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ABSTRACT: Transcription elongation is regulated by the cellular protein Hexim1, which inhibits phosphory-
lation of RNA polymerase II by interacting with the positive transcription elongation factor P-TEFb. Hexim1
binds directly to Cyclin T1 of P-TEFb with its coiled coil domain that is subdivided into a highly polar N-
terminal segment containing nonconservative residues in the dimer interface and a C-terminal segment with
an evolutionarily conserved sequence composition. Here we show that the noncanonical sequence composi-
tion of the first coiled coil segment is required for the interaction with Cyclin T1 while the second segment
keeps the Cyclin T-binding domain dimeric upon binding. Both coiled coil segments exhibit distinct melting
points as shown by heat denaturation experiments using circular dichroism spectroscopy. Deletion of the
central stammer motif (A316—318) leads to a single denaturation reaction, suggesting formation of a
continuous coiled coil. Mutation of noncanonical coiled coil residues K284 and Y291 to valines in the dimer
interface of the first segment only slightly increases its stability. Concomitantly, deletion of the stammer but
not the double point mutation led to a reduced affinity for Cyclin T1 as shown by isothermal titration
calorimetry. Moreover, Cyclin T1 bound Heximl with a 1:2 stoichiometry, whereas truncation of the
C-terminal coiled coil led to formation of an equimolar complex. These observations suggest that binding to
Cyclin T1 induces an asymmetry or sterical hindrance in the first coiled coil segment of dimeric Hexim1 that
disallows formation of a 2:2 complex as further supported by analytical ultracentrifugation and cross-linking

experiments.

Transcription elongation is a critical step in gene expression
and tightly regulated in eukaryotic cells (/). After transcription
initiation, the production of nascent mRNA transcripts by RNA
polymerase (pol) II requires phosphorylation of its carboxy-
terminal domain (CTD).! Phosphorylation of serines in the
multiple heptad repeats of the RNA pol II CTD releases the
negative regulators and allows assembly of elongation factors
with the mRNA processing machinery and chromatin remodel-
ing factors (2). The specific hyperphosphorylation at position
serine 2 of the CTD is mediated by cyclin-dependent kinase 9
(Cdk9) that together with a T-type cyclin (either Cyclin T1, T2, or K)
forms the positive transcription elongation factor P-TEFb (3, 4).
In addition, P-TEFb phosphorylates the elongation repressor
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DRB sensitivity inducing factor (DSIF) and the negative elonga-
tion factor (NELF) for the activation of RNA pol I (5, 6). While
the active form of P-TEFD consists of two subunits, Cdk9 and
CycTl, P-TEFb itself is tightly regulated and kept in an inactive
state by the cellular protein Hexim (either Hexim! or Hexim?2)
and a complex composed of the small nuclear 7SK RNA and
its stabilizing factor Larp7 (7—11). Hexim directly binds by
its central basic region to the 5 hairpin loop of the 7SK
RNA (12—15). Activation of P-TEFD in turn is achieved by
bromodomain-containing protein 4 (Brd4) by a yet unknown
mechanism (/16—19).

The C-terminal Cyclin T-binding domain (TBD) of Heximl
was shown to bind to the cyclin box domain of Cyclin T1 and to
be required for inhibition of Cdk9 kinase activity in P-TEFb
(20, 21). Structural analysis revealed that the 12.5 kDa Hexim1-
TBD protein forms a parallel dimeric coiled coil domain with an
adjacent N-terminal short helix, connecting two chains of the
42 kDa Heximl protein to one functional unit (22). This coiled
coil region is subdivided into a highly polar N-terminal segment
that contains nonconservative residues in the dimer interface and
a C-terminal segment that matches well the canonical sequence
composition of a parallel coiled coil dimer. Left-handed coiled
coil structures are characterized by a repeating pattern of seven
residues, denoted (abcdefg),. Residues at positions a and d are
typically nonpolar and form the oligomerization interface of the
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F1GURE 1: Structures of Cyclin T1 and Hexim1 interaction domains and schematic representation of protein constructs used in this study.
(A) Solution structure of the dimeric Cyclin T-binding domain (residues 255—359) of human Hexim1 [Protein Data Bank entry 2GD7 (22)].
Residues K284 and Y291 positioned in the coiled coil interface are highlighted. The GGD stammer motif between both coiled coil segments is
indicated. (B) Crystal structure of the cyclin box repeat domain (residues 1 —272) of human Cyclin T1 [Protein Data Bank entry 2PK2 (29)]. N-and
C-terminal helices that contribute considerably to the specificity of cyclins are colored blue and green, respectively. Both structures are drawn to
scale. (C) Display of Hexim 1 protein constructs used in this study. Besides the full-length protein, N- and C-terminal truncation mutants TBD and
TBD-short were generated. TBD-Astammer represents a deletion mutant of three residues (A316—318) that results in the formation of a
continuous coiled coil structure. TBD-VV indicates the K284V/Y291V double point mutation at two successive a positions of the heptad repeats.

Secondary structure elements are marked ol —a3.

helices, whereas residues at positions e and g are largely solvent-
exposed, polar residues that guide the oligomerization specificity
in the assembly of the periodic heptads through electrostatic
interactions (23, 24). Coiled coil structures typically range from
monomeric to pentameric assemblies with a parallel or antipar-
allel orientation of the intertwined helices.

The canonical heptad repeats in the N- and C-terminal coiled
coil segments of the Hexim1-TBD protein are interrupted by a
sequence of 10 amino acids leading to a disruption of the helices
(Figure 1A). While the first four residues (SKRL, positions
312—315) of this linker match the abed consensus sequence for
dimeric coiled coil sequences, the following central residues
(GGD, positions 316—318) form an insert of three residues that
interrupt the course of the intertwined helices. This so-called
“stammer” typically leads to an overwinding of the supercoil (25),
which was indeed observed in the Hexim1-TBD structure (22).
The following three residues (DAR, positions 319—321) of this
insert again correspond to the efg consensus requirements. The
small size of the two inserted glycines in the stammer region
contributes further to an increased flexibility between the two
coiled coil segments. In addition, two highly conserved lysine and
tyrosine residues at the core-forming a positions of the first two
heptad repeats (K284 and Y291) vary from the ideal consensus
sequence of a stable, dimeric coiled coil (23, 26).

Recent structural analyses revealed the molecular basis of
P-TEFb and Heximl proteins (27, 22), but the mechanism of
kinase inhibition by the cellular regulator remains elusive. Here
we show that the flexibility of the first coiled coil segment in
Heximl is required for its interaction with CycT1, while the
C-terminal coiled coil segment keeps the Hexim1 protein dimeric.
Deletion of the central stammer sequence that subdivides the
coiled coil domain into two segments largely increases the
stability of the helical domain but leads to a significant reduction
in CycT1 binding affinity, although residues of the stammer do
not contribute to direct interactions. We suggest that CycT]
interacts with the N-terminal coiled coil segment of HeximlI by
addition of a heterologous helix that together forms a tripartite
assembly of two Hexim1 chains with one CycT1 subunit.

EXPERIMENTAL PROCEDURES

Plasmid Cloning, Protein Expression, and Purification.
Plasmids encoding human Heximl (GenBank accession number
AB021179) with domain boundary 1—359 (f1), 255—359 (TBD), or
255—316 (TBD-short) were generated by PCR-mediated amplifica-
tion with a primer containing Ncol and EcoRI restriction sites.
Site-directed mutagenesis of the K284V/Y291V double mutation
(TBD-VV) and deletion of residues 316—318 that form the stammer
between the two coiled coil segments (TBD-Astammer) was
performed using the megaprimer method with both sense and
antisense oligonucleotides similarly as described previously (28).
Fragments were cloned into prokaryotic expression vectors
pProEx-HTa (Invitrogen) and pGEX-4T1 (GE Healthcare) mod-
ified with a TEV protease cleavage site. Cloning of the DNA
encoding CycTT1 (residues 1—272, 1—281, or 1—292) for expression
as a GST fusion protein has been described previously (21, 29).

Hexim1- and CycT1-encoding plasmids were transformed into
Escherichia coli BL21(DE3) cells (Novagen). Proteins were
typically expressed at 30 °C and purified as described pre-
viously (21, 28). Fractions containing Heximl-TBD proteins
were concentrated to 1.0 mM in 20 mM KP; buffer (pH 7.4),
50 mM NacCl, and 1 mM DTE and stored at —80 °C. Protein
concentrations were determined by the Bradford assay (Bio-Rad)
and extinction coefficient measurements. Protein concentrations
always refer to the molecular weight of a monomer.

Isothermal Titration Calorimetry. Thermodynamic para-
meters of the CycT1—Hexim] interaction were determined by
isothermal titration calorimetry using a VP-ITC apparatus
(MicroCal). Proteins were dialyzed against ITC buffer [SO mM
Hepes (pH 7.5) and 100 mM KCI] prior to subjection. Typically,
CycT1(1—272) at a concentration of 40 uM was thermostated in
the sample cell at 15 °C, and Hexim] proteins at 10-fold higher
concentrations were injected from the syringe stepwise into
solution by volumes of 8 uL. The change in heating power was
observed for 4 min until equilibrium was reached before the next
injection was started. Data were evaluated using the manufac-
turer’s analysis software.
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Analytical Gel Filtration. Analytical gel filtration experi-
ments were performed with a multicomponent Waters 626 LC
system using a Biosep-SEC-S2000 column (300 mm X 1.8 mm,
Phenomenex) at a flow rate of 1.0 mL/min. Prior to injection of
the protein samples, the column was equilibrated in 50 mM
Hepes (pH 7.5), 100 mM KCI, and 1 mM TCEP buffer. Elution
profiles were monitored by UV absorption at 280 nm. The void
volume (V) was determined with blue dextran (Sigma). The
column was calibrated with a protein standard (Bio-Rad) in a
manner like that described previously (30). CycT1 and Hexim-
TBD protein samples were dialyzed from frozen stocks into the
equilibration buffer, diluted to a concentration of 1 mg/mL each,
and injected onto the column at a volume of 90 uL. Protein
complexes were incubated for 30 min prior to application on the
column. Gel filtration experiments were performed repeatedly at
room temperature.

Circular Dichroism Spectroscopy. CD spectra of Heximl-
TBD samples in the far-UV region (190—250 nm) were recorded
on a Jasco J-815 spectropolarimeter using a quartz cuvette with a
path length of 2 mm. Samples were dialyzed against 5 mM KP;
buffer (pH 8.0) and measured at concentrations of 5.0 uM.
Spectra were recorded with a step size of 1 nm and an integration
time of 1 s in a manner similar to that described previously (37).
The raw CD signal (in millidegrees), after subtraction of the
blank signal of the cuvette and buffer, was converted to mean
residue ellipticity (in degrees squared centimeters per decimole).
Temperature scanning CD measurements were taken with
simultaneous monitoring of the temperature and molar ellipticity
at 222 nm at a heating and cooling rate of 5.0 K/min. The
temperature reading was at the heating/cooling disk that harbors
the measurement cuvette. De- and renaturation spectra were
averaged from three independent measurements. The first deri-
vatives of the denaturation curves were obtained using ORIGIN
version 7.0 and smoothed with a bipolynomial filter function
before being fitted to a single or double Lorentzian line.

Chemical Cross-Linking Experiments. A mixture of
0.1 mM CycT1 (1—-272) with either 0.1 mM Heximl-TBD
protein or TBD-short in 20 mM Hepes buffer (pH 8.0) and
100 mM NaCl was incubated in the presence of a 20-fold excess
of cross-linking reagent BS® [bis(sulfosuccinimidyl)suberate,
Thermo Scientific] for 30 min at room temperature. The reaction
was quenched with 50 mM Tris to prevent unspecific aggrega-
tions. SDS sample buffer was added to this reaction mixture, and
samples were analyzed by 18% SDS—PAGE.

Analytical Centrifugation and Sedimentation Velocity
Experiments. Analytical ultracentrifugation experiments were
performed with a Beckman/Coulter XLA analytical ultracentri-
fuge equipped with UV scanner optics using an eight-hole An-Ti
analytical rotor. Sedimentation velocity experiments were con-
ducted in double-sector centerpieces made of charcoal-filled
Epon at a speed of 43000 rpm and 20 °C. Samples were scanned
at 280 nm. The sedimentation boundary was analyzed using
SEDFIT (32). This program uses a set of numerical solutions of
Lamm’s differential equation to transform the measured sedi-
mentation profiles into a differential sedimentation coefficient
distribution corrected for diffusional broadening by Fredholm
integral transformation and regularizes this distribution using a
maximum entropy procedure. The frictional ratio that relates the
sedimentation coefficient to the diffusion coefficient is varied to
fit the measured data. The sedimentation coefficient distributions
were corrected for buffer viscosity and density using partial
specific volumes of 7.356 x 10~* m?/kg for CycT1 and 7.193 x
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F1GURE 2: Binding affinity and stoichiometry of the Hexim1—CycT1
interaction analyzed by isothermal titration calorimetry. (A) ITC of
CycT1 with Hexim1-TBD(255—359) or TBD-short(255—316). Both
TBD molecules bound with similar affinities to CycT1. The interac-
tion between CycT1 and TBD-short has a 1:1 molar ratio, while the
molar ratio between CycTl and TBD is 0.5, indicating that one
CycT1 molecule binds a TBD dimer. The top panel displays the heat
current of the CycT1 to TBD-short measurement. (B) ITC of CycT1
with full-length Hexim1 confirmed the 1:2 molar ratio of formation
of the complex and revealed similar binding affinities as for TBD. The
thermodynamic parameters of the interactions are listed in Table 1.

10~*m?/kg for Hexim1 calculated from the respective amino acid
composition using the increments given by SEDNTRP (33).

RESULTS

Molecular Basis of the Cyclin T1—Heximl Interaction.
To analyze the molecular basis of the assembly of the complex of
CycTI and its regulator protein, HeximlI, we designed a set of
different expression constructs (Figure 1). The structure of the
C-terminal Cyclin T-binding domain (TBD) of Hexim1 consists of
two coiled coil segments (02/02" and a3/a3’) similar in length and
a short o-helix (al/al’) that folds back onto the first coiled coil
(Figure 1A). Besides full-length Hexim1(1—359), the constructs
analyzed included the C-terminal TBD (residues 255—359), a
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Table 1: Thermodynamic Parameters of the Interaction Between Cyclin T1 and Different Heximl Constructs As Determined by Isothermal Titration
Calorimetry

AG° AH® AS° Kp

protein variant® T(°C) (kcal/mol) (kcal/mol) (calmol ' K™") (uM) molar ratio
Hexim! (full-length) 15 —7.43 —13.074+0.31 -19.6 2.3+0.14 0.57+£0.01
TBD (wild-type) 15 =7.29 —12.79+0.69 —19.1 2.9+0.15 0.43£0.02
TBD-Astammer” 25 —6.66 —5.62+0.44 3.5 13.5+£2.8 0.64+ 0.04
TBD-VV 15 —7.41 —3.58+0.33 13.3 2.4+0.64 0.52+0.03
TBD-short 15 =747 —6.31 £0.07 4.0 2.2+0.14 1.00 £0.01
TBD-VVshort” 25 —6.62 —4.07+£0.32 8.5 14.0 £2.6 0.8440.04

“Cyclin T1 comprised the cyclin box domain encompassing residues 1—272. “The Ky, values for TBD-Astammer and TBD-VVshort remain the same when
extrapolated to a temperature of 15 °C.
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FIGURE 3: Size exclusion chromatography of formation of the complex of Hexim1 and CycT1. (A) Analytical gel filtration of the CycT1-TBD
interaction. While CycT1(1—272) eluted at its expected size (top panel), the coiled coil TBD(255—359) migrated at early retention times due to its
rigid and elliptically shaped structure (middle panels). When complexes were formed at equal molar ratios (bottom panel), a slight shift toward a
higher-molecular mass complex was observed. In addition, excess CycT1 remained in the elution volume, suggesting a 1:2 binding stoichiometry
rather than a 2:2 stoichiometry. (B) Same as panel A but with the Hexim1-TBD-short species. Again the elution profile of the complex does not
suggest the formation of a 2:2 binding assembly (bottom panel). (C) SDS—PAGE analysis of formation of the complex of CycT1 and Hexim1-
TBD, TBD-short, and TBD-Astammer, which resulted from gel filtration experiments. Proteins were stained with Coomassie blue and analyzed

using 20% acrylamide gels.

further reduction to only the first coiled coil segment of the TBD,
named TBD-short (residues 255—316), and a deletion mutant
TBD-Astammer that omits the central GGD insert (residues
316—318) of three residues. Furthermore, two polar residues at
heptad a positions in the first coiled coil segment (K284 and
Y291) were mutated to 5-branched valines that are favored for
tight packing in a parallel coiled coil dimer structure (26). These
two residues, K284 and Y291, are highly conserved in Heximl
and Hexim2 orthologues from different species, suggesting a
functional role in protein interactions. The double mutations
were introduced both into the TBD, termed TBD-VV, and into
the short variant of the TBD encompassing only the first coiled
coil segment, termed TBD-VVshort. Human CycT1 comprised
the N-terminal cyclin box domain encompassing residues 1—272
(Figure 1B). All proteins were expressed in E. coli and purified to
homogeneity by affinity chromatography and size exclusion
chromatography. An overview of the domain architecture of
HeximI and the constructs analyzed is shown in Figure 1C.
Binding Affinity and Stoichiometry of the Heximl—
CycTI Interaction. NMR chemical shift perturbation experi-
ments and mutagenesis data both suggested a large interaction
surface on the Hexim1-TBD structure for binding to CycT1 that
covers the first coiled coil segment and part of the N-terminally
adjacent helix (22). Previous studies showed that the cyclin box
repeat region of CycT1 is sufficient for binding to Hexim1 and

that residues outside this domain (290—726) do not contribute to
the interaction with Heximl (7). We performed isothermal
titration calorimetry measurements to study the binding affinity
and stoichiometry of formation of the complex and to analyze if
the first coiled coil segment is sufficient for the interaction. First,
we titrated TBD or TBD-short into a solution of CycTI1 placed
in the sample cell and observed the heat current upon the
interaction (Figure 2A). Both fragments showed a similar change
in free energy (AG®); the contribution of the entropy TAS,
however, differed significantly from 1.2 kcal/mol for TBD-short
to —5.5 kcal/mol for the full-length TBD (Table 1). This change is
compensated by different enthalpy values (AH®) of —6.3 kcal/mol
for TBD-short and —12.8 kcal/mol for TBD, yielding indeed
similar free energy values (AG°) of —7.5 and —7.3 kcal/mol,
respectively. To our surprise, the stoichiometry differed markedly
for the two complexes, resulting in molar ratios (N) of 0.43 for
TBD—CycT1 binding and 1.00 for TBD-short—CycT1 binding
(Table 1). This indicates that one Hexim1-TBD molecule con-
tains approximately 0.5 binding site for CycT1, meaning that the
dimeric coiled coil structure of the TBD binds one CycTl
molecule, while for TBD-short, the interaction with CycT1 is
equimolar. The dissociation constants, however, appeared to be
similar, with a Kp of 2.9 uM for the TBD and a K of 2.2 uM for
TBD-short, suggesting that all binding determinants are within
the range of residues 255—316.
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As a reference, we used full-length Heximl (residues 1—359)
for ITC measurements with CycT1 (Figure 2B). Enthalpy
(AH° = —13.1 kcal/mol) and entropy (TAS° = —5.6 kcal/mol)
values again yielded a similar free energy (AG° = —7.4 kcal/mol)
for the binding and resulted in a dissociation constant of 2.3 uM
as similarly observed for TBD and TBD-short. The molar ratio
indicated again, as for TBD, a 1:2 binding stoichiometry for
formation of the complex of CycT1 and native Hexim1, suggest-
ing that twice as many Heximl molecules are required for
formation of the full complex with CycT1. When the deletion
mutant TBD-Astammer was titrated to CycT1, we observed the
same stoichiometry for formation of the complex as with the
TBD; however, the dissociation constant was approximately
5-fold increased, indicating the importance of a bipartite coiled
coil structure for the interaction (Table 1). In contrast, the double
mutant TBD-VV (K284V/Y291V) showed no change in CycT1
binding affinity and stoichiometry compared to those of the
wild-type TBD, while in combination with the short TBD-
VVshort construct again an equimolar ratio of reduced affinity
was measured. A summary of the ITC measurements per-
formed and the purity of the proteins used for ITC and gel
filtration experiments is shown in Figure 1 of the Supporting
Information.

Size Exclusion Chromatography of Complex Formation.
The observation of different binding stoichiometries for the
various Heximl constructs leaves three possible explanations.
Either TBD-short does not form a coiled coil structure but still
binds CycT1. The dimeric coiled coil dissociates (fully or
partially) upon binding, such that individual TBD helices bind
CycTl. The complex of CycT1 and TBD-short is formed in a 2:2
assembly instead of a 1:1 complex. To further address this
question, we performed size exclusion chromatography, cross-
linking reactions, and analytical ultracentrifugation.

First, analytical gel filtration experiments were used to char-
acterize complex formation. CycT1 and the HeximI-TBD pro-
tein were applied to a Biosep S2000 column equilibrated in
50 mM Hepes buffer (Figure 3A). CycT1(1—272) with a mole-
cular mass of 31.5 kDa eluted at 16.52 mL, while the dimeric
TBD(255—359) with a molecular mass of 25 kDa appeared as an
even larger molecule at 14.48 mL, which would correspond to an
apparent mass of 46 kDa as calculated from the calibration
standard. This observation is in line with previous results and a
consequence of the elliptically shaped coiled coil structure of the
TBD (21, 22). Next, we applied the preformed complex of
CycT1(1-272) and TBD(255—359) in equal monomer concen-
trations to the column. Now, the elution peak of the complex
shifted toward earlier retention times (14.18 mL), indicating the
increased size of the interacting proteins, while a significantly
broadened elution peak for CycT1 remained. This co-elution
profile suggested excess CycT1 and confirmed the proposed 1:2
complex ratio of CycT1 to TBD(255—359).

A similar set of experiments was performed with TBD-short
molecules (Figure 3B). Even here, TBD-short eluted slightly
earlier than CycT1 at 16.35 mL, corresponding to an apparent
mass of 23 kDa. Stable, elliptical coiled coil structures are indeed
known to elute early in gel filtration experiments, exhibiting a
calculated mass that well exceeds the molecular mass when
referenced to a calibration standard of globular proteins (34, 35).
Heteronuclear NMR experiments using 'H- and '’N-labeled
TBD and TBD-short confirmed the helical structures by largely
similar chemical shifts of the backbone atoms (data not shown).
Now, the complex of CycT1 and TBD-short eluted slightly earlier
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FIGURE 4: Thermal denaturation experiments of Hexim1-TBD pro-
teins monitored by circular dichroism spectroscopy. (A) Thermal
denaturation and renaturation profiles of TBD (wild-type), TBD-
VV, and TBD-Astammer. CD measurements were performed by
recording the molar ellipticity at 222 nm from 5 to 95 °C at a heating
and cooling rate of 5.0 K/min. Protein concentrations were set to
5 uM. Filled circles indicate the heating phase and empty circles the
cooling phase. Note that TBD (wild-type) and TBD-VV exhibit two
separate melting transitions, in agreement with two distinct coiled coil
segments, while TBD-Astammer appeared significantly more stable
with only one melting phase. (B) De- and renaturation profiles of
TBD (wild-type), TBD-short, and TBD-VVshort. CD spectra were
measured as described for panel A. The stability of the single coiled
coil segment in the TBD-short constructs was significantly reduced
compared to that of the wild type. (C) Display of the first derivative of
the denaturation curves and the corresponding line fit as a function of
temperature. The curves were fitted to a single or double Lorentzian
line for the determination of the melting temperatures.

at 15.85 mL, corresponding to an apparent molecular mass of
32 kDa. This complex size clearly indicated that a 2:2 heterodimer
is not formed between CycT1 and TBD-short but a 1:1 assembly.
An analysis of the protein composition of the peak eluates from
the size exclusion chromatograms by SDS—PAGE confirmed the
formation of CycT1—Heximl complexes (Figure 3C). From
these experiments, we conclude that dimeric Hexim1 binds one
CycT1 molecule while the short coiled coil TBD fragment
dissociates upon binding to form an equimolar complex.
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Stability of the Heximl Coiled Coil Segments. The
thermal stability of the coiled coil structure of Hexim1 was next
assayed by circular dichroism spectroscopy. The mean residue
ellipticity of the five TBD variants measured in the far-UV
spectrum from 250 to 190 nm at protein concentrations of
5 uM indicated the integrity of the helical structures (data not
shown). Next, the mean residual ellipticity was measured at
222 nm in a heating—cooling cycle from 5 to 97 °C for all TBD
samples (Figure 4). Surprisingly, none of the proteins precipi-
tated during the heating cycle despite the high end point
temperature of 97 °C, potentially due to the highly polar protein
sequence of 40% charged residues in the wild-type TBD. The
coiled coil chains renatured upon cooling with a lag phase of
typically 7—8 °C against denaturing. TBD and TBD-VV exhib-
ited two separable transitions both in the denaturing cycle and in
the renaturing cycle, suggesting two distinct melting processes of
the two coiled coil segments (Figure 4A). In contrast, TBD-
Astammer exhibited only one melting phase that is shifted against
the first denaturation process of the wild-type TBD by more than
20 °C toward a higher temperature (Table 2). This observation
suggests a homogeneous structure of the TBD-Astammer con-
struct of increased stability, in line with the assumption of a
continuous monopartite coiled coil domain.

Table 2: Melting Temperatures of HeximI-TBD Constructs As Deter-
mined by CD Spectroscopy

protein variant first Ty, (°C) second T}, (°C)

TBD (wild-type) 51 66
TBD-Astammer - 75
TBD-VV 50 68
TBD-short 36 -
TBD-VVshort 38 -
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Similarly, the truncated Heximl constructs TBD-short and
TBD-VVshort exhibited only one denaturing process at lower
melting temperatures (Figure 4B). Interestingly, in both con-
structs, the VV mutation led to no increase or only a small
increase in the stability of the coiled coil structure. The individual
melting temperatures were determined by a single or double
Lorentzian line fit to the first derivative of the ellipticity as a
function of temperature (Figure 4C). The fitted melting tempera-
tures are listed in Table 2. The large increase in stability of the
TBD-Astammer variant and the reduction to single melting
phases for the TBD-short variant thus correlate well with the
structure of a bipartite coiled coil segment for the Hexim1-TBD
protein.

Chemical Cross-Linking of the Cyclin T1—Heximl
Complex. To determine the stoichiometry of a macromolecular
complex assembly, most methods rely on the accuracy of the
protein concentration determination. Typically, the protein con-
centration is obtained by either a Bradford assay or photometric
absorption measurement at 280 nm, which sometimes results in
significantly different concentration values. This is an inherent
problem in the analysis of stoichiometry data obtained, for
example, via isothermal titration calorimetry or fluorescence-
based techniques. Similarly, the electrophoretic migration in gels
as well as the elution time in size exclusion chromatography and
the sedimentation constant in analytical ultracentrifugation
depend not only on the molecular mass but also on the shape
of the proteins analyzed. To bypass these issues, we used chemical
cross-linking experiments for the analysis of the CycT1—Hexim1
complex (Figure 5). After destroying the tertiary and secondary
structure by heat and SDS, this method allows the observation of
the protein complex stoichiometry in a denatured state of the
components and is thus independent of the shape of protein
complexes. Bis(sulfosuccinimidyl)suberate (BS?), a water-soluble
N-hydroxysuccinimide ester, was used as cross-linking reagent

<— CycT1
(tetramer)
< CycT1- e (%3:;-2)
CveT1-TBD. TBD (dimer)
=~ sr}nlgrt (dimer-) = Cyally
e cyeTi-TRD-|| B (Mono)
short (mono)
<— CycT1 -<— CycT1 <— CycT1
-«— TBD (dimer)
<«— TBD-short
(dimer) <—TBD
«— TBD-short (monomer)
(monomer)

FIGURE 5: Comparison of the cross-linking reactions of CycT1 with Hexim1-TBD or TBD-short by SDS—PAGE. (A) Input controls of Hexim1-
TBD, TBD-short, and CycT1 without cross-linking reagents. (B) Cross-linking of CycT1 and Hexim1 with BS®. The left box shows the incubation
of TBD-short alone or in complex with CycT1. The highest prominent migration band appeared at 45 kDa, corresponding to one CycT1 molecule
bound to a TBD-short dimer. The middle box shows cross-linking of TBD alone or in complex with CycT1. The most prominent migration band
appeared shortly above 50 kDa and is suited best to one CycT1 protein in a complex with a TBD dimer. Importantly, no migration band was
detected that would correspond to a 2:2 CycT1—Heximl complex. In the right box, cross-linking of CycT1 alone showed a predominantly
monomeric conformation with decreasing contributions of dimer and tetramer assemblies. The assignments of the Coomassie-stained bands are

given at the right.
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FIGURE 6: Analytical ultracentrifugation of Heximl, CycT1, and
complexes thereof. (A) Differential sedimentation coefficient distri-
butions for Hexim1-TBD and CycT1. Sedimentation profiles were
calculated from sedimentation traces of 9 uM Heximl-TBD in
50 mM Hepes buffer (pH 7.5), 100 mM KCI, and 1 mM DTE or
9 uM CycT1(1—272) using SEDFIT (32). The TBD existed in a single
fraction at 1.97 S, corresponding to an apparent molecular mass of
26.7 kg/mol indicating a dimeric state. CycT1 prevails in a mono-
meric conformation at 2.6 S, with some extended to an aggregated
state at 3.7 S. (B) Differential sedimentation coefficient distributions
ofa titration series of CycT1 to Hexim1-TBD at molar ratios of 0.5, 1,
2, 4, and 6. The prevailing fraction at 4.2 S in the initial profile
indicated formation of the heteromolecular complex. Addition of
CycT1 suggested the appearance of excess CycT1 that is not incor-
porated into the complex with Hexim1 already at an equal molar
ratio (red line).

for coupling CycT1(1—272) in a complex with either HeximlI-
TBD(255-359) or TBD-short(255—316). The BS® cross-linker
reacts with primary amino groups (—NHj;), such as the side
chains of lysine residues or the protein’s N-termini, to form stable
amide bonds.

For comparison, the input controls of non-cross-linked
Heximl TBD-short(255—316), TBD(255—359), and CycTl1-
(1—272) are shown in the Coomassie-stained SDS—PAGE gel
(Figure 5A). All proteins appeared at the expected size corre-
sponding to their molecular masses of 7.5, 12.5, and 30.5 kDa,
respectively. CycTl and Heximl protein samples were then
mixed in an equimolecular concentration ratio. After incuba-
tion of the cross-linking reaction mixture for 30 min at room
temperature, protein samples were subjected to SDS—PAGE
analyses (Figure 5B). Now, TBD-short prevailed in a dimeric
state (15 kDa) while no higher-molecular mass oligomers were
observed (lane 1). Upon addition of CycTl, monomers and
dimers of TBD-short were diminished, while a complex of
CycT1 with one Hexim moiety and with a Hexim dimer
appeared at 38 and 45.5 kDa, respectively (lane 2). Similarly,
the TBD appeared as a monomer and dimer after the cross-
linking experiment (lane 3). In complex with CycT1, a prominent
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band at 56 kDa and a second band at 43 kDa of reduced
intensity were observed, indicating the 1:2 and 1:1 formation
of the CycT1—Hexim1-TBD heterocomplex (lane 4). Of note,
the band indicating the 1:1 molar ratio for the interaction of
CycT1 with TBD-short prevailed, while for the interaction with
TBD, the 1:2 ratio was strongest (compare lanes 2 and 4). This
observation is in line with results from ITC and size exclusion
chromatography.

When CycT1 alone was subjected to the cross-linking proce-
dure, it appeared to be mainly monomeric, but bands at 61 and
122 kDa corresponding to dimers and tetramers, respectively,
could also be identified (lane 5). Since CycT1 appeared neither in
the crystal structure (29) nor in complex with Cdk9 (27) or Tat-
TAR (36) as a dimer, these oligomers may result from unspecific
aggregations of the cyclin box domain. Importantly, in the
heteromolecular complex assays, no high-molecular mass bands
at 76 kDa for TBD-short (lane 2) or at 86 kDa for TBD (lane 4)
could be observed that would correspond to the assembly of a
Hexim dimer with two CycT1 molecules. While such 2:2 stoi-
chiometries could not be observed, it rather appeared that the
unspecific aggregation of CycT1 was weakened by the presence of
the interaction partner Heximl.

Analytical Ultracentrifugation Indicates a Low-Molec-
ular Mass Complex. Finally, sedimentation velocity analysis
in the analytical ultracentrifuge was used to characterize the
CycT1—Heximl complex. A 122 uM concentrated Heximl—
TBD protein sample was sedimented at 43000 rpm and 20 °C.
The differential sedimentation coefficient distributions showed
for Hexim1-TBD a sedimentation behavior corresponding to a
uniform species at 1.97 S (Figure 6A). With a molecular mass of
26.7 kg/mol, a friction coefficient (Perrin) of 1.65 is obtained,
showing that this species can be described well as a nonglobular
dimer. In contrast, CycT1(1—272) appeared less uniform
with a major fraction at 2.45 S and some faster-sedimenting
aggregates.

Next, CycT1 was titrated in increasing amounts at molar ratios
0f 0.5, 1, 2,4, and 6 to Hexim1-TBD. Formation of a complex of
CycT1 and Hexim-TBD led to the appearance of a reaction
boundary sedimenting faster than any of the two components
alone (Figure 6B). The fastest reaction boundary sedimenting at
3.7 S is already formed under the starting conditions with a 1:2
molar ratio of CycTl to Heximl-TBD (Figure 6B, blue line).
Further addition of CycT1 did not lead to an increase in the
sedimentation rate of this reaction boundary. Instead, an increase
in the level of free CycT1 at 2.45 S was observed (all other lines).
Thus, no Hexim1-TBD complexes containing more than a single
CycT1 molecule could be observed via analytical ultracentrifuga-
tion. In addition, no sedimentation boundary corresponding to
free Heximl1-TBD at 1.97 S was observed under the starting
conditions with a 1:2 molar ratio indicating strong binding. The
titration series performed by analytical ultracentrifugation there-
fore indicates that formation of the complex of CycT1 and
Hexim1 occurs with a 1:2 molar ratio.

DISCUSSION

The analysis of the stability of the two coiled coil segments in
Hexim1 and their individual contribution to the interaction with
the cyclin box domain of CycT1 suggests that the first coiled coil
region is required for binding to the P-TEFb subunit while the
second coiled coil segment keeps Heximl dimeric. Notably, we
found that the symmetrical coiled coil dimer of Hexim1 coordi-
nates one CycT1 molecule (not two). This observation extends
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previous reports based on experiments with HeLa cell extracts
loaded on glycerol gradients and size exclusion columns that
suggested a 2:2 heterodimer of Hexim1 and CycT1/Cdk9 (37, 38).
Moreover, the 67 kDa Larp7 protein was identified in the mean
time as an additional cofactor of the scaffolding 7SK RNA in the
large inhibited complex. Larp7 directly interacts with 7SK,
Heximl1, and Cdk9 and is thought to stabilize the RNA structure
by multiple interactions (9—11, 39). Since only one 7SK RNA
was supposed to reside in the inhibited P-TEFb complex (37), we
propose that the large inhibited P-TEFb complex consists of a
1:1:2:1:1 Cdk9—CycT1—Hexim1—7SK—Larp7 subunit assembly.
In addition, a stoichiometric assembly of the 5 RNA methylating
enzyme BCDIN3 (or MePCE) with 7SK was recently described
that could further contribute to the molecular mass of the native
complex (40—42).

Circular dichroism measurements suggested that the first
coiled coil segment of Hexim1-TBD is structurally independent
and folds in the absence of the second. Consistent with the
presence of only one instead of two coiled coil regions, TBD-
short exhibited only a single unfolding transition. The 7}, value
of this transition is lower than that of the first melting point of the
full TBD, indicating a lowered stability of the first coiled coil
segment in the absence of the second (Table 2). TBD-short binds
CycT1 with approximately the same affinity (Kp = 2.2 uM) as
TBD or the full-length Hexim1 protein; however, the stoichiom-
etry changes from a 2:1 Heximl—CycT1 complex of the full-
length form or the TBD to an equimolar complex assembly for
the TBD-short variant. This observation suggests that the
C-terminal second coiled coil in the TBD acts as a clamp that
keeps Hexim1 dimeric upon interacting with CycT1 and allows
only the formation of an asymmetric 2:1 complex. Furthermore,
the formation of a 1:1 but not a 2:2 complex for TBD-short
indicates that the first segment dissociates upon the interaction
with CycT1, which may indicate that the first coiled coil is more
flexible in conformation and less stable than the second. Indeed,
many native coiled coil proteins contain a small fraction of polar
residues at core forming positions that are important for their
structural and functional specificity, albeit at the price of reduced
stability (23, 24).

The K284V and Y291V mutations were expected to stabilize
the structural fold of the first coiled coil segment. On the basis of
the data recorded from CD measurements and size exclusion
chromatography experiments, both proteins maintain the homo-
dimeric coiled coil structure of the wild-type protein, yet the
increase in stability as monitored by thermal unfolding appeared
to be only very moderate for TBD-VV and TBD-VVshort. This
observation suggests that the long aliphatic side chains of both
native residues K284 and Y291 contribute readily to the stability
at position a of the coiled coil interface and that the polar
headgroups do not disturb this assembly substantially. TBD-VV
showed an affinity for CycT1 similar to that of the wild-type
TBD; however, the entropic and enthalpic contributions were
very different (Table 1). Therefore, the divergences in the first
coiled coil segment from an evolutionarily conserved sequence
composition seem to be important for the specific interaction of
HeximI with CycT1.

The 2:1 stoichiometry of formation of the Hexim1—CycT1
complex observed by ITC, analytical gel filtration, cross-
linking experiments, and analytical ultracentrifugation could
result from the steric hindrance of the symmetry-related
second binding site, e.g., by gathering the coiled coil structure
into a recognition site on the cyclin box domain that renders

Schonichen et al.

the second site nonaccessible. Alternatively, the unequal stoichio-
metry could be a consequence of the initiation of a molecular
asymmetry, such as the interaction of a third heterologous helix
with the coiled coil dimer. Such a binding mode has been reported
recently for the interaction of cytokinesis factor ALIX with
protein CEP55 from the midbody targeting machinery (43).
Similarly, dimeric guanosine exchange factor Sec2p from yeast
that forms a parallel coiled coil structure binds the Rab GTPase
Secdp in a 2:1 ratio (44, 45). Likewise, transitions in the helical
coiled coil assembly could occur as shown, for example, for the
signal transduction mechanism of the HAMP domain (46). It
could be envisioned that a helix from CycT1 complements
the first noncanonical coiled coil segment of Heximl, e.g., by
forming a mixed three-strand helical bundle. The C-terminal
coiled coil segment instead, which is not involved in CycT]
binding, would keep the two Hexim1 strains together. This model
is supported by the observation that a short TBD fragment
whose second coiled coil segment was truncated loses its dimeric
structure upon binding to CycT1, although it retains a similar
binding affinity. Thermal denaturation experiments with various
TBD variants showed that the region around ol and a2 is less
rigid than the succeeding coiled coil segment. Further structural
studies will be required for the analysis of formation of the
complex of Cdk9, CycT1, and Heximl to elucidate the mechan-
ism of P-TEFb inhibition.
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