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Abstract

Src family kinases (SFKs) are a group of non-receptor tyrosine kinases that are characterized by
their involvement in critical signal transduction pathways. SFKs are often found attached to
membranes but little is known about the conformation of the protein in this environment. Here,
solution nuclear magnetic resonance (NMR), neutron reflectometry (NR), and molecular dynamics
(MD) simulations were employed to study the membrane interactions of the intrinsically
disordered SH4 and Unique domains of the Src family kinase Hck. Through development of a
procedure to combine the information from the different techniques, we were able produce a first-
of-its-kind atomically detailed structural ensemble of a membrane-bound intrinsically disordered
protein. Evaluation of the model demonstrated its consistency with previous work and provided
insight into how SFK Unique domains act to differentiate the family members from one another.
Fortuitously, the position of the ensemble on the membrane allowed the model to be combined
with configurations of the multi-domain Hck kinase previously determined from small-angle
solution X-ray scattering to produce full-length models of membrane-anchored Hck. The resulting
models allowed us to estimate that the kinase active site is positioned about 65 + 35 A away from
the membrane surface, offering the first estimations of the lengthscale associated with the concept
of SFK subcellular localization.
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Introduction

Kinases are enzymes that regulate many key cellular processes via their roles in signal
transduction pathways. c-Src kinase, the prototypical member of the Src family kinases [1],
is a non-receptor tyrosine kinase vital for cell growth, proliferation, metabolism,
differentiation, adhesion, and migration [2, 3, 4]. Over-activation of Src is often at the origin
of several pathologies and anti-cancer drugs such as the kinase inhibitors dasatinib and
bosutinib were designed to target Src specifically because of its importance in cellular
signaling [5, 6].

Structurally, the members of the Src family of kinases share a common multi-domain
architecture, consisting of SH3, SH2, and kinase (SH1) domains preceded by a ~80 residue
region of low conservation called the Unique (U) domain and a membrane-targeting SH4
region at the N terminus (1). Crystal structures have shown that the catalytic activity of
SFKs is tightly regulated by autoinhibition, with activation being achieved by displacing one
or all of the interactions between the SH1 and the regulatory SH3 and SH2 domains [7, 8,
9].

While the structured domains (SH3, SH2 and Kinase) are highly homologous, the membrane
anchoring SH4 and U domains share very little sequence similarity among the family. The
SH4-U region is intrinsically disordered and ranges in size from about 60 to 90 amino acids.
Intrinsically disordered proteins (IDP) are not expected to adopt a unique molecular
conformation. The SH4 domain spans the first 10-15 residues and drives membrane
association via three distinct features: N-terminal myristoylation, an SFK-dependent number
of palmitoyl groups, and a lysine rich stretch of amino acids that augments lipid binding and
directs SFKs to negatively charged membranes [10, 11, 12].

The functional redundancies and high degree of conservation in the regulatory and catalytic
domains has left the specific roles of the eight human SFKSs (Src, Yes, Fyn, Fgr, Hck, Lyn,
Lck, and BIK) largely unknown. The search for distinguishing features has identified sub-
cellular localization and sensitivity to various stimuli as promising candidates for further
exploration [13, 14, 15]. In this regard, the SH4-U region is of high interest owing to its
direct interaction with membranes and diversity among the otherwise highly conserved SFK
sequences. Clear lines of evidence show that SH4-U domains influence SFK substrate
specificity and function [16, 17, 18, 19, 20]. Localization of activated SFKs at the membrane
through the SH4-U region is critical for the regulation of specific cellular processes, and
may permit a tight selection over downstream substrates. Most notably, a Zn?* binding site
in the U domain of Lck has been found to couple the protein to CD-4 and CD-8 in an
interaction required for proper T cell development and activation [19], and a lipid binding
region on the Unique domain was identified that depends on phosphorylation state [21].
Further studies of Src detailed specific interactions between the SH4-U region and the SH3
domain, providing a potential mechanism for how the SH4-U communicates with the rest of
the kinase [21, 22, 23]. This sparseness of detailed structural information on SFK SH4-U
regions stems from difficulty in employing standard structural techniques to IDPs and is
compounded with further challenges when investigating their membrane bound forms.
Further development of procedures and continued efforts to examine SH4-U-membrane
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interactions and how they contribute to kinase function promises to answer many
outstanding questions about roles SH4-U regions play in distinguishing the SFKs from one
another.

Here we focus on Hematopoietic cell kinase (Hck), a phagocyte specific SFK proto-
oncogene that plays a critical role in Bcr/Abl-chronic myeloid leukemia (CML); constitutive
activation of Hck by direct interaction with the oncogene Bcr/Abl is required for the
establishment of leucocyte transformation [24, 25, 26, 27]. Hck is expressed as two isoforms
(generated by alternative initiations of translation of a single mRNA) with apparent
molecular weights of 59 kDa (p59Hck) and 61 kDa (p61Hck) by SDS- PAGE [28]. The two
isoforms differ by 21 residues at the N-terminal end (MGGRSSCEDPGCPRDEERAPR).
Both isoforms may be myristoylated at the N-terminus (p59Hck more likely so than
p61Hck) but p59Hck can also be palmitoylated on Cys3, leading to different localizations
within the cell: p59Hck is mainly associated with the plasma membrane and p61Hck with
lysosomal membranes [29, 30, 31, 32]. Interestingly, the sequence of the U domain of Hck is
well conserved across different species, despite differences between SFK members (Fig. 2),
arguing for its importance as a critical structural feature for regulating SFK function.

From a wider perspective, records in the cBioPortal for Cancer Genomics [33] COSMIC
[34] and the ICGC portal [35] indicate a cluster of cancer related mutations around amino
acids (aa) 53-62: P53R (melanoma), D54Y (lung), T56K (melanoma), G62E (lung), as well
as other mutations in the first 78aa: R4H (breast), S5P (liver), E16K (large intestine), G23R
(stomach), S27F (melanoma), G33K (melanoma), S38* (cervical), E41K (cervical), and
I73F (glioblastoma). We also note that several of these mutations introduce or modify
charged residues in the sequence, which is likely to affect the association of the SH4-U with
the membrane [10, 21].

Previous studies have provided a detailed picture of how the folded domains (SH3-SH2-
Catalytic) behave in solution [8, 36, 37, 38]. Our main goal here is to expand this description
by seeking to characterize the SH4-U domains bound to the membrane surface. As in our
previous work [39], we study an unmyristoylated construct of the Hck SH4-U domains
containing residues 279, hereafter referred to as Hckspya—y (previously referred to as
p61Hcksna_y)- Experimental characterization of the average spatial distribution of
Hcksha—y at the membrane surface is carried out using nuclear magnetic resonance (NMR)
and neutron reflectometry (NR) experiments. Restrained-ensemble molecular dynamics (re-
MD) simulations are then utilized to generate statistical models of membrane-bound Hck.

The results confirm an interaction between the SH4 domain and acidic lipids, and yield an
atomically detailed model of membrane bound Hckspa—y. Combination of the new model
with a previously generated ensemble of Hck solution conformations [38] facilitated the
production of the first full-length models of a membrane-anchored SFK and yielded new
quantitative parameters to help better define the concept of “membrane localization” for an
SFK.
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Results

Surface Plasmon Resonance

Resh and coworkers have demonstrated that SFK SH4-Unique domains preferentially
associate with acidic membranes [10, 40]. The binding of Hckgya_y to lipid membranes was
therefore studied as a function of the chemistry and concentration of acidic phospholipids
embedded in zwitterionic phosphatidylcholine (PC) using phosphatidic acid (PA),
phosphatidylglycerol (PG) and phosphatidylserine (PS) as anionic lipid components of
sparsely-tethered bilayer lipid membranes (stBLMs). stBLMs share many traits with
physiological membranes, support a wide range of lipid compositions, and are structurally
inert toward changes in environmental conditions, temperature, pH, and ionic strength [41].
Our screening for optimized experimental conditions to observe Hckgps_y membrane
binding revealed a strong preference of the peptide for PA-containing membranes (Fig. S1),
although, the overall responses are small in part due to modest size of the 78 amino acid
Hckspa_y construct.

Nuclear Magnetic Resonance

Chemical shifts measured by solution H-15 N HSQC (heteronuclear single quantum
coherence) NMR are sensitive probes of the backbone amide chemical environment.
Perturbations to the chemical shifts (CSPs) induced by a binding partner subsequently yield
a rich source of residue-specific information about the interaction. Technical challenges
prohibit the use of biological membranes in solution NMR experiments and require the
search for a mimic. Small, rapidly tumbling, disk-like bicelles can be formed by combining
long chain lipids with a molar excess of short chain lipids (q < 1.0). Bicelles have found
broad application in NMR [42, 43], including in studies of Srcspa_y [21, 22], and were
therefore chosen for characterization of membrane-Hckgp,_ interactions.

The CSPs induced in Hcksya_y by PA or PG-containing or pure PC bicelle are shown in
Fig. 3. The magnitude of the CSPs is sensitive to several factors including the strength of
interaction, magnetic properties of the lipid head-groups, and in some cases, the number of
bicelles present in the sample. Efforts to prepare the samples in near identical fashion were
undertaken (see Methods), but the nature of the procedure makes it difficult to control lipid/
bicelle concentrations and results in data that are only amenable to qualitative analysis. In all
three cases Hckgpy_y interacts with the bicelles using a region spanning residues Arg18 to
Thr40. This region includes a lysine rich stretch of amino acids [10], plus two additional
arginine residues upstream. The larger CSPs observed for the negatively charged head-
groups (PA and PG) are consistent with an interpretation that Hckgps_-membrane
association is largely driven by electrostatics. The spectral perturbations in all three cases
were small (Fig. S2) and, while minor structural organization in the binding region can not
be ruled out, indicate that the protein remains intrinsically disordered. An additional analysis
of peak intensities and volumes was carried out to search for signs of signal loss that might
accompany Hckgp_y lipid association. No systematic changes were identified outside of a
select few residues certered around Leu30, indicating that interactions outside of the binding
region were unlikely. (Fig. S3).
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Neutron Reflectometry

Surface-sensitive scattering, a.k.a. reflectometry, provides long-range constraints on the
organization of molecular architectures at interfaces. Neutron reflection (NR) is particularly
well suited for the investigation of biological samples [44] and constitutes a valuable
complement to NMR which provides local structural information. Our initial SPR
characterizations showed that Hckgpys_y binds in substantial interfacial concentrations to
acidic stBLMs that contain 50 mol% of PA. We also observed that some protein binds
loosely at the membrane surface, because a minor fraction of Hckspa—y could be rinsed off
after incubation while the majority of the surface-bound protein remained stably associated.

Fig. 4 shows the material density distribution profiles of molecular components across the
interface of an stBLM (50:50 PA:PC) incubated with Hckgps_y in a stably bound molecular
layer after the rinseoff of loosely bound protein.

Because the model is constructed such that all molecular components, including water, fill
the available volume in the interfacial layer [45], this representation is denoted as component
volume occupancy (CVO) representation [44]. The Hckspya_y density spans approximately
120 A along the membrane normal and contains density inside of the stBLM, indicating
partial insertion into the bilayer. The bulk of the density is located near the lipid head-groups
in the substrate-distal bilayer leaflet and is suggestive of extensive surface interactions
between Hcksya_y and the bilayer. The remainder of the density envelope extends to ~80 A
away from the bilayer. The deep penetration of Hckgp_y into the bilayer and low density of
this region relative to the protein density found free in solution hints at a heterogeneous
ensemble of conformations with varying levels of insertion.

Molecular Dynamics

Two different structural ensembles of Hckspa—y, seen at the bottom of the figure, were
generated from 500 ps of re-MD in Generalized Born (GB) implicit solvent. The right panel
has the N-termini oriented toward the bilayer and the left panel has the C-termini oriented
toward the bilayer.

The use of neutron and X-ray reflectivity data in combination with MD simulation to
produce atomic models of membrane-bound proteins has gained interest in recent years [46,
47, 44, 48]. For disordered proteins such as Hckspya_yy, 0ne must consider that the data
cannot be simply mapped onto a unique three-dimensional structure, as multiple
conformational states are expected to contribute to the observable data. The restrained
ensemble MD (re-MD) approach, which is formally equivalent to the maximum entropy
method for perturbing a statistical ensemble for the purpose of matching experimental
observables while decreasing the impact of arbitrary biases [49, 50], is appealing in this
situation. The simulation scheme consists of carrying out parallel MD simulations of &/
replicas of the basic system in the presence of a global biasing potential that approximately
enforces agreement between the ensemble-average over the AV replicas of a given property
and its known experimental value. Because the ensemble comprises a large number of
replicas, the biasing potential enforcing the ensemble-average property is only a small
perturbation for any individual replica and avoids large unrealistic distortions.
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Our methods for constructing a restraining potential from the one-dimensional NR density
profiles and its implementation in the re-MD framework can be found in Methods. As
mentioned previously, the NMR CSPs induced by complex formation are often not
straightforward to interpret in a rigorous fashion and modeling these interactions is beyond
the scope of this work. We were, however, able to qualitatively augment the simulations with
our NMR results in order to resolve redundancies and create models that are consistent with
all experimental data.

An illustration of the procedure is shown in Fig. 5. The ensemble on the left was produced
from a starting conformation positioned with the N-terminus pointing towards the
hypothetical location of the bilayer (i.e. the N-terminus is on the left in this figure at lower
values of zin the CVO profile), and the ensemble on the right was produced from the same
starting conformation, but oriented with the C-terminus pointing towards the bilayer. The
structures are colored by the NMR backbone amide chemical shift perturbations (CSPSs)
induced by the presence of PA containing bicelles (purple bars in Fig. 3), and are scaled and
positioned to match the protein density in the CVO plots generated from the NR data shown
above the structures (same as Fig. 4 with dotted lines drawn to aid the eye). The ensemble on
the left demonstrates a clear correspondence between the NMR and NR data, as the residues
with higher CSP are positioned directly where the lipid head-groups appear in the NR data,
whereas the ensemble on the right has these same residues out in solution. Therefore, the
ensemble with the N-termini oriented towards the bilayer was used to setup the all-atom
simulations.

The results from the all-atom re-MD of Hckgps_y and a bilayer composed of 50:50 PA:PC
are shown in Fig. 6. Out of 30 structures, 8 were found to be fully inserted into the
membrane, 6 were found to be partially inserted, and the remaining 16 were found to have
no density beyond the lipid head-groups (Figs. S6-S8). Segmental density profiles generated
from the ensemble highlight general trends. The N-terminal segment spanning the first 16
residues appears to be responsible for insertion of Hckgps_y into the stBLM in the NR
experiments. This requires the burial of 8 charged residues (3 Arg, 3 Glu, and 2 Asp) into the
hydrophobic portion of the bilayer. Inspection of the ensemble suggests that this is possible
via ”snorkeling” of the side chains to form interactions with the lipid head-groups and the
formation of salt-bridges. The next 23 residues, identified by NMR as the stretch of amino
acids that drive membrane association, are similarly interacting with the bilayer despite the
absence of any restraints explicitly enforcing this interaction. The remaining 39 residues at
the C-terminus of the construct extend into solution.

Interestingly, 14 of the 16 non-membrane-inserted structures had the positively charged
amino terminus interacting with the PA head-groups in a conformation that mimics the
anticipated conformation of the myristoylated form (Fig. S9). The generated ensemble is
therefore able to capture all of the available data while maintaining consistency with the
previously known features that drive SFK membrane binding.

Conformations of the full-length membrane-bound kinase

We previously used a Bayesian-based Monte Carlo procedure with coarse-grained (CG)
simulations to construct statistical ensembles describing the assembly states of the SH3-
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SH2-Catalyic—C-tail domains (Hcksaxs) of Hek in solution from small-angle X-ray
scattering (SAXS) data [38]. The analysis, which involved determining the statistical
weights of clusters of structures generated from CG simulation by matching the
experimental SAXS profile, allowed the characterization of the relevant assembly states of
Hcksaxs upon the binding of different signaling peptides. Specifically, three assembly states
were found to be of high relevance: one that captured the down-regulated state (cluster 1 in
the original work), and two that were able to reproduce the SAXS data in the up-regulated
state (clusters 5 and 6).

Combining the information about the assembly states of Hckgaxs with the conformations of
Hcksha_y determined here makes it possible to generate a set of full-length models of
membrane-bound Hck in the up and down regulated states. While interactions between
Hcksaxs and the SH4-U are likely to alter the distribution, the ensemble of conformations
can be used to estimate the plausible localization of the active site. In practice, the set of
full-length models was generated by linking the C-terminus of Hckgps_y to the N-terminus
of the Hckgaxs construct in random orientations, and rejecting all models that position the
protein inside the bilayer. The results of this modeling are displayed in Fig. 7.

While one example of Hck in an up-regulated conformation is shown on the left in Fig. 7, it
is important to note that the present procedure provides a statistical ensemble of
conformations of the full-length model of membrane-bound Hck. Of primary interest in
these models is the location of the catalytic site relative to the membrane, as this will govern
the local spatial localization of the phosphorylation signaling relative to potential
downstream substrates of Hck. In Fig. 7, the position of the active site is indicated by a red
sphere. This distributions relative to the membrane surface can be calculated by averaging
over the statistical ensemble of full-length membrane-bound Hck conformations. From this
analysis, the active site of Hck is 65 A away from the membrane surface, with variations on
the order of + 35 A relative to the mean position. In going from the down- to the up-
regulated form there is only a moderate shift in the position of the catalytic phosphorylation
site, by which the distance to the membrane increases by about 10 A.

Discussion

Model consistency and significance

While the Hckspa_y construct studied here is not myristoylated, it nonetheless can provide
meaningful information about the membrane interactions, as shown by previous work by
Pons and collaborators [21, 22, 23]. However, it is important to examine if the structures
generated from the NR driven re-MD are consistent with the NMR data because multiple
sources of information were used to produce a first-of-its kind structural ensemble of a lipid
bound IDP. Reassuringly, the ensemble has the same basic stretch of amino acids interacting
with the lipid head-groups as the NMR data. This occurred despite the absence of specific
NMR derived restraints and suggests a consistency between the results from NR and NMR.
Additionally, the fact that changes in NMR chemical shifts remain small indicate that no
secondary structure was formed, which is similarly observed in the ensemble.
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The lack of bicelle induced NMR CSPs in the N-terminal region of Hckspya_y (Fig. 3),
however, is not likely consistent with the partial membrane insertion observed in the NR
data. Furthermore, long-lived Hckspys_y-bicelle complexes expected to accompany insertion
would result in line broadening or a loss of signal for residues near the protein-lipid interface
due to an increase in rotational correlation time [51]. Analysis of the peak intensities and
volumes of Hckspya_y in the presence and absence of bicelles indicates that there are no
systematic changes to the N-terminal resonances as a result of lipid association (Fig. S3). We
therefore conclude that insertion is not occurring to any appreciable extent in our NMR
samples. Given that PA is known to create packing defects in lipid bilayers that facilitate
penetration into the hydrophobic core [52], we propose that the insertion is a result of
including PA in the stBLM and that the different morphology of the NMR bicelles did not
promote the same phenomenon. We do not anticipate that this mode of binding is
physiologically significant since membrane localization is further reduced in the absence of
myristoylation [29], the p61Hck isoform that contains the buried residues is primarily
located in the cytosol, and the SPR and NR experiments suggest that the inserted structures
have high membrane affinity. We note, however, that the model retains significance because
the portion of the construct buried in the ensemble contains the residues that would be
adjacent to the membrane if the construct were lipidated (Fig. S9).

Comparison with previous work

Hck exists as two equally populated, but differently localized, isoforms that vary by a 21
residue extension at the N-terminus (termed p61Hck and p59Hck for the long and short
isoforms, respectively) [29]. The extension, which is present in the construct studied here,
lacks a lysine at the N-terminus and the palmitoylation site present in the shorter isoform.
The lipid binding region of Hckgya_y observed in this work spans Arg18 to Thr40 and
contains the lysine rich region corresponding to the SH4 of p59Hck. The lack of CSPs
upstream of Arg18, and small signal change for Arg18 and Arg21 suggests that the 21 amino
acid extension present in the longer isoform does not significantly contribute to lipid
binding. This would indicate that the two isoforms interact with the membrane in a similar
fashion and the extension may lead to distinct cellular localization due to its different
lipidation pattern.

When compared to Src, both Hckgpys_y and Srcspa—y have a preference for negatively
charged lipids, but in Hcksys_yy the SH4 lysines were primarily responsible for the
interaction as opposed to the "RRR” motif found in Src. Further differences were observed
in the Unique domain, as no additional residues in Hck were found to interact with the
lipids. Because p61Hck and Src both lack palmitoylation sites and myristoylation alone is
not sufficient to drive membrane interaction [10], more importance is placed on SH4-U for
assisting membrane binding of these two proteins. The fewer lipid binding interactions
found in Hcksya_y may weaken membrane affinity and could be responsible for the higher
portion of p61Hck present in the cytosol (~ 70%) [29] than Src (~ 30%) [53].

Phosphorylation of Srcgys_y has been shown to alter interactions with the membrane [21],
raising the question of whether the same could be occurring in Hck. Indeed, phosphorylation
has been reported on the Unique domain tyrosine in mouse Hck (Tyr51 in human Hck) and
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has been shown to impact Hck activity [54]. Given that Tyr51 is 11 residues downstream of
the lipid binding site, phosphorylating this residue is unlikely to significantly impact
membrane binding. Interestingly, it has been reported that the 28 C-terminal residues of the
Hck Unique domain modulate the function of the Hck SH3 domain [55], hinting at a
possible implication of Tyr51.

A search of the PhosphoSite Plus database (https://www.phosphosite.org) identifies a second
phosphorylation site in the Unique domain at position Thr36. This residue is located within
the lipid binding region (Fig. 3), suggesting that phosphorylation may affect membrane
binding. The functional consequence of such a modification is unclear, however, as it may
serve to detach a portion of the lipid binding region allowing for further kinase extension
away from the membrane, or it may promote membrane dissociation alltogether as observed
for a similar phosphorylation site in Src at Ser17 [56].

Biological significance

It has long been understood that SFKs do not display high specificity for their substrates
[57], and that sub-cellular localization is an important mechanism for directing one given
kinase toward a specific downstream target protein. Clearly, the biological signal can be
locally enhanced toward specific membrane-bound targets if the enzymatic activity of a
kinase is restricted to the vicinity of the bilayer. In this regard, it becomes of particular
interest to clarify the length-scale associated with the concept of spatial localization.
According to the present analysis, the active site of Hck is positioned about 65 A away from
the membrane surface (Fig. 7), and is considerably restricted within a microscopic volume
near the membrane surface, with variations on the order of + 35 A relative to the mean
position. The change in active site location accompanied by a change in assembly states of
the multi-domain kinase is smaller, about 10 A, but may also be functionally significant.

The characterization of the membrane anchor of Hck kinase allows us to attribute, for the
first time, a physical meaning to the concept of spatial localization. Even if only a fraction of
Hck is localized at the membrane through equilibrium partitioning with the cytoplasm, the
effective local concentration of catalytic sites would clearly be very high, resulting in a
biological phosphorylation signal that is sharply focused near the membrane surface. These
results lead to the idea that the SH4-U region might perhaps play a more subtle functional
role than that of a simple flexible membrane anchor and that the SH4-U region could be a
critical element for controlling both the membrane localization and the specificity of the
kinase toward downstream targets. Thus, an additional level of specificity may emerge
through the localization of the kinase active site at a specific distance or range of distances
from the membrane surface that may select membrane-associated protein targets according
to their conformation. This hypothesis is supported by evidence showing that SH4-U
domains influence SFK substrate specificity and function [16, 17, 18, 19, 20]. However, to
what extent the average spatial distribution of a membrane-anchored SFK effects its ability
to phosphorylate specific tyrosine residues in membrane-bound downstream targets remains
unclear. This also raises a host of questions about the sensitivity of the signaling event to the
local structural and dynamical features of the SH4-U region and how those might impact the
accessibility to a specific site in a target protein. One possibility to explore these intriguing
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issues, would be to develop an assay measuring the functional potency of a member of a
SFK to phosphorylate specific tyrosines in a given membrane-bound protein. For example,
one could investigate the impact of point mutations in SH4-U on a downstream target or the
outcome with different engineered chimeric constructs obtained by swapping SH4-U from
different kinases.

Conclusion

Methods
NMR

We have produced a structural ensemble of the membrane bound SH4-U region of Hck,
identifying specific interactions of the region with the lipids and providing an atomically
detailed model that is consistent with previous work on SFKs. This difficult task was
accomplished by using NR measurements as restraints in re-MD simulations supplemented
with qualitative NMR data to remove ambiguity that could not be resolved with the NR or
NMR data alone. We note that the present approach, while employed for a protein with
significant conformational flexibility, has general utility and will be useful for capturing
heterogeneity for globular proteins studied with NR. The nature of the ensemble enabled us
to combine the results with previous work on Hck and produce a first estimate of the
location of the active site of membrane-bound Hck at 65 A away from the bilayer surface.
Importantly, this suggests that the SH4-U region might perhaps play a subtler functional role
than that of a simple flexible membrane anchor. Experiments could be designed specifically
for the purpose of investigating how the average structural and dynamical features of the
SH4-U region contributes to the ability of a SFKs to phosphorylate specific tyrosine residues
in membrane-bound downstream targets.

NMR spectra were collected at 25 °C on a 600 MHz Bruker Avance 111 HD equipped with a
triple resonance (TXI) probe. Uniformly 15N labeld Hckspa_y NMR samples were produced
in 50 mM PIPES 5 mM TCEP at pH 6.7 containing either 5% or 10% D,0O (Additional
details on protein purification can be found in the SI Protein production and purification).
The pH of 6.7 was selected to balance spectral quality and physiological conditions and was
sufficient for transferring all but G3, H66, and N67 resonances from the previously reported
assignments at low pH [39]. Control experiments for lipid binding were performed at pH 7.2
and yielded results consistent with those obtained at pH 6.7 (data not shown).

Bicelles were formed using the short chain lipid 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC) and the long chain lipids 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA), and 1,2-
dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DMPG). All lipid (Avanti Polar Lipids,
Alabaster, AL) were resuspended in chloroform/methanol (65:35). The solubilized lipids
were combined in a long chain to short chain ratio of 4:5 (g=0.8) using glass microliter
syringes into glass vials on ice, then gently mixed and dried down with N, gas. When
DMPA or DMPG were used, they were prepared in the presence of DMPC at a molar ratio
of 20:80 (PA/PG):PC. The lipid mixtures were placed under vacuum overnight to complete
the removal of organic solvent. The dried mixtures were resuspended in 50 mM PIPES 5
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mM TCEP at pH 6.7 to form a ~12.5%wi/Vv lipid solution, and subject to several freeze-thaw
cycles by submerging the samples in ice and a 42 °C water bath until the samples appeared
translucent. Hckgps_y Was then added to the sample to bring the final lipid concentration to
~ 8%w/v and subject to analysis by 3P NMR to ensure proper bicelle formation. For the
measurements presented here, PC, PA, and PG samples were all prepared simultaneously
using identical buffers and a single Hckspya_y preparation equally divided among the three
samples.

SPR and neutron reflectometry

stBLMs were formed on glass (SPR) or Si (NR) substrates coated with an atomically flat
gold layer (thickness ~450 A or ~100 A for SPR or NR, respectively) on top of a Cr bonding
layer. After formation of a self-assembled monolayer (SAM) composed of the tether
compound HC18 [Z20-(Z-octadec-9-enyloxy)-3,6,9,12,15,18,22-heptaoxatetracont-31-
ene-1-thiolacetate] and g-mercaptoethanol [58]. Lipid vesicles of the desired composition in
1 M NaCl were allowed to incubate the SAM-covered substrate for about 2h. By rinsing
with low salt buffer (50 mM NaCl, 10 mM Tris, 5 mM TCEP, pH 8), these were
subsequently fused into single bilayers anchored to the substrate by incorporation of HC18
chains, which stabilizes a 15 A aqueous film between substrate and bilayer that is bridged by
hydrophilic hexa(ethyleneoxide) tethers. SPR and NR measurements were subsequently
performed in the same buffer, for NR with distinct isotopic compositions, using H,O or
D50, in succession on the same sample. The binding of Hcksya_y to such bilayers was
measured by SPR on a custom-built spectrometer (SPR Biosystems, Germantown, MD) as
described previously [59]. Neutron reflectivities were recorded on the NG7 or Magik [60]
reflectometers at the NIST Center for Neutron Research (NCNR) for momentum transfer
values 0.01 < ¢, < 0.25 A~1 in buffers based on either H,0 or D,O at room temperature
[61]. Following NR measurements of as-prepared DOPC stBLMs that contained 30 mol% or
50 mol% DOPA, Hckspya_y was allowed to incubate the membranes in concentrations
between 10 4M and 300 p#M for 1-3 h before rinsing the bilayers with protein-free buffer
and initiating the measurement of the protein-loaded membranes. Adequate counting
statistics were obtained after 5-7 h. Samples with 50 1M and 50% PA yielded the highest
quality data (Figs. S4 and S5) and were used for re-MD.

The NR data were analyzed in terms of component volume occupancy (CVO) profiles,
constructed as described previously [45, 61]. The resulting structural models of protein-free
and protein-bearing stBLMs were annotated with the neutron scattering lengths of their
molecular components considering the isotopic identities of water within the structure. They
were then used to simultaneously refine their expected neutron reflectivities against the
measured data sets using a Monte Carlo Markov Chain algorithm implemented in the garef/
and Refl1D software [62] to globally refine the structural model. This procedure permitted a
rigorous evaluation of the confidence intervals associated with the CVO profiles (only
shown for the protein components).
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Neutron reflectometry and restrained-ensemble molecular dynamics (re-MD)

Neutron reflectivity of a planar sample is physically controlled by the variations in the
scattering cross-section per area as a function of z represented as the neutron scattering
length density (nSLD),

p(z) = Zl: Pi(2)b; )

where p{(2) is the density of particles of type /at the position zperpendicular to the planar
system, and b, their scattering length. It is convenient to deconvolute the data into the
contributions from the individual components by modeling the experimental nSLD profile in
terms of CVO profiles for the membrane, solvent and protein in the system [44, 61],

Pexpl(2) = Y ai(2)ci @

i

where a{2) is the total cross-sectional area occupied by particles of type 7at position z and
¢jis the nSLD per unit area ascribed to them. The result of the analysis of experimental data
is shown for all the components in Fig. 4. As the CVO profile for the protein, oot (2),
depends on its net concentration per unit surface of the membrane, which is not directly
known, we construct a normalized experimental profile for the protein to use as a reference
in the re-MD simulations,

aprot(z )

/dzaprot(z) @

P, exp(z) =

The protein nSLD profile from the MD system is calculated by assuming an elementary
form factor modeled by a gaussian function with a standard deviation (o) of 1.5 A scaled by
the atom specific scattering lengths (54,). The ensemble average nSLD density profile is
obtained by summing over all Areplicas in the re-MD simulations,

2
z-3)
pMD(Z) N 2 Z \/27[—5 20.2 O
The profile from re-MD is then normalized
_ pvD(2)
Pyp(z) = Tdzmin(@) ®)

to be consistent with the experimental profile in Eq. 3. In practice, the z-axis for P, (2) and
APup (2) was discretized in equal increments Az= 1 A for convenience, with z= nAz
(normalization is achieved by summing the value of ~over all bins, 4z ¥ (yinn) P(m). The
calculated protein density envelope was restrained to match Py (2) of the protein from the
NR experiment,
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1 2
Ugg = EK{bgn} (PMD(n) - Pexp(n)) (6)

and turned into a one dimensional force by taking the derivative with respect to z

2
S
OURE b (naz-z) nAz — z$
=K Y (Pup) = Pep))|mme 57 | X | —p ot ™
oz} {b;n} \276? 20 c?

where K'is the force constant restraining the ensemble of replicas, Ayp (/) is the rth bin
ensemble-average density profile generated from the re-MD, Py, (1) is the 7th bin density
profile from NR (see Sl), b;is the atom specific neutron scattering length density of the
protein atom /, o= 1.5 A is the width ascribed to the gaussian atomic NR form factor, z;is
the z-coordinate of the protein atom 7, and Az= 1.0 A is the bin width used to calculate the
density profile.

The multiple copy scripting interface was used to calculate the individual density profiles of
each copy independently, then collect them together to create the ensemble average nSLD
density profile ppp(z) from which the forces could be calculated for the re-MD simulations.

The procedure was sufficiently efficient to allow for evaluation of the forces every 100
timesteps without an appreciable impact on performance. The calculation of the protein
density profiles was too expensive to perform in tcl, so the operation was performed in C
using SWIG to generate a tcl wrapper. Scripts for implementing the procedure in NAMD are
available on GitHub at https://github.com/RouxLab/Restrained-ensemble-molecular-
dynamics-simulations.

The choice of a starting conformation for the fitting routine is somewhat arbitrary. An initial
structure of Hcksya—y Was generated and subject to 1 ns of equilibration with the
generalized Born (GB) implicit solvation model using NAMD [63]. Our procedure was to
begin with a simple elongated model of the protein (end to end Ca distance of ~238 A) and
generate a structure compact enough to fit into the 123 A SLD envelope. While this
procedure avoids unrealistic distortions of the starting structure during the initial phases of
the restraining procedure, the one-dimensional information is insufficient to unambiguously
orient the protein within the SLD envelope, thus making the results dependent on the starting
orientation. We reasoned that the relatively large envelope for a 78 amino acid protein
favored an extended structure with its longest dimension parallel with the membrane normal,
and therefore decided to orient the axis defining the terminal ¢, atoms of the protein along
the long axis (see Fig. 4) of our system. We were then presented with the decision of
whether to orient the N- or C-terminus towards the membrane. The resulting structure had a
Gly2¢c, - Glu79c,, distance of 109 A (approximate width of the NR protein density profile

was 123 A), which was aligned along the z-axis, and translated to position it within the NR
protein density envelope (N-terminal and C-terminal Ca atoms to 40 A and 148.9 A,
respectively). To distinguish the better orientation, re-MD of both orientations were carried
with implicit solvent and were qualitatively checked against the NMR CSPs. The results
clearly favored an orientation with the N-terminus pointing towards the membrane (Fig. 5).
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Using this initial configuration, a re-MD simulation with 30 replicas was carried out using
the multiple copy framework of Nnamp [64] and a restraining potential on each protein atom
according to Eq. (6). Additional half-harmonic potentials at 29.0 and 152.0 A were
introduced to ensure that Hcksya—y remained within the NR protein density envelope.

The re-MD simulation was first carried out for 100 ps with GB implicit solvent (effective ion
concentration of 0.3 M, solvent dielectric of 20) in order to generate an ensemble of
structures that could be used as starting conformations for building all-atom systems.
Approximately 50% POPA and 50% POPC were used to construct bilayers around these
structures using the replacement method as implemented in cHarmM-GuI [65]. In each all-
atom system, the upper leaflets contained 200 lipids and the bottom leaflets were
constructed with between 200 and 205 lipids. The fully solvated membrane-protein systems
(ranging in size from 207,300 to 210,000 atoms - nearly 6.5 million atoms in total for the 30
replicas), were minimized using the charmm-GuI protocol, simulated for 1 ns without
restraints to relax the system, and then run with re-MD for 100 ns. Because the procedure
was designed to fit the absolute positions along the z-axis, additional restraints were applied
to the lipids in the colvars module of namp to restrict the motion of the bilayer in the z-
direction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

Src family kinases are a group of signaling proteins that participate in many
critical cellular pathways.

These enzymes are often found associated with the membrane but details of
their conformation are not known due to difficulties in studying them in this
environment.

Data from multiple techniques are combined using a new computational
methodology to characterize the domains of a Src family kinase (Hck) that
interact with the membrane.

Using this new information in concert with results from our previous work
allows us to refine the concept of membrane localization for these proteins.
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Figure 1:
Schematic representation of a full-length membrane-associated SFK, SH4-U-SH3-SH2-

[kinase domain], in the down-regulated inactive conformation.
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Figure 2:

Sequence comparison of SFKs and Hck. (A) Low sequence conservation of human SFKs in
the SH4-U region; acidic (=) X basic (+), polar uncharged, hydrophobic nonpolar (p59Hck
isoform shown). (B) Observed sequence conservation for p59Hck across organisms.
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Figure 3:

Chemical shift perturbations (CSPs, A& = [(A&'H)? + (A&/51°N2)]) of Hekspa_y with PA
(purple), PG (orange), and pure PC (teal) bicelles. The sequence region experiencing larger
CSPs is displayed above the data and highlights acidic (red) and basic (blue) residues near
the lipid binding span. The enriched basic character spanning R18 to T40 suggests that the
binding to negatively charged lipids is driven by electrostatics. The location of the
phosphorylation site Thr36 is marked in yellow.
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Figure 4:

Component volume occupancy plot detailing Hcksya_y-bilayer interactions with a DOPC/
DOPA (50:50) stBLM obtained from NR. Protein density co-localized with the hydrocarbon
tails of the lipids indicates membrane insertion, while the peak near 30 A suggests there are
extensive interactions between Hckspya—yy and the head-groups. The raw data yielding this
protein distribution on the membrane are shown in the Supporting Information (Figs. S4 and
S5).

J Mol Biol. Author manuscript; available in PMC 2021 April 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pond et al.

Companent volume ocaupancy

Page 24

1.0 1o
1 Bliywr
3 = sl Au sbatrate
0.4 § 0.8+ —— tother
— rbors
0.7 oyl = h':!uxa
0.6 4 8 0.6
g Proten
0.5+ 5 o5t D
0.4 4 2 04 634 confidencn
0.3 o
0.2 0.2+
0.1 il S
i & b 00 T T — T_—_-‘l
s o 20 40 6 80 100
Distande from bilsyer center (A) :
023
018
0.14
000
0.05
000
' ' Chomical Shift J
Perturbation (Ay)
N-terminus towards bilayer C-terminus towards bilayer
Figure 5:

Qualitative use of NMR data for determining Hckgps_y re-MD starting orientations.
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The ensemble of 30 Hckgya_y structures generated after 100 ns of NR restrained-ensemble

MD in explicit solvent (top) and corresponding density profiles (bottom). The results

indicate that N-terminal region of the protein is buried in the lipid bilayer in the NR studies
and are consistent with the results from NMR which show the positively charged region
spanning Argl18 to Thr40 interacting with the lipid head-groups. Note: The dashed lines in
the density profiles indicate the position of the lipid head-groups in the MD simulation, and
only the phosphorus atoms of the lipids are shown in the ensemble for clarity.
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Figure 7:
Model of membrane-anchored Hck. On the left is an illustrative example of up-regulated

Hck conformation generated from re-MD and SAXS results. Hckgpa_y is shown in blue and
the folded domains and C-tail from SAXS (Hcksaxs) in purple, with the position of the
active site represented by a red sphere. B) Distributions for the up-regulated (purple) and
down-regulated (green) SAXS clusters generated from the modeling procedure.
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