net charge and low overall hydropho- chemical shifts upon Zf binding, HNCACB and CBCA-
bicity may explain why this protein does not adopt a stable (CO)NH spectra of 0.3 mM3C/**N-labeled Pro®& were
conformation under physiological conditiong9y. acquired in the presence of 6 mM ZnCl

The disordered nature of ProTappears to be the key for Pulsed-field gradient (PFG) NMR diffusion measurements
understanding its promiscuous binding behavior since thewere performed using the water-suppressed longitudinal
entire primary structure can be accessible, and discrete parte@ncode-decode (water-sLED) pulse sequen&s8)(on a
of the protein may be involved in interactions with different sample with 0.1 mM unlabeled ProTNine millimolar 1,4-
targets 29). Intriguingly, the binding of Prod to several dioxane was added to the protein sample as a reference
targets such as Keap28), cytochromec (46), and Rev 50) molecule for the subsequent hydrodynamic radi&g) (
has been shown to be mediated by zinc. To gain a bettercalculation §9). Thirteen different gradient strength&)(
understanding of the Zh—ProTa interactions, in this work, ~ were used, with the strongest gradient leading to about 60%
we employed NMR spectroscopy and electrospray ionization decay in the protein signals. Intensiti€sdf the signals from
mass spectrometry (ESI-MS) to characterize changes in theprotein and dioxane were then fitted to the expresdis),
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= Aexp(—~DG?), whereD is the signal decay rate, which is
proportional to the translational diffusion coefficierady.
On the basis of the X-ray structure of dioxar, of this
molecule was determined to be 2.12 B9). R, values for

ProTo. were then determined on the basis of the decay rates

of the protein Dprotein) and the dioxaneioxand Signals, using

the equatiorR, (protein)= (Dgioxane/Dprotein) X 2.12 A 59).

The experiment was repeated twice; three different signals
in the aliphatic region of the protein were selected for the
R, calculation.

Backbone™N R;, Ry,, and steady-statéH->N NOE
experiments &0, 61) were carried out using a 0.3 mMN-
labeled Pro® sample in the presence and absence of 6 mM
ZnCly. All Ry, Ry, andH-N NOE spectra were recorded
using 128x 512 complex points in thg andt, dimensions
and spectral widths of 8000 and 1154 Hz tét (F,) and
15N (Fy), respectivelyR; experiments were performed with
various delay times between 10 and 640 ms. Ry

Yi et al.

NOE=1+ (d—z)(&)[SJ(O 87w,)]
4R \rn . H

3
whered = uhyuyn/[(87)rd, ¢ = (wn/V3)A, uo is the
permeability of free spacdy is the Planck’s constanjy
andyy are the gyromagnetic ratios &fl and**N, respec-
tively, ryy is the amide bond length (1.02 A), ardis the
difference between the parallel and perpendicular components
of the axially symmetric®N chemical shift tensor£170
ppm). The value 0f(0.87wy) was determined from eq 3.
J(0.921wy) and J(0.95504) were then obtained from the
value of J(0.87wy) by assuming thaf(w) 0 o2 atw ~
wn(63). J(0) andJ(wn) were then determined from egs 1
and 2. Uncertainties in the spectral densities were obtained
using a Monte Carlo procedure based on the estimated errors
of the relaxation parameters.

Electrospray lonization Mass Spectromet¥jass spectra
were recorded on a Q-TOF Ultima API (Waters/Micromass,

measurements, delay times ranging from 10 t0150 ms weréyjanchester, UK), utilizing a standard Z-spray ESI source
used. Ther; andR, relaxation rates of each assigned residue gperating in positive ion mode at 3.5 kV. All mass spectra
with well-resolved signals were determined by fitting the \yere acquired in the presence of 150 mM ammonium acetate
measured peak intensities at different relaxation delay times, 5t pH 6.8. The protein concentration was 0.1 mM to ensure

I(t), to a two-parameter exponential decay cukfte = |-
exp(—RY), wherel, is the initial peak intensity at= 0, and
R is the calculated®N relaxation rate constant. Errors of

consistency with the NMR experiments. A cone voltage of
45 V, and RF lens 1 voltage of 20 V were found to be
optimal. The desolvation and source temperatures were

the relaxation rates were estimated on the basis of the fits100 °C and 80°C, respectively. Mass calibration was
of the data to the decay curves. Duplicate measurements wergyerformed with Csl. The ion optics were adjusted to provide

used to verify the error estimated. THal R, value was then
calculated on the basis of the obser®&dR,,, offset between
the resonance and the carrier frequenty) in Hz, and the
spin—lock RF field Bs. = 1.5 kHz), whereRy, = R, cos6
+ R sirfd, with tan 6 = Bs/Aw (62).

Steady-statéH->N NOE values were determined from
spectra recorded in the presence and the absendel of
saturation. For théH-15N NOE spectrum recorded with
proton saturationa 7 sdelay between scans followed by a

uniform transmission in the@vz range of interest. All data
were acquired and analyzed using MassLynx software
provided by the instrument manufacturer.

To reduce salt interferences during ESH), solutions
containing 0.1 mM Pro@ and 3 mM zinc, calcium, or
magnesium chloride were subjected to on-line desalting
immediately prior to injection into the ion source. The
homemade microdialysis device used for this purpose
employed a counter-current flow design previously described

5 s period of saturation were used. For the spectrum recordedn the literature §5). Briefly, the microdialyzer consisted of

without saturation, a 12 s delay between scans was used
The values of heteronuclear NOEs were obtained from the
ratios of peak intensities in the spectra recorded with and
without *H saturation. Errors were estimated on the basis of
the signal-to-noise ratios of the individual peaks.

Reduced Spectral Density Analysiglues of the spectral
density function were calculated on the basis of the measure

relaxation parameters using the method proposed by Farrow

et al. 63). Briefly, the high-frequency spectral density terms,
J(wn £ wy) and J(wn), Which contribute to thé®N spin
relaxation processes, are assumed to have approximatel
equal magnitudes. Under this assumption, RieR;, and
steady-state NOE can be described by the following equa-
tions:

(%2) [8J(wy) + 73(0.92Mw,)] + A (wy) (1)

=
R,= (%2) [43(0) + 3J(w,) + 133(0.955w,,)] +
2
(%)[SJ(wN) +430) @)

a 200um x 15 cm regenerated cellulose hollow dialysis
fiber (nominal MWCO 13 kDa, Spectrum, CA) inside a 1
mm i.d. PEEK tube. The ends of the apparatus were sealed
by means of PEEK T-unions (Upchurch Scientific). Samples
were infused through the microdialyzer into the mass
spectrometer at a flow rate ofi@ min~! via a syringe pump.

dA counter flow of 150 mM ammonium acetate solution was

umped through the outer peak tube at a rate of 9 mLin
Spectroscopic control experiments on potassium permanga-
nate showed a 220-fold reduction in salt concentration at
the exit of the inner fiber. Under these conditions, the average

¥esidence time of the protein inside the device was 140 s,

with an additional 50 s for transferring the solution to the
outlet of the ESI source.

Circular Dichroism (CD) SpectropolarimetrfCD experi-
ments were performed on a Jasco J-810 spectropolarimeter
(Easton, MD), equipped with a PTC-423S Peltier temperature
control unit, using a cuvette with 0.1 mm path length. Spectra
of 0.1 mM ProTa (in 10 mM HEPES and 150 mM Nacl, at
pH 7.0) were recorded at 2Z in the absence and presence
of 3 mM of ZnCL, CaC}, or MgCh. The data were converted
to mean residue ellipticityl) by standard procedures using
the software supplied by the manufacturer.



Zinc Binding Effects on the Structure and Dynamics of RtoT

109 GINGT] il
A e
ase __ G3NGTS
111 = G = GET
. T86
13
= THD1

115 -
-~ TI06 =
E e —T14
=~11? N3 NGO g1
=L e T13
S

119
7
5

121

123 3

125 o, == :::_ .

B oAb AT G —=D110
127 Ao R
8.8 8.6 8.4 8.2 8.0 7.8
1
B H (ppm)

MSDAAVDTSS EITTEDLKEK KEVVEEAENG RDAFPANGNAN EENGEQEADN®™
EVDEEEEEGG EEFEEFEEGD GEEEDGDEDE| EAESATGKRA AEDDEDDDVD™
TKKQKTDEDD'™
Ficure 1: Backbone resonance assignments of BrdR) Two-
dimensionaltH-1N HSQC spectrum. The dashed box indicates an
acidic residue-rich region that could not be assigned. (B) Protein
sequence of Pral. The boxed region indicates the glutamic acid-
rich region (GRR).

RESULTS

Backbone NMR Resonance Assignmefise hetero-
nuclear triple-resonance experiments, HNCACB, CBCA-
(CO)NH, CCC-TOCSY, HNCACO, and HNCO, were used
to assign the backbon&Hy, N, °C,, 3Cs and *CO
resonance signals of PraT Figure 1A shows théH->N
HSQC spectrum of the protein. The narrow dispersion of
the backbone amide proton chemical shifts {7/897 ppm)
reflects the fact that Praf is unstructured under the
nondenaturing conditions used, thus confirming the intrinsi-
cally disordered nature of this proteid7). Because of

Biochemistry, Vol. 46, No. 45, 200713123
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FiGuRe 2: Reference-independemi¢'3C, — Ad*Cp) secondary
chemical shifts of Prod. Positive and negative values indicate the
helical andg-strand propensities, respectively. The shaded box
indicates the GRR, which contains 20 unassigned acidic amino acid
residues.

2 shows a plot of 4613C, — Ad**Cy) versus residue number.
The small but systematic deviations indicate that unlike many
other intrinsically disordered proteins, PmTisplays no
helical propensity along the sequence, but instead, a large
portion of the protein shows slight-strand propensity or
adopts extended structure.

Chemical Shift Changes upon Zinc Bindifigpe structural
response of 0.1 mM°N-labeled Pro® upon addition of 3
mM ZnCl, was monitored by*H->N HSQC experiments
(Figure 3A). Changes in the composite chemical shift,
Adcomp Of Hy and N for the assigned residues upon
addition of Zr#" were determined as defined in the Materials
and Methods section (Figure 3B). The large chemical shift
changes clearly demonstrate that metal binding induces
significant conformational changes. Notably, the data in
Figure 3B reveal that the zinc-binding site(s) are located in
the C-terminal half of the protein since none of the assigned
residues in the first 40 amino acids from the N-terminus
shows major chemical shift changes. On the basis of the
spectral changes in the dashed region of Figure 3A, it can

considerable signal overlap and the highly degenerate amindoe estimated that thAdcomp values for the Glu/Asp from
acid sequence, sequential resonance assignment was chalesidues 5480 are likely in the range of 85 Hz, even though

lenging. A total of 66 amide signals (out of 109 non-proline

most of the Glu/Asp residues in the GRR could not be

residues) could be assigned. Thirty-six of the 43 unassignedunambiguously assigned. To probe the change in secondary

amino acids are acidic residues (25 Glu and 11 Asp), all of
which have their signals crowded in a narrow region of the
HSQC spectrum (dashed region of Figure 1A). Since 56%

structure propensity of Pralupon zinc binding, thé3C,
and *Cz chemical shifts of the protein in the absence and
presence of Z# were compared (Figures 2 and 3C). The

of the unassigned acidic residues are located in the glutamicresults show that there is an increase in helical propensity

acid-rich region (GRR, residues-580, highlighted in Figure

for residues 4883 upon binding to Z#'.

1B), spectral changes in this crowded region are strong To investigate the specificity of zinc binding to Pr@T
indicators of structural alterations in the GRR, as discussedtitration experiments analogous to those in Figure 3A and B

in more detail below.

were repeated in the presence of 150 mM NaCl and with

Even though the backbone resonances could not beother divalent cations. Figure 4 shows the spectral changes

completely assigned, it is still possible to derive valuable
structural information from the assigned residuég, and

13C4 chemical shifts report on the backbone geometry,
exhibiting values that deviate systematically from those

observed upon the addition of 3 mM of ZnCCaC}, and
MgCl,. In the presence of 150 mM NacCl, the addition of
Zn?* (blue; Figure 4A and B) to Praf leads to chemical
shift changes qualitatively similar to those in Figure 3A, B.

expected for a random coil when the residue is located within In contrast, the spectral alterations caused by the presence

a secondary structure element. The average secoiary
(13Cp) shifts are 3.1 {0.4) and—1.5 (2.2) ppm for stable
o-helical ands-strand conformations, respectiveB6( 67).

In this work, we have usedAP®C, — AJO¥BCy) as a

of Ca&" (green; Figure 4C and D) and Nig(black; Figure
4E and F) are almost 1 order of magnitude smaller. These
results clearly show that 2n, but not C&" or Mg?*, interact
specifically with the C-terminal portion of ProTeven at

reference-independent measure of the residue-specific sechigh ionic strength.

ondary structure propensity, whet@*3C, and A6*3C; are
the deviations of*C, and **Cs chemical shifts from the
predicted random coil values, respectivedy,(68). Figure

Mass Spectrometry and Circular Dichroism Spectroscopy.
ESI-MS was employed to verify the specificity of Zn
binding to ProT in the presence of 150 mM ammonium
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109 A S The more highly charged ions of PraT(around 15-)
- _ = represent extensively unfolded solution conformers, whereas
) the low charge states {7 and 8t) are assigned to more
113 ' compact species78, 74). This charge state distribution,
115 — therefore, is consistent with the presence of a highly
_ _ = heterogeneous mixture of different solution-phase conform-
E_ 17 ) - ers. Unfortunately, extracting quantitative information on the
R = relative concentrations of the various species from these data
Z 1o — is not straightforward 15, 76). Charge-state distributions
R b1 similar to that in Figure 5A were observed following metal
incubation and microdialysis. Most importantly, the residual
123 binding level for Zi* is higher than those for the other two
125 divalent cations by at least a factor of 3 (Figure-9B).
127 = = = The ESI-MS data suggest that the compact conformers of
57 86 B85 84 83 83 81 80 7o ProTa associate with Z%’f more strongly than their disor- '
'H (ppm) dered counterparts. This is seen in the expand_ed partial
120 - . spectra of F|gure 5B, \_/vhere Fhe folded conformation-)7
B i 1 associates with upto five Zhions, whereas the unfolded
~ 100 4 ' 1 conformation (15-) binds no more than two. One should
= 80 be careful not to extrapolate from these ESI-MS data to the
£ 60 number of bound metal ions in solution for several reasons.
& 40 - ' The incorporation of a rapid microdialysis step implies that
< 20 | § the data were recorded under nonequilibrium conditions, that
04 | . ||| | ' is, while the zine-protein complexes undergo dissociation
0 10 20 30 40 50 60 70 80 90 100 110 in solgtlpn. Also, nonspeC|f_|c binding77) as well as
Residue Number dissociation 78) can occur du_rlng the ESI process. Nonethe-
) less, the ESI-MS data in Figure 5 confirm a very strong
g C binding preference of Praffor Zn>* compared to Cd and
& 2.5 Mgz+.
E é: | This finding is also supported by the far-UV CD data in
o o M“L_"LL_‘"‘*I"T‘W Figure 6. The prominent negative band centered around 198
<03 : nm clearly reflects the fact that ProTremains extensively
3 15 1 i disordered under all conditions studied hei®)( The
2 251 i addition of zinc reduces the intensity of this band by 17%.
-3.5 ' At the same time, spectral changes in the-2280 nm region
0 10 20 30 40 50 60 70 80 90 100 110 suggest a slightly increaseghelical propensity (blue line
Residue Number in Figure 6), consistent with the NMR data in Figure 3C. In
FiIGURE3: (A) *H-"N HSQC spectra of PraXin the absence (red)  contrast, virtually no changes in the CD spectrum are
and presence (blue) of 3 mM of Zn (B) Composite'Hy and*N detectable upon the addition of Caor Mg?*.

chemical shift changes (in HzZ\O of ProTc on the addition . .
of 3mIM of Zlnz+_ (C)gpk)t(lof (Azj?ng’jﬂ AélBCﬁ()xVuSpreSidue I’]UI’ITIIber Pulsed-Field Gradient NMR Measuremenf® study

in the presence of 6 mM of 2n. The shaded boxes in (B) and (C)  changes in the overall compactness of RraJpon Zrf*
indicate the GRR. binding, PFG-NMR measurement58] were carried out

(Figure 7). In the absence of Znand NaCl, the ensemble-
acetate. Initial experiments using 0.1 mM protein and 3 mM averaged hydrodynamic radius of the proteiRis= (33.7
ZnCl,, CaCl, or MgCl resulted in spectra with unacceptable =+ 0.3) A. For a globular protein with the same number of
signal-to-noise ratios. This effect is ascribed to the well- residues as those of PraTR, values of the nativeRyV)
known interference of metal cations with the ESI process and the fully denaturedi,®) states are predicted to be around
(64). Lowering the metal concentrations to 0.6 mM improved 19 and 32 A, respectively5g). The fact that the experimen-
the quality of the spectra but resulted in low binding levels, tally measuredR, value of ProT is very close toR.°
with only a slight preference for zinc (data not shown). We strongly suggests that the nonmetalated protein adopts an
therefore chose a strategy where 0.1 mM protein aliquots extended random coil structure. As the molar ratio o¥Zn
were exposed to metal cations at a concentration of 3 mM. to ProTa is increased from 0 to 30 in the absence of NaCl,
The metal concentration was then rapidly decreased bytheR, steadily decreases to (24£10.4) A, thus confirming
microdialysis to about 14M immediately prior to injection  the transition to more compact conformations (Figure 7A).
into the mass spectrometer. The rationale behind this strategyin contrast, the addition of 3 mM of €aand Mg only
was that differences in binding should persist, assuming thatcaused a very slight decreaseRpnfrom (33.74 0.3) A to
dissociation of the metalprotein complexes does notgoto (31.9+ 0.7) A and (32.7+ 0.9) A, respectively (data not
completion during the ca. 3 min desalting step. shown).

Control experiments conducted in the absence of divalent  Another way to represent these data employs the compac-

cations (Figure 5A) revealed a bimodal charge state distribu-tion factor, defined a€ = (RP — R)/(R° — RN) (59),
tion for ProTa, resembling data previously obtained for with R,° = 33.7 A andR,N = 18.6 A. Figure 7A shows that
globular proteins under semi-denaturing conditi®@-72). the compaction factor of Pralincreases from zero to (63.6
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Ficure 4: 'H-15N HSQC spectra of PraXin the presence and absence 3 mM zn@l), CaCk (C), or MgCh (E). Each sample contained
0.1 mM ®N-labeled Pro® in 40 mM HEPES (pH 7.0) and 150 mM NaCl. Composikéy and*N chemical shift changes (in Hz) of
ProTo upon interacting with Z& (B), Ca&" (D), and Mg* (F) in the presence of 150 mM NaCl are shown.

+ 2.6)% as the concentration of Znis raised from 0 to 3

In the absence of 2n (Figure 8B, red), the variation of

mM. All R, measurements were subsequently repeated inR, values along the sequence is relatively small {22

the presence of 150 mM NaCl. The observed trendR,in
andC upon zinc binding are very similar to those described

s, except that for D110). Upon binding to zinc (blue),
significant changes are observed for residues¥8), while

above, even though the magnitude of the changes isthe R, values of residues-440 remain largely unchanged.
somewhat reduced (Figure 7B). In the presence of 150 mM Since motions on nanosecond (segmental motions and

NaCl, changes iR, upon addition of C& and Mg" are
insignificant (data not shown).

Change in Backbone Dynamics upon Zinc-BindiBgck-

molecular tumbling) and on micro to millisecond time scales
(large-amplitude conformational transitions) both contribute
to the observe®; values, we performed théN relaxation

bone 5N relaxation measurements are commonly used to dispersion experiments (with CPMG field strength ranging

study the residue-specific dynamic properties of prote3a (
1N Ry, Ry, and steady statiH-15N NOEs were measured
using a 0.3 mM®N-labeled Pro® sample (Figure 8). Forty-
nine assigned residues with well-resolved peaks in'the
15N HSQC spectrum were used for this analysis. In the
absence of Z4#f, with the exception of D110 at the
C-terminal end, all of the measur&d values of Pro@. fall

in a narrow range (1:22.0 s1), (Figure 8A, red). Upon the
addition of 6 mM Zi" (blue), significant increases iR;
were observed for residues 482, suggesting a reduction
of picosecone-nanosecond motion in this region of the
protein.

from 50 to 1000 Hz) in order to estimate the contributions
of the latter 81, 82) (data not shown). No significant
relaxation dispersion was observed for any of the backbone
amide signals. This result suggests that the conformational
exchange on the millisecond time scale does not contribute
to the notable increase IR, for residues in the C-terminal
portion (especially 4882). However, contributions of transi-
tions occurring on faster time scales cannot be excluded.

The steady stattH-1>N NOE is sensitive to fast internal
motions of the backbone, providing a good indicator of
protein mobility on the picosecorthanosecond time scale.
For a folded protein with a molecular weight corresponding
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Ficure 5: ESI mass spectra of PraTrecorded in the presence of
150 mM ammonium acetate and 3 mM of different metal cations.
(A) No metals added [control]; (B) Zngl(C) CaC}; (D) MgCls.

For panels B-D, the protein was subjected to rapid on-line dialysis
immediately prior to ESI. Notation: Zn represents the protein bound
to one zinc ion, and Zndenotes two bound zinc ions, etc.
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ments were performed with 0 mM NacCl (A) or 150 mM NacCl (B).
Compaction factor®) was determined as described by Wilkins et
al. (40).
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to that of ProT, the NOE values for residues with restricted FIGURE 8: Backbone™N relaxation measurements of P TThe
mobility would be expected to be around 083). A lower
NOE value indicates an increased local flexibility. For

residues in highly unstructured regions, the NOE values are

generally strongly negative. In the absence of'ZfFigure
8C, red), the NOE values for ProTare predominantly
negative, which is consistent with the highly unstructured 48—103, while the NOE values for the residues in the

experiments were carried out in the presence (blue) and absence
(red) of 6 mM ZnC}. (A) Longitudinal relaxation rateR;); (B)
transverse relaxation rat&); and (C) steady-stattd-1>N NOE.

nature of the protein. Upon the addition of Zn(blue),
however, positive NOE values were observed for residues
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N-terminal portion (residues440) remain negative. Figure  specificity, which may be crucial for their roles in cellular
S1A and B (Supporting Information) show thd->N NOE regulation processe86). For some disordered proteins, the
spectra (with'H saturation) of Pro® in the absence and strategy being employed to reduce the entropic penalty upon
the presence of 2, respectively. Most of the signals in  binding is to interact with targets via transiently formed
the dashed box in Figure S1B (Supporting Information) are secondary structure elements7). Since the structure of
positive, suggesting that many of the unassigned acidic nonmetalated Praf has been shown to be highly flexible
residues in GRR display a restricted mobility upon binding and extensively unfolded, it is unlikely that the protein
to Zrét. interacts with its targets through preformed structural ele-
To further analyze the measured relaxation parameters,ments. Therefore, the target-binding affinities of apo-RroT
reduced spectral density mapping was performed to deter-are weak 86).
mine the contributions of motions occurring at different On the basis of the result dR, and chemical shift
frequencies to the relaxation proces$% 84). The spectral ~ measurements, Prallundergoes significant conformational
density function values of NH vectors at three specific changes and collapses into compact conformations upon zinc
frequencies, 0, 61(x), and 521(0.8@1) MHz, were deter-  pinding. The results of backbone relaxation measurements
mined (Figure S2, Supporting Information). Similar to what clearly indicate that the flexibility of the GRR in this compact
we observed for th& and NOE values, notable changes in  state is greatly reduced. From a thermodynamic point of
spectral density function values were observed for residuesyiew, the binding of Prow to its targets via this zinc-induced
48-82 upon the addition of Zr (blue), especially at the  partially folded state will likely have a lower entropic penalty,
Zero frequency. SInCﬁO) is directly related to the correlation thereby rendering the prote-i-rprotein interaction more
times associated with internal motions occurring in the favorable. We thus propose that the cellular level of'Zn
nanosecond range as well as the overall tumbling of the may act as a switch that controls the function of Rxddy

protein @4), the result suggests that the rotational fluctuations sybstantially changing the free-energy landscape of its
of the NH vectors in this region become more restricted upon interaction with target proteins.

binding to zinc. For instance, apo-Predbinds only weakly to Keapl. The

interaction between these two proteins, however, is signifi-

DISCUSSION cantly enhanced in the presence of zig6)( allowing ProTo

Although ProTx can bind to multiple protein targets, very to compete with the Neh2 domain of Nrf2 for binding to
little structural information on this protein has been available Keapl. The results of this work, combined with those of
so far 60, 85), thereby impeding progress in understanding previous studies36, 87), provide insights into how zinc
its function. In this work, we used NMR spectroscopy and binding can provide a way to enhance the interaction between
ESI-MS to characterize the structure and dynamics of 0T ProTo and its targets. NMR studies have demonstrated that
and its interaction with zinc ions. A detailed chemical shift the 98-residue Neh2 domain of Nrf2 is partially disordered
analysis confirms the intrinsically disordered character of and that the Keapl-binding ETGE motif is located next to a
nonmetalated Prail under physiological conditions, with  well-defined 33-residue central helical region of that protein
only a slight propensity fof-strand structure. This resultis (87). The proximity to a structured segment may restrict the
compatible with theR, measurements, which confirm that mobility of residues in the ETGE motif as suggested by their
ProTa is extensively unfolded in the absence of zinc. very small heteronuclear NOE values. On the other hand,

On the basis of chemical shift mapping, we delineated the pull-down experiments indicate that residues—32 of
zinc-binding region of Pro@ (50, 85). Unlike typical zinc- ProTo are involved in binding to KeapB6). This 21-residue
binding proteins, which use Cys and His for metal coordina- Keapl binding-site of Prod is located N-terminal to the
tion, it seems that Prafinteracts with zinc via the carboxyl ~ GRR. The results of our chemical shift analysis and backbone
groups of its Glu and AspbQ, 85). This work has uncovered ~ relaxation studies demonstrate that zinc binding to the GRR
that ProT. specifically binds to Z#" via its C-terminal can induce a significant reduction in dynamics of the Keap1-
portion (residues 48110), which includes a long glutamic ~ binding site of Pro® (Figure 8). This may reduce the
acid-rich stretch. This part of the protein undergoes partial €ntropic penalty for Prod upon binding to Keapl. Further
folding upon metal binding. The results of previous studies investigations on the thermodynamics of binding Rrd®
estimated that the apparefy for zinc-binding to Pro® is Keapl are needed to verify this hypothesis.
in the range of 10¢M—1 mM (50, 85). Since the exact A multitude of examples has demonstrated that the
number of zinc binding sites on PraTstill remains  function of disordered proteins can be closely related to their
unknown, site-specific dissociation constants cannot be metal-binding properties. For instance, the binding of'Cu
determined accurately. The amitié and'*N chemical shift  to the unstructured octarepeat domain in the N-terminal
changes measured here are consistent with an app&sent region of prion protein may play a crucial role in amyloid
on the order of 1 mM. It should be noted that this value is formation @8). Similarly, metal ions such as &I, Cl?,
a weighted average for the possibly multiple binding sites. Fe¥*, Ca**, and Mr#* can accelerate fibrillation ofi-sy-
Also, since many of the resonance signals that are mostnuclein @9). It has also been shown that Zncan bind to
affected by zinc binding are unassigned, the appdentay  the unstructured N-terminal domain of HIV-1 integrase to
be overestimated. induce the tetramerization of the protein and enhance its

Ample examples have shown that intrinsically disordered catalytic activity 0). Therefore, the reduction in plasticity
proteins undergo disorder-to-order transitions upon binding and/or conformational changes upon metal-binding may
to their targets §6). The large entropic penalties for these represent a general mechanism for enhancing the target
transitions render the interactions low in affinity yet high in  recognition of intrinsically disordered proteins.
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