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ABSTRACT: PDZ domains are highly abundant protein—protein
interaction modules commonly found in multidomain scaffold
proteins. The PDZ1 domain of MAGI-1, a protein present at
cellular tight junctions that contains six PDZ domains, is targeted
by the E6 oncoprotein of the high-risk human papilloma virus.
Thermodynamic and dynamic studies using complementary
isothermal titration calorimetry and nuclear magnetic resonance
(NMR) !*N heteronuclear relaxation measurements were
conducted at different temperatures to decipher the molecular
mechanism of this interaction. Binding of E6 peptides to the
MAGI-1 PDZ1 domain is accompanied by an unusually large
and negative change in heat capacity (AC,) that is attributed
to a disorder-to-order transition of the C-terminal extension of
the PDZ1 domain upon E6 binding. Analysis of temperature-
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dependent thermodynamic parameters and "N NMR relaxation data of a PDZ1 mutant in which this disorder-to-order transition
was abolished allows the unusual thermodynamic signature of E6 binding to be correlated to local folding of the PDZ1 C-terminal
extension. Comparison of the exchange contributions observed for wild-type and mutant proteins explains how variation in the
solvent-exposed area may compensate for the loss of conformational entropy and further designates a distinct set of a few residues

that mediate this local folding phenomena.

P rotein interactions between domains of large globular
proteins and short linear motifs are involved in many
cellular mechanisms, including signaling pathways, protein
trafficking, and post-translational modifications. These inter-
actions are often mediated by small protein domains such as
SH3, WW, and PDZ, which are very abundant in the proteomes
of higher eukaryotes. Of these, the PDZ domain, which is a small
globular domain of ~90 residues, is one of the most abundant
with nearly 270 occurrences distributed over 150 human
proteins." Many PDZ domain-containing proteins are located
at the interface between the cytoskeleton and the cellular
membrane where they are involved in the formation of cellular
junctions such as synapses or adherens and tight junctions. They
commonly form complexes associated with the regulation of cell
growth, cell polarity, maintenance of cell adhesion, and signal
transduction pathways.”

PDZ domains interact specifically with proteins containing
short sequence motifs located in most cases at the C-terminus
with dissociation constants in the micromolar range. Over the
past 15 years, significant research efforts have been devoted to
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deciphering the rules that govern the specificity of these inter-
actions, a goal that has proven more demanding than initially
expected. Indeed, this research has revealed an important role
for regions flanking PDZ domains in the molecular recognition
process,"”* and numerous recent studies have highlighted subtle
molecular mechanisms in which the binding of a given peptide
to a PDZ domain is modulated by the protein environment.*~”

Because of the importance of PDZ domains in cell regulation
processes, viruses, such as hepatitis B, adenovirus, influenza,
and papillomavirus, target proteins containing PDZ domains
as part of their host cell hijacking strategies. Interestingly, the
number of PDZ-containing proteins targeted by viral proteins is
small and seems to be common among several different viruses.
One of these proteins, membrane-associated guanylate kinase
with inverted domain structure-1 (MAGI-1), is found in tight
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junctions of most epithelial cells, where it is involved in the
assembly and regulatory pathways of these cell—cell junctions.®
MAGI-1 is a multidomain protein encompassing two WW, one
guanylate kinase-like, and six PDZ domains numbered from
PDZ0 to PDZS.

PDZ-binding motifs targeting the PDZ domains of the
MAGI-1 protein are found in several viral proteins: Tax from
human T-cell leukemia virus type 1 (HTLV-1),” NSI from the
influenza virus,' E4-ORF1 from adenovirus type 9, and E6 from
the human papilloma virus (HPV)."" In particular, MAGI-1 has
been recently identified as a major PDZ-containing target of
high-risk HPV type 16 and 18."* The E6 protein of these viral
strains harbors a C-terminal PDZ-binding motif that targets the
second PDZ domain of MAGI-1" (hereafter called MAGI-1
PDZ1), leading to the degradation of MAGI-1."" The loss of
MAGI-1 might favor the development of invasive cervical cancer
by disrupting tight junctions and inducing pathologic epithelial
hyperplasia. Such cell growth is not induced by low-risk HPVs
encoding an E6 protein devoid of a PDZ-binding motif or by
high-risk E6 mutants in which this motif has been deleted.'*

To investigate the molecular mechanisms underlying the
specificity of MAGI-1 targeting by HPV E6 proteins, we have
previously studied complexes between the PDZ1 domain of
MAGI-1 and C-terminal sequences of the E6 protein.'>'¢
These studies highlighted the role of protein sequences flanking
the canonical region of PDZ1 in the binding process, adding
to the growing body of evidence on the functional importance
of ﬂankinéc% regions in molecular interactions mediated by PDZ
domains.”” The solution structure of free MAGI-1 PDZ1 (PDB:
2KPK) revealed a highly flexible C-terminal tail (residues Y;5,—
P,,5), whereas the same tail undergoes partial ordering in the
presence of a peptide derived from the C-terminus of HPV16
E6'® (Figure 1A). In the present study, we further investigate
the thermodynamic and dynamic characteristics of MAGI-1
PDZ1 at different temperatures using isothermal titration
calorimetry (ITC) and nuclear magnetic resonance (NMR)
backbone dynamics measurements to delineate the contribution
of this disorder-to-order transition to the binding mechanism.

B MATERIALS AND METHODS

Preparation of MAGI-1 PDZ1 Samples. Samples of
unlabeled, *N-labeled, and '*N-,"*C-labeled proteins (wild-type
or SLVIGGG mutant) encompassing the PDZ1 domain (456—
580) of MAGI-1 were expressed and purified as described pre-
viously'” in 20 mM phosphate buffer (pH 6.8) with 200 mM
NaCl and 2 mM TCEP. This same buffer was used for both the
ITC and NMR experiments.

Synthetic Peptides. The peptide sequences used in
this study were RSSRTRRETQL, RSSRTRRETQV, and
RSSRTARETQV for 16E6,, Ly, 16E6, LylV, and 16E6, R_(A,
respectively (Figure 1B). The peptides were synthesized by the
Chemical Peptide Synthesis Service at IGBMC using Fmoc
chemistry and an Applied Biosystems 430A automated solid-
phase peptide synthesizer. The peptides were purified by
reverse-phase HPLC using a C-18 preparative Luna column, and
their molecular weights were verified by electrospray ionization—
mass spectrometry (ESI-MS) performed with an ESI/TOF
Bruker MicrOTOF Focus instrument.

Prior to use, the peptides were dissolved in neutralized
Milli-Q water (pH 7) with 0.1 M NaOH and passed through a
Sephadex G-25 column (PD-10 desalting columns, GE Healthcare).
The desalted fractions containing the peptide were lyophilized and
dissolved in the same buffer as PDZ1. "H 1D NMR spectroscopy
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Figure 1. Global view of the MAGI-1 PDZ1 domain and the 16E6,
peptides used in the present study. (A) Ribbon view of an ensemble of
five representative structures of the wild-type MAGI-1 PDZ1 (residues
456—580, gray color) in complex with the 16E6, LIV peptide (blue
color) on the basis of NMR structures of bound MAGI-1 PDZ1 (PDB:
2KPL). Arrows and boxes indicate the position of secondary structure
elements f-strands and a-helices, respectively, and letters indicate the
position of mutations. The S;;3L;1,V};s residues are highlighted in
green in the structures, and the side chains of the R_g residues are
indicated by red sticks. All structure images were made using
PyMOL.>® For the sake of clarity, residues 456—580 of full-length
MAGI-1 PDZ1 are numbered from 1 to 125 according to the
assignment previously published.* (B) Sequence alignment of ten E6
C-terminal sequences representative of high- and low-risk types of
HPV. The peptides are numbered backward from 0 to —10. Below that
are the sequences for the three 16E6, peptides used in the present
study.

was employed to estimate the concentrations of PDZ1 and
peptide stock solutions by comparing the proton signal from the
sample to the signal obtained with a known tryptophan solution
added to the NMR sample."®

Isothermal Titration Calorimetry Experiments. Iso-
thermal titration calorimetry experiments were performed with
a MicroCal ITC200 instrument (GE Healthcare). All con-
centrated stocks of protein and peptide samples were prepared
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Table 1. Temperature Dependence of Thermodynamic Parameters for the Binding of Several Combinations of MAGI-1 PDZ1
or SLVIGGG and 16E6,, Peptides As Characterized by ITC in 20 mM Sodium Phosphate (pH 6.8), 200 mM NaCl, and 2 mM

TCEP?
partners T (K) Kp (uM) n AH (kcal mol™) —TAS (kcal mol™") AG (kcal mol™) Gt e
PDZ1 WT 283 0.76 + 0.32 0.8 + 0.2 44 +£07 —-123 £ 0.5 =79 +£ 0.3 14/37
+ E6 L, 288 1.72 £ 0.18 09 + 0.1 21+02 —-10.2 £ 0.5 —-8.0 £+ 0.1 21
293 134 £ 0.32 1.1 £0.1 0.5 £0.1 —-8.1 + 02 —7.6 £ 0.1 30/37
298 1.73 £ 0.11 09 £+ 0.1 —-1.0 £ 0.1 —=7.0 £ 0.1 —8.0 + 02 21
303 0.69 + 0.05 0.8 £ 0.1 —34+£02 =52 +£03 —8.6 + 0.1 25/27
PDZ1 WT 283 0.49 + 0.12 0.7 + 0.1 3.0 +£0.8 —-11.1 £ 0.9 —8.1 %02 26/34
+ E6 LIV 288 0.54 + 0.41 0.7 £ 0.1 1.5+ 0.5 9.9 £ 0.2 -85+ 03 14/60
293 0.99 + 0.23 0.7 + 0.1 —-1.8 + 0.4 —6.3 + 0.5 —-8.0 + 0.1 9/15
298 0.20 £+ 0.0 09+ 0.3 34+ 04 —=5.7 + 0.6 —-9.1 £ 03 28/56
303 0.33 + 0.08 09 £ 0.2 —6.1 + 0.5 -29 + 0.7 —9.0 £ 02 34/74
PDZ1 SLVIGGG 283 1.70 + 0.13 0.8 £ 0.1 —-14 £ 0.3 —6.0 + 0.1 =75 £ 0.1 9/41
+ E6 LIV 288 1.60 + 0.14 09 £+ 0.1 -23+02 -S54 £ 0.1 —7.6 + 0.1 15
293 1.52 + 0.12 0.8 £ 0.1 =32+ 03 —4.6 £ 0.1 7.8 £ 0.1 14
298 1.0S§ + 0.10 1.0 £ 0.1 —4.0 £ 0.3 —41+0.1 —82 =+ 0.1 26
303 0.88 + 0.11 09 + 0.1 —44 £ 02 -39+ 0.1 -84 £ 0.1 21/81
PDZ1 WT 283 41+ 16 0.9 + 0.1 1.7 £ 09 -85+ 0.5 —6.8 + 0.8 9
+ E6 R_jA 288 20+ 03 0.8 +£0.1 09 + 0.3 —84 £ 0.2 —=7.5+ 03 8
293 7+9 1.8 + 1.0 —-0.1 + 04 —6.8 + 0.8 —69 + 09 7
298 5.6 +0.7 09 £+ 0.1 —1.6 + 04 —5.6 + 0.2 =72+ 03 7
303 58+ 13 09 + 0.1 —27 £ 09 —4.6 + 04 =73+ 0.7 6/8

“Values reported here result from independent experiments performed singly, in duplicate, or in triplicate with different protein or peptide batches.
Protein concentrations vary between 20 and 40 yM, whereas the peptide concentration is fixed at 400 yM. The last column contains the minimal and
maximal values of the ITC ¢ parameter calculated as ¢ = n[PDZ1]/Kj,.

and dialyzed in the target buffer and then diluted with the same
buffer to achieve the desired concentrations. A typical
experiment was performed as follows: 200 uL of PDZ1 (with
concentrations ranging from 20 to 40 yM) was introduced into
the cell, and 40 uL of peptide solution (at 0.4 mM) was loaded
into the syringe. The stirring speed was set at 1000 rpm, and
the power of the reference at 3—5 pcal/s. After temperature
equilibration was reached, each titration began by the addition
of 0.3 or 0.7 uL (not used when fitting the data) followed by
29 or 19 additions of 1 or 2 L during 2 s at intervals of 180 or
120 s, respectively. Most of the time, the ITC experiments
were performed in duplicate or triplicate using different
PDZ1 and peptide batches. For all titrations, the parameter
¢ (¢ = n[PDZ1]/Kp) ranged between 6 and 84 (Table 1), close
to the optimal range of ¢ values (10 < ¢ < 100) required for the
accurate determination of KD.19’20

The extraneous heats of mixing and dilution were corrected
by conducting control experiments”" through titration of the pep-
tide into the buffer (dilution of the peptide) and titration of the
buffer into the PDZ1 sample (dilution of PDZ1). MicroCal Origin
7.0 was used to correct for the heats of mixing and dilution and to
analyze the data. The thermodynamic parameters (enthalpy change
(AH), entropy change (AS), affinity (Kp), and stoichiometry (n))
were obtained using a one-binding site model.

NMR Experiments. Samples of unlabeled, BN-labeled, and
5N, C-labeled MAGI-1 PDZ1 (wild-type and mutant) were
prepared in 20 mM phosphate buffer (pH 6.8) with 200 mM
NaCl and 2 mM TCEP at protein concentrations between
300 and 600 M. The MAGI-1 PDZ1/16E6, LylV complex was
prepared by adding a 3-fold excess of the synthesized 11-mer
16E6,, Ly|V peptide.

NMR experiments were performed at 283 and 303 K
on a Bruker DRX 600 MHz spectrometer equipped with a
triple-resonance cryoprobe with z-gradient. A set of three-
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dimensional triple-resonance experiments (HN(CO)CA,
HNCA, and CBCA(CO)NH) was recorded to propagate
backbone resonance assignments obtained in the wild-type
protein to the SLVIGGG mutant. All spectra were processed
using NMRPipe*” and analyzed using Sparky3.>*

The composite chemical shift perturbation per residue n was
calculated using 'H and "*N resonances assigned in the spectra
of both MAGI-1 PDZ1 wild-type and MAGI-1 PDZ1 SLV!I

GGG, as
2
b

where o; represents the standard deviation in the chemical shift
of atom i (0.6 and 3.75 for 'H and "N, respectively) as deter-
mined using the BMRB Web site (http://www.bmrb.wisc.edu).”*

SN R, and R, relaxation rates were measured using a series
of '"H—"N heteronuclear single quantum coherence (HSQC)-
type spectra as previously described.”®> For N R, relaxation,
intensities were extracted from a set of 14 spectra recorded with
relaxation delay values ranging from 10 to 2000 ms. For °N R,
relaxation, intensities were extracted from a set of 12 spectra
recorded with relaxation delay values ranging from 0 to 160 ms
with "N 180° pulses applied every 1.2 ms at a field strength
of 4.2 kHz to average the chemical shielding anisotropy (CSA)-
dipolar cross-correlated relaxation. R; and R, relaxation rates
were obtained by fitting the measured peak intensities with a
2 parameter single exponential using the Python Numpy non-
linear optimization toolbox. Confidence levels were estimated
using 100 Monte Carlo calculations. Heteronuclear {'H}—"N
nuclear Overhauser effects (NOEs) were measured from two
experiments with and without proton saturation. Proton satura-
tion was achieved by applying a train of 'H 180° pulses at
2 ms intervals for 4 s prior to the first N excitation pulse.

51‘,SLVIGGG - 5i,wt

A§, (
ie{'H,"N} Oi

n
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Order parameters (O*) and exchange contributions to trans-
verse relaxation values (R,,) and its uncertainties (6R,,) were
calculated using Tensor2 software.”® Correlation times were
obtained using a fully anisotropic rotational diffusion model for
the protein’s global motions.

Solvent accessible surface areas (ASA) were estimated with
the PyMol get area function using settings for solvent
radius and solvent density of 1.4 A and 4, respectively. The ASA
for the complex was calculated using the structures of PDZ1
MAGI-1 in complex with 16E6, (PDB: 2KPL), whereas the
ASA for the free peptide and protein was calculated assuming
either a partially folded or fully extended conformation for the
C-terminal PDZ domain. The difference between these calcula-
tions was used to provide an estimate of the range of the AASA
differences between the free and bound molecules.

B RESULTS

Thermodynamic Parameters of 16E6. LoV Peptide
Binding to MAGI-1 PDZ1. Isothermal titration calorimetry
experiments were conducted to measure the thermodynamic
parameters of binding between various peptides encompassing
the last 11 residues from HPV E6 proteins and the MAGI-1
PDZ1 domain (Figure 2A). We first used the 16E6,, wild-type
peptide and a 16E6, peptide in which the C-terminal leucine
residue of the HPV16 E6 sequence is replaced by a valine residue
(hereafter referred to as 16E6,, LyV), as is found in the HPV18
strain. This mutation resulted in a slight increase in the binding
affinity at 303 K from 0.69 + 0.05 yM for 16E6, to 0.33 +
0.08 uM for 16E6, LolV (Table 1), which is in agreement with
affinities measured by surface plasmon resonance (SPR)."”

The averaged thermodynamic parameters obtained from
several isotherms recorded for the binding of 16E6. LIV to
MAGI-1 PDZ1 indicate that the binding energy at 303 K is
provided by both favorable enthalpic and entropic contribu-
tions of —6.1 + 0.5 and +2.9 + 0.7 kcal mol™', respectively.
Further insight into the binding was obtained by measuring
the thermodynamic parameters as a function of temperature
(Figure 2B). The binding enthalpy of 16E6. L,V displays
significant variation from a slightly endothermic to a strongly
exothermic reaction when the temperature is varied from
283 to 303 K, respectively. This gain in binding enthalpy is
almost fully compensated for by a loss of binding entropy
over this range of temperatures, leading to a roughly constant
Kp value of 0.5 + 0.2 uM (Figure 3). The linear variation of
binding enthalpy (AH) with temperature suggests that the
measured thermodynamic parameters result purely from the
binding event and not from any additional temperature-induced
conformational change. The change of heat capacity (AC,) due
to peptide binding was estimated from the slope of the linear
regression using the definition of heat capacity change at
constant pressure.

oH
AC, = —
Pooor ()

This analysis gives a heat capacity change of —470 +
45 cal mol™" K™! upon binding of 16E6, L,V to the MAGI-1
PDZ1 domain.

Thermodynamic Contributions from the Flanking
Sequences of MAGI-1 PDZ1 and E6 Peptide. Our previous
work on the solution structure of both the apo and 16E6,, LylV-
bound forms of the MAGI-1 PDZ1 domain highlighted the role
of the C-terminal extension of the PDZ1 domain in the peptide
recognition process.'® The observation of weak intermolecular
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NOEs among three residues of the C-terminal extension,
namely S5, L4, and V5, and the well conserved R_; residue
of the E6 peptide (Figure 1B) suggested an active contribution
of this region of the PDZ1 domain to peptide recognition and
prompted us to design a mutant in which these three residues
were replaced with glycines (hereafter named SLVIGGG).'®
Glycine was chosen instead of alanine, the common neutral
substitution, to both disrupt potential hydrophobic interactions
and introduce higher conformational flexibility within this
region. The '"H—""N HSQC spectra of the mutant and wild-
type proteins are almost superimposable with the exception of
the mutated residues, indicating that the mutation did not alter
the protein fold (Figure S1A in the Supporting Information).
Conversely, the binding of a peptide derived from 16E6, LoV
with the arginine residue R_; mutated to an alanine (named
16E6, R_¢|A) to MAGI-1 PDZI was also studied. The SLVI
GGG mutation on the PDZ1 domain led to a loss of affinity for
16E6,, LylV by a factor of ~3, resulting from a loss in AH that is
partially compensated for by a gain in the entropic contribution
at 303 K (Figure 4A). Disruption of the interaction through
a R_5IA mutation on the peptide led to an increase of the
dissociation constant by a factor of 20 at 303 K (Table 1),
resulting mostly from a loss of 3.4 kcal mol™" in the binding
enthalpy.

Differences in AC, changes induced by the protein and
peptide mutations were estimated by measuring thermodynamic
parameters between 283 and 303 K. Notably, both mutations
led to less negative values of the AC, changes [from —470 +
45 cal mol™ K" for the wild-type complex to —240 + 40 and
—150 + 20 cal mol™! K™ for the R_¢|A peptide and SLVIGGG
protein mutations, respectively (Figure 4B)]. It has been pro-
posed that the hydrophobic effect is the dominant contributor
to AC, and large negative values of ACp changes are often con-
sidered as a thermodynamic signature of processes that remove
apolar molecular surfaces from water.”” > The reduction in
AC, values observed for the SLVIGGG mutant is significantly
larger than expected if only local hydration changes of the
mutated leucine and valine residues are considered. Further-
more, circular dichroism measured at 208 nm as a function of
temperature indicates that the SLVIGGG mutation does not
affect the melting temperature (around 338 K) and shows that
the secondary structure content of both proteins is preserved
within the temperature range used in this study (283—303 K)
(Figure S2 in the Supporting Information). Altogether, our
data suggest that the unusually large change in the AC, values
observed upon binding of E6 peptide to the wild-type MAGI-1
PDZ1 domain results from the disorder-to-order transition of its
C-terminal extension. These observations prompted us to further
investigate changes in the dynamic behavior experienced by
the PDZ1 domain upon peptide binding using '*N heteronuclear
relaxation measurements at 283 and 303 K

Changes of Protein Backbone Motion upon 16E6
LolV Peptide Binding. Heteronuclear "N transverse (R,) and
longitudinal (R;) relaxation rates were measured for the PDZ1
domain of MAGI-1 in both free and peptide-bound states at
283 and 303 K (Figure S and Table S1 in the Supporting
Information). At 283 K, binding of 16E6,, LIV induces major
changes in the R,/R; ratios (Figure SA). The most striking
differences are located within the C-terminal part of the domain,
encompassing residues Fos—E;,,, where the R,/R; values of the
peptide-bound protein are systematically larger than those
measured for the free protein. Furthermore, large R, relaxation
rates were measured at several locations in the core of the
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Figure 2. ITC measurements for MAGI-1 PDZ1—E6 peptide interactions. (A) Typical ITC experiments of 16E6, LoIV with the MAGI-1 PDZ1
domain at 303 K in 20 mM sodium phosphate buffer, pH 7.5, 200 mM NaCl, and 2 mM TCEP. Shown from top to bottom are the raw titration data
of buffer injected into MAGI-1 PDZ1, 16E6, LV injected into buffer, and 16E6, LIV injected into MAGI-1 PDZ1, and the integrated heat
measurements for the titration of MAGI-1 PDZ1 with 16E6, LgIV corrected from the reference, respectively. The first injection peak was
systematically discarded because of the backlash effect of the syringe plunger. The thermodynamic parameters (affinity constant (Kp), enthalpy
change, entropy change, and stoichiometry number (1)) obtained for one typical data set by fitting a standard 1:1 interaction model are reported
with the associated standard deviations determined by nonlinear least-squares analysis. (B) Representative integrated heat measurements for the
titration of MAGI-1 PDZ1 with 16E6, LIV at temperatures ranging from 283 to 303 K are reported. Each titration was recorded in at least

duplicate.

peptide-bound protein, leading to R,/R; values significantly
larger than the average ratio within the core of PDZ1. This line
broadening, observed for residues located within the C-terminal
tail and for residues T5o, V31, Vs, Kuyy S4sy Dagy Gy Hory and Sgg
within the core domain, reflects exchange contributions in these
regions. Most of these contributions vanish at 303 K, except
those located at the C-terminal part of the domain, suggesting
that the associated motions are occurrin§ on a rather fast to
intermediate (us) time scale (Figure SB). 0
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When the temperature is changed, the average R,/R, ratio is
decreased as a result of the lower correlation time expected at
higher temperature. The observed decrease in correlation time
from 13.2 to 7.0 ns for the unbound form (and from 14.2 to
7.6 ns for the bound form) when the temperature is increased
from 283 to 303 K corresponds to a ratio of correlation times of
1.89 (1.87 for the bound form), which is close to the expected
ratio (1.75) calculated using the Stokes—Einstein equation.>!
The R,/R; ratios of the C-terminal tail for the unbound form
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Figure 3. Effect of temperature on the thermodynamic parameters of
16E6,, LolV binding to the MAGI-1 PDZ1 domain as determined by
ITC. 16E6. LV and MAGI-1 PDZ1 were in 20 mM sodium
phosphate (pH 6.8), 200 mM NaCl, and 2 mM TCEP. Average values
of AH® (@), AG® (A), and —TAS (M) were determined from three
distinct experiments and plotted as a function of temperature. Error
bars represent the standard deviation. The slope of the linear regression

fit was used to derive a AC, value of —470 + 45 cal mol™* KL

are distinctively below those of the core of the PDZ1 domain,
indicating that this C-terminal region is mostly in a disordered
state.

Apart from the observed changes in the exchange contribu-
tions to N line broadening, there is no evidence of backbone
stiffening upon peptide binding except for residue Lg,, which in
the complex consistently displays R,/R; ratios that are higher
than in the free protein. Changes in the high frequency (ps—ns
time scale) motions upon peptide binding were revealed by the

analysis of {'H}—"N heteronuclear NOEs, a measurement
free of exchange contributions (Figure SC and Table S2 in the
Supporting Information). The profiles recorded for the free and
peptide-bound PDZ1 domains at 283 K show that residues
Fos—E |54 become more ordered upon peptide binding. It is
worth noting that this ordering is not complete and that residual
motions on this time scale are still present in the complex.
Interestingly, the most ordered region of the C-terminal tail of
bound PDZ1 corresponds to residues S;;3, L4 and V¢ that
interact directly with the 16E6. LoV peptide.

Backbone Dynamics of the SLVIGGG Mutant of MAGI-1
PDZ1. The SLVIGGG mutation did not lead to significant
changes in backbone chemical shifts of the free PDZ1 domain;
observed differences were restricted to the vicinity of the
mutation (Figure SIB in the Supporting Information). As for
the wild-type domain, exchange between free and bound forms
of PDZ1 SLVIGGG occurs in the slow-exchange regime, as
expected from its similar affinity for 16E6, L,V (Table 1).
However, at high temperature, the sample half-life of the
mutant was found to be shorter than for the wild-type protein,
preventing NMR relaxation experiments from being conducted
at 303 K. The impact of the SLVIGGG mutation on the
dynamic properties of the MAGI-1 PDZ1 domain was therefore
investigated at 283 K using heteronuclear "N relaxation rate
measurements conducted for both the free and peptide-bound
states of the mutated protein. As for the free wild-type protein,
the C-terminal tail of the free SLVIGGG mutant is mainly dis-
ordered (compare Figures 4A and SA). The dynamic behaviors
of the free and bound states of PDZ1 SLVIGGG are highly
similar (Figure 6A and B and Table S1 in the Supporting
Information), indicating that the distribution of high frequency

A/ PDZ1
PDZ1 WT PDZ1 WT SLV|GGG PDZ1 WT
+ + + +
16E6 Lo 16E6 Lo|V 16E6 Lo|V 16E6 R_s|A
069+005uM | 033+008uM | 088+0.11puM 58413 uM B
o ]
o
£ s
=
£ 1 AG

oo}
S~

® PDZ1 WT + 16E6 Lg
@ PDZ1 WT + 16E6 Lg|V

AH (kcal/mole)

A PDZ1 WT + 16E6 R_5|A
m PDZI SLV|GGG + 16E6 Lo|V

Temperature (K)

Figure 4. Effect of PDZ1 and E6 peptide mutations on thermodynamic parameters. (A) Values of AH, —TAS, and AG (from dark to light gray,
respectively) are plotted for different combinations of PDZ domains and 16E6, peptides recorded at 303 K. Values are determined by averaging at
least two distinct experiments, and error bars represent the standard deviation. Data are summarized in Table 1. (B) ITC experiments were
performed at different temperatures for several combinations of PDZ domains and peptides, and the temperature dependence of the enthalpy was
used to derive the AC, values assuming AC, to be temperature-independent: MAGI-1 PDZ1 vs 16E6,, L, (®, =350 + 25 cal mol™! K™'), MAGI-1
PDZ1 vs 16E6 LIV (0, —470 + 45 cal mol™' K™'), MAGI-1 PDZ1 vs 16E6, R_;|A (A, —240 =+ 40 cal mol~* K™!), and MAGI-1 PDZ1 SLVIGGG

vs 16E6, LolV (M, —150 =+ 20 cal mol™! K™%).
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Figure 5. Wild-type PDZ1 temperature-dependent heteronuclear '°
relaxation data. Plots of R,/R; ratios as a function of residue number
for the wild-type PDZ domain in the free state (red line) and in
complex with 16E6 L,V (blue line) at 283 K (A) and 303 K (B).
Relaxation data were measured at a 600 MHz 'H frequency. Residues
displaying significant changes in their relaxation parameters upon
peptide binding are labeled. (C) {'"H}—"°N heteronuclear NOE values
measured for the free PDZ1 domain (red line) and its complex with
16E6 LIV (blue line) at 283 K. The asterisk indicates the position of
the SLV, ;|GGG mutation.

motions throughout the protein backbone is not significantly
altered upon peptide binding. In particular, the C-terminal tail
in the complex remains largely disordered as it is in the free
mutant form. Furthermore, the SLVIGGG mutation led to
abolition of the widespread exchange contributions observed at
283 K for the complex between wild-type PDZ1 and the 16E6,,
LIV peptide.

Thus, the relaxation parameters measured for the peptide-
bound form of the mutant at 283 K indicate that the SLVIGGG
mutation induced a distinct dynamic behavior of the protein.
This is supported by significant differences in chemical shifts
between the bound states of the wild-type and mutant proteins
(Figure 6C). In addition to the region flanking the site of
mutation, significant differences were also observed around
residue G in the f, strand, I,; and S5 in the f; strand, L,g in
the f3—a; loop, Sgs in the @, helix, and several residues in the
C-terminal region, including D .
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Figure 6. NMR characterization of the SLVIGGG mutant at 283 K in
20 mM phosphate buffer (pH 6.8), 200 mM NaCl, and 2 mM TCEP.
(A) Plot of R,/R, ratios against residue number for the apo SLVIGGG
mutant PDZ domain (red line) and for its complex with the 16E6 LIV
peptide (blue line) at 283 K. The asterisk indicates the position of the
SLVIGGG mutation. The scale from Figure SA has been retained to
facilitate comparison. (B) {'H}-'’N heteronuclear NOE values
measured for the apo SLVIGGG mutant (red line) and its complex
with 16E6 LyIV (blue line) at 283 K. (C) Composite chemical shift
differences between 16E6 LylV bound forms of wild-type MAGI-1
PDZI1 and the SLVIGGG mutant. Aside from the mutation point
indicated by an asterisk, residues displaying the largest differences are
indicated.

B DISCUSSION

The specific dynamic behavior of the C-terminal region of the
MAGI-1 PDZ1 domain upon binding to the viral HPV16 E6
oncoprotein observed in our previous study'® prompted us to
measure quantitative thermodynamic and dynamic data at
different temperatures using complementary ITC and NMR
relaxation spectroscopy approaches to gain further insights into
the mechanisms underlying this molecular recognition process.
In the present work, the dissociation constants obtained by ITC
are consistent with those prev10usly determined from surface
plasmon resonance experiments'® in which the SLVIGGG
mutation at positions 113—115 led to a slight loss of affinity
for 16E6,, LolV at 298 K (Kp, increased from 0.23 + 0.02 to
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1.17 + 0.12 uM). These values closely match those determined
by ITC at 298 K (Kp of 0.20 + 0.05 and 1.05 + 0.10 uM for
the wild-type and mutant, respectively). Temperature-dependent
ITC experiments further indicated that peptide binding to the
MAGI-1 PDZ1 domain is characterized by a heat capacity
change (AC,) of —470 + 45 cal mol™" K™, which is significantly
larger than values reported for other PDZ—peptide interactions.
Indeed, the interaction between the PDZ10 domain of MUPP1
and the VSLRVSSV peptide was characterized by a AC, value
of —140 cal mol™" K~',** whereas a value of —160 cal mol™' K™
was found for the interaction between the PDZ3 domain of
PSDY5 and the YKQTSV peptide.”® These reported AC, values
are similar to those of other systems involving the binding of
a peptide to a protein domain, such as Grb2-SH2 binding to a
phosphotyrosine peptide (AC, = —146 cal mol ™! K1)

It has been suggested that AC, changes for protein—peptide
interactions are dominated by hydration contributions (ACP,SOIV)
resulting from changes in the solvent-exposed area of the
interacting molecules, whereas protein contributions (Aprpmt)
are less important.”®*> Consequently, small AC, values have
been attributed to a lack of significant protein conformational
changes upon complex formation,*® whereas large variations in
AC, values are associated with folding upon binding events.”” In
the latter case, the change in protein hydration associated with
protein folding leads to the exclusion of highly ordered water
molecules from exposed hydrophobic areas.*”*® The large
negative AC, values observed upon binding of E6 peptides to
the PDZ1 domain of MAGI-1 suggest that this interaction
involves partial ordering of the domain. In contrast, AC, values
measured for the SLVIGGG mutant are significantly reduced
and closer to those reported for the PDZ domains of MUPP1
and PSD95 proteins, suggesting that this ordering event is
abolished when the sequence of the C-terminal extension of the
domain is altered. In addition, the sharp reduction in AC,
measured for the binding of an HPV16 E6 peptide in which the
arginine at position —5 has been replaced by an alanine residue
further suggests that this position in the ligand is crucial for this
ordering process.

We previously found that the C-terminal extension of the
PDZ1 domain of MAGI-1 undergoes a disorder-to-order
transition upon binding to the 16E6, L,V peptide.'® This
observation prompted us to examine whether this transition
could account for the large change in heat capacity measured by
ITC. From the solution structure ensemble of PDZI1 in
complex with 16E6, LoV (PDB: 2KPL), we extracted the
coordinates for the C-terminal tail as well as for the complex
formed by the PDZ1 core domain and the peptide. Depending
on the C-terminal tail conformation used for calculations,
we estimated that surfaces between 700 and 1000 A* for polar
residues and between 1000 and 1300 A* for apolar residues
were buried by the presence of the C-terminal tail of the PDZ1
domain (residues Y;5;—P},5). The large fluctuations on these
surfaces reflect the residual disorder that remains within the
C-terminal extension in the PDZ—peptide complex. Never-
theless, these values allowed us to estimate the hydration
heat capacity change (ACP,SDIV) from the change of the polar
(AASA,,)) and nonpolar (AASA,,) solvent accessible surface
areas using the empirical expression

ACP = ACp,SOlV,pOI + AC

,solv ,solv,ap

= APAASAPOI + /13AASAaP 3)
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where AC,pol and AC, . are the polar and nonpolar
contributions to the protein heat capacity with 4, and 4, equal
to 045 + 002 and —0.26 + 0.03 cal mol™' K' A7
respectively.*®

According to eq 3, C-terminal tail ordering would result in
a AC,,, change of about —300 + 120 cal mol™! K™, which
compares remarkably well with the difference in AC, between
the wild-type and SLVIGGG mutant PDZ1 domains (320 +
50 cal mol™ K™') measured from ITC experiments. The
corresponding gain in solvent entropy AS,, was estimated
from the heat capacity change using

AS,yy, = AC, ypo IN(T/Ty) + AC

solv

solv

1n(T/T§*faP)

4)
where T, = 335.15 K and Tg,, = 385.1S K are the polar and
nonpolar reference temperatures, respectively, at which the
hydration entropy is equal to zero.® This resulted in a AS,,
value of ~30 kcal mol™! at 283 K, indicating that burial of the
PDZ domain surface by its C-terminal tail provides a significant
amount of the peptide binding energy. This energy is partially
counterbalanced by a loss of conformational entropy associated
with the disorder-to-order transition. A rough estimate of this
latter contribution can be obtained from the change in order
parameters (AO?) derived from the analysis of relaxation
data using the Lipari and Szabo formalism (Table S3 in the
Supporting Information).>® It has been shown that the
assumption of a simple motional model for ps—ns time scale
bond vector dynamics allows conformational entropy changes
to be derived from AO>.* For the C-terminal region of the
PDZ1, AO* und_fee Values are systematically positive with
values ranging from 0.2 to 0.7, leading to a conformational
entropy change of about 12 kcal mol™" at 283 K. Although this
value reflects the sole contribution of backbone motions and
may therefore represent only a fraction of the conformational
entropy change, it nevertheless provides an interesting
indication that gain of solvent entropy (AS,,,) can significantly
offset the entropic cost of ordering to favor formation of the
complex.

Although weak intermolecular NOEs were observed between
the SLV residues at position 115 of the C-terminal extension
and the well conserved R_g residue of the high-risk HPV E6
peptide, their respective mutations do not lead to similar
effects. The R_5lA mutant induces drastic changes in the
"H—"N HSQC spectrum with large peak broadening (data not
shown), and the large change in the dissociation constant
observed for the R_sIA peptide may result from the loss of
additional interactions, probably electrostatic interactions
between R_g and the negatively charged residues of the
proximal DEPDE loop. In contrast to the difficulties character-
izing the effect of peptide R_s|A mutation by NMR, the SLVI
GGG mutant enabled a complete description of the effect of
the mutation at the residue level. Although the "H—""N HSQC
spectra of the free form of both domains are almost identical,
when the mutant and wild-type PDZ1 domains are bound
to the E6 peptide, differences arise in their chemical shifts
(Figure 6C) and in their relaxation parameters, including the
presence of exchange contributions to the transverse nitrogen
relaxation rates at 283 K (Figures SA and 6A). Altogether, these
data suggest that the SLVIGGG mutation abolished the partial
ordering of the C-terminal tail on the PDZ core domain surface
that occurs upon peptide binding.

Despite the residual disorder affecting the C-terminal region
of the PDZ domain bound to 16E6,, LylV, the identification of

,solv, ,solv,ap
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Figure 7. Wild-type PDZ1 surface residues involved in the disorder-to-order transition of the C-terminal extension. (A) Chemical exchange
contributions (R, # 6R,,) obtained from '*N heteronuclear relaxation data measured at 283 K and interpreted using Tensor2. To get a significant

representation, residues with positive values of the difference (R., — 36R,,) are represented by spheres centered at the C, positions and colored from
yellow (0.0 s7") to red (30 s™"). (B) Composite chemical shift differences observed for PDZ1 upon binding to 16E6, LylV calculated according to eq 1.
Residues with composite chemical shift differences larger than 0.5 ppm are represented by spheres centered at C, positions and colored from yellow
(0.5 ppm) to red (2 ppm). The ribbon representations of the complex were derived from PDB entry 2KPL** with the MAGI-1 PDZ1 domain in gray

and 16E6 LIV in blue.

residues affected by exchange contributions upon peptide
binding provides interesting indications about the position of
this region relative to the core of the PDZ domain (Figure 7A
and Table S4 in the Supporting Information). Indeed, these
residues highlight a single side of the PDZ domain
encompassing the f, and f; strands together with a; and a,
helices. This surface patch overlaps with the peptide-binding
groove that is formed by the f, strand and the a, helix. Thus,
the combined effect of the peptide binding and the C-terminal
tail ordering explains the unusual extent of PDZ chemical
shift perturbations that are observed upon peptide binding
(Figure 7B). Partial ordering of the PDZ1 C-terminal extension
on this surface buries several hydrophobic residues, such as
V3, and Ty on the core of the domain and L;;, within the
C-terminal domain, favoring complex formation through
favorable entropic contributions. The strict conservation of
these solvent-exposed hydrophobic residues among ortholo-
gous sequences of MAGI-1 suggests that the observed disorder-
to-order transition of the C-terminal region of the PDZI
domain results from evolutionary selection. Notably, the surface
patch delineated by both large exchange contributions and large
frequency differences between apo and peptide-bound proteins
encompasses K,,, a residue located on the f3, strand that has
been shown to be important for binding specificity.'” More
recently, Kranjec et al. demonstrated that this residue is critical
for recognition and degradation processes by HPV16 E6 of
MAGI-1 in a full-length context.*' Chemical shift differences
between the free wild-type and a K,,/A mutant indicate that the
K,4|A mutation significantly affects the frequencies of several
residues of the C-terminal extension, particularly those around
Dyos (Figure S3 in the Supporting Information). Because
a direct electrostatic interaction between K,, and the glutamate
peptide at position —3 was observed,'” the strong chemical
shift perturbation of D o4 upon Ky,IA mutation suggests a close
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correlation between C-terminal extension ordering on the core
PDZ surface and the peptide recognition mechanism.

A growing set of experimental observations combining
structural information with data about the dynamics and
thermodynamics of PDZ-containing proteins indicate that the
PDZ scaffold has evolved into a complex allosteric machine
linking the peptide binding event within the core domain to
remote regions of the protein.’ Several experimental and
computational studies have highlighted the role of dynamic
properties of PDZ domains in achieving these allosteric
mechanisms, and networks of dynamically coupled residues
have been identified** ™ The growing number of studies
related to PDZ domains and, more recently, the availability of
data on tandem PDZ domains has led to the recognition that
PDZ flanking regions and linker sequences have functional
roles.%’ Coupling between the flanking region and the core
PDZ domain allows correlations between multiple signaling
pathways to be established, as shown for the PSD-95 protein in
which phosphorylation of a PDZ domain extension modulates
peptide binding affinity.*” Mutagenesis of the short and
conserved linker sequence between the PDZ1 and PDZ2
domains of PSD-95 allowed the role of concerted interdomain
rearrangements in modulating ligand binding affinity to be
defined.* It is expected that interactions between different PDZ
domains belonging to the same protein, and/or interactions
between linker sequences and PDZ domains, will provide a
general mechanism for encoding complex signaling networks
within a single protein.®**°

Complete or partial folding of PDZ flanking regions and
linkers has been observed in a number of cases and represents
the most visible manifestation of these interdomain commu-
nications.” ™3> A theoretical framework has been proposed to
rationalize the role of disorder-to-order transition events in
optimizing allosteric coupling in proteins.>* Our study of the
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thermodynamic and dynamic aspects of HPV16 E6 protein
binding to the PDZ1 domain of MAGI-1 suggests that such
a mechanism has been encoded on the surface of this PDZ
domain by a limited number of conserved residues. Currently,
efforts are underway to assess the effect of the observed disorder-
to-order transition on the binding properties of neighboring PDZ
domains.
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nance; PDB, Protein Data Bank; MAGI, membrane-associated
guanylate kinase with inverted domains; MAGI-1 PDZI, the
second of the six PDZ domains in the sequence of human
MAGI-1 (residues 456—580 of human MAGI-1 (GenBank
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accession no.. AF401656) when referring to the specific
polypeptide used in this study); TCEP, tris(2-carboxyethyl)-
phosphine; 16E6,, an 11-residue peptide derived from the C-
terminal sequence of oncoprotein E6 from HPV 16 (RSSRT-
RRETQL); 16E6,, LylV, the same 11-residue peptide in which
the C-terminal leucine residue is replaced by valine (RSSRT-
RRETQV).
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