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ABSTRACT

Biotin-labeled proteins are widely used as tools to study protein—protein interactions and proximity in living cells. Proteomic methods broadly
employ proximity-labeling technologies based on protein biotinylation in order to investigate the transient encounters of biomolecules in sub-
cellular compartments. Biotinylation is a post-translation modification in which the biotin molecule is attached to lysine or tyrosine residues.
So far, biotin-based technologies proved to be effective instruments as affinity and proximity tags. However, the influence of biotinylation
on aspects such as folding, binding, mobility, thermodynamic stability, and kinetics needs to be investigated. Here, we selected two proteins
[biotin carboxyl carrier protein (BCCP) and FKBP3] to test the influence of biotinylation on thermodynamic and kinetic properties. Apo
(without biotin) and holo (biotinylated) protein structures were used separately to generate all-atom structure-based model simulations in a
wide range of temperatures. Holo BCCP contains one biotinylation site, and FKBP3 was modeled with up to 23 biotinylated lysines. The two
proteins had their estimated thermodynamic stability changed by altering their energy landscape. In all cases, after comparison between the
apo and holo simulations, differences were observed on the free-energy profiles and folding routes. Energetic barriers were altered with the
density of states clearly showing changes in the transition state. This study suggests that analysis of large-scale datasets of biotinylation-
based proximity experiments might consider possible alterations in thermostability and folding mechanisms imposed by the attached
biotins.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083875

I. INTRODUCTION post-translational modifications (PTMs) such as biotinylation, the

attachment of a biotin molecule to a protein residue. Vitamin
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Biotin was discovered in mammals almost a century ago,' and
it is one of our important vitamins among the complex B, also
known as vitamin B; or H.” The effects of biotin deficiency in
humans can be quite severe, including skin lesions, immune dys-
function, neurological disorders, and abnormal fetal development.
However, biotin deficiency is rare once it can be found in sev-
eral commonly used food products.” Biotin serves as a coenzyme
for five carboxylases involved in a wide range of key metabolic
processes, primarily related to the catalysis of fatty acids, carbohy-
drates, and amino acids.” After biosynthesis, proteins can undergo

biotin is also involved in regulating gene expression by being cova-
lently attached to lysine (K) protein residues of chromatin his-
tones H2A, H3, and H4.” ' Biotinylated chromatin condensates
to a smaller nucleosome structure with less DNA being wrapped
around the nucleosome, and it is repeatedly detected in repressed
loci.” There are other common PTMs, such as phosphorylation,
acetylation, glycosylation, methylation, and ubiquitylation.” PTMs
often modulate protein functions by combinatorial formation of
different protein complexes that might be derived from the same
gene.'’
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An increasing list of biotechnological industry applications
that isolate biopolymers, such as proteins and enzymes, has found
on biotin (and its chemically modified versions) an effective tool
as affinity tags.'! In vivo biotinylation enzymatically couples the
biotin molecule to a protein acceptor domain. One example is
the high-affinity, on-rate, and specific binding between biotin
and streptavidin/avidin protein molecules (dissociation constant,
Kp ~ 10_15M), which is used for protein immobilization.'”"* The
biotinylated proteins are typically captured by (strept)avidin bound
to beads, followed by elution of the sample, which leaves only
the biotinylated proteins bound to (strept)avidin-beads. Modified
proteins are then isolated by standard pull-down methods and iden-
tified by mass spectrometry. This biochemical assay is used in the
purification and detection of several proteins in order to map the
protein-protein interactions of a biological system of interest.'
In vivo protein biotinylation technologies have been rapidly devel-
oped to study protein—protein interactions and proximity in living
cells."* "

Proximity-labeling technologies based on biotinylation of pro-
tein partners are broadly used in proteomic methods that map
the pathways of transient encounters of biomolecules at the level
of their subcellular compartments.”’ ** They rely on a concept:
biotinylation is increased in protein targets close to the biotin-
activating enzyme fused to bait proteins. These technologies are
high-throughput assays since one single study can directly detect
thousands of biotin sites in hundreds of proteins.”” >’ The most
common market available proximity-labeling technologies are the
enzyme-mediated activation of radical sources (EMARS),““‘” the
engineered ascorbate peroxidase (APEX),” " and the proximity-
dependent biotin identification (BioID).”® EMARS and APEX
demonstrated higher spatial and temporal resolution. However, the
requirement of using H, O limits in vivo applications.”’

BioID is becoming the industry standard for proximal label-
ing by using a highly promiscuous mutated form of Escherichia coli
(E. coli) biotin ligase (BirA) and its variants.”"”*>""** The esti-
mated effective biotinylation radius of BirA is around 1-1.5 A.”*
BioID biotinylates the surrounding lysine residues of the fished pro-
teins by forming a highly reactive and short-lived biotinoyl-5"-AMP,
which attaches covalently to the nucleophilic e-amino side chain
group of lysines. On the other hand, APEX biotinylates nearby tyro-
sine residues (Y). The E. coli enzyme BirA is a biotin protein ligase
(BPL) that catalyzes the endogenous biotinylation of a specific lysine
residue on acetyl coenzyme A (CoA) carboxylase.”” " Figure 1 shows
the biotinylation of the specific residue K122 contained in the biotin
carboxyl carrier protein (BCCP), a domain of CoA. One disadvan-
tage of BiolD is the experiment time span (>16 h), once its slow
kinetics requires high biotin concentration to generate sufficient
biotinylated materials for proteomic analysis.*’ This extra biotin
environment in the subcellular compartments could act as addi-
tional crowding agents, resulting in more than one biotin-labeled
site on the interacting protein partner.

Proteins typically coexist within a highly crowded environ-
ment"® where affinities between individual proteins might be
relatively weak. Yet, it is amazing how precise and efficient
biotin-labeling uncovers the vast protein-protein interaction net-
work in almost intact living cells.”” Protein biotinylation alongside
other PTMs, cellular crowded environment, and many other aspects
can influence proteins in several aspects, such as folding, binding,
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FIG. 1. Biotin Carboxyl Carrier Protein (BCCP) biotinylation. (a) A biotinyl group
is attached to the apo biotin carboxyl carrier protein (apo BCCP) at the NHF
side-chain group of the amino acid residue lysine 122 (K122), forming the (b) holo
BCCP that contains the biotinyl-lysine residue (biotin in green). (c) The biotinyl
group is post-translationally attached to BCCP by a biotinyl protein ligase (BPL),
which catalyzes the formation of an amide linkage between the biotin carboxyl
group and the N®-amino group of a special lysine residue. (a) and (b) present
the apo and holo BCCP domains of the acetyl coenzyme A (CoA) carboxylase of
Escherichia coli.*” The Pyrococcus horikoshii OT3 BLP-BCCP dimer“© is shown in
(c). BirA is a promiscuous mutated BPL used in BiolD-based proximity biotinylation
methods.

protein mobility, thermostability, enzymatic kinetics, and gene
expression.””"* " The biotinylated protein folding to the native
state might be destabilized, interfering with other protein/enzyme
wild-type characteristics. Under these circumstances, it is perti-
nent to evaluate the biotinylation influence on the protein folding
thermodynamic stability and kinetics at the molecular level.

Recent investigations hypothesized that biotinylation-based
proximity methods could be biased by structural features of target
proteins.” Their results show the enrichment of cellular biotinyla-
tion events in intrinsically disordered regions (IDRs) of proteins in
HEK293 cells, pointing to the re-purposing of in vivo biotinylation to
reach broad conformational proteomics studies in intact cells. Addi-
tionally, they concluded that biotin proximity tagging favors local
disordered portions in proteins. The authors suggest the application
of biotin-painting as a method to solely gain insights into in vivo
condition-dependent subcellular plasticity of proteins in large-scale
datasets.” Yet, it is worth noting that saturated conditions of acti-
vated biotins and others covalently bound cofactors may alter the
protein folding, structural integrity, binding dynamics, and cellular
uptake.” *’ The extent of the modifications supplied by biotin-
labeling sites covalently added to a typical enriched protein, which
is pursued by a BirA fused protein, can be estimated by simulations
of simplified computational models.

Theoretical models have been successfully employed in com-
puter simulations of proteins modified by amino acid mutations
and PTMs.”" © Nanoscale molecular dynamics with a coarse-
grained Martini model, designed to simulate experiments that
exploit streptavidin-functionalized Au nanoparticles, have shown
how biotinylated particles interfered critically in the diffusion pro-
cess on lipid membranes. Biotin-labeling had significant effects on
the lateral diffusion of the biotinylated lipids.* Two other protein
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PTMs (glycosylation and ubiquitination) have been studied using
the well-known structure-based model (SBM),”® where the change
in thermodynamic stability of the native state dynamics for the
modified proteins could be successfully identified.”"*

Structure-based models (SBMs, also known as Go models) are
simplified/minimalist models underpinned by the energy landscape
theory.”” *” In this theory, the underlying protein folding energy
landscape is multidimensional in nature and funneled toward the
native state, which is defined as the surface global minimum.”""’
The stochastic folding process is best portrayed in terms of diffusion
along a rough downhill funneled landscape.”” " Since the structural
techniques can only resolve low free-energy states, the energetics of
SBMs are defined to stabilize the given structures instead of assign-
ing energetic interactions based only on the chemical composition
(as usually performed by semi-empiric models).”” The SBM proper-
ties of the energy landscape are encoded in smooth energy functions
through the use of a simplified representation instead of includ-
ing every type of physical interaction of fully atomistic models.”’
Despite the simplifications, SBM simulations are able to fully char-
acterize the protein density of states and return the thermodynamic
and kinetic profiles by converging many long runs at different
temperatures’ """ and have been largely used over the last three
decades to uncover many biological mechanisms related to folding
and function, such as domain swapping, binding mechanisms, and
functional conformation dynamics.”

Subcellular biotinylation patterns in proteins vary with the
extent of their local flexibility: intrinsically disordered proteins
(IDPs) tend to have a higher number of attached biotins, opposing to
completely folded proteins that are prone to have less biotin-labeled
sites.” As reported by large-scale datasets of biotinylation-based
proximity experiments, some proteins can be labeled by one or a
few biotins, covalently added to lysine (K) or tyrosine (T) amino
acid side chains.” *’ The steric and entropic effects of biotinylation
might impact the protein thermodynamics with possible changes in
folding routes, the folding temperature, and the free-energy barrier.
Thus, cutting-edge experiments of biotin proximity tagging, aiming
to investigate the in vivo protein plasticity and the protein-protein
interaction patterns, cannot neglect these assumptions when design-
ing and analyzing such experiments. In this context, we propose that
structure-based models can be used to investigate biotin-labeling
effects on proteins’ energy landscape and gain information on their
thermodynamic and kinetic features.

Il. RESULTS AND DISCUSSION

A. Selection of the simulated proteins
and biotinylation sites

The first chosen protein was the biotinyl domain of acetyl-
coenzyme A (CoA), also known as the biotin carboxyl carrier protein
(BCCP). BCCP is a typical biotin-dependent enzyme with three
functional domains related to a carboxybiotinyl intermediate that
catalyzes the first step of fatty acid biosynthesis. The biotinyl BCCP
domain transfers its covalently attached biotin from the active site of
the biotin carboxylase domain to the carboxyl transferase domain.”
As shown in Fig. 1, BCCP is a capped f-barrel sandwich structure
with the biotinylated lysine located at the hairpin -turn that con-
nects the N-terminal and the C-terminal halves. It is a relatively
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small 80-residue protein with a common fold. Figure 1(b) shows
the E. coli BCCP structures extracted from the Protein Data Bank
for the holo (PDB code, 1BDO") and apo (PDB code, 3BDO")
biotinyl domains. Holo (with biotin) and apo (without biotin) BCCP
structures are very similar with a backbone root-mean-square devi-
ation (RMSD) of 1.3 A when both are compared.”” The exposed
biotinyl-lysine residue is the major difference between the apo
and holo BCCPs, which makes these two natural proteins suit-
able candidates for a test case of the biotin influence on protein
thermodynamic stability.

The not biotinylated FK506-(and rapamycin)-binding protein
(FKBP3),” a cis-trans peptidyl-proline isomerase enzyme involved
in cellular protein folding, was also selected to investigate the
effects of biotin “painting.” FKBP3 contains two globular domains
connected by a long disordered and flexible loop (Fig. 3). The
N-terminal domain is a structural 5-helical bundle nucleoplasmin-
like (NPL) domain. The C-terminal domain packs six f3-strands
and one a-helix that tightly binds to the immunosuppressive drugs
FK506 and rapamycin (FKBD).”””® A novel function for a sub-
class of FKBPs was recently discovered, which facilitates chromatin
binding by being recruited to link regions of chromatin.”” FKBP3
was found biotinylated on four independent, recent, and orthog-
onal large-scale proximity proteomics studies by labeling biotins
in lysine”>”* and tyrosine’"”* residues. Numerous directly iden-
tified biotinylation sites targeting different subcellular niches by
independent biotin—peptide enrichment strategies were found.”
In this work, the biotin K-labeled occurrences identified by two
proximity tagging experiments were chosen to be investigated: DiD-
BiT* and SpotBioIlD** (Fig. S4). In total, 23 biotin sites along the
FKBP3 residue sequence (Fig. 3) were gathered. These identified
sites were “painted” with biotin to understand how the steric and
entropic aspects of biotinylation can change the FKBP3 dynamics
and thermodynamic properties.

B. Apo and holo biotinyl domains show distinct
thermodynamic and kinetic folding profiles

As a biotinyl domain of CoA, the biotin carboxyl carrier pro-
tein (BCCP) has its biotin moiety catalyzed by a biotin carboxy-
lase enzyme. There are some carboxylase partners for the BCCP
domain with different structures, oligomerizations, and sequences
in different organisms'®'""'"* although they are highly conserved
enzymes. Even though Escherichia coli has shown to be a model
organism to study biotin biosynthesis, BCCP has its structure and
sequence conserved among different animals, as shown in Fig. S1.
Yet, for most organisms, the significant difference is the lack of
the thumb domain when compared with the E. coli BCCP.*’ Figure
S1B shows an extremely conserved amino acid residue sequence
surrounding the biotinyl K122 residue in both apo*” and holo™
E. coli BCCPs. This homology is also reflected in their respec-
tive structures, which can be seen when the BCCPs are aligned
(Fig. S1C).

The all-atom structure-based model (SBM) was employed sep-
arately on both BCCP protein structures, which consider all non-
hydrogen atoms. A batch of very long simulations at different
temperatures of apo and holo BCCP was run, commonly exceeding
50 us. Figure 2(d) presents the changes in the number of native con-
tacts (Q) monitored along the simulated molecular dynamics time
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FIG. 2. BCCP folding thermodynamic and kinetic analyses. (a) Folding energy landscape of the two (apo and holo) BCCPs portrayed by the density of states, log[n(Q, E)].
Qs the reaction coordinate (the number of native contacts), and E is the total energy. The two n surfaces on the left are superposed on the right with the colors representing
the logarithm of the number of states for a given (Q, E). The continuous lines over the surfaces illustrate possible protein folding routes. (b) Specific heat (C., ) as a function
of the temperature of the simulated apo and holo enzymes. The peak of each curve corresponds to the critical transition temperature (T¢) between folded (low temperatures)
and unfolded (high temperatures) states of each BCCP. (c) Free-energy profiles as a function of the normalized Q [F(Q)] at the respective protein T;. (d) Trajectory time
traces in Q of the apo BCCP at three different temperatures. (e) Folding routes along Q [R(Q)] at the folding T of each protein. Vertical dashed lines were placed at the
respective protein F peak, representing the transition state (TS) maximum energetic barrier. Holo BCCP has a higher and shifted F barrier with increased specificity in its
folding route. Energy is in units of kg T; with T; being the respective system’s folding temperature in GROMACS reduced units.
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at three chosen temperatures: a “low” temperature in which the pro-
tein is folded all the time (blue); a “high” temperature in which it
is unfolded (orange); and the transition temperature (Ty) between
folded and unfolded ensembles (green). In protein folding simu-
lations, Q is a common choice of reaction coordinates because it
evaluates the nativeness, quantifying how similar is a given struc-
ture in time compared to the native structure.” Figure 2(d) also
shows that some transitions took about 10 ys to complete a fold-
ing/unfolding event at the critical T;. Regarding or not the biotinyl
moiety of BCCP, these are long transition times for proteins around
this size, which typically fold one or two orders of magnitude faster
on similar SBM simulations.”"'** """

A wide range of temperatures for each group of BCCP
runs (apo and holo) were separately analyzed using the weighted
histogram analysis method''" through a Python framework
(PyWHAM).!'! By converging all the trajectory histograms,'"”
WHAM computes the microcanonical density of states, which is
the base of all the thermodynamic quantities to be further ana-
lyzed. Figure 2(a) shows the density of states (n) for the apo and
holo BCCPs in the logarithm scale, projected onto two coordinates:
the number of native contacts (Q) and the total energy (E). n of
the biotinylated (holo) BCCP is shown over the apo BCCP, reveal-
ing the energy landscape for the simulated data projected along Q
and E. Ideally, the energy landscape has a bottleneck at the tran-
sition state between the folded state (at the funnel bottom) and
the unfolded state (at the top of the surface), which is funneled in
entropy.”””" In Fig. 2(a), n(Q, E) bears resemblance with the fold-
ing landscape hypothesized by the theory. Considering that # is in
the log scale, Fig. 2(a) presents n as a funneled surface with numer-
ous accessible states at the top (unfolded states with low Q and
high E), which are dramatically reduced as both proteins fold en
route to the native state (folded state with high Q and low E). The
transition state emerges in n as a bottleneck of an even reduced
number of accessible states, which could also be visually spotted
by the reduced number of dots between the folded and unfolded
states. The holo BCCP density of states at the transition state is com-
pressed with less accessible states compared with the apo BCCP,
which also has more diverging states at the folded basin around
Q = 400. The addition of biotin to BCCP reduces the number of
accessible states for the protein folding along the energy landscape
surface.

Figure 2(b) presents the specific heat (C,) as a function of
the temperature for the apo and holo BCCPs. The thermodynamic
Cy(T) is a direct result of the obtained density of states with each C,,
peak defining the critical phase transition temperature (T;) between
folded (low temperature) and unfolded (high temperature) states. In
Fig. 2(b), the biotinylated BCCP has shown a decreased folding tem-
perature Ty although the shape and height of the two curves were
practically identical.

Figure 2(c) shows F as a function of the normalized number
of native contacts (Q) for the apo and holo BCCPs at each respec-
tive folding temperature (7y). Both proteins’ all-atom simulations
resulted in thermodynamic F profiles characteristic of two-state
folders,”® i.e., two minima, one representing the unfolded ensemble
(the basin located at Q ~ 0.5) and the other representing the folded
state (at Q ~ 0.9). Between the minima, there is an energetic F barrier
representing the transition state for folding, which is the same tran-
sition state seen in Fig. 2(a). When compared with the apo BCCP
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free-energy profile, the holo BCCP displayed a higher free-energy
barrier (AF = 2kgT) and shifted (Q decreased from 0.40 to 0.35).

It is often a difficult task for experimentalists to obtain pro-
jections of this landscape on one-dimensional free-energy profiles
using the number of native contacts as a reaction coordinate due to
their intrinsically multidimensional nature.''” Consequently, exper-
imental works more frequently study F over extension-based coordi-
nates.''* Thus, our simulations were also monitored along with two
other reaction coordinates: radius of gyration (Rg) and root-mean-
square deviation (RMSD). On average, the most extended/deviated
structures obtained in the simulations showed Ry and RMSD above
4 nm (Figs. S2A and S2B). Free-energy landscape projections at
Ty for Ry and RMSD showed almost the same energetic barrier
of nearly 10kgT for both BCCP proteins (Fig. S2C). However,
the basins related to the unfolded state for R and RMSD were
shifted to higher values for the apo BCCP, suggesting that the non-
biotinylated protein has an unfolded ensemble comprising more
extended states. Free-energy barriers found for both BCCPs in all
reaction coordinate projections (around 10-12kpT) are considered
high when compared with proteins of similar sizes and folds.”"'** """
The estimated us dynamical time-scale regime in Fig. 2(d) could
be explained by these high F energetic barriers in which the pro-
teins could take a long time to overcome a back and forth motion
between the folded/unfolded basins. No direct biophysical experi-
ment determining free energy was found. However, experimental
assays have shown that BCCPs are generally stable structures in
solution.'"”

Figure S3 shows the amino acid root-mean-square fluctua-
tion (RMSF) for the simulated apo and holo BCCPs alongside the
x-ray crystallographic B-factors as a measure of local mobility of the
holo BCCP.” The RMSF from the simulations corroborates with
the B-factors seen in Fig. S3. Small differences can be observed and
could probably be due to the dynamic nature of the all-atom SBM,
opposing to the static and packing effects of the crystal. Simulated
RMSFs of both proteins are comparable, as shown in Fig. S3. The
small range of exhibited RMSF values (between 1.0 and 3.5 A), which
is of the order of the crystal structure and nuclear magnetic reso-
nance (NMR) resolutions,"””° agrees with the experimental results
on protein residue fluctuations. Both BCCPs had increased fluctu-
ations in the surroundings of the biotin-binding region, given by
the turns around K122, the protruding thumb between 2 and 3,
and the residues between strands 6 and 7. Experiment and simu-
lations point to further evidence for small, localized conformational
changes upon post-translational modification.

Few structural changes were found on native conformations
upon biotinylation. However, this post-translational modification
delivers different functionalities for the protein, and the simulations
showed dissimilarities in the folding thermodynamics when com-
pared with apo BCCP. The biotin attached in the biotinyl domain
of CoA alters the protein density of states by decreasing the num-
ber of accessible states during folding. These effects had a direct
impact on the number of protein possible folding routes. Figure 2(e)
shows the route measurement as a function of Q [R(Q)] for the
simulated proteins. R(Q) is a kinetic measurement that quantifies
the average number of folding routes at a given position in Q."*”*
For this reason, the number of native contacts formed at a given
time (Q) is a suitable reaction coordinate by monitoring the pro-
tein folding process using its “nativeness degree.”''® During folding,
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the protein backbone adopts a low native-like topology in the early
stages (lower Q) and progressively forms more native-like contacts
as secondary structure elements approach the native conformation
(higher Q).'"” As folding proceeds, native contacts are formed by
bringing closely structured elements far in the protein sequence,
also forming a small number of non-native contacts. In most cases,
folding proceeds by a single dominant route in which native-like ele-
ments appear in an order correlated with their propensity to form in
the unfolded state.'’” According to the theory, the transition state
acts as a filter selecting most native-like routes for protein folding
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and binding.”"'*"'*" R profiles on Fig. 2(e) reveal these features.

For both BCCPs, there is an increase in specificity given by the
increase in R before the peak of the transition state [dashed line
aligned with the top of the F barrier in Fig. 2(c)]. The holo BCCP
R(Q) peak (before the transition state) is higher, suggesting fewer
folding routes being accessed when compared with the apo BCCP.
There were a few possible routes to cross the transition state that
selects most native-like routes for folding. After crossing the transi-
tion state, both BCCPs show a downhill motion in F to the native
state direction, while the route values abruptly decrease and remain
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FIG. 3. Biotinylation of the FK506 binding protein 3 (FKBP3). (a) and (b) show the protein secondary structural content and the three FKBP3 domains in the one-dimensional
representation: N-terminal domain (orange), disordered link domain (gray), and FK506/rapamycin binding domain (FKBD). 23 biotinylated lysines are marked on the protein
sequence.?* (b) The primary sequence of FKBP3 with the post-translational modifications (PTMs) found experimentally in the Uniprot data bank (accession code, Q00688);
except for biotinylation sites that were extracted from the biotin-labeled occurrences found by the two biotin proximity tagging experiments: DiDBiT2° and SpotBiolD.2° (c)
Three-dimensional structure of FKBP3 exploded view with the three domains. (d) FKBP3 structure with the biotin-painted residues.
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roughly constant (and with approximately same values) up to the
folded free-energy minima. Folding thermodynamics and kinetics
were altered by biotinylation, specially by changing the number of
available states in the unfolded ensemble.

C. FK506 binding protein 3 is biotinylated across four
independent biotin proximity tagging experiments

The FK506 binding protein 3 (FKBP3) is highly susceptible
to post-translational modifications. The Uniprot data bank lists
the common found PTMs acetylation, ubiquitination, and phos-
phorylation, as shown in Fig. 3(b) where they are marked in the
protein sequence. Large-scale proximity proteomics studies (DiD-
BiT,”” SpotBiolID,” BioSITe,”” and AB-APEX2%) also found many
occurrences of these aforementioned PTMs in FKBP3, including
13 phosphorylation, 5 ubiquitination, and 4 acetylation sites, dif-
fering from Uniprot only by one ubiquitinated residue. FKBP3 in
Fig. 3 represents a reasonable model for folding studies as it con-
tains two globular domains (N-term and FKBD) with structured
a-helix, -sheet, and coil parts, joined by one IDR. Figures 3(a)
and 3(b) show the PTM distribution on these three domains,
including 23 biotinylation sites on the protein sequence. We chose
to investigate only the K-labeled datasets, DiDBiT** and Spot-
BioID,?° in order to not mix with Y-labeled effects of BioSITe?” and
AB-APEX2.” This choice led to a small difference of biotinylation
sites mentioned in the recent biostatistical biotin tagging study.”
Lysine and tyrosine are amino acids of opposite types: the for-
mer (K) promotes protein disorder, and it is a residue normally
exposed on the protein surface. The latter (Y) is not common in
IDRs and is commonly found buried in the protein core."”" """ Just
one biotin tag on the folded structure was found on each of the
two Y-labeled datasets, opposing to the many K-labeled occurrences
retrieved by the two other biotin proximity tagging experiments
shown in Fig. S4. Among the FKBP3 biotin-tagged sites, around
70% are within IDRs, local coil structures, or short and exposed
a-helical segments of the protein three-dimensional structure. The
remaining are within stable and structured a-helix bundles or
B-sheet motifs.

D. FKBP3 biotin painting progressively increases
the folding temperature

The full FKBP3 x-ray crystallographic structure (PDB code
2MPH) was selected for the simulations. In order to generate the
biotinylated versions, the wild-type (apo) protein was progressively
“painted” by attaching one biotin in each lysine residue mapped in
Fig. S4. All FKBP3 versions (apo and biotinylated) were extensively
simulated by using the all-atom structure-based model (SBM) repre-
sentation, which considers all non-hydrogen atoms. It was executed
as a group of runs covering a wide range of temperatures for each
biotin-painted addition. The simulations were quite long, mostly
between 2 and 4 ps, with some runs reaching more than 15 ys.
Normally, it used the same running time for all cases. Nonethe-
less, there were some reasons to opt for these two ranges of running
times. FKBP3 is a long 224-residue multi-domain protein that con-
ventionally would not be chosen for folding/unfolding simulations.
Typically, large proteins (with more than one hundred residues) face
high energetic barriers for folding transitions, jeopardizing thermo-
dynamics and kinetic analyses. Another layer of difficulty added
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by FKBP3 is the difference between the time scales involved to
fold/unfold each of the two globular domains. Similar cases fre-
quently use enhanced sampling techniques to overcome the barriers
imposed by such limitations.”"'** '*° Instead, we preferred to run
“brute force” simulations, meaning to wait for spontaneous transi-
tions to occur, even if it took a few months to complete. In addition
to that, the computational cost to simulate and to store all the data
using the longest simulation time for all runs is prohibitive.

FKBP3 simulations started with the wild-type protein struc-
ture (apo with no biotin added). After running a batch comprising a
wide range of temperatures, one biotin was then added at the lysine
biotinylation site previously identified. For each new biotin added, a
new set of simulations was run. The sets were nominated accord-
ing to the number of FKBP3 biotin-painted residues (from 00 to
23), as shown in Fig. 4. Thermodynamic analysis was performed
using the WHAM algorithm''*""" by following the same protocol
employed in the early BCCP section. Figure 4(d) shows the specific
heat as a function of the temperature [C,(T)] for all cases, while
Fig. 4(e) highlights the set of FKBP3 simulations with ten biotins
added. The two C, peaks (temperatures Ty, and T,) appeared on
all simulated sets (apo and holo FKPB3) with both temperatures
monotonically increasing, as shown in Figs. 4(d), S5A, S5C, and S5D.
Vertical lines in Fig. 4(¢) are equivalent to the simulated tempera-
tures shown in Fig. 4(a) using the transition temperature of each set
accordingly. There were minimal oscillations on the C,, profiles with
small deviations in the curves” height and width.

Figure 4(a) presents a subset of six temperature runs out
of 40 (the total set) of the full FKBP3 folding/unfolding simula-
tion trajectories in which the chosen reaction coordinate is the
number of native contacts formed (Q). Figure 4(b) projects a nor-
malized histogram of each time series shown in Fig. 4(a). Each
of the two globular FKBP3 domains undergoes folding transitions
in different time and temperature scales, resulting in two critical
transitions and, consequently, two defined folding temperatures:
Tr; and Ty,. For temperatures T < Ty, FKBP3 remains fluctuat-
ing around its completely folded structure during the simulation,
as illustrated by the trajectory in blue in Fig. 4(a). In FKBP3,
Fig. 4(c), its corresponding representative structure is marked by
®. Other representative structures also shown in Fig. 4(c) were
marked up to ® with colors matching their respective temper-
ature in Figs. 4(a) and 4(e). At T =Tf; (green time series), the
enzyme has a dynamic behavior that alternates between its com-
pletely folded state and an ensemble where only the N-terminal
domain is unfolded. At T > Ty, [orange time series in Fig. 4(a)],
the simulation shows bound and unbound N-term tail structures.
The unbound N-term tail ensemble, representative structure ®,
was generated at a temperature that completely unfolds the N-term
domain while the protein C-terminal domain remains folded most
of the time even though showing a slight increase in its dynamical
state.

The red curve in Fig. 4(a) shows the FKBP3 simulation close
to the second transition temperature (T < Tf,) and represents an
ensemble with an even higher dynamical C-term domain and the
N-term domain completely unfolded. The C-terminal (FKBD)
domain starts to appear less structured even though FKBD still
retains its globular shape, preserving some secondary structures, as
seen in the representative structure @ [Fig. 4(c)]. At T = Tf, (brown
curve in Fig. 4(a), the globular FKBD sampled folded and unfolded
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FIG. 4. (a) Trajectory time traces of apo FKBP3 with the number of native contacts [Q(t)] and the radius of gyration [Ry(t), inset] monitored along the simulated time
at six different temperatures. (b) Density of sampled Q in (a). (c) Representative structures of the most common sampled states for each FKBP3 simulation temperature.
Numbering is consistent among all (a), (c), and (e). (d) Specific heat as a function of temperature [ C,, (T)] of the simulated apo (00, without biotin) and all biotinylated (with
01 up to 23 biotins) FKBP3 enzymes. (e) C., (T) of FKBP3 for the case of ten biotins added. Vertical lines were placed at the corresponding six simulated temperatures
shown in (a). The two peaks of each curve were defined as two transition temperatures (T¢; and Tr,) in which they correspond to the folding/unfolding transitioning of the
N-term and FKBD domains, respectively, of the FKBP3 protein. Energy is in units of kg T, and temperature is in GROMACS reduced units.

states, the latter representing the completely unfolded FKBP3
conformations (conformation ®). For temperatures above Ty,
(T > Ty,), the enzyme is completely unfolded and unstructured dur-
ing all the simulated time. Figure 4(b) exhibits histograms reflecting
the normalized distributions of Q sampled in each temperature run
shown in Fig. 4(a). The histogram distributions are dual-peaked
curves at the critical temperatures Ty, (green) and Ty, (brown),
demonstrating the consecutive folding/unfolding transitions of the
N-term and C-term domains, respectively. The N-terminal domain
has 75 amino acid residues that possess a folding/unfolding transi-
tioning dynamics on the ns regime, whereas the 118-residue FKBD
showed much slower transitions (on the us timescale).

There was no specific reason for the choice to attach biotin to
FKBP3 in the sequential order, as it was performed in this work. In
real-world situations, biotinylation might occur on lysine or tyro-
sine residues of proteins close to the proximal fused biotin ligase
enzymes, and probably, it happens in a random order. Proximity-
directed labeling experiments retrieve the washed peptides corre-
sponding to a portion of the whole protein. After biostatistical
analysis, each peptide can have one or a few biotinylated sites that are

accounted for in the full biotinylated protein. It would be imprac-
tical to simulate all the possible combinations of having one up to
23 biotin-painted full FKBP3 proteins as the simulations demon-
strated a high usage of computational time and disk space for each
run. Nonetheless, our theoretical experiment disclosed a trend in the
thermodynamic stability of the globular domains as a function of the
biotin-painted systems.

E. FKBP3 biotin painting alters the protein
energy landscape

The WHAM density of states can be obtained by converging all
trajectory histograms in different temperatures for a given protein.
Figure 5(a) presents the density of states (#) as a function of Q and
E for the apo (00) and biotinylated (with 23 biotins) FKBP3 enzyme.
In the supplementary material, Fig. S8 contains the density of state
(n) landscapes of all FKBP3 labeled cases. In Figs. 5(a) and S8, n is
presented for each biotin-painted enzyme (colored from yellow to
blue) over the apo protein (colored from red to blue). Both moni-
tored coordinates, Q and E, have a wide range of values as FKBP3
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is a multi-domain enzyme, spanning many native contacts between
atoms of the same and different domains. The energy landscapes of
the apo FKBP3 and the modeled biotin-painted enzymes resulted
in surfaces with three wide domains narrowed by bottlenecks. The
first region at the top of the n surface (low Q and high E) represents
completely extended FKBP3 conformations. By crossing to the next
region at intermediary Q and E, the FKBD domain folds, and thus,
this first bottleneck crossing region can be considered as a transi-
tion state. The last dense region at high Q and low E is related to
completely folded/native conformations of the full enzyme. Cross-
ing from the intermediary region in # to the native FKBP3 folds the
N-term domain, and thus, this bottleneck is another transition state.
Both transition states are sparse compared to the states with each
folded domain, which restrict passage of the chain between the three
more dense regions.

It is possible that FKBP3 folding is sequential from the C-term
to the N-term domain. Inspection of n(Q, E) shows that the den-
sity of states of the apo FKBP3 changes upon each biotinylation. The
differences between apo and biotinylated proteins mostly appear at
the C-term (FKBD) states related to its folding event. Folded states
of the FKBP3 C-terminal domain remain almost the same. Conse-
quently, SBM simulations suggest that the FKBP3 energy landscape
is funneled toward folding of the drug binding FKBD domain, fol-
lowed by folding of the N-term domain. The energy surface contains
two transition states, and the surface changes upon biotin painting
mostly around the C-term folding states.

Panels in Figs. 5(b)-5(g) exhibit the free-energy profiles as
a function of the normalized number of native contacts [F(Q)]
for the apo (00) and biotinylated FKBP3 (01-23). F is displayed
for three temperatures: Ty, [Figs. 5(b) and 5(c)], Tp; < T < T,
[Figs. 5(d) and 5(e)], and Ty, [Figs. 5(f) and 5(g)]. Each FKBP3
modeled system revealed its own Tfl and sz; thus, each F is
shown at the respective critical temperature of the corresponding
panel. F curves in Figs. 5(b)-5(g) show three minima separated
by transition state barriers with the barrier minimum magnitudes
changing with the respective temperature. Two free-energy pro-
file [F(Q)] minima correspond to the N-term domain folded
(Q~0.90) and unfolded (Q~ 0.65) with the C-term domain
remaining folded. There is one F barrier at the transition state with
a peak around Q ~ 0.70 between these two ensembles. The other
minimum at Q » 0.10 is related to the completely unfolded FKBP3
in which FKBD is the last domain to unfold. The F barrier adja-
cent to the completely unfolded state arises at Q ~ 0.20 with a high
peak.

At T = Ty, in Figs. 5(b) and 5(c), biotin painting simulations of
FKBP3 resulted in F barriers for N-term folding/unfolding dynam-
ics ranging between 4 and 5kp T In addition, unfolding of the C-term
drug-binding domain exhibited barriers between 55 and 70kpT. At
Ty, N-term folding/unfolding event sampling is enhanced, opposing
to the low sampling for FKBD transitions due to the nearly pro-
hibitive high F barrier at this temperature. Figures 5(d) and 5(e)
attempt to find a temperature in which sampling of the unbinding
transition of the N-term tail segment out of the C-term interface
is intensified. In Figs. 5(d) and 5(e), this temperature is between
Try < T < Ty, where small energetic barriers were found (below
1kgT). Thermodynamic stability of this transition is marginal com-
pared with the others, probably leading to biotin-painted cases
where two equally leveled minima are now seen. At T' = Tr2 the full

ARTICLE scitation.org/journalljcp

enzyme native state is destabilized, presenting folding and unfolding
ensembles of the FKBD domain equally populated [as seen on the
F profiles of Figs. 5(f) and 5(g)]. Figures 5(f) and 5(g) present ener-
getic F barriers between 6 and 7.5kgT for the labeled proteins.
At T = Tj,, the native FKBP3 minima at Q ~ 0.90 are completely
destabilized assuming high energies around 60kgpT.

Biotinylation of FKBP3 resulted in increasing transition tem-
peratures, as shown in Fig. 4. Free-energy profiles were altered
in the vicinity of the transition states (Fig. 5) and their min-
ima (Fig. S10), i.e., thermodynamics changed upon the addition
of biotins to the FKBP3 enzyme. However, structural dynamics of
apo and biotinylated FKBP3 showed small variations at their native
state. Figure S6 shows the root-mean-square fluctuation (RMSF) for
the FKBP3 models at temperatures slightly below their two tran-
sition temperatures Ty, (left panels) and Ty, (right panels). The
IDR domain that connects the N-term and C-term domains dis-
played enhanced dynamics when compared with the two other
domains. Biotinylation did not abruptly change the protein dynamic
fluctuations as it is shown by the ARMSF (Figs. S6E and S6F)
and their observed distributions (Fig. S6G and S6H). RMSF vari-
ations were centered around zero with an amplitude of up to
2-3 A, representing atomic fluctuations of the order of experimen-
tal structure resolution. Thus, we proceeded to evaluate the biotin
painting effects on the enzyme dynamics along the entire folding
event.

The computed free-energy barriers required to fold the C-term
domain are higher when compared with the N-term folding dynam-
ics. This is a consequence of the density of states characterized for
this multi-domain enzyme. FKBP3 folds the FKBD domain by cross-
ing a transition state that has a tenuous and narrow density of states,
probably one of the reasons to have high F barrier to fold this
domain. As folding of the full enzyme proceeds, the N-term domain
goes through a transition state with more connected states although
it is still a bottleneck. The F barrier to fold the N-term domain is
lower than for FKBD; however, 5kgT is considered a moderate-to-
high barrier.”! Predictions by this simplified model might sound
reasonable, once the retrieved high energy barriers at transition
states could be related to this long and multi-domain enzyme. Fold-
ing is related to function; thus, high energetic free-energy barriers
for folding of the drug binding FKBD might retain its catalytic role
inside the cell nucleus or cytoplasm.

It is also interesting to notice that the positions in Q of the F
barriers and minima are conserved while increasing biotin paint-
ing. This does not happen for the distance-dependent F profiles, as
shown in Figs. S10 and S11. F as a function of R, (in Fig. S10) and
along RMSD (in Fig. S11) resulted in lower barriers if compared to
F(Q) as well as shifted barrier positions upon biotin addition. The
protein energy landscape is multidimensional, and the protein might
experience different mechanisms along projections over different
reaction coordinates.'”'**

F. Biotin painting alters the folding routes
of the C-terminal drug binding domain FKBD

SBM all-atom simulations of the entire FKBP3 enzyme showed
slow dynamics, particularly for the C-terminal domain. The
N-terminal domain has folding/unfolding transitions on the ns
timescale, while the C-terminal FKBD is on the us regime. The
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two globular domains transitioned in different timescales and Tys.
The previous Secs. II D and II E successfully characterized the
enzyme thermodynamics. However, the kinetic analysis could be
improved with more sampled transitions, specially for the FKBD
folding events. To address this issue, the C-terminal (FKBD) domain
containing 118 residues was extracted from the full FKBP3 enzyme.
FKBD and its respective biotin-painted constructions were subjected
to all-atom SBM simulations with a batch of wide range of tem-
perature runs for each case. This choice of simulating the domain
individually decreased the simulation time and hard disk usage,
allowing to find more transitions without using exogenous forces to
enhance sampling.

Thermodynamic analysis was performed over the temperature
runs, as shown in Fig. 6. Biotinylation of the FKBD domain was
created preserving the same order and position used in the full
FKBP3 biotin-painted enzyme of the previous Secs. II C, II D, and
IT E. The FK506/rapamycin domain (FKBD) had up to 13 biotiny-
lated lysine residues [Fig. 6(a)]. Numbering of biotin painting in
Fig. 6 agrees with that adopted for the full FKBP3, i.e., the domain
has up to 13 biotins and its numbering was kept from 11 to 23.
In Fig. 6(b), the FKBD specific heat curves as a function of the
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temperature [C,(T)] showed increasing folding temperature ()
as the biotins were sequentially attached.

The free-energy profiles of FKBD simulations [F(Q), F(Ry),
and F(RMSD) in Fig. 6] also resulted in two-state folders as seen in
the full FKBP3 dynamics after identification of the domain folding
at temperature Tf,. In Figure 6(d), F decreased 1-2kpT on average
as the biotins were added to FKBD. Energetic barriers are about
2kpT higher for F(Q) and around 6-8kpT higher for F(Rg) and in
F(RMSD) if compared with analysis of the full FKBP3 at Tf,. This
difference for the thermodynamic F barriers could be a result of
the enhanced sampling of FKBD when simulated apart from the full
FKBP3.

The thermodynamic quantities for FKBD were obtained by
computing the microcanonical density of states using the WHAM
algorithm, the same procedure of previous Secs. II B, II D, and II E.
Figure 7(a) presents the density of states (1) in the logarithm scale
projected onto the two coordinates: the number of native contacts
and the total energy (log[n(Q,E)]) for FKBD. In Fig. S9, n is
presented for all biotin painting constructions for the sake of com-
pletion. Figure 7(a) shows the funneled energy landscape surface
toward the native state at higher Q and lower E. The transition state
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FIG. 6. Thermodynamics of the C-term FKBD domain simulated separately. (a) Protein secondary structural content of the FK506/rapamycin binding domain (FKBD) in the
one-dimensional representation. The biotinylated lysines are marked on the protein sequence.> (b) FKBD folding schematics. (c) Specific heat as a function of temperature
[C4 (T)] for the simulated FKBD with apo (00) and holo (11-23) FKBD curves shown. The numbering of FKBD runs is consistent with the FKPB3 simulations. (d) Free
energy (F) profiles at the transition temperature (7;). The monitored reaction coordinates were the normalized number of native contacts (Q, left panel), radius of gyration
(Rg, middle panel), and root-mean-square deviation (RMSD, right panel). Thermodynamic profiles are shown for the C-term domain analyzed without biotin (00) and with
an increasing number of biotinylated sites. Each construction retrieved an increased T; following the growing number of biotins attached. Energy is in units of kg T; with Ty
being the respective system’s folding temperature in GROMACS reduced units, and distances (Ry and RMSD) are given in nm.
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FIG. 7. Kinetics and thermodynamics of FKBD simulated separately. (a) Folding
energy landscape of the apo (without biotin) and biotinylated (with 13 biotins)
FKBD portrayed by the density of states, log[n(Q, E)]. Q s the number of native
contacts, and E is the total energy. (b) Folding routes (R) and (c) free energy
(F) curves as a function of Q near the folding temperature (T¢) for each FKBD
construction. Vertical dashed lines represent the maximum energetic barrier at the
transition state (TS) of each biotin-painted protein. Biotinylation altered the energy
landscape, the folding route, and the free-energy profile of the apo FKBD. Energy
is in units of kgT; with T; being the respective system’s folding temperature in
GROMACS reduced units.

is positioned in n at the intermediary values of Q and E, where the
number of accessible states is reduced for the C-term domain. The
surface is in resemblance with the funneled energy landscape the-
ory for folding of globular two-state proteins.”””" The full FKBP3

ARTICLE scitation.org/journalljcp

density of states had three major states [Fig. 5(a)], and the density of
states found for the FKBD domain [Fig. 7(a)] resembles its top part.

Figure 7(b) shows the folding route quantity as a function of
the FKBD protein native contacts [R(Q)]. The FKBD free-energy
profile as a function of Q [F(Q)] is displayed in Fig. 7(c) with the
vertical dashed lines that cross F and R representing the maximum
of each respective transition state F barrier. R(Q) and F(Q) curves
are presented near each respective Ty cases.

For the apo (00) C-term domain in Figure 7(b), R increases
until reaching 0.8 right before the transition state (maximum F bar-
rier), which represents a more specific folding pathway for this apo
domain. After reaching its maximum R in the early folding reaction,
the apo FBKD route quantity decreases while crossing the transi-
tion state until it approaches 0.2. In Fig. 7(b), biotinylation of FKBD
had the consequence of decreasing this maximum specificity in R to
0.3-0.4. Biotin painting of FKBD rendered much less specific fold-
ing pathways to this domain. This steep change in R might be related
to the sudden change in the n surface of the biotin-painted FKBD
in Fig. 7(a). Folding temperatures increased and energetic barriers
decreased on average as biotins were sequentially attached to FKBD.
Consequently, the kinetic folding routes were altered by decreas-
ing the specificity of the biotinylated proteins. Folding is frequently
related to function; thus, the PTM introduced by biotinylation of one
or a few residues could have a cascade effect of tampering with the
cell behavior. Nevertheless, this is not an attempt to find a universal
trend as only two proteins were analyzed. In addition, other features
involved in protein folding mechanisms might not be captured by
the simple model employed in this study.

lll. CONCLUSIONS

Biotin-labeled proteins are key components of proximity-
labeling experiments.'' Such technologies employ biotin as a high
affinity small-molecular tag that is easily detected by specific binding
of bait proteins.'' Proximity-labeling is a high-throughput assay that
directly detects thousands of biotin sites in hundreds of proteins,
being widely applied to uncover in vivo protein-protein interac-
tion networks in almost intact living cells.”’ ?* In addition, biotin
proximity tagging experiments can be repurposed to investigate
conformational proteomics and protein plasticity inside the cell of
large-scale datasets.” A higher number of biotin labels are found in
proteins with extensive local structural disordered regions. In addi-
tion, the lower the number of labeled sites, the more folded the
protein native conformation.”* Despite the fact that protein biotiny-
lation can give useful information on protein—protein interaction
and on the protein structure content, the small-molecules attached
on the protein surface might influence some of its biophysical
features.

This work studied the thermodynamic and kinetic properties
of biotin painting of two proteins—CoA with one biotin attached
(BCCP) and FKBP3 with up to 23 biotins added—by analyzing
all-atom structure-based model simulations. This is a simplified
computational model with its foundation on the energy landscape
theory for proteins.''> Modeling of biotin-painted lysine residues of
the proteins was performed considering all non-hydrogen atoms in
simulations that are many microseconds long. The results showed
that thermodynamics and kinetics were altered for both studied
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proteins due to biotinylation. The thermodynamic stability temper-
ature of the labeled proteins, reflected by Tz, decreased for CoA and
increased for FKBP3. In addition, the thermodynamic free-energy
barrier at the transition state for folding changed for the biotiny-
lated proteins: it was increased for CoA and decreased for FKBP3.
Kinetics, given by the folding routes of both proteins, were altered
by the attached biotins: the folding routes specificity increased for
CoA and decreased for the FKBP3 C-term domain (FKBD) upon
biotinylation. CoA had the biotinylated side chain pointed to its
thumb domain, which conferred a tighter native state, opposing to
FKBP3 that had loose biotin-painted lysine residues placed at the
protein surface, and this could be one of the reasons for these oppos-
ing thermodynamic and kinetic trends found for the two simulated
proteins.

A direct cause of the altered folding routes of both biotin-
painted proteins was related to the folding energy landscape that
changed after the proteins were biotinylated. The theory states that
the energy landscape contains all the protein features, including
kinetics and thermodynamics of the biomolecules.”””" The multidi-
mensional energy landscape was obtained by projecting the density
of states over two dimensions (native contacts and total energy) of
each constructed protein model. The increased folding route speci-
ficity of the holo CoA resulted from the narrowed transition state
found on its density of states. The opposing effect of decreasing the
folding route specificity for the biotin-painted FKBDs was related to
the projected density of states that changed its shape and width after
biotinylation.

Regarding the model, the all-atom SBM employed on the pro-
tein simulations could have potential limitations to the acceptance
of the conclusions of this investigation. The coarse-grained protein
simulations could limit our understanding of the obtained results
due to its accuracy with relation to the real world protein experi-
ments. One fact could be attributed to the effective time scale of the
simulations. The structure-based model of this class allows for sim-
ulations with longer effective time scales while using reduced units.
For instance, the mass of each bead is set to be one, implying an atom
mass scale of ~12 amu, and the length scale is kept at 1 nm. As dis-
cussed elsewhere,'”” a comparison between the all-atom SBM and
experimental measurements of base-stacking interactions suggests a
modeled energy scale of ~1 kcal/mol, indicating a reduced time unit
of ~3 ps.'*”"*" Such assumptions cannot provide a precise real time
scale; yet, they allow for a reasonable approximation for the theo-
retical estimates. A more precise correction could be performed, for
instance, with the comparison between mean-first passage times of
a specific model and experiments if one have those in hand. How-
ever, this approach can mask any potential disagreement between
experimental and theoretical barrier heights. In addition, the cor-
rection factor would depend on other parameters, such as the drag
coefficient chosen for the Langevin dynamic simulations. Structure-
based models are not expected to produce quantitatively accurate
results as they use arbitrary energy and temperature units that
are not that straightforward to convert to physical units. It has
been demonstrated, however, that often they can reproduce the
qualitative features of protein folding quite accurately.

In summary, simulations of the structure-based model in the
all-atom representation are characterized the thermodynamics and
kinetics of the apo BCCP and FKBP3 enzymes. The two proteins
had their estimated thermodynamic folding stability changed by

ARTICLE scitation.org/journalljcp

MD time histograms

[a)
[}
=1
=
&
a
a3
@

FIG. 8. Scheme of the thermodynamic and kinetic characterization of apo and
biotinylated FKBP3 enzyme. The protein energy landscape (on the right) is con-
structed by converging all trajectory histograms (on the left) with the WHAM
algorithm. "0 WHAM computes the microcanonical density of states, which is the
base of all the thermodynamic quantities. Folding kinetics down the energy funnel
is illustrated by the continuous lines over the surfaces and quantified by the route
analysis R(Q).

altering their energy landscape upon biotinylation as schemed in
Fig. 8. The two biotin-painted proteins had their kinetic folding
routes down the energy funnel altered in comparison with their
respective apo versions although biotinylation did not modify the
proteins’ coordinate fluctuations at their native/folded basin. Thus,
biotinylation is another post-translational modification that might
reshape the protein folding mechanism with a direct impact into the
protein thermodynamic and kinetic attributes. As a consequence,
repurposing of large-scale datasets of biotinylation-based proxim-
ity experiments aiming to study the conformation and plasticity
of globular proteins should take into account the potential change
in thermodynamic and folding mechanisms by attached biotins. In
addition, intrinsic disordered proteins are favored by biotinylation;
this class of proteins was not contemplated by the computational
model of this work. IDPs have the increasing attention of many
scientific studies, and it would be significant to investigate the
impact of biotinylation to the IDP dynamics in the future theoretical
essays.

IV. METHODS
A. Computational model

Protein simulations were made using all heavy (non-hydrogen)
atoms by employing the structure-based model (SBM),'’° also
known as Go-model.””""" SBMs have stabilized energetic inter-
actions based on knowledge of an experimentally obtained
conformation. """ SMOG?2 software (version 2.3-beta) was used to
generate the force field by using standard options for the all-atom
model.*’ The simulation protocol was based on the previous work®’
using GROMACS suite 5.1.4."*” The biotin topology was added to
the standard topology file, observing the following protocol: biotins
were attached to the respective lysine NH3 side-chain group of the
proteins using the UCSF Chimera'* software. Biotinylated proteins
had their energy and topology minimized and refined by the Rosetta
software'**'** (rosettacommons.org).
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The SMOG?2 class of structure-based models has a simple
potential energy, given by'"

V= %(ﬂ'j — o)+ ) %(%k ~ Oio)”
bonds angles
Eximp 2
+ > 2 (it — Xito)
impropers
+ %FP (i) + > €ewFp ($ijua — Pijso)
planar backbone
+ > ecFo (G — bio) + Y, €c
sidechains contacts

o 12 o 6 o 12
Tij Tij non—contacts Tij

where  Fp(¢) = [1-cos(¢)]+ 3[1 —cos(3¢)] and  Fp(g;)
=[1-cos(2¢;)]. The parameters related to the minima of
each term were obtained from each native structure (ro, Gijk,o,
Xiikio and ¢,,,). The planar ring dihedrals were maintained by
cosine potentials of periodicity two. Dihedrals were grouped by
their middle bond, and each group was given a summed weight
of ¢, (backbone dihedrals) or e (side chain dihedrals). The ratio
Rypysc = Zif was set to one (nucleic acids) or two (proteins). €y
was defined to be equal for protein and nucleic acids. Contact and
dihedral strengths were scaled such that
2 ec

R =—= - =
c/p Zebh+2€sc

and

Z€C+Z€hh+Z€chN€>

where N is the number of atoms in the system and ¢ is the reduced
energy unit, which is equal to 2kp T. Contact pairs were defined using
the shadow contact map algorithm with default values.'*® oj; was set
to be the distance pair found in the native structure.

B. Analysis details

Thermodynamic analysis was carried out for each protein sys-
tem simulated over a batch of different temperature runs from
lower temperatures (fully folded/native states) to higher tempera-
tures (unfolded/denatured states), including the transition folding
temperature between the extreme states (Ty). Temperature is shown
in units of the GROMACS reduced units. The analyses were accom-
plished by the Weighted Histogram Analysis Method (WHAM)'!""
with a Python script, the PyWham package.!'’ WHAM computes
the microcanonical density of states that generate the free-energy
profiles.”! T; was defined as the temperature related to the spe-
cific heat peak between folding/unfolding states for each protein.
The number/fraction of native contacts within a given structure
(Q) was used to evaluate nativeness as the reaction coordinate,
which describes how similar is a given structure with respect to
the initial native structure.”” Route [R(Q)] profiles were calculated
by an in-house Perl script based on our previous publication.”
Root-mean-square fluctuation (RMSF), radius of gyration (R ), and
root-mean-square deviation (RMSD) were computed with the anal-
ysis package contained in the GROMACS suite. The simulation time
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ranged from 1 to 25 us with integration steps of 2 fs and snap-
shots of 4 ps. The all-atom SBM simulations were executed using
periodic boundary conditions with no constraint or enhanced sam-
pling techniques. Enough sampling for the statistical calculations of
folding/unfolding states was achieved at Ty and temperatures in its
vicinity.

Secondary structure elements and sequence alignments were
identified by the ENDscript 2 web server.'”” Post-translation mod-
ifications of FKBP3 were drawn by using the Protter web server'*
(wlab.ethz.ch/protter). Protein structures were visualized,
and their imaging was performed with PyMOL (pymol.org) Visual
Molecular Dynamics (VMD),'*> UCSF Chimera,'** and Protein
Imaging'®’ (3dproteinimaging.com) softwares. Two and three
dimensional curves were plotted with Grace (plasma-gate.
weizmann.ac.il/Grace), Gnuplot (gnuplot.info), and
Matplotlib'*! packages.

SUPPLEMENTARY MATERIAL

The supplementary material contains extra figures with the
sequence alignments of BCCPs, the trajectory traces and free-
energy profiles, root-mean-square fluctuations (RMSF), the density
of states, and specific heat of the simulated proteins.
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