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ABSTRACT: Ankyrin repeat (AR) proteins possess a
distinctive modular and repetitive architecture, and their
global folds are maintained by short-range interactions in
terms of the primary sequence. In this work, we extended our
previous study on the highly conserved TPLH tetrapeptide Nﬁ
and investigated the impact of a solvent-exposed histidine ( 4l
residue on the pH-dependent stability of gankyrin, providing / (
further insight into the contribution of the TPLH motif to the (
tertiary fold of AR proteins. Consisting of seven ARs, gankyrin
has five histidine residues in TPLH motifs or its variants, all of 5 = X > >
which adopt a H*-tautermeric form and are shielded from = @
solvent. By truncating the C-terminal ankyrin repeat (AR7),

we exposed H177 in the "*TPLH'” of AR6 (the second C-terminal AR) to an aqueous environment. We showed that this
truncated gankyrin mutant, namely, Gank' "', was well-folded at a neutral pH with a slightly lower stability with respect to
gankyrin wild type (WT). However, unlike gankyrin WT, the stability of Gank' "' was markedly decreased together with a loss
of conformation at a pH slightly below 6.0. It was rationalized that the protonation of the H177 imidazole ring triggered the
disruption of the TPLH-mediated hydrogen-bonding network, which in turn led to the loss of conformation and stability. These
results together with the work on Q210H mutant nicely explain that the C-terminal AR7 has a ** TPLQ*'® variant and are in
support of the notion that a string of TPLH/variant, which may arguably act like a zip lock to the elongated AR proteins via
intra-/inter-repeat hydrogen-bonding, is important in maintaining the tertiary fold. Additionally, we made rational mutagenesis to
introduce extra surface charge on AR7 of gankyrin and demonstrated that G214E and 1219D mutations increased the stability of
gankyrin while the function remained intact. Taken together, our results indicate that the TPLH-mediated hydrogen-bonding
network is important for the conformation and stability of human gankyrin, and the C-terminal AR contributes to the
conformational stability of gankyrin (AR proteins in general) through shielding this TPLH network from solvent as well as
making the surface area more accessible to solvent.
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Ankyrin repeat (AR) proteins are one of the most abundant pair of Thr and His act in concert to form intra-/inter-repeat
repeat protein classes in nature and play vital roles in hydrogen bonds (Figure 1). It is noteworthy that the conserved
numerous physiological processes through mediating protein/ histidine adopts a H*>-tautermeric form and plays a unique role in
protein interactions.' Consisting of 33 amino acid residues, an maintaining the global conformation of an AR protein.6 Briefly,
ankyrin repeat exhibits an L-shaped conformation in which two N°! of this histidine is engaged in bifurcated hydrogen bonds
antiparallel a-helices are followed by a relatively flexible -loop with the Thr in the same TPLH motif, whereas protonated N2

roughly perpendicular to the helical axes. Multiple L-shaped units
in an AR protein are stacked contiguously side-by-side in a nearly
linear fashion to form helix—turn—helix bundles.>* Such
elongated fold, unlike prevalent globular ones, is maintained by
short-range interactions in terms of primary sequence, and the
conformational stability is the accumulation of the intrinsic
stability of each AR and the interfacial stability between

acts as a donor to the backbone carbonyl oxygen of the residue
immediately preceding the next TPLH motif.° The occurrence of
a string of TPLH motifs, such as in human ankryinR” and human
gankyrin,®® could conceivably lead to the formation of a large
hydrogen-bonding network throughout the repeat stack, thus
playing crucial roles in stabilizing the tertiary fold. This notion is

neighboring ARs.*

One salient feature in an ankyrin repeat is the presence of the Received: May 6, 2013
conserved TPLH tetrapeptide motif.>® In this motif, the proline Revised:  June 16, 2013
residue initiates the first a-helix of the L-shaped unit, while the Published: June 18, 2013
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Figure 1. Ribbon diagram of gankyrin showing the side chains of Thr
(Ser) and His (Gln) in TPLH motifs as well as the heavy atoms of His
(+30) in cyan. The hydrogen bonds between Thr H”' (Ser H") and His
N°' and between His H*? and His (+30) O are highlighted by the solid
line in magenta, which are part of the TPLH-mediated hydrogen
bonding network.%*°

supported by our previous studies showing that the TPLH motif
contributes substantially to the conformational stability of
human gankyrin."

Gankyrin is an oncogenic protein involved in cell cycle
progression, apoptosis, and proteasomal degradation through
binding and modulating the cyclin-dependent kinase 4 (CDK4),
pRb (the retinoblastoma susceptible gene product), MDM2 (a
protein encoded by murine double minute gene, mdm2), and S6
ATPase."! Among its seven AR units (namely, ARI to AR7), all
but the N-terminal one (AR1) have a TPLH motif or a close
variant, such as ”TPLQ*' in the C-terminal AR unit, AR7. In
this example, the highly conserved histidine is replaced with a
glutamine residue.® Unlike the counterpart in the TPLH motif of
an internal or N-terminal AR, histidine in the C-terminal AR does
not have a hydrogen-bonding acceptor for the protonated N2,
and the imidazole ring is expected to be largely solvent exposed,
which may not be favored with regard to the conformational
stability.'’ In this work, we investigated the potentially
deleterious effect by such a solvent-exposed histidine on the
global conformation and stability, aiming at further under-
standing the structural role of the TPLH motif. We anticipated
that the likelihood protonation of the imidazole ring at
physiological pH may destabilize the protein via impairing the
TPLH-mediated hydrogen-bonding network. To address this
premise, we generated Q210H mutant, and most importantly,
the truncated gankyrin mutant, Gank'™2! in which the entire C-
terminal AR (AR7) is removed, thus rendering H177 in the
74TPLH!'"” motif of AR6 exposed to the aqueous environment.">
The mutants were then subjected to pH-dependent studies. This
work also intertwined with another specific aim, that is, to
investigate the structural and functional role of AR7. Our work is
significant in the following way. (1) Participation of a H®-
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tautermeric histidine is a prerequisite for forming a large TPLH-
mediated hydrogen-bond network; and this network may act like
azip lock to the elongated fold of AR proteins. (2) Protonation of
the participating histidine residue likely disrupts the above
network and triggers perturbations in the conformation and
stability. (3) Unlike in Drosophila melanogaster Notch ankyrin
repeat domain (ARD)," the C-terminal AR7 of gankyrin does
not make a significant contribution to the global conformational
stability but does enhance a protein’s susceptibility against pH.
(4) We also showed that AR7 of gankyrin is important for
MDM2 binding but not CDK4 binding, and G214E and 1219D
mutations in this repeat significantly increased the conforma-
tional stability.

B MATERIALS AND METHODS

Protein Expression and Purification. Human gankyrin
was expressed as a glutathione-S-transferase (GST) fusion
protein in Escherichia coli BL21 (DE3) codon plus cells
(Novagen) as previously described.'* After sonication and
centrifugation, the soluble cell lysate was loaded on a reduced
glutathione-agarose (G beads) column (Sigma) equilibrated with
phosphate-buffered saline (PBS, pH 7.4). Bound GST-gankyrin
was eluted out with reduced glutathione (20 mg/mL in PBS) and
further purified by a Q Fastflow column (Amersham). To
remove the GST tag, 100 units of PreScission protease (2 units/
uL; Amersham) was added to GST-gankyrin in PBS. After
incubation at 4 °C for 24 h, the protein solution was loaded onto
a column of G beads, and the flow-through was concentrated and
further purified by an S100 column (Pharmacia) equilibrated
with S mM HEPES, 1 uM EDTA, and 1 mM DTT (pH 7.4).
After SDS—PAGE analysis, fractions containing free gankyrin
protein were pooled, concentrated, and lyophilized for further
analyses. All gankyrin mutants except Q210H were generated
using PCR-based site-directed mutagenesis (Stratagene) and
were expressed and purified essentially the same as for gankyrin
wild type (WT).

Gankyrin Q210H was generated using a pET-21d (+)-gankyr-
in template in which gankyrin was expressed as a C-terminal
His6-tagged protein.'* The lysate from bacteria harboring the
pET-21d (+)-Q210H was loaded onto a TALON Cobalt affinity
column (BD Sciences) and washed with PBS-20 mM imidazole.
Bound proteins were eluted using PBS containing 50, 100, 200,
and 300 mM imidazole. After SDS—PAGE analysis, fractions
containing Q210H were pooled and dialyzed against PBS and the
aforementioned HEPES buffer (pH 7.4). Of note, there is
virtually no difference in the conformational stabilities of
gankyrin wild type proteins purified from both GST-tagged
and his6-tagged procedures (data not shown).

Mouse mdm2 cDNA gene was cloned into pGEX-4T-1
(Amersham) and expressed as a GST fusion protein in BL21
(DE3) codon plus cells upon IPTG induction. GST-MDM?2 was
purified following the same procedure of GST-gankyrin
purification as described above. Similarly, GST was purified
from BL21 (DE3) codon plus cells harboring pGEX-4T-1 and
used as control in the following pull-down assays.

The CDK4/cyclin D2 holoenzyme was purified from Highfive
insect cells (Invitrogen) as described previously."® Briefly, insect
cells were coinfected with baculoviruses expressing human
CDK4 and cyclin D2 for 48 h. Upon centrifugation, cells were
resuspended in the ice-cold sonication buffer (20 mM Tris-HC],
100 mM NaCl, 0.1 mM Na;VO,, 1 mM NaF, 10 mM pS-
glycerophosphate, S mM f-mercaptoethanol, 0.2 mM AEBSF, §
ug/mL aprotinin, S yg/mL leupeptin, pH 7.4) and broken by
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Figure 2. Evaluation of the conformational stabilities of WT, Gank' ', and Q210H under different pHs. (A) Chemical-induced unfolding of gankyrin
and Gank'™°". Samples were incubated with different amounts of GdnHCI on ice overnight. The ellipticity at 222 nm was monitored by far-UV CD
(190—260 nm) at 20 °C. The fraction unfolded, defined as (the ellipticity at 222 nm at a denaturant concentration-the ellipticity at 222 nm at the native
state)/(the ellipticity at 222 nm at the fully unfolded state-the ellipticity at 222 nm at the native state), was plotted against the GdnHCl concentration.
(B) Heat-induced unfolding of gankyrin, Gank' ', and Q210H. Thermal melting spectra were recorded at 222 nm by heating from 5 to 65 °C with a
rate of 1 °C per minute and a 1 °C interval. T, the temperature at the midpoint of transition, was obtained through fitting the melting curve to a two-
state transition model. In both A and B, solid circles, triangles, and diamonds represent experimental data for gankyrin WT, Gank'™?", and gankyrin
Q210H, respectively, and different colors indicate different pHs: black, pH 7.4; green, pH 8.4; blue, pH 6.4; red, pH 5.4. The unfolding parameters were
derived through a two-state transition approximation®” and listed in Table 1. The dotted lines represent the fitting curves.

sonication. Lysates were cleared by centrifugation and loaded on in proteins were dissolved in 10 mM sodium borate buffer (at pH
a TALON affinity resin column (BD Sciences; pre-equilibrated 74, 84, 64, 54 as indicated) containing 40 yuM DTT and
with the sonication buffer). After the resin was washed with the dialyzed against this borate buffer at 4 °C overnight.'> Samples
sonication buffer and the sonication buffer containing 10 mM containing about 2.5 yM proteins were incubated with different
imidazole (pH 7.4), respectively, bound CDK4/cyclin D2 amounts of guanidinium hydrochloride (GdnHC], in a stock
holoenzyme was eluted in the sonication buffer containing S0 solution of 8.5 M) on ice overnight and then equilibrated at 20

mM imidazole (pH 7.4) and dialyzed against the kinase buffer
(50 mM HEPES, 10 mM MgCl,, 2.5 mM EGTA, 1 mM DTT, 0.1
mM Na;VO,, 1 mM NaF, 10 mM p-glycerophosphate, S mM p-
mercaptoethanol, 0.2 mM AEBSF, 5 pig/mL aprotinin, 5 ptg/mL
leupeptin, pH 7.4). Concentrated aliquots (at about 0.3 mg/mL)
were stored at —80 °C before use.

Pull-Down Assays. To investigate the interaction between
GST—gankyrin proteins (including WT and mutants) and the
CDK4—cyclin D2 complex, 10 ug of the CDK4-cyclin D2 structure present in the protein at each GdnHCI concentration.

°C just prior to CD analysis. The rotation at 222 nm was
measured on an AVIV 62A DS far-UV spectropolarimeter using a
quartz microcell (Helma) of 0.1 cm light pass length and the
exact concentrations of GdnHCI were determined using the
refractive index. For each sample, three scans were averaged. The
ellipticity at 222 nm, an indicator of the existence of a-helical
secondary structure was taken as the measure of the degree of

complex and 25 pg of GST-gankyrin proteins were incubated in The following values were obtained on the basis of two-state
300 uL of PBS (pH 7.4) at 4 °C for 3 h.'* The concentration of approximation: AG;"**" (denaturation free energy in water),
CDK4-cyclin D2 and GST-gankyrin were 0.3 and 3.0 uM, D, (denaturant concentration at the midpoint of transition),
respectively. Subsequently, 250 uL of G beads (pre-equilibrated and the slope of m (a constant related to a protein’s susceptibility
with PBS at 4 °C) was added into the reaction mixture. After to chemical denaturant).

incubation at 4 °C for another 4 h, the reaction mixture was Heat-induced unfolding experiments were performed using
loaded onto a spin column (Fisher Scientific), centrifuged at 4 about 10.0 uM proteins in the borate buffer (at indicated pH)
°C, 1000 rpm for 2 min, and washed with PBS three times. G with 1 nm bandwidth and a 10 s response time. Thermal melting
beads-bound proteins were then eluted out using 150 yL of PBS spectra were recorded at 222 nm by heating from 5 to 65 °C (for

containing reduced glutathione (20 mg/mL) and further
analyzed with Western blot using antihuman CDK4 antibody
(sc-2006; Santa Cruz Biotechnology) as previously reported.'*

A similar assay was performed to evaluate the potential
interaction between MDM2 and free gankyrin proteins except:
(1) each reaction mixture contained GST-MDM?2 (at about 0.3
uM) and nontagged gankyrin protein (including WT and
mutants; at 3.0 uM); (2) the pull-down products were blotted
against antihuman gankyrin polyclonal antibody (PW832S;

gankyrin WT and a Gank' ") or 70 °C (for gankyrin missense
mutants) at the rate of 1 °C per minute and a 1 °C interval
followed by cooling down to 5 °C at the same rate. T, was
defined as the temperature at the midpoint of transition.

NMR Experiments. Eight NMR samples were prepared
containing 0.2 mM either WT or Gank'™°! § mM HEPES, 1 uM
EDTA, 1 mM DTT in 90% H,0/10% D,0."> The pH was
adjusted to 5.4, 6.4, 7.4, and 8.4, respectively. One-dimensional

BIOMOL International). "H NMR and 2D NOESY (200 ms mixing time) experiments
Circular Dichroism (CD) Analyses. For guanidinium were performed at 25 °C on a Bruker DRX-600 equipped with a
hydrochlorife (GdnHCl)-induced unfolding, lyophilized gankyr- cryoprobe using WATERGATE'® for the water suppression.
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Notch AD GMVEDLITADADINAADNSGKTALHWAAAVNNTEAVNILLMHHANRDAQDDKDETPLFLA 156
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Notch AD AREGSYEASKALLDNFANREITDHMDRLPRDVASERLHHDIVRLLDEH 204
C D

G214

1219
N 1.209 .

gankyrin

gankyrin

Figure 3. Homology and structure comparisons of human gankyrin and Notch ARD. (A) Structural comparisons of human §ankyrin (PDB ID: 1TR4)
and Notch ARD (PDB ID: 10T8). Charged residues located at the C-termini of gankyrin and Notch ARD were highlighted. ¥ (B) Sequence homology
analysis using ClustalW (www.expasy.com). Residues subjected to mutagenesis are underlined. (C) Ribbon diagram of gankyrin showing residues L209
(magenta), G214 (green), and 1219 (blue) in the C-terminal AR. It is noted that the side chain of L209 is located between the antiparallel helices of the
seventh AR and is engaged in helix—helix packing through interacting with the side chains of K220 and L221, In contrast, the side chain of L219 is largely
solvent-exposed. (D) Solvent-accessible surface of gankyrin with L209 and 1219 in magenta and cyan, respectively. The percentages of the solvent-
accessible side chain surface are 32% and 55%, respectively, for L209 and 1219. In A, C, and D, the N-termini are located at the top and the C-termini are

at the bottom.

B RESULTS
Q210H Mutant Tends To Aggregate and Precipitate in

Solution. Previous studies in our laboratory have demonstrated
that the conformation of gankyrin is stabilized by the TPLH-
mediated hydrogen-bonding network, in which the highly

4851

conserved histidine residues play pivotal roles. Interestingly, in
the C-terminal AR of gankyrin (AR7), a glutamine residue
replaces the conserved histidine in the aforementioned
tetrapeptide motif (**’TPLQ?*'?), which is assumed to “close”
the hydrogen-bonding network to stabilize the global structure.

dx.doi.org/10.1021/bi4005717 | Biochemistry 2013, 52, 4848—4857
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To address this premise, we introduced histidine residue in the
C-terminal 2”TPLQ?*'® and evaluated the biochemical and
biophysical properties of the resultant Q210H mutant protein.
Unlike gankyrin WT and other missense mutants investigated in
this work as well as our previous studies,'”'” Q210H aggregated
to a considerable extent during the expression and purification
process, and the protein obtained easily precipitated at a
concentration of around 0.2 mM. It was noticed that
precipitation became more severe at a pH lower than 6.0.
While the mechanisms underlying such poor solubility remain to
be elucidated, it is important to note that Q210H mutation
occurs in the middle of the first helix of AR7, which is somewhat
abbreviated (in comparison with its counterparts in other ARs)
due to the presence of Gly tandem (G214 and G215) at the end
of the first helix (Figure 3). In regard to the low solubility of
Q210H, folding/unfolding experiments were performed at an
extremely low concentration of about 5 yM using CD
spectroscopy. All data were fitted to a biphasic model between
native and completely unfolded proteins (Figure 2).* Table 1 lists

Table 1. The Conformational Stabilities of Gankyrin Proteins

AG water

m T,
(keal mol™)*  (keal mol™ M™)* Dy, M)* (°C)*
wild type, pH 8.4 2.65 175 1.51 443
wild type, pH 7.4 2.72 1.81 1.52 512
wild type, pH 6.4 315 2,05 153 474
wild type, pH 5.4 3.55 213 1.64 46.8
gankyrin1-201, 1.95 1.75 1.12 44.0
pH 8.4
gankyrin1-201, 2.10 1.72 1.22 49.4
pH 7.4
gankyrin1-201, 2.45 1.70 1.44 50.9
pH 6.4
gankyrin1-201, 0.55 1.30 0.42 353
pH 5.4
Q210H, pH 8.4 1.97 1.52 1.30 49.0
Q210H, pH 7.4 232 1.58 1.47 499
Q210H, pH 6.4 0.95 1.63 0.58 ND*
L209R, pH 7.4 2.10 1.95 1.08 49.5
G214E, pH 7.4 S.12 2.99 1.71 54.0
G215R, pH 7.4 2.75 1.86 1.49 47.8
G217H, pH 7.4 3.51 2.40 1.46 532
L218H, pH 7.4 243 1.75 1.39 50.5
1219D, pH 7.4 4.61 232 1.99 54.2
G214E/1219D, 5.25 2.35 223 55.1
pH 74

“AG4"™, D, 5, and m values were calculated according to a two-state
transition model,”” and the error in AG,"*" is estimated to be +0.2
keal mol™. T, was defined as the temperature at the midpoint of
transition, and the error is estimated to be +0.5 °C.'* °ND, not
determined. T, of R210H at pH 6.4 was not determined because after
heat-induced unfolding, the refolding process was not recorded; i.e.,
the thermo-induced folding/unfolding of R210H at pH 6.4 was not
reversible.

the values of AG4™, D), and the slope m obtained in
GdnHCl-induced unfolding. Under physiological pH (pH 7.4),
the AG,"™" value of Q210H was 2.32 kcal mol™’, which is
moderately lower than that of gankyrin WT (2.72 kcal mol™).
Consistently, in heat-induced unfolding, the T, value of Q210H
at pH 7.4 was 49.9 °C, slightly lower than the corresponding one
(51.2 °C) for gankyrin WT. These results suggest that Q210H
mutation moderately destabilizes the global structure of gankyrin
under physiological pH. However, further pH-dependent

4852

stability studies on Q210H were hindered most likely due to
its poor solubility at acidic pHs. While the AG4*** and T, values
of Q210H at pH 8.4 (1.97 kcal mol™ and 49.0 °C, respectively)
were only marginally lower than the corresponding values at pH
7.4. we failed to obtain the denaturation curves at pH 5.4 and 6.4
due to extremely poor CD signals, which may be ascribed to
precipitation and/or a complete loss of the secondary structure
of Q210H at acidic pHs.

Attempts to study Q210H by NMR experiments, such as 2D
NOESY to tentatively assign H®* of H210, were also
compromised by this mutant’s tendency to severe aggregation
at a concentration, i.e., 0.2 mM, necessitated for NMR analyses.
Only 1D '"H NMR spectra of Q210H at pH 5.4, 6.4, 7.4, and 8.4
were recorded at extremely low concentrations (<0.1 mM). As
shown in Figure 4, the mutant at neutral pH does possess good

1H Chemical shift (ppm)

Figure 4. 1D 'H NMR spectra on mutant Q210H at pH 5.4 and pH 7.4,
respectively. The insets are blow-ups showing the downfield region that
contains the signals of H*? from histidine residues in TPLH motifs.

chemical shift dispersion with weak signals in the 10—12 ppm
downfield region, indicative of a preservation of tertiary
structure. However, the mutant becomes less structured at pH
5.4, evidenced by the disappearance of those downfield signals,
likely attributed to the unfavorable solvent exposure of H210.

Taken together, it is arguably safe to state that Q210H
mutation impairs some biophysical properties of gankyrin, such
as the tendency to aggregate, which may have a bearing on the
stability of the global structure. However, the severe aggregation
tendency of Q210H mutant complicated our endeavor to explore
the pH dependency of its conformational stability. Therefore, we
turned to constructing Gank'™>*" mutant, in which AR7 is
removed, thus exposing H177 in the "*TPLH'”” motif of AR6 to
solvent.

Gank'~2°' Shows a Transition Point around pH 6.0 for a
Significant Loss of Conformational Stability by CD
Analysis. Both Gank'™2°! and WT were subjected to parallel
experiments of chemical and thermal denaturation at pH 5.4, 6.4,
7.4, and 8.4 monitored by CD spectroscopy.12 As shown in Table
1 and Figure 2, Gank' "', the truncated mutant, only exhibited a
slight or moderate change of 0.62 kcal mol™" in conformational
stability with respect to gankyrin WT at neutral pH. Moreover,
the AGy"™" and m values of Gank' "' at pH 6.4 and 8.4 were

dx.doi.org/10.1021/bi4005717 | Biochemistry 2013, 52, 4848—4857
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Figure 5. NMR studies showing that the removal of the C-terminal AR destabilized the tertiary structure of Gank'™*"! at acidic pH. (A) Downfield
region of the 2D NOESY recorded on Gank'™>*' at pH 7.4. The top projection shows the assignments of the histidine H® protons in TPLH and its
variant. (B) 1D 'H NMR of the amide region recorded on Gank'™**! at pH 5.4, 6.4, and 7.4 after a week of incubation. (C) 1D "H NMR of the amide
region recorded on gankyrin WT at pH 5.4, 6.4, and 7.4 in the parallel experiments. In both B and C, the insets are the blowup of the region between 9.00

and 12.50 ppm.

comparable with the corresponding values of Gank'™*' at
neutral pH, indicating that Gank' "' is relatively stable in the
range of pH 6.4—8.4. However, the unfolding behavior of
Gank' "' changed dramatically at pH S$.4, which can be
appreciated by a more sigmoidal denaturation curve (Figure
2A). Even though there is no representative baseline at the native
state in the unfolding of Gank' "' at pH S.4, its apparent
AG4"™ value from the two-state transition approximation was
around 0.5 kcal mol ™', indicating that this mutant becomes only
marginally stable at pH 5.4. Consistently, at pH 5.4, Gank' %" is
much less structured in the presence of high concentrations of
the denaturant (GdnHCI) with an apparent D, /, value of 0.42 M.
In comparison, the D, ,, value of Gank' >°! at pH 6.4 is 1.44 M.
Therefore, Gank' ' likely undergoes dramatic conformational
changes from pH 6.4 to 5.4. In contrast, slightly acidic pH
appeared to have little influence on gankyrin WT, which did not
show any significant changes in AG;"**"*, m, and D, ,, in the range
of pH 5.4—8.4 (Table 1).

The above notion is further supported by heat-induced
unfolding studies (Figure 2B). First, the heating and cooling
curves of gankyrin WT and Gank'™"' are virtually super-
imposable, and the T, values determined from the heating and
cooling curves are within 1 °C, indicating that the proteins are at
thermodynamic equilibrium and the thermo-induced folding/
unfolding is reversible (data not shown). Second, Gank' " and
gankyrin WT have comparable thermostability around neutral
pH, confirming the result of chemical-induced unfolding that
AR7 does not have a significant impact on the conformational
stability of gankyrin. However, while the T, values of gankyrin

4853

WT are within a seven degree difference in the pH range studied,
Gank'*! showed a twice as large T, difference due to a
significant lower value at pH 5.4, further indicating physical—
chemical changes of Gank'>*' under this pH condition. Taken
together, while we do not attempt to overinterpret small or
modest changes of AGy"**" and T,, in both gankyrin WT and
Gank!™2%! it is safe to draw the conclusion that the removal of the
C-terminal AR renders the global structure more susceptible to
acidic circumstances with a turning point roughly around pH 6.0.

Gank'~2°! Retains a Global Fold around Neutral pH but
Loses Some Structures at a pH below 6.0 Evidenced from
NMR Studies. We subsequently revealed that the decreased
stability of Gank'™! at pH 5.4 is associated with the loss of
conformation. First, the mutant was subjected to the studies of
1D 'HNMR and 2D 'H homonuclear NOESY at pH 7.4 (Figure
5). The large 'H chemical shift dispersion in the aliphatic (e.g,,
upfield resonances at —0.59, —0.39, and —0.13 ppm) and the
amide regions (e.g., downfield resonances at 10.54, 10.60, and
10.83 ppm) together with the high density of NOE cross peaks
suggested that this mutant was well folded under this pH
condition. Second, the analysis of the downfield region of
NOESY spectrum led to the tentative assignment of the five
distinctive H®? resonances of histidine in TPLH /variants, which
are sensitive to the formation of hydrogen-bonding network and
have been used as a convenient measure of tertiary fold (Figure
5A).%'° Consistent with the modular feature of tertiary fold, the
perturbations of H®> chemical shifts with respect to the
counterparts in gankyrin WT followed the rank order of H177
(0.17 ppm) > H144 (0.09 ppm) ~ H111 (—0.09 ppm) > H78

dx.doi.org/10.1021/bi4005717 | Biochemistry 2013, 52, 4848—4857



Biochemistry

A

Unfolded Factor

T T T T T T

1.00 2.00 3.00 4.00 5.00 6.00
Concentration of GdnHCI (M)

0.00

7.00

1.00 -

0.80 -

0.60 -

0.40 -

Unfolded Factor

0.20 -

0.00 -

30 40 50 60 70

Temperature (°C)

Figure 6. Evaluation of the conformational stabilities of gankyrin missense mutants. (A) Chemical-induced unfolding. (B) Heat-induced unfolding. The
experiments were conducted as described in Figure 1 except that the experimental pH was 7.4 and the temperature range for heat-induced unfolding was
5—70 °C since some gankyrin mutants might have higher stabilities than gankyrin WT. In both A and B, solid circles represent experimental data and the
dotted lines are fitting curves. Green, L209R; red, G214E; cyan, G215R; pink, G217H; yellow, L218H; blue, 1219D; G215R/1219D, dark green.

(0.02 ppm) ~ H4S (0.00 ppm). These resonances also displayed
comparable NOE patterns to those corresponding ones in WT,
indicating the preservation of the TPLH-mediated hydrogen-
bonding network. And last, ID 'H NMR was performed to
monitor those tractable H®? resonances at pH 5.4, 6.4, and 8.4.
Data collected immediately upon titration showed little changes
(Supporting Information). However, after incubation at room
temperature for a week, the sample at pH 5.4 but not at higher
pH revealed dramatic changes that those distinguished downfield
H* signals disappeared with concurrent loss of amide 'H
chemical shift dispersion (Figure SB). Even though residual
structures persist evidenced by residual upfield resonances
around 0 ppm, Gank'~>*! indeed is significantly less structured at
a pH below 6.0. These observations on Gank' "' are in sharp
contrast with those in the parallel experiments performed on
WT, which has virtually no changes in the 'H NMR, including
the downfield region concerning the H** signals (Figure SC).
Taken together, Gank' "' shows vulnerable pH-dependent
conformation and stability as has been anticipated.
Introducing Charged Residues into the C-Terminal AR
of Gankyrin Stabilized the Global Structure. Our studies on
Gank'™"! a5 described above demonstrate that AR7 functions to
shield the internal ARs from an aqueous environment, thus
increasing the resistance of the global structure to pH. However,
it is interesting to explore whether or how AR?7 itself directly
contributes to the conformational stability of the global structure.
Even though gankyrin has the AGy"*" value of 2.72 kcal mol™*
and is more stable than some small AR proteins, such as pP1ehKeA
(4 ARs) and P18™XC (5ARs)," its behavior in GdnHCI-
induced unfolding is significantly different from that of
Drosophila melanogaster Notch ankyrin repeat domain (ARD),
another well-studied AR protein consisting of seven ARs.'®
Notch ARD was reported to have a conformational stability of
8.03 kcal mol™! in GdnHCl-induced unfolding, and the C-
terminal AR7 contributed significantly to the global stability as
evidenced by a decrease of 3.89 kcal mol™" upon the removal of
AR7." In contrast, the removal of AR7 in gankyrin only brought
about a slight or moderate change of 0.62 kcal mol™ in
conformational stability. On the basis of the sequence homology
analysis using ClustalW (www.expasy.org) (Figure 3), it was
noticed that there are comparatively more polar residues at the
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C-terminus capping repeat of Notch ARD, some of which (R186,
E191, R192, and D196) are present on the surface. Presumably,
the considerably more surface charges enhance the stability of
Notch ARD by making the C-terminal surface more hydrophilic.
We therefore made the corresponding substitutions L209R,
G214E, G215R, 1219D, and G214E/I219D together with two
histidine mutations G217H and L218H, and evaluated the
mutagenic effect on protein stability.

As shown in Figure 6, all of the mutant proteins exhibit
biphasic transitions in GdnHCI- and heat-induced unfolding,
indicating that the aforementioned substitutions do not impair
the cooperative nature of gankyrin unfolding. The fitting results
are summarized in Table 1. Briefly, the values of L209R and
G215R are comparable to that of gankyrin WT, whereas G214E
and 1219D show a considerable increase of 1.9 and 2.6 kcal
mol ™!, respectively, in the AG;", indicating that G214E and
I219D mutations substantially increase the conformational
stability. Interestingly, the AG4"**" value of the double mutant,
G214E/I219D is almost identical to that of G214E, suggesting
that the effects of G214E and 1219D are not additive. These
findings are further supported by results from heat-induced
unfolding (Table 1). Finally, Notch ARD has two histidine
residues in the C-terminal AR turn. The corresponding
mutations G217H and L218H would introduce a solvent-
exposure histidine to the gankyrin C-terminal AR7. However,
neither mutation lowers the conformational stability at neutral
pH, suggesting that a solvent-exposed histidine in the terminal
AR does not intrinsically destabilize the gankyrin.

Mutations and Truncation of the C-Terminal AR7 did
not impair gankyrin’s CDK4 Binding but Truncation
Abolished Its MDM2 Binding. We used the pull-down assay
to assess the mutagenic effect on the CDK4-binding and MDM2-
binding abilities.'"' When GST-tagged gankyrin proteins,
including WT, Gank!™*°! and AR7 point mutants, were
incubated with the CDK4-cyclin D2 holoenzyme, CDK4 was
detected in all of the pull-down products but not in the negative
control using GST itself (Figure 7A), indicating that all of the
aforementioned gankyrin proteins are able to bind to CDK4."*
Since the amounts of CDK4 in the pull-down products are
comparable by visual inspection between each individual mutant
and the WT, it is concluded that AR7 has minimal impact on the

dx.doi.org/10.1021/bi4005717 | Biochemistry 2013, 52, 4848—4857


www.expasy.org

Biochemistry

A
CDK4-Hisx6 ' cyvchin D2
T 1
L B B g 5 B g =
- o S = - = > =
= P 1 o< <t o2 1 ~ <
= 2 08 v v o a9 v
I b = -~ o = = 2
= Z g z s 7 =2 z s
S o v D o v O o Yg
= e e = = = e £ = =S
» »w» w w2 2 w » » w 2
I N N I T CEEE CHEE U SR U
<— CDK4
B ,
GST-MDMNZ
I 1
= =4 ool ~ =)
= & 5 £ L F & %8
- 2 & & @ 49 =9 o 3
S = = = o o o = = T
£ = =4 = % = 4 R
g g z g g g = g Ea
[ & &) & & & < o o
-— - — - — <—Gankyrm

Figure 7. Pull-down assays to assess the mutagenic effect on gankyrin’s
function. (A) Effect on the interaction between gankyrin and the
CDK4—cyclin D2 complex."* The reaction mixtures containing GST
gankyrin proteins (~3.0 M) and the (His)-tagged CDK4/cyclin D2
holoenzyme (~0.3 uM) were incubated with G beads. After being
washed with PBS, bound proteins were eluted out using reduced
glutathione and blotted with anti-human CDK4 antibody. GST was
used as a negative control. (B) Effect on the interaction between
gankyrin and MDM2. The experiments were performed as described in
A except that the reaction mixtures containing free gankyrin proteins
(~3.0 uM) and GST-MDM2 (~0.3 uM) and the pull-down products
were blotted with a primary antibody again human gankyrin. The
control reaction contained free gankyrin WT (~3.0 uM) and GST
(~0.3 uM).

binding of gankyrin to CDK4, consistent with our previous
finding that the first four ARs of gankyrin are sufficient for CDK4
binding and modulating.**

It has been also reported that the AR7 of gankyrin may be
involved in binding to MDM2, a key component in the P53
pathway.'"*° A similar pull-down assay was performed on the
reaction mixtures containing GST-MDM?2 and gankyrin proteins
(Figure 7B). First, under the experimental conditions, gankyrin
WT was present in the pull-down product from the GST-
MDM2/WT reaction mixture but absent in the one from the
GST/WT mixture, indicating that gankyrin specifically interacts
with MDM2. Second, among all of the reaction mixtures
containing GST-MDM?2 and AR7 point mutants, gankyrin
proteins (WT or point mutants) were detected in the pull-down
products, implying that these C-terminal AR7 mutants remained
functional in binding to MDM2. However, we failed to detect
Gank'*! in the pull-down product from the GST-MDM2/
Gank'™2°! mixture. Since this truncated mutant is able to react
with the polyclonal antigankyrin antibody used in this assay (data
not shown), the result indicates that the removal of the entire C-
terminal AR significantly impaired or even abolished its MDM2-
binding ability.

B DISCUSSION

Out of a variety of TPLH-containing AR proteins, gankyrin was
chosen as a model in our current study for the following reasons:
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first, both the structure and function of gankyrin have been
extensively investigated; second, the modular structure of
gankyrin is of considerable resiliency as evidenced by previous
findings that gankyrin retains the tertiary fold and CDK4-binding
ability upon the introduction of missense mutations and the
removal of up to three ARs at the C-terminus."* The current
study extended previous effort to address the important
structural role of the conserved TPLH motif for an AR protein.
The following discussion will be based on Gank' ™! since more
comprehensive results were obtained with respect to Q210H.

Both gankyrin WT and Gank'™”' have close theoretical pI
values (5.71 and 5.45, respectively),'” indicating that there is no
significant difference in net charge at physiological pH. As shown
in Table 1, the stability of gankyrin WT increases from 2.65 kcal
mol™! to 3.55 kcal mol™' as pH decreases from 8.4 to 5.4.
Apparently, the correlation between the stability of gankyrin WT
and pH is consistent with the Linderstrom—Lang model*' that a
protein tends to be more stable as pH approaches to the
isoelectric point (pI), at which point the unfavorable electrostatic
interactions resulting from an excess of either positive or negative
charges are minimized. Similar observation has been reported in
an optimized de novo designed 4-ANK protein.”” In comparison,
Gank' ™! exhibits increasing stability as pH decreases from 8.4
to 6.4 (1.95,2.10,2.45 kcal mol ™" at pH 8.4, 7.4, 6.4, respectively)
but undergoes a dramatic decrease in stability at pH 5.4 (0.55
kcal mol™"). Clearly, the Linderstrom—Lang model cannot fully
account for the pH dependence of Gank'™>°! in stability. The
change of pH susceptibility of Gank'*' strongly indicates that
some significant chemical/physical changes are triggered by
ionization of titratable groups around pH 6.0. Since histidine is
the only amino acid with a pK, of its side chain in the
physiologically relevant pH range, the candidates responsible for
the aforementioned change in pH susceptibility can be narrowed
down to nine histidine residues in gankyrin. Among them, H177
is the only one that is directly impacted by the truncation of AR7.
In gankyrin WT, H177 is largely shielded from solvent like a
typical histidine in an internal TPLH. However, the removal of
the C-terminal capping repeat (AR7) would increase the solvent-
accessibility of the side chain of H177 from roughly 10% to 50%
(assuming that potential structural rearrangement is negligible),
which may partially contribute to the discrepancy between
gankyrin WT and Gank'>*! in thermodynamic properties.

The impact of H177 on conformation and stability of
Gank'™°! bears structural implication. First, a newly introduced
histidine in the C-terminus does not necessarily cause a
destabilizing effect as exemplified by two C-terminal AR7 point
mutants G217H and L218H. Second, the change in the
electrostatic status of a solvent-exposed histidine does not
necessarily induce dramatic changes in the conformational
stability, as H137 is present in the AR4-ARS loop of both
gankyrin WT and Gank' %! and its side chain is solvent-exposed
to the extent of more than 70%. Thus, as has been anticipated, the
observation can only be rationalized in the context of the TPLH-
mediated hydrogen-bonding network. One may imagine such a
scenario that at a pH below 6, H177 in Gank' "' will gradually
shift to a protonated form as described by the Henderson—
Hasselbalch equation, bearing N°'—H and N*~H bonds in the
imidazole ring and a positive charge distributed between N°' and
N*2. This change would in turn weaken the hydrogen bonds of
T174 HY-H177 N°! and T174 H"'=H177 N%, and eventually
trigger the loss of the hydrogen bonds mediated by
#TPLH'77.%' Such perturbation will induce a ripple effect on
the ""TAMH'* of the preceding repeat ARS, as the hydrogen
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bond between N173 O and H144 H* is likely perturbed.
Consequently, the perturbation propagates through the entire
repeat stack and ultimately leads to the loss of the TPLH-
mediated hydrogen-bonding network and even the global fold.
The result on Q210H also appears to support this scenario.

Because of the lack of long-range interactions,* it is conceived
that the TPLH-mediated hydrogen-bonding network plays
important roles in maintaining the elongated tertiary fold of
AR proteins. Presumably, the strings of TLPH might act like a
“zip lock” to the repeat stack via the intra-/inter-repeat hydrogen
bonds, complementing the strong hydrophobic interaction
between adjacent repeats. In such a model, the tautermeric
state of histidine in the TPLH motif is critical, and relatively small
shifts in pH around pK, may lead to unzipping the tertiary fold if
any of the participating histidines are exposed to the aqueous
environment. In addition, at the C-terminal AR, a variant in place
of histidine would be needed to cap the “zip lock”, i.e., the TPLH-
mediated hydrogen-bonding network. Interestingly, there exists
a glutamine (GlIn) residue in **’TPLQ*'’ of AR7, the C-terminal
AR of gankyrin, which is capable of forming reciprocal hydrogen
bonds with T207 while having a pK, far from the physiological
range. Similar substitutions at the C-terminal AR have been
observed in other AR proteins such as *2SPYQ*® in IkBa,’
7TPLA’* in human ankyrinR,” and TPLD or TPQD in a
couple of Bcl-3 homologues.”

The sequence variation in the TPLH motif in the C-terminal
AR also implies that even though there is a consistent pattern of
key residues in the consensus sequence of AR motifs to retain the
characteristic helix—turn—helix conformation, there is consid-
erable sequence divergence in AR motifs, especially terminal
repeats to adapt to the aqueous environment. Unlike an internal
AR that has interfacial interactions with neighboring ARs from
both sides and tends to have two hydrophobic surfaces, a
terminal AR is two-faced: a hydrophobic “inner” surface
interacting with the penultimate AR and a hydrophilic “outer”
surface accessible to the aqueous environment. Apparently, a
more hydrophilic “outer” surface of the C-terminal AR may favor
its “capping” effect as well as the global stability. As previously
demonstrated,>* a few mutations in the C-terminal AR could
significantly improve the stability a de novo designed AR protein.
We here show that by introducing charged residues at the
appropriate position in the C-terminal AR, we could also
improve the stability of a naturally occurring AR protein. The
difference in stability change for the four mutants could be
explained from the structural point of view. L209, G214, and 1219
are positioned in the “inner” helix, the turn, and the “outer” helix
of the C-terminal AR, respectively. Accordingly, L209 faces the
“outer” helix of the penultimate AR and contributes to those
“hydrophobic” interfacial interactions with the side chains of
K220 and L221 (Figure 3C). Thus, introducing a charged residue
through L209R substitution in such a “hydrophobic” micro-
environment is not thermodynamically favored. In contrast, 1219
is directly exposed to the aqueous environment, and sub-
stitutions like 1219D would enable the C-terminal AR to be more
solvent accessible, thus positively influencing the stability of the
global structure. The same is true for the substitution of G214E,
which introduced a negatively charged side chain in the turn
region and increased the aqueous accessibility. In fact, the
percentages of the solvent-accessible surface are roughly 32% and
55%, respectively, for the bulky hydrophobic side chains of L209
and 1219 (Figure 3D). Interestingly, all these four C-terminal
mutants retained CDK4-binding and MDM2-binding abilities
comparable to those of gankyrin WT. Therefore, C-terminal

4856

substitutions such as G214E can stabilize the global structure of
gankyrin but brings about little perturbation to its physiological
function. This may be of significance in protein engineering of
AR proteins; that is, we can modify those residues far away from
the functionally important regions in an AR protein to enhance
stability without compromising its function.

It is also worthwhile to note that many AR proteins do not
have a string of TPLH motifs.'® In a such case, the
aforementioned TPLH-mediated hydrogen-bonding network
does not exist, and the stability of these AR proteins should be
ascribed to the hydrophobic interaction network across the
molecule as well as other undefined mechanisms. In addition, it
has been reported that two designed AR proteins consisting of
three and four identical repeats of consensus sequence,
respectively, retain very high stabilities even under acidic pH.
On one hand, the consensus sequence should result in more
optimized hydrophobic interactions between neighboring
repeats, and these two proteins may have to overcome less
ideal or even the loss of the TPLH-mediated hydrogen bonding
network to retain a global fold. On the other hand, the
crystallographic structures of these two designed AR proteins
revealed a ring flip of the imidazole ring around the C/~C” bond
( ~ —90°) **in com})arison to gankyrin and another de novo
designed AR protein.”> The ring flip conformation precludes a
hydrogen bond between His N** and the carbonyl oxygen of the
residue His (+30), suggesting that the TPLH-mediated hydro-
gen bonding network in these two design AR proteins has been
perturbed at the low pH if it still exists, and may not be the
primary factor contributing to the high stabilities of these two
proteins at low pH. Lastly, the pH-dependence of conforma-
tional stability attributed to histidine has been observed in other
proteins.26

In conclusion, AR7 of gankyrin is not essential to maintain a
tertiary fold of AR1—ARG, but it moderately stabilizes the global
structure as well as increases its susceptibility against acidic pHs
by shielding the internal hydrophobic interactions and TPLH-
mediated hydrogen-bonding network from the aqueous environ-
ment. The current work is valuable for understanding the unique
biophysical properties of gankyrin (AR proteins in general) and
for novel AR protein design.
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© Supporting Information

The downfield regions of 1D 'H NMR spectra were recorded on
gankyrin WT and Gank'™>*" mutant under different pHs to
determine the impact of pH on H*” signals of H45, H78, H111,
H144, and H177. This material is available free of charge via the
Internet at http://pubs.acs.org.
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