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Abstract: The Herpes Simplex Virion Protein 16 (VP16) activates transcription through a series of protein/
protein interactions involving its highly acidic transactivation domain (TAD). The acidic TAD of VP16
(VP16TAD) has been shown to interact with several partner proteins both in vitro and in vivo, and many of
these VP16 partners also bind the acidic TAD of the mammalian tumor suppressor protein p53. For example,
the TADs of VP16 and p53 (p53TAD) both interact directly with the p62/Tfb1 (human/yeast) subunit of
TFIIH, and this interaction correlates with their ability to activate both the initiation and elongation phase
of transcription. In this manuscript, we use NMR spectroscopy, isothermal titration calorimetery (ITC) and
site-directed mutagenesis studies to characterize the interaction between the VP16TAD and Tfb1. We
identify a region within the carboxyl-terminal subdomain of the VP16TAD (VP16C) that has sequence
similarity with p53TAD2 and binds Tfb1 with nanomolar affinity. We determine an NMR structure of a Tfb1/
VP16C complex, which represents the first high-resolution structure of the VP16 TAD in complex with a
target protein. The structure demonstrates that like p53TAD2, VP16C forms a 9-residue a-helix in complex
with Tfb1. Comparison of the VP16/Tfb1and p53/Tfb1 structures clearly demonstrates how the viral activator
VP16C and p53TAD2 shares numerous aspects of binding to Tfb1. Despite the similarities, important
differences are observed between the p53TAD2/Tfb1 and VP16C/Tfb1 complexes, and these differences
demonstrate how selected activators such as p53 depend on phosphorylation events to selectively regulate

transcription.

Introduction

Activators function by stimulating transcription through
protein/protein interactions involving their transactivation do-
main (TAD)."? The current model is that activators function
by recruiting a number of different transcriptional regulatory
factors including nucleosome-remodeling complexes, the media-
tor complex and several general transcription factors (TFIIB,
TBP, TFIIH) to enhance the rate of transcription by affecting
nucleosome assembly/disassembly, preinitiation complex forma-
tion, promoter clearance and/or the rate of elongation.*™”
Originally, transcription activators were classified based on the

" Université de Montréal.
* National Institutes of Health.
(1) Ptashne, M.; Gann, A. A. F. Nguge 1997, 386, 569-5717.
(2) Ptashne, M.; Gann, A. A. F. Natgeg 1990, 346, 329-331.
(3) Prochasson, P.; Neely, K. E.; Hassan, A. H.; Li, B.; Workman, J. L.
2003, 12 (4), 983-990.
(4) Gutierrez, J. L.; Chandy, M.; Carrozza, M. J.; Workman, J. L. ZMBQ
J. 2007, 26 (3), 730-740.
(5) Bryant, G. O.; Ptashne, M. Malalgll 2003, /7, 1301-1309.
(6) Goodrich, J. A.; Hoey, T.; Thut, C. J.; Admon, A.; Tjian, R. Cell
1993, 75, 519-530.
(7) Brown, S. A.; Weirich, C. S.; Newton, E. M.; Kingston, R. E. EMBQ
J. 1998, 17, 3146-3154.
(8) Blau J.; Xiao, H.; McCracken, S.; O’Hare, P.; Greenblatt, J.; Bentley,

D. i, 1996, /6, 2044-2055.
(9) Bentley, D. . 1995. 5. 210-216.

10596 = J. AM. CHEM. SOC. 2008, 730, 10596-10604

presence of specific amino acids within their TAD, and these
included the acidic-rich (aspartic and glutamic acid), the
glutamine-rich, the proline-rich and the serine/threonine-rich
activators.” Given their occurrence in a number of crucial
transcriptional regulatory proteins, the most extensively studied
activators are those that contain acidic TADs and two highly
investigated acidic activators are the human tumor suppressor
protein p53 and the Herpes Simplex Virion (HSV) protein 16
(VP16).'81°

VP16 functions to stimulate transcription of viral immediate
early genes in HSV-infected cells, whereas p53 induces the
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expression of many human target genes whose products regulate
numerous functions, including cell-growth arrest and apop-
tosis.>*! The acidic TADs of VP16 (residues 412—490) and
p53 (residues 1—72) share many similarities related to both their
functions and amino acid composition.'®2%?%% The TAD of
both VP16 and p53 can be divided into two subdomains, and
each subdomain is capable of independently activating tran-
scription when tethered to a DNA-binding domain. In the case
of VP16, the subdomains are referred to as the amino subdomain
(VP16N or VP16415-456) and the carboxyl subdomain (VP16C
or VP16456—490),%2>**2° whereas for p53 they are referred to
as the first TAD (p53TADI1 or p53;-49) and the second TAD
(pS3TAD2 or p5340-72).>” Mutagenesis studies have clearly
demonstrated that the activity of VP16 and p53 depends not
only on acidic residues but also on key hydrophobic and
aromatic amino acids within their respective TADs.?*26-28-33
Importantly, both the p53 and the VP16 TADs have been shown
to interact directly with several of the same target proteins both
in vitro and in vivo, and these targets include the TATA-binding
protein (TBP), the CREB-binding protein (CBP), the general
transcription factor IIB (TFIIB), TBP-associated factor (TAF)
TAF;31 and the p62/Tfb1 (human/yeast) subunit of the general
transcription factor ITH (TFITH).®'3-17-34-39

Given the high percentage of aspartic acid and glutamic acid
residues within their sequences, acidic TADs are generally
thought to be devoid of regular secondary structure elements
in their free state and have been referred to as “acid blobs” or
“negative noodles”.** NMR studies of the TADs of p53 and
VP16 in their free state support this view.*'~** In some cases,
it has been shown that acidic TADs become more ordered when
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bound to their target proteins®'~****° and that the intrinsically

unstructured nature of TADs helps them mediate multiple
protein/protein interactions with different partners.”® Three high-
resolution structures have been determined for complexes
containing one of the two subdomains of the p53TAD: a
pS3TADI/MDM2 complex,*® a pS3TAD2/RPA70 (replication
protein A 70) complex*” and a p53TAD2/Tfbl (Tfbl subunit
of TFITH) complex.*’ In all three complexes, the TAD of p53
adopts a short o-helical conformation in the presence of its
partner protein.

Despite the fact that the VP16TAD has been extensively
studied and utilized as a model activation domain to examine
activation mechanisms and protein interactions in a wide number
of organisms including mammals,”" yeast’ and plants,> there
is currently no high-resolution structure of a protein/protein
complex containing the VP16TAD. Previous NMR studies have
examined the structure of the TAD of VP16 in complex with
the TAF;31,%" the human cofactor protein PC4 and TFIIB.** In
the first study, VP16C (VP16456-490) complexed to TAF31 was
predicted to form an a-helix between residues 472 and 483.%
In the second study, the full-length TAD of VP16 (VP16412-490)
in complex with either PC4 or TFIIB forms two a-helices.*
The first helix was between residues 435 and 450 within VP16N
and the second helix was between residues 465 and 485 in
VP16C. In this study, models of VP16N and VP16C in complex
with either PC4 or TFIIB were proposed based on docking
approaches in combination with NMR chemical shift mapping.
In both studies, high-resolution structures of the complexes were
not obtained.>'** Therefore, the current mechanism by which
the VP16TAD recognizes its target partners at the atomic level
is poorly understood.

It has previously been demonstrated that the TADs of VP16
and p53 directly bind the p62/Tfb1 subunit of TFIIH and that
their binding to TFIIH correlates directly with their ability to
activate both the initiation and elongation phase of transcription.®>*
In this manuscript, we have used Isothermal Titration Calorim-
etry (ITC), NMR spectroscopy and site-directed mutagenesis
experiments to define the molecular basis of the interaction
between the TAD of VP16 and the Tfb1l subunit of TFIIH. We
demonstrated by ITC that VP16C binds to Tfbl with higher
affinity then VP16N. We determined by NMR spectroscopy a
high-resolution structure of a complex between Tfbl and
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VP16C. This structure demonstrates that like p53, VP16C forms
a 9-residue o-helix when bound to Tfb1 and that several residues
within the a-helix make important hydrophobic, cation-7t and
ionic interactions with Tfb1. Structural comparison of the Tfb1/
VP16 complex with our previously published Tfb1/p53 com-
plex* indicates that the two complexes are strikingly similar.
The two structures explain how the TAD of VP16 can mimic
mammalian activators such as p53. In addition, there are
important differences between the Tfb1/p53 and Tfbl/VP16
complexes that help explain how activation domains can
selectively regulate transcription, and these differences appear
to be related to the phosphorylation state of p53. Such detailed
structural information is absolutely essential to our efforts to
design molecules that mimic transcription activators such as p53
and VP16.

Experimental Procedures

Cloning of Recombinant Proteins. Tfbl,_;;5s and related
mutants were constructed as GST-fusion proteins as previously
described.* Dr. Steven Triezenberg generously provided the clones
expressing VP164127456 (VP16N) and VP164567490 (VP16C) as GST-
fusion proteins. Site directed mutagenesis of VP16C and addition
of a tyrosine residue at the carboxyl-terminal position of the VP16N
segment were carried out with the QuickChange II site-directed
mutagenesis kit (Stratagene).

Protein Expression and Purification. Tfb1,_,5 and its mutant
were purified as previously described.*>>> VP16N, VP16C and
VP16C mutants were expressed as GST-fusion protein in Escheri-
chia coli host strain TOPP2 and bound to GSH-resin (General
Electric). The resin bound protein was incubated overnight with
thrombin (Calbiochem). Following cleavage, the supernatant was
purified using a Q-Sepharose High Performance column (General
Electric). Uniformly (>98%) '°N-labeled and '°N/'>C-labeled
proteins were prepared in minimal media containing '>NH,Cl and/
or *Cg-glucose as the sole nitrogen and carbon sources.>”

Isothermal Titration Calorimetry Studies. The ITC titration
experiments were performed as previously described®® in 20 mM
TRIS at pH 7.5. The concentrations of the injected proteins were
determined from Ajgo. All titrations fit the single-binding site
mechanism with 1:1 stoichiometry.

NMR Samples. For the NMR structural studies of the Tfb1;—;,s/
VP16C complex, we used four samples. One sample contained 1.0
mM of >N-Tfbl;_;;5 in 10 mM sodium phosphate (pH 6.5), 1 mM
EDTA and 90% H,0/10% D,0; unlabeled VP16C was added to a
final ratio of 1:1. The second sample consisted of 1.0 mM of N/
13C-Tfbl;_;;5 in 10 mM sodium phosphate (pH 6.5), | mM EDTA
and 90% H,0/10% D,0 to which unlabeled VP16C was added to
a final ratio of 1:1. The third sample contained 1.0 mM of '°N-
VP16C in 10 mM sodium phosphate (pH 6.5), 1 mM EDTA and
90% H,0/10% D,0; unlabeled Tfbl,_;;5 was added to a final ratio
of 1:1. The fourth sample consisted of 1.0 mM of *N/!**C-VP16C
in 10 mM sodium phosphate (pH 6.5), 1 mM EDTA and 90% H,0/
10% D,O to which unlabeled Tfb1;-;;5 was added to a final ratio
of 1:1. For experiments in D,O, samples two and four were
lyophilized and resuspended in 100% D,0.

For the NMR mapping studies of the Ttb1,-,,5/VP16C complex,
we used two samples. One sample contained 0.5 mM of '°N-
Tfbl,-115 in 10 mM sodium phosphate (pH 6.5), 1 mM EDTA and
90% H,0/10% D,0; unlabeled VP16C was added to a final ratio
of 1:1. The second sample consisted of 0.5 mM of '>N- VP16C in
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10 mM sodium phosphate (pH 6.5), 1 mM EDTA and 90% H,O/
10% D->O to which unlabeled Tfbl,-;;5 was added to a final ratio
of 1:1.

NMR Spectroscopy. The NMR experiments were carried out
at 300 K on Varian Unity Inova 500 and 600 MHz spectrometers.
The backbone and aliphatic side chain resonances (‘H, '°N and
'13C) were assigned using a combination of triple resonance
experiments [HNCO, HNCACB, (HB)CBCA(CO)NNH, C(CO)-
NNH, H(CCO)NNH and HCCH-COSY]. Interproton distance
restraints were derived from '’N-edited NOESY-HSQC and '*C-
edited HMQC-NOESY spectra (z,, = 90 ms). The NMR data were
processed with NMRPipe/NMRDraw”’ and analyzed with NMR-
View.>®

Structure Calculations. The NOE-derived distance restraints
were divided into three classes defined as strong (1.8—2.8 A),
medium (1.8—3.4 A) and weak (1.8—5.0 A). Backbone dihedral
angles were derived with the program TALOS.>® Following
exchange in D,O, slow-exchanging amide protons were identified
by recording a 2D 'H—">N HSQC spectrum of Tfb1,_,;5. Hydrogen
bonds were used as distance restraints only for the slowly
exchanging amide protons in elements of secondary structure and
after the initial rounds of calculations had revealed the protein fold.
The structures of VP16C and the PH domain of Tfbl,_;;5 were
calculated using the program CNS, with a combination of torsion
angle and Cartesian dynamics® and starting from two extended
structures with standard geometry. The quality of the structures
was assessed using PROCHECK-NMR®' and MOLMOL.°* All of
the figures representing the structures were generated with the
program PyMol (http://www.pymol.org).

Results

VP16C Binds the PH Domain of Tfbl with Higher Af-
finity than VP16N. We have previously shown by chemical shift
mapping studies that VP16N binds to the amino-terminal PH
domain of Tfbl (Tfbl,-;;5) and that the binding site for VP16N
on Tfbl is virtually identical to the binding site for pS3TAD2
on Tfb1.*> Since both VP16N and VP16C are each capable
of independently activating transcription and VP16C has been
shown to interact with a number of transcriptional regulatory
proteins including TBP, PC4,TFIIB, TAF9 and TAF,31,>*!3363
we investigated whether or not VP16C was also able to interact
with Tfbl. To check this, we determined the dissociation
constants (Kg) for the complexes formed between VP16N and
Tfb1l,-;5 and between VP16C and Tfbl,—;;5 by ITC (Supple-
mentary Figure 1, Supporting Information). By this method,
VP16C bound to Tfbl with an apparent K4 of 360 & 40 nM
and VP16N bound to Tfbl with an apparent K4 of 1000 £ 100
nM (Table 1). These results suggested that both subdomains of
the VP16TAD were capable of interacting with Tfb1, and the
K4 obtained for the Tfb1/VP16C complex is very similar to the
Ky observed between Tfbl and the pS3TAD2 (390 nM).* Our
VP16C binding to Tfb1 (360 nM), as measured by ITC, is higher
affinity than what has been previously reported for VP16C
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Table 1. Comparison of the Ky (nM) Values for the Binding of
VP16 and Tfb11-115 Using ITC

Table 2. Structural Statistics of the Tfb1/VP16C Complex?

Tfbli-115 VP16N 1000 £ 100
Tibli-115 VP16C 360 + 40
Tfb11- 115 VP16C (D472A) 2000 + 300
Ttbli-115 VP16C (F475P) NB“
Tfbli-115 VP16C (F475A) 1000 =+ 200
Tfbli-115 VP16C (F479P) NB
Tfbli-115 VP16C (F479A) 900 £ 100
Ttbli-115 VP16C (M478P) NB“
Ttbli-115 (Q49A) VP16C NB“
Tfbl,-115 (K11E) VP16C 250 £+ 30

“ NB, no binding detected K4 = 100 uM.

Restraints used for the structure calculations

Total number of NOE distances restraints 1568
Short-range (intraresidue) 578
Medium-range (li-jl<4) 640
Long-range 309
Intermolecular 41
Hydrogen bond 36
Number of dihedral angle restraints (¢, 1) 158

Structural statistics
Rms deviations from idealized geometry
Bonds (A)
Angles (deg)
Impropers (deg)
Rms deviations from distance restraints (A)
Rms deviations from dihedral restraints (deg)
Ramachandran statistics (%)”
Residues in most favored regions
Residues in additional allowed regions
Residues in generously allowed regions
Residues in disallowed regions

Coordinate precision
Atomic pairwise rmsd (A)F
Tfb1/VP16C complex
Backbone atoms (C', C*, N)
All heavy atoms
Tfbl alone
Backbone atoms (C', C*, N)
All heavy atoms
VP16C alone
Backbone atoms (C', C%, N)
All heavy atoms

0.0025 4 0.00006
0.3918 4 0.0057
0.2753 +£0.132
0.0215 4 0.0005
0.4438 4 0.0357

82.7
15.8
14
0.2

0.74 £0.16
1.42 £0.19

0.62 £ 0.12
1.31 £0.17

043 £0.23
1.57 £0.37

a °
i ’&J ‘-.'
QE, ‘.‘ ‘ ? Y §o
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Figure 1. VP16C binds to the PH domain of Tfbl. Overlay of the 2D
"H—'>N HSQC spectra for '°N-labeled Tfbl;—;5 in its free form (black),
in the presence of 0.75 equivalent (blue) and 1 equivalent (red) of VP16C.

binding to TFIIB (3 uM), PC4 (14 uM), TAF9 (73 uM) and
humanTAF;31 (100 4uM) but lower affinity then VP16C binding
to yeast TBP (44 nM).>!33:63

VP16C Binds to the Same Region of the PH Domain of
Tfb1 as VP16N. To define the binding site for VP16C on Tfbl,
NMR chemical shift mapping studies were performed. Addition
of VP16C (VP164s56—490) to '°N-labeled Tfbl,—;;s produced
changes in '"H and '"N chemical shifts for several signals of
Tfbl,—1;5 in the 2D "H—'N HSQC spectra (Figure 1). The
residues displaying significant chemical-shift changes (Ad >
0.1 ppm; AS = [(0.17ANgn)* + (AHN)?]"?) are clustered on a
positively charged surface that includes strands 5, 86 and 57
of the PH domain when mapped onto the NMR solution
structures of free Tfbl (Supplementary Figure 2, Supporting
Information). The VP16C binding site on Tfbl is virtually
identical to the binding sites for VP16N.>* This result indicates
that VP16C and VP16N share a common binding site on Tfbl
and this binding site is virtually identical to the binding site for
pS3TAD2.

Structure Determination of the Tfb1/VP16C Complex. Given
the similar affinity of VP16C for Tfbl,-;;s and that VP16C
shares a common binding site on Tfbl with pS3TAD2, we
pursued NMR structural studies of a complex containing
Tfbl,-115 and VP16C. The NMR structure of a Tfb1/VP16C
complex would not only provides us with the first high-
resolution structure of the TAD of VP16 bound to a target
protein, but it would allows us to make direct structural

“The 20 conformers with the lowest energy

were selected for

statistical analysis. Due to the absence of medium-range, long-range,
and intermolecular NOEs involving residues 456—468 and 483—490 of
VP16C, these amino acids were not included in the structure
calculations. ®Based on PROCHECK-NMR analysis. ©Only residues
4—64 and 85—112 of Tfbl and residues 470—482 of VP16C were used
for rmsd calculations. Residues at the N-terminus (1—3), at the
C-terminal (113—115) and in the flexible loop (65—84) of Tfbl, as well
as residues at the N-terminus (456—468) and at the C-terminus
(484—490) of VP16C, were not included in the calculation.

comparison between the TADs of p53 and VP16 bound to an
identical target (Tfbl in this case).*’

The three-dimensional structure of the Tfbl;—115/VP16C
complex was calculated using 1568 NOE-derived distance
restraints, 36 hydrogen-bond restraints and 158 dihedral angle
restraints. A total of 109 structures were calculated, and 100 of
them satisfied the experimental constraints with no NOE
violation greater than 0.2 A and no backbone dihedral angle
violation greater than 2° (Table 2). The structure of the
Ttb1,-115/VP16C complex is well defined by the NMR data
(Figure 2). The 20 lowest-energy structures are characterized
by good backbone geometry, no significant restraint violation
and low pairwise rmsd values (Figure 2A and Table 2).

Structure of Tfbl and VP16C in the Tfb1/VP16C Com-
plex. The structure of Tfbl in the Tfb1/VP16 complex is very
similar to what was seen for the free form>> and for the Tfb1/
p53 complex.*” Tfbl contains a PH fold, which consists of two
perpendicular antiparallel S-sheets arranged in a -sandwich and
flanked on one side by a long a-helix (Figure 2). This indicates
that Tfbl does not undergo any significant structural change
between the free and the VP16C-bound forms.

The free VP16C is very flexible in solution and it does
not appear to possess any regular elements of secondary struc-
ture.*"#3#!*3 Binding of VP16C to targets such as TAF31,
TFIIB and PC4 induces formation of an a-helical structure
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Figure 2. Structure of the Tfb1/VP16C complex. (A) Overlay of the 20
lowest-energy structures of the complex between Tfbl;—;;5 (green) and
VP16C (red). The structures were superimposed using the backbone atoms
C’, C* and N of residues 4—65 and 85—112 of Tfbl and residues 470—482
of VP16C. (B) Ribbon representation of the lowest-energy structure of the
Tfbli-115 /VP16C complex.

within VP16C.>"** In the case of TAF31, the a helix is located
between residues 472 and 483, whereas with TFIIB and PC4
the a-helix is located between residues 465 and 485.%"*3 These
helices were inferred from NMR studies based on NOE
intensities. In the Tfb1/VP16C complex, chemical shift mapping
studies demonstrate that addition of unlabeled Tfbl to '"N-
labeled VP16C induced changes in the 'H and '°N chemical
shifts of several signals in the 2D "H—'°N HSQC spectra of
VP16C (Supplementary Figure 3, Supporting Information). As
was observed for p53 in complex with Tfb1,** VP16C forms a
short 9-residue o-helix between residues 472 and 480 (Figure
2B). Except for this 9-residue helix and a few flanking amino
acids, VP16C is largely unstructured in complex with Tfb1.
Important Interactions at the Interface of the Tfb1/VP16C
Complex. The binding interface of the Tfb1/VP16C complex
comprises strands 35, 6 and 7 and the loop connecting 35
and 36 of Tfb1 and the 9-residue a-helix of VP16C (Asp*’*—
Thr**%). The VP16C helix is amphipathic and its hydrophobic
face interacts with Tfbl. Three hydrophobic residues (Phe*’,
Met*’® and Phe*’®) within the VP16C helix contribute a series
of crucial contacts with Tfbl(Figure 3A). The aromatic side
chain of Phe*”® and Phe*”” fill two adjacent shallow pockets on
the surface of Tfbl, where they form a complex network of
interactions with GIn*’, Met>, Arg®' and Met®® of Tfb1 (Figure
3). The aromatic ring of Phe*’” is positioned to form a cation-7z
interaction with Arg®" and a sulfur-sr interaction with Met®® on

(64) Gallivan, J. P.; Dougherty, D. A. _ 1999,

96 (17), 9459-9464.
(65) Reid, K. S. C.; Lindley, P. F.; Thornton, J. M. Lklaakgd 1985, 190
(2), 209-213.
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Figure 3. Structural details of the Tfbl;-1;5/VP16C interface. (A) 3D
structure of Tfbl is shown as a ribbon within the transparent molecular
surface (green), and the helix of VP16C is represented as a ribbon (red).
(B—D) Backbone of Tfbl and VP16C are shown as ribbons (green and
red, respectively). (B) Phe*’ of VP16C forms cation-7 and sulfur-z
interactions with Arg®' and Met®® of Tfbl, respectively. (C) Phe*’® of
VP16C forms cation-sr, amino-aromatic and sulfur-s7 interactions with Arg“,
GIn*® and Met®® of Tfbl, respectively. (D) Arg®' of Tfbl forms an ionic
interaction with Glu*’® of VP16C.

Tfbl (Figure 3B).**%° In a similar manner to what was seen
with Phe>* of p53 in the p53/Tfbl complex, Phe*”® of VP16C
binds in a pocket formed by GIn*’, Ala>°, Thr’!, Met®®, Leu®
and Arg®' of Tfbl (Figure 3B—C). In this pocket, the aromatic
ring of Phe*”? is positioned to participate in an amino-aromatic
interaction with GIn*’, a sulfur-sr interaction with Met>® and a
cation-7r interaction with Arg®' of Tfbl (Figure 3C).%*°¢ The
third important hydrophobic residue in VP16C is Met*’®. Met*’®
is inserted in a narrow cleft on the surface of Tfbl formed by
Lys®” and Met®®, where it makes van der Waals contacts with
the side chains of Lys’” and Met™ of Tfbl. Like the p53 binding
site,*” the VP16C binding site on Tfbl is characterized by a
positively charged surface formed by Lys*’, Arg®!, and Arg®®
that helps to position the negatively charged VP16C. In addition,
one specific ionic interaction is observed involving Glu*’® of
VP16C and Argm of Tfbl (dne—0e = 2.1 A in the minimized
average structure) (Figure 3D).

ITC and Mutational Studies of the Interaction between
VP16C and Tfbl. In earlier studies, we demonstrated via ITC
and mutational analysis that GIn*® on Tfb1 makes key contribu-
tions to the binding of Tfbl to p53.*’ In our Tfb1/VP16C
structure, GIn*° is positioned to make crucial interactions with
Phe*” of VPI6C, and it is a key member of a complex
interaction network on the surface of Tfbl. Therefore, we were
interested in determining if mutation of GIn*® to alanine
[Tfb1(Q49A)] would significantly alter the binding of Tfbl to
VP16C, as was observed for Tfbl binding to pS3TAD2. This
mutant was selected because it is positioned on the surface of
Tfbl and we have previously demonstrated that this mutation
does not significantly alter the structure of the PH domain of
Tfb1.* ITC experiments of VP16C with Tfb1(Q49A) demon-
strated that GIn*® is important for the formation of the Tfbl/
VP16C complex as we were unable to detect binding for this

(66) Burley, S. K.; Petsko, G. A. ShaBSahgt 1986, 203, 139-143.
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mutant (Table 1). This dramatic effect of the Q49A mutation
on the binding of Tfbl to VP16C is identical to what was
observed with the Tfb1/p53 complex.

To assess the contribution of residues in the VP16C helix to
Tfbl binding, we performed site-directed mutagenesis at the
three hydrophobic positions that make important contributions
to the Tfb1/VP16C interface and we examined the binding
of Tfb1 to the VP16C mutants by ITC (Table 1). In this assay,
we were unable to detect binding to the VP16C(F475P),
VP16C(M478P) and VP16C(F479P) mutants and these results
indicate that these three VP16C mutants have Kq's = 100 uM
(Table 1). This is consistent with the fact that proline would
significantly impair formation of the helix in VP16C. Replacing
either Phe*”” or Phe*”® by alanine had a less dramatic effect.”*%*
As measured by the ITC method, VP16C(F475A) bound to Ttb1
with an apparent K4 of 1000 £ 200 nM and VP16C (F479A)
bound to Tfbl with an apparent K4 of 900 + 100 nM (Table
1). These results are in agreement with our structural studies
indicating that these three hydrophobic residues are important
for formation of the interface between Tfbl and VPI16. In
addition, these results are consistent with the fact that
VP16C(F475P) and VP16C(F479P) are almost completely
devoid of transcriptional activation activity whereas VP16C(F475A)
and VP16C(F479A) retain approximately 20—25% of their
transcriptional activity.®

Previously, we have shown that binding of pS3TAD?2 to Tfb1/
p62 is significantly enhanced by diphosphorylation of p53 at
both Ser*® and Thr>® and that the enhanced binding of each
phosphorylation was additive.** Mutational analysis in combina-
tion with the structure of the Tfb1/p53 complex indicated that
the increase in binding due to phosphorylation of Ser*® is the
result of an ionic interaction with Lys'' of Tfbl, whereas the
increase in binding due to phosphorylation of Thr> is the result
of an ionic interaction with Arg®' of Tfb1.*? Thr*® of p53 aligns
with Thr**® in VP16 so this residue is conserved between p53
and VP16 (Figure 4A). In contrast, Ser*® of p53 aligns with
Ala*”! of VP16C, thus the interaction between phosphorylated
Ser*® of p53 and Lys'' of Tfb1 does not appear to be conserved
in the Tfb1/VP16 complex (Figure 4A). Interestingly, Asp*’?
is the residue adjacent to Ala*’! in VP16C, and in a subset of
our NMR structures of the Tfb1/VP16C complex it appears that
this Asp*’®> could form an ionic interaction with Lys''.
Therefore, this interaction would be somewhat analogous to the
interaction observed with the phosphorylated Ser*® in p53. To
determine if an ionic interaction between Lys'' of Tfbl and
Asp*”? of VP16C is contributing to the binding of VP16C to
Tfb1, we mutated Asp*’* of VP16C to alanine [VP16C(D472A)]
and we mutated Lys'' of Tfbl to glutamic acid [Tfb1(K11E)].
ITC experiments of Tfbl with VP16C(D472A) demonstrated
that Asp*’? is important for the formation of the Tfb1/VP16C
complex as this mutant decreased binding by a factor of ~ 5
when compared to the wild-type VP16C (Table 1). Surprisingly,
ITC experiments with VP16C and the Tfbl(K11E) mutant
demonstrated that Tfb1(K11E) actually had a slightly higher
affinity for VP16C then wild-type Tfb1(Table 1). These results
indicate that Lys'' of Tfbl does not make a significant
contribution to VP16C binding and that there is no apparent
ionic interaction between Asp*’? of VP16C and Lys'"' of Tfbl.
The role of the negatively charged Asp*’* in the first position
of the helix of VP16C in the Tfb1/VP16C complex may be for
the stabilization of the o-helix through interaction with the helix

A p53TAD2
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Figure 4. Comparison of VP16C and p53TAD2 in complex with Tfbl.
(A) Sequences of human pS3TAD2 and Herpes Simplex Virus VP16C are
aligned based on the 9-residue a helix with residue numbering and secondary
structure elements represented above each protein sequences. An asterisk
below a residue indicates that the amino acids show intermolecular NOE(s)
with Tfbl in its respective complex. (B—C) Overlay of residues 45—57 of
the pS3TAD2 (in orange) and residues 469—482 of VP16C (in red). (B)
The three hydrophobic residues from the helix of VP16C (Phe*”*, Phe*”’
and Met*’®) at the complex interface are aligned with the three hydrophobic
amino acids from the helix of pS3TAD2 (Ile*’, Phe®* and Trp>®) at the
complex interface. (C) Glu*’® and Thr*** of VP16C and Glu®' and Thr>
of p53 are in similar positions in the two structures. In contrast, Asp*’? of
VP16C and Ser*® of pS3TAD2 are positioned on different faces of the
helices.

dipole.®”® This is supported by experiments with model
peptides that have shown that aspartic acid at the first position
of a helix stabilizes the helix.®®"°

Comparison of the Structures of the Tfb1/VP16C and
Ttb1/p53 TAD2 Complexes. The TADs of VP16 and p53 share
several common binding partners, and the residues of p53 TAD2
that form the Tfbl interface display sequence homology with
VP16C (Figure 4A). Thus, one would anticipate that the Tfbl1/
pS3TAD2 and Tfb1/VP16C complexes would display many
common features, and this is in fact the case. First, the structure
of the PH domain of Tfbl is essentially unchanged in the two
complexes. In addition, one observes the formation of a
9-residue o-helix in the TAD of both p53 and VP16C upon
complex formation with Tfbl. The VP16C and p53TAD2
helices both possess a face that contains three hydrophobic
amino acid residues that are essential for binding to Tfbl.
Superposition of the hydrophobic residues from pS3TAD2 and
VP16C, clearly demonstrates that they are located in similar
positions on the o helices in the two complexes (Figure 4B).
The hydrophobic residues also formed similar types of interac-
tions with Tfb1 in the two complexes even though these residues

(67) Wada, A. sanitianing. 1976, 9, 1-63.

(68) Hol, W. G. L.; Duijnen, P. T. v.; Berendsen, H. J. C. Ngue 1978,
273, 443-446.

(69) Huyghues-Despointes, B. M. P.; Scholtz, J. M.; Baldwin, R. L. Rrotein
Sci. 1993, 2 (10), 1604-1611.

(70) Scholtz, J. M.; Qian, H.; Robbins, V. H.; Baldwin, R. L. sl
1993, 32 (37), 9668-9676.
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are not strictly conserved. VP16C is clearly mimicking pS3TAD2
in making several types of contacts with Tfbl such as
hydrophobic, amino—aromatic, cation—s interactions and sul-
fur—u interactions (Figure 4B). In addition, the ionic interaction
involving Glu*’® of VP16C with Arg®' of Tfbl in the Tfbl/
VP16 complex directly mimics the interaction between Glu®’
of p53 and Arg®" of Tfb1 (Figure 4C). Despite the similarities
between the Tfb1/p53 and Tfb1/VP16C complexes, there are
some important differences that occur at the amino-terminal end
of the helices. In the case of p53, there is a proline residue in
the first position of the helix (Pro*’) that is preceded by a serine
residue (Ser*®). Ser*® of p53 has been shown to be phospho-
rylated in vivo by the p38 mitogen activated protein kinase
(MAPK) and the homeodomain interacting protein kinase
(HIPK),”" and we have previously demonstrated that phospho-
rylation of Ser*® increases the binding affinity of pS3TAD?2 to
Tfb1/p62 in vitro. In VP16C, there is an aspartic acid residue
in the first position of the helix (Asp*’?). Our initial assumption
was that Asp*’? of VP16 was serving a similar function as the
phosphorylated Ser*® in p53. However, mutational analysis
clearly demonstrated this is not the case. In addition, it is clear
that Ser*® of p53 and Asp*’> of VP16 are oriented very
differently with respect to each other (Figure 4C). The different
orientations would preclude them from participating in similar
interactions with Tfbl. As we proposed earlier, Asp*’> may
stabilize the VP16 helix through interactions with the helix
dipole and thereby stabilize its complex with Tfb1. In contrast,
the phosphorylated Ser*® of p53 forms an ionic interaction with
Tfb1/p62 that is dependent on a signaling pathway involving
either MAPK or HIPK."'

Discussion

In this manuscript, we have examined the interaction of the
Tfbl subunit of TFIIH with the TAD of VP16 at the atomic
level. We demonstrate that the VP16C subdomain within the
VP16TAD binds with higher affinity to the PH domain of Tfbl
then does VP16N. NMR structural studies demonstrate that
VP16C is disordered in the free state, and forms a 9-residue
a-helix involving residues Asp*’? to Thr*® in complex with
Tfbl. The high-resolution structure of the Tfb1/VP16C complex
demonstrates that the VP16C helix contains three hydrophobic
residues (Phe*”®, Met*’® and Phe*’”) that make several crucial
contacts with Tfbl via cation—usr, sulfur—sm, amino—aromatic
and hydrophobic interactions. In addition, two acidic residues
(Asp*”? and Glu*’®) in the VP16C helix also contribute
significantly to the stability of the complex. Glu*’® of VP16C
forms an ionic interaction with Arg®' of Tfbl, whereas Asp*’?
likely stabilizes the helix dipole of VP16C. The structure and
interactions of the VP16C helix in the Tfb1/VP16C complex
are remarkably similar to what we previously observed for the
9-residue helix of pS3 in our NMR structure of a Tfb1/p5S3TAD2
complex. It is clear that VP16 mimics p53 in many interactions
with Tfb1.*® Despite the remarkable similarities between the
Tfb1/p5S3TAD2 complex and the Tfb1/VP16C complex, there
are some important differences. The differences between
the two complexes are at the amino-terminal end of the
respective o-helices in VP16C and p53TAD2. For p53, phos-
phorylation of Ser® significantly enhances binding of the
pS3TAD?2 to Tfb1/p62 through formation of an ionic interaction
with Lys'' in a loop between 1 and 32 of the PH domain of
Ttb1. In the case of VP16, there is no equivalent phosphorylation

(71) Bode, A. M.; Dong, Z. IS 2004, 4 (10), 793-805.
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site present in the sequence, and the closest acidic residue in
VP16C (Asp*’?) that could mimic the phosphoserine of p53 does
not interact with Lys'' of Tfbl.

The Tfb1/VP16C structure supports many of the previous
mutagenesis studies examining the role of VP16C in VP16-
dependent activation.®?*3!-33-34.63.72 These studies demonstrated
that mutating the three hydrophobic residues (Phe*”>, Met*’®
and Phe*’®) in the VP16C helix to proline almost completely
eliminates VP16 activation of target genes but that mutation of
these residues to alanine or other hydrophobic residues such as
leucine has a significanltly less dramatic effect on activity. Based
on the Tfb1/VP16 complex structure, it is evident that mutation
of these three hydrophobic residues to proline should signifi-
cantly alter the interaction of VP16 with Tfbl by disrupting
formation of the o-helix, and the results from our ITC
experiments confirm this. In addition, the F475A and F479A
mutants decrease the binding of VP16C to Tfbl by only 2.8-
fold and 2.5-fold respectively and the decrease in binding
observed with these two mutations is consistent with the fact
that these mutants retain 25% of their activity in vivo.”” It is
also similar to what has been previously observed with TBP
where the F475A mutant decreased VP16C binding to TBP by
2.3-fold and the F479A mutant decreased VP16C binding to
TBP by 2.7-fold.”* Given the fact that alanine is a common
amino acid in a helices, it appears that the F475A and F479A
mutants do not disrupt formation of the helix in VP16C and
this leads to a much smaller effect on VP16C binding to Tfbl
and transcriptional activity then the proline mutants. In compar-
ing VP16C/Tfbl complex with the pS3TAD2/Tfbl complex,
Phe*”® of VP16C occupies the same position in the helix as
Tle®® of p53. Phe*’® forms a cation-r interaction with Arg®" and
a sulfur-77 interaction with Met®® on Tfb1 (Figure 3B) and Ile’ 0
forms van der Waals interactions with Met> and Met®® of
Tfb1.* In the case of VP16C (F475A), the methyl group of
alanine could position itself in a similar manner as one of the
methyl groups of Ile®® and participate in van der Waals
interactions with Tfb1. This would partially compensate for the
interactions lost with the aromatic ring of Phe*’* and this would
explain why only a small decrease in binding is observed with
the VP16C (F475A) mutant. A similar argument could be used
to explain why the F475L mutant of VP16C has similar activity
as wild-type VP16C in vivo.”* Likewise, Phe*”® occupies the
same position in the helix as Phe™ of p53. These two residues
are identical and their side chain fills a shallow pocket formed
by GIn*, Ala*°, Thr'!', Met,>® Leu®® and Arg61 of Tfbl.
Specifically, the aromatic ring participates in cation-sr interac-
tions with Arg®' and amino-aromatic interactions with GIn*’
of Tfbl in both complexes. It is clear that the alanine mutant
cannot participate in similar interactions with Tfb1 but it could
participate in van der Waals interactions with Al2>°, Thr’', Met™
or Leu® of Tfbl. The van der Waals interactions would partially
compensate for the interactions observed with the aromatic ring.
Again as suggested for Phe*’>, a series of van der Waals
interactions would explain why the VP16C (F479L) mutant has
similar activity to the wild-type VP16C.”>

The structure of the Tfb1/VP16 structure also indicates that
Phe*’® within VP16C does not play a critical role in the
formation of the interface with Tfb1l (Figure 3A). Mutagenesis
studies indicate that although Phe*’? is important for transcrip-
tional activation by VP16C, equivalent substitutions at Phe*”

(72) Nedialkov, Y. A.; Shooltz, D. D.; Triezenberg, S. J. Methods Enzymol.
2003, 370 (RNA Polymerases and Associated Factors, Part C), 522—
535.



NMR Structure of the Tfb1/VP16 Complex

ARTICLES

and Phe*”® have more pronounced effects.”*®* Based on the
structure of the Tfb1/VP16 complex, it appears that Phe*’* plays
a secondary role by stabilizing the formation of the helix or
that it is important for other interactions during the transcription
process. This is supported by the fact that mutation of Phe*”?
to proline completely abolishes transcriptional activity whereas
mutation of Phe*’? to alanine has very little effect.”> These
results are consistent with the fact that the proline mutation
would block formation of the helix and the alanine mutation
would allow for formation of the helix.

In addition to hydrophobic residues, mutational analysis
indicates that acidic residues are important for VP16C-dependent
activation albeit less critical then hydrophobic residues.”***%3
The structure of the complex indicates that many of the acidic
residues of VP16C probably play a more general role by
contributing to binding through a nonspecific electrostatic effect
with the basic binding site on Tfbl. This is consistent with
mutagenesis studies indicating that for several cases multiple
acidic residues must be mutated before one observes a decrease
in VP16C-dependent activation.”” Our structure of the complex
does demonstrate that there is one crucial ionic interaction
involving Glu*’® of VP16C and this is consistent with the fact
that mutation of Glu*’® to alanine results in a 55% decrease in
VP16C activity in a yeast-based transcriptional activation
assay.®® The role of Asp*’? is more complex. Our results indicate
that Asp*’? of VP16C plays a crucial role in binding to Tfbl
although no direct ionic interaction is formed. In our NMR
studies, we observe significant chemical shift changes in Asp*’*
indicating that it is near the interface in the VP16C/Tfbl
complex. Similar chemical shift changes for Asp*’? have been
observed in previous NMR studies examining VP16C binding
to TFIIB, PC4 and humanTAF;31.3"*3 In addition, our ITC
studies clearly demonstrate that alanine substitution at Asp*’?
significantly reduces VP16C binding to Tfb1. We attribute this
to the fact that Asp*’? is stabilizing the formation of the helix
through interactions with the dipole moment. However, previous
studies indicate that the D472A mutation does not alter the
transactivation capacity of VP16C.>* There are several possible
explanations for this observation including the possibility that
the D472A mutation is having a stabilizing effect on VP16C
turnover and this helps compensate for the loss in binding
activity. However, additional studies are required to understand
more clearly the role of Asp*’* in VP16C binding to Tfbl.

It is interesting to compare our Tfb1/VP16C NMR structure
with the results of other NMR studies examining the interactions
of the VP16TAD with partner proteins. Two other studies have
used NMR spectroscopy to examine the interactions of the
VP16TAD with target proteins.>'~** The first study examined
binding between VP16C and TAF,31.*' This study predicted
that a 12-residue helix formed between Asp*’? and Leu*®? in
VP16C when in complex with TAF31. The second study®
examined interactions between the full VP16TAD and TFIIB
and PC4. In the second study, a 21-residue helix was predicted
to form between Pro*®> and Ile*®> of VP16C when in complex
with either TFIIB or PC4. As was seen in our Tfbl/VP16C
complex, each of these studies provided strong NMR experi-
mental evidence for the formation of an a-helix in VP16C upon
complex formation with the partner proteins. In both studies,
the residues predicted to form the helix overlap with the VP16C
residues that interact with Tfb1 in our Tfb1/VP16C complex.
Consistent with our results, mutational analysis of VP16C
indicated that Phe*’® was extremely crucial for the interaction
with TAF;31, TFIIB and PC4.3!'*® The difference between our

results and results from previous studies is that the helix in the
Tfb1/VP16C complex is slightly shorter then the helices from
the three other complexes. Together, this suggests that VP16C
might use similar interactions when binding to TAF,31, TFIIB
and PC4 and that a binding pocket for Phe*”” is clearly a crucial
determinant for interaction with VP16C.

The comparison of the Tfb1/p53 and Tfb1/VP16 structures
is an important step toward developing a better understanding
for acidic TADs binding to target proteins and in particular
acidic TADs binding to the Tfb1/p62 subunit of TFIIH. Such
detailed structural information is absolutely essential to our
efforts to design molecules that mimic transcription activators
such as p53 and VP16. For example, it is now clear that the
VP16C interacting helix aligns much better with the pS3TAD2
helix as opposed to pS3TADI helix as earlier reports suggest-
ed.*'*? Based on the structures of the two Tfbl complexes, it
is now possible to develop several simple rules that would begin
to describe the requirements for a 9-residue helix binding to
Tfb1/p62 subunit of TFIIH. The rules would start with position
3 through 9 in the a-helix and these 7 positions make a
significant number of interactions found at the complex interface.
The simplified sequence for position 3 through 9 would be
D/EDPEQ® DT, where @ is a hydrophobic residue with a slight
preference for phenylalanine. Although the glutamine at position
6 is conserved between VP16 and p53, it does not contribute
significantly to the interaction surface. Therefore this residue
may not be strictly conserved in other acidic TADs that bind to
p62/Tfbl. The threonine at position 9 (Thr’> in p53 and Thr**°
in VP16C) does not contribute significantly to binding in the
case of p53 unless it is phosphorylated. To date there is no
evidence that Thr*® of VP16 is phosphorylated, but it would
be in position to make similar contributions as the phosphory-
lated Thr>® does in the p53/p62 and p53/Tfbl complexes (Figure
4C). The requirements for the first two positions of the helix
are not well defined by the two structures. Not surprisingly,
the Tfb1/p62 subunit has been shown to interact with a number
of additional transcriptional activators that contain acidic TADs,
including the p65 subunit of NF«B,” E2F1,”* EBNA27>7°¢ and
CIITA.”” In each case, the TAD within the proteins contains a
number of hydrophobic amino acids in addition to being highly
acidic and therefore these domains are likely binding sites for
p62/Tfbl. Structures of Tfb1/p62 in complex with other acidic
TADs are needed to better define the requirements for the nine-
residue helix.

The structure of the Tfb1/VP16C complex is the first high-
resolution structure of the TAD of VP16 in a protein/protein
complex. The structure sheds light on the role of the general
transcription machinery in VP16 transcriptional activation. The
structure of the Tfb1/VP16C complex in combination with our
previous NMR structure of the Tfb1/p53 complex*® enables us
to make a detailed comparison between a mammalian activator
(p53) and a viral activator (VP16) on a common member of
the general transcription machinery (Tfb1l). Our results clearly
demonstrate how the viral activator VP16 is very similar to the
mammalian activator p53 when in complex with Tfbl. In
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addition, the structures of the Tfb1/VP16 and Tfb1/p53 com-
plexes demonstrate how simple changes in the sequence could
alter the requirement for post-translational events such as
phosphorylation. It is interesting to point out that most of the
acidic TADs studied to date are intrinsically unstructured in
the free state, but form a-helices in complex with their target
proteins as is seen with p53 and VP16 in complex with
Tfb1.31:3341-43.49.78 Thig observation, in combination with the
fact that phosphorylation events often take place in unstructured
regions of proteins,’® suggests that phosphorylation events within
acidic TADs can play an important role in regulating their
interactions with partner proteins. Future structural studies with
other mammalian and viral activators bound to Tfb1/p62 are
needed to better understand this form of regulation in the case
of TFIIH. In addition, more detailed structure—function studies
are needed to further refine the precise requirements for acidic
TADs binding to Tfb1/p62 and other target proteins.

Coordinates. The atomic coordinates of the Tfb1/VP16C
complex have been deposited in the Protein Data Bank,
www.rcsb.org (2k2u).
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Supporting Information Available: Supplementary Figure 1
shows the full ITC curve for the binding of VP16C to Tfbl.
Supplementary Figure 2 shows those residues of Tfb1,-j5 that
undergo significant chemical shift changes in 2D 'H—'°N
spectra upon addition of 1 equivalent of VP16C. Supplementary
Figure 3 shows a superposition of 2D "H—""N spectra of '*N-
labeled VP16C free and after addition of varying amounts of
Tfbl,-115. Complete ref 15. This material is available free of
charge via the Internet at http://pubs.acs.org.
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