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Abstract

Studies of proteins from one organism in another organism’s cells have shown that such exogenous proteins
stick more, pointing towards co-evolution of the cytoplasm and protein surface to minimize stickiness. Here
we flip this question around by asking whether exogenous proteins can assemble efficiently into their target
complex in a non-native cytoplasm. We use as our model system the assembly of BtubA and BtubB from
Prosthecobacter hosted in human U-2 OS cells. BtubA and B evolved from eukaryotic tubulins after
horizontal gene transfer, but they have low surface sequence identity with the homologous human tubulins,
and do not respond to tubulin drugs such as nocodazole. In U-2 OS cells, BtubA and B assemble efficiently
into dimers compared to in vitro, and the wild type BtubA and B proteins subsequently are able to form
microtubules as well. We find that generic crowding effects (Ficoll 70 in vitro) contribute significantly to
efficient dimer assembly when compared to sticking interactions (U-2 OS cell lysate in vitro), consistent
with the notion that a generic mechanism such as crowding can be effective at driving assembly of
exogenous proteins even when protein-cytoplasm quinary structure and sticking have been modified in a
non-native cytoplasm. A simple Monte Carlo model of in vitro and in-cell interactions, treating BtubA and
B as sticky dipoles in a matrix of sticky or non-sticky crowders rationalizes all the experimental trends with
two adjustable parameters, and reveals nucleation as the likely mechanism, for the time-scale separation
between dimer- and tubule-formation in-cell and in vitro.
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Introduction

Both in nature and in industry, proteins or their variants are found in environments that are very different
from the native environment in which they were originally expressed. The gamut ranges from proteins
shuttled to the extracellular surface to interact with a host, to enzymes engineered to function in non-
aqueous solvents.'> An interesting subclass of experiments has investigated how proteins behave in a non-
native cytoplasm, such as a bacterial protein in a human cell, or vice-versa. Some important general findings
are that such exogenous proteins generally stick more to other cytoplasm components, may be destabilized

relative to native proteins, and that surface electrostatics is an important determinant of sticking.>”’

Much less studied are protein-protein interactions within non-native cellular environments. For example,
Hsp70 heat shock protein will bind and protect yeast phosphoglycerate kinase in human cells, and protein
GB1 homodimers are more stable in eukaryotic cells than in bacterial cells despite crowding being higher
in bacterial cells .*° Here we study the question of how heterodimer assembly and subsequent polymer
formation is affected inside a non-native cytoplasm, and to what extent simulations and in vitro crowding
and sticking control experiments can shed light on what factors hinder or promote assembly of exogenous
complexes in a eukaryotic cytoplasm. We emphasize dimers as a first step and demonstrate time scale

separation to polymer formation, enabling such studies in the future.

We quantify the interaction of prokaryotic tubulin proteins inside eukaryotic cells. Microtubules are key
components of the eukaryotic cytoskeleton, supporting cell structure, transport, and division.!®'* They are
polymers made of ‘AB’ dimers of a-tubulin and -tubulin'® that assemble and disassemble dynamically.'¢-
18 Our model proteins are bacterial tubulins A and B (BtubA and B), from Prosthecobacter.*> The Btub
protein surfaces have evolved in bacterial cells, and hence are biorthogonal to human tubulins, with which
they do not cross-assemble.?® Btub proteins form ‘AB’ heterodimers that subsequently form protofilaments
via the ‘BA’ interface assisted by GTP (physiological concentration ~0.5 mM in human cells?’), finally

assembling into 4- to 5-bundle microtubule-like structures!®-!-33,

We begin with a non-tubule-forming mutant?! of BtubA and B that forms ‘AB’ dimers only. Forster
resonance energy transfer (FRET) microscopy detects dimers in-cell, while a simple Monte Carlo model
consistent with experimental evidence for nucleation rules out a large concentration of oligomers. We find
that the dissociation constant K, of Btub dimerization is much smaller in human U-2 OS cells than in buffer.
Past in-cell studies have concluded that in some cases, sticking to other macromolecules dominates protein-
protein or protein-RNA interactions,’”® and in others, crowding is sufficient to account for association.®?
The crowding-sticking contribution remains an interesting mechanistic question and for BtubA and B, in
vitro measurements support a significant contribution from crowding to the reduced K,. This observation

is consistent with the idea that a generic effect like crowding can promote assembly of an exogenous protein



complex even when quinary structure (stabilizing sticking)***! has been disrupted by placing the complex
in a non-native cytoplasm. We conclude that assembly of bioorthogonal exogenous protein dimers can be
assisted significantly by a non-native cytoplasm compared to in vitro, and that crowding plays an important
role in this particular case. We follow up these studies with similar measurements on the tubule-forming
wild type of BtubA and B, and find that it can form tubular structures in eukaryotic cells (and in vitro in
presence of GTP) on a time scale much longer than dimer assembly. Our Monte Carlo model indicates that

nucleation of a Btub oligomer is the rate-limiting step that slows down tubule formation.

Materials and Methods

Plasmid design, protein expression and buffers Plasmids of BtubA and B were cloned and edited
on the basis of the pDream2.1 vector (GenScript Biotech) with ampicillin resistance. For in vitro
purification, a 6xHis-tag and thrombin cleavage site were added to the N-terminus of the protein. See SI
Methods, and SI Table S1 for sequences. BL21 codon cells (Agilent) were transformed and cultured at
37 °C, then induced and incubated at 18 °C overnight. Cells were lysed and AKTA FPLC with a His-trap
affinity chromatography column purified protein from filtered cell lysate. Elution buffer was made of 500
mM NacCl, 50 mM Na3POs, 500 mM imidazole, pH=7.4. HMK buffer was 50 mM HEPES, 5 mM MgAc,
350 mM KAc, and 1 mM EGTA, pH=7.7 with KOH. KCl-based phosphate-buffered saline (PBS) buffer
was 140 mM KCl, 10 mM K;HPO4, 1.8 mM KH,POs, and pH 7.4. 150 mg/ml of Ficoll 70 (Sigma) or 1.0
mg/ml cell lysate (extracted from U-2 OS cells, see SI Methods) can be added to PBS buffer for certain in
vitro conditions. Dissociation buffer was 500 mM KCI, 20 mM potassium phosphate, pH = 7.4. See SI
Methods for further details.

Cell culture, microinjection, and imaging Human bone osteosarcoma (U-2 OS) cells were cultured
in imaging dishes. Microinjection solution was prepared by mixing BtubA and B in the desired ratio in
dissociation buffer and microinjected into individual cells. Cells were imaged through a ET470/40x
bandpass filter (Chroma) with a T4951pxt dichroic to excite mEGFP and get FRET, and though a T580/25x
bandpass filter and T600lpxr dichroic to direct excite mRuby3 for in-cell concentration calibration with a
Zeiss, 63%/0.85 NA N-Achroplan objective. Emission passed through a ET500Ip filter (Chroma) and was
split into two channels using a T600lpxr dichroic (Chroma). For further details of confocal or electron

microscopy, and U-2 OS cell lysate preparation, see SI Methods.

In vitro and in-cell data analysis All data were analyzed using MATLAB. To quantify K; of FRET-

labeled BtubA and B, binding experiments were performed.



For in-cell experiments, the workflow in SI Fig. S1 was used: A dish heater was used to maintain the
temperature within =1 degree (SI Fig. S2). Cells were co-injected with known concentrations of BtubA and
BtubB, to fix the in-cell protein concentration ratio. The average cell height was measured by z-stack
imaging using confocal microscopy (SI Fig. S3). Absolute in-cell concentrations of BtubB were then
determined by comparing in-cell mRuby fluorescence excited directly with yellow light (SI Fig. S4) with
that from a solution of known concentration and pathlength on the same instrument. The FRET signal due
to fluorophores interacting with one another is negligible (SI Fig. S5), which also rules out unwanted
background signal if there is a small amount of hydrolysis of the linker between Btub protein and
fluorescent label. The FRET signals are plotted as a function of the green and red protein concentration.
The 2-D surfaces are fit to Eq. (1), where F is the fluorescence signal, X (Y) is the concentration of green
(red) protein, and a (scaling factor for red fluorescence to concentration) and Ky (dissociation constant) are

the two parameters obtained from fitting.

F=2[X+Y+Kg) = JX+Y+Kq)? — 4XY] (1)

For individual cell images, only the cytoplasm area is cropped. For 1-D curve fitting, X in Eq. (1) represents
the constant green-fluorescent protein concentration used in the titration.

In vitro experiments were performed on a 96-well plate scanning both BtubA and B concentrations from
2 to 24 uM, the approximate range covered by in-cell experiments. Bleed through of green fluorescence

into the red FRET channel and direct excitation of mRuby by the blue light used to excite mEGFP was

corrected for by using measurement of BtubA-only and BtubB-only solutions.

Monte Carlo Simulations. All simulations were coded and run using MATLAB. The interaction
between different molecules followed the modified Lennard-Jones interparticle potential U (?ij) that can

be written as:
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where 1= |1_‘i]-| is the interparticle distance. The repulsive potential constant &, is always nonzero. For
crowders interacting with any other particles only &,#0 and p;; defines the interparticle repulsion distance.
For stickers interacting with BtubA or B €57#0, resulting in an isotropic Lennard Jones potential. For BtubA
and B interacting, the vector fi; points along the dimerization axis of BtubA or B and £gp#0, resulting in

an anisotropic potential. H;; = 1 differentiates the non-tubule mutant from wild type by inhibiting ‘BA’
dimer formation when H;j = -1, and allowing both BA and AB dimer formation when H;j = 1 (see SI Fig.

S6). The anisotropic interaction promotes the formation of tubule-like structures from BtubA and B wild

type in our model. The attractive well depth €gp was adjusted to match the in vitro buffer value of K, for



mutant and wild type. €gp = &, were then held constant for all other simulations that add stickers or
crowders to the system to see how well those trends are reproduced by the model when only the single
parameter €gr is adjusted. SI Fig. S7 and Table S2 show the potential energy parameters and size

parameters that were used for the simulation.

Molecules underwent Brownian motion in translation and rotation. Both the translational and rotational
diffusion coefficient D of the molecules were defined (see SI Methods). For each sampling step, a potential
movement based on Brownian motion (distance taken from a Gaussian distribution with root-mean-square
width Ax>=6DAt and random orientation) is proposed on a random-selected particle. Metropolis sampling
is used to accept or reject the move based on the change in energy computed from Eq. (2). The sampling is
continued until the total potential energy reaches equilibrium. The in silico dissociation constant Kn sitico)
can be obtained from the equilibrium concentrations of protein monomers and dimers. Simulations
initialized with either all monomers, half dimers, or all dimers equilibrated to the same K, (SI Fig. S8). To
simulate more complicated scenarios, one more molecule (light purple) is added to the system as the
crowder to simulate purely repulsive volume exclusion, or stickers to simulate nonspecific sticking at lower
crowder concentration. See SI Table S3 for diffusion coefficients, and SI Methods for detailed

accepting/rejection rules and potential settings.

Results and Discussion

Bioorthogonality of Btub proteins. We chose Btub proteins because their surface sequence identity
with mammalian tubulin is less than 30% (SI Table S4),?> making them likely to be biorthogonal to human
tubulins: Unlike human tubulins, Btub A and B form 4- (in vitro) or 5- (in vivo) stranded tubules instead
of 13-stranded microtubules.?® Furthermore, multiple measurements failed to detect any stable association
between BtubA or BtubB with any eukaryotic tubulin subfamily.?® Finally, we performed experiments
attempting to disrupt Btub tubules using the drug nocodazole, which is highly effective at disrupting
eukaryotic tubule formation. Btub tubule formation is suppressed much less effectively by nocodazole than
tubulin formation, as seen by TEM (SI Fig. S9). All of these observations point to a high degree of
biorthogonality between prokaryotic BtubA and B and eukaryotic tubulin o and (3.

FRET-labeled mutant BtubA and B dimerize in vitro. For our in-cell studies, we FRET-labeled
BtubA and B so we can detect in-cell dimer formation ratiometrically via fluorescence color change.
Furthermore, to avoid complications from polymerization, we initially studied a Btub mutant pair that forms

the ‘AB’ dimer efficiently (small K;), but cannot dimerize at the ‘BA’ interface, so it does not further



assemble into oligomers or microtubules.?! Point mutations BtubA V179K and BtubB D249K disrupt the
interface between dimers (Fig. 1a) by changing the charge and size of the amino acids.

We labeled mutant BtubA (mEGFP at C-terminus) and BtubB (mRuby3 at C-terminus) for FRET-
detection of ‘AB’ dimer formation (Fig. 1a). To reduce the volume occupancy of the fluorophores at the
interaction surfaces, we added a 15-amino-acid Gly-Gly-Ser repeat linker between each protein and
fluorophore. The distance between the fluorophore pairs within the ‘AB’ heterodimer is <4 nm, giving a
high calculated FRET efficiency >90% (SI Fig. S10). The distance between the fluorophores in other

configurations (e.g., across the ‘BA’ interface) is >10 nm, with a low calculated FRET efficiency <5%.
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Fig. 1. FRET-labeled BtubA and BtubB and their binding titration curve in vitro. (a) BtubA and B
protofilaments (left, PDB: 5009) and heterodimer (right, PDB: 2btq). mEGFP is labeled on the C terminus of
BtubA and mRuby3 is labeled on the C terminus of BtubB. Point mutation sites at the ‘BA’ dimer surface to
make the non-tubule-forming mutant are at orange spheres. (b) The reduction of green fluorescence due to
FRET monitors the binding titration of FRET-labeled BtubA and B mutant (orange) and wild type (blue) in
HMK buffer. Such traces can be obtained within a few minutes due to rapid dimerization of wild type and
mutant. The concentration of the green protein is 2 uM. Excitation: 450 nm, Emission: 490-700 nm. See SI
Fig. S11 for full spectra.



In Fig. 1b, we compare the K, of our mutant pair with the wild type (fluorescence traces are shown in
SI Fig. S11). In HMK buffer (see Methods), a model for bacterial cell ionic strength, Ks of our mutant
FRET pairis 1844 uM at 22 °C compared to the wild type Ky of 21+4 puM, so the non-tubule point mutation
does not substantially affect dimerization. The fluorophores mEGFP and mRuby3 by themselves do not
show any measurable assembly over the 1 to 160 uM range (Fig. 1b). We also swapped fluorophores on
BtubA and B, yielding K;=36+7 pM at 22 °C (SI Fig. S12), and thus performed subsequent experiments
with the higher affinity pair.

FRET-labeled mutant BtubA and B do not form tubules in vitro. To verify that our FRET-labeled
mutants do not form protofilaments or microtubules, as previously reported for the unlabeled Btub mutants
in the literature,'” we compared its transmission electron microscopy (TEM) with wild type BtubA and B,
both in in 1:1 mixtures. Unlike wild type, the FRET-labeled mutant forms no discernible microtubules in
either PBS or HMK buffer (Fig. 2 and SI Fig. S13). Thus, the mutant isolates dimerization from
polymerization in vitro. PBS buffer with 0.5 mM GTP, close to the reported concentration in human cells,?’
(see Methods), was used in all subsequent in vitro experiments as a model for human cell ionic strength for
comparison with the U-2 OS cytoplasm. Note that wild type assembly into microtubules, as discussed

further below, occurs on a longer time scale than our dimerization measurements in vitro or in-cell.



wild type.

Fig. 2. The assembly of FRET-labeled BtubA and B under transmission electron microscopy (TEM). (a) A
mixture of wild type BtubA-mEGFP and BtubB-mRuby3 (5 uM each) forms microtubules in PBS buffer. (b)
A mixture of non-tubule mutant BtubA-mEGFP and BtubB-mRuby3 (5 uM each) does not form tubules in
PBS buffer. All samples were prepared with 0.5 mM GTP and stained using 0.2 % ammonium molybdate (see
SI Methods). The scale bars are 400 nm.

The cytoplasm promotes Btub dimerization equilibrium by an order of magnitude over
dilute buffer. Next, we studied our core question: does a eukaryotic cytoplasm, here in human U-2 OS
cells, promote formation of exogenous bacterial BtubA and B heterodimers compared to in vitro? Any
difference between K, in cells and in buffer arises from differences in these environments. Btub proteins
in-cell are subject to both macromolecular crowding (repulsive interactions) and sticking (attractive
interactions with other macromolecules modulated by metabolites and ions). Generally, one expects that
crowding increases association due to the smaller available free volume, whereas sticking could go either
way®?83334 by competing with complex formation, or by stabilizing the complex through favorable
interactions. Crowding is a very generic volume exclusion effect, whereas favorable sticking (so-called

quinary interactions) 3*3! must co-evolve between a dimer surface and its host cytoplasm.>3!
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Fig. 3. 2D-surface fitting of non-tubule BtubA and B binding experiments in cell (pink) and in vitro (blue). (a)
Fitting in-cell measurements with a 2-D binding surface to obtain dissociation constant K, of non-tubule mutant
BtubA and B. The FRET signal increases as a function of in-cell FRET-BtubA and B concentration. Each dot
represents an individual cell microinjected with a BtubA and B mixture of known A:B concentration ratios
(BtubA:BtubB = 1:1, 1:2, 1:3, 1:4, 4:1, 3:1, 2:1). The intensities of cells containing 7+1 uM BtubB-mRuby3
are projected onto the left back plane (pink dots on the plane) and can be fitted by 1-D binding curve (pink
dotted curve). The intensities of cells containing 7+1uM BtubA-mEGFP are projected to right back plane (pink
dots on the plane) to show a 1-D binding curve (pink dotted curve). The entire set of data was fitted by a 2-D
surface using Eq. (1). (b) 2-D binding surface for in vitro data in PBS buffer with 0.5 mM GTP, (c) with 38%
vol. crowder (150 mg/ml Ficoll 70) and (d) with 1.0 mg/ml cell lysate. Each dark blue dot is extracted from an
individual spectrum with a known BtubA and B concentration (grid of 0, 2, 4, 8, 12, 16, 20, 24 uM). The data
points with 12 uM BtubB-mRuby3/BtubA-mEGFP are projected onto left/right back plane to show 1-D binding
curves (blue dotted curve). The entire set of data is fitted by a 2-D surface using Eq. (1).

Experiments to determine K, in four cases (in-cell, PBS buffer, Ficoll, and lysate) were performed by 2-

D scans of mutant BtubA and B concentrations, (Fig. 3 and Methods, full data in SI Fig. S15), and fitted to
Eq. (1) to obtain K, (Fig. 4). In U-2 OS cells at 22 °C, K; = 2.4+0.6 uM is a factor of 10 smaller than in
PBS buffer, which corresponds to a 10-fold increase of the binding affinity. A lesser but still significant

decrease in-cell is observed at 37 °C. Thus, eukaryotic cells strongly promote assembly of prokaryotic Btub

dimer when compared to PBS buffer with GTP.

To dissect the effect of crowding and sticking on dimer formation in vitro, we performed control

experiments in the 70 kDa crowder Ficoll 70 and in two concentrations of dilute U-2 OS cell lysate. 150
mg/ml Ficoll 70 reduces K, from 24 to 5+1 uM at 150 mg/ml relative to buffer. At this concentration, Ficoll

has a hydrodynamic swollen polymer occupancy of = 38%,* although some estimates of hydrodynamic
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radius and occupancy are even larger.’¢3® Thus, Btub association in the Ficoll crowder comes within a
factor of 2 of the in-cell Ky at a significantly lower volume occupancy of crowder than in-cell (= 280 mg/ml
macromolecules in eukaryotic cells, higher in bacteria’***-2). The stabilizing effect of in vitro crowding is
less pronounced at 37 °C, but persists. In all experiments, K, increases at 37 °C relative to 22 °C, so the

dissociation reaction is endothermic, and thus must rely on entropic effects to drive the reaction.
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Fig. 4. The binding affinities of non-tubule mutant BtubA and B in-cell (pink), in vitro (blue), and from
simulations (purple) at 22 and 37 °C. The dissociation constant K; was obtained by fitting Eq. (1) to the data
in SI Fig. S15. Numerical values are shown and plotted in a bar chart to visualize the differences between in-
cell, in vitro crowding (150 mg/ml Ficoll 70, 38% by vol.), sticking to cell lysate (0.1 mg/ml and 1 mg/ml),
PBS buffer, and simulation described in the text (16% by vol. crowders, 0.1 mg/ml and 1 mg/ml stickers, and
BtubA and B only as ‘buffer’). 166 cells were measured at 22°C, and 71 cells at 37 °C. The in-cell error bars
were determined from global fitting among cells. 96 different concentrations were measured to obtain one
readout of the K, value and the error bars show one standard error from three K, readouts in vitro and in silico.
Data values are also provided in SI Table SS.

In contrast, the most dilute lysate (0.1 mg/ml,), in which crowding plays no role, either slightly increases
K4 (37 °C) or has no noticeable effect (22 °C). (We observe an even more pronounced destabilizing trend
in lysate for the wild type dimer, discussed below.) In 1 mg/ml lysate, where crowding begins to contribute*?
and sticking partners are in excess compared to Btub A and B, less stabilization is observed than in Ficoll.
Membrane interactions do not contribute either: analysis of small, evenly fluorescent cytoplasm sections
produce the same K; as whole-cytoplasm averages, so Btub dimerization was uniform throughout the
cytoplasm (SI Fig. S14). Thus we conclude that at least in vitro, crowding makes a significant contribution

to stabilizing the Btub dimer when compared to sticking.
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Fig. 5. Monte Carlo-based simulation of BtubA and B dimerization and tubule formation. (a) The simulation
system is illustrated for 24 M mutant BtubA and BtubB (green and red cones pointing along g , 48 molecules
each) in the presence of ‘stickers/crowders’ (spheres). The simulation box is 150 nm on each side. If a
simulation step is interpreted as 100 ns long the proteins diffuse with D = 108 um?/s in buffer. Simulations
under different conditions see SI Fig. S16. (b) Potential energy in Eq. (2) between BtubA and BtubB molecules
as a function of center-of-mass distance and angle 6 between molecular directions f. SI Fig. 87 shows the
interaction potentials for all pairwise particle combinations. (c) Tubule lag phase kinetics when wild type
BtubA and B form rudimentary microtubules with 1 mg/ml stickers. Clusters with 3<n<8 are very rare as seen
in the histogram on the right. (d) Snapshot of the tubule in (c). Scale bar is 20 nm. Other tubule formation
simulation results are in SI Fig. S17.

The Btub dimerization trends are reproduced by a Monte Carlo model.

Our experimental results can be rationalized by a coarse-grained physics-based model simpler than all-atom
simulations, but more detailed than empirical thermodynamic fitting. In our model, there are up to four
types of diffusing particles: BtubA, BtubB, crowders, and stickers (Fig. 5a) that interact via the Lennard-
Jones potential in Eq. (2) (See Methods). Crowders have only a repulsive potential interaction with each
other and the Btub proteins. Stickers also have an attractive interaction with Btub proteins. Model mutant
BtubA and B can form AB dimers via an anisotropic interaction (Eq. (1) in Methods and Fig. 5b), but they
cannot form BA contacts or higher oligomers. Monte Carlo sampling of Brownian dynamics rotational and
translational diffusion biased by the potential U (see Methods) equilibrates the system. The sampling steps
are not-time steps, but the Brownian rotation/diffusion move set of the simulations resembles dynamics
enough, so one can think of a sampling step as corresponding to about 100 ns in real time. We represent all

energies in kg7 units (7= 295.15 K), so temperature is implicitly included in the model.
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Simulations were run with multiple concentrations of BtubA and B in triplicate until concentrations
reached a steady state to obtain in silico 2-D binding surfaces (SI Fig. S15). The attractive Lennard-Jones
parameter g, was fitted to reproduce the K, in buffer at 22 °C (Fig. 4) and held constant in all further
simulations. The simulations also reproduced the ‘sticking’ at 22 °C by adding 1 mg/ml sticker with one
more independent parameter, the sticker-Btub interaction strength e¢7=6.5 k7. Without further adjustment,
the Ks in Fig. 4 were obtained for 16% by volume crowder, 0.1 mg/ml sticker, and for all conditions at
37 °C. The simulations converged too slowly at the experimental crowder volume fraction of >38%, so K4
at 16% in Fig. 4 is an upper limit on the 150 mg/ml Ficoll experiment, consistent with the experimental
data.

The model reproduces the trends seen in all experiments in Fig. 4 by using just two adjustable parameters,
with the exception of the 0.1 mg/ml cell lysate data, which yielded an increased K, in experiment relative
to buffer, indicating that sticking under low-crowding conditions either speeds up the dissociation reaction
by reducing stability of the dimer, or slows down the association reaction by occupying the BtubA and B
binding surfaces. Thus, our simulations support the observation that crowding in vitro makes a contribution

larger than sticking towards decreasing K, of BtubA and B.

Wild type Btub forms tubules with a lag phase in the Monte Carlo model and in human cells
We also carried out experiments in vitro and in-cell with wild type BtubA and B, which can form
microtubule-like structures after forming dimers. Fig. 6 shows the growth of Btub microtubules in U-2 OS
cells imaged by confocal fluorescence microscopy. 40 minutes after injection of BtubA and B in a 3:1 ratio
to drive the equilibrium towards association while minimizing background in the red fluorescence channel,
the automated SOAX algorithm for detecting tubules** shows no significant signal for the mutant (Fig. 6a
and b), but formation of multiple long tubules for the wild type (Fig. 6¢ and d). The proteins do not
accumulate in the cell nucleus, hence the contrast in Fig. 6d is best in the thin cytosol layer (~1 pm)* above
and below the nucleus where the background fluorescence from monomers and dimers is smaller.
Importantly, there is a lag phase for tubule formation from the wild type proteins, such that dimerization
can be measured separately in experiments carried out in < 30 minutes (SI Fig. S19). Fig. 6 also shows that
mutant and wild type Btub proteins do not discernibly interact with membranes in-cell or disrupt cell shape,
another indication of the orthogonality of the bacterial Btub system to human tubulins.

Thus we were able to study the wild type dimer equilibrium in-cell and in vitro as well, using the same
protocols described for the mutant earlier, by collecting data in < 30 minutes. The resulting K; values are
shown in SI Fig. S20. The results follow similar trends as for the mutant, but cell lysate destabilizes the
wild type dimer even more as compared to the mutant, whereas crowding is not as effective at promoting

dimerization at the higher temperature (37 °C).
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Mutant BtubAB

Wild Type BtubAB

Fig. 6. Images of BtubA and B in U-2 OS cells under a confocal microscope. (a) Non-tubule-forming mutant
BtubA (120 pM) and BtubB (40 pM) mixture injected and imaged under a LSM 880 confocal microscope;
excitation: 581 nm; emission: 590-650 nm. (b) SOAX software is not able to detect microtubules in the thin
area of cytoplasm above and below the nucleus where contrast is best, indicating absence of detectable
microtubules. (c) FRET-labeled wild type BtubA and B imaged in the red channel form microtubules in a U-2
OS cell. The microtubules are visible in the thinner cytoplasm area below and above the nucleus. Excitation:
581 nm. Emission: 590-650 nm. (d) Microtubule structures from (c) are auto-identified and highlighted in
yellow using SOAX software. Scale bars are 10 pm. For control experiment with only injecting BtubA or
BtubB, see SI Fig. S18.

The Monte Carlo model also reproduced the trends observed experimentally for the wild type. With the
‘BA’ interaction turned on to simulate the wild type (see Methods), lowering g7 from 6.5 to 4.0 kzT
eliminates the effect of sticking on Ky (SI Fig. S20 and Table S2), as observed experimentally. The
simulations explain why tubule growth is delayed for the wild type, thus enabling dimerization equilibrium
measurements. Figs. 5¢ and d illustrates the formation of elongated tubules in our model (see SI Fig. S16-
17 for additional conditions). Delayed nucleation of tubules occurs only when >4 BtubA and B dimers have

assembled into a small cluster (Fig. Sc); as can be seen from the histogram in Fig. Sc, the average
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concentration of trimers and higher oligomers remains small compared to the concentration of monomers,

dimers, and tubules, explaining why Eq. (2) in Methods works well when fitting the data.

Conclusions

While it has been possible to quantify the dimerization equilibrium of eukaryotic tubulins in vitro, it has
proven difficult inside live cells, due to the perturbation of the cell by cytoskeletal drugs or initiators. The
bioorthogonal Btub proteins, evolved in bacteria after horizontal gene transfer from eukaryotes, solve this
problem. Evolution of the proteins’ surfaces could be responsible for the apparently weak interaction of
Btub proteins with a- and B-tubulin?’: BtubA and B have up to 39% sequence identity to human a- and B-
tubulins®?, but for the surface residues it is only up to 29% (SI Table S4).

Using FRET, we were able to show that a dimer-only mutant dimerizes 10 times more effectively inside
U-2 OS cells than in a GTP-containing buffer of ionic strength similar to that of the cytoplasm. More than
electrostatics play a role in modulating binding in-cell: the dissociation reaction is endothermic in all media,
indicating that an entropic driving force plays a role. In our in vitro controls, macromolecular crowding by
Ficoll enhances dimer formation more than macromolecular sticking by an excess of U-2 OS cell lysate,
whereas wild type dimer association is even reduced in cell lysate when compared to buffer. We see no
evidence of increased association at membranes. Thus, crowding is a good candidate for enhanced Btub
association in-cell. We see yet again that crowding and sticking are sufficiently balanced such that either
can contribute significantly in-cell, depending on the details of the macromolecular system in
question. 28333445 For Btub proteins, it is perhaps not entirely surprising that cell-specific interactions are
less important than generic crowding compared to some other proteins: these proteins are bioorthoogonal
to mammalian cells, and their surfaces have likely, in bacteria, evolved away from enabling favorable

quinary structure in mammalian cells.

Adjustment of two parameters in a simple anisotropic binding potential matches the in vitro buffer value
of K4, and reproduces the observed trends in K; when modeling Ficoll 70 as a repulsive crowder, and cell
lysate as dilute ‘stickers’ (SI Table S2). The model shows that dimerization of wild type is consistent with
a weaker sticking interaction compared to the mutant (4.5 vs. 6.5 kT). While dimerization occurs after a
few simulation steps, the model also shows that oligomers other than dimers are rare, leading to nucleation
kinetics for the formation of microtubules. Microtubule formation, such as seen in Fig. 5d (simulation)
takes much longer than the rapid dimerization reaction. This time delay for tubule formation, as we observed
in-cell in Fig. 6¢, allows dimerization and tubule formation can be studied conveniently on separate time

scales.
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The real in-cell situation is clearly not as simple as our in vitro controls or simulations: the in-cell
enhancement of dimer formation remains sub-10 uM at 37 °C, whereas both in vitro experiments and our
model with two adjustable parameters predict a smaller relative temperature effect than observed in-cell
This shows that in the cell, entropic effects that favor dissociation at higher temperature are not alone
responsible for enhanced dimer formation, but that enthalpic effects also play a role. Indeed, the role of
enthalpy in crowding has been revealed recently.*® Thus, even crowding-based models need to take entropy-
enthalpy compensation into account to quantitatively explain why binding is so highly enhanced in-cell at
room temperature. In our model, this could be achieved via a temperature-dependent interaction potential
esrin Eq. (1). The origin of this compensation effect remains to be explained, but we propose the following
testable hypothesis for future experiments: The Debye-Hiickel screening length depends strongly on the
dielectric constant of the solvent, causing reduced electrostatic interaction at higher temperature in aqueous
solution.*” In contrast, the hydrophobic interaction strength increases with temperature,*® so better water
exclusion from hydrophobic protein patches that interact in-cell counteracts the weakening of electrostatic

interactions.

Supporting Information

The supporting information PDF file contains a schematic workflow for in-cell K; measurements, additional
spectra, control experiments, definition of parameters and potentials used in the simulation, and

supplementary experimental and computational methods.
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