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Abstract
C1 domains are independently folded modules that are responsible for targeting their parent
proteins to lipid membranes containing diacylglycerol (DAG), a ubiquitous second messenger.
The DAG-binding affinities of C1 domains determine the threshold concentration of DAG
required for the propagation of the signaling response and the selectivity of this response among
the DAG receptors in the cell. The structural information currently available for C1 domains offers
little insight into the molecular basis of their differential DAG-binding affinities. In this work, we
characterized the C1B domain of Protein Kinase Cα (C1Bα) and its diagnostic mutant, Y123W,
using solution NMR methods and molecular dynamics simulations. The mutation did not perturb
the C1Bα structure or sub-nanosecond dynamics of the protein backbone, but resulted in a >100-
fold increase of DAG binding affinity and substantial change in μs-timescale conformational
dynamics, as quantified by NMR rotating-frame relaxation-dispersion methods. The differences in
the conformational exchange behavior between the wild-type and Y123W C1Bα were localized to
the hinge regions of ligand-binding loops. Molecular dynamics simulations provided insight into
the identity of the exchanging conformers and revealed the significance of a particular residue,
Gln128, in modulating the geometry of the ligand-binding site. Taken together with the results of
binding studies, our findings suggest that the conformational dynamics and preferential
partitioning of the tryptophan sidechain into the water-lipid interface are important factors that
modulate the DAG-binding properties of C1 domains.
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INTRODUCTION
“Typical” C1 domains1 are independently folded modules of ~50 amino acids that regulate
the function of at least seven families of signaling proteins. These proteins, collectively
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referred to as DAG/phorbol ester (PE) receptors, include novel and conventional protein
kinase C isoenzymes (PKCs), protein kinase D, chimaerins, RasGRPs, Unc-13/Munc-13
proteins, DAG kinases, and myotonic dystrophy kinase-related Cdc42-binding kinases
(reviewed in2–4). The function of typical C1 domains within their parent proteins is to
associate with lipid membranes in response to binding DAG, their natural agonist, or
phorbol esters. Phorbol esters are naturally occurring tetracyclic diterpenoids with known
tumor-promoter activity.5 They have found widespread application as pharmacological and
research tools for studying the function of PKCs and their role in carcinogenesis.6,7

PKC was identified as the first DAG/PE receptor by Nishizuka’s laboratory in 1982.8 In
conventional and novel PKCs, two C1 domains are found as a tandem and are designated
C1A and C1B.9,10 The membrane-binding event mediated by C1 domains releases the auto-
inhibitory interaction between the N-terminal pseudo-substrate region and the kinase active
site11, thereby activating the enzyme. In conventional PKCs comprising α, βI, βII, and γ
isoforms, the membrane recruitment step also involves the C2 domain,12,13 which undergoes
membrane insertion in response to binding Ca2+ and phosphatidylserine (PtdSer). Both C1
and C2 domains preserve their ligand-binding properties in their respective isolated forms.

Despite their high sequence identity, C1A and C1B domains within the same PKC
isoenzyme have different intrinsic affinities to DAG and PEs with a notable exception of
PKCγ. This was demonstrated for both isolated domains14,15 and full-length PKC.16

Distinct DAG and PE affinities of C1 domains directly translate into their individual
functional roles within the parent PKC isoenzyme. In a series of elegant experiments,
Medkova et al. showed that mutations of essential hydrophobic residues in the C1A but not
the C1B domain dramatically reduced the binding of full-length PKCα to DAG-containing
vesicles, its enzymatic activity, and the depth of monolayer penetration.17 A similar pattern
was observed for PKCδ, where C1A and C1B domains were shown to have non-equivalent
roles in mediating the kinase activation response to DAG18 and PE.19 Taken together, these
findings indicate that the C1A and C1B domains are responsible for the DAG- and PE-
induced activation of PKCs, respectively. Ligand preferences of C1 domains also play a
major role in determining the sub-cellular localization of PKC activity and may control the
isoform-specific response in case of overlapping PKC functions. In addition, C1 domains
have been identified as targets for designing therapeutic agents that selectively inhibit or
activate PKCs.3,4 Despite the significance of C1 domains as regulatory modules, the
determinants of their ligand specificities and binding affinities are poorly understood.

The available structural information about C1 domains reveals little about the molecular
basis of their ligand preferences. All domains share the basic elements that include two
structural Zn2+ ions20, a hydrophobic ridge surrounding the DAG-binding site, and a belt of
basic residues across the middle part of the protein. A comparison of primary structures for
several C1 domains is shown in Figure 1. The residues involved in Zn2+ coordination are
highlighted in blue and include three cysteines and one histidine per Zn2+ site. The ligand,
DAG or PE, binds between the loops β12 and β34. In addition to Zn2+-binding residues,
Pro112, Gly124, and the Gln128-Gly129 motif constitute the consensus sequence for the
typical C1 domains.

A search of the Protein Data Bank yielded 14 unique structures of isolated C1 domains, of
which one was determined by X-ray crystallography and thirteen by solution NMR
methods.21–27 For the seven structures corresponding to C1 domains of PKCs, the backbone
of the protein core is super-imposable but substantial structural variability is observed in the
ligand-binding loops, especially loop β34. The origin of this structural heterogeneity is
attributed to the motional processes and/or insufficient number of structural restraints due to
the solvent exposure of the loops.23,28 In contrast, in atypical C1 domains that do not bind
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DAG only loop β12 is flexible while loop β34, which has a 4 amino-acid deletion, is
rigid.25,26

The prevalent model states that the membrane-binding event is mostly driven by the
hydrophobic effect, with some contribution of electrostatic interactions between the
positively charged C1 side-chains and the acidic lipid head groups.10 A membrane-bound
ligand, DAG or PE, binds inside the cleft formed by the β12 and β34 loops, thereby
increasing the hydrophobicity of the C1 domain and facilitating its insertion into the
membrane. The differences in ligand-binding affinities between the C1 domains are difficult
to explain based purely on structural considerations. The only available crystal structure of a
C1-ligand complex is that of the C1B domain from PKCδ bound to a water-soluble PE.21 In
that structure, the ligand does not have any sidechain-specific contacts with the protein and
does not appear to change the conformation of the ligand-binding loops.

To gain insight into the determinants of DAG affinity, Newton’s group constructed a
Y123W mutant of the C1B domain from PKCβII/βI and characterized its in-vitro binding
affinities to DAG- and PE-containing lipid vesicles, translocation efficiency to the plasma
membrane in response to stimulated DAG production, and sub-cellular localization
patterns.29 Tyrosine at position 123 is invariant in C1B domains of conventional PKCs
(Figure 1), and is located at the N-terminal hinge of loop β34. The Y123W mutation
converted the C1B from a low- to high-affinity DAG-binding module by increasing its DAG
affinity 33-fold compared to the wild-type (wt). In addition, the Y123W mutation made C1B
more responsive to DAG in vivo, as indicated by its localization to juxtanuclear region and
ready translocation to the DAG-enriched plasma membrane. These results indicate that the
identity of an aromatic residue at position 123 is extremely important in determining the
DAG-binding properties of C1 domains.

The objective of this work was to determine the molecular basis of DAG affinity in C1
domains using the C1B domain of Protein Kinase Cα (C1Bα) as a paradigm. Toward this
objective, we characterized the wt C1Bα and its diagnostic mutant Y123W using solution
NMR methods and molecular dynamics (MD) simulations. Similar to the C1B domain from
PKCβII/βI, the mutation of Tyr to Trp substantially increased the affinity of C1Bα to DAG.
We found that the mutation did not perturb the C1Bα structure or the sub-nanosecond
dynamics of the protein backbone, but resulted in significant changes in conformational
dynamics, as measured by rotating-frame relaxation-dispersion NMR methods. Our data
suggest that conformational dynamics in C1 domains play an important role in the
mechanism of DAG recognition and binding. In addition, the surface area of C1Bα involved
in the interactions with DAG-free detergent micelles is substantially larger in the Y123W
mutant compared to the wt protein. Preferential partitioning of Trp sidechain into the
headgroup region of membranes during the first step of non-specific C1Bα-membrane
association30 is another factor that may contribute to the increased DAG affinity of the
Y123W mutant.

RESULTS
Y123W mutation increases the affinity of C1Bα to DAG

To determine the lipid cofactor binding affinities of wt and Y123W C1Bα, we carried out
diacylglycerol binding assays in micellar environment. 15N-1H HSQC spectra of 100 μM
uniformly 15N-enriched C1Bα in the presence of DPC/DPS micelles were recorded as a
function of increasing concentration of DOG, a short-chain DAG analog. The micelles
contained 30% PtdSer and 70% phosphatidylcholine head-group components, to mimic the
composition of plasma membrane where the PtdSer content is 25–35%.31 The overlay of
the 15N-1H HSQC spectra color-coded according to the DOG concentration is shown in
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Figure 2. For the wt C1Bα, the binding regime is intermediate-to-fast on the chemical-shift
time scale, which is reflected in the smooth trajectories of the cross-peaks in response to
increasing DOG concentration. In the Y123W C1Bα, the binding regime is slow-to-
intermediate. The differences in the DOG titration behavior between the wt and mutant
proteins are illustrated in the insets of Figure 2 using Leu122 as an example. Leu122 is
located at the N-terminal hinge of loop β34 and is one of the residues that show strong
response to ligand binding. According to the chemical shift perturbation analysis, the
residues involved in DOG binding belong to the ligand-binding loops β12 and β34 and their
respective hinge regions (Figure S1 and vide infra).

For all wt C1Bα residues that show strong response to DOG in the HSQC spectra, we
constructed binding curves by plotting the absolute change in 1H and/or 15N chemical shifts
as a function of DOG concentration. The curves were fit using Eq. (1), with ΔδPL and Kd
treated as local and global parameters, respectively. Representative 1H and 15N binding
curves for several residues are shown in Figures 3(a) and (b). The dissociation constant Kd
for the DOG in the presence of micelles was determined to be 24.2 ± 2 μM.

In the mutant, the slow-to-intermediate regime of the DOG binding process has precluded
the determination of Kd by NMR methods. While there are no Trp residues in the primary
structure of wt C1Bα, the Y123W mutation enables us to use the fluorescence of Trp at
position 123 as a probe of protein-DOG interactions. Using fluorescence spectroscopy, we
measured the quenching of Trp fluorescence in Y123W C1Bα in response to DOG binding
in the presence of DPC/DPS micelles. The normalized change of fluorescence intensity as a
function of DOG concentration is shown in Figure 3(c). Fitting the curve of Figure 3(c) with
Eq. (8) revealed that even at the total protein concentration in the low μM range the protein-
DOG interaction still remains in the tight binding regime. Further decrease in the total
protein concentration was not a viable option due to the high background fluorescence of
detergent micelles and the low efficiency of chemical quenching of Trp fluorescence by
DOG.30 Using the data presented in Figure 3(c), we were able to put an upper limit of 0.23
μM onto the value of Kd.

The results of our DOG-binding experiments demonstrate that the Y123W mutation
increases the affinity of C1Bα to diacylglycerol at least 100-fold, from 24.2 μM to <0.23
μM. These findings are in good agreement with the data obtained for the C1B domain from
PKCβI/βII, where a 33-fold increase in DOG binding affinity was detected using
ultracentrifugation lipid-binding assays.29 The next step was to understand the molecular
basis of this drastic change in the DOG-binding affinity. We investigated the effect of the
Y123W mutation on both the structure and dynamics of C1Bα using NMR techniques.

The structures of wt and Y123W C1Bα are similar in both apo- and ligand-bound forms
We assessed the structural perturbation imposed on C1Bα by the Y123W mutation using the
chemical shift perturbation analysis and RDCs measured for all spectrally resolved 15N-1H
groups. The results for the apo-forms of wt and Y123W C1Bα are shown in Figures 4(a)
and (b). Site-specific chemical shift perturbations Δ between Y123W and wt C1Bα were
calculated using the 15N-1H HSQC spectra of Figure S2. In Figure 4(a), Δ values are color-
coded and mapped onto the NMR structure of wt C1Bα. Only the site of the mutation
experiences a noticeable change in the electronic environment, whereas other parts of the
protein, including ligand-binding loops β12 and β34, are essentially unperturbed. In addition
to chemical shifts, RDCs between the 15N and 1H spins of amide groups, 1DNH, are
exquisitely sensitive to the changes of the backbone conformation and have been previously
used to evaluate structural perturbations in point mutants.32,33 1DNH were measured for the
apo-forms of both wt and Y123W C1Bα weakly aligned in 6% stretched polyacrylamide
gels. Figure 4(b) shows the correlation between the 1DNH values in Y123W and wt C1Bα.
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Data points corresponding to the loop residues are shown with empty circles. Fitting the data
with an unconstrained linear function produces an intercept of 0 and a slope of 1 within
experimental error. Based on the results of chemical shift perturbation analysis and good
correlation between the 1DNH values, we concluded that the mutation at position 123 does
not impose any significant perturbation on the conformation of the C1Bα backbone.

The DOG titration data were used to generate Figures 4(c) and 4(d), where the chemical
shift perturbations Δ were calculated between the DOG-bound and apo-forms of wt (c) and
Y123W C1Bα (d). The regions affected by DOG binding in the presence of DPC/DPS
micelles are essentially the same in the wt and mutant proteins and include the following
structural elements: the C-terminal half of loop β12 (residues Tyr109 and Ser111); the C-
terminal hinge of β12 (Thr113, Phe114, and Cys115); the N-terminal hinge of β34 (Leu121
and Leu122); and the entire loop β34 comprising the stretch of residues from Tyr123 to
Gln128, with the only exception of Gly129. Thus, our data suggest that the wt and Y123W
C1Bα interact with micelle-embedded DOG using the same structural segments that include
the β12 and β34 loops and their hinges. The similarities between the DOG-bound wt and
mutant are also evident from the small residue-specific differences in 1H and 15N chemical
shifts plotted in Figure S1. Given the similarities in the patterns of chemical shift
perturbations and site-specific 1DNH values, we concluded that in both apo- and DOG-bound
forms the structure of C1Bα is not substantially affected by the mutation.

In addition to DOG-binding studies, we carried out NMR titrations of C1Bα with PDBu, a
short-chain phorbol ester. Overlays of the titration spectra for wt and Y123W C1Bα are
presented in Figure S3. In both proteins, the binding regime is slow-to-intermediate,
indicating the formation of high-affinity complexes. This result is in complete agreement
with previous studies of C1B from PKCβI/βII, where the affinities of wt and mutant proteins
to the phorbol ester were similar, and comparable to the affinity of the Y123W mutant to
DAG.29 A comparison of the titration spectra of Figures 2 and S3 indicates that binding of
PDBu and DOG affects the same set of residues in C1Bα. One feature that is common to all
three high-affinity complexes (wt-PDBu, Y123W-DOG, and Y123W-PDBu) is the
appearance of the Gly110 resonance under conditions close to ligand saturation. Gly110 is
located at the tip of loop β12 and is the only residue that is broadened beyond detection in
the spectra of apo-forms. Overall, our DOG and PDBu titration data suggest that (i) C1Bα
interacts with both ligands using the same structural segments, and (ii) formation of high-
affinity protein-ligand complexes is accompanied by the structural rearrangement of the β12
and β34 loops and the changes in their mobility. The evidence for altered loop dynamics is
supported by our observation that several residues, such as Gly110, Leu125, His127, and
Gln128 in the Y123W mutant, and G110 and Leu125 in the wt C1Bα, give rise to severely
broadened cross-peaks in the apo-form spectra. The cross-peaks increase in intensity upon
binding high-affinity ligands in the presence of micelles.

Y123W C1Bα has an extensive interaction surface with ligand-free micelles
According to the current model30, the association of C1Bα with DAG- and PE-containing
membranes occurs via a two-step mechanism. The first step is a non-specific association of
the protein with membranes followed by a two-dimensional search for the membrane-
embedded ligand in the second step. To investigate the effect of the mutation on the initial
membrane-binding event, 15N-enriched wt and Y123W C1Bα were incubated with ligand-
free DPC/DPS micelles. The 15N -1H HSQC spectra of the two proteins in the presence of
micelles were collected and compared with those of the corresponding apo-forms. In both wt
and Y123W C1Bα, the intensities of several cross-peaks are substantially attenuated in the
presence of micelles, sometimes leading to complete peak disappearance. This indicates that
the kinetics of the binding process is intermediate on the chemical-shift timescale. In
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addition, several cross-peaks are shifted in the micelle-containing sample of Y123W C1Bα
compared to the apo-form.

The perturbed residues mapped onto the structure of C1Bα are shown in Figure 5 for the wt
(a) and Y123W C1Bα (b). In wt C1Bα, the intensities of cross-peaks corresponding to
Tyr109 of loop β12 and the entire β34 loop comprising the Tyr123-Gly129 stretch are
severely attenuated as a result of interactions with micelles. Compared to the wt C1Bα,
many more residues in Y123W respond to the presence of detergent micelles, as shown in
Figure 5(b). They include the entire loop and hinge regions of β12 (Lys105-Cys115) and
β34 (Ser120-Gly129). In addition, residues Cys118, Asp136, Asn138, Lys141, Gln142,
Cys143, and Val147 are also affected by interactions with micelles, as manifested in the
changes of their chemical shifts. It is evident from Figure 5(b) that, when mapped onto the
C1Bα structure, the perturbed regions in the Y123W mutant form a surface that
encompasses almost the entire top half of the domain. Our results suggest that Trp at
position 123 facilitates the interactions of C1Bα with DPC/DPS micelles. 25 residues out of
the total 53 are affected by these interactions in the mutant, as opposed to just 8 in the wt
C1Bα. This difference in interaction modes disappears when the specific binding to DOG
takes place, as shown in Figures 4(b) and 4(c). Thus, the Y123W mutation most likely
affects the kinetics of the association of C1Bα with lipid membranes in the two-step binding
mechanism.30 To establish if dynamics play a role in DOG recognition and binding, we
quantified the sub-nanosecond (sub-ns) and microsecond-to-millisecond (μs-ms) dynamics
of wt and Y123W C1Bα.

Sub-nanosecond dynamics of C1Bα backbone is not affected by the Y123W mutation
Relaxation parameter sets comprising R1, R2, and {1H}-15N nOe were measured for all
spectrally resolved 15N-1H groups in wt and Y123W C1Bα at two static magnetic fields,
11.7 and 14.1 T. We used the generalized order parameters, S2

NH, generated by the model-
free analysis of the relaxation data to assess the effect of the mutation on the sub-ns
dynamics of C1Bα backbone. S2

NH report on the spatial restriction of the motions
of 15N-1H vectors, with 1 and 0 corresponding to completely restricted and unrestricted
motions, respectively.

Model-free treatment requires an estimate of the rotational diffusion properties of C1Bα.
HYDRONMR calculations were carried out on an ensemble-averaged C1Bα NMR structure
with two values of a, 2.5 and 2.8 Å, as described in Materials and Methods. For a = 2.5 (2.8)
Å, we obtained the overall rotational correlation time τm of 3.13 (3.40) ns and the following
eigenvalues of the diffusion tensor: Dz=6.41 (5.88) s−1, Dy=4.67 (4.33) s−1, and Dx=4.88
(4.51) s−1. Because the difference between Dx and Dy is small (4% for both values of a), the
diffusion tensor can be treated as axially symmetric with D||/D⊥=1.34 (1.33). The analysis of
R2/R1 ratios for C1Bα produced τm=3.28 ns and D||/D⊥=1.30, which is in good agreement
with HYDRONMR results. Since the R1 and R2 values are essentially identical between wt
and Y123W C1Bα for all 15N spins not subject to conformational exchange, the conclusion
about the axial symmetry of the rotational diffusion tensor holds for the Y123W C1Bα as
well. The values of τm and D||/D⊥ obtained from the R2/R1 analysis were used as an initial
input for the first round of model selection.

A comparison of the calculated S2
NH for the wt and Y123W C1Bα, along with the diagram

of secondary structure elements and ligand-binding loop regions β12 and β34, is shown in
Figure 6(a). In wt C1Bα, the mean S2

NH for the secondary structure elements and β12/β34
loop regions is 0.852 ± 0.031 and 0.813 ± 0.074, respectively. For the Y123W mutant, the
values are quite similar to those of the wt C1Bα, 0.856 ± 0.031 and 0.826 ± 0.069. Thus, the
differences in the mobility between the loop regions and the secondary structure elements
are subtle. However, in both proteins the two most dynamic non-terminal residues belong to
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the loop regions. Ser111, with S2
NH of 0.729 ± 0.018 (0.750 ± 0.019) in the wt (Y123W)

C1Bα, is located in the middle of loop β12. Residue 123, with S2
NH of 0.653 ± 0.020 (0.687

± 0.024) in the wt (Y123W) C1Bα, is the mutation site located at the N-terminal hinge of
the loop β34.

Another noteworthy feature of the S2
NH profile of Figure 6(a) is the mobility of the N- and

C-termini. In C1Bα, His102, Cys132, Cys135 and Cys151 coordinate one of the two
structural Zn2+ ions (Figure 1). His102 is the third and Cys151 is the next-to-last residue of
the N- and C-termini, respectively. The S2

NH of His102 is 0.798 ± 0.021 in the wt C1Bα
(unresolved in Y123W), indicating that the coordination bond with Zn2+ restricts the motion
of His102. S2

NH values for Cys151 and Gly152 are not available, since neither residue could
be adequately fit with any of the five models. However, their R2 values are substantially
reduced compared to the mean values for non-exchanging residues, indicating increased
flexibility. Leu150 immediately precedes Cys151 and is highly dynamic with S2

NH of 0.403
± 0.077 (0.455 ± 0.075) in the wt (Y123W) C1Bα. We attributed this increase in the
flexibility of the Leu150-Gly152 stretch to the loss of the coordination bond between
Cys151 and structural Zn2+. We have since confirmed this conclusion using other methods
(manuscript in preparation).

While the sub-ns dynamics of wt and Y123W C1Bα are very similar, we observed
significant differences in their conformational exchange behavior. Conformational exchange
refers to the processes that occur on the μs-ms timescale and manifest themselves in the
elevated R2 values for all 15N spins whose magnetic environment changes as a result of the
exchange process. R2 values measured in a Carr-Purcell-Meiboom-Gill (CPMG)-type
experiment, R2

CPMG, are shown in Figure 6(b). In wt C1Bα, the most dynamic region is the
C-terminal hinge of loop β34, comprising residues Gln128 and Gly129. In Y123W C1Bα,
there are two additional regions that are affected by the exchange process, the C-terminal
hinge of the β12 loop and the N-terminal region of the β34 loop. The implication of these
findings for the model-free analysis of sub-nanosecond dynamics is that the subset of
residues fit by Models 3 and 4 in the Y123W mutant is significantly larger than that in the
wt C1Bα (Figure S4). As a next step, we sought to determine how the kinetics of the
exchange process is altered in the Y123W mutant and evaluate the relevance of these
changes to the observed DAG binding affinities.

Conformational dynamics of C1Bα is altered by the Y123W mutation
The conformational dynamics of the C1Bα backbone was characterized using relaxation
dispersion analysis of 15N rotating-frame relaxation rate constants, R1ρ. R1ρ experiments are
sensitive to the exchange processes that occur on the timescale of microseconds. The
relaxation dispersion data for the wt and Y123W C1Bα were fit with a two-state model for
the exchange process that is fast on the chemical-shift timescale. The parameters of the
model describe the exchange between two conformers A and B, A⇔B, in terms of the
exchange rates kex and a composite parameter Φex (Eq. (7)). The latter contains information
on the structural differences between the conformers (ΔωN

2) and the thermodynamics of the
process (pApB). The conformers A and B will be referred to as the ground and excited states,
respectively.

Table 1 summarizes the results of the global fit for all exchange-broadened residues whose
Rex > 0.5 s−1 at 11.7 Tesla. kex decreased significantly, from 15400 to 9600 s−1, in the
Y123W C1Bα mutant. The “Group” column in Table 1 indicates the location of the residues
inrelation to the ligand-binding loops. β12N, β12C, β34N, and β34C refer to the N- and C-
terminal hinges of the β12 and β34 loops. It is evident from Table 1 that all residues for
which quantifiable dispersion was detected are located in the hinge regions of β12 and β34.
In addition, four residues in Y123W (Gly111, Leu125, His127, and Gln128) and two in the
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wt C1Bα (Gly111 and Leu125) are broadened by the exchange process, but the low
intensity of their cross-peaks precluded the measurement of relaxation dispersion curves.

Residue-specific relaxation dispersion curves showing the dependence of R2 values on the
spin-lock amplitude are presented in Figure 7(a). The residues of β12N show very small
dispersion amplitudes in both proteins. The β12C hinge comprising residues T113 and F114
does not undergo conformational exchange in wt C1Bα. In contrast, these two residues
show significant dispersion in the mutant (Figure 7(a), first column). The same pattern is
observed for the β34N, which includes Leu122, the mutation site Tyr/Trp123, and Gly124
(Figure 7(a), second column). While Tyr123 shows small but non-negligible dispersion in
the wt, the profiles are flat for Leu122 and Gly124. In the Y123W mutant, the dispersion for
all three residues of the β34N hinge is prominent. The β34C region comprising Gln128,
Gly129, and M130 is dynamic in both proteins, but the dispersion amplitude in the mutant is
substantially increased for Gly129 and M130 compared to the wt (Figure 7(a), third
column). To summarize, the Y123W mutation in C1Bα leads to a significant increase in
conformational flexibility of C1Bα on the μs timescale, especially in the β12C and β34N
regions.

Figure 7(b) highlights several residues that are involved in the formation of hydrogen bonds
that stabilize both intra- and inter-loop structure. Because the loops are poorly defined in the
NMR ensemble of C1Bα, we used a homology model generated using the crystal structure
of C1Bδ.21 This hydrogen-bonding pattern is also shared by C1Bγ22,34 that has a 75.5%
sequence identity with C1Bα. The C=O group of Gln128 sidechain serves as a hydrogen
bond acceptor for its own backbone N-H group and the N-H of Tyr109. In addition, the NH2
group of Gln128 sidechain is a hydrogen-bond donor to Gly124, located on the same loop
β34, and Tyr109 located on loop β12. The N-H of Gly129, which shows the largest
dispersion amplitude in both wt and Y123W C1Bα, is involved in the hydrogen-bonding
interaction with the C=O of H107. Finally, Leu122 N-H and Thr113 C=O form a donor-
acceptor pair that stabilizes the inter-loop structure. These hydrogen bonds are essential to
maintaining the integrity of the anti-parallel β-sheets formed by strands β1/β4 and β2/β3, as
shown in Figure 7(c).

Three residues that have measurable dispersion in both wt and Y123W C1Bα are Tyr/
Trp123, Gly129, and Met130. The cross-peak positions of Met130 and Gly129 are
essentially coincident in the wt and Y123W C1Bα HSQC spectra, yet their Φex values are
drastically different. The implications are that (i) in both proteins, the population of the
excited state is fairly small and the major contribution to the observed population-averaged
chemical shift comes from the ground state; and (ii) the conformational equilibrium between
the ground and excited states in the Y123W mutant is altered compared to that in wt C1Bα.
The kex value in the mutant is 9600 s−1 compared to 15400 s−1 in the wt C1Bα. This means
that either k1 or k−1 or both decrease as a result of the mutation. A simultaneous increase of
the activation energies in forward (Ea,1) and reverse (Ea,−1) directions is unlikely because
that would imply a substantial increase in the energy of the transition state due to mutation.
Because the excited state populations are small, k1 ≪ k−1 and Ea,1 ≫ Ea,−1 for both proteins.
The change in the energy of the excited state brought about by the mutation would
contribute significantly to Ea,−1 and negligibly to Ea,1. Then, k1

wt k1
Y123W and the ratio of

the fractional populations of the excited states in the mutant and wt C1Bα can be estimated
as: pB

Y123W/pB
wt = kex

wt/kex
Y123W = 1.60. In addition, the plot of Φex values in the mutant

versus wt C1Bα for Tyr/Trp123, Gly129, and Met130 shows a linear correlation with a
slope of 1.73 (Figure S5). If we assume that ΔωN is similar for these three residues in wt
and Y123W C1Bα, then the linear correlation implies a 1.73-fold population shift in the
mutant. We conclude that the mutation alters the conformational exchange equilibrium,
thereby increasing the population of the excited state by 60–70%.
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In addition to the population shift, some structural features of the excited state in the Y123W
mutant are likely to be different from those of the wt C1Bα. This conclusion is based on the
observation that residues Thr113, Phe114, Leu122, Trp123, and Gly124 have substantial
dispersion amplitudes in Y123W C1Bα but show either very little (Tyr123) or no (all
others) dispersion in the wt C1Bα. These regions correspond to the C- and N-terminal
hinges of β12 and β34 loops that stabilize the structure of the β2/β3 anti-parallel beta-sheet,
as shown in Figure 7(c).

Based on the identity of the residues affected by the conformational exchange and their
position in the three-dimensional structure of C1Bα, the process that we detect in the
relaxation dispersion experiments may involve transient breaking and formation of hydrogen
bonds between the anti-parallel β1/β4 strands in wt C1Bα, and both β1/β4 and β2/β3
strands in the Y123W mutant (see Figure 7(c)). This process may also be accompanied by
the opening and closing of ligand-binding loops. To understand the dynamic behavior of
intra- and inter-loop hydrogen bonds and its implications for the structural rearrangement of
β12 and β34 loops, we carried out MD simulations of the wt and Y123W C1Bα.

Molecular dynamics simulations provide insight on the conformation of ligand-binding
loops

Loop tip distances in the C1Bα NMR ensemble of structures range from 3.8 Å to 11.3 Å, as
measured between the Cα atoms of Ser111 and Leu125. This observation has led to a
hypothesis that the process that we detect in relaxation dispersion experiments is the
conformational exchange between the conformers with open and closed ligand-binding
loops. To explore this possibility we performed MD simulations of wt and Y123W mutant
of C1Bα. Model 1 from the NMR ensemble of structures of Hommel et al.23 was used as the
starting structure for both wt and Y123W C1Bα. In this structure, the β12 and β34 loops are
in a closed conformation with the tip distance of 5.7 Å. The loop tip distance along the MD
trajectories was monitored to determine if the ligand binding loops transition to an open
conformation.

A histogram of the distances between the loop tips for the wt C1Bα (yellow bars) and
Y123W (empty bars) is shown in Figure 8(a). Wt C1Bα undergoes the closed-to-open loop
transition early in the equilibration, and never populates the fully closed loop state during
the equilibrium trajectories. In contrast, the loops of Y123W C1Bα are still found in the
closed conformation after a 2 ns equilibration, with a loop tip distance centered at ~5 Å.
After the 2 ns equilibration period, but at different points in the three trajectories of Y123W
C1Bα (between 2 ns and 10 ns of simulation time) the loops transition to the open state.
Because Y123W C1Bα reaches structural equilibration only after 10 ns, we collected an
additional 8 ns of the trajectories of Y123W C1Bα, from 10 to 18 ns, and analyzed them
separately from the initial 2–10 ns trajectories where the loop conformation is not yet
equilibrated.

The histogram of distances between the loop tips in the extended 10–18 ns trajectories is
compared with the wt C1Bα data in Figure 8(b). Similar to the wt, once the binding loops of
Y123W C1Bα reach the open conformation, they remain in the open conformation for the
rest of the simulated trajectory. The distribution of the loop tip distances in both wt and
Y123W C1Bα is bimodal and covers a similar range. Along with the open loop
conformation at 12.5 Å, the wt protein also populates the state with a shorter distance
between the loop tips, as illustrated by the small peak centered at 9.5 Å in Figure 8(b). This
state is very rarely populated by Y123W C1Bα. Two snapshots of C1Bα structures with
closed and open loop conformations, captured in the MD simulations, are presented in
Figures 8(c) and (d). It is evident that the transition of loops β12 and β34 from the closed to
open state has profound consequences for the geometry and size of the ligand-binding site.
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The presence of hydrogen bonds was monitored during the simulation to identify those that
stabilize the closed/open states of the binding loops. Six hydrogen bonds that correlate with
the closed-to-open loop transition in Y123W C1Bα are listed in Table S1. Three of them,
identified as primary bonds, are present in the closed state but are lost upon transition to the
open state: Gln128-Pro112, Ser111-Gln128, and Thr108-Leu125. All of these bonds are
inter-loop and involve side chains atoms (italicized) as one partner. The probabilities of the
primary hydrogen bonds are correlated with the fraction of the trajectory corresponding to
the closed loop conformation. These hydrogen bonds are never observed in the 8 ns
trajectories collected for wt, where the loops are always in an open conformation. The
correlation between the tip distance and the presence or absence of each of the three
hydrogen bonds is evident in the trajectory of Figure S6, where the transition from the
closed to open state occurs at ~4.2 ns. Three other hydrogen bonds that show weak but non-
negligible correlation with the closed-to-open transition are Gln128-Leu122, Gly129-
His107, and Tyr109-Gln128. These bonds are identified as secondary because, although
their presence may promote the formation of the primary hydrogen bonds, they are not alone
sufficient to facilitate the transition from the open to closed state.

The extensive involvement of Gln128 in inter- and intra-loop interactions has led us to
examine this residue in more detail. Our NMR experiments indicate that Gln128, which is
located at the C-terminal hinge of the β34 loop, undergoes conformational exchange in the
wt and Y123W C1Bα. The sidechain of Gln128 is very dynamic in the MD trajectories of
both proteins, as illustrated by the many transitions of the side chain dihedral angles χ1, χ2,
and χ3 in Figure S7. For both wt and Y123W C1Bα, the χ3 angle samples a wide range of
values, sometimes rotating by 360°. These sidechain dihedral transitions are often associated
with the rearrangement of the Gln128 hydrogen-bonding network.

An example is given in Figure 9 that shows the time dependence of the dihedral angle, χ2,
of Gln128 for one of the wt C1Bα trajectories. In this trajectory, the χ2 angle of Gln128
sidechain undergoes two transitions that are marked with dashed vertical lines. The changes
in χ2 occur concomitantly with the rearrangement of the hydrogen-bonding network of
Gln128, as shown in Figure 9(b). From 2 to 4 ns, transient hydrogen bonds form with other
β34 loop residues (Gly124, Leu125, and Ile 126) and with two β12 residues (His107 and
Thr108). Upon the first transition at ~4.3 ns, only intra-loop hydrogen bonds of β34 persist.
The loss of inter-loop hydrogen bonds is not accompanied by a large change in the loop tip
distance in wt C1Bα, as is evident from the histogram of Figure 8. Upon the second
transition at ~6.5 ns, the only two hydrogen bonds that occur with high probability involve
the sidechain and backbone atoms of Lys141.

To summarize, our computational results indicate that, for both wt and Y123W C1Bα, the
conformation with open ligand-binding loops is likely to represent the ground state that we
detect by NMR spectroscopy. This conclusion is in general agreement with the NMR data
that are available for other C1 domains. In the C1B domain from PKCγ, another
conventional PKC isoform, the distances range from 10.5 to 12.5 Å in the NMR ensemble.22

In addition, our data support the central role of the Gln128 sidechain in modulating the
structure and dynamics of loops β12 and β34 through the formation of transient hydrogen
bonds.

DISCUSSION
The objective of this work was to understand the determinants of the C1 domain binding
affinity to DAG, a membrane-localized second messenger. This question is significant
because of the functional roles of C1 domains as membrane-targeting modules within their
parent proteins. The intrinsic affinity of C1 domains to DAG determines the cellular
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concentration of the second messenger that is required for the propagation of the signaling
response, and has important implications for the selectivity of that response. In the specific
case of PKCs, their DAG-binding affinities determine which isoform gets preferentially
activated and its localization in the cell.35 To date, only one ligand-bound structure of C1
domain has been determined.21 The structure belongs to the C1B domain from PKCδ, a
high-affinity DAG-binding module in complex with a water-soluble phorbol ester. Two
features of the apo-and ligand-bound C1Bδ structures are pertinent to this discussion. First,
the complex is stabilized by five hydrogen bonds, which involve two oxygen-containing
groups of the phorbol ester and the backbone amide and carbonyl groups of C1Bδ.21

Second, the sidechain of the residue at position 252 (123 if we use the PKCα numbering
scheme) is not involved in any specific interactions with the ligand.

It is the position 123 in PKCβII, a conventional PKC isoform that proved to be essential to
tuning the C1 affinity to DAG. Newton’s laboratory at UCSD found that the mutation of
Tyr123, which is conserved in all three conventional isoforms (Figure 1), to Trp increases
the in-vitro DAG affinity 33-fold. The mutation also made the C1BβII domain more
responsive to DAG in vivo by altering the protein localization pattern from cytosol to
juxtanuclear region under conditions of stimulated DAG production. Following the PKCβII
lead, we introduced the same mutation into the C1B domain from PKCα and determined its
binding affinity to DOG, a short-chain DAG analog, using solution NMR and fluorescence
spectroscopy. The NMR and fluorescence titrations were carried out in the presence of DPC/
DPS micelles for the dual purpose of keeping the protein-ligand complexes soluble and
providing them with a membrane-mimicking environment. The binding curves of Figure 3
show that the Y123W mutation increases the DOG affinity of C1Bα at least 100-fold. Our
data indicate that the mutation of Tyr123 to Trp converts C1Bα from low- to high-affinity
DOG-binding module and that this property is shared by PKCα and PKCβ isoforms.

Having established a functional signature of the Y123W mutation in the form of altered
DOG binding affinity, we characterized its effect on the structure and dynamics of C1Bα.
The results of the chemical shift perturbation analysis and 1DNH measurements indicate that
the mutation imposes a minimum structural perturbation on C1Bα in both apo- and DOG-
bound forms. In the DOG-bound forms, we found that the C1Bα regions that are affected by
ligand binding encompass the entire β12 and β34 loops (Figures 4(c) and (d)). Our data on
the regions affected by ligand binding are in general agreement with the results of NMR
binding studies on related DAG-responsive C1 domains in detergents.22,24 The favorable
DOG-binding regime of C1Bα has enabled us to follow the titration behavior of individual
residues and determine the dissociation constant.

In the absence of ligand, the interaction surface of Y123W C1Bα with detergent micelles is
considerably larger than that of the wt. This surface includes the entire top half of the mutant
protein as compared with only loop β34 in the wt (Figure 5). A plausible explanation is that
Y123W C1Bα has higher affinity to ligand-free micelles than the wt because of the well-
documented propensity of Trp to partition readily into the interfacial membrane regions.36,37

The pivotal role of position 123 (or equivalent) in protein-membrane interactions is
corroborated by the mutagenesis studies of a related C1Bδ domain. The Trp to Gly mutant
of C1Bδ was unable to interact with PDBu-containing phospholipid vesicles, while its
binding affinity to PDBu in the absence of bilayers remained fairly high with a Kd of 25
nM.38 A recent stopped-flow study of C1BβII association with lipid membranes led to the
proposal of the two-step binding mechanism, in which the first step involves the formation
of the low-affinity protein-lipid complex.30 The binding of C1Bα to detergent micelles is
intermediate on the chemical-shift timescale, which precludes the determination of Kd
values by NMR. It has been reported that the Kd for the C1-lipid interactions in the absence
of DAG and phorbol esters is on the order of 100 mM.9 Trp at position 123 can potentially
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increase the protein residency time at the membrane by decreasing the off-rate and thus
facilitate the two-dimensional search for DAG that occurs in the second step of the binding
process. Thus, we speculate that the preferential partitioning of Trp into the headgroup
region of detergent micelles (and bilayers) can in part be responsible for the increased DAG
affinity of the Y123W mutant.

It has been suggested for several protein systems that the sub-ns dynamics of protein
backbone may play a role in the thermodynamics of ligand binding via the entropic
contribution to free energy (reviewed in39). To determine if Y123W mutation alters the
flexibility of C1Bα, we characterized the sub-ns dynamics of N-H groups. The comparison
of order parameters for the wt and Y123W C1Bα shown in Figure 6 revealed no substantial
differences between the two proteins. The loop residue with the lowest value of SNH

2 is the
mutation site. The order parameter of residue 123 is virtually identical for the wt and mutant
C1Bα, despite having a different amino acid at this position. Our data also revealed reduced
R2 values for the C-terminal region comprising residues Leu150-Cys151-Gly152. This
implies that the coordination site of the second Zn2+ ion, which holds together the N- and C-
termini through the coordination of His102 and Cys151 side-chains, is dynamic.

In contrast to the sub-ns dynamics, the conformational dynamics of C1Bα on the μs
timescale differed significantly between the wt and mutant. In both cases however, our
relaxation dispersion data are consistent with the two-site exchange process between the
ground and excited states. The process is fast on the chemical-shift timescale. In the wt
C1Bα, among the five residues that undergo conformational exchange with a global kex of
15400 s−1, the largest dispersion amplitudes were observed for the Gln128-Gly129 pair.
This QG motif, which is located at the C-terminal hinge of loop β34, is part of the consensus
sequence in DAG-binding C1 domains.1 Mutation of Gln128 to Gly or Trp abolishes PDBu
binding in the C1Bδ domain.38 A conservative mutation of Gln128 to Glu preserved the
ability of C1Bα to bind PDBu but completely abolished DOG binding (M. Stewart and T.
Igumenova, unpublished data).

The results of our MD simulations support the conclusion about the pivotal role of Gln128
in controlling the geometry and dynamics of the ligand-binding site. For example, in the
Y123W mutant, two primary hydrogen bonds that stabilize the closed loop conformation
involve the Gln128 sidechain. In both wt and Y123W C1Bα, the sidechain of Gln128
executes frequent rotameric hops often accompanied by the formation of transient hydrogen
bonds (Figure S7 and Figure 9). Atypical C1 domains that are not capable of binding DAG
have a four amino acid deletion in the β34 loop, and the requirement for Gln at position 128
is relaxed. Moreover, the β34 loop was reported to be rigid in the NMR studies of an
atypical C1 domain.25,26 Thus, the observed conformational flexibility of the QG motif may
be an important functional feature that is shared by all DAG-responsive C1 domains.

In the Y123W mutant, nine residues that belong to the N- and C-terminal hinges of β12 and
β34 loops show quantifiable dispersion with a kex of 9600 s−1. The most prominent
differences between the wt and Y123W C1Bα are in the β34N and β12C regions (Figure
7(a)). For residues that show non-negligible dispersion in both proteins, we interpreted the
differences between their kex and Φex values as being indicative of the change in the
conformational equilibrium between their respective ground and excited states. According to
our estimates, the population of the excited state in the mutant increases 1.6–1.7 fold
compared to the wt protein.

To evaluate the role of conformational dynamics in the DAG ligand recognition and
binding, we have to consider the nature of the excited state. Based on the position of the
exchanging residues in the three-dimensional structure of C1Bα, we speculate that the
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process detected in NMR relaxation dispersion experiments involves the transient breaking
and formation of hydrogen bonds at the hinges of the ligand-binding loops. The most likely
NH···O=C donor-acceptor pairs involved in this process are Gly129-His107 in the wt, and
Gly129-His107 and Leu122-Thr113 in the Y123W C1Bα (Figure 7(c)).

Related to the hydrogen bond dynamics is the question of the closed-to-open loop transition.
According to the results of our MD simulations, the closed loop conformation is never
repopulated once the transition to the open state occurs during the 0–2 ns equilibration
period (wt) or the 2–10 ns trajectories (Y123W). The open-loop conformations appear to be
more energetically favorable than the closed-loop ones and therefore are likely to represent
the ground states of wt and Y123W C1Bα. The differences between the loop tip distance
distributions for the two proteins shown in Figure 8(a) suggest that the closed-to-open loop
transition occurs on a slower timescale in the mutant than in the wt, which is in general
agreement with our k−1 estimates.

The MD simulations identify three hydrogen bonds (Thr108-Leu125, Ser111-Gln128, and
Gln128-Pro112) whose presence stabilizes the closed state of the ligand-binding loops.
These bonds are always absent in both wt and Y123W C1Bα when the loops are in the open
state. The Gly129-His107 hydrogen bond is weakly correlated with the closed state of the
Y123W mutant and is rarely formed in the open state of the wt C1Bα (Table S1). The
Leu122-Thr113 hydrogen bond has a probability of 0.87 ± 0.22 and 0.90 ± 0.16 in the
mutant and wt, respectively. Thus, the correlation between the status of the Gly129-His107
and Leu122-Thr113 hydrogen bonds and the presence of the fully closed form with the loop
tip distance of 5 Å is rather weak.

Based on the results of our MD simulations and the structure of C1Bδ in complex with
phorbol ester21, it is likely that the ground and excited states correspond to the open and
partially closed conformations of the ligand-binding loops, respectively. The partially closed
form may have a higher DAG affinity than the ground state with the open-loop
conformation. DAG is a smaller ligand compared to the phorbol ester that has bulky
polycyclic groups, and would be accommodated more effectively in a smaller inter-loop
space. The secondary hydrogen bonds that involve the conserved QG motif (Gly129-His107,
Gln128-Leu122, and Tyr109-Gln128, Table S1) stabilize the loop conformations observed
in the MD simulations, and are also likely to stabilize the excited partially closed state.

The nominal time scale of the MD simulation is shorter than the time scale of the
conformational transitions that determine the chemical exchange line-broadening;
nonetheless, the results of the simulation suggests that the opening and closing of the ligand
binding loops may provide the mechanism for the experimentally observed chemical
exchange process. Further mutagenesis studies are required to more definitively determine
the nature of these motional processes. In further support of our hypotheses about the
excited state, we observed that the destabilization of the closed and partially closed
conformation by introducing the Q128E mutation into C1Bα (and thus eliminating hydrogen
bonds in which the Gln128 sidechain serves as a hydrogen-bond donor) preserved PDBu
binding but completely abolished DOG binding (M. Stewart and T. Igumenova, unpublished
data).

The main differences between the excited states in the Y123W and wt C1Bα are in the
β12C and β34N regions. Thr113 (β12C) and Leu122 (β34N) are involved in hydrogen-
bonding interactions between the β2 and β3 strands (Figure 7(c)), and show significant
dispersion in the mutant but none in the wt. According to the crystal structure of the C1Bδ-
phorbol ester complex21, the C20 O-H group of the phorbol ester, which mimics the O-H
group of DAG, serves as an acceptor for the N-H of Thr113 and a donor to C=O of both
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Leu122 and Thr113. Transient breaking of the Leu122-Thr113 hydrogen bond can facilitate
the entry of DAG into the binding site through the partial “unzipping” of the β2/β3 strands.
Through this mechanism, the excited state of the Y123W mutant can potentially have higher
DAG binding affinity than the excited state of the wt, where the exchange process affecting
Thr113 and Leu122 is absent. The DAG binding event would then shift the conformational
equilibrium between the ground and excited states towards the high-affinity excited state.
This mechanism of ligand binding has been referred to as “pre-equilibrium” or selected-fit,
with the implication being that the ligand selects a high-affinity conformer from an
ensemble of two or more pre-existing conformers with comparable energy.40

Conformational plasticity of ligand-binding sites has been observed in other lipid-binding
proteins. For example, it has been suggested that the conformational dynamics of sterol-
binding protein 2 facilitates the access of ligands to the binding site and may be required for
accommodating structurally diverse ligands.41 Conformational dynamics of intestinal fatty
acid-binding protein have led to the “dynamic portal” hypothesis for ligand entry42,43 that
has been tested recently using relaxation-dispersion experiments.44 Along with the structural
features, conformational plasticity of lipid-binding proteins may be required to ensure their
ligand promiscuity. For C1 domains, their ability to bind ligands other than DAG has been
used to great advantage for designing inhibitors and activators.4

To conclude, structural considerations alone cannot fully explain a 100-fold change in the
C1Bα affinity to DAG brought about by the Y123W mutation. Our data indicate that there
are three factors that may lead to the enhancement of DAG-binding affinity in Y123W
C1Bα: (1) the increased affinity of the mutant to ligand-free membranes; (2) the existence
of the excited state that is capable of more efficiently capturing DAG; and (3) the increase in
the population of this excited state compared to that of the wt protein. Understanding the
origins of ligand binding affinity and specificity in C1 domains is important for developing
ways to modulate the activity of PKCs for therapeutic and research applications. Full
understanding of the molecular details of C1-DAG interactions will have to await the
determination of the C1 structure in complex with DAG in the presence of a membrane
mimic.

MATERIALS AND METHODS
Protein Overexpression and Purification

The DNA sequence of C1Bα domain from Mus musculus was amplified by PCR using the
PKCα cDNA clone (Open Biosystems) as a template. A 53-residue construct of C1Bα,
comprising residues S100 through G152 of PKCα, was subsequently cloned into a pET-
SUMO expression vector (Invitrogen) as a C-terminal fusion with histidine-tagged SUMO, a
small ubiquitin-like protein.45 Mutagenic DNA for the Y123W C1Bα mutant was
constructed from the wt C1Bα gene using a Stratagene QuickChange™ site-directed
mutagenesis kit and suitable PCR primers. Purified wt and mutagenic plasmids were
transformed into BL21(DE3) E. coli cells. The proteins were over-expressed and purified as
described in the Supplementary Material. For NMR experiments, the proteins were
concentrated to 0.3–0.5 mM, and exchanged in the buffer containing 10 mM [2H-4]-
imidazole at pH 6.5 (Cambridge Isotopes), 150 mM KCl, 8% 2H2O, 1 mM tris(2-
carboxyethyl)phosphine (TCEP), and 0.02% NaN3. The purity of wt and Y123W C1Bα was
assessed using SDS-PAGE. Molecular weight of the proteins was verified by MALDI TOF
mass-spectrometry.
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NMR Spectroscopy and Data Analysis
All NMR experiments were carried out at 25 °C on Varian Inova and VNMRS
spectrometers operating at 1H Larmor frequencies of 500 (11.7 Tesla) and 600 MHz (14.1
Tesla). The temperature was calibrated using methanol. Sequential assignments of the
backbone 1H, 13Cα, 13Cβ, and 15N resonances for the wt C1Bα were obtained using
gradient-enhanced CBCA(CO)NH and HNCACB experiments.46 NMR data were processed
with nmrPipe47 and assigned with Sparky.48

DAG- and PE-binding assays—2-dihexanoyl-sn-glycero-3-[phospho-L-serine] (DPS)
and 1,2-dioctanoyl-sn-glycerol (DOG) were purchased from Avanti Polar Lipids. [2H38]-
dodecylphosphocholine (DPC) and [2H6]-DMSO were from Cambridge Isotopes, and
phorbol 12,13-dibutyrate (PDBu) was from Sigma-Aldrich. A stock solution of mixed
micelles was prepared by combining chloroform solutions of DPS and DPC with a molar
ratio of 3:7. Chloroform was removed under a stream of nitrogen gas, and then under
vacuum for two hours. The detergent film was re-suspended in the NMR buffer and
vortexed for one minute to form a clear micellar solution. The NMR titration samples
contained DPC/DPS micelles with a total detergent concentration of 10 mM and 0.1 mM
U-15N-enriched C1Bα. DOG or PDBu dissolved in [2H6]-DMSO was added stepwise
directly to the NMR sample. The concentration of DMSO at the titration endpoint was 8%
(v/v). The binding was monitored as a ligand concentration-dependent change of the cross-
peak positions in a series of two-dimensional 15N-1H HSQC spectra. Residue-specific
binding curves were constructed by plotting the absolute value of the change in 1H or 15N
chemical shift, whichever is larger, as a function of the total ligand concentration, L0. The
dissociation constant, KD, was determined by globally fitting the binding curves using the
following equation:

(1)

where Δδ is the absolute value of the observed change in the chemical shift for 15N or 1H at
a total ligand concentration L0, ΔδPL is the absolute value of the residue-specific chemical
shift difference between bound and apo-forms of the protein, and P0 is the total protein
concentration.49

Chemical shift perturbation analysis for PDBu and DOG binding—For all protein
residues that responded to the addition of ligand, the normalized change in the chemical shift
was determined according to the following equation:

(2)

where ΔδH and ΔδN are the chemical shift changes, and γH and γN are the gyromagnetic
ratios of 1H and 15N nuclei, respectively. To confirm the C1Bα assignments in the ligand-
bound form, we carried out a three-dimensional HN(CA)CB50 experiment on a sample
containing 0.4 mM [U-13C,15N; 55%-2H] C1Bα, 0.5 mM PDBu, and 40 mM DPC/DPS
micelles.

Measurements of 15N-1H residual dipolar couplings (RDCs)—Weakly aligned
samples of wt and Y123W C1Bα were prepared in stretched polyacrylamide gels.51,52 6%
gels were prepared using the appropriate dilution of 40% acrylamide and bis-acrylamide
solution, 37.5:1 (Bio-Rad), 0.1% w/v ammonium persulfate (Fisher Scientific), and 0.08% v/
v N,N,N′,N′-tetramethylethylenediamine (Fisher Scientific), and cast at a diameter of 6
mm. The gel was soaked overnight with 0.5 mM wt or Y123W C1Bα and then axially
stretched into a 4.2 mm NMR tube using the apparatus obtained from New Era
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Enterprises.53 Site-specific residual dipolar couplings, 1DNH, were calculated from the in-
phase anti-phase (IPAP)54 spectra as the difference between the splittings of the 15N doublet
components in the aligned and isotropic spectra.

NMR relaxation experiments for probing sub-nanosecond motions—
Longitudinal relaxation rate constant (R1), transverse relaxation rate constants (R2), and
{1H}-15N nuclear Overhauser enhancement (nOe) were measured for all spectrally resolved
N-H groups of protein backbone using standard methods.55 The measurements were carried
out for both wt and Y123W C1Bα at two magnetic field strengths, 11.7 and 14.1 T. Nine
time points ranging from 0.012 to 0.180 s (R2) and 0.031 and 0.600 s (R1) were collected,
three of which were duplicates. The nOe data were acquired in an interleaved manner, with a
3 s saturation period and a 5 s recycle delay. Cross-peak intensities were used to quantify
relaxation, and the uncertainties of these intensities were estimated either from the root-
mean-square noise level of the base plane (nOe) or from duplicate measurements (R1 and
R2).

The rotational diffusion properties of C1Bα were evaluated with HYDRONMR56 and R2/R1
ratios,57 using the ensemble-averaged NMR structure of C1Bα23 kindly provided by Dr.
Ulrich Hommel. HYDRONMR calculations were carried out with atomic element radii a of
2.5 Å (minimum) and 2.8 Å (maximum). The a values in this range were shown previously
to provide the best agreement with experimental data for proteins with intermediate
anisotropy.58 Estimation of the rotational diffusion tensor based on the R2/R1 ratios was
done using the program R2R1_diffusion (available from the laboratory of Dr. Arthur G.
Palmer, III at Columbia University). Residues that are exchange-broadened and/or have nOe
values less than 0.65 were eliminated from the analysis using the criteria outlined in Tjandra
et al.57 and the results of the rotating-frame relaxation dispersion experiments (vide infra).

Relaxation data sets were analyzed using Lipari-Szabo model-free formalism59 for the case
of axially symmetric rotational diffusion, as implemented in the program ModelFree4.20.60

The formalism relies on the explicit separation of timescales for local and overall rotational
motions. The information on the internal motions of 15N-1H vectors is obtained in the form
of generalized order parameters, S2, which report on spatial restriction of motion, and
effective correlation times, τe, which report on the rate of motion. Five different models
having the following parameterization are implemented in ModelFree4.20 to facilitate the
relaxation data analysis: (1) S2; (2) S2, τe; (3) S2, Rex; (4) S2, τe, Rex; and (5) S2

f, S2
s, τs.

Rex is the contribution of conformational exchange to the R2; S2
f and S2

s are the generalized
order parameters for the fast and slow internal motions; and τs is the time constant for the
slow internal motion.

The Fast-Modelfree program61 was used to generate the input files and carry out the model
selection according to Mandel et al.60 ModelFree4.20 was used for the simultaneous
optimization of the rotational diffusion tensor and motional parameters for the 15N spins
assigned to Models 1 and 2. Model selection and rotational diffusion tensor optimization
were iterated until no changes were detected in the model assignment and tensor parameters.
The optimized values of the axially symmetric rotational diffusion tensor were τm=3.19 ±
0.03 (3.07 ± 0.03) ns, D||/D⊥=1.36 ± 0.08 (1.37 ± 0.08), Ω=92.1 ± 7.1° (94.7 ± 7.6°), and
Φ=267.8 ± 9.4° (275.9 ± 9.2°) for the wt (Y123W) C1Bα, respectively. Ω and Φ are the
Euler angles relating the principle Z axis of the diffusion tensor to the Z axis of the
molecular frame of the ensemble-averaged NMR structure of C1Bα. The final calculation
was carried out for all spins using the optimized parameters for the rotational diffusion
tensor.

Stewart et al. Page 16

J Mol Biol. Author manuscript; available in PMC 2012 November 05.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Rotating-frame (R1ρ) relaxation dispersion measurements and data analysis—
Rotating-frame relaxation rate constants, R1ρ, were measured for all resolved amide groups
at two static magnetic fields, 11.7 and 14.1 T. R1ρ values depend on R1, R2, and the angle θ
between the effective radiofrequency field ωe and the direction of the static magnetic field
as follows:

(3)

(4)

(5)

where ω1 is the amplitude of the applied radiofrequency field and Ω is the resonance offset.
In the presence of conformational exchange, R2 can be expressed as a sum of two terms:

(6)

where R2
0 is the free-of-exchange transverse relaxation rate constant. For a two-state

conformational exchange A ⇔ B that is fast on the chemical-shift timescale, the dependence
of Rex on the parameters of the exchange process is described by the following equation:

(7)

in which  and kex =k1+ k−1. k1 and k−1 are the forward and reverse rate
constants; pA and pB are the populations; and ΔωN is the residue-specific 15N chemical shift
difference for the conformers A and B.

Off-62 and near-resonance63 R1ρ measurements were carried out with a maximum relaxation
delay of 160 ms using established pulse sequences.64 The alignment of 15N magnetization
with the effective field ωe was accomplished with a 90°x-delay-90°y element in the near-
resonance65, and a tan/tanh adiabatic ramp66 in the off-resonance R1ρ experiments. The
duration of the adiabatic ramp was 6 ms with a frequency sweep starting at −15,000 Hz from
the carrier frequency. Radio-frequency amplitudes ω1 were calibrated using the scaling
of 1JNH coupling constant by the off-resonance decoupling as described by Palmer et al.67 In
the off-resonance R1ρ experiments, ω1/2π ranged from 1030 to 1950 Hz, and the carrier
offset was varied to produce θ in the range of 25–68° for the residues of interest. In the near-
resonance R1ρ experiments, the minimum value of ω1/2π was 480 Hz, and the θ values
were in the range of 68–90°. R2 values were obtained from Eq. (3) for each effective field
ωe using the experimentally measured R1, R1ρ, and calculated tilt angles θ.

Residue-specific relaxation dispersion curves R2(ωe
2) were fit with Eq. (6) and (7) using

R2
0, Φex, and kex as adjustable parameters. Where possible, the initial values of R2

0 were
estimated and constrained during the fit using 1H-15N dipole-dipole (DD)/15N chemical
shielding anisotropy (CSA) cross-correlated relaxation rate constants ηxy. In brief, auto- and
cross-relaxation spectra for the ηxy measurements68,69 were collected in an interleaved
manner at two static magnetic fields, 11.7 and 14.1 T, for both wt and Y123W C1Bα. The
relaxation delays were 0.0430, 0.0645, 0.0860, 0.1075, and 0.1290 s. ηxy was determined by
fitting the ratios of peak intensities in cross- and auto-relaxation experiments with a
tanh(−ηxyt) function. Parameter κ was calculated as the mean of the R2

0/ηxy ratios70 for all
non-exchanging residues. The R2

0 values for the exchanging residues were estimated as
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κηxy
71. Fitting of the relaxation dispersion curves was carried out using Igor Pro

(WaveMetrics, Lake Oswego, OR). The fitting procedure was implemented individually for
each exchanging residue using a two-state exchange model described by Eq (7). The use of a
three-state exchange model did not produce a statistically significant improvement of the fit.
Because individual kex values were tightly clustered ((1.29−2.25)×104 and (0.78−1.68)×104

s−1 in the wt and Y123W C1Bα, respectively), the exchanging residues were fit with a
global kex value.

Fluorescence Spectroscopy
The Y123W C1Bα sample in DPC/DPS micelles was prepared identically to the NMR
titration sample, except the protein concentration was 0.5 μM and the buffer contained 10
mM 2-(N-morpholino) ethanesulfonic acid (MES) (Fisher Scientific) instead of imidazole.
The buffer solution was treated with Chelex 100 resin (Sigma) to remove divalent metal
ions. DOG dissolved in [2H6]-DMSO was titrated simultaneously into the Y123W C1Bα
sample and the “blank” sample containing all other components but the protein. Total signal
intensity was recorded with a 335 nm cut-off filter on an ISS Koala fluorimeter (ISS,
Champaign, IL) with the excitation wavelength of 295 nm. The fraction of DOG-bound
Y123W C1Bα was calculated as ΔF/F0, where ΔF is the absolute value of the intensity
change corrected for protein dilution during the titration, and F0 is the fluorescence intensity
in the absence of DOG. The data were fitted using the following equation:

(8)

where the parameters are identical to those of Eq. (1). The binding experiment was repeated
three times and normalized individually to the 0.7 μM DOG concentration point. Using
SDS-PAGE combined with silver staining, we established that about ~50% of Y123W
C1Bα adsorbs on the quartz cuvette walls. This behavior was not alleviated by coating the
cuvette with Sigmacote (Sigma-Aldrich). Therefore, we used total protein concentration as
an adjustable parameter when fitting the binding data with Eq. (8).

Molecular Dynamics Simulations and Data Analysis
Model 1 from the ensemble of NMR structures of C1Bα23 served as the starting
configuration of the MD simulation. Mutation of Tyr123 to Trp was performed with the
Mutator plug-in of Visual Molecular Dynamics (VMD) program.72 The initial structures of
wt C1Bα and mutant were solvated in a TIP3P water box and neutralized using VMD.
Structural optimization and MD simulations were carried out with the NAMD 2.7 molecular
dynamics package73 and the CHARMM27 force field.74 A nonbonded model that included
charge transfer and local polarization effects75 was used to model the zinc interactions. The
systems were first minimized using a conjugate gradient algorithm and then equilibrated in
the isothermal-isobaric ensemble using Langevin dynamics and the Nosé-Hoover Langevin
piston method. Electrostatics were treated with the particle mesh Ewald algorithm with
periodic boundary conditions to avoid edge effects. The SHAKE constraint algorithm76 was
used with a 2 fs time step. Subsequently, equilibration was performed in the microcanonical
ensemble with velocity reassignment to ensure the stability of the temperature. Three
independent trajectories of wt C1Bα were simulated in the microcanonical ensemble for 10
ns, while three independent 18 ns trajectories were collected for Y123W C1Bα. In each
case, the final 8 ns and 16 ns for the wt and mutant, respectively, were used for the
subsequent analyses.

The following definitions were used when analyzing the trajectories. A hydrogen bond is
defined by a donor-acceptor distance of less than 4.0 Å and an angle in the range of 113–
180°.77 Three dihedral angles, χ1 through χ3, were used to quantify the side chain rotations
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of Gln128. The angles are defined by the following heavy atoms: (N, Cα, Cβ, Cγ), (Cα,
Cβ, Cγ, Cδ), and (Cβ, Cγ, Cδ, Nε). Dihedral angles are typically restricted to −180° < θ <
180°. In this work, the range was expanded to −360° < θ < 360° for both the side chain
dihedral angles of Gln128 and the ϕ dihedral angles of the protein backbone. This expansion
enabled us to sample the full range of motions in the highly dynamic β12/β34 loop region of
C1Bα without introducing a discontinuity when the dihedral angles are plotted as a function
of time. The distance between the loop tips was defined as the distance between the Cα
atoms of Ser111 and Leu125.

In one trajectory of C1Bα, Cys151 Sγ becomes uncoordinated from its zinc ion. Instead, a
water molecule forms a bridge between Cys151 and the zinc ion, although once Cys151
displaces the water and regains its coordination transiently. Two other water molecules are
coordinated to this zinc ion when the coordination with Cys151 is disrupted. The zinc ion
closer to the loops remains coordinated to all of its atoms in C1Bα, but a water molecule
often becomes coordinated next to His140 Nδ, which distorts the tetrahedral geometry. This
loss of Zn2+ coordination by Cys151 has been also observed experimentally (manuscript in
preparation). In one of the trajectories of Y123W C1Bα, the coordination of Cys132 is lost
after approximately 16 ns. The distortion of the tetrahedral geometry near His140 due to the
presence of a water molecule can also occur in Y123W C1Bα. This distortion of the
tetrahedral geometry of the zinc ion is not an artifact of the particular Zn2+ model used in
the MD simulations. Simulations of proteins that used this polarizable model for Zn2+

maintain the tetrahedral coordination geometry of the zinc ions observed in all X-ray and
NMR structures of zinc finger proteins and of most enzymes.75,78

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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wt wild-type

C1Bα C1B domain of protein kinase Cα

DAG diacylglycerol
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HSQC heteronuclear single quantum coherence

PDBu phorbol 12,13-dibutyrate

DPS 2-dihexanoyl-sn-glycero-3-[phospho-L-serine]

DOG 1,2-dioctanoyl-sn-glycerol
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PC phosphatidylcholine

RDC residual dipolar coupling

MD molecular dynamics
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Figure 1.
(a) Comparison of the primary structures of DAG/PE-responsive (1 through 6) and
“atypical” (7 and 8) C1 domains. C1Bα numbering is used to indicate the amino acid
position in the primary structure. Consensus sequence for DAG/PE-responsive C1 domains,
shown in red, comprises residues involved in coordinating two structural Zn2+ ions
(highlighted in blue), Pro112, Gly124, and the Gln128-Gly129 motif. DAG-binding loops
β12 and β34 are underlined in C1Bα. Loop β34 in atypical C1 domains from KSR-1 and
Raf-1 has a four amino-acid deletion.25,26 A conserved Tyr at position 123 is highlighted in
yellow. All C1 sequences are from Mus musculus except for Raf1, which is from Homo
sapiens. (b) Ribbon representation of the ensemble-averaged NMR structure of C1Bα.23

The coordinates were kindly provided by Dr. Ulrich Hommel. β2 and β3 segments are
identified as 3-amino acid β-strands by Hommel et al.,23 and will be referred to as such in
the remainder of the paper.
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Figure 2.
NMR-detected titration of the wt (a) and Y123W C1Bα (b) with DOG in the presence of
DPC/DPS micelles. The binding process is intermediate-to-fast and slow-to-intermediate on
the chemical-shift timescale for the wt and Y123W C1Bα, respectively. The insets show the
differences in the binding regimes for the wt and mutant proteins using Leu122 as an
example. Large chemical shift perturbations are observed in the ligand-bound versus apo-
spectra.
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Figure 3.
DOG binding curves for the wt and Y123W C1Bα detected by NMR and fluorescence
spectroscopy. In (a) and (b), the absolute values of the 1H and 15N chemical shift changes,
Δ1H and Δ15N, are plotted as a function of DOG concentration for several representative
residues. The binding curves were fit with Eq. (1) using the dissociation constant Kd as a
global parameter. (c) Normalized change in the fluorescence of Y123W C1Bα plotted as a
function of DOG concentration. The error bars represent the standard deviation between
three experiments. Fitting the binding curve with Eq. (8) produced P0 of 0.23 ± 0.07 μM and
Kd of 6.7 ± 16.4 nM. Large errors in Kd indicate that, in this protein concentration range, the
binding is still tight, and we can only put an upper limit of 0.23 μM onto the Kd value.
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Figure 4.
Assessment of structural differences between wt and Y123W C1Bα using chemical shift
perturbation analysis and RDCs. Structural Zn2+ ions are shown as black spheres in (a), (c),
and (d). Prolines and residues that are missing from the 15N-1H HSQC spectra are shown in
grey. In (a), Δ was calculated between the apo-forms of Y123W and wt C1Bα, color-coded
and mapped onto the ensemble-averaged NMR structure of C1Bα.23 The only significant
perturbation is observed at the mutation site. (b) Comparison of the 1DNH RDCs between the
Y123W and wt C1Bα. Empty circles correspond to the β12 and β34 loop residues. Fitting
the data with a linear function produces a slope of 1.0 within experimental error, suggesting
that minimum perturbations are imposed on the backbone of C1Bα by the Y123W mutation.
In (c) and (d), Δ was calculated between the DOG-bound and apo forms of wt (c) and
Y123W C1Bα (d). In both proteins, the regions involved in interactions with ligand are the
β12 and β34 loops and their hinges. In (d), the Tyr at position 123 was replaced with Trp in
the ensemble-averaged NMR structure of C1Bα using WHATIF.79
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Figure 5.
Mapping of the interaction surface of wt (a) and Y123W C1Bα (b) with ligand-free
micelles. The cross-peaks of residues that interact with DPC/DPS micelles are either
significantly attenuated (yellow) or shifted (orange) compared to their positions in the
micelle-free spectra. (a) In wt C1Bα, the entire loop β34, comprising residues Tyr123-
Gly129, and Tyr109 of loop β12 are involved in the interactions with micelles. (b) In
Y123W C1Bα, both β12 and β34 loops and several adjacent residues are involved in the
interactions with micelles. In (b), the Tyr at position 123 was replaced with Trp in the
ensemble-averaged NMR structure of C1Bα23 using WHATIF.79 Overall, the total surface
area involved in the interaction with micelles is larger in the mutant than in the wt C1Bα.
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Figure 6.
(a) Comparison of the sub-ns dynamics of 15N-1H backbone groups in the wt and Y123W
C1Bα. The generalized order parameters, S2

NH, are plotted as a function of primary
structure. Shaded areas correspond to β12 and β34 loops, and the mutation site is indicated
with an arrow. It is evident from the plot that sub-nanosecond dynamics of the protein
backbone are not perturbed by the Y123W mutation. (b) Comparison of the R2

CPMG values
for the wt and Y123W C1Bα. Elevated R2

CPMG values indicate the presence of
conformational exchange on the μs-ms timescale. In wt C1Bα, the most dynamic region is
the C-terminal hinge of loop β34, while in the Y123W mutant it is both hinges of β34 and
the C-terminal hinge of β12.
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Figure 7.
Comparison of conformational dynamics in wt and Y123W C1Bα. (a) Comparison of
relaxation dispersion curves for individual residues in wt (solid circles) and Y123W C1Bα
(empty circles). For clarity, only the 14.1 Tesla data are shown. The solid lines correspond
to the global fits with parameters summarized in Table 1. Residue groups are defined in
Table 1. (b) Intra- and inter-loop hydrogen bonds that stabilize β12 and β34. Because the
loop region in the NMR ensemble of C1Bα is poorly defined, we used a homology model of
C1Bα that is based on the structure of C1Bδ (1PTQ). Five residues that show quantifiable
dispersion amplitudes in either wt or mutant C1Bα, Thr113, Leu122, Gly124, Gln128, and
Gly129, are involved in those hydrogen bonds. (c) Conformational dynamics of loop hinges
in β12 and β34. Residues that have quantifiable dispersion in both wt and mutant are
underlined. Residues with quantifiable dispersion in either wt or mutant are shown with
regular and bold fonts, respectively.
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Figure 8.
Distribution of open and closed loop conformations in C1Bα. (a) Histogram of the distances
between the loop tips for the wt (yellow bars) and Y123W C1Bα (empty bars) observed
during the interval between 2 and 10 ns of the MD trajectories. The distance between the
loop tips is measured every 200 fs. Wt C1Bα shows a broad bimodal distribution centered at
12.5 Å and 9.5 Å, respectively. Y123W C1Bα has two preferred conformations: the open
and closed, which are centered at 12.5 Å and 5 Å. (b) Histogram of the distances between
the loop tips for the Y123W C1Bα (empty bars) observed during the trajectory interval
between 10 and 18 ns, after the opening of the binding loops. The distance between the loop
tips is measured every 200 fs. For comparison, the histogram generated using the three
original 8 ns long trajectories of wt C1Bα is shown on the same plot (yellow bars). Both wt
and Y123W C1Bα sample open or partially open conformations that show a bimodal
distribution. Frequent transitions between open and partially open conformations are
observed along the trajectories. Snapshots of the structures with closed and open loop
conformations are shown in (c) and (d), respectively. Loop regions are highlighted in purple.
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Figure 9.
χ2 transitions and hydrogen bonds of Gln128 sidechain in wt C1Bα. (a) χ2 dihedral angle
of Gln128 shown as a function of time for one of the wt C1Bα trajectories. (b) Hydrogen
bonds formed by Gln128 for the same trajectory. The presence of a given hydrogen bond at
any time point in the trajectory is indicated with a vertical line. The residues shown in italics
have their sidechain atoms involved in the formation of hydrogen bonds. The residues
shown in bold are involved in the formation of inter-loop hydrogen bonds. The χ2
transitions that occur at 4.4 and 6.5 ns correlate with the rearrangement of the hydrogen-
bonding network of Gln128.
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